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CROSSED MOLECULAR BEAM STUDY OF THE REACTION 0( 3P) + c2H2 

ABSTRACT 

A. M. Schmoltner, P. M. Chu, and Y. T. Lee 

Material and Chemical Sciences Division, 

Lawrence Berkeley Laboratory and 

Department of Chemistry, University of California, 

Berkeley, California 94720, USA 

The reaction between ground state atomic oxygen and acetylene was 

studied using the crossed molecular beam method with an average 

collision energy of 6 kcaljmole. The two major primary reaction 

channels are (a) formation of CH2 and CO and (b) formation of HCCO 

and H. Product angular distributions and time-of-flight spectra 

were measured and the translational energy release was determined 

for each channel. The reaction proceeds primarily on the triplet 

surface through a long-lived intermediate. For both channels the 

translational energy distibutions were found to peak at about 30% 

of the total available energy, indicating the existence of an exit 

channel barrier in each case. The branching ratio between channel 

(a) and (b) was found to be 1.4 ± 0.5. 
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Introduction 

Detailed information on elementary chemical reactions is 

essential for a thorough understanding of complex systems such as 

combustion and atmospheric chemistry. Combustion processes and 

flames have been studied very extensively, yet a great deal is 

still to be learned about the elementary reaction steps involved. 

For a complete description of a system, identification of the 

products of chemical reactions, branching,ratios and rate 

constants, or, ideally, knowledge about detailed reaction dynamics, 

and subsequent energy transfer and diffusion processes are needed. 

Acetylene flames have been studied extensively and much effort 

has been devoted to elucidating the mechanism of acetylene 

combustion1
. Acetylene flames are noted for their intense 

chemiluminescence covering the whole frequency range from the 

vuv2 ' 3 , through the near UV and visible4 , to the IR5 . They are 

also known for the formation of large amounts of ions6 , of 

7 8 polyacetylenes and other higher hydrocarbons , and soot . 

Furthermore, acetylene reactions are part of the oxidation 

mechanism of the other hydrocarbon fuels, particularly under fuel

. h d't' 9 r1c con 1 1ons . 

The fuel consumption in an acetylene flame is largely due to 

the reaction of oxygen atoms with acetylene10 . The overall rate 

constant for this reaction, 

(1) 

• 

• 
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11 has been measured over a wide temperature range , and the identity 

of the primary products is well known. The following reaction 

channels are considered to be involved: 

0( 3P) + C2H2 ~ CH2 + CO (1a) 

0( 3P) + C2H2 ~ HCCO + H (1b) 

0( 3P) + C2H2 ~ CH2co (1c) 

0( 3P) + C2H2 ~ OH + CCH (1d) 

0( 3P) + C2H2 ~ H2 + c2o (1e) 

Ground state (3P) oxygen atoms are electrophilic and can add 

to carbon-carbon double or triple bonds12 , forming a diradical 

intermediate (HCCHO)+. This intermediate and the isomerized 

(CH2co)+ can subsequently undergo unimolecular decomposition into 

CH2 +CO (1a) or HCCO + H (1b). Both channels (1a) and (1b) were 

13 first suggested by Fenimore and Jones . The formation of 

methylene and carbon monoxide was considered the main reaction path 

in most of the earlier work. The ketyl radical (HCCO) was first 

observed as a product of reaction (1) by Jones and Bayes14 using 

photoionization mass spectroscopy. Recently, the microwave15 and 

LIF16 spectra of the ketyl radical were reported. 

Stabilization of the (CH2co)+ intermediate yields ground state 

ketene (1c) and is possible only in an environment where the excess 

energy can be removed through collisions. The formation of ketene 

has been observed by Haller and Pimente117 in a 20 K argon matrix 
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and by Gaedtke et a1. 18 at very high pressures (up to 1000 

atmospheres). In other experiments performed at high pressures, no 

ketene or only traces could be found. 

The abstraction reaction (ld) forming the hydroxyl radical was 

. t' k k' 19 d . 1' k suggested by Bradley and K1s 1a ows 1 an 1n ear 1er wor was 

considered a major reaction path by many authors. However, this 

reaction is endothermic by approximately 32 kcaljmole20 and is 

therefore expected to be only of minor importance even at the very 

high temperatures in the flame or shock tube studies. 

The formation of hydrogen molecule and c2o, reaction (le), was 

d . . t. t 3 , 21 . d t 1 . suggeste as a m1nor pr1mary reac 1on s ep 1n or er o exp a1n 

the CO(A1IT) chemiluminescence in acetylene and carbon suboxide 

flames. Indirect evidence for this channel was found by Williamson 

22 and Bayes from experiments with c2H2 and c2n
2

, but it accounted 

for only 0.3% of the products. 

Although agreement has been reached on the identity of the 

primary reaction products, there is still considerable uncertainty 

concerning the relative importance of the various channels, in 

particular the branching ratio between the two major channels (la) 

and (lb). Several authors derived values for the branching ratio 

23 from the interpretation of kinetic data. Vinckier and Debruyn 

monitored the concentration of CH2 in the oxidation of acetylene 

and found that about 50% of the initial reaction of 0 atoms with 

c2H2 proceeded according to (la). Aleksandrov et a1. 24 measured o

and H-concentrations and obtained a value of 5% for channel (lb) at 

room temperature from the kinetic analysis of the concentration vs. 

.. 

• 
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time profiles. L6hr and Roth25 measured the time dependence of the 

o- and H-concentrations in shock tube oxidation experiments of 

acetylene and obtained values for k1a and k1b in the temperature 

range 1500-2570 K. 64% of the primary reaction was found to follow 

(1a) at 1500 K and 46% at 2500 K. In a very similar experiment 

Frank et a1. 26 derived rate expressions resulting in 30-40% for 

channel (1a) with little temperature dependence of the branching 

ratio. 

Williamson and Bayes22 , using gas chromatographic product 

analysis, concluded that channel (1a) accounted for at least 12% 

and probably 25% of the decay of the original diradical 

intermediate. Later, Williamson27 studied the reaction of 0 with 

c2n2 in the presence of H2 and determined the D atom yield (channel 

1b) to be 42±10% from the measurement of HD formed. Mass 

spectrometric detection following either photoionization28 or low 

1 t ' t ' ' t' 29 I 30 h ' 1 f energy e ec ron 1mpac 10n1za 1on as g1ven va ues o 15-

50%28, 95%29 , and 41%±20%30 for the yield of channel (1a). In a 

recent investigation detecting 3CH2 using laser magnetic 

resonance31 , channel (1a) was found to contribute about 38%. 

It has to be emphasized that none of these experiments were 

performed under truly single collision conditions and that 

secondary reactions of the initially formed radicals had to be 

taken into account. Nevertheless, there is a consensus that 

reactions (1a) and (1b) are the major reaction channels.· 

Recent ab initio calculations32 ' 33 provide detailed 

information on the triplet potential energy surface for the o;c2H2 
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system. Harding and Wagner32 also perfo:nned calculations of the 

rate constants and product branching ratios based on statistical 

theory. Channel (lb) was found to contribute at least 25% and most 

likely more than 50% of the total reaction. 

This paper describes the investigation of the reaction o( 3P) + 

c2H2 using the crossed molecular beam technique. This method is 

particularly well suited for studying elementary reactions since 

the experiments are perfo:nned under single collision conditions, 

and one can identify primary reaction products unambiguously, 

measure relative cross-sections, and elucidate details of the 

reaction dynamics. 

Although the ketyl radical has been observed previously in 

3 . 34 35 crossed molecular beam studies of the 0( P) + c2H2 react1on ' , 

Clemo et a1. 34 did not observe channel (la) at all, and the data 

obtained earlier in our laboratory35 were unsatisfactory for 

deriving definitive conclusions due to the high co background in 

the detector chamber. By using 18o2 and with an improved 

experimental arrangement, we have been able to obtain detailed 

dynamical info:nnation on both channels (la) and (lb). 

Experimental 

The universal crossed molecular beam apparatus used for the 

present study is an improved version of an apparatus described in 

detail previously36 • Briefly, two continuous supersonic beams of 
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reagent atoms and molecules, pass through one or two stages of 

differential pumping, and cross at 90° in a reaction chamber held 

-7 at a pressure of about 1x10 Torr. The scattered species are 

monitored using a triply differentially pumped detector, consisting 

of a Brink's type37 electron impact ionizer, quadrupole mass filter 

38 and Daly ion detector • The nominal electron energy was 200 eV. 

The detector is rotatable in the plane of the beams, the center of 

rotation being the collision zone which has a size of typically 

2x2x3mm. Under ordinary conditions, the whole collision zone is 

viewed by the detector. A schematic yiew of the setup is given in 

Fig. 1. 

Two types of measurements were performed for this 

investigation: Angular distributions of the reaction products at a 

specific mass-to-charge-ratio (mje) and time-of~flight (TOF} 

measurements at several angles yielding information on the 

translational energy distribution for a given species. 

Angular distributions were determined by modulating one of the 

beams at 150 Hz using a tuning fork chopper and accumulating pulse 

counts in a dual channel scaler which allowed for background 

subtraction. Typically, 6-8 angular scans were obtained for each 

mje value, with a total counting time of 6-16 min'per angle. 

For the TOF measurements, the cross-correlation method39 was 

used. The reaction product at a given laboratory angle was 

modulated using a slotted disk c9ntaining a total of 255 equally 

spaced open and closed segments in a pseudo-random sequence. The 

data were accumulated in a 255-channel scaler interfaced with an 
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LSI-11 laboratory computer. The disk was spun in front of the 

detector chamber at 436 Hz resulting in a resolution of 

9~sjchannel. Total accumulation times for the TOP-measurements 

ranged from 10 minutes to several hours depending on the mje value 

monitored. 

In an attempt to obtain TOF spectra with an improved signal

to-noise ratio, a set of measurements was performed using an 

assembly consisting of two disks replacing the cross-correlation 

wheel. The disks of 17.8 em diameter had eight open slots each and 

were mounted 0.5 em apart. The width of the slots in the disk 

closer to the interaction region was 0.15 em, the width of the 

slots in the other disk was 0.20 em. The leading edges of the 

corresponding slots in the two wheels were aligned. A short pulse 

of particles was allowed to pass by each set of slots, but only 

particles with a certain minimum velocity (which is a function of 

the widtll of the second slot, the distance between the two disks, , 

and the frequency of rotation of the disk) could pass through to 

the detector. Thus interference from slow particles stemming from 

an earlier pulse was avoided. A detailed description of a similar 

setup was·given in Ref. 40. Data were taken with a wheel speed of 

200 Hz and a channel width of 5~s. The advantages of this 

configuration with narrower slots in the disk are better time 

resolution in the TOF spectra and the elimination of cross

correlation noise. In the case of cross-correlation, the absolute 

noise-level is the same for all channels, making small peaks harder 

to discern in the presence of very large peaks. The disadvantage 
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of the double disk method is the reduced duty cycle, requiring 

counting times of up to 25 hours. 

A supersonic beam of oxygen atoms was produced by dissociating 

molecular oxygen in a radio frequency plasma. The RF, typically 

-14.7 MHz at 200 to 300 W, was applied through a tank circuit in 

which the inductance consisted of a water cooled copper coil 
~ 

surrounding a water cooled quartz nozzle assembly. This high 

pressure supersonic oxygen source has been described in detail 

previously41 . A mixture containing 5% oxygen in neon carrier gas . 
was used at a stagnation pressure of 400 to 600 Torr for all 

experiments. After expansion through the quartz nozzle, the beam 

passed through a boron nitride skimmer and a set of defining slits 

collimating the beam to an angular divergence of 2.5° vertically 

and 1.7° horizontally. The diameter of the nozzles used varied 

between 0.10 and 0.25 mm. Using the method described in Ref. 41, 

we estimate that about 90% of the o2-molecules were dissociated. 

With neon as a carrier gas, only ground state (3P) oxygen atoms are 

produced. The absence of appreciable amounts of o(1D) in the beam 

was repeatedly confirmed by crossing the oxygen beam with a 

supersonic beam of molecular hydrogen, which reacts with a large 

cross-section with 0(
1D) forming OH42 . No OH was observed. 

However, formation of very small amounts of excited (1D) oxygen 

atoms can not be completely ruled out. Ions formed in the 

discharge were deflected out of the beam by applying a field of 

about 2 kVjcm across the beam behind the skimmer .. 

A supersonic beam of acetylene was produced by·expanding 200 
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Torr of neat acetylene, which had been passed through a dry 

icejacetone trap, through a 0.15 mm nozzle at room temperature. 

For the angular distribution measurements, the beam passed through 

a skimmer and a set of defining slits collimating the beam to a 

divergence of about 2.3° horizontally and 3.5° vertically. 

For most of the TOF data presented in this paper, the skimmer 

for the hydrocarbon beam was mounted directly on the wall of the 

collision chamber. Thus the beam passed through only one 

differential pumping region. The beam divergence was defined by 

the skimmer to 8.6°. Under these conditions, the signal intensity 

was about fifty times higher than in the standard configuration, 

which was used for accurate measurements of product angular 

distributions. 

The velocity distributions of the molecular beams were 

determined by replacing the cross-correlation wheel with a disk 

with four slots (0.8 mm wide) spun at 300 Hz allowing a time 

resolution of 1-2 ~sjchannel. The measured TOF distributions were 

fitted to the functional form43 

N(v) 2 v 2 
= v exp[-(- - S) ] 

ex 

The peak velocity of the acetylene was 8.6x104 cmjs with a speed 

ratio S of 6.3, the peak velocity of the oxygen beams ranged from 

1.8x105 to 2.1x105 cmjs, with speed ratios around 5. The resultant 

most probable collision energies were between 5.5 and 6.3 

kcaljmole, with a FWHM of the energy distribution of about 50%. 

.. 
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The acetylene was obtained from Matheson with a stated purity 

of 99.6% min. and oxygenjneon mixtures were purchased from Matheson 

and Airco and had a stated minimum purity of 99.99% and 99.995%, 

respectively. 18o2 with a stated isotopic purity of 95% minimum 

was obtained from 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, except for acetylene, 

which was passed through a dry icejacetone trap to remove acetone 

which was used as a stabilizer in the acetylene cylinder. 

Results 

The major complication in experiments using electron impact 

ionization and mass spectrometric detection is extensive 

fragmentation of molecules and radicals upon ionization. This 

problem can be overcome in a crossed molecular beams experiment, 

however, since products can_be identified by their characteristic 

angular or TOF distributions, governed by the kinematic relations. 

Therefore measurements at different mass-to-charge-ratios (m/e) 

clearly establish parent/daughter ion relationships. 

Angular distributions were measured for mje=12, 13, 14, 24, 

26 28 29 32 d ( d . t th . + + , , , , 40, an 41 correspon 1ng o e 1ons C , CH 

+ + + + CHO + + + + ' CH2 , c2 , c2H2 , CO , , o2 , c2o , and HCCO , respect1vely) 

for the reaction of 16o + c2H2 , and for mje=30 and 43 

( d . t th . 18 + d 18 +). th f 18 correspon 1ng o e 1ons C 0 an HCC 0 1n e case o 0 + 
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c2H2 • The maximum count rates for the ketyl radical product both 

at mje=41 (Hcc16o+) and 43 (Hcc18o+) were approximately 120 

counts/sec, and the shapes of the distributions were very similar. 

The laboratory angular distribution of mje=43 is shown in Fig. 2. 

The error bars represent 95% confidence intervals. For this set of 

data, time dependent drifts in the signal were accounted for by 

scaling all measured points to the value at the reference angle 

chosen at 35°. The signal at the reference angle was monitored 

frequently during the measurement of the angular distribution. The 

direction of the oxygen atom beam is defined as 0°. 

From the analysis of the angular distributions it was possible 

to extract information on the ionizer cracking pattern of ketyl 

radical (Fig. 3). Using 16o, the ketyl radical and its major 

fragments are expected at mje=12, 13, 24, 25, 28, 29, 40 and 41. 

Cross-correlation TOF data were also obtained from the reaction of 

16o with acetylene at mje=12, 13, 24, 26, 29, 40 and 41 at 35°, 

which was close to the angle of maximum signal intensity for ketyl 

radical. As in the case of angular distributions, the spectra 

obtained could be interpreted as due to nonreactive scattering, 

reactive scattering, or a combination of both. The relative 

contributions of nonreactive and reactive scattering could be 

estimated since the angular distributions as well as the TOF 

distributions for reactive and nonreactive scattering are 

distinctly different. Two components stemming from the two 

different types of scattering can be distinguished easily in most 

cases. The mje=26 signal represents nonreactive scattering only. 

• 
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The total reactiv~ signal for each mje was the.n used to detennine 

the cracking pattern of the ketyl radical. 

In order to study the formation of methylene and carbon 

monoxide, channel (1a), and compare the results with the ketyl 

radical channel (1b), it was necessary to perfonn experiments using 

18 . . . t . 16o . f 1 d t o2 , s1nce 1n exper1men s us1ng no mean1ng u a a were 

obtained at mje=28 (CO+) because of a very large inherent detector 

background at this mass. c18o+ could be detected at mje=30. 

However, no dynamic information could be obtained from the mje=30 

angular distribution, since a large fraction of the products is 

scattered outside the detector scanning range and the product 

signal obtained in the detector scanning range not only showed 

broad angular distributions with little dependence on laboratory 

angle, but also had large uncertainties. 

This result is not surprising in view of the kinematics of the 

collision. Because of momentum conservation the velocities of two 
' 

recoiling fragments in the center-of~mass coordinate frame are 

inversely proportional to their masses. In the case of ketyl 

radical recoiling from the very light hydrogen atom (channel 1b), 

the center~of-mass velocity of the ketyl radical is expected to be 

very small, and therefore in-the laboratory frame the flux will be 

concentrated in a small angular range, leading to a sharply peaked 

angular distribution as shown in Fig. 2. In the case of carbon 

monoxide recoiling from methylene, even with only a few kcaljmole 

of recoil energy, the center-of-mass velocities of both particles 

are expected to be large and a large fraction of the products will 
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appear outside of the detector scanning range, therefore the entire 

angular distribution cannot be measured. In all these cases, 

however, detailed dynamical information can be extracted from TOF 

data. 

Cross-correlation TOF spectra were measured at laboratory 

angles of 20°, 35°, 45°, and 55°, using both 16o and 18o. The 

16 + 18 + mje=41 (HCC 0 ) data and the mje=43 (HCC 0 ) data both correspond 

to the parent ion of the ketyl radical and contain equivalent 

information. Only the mje=43 data will be discussed here. Fig. 4 

shows the TOF spectra obtained at mje=43 at the four different 

angles (open circles) as well as the best fit (solid line), as 

18 + discussed below. TOF spectra of mje=30 (C 0 ) were measured under 

the same conditions as the mje=43 data, allowing direct and 

quantitative comparison. Using 16o, TOF-spectra were measured at 

mje=30 in order to detect impurities from various sources 

contributing the mje=30 signal. These spectra represent a small 

correction and were subtracted from the mje=30 data obtained with 

18o. The results are shown in Fig. 5. It is apparent that these 

spectra consist of two distinct components, one having similar 

features and peak positions as the corresponding mje=43 spectra, 

the other being considerably faster. The slower feature can be 

attributed to ketyl radical cracking in the ionizer, whereas the 

faster component stems from a distinctly different reaction 

channel, identified as the product CO of reaction (1a). 

We also made an attempt to detect the second product of 

channel (1a), methylene, at mje=14 using 16o. TOF measurements 

·~ 
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were made at mje=14, 16, 26, and 41 using the double-disk assembly. 

The mje=26 signal comes from nonreactively scattered acetylene 

only, mje=16 from nonreactively scattered oxygen atoms, and mje=41 

from the ketyl radical. The mje=14 signal is expected to have 

components from nonreactively scattered acetylene and a very small 

amount of leakage of the intense mje=16 signal (oxygen atoms) to 

mje=14 in the quadrupole mass filter, plus an additional, very fast 

component corresponding to methylene. Despite the very long 

counting times, the signal-to-noise ratio was very low. However, a 

fast component which is very likely to be due to methylene formed 

in·reaction (1a) could be identified. 

In our TOF experiments a complication arose from a time

correlated signal at several masses, particularly those having a 

high background count rate, which arose from slow molecules 

scattering off the walls of the reaction chamber or desorbing from 

surfaces opposite the detector and passing through the cross

correlation wheel. In order to reduce background scattering, a 

copper panel was installed in the viewing zone of the detector 

behind the scattering region (see Fig. 1) and cooled to about 17 K. 

This effectively eliminated the time-correlated effusive background 

from the scattering chamber, but instead gave rise to small dips in 

the TOF spectra. This effect can be understood in the following 

way: If all the surfaces near the detector had the same 

temperature, the number of background molecules entering it would 

be the same regardless of whether the detector is facing an open or 

a closed segment of the chopper wheel. Therefore, the dips were 
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created by the absence of molecules desorbing or backscattering 

from closed segments of the wheel (which is now significantly 

warmer than the cold panel) and detected at times when the detector 

faces an open segment of the chopper. The TOF data for mje=30 

shown in Fig. 5 were corrected for this effect. 

Analysis of the data was performed using a forward-· 

convolution method. The FORTRAN code was based on versions used 

. 1 44 preVlOUS y • The goal of the analysis was to find the product 

translational energy distribution (P(ET)) and the angular 

distribution (T(O)) for the reaction in the center-of-mass frame. 

P(ET) and T(O) were assumed to be independent of each other. 

Furthermore, the relative cross-sections within the range of 

collision. energies in our experiment were assumed to be independent 

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

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 found. 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. For channel (la), unique 

angular distributions could not be determined based on the 

collected data. However, this reaction is expected to go through a 

long lived complex, as discussed below, and therefore forward-

backward symmetry in the center-of-mass angular distribution was 
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imposed in the analysis of the data. The P(ET) and T(B) 

distributions obtained for channels (la) and (lb) are shown in 

Figs. 6 and 7. The solid and dashed lines in Figs. 2, 4 and 5 

represent the fits to .the data. In Fig. 5 both components 

contributing to signal at mje=30, c18o and Hcc18o, are shown. The 

agreement of the fits with the experimental data is excellent for 

the TOF-distributions, and satisfactory for the angular 

distributions. Deviations between angular distribution data and 

fit at angles close to either beam are likely to be due to 

interferences from impurities in the beams. 

Since the absolute intensities of the molecular beams, the 

exact size of the collision volume, and the detection efficiency 

are not known but do not change in the course of an experiment, 

only relative reaction cross-sections can be determined for the two 

reaction channels. The fitting procedure yielded values for the 

relative total cross-sections a~ and a~ for channels (la) and (lb), 

respectively. Corrections for the ionization cross-sections and 

the fragmentation patterns of the product species have to be 

applied to obtain the true branching ratio R, defined as the ratio 

of the total reaction cross-sections aa and ab for channels (la) 

and (lb) : 

ao 
QHCCO 

43 a fHCCO 
R a a = = X X 0 f30 ab ab Qco co 

Here ao and ao are the apparent cross-sections derived from the a b 
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signal at mje=30 and 43, QHCCO and Qco are the ionization cross-
45 . 

sections approximated using the method of Fitch and Sauter , and 

30 43 t' f 18 d 18 h' h . ld . fco and fHCCO are the frac 1ons o c o an HCC o w 1c y1e 1ons 

of mje=30 and 43, respectively, upon ionization. The mass spectrum 

of CO from channel (la) was assumed to be that of the cold 

46 molecule and taken from standard tables , and the mass spectrum 

for HCCO (Fig. 3) was constructed from angular distributions and 

TOF data for major fragments. The values for the minor fragments 

mje=12, 16, 24 and 25 were estimated from the comparison with 

published mass spectra46 of ketene. The transmission of the 

quadrupole mass spectrometer was checked by measuring mass spectra 

of stable molecules and was found to be independent of mass in the 

small range of masses measured in this experiment. 

The TOF measurements at different angles were performed under 

slightly different beam conditions, but for comparison of the data 

for the two different reaction channels at a given angle, great 

care was taken to maintain constant conditions by frequently 

alternating between the different masses monitored. Therefore a 

value for R was calculated from the data at 20°, 35° and 45° 

separately (the data at 55• were considered too noisy and 

unreliable). The results are R(20.)=1.4, R(35.)=1.0, and 

R(45°)=1.7, with an average value of R=1.4. 

The error limits on our determination are sizable and due to 

three main sources. The experimentally derived quantity a~ja~ 

contains errors due to fluctuations in the detection efficiency and 

errors due to uncertainty in the P(ET) and T(8) distributions, 
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particularly for channel (1a). The correction factor QHcco/Qco is 

estimated to be reliable to about 20% since an empirical method was 

used45 whose applicability to polyatomic radicals has not been 

tested. The fragmentation pattern for HCCO was measured, but is 

associated with the same uncertainties all quantitative 

measurements in our systems carry. The fragmentation of co was 

taken from the literature46 . Fragmentation patterns are known to 

depend on internal en~rgy47 , however, no large effect is expected 

for diatomic molecules with a multiple bond. We estimate the 

. 43 30 uncerta1nty of the factor fHcco/fco to be about 20%. 

Discussion 

Fig. 8 shows a schematic energy diagram for the reaction o( 3P) 

+ c2H2 • The values in Fig. 8 represent the "best estimates" for 

th h t f f t . t . b d' d 32 h' h e ea s o orma 1on a 0 K g1 ven y Har 1ng an Wagner , w 1c 

48 49 are based on standard tables , recent measurements for HCCO and 

CH2
50 , and ab initio calculations32 , 33 • Two triplet states of 

HCCHO are accessible in the reaction, the higher one (3A') via an 

estimated barrier of about 6 kcaljmole. The only reaction path 

open to this state is dissociation back to reactants. The 3A" 

state is accessible via a barrier of 3.3 kcaljmole, a value 

obtained from measured overall rate constants for reaction (1) 32 . 

In a crossed molecular beams experiment, Clemo et a1. 34 measured a 

threshold energy of about 2 kcaljmole for this process. 
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1,2-hydrogen migration from the 3A11 state of HCCHO leads to · 

triplet ketene, which decomposes to CO and CH2 via an exit channel 

barrier. Alternatively, HCCHO in its 3A11 state can eliminate a 

hydrogen atom and form ground state ketyl radical. - The barrier 

heights for hydrogen elimination and 1,2-hydrogen migration are 

practically.identical3 ~ and lie well below the total available 

energy in our experiments. Thus both channels are expected to 

occur on this triplet surface. 

The experimental results are in agreement with the theoretical 

predictions32 ' 33 • The maximum release of translational energy in 

both cases approximately corresponds to the total available energy, 

the sum of exothermicity, collision energy, and the internal energy 

of c2H2 left after the supersonic expansion. The exothermicities 

of channel (1a) and {1b), 46.9 and 19.1 kcaljmole, respectively, 

were taken from the best estimates in Ref. 32. Both.P(ET) 

distributions peak at a large fraction of this maximum energy (27% 

or 14 kcaljmole for channel ,{1a), 34% or 11 kcaljmole for channel 

(b)) h . h . . d' t' f 't h 1 b . 51 , 52 . h 1 , w 1c 1s 1n 1ca 1ve o an ex1 c anne arr1er 1n eac 

case. It should be noted that the center-of-mass to laboratory 

frame transformation.Jacobian caused the fits to be much more 

sensitive to the low energy part of the P(ET) and that a change of 

th~ maximum energy by several kcaljmole did not greatly affect the 

fits, particularly for channel {1a). Therefore, the exact 

exothermicities could not be determined in this experiment. 

In the case of channel {1b), the fit was significantly 

improved by allowing translational energies of up to 32 kcaljmole, 

!'··· 

;,. 
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or about 7 kcaljmole more ·than the total available energy according 

to Fig. 8. It is possible that the true exothermicity for channel 

(1b) is somewhat larger than that shwon in Fig. 8. On the other 

hand, there are two possible sources of reaction products with 

large translational energies. First, there could be products of 

the reaction of acetylene dimers with 0(
3P) detected at mje=43 and 

mje=41. However, no indication of the presence of dimers in the 

1 acetylene beam was found. Second, small amounts of 0( D) atoms 

could be present, even though they could not be detected in.the 

beam. The reaction cross section for 0(
1D) could be significantly 

higher than for o( 3P), and since the energy available to the 

products would be considerably larger, larger product velocities 

would be expected. 

The T(B) or angular distribution in the center-of-mass frame 

for channel (1b) is symmetric about go• indicating that the 

lifetime of the collision complex exceeds its rotational period53 

which is estimated to be about 10-12s. The observation of an 

intermediate life time exceeding one rotational period is in 

agreement with early bulk phase results that estimated the lifetime 

of the adduct as 10-9 - 10-11 s 22 , 54 • 

The T(B) for channel (1a) could not be obtained easily from 

our data since, in contrast to the other case, both the laboratory 

angular distributions and the TOF distributions for the CO product 

only probe a limited range of T(B) due to the unfavorable kinematic 

relations. Although the coarse angular distribution obtained by 

integrating over the TOF distributions for the four angles 
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available were better fit using the assumption of more forward than 

backward scattered product, the T(O) for this channel was also 

chosen to be symmetric about 90°. This appears to be a reasonable 

assumption since both hydrogen migration and hydrogen elimination 

take place from the same precursor with similar barrier heights and 

they are the rate determining steps for channel (la) and (lb). 

Using the forward peaking T(8) would result in a calculated 

branching ratio of 0.9 instead of 1.4. 

Comparing our results for channel (lb) with a previous crossed 

molecular beams experiment34
, we find that the P(ET) reported by 

these authors fits our TOF-data reasonably well, but results in 

larger deviations between the calculated and experimental 

laboratory angular distribution. This is due to the fact that the 

low-energy part and the peak of their P(ET) resembles ours, whereas 

they propose a sharp cutoff at a translational energy of about 20 

kcaljmole. Thus the wings of our angular distribution, 

corresponding mostly to faster products, are not reproduced well. 

Little is known about the internal energy distribution of the 

products from channels (la) and (lb). 55 Shaub et al. have measured 

the vibrational energy distribution in the co product using a co-

laser absorption technique and found about 6% of the total 

available energy in co-vibration (excitation up to v=5). Their 

results were compatible with a statistical model52 • Inoue and 

Suzuki16 obtained laser induced fluorescence spectra for HCCO 

produced from the reaction of 0(
3P) + acetylene and determined the 

vibrational frequencies of the HCCO radical, but not the nascent 

y_ 
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energy distribution. 

The possibility of intersystem 'crossing to the singlet 

surface in the long lived intermediate has to be considered. The 

products expected from the decomposition of singlet HCCHO are co 

and CH
2

(1A1). Intersystem crossing was shown to take place under 

collisionless conditions in c2H4o, the radical formed from 0(
3P) 

addition. to ethylene 56 . For the reaction 0 ( 
3P) + c2H2 , Harding and · 

Wagner32 estimate that inclusion of intersystem crossing in their 

calculations causes only a small increase in the branching ratio 

aajab at temperatures below 500K. 

Although we are unable to distinguish between singlet and 

triplet CH2 with our detection techniques, our data are consistent 

with product translational energy iri channel 

the total .available energy for the formation 

(la) extending out·to 

3 of CH2 • ·In the case 

1 of CH2 formation about 9 kcaljmole less energy would be · 

available57 . Furthermore, the P(ET) distribution found for channel 

(la) peaks at a relatively large value, indicating the existence of 

an exit channel barrier typical for dissociation on triplet 

surfaces, whereas such barriers are usually not found on singlet· 

surfaces. Ab initio calculations by Bargon et al. 58 show that the 
. . 

singlet.HCCHO lies about 17 kcaljmole higher than the corresponding 

triplet and that there is no barrier to 1,2-hydrogen migration 

forming ketene on the singlet surface.· Hayden et a1. 59 have 

studied the photodissociation of ketene in a molecular beam and 

found that at· 308 nm ketene is excited only to its singlet state. 

The distribution of translational energy in the dissociation 



24 

products peaked at 0 kcaljmole, whereas dissociation on the triplet 

surface after excitation at 351 nm resulted in a P(ET) peaking well 

away from zero. This indicates that in our crossed beams 

experiment at least a large fraction of the HCCHO formed in the 0 + 

acetylene reaction decomposes on the triplet surface. 

No attempts were made in our experiment to search for the 

hydrogen abstraction channel (1d) since it was not energetically 

accessible under our experimental conditions. We also found no 

evidence for the formation of c2o, channel (1e), since no 

difference between the spectra of mje=41 (HCCO+) and mje=40 (CCO+) 

was observed. 

Having established channels (1a) and (1b) as the only major 

channels in the 0 + c2H2 reaction, we obtained a value of 1.4 ± 0.5 

for the branching ratio corresponding to 58% (46-65%) production of 

CH2 + CO. Our result of approximately equal probability for both 

channels is in good agreement with the most recent values from 

other laboratories of 30-40%26 , 38%31 , 41%30 , 46-64%25 , and about 

50%23 reaction for channel (1a) and the calculations by Harding and 

Wagner32 • 

Despite of the large error margins our determination yields 

important information since we measured the branching ratio under 

truly single collision conditions. The uncertainties in the 

results of previous investigations are sizable as well: In their 

23 study of CH2 kinetics, Vinckier and Debruyn found a factor of two 

uncertainty in the absolute CH2 concentration determinations 

causing a substantial uncertainty in the branching ratio of the 0 + 
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c
2

H
2 

reaction. In the shock tube experiments of L6hr and Roth25 , 

expressions for the rate coefficients for reactions (la) and (lb} 

were obtained from fits to H- and 0-atom concentration profiles. 

No error limits were reported. From a more recent shock tube 

experiment, Frank et a1. 26 obtained rate coefficients whose error 

was estimated to be about 20-30% for both channels (la} and (lb} . 

Peeters et a1. 30 measured the HCCO yield mass spectrometrically and 

reported error limits of ±20%. In all of these experimental 

. t' t' 23,25,26,30 d h d t b . 1 d. d . 1nves 1ga 1ons secon ary processes a o e 1nc u e 1n 

the analysis of the- system. The results of the calculations by 

Harding and Wagner32 indicate a range of about 5-75% occurrence of 

channel (la} at 300K. 

We did not measure the dependence of the relative cross

sections on collision energy. However, both recent theoretica132 

and experimental results26 ' 30 indicate only a small temperature · 

dependence of the branching ratio. This is most probably due to 

the fact that the barrier for either dissociation channel is 

substantially lower than the barrier to adduct formation. As a 

consequence, the adduct always has enough energy to decay to either 

product. 60 

Conclusions 

Using the crossed molecular beams technique, we have confirmed 

the occurrence of two major channels in the reaction of ground 
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state oxygen atoms and acetylene under single collision conditions, 

namely formation of triplet methylene and carbon monoxide (channel 

(la)) and formation of hydrogen atom and ketyl radical (channel 

(lb)). We have determined an approximate value for the branching 

ratio which is in agreement with recent bulk phase measurements. 

The center-of-mass frame angular distributions show that the 

reaction proceeds through a long-lived intermediate, which 

consequently dissociates along two different reaction paths, each 

characterized by an exit channel barrier, resulting in large 

releases of product translational energy. The dynamical features 

of this reaction were found to be in agreement with recent 

theoretical predictions. 
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Figure captions 

Fig. 1 Schematic top view of the crossed molecular beam apparatus. 

~ Shown are the source, differential pumping chambers and 

interaction chamber as well as the rotatable mass 

spectrometer detector. Dashed lines indicate the directions 

of the supersonic reactant beams and products entering the 

detector. 

Fig. 2 Laboratory angular distribution of the Hcc18o product 

Fig. 3 

Fig. 4 

Fig. 5 

(mje=43). Angles are measured from the oxygen atom beam. 

Scattered points: measured data points; dashed line: fit. 

Mass spectrum determined for the ketyl radical. 

18 + Time-of-flight spectra for products at mje=43 (HCC 0 ) at 

four different laboratory angles. Solid lines: fits, scaled 

to the data for each angle separately. 

18 + Time-of-flight spectra for products at mje=30 (C 0 ) at 

four different laboratory angles. Solid lines: fits for 

components due to channel (1a) ; dashed lines: fits for 

components due to channel (1b) • Calculated curves are 

scaled to the data for each angle and each channel 

separately. 

Fig. 6 Translational energy distributions (P(ET)) for channels 

(la) and (lb). 

Fig. 7 Center-of-mass angular distributions (T(8)) for channels 

(la) and (lb). 

Fig. 8 Schematic energy diagram for the reaction of o( 3P) with 
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acetylene. The values for the energy levels were taken to 

be the "best estimates" in Ref. 32. 
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