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Abstract

The decomposition of ethylene by high-power infrared
laser radiation has been studied. The influence of pressure,
beam intensity, and irradiation time on the product distribution
was investigated. Isotopic mixtures were also irradiated to
gain insight into the mechanism and to investigate isotopic
selectivity of the process.

Changes in mechanism were apparent as the reactant
pressure was varied. Evidence is present for a low pressure,
collisionless, isotopically-selective multiphoton process. At
higher pressures, collisions produce relaxation of vibrational
energy and a diffusion-controlled thermal pyrolysis becomes the
important process. There is a pressure threshold for a given
inténsity above which optical breakdown occurs accompanied by

visible luminescence and rapid decomposition.
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Chapter One: Introduction

I. Lasers and Properties of Laser Radiation

The development of. the laser has been of great
importance to modern scientific research. This is due to the
special properties of laser radiationl. The output from a
laser is brought about by stimulated emission corresponding to
an electronic or vibrational transition from excited atoms or
molecules. A population inversion must exist for which the
upper state is more populated than the lower level. This may
be achieved by electrical or microwave discharge, eléctron
beams, ultraviolet flashlamps, chemical reactions, or with the
use of another laser. The lasing action is initiated by
spontaneous emission from some of the excited species which
induces a cascade of spatially coherent stimulated emission.
High intensity and extremely narrow. frequency width is possible
as a result of amplification which occurs by multiple passes of
the light between the reflecting surfaces of the laser cavity.
The gain characteristics of the laser sharpen the spectral
distribution of the stimulated emission because the peak
frequency is preferentially enhanced.

Lasers may be either continuous wave (CW) or pulsed.
The output from a continuous wave laser is in the form of an
uninterrupted beam of steady intensity. Pulsed lasers emit
periodic bursts of energy which can be of extremely high
intensity at the peak of the pulse. Pulse durations vary from

shorter than one picosecond to several hundred microseconds.
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The ability to vary the frequency of radiation is
known as tunability. The output of line-tunable lasers 1is
restricted to a set of discrete frequencies; continuously
tunable lasers allow selection of any desired frequency over
the spectral range of the output2.

A wide variety of materials has been observed to
lase in a frequency range extending from the far infrared to
the vacuum ultraviolet regions of the spectrum. Solid state
lasers use ions doped in a transparent host crystal as the
active medium. Common examples are the ruby laser (chromium
ions in sapphire) and NA-YAG laser (neodymium ions in yttrium
aluminum garnet). Gas lasers may be neutral atomic (e.g.
helium-neon), ionic (e.g. cadmium, argon, krypton), or molecular
(e.g. COZ’ HF, N2). Compact semiconductor diode lasers have
been developed (e.g. Ga-As, Pb-Sn-Te) which directly convert
electrical energy into laser radiation of very narrow spectral
width. Tunable dye lasers use organic dyes as lasing matefial
which fluoresce over a wide range of wavelengths in the visible
spectrum. Tuﬁable ultraviolet radiation can be obtained by the
frequency doubling technique whereby visible radiation inside
the laser caVity is doubled in frequency as it passes through
a crystal with non-linear properties. Ultraviolet radiation is
also available from the newly developed excimer laser where lasing
occurs from a rare gas-halide complex stable only in the excited

state.
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II. Lasers in Chemistry

Lasers have been important as research tools in many
branches of chemistry. The high intensity and narrow frequency
width of laser radiation has allowed spectrpscopists to obtain
greater resolution than ever before possible. In addition to
atoms and molecules, the spectra of free radicals and ions are
being studied using laser spectroscopy. The field of Raman
spectroscopy has been revolutionized with the advent of lasers.

Molecular dynamicists have utilized laser techniques
for monitoring changes in energy states during physical or
chemical processes., Subnanosecond pulsed lasers have been used
as probes to study the kinetics of fast processes,

Analytical chemists have adopted lasers for a variety
of uses. Laser-excited atomic fluorescence flame spectrometry,
laser intracavity absorption spectrometry, and laser microprobe
chemical analysis are examples of newly developed analytical
techniques. Remote sensing of atmospheric pollutants by detecting
absorption, emission, or scattering of laser light by molecules
is another recent development.

Of particular interest to many chemists is the field
of laser-induced chemical reactions. It is known that photo-
chemica; reactions often follow different pathways than thermal
reactions. Photochemical reactions have generally been induced
by exciting electronic transitions of reactants using visible
and ultraviolet radiation produced from gas discharge lamps.
Laser radiation is superior to the broadband outﬁut of an arc

or flashlamp because of its high intensity and narrow spectral
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distribution. Visible and frequency-doubled ultraviolet lasers
have been employed in a number of recent photochemical studies.
Since laser sources have not been extensively developed in the
ultraviolet, research in this region has been hindered, However,
recent efforts in laser fechnology hold promise in providing
photochemists with efficient ultraviolet laser sources3.

An intriguing aspect of laser-induced photochemistry
is the separation of isotopic species. The method is based
upon the fact that atoms or molecules of different isotopic
composition absorb light at different wavelengths so that one
isotope in a mixture can be selectively activated. The very
intense, monochromatic radiation obtainable from a laser is
ideally suited for this purpose. Many isotope separation
techniques have been developed using a variety of lasers to
excite the desired isotopic species. Subsequent physical or
chemical processes are employed to complete the separation.

The separation of the excited species must be rapid to avoid

randomization of the absorbed energy through collisional exchange.

Hundreds of isotope separations have already been reported in
the literature. This area has great potential usefulness for
applications in industry and basic research. The subject is

reviewed in references 4, 5, and 6.

IIT. Infrared Laser-Induced Reactions

Infrared laser-induced chemical reactions in the gas
phase have been the subject of much attention in the past:
several years6. The mechanisms by which these reactions proceed

depend on a number of variables.

Brrrean o
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: Reaction may be induced by simple heating in which
case the energy initially absorbed is randomized by collisional
transfer among the gas molecules. High reactant pressure, long

pulse duration or CW irradiation, and low peak intensity favor

thermalization of absorbed laser energy. These conditions can

be advantageous when a homogeneous thermal reaction is desired.

E sttt she

: A laser-induced thermolysis can avoid side reactions catalyzed
on the walls of the reaction vessel which often occur in
conventional thermolysis techniques7.

Reaction may also occur from reagents rich in
vibrational energy before a Boltzmann distribution is achieved.
Selective eneréy deposition in a mode leading to reaction may
be much more effective in enhancing reaction rate than random
energization produced by heating. Nonthermal bimolecular
reactions have been enhanced using ‘infrared lasers in a number
of studies8.

It is possible that exchange of vibrational energy
(V-V transfer) through collisions of excited gas molecules can
result in certain of the molecules ascending the vibrational
manifold until they have acquired sufficient energy for
dissociation or reaction. This "stepladder" or "cascade" process
occurs under conditions of higher intensity, shorter pulse
duration, and lower pressure than for a thermal pyrolysis
; mechanism.

Recently it has been found that under the influence
of an intense infrared field, many polyatomic molecules can be

excited to the state of dissociation even at pressures sufficiently
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low that the time for the excitation process is shorter than
the mean time between collisions. Since the energy of one
infrared photon is much less than that required to dissociate
a molecule it is apparent that many photons are being very
rapidly absorbed. This phenomenon has been referred to as
multiple photon or "multiphoton" absorption.

Infrared multiphoton absorption was first experimentally
observed by Isenor and Richardson9 in 1970. On irradiation of
a number of gases with intense infrared light from a pulsed
carbon dioxide TEA laser, they observed a fast fluorescence
pulse from the irradiasted gas occurring with no detectable time
delay after the laser pulse. The fluorescence was found to be
characteristic of breakdown products of the irradiated gas
indicating that some of the molecules had been dissociated
before collisional processes had set in.

The potential of the multiphoton collisionless decompo-
sition process for selective separation of isotopic speciés was
soon realized. In 1974 the two isotopes of boron were separatedlo
by selective infrared irradiation of boron trichloride gas.

The dissociated boron atoms of one isotope reacted with oxygen
Scavenger molecules leaving the remaining BCl3 enriched in the
unexcited isotope. Subsequently isotopes of sulfur, hydrogen,
carbon, silicon, chlorine, selenium, and osmium have been
enriched by multiphoton processes. (Reference 11 gives a number
of examples).

It is interesting that the multiphoton mechanism

enables a molecule to be excited up the vibrational ladder to
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dissociation by the narrow frequency distribution of light
from the laser which corresponds to the v=0 to v=1 transition
of a vibrational mode. A decrease 1n energy spacing between
successive levels of vibrational excitation occurs due to the
anharmonic nature of the vibrations of a real molecule. One
might expect that this "anharmonic defect" would cause the
laser frequency to go out of resonance with higher transitions
preventing high vibrational excitation and dissociation.

The fact that multiphoton irradiations are isotopically
selective indicates that the resonance between laser and
molecular vibrational frequencies is important. This suggests
that the multiphoton process does not occur by simultaneous
absorption of large numbers of photons. It appears to involve
stepwise collisionless accumulation of vibrational energy at
least in the initial stages of the process.

It is known that in an intense electric field, the
energy levels of a molecule are split (Stark Effect) and
broadened. The magnitude of the power broadening is proportional
to the product of the electric field and the transition dipole
moment. The electric field generated by infrared laser radiation
can be sufficiently large that broadening of vibrational levels
allows resonant absorption of several quanta of vibrational
energy. Once a certain level of vibrational excitation has
been reached it appears that the resonant characteristic of the
laser frequency is no longer essential for further excitation.
This situation arises since the normal coordinate approximation

for vibrations in polyatomic molecules breaks down for high



levels of excitation. At this stage rapid intramolecular energy
distribution can occur among the vibrational modes. Since a
polyatomic molecule has many vibrational modes, the density of
energy levels rises rapidly with increasing excitation until a
certain threshold is attained where there is essentially a
continuum of levels available. When this "quasicontinuum" of
energy states has been reached subsequent absorption of laser
radiation can occur up to the dissociation limit without
wavelength specificity.

Recently this model has been tested12 by an experiment
using two infrared lasers at different frequencies to bring about
decomposition of sulfur hexafluoride. The first laser of
relatively weak intensity was tuned to be resonant with the
v=0 to v=1 transition of the vy mode of SF,. The second laser
was tuned far off resonance and was of high intensity. It was
found that the intensities of both laser frequencies could be
adjusted so that dissociation would only occur with both fields
present. The interpretation was given that the first laser
brought about resonant excitation of the first few vibrational
levels. This made it possible for the second off-resonant
frequency to transfer the excited molecules through the
quasicontinuum region to achieve dissociation.

Attempts at high power infrared dissociation of
diatomic or triatomic molecules have been unsuccessful. It
appears that due to the small numﬁer of vibrational modes in
these molecules no vibrational quasicontinuum is available from

which dissociation can proceed.
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At the present moment much theoretical and experimental
work is being carried on to elucidate the mechanism of multiphoton
absorption and to develop a model which explains the phenomenon
in a quantitative manner. Several recent reviews on the subject
have been presented4’5’6’l3’la.

It is the aim of the present work to examine an %
infrared laser-induced decomposition reaction in order to gain ‘
some insight into the processes described above., The molecule
selected for study was ethylene. It is an easily obtained
compound with a relatively simple structure and absorbs strongly
in many parts of the spectral range of a carbon dioxide laser.

These features make ethylene an attractive candidate for
isotope separation. The thermal and photochemical reactions
have been extensively studied and Serve as a basis of comparison

for the laser-induced decomposition.

IV. Summary of Ethylene Decomposition by Non-Laser Methods

a) Thermal Pyrolysis

The thermal pyrolysis of ethylene has been studied by
several workers for temperatures of 500-600°C and pressures of
10-600 torrls"zo. The major products found were ethane,
propylene, butene, and butadiene. At higher pressures polymeric
substances were formed.

The observations were explained by a free radical

chain process initiated by

CoHy + C2H)4 - 02H3 + C2H5 (1)
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Ethane was formed by abstraction of ethylene by ethyl radical.
Polymerization by radical addition to ethylene accompanied by
decomposition resulted in the ‘formation of the unsaturated
products. The amount of polymerization was enhanced with

increasing pressure and decreasing temperature.

b) Shock Tube Pyrolysis

Pyrolysis at high temperature can be achieved by
means of the shock tube technique. The kinetics of ethylene
decomposition at 1200-1900°C21_25 show marked differences from
the pyrolysié at lower temperature. The products are mainly
acetylene and hydrogen with Small amounts of butadiene. It has

been suggested that the molecular dissociation process

CHu-rCH + H

2 272 2

which was not important at lower temperatures plays a part in
the reaction. Recent studie525 show that both molecular and

radical processes occur.

c) Ultraviolet Photolysis

In contrast to thermolyses, photolytic processes are
initiated by energy in the form of photons specifically absorbed
in one transition of the reacting species while gll other modes
remain unexcited. Thermal reactions proceed from systems in
which energy is partitioned in a Boltzmann distribution. One
might, therefore, expect basic differences in the results of
photolytic and thermal decomposition reactions.

Photolysis of ethylene using ultraviolet light sources
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has been well studied26'33. The major products were hydrogen,
acetylene, ethane, and butane. Two primary processes, one
molecular, the other radical were found to be about equally

ilmportant:

CEH4 + hv > 02H + H2 (2)

W ® MO

C2H4 + hv - C2H

+ H (3)
Since butadiene was not detected in the products it was concluded
that vinyl radicals prcduced in reaction (3) were unstable and

dissociated rapidly:

czﬁg + C,H, + H (L)

The production of butane and ethane was explained by

H + C,Hy - 02H5 (5)
2C2H5 > CyHy, (6)
> CH) + C, Hg (7)

Photolysis of equimolar mixtures of CgHu and CgDa yielded equal
amounts of H2 and D2 with almost no formation of HD. This
indicates that ﬁydrogen is formed solely from the molecular
reaction (2).

In a'study of the flash photolysis of ethylene using
a flashlamp with the spectral distribution 1500—19003, the
major products were acetylene, hydrogen, ethane, propane, butane,
and methane in decreasing order of importance. As in the other
studies, an excess in the yield of acetylene over hydrogen was

observed indicating that radical primary process (3) was ocdurring.

Propane, ethane, and methane were found to be much more important



e

12

than in the low intensity photolyses discussed above., To
explain these results, it was proposed that in addition to

steps (2) to (7), a hydrogen atom "eracking" process occurred:

H + 02H5 > CoHg 2CH3 (8)

Following this, radical combination was proposed to yield

propane, ethane, and methane:

CHy + CoHg C3Hg (9)
CH3 + 02H5 > CoH), + CH, (10)
2CHZ = CoHe (11)
H+CHy + M~ CH +NM (12)

It appears that for the high intensity photolysis the concentration
of ethyl radicals becomes great enough to compete with ethylene
for hydrogen atoms and steps (8) to (12) become important.
Above 10 torr reactant bressure minor yields of
propylene and butene were detected giving evidence that Vinyi

radicals arising from process (3) were stabilized:

*
C2H3 + M > 02H3 + M (13)
02H3 + CH3 - C3H6 (14)
02H3 + 02H5 + C)Hg (15)

d) Radiolysis and Electric Discharge

In a radiolysis the reactant molecules are bombarded
with high energy radiation which produces ionization. Electric
discharges are induced in gases by applying a high potential

difference. Ionization occurs in the gas and electrons
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accelerated in the electric field collide with molecules
producing further excitation-and ionization. Reactions induced
by radiolysis or electric discharge can proceed from excited
molecules, as in photochemical reactions, or from ion-molecule
reactions.

Similar conditions can be produced by infrared laser
radiation of sufficiently high intensity. Electrical breakdown
of the gas may occur accompanied by a flash of light from
excited ions and radicals formed in the process. The reactions
produced by radiolysis and electric discharge may be comparable
to reactions produced by laser-induced "optical breakdown".

Radiolysis of ethylene using electron bombardment or
gamma rays34’35 have produced similar product distributions to
those of the ultraviolet photolysis. The major products,
acetylene, hydrogen, ethane, and butane, appear to arise from
eéxclted ethylene molecules via processes analogous to steps (2)
to (7) outlined above. Methyl radicals arising from an ion—‘
molecule reaction sequence lead to production of lesser amounts
of propane and methane.

Decomposition of ethylene under electric discharge36‘uo
gives hydrogen -and acetylene as the major products. Other
significant products whose relative importances depend on
discharge conditions and pressure are ethane, propane, méthane,
butane, propylene, and solid polymeric deposits. From discharge
spectra and esr and Scavenger studies, the presence of a profusion
of radicals in the discharge has been detected including 02 and

CH.
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V. Infrareg Laser-Induced Decomposition of Ethylene

a) Continuous Wave Laser Decompositions

Bell et al41 using a focussed 8 watt continuous wave
(CW) CO2 laser decomposed high pressures of ethylene. At 760
torr the major products were hydrogen, acetylene, butadiene,
ethane, and methane. The authors noted an increase in methane
at the expense of butadiene as radiation time increased
suggesting that methane was g2 secondary product arising from
pyrolysis of butadiene. It was noted that the products were
similar to those for high-temperature pyrolysis and concluded
that a similar mechanism existed for the laser decomposition.
Robinson et al42 used an unfocussed CW 002 laser to
irradiate unspecified préssures of ethylene. With 25 watt laser
power, they noted Propylene as the major product with a small
amount of butadiene and bengzene. With 40 watts they observed
propylene, methane, butadiene, and ethane as major products.
Shaub and Bauer7 produced homogeneous heating in a’
reaction vessel containing 70 torr ethylene and 10 torr SF6.
SF6 had a higher absorption coefficient at the wavelength used
and transferred energy to ethylene efficiently by collision.
At an estimated average temperature of 900°K using an unfocussed
9.5 watt laser beam for 30 seconds the pyrolysis products were
acetylene, ethane, methane, and other unidentified hydrocarbons,
Tardieu de Maleissye et a143 irradiated ethylene with

a focussed CW CO, laser. Methane, acetylene, butadiene, and

2
hydrogen were detected as products. They broposed that the rate
of the laser-induced thermal pyrolysis was controlled by transport

of heat to the cell walls.
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b) Studies of Absorbance, Energy Transfer, and Luminescence }

Letokhov and coworkersuq observed the rapid appearance
of visible fluorescence on irradiating ethylene with a focussed
pulsed 002 laser. The fluorescence was ldentified as that
arising from the Swan bands of the excited 02 radical. On
further studqu it was found that C2 radicals were formed in
both the ground and excited states. It was found that the
intensity threshold for appearance of luminescence in 2 torr
ethylene was around 200 megawatts/cmz.

Absorption studies were carried out using an
Ooptoacoustic detector46. It was found that for 1 torr of
ethylene the average number of photons absorbed per molecule
increased linearly with laser intensity over the range 0.5 to
100 megawatts/cmz. A similar dependence was observed for SF6
which also luminesces and dissociates  at higher intensities.
For the triatomic molecules D20 and OCS, which can not be made
to luminesce or dissociate at intensities up to 10 gigawatts/cmz,
the average number of photons absorbed per molecule reached a
maximum at 10 megawatts/cm2. This indicates that saturation of
absorption had occurred for these molecules and that excitation
beyond a certain level was not possible. Linear dependence of
absorption on intensity was interpreted as indicating the
availability of an accessible "quasicontinuum" of high density
energy levels. It was concluded for the smaller molecules for
which saturation of absorptionvwas observed, that no such

quasicontinuum route to higher excitation was available.
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Absorption spectra of ethylene for laser radiation
from 930-960 em™t at various-intensities were obtained and
compared to the linegr absorption spectrum (spectrum at low
intensity where Beer's law is applicable). From 7 to 10
megawatts/cm2, in addition to an absorption peak centred at
9ug.s5 cm'1 corresponding to @ branch absorption in the linear
spectrum, two new strong absorption peaks appeared. At higher
intensities the three peaks broadened and smoothened out and at
1800 megawatts/cm2 one of the peaks at 953.5 em™t became the
most prominent. The distorted symmetric top structure of the
ethylene molecule gives rise to a complex superposition of
rotational subbands in the vibrational energy levels of the v7
mode. A possible mechanism for the excitation pathways through
the network of vibrational-rotational energy levels was worked
out to explain the resonances observed in the high intensity
absorption spectra.

Letokhov and coworkers went on to examine the

correlation between luminescence intensity and laser wavelength47’48.

Radiation from a high-pressure continuously tunable 002 laser

of intensity 1.2 gigawatts/cm2 was focussed into ethylene samples
of less than 1. torr. The "luminescence spectrum", i.e. intensity
of luminescence as a function of wavelength, was obtained. A
peak in luminescence intensity was found at 953.5 cm—l shifted
from the Q branch linear absorption peak at 949.5 cm—l. This
showed a correlation between the luminescence and the absorption
spectrum at high intensity discussed above. Successive additions

of Buffer gas enhanced luminescence intensity and broadened and
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shifted the profile of the luminescence spectrum. Beyond a
certain pressure of buffer gas, the intensity of luminescence
began to decrease. The authors attributed this to result from
the V-T/R transfer rate (rate of transfer of vibrational energy
to translational and rotational degrees of freedom) becoming
comparable with the laser pulse duration.

Analysis of dissociation pfoducts on irradiation of
low pressures of ethylene revealed the presence of acetylene
and ethane. The threshold for dissociation deduced from the
appearance of acetylene in the infrared absorption spectrum was
about 700 megawatts/cm2. Luminescence was found to accompany
the formation of products. It was observed that efficiency of
decomposition corresponded with the luminescence spectrum.

It has been proposed that at intensities where power
broadening is not large, excitation will be limited to only a
comparatively small fraction of reactant molecules. Only those
molecules having the proper rotational levels to be in resonance
with a transition corresponding to the laser frequency will be
excited. This leads to the so-called "bottleneck" effect where
the excitation rate of molecules is limited by collision-induced
relaxation of the rotational states of excited molecules.

The Russian workers have studied the role of rotational
states in multiphoton absorption. An experiment was reported49
on the probing of the population of rotational states at the
moment when a strong 002 laser pulse interacted with SF6, CzHu’
and SiFu molecules. The simultaneous absorption decrease at a

number of vibrational-rotational transitions was interpreted as
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the result of depletion of a large number of rotational states
by the laser pulse of very narrow frequency width. In a second

50 absorption by 0.5.torr ethylene at 953 cm_l was

experiment
measured as a function of laser pulse duration, keeping the
pulse energy constant. It was found that at the moderate
intensity of 1 megawatt/cm2 or greater, the average number of
photons absorbed per molecule was independent of pulse length
for the range 15 nanoseconds to 15 microseconds. This covers
a collision-free to collisional time span. Since absorption
was the same whether collisions were absent or present, it was
concluded that a large number of rotational states can be

excited. Thus it appears from these experiments that rotational

relaxation is not required for multiphoton absorption.

c) Pulsed Infrared Laser Dissociation

Bastiaens, de Keuster, and de Hemptinne51 irradiated
ethylene using a TEA 002 laser delivering pulses of 1 to 3 jqules
and 150 nanosecond duration. The irradiations were performed
in a 150 cm3 reaction vessel connected to a digital pressure
gauge. For ethﬁlene pressures above 5 torr, using a focussed
beam, optical breakdown accompanied by a pressure rise occurred
with every pulée. Analysis of the products by gas chromatography
revealed the presence of only hydrogen and acetylene. After one
to two hundred pulses the total gas pressure reached a constant
value. The pressure change indicated that about 85% of the
ethylene was converted to acetylene. Irradiation of acetylene-
hydrogen mixtures resulted in a pressure decrease which reached

a maximum at a pressure corresponding to formation of 15%



SR

[oore

a2t 0 S0 % 3 32 0 1 B N 0T 5 8.5 A" i 50 B VL Wb 1L g e b e

19

ethylene. The authors concluded that the equilibrium

CoH, 2 C,H, + Hy
was achieved in the reaction mixture.

A spectral investigation of the luminescence accompanying
breakdown showed that the main emission came Ffrom excited
hydrogen molecules. Luminescence with a shorter lifetime from
an unidentified organic species was also noted.

When unfocussed radiation was used, no breakdown or
reaction products were detected. The authors were able to
induce the reaction of ethylene with HC1 giving ethyl chloride
using an unfocussed beam at 939 cm_l. C2D4-DCl mixtures gave
no reaction since C2D4 did not absorb the laser frequency.
However, irradiation of 02H4‘02D4 mixtures with HC1l or DCl gave
reaction in which deuterated ethylene reacted preferentially.

When the low ethylene pressures of 0.1 to 0.3 torr were
irradiated with a focussed beam at 939 cm'l, slow producticn-of
hydrogen was noted which increased linearly with the number of
laser pulses. No luminescence was observed at these pressures.
The hydrocarbon products of the reaction could not be identified,
but the authors were unable to detect acetylene, Irradiation
of a 0.25 torr mixture of C2H4—02D4 resulted in preferential
reaction of C2H4.

In another study Peterson, Manning, and.Braun52
photolyzed 1% ethylene in helium at total pressures of 50-200
Torr using focussed CO2 laser radiation. The only products

detected by gas chromatography were hydrogen and acetylene. No
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luminescence was observed. As the pressure of inert gas was
increased the efficiency of the decomposition was found to be
enhanced. The authors concluded that the reaction occurred
exclusively via molecular elimination of hydrogen from ethylene.
The lack of products other than hydrogen and acetylene was cited
as evidence that no hydrogen atom elimination processes took

place.

d) Summary and Object of the Present Work

The earlier CW laser decompositions which involved
continuous, relatively low intensity radiatian clearly proceeded
by a mechanism of thermal pyrolysis. Of more interest in the
field of laser-induced chemistry is the use of pulsed radiation
where it is possible for selectivity of the excitation to be
maintained and reflected in the chemistry.

Study of the infrared-induced dissociation of ethylene
using pulsed lasers has been limited. Most of the emphasis has
gone into the study of absorption processes with only a curséry
examination of the reaction products. In order to understand
the chemistry of the process, a detailed chemical analysis of
the reaction products is required. This has been the object of
the present work. Product distributions under conditions of
varying reactant pressure and incident radiation intensity have
been determined using mass spectral indentification and
quantitative gas chromatographic analysis.

In particular the nature of the primary processes for
the infrared-induced dissociation has not been resolved. Thermal

pyrolyses and ultraviolet photolyses have involved both molecular
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and radical primary processes. From the limited sfudies of
pulsed infrared laser dissocigtion of ethylene to date, the
importance of molecular or radical processes is not clear.
This is necessary for an assessment of the potential for
separation of isotopes.

A useful tool in mechanistic studies is the employment
of isotopically substituted reactants. Mixtures of C2H4 and
02D4 have been used in the present study to elucidate the

reaction mechanism and to investigate isotope selectivity.
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Chapter Two: Experimental

I. Irradiation System

The arrangement for a typical irradiation experiment
is 1liustrated in Figure 1. Irradiations were carried out using
a Lumonics Model 103 TEA carbon dioxide laser. A continuous
gas [low consisting of a mixture of helium, carbon dioxide, and
nitrogen in the ratio of 92:5:3 was passed through the laser
cavity at atmospheric pressure. The gases were excited by a
high voltage supplied across electrodes arranged transversely
to the laser cavity. The pulse width of the output beam at half
maximum intensity was about 250 nanoseconds. The maximum energy
of the laser pulse was about 5 joules and the pulse rate was
35 to 45 pulses per minute (0.6 to 0.75 Hz). The laser was
line-tuned by means of a rotatable gold-coated diffraction
grating situated at one end of the laser cavity. A precise
vernier measured the angle of rotation of the grating. Vernier
settings were calibrated using a Lumonics CO2 laser spectrum
analyzer so that the desired wavelength of laser radiation
could be selected by setting the vernier at the appropriate
reading. Beam energy was measured by a calibrated pyroelectric
detector constructed by Lumonics Research Limited. The active
component of the detector was a ceramic crystal which absorbed
incident light. The resulting temperature increase of the
crystal was converted to an electric signal displayed on an
oscilloscope (Tektronix type 545).

To achieve uniformity of the beam shape a beam

constrictor was placed in the beam path. This consisted of a
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mounted metal disc with a half-inch diameter hole drilled through
the center. By means of a pyroelectric detector, it was found
that 25% of the beam energy was transmitted through the
constrictor when the gold-coated mirrors were adjusted so that
the central portion of the laser beam rassed through the
aperture. The laser beam was focussed by means of an anti-
reflective coated germanium lens of 4.0 cm focal length placed
in front of the reaction vessel.

To monitor the laser output during an irradiation an
optoacoustic detector illustrated in Figure 2 was used. The
detector consisted of a pyrex cell with sodium chloride windows
filled with ethylene. A microphone with connections to an
oscilloscope was set within the cell so that pressure changes
producgd by absorption of the laser radiation by ethylene in
the cell would be detected. Optimal sensitivity of the detector
was achieved with 125 torr of ethylene.

The detector gave a linear response to light intensity.
This was demonstrated by the use of wire gauzes of varying mesh
sizes. The transmittances of the gauzes at the visible
wavelength 5711 R were determined using a Cary Model 14
Spectrophotometer. These transmittances were found to be
proportional to the transmittances measured by the change in
the microphone signal when the gauzes were placed in the path
of the laser beam,

A beam splitter consisting of a sodium chloride plate
was placed in front of the reaction vessel. It transmitted

approximately 95% of the laser beam to the reaction vessel and
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deflected the remainder to the optoacoustic detector. To
measure the absorption of the laser radiation by ethylene in
the reaction vessel, a second optoacoustic detector was placed
behind the cell.

Figure 3 is a diagram of the reaction vessel used for
most of the experiments. It was constructed of brass with a
length of 10 cm and inner diameter 4.5 cm. The volume of the
cell plus a small glass connecting tube was1ll2 ml. Windows
were recessed into the cell and made vacuum-tight contact against
rubber O-rings resting in circular grooves. The front and rear
windows were sodium chloride, 5 cm in diameter and 6 mm thick.
Quartz side windows were installed for observation of visible
luminescence produced during irradiations.

For some early experiments a 5 cm long brass cell with
germanium windows in front and rear was used in combination with
an antireflective coated germanium lens of focal length 3.0 cm.

Sodium chloride components were covered with plastic
bags containing silica gel desiccant when not in use. Cell
windows were cleaned and polished to remove film, carbon deposits,

or damage spots which were sometimes created during irradiations.

IT. <Vacuum Apparatus

The reaction vessel was connected to a grease-free
vacuum system illustrated in Figure 4. The cell and vacuum line
were evacuated to less than lO'Ll torr before an experiment using
a rotary oil pump (Welch Duo-Seal model 1400) in series with a

mercury diffusion pump. Pressure measurements in the vessel were
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Vacuum and Analysis System
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Hitachi mass spectrometer
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made from 0.5 to 220 torr using a Wallace & Tiernan pressure

gauge (model FAl45) and from 0 to 0.4 torr using a McLeod gauge.

III. Analytical System

A 1/4" 0.D. copper sample loop of volume 35 ml was
connected to the cell manifold via a 3/16" 0.D. copper connecting
tube (Figure 4). For a series of anélyses, the contents of the
cell were expanded directly into the sample loop. Connections
were made via a 4-port Lorenco valve (Figure 5) into a
Hewlett-Packard F&M Model 700 gas chromatograph with a flame
ionization detector. Calibrations were made by introducing
measured pressures into the reaction vessel which were then
expanded 1into the sample loop in the same way as for the reaction
products.

In a second series of experiments, the hydrogen
products were separated by passing the contents of the reaction
vessel through a solid nitrogen trap. Condensible hydrocarbdn
products were sealed in glass tubes for analysis on a Perkin
Elmer model 990 gas chromatograph with a flame ionization
detector. This chromatograph was interfaced with a Hitachi
RMU-6D mass spéctrometer for identification of the products.

Hydrogen was collected in a gas buret by means of a
Toepler pump. The isotopic hydrogen species were then separated
on a column leading to a copper oxide oven maintained at 300°C
where the products were converted to water. Analysis was then
carried out using a gas chromatograph with a detector of

Gow-Mac W-2 thermal conductivity filaments.
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IV. Columns used in Gas Chromatography

For determination of methane, ethane, ethylene,

acetylene, butane, and propylene, a 6 meter 1/4 inch 0.D. copper

column of phenylisocyanate on porasil was used at room temperature.

Unsaturated C-3 and C-4 hydrocarbons were measured on 1/4 inch
0.D. copper columns of n-octane on porasil. Either a 3 meter
column at room temperature or a 6 meter column at 60°C was used.
In some analyses these columns were programmed to 100°C and no
significant amounts of products having carbon number greater
than 4 were detected.

The isotopic species of hydrogen were analyzed using a
glass column of activated alumina treated with IVInCl2 and kept

at liquid nitrogen temperature.

V. Calibrations

With the use of the F&M gas chromatograph, calibration
curves of peak height as a function of amount of gas were
obtained for methane, ethane, propane, and acetylene. Product
amounts were determined from the peak heights corresponding to
these compounds on thevgas chromatogram of the products using
the calibration curves. For the other products, which had
longer retention times, peak areas were measured and divided by

carbon number. Peak area + carbon number was also obtained for

acetylene and propane. Using the known amounts of these compounds

from the calibration, a conversion factor for peak area + carbon
number to micromoles of product was obtained from which the

amounts of the other compounds were calculated. The limit of

Ere
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detectability was about 2 nanomoles for the lighter hydrocarbons
and was somewhat larger for the heavier products. Calibrations
were not made using the Perkin Elmer gas chromatograph. For
experiments involving the use of this instrument, peak area =
carbon number values were used as a basis of comparison for the
relative amounts of products.

Due to large variations in retention time and
sensitivity for hydrogen products on the gas chromatographic
system from day to day, calibrations were made immediately
before or after the analysis of products from each irradiation
experiment. Calibration was achieved by introducing a measured
mixture of known composition

amount of pure H, or of an H2—HD—D

2 2
of roughly the same proportions as those for the hydrogen
products of the irradiation. Product yields were obtained from
comparison of peak heights of the products to those of the

calibration gases. The limit of detectability for the hydrogen

products was about 40 nanomoles.

VI. Materials

Hydrocarbon gases used in calibrations were Matheson
C.P. grade with a stated minimum purity of 99.0%. Ethylene
used in the laser experiments was Matheson Research grade with
a stated minimum purity of 99.98%. Further purification was
achieved by repeated degassing at liquid nitrogen temperature.
Traces of methane and ethane impurities less than 20 ppm were
detected. The ethylene-dq used was from Merck Sharp & Dohme

with a stated isotopic purity of 99%. High-purity gases were
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used in the calibrations of the hydrogen species: H2 from
Matheson assayed as 99.9995% pure, D2 from Bio-Rad Laboratories
with a minimum mole percentage  of 99.65%, and HD from Merck
Sharp & Dohme with a stated minimum isotopic purity of 98%.
High-purity Matheson helium and nitrogen were used in the

studies with inert gas additives.
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Chapter Three: Results and Discussion

I. Absorption Spectra

The absorption spectra of CZH4 and CZDLl were measured
for the frequency range of the CO2 laser emission (900-1100 cm™
A Perkin Elmer Model 621 Grating Infrared Spectrometer was used.
Parts of the spectra are shown in Figures 6 and 7.

The absorption for CzHu corresponds to the v7 bending

vibration (Figure 6). The laser lines used in irradiation
experiments were the P(14) (949.5 cm_l) and P(26) (938.7 cm_l)

lines of the 00°1-10°0 transition of 002. These two frequencies

lie in a strongly absorbing Q branch of the absorption band of
C2H4. Product yields using the two lines were not greatly

different. Absorption by C2D4 was not detectable for the
frequency range 930 to 1020 em™ .

The absorption peak of 02D4 centered at 1080 cm"l

(Figure 7) is the Q branch of the Vis CD, deformation vibration.

2

The CO, laser line R(22) of the 00°1-02°0 transition lies at. the

2
center of the absorption peak.

ITI. Absorbance as a Function of Pressure

The -absorbance of the P(26) laser line by ethylene was
measured in a pyrex vessel with sodium chloride windows. The
voltage signal from a pyroelectric detector placed behind the
cell was measured as increments of pressure were added. Percent
transmittance was obtained from the ratio of the detector signal
with added gas (I), to that with the cell evacuated (IO). A

plot of absorbance (log 1?) as a function of pressure is shown

.



T2

FRESR

Figure 6

Absorption Spectrum of C2HM

Positions of laser lines used in

experiment are indicated by arrows.

Cell length: 9 cm

Pressure: 58 torr
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Filgure 7

Absorption Spectrum of C2Du

Position of laser line used indicated by arrow
Cell length: 9 cm

Pressure: 58 torr

Solid line: spectrum of CZDM.

Dashed line: spectrum of C,H,

| e



Frequency (cm_l)

1040

1060

1080

1100

-
It P
-

-

— - = —. -
——— —

" -
gorm T e e

—— -
o~
S - -
.-
-
—— o o v
<
——
— e,
——— -

-
-
— e e -

R(22)

100 —

80 b

l

souBgaTUSURLTL, %

'




42 |

in Figure 8. If the small intercept slightly to the right of

the origin is disregarded, the absorbance follows a Beer's law

relation from 0 to 240 torr with an extinction coefficient of

1.1 x 1073 torr—lcm“l. Strictly speaking, since the intensity

of the beam changes rapidly with time, this is an "average

absorption coefficient" over the whole range of intensities

found in the time profile of the pulse. :
With a focussed beam, below the breakdown threshold |

pressure, absorbance was not large enough to measure reliably

because of the sensitivity limits of the detector. With the

onset of breakdown, a marked increase in absorption was noted

indicating interaction of the plasma with the laser radiation.

The volume in which reaction takes place is probably much

smaller than the volume of gas irradiated by the beam in the

cell. Therefore this type of measurement is not a very

sensitive indicator of absorption behavior in the volume of

reaction in the focussed beam.

III. Characteristics of the Focussed Beam

The photon flux sufficiently high for infrared
laser-induced decomposition of many molecules is only present
in a small region near the focal point of a focussed beam. The
intensity in this "reaction volume" depends upon the cross-
sectional area at the focus. The beam waist (radius of the
beam at the focal point) depends on diffraction of the beam by
the lens, spherical aberration of the lens, and divergence of

the beam output from the laser. These are determined by such



Figure 8

Absorbance as a Function of Pressure
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factors as the wavelength of the laser radiation, width of the
beam as it strikes the lens, and focal length and refractive
index of the 1ens.53

Relevant data for the beam and lens conditions used
in this work are summarized in Table 1. A representation of the
focussed beam is shown in Figure 9. The size of the beam waist
is limited by the divergence of the laser beam. TFor a
divergence-limited gausslan beam, the beam waist is approximately
equal to the product of the beam divergence angle in radians

and the focal length of the lens.54 The Lumonics CO, TEA laser

2
had a specified beam divergence of 1 milliradian. Thus the

4.0 em focal length germanium lens gives a beam waist of 4 x 10-3
c¢m and a cross-sectional area of ﬂW2 = 5 x 10'5cm2. For the
laser lines used about 1.2 jdules were transmitted through the
beam constrictor for the laser pulse of width 250 nanoseconds.
The fluence (integrated energy per unit area) and intensity
(fluence per unit time) over the cross-section of the beam

2

focus are thus calculated to be 2.1 x lO4 Jjoules/cm® and

1 x lOll wa’cts/cm2 respectively. Energy losses due to absorption

and reflection by the lens and cell window are neglected since

these are small compared to the uncertainty of the calculations.
The gaussian intensity distribution applies only to

the TEMOO mode of.the laser radiation.53 A significant

contribution from higher transverse modes is present for lasers

with multimode output. For the Lumonics Model 103 laser used,

this may be greater than 50% of the total energy of the beam.

With the use of the beam constrictor, the transmitted beam
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Table 1

Focussed Beam Characteristics

pulse width beam divergence focal length

(nsec) (rad) (cm)
250 1 x 1073 4.0
beam X-section fluence intensity
area at focus (J/cm2) (W/cm2)
(cm?)

5 x 1072 2.4 x 104 1 x 10l



Figure 9

Representation of the Focussed Beam
W - beam waist
b - length of focal waist

f - focal length of lens

The dimensions of the focal region have

been exaggerated,
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consisted mainly of the fundamental transverse mode which has

a spatial distribution largely in the center of the beam.
Nevertheless, the gaussian energy distribution is only an
approximation and the values given above are rough calculations.
An accurate determination of the dimensions of the focal region
requires well-defined beam conditions. Uncertainties in the
geometry of the focal region of the beam often complicate

interpretation of studies involving focussed laser light.

IV. Irradiation Experiments with an Unfocussed Beam

Pressures of 15, 30, 50, 80, 200, 220, and 580 torr
of ethylene were irradiated with 5100 pulses of the unfocussed
P(26) line. No products were detectable. Irradiation of a
mixture of 50 torr ethylene and 370 torr nitrogen under the
same conditions also produced no measurable products. Therefore
the fluence of 0.15 joules/cm2 and intensity of 6 x 105 watts/cm2
are insufficient to induce decomposition of ethylene.

Table 2 shows the maximum temperature attained in the
cylindrical'volume of irradiation assuming complete thermalization
of the absorbed energy. The calculations were made using the
absorbance measurements of section II and heat capacity data

55

from the literature. Since no reaction was detected, significant
loss of heat by conduction and diffusion from the irradiation

zone must have occurred at the lower pressures.

V. Breakdown Threshold

With irradiation by a focussed laser beam, optical

breakdown of ethylene was observed above a certaln pressure.

P P AR T L T I N ST I S AR LT
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. Table 2
Predicted Temperature in Irradiation Volume Assuming Complete

Thermalization of Absorbed Energy

pulse energy: 1.13 j/pulse P(26) (corrected for loss at cell
window)

volume of irradiation: 7.60 cm3

Pressure Fraction of Maximum Temperature
(torr) Energy Absorbed (°c)
15 0.20 1020
30 0.37 860
50 0.53 790
80 0.70 690
200 0.95 565
220 0.97 540
580 1.00 : 335
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This was indicated by a distinet flash of visible luminescence
observed from the quartz side windows of the reaction vessel.
The pressure threshold depended on intensity of laser radiation
which was a function of the focal length of the lens.

A study was done to investigate the effect of adding
inert gas on the breakdown threshold for ethylene. The percentage
of pulses for which luminescence was observed 1s shown as a
function of ethylene pressure in Figure 10. The P(26) laser
line was focussed with a germanium lens of focal length 4.0 cm
into the 100 ml reaction vessel. Successive increases in the
mole fraction of inert gas resulted in a lowering of the pressure
at which breakdown was induced in ethylene.

It is apparent that collisional processes assist the
achievement of breakdown. The added pressure of the inert gas
may inhibit diffusion of heat from the irradiation zone.
Breakdown of the gas could occur as a result of the increased
amount of time before cooling occurs. It is also possible that
enhancement of absorption of laser radiation may be induced
by collisioﬁs between inert gas and ethylene molecules. This
may come as a result of collision broadening of absorption or
collisional relaxation of excited ethylene molecules so that the
anharmonicity barrier for further absorption is removed. These

effects will be discussed in more detaill in section VI(d).

VI. Reaction Products

- (a) Product Distributions

Studies of laser-induced decomposition were made using

ethylene pressures above and below the breakdown threshold using



Figure 10

Breakdown Threshold Study
Percentage of laser pulses for which luminescence was observed as

a function of ethylene pressure in the reaction vessel.

1.3% ethylene in N

1.3% ethylene in He

11.5% ethyléne in N
80% ethylene in N

pure ethylene
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either the P(26) or P(14) laser line. The major products for
all experiments were acetylene and hydrogen. The relative
hydrocarbon yields as a fuﬁction of pressure are shown in
Figure 11. Under nonbreakdown conditions significant amounts

of ethane, propane, propylene, and butane were produced. As the
pressure of reactant was lowered, saturated hydrocarbons formed
a larger proportion of the products.

Above the breakdown threshold, in addition to the
products listed above, the unsaturated hydrocarbons diacetylene,
butadiene, vinylacetylene, methylacetylene, butene, and
ethylacetylene were formed. Relative product yields did not
show significant variation for the pressure range studied.

Table 3 and Figure 12 show product distributions for
a series of typical experiments using the P(26) laser line.
Similar product distributions weré found using the P(1l4) line
except that for nonbreakdown conditions the ethane yield was
slightly larger than the propane yield and the percentage of

saturated hydrocarbons was somewhat greater (Figure 11).

(b) Yield as a Function of Irradiation Time

Figure 13 shows product yields as a function of number
of laser pulses for a series of experiments done under non-
breakdown conditions. The plots for product formation are
linear passing through the origin indicating that all of the
products are primary.

Figures 14 and 15 show product yields as a function

of number of laser pulses for a series of experiments done under



Figure 11
Relative Product Yields as a Function of Ethylene Pressure
laser lines used: nonbreakdown region P(14) 949.5 cm_l

breakdown region P(26) 938.7 em™t
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Figure 12. -Typical Product

% of Hydrocarbon Product Yield
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breakdown conditions. Linear plots passing through the origin

were obtained for acetylene,'methane, ethane, butane, and propylene
indicating again a primary origin for these products. For
diacetylene, the major unsaturated C-4 hydrocarbon, the upward
curvature of the yield-irradiation time plot indicates that this
product is secondary. After a long irradiation time (~100 pulses)
a black deposit appeared on the cell windows which caused sparking
on the inside of the window surfaces with consequent damage to

the windows.

(c) Intensity Dependence of Product Yield

The acetylene yield per pulse as a function of relative
intensity is shown in Figure 16(a). Intensity was varied by
placing wire gauzes in the path of the beam. Relative intensity
is taken as the percent transmittance through the wire gauze as
measured by an optoacoustic detector. The gauzes were placed at
a sufficient distance from the reaction vessel so that diffraction
effects produced by the mesh in the gauze were not important in
distorting the energy distribution of the beam. The log-log plot
of yileld as a function of intensity 1s linear as shown in Figure
16(b). From the slope of this line, the yield is proportional
to intensity to the power 2.3.

The geometrical characteristics of a focussed beam
can be the dominant factor affecting the dependence of yield on
intensity. If there is a strong dependence of reaction probability
on intensity, which is 1likely for a multiphoton decomposition

pﬁocess, then one can make the following approximation: complete



Figure 13

Product Yield as a Function of Number of Pulses

(Nonbreakdown Conditions)

Laser line: ©P(26)

Ethylene pressure: U4 torr
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Figure 14

Product Yield as a Function of Number of Pulses

(Breakdown Conditions)

Laser Line: P(26)

Ethylene Pressure: 10 torr
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Figure 15

Product Yield as a Function of Number of Pulses

(Breakdown Conditions)

Laser Line: P(26)

Ethylene Pressure: 10 torr

Q acetylene
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dissociation will take place for virtually all of the molecules
within a volume for which thehintensity is greater than a
threshold value. This "reactioﬁ volume" will be saturated by
the laser light since no further absorption can occur. Increases
in intensity above the threshold value will expand the volume
in which saturation takes place. When the intensity is
sufficiently high so that most of the reaction occurs outside
the small volume of constant beam diameter in the region of the
focus (Figure 9), further increases in intensity will merely
expand the reaction volume in proportion to the 3/2 power of the
incident intensity. The derivation of this scaling law is
explained more fully in references 56-58,

The observed power dependence of yield on intensity
was soﬁewhat higher than that predicted by the scaling law.
This probably means that saturation of absorption of the laser
beam was not attained in the volume of reaction for the entire
range of intensities studied. In other words, dissociation within
the reaction volume was not complete. In the absence of more
precise information on the spatial and temporal characteristics
of the focussed laser beam, further mechanistic interpretation

of the results i1s not warranted.

(d) Dependence of Product Yield on Pressure

Product yields per pulse as a function of pressure for
nonbreakdown conditions are shown in Figure 17. Rather severe
constraints were placed on the range of pressure accessible for
study. At pressures above 5 torr, optical breakdown was induced.

For less than 1 torr, product yields were below the limit of



FPigure 16(a)

Acetylene Yield per Pulse as a Function

of Relative Intensity

Figure 16(b)

Log (yield per pulse) as a Function of Log (intensity)
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reliable measurement for reasonable irradiation times. As the
pressure decreased from 5 torr to 2 torr, the yields decreased
nonlinearly. From 2 torr to 1 torr, the yields were almost
independent of pressure. At low intensity, the Beer's law
relationship, where absorbance is a linear function of pressure,
was observed for ethylene (Figure 8). With the high intensity
of the focussed beam, deviations from linear absorbance may
occur which could be reflected in the dependence of yield on
pressure.

In PFigure 18, a linear pressure dependence of the
yield is factored out by plotting yield per pulse divided by
pressure as a function of pressure. Since this function
decreases from 5 to 2 torr, it appears that some process other
than linear absorbance of light with pressure was enchancing
the reaction at higher pressure. Below 2 torr this function
changes its pressure dependency indicating that a change
occurred in the reaction process.

The absorption of a large number of photons may be a
very fast procesé. This was experimentally verified by Black
et a159 who observed collisionless multiphoton dissociation of
SF6 using 500 picosecond pulses from a CO2 laser. The rates of
unimolecular dissociations become very rapid after energy in
excess of the dissociation energy is acquired.6o Grant et al6l
demonstrated for the collisionless dissociation of SF6 in a
molecular beam that the time required for the combined absorption
and’decomposition processes was less than or equal to the laser

pulse width of 50 nsec. Some kinetic-molecular theory properties
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Figure 18

Yield Per Pulse Divided by Pressure as a Function

of Pressure
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of ethylene are given in Table 4.62 At low pressure there may
be sufficient time before collisional deactivation takes place
for molecules to absorb the reqﬁired number of photons and to
have this energy distributed in the proper reaction coordinate
for dissociation. The observed dependence of yield on pressure
(Figures 17 and 18) suggests that below 2 torr, decomposition
via a unimolecular multiphoton process was becoming an effective
decomposition channel.

As pressure is increased and collisions become more
frequent, collisionless multiphoton dissociation becomes
unimportant. The transfer of vibrational energy by collisions
is very efficient. For highly energized molecules, collisional
transfer of vibrational to rotational and translational degrees
of free&om is also likely to be very rapid. Therefore at higher
pressures thermalization of the absorbéd energy will occur
dquickly in the reaction zone.

The temperature-time profile in the reaction zone
will show a tempgrature rise as energy becomes thermalized,
reach a maximum, and then fall as diffusion processes carry
heat away from the reaction zone. The temperature rise will not
be strongly depéndent on pressure. The rate of diffusion of
heat, however, is inversély proportional to pressure and is
slow compared to the duration of the laser pulse. As the
pressure 1s raised, the absorbed energy remains for a longer
period in the reaction zone and the product yield will increase.
The observed rise in product yield from 2 to 5 torr can be

interpreted as the result of such a process of diffusion-controlled
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heat loss from the reaction zone.

Other pressure effects may contribute to the
enhancement of yield. Interaction between molecules during
collisions changes the electric charge distribution thereby
changing the absorption coefficient of a particular vibrational-
rotational state for a given wavelength of light. This effect,
known as collision broadening, may be a factor in increasing
yield at higher pressure as a result of increased absorption of
laser light for some of the transitions involved in the
dissociation pathway of ethylene.

The "rotational bottleneck effect" has been proposed
in some cases to be a limiting factor in absorption of laser
light. The very narrow frequency widths of the laser lines
used in this work (~0.1 cm_l) correspond to vibrational
transitions for only a few rotational étates in the upper and
lower levels from among the large number of rotational states
populated at room temperature. Fast depletion of the rotatioﬁal
states available for a transition could occur preventing further
absorption. As ﬁhe pressure is increased, repopulation of the
depleted rotational states in the lower energy level will be
aided by collisions. This would allow absorption to continue
without hindrance.

It is not certain whether effects arising from
population distribution over rotational states are important in
the enhancement of yield with pressure observed from 2 to 5 torr
in this study. A limited amount of experimental work done

elsewhere suggests that rotational relaxation effects may not
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play a part in the enhancement of absorption (see pages 17-18
in Chapter 1).

As the pressure was increased above 5 torr, breakdown
was initiated by ionization of the excited molecules63 and a
very rapid reaction rate was observed. Figure 19 shows acetylene
yleld per pulse as a function of pressure for a series of
experiments in a smaller reaction vessel with a shorter focal
length lens. Under these conditions the breakdown threshold
occurred at a lower pressure. Within experimental error, the
plot is linear through the origin. The results are consistent
with a mechanism in which dissociation is proportional to light
absorbed when absorption follows a Beer's law dependence on

pressure.

(e) Hydrogen Yields and Isotopic Studies

A series of experiments was done using the P(14) line
with 4 torr pure C2H4 in which irradiation time was varied.
Figure 20 shows the hydrogen yields as a function of number of
laser pulses. The plot is linear and passes through the origin
which indicates that hydrogen is a primary product.

Another series of experiments was made irradiating
equimolar mixtures of C2Hu—02D4 at total pressures of 4, 3, and
2 torr with the P(14) line. The hydrogen products as a function
of number of pulses are shown in Figures 21-23. The P(14) 1line
is strongly absorbed by C2HM and negligibly absorbed by CZDM'
(Two torr of pure CzDM were irradiated with 7000 pulses of the

P(14) line and no detectable products were obtained).



Figure 19

Acetylene Yield per Pulse as a Function of

Pressure-Breakdown Conditions

Cell length: 5 cm
Focal length of lens: 3.0 cm

Laser line: ©P(26)



seTouwr/(8STNg/PT9TX)

Pressure/torr



Figure 20

Hydrogen Yield as a Function of Number of Laser Pulses

Ethylene pressure: 4 torr

Laser line: ©P(14)
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As shown in Figure 21, in addition to H2 significant
yields of HD and D2 were obtainéd for the mixture of U4 torr
total ethylene pressure. The yields of HD were appreciably
greater than for D2. For the mixture of total pressure 3 torr
the yield of D, was below the limits of detectability (Figure
22), while for the 2 torr mixture (Figure 23) both HD and D,
were undetectable. For the experiments at L4 torr, the plot of
yield as a function of number of pulses (Figure 21) does not
extrapolate to the origin. It is believedthat this is not a
geénuine feature of the reaction since it was not observed for
4 torr pure CoH, (Figure 20) or for 3 and 2 torr of the mixture
(Figures 22 and 23).

The plots of yield for HD and D, for the 4 torr mixture
(Figure él) appear to show some upward curvature indicating a
pPossible secondary source for the formafion of these products.
Such a source could be the formation of the deuterium-substituted

ethylenes C,HD, C,H,D and CEHD3 via exchange of H and D

3 27272
between excited CZHM molecules and CZDM‘ The rate of this
exchange is negligible at room temperature.

To investigate this possibility, after separation on
a gas chromatogréphic column, the mass spectrum was taken of
the unreacted ethylene frém a 4 torr equimolar mixture of
C2Hu—02D4 that had been irradiated with 7215 pulses of the P(14)
line. An unirradiated sample of the same mixture was analyzed
as a blank. The mass spectra were obtained under low ionization

voltages to minimize fragmentation. The results are shown in

Table 5.




Figure 21

Hydrogen Products as a Function of Number of Laser Pulses

on Irradiation of Equimolar Mixtures of CZHM_CZD

Total ethylene pressure: 4 torp
Laser line: ©P(14)

total hydrogen yield
H

2
HD

®>m O

4




Yield/umoles

:
%

1000

Number of Pulses

l
000 3000

n




Figure 22

Hydrogen Products as a Function of Number of Laser Pulses

on Irradiation of Equimolar Mixtures of CzHu—CzD

Total ethylene pressuré:

Laser line: P(14)
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Figure 23
Yield of H2 as a Function of Number of Laser Pulses
on Irradiation of Equimolar Mixtures of CZHM"C2D&
Total ethylene pressure: 2 torr 5
Laser line: P(14)
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Table 5

Mass Spectral Study of H-D Exchange

m/e Relative Abundance

Blank Sample A
26 8.9 7.6
27 4.7 3.8
28  109.5 103.4
29 2.8 5.0 +2.2 02H3D
30 3.8 2.9 ~0.9  C,H,D,
31 3.0 5.5 2.5 C,HD,
32 100.0 100.0
33 2.5 2.5

ionizing voltage: 10.5 ev
Relative abundances are averaged from 2 scans
and corrected for a small background signal

of about 1% of the total signal.
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The peaks at m/e 26 and 27 and m/e 30 for the blank
sample are due to a small amount of fragmentation in the mass
spectrometer of C2H4 and C2D4 respectively. Peaks at m/e 29

13012Hu and 013012D4. The peak at m/e 31

and 33 arise from C
indicates that C2HD3 was present as an impurity to the extent
of about 3% of the C2D4' However, since the absorption
coefficient of C2HD3 i1s much smaller than that of C2Hu at
949.5 em™t 64, this impurity is not likely to be a significant
source of HD product. C2H3D and asymmetric-02H2D2 do have strong
absorption bands in the region of the P(14) laser line65.

The mass spectrum for the irradiated sample shows no

increase for the peak at m/e 30. This indicates the absence of

C2H2D2 which might have been formed through a cyclobutane

intermediate:
H2Q o e .QH2
Cqu + 02D4 - : : - C2H2D2 + CgHzD2
Dgc---CD2

Increases of about 2.5% each were noted in the relative
abundances of the peaks at m/e 29 and 31 corresponding to

formation of 02H3D and C2HD The exchange mechanism could be:

3-

H + CyD)y >~ D + C,HD

2773

D + C2HU -~ H + C2H3D

2

and

C2H3 + CZD4 > 02H3D + C2D3

C,D, + CZHQ -+ C,HD

2D + C,H

2773 273

where hydrogen atoms or vinyl radicals originate from dissociation

of excited ethylene.
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Assuming that deuterium-substituted ethylenes are no
more likely to react than C2H4’ fhe results indicate that
hydrogen-deuterium exchange occurfed to the extent of no more
than 5% of the reactant molecules, The observed HD/H2 product
ratios are large in comparison to the proportion of deuterium-
substituted ethylenes formed in the exchange process. Therefore
most of the HD must have been formed directly from the original
C2H4 and C2D4 in the reactant mixture, not from photolysis of
deuterium-substituted ethylenes. This shows that a radical
mechanism is an important primary process in the laser-induced
decomposition of ethylene.

A measure of the isotopic selectivity of a process is
the separation factor o defined as (M/M')%(MO/MO') where M and
M' are the amounts of the isotopic species M and M' found in
the products, and MO and Mo' are the amoﬁnts of species M and M!
originally present in the reactants. In this work M and M!' are

H and D and the products of interest are H HD, and D,. For

2° 2
the equimolar CZHMfC2D4 reactant mixtures Mo = MO' so that « is
given by the ratio H/D for the hydrogen products. Mean « values
for the 4, 3, and 2 torr mixtures were calculated to be 2.4,
3.9, and 5.1 respéctively. In the cases where HD or D2 were
undetectable, the yields wére assumed to be equal to the limit
of detectability. Thus for the 3 and 2 torr mixtures the «
values stated are minima and may actually have been considerably

greater.

The decrease in = values as pressure is raised reflect

a loss of isotopic selectivity due to collisional energy transfer
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from C2H4 molecules to C2D4. The greater frequency of
collisions accompanying an increase in pressure enables a
larger number of CZDM molecules to reach the energized state
from which dissociation occurs.

An attempt was made to dissociate CzDa using the
focussed R(22) laser line at 1080 cm T, This is the frequency
of maximum "linear" absorption for the spectral range of the
002 laser. Irradiation of 2 torr of pure C2D4 with 7000 pulses
produced no detectable products. This appears to result from
a smaller absorption coefficient than for the frequencies used
to excite C

274

VII. Reaction Mechanism

(a) Nonbreakdown Conditions

A reaction scheme which plausibly explains the product

distribution under nonbreakdown conditions is:

i (1)
C H), > C,H, + H,
i * (2)
*
CoHy + M o c2H4 + M (3)
i (u)
.C2H3* - C2H2 + H
CoHg + M CoHy + M (5)
z C,H (6)
H + C,H), g 275
> C2H3 + H, (7)
2C,H,
> Cofly *+ e H, (9)
*
H + C2H5 > 02H6 (10)
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02H6* +’2CH3 (11)
" .

CoHg + M + CoHg + M (12)

2CH, > CoHg (13)

-> C3H8 (14)

CHg + CHy C,H, + CH, (15)

CHy + CoH, = CgH, (16)

The products from the nonbreakdown reaction differ
considerably from those of the low temperature thermal pyrolysis
(500-600°C) where no hydrogen or acetylene are formed. On the
Other hand, pyrolysis at high temperatures (1200-1900°C) using
shock tubes produces hydrogen and acetylene as major products,
but no significant amount of saturated hydrocarbons. In a
flow pyrolysis study of ethylene diluted in nitrogen for the
intermediate temperature range 730-133O°C66, the major primary
products were: H,(37%), CyHg(25%), C,H,(8%), C3H6(8%), 02H6(6%),
and C3H8(6%). This more nearly resembles the products found in
the present study but still shows major differences.

The prodﬁct distribution obtained for nonbreakdown
conditions is very similar to that found for ultraviolet flash
photolysis29. An~analogous mechanism to steps (2) to (15) in
the Introduction (Section IV (c)) probably applies for this
study. Acetylene can be formed both by the molecular process
(1) and the radical sequence of steps (2) and (4). Butane and
ethane are produced by combination (8) and disproportionation
(9) of ethyl radicals.

Both the laser and flash photolyses have the common

feature of a high concentration of radicals produced during a
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short time interval. This situation is favorable for the hydrogen
atom "ecracking" process (10), (li) which leads to significant
production of ethane, propane, methane, and propylene by steps
(13)-(16). At higher pressure, de-energization of the excited
ethane molecule (12) can take place before decomposition has a
chance to occur. The consequent reduction in methyl radical
formation results in diminishing relative importance of propane,
methane, and propylene which was observed in this study as the
pressure was Iincreased.

However, differences must exist between the mechanisms
for the nonbreakdown laser photolysis and ultraviolet photolysis.
This is apparent from ultraviolet photolysis studies27 where
irradiation of mixtures of C2HM—C2D4 gave very little HD.
Therefore hydrogen resulted almost entirely from the molecular
process (1l). 1In contrast, the significant yields of HD in this
study show that a free atom precursor exists as an important
source of hydrogen. HD must have come from abstraction processes

such as

H + C2D4 -+ C2D3 + HD

D + C2H4 - 02H3 + HD
Therefore it is necessary to include step (7) in the reaction
mechanism. It appears that the higher temperature produced

in the laser photolysis enables hydrogen atom abstraction (7)

to compete with addition (6).

Isotopic selectivity for the radical process 1s reduced
because hydrogen atoms may abstract from either deuterated or

nondeuterated ethylene. The significant degree of selectivity




95

achieved in the isotope studies indicates that production of
hydrogen by a molecular process i; probably important in the
reaction mechanism.
The observation that saturated hydrocarbons became
more important as the pressure was lowered indicates that the
radical process increases in relative importance compared to
the molecular process (1) at lower pressure. Activation energies
for processes (1) and (2) were determined from shock tube work25
to be around 79 and 98 kecal/mole respectively. Unimolecular
reaction (2) is probably favored at low pressure because
ethylene has more time before collisional deactivation occurs
to absorb the greater number of photons and attain the more highly
energized activated state required for the radical split.
Consideration can be given to participation of a
bimolecular initiation process as was suggested in the low

temperature pyrolysis:

*
C H4 + 02H4 > CEH + C2H (17)

2 3 5

Since the temperature of the irradiation zone is ill-defined and
the orders of the unimolecular initiation steps (1) and (2) are
not known, it is not feasible to assess the relative importance

of the bimolecular and unimolecular processes by determination

of rate expressions using the kinetic characteristics of the
reaction. However, the fact that isotopic selectivity was
maintained indicates that the unimolécular processes were
dominant. The bimolecular process (17) is not likely to give

rise to isotopic selectivity in reaction products. Also, the
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increasing importance of saturated hydrocarbons as the pressure
was lowered is more consistent with the unimolecular step (2)
rather than the bimolecular step (17) being the dominant radical
initiation process.
Additional hydrogen and acetylene may have arisen from
the process

H + CZH3 > C2H2 + H2 (18)

A certain amount of saturated hydrocarbons may also have been

formed by the processes (19)-(25):

- C.,H, + CH (19)
CH, + CoH, { 23 4

> C3H7 (20)
C3H7 + H - C3H8 (21)

+~ C.H, + C.H (22)
C H, + C,H, { 2”3 276

- Cqu (23)
Cqu + H > Cquo (24)
CH3 +H+ M > CHy + N (25)

(b) Breakdown Conditions

A number of unsaturated hydrocarbons were formed under

breakdown conditiéns which were absent under nonbreakdown
conditions. It is likely that these are secondary products formed
from decomposition of the primary product acetylene under the

high temperature conditions in the laser-induced plasma.
Supportive evidence comes from studies of shock tube decomposition
of acetylene where diacetylene; vinylacetylene, and butadiene

67,68,69

have been observed as the major products
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25 .
As suggested by Just et al for the shock tube pyrolysis

of ethylene, a plausible pathway for formation of the major

secondary product diacetylene is

H+C H2 -~ C,H + H

2 2 2
C2H + 02H2 - C4H2 + H

Isotope studies were not made for the decomposition
involving breakdown. Isotopic selectivity would not be expected

because of the high concentration of fragments in the laser-

induced plasma which will react randomly.

VITI. Limitations to the Present Study and Suggestions for

Further Work

. Limitations were placed on the pressure and intensity
ranges available in this study. At pressures of 5 torr and above,
optical breakdown was induced. At less than 1 torr, product
yields were below the limits of detectability of the analytical
instruments for reasonable irradiation times. Variations in
intensity by changing the focal length of the lens were not
feasible because the use of longer or shorter focal length
lenses would cause damage to the cell windows. The focal cone
of the beam must be almost entirely within the reaction vessel
because the threshold for damage to0 sodium chloride or germanium
is exceeded for laser radiation of moderate intensity produced
in a beam that is only slightly focussed. Further studies could
extend the range to some extent by the use of a longer reaction

vessel in combination with a longer focal length lens. The
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increased path length could compensate for the lower intensity
in the focal region allowing measurable product yields to be
obtained. Further work might also be done to examine the product
dependence on frequency by using other laser lines.

The primary limitation of the infrared laser-induced
dissociation of ethylene is the low yields. These appear
insufficient to make ethylene a practical source for isotope
enrichment. Nevertheless, further studies to examine the
isotope selectivity of the acetylene products would be useful.
Even though nonselective radical processes play an important
role in the decomposition, isotopic selectivity for formation
of acetylene may be retained to a high degree. This is possible
since acetylene from processes (1) and (4) can be formed directly

from a selectively excited ethylene molecule.
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Claims to Original Research

1. The first detailed study of product distribution from
infrared laser photolysis of ethyiene has been achieved.

2. Evidence for a transition in reaction mechanism from a
collisionless multiphoton process at low pressure to a diffusion-
controlled high temperature thermolysis at high pressure has
been obtained.

3. A sharp pressure threshold exists for a given intensity in
the focussed beam above which optical breakdown occurs
accompanied by visible luminescence.

4. Below the breakdown threshold, the results indicate the
participation of both molecular and radical processes in the
reaction.

5. A striking similarity in the product distribution to that
for ultraviolet flash photolysis has been observed. A reaction
scheme which bears many analogous features to this process has
been discussed for the laser-induced photolysis.

6. Photolysis of ethylene in C2H4-C2D4 mixtures showed that

some 1sotopic selectivity in the reaction products was achieved.
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Appendix 1: Mass Spectral Identification of Products

1lit - literature value for relative abundance of peak at given
mass to charge ratio (m/e), from Compilation of Mass
Spectral Data; A. Cornu, R. Massot; Heyden & Son (1966).

€Xp - experimentally observed value for relative abundance of
peak at given m/e

m/e 26 27 29 30
ethane 1lit 23 33 22 26
exp 29 33 27 27

m/e 29 39 41 43
propane lit 100 17 15 34
exp 100 32 26 64

m/e 12 13 24 25 26 27
acetylene 1it 2 6 6 20 100 3
exp 2 5 9 32 100 3

m/e 39 41 42
propylene lit 71 100 68
exp 4o 100 60

: m/e 38 39
methylacetylene 1lit 29 79
exp 4o 79

m/e 27 41 42 43 58
n-butane lit 23 26 13 100 17
exp 70 51 38 100 20

m/e 39 50 51 52 53 54
1,3~butadiene 1it 91 24 23 11 66 100
exp 100 43 29 43 57 100

m/e 37 38 39 50
ethylacetylene 1it 9 15 76 22
' exp 32 36 76 4o

m/e 24 25 36 37 48 4o 50 51
diacetylene 1it 3 9 it 6 10 43 100 45
exp 2 5 3 4 10 4o 100 41

m/e 25 26 37 48 51 52 53
vinylacetylene 1it hoo11 5 3 50 100 4
exp 5 23 5 16 52 100 14

Methane and butene were identified by comparing the retention -times
for these products on the gas chromatogram with those of injected
samples of the pure compounds. Cis-, trans-, and l-butene were

not resolved.
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Appendix 2: Data for Irradiation Experiments

Nonbreakdown, P(26) line

fxperiment # Pressure (torr) # of pulses Product yields (umoles)
CHq 02H6 C3H8 CZHZ C3H6
342 2 5000 .0022 .009 .019 .061 .0017
376 2 5000 .0074 020 .030 .160 .0021
387 2 5000 .0045 ,010 .019 .117 .0013
396 Yy 4000 .0070 .041 .055 .570 .0018
400 4 3070 .0064 .040 057 .515 .0019
403 4 2133 .0052 ,030 .042 .379 .0013
405 Y 1090 .0039 .015 .015 .167 .0007
334 5 1000 .0056 .026 .027 .195 .0033

Nonbreakdown, P(14) line

10

.014
.022
.019
.031
.029
.020
.009
.009

Experiment # Pressure # of pulses Products yields (peak area + carbon #)

02H6 C3H8 C2H2 C3H6 + C4H10
626 1 8917 8.63 7.35 25.7 6.46
579 2 7363 6.98 5.71 31.9 4,11
62U 4 259 2.71 0.72 10.2 0.37
621 4 500 3.21 2.99 18.8 0.76
618 4 1000 4,34 2.75 29.8 1.08
607 Y 2036 1.48 0.49 6.24 0.40
Breakdown, phenylisocyanate on porasil column
Experiment # Pressure # of pulses Product yields (pmoles)
CHM C2H6 C3H8 CZHZ C3H6 ‘Cquo
346 10 9 .040 .035 .028 2.01 .013 .008
375 5 1500 4o .095 .034 22.0 .075 .003
383 20 20 079 0Ll ,029 L4.24 016 .009
391 20 25 .091 .046 .033 4.36 .021 011
Breakdown, n-octane on porasil column
Experiment # Pressure # of pulses Product yields (umoles)
C2H6 CZH2 C3H8 CMHlO Cqu
468 20 20 .085 6.07 - - .2k
489 20 20 .119 10.2 .0039 .016 .29
493 10 4o .178 12.4 .029 .039 .75
495 10 20 077 5.67 .012 .025 .26

500 10 10 .050 2.33 .0011 .011 .098
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Breakdown, n-octane on porasil column, 10 torr ethylene,
relative product yields with butadiene set = 1.00

Experiment # 511 517 520 521 523
# of pulses 30 35 30 30 150
i ethane 2.07 2.59 0.31 0.15 0.93
i acetylene 137 166 260 77 Y72
: propylene 0.26 0.34 0.24 0.46 0.74
: methylacetylene 0.70 0.13 0.15 0.23 0.58
} butane 0.48 0.5k 0.5 0.53  0.52
! butenes 0.03 0.09 0.18 0.15 0.19
; 1l,3-butadiene 1.00 1.00 1.00 1.00 1.00
ethylacetylene - - 0.13 0.08 0.98
diacetylene 4.85 11.8 21.1 17 48
vinylacetylene 0.36 0.72 0.84 0.91 1.71

Hydrogen Yields, nonbreakdown, 4 torr pure CgHu

d Experiment # # of pulses H2 (umoles)
624 259 1.21
621 500 0.59
618 1000 0.46
615 1037 0.32
607 2036 0.21

Hydrogen Yields, nonbreakdown, 1:1 02H4-02D4 mixtures

Experiment # Pressure # of pulses Product yield (umoles)
i H, HD P,
650 4 1000 .11 .03 .03
634 4y 2000 .34 .20 .09
630 Y 3000 .62 A7 .25
656 3 2000 .11 - -
657 3 4000 .19 .04 -
: 660 3 8175 .59 .07 -
E 651 2 5000 .13 - -
653 2 10000 .30 - -
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