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HOT ATOM REACTIVE SCATTERING AND PHOTODISSOCIATION 

EXPERIMENTS WITH ACETYLENE AND ETHYLENE 

by 

Barbara Ann Balko 

ABSTRACT 

Two different experimental techniques, chemical 

activation and photofragrnent translational spectroscopy, are 

used to study acetylene, ethylene, and their associated 

radicals: C2 , C2H, C2H3 , and C2H5 • The experiments are done 

on a molecular beams apparatus with mass spectrometric 

detection. 

The first type of experiment uses a photolytic D atom 

source to look at the dynamics of the D + C2H2 /C2H4 ~ 

[C 2H2D/C 2H4D). ~ C2HD/C2H3D + H substitution reactions at 20 

kcal/mole collision energy. The derived product center-of

mass angular and translational energy distributions show 

that, for both hydrocarbons, the reaction is direct and has 

an exit barrier. These observations are compared with RRKM 

estimates of the lifetimes of the complexes. 

The other type of experiment involves 193 nm 

photodissociation of C2H2 , C2H4 , and C2H2F2 • The acetylene 

photodissociation studies give a new measurement for the 

H-CCH bond energy. The H atom time-of-flight spectrum shows 



structure from the formation of vibrationally and 

electronically exited C2H. It is also found that internally 

excited C2H preferentially absorbs a photon and dissociates 

to yield C2 photofragments in high electronic states. 

Both the molecular and atomic elimination channels are 

studied in the ethylene photolysis. For the molecular 

channel, it is found that three-centered elimination is 

preferred over four-centered; the exit barrier observed is 

consistent with concerted elimination. In the atomic 

elimination channel, the C2H3 that forms readily absorbs a 

photon to give C2H2 in the lowest triplet state. 

The 193 nm photodissociation studies of 

difluoroethylene give a better understanding of the ethylene 

photodissociation. Both the HF and H2 molecular elimination 

channels are observed. The three-centered elimination is 

preferred over the four-centered and HF elimination occurs 

more easily than H2 • H and F atoms are detected in the 

photodissociation as well, although the mechanism for their 

production cannot be completely determined. 



This thesis is dedicated to my parents 

who made it all possible. 
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Chapter 1: Introduction 

Choosing a title for this thesis was quite difficult in 

that two different types of experiments are discussed, hot 

atom reactive scattering and photodissociation. There is a 

unifying theme, however. Both experiments probe energy 

disposal in molecules and radicals that are important in 

combustion. 

The D atom reactive scattering experiments with 

acetylene and ethylene described in Chapter 3 are an example 

of chemical activation in which the energy added to the 

system comes from the collision and the exothermicity of the 

addition reaction [1]. One learns about the intermediate 

complex, the vinyl (C2H2D) or ethyl (C2H4D), by seeing how 

efficiently the translational energy is randomized, 

estimating the lifetime, and determining whether 

substitution or decomposition back to the reactants is 

preferred. The experiments described in this thesis were 

carried out on the crossed molecular beams machine described 
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in Chapter 2. The time-of-flight (TOF) of the substitution 

product, C2HD or C2H3D, is measured as a function of 

laboratory angle. Deconvolution of these spectra gives the 

product translational energy and center-of-mass (COM) 

angular distributions, P(ET) and T(9). T(9) reveals how 

long-lived the D-hydrocarbon complex is and the dynamics of 

the reaction. The P(ET) indicates if there is an exit 

barrier to the reaction and shows how efficiently the 

initial translational energy is transferred into internal 

energy. If the reaction complex is long-lived and the 

vibrational and rotational modes are actively involved in 

the energy randomization, the product energy distribution 

will be more statistical and the P(ET) will peak near zero 

when there is no exit barrier or close to the energy of th1s 

barrier if there is one. The other extreme is that the 

reaction is direct--the complex well does not "trap" the D 

atoms. In this case, the energy transfer will not 

necessarily be statistical and will depend on the dynamics 

of the reaction. Since the detected products are mass 

selected, it is also possible to look for other channels 

such as non-reactive scattering and hydrogen abstraction to 

see how these pathways are influenced by the complex well. 

The photodissociation experiments put energy into the 

acetylene and ethylene molecules with 193 nm photons rather 

than D atom colJ.isions. The hydrocarbon will be excited to 

a specific electronic state which can affect how the energy 
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is randomized. It is possible, however, that after the 

initial excitation, the molecule will internally convert to 

high vibrational levels of the ground electronic state; then 

a more statistical distribution of the initial energy would 

be expected, similar to what happens when a long-lived 

complex forms [2]. Unlike the D atoms, the photons supply 

enough energy to break bonds. The information from the 

photodissociation experiments comes from TOF spectra of the 

fragments. Assuming that at least some of the products are 

formed in the ground state and the parent molecules are 

internally cold, energy conservation shows that a 

measurement of the fastest fragment velocity will give the 

bond dissociation energy. Despite the relative simplicity 

of acetylene and ethylene (only 4 and 6 atoms), the bond 

strengths and heats of formation of these parents and their 

corresponding fragments are very poorly known [3]; any 

thermodynamic measurements such as those done here, then, 

will be of great value. In addition, in cases where the 

molecule dissociates to an atom, which cannot be 

vibrationally or rotationally excited, and a radical, the 

TOF spectrum will reflect the internal energy distribution 

in the radical fragment. The C2H and C2H3 fragments are at 

least as poorly characterized as the corresponding parents 

so high resolution TOF spectra in which excited states can 

be seen is informative, especially for those states with low 

oscillator strengths. Furthermore, some of the 
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photofragments can spontaneously decompose or can absorb a 

photon and fall apart. Because of the inherent averaging 

involved in these secondary events, i.e. parent molecules 

with a wide initial internal energy range and velocity 

distribution will be involved, it is impossible to determine 

precise bond energies. One can, however, learn about the 

excited states of the resulting fragments and how the energy 

is distributed. In the photodissociation of acetylene and 

ethylene, there are several pathways that are 

thermodynamically open. Mass selection of the 

photofragments will show which of these channels are 

important. 

The reactive scattering and photodissociation 

experiments involving C2H2 and C2H4 , for the most part, probe 

different intermediates and products. While the reactive 

scattering involves the vinyl and ethyl complexes, the 

photodissociation experiments look at energy disposal in the 

C2H, C2H3 , and C2H2 photofragments. The vinyl radical is the 

only common intermediate, although the two experiments 

consider different energy regimes and excitation schemes. 

In the reactive scattering case, there is the exothermicity 

of the reaction to form the complex (-33 kcal/mole) in 

addition to the collision energy for a total of -53-73 

kcal/mole; in the photodissociation, there is a maximum of 

-40 kcal/mole (the photon energy minus the C-H bond energy) . 

The intermediates and fragments from both sets of 
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experiments, however, are all important in combustion 

processes [4). The single collision conditions/well

characterized molecular beams used are quite different from 

the typical flame environment where reactants and by

products mix and multiple collisions can take place. To 

have any chance of understanding the more realistic 

situation, however, requires thermodynamic information as 

well as an understanding of energy transfer than can only 

come from "clean" experiments such as those described here 

where the individual collisions and half-collisions can be 

isolated. Although one normally associates oxygen reactions 

with combustion, H atoms are widespread in flames and have 

important roles because of their reactivity and typical high 

velocities. Acetylene and ethylene are also found in most 

hydrocarbon flames; acetylene, in fact, is believed to be 

the critical molecule in soot formation. The D atom 

reactive scattering experiments give an understanding of 

what happens when a fast moving atom collides with acetylene 

or ethylene. Does the radical live long enough so that it 

can further react or does it decompose? Competition between 

C2H5 ~ C2H4 + H versus C2H5 + 0 2 ~ C2H4 + H02 , for example, is a 

determining factor in the co~bustion of ethane [4). An 

understanding of how much energy is transferred to the 

hydrocarbon is also important in that it will show how 

internally excited the hydrocarbon becomes which will affect 

its further reactivity. The photodissociation experiments 



provide thermodynamic information and give some idea of the 

fragmentation pathways and the excited states that will be 

involved. For example, they can show whether excited C2H4 

is likely to fragment to C2H2 + H2 or C2H3 + H. 

6 

The apparatus used for both the reactive scattering and 

photodissociation experiments is described in Chapter 2 with 

the emphasis on the D + hydrocarbon studies. In Chapter 3, 

the results of the D + C2H2 and D + C2H4 reactions are 

presented. In Chapter 4, the modifications required to go 

from reactive scattering experiments to photodissociation 

are discussed. Chapters 5 and 6 contain the results of the 

acetylene and ethylene 193 nrn photodissociation. Finally, 

Chapter 7 describes the analogous photodissociation 

experiments on 1,1 and 1,2 difluoroethylene which were done 

to better understand the ethylene photochemistry. 
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Chapter 2: Hot Atom Reactive Scattering on the 35• Machine 

1. Crossed Beams Machine 

The crossed molecular beams machine used in these 

studies, the so-called 35" machine, is a high resolution 

version of that constructed by Lee et. al. [1]. The details 

of the design have been given elsewhere [2,3] so only a 

general overview of the features relevant to these 

experiments will be presented here. The machine supports 

two differentially pumped supersonic molecular beams. These 

beams cross under single collision conditions in the 

interaction region, the volume of which is determined by the 

slits and skimmers used to define the molecular beams. The 

detector rotates about this collision volume so that the 

angular distribution of the reaction products
1
can be 

determined. 

The detector consists of three differentially pumped 

chambers. The product molecules enter region I pass through 

a slit to region II, and then through another slit to region 
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III, the ionization chamber. The ultimate pressure in the 

ionization chamber is typically -10- 11 torr. The path length 

from the collision zone to the ionization region is 34 em, 

the largest of this group's crossed molecular beams machines 

which is one factor responsible for its high resolution 

capabilities. In region III, positive ions are created from 

the product molecules by electron-impact; the ionizer design 

is based on that of Brink [4]. Focusing lenses facilitate 

transmission of the ions out of the ionizer region into the 

quadrupole mass spectrometer which is part of region II. 

The ions are accelerated to the "doorknob" held at --30kV 

which creates secondary electrons. These electrons are 

repelled by the same field into an aluminum coated 

scintillator. The resulting photons are detected by a 

photomultiplier tube (PMT) . The doorknob/scintillator 

section is also part of region II. 

The voltage pulses from the PMT are fed into a 

discriminator so low voltage pulses due to noise will not be 

counted. The logic output pulses from the discriminator are 

then amplified and sent to a multi-channel scaler {MCS) 

which records the signal counts in a set time interval {a 

maximum of 4096 channels in time intervals down to 0.1 to 

0.15 ~sec) [5]. The MCS is interfaced to a LSI-11/73 

microcomputer through a CAMAC crate. This is the final link 

between the experiment and data collection. 



2. Adaptation to Hot Atom Reactive Scattering 

2.1. D Atom Beam (Primary Source) 

10 

The 35" machine was modified to study the D + H2 

reaction. The most significant difference from the 

conventional Lee group machines is the D atom source in 

which fast D atoms are generated by photolyzing DI. The 

source was designed by R.E. Continetti and the construction 

and considerations involved are described in detail in his 

thesis [2]. An overview is given here. Figure 2-1 shows 

the basic set-up. A home-built piezoelectric pulsed valve 

(0.75 mm nozzle) [3,6] is held on top of the primary source 

chamber. This chamber consists of two sections, an outer 

one and an inner one where the photolysis actually takes 

place. The pulsed valve nozzle fires into the inner 

chamber. The 248 nm output (KrF fill) of a Lambda Physik 

EMG 202 MSC excimer laser, is polarized with a pile-of

plates polarizer and sent into the machine through two 

lenses (19 and 24 em Suprasil cylindrical lenses) that focus 

the laser output to a -3x3 mm spot at the interaction 

region. The typical laser power is -300 mJ/pulse before the 

polarizer. The laser beam is sent in perpendicular to the 

molecular beam and the two intersect -3 mm below the nozzle. 

The photolysis chamber opens to the machine main chamber 

through a 3x3 mm slit. This slit collimates the D atoms 

produced in the photolysis region in a direction mutually 

perpendicular to the parent DI and laser beams and gives a 
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beam spread of -7.5°. The DI pressure is adjusted to 

maximize the final D atom intensity at the collision region 

while minimizing the velocity-changing collisions 

experienced by the D atoms; -140 torr was judged to be best. 

The DI precursor used in these experiments is 

synthesized by reacting D2 and I 2 over a platinum catalyst 

at -800°C, following a procedure developed by Continetti 

[3). Because of the corrosive nature of this reagent, 

special precautions have to be taken in its use. For 

example, the piezoelectric crystal in the pulsed valve had 

to be specially coated. The pumps in the source region also 

had to be protected. The inner photolysis chamber is pumped 

by a liquid-nitrogen cooled cyropanel as well as a 4" 

diffusion pump (DP) that used fornblin oil (an inert per

fluorinated polyether) . The outer chamber is pumped by a 

cryopanel as well as a 10" DP (also filled with fornblinl 

backed by a corrosion resistant mechanical pump. 

The photolytic beam provides D atoms with high 

translational energy (-95 x 104 cm/s and 134 x 10 4 cm/s for 

DI depending on the laser polarization) . By photolyzing a 

diatomic such as DI in which neither fragment can become 

rotationally or vibrationally excited, one can limit the 

spread in product velocities to that from the distribution 

in initial parent internal energy. The energy broadeneing 

will be small because of the molecular beam expansion. DI 

has a fairly large cross-section at 248 nm (for HI the 
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cross-section is 5 x 10- 19 cm2 [7]). The one complication, 

however, is that both the ground ( 2P312 ) and excited ( 2P112 ) 

states of I are formed with I/I* - 1 [8]. The electronic 

transitions which produce each state have different 

symmetries; for ground state I production, the transition 

moment is perpendicular to the bond while for I*, the 

transition is parallel [8]. Experimentally, this makes it 

possible to use the polarizer to select the velocity of the 

D atoms and so the collision energy of the reaction. 

2.2. Secondary Source 

The secondary source is much simpler than the D atom 

(see Figure 2-1). The same type of piezoelectric pulsed 

valve (0.5 mm nozzle) is used. The valve is mounted in a 

separate chamber pumped by a 4" and a 10" DP. In the 

hydrocarbon experiments, neat beams with a stagnation 

pressure of -300-350 torr were used. When acetylene was 

used, the gas was first run through a dry ice/acetone trap 

to remove acetone; acetone is added to acetylene cylinders 

to prevent decomposition. The secondary pulsed valve fires 

into the main chamber in the detector/D atom beam plane 

through a 1.5 mm diameter electroformed skimmer giving a 

beam divergence of 3.5°. A 15M DP with a 16• Tee attachment 

facing the secondary beam output at the main chamber door 

helps with the pumping [3]. 
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3. Experimental Procedure 

The hot D atom reactive scattering experiments consist 

of product TOF measurements at various laboratory scattering 

angles. In the hydrocarbon experiments, where the D for H 

substitution reaction is of interest, the selected product 

mass was one greater than the parent mass (C2HD m/e = 27; 

C2H3D m/e = 29). A clock generator is used to control the 

experimental timing; it produces a voltage pulse at the 

desired frequency (typically 100 Hz). This pulse is sent to 

a pulse generator for shaping after which the output is 

split and used to control the primary and secondary pulsed 

valves. In the primary branch, the output frequency is 

divided by 2 and then used to trigger the DI pulsed valve 

power supply. The divided pulse is also sent to a digital 

delay generator, the output of which triggers the laser 

power supply as well as the MCS after first being sent 

through another pulse generator for shaping. Thus, the time 

between the primary pulsed valve pulse and the laser can be 

varied to optimize the production of D atoms but the MCS 

will always start counting when the laser is triggered. The 

secondary branch from the clock generator is not divided but 

sent to a digital delay generator and from there to a pulse 

generator for shaping before triggering the secondary pulsed 

valve power supply. This delay allows the timing between 

the D atom pulse and the hydrocarbon pulse to be changed to 

maximize overlap of the two pulses at the collision zone. 



With this timing scheme, the primary pulsed valve runs at 

half the frequency of the secondary making it possible to 

take laser-on/laser-off measurements. 
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Because two iodine states are produced in the 248 nm 

photolysis of DI, two different velocity distributions of D 

atoms are observed. The TOF of the D atom beam at different 

laser polarizations is shown in Figure 2-2. By rotating the 

polarizer, it is possible to change the collision energy of 

the experiment, (l/2)~(vrell 2 , from -20 to 40 kcal/mole so 

the effect of increased translational energy on the reaction 

can be studied. Knowing the collision energy and the 

exothermicity of the reaction allows one to calculate the 

maximum product translational energy release. Figures 2-3 

and 2-4 show Newton diagrams for the D + C2H2 reactions at 

the two different collision energies assuming a ~H of 0 

kcal/mole for the substitution reactions. The D + C2H4 

diagrams are virtually identical to those for acetylene 

since the D atom velocity and mass is the determining 

factor. For both collision energies, TOF measurements are 

taken at several different laboratory angles. To obtain a 

product angular distribution, the TOF signal is integrated 

at each angle. 

The information that one ultimately obtains from these 

experiments is the relative reaction cross-section as a 

function of COM angle_and translational energy which is 

frequently represented as a contour map of produ-ct flux. A 
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program has been developed in this group to fit the TOF data 

assuming an independent P(ET) and T(9) for a reaction. The 

program convolutes the P(ET)·T(9) product over the 

experimental apparatus function and calculates the TOF and 

angular distribution (in the laboratory frame) that would be 

expected. Through an iterative process, a P(ET) and T(9) 

for the reaction can be obtained [9]. Only one significant 

change was required to use this program for the D atom 

reactive scattering experiments. The original program has a 

smoothing routine that takes into account the finite slit 

size of the cross-correlation wheel usually used to take TOF 

data. In these experiments, where there are no slits, this 

averaging is not done [10]. 

Use of the data analysis programs requires knowledge of 

the primary and secondary beam velocity and speed ratio as 

well as several machine constants (neutral molecule flight 

length, ionizer length, ion flight time constant). In these 

experiments, the D atom beam is characterized by recording 

the TOF spectra with the detector facing the source chamber 

and no secondary beam on (see Figure 2-2). This is done at 

the start of each experiment. The velocity distribution for 

the D atom beam can then be extracted from these TOF spectra 

with the appropriate Jacobian transformation (from N(t) to 

N(v)). The velocity distribution for the hydrocarbon beam 

is obtained by pointing the detector directly at the pulsed 

valve. A wheel with four slots (-0.8 mm wide) is mounted in 
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front of the detector and spun at 250 Hz to chop the beam 

(single shot TOF procedure). A delay is set-up between the 

wheel and the beam so the different parts of the pulse can 

be evaluated. The TOF peak position, full-width-half

maximum (FWHM), and area of the peaks from each section of 

the pulse are used to estimate the peak velocity and speed 

ratio (V/~V) using the •traditional• 35• machine values for 

the detector parameters and time offsets. Because of the 

inherent velocity spread in the pulsed valve and the fact 

that the secondary beam has little effect on the reaction 

collision energy, a more careful measurement of the 

secondary beam parameters was not judged to be necessary. 

Figures 2-5 and 2-6 show the beam intensity versus the beam 

velocity for the two hydrocarbons with different beam 

conditions. The final values used in the analysis for both 

C2H2 and C2H4 are a peak velocity of 8.5 x 10 4 cm/s and a 

speed ratio of 2.5. Initially, a speed ratio of 5 was 

assumed which corresponds to the velocity distribution at 

the peak of the hydrocarbon pulsed output. The slow tail of 

the data, however, could not be fit unless a greater range 

of velocities was considered. It could not be determined if 

this greater velocity range was necessary because the 

velocity spread was truly this broad or whether this was one 

way of including slower collision energy reactions that were 

unaccounted for by the input D atom velocity distribution 

(see section 4.1). 
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The standard procedure for obtaining the detector 

parameters is single shot TOF [11]. The TOF spectra of the 

various fragments from a beam of CF3I seeded in He are used 

to find the ion flight time constant. The neutral molecule 

flight length, effective ionizer length, and any offsets are 

derived from the TOF of rare gases, for which the terminal 

flow velocity can be predicted from (5kT/m) 112 • The pulsed 

valve could not be used to obtain accurate values for the 

detector parameters. With the large diameter nozzle and 

lack of differential pumping, it was difficult to go to high 

enough backing pressures to obtain good expansions. Also, 

each part of the pulse has a characteristic velocity and 

speed ratio so care must be taken that the same part of the 

pulse is always sampled. This is especially a problem when 

the wheel frequency varies by even 1 to 2 Hz as it did when 

these measurements were taken since then the same part of 

the pulse will not always be chopped. The detector 

parameters, namely the flight path and ion flight time 

constant, were taken from earlier studies in which a 

continuous beam was used with similar detector conditions. 

Using these parameters along with the known DI bond energy 

and r· ~ I spacing, the calculated D atom TOF spectrum 

matched the observed quite well so the true values must not 

deviate significantly from those used. 

The secondary beam TOF procedure was used to determine 

if dimer formation was a problem. With a neat beam of 
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acetylene at -300 torr, the dimer/monomer (m/e=52/m/e=26) 

ratio at the peak part of the monomer pulse was -3 x 10-5
• 

In the later part of the pulse, the ratio was greater, -1 x 

10-3
• At a higher pressure of -600 torr (the experiments 

were only run up to -350 torr), the dimer/monomer ratio 

ranged from -1 x 10-3 (peak) to 5 x 10-3 (late). There was 

no significant signal at m/e=51, a mass that the acetylene 

dimer would likely fragment to in the ionizer. Assuming 

that most of the dimer signal appears at m/e=52 or 51, then, 

there is < 0.1% dimer in the acetylene beam. The ethylene 

beam is not expected to be much different. In fact, other 

members of the group carried out ethylene photodissociation 

experiments with a similar pulsed valve and saw evidence of 

clustering only when the backing pressure was raised above 

-500 torr or the ethylene was seeded with Ar to a total 

pressure of greater than 1 atm [12]. 

4. Problems Specific to D + C2fu&!:L 

4.1. D Atom Source 

In principle, changing the secondary gas from H2 to a 

hydrocarbon should have little effect on how well the D atom 

source functions. Problems, however, were encountered. The 

secondary region is physically separated from the 

lens/primary source section but in the initial experiments, 

it was found that effusive C2H2 was getting in the lens area 

and decomposing to leave a black, carbon-like deposit which 
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prevented the laser light from photolyzing the DI. Applying 

a plastic sealant to the lens tube/secondary source 

connection improved the situation enough so that it was 

possible to run experiments for a week before removing and 

cleaning the lens. The laser power actually reaching the DI 

precursor, however, would slowly decrease throughout the 

experiment. 

A more troubling complication with the D atom source 

appeared later on when the data was being analyzed. The 

non-monoenergetic character of the D atom source confused 

the analysis. As shown in Figure 2-2, the polarizer does 

not totally eliminate the unselected D atom velocity 

component. In principle, this additional contribution can 

be handled by subtracting some fraction of the corresponding 

unselected polarization TOF spectrum at each angle after all 

the scans have been normalized to the observed laboratory 

angular distributions. There are two problems with this. 

First, it is not entirely clear how much to subtract. Since 

the unselected scan ideally consists of just the two pure 

polarization spectra, one could subtract until just before a 

negative dip appeared, assuming the two TOF spectra did not 

completely overlap. The other problem, however, makes this 

method somewhat questionable. Figure 2-7 shows what happens 

when the selected D atom TOF scan is scaled to the 

unselected peak. A third, broad component that results from 

D atom collisions in the photolysis region is present. This 
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underlying component makes it impossible to determine 

exactly how much of the unselected D atom signal to subtract 

since these D atoms will also react. To analyze the data, 

the input D atom velocity distribution can be expanded to 

include the values but this assumes that the P(ET) and T(9) 

for scattering with these atoms is not significantly 

different from the main pulse. For the low collision energy 

data, the presence of the unselected D atoms does not have 

much effect, but for the higher energy scans, it means the 

T(9) cannot be derived. 

In addition to the opposite polarization contribution 

and underlying contamination, the D atom pulse contained a 

significant fraction of slow atoms (~60 x 10 4 cm/s). A 

large number of D atoms formed in the DI photolysis do not 

immediately exit the source chamber; some of these that are 

not pumped away will suffer thermalizing collisions with 

other molecules or the walls and may then leave through the 

slits. This is why the D atom TOF spectra shown (Figure 2-

2) does not go to zero at long times. In the D + H2 

experiments, these were not a problem because of the large 

energy barrier to reaction. This is not the case, however, 

in the hydrocarbon substitution reactions. A slow signal 

with very little angular dependence is seen in both 

polarization scans. This invariance with respect to 

collision energy and laboratory angle suggests that this 

signal may be from reaction of these slow, thermalized D 
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atoms which are present in both collision energy 

experiments. The products {reactive and non-reactive) from 

this thermal component will appear at slow times within the 

reactive circles for the selected D + hydrocarbon 

substitution reactions. No attempt was made to model this 

slow signal because it was not that large and the velocity 

spread of the contributing D atoms was too broad. 

The final problem that will be discussed is the 

presence of a m/e=27 and 29 {no m/e = 28 or 26!) background 

in the DI precursor. Looking near the primary beam with no 

laser and no secondary source firing, one could observe a 

very slow therrnalized pulse related to the operation of the 

DI source. In the experiments, this pulse was not 

completely pumped out before the laser-off secondary valve 

fired. The problem was only significant at angles close to 

the primary beam (20-30° away [13]) and caused there to be 

more steady state background at the beginning of the laser

off TOF scan. This did not have a significant effect on the 

laser-off TOF shape and the scan could still be used for 

subtraction purposes. Freezing the DI cylinder and then 

pumping the noncondensables out reduced the contamination 

which, in any case, slowly di~appeared as the cylinder was 

used. Most of the data collection, however, was carried out 

us1ng DI that did not have this contamination since it only 

appeared when a newly synthesized DI sample was used. It 

was never determined what impurity was responsible. The one 
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interesting note is that the same problem was observed with 

a commercial cylinder of DBr. 

4.2. Secondary Source 

In detecting the substituted product, DCCH or HDCCHH, 

there was background from the C13 containing parent 

molecules (the natural abundance of C13 is 1.1% [14]). 

Because the secondary beam did not have a second region of 

differential pumping and was close to the interaction region 

(3.86 em), both of which were required to have sufficient 

intensity to see reaction, there was a large amount of 

background at angles as far as 30° away. Since this 

background originates from the pulsed valve, it is temporal; 

a peak grows in -1000 ~sec from the time the laser fires. 

The temporal pulse background problem was greatest at angles 

~ 20° and~ 60°. The increase at angles ~ 60° can be 

understood since the detector is getting closer to the 

secondary beam. The cause for the background rise at angles 

farther from the secondary source is more difficult to 

explain. Because the effect is present without the primary 

beam on, beam scattering is not responsible. Scattering off 

the box around the collision zone is the most reasonable 

explanation. When the secondary source chamber was designed 

for the D + H2 experiments, this box was added to support 

slits to keep main chamber background out of the collision 

region [3]. These slits were never necessary but the box 
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could not easily be removed. 

The reactive signal is not completely gone when the 

temporal background from the parent pulse begins to grown 

in, so a way to subtract and/or eliminate this background 

must be found to see the slow tail of the reactive signal. 

Initially, this was done by taking no-laser scans at each 

angle throughout an experimental run. The background pulse 

would then be scaled to the parent peak in the laser-on and 

subtracted. This subtraction method failed miserably for 

two reasons. The first, which was only fully realized later 

on, is that the laser-on signal contains a significant 

amount of non-reactive signal that appears at approximately 

the same time as the parent pulse. This non-reactive signal 

means that scaling the no-laser scans to the peak of the 

parent pulse to subtract out is not correct. The other 

problem is that the laser-off background scans would change 

shape significantly during the course of an experiment. 

This is probably due to a combination of factors such as 

changes in the pulsed valve behavior and differences in 

pumping speed throughout the run. Thus, when attempts were 

made to subtract the background signal, it was often found 

that the slope of the rising edge had changed. 

Two approaches were taken to control the secondary 

source background problems. First, the overall parent 

background in the detector and main chamber was reduced by 

installing a 20K Cu cryopanel. A Koch He liquefier 
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circulated cold, compressed He gas which cooled the Cu 

panels to -10-20K as measured with a LakeShore Cryotronics 

thermosensor mounted on the panel. The panel was 

constructed so that the detector would always face this cold 

surface (see Figure 2-8). This served to eliminate detector 

background that originates from main chamber molecules that 

bounce off of surfaces within the detector viewing angle. 

Figure 2-9 shows secondary backgrounds (no D atom beam) 

taken at 40° and 60° before and after the installation of 

the cryopanels which illustrate the two effects that the 

panel has. First, it significantly reduces the amount of 

hydrocarbon entering the detector from the pulsed valve; the 

ratio of peak height to detector background is reduced from 

5 to 0.4 at 40° and from 10.5 to 3 at 60°. Second, the 

cryopanel changes the shape of the background pulse; there 

are less slow hydrocarbons. This is probably from the 

overall pumping the panel does; parent molecules that would 

have entered the detector after collisions with the box are 

instead pumped away. 

After the success of the main chamber 20K panel, 

another one was installed in the secondary source chamber. 

This cut down the pulsed background somewhat and helped with 

the pumping but did not have the same dramatic effect. 

Later on an extension was added that was held between the 

nozzle and skimmer. This reduced the background parent 

pulse considerably as well as the reactive signal. 



Evidently, this cold piece was cooling the skimmer and/or 

pulsed valve, reducing the amount of hydrocarbon reaching 

the collision zone, so after several unsuccessful attempts 

to reposition it and heat the valve, the cryoextension was 

removed. 
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The other change made to control the background was to 

run the secondary beam at 100 Hz and the D atom beam/laser 

at 50 Hz. By counting for -11,500 ~sec, a single TOF scan 

would consist of the laser-on signal followed by the laser

off. Separating the two and then directly subtracting them 

would give the signal due to the D atom beam. At most 

angles this subtraction was straightforward. Closer to the 

secondary beam, however, because the parent background pulse 

was so large, any slight error (<1 ~sec, a fraction of a 

channel) in choosing the zero for the laser off signal would 

cause a peak or a dip to appear upon subtraction. Again, 

because of the slow laser correlated signal, the offset for 

the laser-off signal could not be determined by matching the 

background peaks. The time zero was finally established by 

taking no-laser/no-laser scans and varying the offset until 

the subtraction yielded a flat line. 

The laser correlated signal, then, was obtained by the 

correct subtraction of the laser-off signal from the laser

on (see Figure 2-lOa). To minimize the noise introduced by 

the subtraction, the laser-off signal was first fit with a 

polynomial. The laser correlated signal consisted of two 
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parts. The fast part varied with lab angle, was 

significantly different for the two collision energies 

studied, and disappeared when the parent mass was selected. 

The slow part, however, was essentially the same at all lab 

angles, at both collision energies, and was also present at 

the parent mass. At the lower collision energy, this 

product was just barely thermodynamically possible and the 

corresponding product expected, assuming cylindrical 

symmetry about the relative velocity vector, was not seen. 

These observations all indicate that this signal is from 

scattering of the hydrocarbon beam off some component in the 

D atom beam, perhaps slow D atoms or a secondary product 

(HD,D2 ,H2 ) produced by the laser. To study the substitution 

reaction signal, this slow signal needed to be subtracted 

away. Laser-on/laser-off scans were taken at the parent 

mass. To achieve the best signal for the non-reactive 

component, the scans from all the collision energies and 

angles were added (there were some differences in the slow 

tail but none in the rising edge) . The slow signal then 

could be subtracted away (see Figure 2-lOb). To reduce the 

noise added by the subtraction, the slow signal was fit with 

a polynomial before subtraction. This gave a good estimate 

of the slow edge of the reactive signal. 
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Figure Captions 

Figure 2-1. Overhead view of the hot atom reactive 

scattering experimental configuration. The DI pulsed 

valve (1) sits on top of the source photolysis chamber. 

The polarized output of an excimer laser enters the 

chamber through a beam tube (2) and intersects the DI 

beam perpendicularly. Some of the D atoms created 

leave the source chamber through slits in the chamber 

that are mutually perpendicular to the laser and parent 

DI beams. The hydrocarbon (secondary) pulsed valve (3) 

is located in a separate chamber. This valve fires in 

the D atom/detector plane. A skimmer helps collimate 

the beam. The D atoms and hydrocarbons meet in the 

collision volume (4) where reaction can take place. 

The products are detected by a rotating mass 

spectrometric detector (5). 

Figure 2-2. Representative TOF spectra of the D atom beam 

used in the experiment. The laser output is polarized 

(a) perpendicular or (b) parallel to the detector/D 

atom plane. The two scans were taken one after the 

other on the same day and represent the same number of 

laser shots. 

Figure 2-3. Newton diagrams for the D(fast) + C2H2 ~ C2HD + 
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H reaction. In (a), the solid line represents the 

maximum product translational energy and the dashed 

line the translational energy for elastic scattering of 

the C2H2 • (b) is an enlargement of the region of 

interest. The laboratory angles studied were 10° 

intervals between 20 and 60°. The COM angle (8) is 

measured with respect to the relative velocity vector. 

The COM product velocity (uHccol is measured from the 

COM of the reaction. 

Figure 2-4. Same as Figure 2-3 but for D(slow) + C2H2 ; the 

scales for both figures are the same. With the slower 

D atoms, the COM angle moves closer to the secondary 

beam so an additional laboratory angle, 65°, was 

studied. 

Figure 2-5. Acetylene signal (area of TOF peak) versus beam 

velocity. Solid line shows the distribution for 

reactive scattering conditions (360 torr; 40~sec pulse 

width; 450 V piezo-electric pulse); the dashed line is 

the distribution for the high resolution 

photodissociation experjments described in Chapter 4 

(80 torr; 100 ~sec; SOOV); the dotted line is the 

distribution for the low resolution photodissociation 

experiments (70 torr; 50 ~sec; 400V). 
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Figure 2-6. Ethylene signal (area of TOF peak) versus beam 

velocity. Solid line shows the distribution for 

reactive scattering conditions (330 torr; 40 ~sec pulse 

width; 450 V piezo-electric pulse) and the dashed line 

is the distribution for the photodissociation 

experiments described in Chapter 4 (50 torr; 50 ~sec; 

400V). 

Figure 2-7. (a) Fast D atom TOF spectrum scaled to the slow 

spectrum. (b) Slow D atom TOF spectrum scaled to the 

fast. These show the D atom velocity spread present in 

the beam due to collisional broadeneing. 

Figure 2-8. Enlargement of collision region (1) showing the 

20K cryopanel. The panel was held against the box 

surrounding the collision region by pins (2) to 

prevent extensive heat transfer. The panel extended 

into the secondary source skimmer (3) so that even when 

at 60°, the detector would see a cold surface. The 

panel had extra pieces (4) to help with general main 

chamber pumping. 

Figure 2-9. M/e = 27 background scans (noD atom beam) at 

(a) 40° and (b) 60°. The open circles are the data 

taken before the installation of the cryopanel and the 

solid line is the TOF scans taken after. 
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Figure 2-10. Background subtraction involved in the data 

analysis. D(slow) + C2H2 taken at 50° is used as an 

example. (a) Laser-on (open circles) and laser-off 

(solid line) showing the fast and slow laser correlated 

signal. (b) Open circles are the laser-on minus 

laser-off signal. Solid line is the non-reactive 

signal that is scaled to the slow peak/rising edge and 

subtracted. 
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Figure 2-1 
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Chapter 3: D Atom Reactive Scattering with Acetylene and 

Ethylene 

1. Introduction 

43 

Chemical activation in which an excited intermediate is 

produced by the collision of two reactants has been studied 

for some time [1]. The complex that forms can be 

collisionally stabilized or can decompose either into the 

original reactants or new products. Early measurements of 

the reaction rates of these various channels provided a test 

of statistical models of energy distribution. The effect of 

initial collision energy on the energy randomization in 

these complexes, especially at energies where the lifetime 

of the complex will be comparable to the rotational period 

is of much interest. To reach this regime in systems 

containing several atoms usually requires collision energies 

equal to the complex stabilization energy [2); for 

reactions involving stable intermediates, such as the vinyl 

or ethyl radical, this complicates the experiment because 
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collision energies as high as 2 or 3 eV will be needed. 

With the development of photolytic ("hot") H atom sources, 

which can provide collision energies on the order of 1 to 3 

eV, such complexes can be probed [3). Especially promising 

are the recent photolytic Van der Waals HX· (molecule) 

experiments (where X is a halogen) in which the orientation 

of the H atom attack is defined by the initial Van der Waals 

geometry [4). By studying how efficiently the translational 

energy of the fast H atom is transferred into the internal 

modes of the molecule it is colliding with, one learns about 

the energy randomization process and the nature of the 

potential energy surfaces of the complexes. If the 

vibrations/rotations of the products that are excited can be 

identified, even more detailed information can be extracted 

about the relative efficiency of different H atom approach 

geometries and impact parameters. Collisions in which there 

are reaction channels such as abstraction are even more 

interesting since product channels are expected to depend on 

approach geometries. 

The collision of translationally hot H atoms with 

hydrocarbons, specifically acetylene and ethylene, is a good 

choice for chemical activation studies. First, the 

experiment is of practical value since the reactants and 

intermediates have important roles in combustion processes. 

Second, the intermediate radicals, C2H3 and C2H5 , are quite 

stable [5,6]: 
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H + C2H2 ~ C2H3 ~W(OK) = -33 ± 1 kcal/mole (I) 

H + C2H4 ~ C2H5 ~W(OK) = -35 ± 1 kcal/mole (II) 

At the collision energies available in these experiments (20 

and 40 kcal/mole), then, the reaction may involve a long

lived complex at the lower energy but not at the higher; it 

will be of interest to see to what extent the complex 

influences the collision dynamics. Third, two reaction 

channels, H abstraction and substitution, are possible. The 

substitution is thermoneutral. The heats of reaction for 

the abstraction reactions are as follows [5,6]: 

H + C2H2 ~ H2 + C2H ~W(OK) = 28 ± 1 kcal/mole (III) 

H + C2H4 ~ H2 + C2H3 ~W (OK) = 7 ± 1 kcal/mole (IV) 

In this chapter, the collision of fast D atoms with 

acetylene and ethylene is described. D atoms are used so 

the substitution product can be followed. The translational 

energy of the C2HD or C2H3D product is measured as a function 

of laboratory angle to give the COM angular and product 

energy distributions. The net reactions, D + C2H2 ~ C2H2D ~ 

H + C2HD and D + C2H4 ~ C2H4D ~ C2H3D, will be slightly 

exothermic (1-2 kcal/mole) due to the differences in the 

zero point energies of the various isotopomers [7,8]. The 

barriers for addition to acetylene and ethylene are -2.5 

kcal/mole and 2.75 kcal/mole respectively [9-14]. The 

abstraction barrier for reaction III, 32.4 kcal/mole, is 

much higher [15]. A barrier at least equal to the reaction 

endothermicity would be expected for abstraction from 
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ethylene. Figure 3-1 shows a simple potential energy 

diagram for the substitution reactions studied. Since the 

two systems have similar barriers to H atom addition and the 

resulting complexes have approximately the same stability, 

the differences observed will reflect the individual 

geometries, the greater number of vibrational modes in the 

ethyl radical (15 versus 9 for the vinyl radical) and the 

different energetics for the abstraction channel. 

The addition reactions of H + C2H2 and C2H4 and 

subsequent decomposition have been well studied both 

experimentally and theoretically. Two recent ab initio 

calculations have been done on the H + C2H2 transition state 

[7,15]. The H atom approaches HCCH and adds to form an 

intermediate with trans geometry; a bridge structure is not 

expected because it would involve greater repulsion with the 

rr electrons. The transition state is generally described as 

loose although there is some disagreement about this point 

[10,15]. The term loose implies that all the complex 

frequencies are similar to the reactants' except for those 

of the new vibrations which are very low frequency; in a 

tight complex significant changes in geometry are required 

to reach the transition stat~ [16]. More detailed 

trajectory studies have been done on the H + C2H4 addition 

reaction [14]. The cross-section reaches a maximum at -40-

60 kcal/mole translational energy. Increasing the kinetic 

energy results in collisions in which the H atom interacts 
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strongly with C2H4 but does not add because there is not 

sufficient time for the necessary geometry changes. Like 

the H atom addition to acetylene, theoretical studies have 

suggested that the transition state is fairly loose 

[6,8,10]. The major difference between H atom addition to 

acetylene and ethylene is that the ethylene transition state 

more closely resembles the initial reactants -- free 

radicals add to olefinic bonds easier than to acetylinic 

[ 7] . 

Most of the experimental work has focussed on 

determining the rate equations for addition at fairly high 

pressures where there is competition between collisional 

stabilization of the addition complex and decomposition [8-

11,13,17-19]. While these studies provide some 

understanding of energy partitioning in the activated 

complex, the experiments are difficult to interpret 

dynamically because of the many collisions that occur. 

Single collision measurements of the product angular and 

energy distributions are required to compare with the 

trajectory and ab initio calculations that have been done 

and to stimulate more. Bersohn's group [20] has looked at 

the isotope exchange reaction of -1 eV H atoms with 

deuterated acetylene, methylacetylene, ethylene, and 

propylene under approximately single collision conditions 

and measured the relative number densities of H and D atoms 

to determine the reaction cross sections and the. product D 
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atom average translational energy. Based on the fraction of 

available energy transferred into product vibrations as a 

function of the number of internal modes, they concluded 

that long-lived complexes do not form at the collision 

energy studied. The experiments reported here give a more 

complete picture of the reaction dynamics of the 

substitution in that two collision energies are considered 

(20 and 40 kcal/mole) and the product angular distribution 

is measured as well as the translational energy distribution 

rather than just the average. This makes it possible to 

determine whether the average internal energy transfer to 

the various hydrocarbons is similar because the complexes 

are not long-lived or because the reactions have comparable 

exit barriers that funnel the transition state potential 

energy into translation. 

2. Results 

2.1. 20 Kcal/mole Collision Energy 

2. 1 .1. D + C2!:L -+ H + C2HD 

Figure 3-2 shows the summed raw signal and 

corresponding laser-off background from a typical run. A 

direct subtraction of the laser-off from the laser-on scans 

gives the laser correlated signal. As discussed in Chapter 

2, however, this subtraction will not give the pure low 

energy reactive signal. First, the contribution from non

reactive scattering must be subtracted away. Integration of 

-. 
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the resulting reactive signal at the various laboratory 

angles for scans taken under similar conditions gives the 

uncorrected low energy angular distribution. Next, since 

the slow D atom beam contains some of the unselected faster 

D atoms, the higher collision energy signal must be removed. 

To do this, the TOF spectra at both energies were normalized 

to the uncorrected angular distributions. Then, the same 

fraction of the high energy spectra at each angle was 

subtracted from the corresponding low energy spectra. 

Figure 3-3 shows the accumulated raw signal and estimated 

high energy correction. The decision of exactly how much to 

subtract is somewhat arbitrary. Enough was removed so that 

there was no significant amount of signal at COM velocities 

too large to have been from reaction of the slower D atoms. 

It was found in the fitting, however, that the fast section 

of the signal, which is most affected by the subtraction, 

has little influence on determining the best P(ET) and T(9). 

The final angular distribution is obtained by integrating 

the corrected spectra and is shown in Figure 3-5 along with 

the distribution calculated. The high energy correction, 

however, still does not give the true 20 kcal/mole collision 

energy spectra. As discussed in Chapter 2 (see Figure 2-7, 

for example), there is a broad, underlying component of the 

beam that results from collisions of the D atoms in the 

photolysis chamber. These D atoms can react and must be 

accounted for. This can be done by including these D atoms 
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in the input primary beam velocity distribution of the data 

analysis program, although this assumes that the P(ET) and 

T(8) for reaction at these collision energies are similar to 

those for the slower D atoms. Since the contamination is 

fairly small and H + C2H4 trajectory studies suggest that 

there will be very little change in the reaction cross

section between 20 and 40 kcal/mole [14], this approximation 

should not be too bad. 

The "pure" low energy TOF spectra are displayed as the 

open circles in Figure 3-4 with the solid line showing the 

best fit. The slow tails of the calculated spectra are 

consistently less than that observed; there appears to be 

some additional component at -450 to 600 ~sec. This signal 

changes very little from angle to angle and it is present at 

both collision energies. It is thought to be due to low 

collision energy events, either from the reaction of 

thermalized D atoms or slow hydrocarbons as was discussed in 

Chapter 2. The initial fits, which were done assuming a 

speed ratio of 5, had a much larger discrepancy between the 

calculated signal and the observed. It was found that 

decreasing the hydrocarbon speed ratio (i.e. averaging over 

a wider range of velocities) improved the fit considerably. 

Whether this is a way of including low collision energy 

reactions of thermalized D atoms that were not considered in 

the initial D atom velocity distribution or because the 

hydrocarbon beam spread was actually that large throughout 
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the experiments cannot be determined. 

The T(8) that gives the best fit (Figure 3-6) shows 

that the C2HD is backward scattering (-40% change from 8 = 

0° to 180°) with respect to the D atom direction. The lack 

of forward/backward symmetry indicates that the reaction 

does not involve a long-lived complex. The P(ET) for the 

reaction is plotted in Figure 3-7. The peak occurs at -6 

kcal/mole and the average energy is -8.3 kcal/mole which 

means that -62% of the initial translational energy is 

transferred into internal energy. 

2. 1. 2. D + C2H 4 -7 H + C2fu.Q 

The summed signal and background TOF spectra from a 

representative experimental run where the substituted 

product C2H3D is detected are shown in Figure 3-8. 

Comparison with the acetylene data (see Figure 3-2) suggests 

that the cross-section for the ethylene substitution 

reaction is greater. It is difficult, however, to quantify 

this because the two experiments were done far apart 1n time 

(4 months). Variations in the focusing lens transmission 

and changes in the D atom beam intensity due to passivation 

changes in the DI feedline or DI corrosion of the pulsed 

valve undoubtedly occurred and could not be precisely 

measured. 

Figure 3-9 shows the assumed higher collision energy 

correction to the summed reactive signal. Again, it should 
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be noted that the fast edges of the TOF spectra where this 

subtraction will have the most influence have little effect 

on the final analysis. The "pure" TOF spectra that results 

from the subtraction are shown in Figure 3-10. The 

corrected angular distribution along with that calculated is 

shown in Figure 3-11. 

The T(9) used in the fitting is shown in Figure 3-12. 

Like the T(9) found for the acetylene reaction, it indicates 

that the C2H3D product is moderately backward scattered 

(also -40% change from e = 0° to 180°) so the ethyl radical 

complex must not live longer than a rotational period. The 

P(ET) (Figure 3-13) is also very similar to the 

corresponding acetylene scattering with a peak at -6 

kcal/mole and a mean energy of -8.3 kcal/mole. One 

difference in the acetylene and ethylene fitting is that the 

input D atom velocity distribution for the latter did not 

have to be as broad. · Possible reasons for the difference 

are that either not enough of the high collision energy 

signal was subtracted from the acetylene spectra or that the 

D atom beam used in the ethylene experiments was more 

monoenergetic. The latter is the favored explanation since 

as some of the problems associated with the collisional 

broadening contamination were apparent at the conclusion of 

the acetylene experiments attempts were made to improve the 

beam. Figure 3-14 shows a comparison of the D atom TOF 

spe~tra from the two sets of experiments which illustrates 

.. 
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this. 

Unless the barrier to abstraction is significantly 

greater than the exotherrnicity (7 kcal/mole), the formation 

of C2H3 + HD is not thermodynamically forbidden at a 

collision energy of 20 kcal/mole. No reactive signal, 

however, was seen at m/e=27. The expected C2H3 + HD product 

can only have a maximum of -13 kcal/mole in translation; 

this means the C2H3 will be more concentrated about the COM 

than the substituted product which should make it easier to 

detect. Thus, if there were any abstraction signal, there 

are no kinematic reasons to keep it from being observed. 

The only detection problem would be high background from 

dissociative ionization of the parent ethylene in the 

ionizer. 

2.2. 40 Kcal/mole Collision Energy 

2 . 2 . 1 • D + C2£L ~ H + C2HD 

The laser-on/laser-off scans from a typical 

experimental run are shown in Figure 3-15. Subtraction of 

the laser-off from the laser-on data followed by the non

reactive scattering correction gives the TOF spectra shown 

in Figure 3-16. The same procedure used to correct for the 

unselected D atom contamination in the 20 kcal/mole 

collision energy experiment was used here to remove the low 

collision energy D atom contribution. The TOF spectra and 

assumed contribution from the low collision energy spectra 
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are plotted together in Figure 3-16. Subtraction yields the 

spectra in Figure 3-17. Unfortunately, this correction 

affects the height of the slow tail of the data relative to 

the fast peak which determines how backward scattered T(6) 

is. The uncertainty in the subtraction procedure means that 

the COM angular distribution cannot be obtained. The P(ET) 

for the reaction, however, can still be derived. To a good 

approximation, the fast peak, which is unaffected by the 

subtraction, represents products with a lab velocity greater 

than the COM velocity. Since the product distribution 

should be cylindrically symmetric about the relative 

velocity vector the position and width of this peak contains 

all the information to calculate the P(ET). The fast peak 

was fit with the P(ET) shown in Figure 3-18. The maximum of 

the distribution which occurs at -6 kcal/mole is in 

approximately the same position as it was in the lower 

collision energy experiments. The mean energy, 13.4 

kcal/mole, indicates that -68% of the initial translational 

energy is being transferred to internal energy of the C2HD 

product. 

With 40 kcal/mole in collision energy, the abstraction 

reaction, D + C2H2 -+ HD + C2H, is thermodynamically possible. 

Scans were taken about the COM angle at m/e = 25 to look for 

signs of the C2H product. Because of the endothermicity of 

this reaction, detection of the abstraction product is 

kinematically favored over the substitution product; only 
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the larger background from dissociative ionization of the 

parent acetylene could obscure the reactive signal. No sign 

of any abstraction signal, however, was seen. 

2. 2. 2. D + C2H 4 -7 H + C2!:L~ 

The signal and corresponding background for detection 

of the substitution product for a typical experimental run 

are shown in Figure 3-19. As at the lower collision energy, 

there is more signal than for the corresponding reaction 

with acetylene but this cannot be quantified. 

The net reactive signal along with the assumed low 

collision energy contribution is shown in Figure 3-20. The 

high energy ethylene data suffers from the same problem as 

the acetylene data in that this correction determines how 

backward scattered the calculated T(9) will be and there is 

no independent means of deciding how much should be 

subtracted. The corrected spectra is shown in Figure 3-21 

along with the fit to the fast peak calculated using the 

P(ET) in Figure 3-22. As at the lower collision energy, the 

translational energy distribution of the ethylene reaction 

products is quite similar to that of the acetylene. The 

P(E~) peak is at -6 kcal/mole and the mean energy, 12.6 

kcal/mole, implies that -70% of the initial translational 

energy is transferred to the C2H3D internal energy. 

To see if increased collision energy would open up the 

abstraction channel, scans were taken at m/e = 27 to look 
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for formation of C2H3 • Although this product would be 

harder to see at the higher collision energy, it should 

still be easier to detect than the substitution reaction 

product because of the endothermicity, the only complication 

would be higher background. Again, no sign of the 

abstraction reaction was observed. 

3. Discussion 

The T(8) for the 20 kcal/mole D + C2H2 and D + C2H4 

substitution reactions do not show the forward/backward 

peaking typical of processes involving a long-lived 

collision complex. The vinyl and ethyl radical 

intermediates must live for less than a rotational period. 

This agrees with the conclusion drawn by Bersohn's group 

[20] but offers more solid evidence. Bersohn and coworkers 

found that the average product translational energy of 

various H + RD ~ RH + D reactions at -1 eV collision energy 

was independent of the number of internal modes of the 

complex; they reasoned that if long-lived complexes were 

typical in these systems as more vibrators and rotors were 

added, less and less energy would go into translation 

because the energy would randomize statistically into all 

these new modes. The problem is that for reactions with an 

exit barrier, the potential energy tends to be released as 

translational energy of products as they accelerate down the 

barrier. This happens whether the complex lives for long 
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time or not [2). 

The T(9) shows that the detected product is backward 

scattered with respect to the D atom beam in the COM frame 

for both reactions. Physically, this means that the D atom 

collides with the C2H2 or C2H4 and before the complex formed 

can complete a rotation, an H atom is kicked off in a 

forward direction with respect to the initial D atom 

approach sending the substituted hydrocarbon backwards (see 

Figure 3-23). Very little of the original collision energy 

remains in translation; most (60 to 70%) must go into the 

internal energy of the substituted hydrocarbon product since 

there is not enough energy available to excite the H atom to 

the first electronic state. The final orbital angular 

momentum, L', will be less than the initial because of the 

decrease in reduced mass and relative velocity that the 

reaction involves; this means that the hydrocarbon product 

should be somewhat rotationally excited although this will 

not be too significant because of the small reduced mass of 

the system. For the low energy acetylene reaction, dL is 

calculated to be -10~ and for the higher collision energy 

-14~, assuming an impact parameter of 0.6 A in both cases 

(half the carbon-carbon bond [7]). The values are 

comparable for the two ethylene reactions. 

Overall, little difference was seen between the D + 

C2H2 and D + C2H4 scattering. The P(ET) for both acetylene 

and ethylene at the two collision energies peaks.away from 
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zero at -6 kcal/mole. This maximum reflects the presence of 

an exit barrier. The barrier measured here is the same 

order of magnitude as the theoretically calculated and 

previously measured activation energy for the H atom 

addition reactions (2.5 kcal/mole for acetylene and 2.75 

kcal/mole for ethylene [9-14]). The T(9) 's for the two 

reactions at the lower translational energy are also quite 

similar; the structural differences between the acetylene 

and ethylene apparently have very little effect. Perhaps 

this is because it is mainly the carbon atom and associated 

~ electrons that the D atom interacts most strongly with. 

The only way the two reactions really differed was in the 

apparent reaction cross-section. Although it could not be 

quantified, in the ethylene substitution experiment, the 

reactive signal was consistently greater than in the 

acetylene. This is not surprising. In Bersohn's recent 

study, the cross-section of the two were estimated to be 

1.69 A2 and 1.85 A2 [20]. It should be noted, however, that 

different deuterated compounds were used than in this work. 

Rate constant measurements of the two addition reactions 

show that the ethylene absolute rate constant is higher by 

almost an order of magnitude [10,12]. It is thought that 

this is a result of better C2H4 charge transfer or 

polarization [7,12]. 

It is instructive to compare an estimate of the 

rotational periods of the vinyl and ethyl radicals with the 



RRKM lifetimes for the excited radicals. The rotational 

period was calculated using the formula 

21ti 
'trot • -r;-
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where I is the rotational moment of inertia and L = JJ.Vre1b is 

the orbital angular momentum from the collision [21]. It 

was assumed that the D atom would collide "head-on" with one 

of the carbon atoms as illustrated in Figure 3-23. The 

impact parameter, b, would then be approximately half the 

carbon-carbon bond length. For acetylene, rcc is -1.2 A [7] 

and for ethylene, rcc is -1.3 A [14]. This impact parameter 

is probably a lower limit which would make the calculated 

'trot an upper limit. In the reaction model where the D atom 

collides directly with the carbon atom on the carbon-carbon 

bond axis, oblate type rotation of the complex about axes 

perpendicular to the carbon-carbon bound should be most 

important. Prolate rotation about the C-C bond axis would 

be initiated only if the collision were off-axis. The 

moments of inertia for the ethyl and vinyl activated 

complexes have been calculated [6-8]. The average value of 

the two large oblate moments of inertia was used in the 

calculation; these were typically within 20% of each other. 

I for the C2H2D is 21 amu·A2 [7]. The value used for the 

C2H4D was 22 amu·A2 • At the lower collision energy, then, 

the calculated rotational period for the complexes are -1.3 



lifetimes were calculated from the rate constants for 

unimolecular decomposition of the excited radicals (1/k) 

[22]. A program based on an RRKM algorithm of Hase and 

Bunker was used [23,24]. The options selected were as 
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follows: the rotations were considered adiabatic, harmonic 

vibrations were assumed, and a semiclassical approximation 

was used in the sum and density of states calculation. The 

input frequencies for the DHCCH vinyl radical and D--HCCH/H

-DCCH critical complexes were taken from the calculation of 

Harding et. al. [7]. At a collision energy of 20 kcal/mole, 

the estimated lifetime is -0.4 x 10- 12 sec (0.3 x 10- 12 sec 

for the undeuterated case). Estimates of the deuterated 

ethyl complex and radical frequencies exist [8]. However, 

these were based on a complex that was later found to be too 

loose [6]. Since no recent frequencies for the deuterated 

C2H4D complexes and radicals could be found, Hase and 

Schlegel's values for C2H5 were used [6]; no significant 

differences were expected based on the acetylene 

calculation. The lifetime for the ethyl complex produced in 

the 20 kcal/mole collision is estimated to be 20 x 10-12 sec, 

significantly longer than that of the vinyl radical. A 

comparison of the rotational period and complex lifetime for 

the D + C2H2 reaction at 20 kcal/mole collision energy shows 

that only a third of a rotation will be completed before the 

complex breaks up. This would certainly agree with the 

experimental observations in which no long-lived complex was 
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apparent. For the D + C2H4 reaction, however, -17 rotations 

would occur before the C2H4D radical decomposed. Based on 

this calculation, then, the D + C2H4 system should exhibit 

some type of long-lived complex behavior. This does not 

necessarily mean that forward/backward peaking should be 

observed, however. The product orbital angular momentum may 

not be strongly coupled to the initial angular momentum due 

to the light mass of the D atom; for such a system, an 

isotropic distribution or sideways scattering would be 

consistent with formation of a long-lived complex [25]. 

Although the T(8} is not strongly backward scattering and so 

might be viewed as marginally isotropic, the similarity 

between the D + C2H2 and D + C2H4 systems suggests that the 

ethyl radical complex is only as long-lived as the vinyl 

radical, i.e. the ethyl complex lifetime is much less than 

~rot· This implies that the additional internal modes (both 

vibrational and internal rotation} present in the ethyl 

intermediate do not participate in the energy randomization 

and/or that the complex is tighter than has been thought so 

that the vibrational frequencies are really higher than 

those used in the RRKM calculation. 

In both the D + C2H2 and D + C2H4 experiments a good 

deal of time was spent collecting data at the parent masses 

to try to understand the origin of the slow laser-correlated 

signal. There were no signs of significant elastic or 

inelastic scattering. Because of large background problems 
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~n detecting at the parent mass, however, this type of 

scattering cannot be entirely ruled out. The lack of 

elastic and inelastic signal may imply that the substitution 

reactions are favored over the back reaction; once the 

activated complex forms, C-H bond cleavage occurs rather 

than C-D. This effect has been observed in the high 

pressure studies of acetylene and ethylene and can be 

predicted by an RRKM treatment. The preference for H 

elimination arises mainly from the lower ZPE of the 

deuterated hydrocarbons [8,18]. 

Although the higher collision energy reactions could 

not be well characterized, comparison of the uncorrected 

fast and slow D atom TOF spectra show that the substitution 

cross-section does not increase significantly with collision 

energy; the fast D atom TOF spectra clearly show the lower 

energy contribution. The H + C2H4 trajectory calculations 

predict this; in the 20-80 kcal/mole collision energy range, 

the excitation function is fairly flat [14]. Similar 

behavior would be expected for H + C2H2 • 

4. Conclusions 

The experiments done show that at 20 kcal/mole and 

presumably 40 kcal/mole collision energy, the D + C 2H2 and D 

C2H4 substitution reactions do not involve a long-lived 

complex. The D atom adds to the hydrocarbon and an H atom 

leaves in a forward direction with respect to the initial D 
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atom approach before the resulting complex can undergo a 

complete rotation. The structural differences between the 

acetylene and ethylene apparently have little effect on the 

reaction dynamics. Despite the fact that the reaction is 

direct, a large fraction (60-70%) of the initial 

translational energy is transferred to internal energy of 

the hydrocarbon. The P(ET) 's show the presence of a small 

exit barrier (-6 kcal/mole) as previously predicted and 

observed. 

Estimating the collision complex rotational period and 

RRKM lifetime for the D + C2H2 reaction at 20 kcal/mole 

collision energy shows that a long-lived complex would not 

expected to have a predominant role. Similar calculations 

for the D + C2H4 system, however, would suggest that the 

intermediate would be long-lived with respect to the 

rotational period. Although strong forward/backward peaking 

would not necessarily be expected, the similarity to the 

acetylene substitution reaction is surprising and suggests 

that the RRKM calculation should be critically examined. 

Perhaps tighter treatment of the complex is required or not 

all the internal modes may be actively involved in the 

energy randomization. 

The general trends seen in the data agree with the 

studies that have been done under non-single collision 

conditions and with theoretical predictions. At both 

collision energies, the ethylene substitution occurs more 
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readily than the acetylene; this reflects the general 

principle that radicals add more easily to olefinic bonds. 

Also, no sign of significant C-D bond cleavage was detected. 

Because the zero point energies for C2H3D and C2HD are lower 

than for the corresponding undeuterated molecules, this 

preference for H elimination is expected and has been 

measured previously. Finally, the reaction cross-sections 

at the 20 and 40 kcal/mole collision energies appear 

similar. 

On a more practical level, the experiments have shown 

that the ethyl and vinyl radical complexes formed by high 

energy collisions will be fairly short-lived. This 

knowledge will be important in modeling combustion systems 

where C2H3 and C2H5 reactions take place. Since a large 

fraction of the initial translational energy is transferred 

to hydrocarbon internal energy, the resulting hydrocarbons 

may be more reactive and the H atoms less. 

Finally, the experiment points out some of the 

limitations of using the photolytic D atom source. The 

collisionally broadened and thermalized D atoms produced are 

able to react making the data more difficult to fit. To 

some extent this can be corrected for in the assumed parent 

velocity distribution, but not if there is any strong 

dependence of the P(ET) or T(9) on the collision energy. It 

would be best to run under conditions where there is less 

collisional broadening (lower DI pressure and shorter 
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laser/pulsed valve delay times), although this limits 

studies to reactions with high cross-sections. Another 

difficulty was caused by the presence of the unselected D 

atoms; a somewhat arbitrary fraction of the unselected 

collision energy signal had to be subtracted away. For 

reactions where there is a significant difference in cross

section between 20 and 40 kcal/mole collision energy, this 

would be much less of a problem, at least for one of the 

collision energies. Otherwise, it would probably be better 

to use a different source of D atoms such as DBr at 193 nrn 

where there will not be two different D atom velocity 

ranges. 
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Figure Captions 

Figure 3-1. Simple potential energy diagram of the D atom 

substitution reaction in acetylene and ethylene. The 

small (- 2 kcal/mole) H atom addition barrier is shown 

as well as the slight exotherrnicity due to differences 

in the zero point energies of the reactants and 

products. 

Figure 3-2. Uncorrected C2HD TOF spectra from a typical 

experimental run for the D + C2H2 ~ H + C2HD reaction at 

20 kcal/mole collision energy. The open circles show 

the reaction signal and the solid line is the laier

off background. (a) 30° 1 (b) 40° 1 (c) 50° 1 and (d) 

60°. 

Figure 3-3. C2HD reactive signal for the 20 kcal/mole 

collision energy. The open circles are the accumulated 

laser-on minus laser-off signal after the non-reactive 

contribution has been subtracted. The solid line shows 

the unselected D atom correction. 

( c ) 50 ° 1 and (d) 6 0 ° . 
(a) 30°1 (b) 40°1 

Figure 3-4. C2HD TOF spectra at 20 kcal/mole collision 

energy. The open circles are the upure" reactive 

signal after the unselected D atom contribution has 
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been subtracted. The solid line is the calculated fit 

using the T(9) and P(ET) in Figures 3-6 and 3-7. (a) 

30°1 (b) 40°1 (c) 50°1 and (d) 60° • 

Figure 3-5. Laboratory angular distribution of the C2HD 

reactive signal (D + C2H2 ~ H + C2HD) at 20 kcal/mole 

collision energy. The open circles/dashed line 

represent the corrected experimental distribution while 

the solid circles/solid line show the distribution 

calculated from the best T(9) and P(ET). 

Figure 3-6. COM angular distribution (T(9)) used to fit the 

20 kcal/mole D + C2H2 ~ H + C2HD TOF data in Figure 3-

4. 

Figure 3-7. C2HD + H product translational energy 

distribution (P(ET)) for the 20 kcal/mole collision 

energy used it fit the data in Figure 3-4. 

Figure 3-8. Uncorrected C2H3D TOF spectra from a typical 

experimental run for the D + C2H4 ~ H + C2H3D reaction 

at 20 kcal/mole collision energy. The open circles 

show the reaction signal and the solid line is the 

laser-off background. (a) 30° 1 (b) 40° 1 (c) 50° 1 and 

(d) 60°. 
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Figure 3-9. C2H3D reactive signal for the 20 kcal/mole 

collision energy. The open circles are the accumulated 

laser-on minus laser-off signal after the non-reactive 

contribution has been subtracted. The solid line shows 

the unselected D atom correction. 

(c) 50° 1 and (d) 60°. 

(a) 30°1 (b) 40°1 

Figure 3-10. C2H3D TOF spectra at 20 kcal/mole collision 

energy. The open circles are the "pure" reactive 

signal after the unselected D atom contribution has 

been subtracted. The solid line is the calculated fit 

using the T(8} and P(ET) in Figures 3-12 and 3-13. (a) 

3 0 O 1 ( b} 4 0 O 1 ( C} 50 O 1 and (d) 6 0 O • 

Figure 3-11. Laboratory angular distribution of the C2H3D 

reactive signal (D + C2H4 -+ H + C2H3D} at 2 0 kcal /mole 

collision energy. The open circles/dashed line 

represent the corrected experimental distribution while 

the solid circles/solid line show the distribution 

calculated from the best T(8) and P(ET} (see Figures 3-

12 and 3-13}. 

Figure 3-12. T(8} used to fit the 20 kcal/mole D + C2H4 -+ 

H + C2H3D TOF data in Figure 3-10. 

Figure 3-13. C2H3D + H P(ET} for the 20 kcal/mole. collision 
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energy used it fit the data in Figure 3-10. 

Figure 3-14. TOF spectra of the D atom parent beam for the 

acetylene (solid line) and ethylene (dashed line) 

experiments. This may explain why the ethylene TOF 

data seemed to have fewer contamination problems. 

Figure 3-15. Uncorrected C2HD TOF spectra from a typical 

experimental run for the D + C2H2 ~ H + C2HD reaction at 

40 kcal/mole collision energy. The open circles show 

the reaction signal and the solid line is the laser

off background. (a) 30°, (b) 40°, (c) 50°, and (d) 

60°. 

Figure 3-16. C2HD reactive signal for the 40 kcal/mole 

collision energy. The open circles are the accumulated 

laser-on minus laser-off signal after the non-reactive 

contribution has been subtracted. The solid line shows 

the unselected D atom correction. 

(c) 40°, and (d) 50°. 

(a) 20°, (b) 30°, 

Figure 3-17. C2HD TOF spectra at 40 kcal/mole collision 

energy. The open circles are the •pure" reactive 

signal after the unselected D atom contribution has 

been subtracted. The solid line is the calculated fit 

using the P(ET) in Figure 3-18. (a) 20°, (b) 30°, (c) 
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Figure 3-18. C2HD + H P(ET) for the 40 kcal/mole collision 

energy used it fit the data in Figure 3-17. 

Figure 3-19. Uncorrected C2H3D TOF spectra from a typical 

experimental run for the D + C2H4 -+ H + C2H3D reaction 

at 40 kcal/mole collision energy. The open circles 

show the reaction signal and the solid line is the 

laser-off background. (a) 30° I (b) 40° 1 (c) 50° 1 and 

(d) 60°. 
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Figure 3-20. C2H3D reactive signal for the 40 kcal/mole 

collision energy. The open circles are the accumulated 

laser-on minus laser-off signal after the non-reactive 

contribution has been subtracted. The solid line shows 

the unselected D atom correction. 

and (c) 50°. 

(a) 30°1 {b) 40°1 

Figure 3-21. C2H3D TOF spectra at 40 kcal/mole collision 

energy. The open circles are the •pure" reactive 

signal after the unselected D atom contribution has 

been subtracted. The solid line is the calculated fit 

using the P (ET) in Figure 3-22. {a) 30° 1 {b) 40°, and 

(c) 50°. 
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Figure 3-22. C2H3D + H P (ET) for the 40 kcal/mole collision 

energy used it fit the data in Figure 3-21. 

Figure 3-23. Simplified view of the D + C2H2 and D + C2H4 

reactions. The D atom collides •head-onu with the 

carbon atom and the H atom is eliminated in a forward 

direction with respect to the initial D atom. 
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Chapter 4: Photodissociation Experiments on the 35" Machine 

1. Experimental Configuration 

The photolytic D atom source used in the reactive 

scattering experiments is a natural choice for 

photodissociation studies since the DI can be replaced by 

the molecule of interest. The pulsed valve will still fire 

into the photolysis chamber with the laser intersecting it 

perpendicularly. Since the photolysis chamber slits only 

allow fragments traveling perpendicular to the parent beam 

and laser to be detected, however, the detector must always 

be positioned facing these slits. A schematic of the 

experimental set-up is given in Figure 4-1. Because the COM 

velocity will be perpendicular to the detector direction, 

only fragments with a velocity greater than the COM can be 

detected; to ensure that the entire translational energy 

range is sampled, then, the faster photoproduct, which will 

always be the lighter one, must be detected in these 

studies. Figure 4-2a shows a representative Newton diagram 

. . 
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that illustrates this. 

Photodissociation experiments using the 35" machine 

have several advantages over the more standard photolysis 

studies on machines such as the Lee group Rotating Source 

Machine (RSM) . A comparison of the Newton diagrams for each 

type of experiment (Figure 4-2) shows that detection of the 

faster products improves the resolution because the 

distribution in parent beam velocity and angle will have 

little affect on the fragment velocity. This has the added 

advantage of allowing less well-defined but much higher 

intensity parent beam to be used, reducing the counting time 

in low signal experiments. In addition, since product 

detection will always be perpendicular to the parent beam 

and occurs in a region separate from the photolysis chamber, 

there is less background caused by the dissociative 

ionization of parent molecules. 

2. Source Conditions 

2.1. Molecular Beam 

Since it is the photofragments that are of interest in 

the photodissociation experiment, several changes in beam 

conditions are required. The stagnation pressure of the 

neat parent beam must to lowered to -30-75 torr and the 

pulse width shortened to 50 ~sec to avoid ther.malizing 

collisions involving the photofragments in the photolytic 

region; these were acceptable when the fragment beam was 
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used in reactive scattering and beam intensity was a more 

critical concern. In fact, to obtain even higher TOF 

resolution, a skimmer is inserted between the pulsed valve 

and photolysis region. The fragments produced then suffer 

fewer collisions before being detected because of the lower 

number density in the laser interaction region; in addition, 

since the nozzle-laser distance is increased from 0.3 ern to 

2.3 ern (3 to 23 nozzle diameters), the parent molecules will 

be better cooled decreasing any effects from photolysis of 

hot parent molecules. 

With these source conditions, dirner formation is not 

thought to be a problem. Clustering effects start to become 

important for P0 d > 10 torr·crn (where P0 is the stagnation 

pressure and d is the nozzle diameter) [1] and in these 

experiments, P0 d $ 7.5 torr·crn. As discussed, looking 

directly at the acetylene beam with a backing pressure of 

-300 torr showed that the beam consisted of less than 0.1% 

dirners. Ethylene clustering effects were observed only when 

P0 ~500 torr or when the beam was seeded with Ar [2]. TOF 

spectra were taken at several different pressures to check 

for effects that would scale with the rate of dirner 

formation, P0
2d [1]. No quadratic increase in signal was 

seen as the pressure was raised and no section of the 

spectrum changed significantly. 

2.2 Photolysis Laser 

. . 
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The laser set-up used in the photodissociation 

experiments also had to be changed slightly from the 

reactive scattering experiments because a switch from 248 nm 

photons to 193 nm (ArF gas fill) was necessary. The 

hydrocarbons in these studies have virtually no absorption 

at 248 nm. In fact, 193 nm is just at the rising edge of 

the absorption curves. The wavelength change required using 

different focussing lenses to obtain a spot size =3 x 5 mm; 

the 19/24 em cylindrical lens combination was replaced with 

a 30 em spherical Suprasil lens. As in the reactive 

scattering experiments, the photolysis by-product buildup on 

the lens drops the transmission to -70% of a new, clean lens 

so the actual number of photons reaching the molecular beam 

changes throughout the experiments. Thus all laser powers 

quoted are "before lens". 

Since the heavier, primary products cannot be detected 

directly, multiphoton effects were of great concern in these 

experiments. For example, in the acetylene 

photodissociation, the H atoms detected come from either the 

primary process, C2H2 ~ C2H + H, or the secondary, C2H ~ C2 + 

H. To isolate the effects due to secondary dissociation 

processes, the laser power was varied from -20 mJ/pulse to 

-235 m.J/pulse [7 x 10 24 to 8 x 1025 photons/cm2sec for the 20 

nsec laser pulse] . The low laser powers were attained by 

placing 1 or 2 wire mesh screens in front of the laser 

output; each screen reduced the laser output by a factor of 
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three. 

3. Background Considerations 

The switch from reactive scattering to 

photodissociation studies on the 35• machine meant that the 

20K cyropanels could no longer be effectively used to help 

reduce the detector background since the detector would 

always face the primary beam hole in the cryopanel. 

Instead, steady state background was controlled by gating 

the detector with a 2-slot wheel as was done in the D + H2 

experiments [3]. The wheel was positioned as close to the 

detector as possible; a teflon tube with a length slightly 

less than the distance between the wheel and the detector 

was held in the opening to reduce the number of molecules 

that enter from the main chamber. The wheel was spun at 25 

Hz which exposes the detector for -400 ~sec from the initial 

laser firing, enough time for all photoproducts to enter. 

The wheel, however, could only reduce steady state 

background in the detector. Temporal background problems 

from the use of the pulsed valve were also present in the 

photodissociation studies as they were in the reactive 

scattering. When the pulsed valve fires into the photolysis 

chamber, not all the molecules/fragments are removed. Many 

suffer collisions and eventually work their way out through 

the slits and enter the main chamber. This long, slow 

effusive-like hydrocarbon pulse can undergo dissociative 

. . 
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ionization in the detector and will appear in the recorded 

TOF spectra at many small masses. Because the photofragrnent 

signal is much faster that the peak of the background pulse, 

in these studies background subtraction is practical; a 

laser-off spectrum can be recorded, fit with a polynomial, 

and then subtracted from the laser-on spectrum (see Figure 

4-3). The very low energy tail (<3 kcal/mole} of the P(ET}, 

however, is generally regarded as suspect because of this 

temporal background. 

The last background problem that was encountered was 

not experienced in the reactive scattering experiments and 

is somewhat unique to 35" photodissociation. At the low 

quadrupole RF voltages necessary for mass selection of the 

light fragments, there is a problem with laser RF pick-up 

causing a time dependent variation in the transmission of 

the quadrupole mass filter. For long, low-signal runs at 

times S 50 ~sec, large fluctuations in the background 

appeared whenever the laser was running. Unfortunately, 

these modulations usually appeared in the rising edge of the 

photofragmentation signal which is used to determine bond 

energies. The initial solution was to record backgrounds 

with the laser flagged but running and then subtract this 

modulation signal away (see Figure 4-4}. Later, it was 

found that putting an RF power line filter (Corcom EMI 

10VR7) on the mass spectrometer controller AC input line 

would essentially eliminate this noise. 
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4. Calibration 

To fit the data, the parent b~am velocity and spread as 

well as the detector parameters--ion flight time, effective 

ionizer length, neutral molecule flight length, and any 

offset--must be known. Information about the parent beam 

was obtained after the experiments were completed using a 4-

slot TOF wheel with the pulsed valve in the secondary beam 

position (see Chapter 2). It should be noted that although 

the pulsed valve conditions were the same as those used 

during the experiments, the beam geometry (nozzle-skimmer 

distance, proximity to cold shields, etc.) was not the same. 

This was not of too much concern because, as discussed, 

looking perpendicular to the parent beam and detecting the 

fast products means that knowing the exact parent beam 

velocity is not critical. The measurements of the parent 

beam velocities and speed ratios for the gases 

photodissociated are given in Table 4-1 (see Chapter 2). 

These values are for the part of the pulse with the highest 

number density. This should be the section photodissociated 

since the laser/pulsed valve delay is varied to maximize 

signal. 

The uncertainty in the detected product arrival time 

from the spread in parent beam velocity could be calculated 

and compared with the spread in product arrival time 

expected from the finite ionizer length/photolysis volume 

(see Table 4-2). As expected, for the fast section of the 

.. 



105 

TOF spectra, the variations in the parent beam velocity are 

not as important as the spread in the neutral flight path. 

In fact, the only cases where the parent beam uncertainty is 

important is for the slow tails of the heavier 

photofragments (namely F and HF in the C2H2F2 

photodissociation) where there are other more serious 

background problems. 

As discussed, in the reactive scattering experiments, 

the detector parameters, as discussed, were taken from 

previous, continuous beam calibrations. The detector 

conditions, however, were changed dramatically in the 

photodissociation studies where fragments with small 

ionization cross-sections had to be detected. To maximize 

the signal, a very positive grid voltage (100 eV) and very 

negative extractor voltage (-1072 eV) were used. These 

changes have a significant effect on the ion flight time and 

offset. The detector could be calibrated by switching to 

continuous beams or by measuring TOF spectra of the 

photodissociation of an appropriate compound under the 

experimental conditions. The latter method was used. The 

compounds of choice were HI and DI for the same reasons that 

make them a good hot atom source--no sequential 

dissociatfon, large absorption cross-section, and no 

fragment vibrational/rotational excitation [4]. In 

addition, the H-I and D-I bond energies [5], as well as the 

I· 1 , 2 ~ I 312 spacing [ 6] , are well known. Using the 
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experimental conditions, TOF spectra for the photolysis of a 

mixture of HI and DI synthesized in the lab [3] was 

measured. The forward convolution data analysis program 

developed by X. Zhao [7] was used to fit the spectra with 

the detector parameters treated as the unknowns. An input 

P(ET) was generated using the known bond energies, iodine 

atom excitation energies, and an assumed initial parent 

rotational distribution; the program averaged this over the 

experimental apparatus function. With fine adjustments in 

the detector parameters, good fits to the TOF spectra were 

obtained. Figure 4-5 shows the H and D atom spectra from 

the photodissociation of skimmed and unskimrned beams of HI 

and DI under the typical experimental conditions. The solid 

line is the best fit TOF spectra using a rotational 

temperature of lOOK. It should be noted that the fits are 

not sensitive to this rotational temperature; the peak width 

is mainly due to the ionizer length. These TOF spectra 

point out the differences between using and not using the 

skimmer. As would be expected, the skimmer spectrum is 

narrower; without the skimmer to help define the beam, the 

photolysis region is larger so there is more spread in the 

fragment flight length. 

5. Experimental Protocol 

All the photodissociation experiments followed the same 

general procedure. TOF spectra were taken of the molecules 
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of interest at several different laser powers to determine 

the extent of the secondary dissociation problem. Laser-off 

scans were regularly measured throughout each experiment to 

be later subtracted from the signal. To analyze the data, 

the forward convolution data analysis program [7) was used. 

A trial product translational energy distribution, P(ET), is 

averaged over experimental parameters to obtain a fit to the 

laboratory TOF. Through an iterative process, the P(ET) 

that best fits the experimental TOF is obtained. The 

program can also be used to fit any secondary dissociation 

processes observed. With this option, one chooses the 

internal energy range of primary products that undergo 

secondary dissociation and then gives the P(ET) for the 

secondary process. 
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Tables 

Table 4-1. Parent Beam Characteristics. 

No Skimmer Skimmer 
25-50 torr 70 torr 

400VI50j.Lsec 500VIl00j.Lsec 
Gas % 

Vol I!.V Vo % Vol I!.V V0 cmls Ideal 1 
cm/s Ideal 1 

C2H2 4.5 6. Oxl0 4 73 5.5 6. 5xl0 4 80 

C2H4 4 6.0xl0 4 71 

C2H2F2 5 4. 6xl04 83 (cis) 

HI /DI 2 4.5 3x10 4 75 

1. Ideal is calculated using (7kT/m) 112 for linear 

molecules and (8kT/m) 112 for non-linear polyatomics. 

2. No TOF spectra were taken of the HI and DI parent 

beams. V0 was estimated assuming 75% of the ideal 

velocity was attained in the expansion. A typical 

speed ratio was used. 
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Table 4-2. Comparison of Contributions to Arrival Time 

Uncertainty. 

Arrival Time Arrival Time 
ET (J.Lsec) (Jl.sec) 

Gas m/e kcal/ Path Path 
mole Slow Fast 38.5 39.5 vo vo em em 

2 97.3 97.8 96.3 98.8 
H 

65 17.6 17.7 17.4 17.9 

2 140.1 141.6 139 142 
H2 

32 36.1 36.1 35.6 36.5 
C2H2F2 

7 282 296 284 291 
F 

24 153 155 152 156 

4 395 435 406 417 
HF 

80 90.7 91.0 89.8 91.9 

2 98.5 99.5 97.8 100.3 
H 

40 22.5 22.5 22.2 22.8 
C2H4 

8 71.9 72.4 71.3 73.1 
H2 

80 23.9 23.9 23.6 24.2 

3 80.6 81.0 79.7 81.7 
C2H2 H 

16 35.2 35.2 34.8 35.7 

78 16.1 16.1 15.9 16.3 
HI H 

56 18.9 18.9 18.7 19.2 

78 23.6 23.6 23.3 23.8 
DI D 

56 27.5 27.5 27.2 27.8 

1 . For C2H2F 2 , C2H4 , C2H2 , and HI /DI the limits of the 

velocity range are 3.6 to 5.5 x 10 4 em/sec, 4.5 to 7.5 

x 104 em/sec, 4.7 to 7.3 x 10 4 em/sec, and 2.3 to 3.7 x 

10 4 em/sec respectively. 
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Figure Captions 

Figure 4-1. Side v~ew (a) and top-view (b) of the 

experimental arrangement. The piezoelectric pulsed 

valve (1) is used to create the hydrocarbon beam. The 

valve fires into the photolysis chamber (2). For the 

high resolution spectra, the beam passes through a 

skimmer (3) mode. A 4" DP (4) as well as liquid 

nitrogen cooled cryopanels (5} pump the chamber. The 

193 nrn output of the excirner laser (6) passes through a 

focusing lens (7} and perpendicularly intersects the 

hydrocarbon beam (8). The photoproducts (9) pass out 

of the differential chamber and travel 39.0 ern to the 

detector (10) where they can be ionized in the electron 

impact ionizer. A chopping wheel (2) is used to gate 

the detector to help reduce background. 

Figure 4-2. (a} Representative Newton diagram for a 

photodissociation experiment on the 35" machine; the 

system shown is C2H2 -+ C2H + H. 16 kcal/rnole is the 

translational energy of the fastest products and 3 

kcal/rnole is the lower limit for most of the observed 

product. The diagram shows that since the detection 

direction is perpendicular to the parent beam only the 

lighter product can be observed. (b) Newton diagram 

for the C2H2 -+ C2H + H half reaction in which the 
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heavier product is detected as was done on the RSM. 

Comparison of the two diagrams shows that the 35" 

experiment will be much less affected by variations in 

the parent beam. 

Figure 4-3. Representative high resolution H atom TOF 

spectrum showing the raw data (open circles) as well as 

the polynomial fit to the laser-off signal (solid 

line) . For most of the systems studied, this background 

correction has very little effect on the region of 

interest. 

Figure 4-4. Representative high resolution H atom TOF 

spectrum showing the raw data (open circles) with the 

RF pickup modulation spectrum (solid line). 

Figure 4-5. HID atom TOF spectra from HI/DI photolysis for 

calibration purposes. Open circles are the raw data 

and the solid line is the calculated fit. 

Photodissociation of (a) HI with no skimmer used (b) HI 

with skimmer in place and (c) DI with skimmer in place 

(note the change in time scale) . 
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Chapter 5: Photodissociation of Acetylene at 193 nm 

1. Introduction 

There is a scarcity of basic knowledge about acetylene 

and the ethynyl radical which must be remedied because of 

their critical role in combustion processes [1]. 

Photofragmentation translational spectroscopy is one way to 

do this. This technique has the capacity to determine bond 

energies and can be used to derive information about the 

excited electronic and/or vibrational states of the 

resulting radicals. It should come as no surprise, then, 

that Alec Wodtke in this group studied the 193 nm 

photodissociation of C2H2 on the RSM by measuring the TOF 

spectrum of the C2H and C2 fragments. Wodtke and Lee found 

an upper bound to the HCC-H bond energy of 132 ± 2 

kcal/mole, were able to resolve vibrational and electronic 

structure of C2H, and derived information about the dynamics 

of the dissociation process [2). Subsequent experiments 

confirmed Wodtke and Lee's bond energy [3,4]. Recently, 



119 

however, two groups [5,6], using different techniques, 

reported HCC-H bond energies significantly lower than Wodtke 

and Lee's which initiated a flurry of experimental [7,8,9] 

and theoretical studies [10-13] (see Table 5-1). As one of 

the lower bond energies was based on the measurement of the 

H atom translational energy distribution via the Doppler 

profile [5], it was decided to directly measure the velocity 

distribution of H atoms using the molecular beam 

photofragmentation technique for comparison. Since the 

experimental set-up can be calibrated for precise velocity 

measurements of H atoms by photolyzing well-characterized 

hydrogen halides, any questions regarding systematic errors 

should be eliminated. The detection of H atoms on the 35" 

machine should also result in better TOF resolution since it 

would be less affected by variations in the parent beam or 

parent beam dissociative ionization. 

The C2H2 photodissociation is one instance where having 

the ability to obtain high resolution TOF spectra is 

worthwhile. The C2H fragment is not expected to be 

significantly rotationally excited. The parent C2H2 

molecules in the beam produced by a supersonic expansion 

through the nozzle should have a very low rotational 

temperature which means rotational excitation of the C2H 

fragment can only come from the recoil of the H atom leaving 

the C2H. Owing to the light mass of the H atom and a 

relatively small exit impact parameter, the torque exerted 
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to the C2H product is expected to be small, especially when 

the H atoms depart with low translational energies. This 

means that the peaks in the TOF spectrum corresponding to 

various vibrational and electronic energy levels will not be 

smeared out Seeing the internal energy distribution of the 

C2H fragments from the C2H2 dissociation is especially 

interesting because of the multiple potential energy 

surfaces involved [2] and the confusion of states in the C2H 

system [14]. In addition, the extensive coupling between 

the C2H A and X electronic states means that the Born

Oppenheimer approximation, a standard assumption in many 

photodissociation models, is not appropriate [15]. 

193 nrn is a convenient wavelength to use for these 

studies. The experiment can measure the bond dissociation 

energy since absorption of a single photon provides 147.9 

kcal/mole, enough to break the C-H bond and excite the C2H 

fragment but not the H atom. Acetylene does not absorb very 

strongly at longer wavelengths (> 200 nrn) but at 192.86 nrn, 

the 155K cross-section is a reasonable 2 x 10- 19 cm2 [16]. 

It is also known that the 193 nrn absorption is to the V3 = 

10 (the C-H bending vibration) of the trans-bent 1Au excited 

state [17-19). Exciting only one, well-studied state 

simplifies the interpretation of the experiment. 

Some information is available about the 193 nrn 

photodissociation of acetylene. Figure 5-l [7,20-22] shows 

the products that are thermodynamically possible. At laser 
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intensities below 10 26 photons/cm2s, for a 20 nsec pulse 

duration, the primary process observed by Wodtke and Lee is 

[ 2] : 

C 2H2 -+ C 2H + H (I) . 

It was not possible for Wodtke and Lee to determine 

unambiguously whether just C2H(X) formed or both the X and A 

states [2]. This question was cleared up in Fletcher and 

Leone's FTIR study of the C2H products from the 193 nm 

photodissociation of C2H2 where they detected C2H in both the 

A and X states [23]. 

Not enough is known about the potential energy surfaces 

of excited C2H2 and C2H to understand why both states of C2H 

form. Better. potential surfaces exist for R-CN. Realizing 

that CN is isoelectronic with C2H, Wodtke and Lee discussed 

in detail how these surfaces could be used to interpret the 

C2H2 dissociation; only their basic scheme will be 

summarized here [2]. There is no singlet excited state 

surface that correlates with C2H(X) in the range of a 193 nm 

photon; in the absence of other effects, then, only excited 

state C2H would be produced. In the absorption, the C2H2 

goes to the 1 1A" surface which correlates to formation of 

C2H(A) + H. Because of an avoided crossing with a higher 

energy surface, 2 1A", there is an exit barrier for this 

channel. On the 11A" surface, however, there exists the 

possibility of vibronic coupling with the repulsive portion 

of the 2 1A' surface. This state also correlates with C2H(A) 
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+ H but because of its repulsive nature, curve hopping to 

the 1 1A' surface should be possible; it is this 1 1A' state 

that correlates with C2H(X) + H. The barrier height of the 

1 1A" surface, to a large extent, should control the 

C2H(A)/C2H(X) ratio [2]. Recent fluorescence studies that 

probe C2H2 predissociation suggest that the repulsive state 

that vibronically couples with 1 1A" is a triplet; curve 

hopping from this triplet to 1 3A' would then lead to C2H(X) 

[24-26]. Support for the general mechanism -- excitation to 

a state with a barrier, coupling to a repulsive state, and 

then nonadiabatic surface hopping -- comes from the isotopic 

studies of Cool, Goodwin, and Otis. Upon 193 nm excitation 

of C2HD, they found a marked preference for the C2D(A,X) + H 

channel over C2H(A,X) + D. This is explained with the above 

mechanism; the C-H vibrational wave function has greater 

barrier penetration than the C-D and the higher H atom 

velocity, as compared to the D, allows for more nonadiabatic 

curve crossing [26]. 

No evidence has been found for the only other one 

photon channel thermodynamically allowed: 

C2H2 --+ C2 + H2 (II). 

Wodtke and Lee did not observe C2 from this channel but 

estimated that the II/I branching ratio could be as much as 

0.15 and the C2 from II would still remain hidden in the 

signal from the C2 formed in the secondary photodissociation 

of the C2H [2]. 
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At higher laser intensities, more channels open up. 

McDonald's early emission studies of the multiphoton 

photodissociation of C2H2 identified several two and three 

photon processes. Most (~ 90%) of the measured emission 

intensity was from the C2 (A
1llu ~ X1~~) transition. Their 

observations were consistent with a two photon process that 

proceeds via sequential elimination of two H atoms: 

C2H2 ~ C2H + H 

C2H ~ C2 + H 

Emission from C2 (d 3llg ~ a 3llul was also detected but this was 

only a minor channel (-1% of the A1llu). Based on power 

dependence studies, they concluded that three photons were 

absorbed but could not determine the mechanism. 

Fluorescence from CH(A2~ ~ X2ll) was recorded; this channel 

was also minor (< 1% of A1llu). The production of CH(A2~) 

appeared to proceed via two photon excitation of C2H2 -- the 

C2H intermediate was not involved. Finally, emission from 

C2 (C 1ll 9 ~ A1llul was reported but the signal was not intense 

enough (< 1% of A1llul to derive any mechanistic information 

[ 2 7 J • 

Wodtke and Lee also saw evidence of multiphoton 

processes in their studies. The C2 (A
1llu, 3llu, X1~~) that they 

detected formed via two sequential one photon absorption 

steps: C2H2 ~ C2H ~ C2 (2 J • Recently, several more 

electronically excited C2 states have been detected from the 

sequential 193 nrn photolysis of C2H2 • Using LIF methods, 



124 

Urdahal, Bao, and Jackson reported the formation of C2 (a 3ilu, 

d 3il9 , A1ilu, C1IT9 , and B' 1I~) [28,29]. Goodwin and Cool 

detected the presence of C 2 (B 1~9 ) and C2 (b3~~) in the two step 

photolysis of C2H2 [30]. 

The formation of some of these higher excited states of 

C2 is only energetically possible if the intermediate C2H is 

internally excited. In fact, by studying the change in 

shape of the C2H TOF spectra with laser power, Wodtke and 

Lee showed that the C2H absorption cross section was larger 

for more highly excited C2H molecules [2). From what is 

known about the C2H radical excited electronic states, this 

is not surprising. The lowest lying electronic states for 

which a transition from the 2I+ ground state is allowed are 

2L+ and 2IT. These states have vertical excitation energies 

of 7.32 ev and 8.11 eV, respectively. The transition energy, 

however, drops to the 193 nm (6.4 eV) range if one assumes 

that the upper state is bent in its equilibrium 

configuration and that the initial state's C-C bond length 

is greater than the equilibrium value and/or the C-C-H angle 

is not 180° [14,31,32]. 

2. Experiment 

The Newton diagram representing the photodissociation 

of C2H2 with H atom detection was used as an example in 

Chapter 4 (Figure 4-2). 

The general scheme for the photodissociation 
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experiments was also discussed in Chapter 4. These 

acetylene studies followed this general procedure. The one 

difference was that since the C2H2 gas (Matheson) used comes 

saturated in acetone, the gas was first passed through a dry 

ice/acetone trap to remove the impurity. 

3. Results 

3.1. Skimmed Beam/High Resolution 

The major problem encountered in determining the HCC-H 

bond dissociation energy with the H atom TOF technique, is 

contamination from multiphoton and/or sequential 

dissociation events which can produce faster H atoms than 

from process I. The TOF spectrum shown in Figure 5-2a, 

which is mainly due to the single photon dissociative 

process, could only be obtained at very low laser power (-35 

mJ/pulse). Despite 5.6 hrs of counting, the SIN ratio of 

the spectrum is still low. However, the scan is of 

sufficient quality to generate the fast edge of the P(ET) 

which can then be incorporated in fitting spectra where 

secondary dissociation is more of a problem. 

It should be noted that the spectrum in Figure 5-2a 

shows a good deal of RF-pickup noise at the fast edge even 

though the data was collected with the RF filter installed; 

this is because the signal is so poor that long counting 

times are required which means that even slight RF 

modulation in the background can be observed--the filter 
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apparently does not remove everything. Unfortunately, after 

the signal accumulation, it was discovered that the 

background RF noise scans taken do not match the pickup 

signal; the filter must change the modulation. 

To get sufficient S/N to resolve the vibrational and 

electronic states of the C2H radical, higher laser powers 

(-100-150 rnJ/pulse) were required. Figure 5-2b shows the 

spectrum after all the runs had been added (21 hours) and 

all background/RF noise corrections made. The solid line is 

the TOF calculated using the P(ET) in Figure 5-3a. The 

dashed line represents the products from secondary 

dissociation, the details of which are discussed later. 

Comparing the high resolution P(ET) obtained from the H 

atom TOF spectra with that of Wodtke and Lee shows good 

general agreement (see Figure 5-3b). The 

vibrational/electronic resolution in this experiment, 

however, seems higher. Most notably, Wodtke's peak 2 

appears in the P(ET) as two separate peaks; the H atom TOF 

spectra is very sensitive to this structure whereas Wodtke 

and Lee reported that adding such peaks would have little 

effect on the calculated TOF spectrum [2). 

The other area of difference is that the P(ET) from the 

H atom TOF has more low translational energy product than 

that of Wodtke and Lee. One explanation is that highly 

internally excited C2H fragments more easily in the detector 

than ground state C2H; at low translational energies, this 
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would result in less detected C2H (and more C2). In the 35" 

experiment, C2H should not reach the detector (see Figure 4-

2a) so the H atom TOF spectra will not be affected by 

differential fragmentation. The other possibility is that 

the H atom TOF results have some slow H atom laser 

correlated signal--perhaps from some laser produced H atoms 

that, after collisions inside the photolysis chamber, 

eventually make their way to the detector. The latter 

explanation is supported by high and low C2H2 pressure 

spectra taken with no skimmer. The higher pressure scans 

have relatively more slow H atoms (see Figures 5-4 and 5-5). 

With higher pressures, more collisions can take place after 

the photolysis event which will tend to slow down the fast H 

atoms produced, resulting in a relative increase in the low 

P(E7 ) H atoms. 

3.2. No Skimmer/Low Resolution 

When photolyzing in the free jet, a good deal of 

product vibration/electronic state resolution is lost due to 

collisional broadening and the more undefined photolysis 

volume so these spectra are not as useful for determining 

the internal energy distribution of the primary products. 

The SIN ration, however, is much higher which means less 

counting time is necessary so laser power dependence studies 

become practical. 

Figure 5-6 shows three low resolution H atom TOF 
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spectra taken at different laser powers (-60, 105, and 235 

mJ/pulse). All the H atoms should be from the primary 

process, C2H2 ~ C2H + H, or from the secondary process, C2H ~ 

C2 + H, based on the observations of McDonald et. al. [23]. 

There is much uncertainty fitting the secondary 

contribution. One cannot presume that all the C2H formed 

has the same probability of undergoing secondary 

dissociation. In fact, Wodtke and Lee have suggested that 

more highly internally excited products absorb a photon much 

more readily [2]. The forward convolution fitting program 

used allows one to select which energy C2H will undergo 

further fragmentation and so can establish limits on the 

internal energy requirement. For ease in calculations, the 

dependence of the secondary dissociation on the primary 

product internal energy was treated as a step function. The 

differences between the high and low power TOF spectra 

indicate that C2H fragments formed with ET ~ 10 kcal/mole do 

not dissociate. There is enough uncertainty in the 

comparison, however, that this should be considered an upper 

bound. In fact with the assumption that only C2H with ET ~ 

10 kcal/mole would be able to fragment (ET,thres = 10 

kcal/mole), it was impossible to simulate the 11 dip" on the 

rising edge of the high power TOF spectrum. Using ET,thres = 
7 kcal/mole proved most successful and was used in fitting 

all the data. 

The secondary P(ET) that best fits the spectra is shown 

.. 
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in Figure 5-7. The overall appearance--the bimodal 

distribution and the preference for formation of slow, 

highly internally excited C2--is unquestionable. There is, 

however, uncertainty in the shape of the curves especially 

at lower translational energies, which describes the 

secondary products that arrive at the detector the same time 

primary products do, and at the maximum translational energy 

where it is difficult to determine exactly at what point the 

signal completely disappears. 

Since the low resolution set-up gives much better S/N, 

TOF spectra at m/e=2 were taken to look for evidence of 

process II, the H2 elimination channel. There was no sign of 

any H2 product. It should be noted that the H2 product is 

expected to arrive at ~100 ~sec so the pulsed valve 

background may have obscured some signal. 

4. Discussion 

4.1. Primary Dissociation 

The fast edge of the P(ET) which correlates to ground 

state C2H, begins at ET = 17.5 kcal/mole corresponding to a 

bond energy of 130.4 kcal/mole. Comparing the P(ET) with 

that of Wodtke and Lee, howev€r, shows that this fast edge 

has contamination from photodissociation of internally 

excited C2H2 (P(ET) peak labelled H) [2]. The recent work 

identifying C2H vibrational and electronic states [33-40] 

provides an alternative to estimating where the ground state 
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C2H2 dissociation actually starts contributing, reducing the 

uncertainty in this bond energy measurement. The maximum 

translational energy of the ground state C2H product is 

determined by matching the sharp structures shown as peaks 4 

and 5 in the P(ET) with the known C2H energy levels. Since 

an inverted vibrational distribution with selective 

excitation of only two higher vibrational states of the 

ground electronic state is not likely, it was assumed that 

these peaks correspond to electronically excited C2H A(O 0 

0) and A(O 1 0). The main uncertainty in the fitting (- ± 

0.5 kcal/mole) comes in deciding how much rotational 

excitation to include. As discussed, not much excitation is 

expected at this low translational energy; in their study, 

Fletcher and Leone calculate the average energy in rotation 

for the C2H A(O 1 0) to be 0.45 kcal/mole [23]. Table 5-2 

and Figure 5-8 [33-39] show the final fit. Accepting that 

the P(ET) peaks are correctly assigned, the C2H ground state 

is associated with a product translational energy of 16.5 

kcal/mole; D0 (HCC-H) then would be 131.4 ± .5 kcal/mole. 

The P(ET) consists of three envelopes. Based on the 

assignments (Figure 5-8), the first, ET- 11.5 to 16.5 

kcal/mole, could only be from the C-H bending series. The 

next step in the P(ET), ET- 8 to 11.5 kcal/mole, would be 

associated with the excitation of the c-c stretch. By 

analogy, the last grouping, ET - 2 to 8 kcal/mole, should be 

from C2H with the C-H stretch excited as well as.C2H in the 
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A state. This assignment would suggest that the C-H 

stretching fundamental was near 3000 - 3150 cm- 1 (ET = 7.5 to 

8 kcal/mole). V1 is still a subject of controversy; 

currently, the only limitations placed on it are that it 

fall in the 3250 - 3620 cm- 1 range [37,40]. The pattern in 

the P{ET) presented here indicates that the C2H V1 is at the 

lower end of the expected values. 

Since the acetylene bond energy is dependent on the 

correctness of the P{ET) assignment, it is important to 

consider other possible identification schemes especially 

those that would yield lower bond energies. These fits, 

shown in Figure 5-9, are not as satisfying as the D0 = 131.4 

kcal/mole one for several reasons. First, they all leave a 

peak unassigned. Jacox and Olson, however, have seen lines 

associated with C2H in these regions [40] so this is not an 

entirely convincing argument. A more damaging point is that 

these fits would require a highly specific and inverted 

vibrational distribution. For example, with D0 = 127.6 

kcal/mole, the three strongest peaks would correspond to 

high X and/or A vibrational levels. While it is not 

surprising to find highly vibrationally excited product, 

such an inversion would not be expected. Finally, the fits 

at these lower bond energies are not as good. For D0 = 
130.4 and 127.6 kcal/mole, X{O 7 0), X{O 1 1), and X(O 0 1) 

do not match any peaks. This cannot be easily explained by 

invoking rotational excitation since not much is expected. 
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The association of the peaks in the P(ET) with C2H 

states does more than determine the translational energy at 

which the ground state is formed. It also provides dynamic 

details of the photodissociation process. Although it is 

impossible to get relative weights for the C2H states 

because of their extensive overlap, the general trend is 

that the C2H with a large amount of internal excitation (8 

to 13 kcal/mole) is preferentially formed. The C-H bend is 

highly excited and C2H is found with two quanta in the c-c 

stretch and one in the C-H stretch. The first C2H 

electronic state, A1llu, is also reached. The large amount 

of vibrational excitation is expected (especially the C-H 

bend and C-C stretch) since there are significant changes in 

the C-C-H bond angle and c-c distance during the 

dissociation. It is also not surprising to find that the 

C2H(A) is produced since at 193 nrn the C2H2 is excited to the 

1 1A" state (Cs symmetry) which correlates with C2H(A) +H. 

In fact, to explain the formation of C2H(X), one must invoke 

surface hopping at a 2 1A' /1 1A' or a 2 3A' /1 3A' avoided 

crossing as previously discussed [2,26]. 

4.2. Secondary Dissociation 

Two peaks are seen in the secondary P(ET). Assuming 

that primarily C2H with internal energy of 9.5 to 13.5 

kcal/mole (products with 3 to 7 kcal/mole in translation) 

will undergo secondary dissociation to C2 + H( 2S) and that 
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the H-CC bond energy is 116 kcal/mole [8,41], indicates that 

the C2 forms with Ernt = 20-28 (peak 1) and 32-40 kcal/mole 

(peak 2). Unfortunately, because of the nature of C2H 

secondary dissociation, the TOF spectra are not sensitive 

enough to tell unambiguously what C2 states form. The 

spectra, however, do reveal some general features of the 

dissociation process. 

One conclusion that can be drawn from the secondary 

dissociation fitting is that C2H must have an Ernt of ~ 9.5 

kcal/mole to photodissociate further. This value suggests 

that only C2H in the upper electronic A state and/or highly 

vibrationally excited ground state can absorb a photon and 

fragment. This would agree with the theoretical predictions 

of the C2H electronic transitions possible with 193 nm 

excitation. As discussed, to reach the lowest allowed 

electronic states, the C2H must have a non-equilibrium c-c 

bond length and/or be nonlinear. 

The overall appearance of the secondary P(ET) shows 

that most of the C2 is formed highly excited. This is 

probably because of the large number of C2 electronic states 

available for the C2H. to cross into. Peak 2 most likely 

represents B 1~9 formation with the slow tail being higher 

vibrational levels of c 3L: and/or B' 1L;. The fast edge of 

peak 1 could be from b3L~ and the slow edge from A1Tiu. The C2 

electronic states that appear to form in the 193 nm 

secondary dissociation of C2H2 , with the exception of the 
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c 3~: state, have been seen before. The new information 

these results provide is that more of the highly excited C2 

states (B, B', and c) form than A, a, or X. 

5. Conclusion 

To confirm this group's previous measurement of the 

HCC-H bond energy, the same approach, 193 nm 

photofragmentation translational spectroscopy was used, but 

with the H atom detected rather than the C2H. Although H 

atom detection is much more difficult due to the short 

residence time in the ionizer and the low ionization cross

section, it has several advantages--the measurements can be 

well calibrated, the data can be collected at one lab angle, 

and the TOF spectra are not affected by small variations in 

the parent beam. Several years of research on C2H 

vibrational and electronic states have made it possible to 

accurately fix the threshold translational energy of ground 

state C2H from the structure of the translational energy 

distribution rather than from an estimate of where the 

signal from the dissociation of vibrationally excited C2H2 

ends. These improvements should give confidence in the 

dissociation energy measured, 131.4 ± .5 kcal/mole. This 

bond energy agrees with Wodtke and Lee's analogous 

experiment and is in the range of the latest experimental 

and theoretical predictions. It, thus, adds more support to 

the "D0 (HCC-H) > 130 kcal/mole side". There was no evidence 



. . 
of the faster primary H atoms as detected in Segall, et. 

al. 's experiment. 
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Although the H atom TOF spectra obtained do not have 

nearly the resolution found in the C2H absorption 

spectroscopy studies, C2H states that lack oscillator 

strength can be detected. The three vibrational envelopes 

one can superimpose on the P(ET) suggest that the C-H 

stretching fundamental is 3000 to 3150 cm- 1
, the lower end 

of the currently accepted range. 

Finally, this TOF study adds to the understanding of 

the 193 nm photodissociation dynamics of acetylene. 

Comparison to the known C2H spectrum shows that both C2H A 

and X are formed which is only possible if curve-crossing is 

important in the system. As expected from the large 

geometry changes involved, high vibrational levels of C2H X 

and A are populated. In addition to the primary 

photodissociation, the results increase what is known about 

the two photon sequential dissociation, C2H2 ~ C2H + H ~ C2 + 

H + H. Highly excited C2H molecules preferentially 

dissociate as theoretically predicted. The formation of 

electronically excited C2 is favored probably because of the 

large density of these states near the second photon energy. 
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Tables 

Table 5-l. Recent Determinations of D0 (HCC-H). 

Year D0 (HCC-H) Technique Ref. 
(kcal/mole) 

1991 131.4 ± .5 H atom (mass spec) this 
velocity after work 
dissociation 

1990 131 ± 1 H atom (REMPI) 9 
velocity after 
dissociation 

1990 131.6 ± 1 c2w + w threshold 8 
thermochem. cycle 

1990 131.3 ± .7 radical electron 7 
affinity 

(photoelectron 
spec) 

+ gas phase 
acidity 

thermochem. cycle 

1990 129.7 theory 13 

1990 130.1 ± 1 theory 12 

1990 131.54 ± .51 theory 11 

1989 126.647 ± .002 SAC 6 

1989 :::; 127 ± 1. 5 H atom Doppler 5 
shifts after 
dissociation 

1989 133.52 ± 2.3 theory 10 

1988 :::; 132.3 ± .001 SEP with ZAC 4 

1987 132.6 ± 1 C2H + H .. + e- 3 
threshold 

thermochem. cycle 

1985 132 ± 2 C2H velocity 2 
after dissociation 
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Table 5-2. Observed C2H States and their Positions in the 
p (ET). 

TOF Exp. Assignment Ref. 
Peak Trans. 

( cm- 1 ) 

5543 
33,34 

5403 X 
5161 33 (from 3320 + V3) 

4144 A(O 1 0) 

5 4108 X (0 1 2) 15,34,35 

4012 X(1 1 0) 

3786 X (0 5 1) 15,35 

3693 A(O 0 0) 15,35,36 
4 

3600 33,34,36 
? +- X(O 0 0) 

3547 37 

3366 
3 ? +- X(O 0 0) 37 

3299 

2166 X(O 7 0) 36 

2a 2091 X (0 1 1) 38 

1841 X(O 0 1) 39 

1 372 X(O 1 0) 36 
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Figure Captions 

Figure 5-l. Product channels thermodynamically possible in 

the 193 nm photodissociation of acetylene. The dashed, 

secondary dissociation lines represent the energy 

limits if the ground state and the most internally 

excited C2H absorb a photon. The heats of formation 

and bond energies used to construct this chart are from 

references 7 and 20-22. 

Figure 5-2. High resolution H atom spectra. Open circles 

are the raw data (after background corrections) and 

solid line is the calculated best fit. Dashed line 

represents H atoms from secondary dissociation. (a) 

Low power, 35 mJ/pulse; (b) High power, 100-150 

mJ/pulse. 

Figure 5-3. (a) Product translational energy distribution 

used to fit TOF spectrum in Figure 5-2b. (b) Wodtke 

and Lee's product translational energy distribution 

that gives the best fit to their C2H TOF spectra. 

Figure 5-4. H atom TOF spectra (low resolution) at (a) low 

acetylene pressure and (b) high acetylene pressure. 

The open circles are the raw data and the solid lines 

are the fit calculated using the P(ET) in Figure 5-5. 
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Figure 5-5. P(ET) 's used to fit the H atom TOF spectra in 

Figure 5-4. The solid line fits the high pressure scan 

(b) while the dashed line fits the low pressure scan 

(a). The relative increase in slow H atoms at the 

higher pressure should be noted. 

Figure 5-6. Low resolution TOF spectra. Open circles are 

the raw data, solid lines are the calculated best fit, 

and dashed lines are the secondary dissociation 

contribution. (a) 60 rnJ/pulse. (b) 105 rnJ/pulse. (c) 

235 rnJ/pulse. 

Figure 5-7. Secondary dissociation product translational 

energy distribution used to calculate the best fit in 

Figure 5-6c. The blocks represent where the ground 

vibrational level of the C2 electronic states should 

appear assuming C2H with an internal energy of 9.5 -

13.5 kcal/mole (ET = 3 - 7 kcal/mole) dissociates. 

Figure 5-8. Correspondence between known C2H states (see 

Table 5-2) and the product translational energy 

distribution. Solid lines are observed transitions 

(from ground state C2H); those that have been assigned 

are labeled. The dashed lines are the calculated C2H 

C-H bending vibrations assuming Kanamori and Hirota's 

2166 cm- 1 peak is X(O 7 0) and roeXe = 10.1 cm- 1 [36]. As 



can be seen, C2H X(O 0 0) is expected at ET = 16.5 

kcal/mole which would yield a D0 (HCC-H) = 131.4 ± .5 

kcal/mole. 
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Figure 5-9. Comparison of fits of the C2H spectrum to the H 

atom TOF spectrum which would give HCC-H bond energies 

of (a) 127.6 kcal/mole, (b) 128.7 kcal/mole, (c) 130.4 

kcal/mole, and (d) 131.4 kcal/mole. 
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Chapter 6: Photodissociation of Ethylene at 193 nm 

1. Introduction 

Although the photochemistry of ethylene has been studied 

since the 1950's, the details of the dissociation process 

remain uncertain [1]. A summary of the known thermodynamics 

is given in Figure 6-1 [2]. The earliest work was mainly 

concerned with identifying the primary decomposition 

channels [14-19]: 

C2H4 ~ HCCH + H2 ia 

~ H2CC: + H2 ib 

~ C2H3· + H iia 

~ C2H2 + 2H iib 

The general consensus was that atomic and molecular 

elimination producing H and H2 are of approximately equal 

importance [17,18,19b]. In channel i, the molecular 

elimination, there appeared to be two different primary 

products, acetylene (HCCH) and vinylidene (H2CC) [14, 16]. 

The atomic elimination pathways, iia, single H elimination, 

. . 
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and iib, simultaneous loss of two H atoms, were difficult to 

distinguish because vinyl radicals created with vibrational 

energy greater than the C-H dissociation energy are 

apparently very short-lived with respect to further loss of 

an H atom [16-19]. Back and Griffiths [18] and Hara and 

Tanaka [19], however, •detected• stabilized C2H3 by 

observing products that could only come from reaction of the 

vinyl radical, so there is no question that iia occurs. 

These early studies were done using different 

excitation sources-- alpha radiolysis [14], Hg( 3P1 ) 

sensitization [15], and 123.6 nrn [16], 147.0 nrn [16,17], 

163.4 nrn [19], and 184.9 nrn [16,19b] photons. Comparison of 

the results shows that atomic elimination, specifically 

channel iib, is favored when the photon energy is increased 

while i(a +b) and iia decrease in importance [16,19b]. 

The use of isotopes in some of these early works 

provided additional information about the molecular 

elimination mechanism. It was shown that the photoexcited 

C2H4 has free rotation about the C=C bond and any pair of H 

atoms can participate in molecular elimination. The twisted 

geometry of the C2H4 xx· excited state [20] explains why the 

two hydrogens on each carbon are equivalent. No 1,2 H 

exchange, however, was observed except when Hg( 3P1 ) 

sensitization was used as the excitation source [15,16]. 

The vinylidene channel appeared to be favored over the 

acetylene by a ratio of approximately 3 to 2 [16] .. There is 
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an isotope effect of = 1:1.5:2 with respect to D2 :HD:H2 

elimination for both channels ia and ib, although Okabe and 

McNesby noted that there seems to be a slightly smaller 

isotope effect in ia [15,16]. This isotope effect is 

justified by modeling the elimination as an intramolecular 

abstraction or a large vibrational displacement, or by 

requiring a vibrationally excited ethylidene as an 

intermediate [15]. 

With the development of laser technology, more detailed 

measurements on the various channels in ethylene 

photodissociation became possible. Unfortunately, they seem 

to have raised as least as many questions as they have 

answered. Using UV flash photolysis along with 137 nrn 

absorption spectroscopy, Fahr and Laufer explored the role 

of electronically excited triplet vinylidene eB2 ) [21]. 

They found that this excited radical was a major product; 

the measured quantum yield was 0.75 ± 0.2. Based on 

appearance times, however, they concluded that neither 

vinylidene (ground state (1A1 ) or the excited 3B2 ) nor 

acetylene was the direct product in molecular elimination. 

They hypothesized that some excited meta-stable precursor 

must give rise to the 3B2 • A gas cell photodissociation 

study was done recently at 193 nrn that confirmed the general 

idea that several excited states and intermediates are 

involved in both channels but the authors were unable to 

identify exactly what these were [22]. The most recent 
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study, by Bersohn and coworkers, concentrated on the H atom 

elimination channel at 193 nrn [23]; the average 

translational energy of H and D atoms was measured from the 

Doppler shift observed when the atoms were detected by laser 

induced fluorescence. Based on the small release of 

translational energy measured, they concluded that internal 

conversion of the excited molecule to the vibrationally 

excited ground electronic state occurred before 

dissociation. 

A limited amount of theoretical work has been done on 

the primary ethylene photodissociation processes. Evleth 

and Sevin present a qualitative evaluation of two proposed 

molecular elimination pathways: three-centered elimination 

to give vinylidene and dissociation via ethylidene (CH3CH) 

to form acetylene [24]. The vinylidene and ethylidene 

ground state products can form directly from the excited ~~· 

state of ethylene, the state reached with 193 nrn photons, or 

from the ground state. A later study by Raghavachari et. 

al. gives a more quantitative description, estimating that 

the activation energies for the three-centered elimination 

and the ethylidene channel are -93.4 and 109.3 kcal/mole, 

respectively [25]. In Evleth and Sevin's analysis of the 

atomic elimination, it was found that to produce ground 

state vinyl radical, dissociation can only occur from hot 

ground state ethylene [24]. 

Applying the photofragrnent translational energy 
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spectroscopy technique in which the TOF spectra of mass

selected fragments (H or H2 ) are measured, will provide 

more detailed information on the dynamics of the ethylene 

photodissociation. Since the heats of formation of 

acetylene and vinylidene differ by -44 kcal/mole [2], the 

corresponding H2 could differ substantially in their 

velocity distributions and so, in principle, the two 

channels can be clearly identified in the TOF spectra. 

Similarly, the two atomic elimination pathways will be 

resolved in the TOF spectra since channel iib is -35 

kcal/mole more endothermic than iia [2]. The P(ET) will 

also reflect whether the dissociation has an exit barrier 

and will show how the excess energy is partitioned. TOF 

spectra of the products of the photodissociation of 

deuterated ethylene (1,1 D2CCH2 , cis 1,2 HDCCDH, and C2D4 ) 

will give additional understanding of the nature of the 

intermediate states involved. Specifically, they will 

address the question of H migration prior to dissociation. 

This work, together with studies by other members of this 

group in which the rovibrational states of H2 produced in 

the 193 nrn photolysis of C2H4 were detected, should provide 

a fairly clear picture of th~ concerted elimination of H2 

from ethylene [26]. 

The experiments described here should help to isolate 

the role of the ~~· state. Many of the past studies were 

done at wavelengths where more than one ethylene excited 
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state would be involved. The photodissociation described 

here used 193 nrn photons. Although ethylene has a small 

absorption cross-section at this wavelength [a = 2 x 10-20 

cm2 at 193 nrn [27,28]], the excitation is exclusively via a 

1t. ~1t transit ion to the 1B1u (V) excited state. The 1B1u state 

is believed to be twisted with the CH2 groups perpendicular 

to each other [20]. 

2. Experiment 

The ethylene (99.99% min stated purity from Matheson) 

was used neat with no purification at a stagnation pressure 

of =50 torr. To fully understand the details of the 

ethylene photodissociation, the following ethylene 

isotopomers were used: C2D4 (99% stated purity from 

Cambridge Isotope Laboratory), 1,1 D2CCH2 (99.1 atom% D 

from MSD Isotopes), and 1,2 cis HDCCDH (98.2 atom% D from 

MSD Isotopes). 

The relevant Newton diagrams are shown in Figure 6-2. 

The experimental protocol is the same as for the general 

photodissociation experiments described in Chapter 4 with 

two differences. First, all experiments were done in low 

resolution mode (ie. no skimmer was used). Having the 

skimmer in place significantly decreased the SIN and did not 

resolve any additional structure. Second, to understand the 

details of the dissociation mechanism, it was necessary to 

develop a method for determining the relative importance of 
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the HD and D2 fragments in the isotopomer photolysis. The 

ratios were calculated by integrating TOF spectra that were 

accumulated for short times (-0.25 - 0.5 hr). Only spectra 

taken close together in time were compared so that any 

changes in the detector sensitivity and beam intensity that 

developed over time would be reduced. The most reliable 

comparisons are between the various masses of products from 

a given isotopomer. It was difficult for spectra from the 

two different parent molecules to be taken next to each 

other in time repeatedly, so the comparisons between the 1,1 

and cis 1,2 isotopomer products are more suspect. 

3. Results and Analysis 

3.1. Comparison of Atomic and Molecular Channels 

The relative importance of the atomic and the molecular 

elimination channels in C2H4 was studied by integrating the 

TOF spectra of H2 and H taken close together in time. The 

comparison was made at four different laser powers ranging 

from 120 to 220 rnJ/pulse. The molecular to atomic 

elimination ratio was consistently 1:1 (± 0.15); no 

appreciable correlation between laser power and branching 

ratio was observed. 

3.2. Molecular Elimination 

3. 2 .1. ~!i4 

The total accumulated H2 TOF spectrum with the 
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appropriate background corrections is shown in Figure 6-3. 

The process appears to be free of multiphoton effects, at 

least in the laser intensity range of these experiments; no 

observable change in the spectrum was seen when the laser 

power was varied from -80 rnJ/pulse to -220 rnJ/pulse. The 

P(ET) used to fit the data (see Figure 6-4) is smooth and 

shows no obvious vibrational structure. This is not 

surprising since the products that form, H2 and C2H2 , are 

expected to be vibrationally and rotationally excited 

because of the large changes in geometry required to form 

the products through three and/or four-centered elimination. 

The fast edge of the P(ET) is where the acetylene 

products should be separated from the vinylidene. Assuming 

ground state vinylidene forms, the maximum translational 

energy expected is -64 kcal/mole [2]. If ground state 

acetylene is produced, the fastest products are expected at 

-108 kcal/mole [2]. The observed highest kinetic energy 

released, 88 kcal/mole, is between these. Internal thermal 

excitation of the parent C2H4 could contribute to some 

increase in the maximum translational energy. However, 

based on the analogous C2H2 photodissociation experiments 

(Chapter 5), this effect should only contribute a maximum of 

2 kcal/mole. Since the P(ET) threshold is much greater than 

64 kcal/mole, the fast tail must be attributed to acetylene 

formation: That the observed maximum kinetic energy is so 

much less than that predicted for the formation of ground 
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state acetylene and hydrogen implies that these products are 

formed vibrationally excited. It should be noted that this 

H2 TOF spectrum does not mean that the acetylene channel is 

responsible for all the product; in fact, although the P(Erl 

is not bimodal, the slope dramatically increases near the 

maximum kinetic energy limit for vinylidene formation. 

3 . 2 . 2 . ~!:b~ and C2.Q4 

The TOF spectra from the photodissociation of C2H4 does 

not show convincingly whether or not vinylidene is formed. 

To resolve this question, the photodissociation of 1,1 and 

1,2 cis deuterated ethylene was studied by measuring the TOF 

spectra for the D2 and HD products. The pure H2 spectrum 

could not be obtained because of contarnina·tion from D atoms 

produced in the atomic elimination. Both the comparison 

between the integrated spectra at each mass and the derived 

P(Erl 's were used to learn about the relative importance of 

the acetylene and vinylidene channels. 

Table 6-1 gives the relative signal of HD and D2 from 

each isotopomer. Figure 6-5 shows the summed spectra used 

in determining the ratios to give some idea of the degree of 

uncertainty involved. 

The relative HD and D2 ratios from the 

photodissociation of the isotopomers provides important 

clues on the molecular elimination mechanism. First, all 

four H atoms cannot be equivalent, i.e. there is not 
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complete randomization in the excited state. If this were 

true, equal amounts of HD and D2 would be formed in the 

photolysis of 1,1 D2CCH2 and cis 1,2 HDCCDH which is clearly 

not the case. The ratios also show that four-centered 

elimination to produce acetylene is not the only process 

that occurs. Assuming that this is the only channel, one 

would expect only HD products from 1,1 D2CCH2 • However, a 

significant amount of D2 , as much as 50% of the HD product, 

was observed. The fact that 1,1 D2CCH2 gives more D2 product 

than cis 1,2 HDCCDH suggests that three-centered elimination 

is likely to be more facile than four-centered. 

The only mechanism that adequately explains the data is 

one in which both acetylene and vinylidene form from an 

intermediate with no appreciable H migration but with full 

rotation about the C=C bond. Let 8v be proportional to the 

probability of forming vinylidene via three-centered 

elimination and ea be proportional to the probability of 

forming acetylene via four-centered elimination from each 

possible atomic pair. If the isotope effects for 

elimination to form vinylidene and acetylene are assumed 

equal, the following relative yields are expected (iHo and 

D 
\ 
c 

I 
D 

represent the isotope effects): 

H 
I HD 

= c 
\ D2 

H 



H 
\ 
c 

I 
D 

= c 

H 
I 

\ 
D 

HD 

Based on the relative amount of HD formed from the two 

isotopomers, a relationship between ea and ev can be 

determined: 

HD 1,1 - = ~ (observed) 
HD c~s 1,2 

Thus, the vinylidene elimination channel is approximately 
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three times as important as the acetylene for each possible 

atomic pair. Normalizing for the number of ways three-

centered and four-centered elimination can occur in C2H4 , 

the acetylenelvinylidene ratio should be 2:3 for C2H4 , 

exactly the value previously estimated by Okabe and McNesby 

[16]. The mechanism and the 9v = 39a relationship can also 

provide a value for the iH0 Ii 00 ratio. Taking the measured 

HD 1,1 
D2 1,1 i (observed) 



Substituting Sv = 39a, one obtains 

iHD • 
3 . 
'7~ DD 
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The HD to D2 isotope effect ratio of 1.5 is exactly what was 

previously observed [15,16). This gives further credibility 

to the proposed mechanism. Using the calculated 9a19v and 

iH 0 / i 00 , the HD/D2 product ratio for the cis 1, 2 deuterated 

ethylene can also be predicted . 

HD cis 1,2 
D2 cis 1, 2 

2 e a' i HD + 2 e v" i HD 

e a • ~DD 
8· 3 - 12 
2""" 

The observed ratio, HD/D2 = 10, is close to the calculated 

value. Since the S/N of the D2 TOF scan from the 1,2 HDCCDH 

is so poor, the large HD/D2 ratio measured should be taken 

as conformation of the mechanism. 

The acetylene/vinylidene formation mechanism derived 

from the HD/D2 product ratios also provides some insight for 

the interpretation of the TOF spectra from 1,1 and cis 1,2 

C2H2D2 • Figure 6-6 shows the TOF spectra fit with the 

P(ET) 'sin Figure 6-7. The gross differences between the 

spectra where 100% acetylene (HD from 1,1) and 100% 

vinylidene (D2 from 1,1) are expected are consistent with 

the mechanism; the HD P(ET) has relatively more product at 

higher translational energies (50 to 80 kcal/mole). The 

finer details, however, suggest that there may be more to 

consider. The "100% vinylidene" spectrum has an energy 

release of -78 kcal/mole, much greater than the available 
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excess energy for vinylidene formation (64 kcal/mole). The 

easiest explanation is that some D2 + acetylene is forming 

by four-centered elimination from the 1,2 HDCCDH which is 

either present as an impurity or formed through extensive 

1,2 H exchange in the excited state before elimination of 

D2 • This, however, is unlikely because the experiment shows 

that the 1,2 compound produces virtually no D2 • The most 

reasonable answer is that the D2 is forming and leaving as 

the H is transferring from one carbon to the other (an 

ethylidene type mechanism) as illustrated in Figure 6-8. 

The formation of acetylene instead of vinylidene in this 

three-centered elimination mechanism will make the available 

excess energy the same as for the four-centered elimination 

forming acetylene. 

The ethylidene type mechanism which leads to acetylene 

rather than vinylidene in the three-centered elimination 

would also help explain the differences in the rising edge 

of the P(ET) 's of D2 from C2D4 and H2 from C2H4 • In both the 

C2D4 and C2H4 photodissociation, the acetylene/vinylidene 

ratio is expected to be -2:3. Figure 6-9 shows the D2 TOF 

spectrum along with that calculated using the P(ET) for H2 

from C2H4 • Although the data is noisy, the fast edges, 

where acetylene is expected, are clearly different; the C2D4 

seems to have less fast D2 + DCCD product. If some 

acetylene is produced from a transition state where one of 

the C-H bonds stretches/bends and tunnels through a 
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potential energy barrier to the other carbon, less acetylene 

would be expected when only C-D bonds are present and this 

type of motion will not be as facile. 

3.3. Atomic Elimination 

The shape of the H atom TOF spectra is extremely 

dependent on laser power. Figure 6-10 shows the accumulated 

scans taken at four different average lasers powers (40, 90, 

140, and 180 mJ/pulse). In fact, it was not possible to 

average long enough at low enough power to obtain a pure 

primary distribution; product too fast to be from primary 

bond dissociation was always found. These secondary 

photodissociation processes made it impossible to use the 

fast edges of the H atom TOF spectra to obtain a C-H bond 

energy. In the further analysis of the results, then, the 

C-H bond energy was taken as 108 kcal/mole [2]. 

In fitting the TOF spectra, it was initially assumed 

that all the H atoms were from the combination of the 

primary process, C2H4 ~ H + C2H3 , and the secondary 

photodissociation, C2H3 ~ H + C2H2 , and that all the vinyl 

radicals produced had an equal probability of undergoing 

secondary photodissociation regardless of the extent of 

internal excitation. If this picture were correct, the high 

power experiments would yield more primary and secondary H 

atoms and the TOF spectra would have higher signal at all 

arrival times; the only change in shape would be from a 
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relative increase in secondary H atoms at the higher laser 

powers. However, as shown in Figure 6-11, TOF spectra 

obtained in the high power scans have significantly less 

slow "primary" product and more fast. There is no secondary 

P(ET) such that the TOF spectra at all the different powers 

will share the same primary P(ET). Since the primary P(ET) 

should not change with laser power, the dissociation process 

described above must be oversimplified. 

Ethylene multiphoton absorption is one possible 

explanation for the decrease in slow H atoms and increase in 

fast H atoms at high laser powers. In this scheme, the C2H4 

could absorb more than one photon at higher laser powers 

producing H atoms with greater translational energy. The 

observed disappearance of slow H atoms and appearance of 

more fast H atoms at high laser powers, then, is the result 

of the photoexcited C2H4 absorbing a second photon before it 

eliminates an H atom; the P(ET) would shift to higher 

translational energies simply because more energy is 

available for product translation. This explanation hinges 

on the fact that ethylene multiphoton absorption occurs at 

193 nm. The cross-section for 193 nm absorption by ethylene 

is so small ( C1 = 2 x 10-20 cm2
) that even at 180 mJ /pulse 

(1. 94 x 10 18 photons/pulse· cm2
) it is unlikely that 

saturation is occurring; for this scenario to work, the 

absorption cross-section for the second photon would have to 

be much greater than for the first. Not enough is known 
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about the multiphoton absorption of C2H4 to prove or 

disprove this. The lack of power dependence in the 

molecular elimination channel, however, suggests that it is 

not two photon absorption by C2H4 that gives rise to the 

observed power dependence in the H atom elimination. 

Perhaps a better explanation for the change in shape of 

the primary P(ET) at higher laser powers would invoke a fast 

decomposition of excited C2H4 , followed by spontaneous 

decomposition of internally excited C2H3 and competitive 

secondary photodissociation of the C2H3 • This scenario is 

illustrated in Figure 6-12. At low laser powers, when the 

ethylene absorbs a 193 nrn photon it will be excited by 148 

kcal/mole. Since breaking a C-H bond requires -108 

kcal/mole, the resulting vinyl radical could have as much as 

40 kcal/mole excess energy, which is greater than the H-CHCH 

bond energy (35 kcal/mole). Primary C2H3 products with an 

internal energy above 35 kcal/mole, i.e. those with ET S 5 

kcal/mole, can further dissociate with no additional photon 

required, producing H + HCCH with 0 to 5 kcal/mole in 

translation. The net result, then, will be two slow (ET S 5 

kcal/mole) H atoms from the same ethylene. At higher laser 

powers there is a greater chance for the vinyl radicals 

formed to absorb a photon rather than spontaneously 

decompose. Those that do absorb a photon will have more 

internal energy and upon fragmentation will produce faster 

product. The apparent difference in the low and high power 



"primary" P(ET) 's, then, is that at the high power fewer 

slow H atoms will come from spontaneous decomposition of 

C2H3 but more fast H atoms will be created from secondary 

absorption by the slow C2H3 • 
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The two mechanisms offered to explain the effects of 

laser power are essentially the same except that in the 

latter, the vinyl radical absorbs the second photon rather 

than the C2H4 • The vinyl radical absorption mechanism is 

preferred for several reasons. First, no multiphoton 

effects were seen in the H2 elimination channel which would 

be expected if excited ethylene could absorb a second 

photon. Second, it is known that the vinyl radical absorbs 

at 164.7 nrn and 168.33 nrn [29). Third, if it is assumed 

that the secondary dissociation of the slow vinyl radicals 

is similar to the fast, the H + C2H2 product falls in the 

right spot. 

Because the H atom elimination is so complex, there are 

not enough breaks in the TOF spectra to uniquely determine 

the limits of each channel, and the secondary bond energies 

are not known accurately enough, the fitting procedure 

cannot be expected to provide the true P(ET) 's. As long as 

these limitations are recognized, using reasonable 

assumptions to fit the spectra will provide some 

information. In the fitting procedure, four channels were 

considered: 
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( 1) 

(2a) 

(2b) 

(3) 

In the secondary dissociation pathways in which a photon was 

absorbed, it was assumed that all the vinyl radicals in the 

internal energy range considered had an equal probability of 

becoming excited. The secondary product from channel (3) 

could, of course, contain no more than 5 kcal/mole in 

translation; however, in the P(Erl a maximum of 8 kcal/mole 

in translation was considered to account for uncertainty in 

bond energies. It was also assumed that the secondary P(Erl 

for (2a) was the same as for (2b). A primary, secondary, 

and spontaneous P(Erl was derived such that all the TOF 

spectra could be fit simply by changing the relative 

contribution of each channel. The final fits to the TOF are 

shown in Figure 6-9; Figures 6-13, 14, and 15 show the 

primary P(Erl, secondary P(Erl, and spontaneous P(Er) used. 

The photodissociation of 1,1 D2CCH2 to give H + HCCD2 

gives some understanding of the effect that isotopes have on 

the atomic elimination. The H atom TOF spectrum calculated 

using the P(Er) from C2H4 at a similar laser power was 

compared to the 1,1 D2CCH 2 H atom data. As seen in Figure 
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6-16, the H + HCCD2 product seems to have more slow (higher 

internal energy) product. This is probably a result of the 

lower frequency C-D vibrations in the transition state [23] 

which allows more of the excess energy to couple into 

vibration. 

4. Discussion 

4.1. Molecular Elimination 

The product ratios measured in the photolysis of 1,1 

H2CCD2 and cis 1,2 HDCCDH as well as the TOF spectra support 

a mechanism in which both acetylene and vinylidene are 

formed. When the ethylene is excited there appears to be 

free rotation about the C=C bond but no significant H 

exchange. For each possible pair of hydrogen atoms in C2H4 , 

the vinylidene formation was found to be three times as 

likely as the formation of acetylene. Since there are twice 

as many ways to produce acetylene in C2H4 as vinylidene, the 

vinylidene/acetylene product ratio was estimated to be 3/2. 

In the case where pure vinylidene (D2 from 1,1 H2CCD2 ) was 

expected, fast product that could only have come from 

acetylene formation was detected. This could be accounted 

for by 1,2 migration of H at some point during the 

dissociation. The Eact for 1,2 H exchange, -75.3 kcal/mole 

[25], is well within the available energy. Although this 

1,2 H migration is related to the formation of ethylidene, 

the lack of extensive isotope scrambling in the 
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photodissociation of partially deuterated ethylene strongly 

suggests that it might be incorrect to think of the three

centered elimination of D2 from 1,1 H2CCD2 to form acetylene 

as occurring through an ethylidene intermediate. The more 

accurate description, perhaps, is the concerted reaction 

involving the simultaneous migration of the H atom and the 

elimination of D2 as shown in Figure 6-8. 

The P(ET) for H2 elimination from ethylene peaks well 

away from zero at -22 kcal/mole which reflects a substantial 

exit barrier. This is quite typical of concerted 

elimination dissociation. For example, the P(ET) 's for the 

concerted reactions, cyclohexene ~ C2H4 + H2CCHCHCH2 and 

cyclohexadiene ~ benzene + H2 both peak at -20-25 kcal/mole 

[30]. In concerted eliminations, when the excited molecule 

reaches the transition state, fast electron rearrangement 

often leaves the two newly formed product molecules in very 

close contact. As the old chemical bonds disappear and new 

ones form, the interaction between the products suddenly 

becomes repulsive. The repulsive separation converts a 

large fraction of the potential energy associated with the 

exit barrier into product translation. The fact that the 

three-centered elimination forming H2 and vinylidene appears 

to be concerted, clearly shows that the vinylidene does not 

behave like a diradical in the conventional sense. The 

repulsive interaction of vinylidene with H2 is more like 

that of a "stable molecule." The two electrons in 



174 

vinylidene must be strongly paired. This is, in fact, 

reflected in the heat of formation of vinylidene. The C-H 

bond in ethylene is known to be -108 kcal/mole. However, 

breaking the C-H bond in the vinyl radical to form 

vinylidene, in spite of the fact that it does not involve 

any change in the bond order, only requires -80 kcal/mole. 

This is -28 kcal/mole less than what one expects from the 

simple bond additivity concept [31]. The additional 28 

kcal/mole stability in vinylidene is likely to come from the 

energy released by the pairing of the two electrons in 

vinylidene. 

The P(Erl obtained for the molecular elimination does 

not indicate whether dissociation is taking place from an 

electronically excited ethylene or whether internal 

conversion to vibrationally hot ground state ethylene 

precedes the dissociation. However, as will be discussed 

later, the translational energy distribution of simple C-H 

bond rupture clearly shows that a very fast internal 

conversion process takes place before the molecules start to 

dissociate. 

The H2 P(Erl from C2H4 photolysis contains more detailed 

information about the acetylene and vinylidene channels. 

The first electronically excited state of H2 is out of the 

range of 193 nrn photons. The lowest electronically excited 

states of acetylene (3B2 cis) and vinylidene (3B2 ) can form 

but would only appear at Er < 29 kcal/mole and < 16 
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kcal/mole respectively [2]. Since vibrational and 

rotational excitation of both fragments is expected and a 

fairly significant amount has been observed in the H2 

product (an average of -12 kcal/mole) [26], the peak of the 

distribution for these excited states would be expected at 

even lower ET's where the P(ET) drops off. Thus, only a 

small percentage of the products could be formed 

electronically excited. Triplet vinylidene, thus, does not 

appear to be a major product in the molecular elimination 

channel at 193 nm. This is contrary to what Fahr and Laufer 

surmise from their flash photolysis studies of the 

photodissocation at much shorter wavelengths [21]. 

Because all acetylene + H2 products appear at a 

translational energy less than 88 kcal/mole, at least 20 

kcal/mole internal energy must be partitioned between the 

acetylene and H2 • At the translational energy at which 

vinylidene can just form (Ernt = 0 kcal/mole), the HCCH + H2 

products can have Ernt = 44 kcal/mole. The peak of the 

translational energy distribution corresponds to Ernt = 43 

kcal /mole for the H2CC + H2 channel and to Ernt = 87 kcal /mole 

for the HCCH + H2 channel. This ·experiment cannot identify 

how the internal energy is divided between hydrogen and the 

acetylene/vinylidene. However, the measurements carried out 

by Cromwell et. al. of this laboratory have shown that 

although H2 is formed in rovibrational states as high as 

v=3/j=9, most of the H2 is produced in v=O and the average 
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internal excitation of H2 is only -12 kcal/mole [26]. A 

large fraction of the internal energy, then, must be going 

into vibrations and rotations of the H2CC and HCCH since not 

much electronically excited triplet H2CC and HCCH are 

expected to form. For a molecule with so many vibrational 

degrees of freedom, it is not surprising that the 

vibrational energy is extensively shared. 

4.2. Atomic Elimination 

The P(ET) obtained from the fitting process provides 

some important information on the dynamics of the primary 

process. As Figure 6-13 shows, the P(ET) peaks very close 

to 0 kcal/mole suggesting that the H atom elimination is a 

simple bond rupture with no exit barrier. It is consistent 

with dissociation from the ground electronic state, implying 

that the electronically excited ethylene internally converts 

to the upper vibrational levels of the electronic ground 

state before decomposing as has been suggested by 

theoretical studies [24] and Bersohn's experiments [23]. 

The other point apparent from the P(ET) is that most of the 

vinyl radical and hydrogen atom product forms with E1nt = 
40 - 37 kcal/mole, not enough to excite the lowest 

electronic state of C2H3 (=53- 57 kcal/mole [2]). The 

majority of the vinyl radical, then, must be produced in 

high vibrational levels of the ground electronic state. 

The sharp rise in the fast edge of the H atom TOF 
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spectra with laser power as well as the velocity of the 

fastest products indicates that secondary photodissociation 

of primary products is important in the power range studied . 

The lowest laser intensity for which data is available is 40 

mJ/pulse which corresponds to -200mJ/cm2 at the photolysis 

region. 

It is difficult to obtain precise information about the 

secondary dissociation channels: so much averaging is 

inherently involved (see Chapters 4 and 5). It is also hard 

to discern the contribution of slow secondary products since 

they will appear with a velocity in the same range as the 

primary products. Nevertheless, the H atom TOF spectra 

taken do give some valuable information about the secondary 

events. The position of the fast edge, which is the most 

certain part of the spectrum, gives the maximum 

translational energy release. Assuming C2H3 with Ernt = 35 

kcal/mole absorbs another photon and dissociates to HCCH, 

the ground state products should have a maximum 

translational energy of 148 kcal/mole. The observed 

maximum, however, is closer to lOG-kcal/mole. If vinylidene 

were to form rather than acetylene, the expected maximum 

translational energy would be approximately 104 kcal/mole, 

closer to that measured. Most (-95%) of the product, 

however, does not appear near this threshold; it is much 

slower, with ET -15-30 kcal/mole. The relatively narrow 

translational energy distribution peaking at a high value 
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indicates that direct photodissociation from an 

electronically excited state is occurring. At the 

translational energy most of the products were observed at, 

there is enough internal energy for the triplet states of 

acetylene and vinylidene to form. The expected maximum 

translational energy for ground state H + 3CCH2 is = 56 

kcal/mole and for H + 3HCCH is = 69 kcal/mole [2). It seems 

likely, then, that these excited states are forming in the 

secondary dissociation. 

The formation of triplet products implied by the 

secondary P(ET) is not entirely unexpected. As mentioned, 

Fahr and Laufer observed a significant amount of nonprimary 

triplet vinylidene [21). They, however, attributed this 

product to the molecular elimination channel, making the 

assumption that the C2H3 would decompose to the 

thermodynamically favored product, HCCH. In this 

experiment, there was little (if any) triplet vinylidene or 

acetylene detected from the molecular elimination channel. 

Since Fahr and Laufer's results do not appear to be 

inconsistent with the triplet vinylidene forming from the 

atomic elimination channel, perhaps the metastable state 

they propose may be the vibrationally excited C2H3 • 

5. Conclusions 

For the most part, the H and H2 TOF studies agree with 

the previous work but offer a few more details. The two 
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major channels, the molecular and atomic elimination, were 

observed and were found to be of approximately equal 

importance. 1,1 D2CCH2 and 1,2 cis HDCCDH were photolyzed 

to understand the details of the molecular elimination 

channel. The product ratios and TOF spectra obtained were 

consistent with a mechanism in which both acetylene and 

vinylidene were produced in a 2 to 3 ratio for C2H4 , there 

is free rotation about the C=C bond, and all H's are equally 

accessible but not equivalent. The D2 TOF spectrum from 1,1 

D2CCH 2 , where 100% vinylidene is expected, has some products 

too fast to be vinylidene; this is presumably from acetylene 

formation but with the elimination of D2 from the same 

carbon atom. It is proposed that the H is transferring 

while the D2 is leaving, through an ethylidene type 

intermediate. This could also explain why the D2 TOF 

spectrum from C2D4 has less fast product (acetylene) than 

the C2H4 since it would be harder for the D to transfer than 

the H. The data cannot determine where along the reaction 

coordinate such a migration takes place or if it is 

responsible for all acetylene formation. 

The P(ET) for the molecular elimination peaks away from 

zero and so indicates the pre~ence of an exit barrier. A 

large fraction of the excess energy goes into internal 

energy of the H2 + HCCH/H 2CC products which is 

understandable considering the fast internal conversion of 

the excited molecules and the geometry changes that are 
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required in the excitation and dissociation. Because 

vibrational/rotational excitation is expected and 

experiments done by others in this group show that a 

significant fraction of this energy is in the rovibrational 

states of H2 [26], very little of the acetylene and 

vinylidene can be formed in the lowest excited electronic 

states (T1 ). 

The studies of the atomic elimination channel were 

plagued by secondary dissociation even at as low laser 

intensity as 200 rnJ/cm2 • Although this meant the C-H bond 

energy could not be accurately determined, important 

features of secondary photodissociation were explored. The 

best explanation for the changes in the H atom TOF spectra 

observed in going from low to high laser power is a 

competition between spontaneous decomposition and secondary 

photodissociation of the highly vibrationally excited vinyl 

radical with the latter becoming more important at high 

laser powers. The 193 nrn dissociation begins with the 

absorption of a photon by ethylene. The elimination of the 

H atom peaks at very low translational energies suggesting 

simple bond rupture from the ground electronic state as 

theoretically predicted [24] and experimentally inferred by 

Bersohn's group [23]. The C2H3 that forms has -0 - 40 

kcal/mole in translation--not enough to go to the first 

electronic state (2A"). Since the C-H bond energy to form 

acetylene is only -35 kcal/mole, many of the C2H3 molecules 
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have enough energy to spontaneously decompose to for.m C2H2 + 

H with 0 to 5 kcal/mole in translation. To explain the fast 

H atoms seen, the C2H3 must also be able to absorb a second 

photon and decompose to H + C2H2 • With this second photon, 

enough energy is available to for.m HCCH and H2CC in the 

ground electronic state or in the lowest electronic state, 

T1 • The threshold for the secondary decomposition is closer 

to that expected for H + H2CC suggesting that little ground 

state H + HCCH is produced. Based on the position of the 

peak in the secondary P(ET), the production of 

electronically excited triplet HCCH and/or H2CC is 

apparently the favored pathway. The isomer that forms 

cannot be identified but since so little ground state 

acetylene is seen and Fahr and Laufer report detecting 

H2CC( 3B2 ) as a major product in their flash photolysis 

studies [21] the H2CC( 3B2 ) is apparently the most likely 

product in the secondary photodissociation of C2H3 • 
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Tables 

Table 6-1. Relative Amounts of Product Formed in the 

Photolysis of 1,1 D2CCH2 and 1,2 cis HDCCDH. 

Isotoporner 

1,1 0.5 

cis 1,2 -0.2 

HD 
rn/e = 3 

1 

2 

186 
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Fiaure Captions 

Figure 6-1. Heats of reaction (OK) for the various channels 

in the photodissociation of ethylene. The photolysis 

energy is 147.9 kcal/mole. Many of the molecules' 

heats of formation are not well known. The values 

used to construct this diagram are given in reference 

2 . 

Figure 6-2. Newton diagrams for the experiment showing 

(a) the H2 product velocity range for H2 from the 

molecular elimination channel and (b) the H atom 

velocity range for the H from the atomic elimination 

channel. The diagrams show that since detection is 

perpendicular to the parent beam, only the fastest C2H2 

product and none of the C2H3 can be seen. 

Figure 6-3. H2 TOF spectrum from photolysis of C2H4 • The 

data was accumulated for 16.1 hrs at an average laser 

power of 130 mJ/pulse. The solid line is the best fit 

calculated using the P(ET) shown in Figure 6-4. 

Figure 6-4. P(ET) for H2 + C2H2 used to fit the H2 TOF 

spectrum in Figure 6-3. The arrows show the maximum 

translational energy at which the acetylene, 

vinylidene, excited state acetylene, and excited state 
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vinylidene channels are expected. 

Figure 6-5. TOF spectra from the photolysis of 1,1 D2CCH2 

and 1,2 cis HDCCDH deuterated ethylenes. (a) and (b) 

show the HD and D2 scans from the 1,1 H2CCD2 and (c) and 

(d) show the HD and D2 scans from the 1,2 cis HDCCDH, 

respectively. The total accumulation times/average 

laser power for each are as follows: (a) 14.4 hrs at 

105 mJ/pulse, (b) 17.2 hrs at 115 mj/pulse, (c) 13.8 

hrs at 80 mJ/pulse and (d) 6.9 hrs at 70 mJ/pulse. The 

areas of these spectra have been normalized to reflect 

the observed relative ratios given in Table 6-1. 

Figure 6-6. The TOF spectra with the best signal/noise from 

the deuterated ethylene experiments. These spectra 

have been fit using the appropriate P(ET) shown in 

Figure 6-7. (a) HD TOF spectrum from 1,1 D2CCH2 ; (b) D2 

TOF spectrum from 1,1 D2CCH2 ; (c) HD TOF spectrum from 

1,2 cis HDCCDH. 

Figure 6-7. P(ET) 's used to fit the deuterated ethylene 

molecular elimination TOF spectra in Figure 6-6. These 

curves have been normalized to the same area. The 

solid line is for HD + C2HD from 1,1 D2CCH2 • The dashed 

line is for D2 + C2H2 from 1,1 D2CCH2 ; the dotted line is 

for HD + C2HD from 1,2 cis HDCCDH. 
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Figure 6-8. Diagram showing the ethylidene-type mechanism 

which can explain why acetylene + D2 is observed in the 

photolysis of 111 D2CCH2 • The excited ethylene 

(twisted) rearranges to an ethylidene-like 

intermediate. The 1,2 migration of the H atom occurs 

while the D2 is leaving to produce D2 + HCCH. 

Figure 6-9. Open circles are the D2 TOF spectrum from the 

photolysis of C2D4 (2.2 hrs at 80mJ/pulse). The solid 

line shows the "fit" using the P(ET) from C2H4 molecular 

elimination channel (Figure 6-4). 

Figure 6-10. H atom TOF spectra from C2H4 photolysis. 

Solid line is the fit using the mechanism/assumptions 

discussed in the text. The line shows the H from 

primary dissociation. The-···- line isH from 

secondary dissociation of C2H3 that does not have 

enough internal energy to undergo spontaneous 

decomposition; the dotted line is H from secondary 

dissociation of C2H3 that has enough internal energy to 

undergo spontaneous decomposition but absorbs a photon 

instead. Solid-dashed line is H from spontaneous 

decomposition of C2H3 to HCCH + H. Scans (a), (b) 1 

(c) 1 and (d) were accumulated for 8.91 7.8, 0.2, and 

0.2 hrs at an average laser power of 401 90, 1401 and 

180 mJ/pulse respectively. 
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Figure 6-11. Comparison of the H atom TOF spectra taken at 

high (X's) and low (open circles) laser power. The 

solid line is the best fit calculated using the 

preliminary assumptions discussed in the text. The 

dotted lines represent the H atoms from secondary 

dissociation of the C2H3 after absorption of a photon. 

Figure 6-12. Diagram illustrating the spontaneous 

decomposition explanation for the change in shape of 

the H atom TOF spectra with laser power. The ethylene 

absorbs a photon (1) to produce H + C2H3 • Some of the 

C2H3 has enough internal energy to fragment to H + HCCH 

(3). Otherwise the C2H3 can absorb a photon (2) and 

decompose to H + HCCH/H2CC. As the laser power 

increases, the fraction of molecules undergoing 

spontaneous decomposition (3) decreases while the 

fraction that absorb a photon (2) increases. 

Figure 6-13. Primary P(ET) for C2H4 -+ H + C2H3 used to fit 

all the H atom TOF spectra in Figure S-10. 

Figure 6-14. Secondary P(ET) for C2H3 (fast) -+ H + C2H2 and 

C2H3 (slow) -+ H + C2H2 used to fit all the H atom TOF 

spectra in Figure 6-10. Shown are the expected maximum 

translational energy of the C2H2 + H and 3H2C2 + H 

products assuming the E1nt of the C2H3 is 35 kcal/mole. 
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The figure shows that most of the C2H2 product is 

formed in the lowest triplet state. 
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Figure 6-15. Spontaneous decomposition P(ET) used to fit 

the H atom TOF spectra in Figure 6-10. Although from 

the bond energies used in the thesis, H + HCCH products 

with ET > 5 kcal/mole would not be expected, products 

with ET up to 8 kcal/mole were considered to account 

for the uncertainty in this value. 

Figure 6-16. H atom TOF spectrum from photolysis of 1,1 

D2CCH2 • The spectrum is fit with the same P(ET) used to 

fit the high power (180 rnJ/pulse) H atom TOF spectrum 

from C2H4 photolysis. The H + HCCD2 product clearly has 

more slow H atoms being formed than the H + HCCH2 • 
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Chapter 7: 193 nrn Photodissociation of 1,1 and 1,2 

Difluoroethylene 

1. Introduction 

208 

The photodissociation studies of 1,1 and 1,2 

difluoroethylene (DFE) were initially undertaken to better 

understand the three- and four-centered elimination in 

ethylene photolysis; the DFE experiments are much easier 

since the 193 nm absorption cross-section for the 1,1 and 

1, 2 DFE' s (a -1 to 4 x 10- 18 cm2
) is much greater than that 

of ethylene [1]. The validity of the comparison between the 

DFE's and ethylene, however, depends on how similar the 

excitation/decomposition mechanisms are. Like ethylene, the 

DFE 193 nm absorption involves the x· ~ x transition but the 

geometry of the DFE xx· excited state is thought to be less 

twisted than in ethylene [1]. The mercury triplet 

photosensitization work of Strausz et. al., however, showed 

that free rotation about the C=C bond still occurred after 

excitation [2], as in the ethylene system, so pe~haps this 
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is not critical. Another difference is that a Rydberg 

excited state may also be important in the DFE system [1]. 

Nevertheless, the known DFE photochemistry is very similar 

to ethylene's. A matrix VUV excitation experiment [3] 

showed that three- and four-centered elimination of HF 

occurs presumably after internal conversion to the 

electronic ground state. As discussed in Chapter 6, 

ethylene photodissociation is consistent with internal 

conversion. H atom elimination from DFE was also seen and 

triplet states seemed somehow to be involved [3]. This is 

not unlike what was seen in the ethylene experiments since 

triplet acetylene and/or vinylidene was produced in the 

secondary photodissociation. 

The DFE TOF studies also fill in some important gaps in 

the understanding of three- and four-centered elimination 

from halogenated olefins. Interest in the DFE's was 

particularly high in the 70's and 80's primarily because 

vibrationally excited HF is the primary photolysis product 

[2,4-6] and chemical lasers based on HF and HCl were being 

developed at that time [7]. As would be expected, then, 

these early studies concentrated on measuring the ·HF 

vibrational distributions to determine to what extent they 

were nonstatistical. Excitation was either via infrared 

multiphoton excitation [6] or Hg photosensitization [4,5] 

with very similar results, confirming that the 

electronically excited state does not have a critical role. 
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-11% of the energy available to the products in excess of 

the reaction endothermicity was transferred to HF 

vibrational energy in the 1,1 DFE while -8% was transferred 

in the cis and trans isomers [5]. The HF vibrational 

distribution from the cis and trans DFE was nearly 

statistical while that from the 1,1 DFE was not [5]. The 

difference between the 1,1 and 1,2 isomers has been 

attributed to changes in the elimination mechanism [2,5]: 

in the 1,1 DFE, elimination of HF is expected to be four

centered to produce fluoroacetylene (FA) while in the 1,2 

DFE, both three-centered and four-centered elimination can 

occur to give FA and fluorovinylidene (FV) . Based on the 

-40 kcal/mole [8,9] difference in the heat of formation of 

FA and FV, three-centered elimination would be expected to 

give a cooler HF vibrational distribution because the 

formation of FV would leave less energy available for the HF 

vibrations [5,6]. Another reason why the three-centered 

elimination is cooler is that the three-centered exit 

barrier is lower so there will be fewer forces acting on the 

separating photofragments; such forces tend to put energy 

into vibrations nonstatistically [5,8]. A theoretical study 

of HF elimination in C2H3F [11] found barrier heights of 81 

and 80 for elimination via four-centered and three-centered 

intermediates. Since the endothermicity to form FV is 

greater than to form FA, the similar barrier heights imply a 

smaller exit barrier for three-centered elimination. 
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Little work has been done on the other channels that 

are thermodynamically possible. Figure 7-1 [2,8,9,12-16] 

shows the possible products and their energy levels with 

respect to the DFE's. (The values are quite uncertain (± 5-

15 kcal/mole) so all three DFE isomers have been grouped 

together since their dH;'s only differ by -3-4 kcal/mole.) 

An early shock tube study found that HF elimination was the 

predominant 1,1 DFE decomposition channel at low 

temperatures but that atomic elimination occurred at higher 

temperatures [12]. VUV photolysis of 1,1 and 1,2 DFE in a 

matrix showed no C2H2 , C2F2 , CF2 , or CHF indicating that H2 

and F2 elimination as well as C-C bond fission were not 

important dissociation pathways [3]. Evidence of H atom 

elimination was seen but there was no indication of loss of 

an F atom. 

TOF distributions of the 193 nm photoproducts of 1,1 

and 1,2 DFE are measured in the experiments described here. 

The HF TOF spectra will complement what is already known 

about the HF vibrational distribution of this elimination 

channel; the P(ET) 's should reveal the exit barrier heights 

for elimination from the 1,1 and 1,2 DFE isomers to show 

whether this is the cause for the different vibrational 

distributions. Since the products are selected with a mass 

spectrometer and photolysis is done under single collision 

conditions, the spectra taken at different masses may be 

able to probe some of the channels that have not been 
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studied. Finally, comparison of the TOF spectra from DFE 

should add to the understanding of ethylene photochemistry. 

2. Experiment 

These experiments were done following the procedure 

described in Chapter 4. Although the absorption cross

section was much higher for the DFE's then ethylene, to make 

sure that all the channels could be seen if they were 

occurring, most of the scans were taken with no skimmer. 

When the experiment was first done, the detector gating 

wheel was used to help reduce background problems. This 

limited detection to H and H2 fragments since the heavier HF 

and F products would be slower and might not all reach the 

detector before the wheel closed the opening. The rest of 

the experiments were done without the wheel. The DFE used 

was from Matheson; the lecture bottles were dated 1976 so 

they were frozen in liquid nitrogen and pumped on to remove 

any noncondensable decomposition products. Comparison 

between the 1,1 and 1,2 DFE elimination is not quantitative 

because the experiments were not run close together in time; 

the first 1,2 DFE cylinder ra.n out and it took -1 month to 

locate a replacement. The photodissociation channels for a 

given molecule should also not be rigorously compared. To 

go from H/H2 detection to HF/F detection required changing 

the mass spectrometer High-Q head which affects the detector 

sensitivity. Unfortunately, the laser thyratron ·(an 
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expensive part!) failed before better calibrated TOF spectra 

could be recorded. The data, however, was sufficient for 

determining what channels were open and how the product 

translational energy distributions differed. It would be 

informative to repeat the experiments using the skimmer, 

fresh DFE, and making careful quantitative comparisons 

between the 1,1 and the 1,2 DFE ethylene and between the 

various elimination channels. 

As discussed, photodissociation on the 35" machine is 

ideally suited for detecting fast, i.e. light, 

photoproducts. Table 7-1 shows the various products and 

their expected earliest arrival time assuming the 6H values 

in Figure 7-1. This is useful for identifying what 

channels the various masses detected come from. The table 

shows that the H2 and HF molecular elimination channels as 

well as the H atomic elimination channel should be easy to 

pick out of the spectra; these signals should occur much 

faster than any thermalized background. In addition, H 

atoms from the atomic elimination channel should not be 

confused with H atoms from dissociative ionization of other 

products. The F atoms from the atomic elimination, however, 

may be more difficult to separate from the F atoms that 

result from cracking of heavier products. 

3. Results and Analysis 

3.1. !L Molecular Elimination 
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H2 product was seen in the photodissociation of both 

1,1 and 1,2 DFE; the H2 TOF spectra are shown in Figures 7-2 

and 7-3. In both cases, the peak was fast enough that it 

could not come from some laser-correlated background. The 

H2 TOF spectrum from the 1,2 DFE has a component that 

arrives after -100 ~sec; it is unlikely that this could be 

H2 from the direct photodissociation of the parent. Based 

on previous experience with the photolysis chamber (see 

Chapters 4-6), a more reasonable explanation is that it 

results from reactions of H radicals such as H atom 

abstraction or H atom recombination. The effect was 

probably more noticeable in the 1,2 dissociation because 

signal is lower. The slow peak made it impossible to 

accurately determine the shape of the low translational 

energy section of the P(ET). It is difficult to quantify 

but there appeared to be more H2 elimination in the 1,1 DFE. 

As in the ethylene system, three-centered elimination 

appears to be preferred over four-centered. H2 elimination 

is definitely less probable than HF elimination. Much 

higher quality TOF spectra at m/e=20 (HF) could be obtained 

with significantly less counting time. 

The P(ET) 's used to fit the TOF spectra are plotted in 

Figure 7-4. The H2 + C2F2 products from the 1,2 DFE are much 

faster than those from the 1,1. This can be seen just by 

comparing the TOF spectra. The maximum translational energy 

release for the 1, 2 DFE, 64 kcal/mole, is very cl.ose to the 
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66 kcal/mole predicted from the enthalpy of C2H2F2 ~ H2 + 

FCCF and the 193 nm photon energy. Thus, as would be 

expected from the ethylene studies, four-centered 

elimination to form dif1uoroacetylene (DFA) is occurring. 

While the 1,2 DFE H2 TOF spectrum can be used to distinguish 

between DFA and difluorovinylidene (DFV) formation, it is 

not of high enough quality to be used to extract more exact 

thermodynamic values. The H2 product from the 1,1 DFE has a 

maximum translational energy of -32-38 kcal/mole. This is 

slightly less than the value predicted from the enthalpy of 

the H2 + CCF2 reaction, 40 kcal/mole. 

In the photodissociation of ethylene, 100% vinylidene 

was expected in the 1,1 D2CCH2 ~ D2 + CCH2 channel. However, 

D2 too fast to be from 1,1 elimination was observed. The 

explanation given in Chapter 6 was that an H migrated as the 

D2 left through a type of ethylidene intermediate. In the 

three-centered H2 elimination channel in 1,1 DFE, however, 

only DFV is actually formed; there is no fast product due to 

the formation of DFA. The difference in the ethylene and 

DFE cases can be understood by realizing that F migration 

cannot occur as readily as H so the F atom will not transfer 

over as the H2 leaves. 

The maximum of the H2 + C2F2 P(ET) for the 1,1 DFE 

occurs at -6 kcal/mole. The fact that it is nonzero 

indicates the presence of an exit barrier. The peak, 

however, is at lower translational energy than that observed 
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in the H2 molecular elimination in ethylene. One 

explanation is that the CCF2 product is less stable than the 

CCH2 so there is less of the closed-shell repulsion. 

Another possibility is that the lower C-F vibrational 

frequencies compared to the C-H allow more translational 

energy to couple into the CCF2 product. The peak position 

in the 1,2 DFE H2 TOF spectrum cannot be determined because 

of the slow laser-correlated signal . 

That the observed maximum translational energies from 

the 1,1 and 1,2 DFE photodissociation to give H2 are so 

close to the predicted values indicates that some of the 

FCCF and CCF 2 form vibrationally cold. In the ethylene 

molecular elimination, the maximum translational energy of 

the vinylidene could not be determined because of the 

acetylene channel. However, no ground state acetylene was 

detected. The fastest H + HCCH product contained 20 

kcal/mole internal energy. The reason given for the high 

internal energy of the H2 + HCCH products was the large 

distortions in geometry required. Perhaps, then, the 

transition state to form the H2 + FCCF products from the 1,2 

DFE is much closer to the products. 

3.2. HF Molecular Elimination 

The HF TOF spectra from the 1,1 and 1,2 DFE's are shown 

in Figures 7-5 and 7-6; Figure 7-7 shows the P(ET) 's used to 

fit this data. The 1,1 and 1,2 DFE HF TOF spectra both have 

• 
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a maximum product translational energy of -80 to 90 

kcal/mole. The expected maximum for elimination to give FA 

is 106 kcal/mole and to give FV is 66 kcal/mole. As would 

be expected, then, both isomers undergo four-centered 

elimination. Unlike the H2 elimination, however, there does 

not seem to be much ground state fluoroacetylene formed; the 

fastest HF + HCCF detected must have -16 to 26 kcal/mole 

internal energy (the uncertainty of the elimination reaction 

endothermicity is ± 15 kcal/mole) . The HF four-centered 

elimination, thus, is much more like the four-centered H2 

elimination in ethylene. The lack of ground state product 

indicates that large structural changes from the transition 

state to product may be required. 

Although the fast edge of the 1,1 and 1,2 DFE's are 

similar, the rest of the P(ET) 's are quite different. This 

can also be seen directly in the HF TOF data; much of the 

1,2 signal occurs at slower times than the 1,1. This 

difference is expected; only 1,2 elimination can occur in 

the 1,1 DFE while both 1,1 and 1,2 can take place in the 1,2 

DFE. The 1,1 DFE P(ET), which should reflect 100% four

centered elimination, peaks away from zero indicating the 

presence of a substantial exit barrier. As discussed in the 

ethylene chapter, this is typical of dissociations producing 

two stable closed-shell molecules. Such a barrier is not 

surprising considering the changes in geometry involved. A 

barrier has, in fact, been used to explain the non-



statistical HF vibrational distribution in the 1,1 DFE 

dissociation [5]. 
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Based on structural probability alone one would expect 

equal contributions from FV and FA to the 1,2 DFE P(ET). 

However, the ethylene photodissociation experiments showed 

that vinylidene formation was approximately three times as 

likely as acetylene so the 1,2 DFE P(ET) should have more 

vinylidene "character." The P(ET) peaks at or near 0 

kcal/mole. This indicates that the exit barrier for 1,1 

elimination, if it exits, must be much smaller than the exit 

barrier compared for 1,2 elimination. Again, this 

difference has been hypothesized to explain the more 

statistical HF vibrational distribution observed in the 1,2 

DFE dissociation [5]. The peaking of the HF + CCHF P(ET) 

close to 0 kcal/mole is also the first clear evidence that 

the elimination is occurring from the ground electronic 

state. (In the ethylene photodissociation, this had to be 

inferred from the atomic elimination channel.) After the 

initial photon absorption, the electronically excited DFE 

must undergo internal conversion to the upper vibrational 

levels of the ground state. In addition, that the P(ET) 

peaks near 0 kcal/mole means that most of the product is 

forming with a large amount of internal energy, -55 

kcal/mole. This is large considering that a statistical HF 

vibrational distribution is expected so only -8% of Eavail or 

-5 kcal/mole should go into HF vibrations [5] . A good deal 
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of the internal energy, then, must go to the FV fragment. 

Again, this is consistent with the excess energy being 

statistically distributed in the transition state since the 

FV fragment has more and lower vibrational frequencies than 

the HF. 

The three-centered elimination channel producing HF + 

CCHF is substantially different from that giving H2 + CCF2 

and the D2 + CCH 2 in the ethylene photodissociation. In the 

ethylene case, the P{Erl peaked at -20-26 kcal/mole and in 

the H2 elimination {1,1 DFE ~ H2 + CCF2 ), the peak occurred 

at -6 kcal/mole. One might attribute these differences to 

vinylidene stability concluding that the CCH2 must be more 

stable than the CCF2 which is in turn more stable than the 

CCHF. An earlier infrared multiphoton dissociation study of 

three-centered HCl elimination in HC1CCF2 , however, showed 

that most of these products formed with almost no 

translational energy [17]. Since the DFV is a product in 

this dissociation as it is in the 1,1 DFE ~ H2 + CCF2 where 

the P{Erl peaks away from zero, it cannot be the DFV 

stability that is primarily responsible; something about an 

HX fragment leaving must cause the high internal 

excitation/low translational energy. Perhaps the presence 

of the X atom makes the transition state looser, effectively 

removing any exit barrier. Another possibility is that the 

C-H interaction is the predominant source of product 

repulsion but since the COM of HX is close to the X atom, 



220 

repulsion between the separating products will transfer more 

energy into HX rotations, something that could not occur as 

readily when a homonuclear diatomic is eliminated. 

3.3. F Atom Elimination 

The F atom TOF spectrum from the photolysis of the 1,1 

DFE isomer is shown in Figure 7-8. Since the P(ET) for 1,1 

DFE ~ HF + C2HF gives an excellent fit (solid line), the F 

atoms observed must be from HF undergoing dissociative 

ionization in the detector. There is no evidence for any F 

atom elimination. 

The F atom TOF spectra from the 1,2 DFE photolysis at 

two different laser powers are shown in Figure 7-9. The 

spectra are similar to the HF m/e = 20 spectrum suggesting 

that the F atom crack is being detected but there is also a 

new, slower component. The power study confirms that a 

second component exists: the F atom TOF spectra change with 

laser power indicating that there is some secondary 

dissociation process going on, but the HF TOF spectrum show 

no such power dependence. The new component starts to 

arrive at -100-150 ~sec. From Table 7-1, the most likely 

candidates are F atoms from 1,2 DFE ~ F + FC2H2 or F atoms 

from a crack of HCCF after 1,2 DFE ~ HF + FCCH. Of course, 

there is a host of two photon processes than could also 

contribute. The lack of a F atom signal from 1,1 DFE 

photodissociation which should also give FCCH makes the F + 
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C2H2F channel the obvious first choice. The low power scan 

was fit by scaling the HF contribution for which the P(ET) 

is known to the fast shoulder; the rest of the signal was 

assumed to be from F elimination. The P(ET) obtained peaks 

at 10-12 kcal/mole. A nonzero peak for what should be a 

simple bond rupture is disturbing. The possibility that 

another channel is at least partially responsible for the 

new F atom signal must be considered. 

The idea of a different channel is supported by a 

cursory examination of the power dependence. Increasing the 

laser power seemed to decrease the new F atom peak relative 

to the HF contribution as well as add some faster product. 

If the F atoms were from DFE ~ F + C2H2F, secondary 

photodissociation of the C2H2F should not change the HF to 

primary F atom ratio. The ratio would be expected to 

change, however, if the F atoms are from a crack of HCCF. 

If the HCCF absorbs a photon and dissociates before reaching 

the detector, the peak corresponding to this fragment will 

decrease but a new fast F atom peak from the HCCF ~ F + HCC 

will grow in. To test this idea, the P(ET) from 1,1 DFE ~ 

HF + HCCF, where the product is expected to be from four

centered elimination, was used to fit the data. The TOF of 

the F atom expected from the crack is much too slow. It may 

be that the four-centered P(ET) is different in the 1,2 DFE 

where there is competition with the three-centered 

elimination than in the 1,1 DFE where photodissociation to 
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acetylene is the only channel. If this were true, then one 

could also explain why no F atoms other than those from the 

HF crack were observed in the 1,1 DFE TOF spectrum. 

It is clear that there are many other possible sources 

of F atoms. For example, consider the following scenario: 

1,2 DFE ~ CCFH + HF followed by secondary photoabsorption by 

the FV, giving CCF + H; the CCF can then undergo 

dissociative ionization in the detector giving a F atom 

signal which would be slightly faster than the CCFH. This 

would require a power dependent H atom signal but this is 

observed (see next section). Because the heavier 

photofragments could not be detected in these experiments, 

the 1,2 DFE TOF spectrum cannot be completely understood. 

3.4. H Atom Elimination 

The H atom TOF spectra from the 1,1 and 1,2 DFE's are 

shown in Figures 7-10 and 7-11. The spectra consist of a 

slow and fast peak. The slow peak corresponds to the H atom 

crack of the HF photofragment. Consulting Table 7-1, the 

fast peak, assuming it is a primary product, can only come 

from H atom elimination: DFE ~ H + HC 2F2 • The fast edge of 

the spectra show a strong dependence on laser power and this 

effect is greatest in the 1,2 DFE. Based on the ethylene 

photodissociation experiments, this is not surprising; the 

vinyl radical formed readily absorbed a photon and lost 

another H atom. 
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The spectra were fit starting with the 1,1 DFE since it 

had the least interference from secondary dissociation. 

Some secondary products are still being formed, however, so 

this data cannot be used to obtain the C-H bond energy. In 

the fitting, it was assumed that the maximum translational 

energy would be -40 kcal/mole (i.e. that the C-H bond energy 

is -108 kcal/mole, approximately the C-H bond energy in 

ethylene [12]). The primary P(ET) obtained is shown in 

Figure 7-12. The P(ET) peaks close to 0 kcal/mole and is 

typical of that expected from a simple bond rupture. This 

would suggest, as did the molecular elimination results, 

that after the DFE absorbs the photon, it internally 

converts to the ground electronic state before dissociating. 

The higher laser energy DFE H atom TOF spectrum was then 

used to get some idea of the secondary dissociation P(ET). 

The secondary dissociation was assumed to be sequential as 

in the ethylene and it was further assumed that all of the 

C2HF2 formed had an equal chance of absorbing a second 

photon. The secondary P(ET) is shown in Figure 7-13. In 

the secondary dissociation of the 1,1 DFE, unless the F atom 

migrates, only the vinylidene form will be produced. 

Therefore, the maximum possible secondary product 

translation energy would be -84 + Ernt· As was found in the 

ethylene secondary photodissociation, the secondary product 

is much slower than expected; the peak is at -20 kcal/mole. 

In the ethylene case, this was attributed to formation of 



224 

triplet product. Perhaps the same is true here. In the 

only other study of the atomic elimination channel, the 

triplet quenching studies Guillory and Andrews [3], it was 

inferred that the triplet state of the DFE's was somehow 

involved. It should be noted that there are other possible 

sources for the secondary H atoms observed. For example, 

1,1 DFE ~ HCCF + HF followed by secondary photodissociation 

of the HCCF to give CCF + H. Again, TOF spectra of the 

higher mass products are required to completely resolve the 

mechanism. 

There is less H atom elimination relative to the amount 

of H from HF from the 1,2 isomer. This is not necessarily 

because more H atom elimination occurs in 1,1 DFE. It is 

more likely that there is more HF elimination in the 1,2 DFE 

because the preferred three-centered elimination can occur 

in this compound and/or that the HF formed in the 1,2 DFE 

photodissociation has more internal energy (the P(ET) peaks 

at 0 kcal/mole) so tends to crack more in the ionizer. A 

quantitative comparison of the data shows that secondary 

dissociation also seems to be much more predominant in the 

1,2 DFE isomer. This can be attributed to the average laser 

power being approximately twice as great in the 1,2 scans as 

in the 1,1. Another possibility it that the greater power 

dependence is the result of secondary photodissociation of 

the primary product, FV. In any event, the greater power 

dependence for the 1,2 DFE made it much more difficult to 
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fit the primary H atom elimination. As a first 

approximation, it was assumed that the primary and secondary 

P(ET) 's used in the 1,1 DFE fitting would also apply to the 

1,2 DFE. Figure 7-11 shows that this works well, although 

not too much emphasis should be placed on this result 

because there are many other primary and secondary P(ET) 's 

that could fit the TOF spectra. That the same primary P(ET) 

can be used to describe the H atom elimination from the 1,1 

and 1,2 DFE's suggests that this process is not too affected 

by the presence of a F atom on the same carbon atom as the 

departing H. Of some significance is the fact that the 1,1 

DFE secondary P(ET) rising edge fits the 1,2 DFE TOF 

spectrum quite well. Unless 1,2 F migration occurs, 

secondary H atom dissociation from the 1,2 DFE will leave 

DFA rather than the DFV as is produced in the 1,1 DFE 

secondary dissociation. The enthalpy of isomerization 

between the acetylene and vinylidene forms is =25 kcal/mole 

[13] so, in principle, the fast edge of the 1,2 DFE 

secondary P(ET) should be -25 kcal/mole faster than the 1,1 

DFE P(ET). This certainly would be seen in the TOF spectra. 

In addition, the predicted maximum kinetic energy (-109 + 

Err.: kcal/mole) is much greater than that observed. The 

secondary P(ET), thus, suggests that some excited DFA is 

forming in the secondary dissociation and that the triplet 

DFA and DFV are very close in energy (as are the un

fluorinated compounds) or F migration can occur after the 
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vinyl radical absorbs a photon. 

4. Conclusions 

The 193 nm photodissociation of the DFE's provides more 

details about three-centered and four-centered elimination 

than could be obtained from the analogous ethylene 

experiments. The HF TOF spectra from the two isomers 

dramatically shows that three-centered elimination is 

preferred; the 1,2 DFE spectrum, where equal amounts of 

three and four-centered elimination are expected from 

statistics alone, bears little resemblance to the 

corresponding 1,1 DFE where 100% four-centered elimination 

must occur. The three-centered elimination of HF in the DFE 

peaks very close to 0 kcal/mole showing that the FV channel 

can have only a very small exit barrier. This should be 

compared with the three-centered elimination of H2 in the 

1,1 DFE peaked which is peaked at -6 kcal/mole and that in 

ethylene at -20 kcal/mole. This reveals the importance of 

the transition state and that HF elimination occurs from a 

looser critical complex. In addition, the DFE experiments 

added to what was known about photodissociation of these 

isomers. Although the HF elin1ination has been well studied 

[2-6], there was only one previous mention of the H atom 

elimination channel (3] and the H2 elimination pathway has 

not been reported. Guillory and Andrews believed that the H 

elimination was preferred over F elimination [3]. F atoms 
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not from the cracking of HF were detected in the 1,2 DFE 

photodissociation but they did not seem consistent with 

simple bond rupture. Despite the fact that the C-F and C-H 

bond strengths are expected to be similar (108 versus 111 

kcal/mole) [12], H atom elimination is greatly favored. 

Perhaps this indicates that the C-F dissociation energy of 

111 kcal/mole is too low. The H atom elimination in the 

DFE's was very much like that in ethylene in that there was 

a large amount of secondary dissociation and the secondary 

fragments have only a very small percentage of the maximum 

possible translational energy. This suggests that the 

formation of an electronically excited state, most likely 

the lowest triplet, is occurring. The involvement of a 

triplet is not unexpected based on Guillory and Andrews 

triplet quenching studies. The elimination of H2 in the 

DFE's was found to be similar to that of HF in the DFE's and 

of H~ in the ethylene photolysis. The one difference, 

however, was that in the four-centered elimination, some H2 

+ FCCF products were produced in the ground state. The 

reason espoused here is that there are less structural 

changes required to go from the transition state to the 

products. More information on the molecular geometries is 

needed to confirm this point. 

The DFE studies here have raised several questions that 

should be further addressed. A more quantitative comparison 

between the various channels is needed. Detection of some 
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of the heavier fragments should prove whether or not F atom 

elimination is occurring and the exact mechanism for 

producing some of the secondary F and H atoms detected. 

Finally, with more accumulation time and the appropriate 

fragment choice, better estimates of heats of formation and 

bond strengths could be obtained. 



• 

References 

1. G. Belanger and C. Sandorfy, J. Chern. Phys. 55, 2055 

( 1971) . 

229 

2 . O.P . Strausz, R.J. Norstrom, D. Salahub, R.K. Gosavi, 

H.E. Gunning, and I.G. Csizmadia, J. Am. Chern. Soc. 92, 

6395 (1970) . 
3 . W.A. Guillory and G.H. Andrews, J. Chern. Phys. 62, 

3208 (1975). 

4. P.N. Clough, J.C. Polyanyi, and R.T. Taguchi, Can. J. 

Chern. 48, 2919 (1970). 

5. H. Watanabe, H. Horiguchi, and S. Tsuchiya, Bull. Chern. 

Soc. Jpn. 53, 1530 (1980). 

6. C.R. Quick, Jr. and C. Wittig, J. Chern. Phys. 72, 1694 

(1980). 

7. M.J. Berry and G.C. Pimentel, J. Chern. Phys. 51, 2274 

( 1968) . 

8. J.D. Goddard, Chern. Phys. Lett. 83, 312 (1981). 

9. M.J. Frisch, R. Krishnan, J.A. Pople, and P. v. R. 

Schleyer, Chern. Phys. Lett. 81, 421 (1981). 

10. M.J. Berry, J. Chern. Phys. 61, 3114 (1974). 

11. S. Kato and K. Morokuma, J. Chern. Phys. 74, 6285 

(1981). 

12. J.M. Simmie and E. Tschuikow-Roux, J. Phys. Chern. 74, 

4075 (1970). 

13. M.M. Gallo and H.F. Schaefer III, J. Chern. Phys. 93, 



230 

865 (1990). 

14. M.W. Chase Jr., C.A. Davies, J.R. Downey Jr., D.J. 

Frurip, R.A. McDonald, and A.N. Syverud, JANAF 

Thermochemical Tables, Third Edition (Journal of 

Physical and Chemical Reference Data, New York, 1986). 

15. C.L. Yaws and P.-Y. Chiang, Chern. Engineering 95(43), 

81 (1988). 

16. K.M. Ervin, S. Gronert, S.E. Barlow, M.K. Gilles, A.G. 

Harrison, V.M. Bierbaum, C.H. DePuy, W.C. Lineberger, 

and G.B. Ellison, J. Am. Chern. Soc. 112, 5750 (1990) 

and references therein. 

17. Aa. S. Sudb0, P.A. Schulz, E.R. Grant, Y.R. Shen, and 

Y.T. Lee, J. Chern. Phys. 70, 912 (1979). 

• 



231 

Tables 

Table 7-1. Earliest Expected Photofragrnent Arrival Times 
.. 

for Energetically Accessible Channels . 

• 

Lab Arrival 
Product ET Max. Velocity Time 

( 10 4 cm/s} (j..Lsec) 

H2 40 127 34 

H2 66 164 27 

CCF 2 40 (1) (1} 

FCCF 66 2 2335 

F2 16 11 374 

HCCH 16 17 245 

HF 66 44 100 

HF 106 55 82 

CCHF 66 19 219 

HCCF 106 25 174 

F 37 33 127 

FC,H2 37 13 307 

H 40 182 24 

HC 2F 2 40 ( 1} (1} 

CH2 24 33 1:7 

CF 2 24 8 509 

(1} COM product velocity is less than the parent DFE 

velocity so no product can be detected perpendicular to 

the parent beam. 
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Figure Captions 

Figure 7-1. Thermodynamic diagram showing the energy levels 

of possible products from the 193 nm (148 kcal/mole) 

photodissociation of DFE. For the most part, the 

values are quite uncertain (± 5-15 kcal/mole) so the 

1,1 and 1,2 DFE isomers have been grouped together. 

Figure 7-2. H2 TOF spectrum from the photolysis of 1,1 DFE. 

The scan represents 6.6 hrs counting time at an average 

laser power of 90 mJ/pulse. The open circles show the 

data and the solid line is the fit calculated using the 

P(ET) in Figure 7-4 (solid line). 

Figure 7-3. H2 TOF spectrum from the photolysis of 1,2 DFE. 

The scan represents 4.7 hrs counting time at an average 

laser power of 90 mJ/pulse. The open circles show the 

data and the solid line is the fit calculated using the 

P(ET) in Figure 7-4 (dashed line). The figure shows 

the rise in signal after -100 ~sec that is attributed 

to thermalized H2 from the photolysis chamber. 

Figure 7-4. P(ET) 's for the DFE-+ H2 + C2H2 channel. The 

solid line shows the distribution used to fit the H2 

TOF spectrum from the 1,1 DFE photolysis (Figure 7-2) 

which is expected to be a three-centered elimination of 
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H2 to give difluorovinylidene. The dashed line is the 

distribution used to fit the 1,2 DFE photolysis to give 

H2 (Figure 7-3); this elimination should be a four

centered process. 

Figure 7-5. HF TOF spectrum from the photolysis of 1,1 DFE. 

This scan represents 3.3 hrs accumulation time at an 

average laser power of 60 mJ/pulse. The open circles 

show the data and the solid line is the best fit 

obtained using the P(ET} shown in Figure 7-7 (solid 

line}. 

Figure 7-6. HF TOF spectrum from the photolysis of 1,2 DFE. 

This scan represents 0.6 hrs counting time at an 

average laser power of 80 mJ/pulse. The open circles 

show the data and the solid line is the best fit using 

the P(ET) shown in Figure 7-7 (dashed line). 

Figure 7-7. P(ET} 's used to fit the DFE ~ HF + C2HF 

channel. The solid line shows the distribution used to 

fit the 1,1 DFE photolysis (Figure 7-5). The dashed 

line shows the distribution used to fit the 1,2 DFE 

photolysis (Figure 7-6). 

Figure 7-8. F atom TOF spectrum from the photolysis of 1,1 

DFE. The scan was accumulated over 2.2 hrs at an 
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average laser power of 80 mJ/pulse. The open circles 

show the data and the solid line is the calculated 

spectrum using the 1,1 DFE ~ HF + C2HF P(ET) shown in 

Figure 7-7 (solid line) . The agreement shows that the 

F atoms observed are from the dissociative ionization 

of HF in the detector. 

Figure 7-9. F atom TOF spectra from the photolysis of 1,2 

DFE at two laser powers. The spectrum in (a) shows the 

low power scan which was accumulated for 0.6 hrs at an 

average laser power of 40 mj/pulse. The spectrum in 

(b) shows a high power scan which represents 0.3 hrs of 

counting at an average laser power of 120 mJ/pulse. 

The open circles in both spectra are the data. The 

dashed line shows the expected F atom TOF spectra from 

the dissociative ionization of HF (1,2 DFE ~ HF + C2HF) 

using the P(ET) in Figure 7-7 (dashed line). 

Figure 7-10. H atom TOF spectra from the photolysis of 1,1 

DFE at two different laser powers. The spectrum in (a) 

shows the lower power scan accumulated for 1.2 hrs at 

an average laser power of 25 mJ/pulse. The spectrum in 

(b) is the high power scan which represents .6 hrs 

counting time at an average laser power of 70 rnJ/pulse. 

The open circles show the data. The solid line shows 

the total fit. The dashed line represents the 
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contribution from the dissociative ionization of HF, 

calculated using the P(ET) in Figure 7-7 (solid line). 

The -· · ·- line shows the primary H atom TOF spectrum 

(1,1 DFE -+ H + HCCF2 ) calculated using the P(ET) in 

Figure 7-12. The -·- line shows the secondary H atom 

TOF spectrum (HCCF2 -+ H + C2F2 ) calculated using the 

P(ET) in Figure 7-13 and assuming that all the C2F2H has 

an equal probability of absorbing a photon and 

dissociating. 

Figure 7-11. 1,2 DFE high and low power H atom TOF spectra. 

The spectrum in (a) was accumulated over 0.8 hrs at an 

average laser power of 45 mJ/pulse. The spectrum in 

(b) was taken for 0.3 hrs at an average laser power of 

130 mJ/pulse. The open circles show the data and the 

solid line is the total fit. The dashed line shows the 

H atom contribution from the dissociative ionization of 

HF calculated using the 1,2 DFE -+ HF + C2HF P(ET) in 

Figure 7-7. The primary (-· · ·-) and secondary (-· -) H 

atom contributions have been calculated using the same 

P(ET) 's used to fit the 1,1 DFE H atom TOF spectra in 

Figure 7-10 (see Figures 7-12 and 7-13). 

Figure 7-12. The P(ET) for the primary H atom elimination 

(DFE -+ H + C2F2H) used to fit both the 1,1 and 1,2 DFE 

H atom TOF spectra in Figures 7-10 and 7-11. 
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Figure 7-13. The P(ET) for the secondary H atom 

elimination, C2F2H ~ H + C2F2 , used to fit the 1,1 and 

1,2 DFE H atom TOF spectra in Figures 7-10 and 7-11. 

It was calculated assuming that all the C2F2H created 

have an equal probability of absorbing a second photon. 
' 
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