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MOLECULAR BEAK STUDIES OF OXYGEN ATOM REACTIONS 

WITH UNSATURATED HYDROCARBONS 

by 

Anne-Marie Schmoltner 

Abstract 

The dynamics of several elementary reactions relevant to 

combustion was investigated. The reactive scattering of 

ground state oxygen atoms with smal~ unsaturated hydrocarbons 

was studied using a crossed molecular beam apparatus with a 

rotatable mass spectrometer detector. The infrared and 

ultraviolet photodissociation of anisole was studied using a 

rotating beam source/fixed detector apparatus. 

In the O(3P) + hydrocarbon experiments, major primary 

reactions were identified and approximate branching ratios 

determined. In all cases, oxygen atom addition leads to a 

long-lived triplet diradical intermediate which subsequently 

3 decomposes into products. In the case of the O( P) + C2H2 

and the O(3p) + .C2H4 reactions, the two major decay channels 

are (a) l,2-hydrogen migration followed by C-C bond rupture 

and (b) hydrogen atom elimination from the intermediate. 

In the O(3p) + C2H4 case, channel (a) is possible only 

if the rate of triplet ~ singlet intersystem crossing in the 

intermediate is comparable to or faster than the rate of H 
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atom elimination. The crossed beam experiment proves that 

this occurs under collision free conditions prior to hydrogen 

migration. 

In the O(3p) + allene reaction, channels analogous to 

the acetylene and ethylene systems were identified. In 

addition, oxygen atom attack on the central carbon atom leads 

to the formation of CO and C2H4 via a cyclopropanone 

intermediate. This channel also involves rapid triplet ~ 

singlet intersystem crossing under collision free conditions. 

The infrared multiphoton dissociation of anisole 

resulted in only one major primary channel, the production of 

phenoxy and methyl radicals. Under high laser fluence 

conditions, the secondary dissociation of the phenoxy 

radicals into carbon monoxide and cyclopentadienyl radicals 

was observed. 

In the ultraviolet photodissociation of anisole at 193 

and 248 nm, several channels were observed, major ones being 

the formation of phenoxy and methyl radicals and the 

formation of methanol and benzyne. Our results indicate that 

most of the decomposition channels involve electronically 

excit.ed states and that internal conversion to highly 

vibrationally excited ground state plays a minor role. 
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CHAPTER 1 

INTRODUCTION 

" , 

The goal of chemical dynamics research is to study chemical 

reactions on a fundamental' level with all reactants prepared in 

well defined states and under well controlled reaction 

conditions. If all the properties of the products and their 

distribution functions are measured, the complete picture of a 

chemical reaction emerges~ Many techniques 'have been developed 

in the past and much progress has been made, however most 

chemical systems remain unexplored. 

The method used in our group is the crossed beam technique. 

For reactive.scattering experiments, two supersonic molecular 

beams are crossed at a fixed angle of 90 0
, and the properties of 

the collision products can be measured as a function of 

laboratory angle. In the case of the universal crossed 
, 1 

molecular beam apparatus , the detector consists of a rotatable 

mass spectrometer. Combined'with electron impact ionization, 

this detection method is applicable to most species of interest. 

Photodissociation in supersonic molecular beams is a 

variant of the crossed beams method. The supersonic molecular 

beam is crossed with a laser beam at a fixed angle. The work 

reported here'was carried out in the rotating source apparatus2 , 

where the laser and the mass spectrometer detector are at 90 0 
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with respect to each other and the molecular beam source is 

rotatable, allowing the angle between molecular beam and 

detector to be varied. In both types of experiments, detailed 

information on the identity of the products, the translational 

energy release and the reaction or dissociation mechanism is 

obtained by measuring angular and time-of-flight distributions. 

This dissertation contains three chapters (2-4) on reactive 

scattering and two chapters (5 and 6) on photodissociation. The 

purpose of this introduction is to explain the connection 

between the different experiments performed and to discuss their 

relevance. The techniques employed will be introduced, but no 

attempt will be made here to present an extensive review of 

previous work. 

In order to identify primary reaction steps unambiguously .. 
and investigate the dynamics of the reaction, single collision 

conditions are essential. The crossed molecular beam technique 

is the most straightforward and yet the most difficult way of 

accomplishing this. 

In a typical experiment, there is a finite spread in the 

velocity of the molecules and the collision angle and therefore 

in the collision energy and geometry. This is less critical if 

the emphasis is on obtaining qualitative information about 

reaction channels and the approximate relative cross sections 

rather than about the details of the translational energy 

release, the excitation function, or the detailed features of 
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the angular distributions as in elastic scattering. In the 

reactions studied, our interest'is mostly in i9-entifying the 

primary reaction products and determining the branching ratios 

between the major channels. Since the cross' sections of the 

reactions studied are comparatively small, often the first 

concern is in obtaining any signal at all, and significant 

improvements of the experimental resolution are not practicable. 

It is of great interest to compare the results of chemical 

activation with those of photochemical activation. In the case 

of a random distribution of vibrational energy, these two 

excitation methods should be comparable and the products, of the 

dissociation of the complexes should be the same, at least if 

the energy content is similar in both cases. A special 

situation is IR multiphoton dissociation (IRMPD) , where the 

'excitation energy is always randomly distributed and 

dissociationtakes'place from the vibrationally excited 

electronic ground state. This process can therefore "mimic" 

thermal dissociation - with one important difference: if IRMPD 

is'induced in a molecular beam, the excitation and dissociation 

processes take place under collision free conditions. It is 

well established that IR mult'iphoton excitation with an intense 

IR source is indeed possible without the aid of collisions, and 

this technique has been applied for stUdying the primary 

dissociation processes of numerous molecules3 • 

In the case of UV excitation - which has become a very 

popular research tool due to the availability of intense, 
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although not necessarily tunable, UV sources - a variety of 

processes can occur, ~uch as fluorescence; predissociation or 

direct dissociation from an electronically excited state, or 

internal conversion followed by dissociation of vibrationally 

excited molecules in the ground electronic state. While 

collisions can be avoided by employing molecular beams, 

complications stemming from the intense radiation still have to 

be considered, in particular multiphoton absorption processes 

and secondary dissociation following further photon absorption 

by the primary products. 

Chapters 5 and 6 respectively describe the IRMPD and UV 

photodissociation of anisole. A comp~rison of the data obtained 

in these two types of experiments immediately illustrates the 

fundamental differences between the two processes. In fact, the 

UV dissociation experiment was initially undertaken in order to 

study hot ground state dissociation, which was expected to 

resemble the IRMPD case, and it actually shed some light on the 

IR data which at the time were not understood. ,(Repeating the 

experiment with a much superior IR laser proved to be the better 

approach.) It quickly became clear how complicated the 

situation in the UV photodissociation was, and in fact not all 

of the questions could be resolved in the analysis. 

A very important aspect of our research is the comparison 

of our experimental results with state of the art ab initio 

theory. This allows conclusions on how well systems of the size 
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we study can be understood theoretically and how reliable such 

qualitative and quantitative predictions about primary reaction 

(or dissociation) channels are. The possibilities and 

limitations of ab initio theory are illustrated in chapters 2-4. 

While the O(3P) + acetylene system ~ppears to be understood 

thoroughly based on.ab initio calculations combined with 

additional experimental information, the limitations become 

obvious in the O(3P) + ethylene case. Here rapid intersystem 

crossing (ISe) between triplet and singlet plays a crucial role, 

and as of yet no theoretical calculation has addressed this 

specific question. The interplay between theory and experiment 

will continue; in this case, the next step has to be taken by 

the theoreticians. 

Apart from the conceptual elegance of the crossed molecular 

beam experiments, another important. aspect of this research has 

to be mentioned: All experiments described in this dissertation 

are of direct or indirect relevance to combustion chemistry. In 

particular, the reactions of oxygen atoms with simple 

hydrocarbons (chapters 2-4) are of fundamental and practical 

importance for combustion research as model systems. The goal 

of the photodissociation experiments (chapters 5 and 6) has been 

to produce phenoxy radicals, which are important intermediates 

in the combustion of aromatic hydrocarbons, and to study the 

dynamics of their decay. 

The focus of this dissertation is the chemistry of ground 
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state oxygen atoms with unsaturated and aromatic hydrocarbons, 

and all the experiments described in the following chapters are 

connected to this topic in some way. Several experiments which 

would make the connection clearer are not included in the 

following chapters - some because they were done by others, some 

because they were not done at all, and some were left out 

because of time constraints. 

The starting point is the reaction of oxygen atoms with the 

simplest hydrocarbons. Ground state oxygen atoms do not react 

with alkanes at low collision energies, but O(ID} atoms do. 

O(3p} does react, however, with alkenes and alkynes. 

Crossed beam experiments of the reactions O(3p} + C2H2 and 

C2H 4 are the subj ect of chapters 2 and 3. These are important 

model systems not only from a chemical dynamics standpoint, but 

also for combustion research. An enormous amount of information 

is necessary to model and predict a "real life" system, 

particularly one as complicated as for instance the atmosphere 

or a flame. If some model systems are understood in great 

detail, a clearer picture will evolve. Examples for such model 

systems are the reactions of atoms with the simplest alkene and 

alkyne, ethylene and acetylene, and the simplest aromatic 

molecule, benzene. Other reactions of great importance are 

those of OH and other radicals with hydrocarbons, but these yet 

have to be studied using the crossed molecular beam method. 

Important progress has been made in our group4 and in others5 

towards the development of supersonic radical beams, however, 
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the universal applicability of these techniques is still an 

unreached goal. 

The extension of the O(3p) + ethylene results to the next 

larger olefins has been attempted, and some of these experiments 

'b d ' Ba 'th' 6 are descrl e ln R. seman s eS1S. We originally had 

planned to continue that work and study butenes, but soon 

realized the potential difficulties in the experiment associated 

with the relevant mass numbers in this special case. Hydrogen 

substitution in analogy to the ° + ethylene reaction should be 

easily detectable because of the favorable kinematics. However, 

all the C4H70 radicals prefer to fragment extensively in the 

+ ionizer and can not be detected as C4HXO. The other channel 

considered, substitution of a methyl radical, presents serious 

problems because the reactant (C4HS) and the product (C3H50) 

have almost the same massesi56and 57 amu, respectively. 

Because of the enormous interference from elastic scattering, 

this channel could not be observed, at least not in the angular 

distributions. 

The idea that saved us at the time was to study allene, 

which has the useful property of containing very few hydrogen 

atoms. This promised simplified mass spectra, which indeed 

proved to be the case. Also, M. C. Lin had just published an 

interesting paper on this reaction7 • Our initial intention was 

to prove wrong the earlier work which claimed that the major 

process was the formation of CO and ethylene via triplet~singlet 

ISC, however, many years and many experiments later, we 
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discovered that both the 00 + C2H4 channel and the hydrogen 

substitution channel in analogy to O(3p) + C2H4 takes place 

under single collision conditions. 

The allene experiment is a good example of how the lessons 

learned from simple molecules can indeed be applied to larger 

systems, and also how new features and special cases must be 

considered. One of the important questions arising from the 0 + 

ethylene system which is also central to 0 + allene is whether 

rapid collisionless ISC occurs in a small molecule or radical. 

Interestingly, this has been addressed theoretically only for 

the latter reaction. 8 

Moving on to much larger molecules, our attention turns to 

the reaction of oxygen atoms with aromatic systems. The 

simplest reaction of this kind, O(3p) + benzene, was studied 

carefully in our group9. In this system, one of the most 

important results there is the occurrence of ISC leading to 

ground state phenol which lives long enough to reach the 

detector. The other major channel involves elimination of a 

hydrogen atom from the collision complex forming the phenoxy 

radical. A third channel, considered of minor importance, is 

the formation of carbon monoxide and C5H6, probably 

cyclopentadiene, by way of diss9Ciation of the hot singlet 

phenol. The direct dissociation of phenol yielding CO was 

suggested as a pathway by Cypres and Bettens10 to interpret the 

results of a phenol pyrolysis experiment. A crossed molecular 

beam experiment by Sloan11 also suggested the formation of 00 
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and CSH6 as primary products. In the 0 + benzene experiment 

performed in this laboratory9, however, at least a'large 

fraction of the phenol apparentiy survives for the several 

hundred microseconds which are required to reach the detector, 

indicating that the rate of phenol dissO?iation is small. This 

actually casts some doubt on the barrier suggested by Lin and 

Lin12 • In view of the experiments on halogen-substituted 

benzenes13 , which will be discussed below, questions arise 

regarding the origin of the m/e=6S (CSHs+) signal detected in 

the 0 + benzene reaction. 

The other possible source of CO and a product of m/e=6S is 

the dissociation of phenoxy radical which was studied 

previously. The activation energy for this dissociation process 

was determined to be about 44 kcal/mole12 and thus significantly 

higher than the available energy for phenoxy formed in the 0 + 

benzene reaction. 

A very elegant idea to test ,these assumptions is to study 

the reactions of oxygen atoms with halogen-substituted benzenes. 

By substituting chlorine, bromi~e and iodine for a hydrogen 

atom, different amounts of vibrational energy can be deposited 

into the resultant phenoxy radical. This energy will be less 

than the barrier determined by Lin and Lin12 for benzen~ and 

chlorobenzene, but higher for bromo- and iodobenzene. This 

allows one to "chemically tune" the available energy (See Fig. 

1, chapter 3 of Ref. 13). All three halobenzenes mentioned were 

studied in our laboratory using the crossed molecular beam 
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method and the results are summarized in Ref. 13. The 

surprising result of this research was a fast feature in the 

m/e=65 spectra from all three halobenzenes studied. The origin 

of this fast signal remains somewhat unclear. 

In order to resolve the questions in the 0 + halobenzene 

experiments, a better understanding of the 0 + benzene reaction 

would be helpful. According to Sibener et al. 9 , after the 

initial formation of the triplet diradical, a competition takes 

place between hydrogen elimination on the triplet surface and 

ISC to singlet phenol. The ISC was found to be enhanced by 

higher collision energy and substitution of hydrogen by 

deuterium atoms. It can be expected that halogen atoms would 

further increase the rate of ISC. It is thus likely that the 

fast part of the signal at m/e=65 in the halobenzene experiments 

is due to the dissociation of the singlet state of a C6H50X 

(X=CI, Br, I) isomer into C5H5X + CO, and that extensive ionizer 

fragmentation of the products prevented us from detecting these 

products at their parent masses. In view of the results of the 

o + ethylene and 0 + allene experiments, it now appears even 

more likely th~t rapid ISC occurs in these oxygen-containing 

diradicals. Consequently, the other channels observed in the 0 

+ halobenzene experiment, such as hydrogen elimination, could 

actually be occurring on the singlet surface as well. The 

crossed molecular beam experiment generally does not allow a 

distinction between different electronic states. 

To our disappointment, the "chemical tuning" idea for 
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studying the ?ecomposition of phenoxy radical formed in a 

chemical reaction did not work as expected. Thus, our hope of 

being able to bracket the decomposition barrier was not 

realized. Different approacnes were sought. Photodissociation 

of an appropriate precursor presents another possibility for 

producing the phenoxy radical. Two precursor molecules were 

considered: anisole and phenol. Anisole was chosen because the 

CH3-oC6H5 bond dissociation energy is only about 64 kcal/mole. 

The IR multiphoton dissociation of anisole which is the subject 

of chapter 5, indeed proved to be a convenient and clean way of 

producing phenoxy radicals, and the comparison of the data taken 

with two different CO2-lasers shows that by carefully choosing 

the conditions, secondary dissociation of the phenoxy radicals 

can either be avoided or induced. 

The other precursor considered (and used) is phenol. The 

attempts toward IRMPD of phenol were initially unsuccessful, 

presumably because of the lower absorption cross section and the 

higher bond dissociation energy (87 kcal/mole), however, the 

higher power laser made that eXperiment possible as well. An 

additional problem in the phenol case lies in the kinematics: A 

heavy particle (phenoxy) recoiling from the very light hydrogen 

atom, is not expected to be scattered significantly away from 

the molecular beam and will therefore be hard to detect. 

Indeed, no indication for the phenoxy radical was found in the 

experiment, but there was evidence for secondary dissociation 

products. Surprisingly, two clearly separate channels were 
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found which differ in the mass spectrum of the products and in 

the translational energy release. One of these is very likely 

due to the secondary decomposition of phenoxy into the 

cyclopentadienyl radical and carbon monoxide, while the other 

one probably represents another phenol decomposition channel 

leading to 00 and a cs-species. The latter is possibly 

isomerization of phenol followed by CO-expulsion. These data 

and their detailed analysis are not included in this 

dissertation. 

As mentioned above, in addition to the IRMPD studies, the 

UV photodissociation of anisole was also studied, and is the 

subject of chapter 6. UV photodissociation of phenol was not 

carried out, yet it promises to be a very interesting and 

important experiment. 

The idea of approaching a system from two different angles, 

such as chemical vs. photochemical activation, was considered in 

the context of the 0 + olefin reactions as well. An example .is 

briefly mentioned in chapter 3: the reaction of 0 + ethylene, 

among other channels, leads to the formation of the highly 

vibrationally excited electronic ground state of acetaldehyde. 

In order to study the decomposition pathways of this molecule 

and to corroborate the conclusions of the crossed molecular beam 

experiment, the UV photodissociation of acetaldehyde at 248 and 

193 nm was attempted, but with no success. 

Similarly, the photodissociation of C3H40-isomers is of 

relevance to the 0 + allene experiment, as discussed in chapter 
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4. In particular, the dissociation of cyclopropanone to 

ethylene and carbon monoxide should be considered. 

Unfortunately, this experiment can not be perfonned with a 

molecular beam apparatus because of the instability of 

cyclopropanone. However, cyclopropanone is the smallest member 

of a whole family of cyclo-alkanones which typically decompose 

by either ring-opening fonning an olefin or CO-expulsion fonning 

14 -the next smaller cycloalkane. Instead of cyclopropanone, we 

studied the photodissociation of cyclobutanone at 308 nm, and 

the results are described at the end of chapter 4. Evidence for 

both channels mentioned was found, but-the absorption cross 

section at this wavelength was found to be too low to achieve 

reasonable signal-to-noise. 

The CO-expulsion process accompanied by a ring contraction 

is of considerable interest in organic chemistry, even for 

preparative purposes. It in turn relates to the channel 

inVOlving co expUlsion from phenoxy radical and possibly phenol 

itself where the second product again is a cyclic molecule or 

radical. 

In all the systems mentioned, many questions remain open, 

and there is much room for further exploration. In the 

following chapters some of the progress made is explained in 

detail. Hopefully most of the material will soon appear in 

scholarly _ journals. Additional infonnation is included in most 

chapters particularly on experimental details which might be of 

use for future experiments. 
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CHAPTER 2 

CROSSED MOLECULAR BEAM STUDY OF THE REACTION O(3P) + C2H2 

2.1. 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 1R5. 

They are also known for the formation of large amounts of ions6 

of polyacetylenes and other higher hydrocarbons7 , and soot8 • 

Furthermore, acetylene reactions are part of the oxidation 

... 
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mechanism of the other hydrocarbon fuels, particularly under 

'h d't' 9 fuel~r1c con 1 10ns • 

~e fuel consumption in an acetylene flame is largely due 

to the reaction of oxygen atoms with acetylene10 • The overall 

rate constant for this reaction, 

has been measured over a wide temperature range11 and the 

identity of the primary products is well known. The following 

reaction channels are considered to be involved: 

O(3p ) + C
2

H
2 

-+ CH2 + CO (la) 

O(3p ) + C H -+ 
2 2 

HCCO + H (lb) 

O(3P ) + C
2

H
2 

-+ CH2CO (lc) 

O(3P ) + C
2

H
2 

-+ OH + CCH (Id) 

O(3p ) + C
2

H
2 

-+ H2 + C20 (Ie) 

Ground state (3p) oxygen atoms are electrophilic and can 

add to carbon-carbon double or triple bondsl2 , forming a 

diradical intermediate (HCCHO)*. This intermediate and the 

isomerized (CH2CO)* can subsequently undergo unimolecular 

decomposition into CH2 + CO (Ia) or HCCO + H (Ib). Both 

channels (Ia) and (Ib) were first suggested by Fenimore and 

Jonesl3 • The formation of methylene and carbon monoxide was 

considered the main reaction path in most of the earlier work. 
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The ketenyl radical HCCD (often referred to as "ketyl") 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 ketenyl radical were 

reported. 

stabilization of the (CH2CO)* intermediate yields ground 

state ketene (lc) 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 pimentel17 

in a 20 K argon matrix and by Gaedtke et al. 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 suggested by Bradley and Kistiakowsky19 and in earlier work . 

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

this reaction is endothermic by approximately 32 kcal/mole20 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), 

t d ' , t' t 3,21, d t was sugges e as a m1nor pr1mary reac 10n s ep 1n or er 0 

explain the CO(A1
rr) chemiluminescence in acetylene and carbon 

suboxide flames. Indirect evidence for this channel was found 

by Williamson and Bayes22 from experiments with C2H2 and C2D2 , 

but it accounted for only 0.3% of the products. 

Although agreement has been reached on the identity of the 
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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 from the interpretation of kinetic data. 

Vinckier and Debruyn23 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 al. 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. time profiles. 

LOhr and Roth25 measured the time dependence of the 0- and H-

concentrations in shock tube oxidation experiments of acetylene 

and obtained values for k 1a and k 1b in the temperature range 

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

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

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

channel (la) with little temperature dependence of the branching 

. ratio. 

W'll' d 22, h ' 1 lams on an Bayes ,uslng gas c romatographlc product 

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

and probably 25% of the decay of the original diradical 

intermediate. Later, Williamson27 studied the reaction of 0 

with C2D2 in the presence of H2 and determined the D atom yield 

(channel Ib) to be 42±10% from the measurement of HD formed. 

Mass spectrometric detection following either photoionization28 
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I I t ' t" t' 29,30 h ' or ow energy e ec ron lmpac 10n1za 10n as g1ven values 

of 15_50%28,95%29, and 41%±20%30 for the yield of channel (la). 

In a recent investigation detecting 3CH2 using laser magnetic 

resonance31 , channel (la) 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 (la) and (lb) are the major reaction channels. 

Recent ab initio calculations32 ,33 provide detailed 

information on the triplet potential energy surface for the 

/ t d ' d 32 I f d I I t' o C2H2 sys ern. Har 1ng an Wagner a so per orme ca cu a 10ns 

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 chapter describes the investigation of the reaction 

O(3p ) + C
2
H

2 
using the crossed molecular beam technique. This 

method is particularly well suited for studying elementary 

reactions since the experiments are performed 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 ketenyl radical has been observed previously 

3 in crossed molecular.beam studies of the O( P) + C2H2 

t ' 34,35 I t I 34 d'd t b h I ( ) t reac 10n , C erno ea. 1 no 0 serve c anne 1a a 
35 . 

all, and the data obtained earlier in our laboratory were 
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unsatisfactory for deriving d~finitiveconc1usions due to the 

high CO background in the detector chamber. By using 1802 and 

with an improved experimental arrangement, we have been able to 

obtain detailed dynamica1.information on both cpannels (1a) and 

(1b) • 

2 .2. Experimental 

The universal crossed molecular beam apparatus used for the 

present study is an improved version of an apparatus described 

, d t '1 '1 36 B' f1 t t' , ln e al . prevlOus y. rle y, wo conlnuous supersonlC 

beams of reagent atoms and molecules, pass through one or two 

stages of differential pumping, and cross at 90° in a reaction 

-7 charnberhe1d at a pressure of about 1xlO Torr. The scattered 

species are monitored using a triply differentially pumped 

detector~ consisting of a Brink's type37 electron impact 

ionizer, quadrupole mass filter and Daly ion detector38 • The 
• 

nominal electron energy was 2.00 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 view 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' em/e) and time-of-f1ight (TOF) 



22 

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 mle 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 containing 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 LSI-II laboratory computer. The disk was spun in front 

of the detector chamber at 436 Hz resulting in a resolution of 

9~s/channel. Total accumulation times for the TOF-measurements 

ranged from 10 minutes to several hours depending on the mle 

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 
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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 width 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, makingdsmall peaks harder to discern in the presence 

of very large peaks. The disadvantage 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 

o d t 01 0 1 41 0 • 0 0 0 ln e al prevlous y • A mlxture contalnlng 5% oxygen ln 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 
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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 nun. 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 

3 ground state ( P) oxygen atoms are produced. The absence of 

appreciable amounts of 0(10) 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(10) forming OH42. No OH was observed. However, formation of 

very small amounts of excited (10) 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 kV/cm 

across the beam behind the skimmer. 

A supersonic beam of acetylene was produced by expanding 

200 Torr of neat acetylene, which had been passed through a dry 

ice/acetone trap, through a 0.15 nun 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 
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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 (o.S mm wide) spun at 300 Hz allowing a time 

resolution of 1-2 ~s/channel. The measured TOF distributions 

were fitted to the functional form43 

2 v 2 N(v) = v exp[-(- - S) ] 
0: 

where v denotes the velocity of the molecules, S the speed 

ratio, 0: a parameter, and N(v) the number density of molecules 

with velocity v. The peak Velocity of the acetylene wasS.6x104 

em/swith'a'speed ratio S of 6.3, the peak velocity of the 

oxygen beams ranged from 1.SX105 to 2.1X105 em/s, with speed 

ratios around 5. The resultant most probable 'collision energies 

were between 5.5 and 6.3 kcal/mole, with a FWHM of the energy 

distribution of about-50%. 

The acetylene was obtained from Matheson with a stated 

purity of 99.6% min. and oxygen/neon mixtures were purchased 

from Matheson and Airco and had a stated minimum purity of 

99.99% and 99.995%, respectively. 1S02 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 p~rchased from Airco. All gases were used without 
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further purification, except for acetylene, which was passed 

through a dry ice/acetone trap to remove acetone which was used 

as a stabilizer in the acetylene cylinder. 

2.3. Results and Analysis 

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 m/e=12, 13, 14, 24, 

26, 28, 29, 32, 40, and 41 (corresponding to the ions c+, CH+ 

+ + + + + + + + 
CH2 ' C2 ' C2H2 ' CO , CHO , O2 ' C20 , and HCCO , respectively) 

for the reaction of 160 + C2H2, and for m/e=30 and 43 

(corresponding to the ions C180+ and HCC180+)in the case of 180 

+ C2H2• The maximum count rates for the ketenyl radical product 

16 + 18 + . both at m/e=41 (HCC 0) and 43 (HCC 0) were approxlmately 120 

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

similar. The laboratory angular distribution of m/e=43 is shown 

in Fig. 2. The error bars represent 95% confidence intervals. 
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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 30°. 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 ketenyl radical (Fig. 3). Using 160 , the ketenyl radical and 

its major fragments are expected at m/e=12, 13, 24, 25, 28, 29, 

40 and 41. Cross-correlationTOF data were also obtained from 

the reaction of 160 with a~etylene at m/e=12, 13, 24, 26, 29, 40 

and 41 at 35°, which was close to the angle of maximum signal 

intensity for ketenyl radical. As in the case of angular 

distributions, the spectra obtained could be interpreted as due 

to nonreactive scattering, reactive scattering, o~ 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 m/e=26 signal-represents nonreactive 

scattering only. The total reactive signal for each m/e was 

then used to determine the cr'acking pattern of the ketenyl 

radical. 

In order to study the formation of methylene and carbon 
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monoxide, channel (la), and compare the results with the ketenyl 

radical channel (lb), it was necessary to perform experiments 

. 180 .. . t . 16 . f I d t uSlng 2' Slnce ln experlmen s uSlng 0 no meanlng u a a 

'wer~ obtained at m/e=28 (00+) because of a very large inherent 

detector background at this mass. C180+ could be detected at 

m/e=30. However, no dynamic information could be obtained from 

the m/e=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 ketenyl radical recoiling from the very light hydrogen atom 

(channel 1b), the center-of-mass velocity of the ketenyl 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 kcal/mole of recoil energy, the 

center-of-mass velocities of both particles are expected to be 

large and a large fraction of the products will appear outside 

of the detector scanning range, therefore the entire angular 

distribution cannot be measured. In all these· cases, however, 
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detailed dynamical information can be extracted from TOF data. 

The kinematic differences between the two channels are 

illustrated in Figs. 4 and 5. Fig. 4 shows the simulated· 

angular distributions for channel (Ia) at HCCO+, solid curve, 

+ and ( Ib) measured at CO , dashed curve, as calculated from the 

results of our data analysis as described below, taking into 

account the actual branching ratio, ionization probabilities and 

fragmentation ratios. It can be seen that the signal at each 
• 

angle for channel (la) is small and that the distribution is 

relatively flat. In an experimental distribution, however; an 

additional contribution from the fragmentation of HCCO to CO 
.' 

would be expected. This contribution is not included .in the 

dashed curve in Fig. 4. As can be seen in Fig. 3, the component 

arising from HCCO at the mass of "CO, would be about 20% of that 

detected as HCCO. Fig. 5 s~ows cont~ur diagrams of the product 

flux for channels (la) and (lb). 

Cross-correlation TOF spectra were measured at laboratory 

angles of 20°, 35°, 45°, and 55°, using both 160 and 180 • The 

m/e=41 
16 + . 18 + 

(HCC 0) data and the m/e=43 (HCC 0) data both 

correspond to the parent ion of the ketenyl radical and contain 

equivalent information. Only the m/e=43 data will be discussed 

here. Fig. 6 shows the TOF spectra"obtained at m/e=43 at the 

four different angles (open circles) as well as the best fit 

(solid line), as discussed below. TOF spectra of m/e=30 (C180+) 

were measured under the same conditions as the m/e=43 data, 

allowing direct and quantitative comparison. Using 160 , TOF-
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spectra were measured at m/e=30 in order to detect impurities 

from various sources contributing the m/e=30 signal. These 

spectra represent a small correction and were subtracted from 

the m/e=30 data obtained with 180 • The results are shown in 

Fig. 7. It is apparent that these spectra consist of two 

distinct components, one having similar features and peak 

positions as the corresponding m/e=43 spectra, the other being 

considerably faster. The slower feature can b~ attributed to 

ketenyl radical cracking in the ionizer, whereas the faster 

component stems from a distinctly different reaction channel, 

identified as the product CO of reaction (la). 

We also made an attempt to detect the second product of 

channel (la), methylene, atm/e=14 using 160 . TOF measurements 

were made at m/e=14, 16, 26, and 41 using the double-disk 

assembly. The m/e=26 signal comes from nonreactively scattered 

acetylene only, m/e=16 from nonreactively scattered oxygen 

atoms, and m/e=41 from the ketenyl radical. The m/e=14 signal 

is expected to have components from nonreactively scattered 

acetylene and a very small amount of leakage of the intense 

m/e=16 signal (oxygen atoms) to m/e=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 (la) could 

be identified. 

Several complications arose in our TOF measurements. 
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First, a very fast peak was observed in the TOF-spectra of 

certain masses, which corresponded to velocities on the order of 

106 em/so This is much faster than any possible product of the 

primary reaction could be. It is therefore an artifact which 

does not directly interfere with our analysis, although it does 

increase the overall noise level in the cross-correlation TOF 

spectra. This'artifact is possibly due to VUV photons created 

in the oxygen discharge41 which get scattered into the detector 

and cause ionization of background atoms or molecules. Another 

possible source of the fast signal is charge exchange of 

energetic ions from the source with oxygen atoms. 

Second, in some of our data a sinusoidally varying 

background was observed. Since this background variation was 

spread over all 255 channels, it' appears likely that it arose 

from an interference of the spinning wheel with the detection 

process. , This artifact was dependent on the dwell time used, 

suggesting mechanical resonances of the wheel at certain 

frequencies with other components of the apparatus, and often 

was completely absent. The data presented here are free of this 

effect. 

Third, a complication arose from a time-correlated signal 

at several masses, particularly thos~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 
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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 created by the absence of molecules desorbing or 

backscattering from closed segrnentsof 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 m/e=30 shown in Fig. 7 were corrected for this effect. 

Analysis of the data was performed using a forward

convolution method. The FORTRAN code was based on versions used 

previously44. The goal of the analysis was to find the product 

translational energy distribution (P(~» 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(~) 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 
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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 imposed in the analysis 

of the data. The ,P(ET) and T(O) distributions obtained for 

channels (la) and (Tb) are shown in Figs. 8 and 9. The solid 

and dashed lines in Figs. 2, 6 and 7 represent the fits to the 

data •. In Fig. 7 both components contributing to signal at 

18 18 m/e=30, C ° and HCC 0, 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) 
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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 ua and ub for 

channels (la) and (lb): 

43 f HCCO 
f30 
co 

o 0 Here Ua and Ub are the apparent cross-sections derived from the 

signal at m/e=30 and 43, QHCCO and QCO are the ionization cross

sections approximated using the method of Fitch and sauter45 , 

and f~ and f~~co are the fractions of c18
0 and HCC18

0 which 

yield ions of m/e=30 and 43, respectively, upon ionization. The 

mass spectrum of CO from channel (la) was assumed to be that of 

the cold molecule and taken from standard tables46 , 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 m/e=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 sp~ctra 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 
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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(200)=l.4, R(35°)=l.0,and 

R(45°)=l.7, with an average value of R=l.4. 

The error limits on our determination are sizable and due 

to three main sources. The experimentally derived quantity 

a~/a~ contains errors due to fluctuations in the detection 

efficiency and errors due to uncertainty in the P(ET) and T(O) 

distributions, particularly for channel (la). The correction 

factor QHccolQco is estimated to be reliable to about 20% since 

an empi'ricalmethod 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·fromtheliterature46 • 

Fragmentation patterns are known to depend on internal energy47 

however, no large effect is expected for diatomic molecules with 

a multiple bond. We estimate the uncertainty of the factor 

f~~colf~g to be about 20%. 
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2.4 Discussion 

Fig. 10 shows a schematic energy diagram for the reaction 

3 O( P) + C2H2 • The values in Fig. 10 represent the "best 

estimates" for the heats of formation at 0 K given by Harding 

and wagner32, which are based on standard tables48 , recent 

t f 49 d 50 dab" t' measuremen s or HCCO an CH2 ' an l.nl. l.0 

·calculations32 ,33. Two triplet states of HCCHO are accessible 

in the reaction, the higher one (3AI ) via an estimated barrier 

of about 6 kcal/mole. The only reaction path open to this state 

is dissociation back to reactants~ The 3A" state is accessible 

via a barrier of 3.3 kcal/mole, a value obtained from measured 

overall rate constants for reaction (1)32. In a crossed 

molecular beams experiment, Clemo et al. 34 measured a threshold 

energy of about 2 kcal/mole for this process. 

1,2-hydrogen migration from the 3A" state of HCCHO leads to 

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

channel barrier. Alternatively, HCCHO in its 3A" state can 

eliminate a hydrogen atom and form ground state ketenyl radical. 

The barrier heights for hydrogen elimination and 1,2-hydrogen 

migration are practically identical32 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 ar~in agreement with the 

theoretical predictions32 ,33. The maximum release of 

translational energy in both cases approximately corresponds to 
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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 (la) and 

(lb), 46.9 and 19.1 kcal/mole, respectively, were taken from the 

best estimates in Ref. 32. Both P(~) distributions peak at a 

large fraction of this maximum energy (27% or 14 kcal/mole for 

channel (la), 34% or 11 kcal/mole for channel (lb»"which is 

'd' , f 't h 1 b' ,51,52, h 1n 1cat1ve 0 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 the maximum energy by several kcal/mole did not greatly 

affect the fits, particularly for channel (la). Therefore, the 

exact exothermicities could not be determined in this 

experiment. 

In the case of channel (lb), the fit was significantly 

improved by allowing translational energies of up to 32 

kcal/mole, or about 7 kcal/mole more than the total available 

energy according to Fig. 10. It is possible that the true 

exothermicity for channel (lb) is somewhat larger than that 

shown in Fig. 10. 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 O(3 p) detected at m/e=43 and m/e=41. However, no 

indication of the presence of dimers in the ,acetylene beam was 

1 ' found. Second, small amounts of O( D) atoms could be present, 
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even though they could not be detected in the beam. The 

reaction cross section for O(lD) could be significantly higher 

than for 0(3p), and since the energy available to the products 

would be considerably larger, larger product velocities would be 

expected. 

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

frame for channel (lb) is symmetric about 90° indicating that 

the lifetime of the collision complex exceeds its rotational 

period53 which is estimated to be about 10-12
5. The observation 

of an intermediate life time exceeding one rotational period is 

in agreement with early bulk phase results that estimated the 

-9 -11 22 54 lifetime of the adduct as 10 - 10 s'. 

The T(O) for channel (la) 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(O) due to the 

unfavorable kinematic relations. Although the coarse angular 

distribution obtained by integrating over the TOF distributions 

for the four angles 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(O) would result in a calculated branching ratio of 0.9 
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instead of 1. 4 • 

Comparing our results for channel (Ib) with a previous 

crossed molecular beams experiment34 , we find that the P(~) 

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 kcal/mole. 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 (Ia) and (lb). Shaub et al. 55 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 S~zukil6 obtained laser induced fluorescence spectra for 

HCCO produced from the reaction of O(3p) + acetylene and 

determined the vibrational frequencies of the HCCO radical, but 

not the nascent 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 CH2 (IA1). Intersystem crossing was shown to take 

place under collisionless conditions in C2H40, the radical 
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3 56 formed from O( P) addition to ethylene • For the reaction 

O(3 p) + C2H2, Harding and wagner32 estimate that inclusion of 

intersystem crossing in their calculations causes only a small 

increase in the branching ratio ua/ub 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 in channel (la) 

extending out to the total available energy for the formation of 

3CH2 • In the case of lCH2 formation about 9 kcal/mole 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 kcal/mole higher than the corresponding triplet and 

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

ketene on the singlet surface. Hayden et al. 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 

products peaked at 0 kcal/mole, 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 
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in the ° + 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. It is also 

unlikely that channel (1e), the formation of cia' is major one, 

since the shapes of the TOFspectra and angular distributions of 

m/e=41 (HCCO+) and m/e=40 (cco+) in our experiments were 

superimposable within error limits after appropriate scaling. 

This' indicates that both ions derive from the same parent and no 

additional components are present. 

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

channels in the ° + 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 

l Ob 'd o d 32 ca culatlons y Har lng an Wagner • 

Despite 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 study of CH2 kinetics, Vinckier and Debruyn23 found a 

factor of two uncertainty in the absolute CH2 concentration 

determinations causing·a substantial uncertainty in the 

branching ratio of the ° + C2H2 reaction. In the shock tube 

0' 
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experiments of L6hr and Roth25 , expressions for the rate 

coefficients for reactions (la) and (lb) were obtained from fits 

to H- and o-atom concentration profiles. No error limits were 

reported. From a more recent shock tube experiment, Frank et 

al. 26 obtained rate coefficients whose error was estimated to be 

about 20-30% for both channels (la) and (lb). Peeters et al. 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 be' 1 d d lnves 19a lons secon ary processes a 0 lnc u e 

in the analysis of the system. The results of the calculations 

b H d ' d 32 , d' t f bo t 0 y ar lng an Wagner ln lca e a range 0 a U 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 

th t ' 132 d 't 1 It 26,30 'd' t 1 eore lca an experlIDen a resu s In lca e on y 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 

2.5 Conclusions 

Using the crossed molecular beams technique, we have 

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

collision conditions, namely formation of methylene and carbon 

monoxide (channel (Ia» and formation of hydrogen atom and 

ketenyl radical (channel (Ib». 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-Ii ved 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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2.7. Figures 

Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

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. 

Laboratory angular distribution of the HCC180 product 

(m/e=43). Angles are measured from the oxygen atom 

beam. Scattered points: measured data points; dashed 

line: fit. 

Mass spectrum determined for the ketenyl radical. 

Simulated angular distributions for channel (Ia) at 

+ I'd + HCCO , so 1 curve, and channel (lb) at CO , dashed 

curve, using the results of the present experiment 

including dynamical information, ionization cross 

sections and fragment ion probabilities, but ignoring 

the component of ketenyl radical fragmenting into Co+ . 

in the dashed curve. 

Fig. 5 Newton diagrams of beam velocitfes and contour 

'. diagrams of product flux for CO from channel ( Ia) and 

for HCCO from channel (Ib). 

Fig. 6 Time-of-flight spectra for products at m/e=43 



Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

. '. 
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(HCC180+) at four different laboratory angles. Solid 

lines: fits, scaled to the data for each angle 

separately. 

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

at four different laboratory angles. Solid lines: fits 

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

for components due to channel (lb). Calculated curves 

are scaled to the data for each angle and each channel 

separately. 

Translational energy distributions (P(ET» for 

channels (la) and (lb). 

Center-of-mass angular distributions (T(O» for 

channels (la) and (lb). 

Schematic energy diagram for the reaction of O(3p ) 

with acetylene. The values for the energy levels were 

taken to be the "best estimates" in Ref. 32 • 
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CHAPTER 3 

CROSSED MOLECULAR BEAM STUDY OF THE REACTION O(3P) + C2H
4 

3.1. Introduction 

The reaction of O(3p) with ethylene plays an important role 

not only in the combustion of ethylene itself, but also for many 

other fuels since ethylene is an important intermediate in the 

combustion of methane,1,2 larger aliphatic hydrocarbons,3 and 

t ' 4 aroma lCS. In ethylene flames, the fuel consumption by oxygen 

atoms plays a crucial role2 ,5-7 although the reaction of 

ethylene with OH radicals appears to dominate, particularly at 

higher temperatures. 6 ,7 

Modeling calculations are used extensively to describe 

combustion systems. Westbrook7 has developed a comprehensive 

mechanism for ethylene combustion which has been extended and 

successfully applied to many kinds of experimental 

d 't' 6,8 con 1 lons. For calculations of this kind, detailed 

knowledge of all the primary chemical processes inVOlved, their 

rate coefficients, and the identity of all reaction channels are 

essential. 

Good agreement has been obtained for the rate coefficient 

of the overall reaction of O(3p) with C2H4 over a large range of 
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temperatures. 9 The Arrhenius plots are'definitely curved and 

good fits are obtained by using double-exponential expressions. 

The identity of the primary reaction products and their 

relative importance has been a subject of considerable 

controversy for many years. However,' a clear picture seems to 

be emerging from various recent experimental,' investigations. We 

present her~ the results of a new molecular beam investigation 

which can provide an answer to the question of the major primary 

reaction channels and the reason for some of the apparent 

contradictions. 

Previous work on the O(3p ) + C2H4 reaction was reviewed 

recently. 10 The following reactions have been considered as 

possible primary channels: 

O(3p ) + C H ,... 
2 4 CH3 + CHO 

O(3P) + C2H
4 

~ H + CH2CHO 

O(3P) + C
2
H

4 
~ H2 + CH2CO 

O(3P) +' C H ~ 
2 4 CH2 + CH20 

O(3P) +·C H ~ 
2 4 C2H4O 

O(3P) + C2H
4 

~ OH + C2H3 

(la) 

(lb) 

(lc) 

(ld) 

(le) 

(If) 

cvetanovic11 ,12 suggested a mechanism of electrophilic 

addition of the oxygen atom in the 3p state to one of the 

olefinic carbon atoms, followed by rearrangement or 

fragmentation of the initiallyforrned triplet diradical 

(CH2CH20)*. Intersystem Crossing (ISC) to the ground state 
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singlet surface and stabilization of the adduct through 

collisions, channel (le), was indeed observed in rare gas 

t ' 13,14 d' th h t h' h 15,16 f rna rlces an ln e gas p ase a 19 pressure. Eusu 

and wagner15 found only acetaldehyde at pressures of 20-80 atm., 

16 whereas Bley et al. detected both acetaldehyde and ethylene 

oxide at pressures of 4-70 atm. Vinyl alcohol was found only in 

the matrix study by Hawkins and Andrews,14 but was possibly due 

to the reaction of O(lD) in that experiment. 

In the absence of stabilizing collisions, the intermediate 

diradical or its rearrangement products undergo fragmentation. 

Although some early work17 suggested channel (ld), the formation 

of formaldehyde and methylene, to be the major primary route, 

most authors11,18-21 found channel (la), formation of methyl 

radical and formyl radical, to be dominant. From the 

stoichiometric balance, cvetanovic18 suggested the existence of 

additional channels: the formation of hydrogen atom and the 

vinoxy radical C2H30, channel (lb), and the formation of 

molecular hydrogen and ketene, channel (lc), although ketene was 

not detected as a product in their experiment. The high-

intensity molecular beam experiments with mass spectrometric 

detection carried out later by Gutman and coworkers20 and 

Blumenberg et al. 21 did identify (lc) as a minor channel, 

accounting for about 5% of the products. 

Channel (If), abstraction of H to form OH and vinyl 

radical, is endothermic by approx. 6 kcal/mole22 and is assumed 

to proceed without an intermediate collision complex, but with a 
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barrier of about 12 kcal/mole.2~ It was never observed directly 

but is assumed to play an important role at higher temperatures7 

and may explain the origin of the curvature in the O(3p) + C2H4 

Arrhenius plots and the two exponential terms in the rate 

. 9 expresslon. 

While it appeared that agreement had been reached that 

channel (la), formation of CH3 and CHO, was the dominant process 

in the O(3p) + C2H4 reaction, more recent experimental and 

theoretical results led to a different conclusion. A molecular 

beams experiment conducted in our laboratory24 firmly 

established channel (lb), formation of H atoms and C2H30,' as an 

important primary process from the measurements of product 

angular distributions. This was the first investigation of the 

O(3p) + C2H4 ~eaction under truly single collision conditions, 

where primary reaction products could be identified without any 

of the complications caused by secondary processes in bulk phase 

studies. Even though the dominant product was detected at the 

mass-to-charge ratio m/e=42 (C2H20+), it was assigned to the 

vinoxy radical. In another crossed molecular beam experiment, 

Clemo et al. 25 ,26 also detected the vinoxy radical and obtained 

a threshold value of 1.2±O.7 kcal/mole for this process. 

Spectroscopic information about the vinoxy radical became 

available from an LIF experiment by Inoue and Akimoto27 and UV 

absorption28 and was used by Kleinermanns and Luntz29 and 

Hunziker et al. 28 to identify vinoxy as a product in the O(3p) + 

C2H4 reaction. 
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Ab initio calculations for the structure and energetics of 

vinoxy were performed30 ,31 and it was determined31 ,32 that of 

the two possible resonance structures, formylmethyl (with the 

unpaired electron centered on the carbon atom) actually 

dominates. 

Channel (la), formation of CH3 + CHO, was not observed in 

the earlier crossed molecular beam experiment,33 which was 

attributed to the fact that this channel requires a 1,2-hydrogen 

migration in the triplet diradical adduct. The barrier for this 

process would be higher than the internal energy of the 

complex. 34 ISC was thought to be slow in a molecule that 

small. 24 However, CHO was observed using UV absorption by 

Hunziker et al. 28 and using laser magnetic resonance (UMR) by 

Temps and wagner35 in the same system. Hunziker et al. 28 

suggested a mechanism whereby ISC in the diradical could be 

induced by collisions, followed by facile 1,2-hydrogen migration 

on the singlet surface and subsequent C-C-bond rupture. The CHO 

yields of Temps and wagner35 indeed showed a decrease with 

decreasing pressure in the range of approx. 1-4 Torr. 

In order to resolve the question of the pressure dependence 

of the reaction mechanism and branching ratios, experiments were 

conducted over a large pressure range by many research groups as 

summarized in Table I. These results suggest that the branching 

ratio between channel (la) and (lb) is relatively insensitive to 

the pressure over a large pressure range (30 mTorr - 760 Torr), 

and that these channels are about equally important. Although 
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in all cases secondary reactions had to be taken into account, 

the low pressure experiments appeared to present mounting 

evidence that channel (l~) is not a result of collision-induced 

ISC. The question whether ISC in diradical intermediates can 

effectively compete with channel (lb) under collision free 

conditions, can be answered definitively by an improved crossed 

molecular beam experiment. 

The problems arising with this particular reaction in a 

crossed beam experiment are twofold: First, due to the 

unfavorable kinematics, as discussed below, products from 

channel (la) are eXpected to be much harder to detect than 

products from channel (lb) because of <a broad and unstructured 

angular distribution which results in low detector signal at a 

given angle. Second, for mass spectrometric detection, the 

coincidence of the expected major product fragments for channel 

(la) at m/e=15, 28, and 29 with'major background peaks presents 

difficulties. By using 180 and an improved experimental 
2 

arrangement, we have overcome these problems and reinvestigated 

the 0(3p) + C2H4 reaction. Since we were able to measure a 

branching ratio for the 0(3p) + C2H2 reaction39 which was in 

good agreement with other recent investigations, we are 

confident that our method can be used to determine the branching 

ratio for 0(3p) + C2H4, under single collision conditions as 

well. 
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3 .2 • Experimental 

The experimental setup has been described in detail 

recently. 39 Briefly, continuous supersonic molecular beams of 

oxygen atoms and ethylene were crossed at an angle of 90° in a 

high vacuum chamber. Scattered species were detected using a 

triply differentially pumped mass spectrometer equipped with an 

electron-impact ionizer, quadrupole mass filter, and Daly ion 

detector. The entire mass spectrometer was rotatable in the 

collision chamber around the intersection point of the two 

molecular beams. 

The high pressure supersonic oxygen atom beam source 

employed in these experiments was described in detail by Sibener 

et al. 40 400 to 600 Torr of a 5% 02 in Ne mixture were expanded 

through 0.10-0.25 rom diameter quartz nozzles. The dissociation 

of 02 was induced by a radio frequency discharge, and oxygen 

atoms in their ground (3p) state were generated. The supersonic 

ethylene beam wa~ formed by expanding pure ethylene gas at a 

backing pressure of 200 Torr through a nozzle of 0.15 rom 

diameter which was held at room temperature. 

The peak velocities of the oxygen atom beam were between 

1.8 and 2.1X105 cm/s with speed ratios around 5 and the peak 

velocity of the ethylene beam was 8.6X104 cm/s with a speed 

ratio of about 6, resulting in most probable collision energies 

of approximately 6 kcal/mole. 

The measurement of the reaction products was carried out in 
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two different ways: First, the laboratory angular distributions 

of products at several ion masses were measured while modulating 

one of the beams for background subtraction. Typically, 6-8 

angular scans were obtained for each m/e value, with total 

counting times of 6-16 min per angle. ·Second, time-of-flight . 
(TOF) distributions were recorded at several laboratory angles 

and for several masses using the cross-correlation method. 41 

Total accumulation times for'the TOF-measurements ranged from a 

few minutes to several hours depending on the signal intensity 

of the particular ion. 

For theTOF measurements in the present experiment, an 

important improvement to the standard arrangement42 was achieved 

by increasing the angular spread of the hydrocarbon beam and 

reducing the number of differential pumping regions for the 

hydrocarbon beam from three to two, enabling the source to be 

moved closer to the interaction region, which resulted in an 

increase of approximately a factor of fifty in signal 'intensity. 

The ethylene was obtained from Matheson with a stated 

purity of 99.99% min. and oxygen/neon mixtures were purchased 

from Matheson ,and Airco and had a stated minimum purity of 

99.99% and 99.995%; respectively. 1802 with a stated 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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3.3. Results and Analysis 

Even though the ions produced in the mass spectrometer 

detector fragment extensively and the interference from large 

. . . 
amounts of nonreactively (elastically and lnelastlcally) 

scattered reactants and carrier gas must be accounted for, 

positive identification of the primary reaction products is 

possible by identifying common features in different spectra for 

establishing parent-daughter ion relationships, and from the 

requirement that the total mass and the linear momentum of the 

reaction products need to be conserved. 

Cross-correlation TOF was obtained at several different 

angles at the mle ratios of 12, 13, 14, 15, 16, 24, 25, 26,2i, 

28, 29, 30, 31, 32, 40, 41, 42, and 43 using 160 , corresponding 

to the ions c+, CH+ CH
2
+, CH

3
+, 0+, c

2
+, C

2
H+, C

2
H

2
+, C

2
H

3
+, 

Co+ or C
2

H
4

+,CHO+ or 13C12CH
4
+, CH

2
0+, CH

3
0+, O

2
+, C

2
0+, C

2
HO+, 

C
2
H

2
0+, and C

2
H

3
0+ or 13C12CH

2
0+ respectively; and at the mle 

ratios 18, 27, 30, 31, 43 and 44 using 180 , corresponding to the 

ions 180+, C
2
H

3
+, c l80+, CH180+, C

2
H180+, and C

2
H

2
180+, 

respectively. Angular distributions were measured at mle ratios 

of 12, 13, 14, 15, 16, 27, 28, 29, 30, 32, 41, and 42 using 160 

only. No measurements could be taken at m/e=l and 2 in the 

present experiment. 

A forward-convolution method was used for the analysis in 

order to find the product translational energy distribution, 
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P(ET), and-the angular distribution, T(O), in the center-of-mass 

(CM) frame. P(~) and T(O) were assumed to be independent of 

each other. Furthermore, the relative cross-sections were 

. assumed to be independent of the collision energy within the 

range of collision energies in this experiment. From the P(ET) 

and T(O) functions, laboratory angular distributions ftnd TOF 

spectra were calculated and averaged over beam velocities, 

collision angles, the detector acceptance angle and the length 

of the ionizer in the mass spectrometer and then scaled to the 

experimental data. The distributions were altered and the 

calculations repeated until a best fit to the experimental data 

was found. For maximum flexibility, the P(~) trial functions 

were not confined to a particular functional'form.The T(O) 
. \ . functl0ns' on the other hand were represented as 11near 

combinations of Legendre polynomials. 

Major fragnients of the vinoxy radical, the product of 

channel (lb), are expected at m/e=14; 15, 24, 25, 26, 28, 29, 

40" 41, 42, and 43 using 160 • The products of channel (la) are 

expected to yield major fragments of m/e=29 and 28 for CHO, and 

15 and 14 for CH3 • However,'problems arise in measuring these 

particular masses in our experiment as mentioned earlier. We 

used 180 to measure spectra of C180+ and CH180+ at m/e=30 and 

31. 

The ,m/e=42 data shown in Figs~ I and'2 originate from a 

daughter ion produced in the ionization of the'vinoxy radicaL 

In the laboratory angular distribution of m/e=42 shown in Fig. 
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1, the circles represent measured data points, and the dashed 

line represents a best fit, as discussed below. The error bars 

correspond to 95% confidence intervals. The maximum count rates 

were approximately 40 counts/So For this set of data, drifts in 

the detection probability or the beam intensities were accounted 

for by scaling all measured points to the value at the reference 

angle which was chosen to be 40°. The direction of the oxygen 

atom beam is defined as 0°. Fig. 2 shows TOF data for m/e=42 at 

four different laboratory angles together with the best fit 

obtained. 

We chose to monitor m/e=42 for channel (lb) even though the 

parent mass of the vinoxy radical is m/e=43. It was found that 

the signal at that m/e was significantly lower, namely only 

about 3% of m/e=42, the major vinoxy radical fragment. M/e=43 

distributions were measured and found to be superimposable on 

the m/e=42 distributions after appropriate scaling. The fact 

that very little signal (only slightly more than expected from 

the isotopic abundance of 13C in C2H20+) was found at the parent 

mass of the vinoxy radical is not surprising since in previous 

. . It' t" t' 43 h t' . t' 44 studles uSlng e ec ron lmpac lonlza lon or p 0 Olonlza lon 

with mass spectrometric detection the parent ion of the vinoxy 

radical was not observed. 

From the analysis of angular distributions and TOF spectra 

containing components arising from fragments of the vinoxy 

radical ion, it was possible to extract information on its 

ionizer cracking pattern. + + + This was done for CH2 ' CH3 ' CO , 
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For the other masses 

this was not posstble, due to the predominance of nonreactively 

scattered signal, and the corresponding fragmentation yields for 

vinoxy radical had to be estimated from comparison with 

45 published mass spectra of related compounds. The mass 

spectrum of vinoxy radical obtained in this manner is shown' in 

Fig. 3. 

In comparing those features of the TOF spectra at different 

m/e values at a laboratory angle of 35° that correspond to 

vinoxy radical fragments, we noted that the peak shapes at 

different masses differed from one another. Particularly in the 

mje=15 (CH3+) and m/e=31 (HC180+) spectra (Fig. 4), a distinct 

dip (as compared to m/e=42, ,Fig. 2) was found at flight times 

corresponding to product with very small velocities in the CM 

frame, or velocities near to ~e velocity of the CM of the 

system in the laboratory frame. This could be explained by 

assuming that those C2H30+-ions having a large amount of 

internal energy (and therefore a small amount 'of relative 

translational energy) preferentially fragment into m/e=42 

(C2H20+) by breaking a C-H bond instead of a C-Cbond. 

Alternatively, the m/e=42 signal could stem from two different 

reactive channels, the vinoxy radical being the predominant 

source. Another channel could give rise to a product with very 

low velocity in the CM-frame which corresponds to that part of 
. 

the m/e=42 signal that is "missing" in the m/e=15 and m/e=31 

spectra. A possible minor channel producing signal at m/e=42 is 
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the production of acetyl radical and hydrogen atom from the 

decomposition of the CH3CHO intermediate, 

and 'will be discussed later. The effect of this phenomenon on 

the determination of the vinoxy fragmentation pattern is small. 

The P(~) and T(O)· distributions obtained for channel (lb) 

are shown in the lower panels of Figs. 5 and 6, respectively. 

The translational energy distribution, P(~), was found to be 

very broad, peaking at about 8 kcal/mole and extending to about 

30 kcal/mole. The average energy release is about 13 kcal/mole. 

The CM angular distribution, T(O), is almost isotropic but shows 

a small amount of preferential backward scattering (with respect 

to the O-atom beam) of the product., These distributions fit 

both the angular distribution and the TOF-spectra 

simultaneously, as shown in Figs. 1 and 2. The agreement is 

good in both cases. By considering the angular distributions 

and TOF data separately, it was found that an isotropic 

distribution would actually fit the angular distribution better, 

whereas the TOF data suggest stronger backward scattering. In 

any case, the deviations from isotropy are small. 

The maximum of the translational energy distribution (lower 

panel in Fig. 5) of 30 kcal/mole which is actually about 7.5 

kcal/mole higher than the calculated total available energy 

using a collision energy of 6.2 kcal/mole and the value of 16.3 
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. .. .. 23 kcaljmole for the exotherml.cl.tycalculated by C. F. Mell.us. 

Because of the CM to laboratory frame transformation Jacobian, 

our data analysis procedure is very sensitive to the shape of 

the P(ET) curve at low energies but considerably less sensitive 

to the distribution at higher energies, therefore no definite 

conclusion on the value of the exothermicity can be drawn from 

our data. 

In addition, all mje=42 TOF-spectra show an additional fast 

component (see Fig. 2). The wider tails in the angular 

distribution also reflect the existence of this fast component. 

Reaction of ethylene dimers with oxygen atoms, reactions of 

trace amounts of O(lD), or additional reaction channels, such as 

(lc), could produce products at velocities ·on the order of those 

observed here. Consequently, the fast edge of the mje=42 

features identified with vinoxy radical was somewhat obscured 

resulting in additional uncertainty in the high energy part of 

the P(ET) distribution. 

In our search for signal from the products of channel (la), 

the formation of methyl and formyl radicals, we relied mostly on 

the data obtained using 180 in order to be able to distinguish 

the co+ and the CHO+ signal from the ambient background. 

However, an additional difficulty lies in the kinematics of this 

channel. A heavy particle, such as the vinoxy radical, which is 

recoiling from a very light particle, like a hydrogen atom, has 

a very small velocity in the CM frame since the CM velocities 

are inversely proportional to the fragment masses as a result of 
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momentum conservation. A small CM velocity is reflected by an 

angular distribution that peaks sharply near the angle of the CM 

in the laboratory frame as seen in the vinoxy distribution, Fig. 

1. In the case of an exothermic reaction producing pairs of 

product molecules with comparable masses, such as CH3 and CHO, 

the CM velocities for both particles will be large even for 

small releases of available energy into kinetic energy, 

resulting in products spread over a wide angular range in the 

laboratory frame, causing low signal levels at all angles, and 

only part of the products can be detected within the detector 

angular range~ 

The differences in the kinematic relations between the two 

channels are illustrated in Fig. 7, which shows contour diagrams 

of product flux for CHO from channel (Ia) and for C2H30 from 

channel (1b). The flux distributions in Fig. 7 represent the 

final results of the analysis as discussed below. 

Because of the difficulties resulting from the unfavorable 

kinematics of channel (1a), Buss et al. 24 were not able to see 

evidence for its occurrence. In the ,present experiment, angular 

distribution measurements at m/e=30 (C180+) or 31 (HC180+) were 

not attempted, since it was found to be impossible to extract 

meaningful information from our earlier experiments on the 

analogous case of the ° + C2H2 reaction. 39 

The problems of not being able to measure laboratory 

angular distributions are not very serious, however, since the 

reaction is expected to go through a long lived complex and TOF 
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data will provide a great deal of dynamical information. 

Whereas fast and widely scattered products are difficult to 

discern in angular distributionmeasure~ents, they are easily 

identifiable in the TOF spectra,since the signal is accumulated 

in only a few channels. Fig. 8 shows data at four different 

angles for m/e=30 using 180 and the upper panel of Fig. 4 shows 

. . 18 o· the TOF spectrum obtalned for m/e=31 uSlng 0 at 35. Two 

different components can be distinguished in the spectra -the 

slower one has a shape similar to the mje=42 spectra and can be 

identified as a daughter ion of vinoxy radical, and the faster 

component can be identified as stemming from CHO, the product of 

reaction channel (la). 

It should be noted that the TOF spectra at 20 0 and 35 0 for 

m/e=15, 30 and 31 shown in Figs. 4 and 8 were corrected for an 

experimental artifact which was described in detail in the 

previous chapter39 and has no effect on the results of the data 

fitting procedure. 

From the analysis of the fast 'components of the TOF 

spectra, thep(~) and T(O) distributions shown in the upper 

panels of Figs. 5 and 6, respectively, were obtained. The 

trahslationalenergy distribution for channel (la) extends out 

to the total available energy (34 kcal/mole for this channel) 

with a peak at about 6 kcaljmole '(corresponding to 18% of the 

total available energy) and an average translational energy of 

about 12 kcal/mole. While the general features of this 

distribution are well defined by our data, Some uncertainty 
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remains in the exact shape, particularly in the high energy 

part, as a result of noise in the data and incomplete separation 

of the two components in the m/e=30 and 31 TOF spectra. 

The best fit CM angular distribution (T(O» shown in the 

upper panel of Fig. 6 is. strongly forward-backward peaked. The 

condition of symmetry about 90 0 was imposed, as discussed,below, 

to reflect the existence of a long-lived intermediate. However, 

since a substantial fraction of products gets scattered outside 

the detector scanning range, as mentioned earlier, the shape of 

T(O) for channel (la) is much more uncertain. The effect of the 

choice of the T(O) for this channel on the branching ratio is, 

in fact, small - if an isotropic·CM angular distribution was 

assumed instead of a forward-backward peaking one, the branching 

ratio changed only by about 2%. 

We also made an attempt to find the other product of 

channel (la), methyl radical, and measured TOF distributions at 

m/e=15 and 14 at 35 0
• The spectrum at m/e=14 was dominated 

entirely by a fragment of nonreactively scattered ethylene, but 

the spectrum at m/e=15 (lower panel in Fig. 4) clearly shows 

three different contributions: the slowest part can be 

identified with a fragment of vinoxy radical (even though the 

shape is different, as discussed above), the middle feature is 

due to fragmentation of nonreactively scattered ethylene, and 

the fastest part possibly corresponds to CH3 from reaction (la). 

The long-dashed line corresponding to the fastest feature in 

Fig. 4 was calculated using the dynamical information obtained 
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for channel (la) from an analysis of the m/e=30 data and scaled 

to fit the experimental data. The comparison between ' 

calculation and data suggests that the fast feature is indeed 

due to CH3 from channel (ia). However~ 'the intensity derived 

from the fast feature in the'mje=l5 data would correspond to a 

much larger branching ratio (favoring channel la) than 

calculated 'from the analysis of the mje=30 data. Therefore, the 

fast feature is probably only partly due to this product and 

partly due to other unidentified sourCes. 

The analysis'procedure yields relative total cross-sections 

u~and u~for'each of the reaction channels through the scaling 

. of calculated distributions to the measured spectra .46 since 

the absolute intensities of the molecular beam, the exact size 

of·the collision volume; and the detection efficiency are not 

known,' absolute reaction cross-sections can not be directly 

derived in our experiment. However, these parameters do not 

change during·the course of an experiment, and therefore the' 

branching ratio between two reaction channels can be calculated 

from the ratio of the relative cross-sections corrected for the 

ionization cross-sections and fragmentation patterns for the 

products. The branching ratio R, defined as the ratio of the 

total reaction cross-sections ua and Ub for channels (la) and 

(lb) is obtained as follows: 

R 
~inoxy x x 
QCHO 
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Here a~ and a~ are the apparent cross-sections derived from the 

signal at m/e=30 and 42, Qyinoxy and QCHO are the ionization 

cross-sections approximated using the method of Fitch and 

4730 42 18 Sauter and fCHO and fvinoxy are the fractions of CH 0 and 

C2H30 which yield ions of mje=30 and 42, respectively, upon 

ionization. The mass spectrum of CHO and the vinoxy radical 

(Fig. 3) were constructed from angular distributions and TOF 

data for major fragments and from estimates of minor fragments 

using the well known mass spectra of related compounds. 45 

The TOF measurements at different angles were performed 

under slightly different conditions, but great care was taken to 

check the experimental conditions by frequently alternating 

between the different products monitored. In this case we had 

to switch between 180 and 160 • The number densities for both 

beams were found to be identical. A value for R was thus 

calculated for the data at 20°, 35°, 45° and 55° separately. 

The results are R(200)=2.4, R(35°)=2.9, R(45°)=2.4, and 

R(55°)=2.5. The good agreement in these values is considered 

somewhat fortuitous in view of the results obtained for the two 

39 channels in the 0 + acetylene system, where a much larger 

scatter for the values of the branching ratio was found under 

equivalent conditions. 

Three main sources contribute to the error in the 

determination of the branching ratio. The experimentally 

derived quantity a~/a~ contains errors due to fluctuations in 
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the detection efficiency and errors due to uncertainty in the 

P(ET) and T(O) distributions, particularly for channel (la). 

, 0 0, 'ed t ab Q The overall error of (J a/(Jb 1S estllIlat a out 25~. 'The 

c?rrection factor ~inoxylQCHO is 'estimated to be reliable to 

about 20% since an empirical method was used47 whose 

applicability to polyatomic radicals has not been tested. The' 

fragmentation patterns for C2H30 and CHO were measured, but are 

associated with the same uncertainties all quantitative 

measurements in our system carry. The uncertainty of the factor 

f4~ Jf30 is estimated to be about 20% as well. The overall v1noxy CHO 

result for the branching ratio R is therefore 2·.5±0.9. 

3.4. Discussion 
., ~ 

The results of our crossed'molecular·beam experiment 

clearly demonstrate the occurrence of the two major reaction 

channels (la) and (lb). Channel (lb) has been identified in 

,. d 1 lb' 't 24-26 d' f' d prev10us crosse moecu ar eam experllIlen s· an con 1rme 

repeatedly since. 'In this new investigation,' we were able to 

observe channel (la) under single collision conditions. Thus 

the apparent discrepancy between bulk phase studies which in the 

majority support the predominance" of channeH (la) and molecular 

beam experiments has been resolved .. 

The fact that vinoxy radical undergoes extensive 

fragmentation upon electron impact ionization provides a 
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possible explanation for earlier results where ketene was 

. 20 21 thought to be a maJor product ' based on the appearance of 

product peaks at m/e=42. In addition, signal at m/e=1S and 29 

could be due to either the products of channel (1a) or fragments 

+ of vinoxy radical, and m/e=29 could also represent some C2HS 

from the fast reaction of hydrogen atoms with ethylene in the 

. 48 
high pressure reactors. 

The analysis of our experiment did not yield absolute cross 

sections, but only the ratio of the relative cross sections for 

channels (1a) and (lb), which was found to be 2. S± 0.9. Under 

the assumption that no other reaction channel contributes, this 

would correspond to 71% (62-77%) of the reaction following. 

channel (1a) and 29% (23-38%) following channel (lb). It is not 

clear to what extent the use of 180 affects the rate of ISC and 

thus the branching ratio. The occurrence of additional reaction· 

channels can not be excluded; however, it appears to be 

established that channels (1a) and (1b) are the major ones under 

conditions of relatively small collision energies or low 

temperatures. In several recent investigations, abso~ute 

branching fractions for either channel (1a) or (1b) have been 

obtained (see Table I). OUr results are in qualitative 

agreement with these recent measurements. It is important to 

note that no indication of a pressure dependence of the 

branching fractions was found in previous investigations and 

that the crossed molecular beam results presented here confirm 

that processes (1a) and (1b) are indeed primary reaction steps 
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and not a consequence ot: secondary collisions of reaction 

intermediates. Therefore our data show that the mechanism 

suggested by Hunziker et al. 28 in which it was assumeq that 

collisions were necessary for ISC to occur does not need to be 

invoked.' 

The temperature dependence o~ the, branching ratio was 

studied only by Smalley et al. 36 who found a slight decrease 

(i.e., more H production) at temperatures up, to 769 K. We did 

not measure the dependence of the cross sections and the 

branching ratio on collision, energy. The collision energies 

used in the present experiment were much higher than those in a 

thermal experiment,. and the agreement of our results with the 

recent room-temperature experiments indicates that the 

dependence of the branching ratios on temperature is probably 

small. This appears to be reasonable, since for both channels 

the rate· determining step is addition of the O(3p) atom to the 

ethylene molecule. 

Whereas sophisticated spectroscopic techniques might be 

more successful in determining the exact values of the branching 

fractions. for the various channels, the strength of the 

molecular beam technique lies in- theunarnbiguous identification 

of such elementary reaction steps in the absence of secondary 

collisions. 
,I . 

A large amount of theoretical work has been done on both 

the triplet and singlet C2H40 potential energy surfaces. This 

information greatly facilitates understanding experimental 
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results. Fig. 9 schematically shows parts of the triplet (solid 

lines) and singlet (dashed lines) C2H40 surface taken mainly 

from calculations by C. F. Melius. 23 

The O(3p) atoms follow an out-of-plane approach during 

which the Ceo-plane constitutes the plane of symmetry.49 The 

reaction leads, via a small entrance channel barrier, to a 

triplet diradical CH2CH20. There actually exist two pairs of 

states of this diradical with very similar energies (lying 

within a few kcal/mole),49,50 where the two states in a pair can 

interconvert by rotation about the C-C bond with a barrier of 
. 50 

only about 0.6 kcal/mole. As indicated in Fig. 9, the 

approach following A" symmetry leads to the lower pair of 

states, whereas the approach following AI symmetry leads to the 

higher lying pair. Diradicals in the two lower energy states 

can react along several different pathways, e.g. elimination of 

a hydrogen atom to form vinoxy radical or 1,2-H migration to 

form triplet acetaldehyde which in turn would dissociate, with 

barriers of several kcal/mole, to CH3 and CHO. It was 

suggested28 that the energetically higher lying pair of states 

can either react to form the first excited electronic state 

(A2AI) of vinoxy radical or undergo ISC. The (A2AI) state was 

found to be 23 kcal/mole higher in energy than the ground state 

(X2AII)28 and is therefore energetically inaccessible in our 

experiment. 

The pathway forming (ground state) vinoxy radical in our 

experiment shows a maximum release of translational energy 

I 
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approximately equal to the calculated available energy (lower 

panel in 'Fig. 5). In addition, ,the fact that'the distribution 

peaks well away from zero is indicative of an exit channel 

barrier51 which is in agreement with the calculations as'well. 

The CMangular distribution T(O) found in our experiment does' 

not show a clear predominance of forward or backward peaked 

product which would be indicative of a direct reaction, but it 

is not completely isotropic or forward-backward symmetric 

either. These results could suggest that the lifetime of the 

triplet diradical is not much longer than a rotational period. 

The 'translational energy distribution obtained from the 

analysis of the present experiment is in agreement with 

distributions found in earlier molecular beam experiments: 

Baseman52 reported P(~) functions for channel (lb) at nominal 

collision energies of 5.4 and 8.3 kcal/mole, respectively, which 

display essentially the same features as the one reported here. 
, ',26 

Clemo et al. reported a distribution with a broad peak at 

around 11 kcal/mole and a sharp cutoff at 19 kcal/mole. 

Baseman52 found that the experiment at 8.3 kcal/mole collision 

energy could be fit using OM angular distributionsT(O) with 

sideways or slight forward peaking. Clemo et al.26 reported a 

T(O) that was close to isotropic but slightly favored forward 

scattering. 

In contrast to channel (lb) , the formation of CH3 and CHO, 

channel (la), appears ,to be an unlikely process on the triplet 

potential energy surface, since a 1,2-hydrogen migration in the 
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diradical intermediate has a prohibitively high barrier 

according to ab initio calculations. The results of C. F. 

Melius23 place this barrier at about 9 kcal/mole above the total 

available energy in our experiment. Tunneling corrections could 

not explain the high rate of reaction. The fact that channel 

(1a) is greatly enhanced in the case of the O(3p) + C2D4 

reaction53 indicates that tunneling is not responsible. 

Therefore a different pathway must be responsible for the 

formation of CH3 and CHO. Only rapid ISC from a triplet to a 

singlet diradical can explain the observations. On the singlet 

surface, there is no barrier expected for the 1,2-H migration to 

form ground state (singlet) CH3CHO and also no significant exit 

channel barrier for the C-C bond rupture to form CH3 + CHO. 54 

For a simple bond rupture reaction of a polyatomic molecule 

without an exit channel barrier, a translational energy 

distribution peaking at zero energy would be expected, whereas 

an exit channel barrier usually results in a P(~) peaking ~ell 

away from zero, as for instance in the case of channel (1b). 

The P(ET) distribution we obtained for channel (1a) (upper panel 

in Fig. 5) shows a peak at about 6 kcal/mole which represents a 

relatively small fraction (18%) of the total available energy, 

but clearly does not correspond to a typical simple bond rupture 

case. A possible explanation for this phenomenon arises from 

the release of some of the rotational energy of the reaction 

intermediates into the translational energy of products. The 

orbital angular momentum J=24h corresponding to.the impact 
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parameter of approximately o.7A (obtained froin the geometry of. 

the transition state, Ref. 49) is converted into rotational 

angular momentum of the complex. After H-migration, the C-C 

bond.stretches and subsequently breaks. During that process, 

some fraction of the rotatlonal energy of the complex is 

expected to be converted into translational energy of the 

fragments. However, since the exit impact parameter is expected 

to be much larger than the impact parameter of the reactants, 

the amount of that energy is not likely to be more than 1 

kcal/mole and can not explain the peak of the P(E
T

) at 6 

kcal/mole. Consequently, there appears to be a small exit 

channel barrier for this C-C bond rupture process. 
. 3 

The comparison of these results with the O( P)· + acetylene 

reaction shows that the translational energy distributions for . 
the 0 + C2H4 ~ CH3 + CHO and the 0 +C2H2 ~ CH2 + CO channels 

are qualitatively different; in the latter case a broader' 

distribution peaking at 27% of the total available energy was 

39 found, indicating a relatively large barrier. The barrier for 

C-C bond rupture in 3CH2CO was calculated to be about 34 

kcal/mole. 23 ,55 The acetylene reaction, in contrast to the 

ethylene case, is indeed thought to proceed mostly on the 

triplet surface. 55 

For channel (Ia) , we imposed forward-backward symmetry on 

the center-of-mass angular distribution T(O) (upper panel of 

Fig. 6), which corresponds to the assumption that t~e precursor 

1 of CH3 + CHO, presumably CH3CHO, has a lifetime significantly 
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longer than a rotational period, estimated to be about 2ps. 

Even though this is not an unambiguous result of the data 

analysis, the data for channel (la) were found to be compatible 

with this assumption. It is supported by the conclusion of Bley 

et al. 16, that the lifetime of the addition complex, which is 

stabilized as acetaldehyde at high pressures, is of the order of 

10-11s • It is possible that the decay of the triplet diradical 

through the competition of H-elimination and ISC takes place on 

a time scale shorter than or on the order of a rotational 

period, while the lifetime of 1CH3CHO formed through ISC and H

migration is considerably larger. 

The energies of the four triplet diradical states 

considered by Dupuis et al. 49 and Yamaguchi et al. 50 were found 

to be very similar to those of the four singlet diradicals • . 
More recent results54 indicate a singlet state lying about 12 

kcaljmole lower than the triplet diradical. It was suggested50 

that ISC would be facile in this system since spin-orbit 

coupling should be efficient because of the orthogonality of the 

p-type orbitals in the diradical. Recent unpublished results 

(Ref. 26 in Ref. 38) indicate that the two surfaces indeed come 

close to each other at some points along the-reaction 

coordinate, facilitating the conversion. However, no ISC rates 

have been calculated. Thus branching ratios for the major 

channels have not been evaluated theoretically and cannot be 

compared with the experimental results. As mentioned earlier, 

there might be a small difference in the ISC rate between 



89 

18 16 C2H4 0 and C2H4 o. 

Apart from the two major reaction channels (la) and (lb) 

discussed above, several other exothermic pathways are possible. 

Vibrationally hot adduct, acetaldehyde or ethylene oxide, could 

only be considered as a reaction intermediate in our experiment; 

RRKMcalculations56 indicate that, without stabilization through 

collisions,-none of these highly excited molecules could survive 

for several hundred microseconds to reach the detector in our 

experiment. 

The formation of formaldehyde and triplet methylene, 

channel· (ld) , was found to account for 6±3% of the products by 

16 Bley et al., ,using IMR detection of CH2 radicals. Endo et 

al. 38 found that CH20 was formed mainly by secondary reactions, 

but possibly a small amount was being formed in a primary 

reaction step. Peeters and Vinckier57 suggested that reaction 

(ld) is the predominant source of CH2 in ethylene flames. 

According to theory23 (Fig. 9); the barrier for CH2-elimination 

from the triplet diradical is about 9 kcaljmole higher than that 

for H-elimination to form vinoxy radical. From this the ratio 

of reaction (ld) to (lb) is expected to be small. In our 

experimental data, no evidence was found for the occurrence of 

this channel. A small amount of CH20 may have gone undetected, 

however. 

The formation of ketene and molecular hydrogen, reaction 

(lc), although not considered to be a major channel in the 

recent literature, deserves some consideration. On the triplet 
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surface, ketene could be formed by 1,1-H2-elimination from the 

diradical. Such elimination processes typically have 

substantial barriers. However, in this particular case the 

barrier could be exceptionally low in view of the comparatively 

1 b 'f I' , t' 23 ow arrler or H-e lmlna lon. To our knowledge, no 

theoretical calculation has been undertaken for this special 

case. Even if the barrier is several kcal/mole higher than that 

for H-elimination, a certain fraction of the molecules could 

react according to this pathway. 

Another pathway to ket~ne proceeds through the singlet 

diradical. In this case, again, no ab initio calculations are 

available that could answer the question of the existence and 

magnitude of a barrier for the 1,1-H2-elimination process. 

However, Melius' calculations show a possibility that this 

process occurs with at most a very small barrier on the singlet 

surface. 58 The alternative route, the 4-center H2-elimination 

from acetaldehyde, is expected to have a very high barrier. If 

it does not greatly exceed the threshold for C-C-bond rupture, 

then 1,2-H2-elimination has to be considered as a minor reaction 

pathway. In Fig. 9 this possibility is indicated. 

The question arises, whether the signal that we attribute 

to vinoxy radical could be partly or entirely due to the 

formation of ketene. Considering first the triplet case, from 

the estimated exothermicity,59 which is 18 kcal/mole larger than 

that for the H + vinoxy channel, and the likely existence of a 

barrier, we would expect a considerable translational energy 
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release. These assumptions could not fit the m/e=42 data. In 

addition, the component of the signal at m/e=15 (CH3+) which 

shows essentially the same features as the m/e=42 distributions, 

could not be explained by invoking this channel.' Furthermore,. 

, 'd t'f' t' 27,28,32 I··· d ubt th t ' spectroscoplC 1 en 1 lca lon eaves no 0 a vlnoxy 

indeed occurs as a major primary product in the O(3 p) + C2H4 

reaction. However, the possibility can not be excluded that a 

small fraction of our m/e=42 signal is due to ketene. 

In the case of the reaction forming ketene on the singlet 

surface where more energy will be available, an even larger 

release of translational energy is expected if the dynamics is 

determined by repulsive forces. As a result, this channel would 

be expected to manifest itself in very fast components in the 

TOF spectra. Such fast components were indeed found in the 

m/e=42 spectra, and they are possibly in part due to the 

formation of ground state ketene and molecular hydrogen. 

However, without further experiments, this assignment can not be 

made with certainty. 

Additional pathways that are conceivable are the formation 

of hydrogen atom and acetyl radical, CH3CO - channel (lg) - or 

hydrogen atom and vinoxy radical via the singlet surface, i.e. 

as dissociation products of highly vibrationally excited 

acetaldehyde. Simple RRKM calculations56 :indicate that the 

ratio (CH3 + CHO):(CH3CO + H):(CH2CHO + H) would be about 

1:0.05:0.0025. These numbers strongly depend on the values for 

the dissociation thresholds, but it is likely that a small 
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amount of acetyl radical is formed. Because the process is a 

simple bond rupture, a small amount of translational energy is, 

expected in the fragments. Such a signal could possibly be 

hidden under the vinoxy signal in our mje=42 data. In fact, the 

different shapes of the relevant parts of the mje=42, 15, and 31 

data as discussed above could indicate two separate sources of 

mje=42 product. Thus, that part of the mje=42 signal which 

corresponds to very low velocities in the center-of-mass frame 

and which is partly absent in the mje=15 spectra could be due to 

acetyl radical. So far, acetyl has escaped spectroscopic 

detection in the 0 + ethylene reaction, possibly because the 

radical lacks accessible electronic transitions. 60 

This clearly does not exhaust the list of thermodynamically 

possible channels in the C2H40 system. For instance, Donaldson 

and Sloan61 suggested the channel 

(lh) 

as a possible source of vibrationally excited co. 

It is also of interest to compare the products of the O(3p) 

+ C2H4 reaction with the products of the photodissociation of 

acetaldehyde. If internal conversion of the initially prepared 

electronically excited state is fast, then the products of 

photodissociation and of chemically activated, acetaldehyde at 

similar excitation energies should be similar. The 

photodissociation of acetaldehyde has been studied extensively62 

I 
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in the wavelength region 240-340 nm. Three reaction channels 

have been observed: 

CH3CHO hlI CH3 + CHO (2a) 

CH3CHO hlI CH3CO + H (2b) 

CH3CHO hlI CH4 + CO (2c) 

Channels (2a) and (2b) correspond to channels (la) and (lg), 

respectively, but channel (2c) has no equivalent in the O(3p) + 

C2H4 reaction, since CH4 was not detected among the major 

products in any previous experiment. It is questionable, 

however, whether channel (2c) constitutes a primary reaction 

channel at all, since the barrier for this process was 

calculated to be 8 kcal/mole above the dissociation threshold 

for CH3CHO ~ CH3 + CHO. 63 In order to gain further insight into 

the dynamics of the C2H40 system, we attempted to study the 

photodissociation of acetaldehyde in a molecular beam at 248 and 

193 nm. In preliminary experiments we found that the absorption 

cross sections at these wavelengths under molecular beam 

conditions are too small to observe photodissociation products. 

Future research is expected.to shed more light on minor 

reaction channels. At this point, it appears that a consensus 

has .been reached on the mechanism and the identity of the 

primary products of the O(3 p) + C2H4 reaction. 

A fairly thorough understanding of these reactions is of 

central importance for the description of complex combustion 
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systems. The inclusion of channel (Ib) in model calculations 

might have important effects since an additional source of H 

atoms is introduced. Although a large amount of spectroscopic 

information is available for the vinoxy radical,27,32,60,64 its 

application to direct measurements of concentration profiles in 

complicated systems has not been developed so far. At present, 

little is known about reactions,of vinoxy radical, except for 

its reaction with molecular oxygen. 65 

3.5. Conclusions 

Using the crossed molecular beam technique, the occurrence 

of two major channels in the reaction of ground state oxygen 

atoms and ethylene under single collision conditions was 

confirmed, namely formation of methyl radical and formyl radical 

(channel (Ia» and formation of hydrogen atom and vinoxy radical 

(channel (Ib». Upon formation of a triplet diradical from the 

addition of O(3p) to ethylene, two competitive processes of 

approximately equal importance are responsible for the fast 

decay of the triplet diradicals. One of the processes is the 

direct elimination of a hydrogen atom to form vinoxy radicals 

and the other is ISC from the triplet to a singlet diradical. 

Most of the singlet diradicals are first transformed into highly 

vibrationally excited acetaldehyde through 1,2-H migration and 

these molecules fragment in a time much longer than the 
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rotational period of 2 ps. The vibrationally excited singlet 

acetaldehyde decays mostly into CH3 and CHO. A value for the 

branching ratio Ual.ubof 2.5±O.9 was determined which is in 

approximate agreement with other recent determinations. 

In addition to these two major channels, our experiment 

also provides evidence for the formation of acetyl radical and 

hydrogen atoms, a minor dissociation channel from vibrationally 

excited CH3CHb. Furthermore there is possibly a minor 

channel forming ketene on the singlet potential energy surface. 
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3.7. Tables 

Table I: Recent experiments on the relative contributions of 

channels (la), (lb), and (ld) • 

. 
Ref. %(la) %(lb) %(ld) total pressure method 

28 52-58 36±4 40-760 Torr photochemical 
modulation 
spectroscopy 

36 27±5 50-100 Torr resonance 
fluorescence 

37 79±14 0.4-6 Torr resonance 
fuorescence 

38 50±10 40±10' 30 :riITorr microwave 
spectroscopy 

16 44±15 50±10 6±3 3-53 Torr IMR, ESR 
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3.8. Figures 

Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Laboratory angular distribution for products at m/e=42 

+ (C2H30 ). 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=42 (C2H30 ) 

at four different laboratory angles. Scattered points: 

data: solid lines: fits, scaled to the data for each 

angle separately. 

Mass spectrum determined for the vinoxy radical. 

Time-of-flight spectra for products at m/e=31 (HC180+) 

+ and m/e=15 (CH3 ) at 35°. Upper panel: m/e=31. 

Scattered points: data: dashed lines: fits for 

components due to channel (la), large dashes, and 

channel (lb), small dashes: solid line: sum of the 

fits for channels (la) and (lb). Lower panel: m/e=15. 

Scattered points: data: dashed lines: fits for 

components due to channel (la), large dashes, and 

channel (lb), small dashes: dash-dotted line: 

contribution of nonreactively scattered ethylene: 

solid line: sum of the fits for channels (la) and (lb) 

and nonreactive scattering contribution. Calculated 

curves and nonreactively scattered contribution are 



Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 
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sealed to the data for each angle and'each channel 

separately. 

Translational energy distributions, P(ET), for 
-

channels (la) and f1b). 

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

channels (la) and (lb). 

Newton diagrams of beam velocities and contour 

diagrams of product flux for CHO from channel (la) and 

C2H30 from channel (lb). 

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

at four different laboratory angles. Scattered points: 

data; dashed lines: fits for components due to channel 

(la); dotted lines: fits for components due to channel 

(lb); solid lines: sum of the fits for channels (la) 

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

each angle and each channel ,separately. 

Schematic energy diagram for the reaction of O(3p) 

with ethylene. Solid lines: triplet surface; dashed 

lines: singlet surface. 
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'CHAPTER 4 

CROSSED MOLECULAR BEAM STUDY OF THE REACTION 0 (3p ) + ALLENE 

4.1. Introduction 

The reactions of hydrocarbons with atoms or radicals are of 

particular importance in combustion chemistry, since they are 

often responsible for the consumption of the fuel molecules in 

3 flames. The reactions of ground state ( P) oxygen atoms with a 

variety of simple hydrocarbons have been studied in this 

1-4 laboratory. Here we present our recent results for 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 constant 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 O(3p) with 

unsaturated hydrocarbons14 involves electrophilic addition to 

the double or triple bond. In the case of allene, the oxygen 

atom is thought to add to the central carbon atom10 forming a 
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triplet diradica1, the oxyallyl radical (1), which subsequently 

undergoes ring closure and intersystem crossing (rSC) to form 

singlet cyclopropanone (2). The highly excited cyclopropanone 

molecule then decomposes into carbon monoxide and ethylene: 

(la) 

Th It f I ' , t' t' 9-11, , e resu s 0 severa prev10us 1nves 19a 10ns 1nd1cate that 

(la) constitutes the predominant reaction channel. 

o 
II 

/'.. 

1 

o 
II 

6 
2 3 4 

However, this does notaPP4?ar- 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 

t ' 7 reac 1on. A c~annel producing hydrogen atoms and C3H30 (lb) 

was studied by Aleksandrov et al. 12 in a flow tube experiment 

using resonance fluorescence detection: 

(lb) 

The complete mechanism of the O(3p) + allene reaction is 
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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 matrices. 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 C2H40 diradical, the intermediate in the reaction of 

0(3p ) with ethylene. 4 

The comparison with the 0(3p )< + ethylene reaction 

furthermore suggests the occurrence of hydrogen elimination from 

the triplet C
3
H

4
0 diradical (channel 1b), in analogy to the 

formation of vinoxy radical and hydrogen atoms, channel (2a): 

'0(3p ) + C H ~ H + CH
2

CHO 
2 4 (2a) 

We indeed found evidence for channel (lb) in the 0(3p) + allene 

reaction. 

OUr attempts to detect the products of reaction (la), 

carbon monoxide and ethylene, were initially not successful due 

to background problems at m/e=28 (CO+) and the interference of 

nonreactive scattering. However, the difficulties were overcome 

by using 180 , and time-of-flight (TOF) spectra for C180 were 
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obtained at m/e=30. 

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: 

(lc) 

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 

unambiguous evidence for ketene was found. 

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

singlet surface, as was found to be the case in theo(3p) + 

ethylene reaction,4 additional channels are possible. Addition 

of oxygen to the terminal carbon atom leads to the diradical 

(5) • 

5 6 

C1-C2 bond rupture in (5) would lead to the formation of 

vinylidene and formaldehyde, channel (ld): 
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O(3P) + C3H4 ~ CH2C: +CH20 (ld) 

SubseqUently, vinylidene can easily rearrange to acetylene. 1S 

Alternatively, hydrogen migration from C
3 

in (5) to form (6) 

followed by'C
1

-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. 

Hydrogen migration in (5) to acrolein (3) followed by C1-

C2-bond rupture could result in vinyl radical and formyl 

radical,' channel (If): 

(If) 

Collisional stabilization of acrolein constitutes channel (lg): 

Acrolein was detected in gas phase experiments10 as well as in 

. t' 7 cryogenlc rna rlces. 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 
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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 

24 25 27-35 cyclopropanone. " In addition, the mechanisms of the 

thermal and photochemical decomposition of cyclopropanone and of 

the isomerization of cyclopropanone to allene oxide w~re 

, t' t d 36-39 tab' 't' 1 . 1 t' 40 t' ltd lnves 19a e . Recen lnl 10 ca cu a 10ns, s lmu a e 

by our experimental work, focussed 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 Abidi41 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(3 p) .with allene in the gas phase under single collision 

conditions. Of particular interest in this system is the 

question of competition between decomposition on the triplet 

surface and triplet~singlet ISC under collision free conditions. 

The results indicate that similarities with the model system 

O(3 p) + ethylene exist, but also that interesting additional 

processes take place. 

4.2. Experimental 

The experimental setup has been described in detail 
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recently. 3 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% 02 in Ne for ail experiments. Only 

ground state (3p) oxygen atoms were formed under our 

experimental conditions. 3 - The gas mixture, at pressures froin 

400-to600 Torr, was expanded through a quartz nozzle whose 

diameter varied between 0.10 and 0.25 rom. The dissociation of 

02 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 rom diameter which was held at room 

temperature (for the TOF experiments) or heated to about sooe 

(for the angular distribution measurements). 

The peak velocities of the oxygen atom beam were between 

1.S and 2.1X105 cm/s with speed ratios around 5 and the peak 

velocity of the allene beam was 1.45X105 cm/s with a speed ratio 

of about 11, resulting in most probable collision energies of 7-

S kcal/mole. 
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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 for several masses using the cross

correlation teChnique. 44 Total accumulation times for the TOF 

measurements ranged from a few minutes to about two hours 

depending ort 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 with a. 
2 

stated 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 ~ere used 

without further purification. 

4.3. Results and Analysis 

Angular distributions for the reaction 0(3p) + allene were 

measured at various masses, however, meaningful reactive 
. + 

scattering data could be obtained only at m/e=53 (C3HO ) and 54 
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+ (C3H20). 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 

nonreactively 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. 

When a pair of products with similar or identical masses 

are produced, such as in the case of the formation of carbon 

monoxide and ethylene, both products have the same and 

relatively large velocities in the CM coordinate system and are 

therefore scattered over a very large angular range even at 
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translational energies of only a few kcal/mole. The scanning 

range of the detector can only probe part of such distributions. 

Because of this large spread the fraction of the products 

detected at any particular angle is small, further limiting the 

chances of obtaining meaningful data. 

Because of these difficulties and because the reaction is 

expected to go through a long lived complex with an expected 

forward-backward symmetric angular distribution, we focussed our 

efforts on the measurement of TOF spectra. 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, 

d . 16 30, 31, 32, 40, 41, 42, 52, 53, 54, an 55 uSlng 0, 

+ + + + + 
corresponding to the ions CH2 ' C2H , C2H2 ' C2H3 ' CO or 

C H + CHO+ CH 0+ CH 0+ 0 + C H + C 0+ 13C12C H + 
2 4 ' , 2 ' 3 ' 2' 3 4 or 2' 2 4 or 

C
2

HO+, 13C212CH4+ or C
2
H

2
0+, C

3
0+, C

3
HO+, 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 
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shown in Figs. 2 and 3 were corrected for an experimental 

artifact which was described in detail in our previous paper3 

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. The FORTRAN code was based on 

. d . I 45 verSlons use prevl0us y. The goal of the analysis was to 

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

the angular distribution in the center-oi-mass (CM) frame for 

.the reactions, 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 found. For maximum 

flexibility, the P(~) trial functions were not confined to a 

particular functional form. The T(O)· functions on the other 

hand were r~presented as linear combinations of Legendre 

polynomials. 
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4.3.1. ~3H30 + H channel 

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

channel (1b). 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 angles could be due to the nonreactive scattering of 

impurities coming from the beams. 

The translational energy distribution P(~), 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+ 
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could be identified at m/e=29 (CHo+),m/e=30 (C18o+), and m/e=3l 

(CH18o+). 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 too surprising since in the 

case of the ° + ethylene reaction (2a) the major fragment of 

vinoxy radical was found to be at m/e=42, and only very little 

signal was observed at m/e=43, the parent of vinoxy radical. 2 ,4 

The mass spectrum of ketenyl radical HCCO, on the other hand, 

was found to peak at its parent mass m/e=4l under the same 

d 't' 3 con 1 lons. 

4.3.2. CO + C2H4 channel 

As mentioned in the intr~uction, 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 18o,enabling us to detect C180+ 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(E.r) used is shown in Fig. 7. The CM angular 

distribution T(O) is shown in the lower panel of Fig. 6. The 
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P(ET) distribution for this channel peaks around 32 kcal/mole 

and the average translational energy is about 40 kcal/mole. A 

minimum translational energy of about 15 kcal/mole was observed. 

It should be noted, however, that the exact shape of this 

distribution could not,be determined from the available data. 

The fit is not very sensitive to the fast edge of the 

distribution due to the lack of sufficient 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 precise determination of the minimum 

translational energy suffers from the fact that the 

+ contributions of the different components of the CO signal can 

not be separated easily. 

The CM angular distribution could not be determined with 

great certainty since a large fraction of the CO product is 

scattered outside the detector scanning range. As can be seen 

in Fig. 3, the signal at m/e=30 is of comparable size at all 

angles measured, indicating a flat laboratory angular 

distribution resulting from a fairly isotropic CM angular 

distribution. 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 insignificant in this case, as well. 

The m/e=30 data at 50°, 60°, and 70° also show slow 

features (centered around 160 J,Ls) deriving from channel (lb), as 
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mentioned above. Furthermore, all five angles show an . 

additional component with intermediate 'velocities. The step at 

flight times of around 70 ~s in each of the five spectra clearly 

suggests the presence of·a third channel. 

4.3.3. CHO + c 2H3 channel 

The nature of the product or products from which the signal 

at intermediate velocities (see Fig. 3) originates, could not be 

.. ·d 18 + determlned unamblguously. Both the m/e=30 ata (C 0) and the 

m/e=29 data (CHO+) show this component at, all angles measured. 

Since the reaction channel (lb) was found in striking 

similarity to the O(3 p) + C2H4 reaction, it appears very likely 

that an analogous reaction to 

could occur in the case of allene as well. This channel would 

involve a 1,2-hydrogen migration from the carbon atom to which 

the oxygen atom is bonded and subsequentc1 -C2 bond rupture. At 

the collision energies of typical molecular beams experiments, 

this process is only possible if T4S ISC occurs in the initially 

formed 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 identified as a product of theo(3p) + allene 

reaction previously, acrolein has been identified in both gas 
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h d t · . t 7,10 p ase an rna rlX experlmen s. 

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

production of formyi + 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. As for the CO + C2H4 channel, the CM angular 

distribution T(O) could not be determined accurately for (If). 

It appears that a forward-backward symmetric, strongly forward-

backward peaked distribution fit the data best. 

4.3.4. Other 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 (Ic), and the formation of formaldehyde and C2H2, 

channel (Id) or (le). 

The total available energy for channel (Ic) is 

approximately 30 kcal/mole. Even when a P(~) extending to the 

total available energy was used, the TOF distributions 

calculated for this process could not account for all the 

remaining signal in the TOF spectra after channel (Ia) and (Ib) 
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had been considered. An additional faster component was needed. 

This can be provided by channel (ld) or (Ie) - or channel (If). 

We considered (Ie) as a possible minor channel since a small 

peak was observed at m/e=30 using 160 (CH20+). However, the 

data at m/e=30 using 160 were too noisy to determine the origin 

of this peak. 

Using a combination of contributions from channels (lc) and 

(le), the faster part of the signal at m/e=29 (CHO+) and the 

intermediate part of the signal at m/e=30 (CH180+) could be 

reproduced well. Thus the occurrence of either of these 

channels is in agreement with our data, as is a combination of 

them and channel (If). If (If) is a major channel and the 

others are also occurring to some extent, then the P(ET) and 

T(8) distributions we are reporting for that channel are 

uncertain to some degree. 

4.3.5. Alternative interpretations 

It should be noted that the data that were assigned to the 

C3H30 + H Channel (lb) could be fitted equally well with the 

assumption of the formation of a hydrogen molecule and 

propadienone: 

(lh) 

This channel would be analogous to the formation of ketene and 

molecular hydrogen in the 0(3p ) + ethylene case, reaction (2c), 
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(2c) 

(2c) is possibly a minor channel in the O(3p) + ethylene system. 

The occurrence of channel (lh) cannot be excluded on the basis 

of our data. However, we are confident that at least most of 

the signal at m/e=53 and other fragments is indeed due to 

channel ( 1b) • 

If all the signal at m/e=53 would indeed be due to a 

fragment of CH2CCO, then the P(~) required would be a broad 

distribution like that for channel (lb) , but peaking at 6 

kcal/mole. This number appears to be too low for a channel 

forming closed shell products. In such a case strong repulsions 

are expected as soon as the new bonds are formed leading to a 

considerable release in translational energy. It therefore 

seems much more likely that the product observed at fragments 

+ C3H20 and smaller stems from channel (lb). 

An alternative interpretation is also possible for the fast 

feature which was assigned to channel (la). The formation of 

formaldehyde and acetylene, channel (le), is exothermic by about 

75 kcal/mole. If channel (le) would occur with a translational 

energy release of up to the available energy with a distribution 

peaking around 50-60 kcal/mole, then the fast features in all 

spectra at m/e=30 could be accounted for. However, if 

formaldehyde were formed, it would be expected to fragment into 

+ + CH20 ' (m/e=30) and CHO (m/e=29) to a significant degree. As 
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can be seen in Fig. 2, the fast feature is, absent in the m/e=29 

data, and the same· is true for the m/e=30 data taken using 160 

(not shown) which showed no'clear peaks at all. 

It appears unlikely that channel (1e) constitutes a major 

pathway, since in none of the previous 0(3p) + allene 

experiments significant amounts of formaldehyde were detected, 

whereas all investigators reported large amounts of carbon 

monoxide and ethylene. This, however, does not exclude the 

possibility of channel (1e) as a minor pathway. 

4.3.6. Branching Ratios 

The crossed molecular beam method does not yield absolute 

reaction cross sections readily; however, relative cross 

sections can be determined. Using the method described in 

detail in Ref. 3, the branching ratio between different reaction 

channels can then be evaluated. In order to do so, the relative 

ionization cross sections for the products as well as the ion 

fragmentation patterns are required. In this case, the total 

ionization cross sections were calculated using an empirical 

method. 47 The fragmentation pattern of CO was taken from the 

literature. 48 For HCO, the two major fragments were measured at 

m/e=29 (HCO+) and 30 (C180+). For C3H30, some of the major 

fragments in the mass spectrum could be measured, m/e=29 being 

the largest-, followed by m/e=53. The TOF spectra at m/e=26 and 

particularly m/e=27 indicated large signals due to cracking of 

C3H30, but quantitative evaluation proved to be not feasible 
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because of the predominance of contributions from nonreactively 

scattered allene, and estimates of the contributions to the mass 

spectrum had to be made. The contributions of the remaining 

masses were taken to be the same as those for the ionization of 

I
. 48 acro eln. 

The branching ratio between channel (la) and (lb) Rab , 

defined as the ratio between the relative reaction cross 

sections ua and ub ' was thus calculated to be approximately 4. 

The error limits on this number are large due to incomplete 

knowledge of the fragmentation pattern of the vibrationally 

excited C3H30+, the large uncertainty in the P(ET) cau~ed by 

incomplete separation of the different reactive contributions to 

the measured spectra and uncertainties of the fit, as well as 

uncertainties arising from the empirical determination of the 

ionization cross sections~ However, our data. clearly indicate 

that channel (la) has a significantly higher probability of 

occurring than channel (lb) , which is in agreement with the 

earlier assumptions about the importance of channel 

(la).9-11 

Assuming that all the signal with flight times between 

those of channel (la) and (lb) stems from channel (If), 

formation of vinyl and formyl radicals, a relative cross section 

for this channel can be calculated as well. Rfa = uf/ua was 

determined to be approximately 4" implying that channel (If) is 

the major reaction pathway. This result must be interpreted 

with caution, since the assignment of the signal exclusively to 
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channel (If) can not be done with certainty. This is also in 

contradiction to the previous results9- 11 which indicate that 

the formation of CO and ethylene is the single most important 

channel. However, it is very likely that the radical products 

went undetected in the earlier experiments or reacted further to 

the final products observed.~ 

4.4. 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 involved 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 potential for the terminal carbon attack channel is 

expected to resemble that for O(3P) addition to C2H4 • This is 

confirmed by ab initio MCSCF calculations performed by Huang and 

Lester. 40 The entrance channel barrier for the terminal carbon 

attack was calculated to be 23.5 kcal/mole which is clearly too 

high, since reaction was observed at lower collision energies, 8 

kcal/mole and less. Similarly, the energy levels calculated for 

the intermediates and products are likely to be too high. In 
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fact, the triplet adduct (5) was found to be less stable than 

the reactants when double zeta or double zeta + polarization 

basis sets were used, but more stable for a single zeta basis 

set. In analogy to the results by Dupuis et al. 49 ,50 who used 

similar methods in a study of the 0 + C2H4 system, it can be 

expected40 that CI corrections would reduce the calculated 

values by about 15 kcal/mole. (The 0 + C2H4 entrance channel 

barrier was calculated49 to be 16 kcal/mole, but is actually 

very small. 51) • 

The resulting diradical (5) has a plane of symmetry but is 

not planar. The C1-O bond has partial double bond character and 

the C2-C3 double bond remains intact. 40 

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

vinyl) radical (7). The barrier for this process has not been 

calculated, but is likely to be similar to that for the CH2CH20 

~. CH2CHO + H reaction, or about 18.5 kcal/mole. 18 The C1-O and 

C2-C3 distances are shorter than the C1-C2 distance,40 

indicating a double bond character for the C1-O and C2-C3 bonds. 

Thus a cis- and a trans-isomer of (7) can be distinguished: 

° II 
-/ 

7a 7b 

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 (C2H2 
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+ "th 'f I' 48 and C2H3 ) 51mllar to e fragmentatlon 0 acro eln, 

indicating a relatively weak C1-C2 bond. 

OUr data suggest significant similarities between channel 

(1b) and the O(3p ) + C2H4 ~ H + C2H30 reaction (2a). The 

translational energy distribution we obtained is very similar to 

that 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 Huang and Lester,40 namely 16.7 

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

lower, since reaction (1a) 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 7[-

orbitals of allene which are orthogonal to each other. The two 

allene 7[-bonds are (partially) replaced by a c-o a-bond and a C-

b d t ' I Th" f' d40 b th I gt , o 7[- on , respec lve y. lS lS con lrme y e en henlng 

of the C-C bonds ,as the 0 comes closer. At the same time, the 

C-C-C backbone bends, and the hydrogen atoms move into the C-

(CO)-C plane. The final C-C and c-o bond lengths indicate 

partial double bond character. Assuming no ISC occurs, triplet 

oxyallyl (1) ,is formed. 
. 40 

Its energy was calculated to be 23.5 
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3 kcal/mole lower than O( P) + allene. 

Twenty years ago, Hoffmann35 had already predicted the 

ground state of oxyallyl to be a triplet. Recently, Osamura et 

al. 52 calculated the structures of several low lying singlet and 

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

first excited state (IAl) were found to be only 6 kcal/mole 

apart. 

Oxyallyl was postulated 'as an intermediate in various 

reactions, such as the isomerization of cyclopropanone to allene 

oxide53 or the racemization of substitutedcyclopropanones,54 

however, it could neVer be established experimentally.23,55 

Cyclopropanone, on the other hand, has been synthesized and its 

chemistry is well studied,56 and detailed spectroscopic 

information has become available. 7,23,57 

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. 40 ,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. 

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 
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actually C2-C3 bond scission, resulting in the oxyallyl 

diradical. This is in accord with the experimental results of 

Rodriguez et ale 23 who found that the thermal reaction produced 

no volatile substances but only a polymer. C1-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. 37 

The photochemical reaction,on the other hand, following 

.. 1 * excltatlon to the TIn state, should proceed along the C1-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 (la) involves the triplet 

* or singlet TIn 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 the energy in the 

cyclopropanone is completely randomized, and assuming CO and 
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C2H4 are so loosely bound that they could rotate freely. This 

is in agreement with the theoretical resu1t37 ,38 that the 

dissociation is not a one-step process with a tight transition 

state but proceeds through an open • CO-CH2 -CH2 • diradical. 

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 

d t Ab ' 't' I I t' 37,38, d d d' t I pro uc s. lnl 10 ca cu a 10ns ln ee pre lC a arge 

exit barrier. 

An alternative pathway leading to the products CO and C2H4 

through terminal carbon attack can be envisioned58 as a hydrogen 

transfer from CHO to the vinyl radical in the process of 

acrolein decomposition. The additional barrier for this process 

can be expected to be small in view of the large exothermicity 

of the CO + C2H4 production. 

While ab initio calculations already provide a great deal 

of information on channels (la) and (lb), little 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 

h 10 't P ase exper1men s. 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 C2H4/O 

system, ISC is expected to occur followed by facile 1,2-hydrogen 
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migration on the singlet surface. Fueno and co-workers suggest 

no barrier for 1,2-hydrogen migration in the 1C2H40 case. 59 

The singlet/triplet splittings 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 

C
3

H
4
0. 

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 C1-C2 bond, leading to vinyl and formyl radicals, was found 

to be the major channel in the.mercury sensitized 

decomposition60 and the UV-photodissociation61 of acrolein. 

Shinohara and Nishi61 reported a translational energy 

distribution for the 193 nm photodissociation of acrolein which 

is qualitat~vely similar to our P(ET) 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/mole and 

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

low energy products (~2 kcal/mole) due to geometric constraints. 

Furthermore, two-photon processes clearly play a role in their 

61 experiment. The authors suggest S2~Sl 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) 
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in the ° + C2H4 reaction. 4 The fact that the distribution does 

not peak at 0 kcaljmole 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. Thus the 

dynamics of channel (If) appears to be very similar to the 

corresponding channel in the ° + C2H4 reaction. 

8 

As indicated in Fig. 8, hydrogen atom elimination from 

acrolein has to be considered as a reaction route. According to 

the thermodynamical data compiled in Table 1, elimination of the 

aldehydic hydrogen to form the acrolyl radical (8), channel 

(li), should be the lowest energy pathway. (8) would be 

indistinguishable from (7) in our experiment. From the 

branching ratio calculations mentioned earlier, it appears that 

hydrogen elimination from acrolein is less probable than C-C

bond rupture, channel (If). Some of the thermodynamic values in 

Table 1 are associated with error limits of several kcal/mole, 

making the relative energetics of the acrolein dissociation 

'channels uncertain. In addition, possible barrier heights for 

these simple bond rupture channels are not known, making it 

difficult to predict the predominant reaction path. 

Some of the C3H3o in our experiment could be formed on the 
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singlet rather than the triplet surface. The broad P(ET) (upper 

panel of Fig. 5) suggests the possibility of more than one 

source of this product. Furthermore, the maximum translational 

energy in the upper panel of Fig. 5 is not very well determined 

due to the limited energy resolution of this experiment. P(ET) 

distributions inclUding translational energies beyond 25 

kcal/mole could fit the C3H30 data equally well. 

The possibility of forming ketene and triplet (or singlet) 

methylene, channel·· (Ic), 'as well as other channels, have not 

received any theoretical attention either. Thus it is not known 

-whether the 'formation of ketene and formaldehyde, which were 

found in the matrix studies,7 is the result of a primary process 

or secondary reactions. 

Channel (1h), the formation ofpropadienone by elimination 

of molecular hydrogen from CI of the adduct (5), in analogy to 

the formation of ketene and hydrogen from the reaction of O(3 p) 

with ethylene, has not been considered previously. Propadienone 

has been synthesiz~d recently62 and has received much attention 

since unexpectedly the c-c-c-o chain was found to be bent. 63 

other parts of the C3H40 surfaces have been calculated, 

such as allene oxide - cyclopropanone rearrangement 

pathways.24,31 However, no information regarding this process 

could be gained ,from our data. 
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4 .5. 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 identified unambiguously channel (lb), 

formation of hydrogen atom and allenyloxy (formyl-vinyl) radical 

(8). FUrther, we determined the branching ratio between channel 

(la) and (lb) to be approximately 4. 

OUr data suggest at least one additional major channel, 

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

radicals from fragmentation of vibrationally excited acrolein. 

Other 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. 
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4.7. Tables 

Table 1_ EXothermicities (AH~,298) for various O(3p ) + allene 

reaction channels 

Reaction 

(la) o + C3H4 -+ C2H4 + CO 

(lb) o + C3H4 -+ CH =C-=CHO + 2 H 

(lc) o + C3H4 -+ 
3 CH2CO + CH2 

(ld) 0+ C3H4 -+ CH2=C: + CH20 

(le) o + C3H4 -+ HC=CH + CH20 

(If) o + C3H4 -+ C2H3 + CHO 

(lg) o + C3H4 -+ acrolein 

o + C3H4 -+ cyclopropanone 

o + C3H4 -+ allene oxide 

(lh) o + C3H4 -+ CH =C=C=O + H 2 2 

(li) o + C3H4 -+ CH =CH-CO + H 2 

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). 
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4.;8. Figures 

Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

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. 

. 18 + Time-of-flight spectra for products at m/e=30 (C 0) 

at five different laboratory angles. Dashed lines 

(short dashes): fits for components due to channel 

(Ib); dashed lines (long dashes): fits for components 

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

components due to channel (Ia); solid lines: sum of 

the fits for the individual channels. Calculated 

curves are scaled to tqe data for each angle and each 

channel separately. 

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



Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 
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at three different laboratory angles. Solid lines: 

fits, ~caled to the data for each angle separately. 

Translational energy distributions P(ET) for channels 

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

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

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

Translational energy distribution P(ET) for channe+ 

(la). 

Schematic energy diagram for the terminal carbon 

attack channels in the reaction of O(3p) with allene. 

Solid lines: tripiet surfaces; dashed lines: singlet 

surfaces. 

Schematic energy diagram for the central carbon attack 

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

lines: triplet surfaces; dashed lines: singlet 

surfaces. 



..-.... 
en 
.p.J 

1.0 

.-
c 0.8 
::l . .c 
~ 

co ---->- 0.6 
.p.J .-en 
c 
Q) 

o 
Q; 0.4 
..c 
E 
::l 
Z 

0.2 

154 

/1 
,1 \ II ' 

I , 
I , 

! t 
., I 

I I 

I ' 

.~ t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

!! 
I 
I 
I 
I 
I 

I , , 
I 

30 40 50 60 70 80 

Laboratory Angle (deg) 
XBL 899-3194 

Fi g. 1 



155 

1.0 0 

- 70° 60° en . 
+-' .-c 0.5 ::J . 
.0 
~ 

co - 0.0 
>-
+-' .-en 
c 
Q) 1.0 

·0 
~ 50° 30° Q) 

'.0 
E 0.5 
::J 
Z 

0.0 

0 100 ·200 300 0 100 200 300 400 

Flight Time eu/s) 
XBL 899-3198 

Fi g. ::: 



- ------------

156 

: 1.0 

0.5 

- 0.0 C/) 
+-I .-
C 
:::J . 

.£l 1.0 0 .... 
co 

60° 50° -
> 
+-I .- 0.5 C/) 

c 
Q) 

0 
.... 0.0 Q) 'b O 

.£l 
E 
::J 
Z 1.0 

~ 

0 

30° 20° 
0.5 

o 100 200 300 0 100 200 300 400 

Flight Time (J-Ls) 
XBL 899-3200 

Fi s. 3 



1.0 

0.5 

157 

o 100 200 300 400 

Flight Time (MS) 
XBL 899-3199 



158 

lOa 

0.75 

0.50 
>-...., 

..0 0.25 co 

..0 
0 
L.-

Cl.. 
Q) 

> lOa .-...., 
co - CHO + C2H3 
Q) 
a: 

0.75 

0.50 

0.25 

. o. 00 "'--_"'--_""""'-_-'--_....1..-______ _ 

o 5 10 15 20 25 30 

Product Translational Energy (kcal!mole) 
XBL 899-3196 

Fi g. 5 



159 

lOa r-----------J 
0.75 

0.50 
CHO+H 2 3 

x 0.25 
::J 

0:: 
Q) 
> .-

+oJ 
co 
Q) 

a:: lOa 

0.75 

0.5.0 

0.25 

a .00 ~ ____ ~_oIo.o-_oIo.o-_""""------tI 
. 0 30 60 90 120 150 180 

Center ,of Mass Angle (deg) 

XBL 899-3195 

Fig. 6 



160 

> 100 
+oJ CO + C H .-- 2 4 .-
.0 
CO 

0.75 .0 
0 
'--a.. 
CD 0.50 
> .-

+oJ co - 0.25 CD 
a: 

0.00 ........ ---r....--__ .....-I-_ _'__ ____ -----' __ 

o 20 40 60 80 

Product Translational Energy (kcal/mole) 
XBL 899-3197 

Fig. 7 . 



.. 
161 

OClf • 

5 ' + I 
,_____ III I 

",. , --- ---- ' , ~---=---~ , I 

--."" \ -... \ --. 
"".. \ . , 0' 

0-\, ~r, 
1/' 't,' ., .. 

I '" ___ J---~ .... ;__, ~:t~ 
",.1' + \~ (\.0 { 1r ; 

'~ \ " . ~ - - ~ <" _. -'r -_. 1/ I "'.' .. ----- ' ~ --_. , ~ \ --_ .. 
....... 

+ 
o 

...... ~ \ ....... ' ..... . , .0-,. , 
1/ , 

- I . I' 
~. \ 

~/' ................. ........ . ....... ........ ........ ....... ........ ........ 
'"" 1r : 

~',_____ ___ '\ I ~. , _ _ _ _ _ _ _ _ _ Ii I 

# -"!.~: = = = = ••• _. ---- ;:;; •• -.. 
~.\ --. 

~ ~ 
I , 
I I 
, I 

o '0 , 
1/ • 1/ I i.,. 1/. • '\ 

+. IJ 
+ 0 
l: ~ + 

l: 

Fig. 8 



\I 
\I 
+ 
o 

('10. 

~ , , , 
.,-'" 

152 

--------- . --

'-----
. ~ 

c: ,., 

" I • + , 
o· u' ... ' -- ... .. -

.. --------

----- ... ., 
• 

... --
o=<l\ 

• • ... -..... 

Fi g. 9 

r--I 
o 
N 
(") 

I 
0'\ 
0'\ 
0) 

~ x 



163 

4 .9 • EPlLOGUE:PHOTODISSOCIATION OF CYCLOBUTANONE 

_ The example of the 0 (3p) + allene reaction shows how a 

seemingly simple question can lead to the examination of 

complicated potential energy surfaces and reaction pathways. In 

such a case it is always valuable to access the same potential 

energy surface or surfaces from different initial conditions or 

reactants. For instance, the process of forming ethylene and 

carbon monoxide from O(3p) and allene presumably proceeds 
, . . 

through cyclopropanone as an lntermedlate. .It would be 

interesting to study the cyclopropanone decomposition using 

photochemical instead of chemical activation and compare the 

dynamic features with those of the O(3p) + allene reaction. The 

UV photodissociation of cyclopropanone has been studied by 

Rodriguez et al. 1 Unfortunately it would be impossible to try 

this experiment in a molecular beam machine because of the 

instability of the molecule at room temperature. 

Photodissociation of acrolein, another C3H40 isomer, has 

been studied by several authors. 2- 4 Shinohara and Nishi2 found 

CHO and C2H3 to be the products in a molecular beam experiment 

with fixed 90° detection geometry. Fuj imoto et al. 3 measured 

the CO vibrational distribution and concluded that carbon 

monoxide is most likely a primary product. No other channels 

could be investigated. Gardner et al. 4 studied several 

photodecomposition channels of acrolein in air after excitation 

with 313 and 334 nm light, and found evidence for the primary 
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processes forming CO + C2H4, CO + CH3CH (singlet and triplet), 

CH2 =CH + CHO, and CH2 =CHCO + H. 

Unsubstituted allene oxide, another C3H40 isomer, has been 

identified experimentally only recently in a cryogenic matrix5 

and is probably very unstable. 

Although the decarbanylation of cyclopropanone can not be 

studied directly by molecular beam photodissociation, similar 

reactions of higher cyclic ketones are amenable to this type of 

investigation. Cyclobutanone, cyclopentanone, and cyclohexanone 

are commercially available and their photochemistry has been 

studied extensively. The gener~l mechanisms are thought to 

involve a-C-C-bond cleavage followed by decomposition of the 

diradical. 6 At least one channel includes the formation of co. 

In the case of cyclobutanone (CB), two major dissociation 

pathways were identified: 

C4H60 ~ CH2=CH2 + CH2=C=O 

C4H60 ~ CO + C3H6 

(1a) 

(lb) 

(la) is referred to as the c2-channel and (lb) as the C3-

channel. Most of the C3H6 product is cyclopropane. Propene is 

being formed as an isomerization product of cyclopropane. 7 The 

propene/cyclopropane ratio reflects the internal energy 

distribution of the C3-fragment. 8 

Thermal decomposition of GB only produced ethylene and 

ketene, channel (la).9 Photosensitization experiments with 
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singlet and triplet benzene10 suggest that channel (la) 

represents the singlet and (lb) the triplet decay channel of CB. 

E. K. C. Lee and co~workers11 have studied the 

decomposition of CB excited to the rnr* state extensively. The 

ratio between the C2 and the c3-channel as a function of 

excitation energy8,12 yields detailed information on the decay 

processes. The mechanism can be summarized as follows: At low 

excitation energy primarily Sl ~ T1 intersystem crossing takes 

place, followed by decomposition to cyclopropane and CO; at 

higher energies (z1000 cm-1 of vibrational excitation) Sl ~ So 

internal conversion starts to set in followed by decomposition 

into ethylene and ketene. 

Some questions remain about the involvement of 

cOllisions13 , and a molecular beam experiment could give a 

definitive answer to the question of the branching ratio between 

the primary .reaction channels under collisionless conditions, 

ideally as a function of wavelength. However, a high intensity 

tunable UV light source would be required for this experiment. 

Even though mass spectrometric detection is a very 

versatile tool for detecting molecules and radicals, problems 

arise in this. particular experiment since the products of both 

channels have the same mass ratios: Both ethylene and CO have 

mass 28 amu, and cyclopropane (which could not be distinguished 

from propene) and ketene have mass 42 amu. If the translational 

energy release for both channels is similar, difficulties are 

expected in separating the two contributions. However, a close 
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look at the fragmentation patternsl~ shows that certain masses 

could be chosen to distinguish between the different products. 

For instance, m/e~27 or 26 would only come from ethylene (and 

possibly C3H6) , but not CO; m/e=39 would only come from C3H6, 

not from ketene. 

An experiment was performed in our laboratory by Eric 

Hintsa and Prof.' Yehuda Haas15 using 193 nm excitation. with 

that wavelength the second absorption band (z180-205 nm) of CB 

is accessed, which is considerably stronger (f z 1600 Imol/cm)16 

, ,. * than the flrst one and has been asslgned to a ~ ~n' 

t 't' 17 ranSl lon. 

TOF spectra were measured at m/e=26, 29, and 41. M/e=26 

was assigned to ethylene fragments and m/e=41 to a ketene 

fragment. The signal at m/e=29 was weak and resembled that at 

m/e=41. Preliminary analysis showed that the data were 

compatible with the assumption of channel (la) dominating, 

indicating a singlet pathway. 

Later we investigated the photodissociation at 308 nm. The 

absorption coefficient tor the ~*~n excitation (z230-320 nm) is 

small (f z 8 Imol/cm).18 The supersonic molecular beam was 

formed by bubbling approximately 200 Torr of N2 through CB held 

at O°C. The nozzle was heated to about 117°C. The excimer 

laser was run at 100 Hz and produced an output of about 80 

mJ/pulse and was focussed at the interaction zone. Time-of-

flight data were taken at 20° at m/e=14, 26, 29, 39, 41 and 42. 

500,000 Laser shots were averaged for all masses except m/e=14. 
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DUe to the small absorption cross section the signal' levels were 

extremely low, peaks being evident only at m/e=26, 39, and 41. 

M/e=39 can only represent a fragment of cyclopropane, 

whereas m/e=41 could stem fromeitlier cyclopropane or ketene. 

The TOF distribution at m/e=41 was faster and narrower than that 

of m/e=39, indicating that both channels CIa) and (lb) were 

occurring. The signal at m/e=26 could arise from fragments of 

ethylene or cyclopropane. The signal at this mass was even 

faster than m/e=41, indicating that ethylene was its (major) 

source. A crude analysis was done and is shown in Fig. 1 

together with the data. The translational energy distribution . 

P(ET) for channel (la) peaks at approximately 30 kcal/mole, 
. 

whereas the P(ET) fo~ channels (lb) peaks at about 20 kcal/mole. 

We thus established that both decomposition channels are 

taking place under molecular beam conditions following 308 nm 

excitation, however, much more signal averaging would be 

required in order to obtain data of_sufficient quality to allow 

the determination of detailed dynamical features. The chances 

of measuring cross sections as a function of excitation 

wavelength are pretty slim as long as-no tunable high power 

laser sources are available for this wavelength region. 
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Figure caption 

Fig. 1 Time-of-flight spectra at m/e=26 (C2H2+), 41 (C2HO+ 

and C3HS+)' and 39 (C3H3+). Solid line: preliminary 

fit assumung m/e=26 and 41 are entirely due to channel 

(la) and m/e=39 is entirely due to channel (lb). 
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CHAPTER 5 

IR MULTI PHOTON DISSOCIATION OF ANISOLE: 

PRODUCTION AND DISSOCIATION OF PHENOXY RADICAL 

5.1. Introduction 

The infrared multiphoton dissociation (IRMPD) of polyatomic 

molecules has been established as an excellent experimental 

technique for studying unimolecular dissociation processes of 

polyatomic molecules. The fast intramolecular energy 

distribution that occurs after absorption of many IR photons 

makes it possible to use intense IR radiation to prepare hot 

ground state molecules similar to those prepared by thermal 

't t' 1-3 eXCl a lon. since IR multiphoton absorption can take place 

under collision free conditions, deta~led information about 

unimolecular decomposition processes of molecules can be 

obtained in experiments using a molecular beam. 

The technique used in our laboratory, photo fragmentation 

translational spectroscopy with mass spectrometric detection, is 

particularly well suited for the unambiguous identification of 

primary dissociation products and for studying the dissociation 

dynamics from the measurements of product angular and velocity 

distributions. 

The thermal decomposition of anisole has been studied 

-----~~~-
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4-7 l' d' , t' h 1 repeatedly, and the on y pr1mary 1SSOC1a 10n c anne 

identified was cleavage of the weak8 ,9 O-CH3 bond to form the 

methyl radical and the phenoxy radical. 

(1) 

At temperatures above 1000K the unimolecular decomposition 

of the' phenoxy radical into carbon monoxide and 'the 

cyclopemtadienyl 'radical was obs~rved. 4,5,10 Colussi et al. 10 

suggested a mechanism for phenoxy radical decomposition 

involving a bridged C6H50 species (Scheme 1). This mechanism is 

compatible ~ith the low A-fa~to~'and low activation energy for 
" " , " ,'5' 

the process obtained by Lin and Lin. 

The phenoxy radical is an important intermediate in the 

combustioh of aromatic hydrocarbons. 11 'The reaction of oxygen 

atoms with benzene leads to the production of the phenoxy 

radical and phenol,12 and the decompositi~n of phenol in turn 

produces phenoxy '. radicals . The reaction of molecular oxygen 

with the phenyl radical was postulated as an additional pathway 
. " '., , 13 

for the product10n of the phenoxy rad1cal. 

One of the goals of our recent investigations has been to 

find efficient and clean ways of producing phenoxy radicals and 

to study the dynamics 'of their decomposition. In our IRMPD 

experiments, we did find that production of the phenoxy radical 

was the only primary channel of anisole decomposition. At 

conditions of high laser fllience, the secondary decomposition of 
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some of the phenoxy radicals was observed. 

5.2 . Experimental 

The apparatus used in this experiment has been described in 

detail previously.14 Briefly, a supersonic molecular beam was 

crossed at 90° with the output of a pulsed CO2-laser. Time-of

flight (TOF) spectra of the photodissociationproducts were 

recorded using a mass spectrometer detector consisting of an 

electron-impact ionizer, quadrupole mass filter, and Daly ion 

counter. Rotation of the differentially pumped molecular beam 

source around the axis defined by the laser beam allowed the 

angle between molecular beam and detector to be varied. 

A continuous supersonic beam of anisole was formed by 

bubbling helium or nitrogen thro~gh anisole held at 20°C. The 

gas mixture at a total pressure of 100-150 Torr was passed 

through heated lines into the beam source. The nozzle had an 

aperture of 125 ~m diameter and was held at 150° or 200° in 

order to prevent the formation of molecular clusters in the 

expansion. Typical beam velocities for He-seeded beams were 

·5. . 1.45-1.65x10 em/s, w1th speed rat10s of about 8-10. The beam 

velocity distributions were measured using the time-of-flight 

method. 

Two different pulsed CO2 lasers were used. The earlier 

experiments were performed using a Gentec DD-250-B TEA CO2 
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laser, the later ones using a Lumonics TEA-820 CO2 laser. The 

laser radiation was focused into the interaction region using a 

25 em focal length ZnSe lens. The spot sizes were estimated 

from burning patterns on tape and paper. With the Gentec Laser, 

fluences were estimated to be 8-17 J/em2 with laser spot sizes 

of approximately 1 mm2 , with the Lumonics Laser fluences of up 

to 27 J/em2 'over, about 4 mm2 • These values have considerable 

uncertainties, however, since the laser output power was 

measured in different ways in the two sets of experiments, and 

furthermore the determination of the spot sizes from the burning 

patterns is rather inaccurate. 

The best yield was observed at the P(26) line of the 

-1 
001-020 band at 1041 em • The fundamental frequency of the 0-

CH3 stretch was determined15 to lie at 1039 em-I and is most 

likely responsible for the initial absorption at this 

wavelength. 

For a given laboratory angle, TOF spectra were recorded for 

each laser shot. The signal was accumulated in a multichannel 

scaler triggered by the laser pulse. Dwell times of 1-5 

~s/channel were used. The data acquisition and storage was 

handled by an LSI-II laboratory computer • 

Anisole was obtained from Matheson and was degassed in 

several freeze~pump-thaw cycles. A GC-MSanalysis revealed a 

minor impurity of benzoic acid (about 0.3%). This impurity was 

found not to interfere in our experiments, as its vapor pressure 

is considerably lower than that of anisole. ' 
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S.3. Results and Analysis 

Even though the product molecules or radicals fragment 

extensively upon ionization in the mass spectrometer, parent-

daughter-ion relationships can be established by identifying 

common features in the TOF spectra for different mass-to-charge 

ratios (m/e). Corresponding fragment pairs can be identified 

using the constraint of momentum conservation in the center-of-

mass coordinate system. 

TOF spectra were measured at laboratory angles between 6° 

and SOo at m/e=1S, 28, 29, 30, 31, 39, 6S, 7S, 76, 77 and 93, 

d ' to the' CH + co+, CHO+ CH 0+ 0+ + correspon 1ng 10ns 3' '2 ,CH3 ,C3H3 , 
+ + + + + . 

CSHS ' C6H3 ' C6H4 ' C6HS ' and C6HSO. The parent ion of the 

expected product of anisole decomposition, phenoxy radical, has 

a mass of 93 amu. Major fragments were found at m/e=39, 6S and 

others, with m/e=39 showing the highest count rate. TOF spectra 

are shown in Figs. 1-6. 

Figs. 1 and 2 show data taken in the first set of 

experiments using the Gentec laser at low fluence, while Figs. 

3-6 represent data taken at higher laser fluence using the 

Lumonics CO2-laser. The spectra of m/e=39, 6S and 93 at 8° 

(Figs. 1 and 2) show only one feature which is the same for all 

three masses except for a small shift due to the flight time of 

the ions through the quadrupole mass spectrometer, which is a 
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function of the ion m/e. This feature in the TOF ~pectra can-be 

identified as the phenoxy radical. The corresponding second 

fragment, methyl radical, was detected at m/e=15 and the TOF 

distribution is shown in Fig. i. TOF spectra of m/e=39 at three 

different laboratory angles are shown in Fig. 2. 

In contrast to these results, the~TOF spectra obtained in 

the second set of-experiments show an additional feature. The 

comparison of the spectra at m/e=39, 65, and 93 (Figs. 3 and 4) 

reveals the occurrence of two different reaction channels: The 

slower feature in all three spectra again'corresponds to the 

phenoxy radical, while the faster feature at m/e=39 and 65 can 

be identified with the decomposition product of the phenoxy 

radical, the cyclopentadienyl radical. Methyl radical was again 

detected at m/e=15, and the TOF spectra at three different 

laboratory angles are shown in Fig. 5. Despite the high 

detector background at m/e=28, we were able to obtain a TOF 

spectrum at m/e=28 as well' (Fig. 3). The detection of very fast 

CO at m/e=28 corroborates the identification of the fast feature 

in the m/e=39 and 65 spectra with the secondary dissociation 

products of phenoxy radical. Fig. 4 shows TOF spectra of m/e=39 

at six different laboratory angles, illustrating the relative 

contributions of the two channels at different angles. At 

angles of 20 0 and larger, only secondary product can be 

observed. 

The appearance of the photodissociation products in the 

laboratory frame is illustrated in the Newton diagram shown in 
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Fig. 7. Short velocity vectors originating at the tip of the 

beam velocity vector represent the center of mass velocity of 

the phenoxy radical recoiling from the methyl radical. The 

kinetic energy corresponding to this velocity is the maximum 

energy for this channel as determined by the analysis below. 

The smaller circle in Fig~ 7 represents the trace of the 

termination points of the possible resultant laboratory velocity 

vectors arising from the addition of the molecular beam velocity 

to the center of mass veloCities. The larger arrows and circle 

represent the velocity of the cyclopentadienyl radical recoiling 

from carbon monoxide in the secondary decomposition of the 

phenol radical. Again, the maximum kinetic energy from the data 

analysis which is discussed below was used to determine the 

velocity shown. In the sequential decomposition process, a 

collection of primary and secondary circles would appear, each 

corresponding to particular primary and secondary velocities. 

Also shown in this diagram are several source-detector angles. 

If a resultant velocity vector falls on one of these lines, then 

that fragment will be detected at this angle. As can be seen 

from Fig. 7, the primary phenoxy radical will not be seen at 

laboratory angles of 20° and higher, whereas the secondary 

cyclopentadienyl radical may be,detected beyond 40°. 

,The data of m/e=65 and 93 in Fig. 3 show slow components 

(arriving later than approximately 400 p.s) that were not 

accounted for in the data analysis. These slow features did not 

originate from the photodissociation of anisole in the beam. 

I 
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They were identified as resulting from time-dependent desorption 

of anisole molecules from laser heating of a cold surface in the 

vacuum chamber and did not interfere with the analysis of the 

IRMPD signal. 

·A forward convolution method was used in the analysis of 

the data in order to determine the translational energy 

distribution of the reaction products, p(~).16 From a trial 

input distributton, TOF distributions were calculated and 

averaged over beam velocities, the finite dimensions of the 

interaction zone, and the finite size of the ionizer and 

compared with the experimental data. The trial P(ET) was then 

adjusted and the process repeated until a best fit was obtained. 

The angular distributions of the products in the center-of-mass 

frame were found to be isotropic as expected. The solid lines 

in Figs. 1-6 represent the fits to the data. The P(ET) 

distributions for the primary channel under the two different 

experimental conditions are shown in Fig. 8, and the P(~) for 

the secondary dissociation is shown in Fig. 9. 

The translational energy distributions for the primary 

product phenoxy radical from the two different sets of 

experiments (Fig. 8) are almost identical. Both distributions 

peak at 3 kcal/mole and extend to about the same maximum value, 

17 and 18 kcal/mole, respectively. The differences are small 

but real. For the conditions of smaller laser fluence in the 

earlier experiments, the P(~) is slightly narrower and the 

average recoil energy is 4.4 kcal/mole, while for higher laser 

f) 
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fluence the distribution is somewhat wider and the average 

recoil energy is about 5.0 kcal/mole. 

The recoil epergy distributions in both cases are fairly 

well characterized since different TOF spectra are sensitive to 

different parts of the P(~). The data for the phenoxy radical 

at larger angles (12-15°) reflect the high energy tail of the 

distribution. The fits of the m/e=15 distributions at small 

angles, on the other hand, are particularly sensitive to the low 

energy part of the P(E.r). 

It has to be emphasized that in all cases the spectra 

stemming from methyl radical·and those stemming from phenoxy 

radical could be fit with the same recoil energy distributions. 

However, the minimum recoil energy required for phenoxy to reach 

the detector at 6° is 2.2 kcal/mole (for a typical beam 

velocity), whereas the minimum recoil energy required for methyl 

to reach the detector at 10° is only 0.2 kcal/mole. Thus it is 

possible that the P(ET) distributions for the two fragments 

deviate at very small recoil energies because of the secondary 

decomposition of some highly vibrationally excited (and thus 

slow) phenoxy radicals. 

The P(~) for the secondary reaction, Fig. 9, shows a 

threshold value of 8 kcal/mole and a maximum energy release of 

48 kcal/mole. These values probably have uncertainties of about 

2 kcal/mole. 

A set of experiments was performed at different laser 

powers and thus different laser fluences. Fig. 6 shows the TOF 
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spectra. for m/e=39 at 13° ,and in Fig. 10 the relative 

contributions of the two channels are plotted as a function of 

laser fluence. It can be seen that the relative importance of 

the secondary channel decreases roughly with decreasing laser 

fluence. The lowest fluence in this experiment was 5 J/cm2 , 

which is lower than the value for the earlier set of data, but 

secondary decomposition was still observed. This shows that 

either the absolute values for the laser fluence for the two 

different experiments are not very accurate, or that the 

temporal structure of these two lasers is sufficiently different 

so that the comparison becomes difficult. Fig. 10 illustrates 

that phenoxy radicals formed from anisole molecules at lower 

levels of internal excitation (at lower laser fluence) still 

undergo secondary decomposition. 

5.4. Discussion 

Several conclusions can be drawn from the recoil energy 

distributions obtained from this experiment. The only primary 

process, dissociation into phenoxy radical and methyl radical, 

shows the same characteristics for both conditions studied. The 

fact that the translational energy release in the formation of 

phenoxy and methyl radicals at higher laser fluence does not 

differ substantially from that of lower laser fluence indicates 

that the high rate of dissociation of vibrationally excited 
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anisole is limiting the further absorption of IR photons. The 

phenoxy radicals which were produced in the earlier part of the 

laser pulse continue to absorb IR photons and dissociate into 

cyclopentadienyl radicals and carbon monoxide. 

The fact that the translational energy distributions peak 

at a small but finite value suggests the existence of a barrier 

in the-C6H50-CH3 dissociation. This is in contrast to simple 

bond rupture processes which previous investigations of IRMP017 

have demonstrated to result in translational energy 

distributions that peak at 0 energy in- accordance with the 

predictions of statistical theory.18 A barrier for the bond 

rupture process considered here could result from the electronic 

rearrangement associated with the partial C-O double bond 

character in the phenoxy radical. This also explains the fact 

that in the reverse reaction of methyl radicals with phenoxy 

radicals the methyl prefers to attach to the 0- and p-positions 

of the benzene ring rather than the oxygen atom. 19 

The secondary process, decomposi tion of the phenoxy radical 

to the cyclopentadienyl radical (C5H5) and carbon monoxide, has 

a large barrier. Lin and Lin5 obtained an activation energy of 

44.0±0.9 kcal/mole for this process. The large energy release 

(up to 48 kcal/mole) in the secondary process is indicative of 

the barrier for this reaction. The dissociation of phenoxy 

radical to cyclopentadienyl and carbon monoxide is 20 kcal/mole 

endothermic. 9 ,20 The known thermochemistry of the present 

system is summarized in Fig. 11. 
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OUr results therefore indicate that the IRMPD of anisole is 

a possible and convenient way of producing phenoxy radicals. No 

other primary products were observed, and with sufficient 

control'of the laser fluence, secondary products could be 

prevented. UV photodissociation of anisole at 248 or 193 nm, on 

the other hand, which has been used as a source of phenoxy 

- radicals,21 was studied in our laboratory as well, and a number _ 

of different primary reaction channels were identified22 

indicating possible difficulties in the application of this 

method in the investigation of the kinetics of phenoxy radical 

reactions. 

5.5. Conclusions 

In the IRMPD of anisole the only primary decomposition 

channel occurring is rupture of the weak8 , 9 O-CH
3 

bond forming 

phenoxy and methyl radicals. The recoil energy distribution 

suggests the existence of an exit barrier for this dissociation 

channel. Under higher laser fluence conditions, the secondary 

dissociation of the phenoxy radical was observed. The large 

recoil energy release is in accordance with the existence of a 

sizable exit barrier for this process as determined by Lin and 
. 5 Ll.n. 
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5.8. ·Figures 

Figure captions 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

TOFspectra of m/e=93·and m/e=65-at 8° and m/e=15 at 

15° obtained at low Iaser flueilce. 

TOF spectra of m/e=39 at 8°, 12°., and 15° obtained at 

low laser fluence. 

TOF spectra of mie=93, 65, and 28 at'10°, obtained at 

high laser fluence. 

TOF spectra of m/e~3'9 at 6° , -10°,13°, 20°, 30°, and 

40° obtained at high laser fluence showing the primary 

(long dashed curve) and the secondary ( short dashed 

curve) channels • 

. TOF spectra of m/e=15 at 10°, 30°,· and 50°, obtained at 

high laser fluence. ' 

TOF spectra of m/e=39 at 13° obtained at five 

different laser fluence values: (a) 27 J/cm2, (b) 24 

J/cm2 , (c) 20 J/cm2 , (d) 13 J/cm2 , (e) 5 J/cm2 • 

Newton or velocity diagram illustrating primary and 

secondary dissociation channels. The shorter vectors 

originating at the tip of the beam velocity vector 

correspond to the primary dissociation product, the 

phenoxy radical. The longer vectors originating at 

the tip' of a phenoxy radical velocity vector 

correspond to the secondary dissociation product, the 

cyclopentadienyl radical. The ,underlined species 
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:.,} 

Fig. 9 

Fig. 10 

Fig. 11 
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indicate which is the detected fragment for each 

channel. At angles of 20° and larger only secondary 

products appear. 

Translational energy distributions, P(ET), for the 

primary dissociation channel of anisole for low laser 

fluence (solid curve) and high laser fluence (dashed 

curve) • 

Translational energy distribution, P(~), for the 

secondary dissociation channel of anisole. 

Plot of the relative contributions of the primary and 

secondary dissociation channels (in arbitrary units) 

in the spectra in Fig. 6 as a function of laser 

fluence. One estimated error bar is included. 

Energy diagram for the primary and secondary 
( 

dissociation process in the IRMPD of anisole. 
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ClmPl'ER 6: 

DYNAMICS OF ANISOLE PHOTODISSOCIATION AT 193 run AND 248 run 

6.1. Introduction 

The photochemistry of aromatic compounds induced by UV 

light has been of great interest for a long time. In our 

laboratory, several simple aromatic compo~ds were studied using 

the technique of photo fragmentation translational 

spectroscopy.1,2 Anisole was chosen in the present study 

because of our interest in the photodissociation dynamics of 

phenolic compounds and the processes involved in the formation 

and decomposition of phenoxy radical, an important intermediate 
. 3 

in the combustion of aromatic hydrocarbons. 

4 Cleavage of the weak CH3-OC6H5 Pond in anisole leading to 

the formation of methyl and phenoxy radicals is the dissociation 

channel which requires the lowest energy. This was indeed found 

to be the only primary decomposition pathway in the thermal 

decomposition5 or in IR multiphoton dissociation,6 a process 

which mimics thermal dissociation processes under collision-free 

conditions~ Reactions following·UV excitation and rapid 

internal conversion (IC) to the highly vibrationally excited 

electronic ground state should include the same dissociation 

pathway. However, the direct excitation to a dissociative state 
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or predissociation can result in very different product 

channels. 

The decomposition of the phenoxy radical to carbon monoxide 

and the cyclopentadienyl radical was suggested7 to take place 

through an intermediate five-membered ring structure (Scheme 1). 

A low activation energy, 44 kcaljmole, was determined for this 

process. 8 . Thus, if phenoxy radicals are produced with 

sufficient internal energy in the photodissociation of anisole, 

. or if the phenoxy radicals subsequently absorb another photon, 

they will decompose. 

- The UV absorption spectrum of anisole has been reported9 

and the transitions have been assigned using results of CNDOjS

CI calculations of the electronic states. 10 Among'two.possible 

conformers, the planar one was found to be more stable. 11• The 

measured absorption· cross section at 193 run is considerably 

larger than that at 248 run. 9 Absorption spectra of the phenoxy 

radical in the UV and visible wavelength region$have also been 

measured repeatedly,12-14 and a strong .absorption band was found 

d 13 tl . .. t 1 15 t d' d th t . t aroun 240 run. Recen y, KaJll ea. s u le e ranSlen 

absorption spectra obtained following flash photolysis of phenol 

and anisole at 193 run and identified two major features around 

230 and 290 run as originating from phenoxy radicals. 

In our experiment, the photodissociation of anisole in a 

molecular beam was studied at 193 nm and 248 nm. In addition to 

the formation of phenoxy and methyl radicals, several different 

primary and secondary product channels were observed. OUr 
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results indicate that dissociation from electronically excited 

states plays a major role at both wavelengths. 

6.2 • Experimental 

The apparatus and the preparation of the molecular beam of 

anisole were described in the previous chapter. A Lambda Physik 

EMG 103 MSC Excimer Laser equipped with an Intelligent Laser 

Control to stabilize the output power was used at the 193 nm 

(ArF) and 248 nm (KrF) transitions. The laser radiation was 

focused using a 25 em focal length fused silica lens. The spot 

size at the interaction region'of approximately 6 rom x 1.5 rom 

was estimat.ed from burning patterns on tape. Maximum output 

power levels were 80 mJ/pulse at 193 nm and 110 mJ/pulse at 

248nm. The laser was operated at repetition rates of 50-100 Hz. 

All measurements were performed using unpolarized laser light. 

Laser power dependence studies were performed by attenuating the 

laser using various combinations of fine metal screens. Between 

50,000 and 700,000 laser shots were accumulated for each 

spectrum. 

6.3. Results and Analysis 

Time-of-flight (TOF) spectra of the dissociation products 
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were measured at laboratory angles between 6° and 50° at-a large 

number of mass...;to-charge ratios (m/e) at both wavelengths. Some 

of the spectra were repeated at different laser power levels in 

order to identify multi-photon processes. 

The variety of features observed' indicate the occurrence of 

several competitive dissociation pathways. In addition, product 

molecules or radicals fragment extensively upon ionization in 

the mass spectrometer.' However, parent-daughter-ion 

relationships can be established by identifying common features 

in the TOFspectra for different mass-to-charge ratios (m/e). 

Corresponding fragment pairs can be identified using the ' 

condition of momentum conservation in the center-of-mass 

coordinate system. The Qataanalysis procedure was described in 

the previous chapter. The translational energy distributions 

obtained for the differen.t channels will be presented below. 

The center-of-mass angular distributions were isotropic in all 

cases. 

In the present experiment, the large number of different 

features observed as well as the fact that many of these overlap 

and can not be separated unambiguously cause difficulties in the 

qualitative and quantitative interpretation of the data. The 

different features that could be distinguished in the 193 nm and 

248 nm results will be designated as I-1 through 1-14 and as Il

l through 1I-13, respectively, and their interpretations will be 

discussed. Table 1 lists several possible channels and the 

energetics in the dissociation processes at 193 and 248 nm. 
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Table 2 summarizes the features described in detail below. 

6.3.1. 193 run 

6.3.1.1. Features 1-1 and I-2. A narrow and fast peak 

(centered at flight times of about 190 ~s'at 10°) is easily 

+ + + identified at m/e=93, 92, 91 (C6HSO , C6H40 , and C6H30 ), see 

+ Figs. 1-2, as well as m/e=6S (CSHS ) and many other masses of 

CsHs-fragments. The occurrence of this feature, designated as 

1-1, at these masses suggests the phenoxy radical as its source. 

At m/e=93 (Fig. 1) this is probably the only feature, which 

facilitates the analysis. Data at three different angles were 

obtained for m/e=93 and all these spectra could'be fit using the 

aSSuni.ption of reaction (1): 

(1) 

The translational' energy found for this process, shown in 

Fig. 3, has a minimum valU:e'of approximately 30 kcal/mole, a 

peak at 4S kcal/mole, and a maximum of about 63 kcal/mole. The 

maximum available energy 'for (1) is 8S kcal/mole (Table 1). The 

assignment of this product to the phenoxy radical is supported 

by the fact that the fastest peak (feature 1-2) at m/e=lS, 14, 

and 13 (CH3+, CH2+, and CH+), see Fig. 4, peaking at about 7S ~s 

at 10°, can be identified with the corresponding methyl radical 

fragment. 
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It should be noted that all phenoxy radicals having an 

internal energy of more than 44 kcal/mole can further decompose 

into carbon monoxide and cyClopentadienyl radical,8 reaction 

(2) : 

- (2 ) 

In the'present case,. if methyl radicals are produced in the 

ground state, more than 44 kcal/mole internal energy corresponds 

to a translational energy of less than 41 kcal/mole. Of course 

some of the available energy will be channeled into excitation 

of the methyl radical, and that is the reason why some phenoxy 

radicals are stable even in the cases where the translational 

energy only amounts to 30 kcal/mole. The energetics of the 

primary and possible secondary dissociation channels are 

illustrated in Fig •. 5. 

The origin of features I-1 and I-2 could be either a direct 

dissociation from an excited state, or the dissociation of 

vibrationally excited ground state .anisole molecules formed by 

the internal conversion of electronically excited molecules. In 

the latter case, however, a translational energy distribution 

peaking at lower values would be expected. It is conceivable 

that all slower phenoxy radicals, having a larger internal 

energy, spontaneously dissociate further, and only the fast ones 

are detected. The corresponding signal at m/e=15 should reflect 

the primary dissociation channel completely. It was found that 
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the m/e=15 data are compatible with the assumption of only some 

additional slower primary product, which is not detected as 

phenoxy radical but instead decomposes further, but the peak of 

the translational energy still has to be at approximately 40 

kcal/mole in order to fit the m/e=15 data. 

No clear evidence was found for secondary products, CO and 

C5H5, originating from such comparatively fast primary phenoxy 

radicals. It thus appears unlikely that large amounts of 

phenoxy radicals which spontaneously decompose are being 

produced in this channel. The most likely source of features I-

1 and I-2 is direct dissociation of anisole into fast phenoxy 

and methyl radicals from an electronically excited state. 

6.3.1.2. Features I-3 and I-4. Feature I-3 is the most 

prominent one in many spectra at 10°, particularly at m/e=65 

(see Figs. 6-7) and its fragments (m/e=36-39,. 48-52, 60-64) but 

it also occurs at m/e=92, 91, and 90, and possibly at m/e=93. 

Several interpretations for this feature are possible. Its mass 

spectrum suggests the phenoxy radical as its origin. A fit of 

feature I-3 (at 10° and 20°) using this assumption' is possible 

with a translational energy distribution peaking at 

approximately 8 kcal/mo~e and extending to about 20-30 kcal/mole 

(Figs. 3,8). However, as was argued before, phenoxy radicals 

which are that slow should have enough internal energy to 

decompose before they are able to reach the detector. On the 

other hand, this energy could have been channeled into 
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electronic excitation of either products. The energy of this 
.. -1 

exc1ted state would be around, 15,000-25,000 em • The energy of 

the lowest excited state of the methyl radical is not known,21 

but is most likely higher than that. 22 For the phenoxy radical, 

Roebber13 and Pullin and Andrews14 found an absorption band 

around 25,200 em-I which could correspond to an excited state 

that is accessed in our experiment. An optically inaccessible 

state could also be responsible. The striking differences in 

the mass spectra of features I-I and I-3 indicate large 

differences in the internal energy of the two moieties. 

other possible reaction channels responsible for feature I-

3 are (3), the expUlsion of 0(10), or (4), the expUlsion of 

1 
~2. ,'These processes would be the reverse of the well-known 

insertion of singlet oxygen atoms23 or methylene radicals24 into 

single bonds. 

(3) 

(4) 

Reaction (3) appears to be an unlikely candidate since the 

remaining available energy would be only 14 kcal/mole and thus 

the feature cannot be fit satisfactorily complying with this 

constraint. An additional clue comes from the mass spectrum of 

this product. Even though the mass spectra of phenol,25 

toluene,25 and phenoxy radical produced in the IR multiphoton 
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dissociation of anisole6 are very similar (see Fig. 9), a very 

important observation is that toluene lacks significant 

fragmentation into m/e=29 , 30, and 31. However, these masses 

are clearly fragments of feature 1-3. 

Reaction (4) with an available energy.of 52 kcal/mole, 

provides a possible explanation. A peak at m/e=93 would be 

expected from phenol, but is probably absent for feature 1-3, 

moreover, the signal at m/e=92 and 91 is low also. However, no 

definite conclusions can be drawn from the mass spectrum in this 

respect, since it is well known that fragmentation patterns can 

depend strongly on the internal energy of the molecule. 26 

The search for the corresponding second fragment yields no 

clear answer, either. Under the assumption of channel (1), a 

peak at m/e=15 is calculated that does not fit the observed 

features in the spectrum entirely, but can be considered a 

possible component, and will be denoted feature 1-4 (See Figs. 

4, 10). The m/e=14 (CH2+) spectrum is basically similar to the 

m/e=15 (CH3+) spectrum, suggesting no major additional channel. 

The signal at m/e=16 (0+) is low, furthermore it has a component 

faster than that expected for 0(10). OVerall, m/e=16 appears to 

be mostly due to a fragment of CO because of the similarity to 

+ the m/e=28 (CO) spectrum. Alternatively, an isomer of ph~noxy 

radical could be formed which loses its excess internal energy 

through emission of a photon. 

In summary, the origin of feature 1-3 could not be 

identified unambiguously. possible sources are electronically 

, \ 
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excited metastable phenoxy radical, phenol being formed in 

reaction'(3), or perhaps a radiatively stabilized isomer of the 

phenoxy radical. 

The fits presented in Figs. 6 and 7 assumed a channel 

producing phenoxy radicals as the origin of-feature 1-3, and the 

translational energy distributions used are shown in Figs. 3 and 

8, respectively. The P{ET) distributions in these two cases are 

slightly different (particularly in the high energy tail) since 

they were optimized in combination with different additional 

channels. Because of the overlap with the other features, their 

exact'shape can not be determined from our experiment. 

6.3.1.3. Features 1-5 and 1-6. Another prominent feature, 

designated as 1-5, which peaks at about 130 ~s at 10°, is found 

at mje=30, 29, 15, 14, and 13 (See Figs. 4, 10 and 11). This 

combination of masses suggests a species containing one carbon 

atom, one oxygen atom, and at least three hydrogen atoms as the 

source. possible decomposition channels therefore are: 

Channel (6) represents a 4-center elimination of a methanol 

molecule from anisole forming benzyne. If methanol were the 

product, fragments would be expected at mje=32 and 31 (CH30H+ 

(5) 

(6) 
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+ and CH30 ) as well, but were not found in significant amounts. 

However, the fragmentation pattern of vibrationally excited 

methanol could be considerably different from that of cold 

molecules. The available energy for channel (5) is about 48 

kcal/mole, but it was found that much more translational energy, 

about 65 kcal/mole, is required for fitting this feature, see 

Fig. 12, indicating that methanol is produced rather than 

methoxy radicals. The translational energy distribution was 

found to peak around .12 kcal/mole, implying an exit channel 

barrier. 

The corresponding second product, benzyne, was detected as 

feature 1-6 at m/e=76 and 75, where it constitutes the faster 

part of the spectra (centered at about 200 ~s), see Fig. 13. 

6.3.1.4. Features 1-7 and 1-8. At first glance, the signal at 

m/e=28 (see Fig. 14) appears to be due to feature 1-5, however, 

a close inspection reveals significant differences. The m/e=28 

distribution has components distinctly faster than feature 1-5. 

Therefore the major part of the m/e=28 signal constitutes a 

separate feature, denoted as 1-7, with a peak at around 120 ~s 

at 10°. Another indication for the different origin of features 

1-5 and 1-7 is the fact ~at the peak in the m/e=28 spectrum is 

about 80 counts/laser shot, whereas the peak at m/e=29 is about 

6 counts/laser shot. If both m/e=28 and m/e=29 were fragments 

of the same product, such as methanol, m/e=28 would not be 

expected to dominate so strongly. 
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The most likely source of feature 1-7 is carbon monoxide 

produced in the secondary decomposition of phenoxy radicals. 

The other product of this process, the cyclopentadienyl radical, 

is expected to appear as fast signal at m/e=65 and the masses of 

its fragments. Such a signal is indeed found in the m/ e=65 

spectra (see Figs. 6-7). At 10°, a component even faster than 

feature 1-1 can be distinguished and is denoted as feature 1-8. 

At 20°, 30°, and 40°, this feature, denoted 1-8, becomes more 

apparent. Feature 1-1 disappears at angles larger than 30°, and 

feature 1-3 disappears at angles larger than 20°. Laser power 

dependence studies indicate that no multiphoton processes are 

involved. 

The analysis of features 1-7 and 1-8 under the assumption 

that they both originate from the same secondary dissociation 

process presents difficulties, 'primarily due to the fact that 

the vibrationally excited phenoxy radicals which are assumed to 

lead to the observed secondary products could not be detected, 

since they dissociate before reaching the detector. They could 

be produced from the highly vibrationally excited anisole formed 

by internal conversion. After absorption of a 193 nm photon 

(148 kcal/mole) and C6H50-CH3 bond rupture (63 kcal/mole) , 85 

kcal/mo~e of excess energy would be partitioned between the 

phenoxy radicals and the methyl radicals. A large fraction of 

this energy would get channelled into the vibrational excitation 

of phenoxy and most phenoxy radicals thus could overcome the 44 

kcal/mole decomposition barrier. 
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In order to fit both feature I-7 and 1-8 simultaneously, a 

very slow primary.process (maximum translational energy about 3 

kcal/mole) and a relatively fast secondary process (maximum 

translational energy.more than 60 kcal/mole, peak at about 15 

kcal/mole) are needed (see Fig. 3). The slower the primary 

process assumed, the better the fit. When a faster primary 
• 

process was assumed, the calculated spectra for m/e=65 were too 

fast. 

A comparison with the translational energy distribution 

found for the primary C6H50-CH3 bond rupture process in the IR 

multi-photon dissociation (IRMPD) of anisole6 can give an 

indication for what the primaryp(ET) should look like. 

surprisingly, the translational energy release in theIRMPD case 

was larger (the P(ET) peaked at 3 kcal/mole .and extended to 

about 18 kcal/mole) than what appears to be required in the 

analysis of the data at 193 nm excitation, even though the 

energy absorbed by each anisole molecule is substantially larger 

in the latter case. The fact that the P(~) in the IRMPD 

experiment6 had a peak ata few kcal/mole rather ,than at zero 

energy indicates the existence of a barrier to dissociation. 

This should also be reflected as a peak away from zero in the 

P(ET) for the primary dissociation following UV-excitation and 

IC. The present data do not allow a definite conclusion on the 

existence of such a peak in the primary P(ET). However; if it 

exists, it would be at an energy considerably smaller than 3 

kcal/mole. 
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The upper panel of Fig. 3 shows a very slow P(~) 

distribution which was assumed to represent the Ie channel. No 

primary phenoxy product corresponding to this P(ET) was found, 

instead it-was assumed that all of the highly vibrationally 

excited phenoxy radicals decompose. The translational energy 

distribution for this process is shown in the lower panel of 

Fig. 3. The secondary P(~) peaks at about 16 kcaljmole and 

extends to over 60 kcaljmole. Fig. 6 shows the fits obtained 

for feature 1-8 in the mje=65 data using these assumptions and 

the upper panel in Fig. 14 the corresponding curve for feature 

1-8 at mje=28. 

Attempts were made to fit the secondary dissociation with 

translational energy distributions for the secondary process 

that depended on the translational and thus vibrational energy 

of the primary product. However, no improvements in the fits 

could be achieved. 

6.3.1.5. Features 1-9 and 1-10. These apparent discrepancies 

could be resolved by assuming the existence of an additional 

dissociation channel producing CO directly from anisole, such as 

process (7): 

(7) 

In order for this process to occur directly, the methyl 

group has to migrate to a position on the aromatic ring, 
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possibly followed by a rearrangement to a methyl-substituted 5-

membered ring system with subsequent decarbonylation (Scheme 2). 

This sequence of rearrangements resembles that suggested for the 

unimolecular decomposition of phenol,27 with the methyl group 

instead of the phenolic hydrogen migrating. 

The energy available to the products of this process would 

be about 132 kcal/mole. It was assumed that at least the fast 

part of the m/e=28 data is due to this channel, since 

particularly the fast edge could not be fit satisfactorily with 

the assumption of reaction (2). For reaction (7), a 

translational energy distribution peaking at about 15 kcal/mole 

and extending to about 35 kcal/mole (Fig. 8) was used to obtain 

the fit for the m/e=65 data shown in Fig. 7 and simultaneously 

for m/e=28 as shown in the lower panel of Fig. 14. The faster 

part of the m/e=28 data that was identified with CO from this 

channel will be denoted as feature 1-9. The corresponding 

second fragment, the methyl-cyclopentadiene, could not be 

identified with any salient feature in any of the TOF spectra. 

At 10°, the peak of the spectrum due to the methyl

cyclopentadiene was calculated to be at about 200 ~s, which 

indicates that such a feature could be hidden under features 1-

1, 1-3 and I~8 at m/e=65 and its fragments, and is denoted as 

feature 1-10 in the m/e=65 spectra (Fig. 7) for illustrative 

purposes. 

6.3.1.6 Feature 1-11. The slowest part of the m/e=15, and more 
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notably the m/e=14 and 13 spectra (Figs. 4 and 10), will be 

denoted as feature I-11~ Several explanations are possible for 

this feature. First, it could originate from slow methyl 

radicals being formed along with the phenoxy radicals in the 

electronic ground state dissociation which was discussed above. 

Even if none of the phenoxy radicals reach the detector because 

of secondary decomposition, it should be possible to detect the 

corresponding methyl radicals. Feature I-11 in the m/e=15, 14, 

and 13 data could indeed be fit using the very low translational 

energy release (Fig. 3) that was assumed for the primary 

dissociation leading to the secondary features I-7 and I-S. 

On the other hand, it is possible that feature I-11 arises 

from the ionizer fragmentation of larger species such as the 

phenoxy radical or possibly methyl-cyclopentadiene, if channel 

(7) indeed occurs. 

6.3.1.7 Feature I-12.A small signal is found' at mje=15, 14, 

and 13 at flight times around 90 J.Ls at 10'" which lies between 

features I-2 and I-5 in the spectrum (see Figs. 4 and 10, 

feature I-12 not indicated). Laser power dependence studies 

showed that this feature most likely arises from a multi-photon 

process. It is not clear which primary reaction, if any, is 

responsible for producing the precursor to this secondary 

product. It is unlikely that the phenoxy radical' would produce' 

methyl i but other possible primary products discussed above 

could be ,the source, such as toluene, methyl-cyclopentadiene, or 
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methanol. Alternatively, an additional primary reaction channel 

could be responsible such as the elimipation of H atoms or H2 

from anisole. These channels were found to take place in the,UV 

photodissociation of benzene,l and they would most likely go 

undetected in the present experiment, since the resultant heavy 

fragment would get scattered only to very small laboratory 

angles. 

6.3.1.8 Features I-13 and I-14. In the spectra at m/e=29, 30, 

and 31, an additional feature, I-13, can be distinguished which 

is centered at flight times of about 180 ~s at 10° and lies 

between features I-3 and I-5. The position of feature I-13 is 

similar to that of feature I-1, however, it becomes clear in the 

fitting procedure that the assumption of an additional channel 

significantly improves the fits of the spectra at m/e=29, 30, 

and 31. Channel (5), the formation of methoxy and phenyl 

radicals, provides a possible explanation. The counterpart of 

the methoxy radical, the phenyl radical, could then be 

responsible for feature I-14, centered at about 250 ~s in the 

m/e=76 and 75 spectra (see Fig. 13). The position and shape of 

feature I-14 somewhat resembles that of feature I-1, and it is 

possible that fragmentation of phenoxy radicals into m/e=76 and 

75 occurs additionally. 

No accurate determination of the translational energy 

distribution for this channel was possible, but it can be said 

that the translational energy release is relatively small, with 
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a maximum energy of S kcal/mole, and a peak at about half of 

that. If this channel occurred as a simple bond rupture process 

with no barrier on the ground state surface following IC of the 

excited state of anisole, the translational energy distribution 

should peak at zero. Not enough is known about this channel to 

determine its mechanism, and its relative importance is probably 

very small.' .. 

6.3.1.9 other Features. + + Fig. 'lS shows the spectra of Cs ' C 4 ' 

+ and C3 (m/e=60, 48, and 36) at 10° which illustrate these 

additional fast features. A very fast component was found at 

+ + around SO ~s at 10° at m/e=39, 38, 37, and 36 (C3H3 -C3 ) 

suggesting 'additional channels producing secondary decomposition 

products of cyclopentadienyl radicals and/or other larger 

species. No data were taken for theC2-fragments (except m/e=28 

which could contain contributions from ethylene molecules), but 

the data for the c4-fragments, particularly m/e=SO, 49, and 48, 

also show an additional fast component. In fact, even the Cs 
, , ' + + 

fragments,particularly m/e=62, 61 and 60 (CSH2 ' CSH , and 
+, Cs ), apparently contain components faster than feature 1-8, 

which is'due to the formation ofcyclopentadienyl radical in a 

secondary process. 

No detailed analysis of these additional reaction channels 

involved was attempted. These processes are possibly due to 

multiple photon absorption by anisole or absorption by the 

primary products and subsequent dissociation. 
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6.3.2. 248 nm 

Many features in the TOF-spectra obtained from the 

photodissociation at 248 nm are similar to those in the 193 nm 

dissociation, but also a number of differences were found. In 

particular, many of the spectra in the 248 nm experiment contain 

features which show a laser power dependence indicating that 

more than one photon is involved. In the case of the 193 nm 

experiment, this was only observed for feature 1-12 in the 

m/e=15 spectra. 

6.3.2.1. Features 11-1 and 11-2. At m/e=93, 92, 91, 65 and all 

other typical C5H5-fragment masses, a fast feature (11-1), 

centered at flight times of about 210 ~s at m/e=93, was observed 

(see Figs. 16-18) which appears to correspond to feature 1-1 in 

the 193 nm experiment. It could indeed be fit with the 

assumption of reaction (1), the formation of phenoxy and methyl 

radicals. Similar to the case of 1-1, the translational energy 

release (see Fig. 19) is large, and a minimum translational 

energy value of 8 kcal/mole was found. This value, however, is 

not very well defined because of the overlap with feature 11-3, 

as discussed later. The value of 8 kcal/mole ih fact 

corresponds to the energy at which the onset of secondary 

dissociation of the phenoxy radical into the cyclopentadienyl 

radical and carbon monoxide becomes energetically possible, 
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again suggesting the possibility that more siow phenoxy than· 

observed is actually produced which does not reach the detector 

but instead dissociates spontaneously. As before, the spectra 

of the corresponding second fragment, the methyl radical,·can 

provide an answer to this question. The fast feature in the 

m/e=15, 14 and 13 spectra (see Fig. 20), desigriatedas 11-2 and 

centered at about 90 /1S, can be identified with the methyl 

radicals originating from the same process as feature 11-1. The 

fit to feature 11-2 reveals that no significant amounts of slow 

methyl radicals - and thus phenoxy radicals - are being produced 

in this channel •. Therefore it appears that features 11-1 and 

11-2 originate· from the direct dissociation of an 'electronically 

excited state of anisole. 

6.3.2.2. Features 11-3 and 11-4. 'At the same ion masses as 

feature 11-1, a slower component is found (centered at about 250 

/1s at m/e=65), which is designated as feature 11-3 (see Figs. 

16-18). Similarities between this feature and 1-3 exist, but. 

also marked differences, such as the mass spectrum - feature 1-3 

produces little or no signal at m/e=93, whereas 11-3 clearly 

does - and the power dependence. The relative contribution of 

11-3 compared to 11-1 increases with increasing laser power, as 

shown in Fig. 18, suggesting that 11-3 originates from a multi

photon process, in contrast to 1-3. Under the assumption that 

11-3 represents phenoxy radical, as its mass spectrum suggests, 

a translational energy distribution was obtained that peaks at 
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about 7 kcal/mole and extends to approximately 11 kcal/mole (see 

Fig. 19). The exact shape of this distribution, particularly 

the high energy limit, is not well defined by the experimental 

data due to the partial overlap of features II-1 and II-3 in all 

the spectra in which they occur. This comparatively low 

translational energy release is surprising in view of the 

finding that most likely a two-photon process is responsible for 

this feature, leaving about 167 kcal/mole of available energy 

for the phenoxy and methyl radicals. The explanation could 

again come from-the assumption of the involvement of an 

electronically excited state of the phenoxy radical or possibly 

the methyl radical. 

other possibilities for the interpretation of this feature 

exist, in analogy to those discussed for feature I-3 in the 193 

nm experiment, such as reaction (4), the formation of phenol and 

1CH2 . Channel (3), the formation of toluene and O(lD), is 

energetically possible only as a multi-photon process at 248 nm 

(see Table 1), but is a very unlikely source of feature II-3 

since no significant amounts of toluene, whose parent mass is 92 

amu, are expected to be detected at m/e=93. 

In contrast to the case of the 193 nm experiment, somewhat 

clearer evidence was found for slower methyl radical stemming 

from reaction (1) and corresponding to feature II-3. The laser 

power dependence studies on the m/e=15 spectrum at the 

laboratory angle of 100 (upper panels of Fig. 20) show that the 

slower part of the m/e=15 spectra is comprised of at least two 
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compOnents, with the contribution of the. faster part increasing 

with increasing laser power. This part of the mje=lS spectra 

(denoted·II-4, centered at abdut 120Jjs) could represent the 

slower CH3 + phenoxy radical channel.' 

6.3.2.3. Features'II-S and 1I-6. The mje=6S TOF spectrum at 

100 and high laser power (Fig. 18) shows an additional fast 

component centered at flight times of about 170 Jjs (feature lI

S). This component becomes very prominent at 20 0 where it is 

.. well separated from feature II-1, and at 30 0 and 40 0 it 

constitutes the only component' (Fig. 17). In the TOF spectra of 
. + 

smaller fragments of CSHS' e.g. mje=36-39, the relative 

contribution of this channel is considerably larger. 'Power 

dependence studies of mje=6S and 36 show clearly that a two~ 

photon process is responsible for this channel. The most likely 

source is secondary photodissociation of phenoxy radical., 

The corresponding second fragment of this dissociation 

process, carbon-monoxide, should appear in the TOF spectrum at 

mje=28 (co+),see Fig. 21. In contrast to the 193 nm case, the 

intensity of the mje=28 spectrum is more similar to that of 

mje=29 and 30, although still higher. The shape of the mje=28 

distribution suggests several components contributing to the 

signal. The fastest part could be identified with carbon 

monoxide from the secondary decomposition of phenoxy radicals 

and will-be denoted as feature 1I-6, centered at flight times of 

about 110 Jjs. 



222 

+ A satisfactory fit to both the fast C6H5 (and fragments) 

+ and fast CO components is obtained by assuming that the phenoxy 

radical which comprises feature II-1 is the source of the 

secondary products. In a two-photon process, the total energy 

available to the products is 147 kcal/mole. out of that, an 

average of about 22 kcal/mole is channeled into translational 

energy of the primary products, and the remainder is distributed 

between translation of the secondary products (Fig. 19) and 

vibrational excitation of all fragments. The translational 

energy distribution obtained for the secondary products peaks at 

about 25 kcal/mole and extends beyond 60 kcal/mole. The 

secondary P(ET) was assumed to be independent of the 

translational and thus vibrational energy of the primary 

product. 

6.3.2.4. Features II-7 and II-8. A very prominent feature in 

the spectra obtained in the 193 nm experiments, I-4, was 

identified with methanol and was observed at m/e=30, 29, 15, 14 

and 13. It can be expected that a similar channel occurs in the 

case of 248 nm dissociation. An indication for this is found in 

feature II-7, centered at about 150 ~s, which was identified as 

a component in the TOF spectra at m/e=13, 14, 15, 28, 29, and 30 

(See Figs. 20 and 21). This feature could be fit assuming 

channel (6), the formation of methanol and benzyne, as its 

origin. The translational energy for this channel (see Fig. 22) 

was found to peak at about 7 kcal/mole with a maximum of about 

I 
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28 kcal/mole. A very accurate determination of this 

distribution was not possible because of the overlap with other 

features, such as 11-9 and 11-11 which will be discussed later~ 

A feature due to benzyne (C6H4) stemming from the same 

reaction channel could be identified as well and is denoted 11-

+ 8. It appears in the TOF spectra at m/e=76, 75, and 74 (C6H4 ' 

C6H3+' and C6H2+), see Fig. 23, as the major slower component. 

6.3.2.5. Features 11-9 and 11-10. A relatively slow component 

was observed in the spectra of m/e=29 and 30 which could not be 

due to channel (6). This component comprises feature 11-9 and 

has a peak at flight, times of about 210 ~s. It can be 

interpreted as resultin~ from channel (5), the simple bond 

rupture process leading,~o methoxy and phenyl radicals. The 

spectra can be fit with the assumption of this channel ~cur:ing 

with a translational energy distribution that peaks at zero 

energy and extends to about 6 kcal/mole (Fig. 22). 

A feature stemming from Slow phenyl radical produced in 

this reaction, 11-10, is calculated to be centered at about 250 

~s and can be expected to be a part of the TOF spectra measured 

at m/e=74, 75 and 76 (Fig. 23), although no prominent structures 

in these spectra are associated with it. 

6.3.2.6. Features 11-11 andII~12. An additional fast 

component was found in the TOF spectra of m/e=28 and 29 which 

can not be ,explained with reactions (5) or (6) given the maximum 
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available energies for these channels (see Table 1). An 

additional channel has to be postulated. Given the energetics 

and the masses at which the feature occurs, a possibility 

appears to be the formation of formaldehyde and benzene, channel 

(8) : 

(8) 

A possible mechanism for this reaction is indicated in 

Scheme 3: a hydrogen atom migrates from the methyl group to the 

o-carbon atom on the "ring and subsequently displaces the O-CH2 

group to form benzene. If both formaldehyde and benzene are 

being formed in the same reaction step, large amounts of energy, 

106 kcal/mole in the case of the absorption of one 248 nm-

photon, become available. Thus a large release of translational 

energy can be expected. 

Feature 11-11 (centered at flight times of about 120 ~s) at 

m/e=28, 29 and 30 (see Fig. 21) and feature 11-12 (centered at 

flight times of ~ut 190 ~s) at m/e=74, 75, and 76 (Fig. 23) 

can th~s be tentatively assigned to reaction (8). For the fast 

part of these c6-fragments, 'no possible other source has been 

found. It should be noted, though, that feature 11-11 does not 

constitute a major component of the spectra at m/e=30 (Fig. 21), 

the parent mass of formaldehyde, and feature 11-12 does not 

appear at m/e=77. No TOF spectra were obtained at m/e=78, the 

parent mass of benzene. However, in view of the large energy 
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release expected for this channel, it is possible that extensive 

. fragmentation in the ionizer results from the high energy 

content of the products of this dissociation channel. 

A possible alternative path responsible for features II-II 

and II-12 would be a two-photon process forming either methoxy 

and phenyl radicals or methanol and benzyne. The higher 

excitation energy could lead to the large translational energy 

observed. No power dependence measurements were carried out to 

distinguish this possibility from reaction (8). The 

fragmentation pattern of feature II-II is different from that of 

II-7 and II-9, however, that could be a result of the very high 

internal excitation expec~ed in a two-photon process. 

6.3.2.7. Feature II-13. In the m/e=15, 14 and 13 TOF spectra, 

an additional component appears to be present between features 

II-2 and II-4, i.e. centered at flight times of about 110 ~s, 

whose origin could not be identified (see Fig. 20, feature not 

indicated). It appears that this feature is also due to a 

multi-photon process and it is possibly related to feature I-9 

in the 193 run experiment. 

'6.3.2.8. Other features. Very fast features were found in the 

spectra of the C2 ' c3 ' and C4-fragments, which indicate 

additional secondary or tertiary processes. Fig. 24 shows 

+ + + spectra at m/e=24. (C2 ··), m/e=36 (C3 ), and m/e=48 (C4 ). For 

the latter two, the laser power dependence was studied. The 
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spectra on the left represent the higher laser power. It can be 

concluded that the fastest features at m/e=36 and 48 result from 

a multiphoton process, and the same is probably true for m/e=24. 

It appears that m/e=48 does not contain contributions from a 

feature faster than 1I-5, however, inspection of the spectra at 

20° (Fig. 25) reveal that a feature at flight times between II-1 

and 1I-5 has to be considered at the C4 fragments, illustrated 

with the spectrum at m/e=50 (C4H2+). The comparison of the 

m/e=36 (C3+) and m/e=39 (C3H3+) spectrum shows the additional 

fast component at m/e=36, whereas the m/e=39 spectrum is very 
+ . 

similar to that at m/e=65 (C5H5 ), Fig. 17. 

A possible source for these products is the decomposition 

of cyclopentadienyl radical into C2- and C3-fragments. No 

detailed analysis of these features has been performed. 

6.4. Discussion 

The UV photodissociation experiments described in this 

chapter were originally undertaken in order to study the 

production of phenoxy radicals, thought to take place through 

the dissociation of ground state anisole following UV excitation 

and IC, and to observe the secondary decomposition of these 

radicals. It was found that the UV photochemistry of anisole is 

much more complicated than that, and the different channels 

occurring could be only partially identified. For large systems 
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like the present one,the spectroscopic information available is 

much less detailed than that for many smaller molecules. The 

role of the different excited states as well as the electronic 

ground state in the photochemistry of anisole is unknown. 

However, the dynamical information obtained in our 

photofragmentation translational spectroscopy experiment 'for the 

individual channels provides indications for the types of 

dissociation mechanisms involved. 

It is of great interest to compare the results of UV 

photodissociation and IRMPD experiments. In cases where UV 

absorption is followed by'fast Ie and the subsequent 

decomposition takes place on the ground state surface, the same 

factors that govern theIRMPD dynamics also determine the 

dissociation at higher excitation energies. If there is a 

sizable barrier to dissociation and the release of this exit 

potential energy into translation predominates the contribution 

from the the statistically distributed excess energy to the 

translational energy, then the P(E.:r> distributions obtained with 

these two different excitation methods can be very similar. 28 

6.4.1. Production of the phenoxy radical 

The most remarkable result of our experiment is the absence 

of direct evidence for the production of phenoxy and methyl 

radicals in a ground state dissociation channel. Two different 
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explanations can be given for this fact. Either IC indeed does 

not play a significant role in the photochemistry of anisole at 

the wavelengths studied, or alternatively, if IC takes place, 

the primary products are not easily observable. If a 

statistical distribution of the excitation energy is assumed, 

the ground state dissociation channel producing phenoxy and 

methyl radicals is expected to involve the release of 

comparatively small amounts of translational energy and thus 

result in fairly large vibrational excitation of the products, 

in particular the phenoxy radical. Then most of the phenoxy 

radicals would dissociate further into cyclopentadienyl radicals 

and carbon monoxide, since the threshold for this process is 

only about 44 kcal/mole. 8 On the other hand, it should be 

possible to detect the slow methyl radicals. However, 

identifying a feature in the m/e=15 data with this channel 

proved to be difficult due to the overlap with other features. 

Information on the anisole ground state dissociation 

process was obtained in the IR multiphoton dissociation 

experiment recently performed in our laboratory.6 Only one 

major dissociation channel was observed, reaction (1). The 

translational energy distribution measured for this process 

showed a peak at about 3 kcal/mole, indicating the existence of 

an exit channel barrier. This result was in agreement with 

studies by Lin and Lin29 who found that in the reaction of 

methyl radicals with phenoxy radicals, the methyl primarily 

attaches to the 0- and p-positions on the ring rather than to 



229 

the oxygen atom. If the UV-induced dissociation resulted in a 

similar translational energy distribution, most of the phenoxy 

radicals would· indeed have sufficient internal energy to undergo 

spontaneous secondary dissociation. 

Even if' most of the primary phenoxy radicals do not reach 

the detector but decay instead, the corresponding second 

product, methyl radicals, should be,observable as slow features 

in the spectra of m/e=15, 14, and 13. -However, neither in the 

spectra obtained at 193 nm nor in those at 248 nm case did we 

find a clearly distinguishable feature that could be associated 

unambiguously with the ground state dissociation producing 

methyl radicals, although in both cases slow parts of the m/e=15 

spectra could be due"to this ,source. 

While questions remain regarding the ground state phenoxy 

dissociation channel, a fast dissociation channel yielding the 

same products was clearly identified at both wavelengths. The 

phenoxy radicals are responsible for features I-I and II-I; 

respectively, and the matching methyl radical features are 1-2 

and 11-2. In both cases, the translational eriergy distributions 

show a minimum translational energy value and a peak at 

relatively large values, but do not extend to the maximum 

available energy. The peak ,in the 193 nm reaction is at about 

60% of the available energy, in the 248 nm reaction about 50%. 

In view of the discussion of the ground state reaction, it is 

concluded that these processes represent the dissociation of an 

excited state of anisole. This is in agreement with the 
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conclusions of Kajii et al. 15 that at 193 nm, the dissociation 

process forming phenoxy radicals occurs via predissociation from 

* .. * an n-a state after the exc1tat10n to a ~~ state. Ground 

state dissociation was ruled out by these authors based on 

lifetime arguments. In their experiments with perfluoro

anisole, where the lifetime of the vibrationally excited ground 

state should be much longer than in the unsubstituted molecule, 

the dissociation was found to be equally fast. 

In addition, another channel was observed at both 

wavelengths which possibly represents reaction (1), evidenced by 

features I-3 and II-3, respectively. However, this 

interpretation remains uncertain. It is also unclear whether 

the same or similar processes are responsible for features I-3 

and II-3. The mass spectra of the two features are similar and 

suggest phenoxy radical as their origin, however, the formation 

of phenol or other channels can not be excluded as possible 

sources. One notable difference between the spectra obtained at 

193 run and the 248 run is the absence of significant 

fragmentation of I-3 into m/e=93. 

The most important difference is that II-3 apparently 

results from a two-photon process, while I-3 clearly does not. 

For both cases,the translational energy release is 

comparatively low, peaking at about 6kcal/mole in the 193 run 

experiment and at about 8 kcal/mole in the 248 run experiment. 

ThUS, ground state dissociation into phenoxy radicals can be 

excluded as the source, since the phenoxy radicals would have 
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too much vibrational excitation to be able to survive long 

enough to reach the detector. A possible alternative 

explanation would be the formation of electronically excited 

phenoxy or methyl radicals. The nature of the electronic state 

of a product can not be determ~ned in our crossed molecular beam 

experiment, except for indications in the translational energy 

distributions and the mass spectra of the features. 

As in the case of the ground state dissociation channel, 

confirmation of the assigr~ent to reaction (1) should be found 

in the TOF spectra of methyl radical. In the 248 nm experiment, 

feature 11-4 could be interpreted in this-manner, and in the 193 

nm experiment, feature 1-4 was postulated but it is probably not 

responsible for a major part of the mje=15 data. 

6.4.2. Dissociation of the phenoxy radical 

The secondary dissociation of the phenoxy radical is 

expected to result in the formation of carbon monoxide and 

cyclopentadienyl radical. 00 should be observable as fast 

signal at mje=28, while the cyclopentadienyl radical should be 

+ responsible for fast features in the spectra of mje=65 (C5H5 ) 

and its fragments. Such fast features were indeed observed at 

both wavelengths. A significant difference between the two 

experiments was that at 193 nm, the reaction responsible was 

identified as ~ single-photon process, whereas at 248 nm most 
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likely a two-photon process was involved. This indicates 

spontaneous secondary decomposition of highly vibrationally 

excited primary product in the first case and secondary 

absorption following the primary dissociation process in the 

latter. This view is supported by the earlier result that the 

phenoxy radicals exhibit an absorption maximum around 240 

nm. 13,15 

In the 193 nm experiment, difficulties were encountered in 

fitting the data assuming that features 1-7 (at m/e=28) and 1-8 

(at m/e=65 and fragments) originate from the same process. It 

had to be assumed that the primary reaction step was ·the 

dissociation according to reaction (1) with an extremely low 

translational energy release (maximum energy about 5 kcal/mole). 

Even then, the m/e=28 signal appears to have an onset faster 

than the calculation. Alternatively, part of the peak at m/e=28 

could be due to other sources, such as reaction (7). 

In the 248 experiment, several ways of fitting the data 

were found: In one, it was assumed that the slow feature (11-

3), under the assumption that it is due to phenoxy radicals, 

absorbed another photon and dissociated, in another, the primary 

P(ET) was assumed to be identical to that in the IR experiment 

and the secondary P(ET) was varied. The best fit was found, 

however, under the assumption that the fast phenoxy (feature Il

l) absorbed another photon and dissociated. This interpretation 

would indicate that no ground state dissociation followed by 

secondary decomposition of the phenoxy radicals takes place at 
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all. However, it is possible that some signal due to such a 

channel is hidden under the features discussed above. 

In summary, at both wavelengths fast signal was observed at 

m/e=28 (co+) and m/e=65 (C5H5+), indicating the occurrence of 

secondary dissociation of phenoxy radicals, however, the primary 

process or processes producing these phenoxy radicals could not 

be identified unambiguously. 

6.4.3. Production of methanol, methane, methoxy, and 

formaldehyde 

A major channel which occurs at both wavelengths was 

, assigned to reaction (6), the formation of methanol and benzyne 

as a four-center elimination. This channel is represented by 

features I-5 and II-7, respectively. Both of these features are 

found at m/e=13, 14, 15, 29, 30, and probably at m/e=3l. II-7 

clearly constitutes a component of the m/e=28 spectrum, but in 

the case of I-5 this can only be assumed because of the overlap 

with feature I-7. 

The translational energy distributions for this channel at 

the two wavelengths are qualitatively similar, with peaks at 

about 20% and 25%, respectively, of the total available energy 

in the 193 nm and 248 nm case. The maximum energy in the 193 nm 

case was found to be the total available energy, and the same 

was assumed for 248 nm. However, the translational energy 
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distribution for the methanol and the methoxy channels at 248 nm 

can not be determined separately, a range of combinations is 

possible. consequently, the relative importance of the methanol 

and the methoxy channels can not be evaluated. 

The channel forming methanol is most likely due to a 

single-photon process and was assigned to reaction (6) on 

grounds of the energetics and the fact that a peak in the 

translational energy distribution away from zero was observed 

which indicates an exit channel barrier. Such a barrier is 

definitely expected to occur for a four-center elimination 

process like the one required in this particular case. Most 

likely this channel originates from dissociation of an 

electronically excited state of anisole, since in the ground 

state dissociation the lowest energy channel, reaction (I), is 

expected to dominate and the formation of methanol was not 

observed in the IR multiphoton dissociation. 6 

If the methanol production on the excited state surface is 

preceded by H-migration from the o-position on the aromatic ring 

to the ° atom, then another decay process to be considered: the 

formation of methane and C6H40, reaction (9): 

(9) 

The rearrangements presumed to occur in this process and a 

conceivable structure of C6H40 are shown in Scheme 4. The data 
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at both wavelengths do not provide any indication for an 

additional channel of this kind, however, it is possible that it 

takes place to a small degree and is not responsible for any of 

the major features, but a minor part of features 1-3, 1I-3, etc. 

The structure of the C6H40 species remains hypothetical, and the 

energetics for reaction (9) can not be estimated. 

The fonnation of methoxy and phenyl radicals, reaction (5), 

was postulated in the 248 nm experiment based on feature 1I-9 in 

the TOF spectra at m/e=29, 30 and 31 and it could be a component 

in the m/e=28 spectrum, dependent on the P(E.r) assumed for the 

methanol channel. The P(E.r) for this reaction in the 248 nm 

case was found to peak at zero, indicating a simple bond rupture 

process occurring on the ground state surface. 

In the 193 nm reaction, a methoxy channel was postulated to 

explain feature 1-13 at m/e=31, 30 and 29. The translational 

energy for this channel was found to peak at 2.5 kcal/mole, 

indicating a barrier to the C-C bond rupture, in contrast to the 

result above. This channel is a very minor one in the 193 nm 

case and its interpretation is quite uncertain. 

A channel producing fonnaldehyde and benzene, reaction (8), 

was postulated for the 248 nm reaction to explain a very fast 

feature (II-II) at m/e=28 and 29. Signal as fast as that could 

not be due to the fonnation·of methanol nor methoxy in a one

photon process for energetic reasons. A two-photon process, 

however, has to be considered as an alternative explanation. 

The counterpart fragments in these channels, benzyne, 
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phenyl radicals, and benzene, contribute to the spectra at 

+ + + m/e=76 , 75 and 74 (C6H4 ' C6H3 ' and C6H2 ). No signal was 

observed at m/e=77 and no data were taken at m/e=78 at both 

wavelengths. The phenoxy radical was found \ to fragment into 

m/e=77 in the IR experiment,6 and it is thus possible that a 

small part of the signal at these masses is due to phenoxy 

radical fragmentation. 

6.4.4. Unobserved channels 

It should be mentioned that several dissociation channels 

which could be expected to pccur were not observed in the 

present experiments. In particular, elimination of atomic or 

molecular hydrogen from either the aromatic ring or the methyl 

group could take place. Primary and secondarY.H- and H2-

elimination was indeed observed in the UV-photodissociation of 

benzene performed in our laboratory.l The energetic relations 

for these processes are included in Table 1. 

If these reactions occur in the present case as well, it is 

very likely that their products can not be detected. Atomic or 

molecular hydrogen are impossible to detect in the present 

detector arrangement. The corresponding heavy fragments, on the 

other hand, could escape detection as a result of the kinematic 

relations, in particular in the case of a translational energy 

peaking at zero as was observed for the atomic hydrogen 
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elimination from benzene. Because of momentum conservation, the 

heavy fragm~nts"would travel very slowly and would therefore not 

be scattered significantly out of the beam. We made several 

attempts to overcome this .problem by using slower molecular 

beams formed by seeding anisole in molecular nitrogen and by 

measuring spectra at very small laboratory angles. No 

indication for such a channel was found, but none of these 

reactions can be excluded with certainty. They could in fact be 

responsible for various secondary products and explain some of 

the unidentified features. 

6.4.5. Other channels 

Evidence for several additional channels was found, in 

particular subsequent dissociation processes of the primary and 

secondary products. These reactions are probably. due to multi

photon processes, and a detailed analysis proved to be. 

difficult, particularly in view of the remaining uncertainties 

regarding the nature of the primary.processes. For instance, 

the only feature in the 193 nm experiment which was clearly 

identifieg as resulting from a multiphoton-process, 1-12, and 

the possible equivalent in the 248 nm reaction, 11-13, are 

likely due to a secondary dissociation process whose origin 

remains unclear. 

At both wavelengths, very fast features were found in the 
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spectra of various C
2
-, C3- and c4-fragments, indicating further 

decomposition of the cyclopentadienyl radical or "possibly other 

larger products. Power dependence stUdies at 248 nm suggest 

that multi-photon processes are responsible for these channels. 

6.5. Summary 

In the UV photodissociation of anisole in a molecular beam 

at 193 and 248 nm, a variety of different dissociation channels 

was observed. In a direct dissociation process, phenoxy and 

methyl radicals are being produced. Only indirect evidence was 

found for the same +eaction occurring in highly vibrationally 

excited electronic ground state molecules formed by IC after 

absorption. 

A major channel was observed in both cases producing slow 

product at "the phenoxy radical masses. However, this channel 

can not be du~ to the ground state dissociation process since 

the resulting phenoxy radicals would have too much vibrational 

excitation to be able to reach the detector. Possible sources 

for this product are dissociation of anisole yielding 

electronically excited fragments or alternative processes, such 

as the formation of phenol and 1CH2 , reaction (4). 

Signal was observed at both wavelengths which indicates 

secondary dissociation of phenoxy radicals into carbon monoxide 

and cyclopentadienyl radicals. The primary processes 
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responsible for these phenoxy radicals, however, could not be 

identified unambiguously. 

Additional channels-are the production of methanol plus 

benzyne; methoxy plus phenyl radicals, and formaldehyde plus 

benzene. The methanol channel can be postulated with 

considerable certainty in both the 193 and the 248 nm case and 

probably represents dissociation from an electronically excited 

state. Methoxy formation appears to be of importance at 248 nm 

and possibly contributes at 193 nm as well. The formation of 

formaldehyde was postulated to explain' certain fast features in 

the 248 nm data. 

Multiphoton processes are probably responsible for further 

dissociation of the primary arid secondary products into smaller 

C2-C4 fragments. 

In summary, a large variety of channels of channels could 

be observed in the UV-photodissociationof anisole. Many of 

them could only be- assigned tentatively, and additional work 

using as many different techniques as possible is needed to 

unravel the complex photochemistry of this molecule. It appears 

that anisole UV-photochemistry invcil ves to a large degree the 

dissociation from electronically excited states and that IC does 

not play a major role. " 
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6.7. Tables 

Table 1. Energetics for various dissociation channels at 193 and 

248 nm. 

channel 

CH3 + phenoxy 

CH3 + C5H5 + CO 

CH30H + benzyne 

CH30 + phenyl 

O(lD) + toluene 

1CH 
2 + phenol 

H· + 0-0-CH • 2 

H2 + methoxy-benzyne 

H· + methoxy-phenyl 

CO + methyl-cyclopentadiene 

CH20 + C6H6 

(a) Ref. 16 
(b) Ref. 4 
(c) Ref. 17 
(d) Ref. 18 
(e) Ref. 19 

AHf available E 

193 run 248 run 

63 85 52 

84 65 32 

87 61 28 

100 48 15 

134 14 

96 52 20 

93 55 22 

98 50 17 

111 37 4 

16 132 99 

9 139 106 

(f) assumed to be the same as -0- ~ .-0- + H (b) 
,(g) assumed to be the same as 0 ~ H2 + benzyne (a,d) 
(h) assumed to be the same as 0 ~ H + 0' (b) 
(i) estimated from Ref. 20 

source 

a,b,c 

a,b,c 

a,d 

a,b 

a,c 

a,c,e 

a,f 

a,g 

a,h 

a,c,i 

a,c 
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Table 2. Summary of features 

1. 193 nm 

I-I fast phenoxy from excited state dissociation 
1-2 fast methyl (counterpart of I-I) 
1-3 slow feature at m/e= 92,91,90, 65, etc. (presumed to be 

an excited state or isomer of the phenoxy radical) 
1-4 slow 15 (counterpart of 1-3, assuming it is phenoxy) 
1-5 methanol 
1-6 benzyne (counterpart of 1-5) 
1-7 m/e=28 feature, probably secondary CO 
1-8 cyclopentadienyl radical from secondary processes 
1-9 CO (counterpart of 1-10) 
1-10 methylcyclopentadiene 
I-II very slow m/e=15 - methyl from ground state dissociation 
1-12 two-photon component in m/e=15 
1-13 methoxy radical 
1-14 phenyl radical (counterpart of 1-13) 

2. 248 nn\ 

11-1 
11-2 
11-3 
11-4 
11-5 
11-6 
11-7 
11-8 
11-9 
11-10 
II-II 
11-12 
11-13 

fast phenoxy from excited state dissociation 
fast methyl (counterpart of II-I) 
slow phenoxy radical 
slow methyl radical (counterpart of 11-2) 
cyclopentadienyl radical from secondary processes 
CO (counterpart of 11-5) 
methanol 
benzyne (counterpart of 11-7) 
methoxy radical 
phenyl radical (counterpart of 11-9) 
formaldehyde 
benzene (counterpart of II-II) 
intermediate m/e=15 
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6.8. Schemes 

Scheme 1 . 

• 

+ co 
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·Scheme 2. 
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Scheme 3. 
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6.9. Figures 

Figure cap~ions 

.;,' 
'. 

For'all TOF spectra, the scattered points represent the data. 

The calculated features are shown in broken lines and identified 

where necessary, and the solid lines correspond to the sum of 

all features. 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

TOF data at m/e=93 at three different laboratory 

angles obtained at 193 nm. ~ 

TOF data at m/e=90, 91, and 92 at 10° obtained at 193 

nm. The fits' were obtained using the translational 

energy distributions shown in Fig. 3. 

Upper panel': translational energy distribution for the 

hypothetical ground state dissociation of anisole to 

phenoxy and methyl radicals; lower panel: (a) the 

channel responsible for features 1-3 and I-4, presumed 

to be the formation of phenoxy and methyl radicals, 

(b) the secondary dissociation of the phenoxy radical 

from the ground state channel to form cyclopentadienyl 

(feature I-10) and carbon monoxide (feature I-9) , (c) 

the excited state dissociation channel into phenoxy 

. (feature I-i) and methyl radicals (feature I-2) at 193 

nm.·· 

TOF data at m/e=15, 14, and 13'at 10° obtained at 193 

nm. 



Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 
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Schematic energy diagram illustrating the primary 

dissociation of anisole to phenoxy and methyl radicals 

and the secondary dissociation of vibrationally 

excited phenoxy radicals to cyclopentadienyl radicals 

and carbon monoxide. 

TOF data at m/e=65 at four different laboratory angles 

obtained at 193 nm. The fits were obtained using the 

translational energy distributions shown in Fig. 3. 

In these fits the relative contributions of each 

feature was optimized for a best fit at each angle 

separately. 

TOF data at m/e=65 at four different laboratory angles 

obtained at 193 nm. The fits were obtained using the 

translational energy distributions shown in Fig. 8. 

In these fits the relative contributions of each 

channel was assumed to be the same at.all four angles. 

Translational energy distributions for (a) the 

hypothetical ground state dissociation of anisole to 

phenoxy and methyl radicals, (b) the channel 

responsible for features 1-3 and 1-4, presumed to be 

the formation of phenoxy and methyl radicals, (c) 

translational energy distribution for hypothetical 

reaction (7), (d) the secondary dissociation of the 

phenoxy radical from (a) to form cyclopentadienyl 

(feature 1-10) and carbon monoxide (feature 1-9), (e) 

the excited state dissociation channel into phenoxy 

\ 



Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 
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(feature 1-1) and methyl radicals (feature 1-2) at 193 

nm. 

Mass spectra of feature 1-3 (upper left panel), 

phenoxy radical formed in IR multiphoton dissociation6 

. 25. -
(lower left panel), phenol (upperrlght panel), and 

toluene25 (lower right panel). 

TOF data at m/e=15 at four different laboratory angles 

obtained at 193 nm. 

TOF data at m/e=29, 30, and 31 at 10° obtained at 193 

rim. 

Translational energy distributions for (a) reaction 

(5), formation of methoxy and phenyl radicals, and (b) 

reaction (6), formation of methanol and benzyne at 193 

nm. 

TOF data at m/e=75, 76, and 77 at 10° obtained at 193 

nm. 

Fig. 14· TOFspectrum at m/e=28 at 10° obtained at 193 nm, (a) 

Fig. 15 

Fig. 16 

Fig. 17 

fit assuming the processes and translational energy 

distributions shown in Fig. 3, (b) fit assuming the 

processes'and translational energy distributions shown 

in Fig. 8. 

TOF data at m/e=60, 48, and 36 at 10° obtained at 193 

nm. 

TOF data at m/e=93 at two different laboratory angles 

and m/e=92 and 91 at 10° obtained at 248 nm. 

TOF data at Iil./e=65 at four different laboratory angles 



Fig. 18 

Fig. 19 

Fig. 20 

Fig. 21 

Fig. 22 

Fig. 23 

Fig. 24 
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obtained at 248 nm. 

TOF data at m/e=65 at 10° at three different laser 

power levels (top: 0.9 W,center: 0.29 W, bottom: 0.: 

0.035 W) obtained at 248 nm. 

Translational energy distributions for (a) the channel 

responsible for features 11-3 and 11-4, presumed to be 

the formation of phenoxy and methyl radicals, (b) the 

excited state dissociation channel forming phenoxy and 

methyl radicals, (c) secondary dissociation of the 

faster phenoxy radicals into cyclopentadiene and 

carbon monoxide at 248 nm. 

TOF data at m/e=15, 14, and 13 at 10° obtained at 248 

nmi upper left panel: 3.55 W, upper right panel: 0.93 

W. 

TOF data at m/e=28, 29, 30 and 31 at 10° obtained at 

248 run. 

Translational energy distributions for (a) reaction 

(5), formation of methoxy and phenyl radicals, (b) 

reaction (6), formation of methanol and benzyne, (c) 

reaction (8), formation of formaldehyde and benzene at 

248 nm. 

TOF data at m/e=74, 75, and 76 at 10° obtained at 248 

nm. 

TOF data at m/e=24, 36, and 48 at 10° obtained at 248 

nmi for m/e=36 and 48 the spectrum shown on the left 

was taken at higher laser power than the spectrum on 



Fig. 25 
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the right. (M/e=36: 4.1 Wand .93 W respectively; 

m/e=48: 3.6 Wand 1.1 W respectively). 

TOFdata at m/e=36, 39, and 50 at 20 0 obtained at 248 

nm. 
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APPENDIX 1 

Approximation of Ionization Cross sections~ 

In order to use the awesome molecular beam method for any 

kind of quantitative determination, great care has to be taken 

to estimate all factors that enter the calculation of quantities 

such as relative scattering cross sections (branching ratios). 

If a branching ratio is to be determined from the "apparent" 

relative cross sections - which are obtained as output of the 

computer fit to angular distribution and/or time-of-flight data 

- correction factors need to be applied which reflect the 

ionization probability of the product species of .. interest and 

the probability of that species to fragment upon electron-impact 

ionization into the ion monitored: 

In this expression R denotes the branching ratio or ratio of the 

relative cross sections afo~ chann~ls (a) 'and (b), a~ and a~ 

are the "apparent" relative cross sections as measured in the 

crossed molecular beams experiment by monitoring mass rnA and ~, 

QA and QB are the ionization cross sections for product A of 

channel (a) and product B of c~annel (b) ,and ~ and ~ are 

the probabilities of product A (B) to give a fragment of mass rnA 

(~) in the ionization process. This equation differs from the 
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ones given previously! by omission of the "kinematic factors" 

which in oUr case are included in the "apparent" cross sections 

since they are the output of a computer program which performs 

all the center-of-mass to laboratory frame transformations 

properly. 

It has been the tradition in the Lee group! to use the 

linear relationship between the maximum ionization cross 

sections and the square root of the polarizability suggested by 
2 \ 

center and Mandl and to approximate the molecular 

polarizability as the sum of the atomic polarizabilities as . 

tabulated by Miller and Bederson3• It appeared to be worthwhile 

to search in the literature for more recent and hopefully more 

accurate methods for approximating molecular. ionization cross 

sections. 

Experimental data on absolute ionization cross sections are 

surprisingly sparse4 •. Mark has reviewed experimental methods 

employed for these measurements5• The general featu~es of the 

ionization cross section vs. electron energy curves are very 

similar for most substances: a sharp initial rise to a maximum 

at about 70-80 eV followed by a plateau or slow decline. The 

alkali atoms exhibit somewhat different behavior: the cross 

sections peak at lower energies and fall off faster. 

Very few data are available for absolute ionization cross 

sections of radicals6• We will make the assumption that 

approximate methods for the calculation of ionization cross 

sections will be applicable for radicals as well. 
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Numerous semi-empiriCal and semi-classical approximation 

methods have been developed7 for calculation of electron impact 

ionization cross sections 'as a function of electron energy. 

However, due to the limited avaiiability and limited accuracy of 

the experimental determinations (on the order of 10-20%8), the 

general validity of these relations cannot be easily 

ascertained. 

Of practical importance for mass sPectrometrists are the 

ionization cross sections at a given electron energy, which is 

typically optimized for maximUm' ionization efficiency. In the 

literatUre ionization cross sections have been reported for 70 

or 75eV or at the maximum, and these conditions can be 

considered equivalent. It should be noted that the term "total 

ionization cross section" strictly applies to single ionization 

events only, including those reSUlting in fragmentation. 

Due to the lack of reliable data, numerous efforts have 

been made to find-empirical or semiempirical relationships 

between the molecular ionization cross section and some 

convenient quantity which would allow easy calculation of 

approximate 'values. 

An early and much used relationship was suggested by otvos 
9 .. . ,'. . and stevenson : the molecular lonlzatloncross sectlons were 

approximated as the sum of atomic cross-sections, which in turn 

were calculated by the weightedsum"of the outer, or valence, 

electrons (having ionization Potentials of less than 35 eV). 

The weights were the mean square radii 'of the electrons. 
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Refined methods for calculating the atomic polarizabilities were 

developed (e.g. Ref. 10), but it was also shown that the 

relationships suggested by otvos and stevenson are not generally 

validll , but valid within a given molecular class12 ,13. 

Grosse and Bothe14 suggested an additivity scheme where 

ionization cross sections are calculated as linear combinations 

of "bond cross sections". Taking the influence of the chemical 

bonds into account, an improved fit to experimental data was 

obtained. 

Direct correlations between the maximum ionization cross 

section and other molecular properties have been suggested: 

Lampe et al. 11 found that the measured ionization cross sections 

were linearly related to polarizability; Beran and Kevan13 

tested correlations of ionization cross sections with 

polarizability, diamagnetic susceptibility, and additivity of 

ionization cross sections; Center and Mandl2 suggested a linear 

correlation of the maximum cross sections and the square root of 

the polarizability; Oono and Nishimura15 found a linear relation 

between the square root of the electron-impact ionization cross 

sections and the cube roots of the van der Waals volumes for 

molecules; and Bartmess and Georgiadis16 tested the correlation 

between ion gauge sensitivities and the number of electrons, the 

otvos-stevenson function9 and polarizability, and found a linear 

relationship between the sensitivity values and polarizability. 

However, in order to apply these relationships, approximation 

methods have to be used to calculate properties such as 
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polarizability and magnetic susceptibility which in turn 

typically are based on the additivity of contributions from the 

constituent atoms or bbnds17 ,18. 

Taking up the idea of a simple additivity rule, Fitch and 

sauter19 have recently proposed a strikingly simple scheme in 

which the relative ionization cross sections (Q) are calculated 

from atomic ionization cross sections (a{) according to 

Q = b + }: a.n. 
i=1 1 1 

where the summation is performed over all different atoms (The 

n. are the number of atoms of kind i in the molecule). The 1 . 

values for b and-ai were obtained from a least squares fit to 

179 published ionization cross sections. The a i parameters were 

given for C, H, 0, CI, Br, I, F, N, D, and S (See Table I.). A 

second set of parameters was obtained by differentiating 

different hybridization states of C and 0, but no significant 

improvement over the simpler regression was found. The average 

error in the prediction of relative total ionization cross 

section for the 179 molecules was reported as 4.69%. Deutsch 

and Schmidt20 extended this method to include coefficients for 

P, As, B, and si. 

The method suggested by Fitch and sauter19 appears to be 

very appealing for our purposes, due to its eqse of use. Even 

t~e hybridization state of the atoms can be neglected. Since 

our reaction products are typically radicals, none of the 
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refined approximations requiring parameters for homologous 

series can be applied anyway. 

Applying different approximation methods (Ref. 9, Ref. 2 

plus Ref 3 , Ref. 2 plus Ref. 18 , Ref. 16 plus Ref. 3, Ref .16 

plus Ref. 18, Ref. 9) to specific examples (~inoxylQCHO' 

Qketyl/QcO) results in values differing by up to about 25%. At 

this point not enough experimental data are available in order 

to evaluate critically the different schemes and their validity 

for our purposes. Since the values obtained from the method of 

Fitch and sauter19 are in satisfactory agreement with the values 

obtained from other methods and due to the ease of their 

calculation and the fact that no additional molecular property 

needs to be computed, we conclude that this simple scheme can be 

applied for our purposes. Hopefully future investigations will 

produce more and better data allowing for refined and more 

reliable calculation procedures. Until then we will have to 

live with a sizable uncertainty in our branching ratio 

correction factor. 

----- ------
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Table I - Cross section Coefficients (from Ref. 19) 

(units: 10-16 cm2 ) 

Q = 0.082 + I a.n. 
i=l l. l. 

Atom 

C 

H 

0 

Cl 

Br 

I 

F 

N 

D 

S 

a. 
l. 

1.43 

0.73 

1.10 

3.98 

5.19 

6.62 

0.61 

1.20 

0.93 

3.80 
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APPENDIX 2: THE EVALUATION OF RELATIVE REACTION CROSS SECTIONS 

AND BRANCHING RATIOS FROM CROSSED MOLECULAR BEAM DATA 

Chemical kinetics deals with,the question of rates of 

chemical reactions. Reaction rates, however, are bulk 

quantities, and research efforts have been directed towards more 

and more detailed information, namely reaction probabilities as 

a function of specific conditions. The rate of the production 

of a product p in a simple bimolecular reaction, that is the 

number of product molecules (or moles) produced per unit time 

and unit volume, is proportional to the number density of both 

reactants, as well as to the relative velocity between the two 

reactants: 

(1) 

where np ' n1 , and n2 are the number densities of product and 

reactants 1 and 2, respectively, and g is the relative velocity. 

The proportionality factor a is identified with the total 

reaction cross section and has the dimensions of an area. 

For the case of a molecular beam experiment where the 

velocity vectors of the reactant molecules are well defined and 

the products can be detected and measured as a function of 

angle, the differential cross section a(8L'~L) can be 
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determined: 

(2) 

where (3) 

The inforlilation obtained in a crossed molecular beams 

experiment combined with time-of-flight (TOF) measurements of 

velocity distributions is in fact even more detailed: 

Distributions are measured as a function of angle and flight 

time. Since the flight length is easily" determined and 

essentially"constant, this information is equivalent to 

angularly resolved velocity distributions: 

(4) 

where v represents the product velocity and 0L the solid angle 

in the laboratory frame. This information can be rewritten in 

many different ways corresponding to different reference frames. 

The analysis procedure is greatly simplified if the angular 

distribution and the translational energy distributions are 

assumed to be independent of each other. This assumption 

appears reasonable for the case of a long-lived complex, and has 
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been applied successfully for the analysis of most molecular 

beam experiments performed in this group, however, exceptions 

are known to occur, especially when the reaction is directl. 

Thus the goal of our analysis is to find the distribution of 

relative translational energies between the products, P(ET), and 

the angular distribution in the center-of-mass (CM) frame, 

T(Oe). The angular information reduces to one angle 0e because 

of the symmetry of the scattering process around the relative 

velocity vector. 

In our analysis procedure, P(ET) and T(Oe) are guessed 

initially and then varied until, after convolution over the 

relevant beam parameters, a satisfactory agreement of the 

calculated spectra with the data is obtained. This appendix 

describes how all the proper transformations are performed in 

the analysis program used in order to obtain correct relative 

reactive cross sections. 

First, the input P(ET) and T(Oe) distributions are 

normalized, such that: 

and 

I P(~) dET = 1 

II T(Oe) sinO e d~edOe = 

2~ I T(Oe) sinO e dOc = 1 

(5) 

(6) 
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The tradition of the group has been to report P(~) for 

reactive scattering scaled such that the maximum equals 1, 

whereas for photodissociation the,correct normalization, i.e. 

the integral equals 1 - as is appropriate for a probability 

distribution- has been used. 

The differential cross section a(ET,9c), expressed in terms 

of translational energy and CM angle, is proportional to the 

product of P(~) and T(9c): 

(7) 

and the total cross section is obtained as 

(8) 

The differential cross section as defined in (6) has to be 

expressed in terms of laboratory velocity v and laboratory angle 

9L in order to be compared the TOF data from molecular beam 

experiments. Consider first the transformation from 

translational 'energy to velocity in the CM-frame: 

(9) 

m 2 m I 2 
~=-Eu +.-2..:..u 
-or p p' 2 2 

(10) 
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where up and up' are the CM-velocities of the corresponding 

products p and pI, mp and mp ' are their masses. Using 

(10) rearranges to 

where 

thus 

1 m 
= -.m (-E- + 

2 P m 
p' 

m 

2 1) ·u 
P 

~ = m (-E- + 1) 
Pm 

p' 

dE
T 

_ 
-- = ~·u 
du P 

P 

(11) 

2 = -·u 
2 P 

(12) 

(13) 

(14) 

The mass factor ~ is extremely important if different 

reaction channels (with different reduced product masses 

~p=mpmp,/(mp+mp'» are to be compared and the branching ratio 

determined. It was omitted in previous versions of the 

program2 .. In programs "GM*" ~ is identical with the variable 

"GB". 

The next transformation is from the CM to the laboratory 

frame: 

I 
I 
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(15) 

where (16) 

A derivation for the transformation Jacobian (16) was given 

in Ref. 3. 

Finally, to account for the fact that the electron impact 

ionizer/Daly ion detector measures number density and not flux, 

an additional factor l/v has to be included. If the TOF 

distributions are calculated, the transformation from velocity 

to time-frame has to be included as well: 

dv _ 
dt - (17) 

where s denotes the flight length, a constant in any experiment. 

In the analysis program used for the reactive scattering 

experiments described in this thesis, angular or TOF 

distributions were calculated by applying the normalizations for 

P (ET) and T (8 L) as described above. Then all the proper 

transformations as well as the averaging over as many Newton 

diagrams as needed is performed. The averaging procedure was 

described in detail in Ref. 2. Subsequently the calculated 

distributions are scaled to the input distributions (data) using 

a linear least-square procedure. The scaling factor obtained in . 
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this manner, Z, can be identified with the (relative) total 

cross section a, see eg. (8). Absolute cross sections can 

typically not be measured, since the densities of the beams, the 

exact size of the collision zone, and the detection efficiency 

are not known exactly. Finally these relative cross sections 

(denoted ao in chapters 1 and 2) are corrected for ionization 

probabilities and ionizer cracking patterns, as described in 

detail in chapter 1, in order to obtain the correct branching 

ratios. 
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