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CROSSED MOLECULAR BEAM STUDY OF THE REACTION O(3P ) + ALLENE 

ABSTRACT 

A. M. Schmoltner, S. Y. Huang, R. J. Brudzynski, 
P. M. Chu, and Y. T. Lee 

Department of Chemistry 
University of California 

and 
Chemical Sciences Division, 

Lawrence Berkeley Laboratory 
Berkeley, California 94720, USA 

The reaction between ground state (3p ) oxygen atoms and allene 

was studied under single collision conditions using the crossed 

molecular beam method. Product angular distributions and time-of-

flight spectra were measured and for each channel the translational 

energy distribution was determined. Two major reaction channels 

could be identified unambiguously: the formation of carbon monoxide 

and ethylene following oxygen atom attack on the central carbon 

atom, and the formation of hydrogen atom and allenyloxy (formyl

vinyl) radical following oxygen atom attack on the terminal carbon 

atom. In addition, at least one other reaction channel occurs, 

tentatively identified as the production of vinyl and formyl 

radicals. This channel involves the decomposition of acrolein 

which is formed by the addition of oxygen to the terminal carbon 

atom, followed by 1,2-hydrogen migration. 
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:Introduction 

The reactions of ground state (3p ) oxygen atoms with a variety 

of simple hydrocarbons have been studied in this laboratory.1-4 

These reactions are of particular importance in combustion 

chemistry, since they are often responsible for the consumption of 

the fuel molecules in flames. Here we present our recent 

investigation of the reaction of O(3p ) with allene. 

Two isomers of C3H4 , allene and methylacetylene, have been 

identified as intermediates in the combustion of acetyleneS and 

aromatic hydrocarbons. 6 The reaction of allene with oxygen atoms 

has been studied extensively7-12 and the rate coefficient of this 

reaction has been determined. 11,13 However, questions remain 

regarding the mechanism of the reaction and the identity of the 

primary products. 

The accepted general mechanism for reactions of 0 (3p ) with 

unsaturated hydrocarbons14 involves electrophilic addition to the 

double or triple bond as the first step. In the case of allene, 

the oxygen atom is thought to add to the central carbon atom10 

forming a triplet diradical, the oxyallyl radical (1), which 

subsequently undergoes ring closure and intersystem crossing (lSC) 

to form singlet cyclopropanone (2). The highly excited 

cyclopropanone molecule then decomposes into carbon monoxide and 

ethylene: 

(1a) 

, 

• 



'. 

• 

-. 

3 

The results of several previous investigations9
-

11 indicate that (la) 

constitutes the predominant reaction channel. 
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However, this does not appear to be the exclusive path in the 

O(3p } + allene reaction. Acrolein (3) was identified as a minor 

product in the gas phase10 and this species as well as its isomers 

cyclopropanone (2) and allene oxide (4) were recently detected in 

a cryogenic matrix as products of the O(3p } + allene reaction. 7 A 

channel producing hydrogen atoms and <;H30 (lb) was studied by 

Aleksandrov et al. 12 in a flow tube experiment using resonance 

fluorescence detection: 

The complete mechanism of the 0 (3p ) + allene reaction is 

expected to be very complex. Attack of the oxygen atom to either 

the central or the terminal carbon atom has to be considered. 

Products can be formed on the initially accessed triplet potential 

energy surface, or ISC to a singlet state can lead to different 

sets of products. ISC is required for the formation of the 

stabilized (singlet) addition products cyclopropanone, allene 

oxide, or acrolein, and is expected to be facilitated in solid 
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matrices or at high pressures. However, ISC in an isolated 

vibrationally excited C3H40 reaction intermediate is also likely to 

be fast, since this was found to be the case in the even smaller 

C
2
H

4
0 diradical, the intermediate in the reaction of 0 (3p ) wi th 

ethylene. 4 

In analogy to the formation of vinoxy radical and hydrogen 

atoms in the O(3p ) + ethylene reaction, channel (2a): 

3 o (P) + C2H4 -+ H + CH2CHO (2a) 

hydrogen elimination from the triplet C3H40 diradical in the O(3p ) 

+ allene reaction (channel lb) is expected to occur. Our 

experiments indeed confirm this assumption, as discussed below. 

We also searched for additional product channels. As a 

possible alternative route on the triplet surface, channel (lc), 

the formation of ketene' and triplet methylene following attack of 

the central carbon atom was considered: 

Ketene was found in the matrix studies. 7 In our experiments, the 

detection of the methylene radical or the ketene parent proved to 

be extremely difficult due to the predominance of nonreactive 

(elastic and inelastic) signal at m/e=14 and 42. No final 

conclusions could be drawn on that channel. 



.. 

'. 

S 

Addition of oxygen to the terminal carbon atom leads to the 

diradical (5) • 

5 6 

C,-C2 bond rupture in (5) would lead to the formation of vinylidene 

and formaldehyde, channel (ld): 

(ld) 

Subsequently, vinylidene can easily rearrange to acetylene. lS 

If ISC is fast and hydrogen atom migration is facile on the 

singlet surface, as was found to be the case in the O(3P ) + 

ethylene reaction,4 additional channels are possible. Hydrogen 

migration from C3 in (5) to form (6) followed by C,-C2 bond rupture 

can lead to the formation of acetylene and formaldehyde, channel 

(le) : 

(le) 

The fact that formaldehyde was found in the matrix studies7 

suggests processes (ld) or (le) as minor channels. 
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ISC and hydrogen migration in (5) to acrolein (3) followed by 

C,-C2-bond rupture could result in vinyl radical and formyl radical, 

channel (If): 

(If) 

Table 1 summarizes energetically possible reaction channels 

considered for the O(3p ) + allene reaction. 

Numerous theoretical investigations at both the semi-empirical 

and ab initio levels have been performed on various parts of the 

singlet and triplet C3H40-surfaces. The focus of much of the work, 

especially the earlier studies, was on the relative energies of the 

isomers cyclopropanone, allene oxide, and oxyallyl radical, and on 

the question of the stability of cyclopropanone. 24 ,25,27-35 In 

addition, the mechanisms of the thermal and photochemical 

decomposition of cyclopropanone and of the isomerization of 

cyclopropanone to allene oxide were investigated. 36- 39 Recent ab 

initio calculations, 40 stimUlated by our experimental work, focused 

on the energetics and geometries of the two different modes of 

oxygen atom approach to allene on the triplet surface and the 

decomposition routes (la) and (lb). Chiu and Abidi4l specifically 

addressed the question of ISC from triplet oxyallyl to singlet 

cyclopropanone. 

The goal of our work has been to explore the reaction of O(3p ) 

with allene in the gas phase under single collision conditions. Of 

particular interest in this system is the question of competition 

• 
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between decomposition on the triplet surface and triplet~singlet 

ISC under collision free conditions. The results indicate that 

similarities with the model system 0(3p ) + ethylene exist, but also 

that interesting additional processes take place. 

Experimental 

.3 
The experimental setup has been described in deta11 recently. 

Briefly, a universal crossed molecular beam apparatus42 was used, 

where two continuous supersonic molecular beams were crossed at 90° 

in a high vacuum chamber. The detector consisted of a 

differentially pumped mass spectrometer equipped with an electron-

impact ionizer, quadrupole mass filter, and Daly scintillation ion 

counter and was rotatable in the collision chamber around the 

intersection region of the two molecular beams. 

The high pressure supersonic oxygen atom beam source employed 

in these experiments was described by Sibener et al. 43 We used 

mixtures of 5% O2 in Ne for all experiments. Only ground state (3p ) 

oxygen atoms were formed under our experimental conditions. 3 The 

gas mixture, at pressures from 400 to 600 Torr, was expanded 

through a quartz nozzle whose diameter varied between 0.10 and 0.25 

mm. The dissociation of O2 was induced by a radio frequency discharge. 

The supersonic allene beam was formed by expanding a mixture 

of 5% allene in helium at a backing pressure of 200-350 Torr 

through a nozzle of 0.15 mm diameter which was held at room 
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temperature (for the TOF experiments) or heated to about SO°C (for 

the angular distribution measurements). 

The peak velocities of the oxygen atom beam were between 1.S 

and 2.1X10s cm/s with speed ratios around 5 and the peak velocity 

of the allene beam was 1.45X10s cm/s with a speed ratio of about 

11, resulting in most probable collision energies of 7-S kcal/mole. 

The measurement of the reaction products was carried out in 

two different ways: First, angular distributions of several masses 

were measured by modulating one of the beams for background 

subtraction. Typically, 12 angular scans were obtained for each 

m/e value, with total counting times of 20 min per angle. Second, 

TOF distributions were recorded at several laboratory angles and 

f I . hIt' t h' 44 t I or severa masses uS1ng t e cross-corre a 10n ec n1que. To a 

accumulation times for the TOF measurements ranged from a few 

minutes to about two hours depending on the angle and the m/ e 

monitored. 

The allene was obtained from Matheson with a stated purity of 

95% min. GC/MS analysis was performed on the allene and no 

impurities were found in detectable amounts. Oxygen/neon mixtures 

were purchased from Matheson and Airco and had a stated minimum 

purity of 99.99% and 99.995%, respectively. 180 wi th a stated 2 

isotopic purity of 95% minimum was kindly provided by Los Alamos 

National Laboratory and was mixed with neon of 99.995% stated 

minimum purity purchased from Airco. All gases were used without 

further purification. 
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Results and Analysis 

Angular- distributions for the reaction ° (3p ) + allene were 

measured at various masses, however, meaningful product angular 

distributions could be obtained only at m/e=53 (C3HO+) and 54 

At these masses, only one channel contributes to the 

signal: the formation of C3H30, reaction (lb). At many other masses 

of interest, such as m/e=42 (parent mass of ketene) or m/e=14 

(parent mass of methylene and major fragment of ketene), fragment 

ions produced in the dissociative ionization of nonreacti vely 

scattered reactants predominate. In the case of m/e=28 (parent 

mass of both CO and ethylene, major fragment of many species), a 

large inherent detector background interferes with the 

measurements. 

The angular distribution of m/e=53 is shown in Fig. 1. The 

direction of the oxygen atom beam corresponds to a laboratory angle 

of 0°. The error bars represent 95% confidence intervals. The 

maximum count rates were approximately 8 counts/so The angular 

distribution of m/e=54 was found to be superimposable on the m/e=53 

distribution after appropriate scaling, but the count rate at this 

mass was considerably lower. A distinct peak was found whose 

maximum occurs at an angle close to the direction of the center-of-

mass (CM) of the system. Thus the C3H30 radical product, recoiling 

from a light H atom, has a comparatively small CM velocity, and is 

confined to a small angular range in the laboratory frame, as can 

be seen in Fig. 1. 
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When a pair of products with similar or identical masses is 

produced, such as in the case of the formation of CO and C2H4 

(channel 1a), both products have the same and relatively large 

velocities in the CM coordinate system and are therefore scattered 

over a very large laboratory angular range even at translational 

energies of only a few kcal/mole. The scanning range of the 

detector can only probe part of such distributions. We therefore 

focused our efforts on the measurement of TOF spectra around the 

direction of the velocity vector of the center-of-mass. They 

provide a significant amount of dynamic information and allow us to 

distinguish features due to different reactive and nonreactive 

channels. 

Due to extensive fragmentation in the electron-impact ionizer, 

signal is often detected at many different ion masses for each 

product. Parent/daughter-ion relationships can be established by 

identifying the corresponding features in spectra at different 

masses. Cross-correlation TOF spectra were obtained at several 

different angles at the m/e ratios of 14, 25, 26, 27, 28, 29, 30, 

31, 32, 40, 41, 42, 52, 53, 54, and 55 using 160 , corresponding to 

th ' + + + + + + CHO+ + + + e l.ons CH2 , C2H, C2H2 , C2H3 , CO or C2H4 , , CH20, CH30, O2 , 

C3H4+ or C20+, 13c12C2H4+ or C2HO+, 13C212CH4+ or C2H20+, C30+, C3HO+, 

C3H20+, and C3H30+, respectively; and at the m/e ratios 30, 31, and 

55 using 180 , corresponding to the ions C180+, CH180+, and C3H180+, 

respectively. 

It should be noted that the TOF spectra at m/e=29 and 30 shown 

in Figs. 2 and 3 were corrected for an experimental artifact which 
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3 
was described in detail in our previous paper and has no effect on 

the results of the data fitting procedure. The signal appearing at 

flight times of over 300 ~s at 50°, 60°, and 70° is also a result 

of this artifact. 

A forward-convolution method was used for the analysis of the 

reactive scattering data. 45 The goal of the analysis was to find 

the product translational energy distribution, P(ET) , and the 

angular distribution in the CM frame, T(O). P(ET) and T(O) were 

assumed to be independent of each other. Furthermore, within the 

narrow spread of reactant collision energies in our experiment, the 

relative cross-sections were assumed to be independent of the 

collision energy. From the P(ET) and T(O) functions, laboratory 

angular distributions and TOF spectra were calculated and averaged 

over beam velocities and collision angles as well as the detector 

acceptance angle and the length of the ionizer and then scaled to 

~ the experimental data. This was repeated until a best fit to the 

experimental data was obtained. For maximum flexibility, the P(ET) 

trial functions were not confined to a particular functional form. 

The T(O) functions on the other hand were represented as linear 

combinations of Legendre polynomials. 

g~30 + H channel 

M/e=53 was identified as a fragment of C3H30, a product of 

channel (lb). TOF data for m/e=53 are shown in Fig. 4. The solid 

lines through the data in Figs. 1 and 4 represent the best fit. 

The relatively poor fit of the angular distribution at smaller 
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angles could be due to the nonreactive scattering of impurities 

coming from the beams. 

The translational energy distribution P(ET}, shown in the 

upper panel of Fig. 5, and the CM angular distribution T(O}, shown 

in the upper panel of Fig. 6, fit both the TOF data and the angular 

distribution simultaneously. The P(ET} distribution for this 

channel is very broad, extending to 25 kcal/mole, which corresponds 

to the total available energy of the system, namely the sum of 

collision energy, exothermicity (16 kcal/mole46 ), and internal 

energy left in the allene molecules after the supersonic expansion. 

Both the energy of maximum probability and the average energy in 

this distribution are around 12 kcal/mole. The T(O} (see Fig. 6) 

is almost isotropic but shows slight backward peaking with respect 

to the oxygen beam. The deviation from isotropy for this channel 

is small and probably insignificant. 

The TOF spectra of m/e=52, 53, and 54 showed identical 

features, m/e=53 having the highest count rates. At m/e=55, the 

parent mass of C3H30, no peak was found. The data at m/e=55 

obtained with 180 were equivalent to the data at m/e=53 using 160 • 

Furthermore, components due to the fragmentation of C3H30· could be 

identified at m/e=29 (CHO·), m/e=30 (C180·), and m/e=31 (CH180·). 

Fig. 2 shows these components as the slowest features (dashed line, 

small dashes) at 50°, 60°, and 70° for m/e=29, and Fig. 3 for 

m/e=30. The fact that no signal was observed at the parent mass of 

C3H30, m/e=55, is not surprising since in the case of the ° + 

ethylene reaction (2a) the major fragment of vinoxy radical was 
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found to be at m/e=42, and only very little signal was observed at 

, d' I 2,4 m/e=43, the parent of V1noxy ra 1ca • 

co + C214 channel 

Extensive efforts to detect the products of channel ( la) , 

carbon monoxide and ethylene, were initially not successful because 

of a number of experimental difficulties. The background problems 

at m/e=28 were overcome by using 180 , enabling us to detect clSo+ 

at m/e=30. 

Fig. 3 shows the m/e=30 TOF spectra at five different 

laboratory angles. In all five spectra, a sharp and fast feature, 

which peaks around 55 ~s, was identified with C180 from channel 

(la). The chain-dashed lines in Fig. 3 represent the best fit for 

this assumption. The translational energy distribution P(ET) used 

is shown in Fig. 7. The CM angular distribution T(O) is shown in 

the lower panel of Fig. 6. The P (ET) distribution for this channel 

peaks around 32 kcal/mole and the average translational energy is 

about 40 kcal/mole. The fit is not very sensitive to the fast end 
) 

of the distribution due to insufficient resolution for products 

arriving at the detector in a very short time. It is clear, 

however, that in this case the distribution does not extend to the 

total available energy of approximately 126 kcal/mole. 

The best fit was obtained using the T(O) shown in the lower 

panel of Fig. 6, which is forward-backward symmetric and slightly 

forward-backward peaking. The deviations from isotropy are 

probably not significant in this case, either. 
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The m/e=30 data at 50°, 60°, and 70° also show slow features 

(centered around 160 ~s) deriving from channel (lb), as mentioned 

above. Furthermore, all five angles show an additional component 

with intermediate velocities, indicating the presence of a third 

channel. 

CHO + C~3 channel 

The TOF spectra for m/e=30 (C'80+) shown in Fig. 3 clearly show 

an additional product or products with intermediate velocities 

which lie in between the fast signal from the CO + C2H4 channel (la) 

and the slow signal from C3H30 + H (lb). The m/e=29 (CHO+) data 

also show this component at all angles measured. This signal most 

likely arises from CHO product. 

since the reaction channel (lb) was found in striking 

similarity to channel (2a) in the O(3p ) + C2H4 reaction, it appears 

very likely that an analogous reaction to 

(2b) 

could occur in the case of allene as well, forming CHO and C2H3 as 

products. This channel would involve a l,2-hydrogen migration from 

the carbon atom to which the oxygen atom is bonded and subsequent 

C,-C2 bond rupture. Because l,2-hydrogen migration on the triplet 

surface has a high potential energy barrier, at the collision 

energies of a typical molecular beams experiment this process is 

only possible if T -+ S ISC occurs in the initially formed 
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diradical. In the allene case, the product of this hydrogen 

migration would be' acrolein, and the fragments formyl radical and 

vinyl radical. Even though neither of these two radicals was 

3 identified as a product of the O( P) + allene reaction previously, 

acrolein has been identified-in both gas phase and matrix 

. t 7,10 experl.men s. 

As can be seen from the fits in Figs. 2 and 3, the production 

of formyl + vinyl radicals through reaction (If) can account for 

the remainder of the reactive scattering signal. The P(ET) used 

for this fit (lower panel of Fig. 5) peaks at 5 kcal/mole and has 

an average translational energy of about 11 kcal/mole and a maximum 

translational energy of 30 kcal/mole, corresponding to 

approximately the maximum available energy for this channel. 

Again, the CM angular distribution T(O) could not be determined 

accurately for (If). A forward-backward symmetric, strongly 

forward-backward peaked distribution fit the present data best. 

other possible channels 

The identification of the features in the TOF spectra (Figs. 

2 and 3) which peak at flight times around 100 ~s with CHO from 

channel (If) is not unambiguous. Alternatively, we were able to 

fit this signal using a combination of other channels, such as the 

formation of ketene and triplet methylene, channel (lc), and the 

formation of formaldehyde and CzHz, channel (ld) or (le). The 

possible occurrence of either of these channels can not be excluded 

based on our data alone, as is a combination of them and channel 
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(If). If channel (If) is indeed contaminated by others to some 

extent, then the P(ET) and T(O) distributions we are reporting for 

that channel are uncertain to some degree. It appears unlikely 

that channel (le) constitutes a major pathway, since in none of the 

previous O(3p ) + allene experiments significant amounts of 

formaldehyde were detected. 

Our data also do not rule out the formation of a hydrogen 

molecule and propadienone: 

(lh) 

This channel could contribute to the slow signal in Figs. 2-4 

assigned to channel (lb). 

Discussion 

Table 1 lists several of the energetically accessible reaction 

channels considered in the 0 + C3H4 reaction system, and Figs. 8 and 

9 schematically show the triplet and singlet potential energy 

surfaces invol ved in the reactions studied. There are large 

uncertainties in some of the energy levels and particularly in most 

of the barrier heights. 

The initial step in the reaction is electrophilic addition of 

the oxygen atom to either the central or the terminal carbon atom. 

The terminal carbon attack channel is expected to resemble that for 



.. 

17 

This is confirmed by ab initio MCSCF 

calculations performed by Lester and coworkers. 40 The entrance 

channel barrier for the terminal carbon attack was calculated40a to 

be 17.02 kcal/mole which is clearly too high, since reaction was 

observed at collision energies less than 8 kcal/mole. Similarly, 

the energy levels calculated by MCSCF for the intermediates and 

products are expected to be too high. The entrance channel barrier 

for 0 + CzH4 is known to be very small. 47 However, the value 

I I t d b D . t I 48,49 • •• I th d I ca cu a e y UPU1S ea. uS1ng S1m1 ar me 0 s was a so as 

high as 16 kcal/mole. It can be expected40 that CI corrections 

would reduce the calculated values by about 15 kcal/mole. 

The resulting diradical (5) has a plane of symmetry but is not 

planar. H elimination from (5) leads to allenyloxy (a-formyl-

vinyl) radical (7). 

or 

7 

The barrier for this process has not been calculated, but is 

likely to be similar to that for the CHzCHzO ~ CHzCHO + H reaction, 

or about 18.5 kcal/mole. 18 The c,-O and CZ-C3 distances are shorter 

than the c,-Cz distance,40 indicating a double bond character for 

the c,-O and CZ-C3 bonds in the predicted ground state. 

The data we obtained on the ionizer cracking pattern of (7) 

show large ion signals at m/e=29 (CHO+) and m/e=26 and 27 (CzH/ and 
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C
2H3+) similar to the fragmentation of acrolein, 50 indicating a 

relatively weak C'-C2 bond in the parent ion. 

The translational energy distribution we obtained is very 

similar to that for channel (2a) in the ethylene case, but clearly 

broader. The maximum translational energy corresponds roughly to 

the available energy calculated assuming the same exothermicity as 

channel (2a) for O(3p ) + ethylene. The CM angular distribution was 

found to be isotropic, again very similar to the ethylene case. 

For the oxygen atom attacking the central carbon atom of 

allene, a lower entrance channel barrier than for the terminal 

carbon attack was calculated by Lester and coworkers, namely 15.16 

kcal/mole. 40a Again, this value must actually lie considerably 

lower, since reaction (la) was observed at thermal energies. 9- 11 

The oxygen atom approach toward the central carbon atom can be 

visualized as follows: the two oxygen p-orbitals, each containing 

one unpaired electron, interact with the two 7r-orbitals of allene 

which are orthogonal to each other. The two allene 7r-bonds are 

replaced by a c-o a-bond and a c-o 7r-bond, respectively, leaving 

one unpaired electron each on the two outer carbon atoms. The C-C 

bonds lengthen as the 0 comes closer, while the C-C-C backbone 

bends. Assuming no ISC occurs, triplet oxyallyl (1) is formed. 

According to Ref. 40a, the minimum energy path of the reaction 

leads to a structure where one of the CH2 groups is rotated 90° 

with respect to the symmetry plane, corresponding to the H-atom 

orientation in allene'. Its energy was calculated to be 23.5 

kcal/mole lower than O(3p ) + allene. The lowest energy structure, 

ii 

.0 
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however, was found to be planar (C2v symmetry), with its energy 8.5 

kcal/mole below the twisted structure. The barrier, if any, to 

rotation was not calculated. 

Twenty years ago, Hoffmann35 had already predicted the ground 

state of oxyallyl to be a triplet. More recently, Osamura et al. 52 

calculated the structures of several low lying singlet and triplet 

states of oxyallyl. 
3 The ground state (B2) and the first excited 

state ('A,) were found to be only 6 kcal/mole apart. 

Recent experiments on oxygen-atom transfer from vibrationally 

exci ted N02 to allene in a cryogenic matrix5
' provided direct 

information on the nature of the diradical formed in the central 

carbon attack channel. The fact that the only primary product 

observed under these conditions was the 2-allyl nitrite radical 

indicates that the oxyallyl is formed in a state where one unpaired 

electron resides on the oxygen atom, i. e. the ('B,) or the (3B,) 

state. 52 

Triplet ~ singlet ISC has to take place in order for 

cyclopropanone to be formed from triplet reactants. A process 

where orbital angular momentum and spin are changed simultaneously 

can provide the mechanism for efficient ISC. 40b, 41 Several 

electronic states of oxyallyl which are close in energy possibly 

facilitate the conversion. sevin et al. 37 have determined the 

approximate position of a crossing point at $ 55 kcal/mole above 

the ground state of cyclopropanone, using ab initio calculations 

without complete geometry optimization. 
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The decomposition of cyclopropanone has received much 

attention. The calculations by Sevin et al. 37 indicate that the 

lowest energy pathway from ground state cyclopropanone is actually 

C2-C3 bond scission, resulting in the oxyallyl diradical. This is 

in accord with the experimental results of Rodriguez et al. 23 who 

found that the thermal reaction produced no volatile substances but 

only a polymer. c,-c2 scission on the other hand requires a higher 

activation energy (about 80 kcal/mole) and an additional 15 

kcal/mole to overcome the barrier to completely dissociate the 

molecule to form CO and C2H4 •
37 

The photochemical reaction, on the other hand, following 

excitation to the , * 
mr state, should proceed along the C,-C2 

scission/co extrusion channel, since the barrier for this was 

found37 to be considerably lower than for C2-C3 bond scission. A 

surface crossing is required to reach the ground states of the 

products co and C2H4 • The results of the ab initio calculations by 

Yamabe et al. 38 indicate that this process is "bent-in-plane", 

where the c-c-c-o plane continues to be the plane of symmetry. It 

is possible that channel (1a) involves the triplet or singlet n~ * 

state of cyclopropanone, rather than the ground state. 

Lin et al. 9 measured the distributions of co vibrational 

energy in the reactions of O(3p ) with allene and methYlacetylene. 

In the case of the allene reaction, excitation up to v=7 was found 

for CO, corresponding to a Boltzmann vibrational temperature of 

5100±100K or an average vibrational energy of 6.8 kcal/mole. These 

values were found to be consistent with a statistical model where 
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the energy in the cyclopropanone is completely randomized, and 

assuming co and CzH4 are so loosely bound that they could rotate 

freely. This is in partial agreement with the theoretical 

result37 ,38 that the dissociation is not a one-step process with a 

tight transition state but proceeds through an open -CO-CHz-CHz-

diradical. However, ab initio calculations37 ,38 also predict a 

large exit barrier from the diradical. It is a tight transition 

state rather than a loose one with freely rotating CO and CzH4 • 

The results of our experiments suggest that in channel (la) a 

large amount of energy is channelled into translation, indicating 

a repulsive interaction upon separation of the closed shell 

products, in agreement with a large exit barrier potential 

predicted by the ab initio calculations. 

While ab initio calculations already provide a great deal of 

information on channels (la) and (lb), little theoretical work has 

been done on any of the other channels mentioned above. In 

particular, oxygen atom attack on the terminal carbon followed by 

1,2-hydrogen migration to acrolein has not been considered. 

However, the occurrence of channel (lg), formation of acrolein, has 

been observed in condensed phase7 and high pressure gas phase10 

experiments. No information is available on the hydrogen migration 

barrier, but it can be assumed that it would be high on the triplet 

surface. In analogy to the CzH~O system, ISC is expected to occur 

followed by facile 1,2-hydrogen migration on the singlet surface. 

Fueno and co-workers suggest no barrier for 1,2-hydrogen migration 

. th 1 53 1n e CZH40 case. 
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The singlet/triplet spli ttings in CH2CH20 were found to be less 

than 3 kcal/mole49 and about 6 kcal/mole for the two lowest states 

of oxyallyl,52 suggesting a similarly small value for CH2CCH20. 

Under single collision conditions the highly excited acrolein 

could not survive for hundreds of microseconds required to reach 

our detector, but will fragment instead. Rupture of the C,-C2 bond, 

leading to vinyl and formyl radicals, was found to be the major 

channel in the mercury sensitized decomposition54 and the UV

photodissociation55 of acrolein. Shinohara and Nishi55 reported a 

translational energy distribution for the 193 nm photodissociation 

of acrolein which is qualitatively similar to our peEr) shown in 

the lower panel of Fig. 5. Their distribution, obtained by a 

direct inversion method from the TOF data, peaks at about 10 

kcal/moleand extends to 60 kcal/mole. Their experiment was 

insensitive to low energy products (S2 kcal/mole) due to geometric 

constraints. Furthermore, two-photon processes clearly playa role 

in their experiment. The authors suggest S2~S, internal conversion 

followed by fragmentation as the major dissociation mechanism at 

193 nm. 

The translational energy distribution obtained for channel 

(If) from our data (lower panel of Fig. 5) peaks at about 5 

kcal/mole and is very similar to that obtained for channel (2b) in 

the ° + C2H4 reaction. 4 The fact that the distribution does not 

peak at 0 kcal/mole translational energy but instead at a small, 

but finite value indicates that there is probably a small barrier 

to the C-C bond rupture process in both cases. It is very likely 
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that the radical products went undetected in the earlier bulk 

experiments or reacted further to the final products observed. 

Some of the C3H30 in our experiment could be formed on the 

singlet rather than the triplet surface. The broad P(ET) (upper 

panel of Fig. 5) suggests possible additional sources of this 

product, e.g. hydrogen elimination from acrolein (see Fig. 8). 

Furthermore, the maximum translational energy in the upper panel of 

Fig. 5 could not be determined exactly due to the limited energy 

resolution of this experiment. P(ET) distributions including 

translational energies beyond 25 kcal/mole could fit the C3H30 data 

as well. 

Possible additional channels such as (lc), (ld), (le) and (lh) 

have been mentioned above, but nei ther our nor previous work 

provided evidence for them to be major channels. 

None of the isomers of the C3H40 adduct could be detected in 

oui:' experiments, since under single collision conditions these 

highly excited molecules have no chance to stabilize but fragment 

instead • 
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summary 

The crossed molecular beam experiment conducted under single 

collision conditions produced detailed information on major 

reaction channels of the O(3p ) + allene reaction. previously the 

major reaction channel was thought to be (la), the formation of 

carbon monoxide and ethylene, and evidence for the occurrence of 

this process was found in our experiments also. In addition, we 

unambiguously identified channel (lb), formation of hydrogen atom 

and allenyloxy (formyl-vinyl) radical. 

Our data suggest at least one addi tional maj or channel, 

tentatively identified as (If), formation of vinyl and formyl 

radicals from fragmentation of vibrationally excited acrolein. 

Other minor reaction paths are possible, however, they can not be 

distinguished in our data. 

While channels (lb) and (If) suggest large similarities 

between the reaction of O(3p ) atoms with allene and with ethylene, 

channel (la) is specific to allene. Apparently, in the reaction of 

O(3p ) with allene there are two site specific attacks by the oxygen 

3 atoms. When O( P) attacks the central carbon atom, the formation 

of a cyclopropanone intermediate leads to the production of CO and 

When 0 (3p ) attacks the central carbon atom, the direct 

hydrogen substitution (channel lb) competes with intersystem 

crossing. When the triplet intermediate becomes 'a singlet, H 

migration becomes facile and the formation of acrolein precedes the 

production of formyl and vinyl radicals. 
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Table 1. Exothermicities (ABof ,29S) for various O(3p ) + a11ene 

reaction channels 

Reaction 

(la) o + C3H4 -+ CZH4 + CO 

(lb) o + C3H4 -+ CHz=C· -CHO + H 

(lc) o + C3H4 
3 

-+ CHzCO + CHz 

(ld) o + C3H4 -+ CHz=C: + CHzO 

(Ie) o + C3H4 -+ HC=CH + CHzO 

(If) o + C3H4 -+ CzH3 + CHO 

(lg) o + C3H4 -+ acrolein 

o + C3H4 -+ cyclopropanone 

o + C3H4 -+ allene oxide 

(lh) o + C3H4 -+ CHz=C=C=O + Hz 

(Ii) o + C3H4 -+ CHz=CH-CO + H 

Exothermicity 
(kcal/mole) 

-119.4 

-18.5 

-24.6 

-39.5 

-79.0 

-25 

-123.2 

-101.7 

-80 

:-82 

-36 

Sources 

a,b 

c 

a,b,d 

a,b,e 

a,b 

a,b,f,g 

a,b,h 

a,b,i 

j 

k 

a,b,i 

(a) Ref. 16, (b) Ref. 17, (c) assumed to be the same as for 

reaction (2a) (Ref. 18), (d) Ref. 19, (e) Ref. 18, (f) 'Ref. 20, (g) 

Ref. 21, (h) Ref. 22, (i) Ref. 23, (j) allene oxide is assumed to 

lie about 22 kcal/mole higher in energy than cyclopropanone, see 

Refs. 24-27, (k) taken to be the same as for reaction (2c) (Ref . 

18) . 



32 

Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Laboratory angular distribution of the C3H30 product at 

m/e=53 (C3HO+). Angles are measured from the oxygen atom 

beam. Scattered points: measured data points; dashed 

line: fit. 
+ 

Time-of-flight spectra for products at m/e=29 (HCO) at 

four different laboratory angles. Dashed lines (short 

dashes): fits for components due to channel (lb); 

dashed lines (long dashes): fits for components due to 

channel (If); solid lines: sum of the fits for channels 

(lb) and (If). Calculated curves are scaled to the data 

for each angle and each channel separately. 

Time-of-flight spectra for products at m/e=30 (C180+) at 

five different laboratory angles. Dashed lines (short 

dashes): fi~s for components due to channel (lb); 

dashed lines (long dashes): fits for components due to 

channel (If); chain-dashed lines: fits for components 

due to channel (la); solid lines: sum of the fits for 

the individual channels. Calculated curves are scaled 

to the data for each angle and each channel separately. 

Time-of-flight spectra for products at m/e=53 (C3HO+) at 

three different laboratory angles. Solid lines: fits, 

scaled to the data for each angle separately. 

Translational energy distributions P(Er > for channels 

(lb), upper panel, and (If), lower panel. 



Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

.. 

33 

Center-of-mass angular distributions T(O) for channels 

(lb), upper panel, and (la), lower panel. 

Translational energy distribution P(ET) for channel 

(la) • 

Schematic energy diagram for the terminal carbon attack 

channels in the reaction of O(3P ) with allene. Solid 

lines: triplet surfaces; dashed lines: singlet 

surfaces. 

Schematic energy diagram for the central carbon attack 

channels in the reaction of O(lp) with allene. Solid 

lines: triplet surfaces; dashed lines: singlet 

surfaces . 
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