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In this work, a pulsed CO, laser was used to excite methanol, ethanol,
propan-2-ol, butan-2-ol, t-butanol, pentan-2-ol, hexan-2-ol, and
3,3-dimethyloxetane in order to study how these molecules absorb laser
energy and decompose. The dependence of absorbed energy and fractional
yield on laser parameters such as irradiating wavelength, fluence and pulse

type, and on reactant molecular size, pressure and diluent, was examined.

The absorbed energy was measured using the optoacoustic (OA) technique. A
new method for calibrating the OA ceil was developed and is described in
full in the thesis. The approach enables calibration to be extended to lower
absorption levels (about 200yJ for a signal-to-noise ratio of six) than is
possible with the more usual transmission methods, and was found to be
capable of measuring as little as 5pJ. A particular advantage of the
technique, is that it is simple, rapid, and provides an immediate visual
indication of the absorption level.

It? is observed, for all reactants studied, that the absorption cross-section at
low pressure was less than at high pressure, but that the difference
diminishes with molecular size with the absorption cross-section taking on a
value comparable to that of the small signal, broadband cross-section. These
findings are consistent with the explanation that rotational hole-burning
exists, but decreases in importance as the molecular size, and hence density
of states, increases. As the fluence is varied, the absorption cross-section is
found to increase with decreasing fluence towards the small signal,
broadband value. With increasing molecular size the increase is less
noticeable, and the absorption cross-section takes on the value comparable to

that of the small signal, broadband cross-section.

With increasing alkanol molecular size, it is observed that the major
decomposition -products can always be explained in terms of a molecular
elimination channel i.e. one of dehydration. Also, the number of minor
products and their yields both increase. It is believed that most of the minor
products arise as a consequence of carbon-carbon fission processes. with

minor contributions due to molecular elimination.
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1. - INTRODUCTION

1.0 RESEARCH AIMS AND THESIS LAYOUT
This thesis documents the results of experiments carried out over the
period October 1983 to October 1986 at the Departments of Chemistry and

Applied Physics of the University of Hull, England.

The prime objective of this research was not one of developing a
synthetically useful procedure, but rather to further the general
understanding of photochemistry by studying the details of molecular
interaction with pulsed infrared (IR) laser radiation. The dependence of
absorbed energy and fractional yield on laser parameters such as irradiating
wavelength, fluence and pulse type, and on reactant parameters such as
pressure and diluent, were to be examined. The IR source was to be
a tuneable, pulsed, hybrid, transversely excited atmospheric CO, laser. The
energy absorbed by the reactant was to be measured optoacoustically, and

the products were to be determined through gas chromatography.

It was further intended to see how molecular size affects photochemistry, so
the majority of the reactants have been chosen from the same homologous
series; the aliphatic alkanols. It was also intended to study several oxetanes,
but only 3,3-dimethyloxetane was made with sufficient purity to be tested.
Because of the intent to study as many molecules in the series as possible,
no one molecule could be studied as exhaustively as is sometimes done in

other studies.

For the remainder of this chapter. general theoretical and experimental

concepts are introduced for; laser photochemistry (an historical overview, a
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discussion on the role of collisions on the effect of an exciting IR field, and
a description of the three stage multiphoton absorption model); the
optoacoustic technique for measuring IR absorption (an historical review and
a discussion of its mode of operation); and, finally, background to
unimolecular theory. The actual experimental set-up and methodology is
described in detail in Chapter 2 which includes descriptions of; the IR laser
and its output beam properties; the reaction cells; a new optoacoustic
calibration technique; and gas and data analysis. Chapter 3 is the first of the
two results chapters, and is devoted to the presentation of absorption data,
one section per molecule; methanol. ethanol, propan-2-ol, butan-2-ol,
pentan-2-ol, hexan-2-ol, and 3,3-dimethyloxetane. The chapter ends with a
general discussion. The decomposition data constitutes the fourth chapter
where information pertaining to the product yields is presented. The chapter
is again broken-up into sections, one for each reactant; ethanol, propan-2-ol,
butan-2-ol, t-butanol, pentan-2-ol, hexan-2-ol, and 3,3-dimethyloxetane. At
the beginning of each of these sub-sections, experimental conditions and a
list of detected products specific to that reactant are presented, before the
results are shown in detail. To conclude each sub-section, a priori reaction
paths are proposed and briefly discussed, while a summarising discussion
completes the chapter. The final chapter primarily consists of

recommendations for further work.

11 LASER PHOTOCHEMISTRY - AN HISTORICAL OVERVIEW

The invention of the laser provided chemists with an alternative method of
supplying energy to gases. The attraction of the method is that energy is
absorbed directly by the molecules rather than indirectly through. for
example, the thermal transfer of energy from the walls of a heated
container. Excitation can be 'directed’ either at the sample's electronic or

vibrational molecular levels, by using UV or IR radiation respectively. IR laser
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photochemistry is thus the photochemistry of highly vibrationally excited
molecules in the ground electronic state, and remains a well researched and
reviewed topic of interest{49-33). It has also become known as 'multiphoton
vibrational photochemistry’: The concept of a multiphoton absorption (MPA)
process was introduced to help explain how the energy of IR laser photons
(typically ~3kcal/mol) could ever cause dissociation of molecules whose
activation energies are roughly twenty times the energy of the laser photon
(i.e. ~60kcal/mol); by 1981 alone, over 100 molecules, of sizes varying from 3
to 62 atoms, had been demonstrated to be susceptible to IRMPA of laser
radiation leading to dissociation (IRMPD)(49). To date, molecules successfully
studied include alkanols (6-10,23.71,80,81,101), esters(22), halocarbons(7s) and

oxetanes (6).

Some of the earliest experiments which illustrated dissociation through IR
absorption were carried out by Ambartzumian et al. (63) and Isenor et al. (e4)
in the early 1970s. They studied BCl; and SiF, decomposition respectively by
monitoring the fluorescence of the electronically excited products. They were
able to distinguish between collisionless photodissociations (instantaneous
fluorescence peak), and collision dependent dissociations (delaygd peak). The
former was said to be representative of multiphoton absorption of IR

radiation.

It was at this time that the three stage absorption model illustrated in
Fig.1.1-1 began its development. It is now commonly used, although it was
developed specifically for use with the SF, molecule. Based on the knowledge
that the density of states in a polyatomic molecule increases with energy, the
model uses three regions to attempt to describe the change in absorption
processes as the deposited energy increases. Basic methods of molecular

vibrational level excitation and required laser intensities are shown in
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Fig.1.1-1(b). The discrete levels of region I contain anharmonicities which can
only be overcome by multi- (rather than single-) photon absorption (s4).
Absorption becomes easier once region II is reached, where the density of
states is so high that it can be described as a quasi-continuum. According to
statistical theory (RRKM)., which is described in Section 1.4, dissociation
occurs in the true continuum of region III only after vibrational energy has
redistributed to the weakest bond ie. the bond which defines the dissociation
energy. Obviously, further absorption occurs during the time it takes for this
intramolecular vibrational energy distribution. therefore ’overexcitation' can be

attained before dissociation.

Studies have been made on polyatomic molecules (65.66) illustrating that
within the bounds of the model, the relative importance of each of the three
stages depends on the molecule; for example, the larger the molecule the
less significant is region I, and in S, F , this stage was shown to be nearly
non-existent (65). Multiphoton absorption by a gas is best investigated by

widely varying the laser intensity and frequency.

Danen (76) generalised that a ‘large’ molecule is one that has at least 5 or 6
atoms other than H or halogens, and that 'large’ molecules all behave in a
similar manner, this manner being different for 'small’ molecules. However,
Jang-Wren et al. (75a) have shown that this manner of classification (i.e. 5 or
6 non-H or -halogen atoms) does not always hold; 2-bromopropane. C,H,Br
(3 atoms); 2-chloropropane, C,H,Cl (3 atoms); 2-chlorobutane, C,H,Cl (4
atoms) behave like 'large’ molecules, while CH,CF, (2 atoms) and C,H.F (2
atoms) do behave as 'small’, with CF,CH,CI (2 atoms) being a transition
molecule. Generally, a 'small' molecule has a low density of vibrational
states, meaning that the laser excitation has to be coherent with the first

few discrete levels for absorption to occur. Consequently excitation has been
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found to be dependent on laser power rather than energy. Rotational
structure and anharmonic splitting can sometimes compensate for
anharmonicity in the laser excitation. Reaction thresholds are typically high.
so high fluences are required to cause decomposition. Because of the high
energy, decomposition lifetimes are short (fast decomposition rates).
Conversely, for large molecules, the density of states is high, and the
molecule may already lie in the quasi-continuum. Consequently, reaction
threshold energies are low and decomposition lifetimes are long (slow
decomposition rates). Jang-Wren et al.(75a) classified the size of the
molecules according to their absorption characteristics: for example, for
'small’ molecules the absorption cross-section increased with pressure
(demonstrating rotational hole-filling), and decreased sharply with fluence,
reaching a constant at high fluence (as the fluence approached zero, the
cross-section became equal to the broadband cross-section). Conversely, the
absorption cross-section of the large molecules was independent of pressure
{(no collision enhancement was observed), and was only weakly dependent on

fluence.

In the earlier years of IR laser photochemical research, there was some hope
that irradiation by a laser of a specific wavelength could cause the exclusive
excitation of a molecular bond, or functional group, if the absorbed energy
remained isolated in the excited mode; hence, there existed the exciting
prospect that selective excitation (mode-selectivity) and decomposition of a
molecule might be achievable. It had been established that mode selectivity
was impossible with chemical activation, because of a very high rate of
intramolecular energy relaxation (~10!'2s7!)(97). IRMD experiments using two
widely separated frequencies have been carried out to explore mode
selectivity in cyclobutanone (106a) and methanol(i07). While results were

particularly encouraging for cyclobutanone (106a). in that the product
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distribution was different at each excitation frequency, it has since been
argued (106b) that the differences surfaced because one of the excitation lines
had a much higher intensity and was likely accessing the higher energy
reaction channel; consequently mode selectivity was ruled out. The product
distributions observed for methanol were found to be similar for both
frequencies so also finding no evidence of mode-selectivity. It is now
generally understood that rapid intramolecular energy relaxation also occurs
for laser induced systems, and that this energy randomisation does not

require the help of collisions.

Actual industrial application, of the knowledge gained from the years of
research into the field of laser photochemistry, has so far been restricted to
the atomic vapour isotope separation of uranium (67). A programme at the
University of South Wales, Australia (67) has been working to investigate

other potential areas such as coatings, surface treatments and printing.

1.1.1  The Role of Collisions

The ultimate effect of the exciting IR field is governed by the relationship
between the excitation rate and the molecular vibrational relaxation time. If,
for example, the relaxation rate is slow compared to the dissocation time,
then it is should be possible to excite selectively one particular vibrational

mode, or even one particular type of molecule in a mixture.

Consider the following variables relating to the competing processes involved

in energy absorption.

T?fiv =  intramolecular transfer time of vibrational energy between

different vibrational modes

T =  intermolecular transfer time of vibrational energy between

different molecules in a mixture
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TvT =  vibrational-translational energy relaxation time ie. time to
complete thermal equilibrium
Waxc = vibrational excitation rate of a molecule due to multi-

photon absorption

m ¢

where 1 vV

Tyv <<¢ Tyt

The second and third processes are collision dependent and will therefore
come into play during the length of the exciting pulse only under
'non-collision-free’ conditions. Since a system 1is considered to be
'collision-free’ when the number of collisions during the laser pulse are
insignificant, post-pulse photochemistry can be modified by the second and
third processes even under collision-free conditions. For example, in this
research, reactants were diluted with gases of good collision efficiency, and
mixture at 'collision-free' pressures were tested to determine the role of
post-pulse thermal reactions, the results being compared to the pure reactant

data.

The most interesting experimental conditions to achieve would be when the
excitation rate is much greater than intramolecular vibrational relaxation
(Wexc”l/zjJrlv) because then mode-selective chemistry should be possible.
Mode-selectivity would be best demonstrated on large molecules with well
separated polyatomic functional groups to minimise vibrational relaxation
between the groups(sa). It might then be possible to achieve a
non-equilibrium distribution of energy within the.molecule in times shorter
than collisions. Mode selectivity would be suggested if, for the same
absorbed energy, dissociation yields at different exciting frequencies were not
identical. However, the commonly best achieved conditions are when
1/1in>>W_ >>1/1,,, in which case a dissociating molecule will have

intramolecular vibrational equilibrium, and RRKM theories (discussed in
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Section 1.4) can be applied. Other conditions are of course possible.
particularly when low fluence experiments are carried out. Non-selective
photochemical reactions will also occur if /1 ?>Weoy>21/1,4 , because
vibrational equilibrium is almost complete, but relaxation to heat has not
occured. Finally, thermal equilibrium is achieved when /1> >Wey and
standard thermal chemistry occurs, with perhaps the only advantage that the

photolysis volume can be heated while keeping the container walls at room

temperature.

The discussion would not be complete without considering the rotational
relaxation rate. There is. as one would expect, a Boltzmann distribution of
molecules over the rotational levels of the ground vibrational state. The
monochromatic laser radiation can have a sufficiently narrow linewidth to
excite selectively molecules that lie within a particular rotational sublevel.
The excitation rate is increased by using larger intensities, though a limit is
reached Qhen it becomes greater than the rotational relaxation rate. Under
such a situation, depopulation of the lower sublevel occurs, thus preventing
any further excitation until rotational relaxation depletes the upper excited
sublevel. Rotational 'hole-burning' (or 'bottleneck’) is the expression that has
been given to this state of restricted absorption. At high pressures, collisions
re-establish rotational equilibrium, by hole-filling; levels are refilled through
collision induced rotational transitions from populations outside the initial
laser bandwidth. So, further excitation (and hence absorption) is then allowed
during the remainder of the pulse. At low pressures (and collision-free
conditions), the first part of the pulse selectively excites a rotational level to
saturation, so that the remainder of the pulse passes through unabsorbed

because it is unable to excite any further.



The addition of a non-absorbing, vibrational energy deactivating gas to the
reactant will have an effect which will depend on whether, for example, the
reactant molecule is large or small, because rotational hole-burning should
not be apparent for a molecule with a sufficiently high density of states. It
will also depend on whether the excitation is collision-free for both pure and
dilute cases, because then the degree of rotational hole-burning (and hence
absorption and yield) can not be modified by collisions. Thus, the possible
effects of an added diluent are:

() Rotational relaxation will be made more efficient, thus increasing the
absorption cross-section and increasing the yield, but this will only be
noticeable for small molecules, and when the pure and dilute samples
are not at collision-free pressures.

(ii) Excited by-products will be deactivated more quickly (by randomisation
and quenching of vibrational energy), thus causing a reduction in the
yield of secondary products. The effect on the primary product yield
will depend on the unimolecular reaction rate; the slower the rate (e.g.
at lower fluences), the more collisions will compete effectively with
the reaction, and a consequent decrease in primary product yield may
occur. Clearly, for sufficiently fast reactions, no change m yield will be
observed. A decrease in primary product yield may also be observed.
however, if post-pulse thermal reaction is a product source for the
case of the pure reactant.

(iii)  Diffusion and thermal properties will be controlled: diffusion control

may either enhance or hinder the decomposition yield (see below).

These processes will be competitive and may result in no observable change
in total product yield, although an altered product ratio would be an
indication that the controlling processes had been modified. For

non-collision-free conditions, for example, the effect of diluent will be the
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result of two opposing effects; collisional deactivation, and absorption
enhancement caused by rotational hole-filling. Whether or not the result is
an enhanced product yield will depend on the collision rate and fluence i.e.
on the down-pumping versus up-pumping. A few results from previous

‘diluent’ experiments are given below.

Quick and Wittig(e8) found that dissociation yields were enhanced by the
addition of an inert gas to a non-collision-free pressure of reactant, and
concluded that "If the pulses are too long, or if the fluence is too low to
cause saturation in the first place, or if the bath pressure is too high, only
collisional deactivation causing a decrease in reaction probability will be
observed.” In cyclobutanone (17), the addition of a bath gas made the
contributions from the channel with higher activation energy more effective,
although the total yield did decrease. Whilst some workers (12b,13,14) reported
a decrease of the SF dissociation yield (after diluting the reactant with H,,
noble gases and other SF, molecules), Lin et al (1s) observed small
enhancements of <20% (diluting with noble gases). Use of a time resolved
luminescence/fluorescence method, eliminates the uncertainty as to whether
reactions occur between irradiation and product analysis (1’6,17). In this
manner, the addition of buffer gas was shown to increase the dissociation

yields of C,H, (1¢), and fluorinated ethanes and ethenes (17).

Using a uniform beam, a decrease in yield was observed for dilution of
2,2-dimethyloxetane (with n-C,H,,) (s). Because, in this case, the pressure of
both the pure and dilute mixture was such that excitation was collision-free,
the decrease was attributed to post-pulse collisional deactivation of the

excited molecules.
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Wittig (68) used a focussed system and pointed out that, at low pressures
and at such sharp focussing conditions, the buffer gas inhibits molecular
diffusion from the focal volume. As a result, it could be argued that
dissociation enhancement is likely; however, the dissociation times must be
considered. If they are much smaller than the length of the irradiating pulse,
the diffusion hindered molecule may suffer from dissociation saturation,

hence hindering yield enhancement.

For most of the diluent activities of this thesis, the total pressure was
collision-free (S0mtorr), and thus modification of the yield by (intra-pulse)

rotational hole-filling was not a consideration.

The effects of pressure of pure reactant on primary product yield will also
be wide ranging: The yield may drop as the pressure rises if the collision
time is effectively competing with the decomposition time, by deactivating the
molecule (such a drop is not a suitable measure or indication of post-pulse
thermal activity; as discussed earlier, post-pulse activity is better investigated
by adding a diluent and exciting a collision-free sample). A yield enhancement
may indicate that inter-molecular vibrational energy transfer occurs to
reactant molecules and to such a degree, that partially excited molecules are
boosted up and over an anharmonic bottleneck(s9): if at the lowest
vibrational levels, they are already in resonance with the laser, then after
some absorption (prior to reaching the quasi-continuum) they could become
out of resonance at some higher level, so preventing further absorption and
hence decomposition. If two such warm molecules were to collide, one could
be 'lifted’ over the barrier, while the other cools to a lower level, where
(during a pulse) further absorption would be possible. McRae et al. have
shown that excitation by collision is important for chloroform-d, CDCl, (89).

This effect may be less noticeable at high fluences. when the energy input
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itself is high enough to overcome any such bottleneck. Furthermore, the
effect may be enhanced as the pressure (and number of energy transfer
collisions) is further increased, or suppressed if the time between collisions

becomes too short, compared to the rate of absorption.

1.2 THE OPTOACOUSTIC TECHNIQUE - AN HISTORICAL REVIEW

Bell (s4) and Tyndall (14) were the innovators of the optoacoustic (OA)
technique (which is described in the following section) discovering that
solids, liquids and gases emitted sound after visible radiation absorption. The
spectrophone was developed (56,57) to measure the concentration of absorbing
gas molecules and the vibrational-translational energy transfer rates; such

information was gleaned from the sound trace.

Interest in the technique was recently revived with the development of lasers.
These more powerful radiation sources (coupled with improved microphones)

have dramatically increased the overall sensitivity of the method.

Pollution monitoring by detecting trace levels of vapour in air, has benefited
greatly from the sensitive OA techniques (58), with noise limited sensitivites
for detection now being in the region of a few parts in 10° for many
pollutant gases (59). In 1982 (43) a deuterium fluoride laser (mid-IR) was used
to establish a prototype OA laboratory system capable of measuring
atmospheric HCl at a level of 50 parts in 10°. Previous best reported limits
available from in situ methods, ranged between 5 and 10 parts in 10°.
Extensive spectroscopic work by Beadle (¢69) has produced OA spectra of a

selection of gases.



On a more theoretical level, the OA technique remains a useful tool in the
field of photochemistry, since the microphones can be calibrated to measure
the energy absorbed by the reactant. Cox (70), using SF,-argon mixtures and
a high power CO, laser, showed that a single pulse OA detection technique
could be used to identify the intensity regions for small signal absorption,
saturation, and multiphoton excitation (MPE). Multiphoton absorption (MPA)
is now commonly monitored in this way (6,9,11,36,71~74,78) particularly in order

to supplement multiphoton decomposition (MPD) data.

13 OPTOACOUSTIC PROCESS - THEORY

Incident radiation excites the vibrational modes of the molecules within the
irradiated volume. This absorption process is followed by V-T relaxation,
releasing kinetic energy. Assuming that the rate of energy deposition and
relaxation to heating (V-T) is fast compared with the rate of any subsequent
pressure release by expansion, the irradiated volume is thus heated and
experiences an instantaneous pressure rise. The result of this is a temperatue
and pressure step over the irradiated volume (Fig.1.3-1(a)). The core, of higher
pressure, excited gas, relaxes its pressure through raref action and
compression waves which travel radially to the walls (compression travelling
outwards and raref action travelling inwards (Fig.1.3-1(b}))); radial modes
result from reflection of these waves at the walls. If thermal conduction on
the time scale of the wave propogation is neglected, then the irradiated

volume is not significantly cooled, and a temperature step will still exist.

A detailed Fourier analysis (38) shows that the initial pressure distribution is
composed of a d.c. level plus superimposed higher frequencies of opposite
phase that cancel each other out; in other words, the final pressure is as
though the initial pressure step has been evenly distributed over the cell

volume (the d.c. level). This pressure gradually falls as the molecules
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thermalise with the cell walls: the rise and fall of pressure is seen by the
microphone (44,45). The acoustic oscillations (as discussed further in Section
1.3.1) are superimposed on this pressure pulse. If thermal relaxation is on a

time-scale comparable to that of V-T relaxation, then the signal is weakened.

A sufficiently sensitive microphone, situated within the cell in a radial
position, will pick up the resultant d.c. signal. If it has a limited bandwidth,
the radial modes might not be resolved. Even if the response time was fast
enough, some modes are not sustained and not every mode will be picked up.
Unless electrically filtered, or damped by high pressures. the resonant
frequencies of the microphone membrane will also be superimposed on the
pressure pulse. When displayed on an oscilloscope, measurement of the first
acoustic peak provides a sensitive absorption measurement. Leo et al. (40)
showed that only under conditions of constant beam geometry, position and
direction, could the relative amplitude and temporal features of the fine
structure can be taken as a register of the absorbed energy. For their
measurements Weulersse et al. (39) on the other hand, filtered out both
acoustic and microphone resonances to use the peak of the pressure pulse.
This achieves the same objective of integrating an unfiltered signal, in that
the resultant signal is no longer dependent on the beam-cell alignment and
beam geometry (40). An integrated signal is also invariant of relative
amplitude and temporal features. OA signals vary in appearance with different
cell dimensions and microphones. The traces of Fig. 1.3-2 are from two
different cells (1.5 and 8cm long) using different microphones - both
contained 2,2-dimethyloxetane. The first trace clearly shows resonant

frequencies superimposed on the OA signal.
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1.3.1 Optoacoustic System Responsivity
It will be shown that the microphone output voltage is proportional to the
rise in pressure in the gas caused by the OA process, Ap. Assuming an ideal

gas of pressure p and at temperature T, enclosed in cell of volume V
pY = nRT (1.3-1)

where n and R take on their standard meaning of number of moles and
universal gas constant respectively. The cell volume is a constant, and the
n is also a constant if there is negligible reaction during the measurement
time. Then differentiating Eq.(1.3-1), for a temperature rise 3T the pressure
rise 8P is

nRV T p3dT

- Anvol _Po° (1.3-2)
v2 T

Now the absorbed energy, AE (J) given in terms of the specific heat at

abs

constant volume, C, (J.mol'K™), is
nC,ST = AE (1.3-3)

Combining equations (1.3-2) and (1.3-3)), the pressure rise beginning at an

initial temperature, T is;

RAE bs _ PAEaps (1.3-4)
vVC

v nCvT

p =

giving the responsivity of the gas to the optoacoustic process, Rg {torr/)):

R - @ _ xl (1.3-5)
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The microphone responds to the pressure impulse with a sensitivity S
(V/torr), and for a microphone operated in its linear region. the output
voltage V_ will be proportional to the pressure change dp. so from
Eqgs.(1.3-4,5) the optoacoustic system responsivity, Ry, (V7)) (equal to the

product Rg S) is:

A% v-1 P
R..= —& o —— and (1.3-6)
oa AEabs A% nCvT
where R = (Cp— Cy), and y = Cp/C‘,

Hence, it has been shown that if all the absorbed energy leads to heating of
the gas, the optoacoustic system responsivity is proportional to (y-1).
therefore is dependent on the gas mixture. A discussion. on the effect of gas
mixture on the optoacoustic system responsivity {(V/]) and on the subject of
microphone sensitivity (V/torr) under experimental conditions, is presented in

Section 2.3.2.

At very low pressures, the V-T relaxation time may be of the same order as.
or even greater than, the time scale for cooling by thermal diffusion. The
amplitude of the pressure pulse is then no longer directly related to the
amount of energy absorbed, because some energy is transferred directly to
the walls without first heating the gas. Furthermore, the first acoustic peak
might not occur before contributions from other sources arrive at the
microphone. For example, if the cell length is of a comparable dimension to
the cell radius. then the first acoustic peak can become distorted by signals

attributable to window effects.



1.3.2 Oscillatory Substructure

The oscillatory substructure can be interpreted as follows (42): If the beam
travels centrally through the cell, the first few peaks arrive at the
microphone in the order shown in Fig. (1.3-3a). The smooth sinusoidal
oscillations can be easily perturbed. In one such case, the excited volume
may not be cylindrical as in Fig. (1.3-3b). Since the pulses travel normal to
the excited volume boundary, after several rebounds. the acoustic wave will
reflect off the windows, and distortion of the later pulses will occur because

of interference.

A second case arises when the beam does not travel centrally through the
cell (Fig.1.3-3c). The pressure peaks will not arrive at regular time intervals.

and eventually superposition occurs leading to a distorted signal.

It has been noted (39.41,43.44.45,61) that there is a low pressure sensitivity
limitation to the optoacoustic technique seen as spurious OA signals. This
background noise has been attributed to window effects (41), specifically inner
surface absorption at the windows (3s.61): bulk absorption of the windows
(39.44.61); and light scattering from the windows (45) towards the cell walls
and microphone (44,45) where absorption takes place. The signals were found
to be both pressure and fluence dependent (39.61). and also time dependent
(61) since surface contaminants such as particulates and surface films
accumulate with time. Some authors (39,43.45) recommend the use of Brewster
windows to reduce noise caused by scattering. However, although the
Brewster windows may solve this problem. another may occur since the
signal from the excited volume immediately below (or above) the angled
window. will be reflected from the window at an odd angle. Distorted
acoustic signals will result. the effect being particularly noticeable in small

cells. especially if the beam is not cylindrical or travelling centrally. Signals
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caused by window absorption have been found to originate predominantly
from absorption of a surface film rather than from bulk absorption (s1).
Furthermore. such a signal was found to be in-phase with the primary signal,
and inversely proportional to the cell length (61). Finally there can be
background signal caused by ablation of the window surface film.
Longitudinal modes are initiated if the gas absorption length is about the
same as the cell length. and therefore can occur at high cell pressures when
there is a non-constant absorption over the cell length. Molecules ablated
from the windows add to the local molecular concentration and can similarly
cause longitudinal modes (if not already in motion) even if the high pressure
gas is non absorbing; Parker et al. (41) detected an oscillatory signal
corresponding to the primary longitudinal mode when the cell was filled with
35 atm. of N,. Generally though only radial modes are excited, as discussed

in Section 1.3.3.

It is because of the increased probability of distortion with time into the
pulse that it has become customary to take measurements of the first signal
peak, for the purpose of both quantative and qualitative calculations of
absorbed energy. Leo et al. (40) have shown that it is immaterial which part
of the pulse is selected for measurement so long as the position/feature is
consistently chosen and the beam geometry etc. is unchanging; measurements

of any spike or the envelope were equally valid.

1.3.3 Frequency of the oscillatory substructure

OA traces can be used to establish the speed of sound ... through the gas.
Radially the acoustic wave fits into the cell at a frequency described by a
Bessel function. If the beam passes through the cell centrally. then usually

Jg is excited, such that one of the nodes coincides with the boundary all.
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For off-centred beams the azimuthal mode is also probably excited and the

cell resonances will be described by a series of Bessel functions.

The resonant angular frequencies o of the cell are given by (0):

- . -2 -2
wy = 2nfj = vy Y(KZ + K2) 1.3-1)
K, = (n/l)n, (n, =1,2,3....):1=cell length (1.3-2)
K, = mo  /a a = cell radius (1.3-3)

where n_, m and n are the longitudinal, azimuthal. and radial mode numbers.
a_ . is the nth root of the following equation involving the mth order Bessel
function tabulated in reference (47).

[dIm(ma)/dal |, =0 (1.3-4)
The speed of sound (through the gas under scrutiny) can be found using the
above equations, and the resonant frequency (calculated from the OA trace).
For the radial resonance only. equation 1.3-1 becomes:

wy = cK, = (en/ala | (1.3-3)

with m=0 for a centred beam.

1.4 UNIMOLECULAR THEORY

Previous work has shown that the primary reaction channels resulting from
IR laser photochenistry are unimolecular, and this includes
alkanols (6-10,23.71.80,81,101) and oxetanes(s). In addition, with the failure of
CO, lasers of 'standard’ pulse length (ns) to cause mode-selective
decomposition (106b.107). it is generally assumed that vibrational energy is
redistributed prior to dissociation of the molecule: since this is an essential.

basic assumption of the RRKM unimolecular reaction theory (49.62.97). the

theory can also adequately describe the dissociation of molecules that have
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been excited through IRMPA. RRKM theory has been used successfully to

model the decomposition of some alkanols and oxetanes (¢).

Through excitation, a single reactant molecule, A, can form an activated
complex A*. This activated complex will decay, resulting in either
decomposition or isomerisation of A (or even relaxation back to a stable

(original) molecule). Such a reaction is said to be unimolecular.

The activated complex is an energized molecule (with enough internal energy
for reaction) which, through essential internal energy redistribution. has
reached a critical configuration appropriate for decomposition or
isomerisation. In thermal systems, energy redistribution is caused by

collisions.

The theory of unimolecular reactions is not trivial and has been extensively
covered in the literature, particularly by Robinson and Holbrook (62).
Nevertheless. for the integrity of the thesis it is applicable to present a

summary here.

1.41 Lindemann Theory
Lindemann offered an explanation to a paradox; how is it that excitation by
collisions in thermal systems (ie a bimolecular process) could result in first
order kinetics? His answer has since become the foundation for all the recent
(more accurate) unimolecular reaction theories. The reaction scheme proposed
by Lindemann is as follows:

A+ M :]_‘—_‘—» A¥ + M

ke

k
A* =, products
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where A is a reactant molecule {represented by A™ after excitation). and M
may be either a second reactant molecule, or one of an inert (diluent) gas. or
a product molecule. For his theory , Lindemann assumes that k. k, and k,
are not energy dependent. By applying the steady state hypothesis to the rate
of formation of excited reactant molecules (d[A* 1/dt =0). it can be shown

that the overall rate of reaction is:

v = ~dlA] = k,IA™] = kk,[AIIM] / (k,[M] +k,) (1.4-1)
dt )

First order kinetics occur at high pressures since then k,IMI>>k,, therefore:

voo = (kk,/k)[A] = keolAl (1.4-2)

whilst at low pressures k,[IMI1<<k;. and the rate of reaction is equal to the

second order rate of energization.

Voim = K [ATIM]

Thus, Lindemann predicted that the order of the initial rate of unimolecular
reactions depends on the reactant concentration (and therefore pressure). The
rate of reaction may be written with a pseudo-first-order rate constant. k...

to describe the fall-off with decreasing concentration (pressure); see Fig.1.4-1:

Combining this with equations (1.4-1) and (1.4-2), and noting that [M] may be

replaced by the total pressure. we have:

~
i

— 4-3
o = K, IMT /(1 + k, [M1/K, ) (1.4-3)

k, / (U +k_/k;p) (1.4-4)

The above equation leads to a few important conclusions concerning the

effects of a diluent (inert) gas:
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Fig. 1.4—1 Schematic of a Lindemann plot (from Ref. (62))



) There will be no effect on the rate constant of a unimolecular reaction
if an inert gas is added to a pressure of reactant for which the
unimolecular reaction is in the first order region.

(ii) An added diluent will increase the rate constant towards the high
pressure (first-order) value if the initial pressure of reactant is such
that the unimolecular reaction is in the second-order (fall-off) region.

(iii) The result of point (ii) will clearly be a higher product yield. The
amount of increase will not only depend on the pressure of diluent.
but on the efficiency of collisional energy transfer.

The fall-off may be evaluated in terms of the mntio k /K, and the

pressure P, , at which this ratio is 0.5, ie. when k;=k,[M]. Since [M] may be

replaced by the total pressure. and by incorporating equation (1.4-2). it

immediately follows that;

P,,,= ky/k, = k_/k, (1.4-3)

1

Since Lindemann's theory is based on collision theory, k, was calculated

using;
k, = Zlexp(—Eo/kT) (1.4-6)

where the collision number

Z, = (63N, /R) (8nuN k/w'/? (1/T)/? (1.4-7)
and Eo = high pressure activation energy, E__

64 = collision diameter

N,= Avagadro's Number

R = gas constant

k = Boltzmann constant

tt = reduced molar mass

T = temperature
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Using k, calculated in this manner. and experimental data for k_. the
predicted P,/o is found to be vastly different (too high) from the

experimentally determined value: k, must be larger than that calculated with

equation (1.4-6).

1.4.2 Hinshelwood Modification

Lindemann's collision theory treatment was shown not to be completely
effective in describing unimolecular reactions viz. theoretical values of Py /s
were much higher than experimentally determined values. Hinshelwood
developed Lindemann's theory to take into account molecular internal energy.
particularly taking into consideration that prior to dissociation. the energy
may need to take on a certain distribution over the molecule's s internal
degrees of freedom. As for equation (1.4-6). Hinshelwood descrbed k, as
being the product of the collision number and the probability of a molecule
containing energy equal to. or in excess of E, The probability term is

derived from statistical mechanics.

k, = Z, exp(-E,/kT} (E/kT)57! / is-1}! (1.4-8)

Clearly, the more complex the molecule. the more the degrees of freedom
that are available, and hence k, takes on larger and larger values ie. unlike

before, k, is now energy dependent.

1

Calculations of P,,, using equation (1.4-8) are now in good agreement with
experimentally determined values. However, the theoretical curve of k. .,
(Eq.(1.4-4)) does not fit well to the experimental data over the rest of the
pressure range. One other disadvantage of the Hinshelwood-Lindemann theory.
is that it is not possible to predict s: it is approximately equal to half of

the total number of modes of vibration.
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Further equations (for k_ and E_) in the Hinshelwood-Lindemann theory can
be used to demonstrate that the lifetimes of the energized molecules (ka")

increases when the internal energy can be stored among more degrees of

freedom.

1.4.3 Miscellaneous Developments
The fit problem exhibited by the Hinshelwood-Lindemann theory is resolved
by making both k, and k; energy dependent viz. 5k1(E—oE+5E) and k,(E)

respectively. The reaction scheme is thus:

5kl(E—’fE*-SE) "
A+ M- = A(E-E+3E)* M
k,
ka(E)

A*(E) - products

The total rate constant is obtained by integrating the expression which
represents the contribution to the unimolecular constant from energized
molecules in the energy range E-E+3E (the steady state hypothesis is applied

. . *
this time to [A” ¢ g.sp))):

ka(E) dkl(E-»E+dE)/k2
E=Fo 1+ ka(E)/kZ[M]

m —_—
King = IE=E°8kum(E-oE+8E) = (1.4-9)

The rate k,(E) in Rice, Rampsperger and Kassel theories (RRK) is considered
to be related to the probability that the critical energy E; is concentrated in

one part of the molecule. Both classical statistical mechanics and quantum

approaches were covered.
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The quantum approach (used only by Kassel) is the most realistic of the two
(the classical equations have since been found to give poor approximations).
In it, one of the molecule's s identical oscillators (all of frequency v) must
attain a critical energy, corresponding to m=E /hv quanta. The rate constant
k,(E) now refers to energization into a specific quantum state, rather than

into an energy range E—-E+J3E, and is given as:

k,(nhv) = k, (exp(-h\J/kT))rl (1 - exp(—l'w/k'l'))S (n+s-1)! (1.4-10)
n!(s-1)!

where n is the total number of quanta contained within the s oscillators (ie

n=E/hv}). As for the high pressure rate constant k_, Eq(1.3-11), summation
over all the discrete energy levels must be carried out ., in order to find the

overall rate constant.

k =

—~
jo-o}

(1.4-11)

3 k,(nhv) k_(nhv)

n=m k2

It is of interest to note that it can be shown that equation (1.4-11) may be

represented in Arrhenius form:
k_= A exp(-E,/kT) (1.4-12)

with A representing the reaction's high pressure A-factor.

A useful and more accurate modification to the classical approach of this

RRK theory is discussed later.

Further treatment by Marcus of the RRK theories has led to the more
complete RRKM theory: quantum mechanics is used to calculate kl. and kQ
can be equated to the collision number Z (of equation (1.4-7)) or Z). where 7.

is the collision deactivation frequency. k, is calculated using ideas related to
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the Absolute Rate theory. It is this RRKM theory which introduces the
concept of an activated complex A+ (last mentioned at the beginning of this

section on unimolecular theories). The last line of the reaction scheme thus

becomes:

k. (E) k*
Aa.E(IE) 2 — A' -~ products

In addition. the energy terminology is refined in order to make a distinction
between fixed and non-fixed energies. In RRKM theory, concentrations of As
and A’ are calculated using statistical mechanics, since the aim is to
investigate intramolecular energy distribution over the degrees of freedom.
Only the non-fixed energy E* is allowed to redistrbute itself, and is
comprised of the sum of vibrational E*V and rotational E’; components only.
Molecular translation and zero point energies, for example. are fixed energies.
Once an energized molecule A reaches its intermediate state (activated
complex A*) the fixed energy is reduced to E* by the critical energy E, that
was required to get over the energy barrier. Thus

E* = E*-E,
and also

E* = EJ + E; + x
where x is associated with the translational motion of A*. These energies are

illustrated in Fig. 1.4-2.

All of the Es in the current reaction scheme should now be replaced with
E* The overall rate constant given by (1.4-9) is also rewritten with E

instead of E.

Because of the complexity of the RRKM theory it is often easier to use

earlier theories as long as their limitations are realised. and only estimates
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are required. For example, for even greater accuracy. a modification of the
classical approach to the RRK theory takes into consideration that all the
oscillator frequencies of the energised molecule and the activated complex
are not identical. More specifically, the energized molecule has s oscillators
of frequencies Vi (=1 to s), ;1nd the activated complex s-1 oscillators of
frequencies V+i (i=1 to s-1). The rate of formation of products using classical

statistical mechanics in this way is:

) s-1
(1.4-13)

) 1

ko EN=(L IT v/ TV, ) ( (B*- Eg)/E*
where L is the number of decay channels (reaction path degeneracy). Now the
Arrhenius high pressure A—factor may be equated with the first bracketed
term of Eq.(1.4-13), which has a numerical value in the order of one
vibrational frequency viz. of the order of 10'3-10!*s™!. The second term may

be abbreviated to f(E), so Eq.{1.4-13) becomes:

k (E) = A f(E) (1.4-14)

The term f(F) describes the relative number of ways of distributing the
energy (of the excited molecule) among the vibrational modes of the reactant

and activated complex.

ie. f(E) = (’Energy available for distribution in activated complexi®™*

v Energy available for distribution in molecule /

Hence:

fE) = [ E*/ E* 37

Although this classical expression is still inaccurate. it is excellent for
quickly giving an estimate for the amount by which a molecule can be

excited over the dissociation limit (ie. E**Eo). under nominal experimental
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conditions. The number of absorbed quanta (E,/hv) is typically 20-50. as long
as the threshold energy is not exceeded by the laser flux. An assumption is
made that the decompostion rate is equal to the rate of absorption of those
quanta je. ka(E¥) = E,/(hvt), where t is the pulse length (say 100ns). ka is
thus evaluated as (2-5)x10® s-1, which then gives (from Eq.(1.4-14)) f(E)~107%.
It is clear from equation (1.4-13) that for a constant value of f(E). larger and
larger molecules (s increasing) will support greater extents of overexcitation
(E*—Eo). The dependence of f(E) on E*/Eo as s changes is illustrated by
Fig.1.4-3. In Fig.1.4-4 E*‘/E0 is plotted against the number of atoms in a

molecule for a fixed value of f(E) = 1074

Calculated ka(E*) values could be combined with assumed energy distributions
to predict product yields in pulsed IR laser experiments{s). Typically, these
predictions are made for dilute reactants{s) because of the complications that
ensue in trying to model the result of the collision between two excited
molecules (35): A collision between a dilu ent molecule and a reactant
molecule may be regarded as a simple deactivating collision, whereas that
between two excited molecules will cause a redistribution of energy leaving
the absorbed energy as excitation energy. This energy eventually redistributes
itself through all the molecules in the irradiated volume, at which point the
gas is at a sufficiently high temperature for thermal reactions to occur. It
takes a few ps for the thermal reactions to stop(3as). The precise time is
difficult to estimate and yet the predicted reaction yields are strongly
dependent on this thermal component, particularly for low amounts of
absorbed energy. Thus. analysis of dilute reactants. where this thermal

component is not anticipated. is preferable.

In order to exclude the possibility of energy being transferred to the diluent

molecules during excitation, modelling is carried out and compared against
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Fig. 1.4-4 Dependence of E*/Eo on the number of atoms in a molecule
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experimental data gathered from collision-free conditions. Yield predictions
are made by first taking the measured average absorbed energy per molecule
in the irradiat ed volume, and assuming that it (together with the initial
absorbed energy prior to absorption) is redistributed as vibrational energy
among all the molecules in the irradiated volume. The final energy
distribution is examined by assuming different distributions (e.g. Boltzmann
for a wide distribution, and Poisson for a narrow distribution) and comparing
the predicted yields with the experimental values: RRKM theory is used to
calculate the rate coefficients for particular levels of vibrational energy
within the reactant molecule, and taking the assumed energy distribution, and
assuming that all collisions are deactivating, the product yields are predicted.
As an example, if the collsions are assumed to be strong (i.e. on the first
collsion, the excited molecule is completely deactivated) with a collision
frequency o (s™!), for RRKM rate constants of the two paths at energy E*V
of ka(E*v) and kb(E*V), and for the assumed energy distribution function of

f(E*V), the fractional decompositions for paths 'a’, FD,, and '0', FDy,, are given

by;
s o)
k,(ED -
FD, = f(Ey)dE
k,(E)) + ky(E]) + ©
0
0
ky(EJ)
FD,, = —- F(EX)dE*
* -
k,(EQ) + ky(Ey) + ©
0

Predictions carried out on 2.2-dimethyloxetane. oxetane. 2-methyloxetane.
ethanol and t-butanol yielded fractional decompositions less than those
actually observed(e). leading to the conclusion that some molecules in the

irradiated volume do not interact with the laser irradiation.
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2. — EXPERIMENTAL SET-UP AND METHODOLOGY

21 THE LASER

Moolecular gas lasers exploit transitions between energy levels of a
molecule (94): Where the transitions are between different vibrational levels
of the same (ground) electronic state (VIB-ROT). the energy difference -AF
is such that the laser oscillates in the middle to far-IR (5-300 um). For
transitions between vibrational levels of different electronic states, the
emission is in the visible/uv, and far IR radiation (25pm-imm) results from

transitions between different rotational levels of the same vibrational state.

The CO, laser falls into the first group, and Fig. 2.1-1 schematically
illustrates the energy-levels. The lasing medium is a mixture of CO,, N, and
He, with population inversions being produced between the 001 and 100 or
020 levels shown. N, and He serve to improve the lasing efficiency;
vibrationally excited nitrogen has its v=1 level in close co-incidence with the
CO, (001) state and assists upward pumping of the CO, molecules through
collisional energy transfer, while the inclusion of helium encourages a large
population inversion by providing an additional path for relaxation of the
o 020

(100) level to ground& Laser action in CO, can be obtained on a continuous

(cw) or pulsed basis.

For this work, a uvVv preionised, pulsed, hybrid, Transversely Excited
Atmospheric (TEA) CO, laser was used as the IR source (29.30,31)(Fig.2.1-2 );
it was discretely tunable to 70 transitions between 9 and 11 y:m and produced
short pulses (~50ns pulse length (FWHM) and ~600ns base width). Such
tunability provides flexibility when choosing an irradiation wavelength which
lies within the absorption band of the sample molecule: In this work the

intention was to use a line which coincided with the peak of the absorption
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band. This was not usually possible, and instead a balance had to be struck

between strong absorption of the sample and a strong laser fluence (energy

per unit area).

Adjustment and measurement of the laser output was achieved as follows:
Wavelength tuning was accomplished by altering the angle of a Littrow
mounted diffraction grating that formed one mirror of the CO, laser
resonator. The wavelength was monitored on an Optical Engineering Inc.
spectrum analyser, and a Gentec pyroelectric Joulemeter was used to measure
the output energy. Sometimes it was necessary to improve the beam quality
by adjusting the alignment of the output coupler. Fluences were calculated
after determining the laser beam radius in the region of interest, and Section

2.1.3 describes the methods used to establish a dependable value for this.

211 Single Longitudinal Mode Operation

A hybrid CO, laser (29) includes in its optical cavity a low pressure gas
discharge tube (Fig.2.1-2) that is operated either in cw or pulsed mode. The
tube has a narrow gain bandwidth by virtue of the low pressure (at ~1Otorr.
there is S0MHz doppler broadening and ~50MHz of collision brpadening -see
calculations in Appendix 5) and provides gain for one longitudinal mode out
of the many that normally exist within the high pressure TEA laser gain
profile. The separation of longitudinal modes is given by c/(2L) {(where L is
the separation of the cavity mirrors, and c is the velocity of light) which, for
this laser, gives 94 MHz. The FWHM bandwidth of the TEA gain section is
found to be made up of 50MHz doppler broadening and 4GHz pressure
broadening (see Appendix 5 for calculation details). The small additional gain.
provided by the low pressure section, enhances the growth of one

longitudinal mode while others are suppressed because of gain competition:
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Fig. 2.1-2 Schematic diagram of a hybrid TEA CO, laser



operating conditions can thus be chosen to give single longitudinal mode

output (Fig.2.1-3).

For this work, a premix of 10% CO,: 20% N,: 70% He was admitted to the
previously evacuated low pressure gain section. The optimum discharge tube
pressure was about 10torr for main cavity flow rates (in litres per minute) of
1.2 N,: 2.4 CO,: 9 He; a spark gap pressure of 201b/in% and a charging

voltage of 19kV .

Synchronisation of the pulsed low pressure section with the TEA discharge
was achieved as follows: The discharge in the low pressure section was
pulsed first, and the resultant discharge current sensed with a ferrite core
transformer in one of the discharge leads. The core had a step-up
transformer configuration, and its output was fed to a Farnell PG101 pulse
delay generator (using a 500 terminator on the input) the output of which
was used to trigger the TEA discharge current. A delay of 70.s was found
to provide optimal performance in terms of producing reliable, smooth pulse

output which is a manifestation of single longitudinal mode operation (29).

21.2 Temporal Beam Profiles

Dyer et al. (37) performed a detailed study of the operation characteristics of
a volume excited TEA CO, laser. Energy and power measurements were made
as a function of the molecular gas flow ratio Yy on various systems

incorporating different capacitors and cavity mirrors. v is defined as :

Y = CO, flow rate
sum of CO2 and N2 flow rates
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For a helium concentration of 80%. maximum power occured for a y of
approximately 0.6, and maximum energy for a vy of roughly 0.5. The maxima
were fairly broad. They further observed that a decrease in He concentration
increased the laser output energy, but in the system used the lower limit
was set at 60% with the onset of arcing. At maximum power, the pulse
consisted of an initial spike of 100ns (FWHM), and a tail of lower amplitude
lasting for several microseconds, containing a large fraction of the total
energy. It was noted that a reduction in N, transferred more energy into the

initial spike.

Only a brief study was attempted for this research, first to verify the above
observations for this particular laser. and to look specifically at the effect of
lower charging voltages. Pulse shapes were monitored using a Rofin photon
drag detector and displayed on a Tektronix 7834 oscilloscope using the 7A19
plug-in module. Pulse-to-pulse stability was not studied. A study of the
pulse shape was embarked upon because over the course of the research. the
gas mix was varied to achieve different performance requirements. For
example, for optoacoustic cell calibration a highly stable ouput was required,
whereas for 'normal’ absorption and decomposition work, optimal energy
ouput combined with reasonable stability was acceptable. Furthermore, as the
laser 'lifed’ (over a period of many months), adjustments in the gas mix and
spark gap pressure were required. For this work, the two most typically used
N,:CO,:He gas mixtures had flow rates in litres per minute of 1.2: 2.4: 9

(v=0.67, He=71%), and 1.2: 2.2: 6.0 (y=0.65, He=64%).

Firstly, v was varied by adjusting the N, flow rate (X) only ...clearly this
also had the effect of changing the He concentration (as well as CO, and N,
concentrations); the gas flow rates were X:2.2:6.2 with units of litres/min.

The laser was tuned to the R,,(9um) transition. and the power supply was
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set at 19kV. The results shown in Fig.2.1-4 show that maximum energy
output occured for a vy of 0.52. The traces were not of sufficient clarity to
study the effect on power, but the duration of the gain-switched spike was
estimated to be of the order of 40 to 50ns (FWHM). Secondly, Y was kept
constant and the He concentration was changed, by altering both the N, and
CO, flow rates. The results in Fig.2.1-35 show that maximum energy output

occured for a He concentration of 61%.

Examples of the pulse shape taken for Fig.2.1-4 are presented in Fig.2.1-6;
there is an initial gain-switched spike of 40ns (FWHM) followed by a very
low amplitude tail. None of the pulse shapes in this series altered

significantly with the simultaneous change in He concentration and v.

A comparison of the pulse shapes for two of the gas mixes used in this
work is made in Fig.2.1-7a for a charging voltage of 19kV. For y of 0.65 and
59% He concentration (case i), the width of the gain-switched spike is 43ns
(FWHM) and the base width is 486ns, while for y of 0.65 and 64% He
concentration (case ii - most commonly used) the pulse length parameters
are 49ns (FWHM) and 486ns. The tail contains roughly a quarter of the
energy of the initial spike. The only noticeable difference between the two

cases is that the spike of case (ii) is slightly longer.

In Fig.2.1-7b the effects of charging voltage and He concentration on the

pulse shape are explored. The charging voltage is 17.5kV compared to 19kV

of Fig.2.1-6a. In case (i), v is 0.65 with 64% He concentration, and a pulse
length of 60ns (FWHM) and base width of 600ns is produced. For case (i), a
v of 0.65 with 70% He concentration produces a 57ns pulse with a base width

of 600ns. There is less than a quarter of the spike energy in the tail. The

increase in the He concentration is seen to increase the separation of the
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N2 : COR : He = 2.6 : 2.2 : 6.2 1/min
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Gamma = 0.815
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Fig. 2.1-6 Rofin drag detector temporal
profiles — R20 (Q}Jm) multimode pulses



20 mV

N2 : CO2 : He = 1.1 : 2.0 : 4.5 1/min Charging voltage = 19 kV
He content = 59.2 +/— 0.6 % FWHM pulse length = 43 ns
Gamma = 0.65 Base width = 486 ns

20 mV

«— 200 ns

N2 :¢C02:He=12:22:86.0 1/min Charging voltage = 19 kV
He content = 63.8 +/— 0.6 % FWHM pulse length = 49 ns
Gamma = 0.815 Base width = 486 ns

Fig. 2.1-7a) Temporal profiles using typical

conditions — R24 (10 }Jm) multimode pulses



20 mV

+—— 200 ns
N2 :CO2 : He = 1.2 : 2.2 : 6.0 1/min Charging voltage = 17.5 kV
He content = 63.8 +/— 0.6 % FWHM pulse length = 60 ns
Gamma = 0.65 Base width = 600 ns

20 mV

«—— 200 ns
N2 : CO2 : He = 1.2 : 2.2 : 8.0 1/min Charging voltage = 17.5 kV
He content = 70.2 +/— 0.6 % FWHM pulse length = 57 ns
Gamma = 0.65 Base width = 600 ns
Fig. 2.1-7b) Temporal profiles for:
(i) reduced charging voltage; and (ii) reduced
charging voltage and compensating increase

in flow rate — R24 (10 }lm) multimode pulses



spike and tail. The 'secondary' pulse seen in the tail of each trace is likely
due to repumping from N;; N; + CO, — CO; + N,. The peak power of
the tail drops with the charging voltage and shifts further from the main
pulse, but is not affected by small changes in the gas mix. Furthermore, a
reduction in charging voltage also reduces the peak power of the initial pulse
while both pulse length and base width increase. As discussed in detail in
Section 4.3.1, there was an experimental requirement to reduce the pulse
energy beyond what could be achieved by the sole use of attenuators. The
pulse energy drop was achieved with a simple decrease in power supply
voltage and an increase in He concentration from 64% to 70% to optimise

fluence stability (reference Fig.2.1-5).

A comparison of pulse shapes for multi-axial mode (multimode) and
single-axial mode (singlemode) operation is made in Fig.2.1-8. One might
expect single-axial mode pulses, which have a smooth temporal envelope
(Fig.2.1-8a), to have different effects in multiphoton decomposition to the
multi-axial mode case, where strong axial mode beating occurs (Fig.2.1-8b).
Switching between these two cases was relatively easy with the hybrid TEA
CO, laser and simply required evacuation of the low pressure section: the

pulse energy was found to be constant when switching in this manner.

In summary, the results show that there is maximum energy for vy of roughly
0.5; that energy decreases with increasing He concentration above 60%; and
that arcing is observed as the energy decreases with decreasing He
concentration below 60%: these results are supported by the previous
empirical findings of Dyer et al. (37). The data were insufficient to verify that
a reduction in N, concentration (i.e. increasing Yy) transferred more energy
into the spike (37), but it was assumed to be true. In this instance. the gain

switched spikes were roughly 50ns long, and the pulse base width was about
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Fig. 2.1-8 Multimode and singlemode pulse

temporal profiles (equal pulse energies)



600ns. Flow rates were chosen (for absorption and decomposition work) to
minimise the tail pulse (making +>0.5), maximise the energy (obtained at
Y=0.5, He=60%) and maximise stability (making He concentration >60%): the
conditions used were Y=Q.65, He=64%. The concentration of He was further
increased during times of calibration to gain extra stability when high energy
was not required; the conditions then were v=0.67, He=71%. In the one
instance that particularly low fluence was required, the charging voltage was
dropped from 19kV and the He concentration was raised to 70%; raising the
He concentration further reduced the output, but was also required to

optimise fluence stability.

2.1.3 Spatial Beam Profiles

For simplicity and reliability, the laser was operated on the TEM,, transverse
mode by using an aperture within the optical cavity. The resulting spatial
irradiance distribution (or fluence distribution for a pulsed laser) in a plane

normal to propagation is then Gaussian, and described by (98,99):

= - 2 -
I =1 exp(-r/r) (2.1-1)

where 1_ is the maximum irradiance (power per unit area) at the beam
centre; r_ is the Gaussian beam radius given by the radius at I=I_/e; and r is

the radial co-ordinate.

It is well known that photochemical processes are strongly dependent upon
the irradiating fluence. It was therefore necessary to establish that the
fluence gradient across the length of the cell was negligible. The actual
value of the irradiated volume is also required, in order to calculate the
fractional decomposition. For these purposes, spatial beam profiles were

taken, and a value for the Gaussian radius calculated. The Gaussian beam
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assumption was verified by plotting theoretical profiles using the

experimental r_.

There exist several methods for measuring the spatial profile of a beam.
Three procedures were utilised during the course of this work, one method

being succeeded by another as the need for greater accuracy and reliability

was realised.

Initially the profiles were found by scanning a sensitive joulemeter across the
beam. Two sharp blades, forming a narrow slit aperture, were attached to the
detector's face, and the detector head sat on a micropositioner, which could
be adjusted along two axes. For a well defined beam, measurements were to
be taken at intervals less than 0.5mm with an aperture width less than this
value. However, more generous slit sizes were found to be necessary in order
to provide readings with favourable signal-to-noise ratios. This technique was
clearly not satisfactory but the best possible with the available

instrumentation.

An SBRC (Santa Barbara Research Centre) photoconductive Au-Ge detector,
cooled to liquid nitrogen temperature (77K), was then used to improve the
measurement technique. This was fitted with a 0.35mm diameter pinhole to
restrict the sample beam size. The equipment was highly sensitive, and the
beam was attenuated to avoid damaging the detector element. This detector
was mounted on a platform, which could be scanned using microadjusters
along two axes, and was placed at the planes of interest (front and back
faces, and the central plane of the sample cell). The detector signal was fed
to a Tektronix 356 oscilloscope. Care had to be taken to keep the detector at

a constant temperature, since its sensitivity was strongly dependent on

temperature.
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Reasonable profiles were obtained using this method, and astigmatism (caused
by the inverse telescope described later in Section 2.4) was quite evident.
However, it was time consuming to obtain a complete scan and, because it
was known that the laser output would alter slightly with time, a faster
technique was desirable. For example, profiles taken (and repeated within a
few hours), at two separate planes within the expected region of negligible
change, indicated a 30% difference in the radius. It was not possible to say
whether this was a real effect, or a result of the slow scanning; the profiles
take the passing of several hundred pulses to complete (at 1Hz
pulse-repetition-rate), and as already mentioned the laser output was known

to change over such periods of continuous use.

A 25mm linear pyroelectric detector manufactured by Delta Developments
became available; the array being made up of 50, 0.5mm square detectors. It
provided a means of measuring the full profile of each pulse, at any angle
between the vertical and horizontal axes. A Tektronix oscilloscope was used
to display the profiles (Fig. 2.1-9). To use the full size of the array, the
beam was expanded using a long focal length Ge convex lens. Experimental
imaging of crosswires (placed at the "centre-of-cell” position), enabled the
focal length, f, of the lens to be established at 10.6um using

=1 + 1 (2.1-2)
v u

L
F

where v and u were the measured image and object distances respectively; f

was found to be 60.8cm.

The image planes of the internal faces of the front (v,) and back (v,) of
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Fig. 2.1-9 Spatial beam profile using the

array profiler (10 pulses are superimposed)



the cell were then located by calculation using

1 1 1
Vo = f- uzk) (2.1-3)
where k = cell length/2

The Gaussian radii established at the image planes are magnifications of

those at the object planes. The magnification factors are given by:

\Z

M = m (2.1-4a)
M backface = f (2.1-4b)
(u-%k-59 )
M frontface = f
(u +k - f)

where u refers to the "object distance” to the "centre-of-cell”. Figure 2.1-10

illustrates the set-up used.

The method for calculating the measurement error of the Gaussian radii at
cell front, back, and centre in object space is summarised as follows: Firstly,
from the crosswire imaging of cell-centre, u and v are measured with errors
du and d&v, then theerror in the magnification factor (to be applied to the
measured cell-centre Gaussian radius) is calculated from Eq. 2.1-4a.
Furthermore, the measurements of u and v give f (Eq. 2.1-2), and Af/f is
determined. This f with its error is then used to predict the position of the
image planes (v, ’2) of the front and back of the cell (Eq. 2.1-3) which are
located with an inaccuracy Sv. This v leads to an uncertainty in stating that
the utk Gaussian radii are actually at the cell faces; Au'/u' is determined,
where u' is the object distance corresponding to the Vi planes. Using this
Au'/u’ and $v, the error in determining the magnification factor {(to be applied
to the "end-of -cell” Gaussian radii measured in the image plane) is calculated

viz. AM/M. Finally, the fractional errors of the Gaussian radii at the cell are
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established using AM/M and the measurement error of the Gaussian radius at

the image plane.

In this section, the details of the calculation are given: The error in M from

Eq. 2.1-4 for the "centre-of-cell” plane is

AM u dv - v du

AM
and M

1l
TN
4'9;
Se—”
1
N
r:l?:”
Se—

from which the fractional error AM/M was found to be 3.0%.

From Eq. 2.1-2, the error in the calculated f caused by measurement errors,

du and v, of u and v is given as

AF-Lu+v)-vu & + viv+u-vu Su
(u + v)? (u + v)?
Af d d ;
and T (N 5) + 0 (o)

from which the fractional error Af/f was found to be 0.9%.

Similarly, from Eq. 2.1-2 the fractional error{(s) in u' (u'=utk) (the object
distances calculated from the "end-of-cell” image plane distances v' (v, and

v,)) are:

. ' 5f
%=(vff )( 8::' ) + (v":f )( £ }

and were found to be 1.3% for v, (cell-front). and 1.2% for v, (cell-back).
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From Eq. 2.1-4b, the fractional error of M for the cell-ends is
AM u' of au’
™M= lar ) )

and was found to be 2.3% for the cell-front and 3.7% for the back, and the

root sum squared (rss) error over the entire cell length is ;/(2.3%2 + 3.0%2 +

3.7%%) ~ 5%. while the average is 3%.

Finally, the Gaussian diameter in the image plane, D_;, is determined from
the oscilloscope photograph to better than 0.5mm (8D ;). Since the Gaussian

radius in the object plane, r, is D_;/2M , the fractional measurement error is

Ar 1 ( M

o - sD,; — ( D,; — | )
ol ol

r 2Mro

o

and was determined to be 8%, 4% and 0.005% for radii at the cell front,

centre, and back respectively.

However, experiments showed that;

() a *12% change in r_, can occur if the laser is run continuously for half
an hour (the longest experiments were carried out for 20 minutes).

(ii) differences in r_ of upto 12% were noted between consecutive attempts
at realigning the laser to re-establish the best laser output.

(iii)  consecutive shot-to-shot profile reproducibility was excellent as shown
in Fig.2.1-9 which shows superimposed exposures of 10 pulses.

(iv)  switching from multimode to singlemode operation of the Ilaser
produces no more than a 5% change in r_ (which includes a
measurement fractional error of only 0.0057%).

(v} There was an average change of <0.01 mm in radius between the cell

centre and its windows:

Three profiles taken at 45° to each other in each plane showed that
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the inverse telescope arrangement introduced astigmatism at the focal
region where the cell was situated: the shortest length was about 80%
of the longest. Averaging the Gaussian radii over the cel] length gave
a value of 0.52 * .0lmm.
These errors (determined by monitoring fluctuations in the radius), will be
called ‘'experimental’ errors, since they arise through changes in the

experimental equipment.

Since, the measurement fractional error of the Gaussian radius is <8% (as
demonstrated earlier) and is included in the experimental fractional errors
tabulated above (in parts i, ii, and iv), the confidence in r_ will be given as
the most probable error / ( 1222 + 12%2 + 5%% ~ 18% using those

experimental values.

2.1.4 Deconvolution
The yield and absorption parameters measured are a function of fluence under
certain experimental conditions. Clearly, the difficulty in interpreting the
results will be compounded by the fact that the laser beam intensity (and
therefore fluence) is not a constant across its cross-section. Black et al. (32)
used the following equation to deconvolute their results. that is, to predict
experimental values that would have been observed if the beam had had a
'top hat' fluence profile. The value of any fluence-dependent quantity f
corresponding to the uniform fluence F is :

fp(F) = dlIn f,(F) x f(F) (2.1-4)

d(in F)

where f(F) is the deconvoluted value corresponding to a uniform fluence,
and f(F) is the experimental value of f for a Gaussian beam with nominal

fluence F. as given by the measured enerrgy divided by the nominal cross

: 2
sectional area of the Gaussian beam nr 2.
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2.2 DESCRIPTION OF REACTION CELLS

Experimentation began with an OA cell 1.5cm in length and of volume 12.78
(£0.26)cm>, fitted with a Tandy electret microphone element (¢). An electret
is a piece of permanently charge-polarized dielectric (usually Mylar),
manufactured by cooling the material (from high temperatures) within a
strong electric field. One side is coated with metal to form an electrode, and
a small air gap (~20pm) separates the dielectric from the second electrode.
When the electret is displaced, the capacitance of the device, C, changes and
since the charge, Q, is fixed, the signal, V, changes (C=Q/V): thus. it is
seen that an electret-type microphone is a self-biased electrostatic or
condenser transducer. Since this is a high impedance device. high input
impedance amplifiers (eg. FET amplifiers) are required to avoid losses by

impedance mismatching.

Unfortunately, for the 2,2-dimethyloxetane under scrutiny at that time, the
low absorption (about 1%) was below the detection limit of the
OA-calibrating differential joulemeter system; a more sensitive calibrating
system, capable of measuring only 5pJ of absorbed energy, would not be
developed until much later. Both calibrating systems are described in Section
2.3. A pressure of about 10 torr would have given more suitable absorption
(10%), but at such pressures the OA signal became distorted. Although the
cell was consequently abandoned for an 8cm cell in order to increase the
absorption path, the clarity of the oscillatory substructure was such that the
OA traces appeared to be adequate for calculating the velocity of sound in
the gas, as described in Section 1.4.2. The frequency of the substructure is
required for the calculation, and so care must be taken in choosing a trace
unaffected by distortions. Since the determination of the velocity of sound is
not directly relevant to the rest of the project. all further discussion on this

occurs in Appendix Al. Calculations could not be attempted in this manner
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for other sample gases because they did not exhibit clear resonances (though
the signals were adequate for the required absorption measurements - see
Fig.2.2-%). The oscillations (Fig.1.3-2) should be attributable to radial
resonances of the cylindrical cell (Eq.1.3-3) because the work was carried out
at relatively low pressures so that longitudinal resonances are negligible.
However, the work discussed in Appendix Al leads to the interesting
conclusion that all the identifiable resonances were, in fact, microphone
resonances. This method, for measuring the velocity of sound of a gas, might
only be useable at very high pressures when these microphone resonances are

damped.

Several problems were experienced with the original 8cm cell (Fig.2.2-1),
(volume 350.22 :0.13 crn3 (6)) which was also fitted with an electret
microphone. These problems were namely OA signal saturation and distortion;
reaction of the gas with the cell; and an unreliable microphone sensitivity:

(i) Saturation of the OA signal at low pressure was attributed to a poor
quality FET amplifier (i.e. high noise and low gain bandwidth). A new x10.6
amplifier overcame this problem, allowing measurements to be made on
2,2- dimethyloxetane for pressures of up to 7.5 torr instead of only 0.9 torr.
(ii) Stray capacitance also limited the bandwidth and distorted the signal.
This was corrected by feeding the signal to the Tektronix 5536 oscilloscope
via a x10 probe: the capacitance of the probe was adjusted until a square
wave input pulse could be displayed without distortion.

(iii} Initial decomposition studies on butan-2-ol clearly indicated that
reactions were being induced by the materials of the microphone (or its
housing). Several products were being formed without any irradiation.
including significant quantities of those expected as a consequence of

irradiation. Thus, the potential to gather coincident absorption and

decomposition data was lost.
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(iv) Because of the hygroscopic nature of the NaCl windows. the cell was
stored in a heated optical cupboard. After one such occasion. the microphone
sensitivity was found to be greatly reduced. The change was attributed to
irreversible thermal diffusion of the electric polarisation, stimulated by too

high an ambient temperature.

A second OA cell was designed with various improvements in mind
(Fig.2.2-2):

(i) The previous microphone housing had been rather heavy, making it
cumbersome. The new cell was therefore designed to be lighter, non-reactive
and of a geometry favouring 'ideal’ OA signals.

(i) A demountable housing for the microphone was used allowing for easy
change of the microphone should it be damaged, or have been unsuitable. In
place of the electret device, an electromagnetic, metal diaphragm microphone
(Advanced Acoustics Type 62A - Fig. 2.2-3a) was used, with a manufacturers
specified responsivity of 0.56 mV/Pa, a diaphragm diameter of 1.6cm, and a
flat frequency response from ~1500-3500 Hz. The microphone was modified
by removing the front shield enclosure, aluminium plate and plastic
membranes as in Fig.2.2-3b. This microphone has wider applications such as
military fieldwork in which case the membranes provide a moisture barrier,
protecting the internal mechanism from corrosion and contamination: the
aluminium plate at the front and rear protects these thin membranes. Holes
piercing the housing and plates/membranes allow for pressure equalisation.
The signal was magnified (x100) and displayed on a Tektronix 336
oscilloscope. The metal diaphragm-type microphone was chosen in preference
to the potentially more sensitive electret device and was used in the above
configuration, because other work (a8) indicated that it had better long-term

stability and reproducibility. EMI screening was achieved by wrapping metal

ribbon around the outside of the cell.
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Attempts to optimise the coupling between the acoustic energy produced at
the irradiated volume and the microphone, included specifying a perpendicular
interface between the main body of the cell and the side-arms. Furthemore.
the design included a facility for vertical positioning of the microphone. The
microphone arm of the cell was filled with a PTFE core, which was to act as
an acoustic baffle (hindering reflections from that area), and was threaded to
allow for adjustment: thus the microphone could be fitted flush with the
side of the cell. The PTFE core was pierced along its length in several
places, to assist cell evacuation. Unfortunately, these attempts to preclude
unwanted contributions to the OA signal were flawed because the pyrex cell
was not made to specification: the junction of the microphone arm with the
rest of the cell was very rounded and would cause complicated acoustic
reflections (reference Section 1.3.2 on "Oscillatory Substructure”). The design
would have been further improved (in terms of achieving a clean signal) if
the gas input port was offset from its position opposite the micrrophone.
The resulting signal substructure was too complicated to try speed of sound
calculations using the resonant method of Section 1.4.2, (Fig.2.2-4), but was
still adequate to proceed with absorption measurements. The first peak was
very slight, occuring on a time scale of 15us even when the cell was
evacuated; it was subsequently proved to be a window effect (that reached

the microphone through the cell body) and was ignored.

The depression of the metal diaphragm by the incident pressure pulse
disturbs the uniform radial field of the permanent magnetic which has
circular poles. According to Faraday, an emf is induced in the coil which is
directly proportional to the rate of change magnetic flux linking the coil.
Consequently, the voltage output is dependent on the steel diaphragm
velocity (and hence pressure gradient) rather than displacement as it would

have been for a capacitance-type transducer.
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The removal of the housing and diaphragms from the microphone, and
operation at sub-atmospheric pressure. eliminated built-in damping
mechanisms, so modifying the manufacturers specifications outlined above and
allowing the metal diaphragm to resonate at the pressures used in this work.

The microphone resonances are discussed in Section 2.3.2.

The new 7.6cm long OA cell (Fig.2.2-2) did not induce reactions in the
absence of irradiation in butan-2-ol (or ethanol), so allowing absorption and
decomposition data to be gathered from the same cell fill. It had a volume
of 4.039+0.20cm® and an irradiated volume of 0.06456 cm®. However, reactions
of varying degrees (but all less than originally experienced with butan-2-ol),
were found to occur for other molecules, so the decision was made to cany
out the remainder of the decomposition experiments (which included further
work on butan-2-ol) in a separate 8.0cm long, non-OA cell of cell volume
30.41£0.38 cm® (irradiated volume 0.06796 cm®). The cell was based on the

design of the OA cell, but without the microphone port.

A further non-OA cell was designed to test the effect of NaCl surfaces on
the sample gas. It had been concluded for some gases that condensation was
occurring when the gas was admitted to the cell; particles of condensed
matter ablated from the NaCl window surfaces, may have been an explanation
of the phenomenon observed by Shaw (s) viz. whilst studying ethanol, he
monitored C, hydrocarbon production even from an apparantly evacuated cell.
To exaggerate any surface stimulated effects, the cell was designed to hold
several NaCl windows (Fig.2.2-3), the results of which are discussed in the

decomposition results chapter under ethanol (see Section 4.1.6).
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As a standard procedure, the reaction cell (and vacuum line) was flushed
with nitrogen before each cell fill, and the NaCl windows were replaced

whenever clouding was noticed.

2.21 Cell Alignment

Certain precautions were taken to ensure constant geometrical conditions
from experiment to experiment for reasons explained in Section 1.3. A
permanent pointer marked the axial "centre-of-cell” position. Movement of
the cell was made possible with the installation of a Cajon stainless steel
flexible coupling between the cell and vacuum system. The pointing angle of
the laser is not stable over long periods of time, and it was considerably
simpler to align the cell to the beam than vice versa. The cell was cradled
on a device which permitted both macro and microadjustments in all
directions. The cell was firmly held in position once external metal rings sat
flush with stops on the cradle. A ring fixed with a centralised carbon target,
and of the same diameter as the locating rings on the cell, was moved to
several places on the vacant cradle; adjustment of the cradle, until the laser
beam fell on the centre of the target in each plane, ensured a central

passage of the beam through the cell.

23 OPTOACOUSTIC CELL CALIBRATION
In order to relate the OA voltage signal to the energy absorbed, it was

necessary to calibrate the cell. The procedure has in itself been a subject for

development in this work (34).

Transmission techniques are often used for this purpose and rely on the
difference between two transmitted signals with and without the gaseous
sample present. Since the photochemical experiments were to be carried out

under collision free conditions, low absorption was expected (<0.5 m]), and it
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was felt necessary to calibrate in the range of the lowest detectable
absorption. For such low absorption, the desired signal is the small
difference between two large values, so that high quantitative accuracies in

measured signal intensities are essential.

The most common method uses a differential ratio system (e, 3s, as). Figure
2.3-1 illustrates the set-up, and defines the variables: the variable attenuator
is only relevant to Section 2.3.1. Voltages from joulemeters J; and ],, are
connected through an amplifier to a digital display where there is
simultaneous measurement of the incident and transmitted energies.
Pre-calibration of J; was carried out with a third joulemeter J;» in the
absence of the cell and the second beam splitter. The transmissivity for each

of the cell windows, T was established with a Perkin-Elmer 580B IR

3’
spectrophotometer by testing a freshly purged, then evacuated reaction cell.
This transmission technique is independent of laser shot to shot intensity
variation, Eo, and of beam reflectance, R, beam splitter transmissions, T1,2,
and joulemeter sensitivities, S1,2, all of which would be difficult to measure:
Appendix A2 shows the absorbed energy

Egps = Eip (1 - [(V,/ Ve 7 (V/ V) 1)

abs
The subscripts F and E refer to the situation when the cell is full and empty

respectively.

However, under conditions of low absorption, the small change in V, is
hidden by the total error accumulated from the (noise) uncertainties in each
of the four voltage terms. Calibration at higher values of E,,q was not

acceptable, because there were indications that the OA signal was not a
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linear function of absorbing energy, and therefore subsequent extrapolation to

the lower E_ i region would introduce more serious errors.

2.3.1 The Differential Subtraction Method

A new, more sensitive technique was developed, which allows direct
measurement of as little as 30 pJ absorbed from an incident 50-100mJ TEA
CO, laser pulse (the microphone can detect as little as 5pJ ). This was
aconsiderable improvement over previous results obtained using transmission
methods that required repeated ratioing and averaging (35). Therefore,
calibration over a wider than usual range was now feasible, giving a greater
level of confidence when extrapolating the responsivity to the collision-free
zone. In addition, it gives an immediate visual indication of the absorption
level: In the previous technique, the degree of absorption was only evident
after extensive calculation, and very often, a large amount of accumulated
data was then found to be redundant. The new method was faster, a
calibration procedure typically taking half an hour to complete compared to

several hours for the other method.

The technique is again based on the arrangement of Fig.2.3-1. The key feature
is the use of two closely matched, sensitive. pyroelectric joulemeters. The
nearly identical detectors sample the input and output energy at the gas cell,
and their signals are fed to a high sensitivity differential amplifier (Tektronix
7A22 plug-in module) where they are subtracted, then displayed on a
Tektronix 7904 oscilloscope. With the cell evacuated, a continuously variable
attenuator, T_, (a pellicle polyethylene beam splitter situated at the face of
J; ) is adjusted until the resultant output voltage. SV is (ideally) zero.
Assuming the joulemeters exhibit a linear energy responsivity, this voltage is:

5Vg = E (RyT,S; - T,TSR,S,) (2.3-1)

and the responsivities. Sy ,. have units of V/]. On admitting an absorbing gas
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(of transmission factor T) to the cell , the difference voltage becomes:

8Vg = E,(RT,S, - TT,T2R,S,) (2.3-2)
Readings are taken of the deflection, 3V, caused by the additional absorption,
where:

8V = 8Vp- Ve = T,T2R,S,E_(1 - T) (2.3-3)
A third pyroelectric joulemeter, J5, (Gentec) located behind the final beam
splitter (in a low fluence region), is used to measure the transmitted energy,
Er, and to calibrate the system by providing a relationship between E+ and
the voltage output, V,, from \PE

Vo= R,S,EL/T, (2.3-4)
The expression for the energy absorbed in the gas sample, E, pss is obtained
by combining equations (2.3-1), (2.3-2) and (2.3-4):

Thus, the absorbed energy is easily established by measuring the differential
offset voltage, §V, the transmitted energy, E+, and the corresponding output
voltage, V,, from joulemeter J,; the transmission factors for the beam
splitter, TZ’ and cell window, T3, can be measured straightforwardly using
standard techniques. By using J; to measure the transmitted energy, the
approach avoids the need for precise alignment of the ingoing and outgoing
beam samples on J; and ],, and does not rely on knowledge of the beam

splitter reflectivities.

The pyroelectric joulemeters were fabricated from a poled PZT ceramic
substrate (Vernitron PZT5A) of nominal thickness 0.5 mm, and were used
with the 'as supplied’ metallic face coatings. In order to achieve as near
possible identical sensitivities and time responses. both detectors were cut
into squares of 10 x 10 mm?2 from the same parent substrate. They were

coated simultaneously on one face. by sputtering from a pure carbon rod,
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thus producing a uniform IR absorbing film of roughly 100A thickness. The
elements were mounted onto brass heat-sinks using equal quantities of silver
loaded epoxy. The heat-sinks also formed the earth connection., whilst a fine
wire, soldered to the edge of each front face. served as the output voltage

lead. The voltage responsivity for the finished detectors, was measured as 22

V/] at 10.6 pm.

The individual joulemeter output signals and the differential signal obtained
under balanced conditions are shown in Fig.2.3-2. Despite the precautions
taken, there was a slight difference in the temporal response of the two
detectors. Imperfect cancellation in the time domain, caused the differential
signal to be bipolar at high amplification; hence a perfect balance was not
possible. Instead, the balance condition was set so that;

(i) the zero-crossing occurred at the same time as the joulemeter output
voltage reached its maximum value (roughly 150 ps after the start of the
laser pulse).

(ii) the voltage offset. §V, was measured at the corresponding point to (i).

The lower limit on the measurable absorbed energy (Eq. 2.3-5), was set by
fluctuations in the differential voltage signal. These fluctuations were traced
to shot-to-shot variations in the laser energy, and to noise on the joulemeter
outputs caused by extraneous acoustic and optical sources. The former
probably arise through residual non-linearities in the joulemeter energy
responsivity, or through slight movements of the beams on the joulemeters (a
result of laser 'misfires’). Laser output stability was maximised for calibration
purposes (to approximately +0.4%) , by using a pulse repetition frequency of
1Hz and a gas mixture of L:1:4 (CO,:N,:He). Additional voltage fluctuations
arose from stimulation of the piezoelectric effect by external acoustic

signals. These were minimised by isolating each detector-head within a
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sound-dampening lead-lined foam sandwich (T Mat Engineering Ltd), and by
fitting a NaCl window to each face. The salt flats reduced thermal
perturbations (due to air currents) and airborne acoustic noise. Vibrational
coupling of the vacuum pump through the system, was dampened by inserting
a flexible rubber coupling near the pump. Elimination of some other
extraneous frequencies was carried out during signal processing, for example,
the differential amplifier was set to a bandwidth of 0-3kHz. These
precautions, together with eliminating all unnecessary local acoustic noise
sources and optical radiation sources (eg overhead lighting to which the
detectors were sensitive), reduced the residual differential voltage
fluctuations to approximately 60 yV. The corresponding minimum detectable

absorbed energy was about 30 pJ for a signal-to-noise ratio of unity.

Calibration results for butan-2-ol and ethanol are shown in Figs.2.3-3a and
2.3-3b; the amplitude of the first peak of the microphone signal (ignoring
window effects), which provides a measure of the absorbed energy (Section
1.3), is plotted as a function of Eabs determined from Eq. 2.3-5). CaF,
attenuators, and changes in sample pressure, were used to vary the absorbed
energy and, as can be seen, there is a linear dependence of the microphone

signal on E allowing extrapolation through the origin. The calibration

abs’
factors for the two gases were 0.23 t 0.06 V/m] for butan-2-ol and 0.34 =
0.07 V/m] for ethanol; the values remained unchanged when the calibrations
were repeated several days later. It is of interest to note that over the
limited pressure range studied (0.3torr - 3torr), the calibrations were
independent of pressure: this differs from the behaviour previously reported
by Chin et al. (3s). However, the independence is consistent with the

predictions of simple modelling (presented in Section 1.3.1) of the pressure

pulse generated within the cell, assuming all the absorbed energy leads to
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heating of the gas. This matter is further expanded upon in the following

section.

In summary, the present approach enables calibration to be extended to
considerably lower absorption levels (about 200y] for a signal-to-noise ratio
of six) than is possible with the more usual transmission methods (35). In
the weakly absorbing regime (<200p]), where the differential technique
becomes inaccurate, the microphone signal can be used to determine E. bs

with a minimum detectable absorption in the present case of roughly 5y, set

by noise levels.

An advantage of the differential absorption scheme is that once implemented
it provides a rapid and simple means of measuring the absorbed energy and
gives an immediate visual indication of the absorption level. Finally, in
addition to its usefulness for direct measurements in gas phase svamples, the

technique can be employed for the calibration of various optoacoustic devices.

2.3.2 Validity of Calibration Factor under Experimental Conditions

Optoacoustic calibration was carried out for all the reactants presented in
this research in the 7.6cm long cell which was fitted with the magnetic
microphone. Pressures of the pure reactant were varied between roughly 0.3
and 3torr and the calibrations were all independent of pressure and incident
energy. Consequently, each calibration factor (V/]) was assumed to be valid
for all experimental conditions using the same pure reactant gas. This
calibration factor is also known as the optoacoustic system responsivity, R,,.
In Section 1.3.1, a simple model is used to validate the assumption of
pressure independence, but shows there is a dependence on ¥y (=Cp/Cv) of
gas responsivity (tb the optoacoustic process), Rg (torr/]), and hence also of

the optoacoustic system responsivity, R , (v/]): Roa=RgS where. as described
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below, S is the microphone sensitivity. This dependence on gas mixture will

be discussed further in this section using actual experimental data.

There also follows, a discussion about a model for the microphone
sensitivity, S (V/torr), which initially predicts pressure effects, and also
which considers the effect of changing specific heat ratios (y). However,
using parameters specific to this research it is shown that these effects are

negligible.

Wake and Amer (48) discuss a model proposed by Fraim (46) whereby the
microphone sensitivity S is shown to be dependent on the gas pressure Py,

ratio of specific heats vy, and temperature T, according to:

S(P,Y,T) = 25, /(1 + (Poy Ty /Pay,T)) (2.3-6)

where S_ is the rated sensitivity at atmospheric pressure P, (760torr). Some
values for y are presented in Table 2.3-1. At constant temperature all over a
pressure range of 7.6-0torr of air, it is thus calculated that there should be
¢<1% change in the microphone sensitivity. Furthermore, the same negligible
order of percentage change (i.e. ¢<1%) is found for the same pressure range if
Y is 1.1 (approximate values for most of the alkanols used) The calibration
data obtained in this work (Fig. 2.3-3) support this since, within the
experimental scatter, the optoacoustic system responsivity (V/]J} was shown

to be constant over the range 0.3-3torr (Fig. 2.3-3).

In some instances in this work. the reactant was diluted to a ratio one part

reactant to nine parts diluent, as shown in Table 2.3-1. The specific heat of
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zeta speed of sound

molar mass Cp (calibration | =(gamma.RT/m) Comments

/g.mole(-1) correction Ref.: Appdx. Al
ref (1) /J.mole(-1).K(-1) factor) /m.s(-1)

pentan-1-ol
hexan-1-ol
- Gamma
(3,3DMO) and
Cp estimates
based on results
of Appendix Al
ethanol:CO2 (1:8.96) - See equations
ethanol:cycloC6H14(1:9) 2.3-7 and 2.3-10
propanol:cycloC6H14 (1:9) for m and Cp of
butanol:cycloC6H14 (1:9.63) mixtures
pentanol:cycloC6H14 (1:9.18)
hexanol:CO2 (1:10.14)
hexanol:CO2 (1:4.07)
3,3DMO:cycloC6H14 (1:8.77)

96
96
96
96
1
96
96
Al
1
1
1

Table 2.3-1 Values of: (i) ratio of specific heats; (ii) calibration correction factors; and
(ii1) speed of sound



the mix, Cp, with a fraction y of absorbing gas is

Cp = xcp(absorber) + - X)Cp(duuent) (2.3-7)

therefore in this work, typically

Cp = 110 Cplabsorber) * 120 Cp(diluent) (2.3-8)
Like the reactants, all the diluents were polyatomic, therefore, the ratio of
the specific heats of the diluents will be comparable to those of the
reactants, and vy of the mix should not be too dissimilar to that of the pure
reactant. Take, for example, the experimental case where ethanol (one of the
smallest reactant molecules) was diuted with CO, (one of the smallest
diluent molecules). Using Eq.(2.3-8) the specific heat of the mix is found to
be about 10% larger than of the pure reactant. However, using Eq.(2.3-6) and
substituting first for the pure reactant and then for the mix, it is calculated
that the sensitivity of the microphone (V/torr) is only 0.001% greater for the
mix than for the pure reactant. The ratio of specific heats for the pure
reactants and the mixes are calculated in Table 2.3-1, and in most cases Cp
differs from Cp by only ~1%. In the absence of data on pentan-2-ol and
hexan-2-ol, values of Yy of the primary alkanols were used: very little
difference is expected, if any, between the two values: for example for
propan-1-ol Cp= 87.45 J/mole/K (1) while for propan-2-ol it is 88.62]/mole/K
(96) ..there is even some spread in C, for the same gas, as shown for

butan-2-ol and cyclohexane in Table 2.3-1. Furthermore, ¥ for

3,3-dimethyloxetane was estimated from the results of 2,2-dimethyloxetane

discussed in Appendix Al



As already mentioned. the responsivity of the gas to the optoacoustic process
Rg (torr/J) is dependent on gas mixture. being proportional to (-1 (Eq.
1.3-5b). For a fixed cell volume and the same absorbed energy, the gas

responsivity for a mix will equal the gas responsivity of the pure sample

multiplied by a correction factor [, where from Eq. 1.4-5b:

Rg[mix] Ylmix] - 1

(2.3-9)

Rg[pureJ vipurel - 1

Hence the optoacoustic system responsivity (V/]) Roa™ CRgS where C is unity

for a pure sample. Examples of correction factors are given in Table 2.3-1.

To further enhance Table 2.3-1, the velocity of sound in both the pure gases
and mixtures is tabulated using Eq. A2. The equation requires the molar mass

which, for the mixtures with a fraction y of absorbing gas. is:

Mp = x]'\,Ip(al:nscn'ber) + - x”vip(chll,lent) (2.3-10)

In conclusion, it has been demonstrated theoretically and empirically, that
with the conditions used for this work it is meaningful to apply the
microphone responsivity found at calibration to microphone readings taken at
the lower experimental pressures of pure reactants. However, a correction

factor must be applied for dilute reactants.

24 OPTICAL SET-UP

As mentioned before in Section 2.1.3, some photochemical processes are
strongly dependent on the fluence. Consequently, one requirement was to
design a laser beam delivery system that would minimise the longitudinal

fluence gradient through the reaction cell. For most of the work. the
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arrangement of figure (2.4-1) was used: The two element lens system was of
an inverse Galilean telescope arrangement which produces a collimated beam
of reduced size. Hence there was minimal beam divergence through the cell,
and the fluence was of sufficient strength to cause measurable
decomposition. A further advantage of this type of telescope is it avoids an
intermediate focal point at which the fluence would certainly cause

air-breakdown.

At the highest fluences produced by the system, the NaCl cell windows were
near their damage threshold. It was discovered that their susceptibility to
damage is reduced by following a preconditioning procedure: this involved
gradually exposing the cell to higher fluences by appropriately varying the
CaF, attenuators. This process was carried out immediately prior to sample
gas injection into the cell. The fact that the damage threshold can be
increased in this simple way is not common knowledge, and may be
attributed to one or more of the following mechanisms:

(i) There is localised (mechanical) stress relief caused by the gradual

heating.
(ii)  Ablation of particulate and molecular surface contaminants occurs,

which, if initially exposed at high fluence, would act as damage sites.

A few experiments required fluences that would have caused window damage
despite preconditioning. For these occasions only, a focussed optical system
was employed. By placing the reaction cell and focussing lens back towards
the laser output, the double-lens system was left undisturbed. The lens (Ge)
had an outer diameter of 2.5cm (clear aperture, D, »2cm) a focal length. f.
of 2.5cm, and was placed 6lcm in front of the inverse telescope arrangement
as shown in Fig.2.1-2. At this position the laser beam had a diameter. D. of

approximately 10mm (estimated from a burn mark); by placing the cell
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window flush with the lens, window damage was avoided. yet a high fluence

of several thousand J/cm? was achieved at the focal plane within the cell.

The Gaussian radius (and hence beam diameter) was not established
accurately at the plane of the lens and using an estimate in the fluence
calculation can lead to a high error: fluence is inversely proportional to the
square of the radius, so errors in the radius are doubled in the fluence
calculation. The spot size depends on the proportion of the clear aperture of
the lens to the input beam radius (w) at the 1/e? points of the irradiance.
The diameter at the 1/e? points encompasses 87% of the beam energy, and
since w/ro=1/2, (where r, is the radius at the 1/e points of the irradiance) the
diameter at the 1/e points encircles 63% of the power. This D,/w ratio must
be greater than 7 for 99% of the laser energy to pass through the lens.
However, even though a sharp edged aperture may be cutting off only a
small fraction of the beam energy, diffraction effects can still be produced
(Siegman), and for the Da/w=n criterion diffraction ripples with a peak-peak
intensity variation of *17% still exist in the near field, and a peak intensity
reduction of ~17% on axis in the far field results. To reduce diffraction ripple
effects to 1%, D, ~4.6w. Therefore for this case, only if the input beam had a
Gaussian radius w<4.4mm and the lens spherical aberration was negligible,
would the beam focus to a spot of diffraction limited radius 1.27Xxf/(2D).
Nevertheless, for 4.4mm<w<6.4mm (ie.D,/n) the equation would be an
excellent approximation. However, when ©>>6.4mm the light forms an
Airy-like distribution pattern. and an equation which gives the diameter of
the central bright spot is more appropriate. The central spot contains 84% of

the energy leaving the lens and its radius is given by 1.22)f/D,.

For the experimental conditions under question. w<6.imm and so the

diffraction limited equation may be used: thus, after a typical amount of
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energy transmitted through the lens of 79.6mJ] has been focussed. the
diffraction limited radius. ry, at 1/e points is 15pm. for w of 4mm. which
leads to a fluence value of ~11300]/cm?, while for © of 5mm these radius

and fluence values are 12um and ~17600 J/cma2.

Therefore, despite the estimation, it is clear that the fluence values achieved

in the focal plane were at least a factor of 10° greater than those with the

collimated beam.

2.5 GAS ANALYSIS AND HANDLING

Analysis of both irradiated and unirradiated gas samples was carried out by
gas chromotography. Over the course of the work two chromatographs were
used; a Pye Unicam 104 (Pye) and a Carlo Erba 4200 (Carlo). Where possible
they were used together; the Pye for resolving C,-C, products, and the Carlo
the heavier hydrocarbons. Various columns and flow rates were used for the
Pye and are described for each applicable reactant section of Chapter 4. Gas
pressures were maintained at 151b/in® for each of the columns used in the
Carlo: carrier rates of 50cc/min were used with the Chromosorb 101 (80- 100
mesh) and the Poropak QS columns, and 2cc/min for the capillary column.
For the Pye, optimum baseline conditions were maintained only by regularly
baking the oven at roughly 200°C (to remove material which collected on the
detectors) and by equally regular conditioning of the columns. Calibration of

both instruments was performed regularly.

Two vacuum systems were available for gas handling, both of which
contained rotary and diffusion pumps. The system associated with the GLC
was the larger offering facilities for preparing and storing mixtures. Samples
were taken from this line to calibrate the Pye and Carlo chromatographs, and

to fill stock bulbs. Pressures were monitored with an MKS Baratron PDR-A
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(0.01 - 100torr) pressure tranducer. The other system permitted on—site
fillling of the reaction cell for the laser absorption and decomposition
experiments. Pre-experiment N, purging of the reaction cell and vacuum line
was also performed at this station. The pressure transducer was an MKS
Baratron PDR-C-1B (0.001 - 10torr) which had to be screened to protect it
from extensive electromagnetic interference from neighbouring lasers. Leak
testing of the vacuum system and reaction cell was carried out with an

Edwards type LT104 helium detector.

2.6 MATERIALS
The general practice was to distil new liquid samples, using the middle
fraction for experimentation. All gas samples were checked for purity by gas

chromatography, and if necessary further distillation was performed.

3,3- Dimethyloxetane was made within the Chemistry Department of the
University of Hull and purified to 98% by preparative gas-liquid
chromatography on a Pye 104: A 25m BP1 OV101 capillary column was kept at
30° C under 0.5 bar pressure and with a N, carrier flow of 40 ml/min.
Hexan-2-ol was supplied by Koch-Light Laboratories and hex-l1-ene from
Fluka AG.CPURUM'). Both samples were already distilled to >98% purity.
AnalaR butan-2-ol was obtained from BDH chemicals. Its purity was better
than 99%. Matheson gases supplied but-l-ene, trans but-2-ene and cis
but-2-ene. t-Butanol and iso-butene had been obtained by Shaw (s}, while Dr.
P. Francis of the Chemistry Department (University of Hull) supplied distilled

ethanol.

2.6.1 Reactant Diluents

Interest in the effects of adding a diluent, were stimulated by results

obtained by Shaw (s) for 2.2-dimethyloxetane which showed that the extent

_61..




of decomposition may be greatly reduced by the addition of an inert gas. The
behaviour was attributed to the suppression of thermal reaction occurring
after the initial laser-induced decomposition. The addition of a diluent to a
pure reactant can reveal other important information about the
photochemistry. For example a diluent which is a radical scavenger (eg. O,)
will quite clearly suppress the products which derive from reaction paths
that involve bond fission and thus will aid in the identification of the
reaction mechanism. Although not carried out in this work. reference is made
to the results of other researchers that have used this method. The role of

collisions is discussed in Section 1.2.

In choosing a diluent for the experiments described in this thesis. the aim
was to make inter-molecular vibrational-vibrational energy transfer efficient,
thus hindering (or even preventing) thermal reactions particularly in the
instance of the post-pulse, or post—first—collision phase of a 'collision—free’
experiment. This function is best performed by large molecules; cyclohexane
and n-hexane were always considered (although n-hexane was never actually
selected as a diluent). It is obviously important that the diluent experiences
negligible absorption during irradiation, otherwise it too may undergo
decomposition. For some reactant molecules, the excitation wavelength was
also absorbed by both cyclohexane and n-hexane, as shown by OA tests. In
this case CO, was used as the diluent. In all other cases, cyclohexane was
found to be the most satisfactory diluent. The hexanes were both of
'spectrocopic’ quality, and were further purified by distillation. The majority
of the 'dilute' experiments were for 'collision-free’ conditions viz. a total
pressure of 30mtorr, provided by partial pressures of 5 and 43mtorr
respectively of reactant and diluent. A few select data were taken for larger
partial pressures of diluent to increase the total pressure into the region

where collisions are important. but the emphasis was always intended to be
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on the effect of diluent in a 'collision-free' environment. To make the stock
bulb mixture, the diluents were added to the reactants by slow seepage.
Most of the dilute work is presented in the decomposition results chapter

(Ch. 4). There is also some discussion in Ch. 3 (eg. under hexanol).

2.7 DATA ANALYSIS

A complex Fortran program was developed to aid in the analysis of both
absorption and decomposition data. Graphical or tabulated output was
available. The following points summarise the program's content and

capabilities.

1/ The program was run on the ICL 2900 mainframe computer and accessed
graphical and curve fitting library programs.

2/ The program was menu driven.

3/ The input datafile contained raw yield and/or absorption data, room
temperature, irradiated volume, the number of pulses, sample pressure, cell
input energy, and a header summarising the experimental conditions. Yield
data was given as the peak height of the chromatograph trace. and the
calibration factor.

4/ Graphical output of the data, with or without deconvolution. could be

selected from the following menu options:

Yield Vs Fluence
Absorbed Energy Vs Fluence
Yield vs Pressure

Absorption Cross-Section vs Fluence
Absorption Cross-Section vs Pressure

Yield vs  Absorbed Energy
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Polynomial curve fitting and analysis of the fit was possible. This was
particularly important for the deconvolution procedure.

5/ Tabulated output included some of the input data plus the calculated
fluence, absorbed energy per mole, absorption cross-section, total fractional
decompostion, total fractional decomposition per pulse and the yield

(fractional decomposition per pulse in the irradiated volume).
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3. — ABSORPTION RESULTS

Absorption of laser radiation of frequency v by a molecule is defined in

terms of the Beer-Lambert Law:

log (E;/E4) = o n'l (3.0-1)

where ¢ is defined as the absorption cross-section (cm2?/molec): E, isthe
incident energy; E, is the transmitted energy (E; -E_j,.); E,ps is the
absorbed energy; n' is the number of molecules per unit volume; and | is the
path length. Use of this equation requires calibration of the optoacoustic cell
for the compound under study. The procedure for calibration has been

discussed in Chapter 2.

Absorption can also be expressed in terms of the average number of

absorbed photons per molecule, <n>.

E ps= <n>xhVc (3.0-2)
where x = number of molecules within the irradiated volume

h = Planck’'s constant

Y = wavenumber of laser transition (cm™!)

c = speed of light

Consideration of the behaviour of ¢ and <n> over various experimental

conditions is an extension to Shaw's work (s) on ethanol. t-butanol, oxetane,

2-methyloxetane and 2,2-dimethyloxetane.

Measurements of o and <n> are reported in this chapter for a variety of
r

experimental conditions (in particular as functions of pressure and laser

fluence) on all the reactants which were studied for their decompostion

behaviour viz. ethanol, propan-2-ol, butan-2-ol, pentan-2-ol, pentan-3-ol,
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hexan-2-ol, and 3,3-dimethyloxetane. For completeness, methanol was also
included in this absorption analysis, although it was not used for the
decomposition measurements. There is a section devoted to each of these
molecules in this chapter; data is always graphically presented in the order o
vs F, <n> vs F, 6 vs P then <n> vs P. Despite the pressure range, all the
absorption cross-section data are plotted with a linear pressure scale in
order to discourage misinterpretation of the degree of fall-off that is shown
to exist. Exploded views of the lowest pressures are provided. It has been
noted that the shape of the curves of <n> versus pressure look like those of
¢ versus pressure and since the fall-off rate is already clarified in the
cross-section curves, the former are plotted with a logarithimic x-axis.
Futhermore, it must be noted that all the data are presented in
undeconvoluted form, while the deconvolution factors are tabulated in Section
3.9. Within each section is a summary of the main observations made for that
molecule, and comparisons are made of the laser absorption cross-section
with the small signal (i.e. low fluence), broadband value (o, _.4band’
established from data taken with an IR spectrometer. The final section of
this chapter 3.10 is a general discussion in which the results are evaluated
and compared with those of other workers, especially with the results of

Shaw (6).

The "most probable" fractional errors for the values of fluence, average
number of absorbed photons, and absorption cross-section are as follows:

AF A<n> Ao
— = £36% = +36% = +20%
F <> o

while the error in the pressure readings is t1mtorr. The F and <n> errors are
largely governed by the error in the calculated radius of the irradiating beam,
which was determined in Section 2.1.3 to be $18%. The fractional errors

quoted above have been established in the same manner as that used in

Section 2.1.3. For those graphs plotted for constant fluence (and in some




i

instances constant pressure), the fluence uncertainty quoted in the text is
indicative of the stability of the fluence over the length of the test: this
value tends to be worse for absorption data gathered during decomposition

work because of the extended experimental time.

It was initially intended to gather absorption data during the same laser runs
that were used for analysis of decomposition products. However, as was
explained in Section 2.2 on reaction cells, the optoacoustic cell caused some
of the reactants to decompose within the cell without any obvious stimulant
being applied. Time consuming tests showed that butan-2-ol and ethanol
were not affected in this manner, and so decomposition and absorption data
were gathered, for these reactants, from the same run. All other absorption

work was carried out separately from the decompostion work.

Clearly, the laser wavelengths chosen for absorption measurements were ones
used, or intended for use in the decomposition work. In a couple of
instances, more than one laser line was used, and the absorption data reflects
this (eg. ethanol and 3,3-dimethyloxetane). In addition, it was at these laser
wavelengths, that the broadband, low intensity, absorption cross-section
(6proadband) for each reactant was determined: a Perkin Elmer S580B IR
Spectrometer was used in order to obtain the broadband IR spectrum of a

relatively high pressure sample of each reactant.

Another aspect of the reéearch. was to look for the effects of pulse type
(see Section 2.1) on decomposition and absorption. The behaviour of the
absorption cross-section of 3,3-dimethyloxetane was observed in detail, using

multimode and singlemode pulses, as first the fluence and then the reactant

pressure was varied.
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METHANOL

The small signal (broadband) absorption cross-section of methanol was

evaluated from an IR spectrum, at the R,;,(10um) wavelength (983.3cm™1):

Oproadband Was found to be 5.12x10729cm?2/molecule. The optoacoustic cell

was used to monitor the change in absorption cross-section with fluence at

0.982torr and 8.09torr (Fig.3.1-1), and with pressure at a fluence of

7.56% 0.01 J/cm? (Fig.3.1-3). The variation in the average number of absorbed

photons per molecule with fluence is shown in Fig.3.1-2, while the variation

with pressure is shown in Fig.3.1-4.

(i)

(ii)

(idi) -

(iv)

(v)

(vi)

Within the range of the data taken, the main observations are:

There is no sharp contrast between the behaviour of ¢ with pressure
at high and low pressures.

0 falls off continuously towards zero with decreasing pressure
(Fig. 3.1-3).

At all pressures studied (i.e. <8torr), the ¢ values are less than the
broadband absorption cross-section.

There is little variation of ¢ with fluence above 1.3]J/cm?, there being a
very slight decrease with increasing fluence for both pressures.

For 8.09torr, with decreasing fluence below 1.5)J/cm?, there is a sharp
rise (of rapidly increasing gradient) of ¢ towards the broadband value.
Multiple-photon absorption is apparent for conditions of high pressure
and high fluence. Since average n values are plotted i.e.<n>, some
multiphoton absorption occurs even when <n><1 at the lower pressures
and fluences; indeed it is believed that only a low fraction of the

molecules absorb, therefore multiphoton absorption must occur for

#

many which do.
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Fig. 3.1-1 Methanol: Variation of absorption cross-section with fluence,
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3.2 ETHANOL

The small signal, broadband absorption cross-section, Oproadbang: ©f ethanoi
at a wavelength given by the Pla(9um) laser transition (1048.66cm™) s
23.0x10"2%cm?/molecule, and at the R,o(9um) transition (1078.59cm™) it is
23.3x10"2%cm?/molecule. These wavelengths were chosen in view of the
previous work on ethanol (6,75) and correspond to the P and R branches
respectively of a methyl rocking mode absorption band (78). The optoacoustic
cell was used to monitor the change in absorption cross-section with fluence
at these wavelengths at a nominal pressure of 50mtorr, and the results are
shown in Fig.3.2-1. The data was taken using both multimode and singlemode
pulse types and the comparison is also given in Fig.3.2-1. The variation of
absorption cross-section with pressure is shown in Fig.3.2-3 for high
(8.6t0.1J/cm?) and low (3.820.1J/cm?) fluences of R,,(9um) irradiation. The

variation with fluence of the average number of absorbed photons is shown

in Fig.3.2-2, while the variation with pressure is given by Fig.3.2-4.

Ethanol was the first gas to be analysed for its absorption qualities, and
some time was spent in determining the best experimental technique. To
begin with, the absorption data was collected during a decomposition run.
Each run typically lasted 10 to 25 minutes, and absorption data was gathered
at least at the start and at the end of each run. It was discovered that the
OA signal increased over the length of an experiment, but that the increase
was not noticeable over a five minute run. There was however, no correlation
between the amount of product produced with the percentage increase in the
OA signal, so the signal change could not be attributed to the increase in
the product quantity. Neither could the change be attributed to an increase in
laser energy, ;ince the data showed that to be slightly decreasing over the

run—time. It was subsequently decided to use oniy the value attained at the

start of any experiment. Furthermore, much of the absorption data presented
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Fig. 3.2-2 Ethanol: Comparison of the effect of multimode and
singlemode pulses on the variation with pressure of the average
number of absorbed photons per molecule, at two wavelengths
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here was accumulated during 'absorption only’ experiments. The time lapse
between the first and last data point was minimised, as was the potential for
error in maintaining a constant cell pressure over the entire duration. These
specifications were achieved by using one single cell-fill, and proceeding with
the predetermined sequence of fluence/pulse-type change and data aquisition
as rapidly as possible. Irradiation of the gas was only permitted with the
pulses selected for OA measurement (three for each experimental condition),
and the highest fluences were preserved until last. In this way, trend
aberrations caused by decomposition-induced pressure changes were also
minmal. The first set of data, and part of the fourth, described in the graph
legends of Figs. 3.2-1 and 3.2-2 were taken during a ’'decomposition’ run,
while the others were of the type just decribed. The scatter shown by the
first set (i.e. P,,(9um) multimode) was typical of data taken in that manner.
The R2°(9um) decomposition run data however, showed much reduced scatter
and has been incorporated into the equivalent set taken during the

'absorption only' run.

In this instance the 'absorption only' procedure was primarily applied to study
the effect of pulse-type. The gas sample was changed between conditions of
different wavelengths. There is an indication that at both wavelengths, the
singlemode pulse-type shows a drop in absorption cross-section of roughly
20% of the multimode value, and consequently a drop in the average number

of absorbed photons per molecule.

Regardless of whether the first or second set of P, data is used for a
wavelength comparison of multimode pulses, the conclusion is that for both
pulse-types, ﬁhe absorption cross-section and average number of absorbed

photons per molecule are smaller for the R, (9um) than for the P ,(9um)

laser transition. The drop is about 20% for both singlemode and multimode
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pulses. This effect is despite the fact that the broadband cross-sections for
both lines are similar and it may well be indicative of a shift to longer
wavelengths of the absorption features. Fig. 3.2-5 illustrates that a moderate
red-shift will bring the peak of the P-branch of the methyl rocking mode
closer to the P 4(9um) wavelength, while at the same time moving the peak
of the R-branch further off that of the R,,(9um) transition. Such shifts have
been observed for SF, and OsO, (s3), and alkanol and oxetane molecules (s).
It was observed that the shifts were also accompanied by a broadening of
the spectrum. The red shift can be explained in terms of vibrational
anharmonicity; with increasing fluence, multiphoton absorption is more
effective and higher vibrational levels are reached. Because of anharmonicity,
whereby the vibrational levels become more closely spaced, each contribution
of a new vibrational transition is shifted towards longer wavelengths.
However, the observed trend of ¢ with fluence (see notes (iv) and (v) below)
might be considered incompatible with the occurence of red-shifting which
causes the irradiation to sample larger and larger absorptive regions of the
spectrum ...an increase in ¢ with fluence could be expected in such instances,

as the red-shifting becomes more and more prominent.

The remaining main observations are:

(i) Above and below 1.0 torr, there is a contrast in the dependence of o on
pressure: Above 1 torr ¢ is virtually independent of pressure (Fig.3.2-3).

(ii) There is a fall off of o with decreasing pressure below 1 torr
(Fig.3.2-3).

(iii) The value of ¢ is less than the broadband cross-section for all
pressures (Fig.3.2-3), and there is no marked dependence on fluence

(Fig. 3.2-1 and -3) at any of the pressures measured. A consequent

increase of <n> with fluence is noted for pressures of S0mtorr
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(Fig.3.2-2) and for the measured pressures greater than 0.1 torr (Fig.
3.2-4).

(iv)  There is very little variation of o with fluence above 4J/cm? for a
nominal pressure of 50 mtorr (Fig.3.2-1).

(v) 0 at zero fluence (broadband value) is much larger than ¢ at the
lowest fluence measured (Fig.3.2-1).

(vi) Muiltiple-photon absorption is achieved fairly readily for both

pulse-types and at both wavelengths.

3.3 PROPAN-2-OL

The small signal, broadband spectrum of propan-2-ol at the wavelength of
R, ,(9um) (1074.6cm™) gives a value of 12.5x1072%cm2/molecule for the
absorption cross-section, G, .. .. The optoacoustic cell was used to
monitor the change in absorption cross-section with fluence at 51.5mtorr and
1.009torr (Fig.3.3-1), and with pressure at a fluence of 9.2¢0.1J/cm?
(Fig.3.3-3(a) & (b)). The variation of the average number of absorbed photons
per molecule with fluence is shown in Fig.3.3-2, while the variation with

pressure is shown in Fig.3.3-4.

The main observations are:

) Above and below 0.8torr there is a contrast in the dependence of ¢ on
pressure: Above 0.8torr o is virtually independent of pressure
(Fig. 3.3-3(a)).

(id) There is a rapid fall off of ¢ with decreasing pressure below O.2torr
and a more gradual fall off between 0.8torr and 0.2torr (Fig.3.3-3(b)).

(iii) The vaiue of o is less than the broadband cross-section for all

pressures.
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Fig. 3.3-3(a) Propan-2-ol: Variation with pressure of the absorption
cross-section, at a fluence of 9.2 J.cm(-2) on R14 (9 nm)
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Fig. 3.3-3(b) Propan-2-ol: Variation with pressure of the absorption
cross-section, at a fluence of 9.2 J.cm(-2) on R14 (9 pm): P<1 torr
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(iv)  There is very little variation of o with fluence above 6)J/cm? for a

pressure of 1.009torr, and also above 2)J/cm? for a pressure of
51.5 mtorr.

(v) For the 1.009torr data there is a marked upward trend of o with
decreasing fluence. 0 at zero fluence (broadband value) is larger than o
at the lowest fluence measured (Fig.3.3-1).

(vi) Multiple-photon absorption is achieved fairly readily.

3.4 BUTAN-2-OL

The small signal (broadband) absorption cross-section, Oproadband: Was
evaluated from an IR spectrum at the irradiating wavelength of R,,(10 um)
(978.47cm™!) and found to be 7.88x102° cmZ2/molecule. The optoacoustic cell
was used to monitor the change in absorption cross section with fluence at
pressures of 33mtorr, S5Smtorr, and 1.008torr (Fig.3.4-1), and with pressure at
three different fluences (Fig.3.4-3). The variation with fluence of the average

number of absorbed photons per molecule is shown in Fig.3.4-2, while

Fig.3.4-4 shows its dependence on pressure.

The three fluences used for the data of Figs.3.4-3(a-c}] and 3.4-4 are
9.5920.15J/cm?, 10.56¢0.14J/cm? and 2.25¢0.01]J/cm?. Apart from allowing an
obvious high/low fluence comparison to be made, this data also shows that
results are largely reproducible within the experimental scatter: Compare the

graphical points which represent the two separate runs of near identical

fluence.

The main observations are:

3

(i) Above and below O.1torr, there is a sharp contrast in the dependence

of ¢ on pressure (Fig.3.4-3(b)): The dependence is far greater below
0.1torr.
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Fig. 3.4-1 Butan-2-ol: Variation of absorption cross-section with fluence
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Fig. 3.4-2 Butan-2-ol: Variation with fluence of the average number of
absorbed photons per molecule at R24 (10 nm) and at high and low
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Fig. 3.4-3(a) Butan-2-ol: Variation of absorption cross-section with

pressure at R24 (10 nym) and at high and low fluences
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Fig. 3.4-3(b) Butan-2-ol: Variation of absorption cross-section with
pressure at R24 (10 nm) and at high and low fluences; P<0.8 torr
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(if) There is a rapid fall off below 0.1torr of ¢ with decreasing pressure.

(iii) The ¢ values of the more gently varying (higher pressure) section.
are greater than that of the broadband absorption cross section.

(iv) There is very little variation of o with fluence for the observed
pressures of SO0mtorr and 1torr; there is a slight fall off with
increasing fluence which is less noticeable for pressures of 50 mtorr
(Fig.3.4-1).

v) 0 at zero fluence (broadband value) is smaller than o at the lowest
fluence measured for a pressure of 1.008 tom, but larger than that for
the 53mtorr data, and approximately the same as that measured for
the 33 mtorr data (Fig.3.4-1).

(vi) Multiple-photon absorption is readily achievable, even at collision-free
conditions. Results however, appear particularly sensitive to pressure in
the collision free regime (Figs.3.4-2 and -4). At high pressures, <n> is
independent of pressure, and a four fold increase in fluence is seen to

cause the same increase in <n> (Fig.3.4-4).

3.5 PENTAN-2-OL

The small signal, broadband absorption cross-section, Op __ ... ., of
pentan-2-ol at the wavelength of R, (9um) (1082.296 cm™) is
5.83x10"2°%cm2/molecule. The optoacoustic cell was used to monitor the
change in o with fluence at 50 mtorr (Fig.3.5-1) and with pressure at a fluence

of 6.65£0.05)/cm? (Fig.3.5-3 (a-b)). The variation of the average number of
absorbed photons per molecule with fluence is given in Fig.3.5-2, while
Fig.3.5-4 shows its dependence on pressure. The data in Figs.3.5-1 and 3.5-2
include those from two separate sets of experiments.

I

The main observations are:

(@ There is a contrast between the behaviour of ¢ versus pressure at high

and low pressures (Fig.3.5-3(a)):
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Fig. 3.5-1 Pentan-2-ol: Variation of absorption cross-section with
fluence at R26 (9 nm) and a pressure of 50 mtorr
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(i)  There is a fall off of & with decreasing pressure below 0.3torr
(Fig.3.5-3(b)).

(iii) The value of ¢ over the more gently varying (higher pressure) section,
is greater than that of the broadband absorption cross-section.

(i) There is no clear variation of 6 with fluence.

(v) It is possible, that within the experimental scatter, there is a very
small and gradual upward trend of ¢ with decreasing fluence over the
entire fluence range (Fig.3.5-1). 0 at zero fluence (broadband value) lies
within the range of the experimental data.

(vi) Multiple-photon absorption is readily achievable even at collision-free

pressures and at the lowest laser fluence.

3.6 PENTAN-3-OL

The small signal, broadband absorption cross-section, 0 at the

broadband’®
wavelength of R,, (10pm) (971.931cm™) is 16.9x1072° cm2/molecule. Under
laser irradiation at the same wavelength, the variation of o with fluence at
49mtorr and 0.995torr, and with pressure at 11.18:0.02]/cm? is as shown in
Figs.3.6-1 and 3.6-3(a-b). The variation of the average number of absorbed

photons with fluence is shown in Fig.3.6-2, while the variation with pressure

is given by Fig.3.6-4.

The main observations are:

(i) Above and below 0.5torr, there is a contrast in the dependence of ¢ on
pressure: Above 0.5torr, ¢ is virtually independent of pressure
(Fig. 3.6-3(a)).

(ii) There is a rapid fall off of o with decreasing pressure below 0.1torr,

Figs.3.6-3(a) and (b).

(il The value of o is less than the broadband cross-section for all

pressures.
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Fig. 3.6-1 Pentan-3-ol: Variation of absorption cross-section with

fluence at R14 (10 ym) and high and low pressures
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Fig. 3.6-3(a) Pentan-3-ol: Variation of absorption cross-section with
pressure at R14 (10 pm) and a fluence of 11.18 J.cm(-2)
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(ivy  There is a similar variation of o with fluence for both the high and
low pressures over the entire fluence range (Figs. 3.6-1).

(v) For both 49mtorr and 0.995torr there is a marked upward trend of o
with decreasing fluence towards the broadband value; the broadband
value is only slightly greater than ¢ measured at the lowest fluence of
the 0.995Storr data (Fig.3.6-1). The rise below 6J/cm? is more rapid
than at higher fluences, though the entire upward trend is particularly
smooth and gradual for both pressures.

(vl Multiple-photon absorption is readily achievable. There is no apparent
difference between the trend of <n> with fluence at 49mtorr compared

to that at 0.995torr.

3.7 HEXAN-2-OL

The small signal, broadband absorption cross-section, 0§ at the

broadband’
wavelength of P,,(9um) (1046.85cm™) is 4.76x1072° cm?/molecule. Under
laser irradiation at the same wavelength, the variation of ¢ with fluence (at
nominal pressures of 5SO0mtorr and 1torr) and with pressure (at a fluence of
9.0£0.25J/cm?) is shown in Figs.3.7-1 and 3.7-3. The variation with fluence

of the average number of absorbed photons per molecule is shown in

Fig. 3.7-2, while Fig.3.7-4 shows the variation of <n> with pressure.

The main observations are:

(D) Above and below 0.2torr, there is a contrast in the dependence of o
on pressure: Above 0.2torr, ¢ is approximately independent of pressure.

(id) There is a rapid fall off of ¢ with decreasing pressure below O.1torr.

(iii) The value of o for pressures over O.ltorr is greater than that of the

broadband absorption cross-section.

(iv)  For both pressures studied. there is a fall off of o with increasing
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Fig. 3.7-1 Hexan-2-ol: Variation of absorption cross-section with
fluence at P20 (9 pm)

obroadband = 4.76 x 10(-20) cm(2).molec(-1)

0.0

4.0 5.0 6.0
Fluence / J.cm(-2)

— " ®=" 50 mtorr

—{— 1.00 torr




<n> / photons.molec(-1)

Fig. 3.7-2 Hexan-2-ol: Variation of the average number of absorbed
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Fig. 3.7-3 Hexan-2-ol: Variation of absorption cross-section with
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fluence; oy, qnang is comparable to the high fluence values at

S0 mtorr pressure.

(v) Multiple-photon absorption is readily achievable even at jow fluence,

collision-free condition.

The drop in ¢ at low pressures is rapid, but small compared to the smaller
molecules, falling by roughly 58% of the high pressure value over the range
O.1torr to 25mtorr. Apart from this small drop, it can be said that the
absorption cross-section is independent of pressure and this may indicate an
absence of rotational hole-burning, but only if the low pressure drop is an
aberration of the experimental set-up; in Section 3.11 it is explained that the
drop is caused by the set-up, specifically that vibrational energy relaxation is
unlikely to be complete by the time the excited molecule reaches the
microphone. It is very likely that for such a large polyatomic molecule as
hexanol, the quasi-continuum starts at such a low vibrational level that

rotational hole-burning does not develop.

A further experiment was proposed in order to help determine whether
hexan-2-ol exhibits rotational hole-burning. Since for the smaller molecules
it has been observed that increasing pressure (hence increasing collision
frequency) causes an increase in o, it was hoped that hole-burning effects
would be highlighted by adding varying amounts of diluent to a constant
pressure of hexanol. For this work with hexanol two different dilution ratios
were used (1/10.14 and 1)4.07) and, together with a pure sample, their
cross-sections were measured at three different fluences, each cell-fill
containing the same amount of hexanol (0.2torr). Both n-hexane and

cyclohexane were found to absorb on P,,(9 um), therefore CO, was chosen

as the diluent. Calibration correction factors were applied to the dilute data

as determined in Ch.2.
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The results (Fig.3.7-5) show that as the amount of diluent increases. the
dependence of absorption cross-section on fluence decreases. The dependence
is such that for the cases of no or low dilution, o decreases as the fluence

increases; this dependence on fluence is consistent with the results of

Fig.3.7-1.

In addition, Fig.3.7-5 shows a roughly 40% reduction in 6 for both a four
fold and ten fold dilution. This drop in ¢ as the collision frequency is

increased is not easily explained, though it is not indicative of rotational

hole-burning.

38 3,3-DIMETHYLOXETANE

The small signal, broadband absorption cross-section, 0§ of

broadband’
3,3-dimethyloxetane at the wavelength of R,,(10um) (978.47cm™!) s
15.7x1072%cm?/molecule, ~ while at P, (10pm)  (9405cm™) it s
5.51x10"2%cm2/molecule. The optoacoustic cell was used to monitor the
change in absorption cross-section with fluence at Simtorr (Fig.3.8-1), and
with pressure at a fluence of 11.0£0.3J/cm? (Fig.3.8-3(a) & (b)), for P,,(10pm).
Similar measurements were made at R24(10um), for ¢ versus fluence at
S0mtorr and 1.048torr, and for o versus pressure at 9.65:0.03 J/cm?
(Figs.3.8-1 and 3.8-3 respectively). The variation with fluence of the average

number of absorbed photons is given in Fig.3.8-2, while Fig.3.8-4 shows its

variation with pressure.

The main observations from this set of data for the effect of

irradiating wavelength are:

(D) Above and below about 1torr, there is a contrast in the dependence of
o on pressure (Fig.3.8-3): For R,, this value is 1.15torr, above which, o

is virtually independent of pressure. For P,, the change occurs at
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Fig. 3.7-5 Hexan-2-ol: Variation of absorption cross-section with
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Fig. 3.8-2 3,3-dimethyloxetane: Variation with fluence of the average
number of absorbed photons per molecule at different wavelengths
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Fig. 3.8-3(a) 3,3-dimethyloxetane: Variation with pressure of the
absorption cross-section at a fluence of 11.0 (+/- 0.3) J.cm(-2) on
P24 (10 pm), and 9.65 (+/- 0.03) J.cm(-2) on R24 (10 pm)
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Fig.3.8-4 3,3-dimethyloxetane: Variation with pressure of the average
number of absorbed photons per molecule at high fluence and at two
different wavelengths
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(i)

(iid)

(iv)

(v)

(vi)

0.7torr, above which there is only a small dependence on pressure
(increasing very slightly with pressure).

For R,,, there is a rapid fall off of ¢ with decreasing pressure below
0.15torr, and a more gradual fall off between 1.15torr and 0.15torr
(Fig.3.8-3). Similarly for P,,, the rapid fall off occurs below 0.itorr,
whilst the more gradual fall off is between 0.7torr and O.itorr
(Fig.3.8-3).

The value of ¢ is less than the broadband cross-section forall
pressures, and for both lines (Fig.3.8-3).

There is very little variation of o with fluence above 0.5]/cm?® for a
pressure of 1.048torr, and above 2J/cm? for a pressure of Simtorr
using the R,, radiation; both sets of data show a slight decrease with
fluence (Fig.3.8-1). However, on P,,, the data collected at Simtorr
shows no variation with fluence; the data is for fluences greater than

3J/cm?2.

. For all fluences and both irradiating wavelengths, the broadband

cross-section is greater than the measured cross-sections for pressures
of SOmtorr and 1.048 torr (Fig.3.8-1).
Multiple-photon absorption is readily achievable. At SO0mtorr pressure,

<n> is greater for R,,(10um) radiation than for P,, (10pm) (Fig.3.8-2).

Some of the above experiments were repeated at a much later date, when the

effect of pulse type on absorption cross-section was studied in detail.

R24(10um) was the chosen wavelength, and the optoacoustic signal was

monitored as the pulse type was switched in turn between one of a

longitudinal multimode, M, to one of a longitudinal singlemode. S, (eg.

#

S,M,M,S,S,M,M, etc). For each new pair of pulses, either the fluence was

altered, or the reactant pressure was changed, depending on which trend was

under observation at that particular time. Singlemode/multimode operation is
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described in Section 2.1. A CO,:Ny:He (10:20:70) premix pressure of 7.5torr
was used in the low pressure gain section of the laser during singlemode

operation, and the tube was evacuated for muitimode operation.

A comparison of the effect of pulse type on the variation of absorption
cross-section with fluence is given in Fig.3.8-5. Results are taken at the
nominal pressures of S50mtorr and 1torr. The associated variation of the

average number of absorbed photons with fluence is given in Fig.3.8-6.

The singlemode/multimode comparison for ¢ versus pressure, at an average
incident fluence of 10.0:0.4 J/cm?, is made in Fig.3.8-7. An exploded view of
the data within the range 0 to 1torr is presented in Fig.3.8-7(b). The variation
with pressure of the average number of absorbed photons per molecule is
given in Fig.3.8-8. It is immediately apparent, that the cross-sectional values
in Fig.3.8-7 are not consistent with those taken earlier and illustrated in
Fig.3.8-3: For this new set of data, the cross-section at higher pressures are
comparable to the broadband absorption cross-section. Since good procedural
reproducibility has been proven in the work on butan-2-ol and pentan-2-ol,
this discrepancy is not explicable. Whilst there is now some uncertainty
about the absolute values of o (for 3,3-dimethyloxetane at R,,(10uml), there
is no need to doubt the value of the difference in ¢ between the two types
of pulses. Furthermore, the main conclusions on the trend of the absorption

cross-section are still valid.

The main observations concerning the effect of pulse type are:

() As both pressure and fluence are varied, the values of o are comparable

2

(ie. within a ratio of Omultimode’ Csinglemode of 1:0.83 and 1:1.07)

(Fig. 3.8-5).
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Fig. 3.8-5 3,3-dimethyloxetane: Comparison of the effect of multimode
and singlemode pulses on the variation with fluence of absorption
. cross-section at two different reactant pressures using R24 (10 pm)
radiation
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Fig. 3.8-6 3,3-dimethyloxetane: Variation with fluence of the average
number of absorbed photons per molecule at R24 (10 ym). Comparison
. of the effect of multimode and singlemode pulses at two different
reactant pressures
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Fig. 3.8-7(a) 3,3-dimethyloxetane: Variation with pressure of the
absorption cross-section at a fluence of 10.0 (+/- 0.4) J.cm(-2) on
. R24 (10 ym). Comparison of the effect of multimode and singlemode
pulses
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Fig. 3.8-7(b) 3,3-dimethyloxetane: Variation with pressure of the
absorption cross-section at a fluence of 10.0 (+/- 0.4) J.cm(-2) on
R24 (10 pym). Comparison of the effect of multimode and singlemode
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(ii) At any fluence at low pressure (52 mtorr), the value of o for the
singlemode pulse is slightly less than that for the muitimode pulse
(Fig.3.8-5): The difference reaches a minimum at about 4J/cm?,

(i) For a middle pressure (0.997torr) the value of ¢ for the singlemode
pulse is slightly larger than that for the multimode pulse: As the
fluence increases the difference increases (Fig.3.8-5).

(iv)  In general, as the pressure varies above 0.2torr (for high fluence) the
value of o for the singlemode pulse is larger than that for the
multimode pulse (Fig.3.8-7). Below 0.2torr the opposite is true. The
change occurs close to the change in the gradient of o versus
pressure.

(v) For fluences less than 7]J/cm? the roughly linear trend of <n> with
fluence depends on pressure but not pulse-type (Fig.3.8-6). The
variation of <n> with pressure does not reach a stable plateau, but at
all times, the multimode values are larger than the singlemode

. (Fig.3.8-8).

One might conclude from point (ii) above, that for fluences upto 4)J/cm? and
for 'low pressure, there is some increase of 6 and <n> with power. The
R,,(10um) laser absorption cross-section is more than three times that for
P,,(10um) no matter which series is considered, and since the equivalent
factor is only three for the broadband cross-sections, this is possible
evidence that red-shifting occured. Fig. 3.8-9 shows the broadband absorption

spectra and the relative positions of the two irradiating wavelengths.

39 DECONVOLUTION

#

So far, all of the data presented has been in its raw, or undeconvoluted
form. The concept of deconvolution was explained in Section 2.1.4. When

lOgm(n) vs log,, fluence is plotted, it is noted that in all cases the data
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Fig. 3.8-8 3,3-dimethyloxetane: Variation with pressure of the average
number of absorbed photons per molecule at a fluence of 10.0 (+/- 0.4)
. J.cm(-2) on R24 (10 pm). Comparison of the effect of multimode and

singlemode pulses
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Fig. 3.8—-9 3,3—dimethyloxetane: Broadband absorption
spectrum, showing the realtive positions of the laser
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will fit to a straight line; the graph for methanol has been included as an
example (Fig.3.9-1). As a consequence, for each raw set of data, each data
point will be corrected by the same amount viz. by the gradient of the line.
Note that d(logm(n))/d(logw fluence) and d(ln<n>)/d(ln fluence) are
equivalent because 2.303*log,,(x) = In{x). None of the previously illustrated
graphs will therefore change in general appearance if represented in
deconvoluted form. Table 3.9-1 contains the deconvolution factors obtained by
a least squares fit to a line through each logy<n> vs log,, fluence plot. It is
noted that many of the factors are close to unity. Applying factors less than
one to the raw form will reduce all ¢ and <n> values and gradients, and will
contract the value axis range. In other words, presentation of the data in raw

form can serve to magnify any fluence dependency.

3.10 DISCUSSION
In this section, the findings of the variation of absorption with fluence; the
variation of absorption with pressure; and the effects of pulse type and

irradiating wavelength on absorption, are discussed.

Detailed work on methanol, ethanol, butan-2-ol, pentan-3-ol, and 3,3-
dimethyloxetane has confirmed one general observation made by Shaw (¢): The
small signal, broadband absorption cross-section is much greater than the
cross-section obtained under high fluence (narrow laser linewidth), low
pressure conditions. However, for the larger alkanols this is not true,
because for hexan-2-ol and pentan-2-ol the values are comparable. As can be
seen from Table 3.10-1, the difference is somewhat dependent on molecular
size; generally reducing as the molecular size increases. The difference in
behaviour sho;vn by the two pentanols indicates that there is also a

dependence on hydroxyl site. The large value for 3,3-dimethyloxetane (16

atoms) compared to butan-2-ol (15 atoms) may be due to the ring nature of
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the molecule, or due to the definition of molecular size; it has been said that
the size of the molecule should be determined by the number of atoms other
than carbon or halogens (18), in which case the sizes would be 6 atoms and 5
atoms respectively (see Table 3.10-2), and 3,3-dimethyloxetane should then be
compared to pentanol. The percentages stilli do not equate, which further

indicates that the ring may reduce the ‘effective’ size of the molecule.

The change observed in the functional form of ¢ with fluence as one
progresses through the homologous series is similar to that of ¢ with
pressure, viz. with increasing molecular size, the dependence of ¢ on fluence
and pressure appears to decrease and ¢ itself takes on a value closer to the
broadband value (Table 3.10-1). Furthermore., as the fluence approaches zero,
the absorption cross-section appears to tend towards the small-signal,
broadband value, which for the smaller molecules ihvolves an increase in o©
with decreasing fluence. Jang et al. (11) found no fluence dependence with
CH,CF, and C,H.F, but found a similar behaviour to that just mentioned
with 2-bromopropane, 2-chloropropane, 2-chlorobutane and 1,1,1-trifluoro-

2-bromoethane.

This functional form of o against fluence is to be expected: At high fluence,
it is likely that the quasi-continuum is accessed, and since the laser
linewidth is small relative to the 'merged’ absorption linewidths of the
transitions within the quasi-continuum, the bulk absorption cross-section is
small. Once the quasi-continuum has been reached, the fluence is not
expected to alter the ratio of laser linewidth to the effective absorption
bandwidth, and hence the absorption cross-section is expected to remain
constant. At l(;w laser fluence, however, the molecule is not excited beyond
the discrete levels, and the narrow laser linewidth will see an absorption

linewidth considerably reduced from that of the quasi-continuum: thus the
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<n> / photons.molec(-1)

Fig. 3.9-1 Example of the variation with fluence of the average number
of absorbed photons per molecule when plotted as log <n> against log
F: the data are that of methanol irradiated with R32 (10 pm) radiation

(ref. Fig. 3.1-2)

0.982 torr

8.09 torr

10.00 T
g~ o
a
o~
1.00 J-a”
| E / ? -L
»
(] T . ./'/
—n
"
0 .* o
0.10 +
] 0
1o
0.01 } r } ——]
0.01 0.10 1.00 10.00

Fluence / J.cm(-2)




Reactant Figure Data Identification | Deconvolution

Reference Factor

Methanol 0.982 torr

8.09 torr

Ethanol 1st set

2nd set
3rd set
4th set
5th set

Propanol (50 mtorr
(1 torr

Butan-2-ol 53 mtorr

<55 mtorr>
~1 torr

Pentan-2-ol 50 mtorr
Pentan-3-ol 51.5 mtorr
0.995 torr

Hexan-2-ol 50 mtorr
1.00 torr

3,3-dimethyloxetane R24 (10 pm), 50 mtorr
R24 (10 pym), 1.048 torr
P24 (10 pm), 51 mtorr
52 mtorr, multimode
52 mtorr, singlemode
1 torr, multimode

1 torr, singlemode

Table 3.9-1 Deconvolution Factors



O highFlowp ~ O broadband
O proadband
Reactant
(%)
Methanol 96
Ethanol 8
Propan-2-ol 68
Butan-2-ol 50
Pentan-2-ol 8
Pentan-3-ol 47
Hexan-2-ol 0
78
R24 (Fig. 3.8-1)
3,3-dimethyloxet 7
,3-dimethyloxetane P24 (Fig. 3.8-1)
24
(Fig. 3.8-5)

Table 3.10-1 Comparison of the difference of Gyraapana t0

0.high fluence, low pressure
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Fig. 3.10-1 Variation of the fraction of absorbing molecules, f, with size
of molecule: fis determined using the lowest pressure for which there
is a data point. Fluences and pulse type are mixed
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effective laser cross-section is seen to increase. The lack of dependence on
fluence for the larger molecules (such as hexan-2-ol) is not surprising, since
the density of states is greater and the quasi-continuum lies at much lower

excitation levels: hence, the first fluence dependent stage of the absorption

ladder becomes less significant.

It is, however, recognised though, that different variations of ¢ with fluence
might have been observed if different excitation lines had been used. It has
been shown (11) that excitation near the edge of an excitation band will
produce no dependence of o on fluence. This is because the flattening of the
absorption bands as the fluence increases is most pronounced towards band
centre. Lack of time prevented investigation of the variation of absorption
cross-section with wavelength, so the presence of red-shifting could not be
proved for each molecule (the results for ethanol suggest that there may be
some effect). There is, however, experimental evidence (11) to suggest that
red-shifting occurs for molecules exhibiting a variation of o with pressure
which can be interpreted as the exsistence of hole-burning. These types of
molecules have been described as “"small". For C,H.,F and CH,CF, the
red-shift was in the order of 10cm™, and was approximately the same for all

fluences.

Finally with respect to effects of fluence; as observed, the average number of
absorbed photons per molecule is expected to rise with fluence. Further,
because of the energy gap between rotational levels, absorption bottlenecks
may appear in the <n> versus fluence graph as points of inflection, or
regions of zero gradient (105); there may be evidence of this for methanol at
4.5)/cm? (Fig.ﬂ3.1—2), propan-2-ol at ~4.5]/cm? (Fig.3.3-2), butan-2-ol at
~5 Jem? (Fig.3.4-2), hexan-2-ol at  ~5.5]/cm’ (Fig.3.7-2),  and

3,3-dimethyloxetane at ~5.5J/cm? (Fig.3.8-6). While it is recognised that the

- 84 -



experimental proof is weak, and requires further investigation, the
observations are pointed out because of similar anomalous observations
previously made, of the yield against pressure data of oxetane (6) and

cyclobutanone (28) and of the <n> versus fluence data of 0s0, (108).

Another general observation is the absorption cross-section pressure
dependence, and in particular the presence of a fall-off at low pressures:
Methanol, ethanol, propan-2-ol, and possibly pentan-2-ol show an increase of
effective absorption cross—section with pressure, for pressures above 0.1torr
(the remainder of the molecules are largely independent of pressure above
0.1torr). Except for methanol, the absorption cross-sections eventually reach
a plateau. The absorption cross-section gradient is most simply explained in
terms of rotational hole-burning and hole-filling, with the effect being
greatest in molecules with the lowest density of rotational states. To
reiterate the . description of rotational hole-burning given in Section 1.1, at
high. pressures, collisions reestablish rotational equilibrium, so allowing
further excitation (and hence absorption) during the remainder of the pulse.
At low pressures (and collision-free conditions), the first part of the pulse
selectively excites a rotational level to saturation, so that the remainder of
the pulse passes through unabsorbed because it is unable to excite any

further.

In addition to any gradient caused by hole-burning, the observed independence
of cross-section with pressure is to be expected for the pressures used in
this work. Broadening of the absorption lines by collisions is not a dominant
effect for such pressures (Appendix AS). Rather, the absorption lines are
effectively determined by the amount of Doppler broadening which is pressure

independent (Appendix A5). Consequently, the absorption cross-section
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(related to the ratio of the irradiating laser linewidth to that of the

absorption linewidth) also remains constant with pressure,

Shaw had established that at the lowest pressures (0-0.1torr), there exists a
constant absorption cross-section consistent with the pressure independence
of the Beer-Lambert Law (Eq.3.0-1). Because of the scattered nature of data
at the lowest pressures in this research, it was not possible to verify this
behaviour. There were, however, some instances of continued pressure
dependency at the lowest pressures. It was initially proposed that this might
only be as a consequence of a limitation in microphone responsivity rather
than of any micro-physical action, but it was shown in Sections 1.3 and 2.3
that any change in responsivity is negligible; a discussion follows of the

probable reason for these results.

The following is a discussion which proposes that incomplete relaxation of
the molecules arriving at the microphone is the reason why no low pressure
plateau was observed for the absorption data of this work. Table A5-1 shows
that collision intervals for O.1torr will be 670-1190ns depending on the
molecule and mixture. A typical value of 800ns will be used for further
calculation. The probability of collision during the laser pulse (~50ns FWHM
and ~600ns base width) is consequently low, both at O.ltorr and at
vanishingly low pressure: Table A5-1 shows that the pressure for which the
collision interval is as long as the pulse base width, varies from 0.20torr for
methanol, to 0.12torr for the larger molecules of this work; for these
pressures only one collision may occur during the base width of the pulse.
More significantly, much of the absorption will occur during the
gain-switched ;spike (~50ns FWHM) which is considerably shorter than the

base width, and thus the probability of collision during this time will also be
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much reduced. Relaxation times for vibration-translation energy transfer at
latm are:

CH, ~ 1lus

CH,Br 70ns

C,H, 20 ns

C,H, <1.5ns

CH,O0CH,; 4ns
Thus for the alkanols, the relaxation times, t, are probably in the range
1-20ns at latm, and at O.l1torr, they are probably in the range 7600ns to
twenty times this value ie. ~8ps to 150us. Now a typical value
{2-methyloxetane) for the diffusion coefficient, D, at 1torr is 60cm?/s. so

this will be 600cm?/s at O.1torr. Therefore, the distance travelled, x, in the

relaxation time by the diffusing molecule is:

x=42Dt = /2 x 600 x 8x10°® to /2 x 600 x 150x107

0.1cm -» 0.4cm at 0.1 torr

The relaxation time is taken at 1/e of the time for 'complete' relaxation, so
'‘complete’ relaxation takes about 3 relaxation times (3t). Since 'complete’
relaxation can be considered to have occured after 3»95% relaxation (95%
= 1-¢&3), then for complete relaxation x increases by Y3 and is thus found to
lie in the range 0.17cm- 0.73cm; this should be compared with a beam-centre

to microphone distance of 1.115cm (Fig.2.2-2).

Thus, with the microphone 1.115cm from the irradiated region, non-relaxation
may be a problem as the pressure starts to fall below O.1torr; for example,
at 20mtorr both D and t are five times larger than at O.ltorr. So the

distance required for ’'complete' relaxation is five times as long, i.e.

0.85-3.7cm.
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Clearly, the order of magnitude of pressure, where incomplete relaxation is
expected to start, agrees with the sharp fall in o below about O.torr that
was measured in all cases except methanol and ethanol; for these last cases,

signals, for pressures O.1torr and below, were not detectable.

Because of the non-relaxation, values of o at about O.l1torr and below are
suspect: If 't’ is closer to 1350ym than 8ym (i.e. the worst case), the pressure,
for which complete relaxation requires the entire beam-to-microphone
distance, is ~70mtorr. A procedure for estimating ¢ at zero pressure was
attempted as follows: Let ¢ at 0.2torr, zero pressure, and infinite pressure be
known as o0,,, 6, and o_ repectively. Table 3.10-2 lists the experimental
cross-sectional values at high pressure; 0.2torr of this, and previous (s) work
on similar molecules; and at the low pressure plateau {i.e. c5) for previous (s)
work. From these results of similar molecules (s), the percentage, P, that
Gpn o~ O was established. It was then intended to

constitutes of o o O

0.2 0 0

estimate o, for the current data, using this knowledge. However, P was not
a constant, varying between 0% (oxetane) and 56% {(ethanol). It was determined

that this method was unsuitable, and no alternative method was found.

As previously discussed. it is observed for all reactants anaiysed in this
work, that the value of ¢ at low pressure is less than that at high pressure:
that the difference diminishes with increasing molecular size; and

consequently that for the largest molecule analysed (hexanol), the difference

is barely noticeable.

While it is clear that o, has not been accurately predicted, use of the
experimental values of ¢ at 50mtorr, and at the lowest pressures used, will

allow a rough estimate to be made of the fraction of molecules initially

capable of absorbing radiation. f, for the fraction is the ratio o,/c_. For
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o /10(-20).cm(2).molec(-1) at ~50 mtorr at lowest measured p
Reactant No. of | Laser measured Comments
atoms | Line |broad- at at at f fluence | f P fluence =longitudinal multimode
(minus band high P | 0.2 torr low P / J.cm(-2) /mtorr|/ J.cm(-2)] S=longitudinal singlemode
H atoms) plateau P=pressure
- 1ethanol 6 (2) |R32(10) 5.123 |> 0.94 0.02 0.085 7.56] < 0.032 33 7.56{ M. No plateau at high P.
“{ thanol 9 (3) |R20(9) 23.25 10 5.6 0.47 100 4 & 9| M. Plateaux not clear.
P18(9) 23 21 11.2 5.75 0.264 4.8 0.264 50 4.8] M(6)
1 yclobutanone 11 (5) [P20(9) 0.25 2500 0.5 & 1.0] S. 10ns and 40ns FWHM pulses.(73)
ropan-2-ol 12 (4) |R14(9) 12.366 6.6 5.4 0.52 9.2 0.31 25 9.2 M. Low P plateau not clear.
~utan-2-ol 15 (5) |R24(10) 7.883 10.7 8.3 0.56 2.3&10.56 0.17 20 2.3&10.56] M. Low P plateau not clear.
" butanol 15 (56) |P30(10) 13 |> 17 4.25 3.5 0.194 5.9] < 0.205 34 5.9] M. No high P plateau.(6)
pentan-2-ol 18 (6) |R26(9) 5.834 8 7.6 0.56 6.65 0.56 50 6.65| M. Low P plateau not clear.
pentan-3-ol 18 (6) |R14(10) 16.94 10.3 9.5 0.72 11.18 0.37 25 11.18] M. Low P plateau not clear.
hexan-2-ol 21 (7) |P20(9) 4.762 6.1 6.1 0.83 9 0.58 23 9] M. Low P plateau not clear.
3,3- 16 (6) |R24(10) 15.694 7.2 5.2 0.61 9.65 0.29 20 9.65] M. Low P plateau not clear.
dimethyloxetane R24(10) 15.694 12.5 10.05 0.47 10 0.47 50 10] M. High P plateau not clear.
P24(10) 5.513 4.25 2.8 0.61 - 11 0.41 33 11| M. Low P plateau not clear.
R24(10) 15.694 12.5 10.05 0.47 10 0.47 50 10] S. High P plateau not clear.
2,2- 16 (6) [R20(10) 37 |> 213 11.5 9.5 0.419 6.5 < 0.419 50 6.5] M. High P plateau not clear.(6)
dimethyloxetane R20(10) > 213 9.3 7.3 0.349 3.5] < 0.349 50 3.5|] S. High P plateau not clear.(6)
oxetane 10 (4) |R20(10) 13 19 4.25 4.25 0.232 6.2 0.232 50 6.2] M (6)
R20(10) 23.7 6 0.244 100 3.2 M (6)
R20(10) 29.3 7.5 0.212 100 1.8] M (6)
R20(10) 11.5 |no data below 0.4 torr << 0.167 400 3.7 S. No plateaux. (6)
2-methyloxetane| 13 (5) {R34(10) 29 20 11 6.3 0.345 5.5 0.345 50 5.5] M (6)

Table 3.10-2 Summary of the fraction of absorbing molecules f, and broadband cross-section for different reactants.
Experimental data such as the laser line and fluence (for f) are included.




comparison, Table 3.10-2 summarises the fraction of excited molecules
observed at low fluences for IR laser pulses by several researchers (6,73 and
this work). Previously, values for f have been predicted in the range 0.1 to
0.001 (s3). Very few of the tabulated values lie in this range. It is possible
that the temperature of the reactant gases varied sufficiently, that the strong
dependence on temperature (observed by Letokhov (s3)) affected the ratios. Of
immediate note is that many of the ratios are approximations (for both
current and other work), for a reason in addition to the ‘incomplete
relaxation' problem outlined earlier: As described in the comments column of
the Table, not all the reactants had well defined plateaux at either (or both)
the high or low pressures. Consequently the actual ratios may be considerably
less than the calculated values if either the high pressure plateau is not
clear or if the low pressure plateau is not reached, and more if the low
pressure plateau has been modified by lack of complete intermolecular
vibrational-vibrational energy relaxation. The tabulated data (current work and
other) is represented in graphical form (Fig.3.10-1) to see the extent of
correlation between the fraction of excited molecules, f, and the size of
reactant molecule; the fraction is determined using the lowest pressure for

which there was a measurement. It is noted that there is some correlation.

The experimental conditions associated with each value of f vary in fluence

and pulse type. The current work on ethanol and butan-2-ol, and the past

work on cyclobutanone, and oxetane leads one to conclude that the fraction

of excited molecules does -not depend on fluence for either type of pulse.

However, the dependence on pulse type is not clear: The data on oxetane (6)

shows that the value of f for a multimode pulse is more than 1.4 times that
p

for a singlemode pulse, but for 3,3-dimethyloxetane, there was no

measureable difference.
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The effect of pulse type was studied for ethanol and 3,3-dimethyloxetane. In
both cases there is evidence that multimode pulses cause an increase in the
average number of absorbed photons per molecule, and hence that there is
some increase of <n> with power. This same conclusion, generalised for all

pressures and fluences, was drawn by Shaw (s) for 2,2-dimethyloxetane.

Ethanol and 3,3-dimethyloxetane were also used to study the effect of
irradiating wavelength. In both cases, the difference in laser absorption
cross-sections of the different wavelengths did not coincide with that of the
low fluence, broadband cross-sections. As discussed in those sections (3.2
and 3.8), it is proposed that this is evidence that the absorption spectrum
shifts to the red with increasing fluence. Such shifts have previously been

observed for SF6 and 0504 (53), and alkanol and oxetane molecules (6).

In summary, for the smaller molecules studied, the small signal, broadband
absorption cross-section is much greater than that measured when irradiating
with the laser. This difference diminishes with molecular size and was not
significant for the larger molecules of this study, the 'laser’ cross-section
being of a value comparable to that of the small signal, broadband

measurement.

Furthermore, it is observed for all the reactants analysed in this work, that
the value of ¢ at low pressure is less than at high pressure. This is
consistent with the findings of previous work (s), and with the explanation
that the drop is caused by rotational hole-burning. Moreover. as one
progresses through the alkanol homologous series, a general trend is
observed in th; change of this variation of ¢ with pressure: The decrease at

low pressure becomes less obvious and the value approaches the broadband

value. This behaviour would indicate a lessening importance of the rotational
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hole-burning mechanism, and is to be expected since the density of states
increases with increasing molecular size. Indeed, the hexan-2-ol data although
a little scattered, suggest complete pressure independence, for the low
pressure drop is barely noticeable. For this work, a further, more rapid

decrease observed at the lowest pressures has been attributed to incomplete

inter-molecular vibrational-vibrational energy relaxation.
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4.. - DECOMPOSITION RESULTS

The effects, on product yield, of laser fluence, reactant pressure, laser
pulse type and added diluent, have been studied to varying extents on
ethanol, propan-2-ol, butan-2-ol, pentan-2-ol, pentan-3-ol, hexan-2-ol, and
3,3-dimethyloxetane. The results are presented in this chapter with a section
being devoted to each molecule. Typically the data are plotted against fluence
and pressure either as 'yield', Yg, or 'yield Ratio’, Yggs (Le. the yield of a
product relative to the yield of the primary product(s)). Unless otherwise
stated, the yields discussed in this thesis are the fractional product yields

per laser pulse given by:

pressure of product x  vol. of cell X 1
reactant pressure irradiated vol. number of pulses

Any values quoted for the purpose of comparing the magnitude of yields
formed under different conditions, are interpolated from graphs to which a

computer least squares fit has been formed.

The "most probable” fractional errors, typical for the values of fluence, yield,

and yield ratio, are tabulated below, while the error in the pressure readings

is timtorr:

AF AYg AYep COMMENTS
F Yy Yer

"clean" GLC signal

t 36% +31% 447 single primary product

"trace” GLC signal
" * 40% t 57% { single primary product

"clean" GLC signal
3 primary products

"trace" GLC signal
3 primary products

" - + 31% t 62%

" t 40% t 80%
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These tabulated fractional errors are largely governed by the error in the
calculated radius of the irradiating beam, which was determined in Section
213 to be 218%X. Furthermore, the errors have been established in the same
manner as that used in Section 2.1.3. Other factors of note are that; i) for
products occuring as trace amounts, the GLC peaks were consequently small
and often superimposed on a noisy baseline, or perhaps at the shoulder of a
more dominant peak (product); and i) there is only one primary product for
ethanol, propanol, and 3,3-dimethyloxetane, while there are two for
pentan-3-ol, and three each for butan-2-ol, pentan-2-ol, and hexan-2-ol. The
effect of these factors has been taken into account in the typical values
quoted in the above table. For those graphs plotted for constant fluence (and

in some instances constant pressure), the fluence uncertainty quoted in the

text is indicative of the stability of the fluence over the length of the test.

It was anticipated that differences between sets of data could be small (if at
all present): to reduce uncertainties brought about through lapses of time,
certain precautions were taken, viz. for the comparison of pulse effects, the
pulse type was swapped at each new cell fill, and in order to collate diluent
data, those experiments were run immediately after completing the associated
'pure’ set. Interest in the effects of a diluent derives from the findings of
Shaw (s) with 2,2- dimethyloxetane: he showed that yields decreased in the
diluted sample. The behaviour was attributed to the suppression of
post-first-collision thermal reactions by deactivating collisions of the excited

2,2-dimethyloxetane molecules with the more abundant diluent molecules.

Calculation (for the experiments which used a uniform beam) shows that the

effect of diffusion on yield is insignificant under collision free, high focus

conditions, and therefore also for all other conditions (see Appendix A3).
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Thus the remaining possible effects of adding a diluent are points (i) and (ii)
as discussed in Section 1.1.1: i.e. that rotational relaxation will become more
efficient, increasing both the absorption cross-section and yield; and that
excited by-products will be deactivated more quickly, so reducing the yields

of secondary products.

At the onset of this work, the primary reaction channel for the alkanols was
expected to be one of unimolecular dehydration, through a four-centred
transition state, while bond fission was expected to almost exclusively deliver
any other product. This expectation was derived from the literature available
at that time (1983) (s,7,8). For example Bialkowski (80) redemonstrated proof
of C—0O bond fission of high pressure methanol: the resultant OH occurred in
both ground and excited state. The same path is less likely for heavier
hydrocarbons, because C-C fission is easier. Articles exploring the possibility
of further unimolecular channels were just surfacing (8). Gandini and Back (8)
suggested that excess methane found after decomposition of ethanol, may
have come from a unimolecular channel that formed CH, + CH,O. Later, this

was also proposed by Leite et al. (10).

The heats of reaction for decomposition via molecular elimination and via
formation of free radicals are compared in this thesis for each alkanol under
analysis. Where possible, heats of formation for the products were taken
from standard sources (za),(2b),(1). If necessary, they were calculated using

the group contribution method (2a) as described in Appendix A4.

Radicals resulting from the breaking of the bonds. would be expected to
undergo recombination possibly followed by disproportionation. To help give
an indication of whether a certain radical pair would prefer a recombination

path to one of disproportionation, values have been included in the tables
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wherever possible for A; the ratio of the rate of the disproportionation
reaction to that of the recombination reaction. The possibility is therefore
immediately evident for one particular product to be formed in more than

one way (as a result of the breaking of more than one bond-type): For

example, propane could be formed as follows:

*CgH,+ *C4gH, —— CgH, + C,H

3776

‘CHy + *C,H, — C4H,
" CGH,+ H —— CHy

The combination and permutation of reactions following bond fission are so
numerous, that both qualitative and quantitative analysis of the product
yields is very awkward and complicated. It is consequently often impossible

to conclusively show that a certain bond has fissioned.
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41 ETHANOL

Investigation of the effects of laser radiation on ethanol, has already been
carried out by other workers eg. Bhatnagar (7), Shaw (s), Back et al (8)(9)(9b).
Leite et al (10). However, there was some conflicting and unusual data that
could not be truly compared, since their experimental conditions were not
identical Some of the previous experiments have been repeated here in order
to clarify some points, and to correct what is considered to be limitations of
the systems used at the time: for example, extensive use has been made of
focussed laser beams in order to achieve high fluences. This type of system
is otherwise avoided in this thesis, because of the complications that ensue
in defining the irradiated volume, and fluence. This series of experiments
looks at the effect of irradiation line (R,(9um) or P,g(9um)), pulse type

(multimode or singlemode) and diluent (CO, or cyclohexane). A repetition rate

of 65 pulses per minute was used.

The . major product expected, as a result of unimolecular dehydration, is
ethene. Over the course of this work, products were identified as methane,
ethane, ethene, acetylene, propane, butane, cis- and tmans-but-2-ene. and
acetaldehyde (CH,CHO). Several heavy hydrocarbons remained unidentified,
although it was established that they were not n-hexane, n-pentane or
ethylene oxide (C,H,O). The analysis eventually made use of both the GLC
machines, however, at the beginning of the work, only the Pye GLC was
available. At that time, it was fitted with the 6m long chromosorb P column,
that had been especially made for the initial butan-2-ol work (see Section
4.3). Over the course of this column's use, the oven temperature was 50°C,
but the N, flow rate varied between 30ml/min and 40ml/min; most of the
work was carr;ed out with faster rate. When the Carlo oven became available.

the Pye chromatograph was fitted with a 2.9m long column, of 3mm inner

diameter, which was packed with 13.5% bis-2-methoxy-ethyl adipate and 6.5%
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di-2-ethyl-hexyl sebacate on Chromosorb P (60/85 mesh). it was used with a

carrier flow rate of 20ml/min and a temperature of 40°C , and assisted.
primarily, in the search for C4 products. The Carlo oven was fitted with the
chromosorb 101 column, and was used to resolve the C, hydrocarbons (oven

temperature 40-43°C) and acetaldehyde (oven temperature 180°C). The two

ovens were used one immediately after the other to test each sample.

411 Fluence Dependence

C,H, production per pulse in the irradiated volume, increases rapidly with
fluence under all conditions examined viz. laser wavelength, pure and diluted
reactant, muliti- and single-longitudinal mode pulses (Fig.4.1-1). The increase
follows Y o FO-3 except above a fluence of about 6.3J/cm? for multi-mode.
pure reactant, P, .(9um) radiation conditions; the trend then follows Y « F28.
for the P,,(9um) line, the variation agrees (within experimental scatter) with
the undeconvoluted results of Shaw (s} taken over a more limited range of

fluence.

The corresponding variations of C,H,/C,H, and CH,/C,H, with fluence are
shown in Figs. 4.1-2 and 4.1-3 respectively. There is a general increase in the
yield of C,H, and CH, with fluence, but not to the same degree as C,H,.
Both C,H,/C,H, and CH,/C,H, are therefore seen to decrease as the fluence
increases, however, around 8 (¢2)J/cm? apparent minima are reached. and the
ratios then show a slight increase to the highest fluence used of ~9]J/cm?:
such behaviour was not observed by Back et al. (9). This implies a growing
importance of the unimolecular dehydration channel, with fluence, upto
roughly 8 J/cm?. Above that fluence, there is then increasing importance in
the channels which generate methane and ethane as fluence is increased
further. As is discussed more in Section 4.1.2. at collision-free pressures, the

focussed system yields a higher proportion of both methane and ethane to
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Fig. 4.1-1 Ethanol: Comparison of the effect

of a pure (P) & dilute (D) reactant on C2H4

yield (raw data) as a function of fluence for
both single (S) & multi (M) mode pulses
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Fig. 4.1-2 Ethanol: Comparison of the effect
of pure (P) & dilute (D) reactant on
C2H6/C2H4 (raw data) as a function of
fluence for both single (S) & multi (M) mode
pulses

0.12

| I N I |

0.10

0.08

[ I DS N S S BN NN SON B B
[ |

C2H6,/C2H4
=)
&
|

0.04

0.02

1|1|=|||||11

. L
0.00 T— 1T T 1 % T— T 1 1 = 1T 1T 1 | T 1 !’ T {
0.0 2.0 4.0 6.0 8.0 10.0 12.0
Fluence / J.cm(-2)

B P, R20(9) 0 D (cyclo ¢ P, P18(9)
C6H14),
R20(9)

¢ P,M,P18(9) 4 P,S, P18(9)




0.10

0.09

0.08

0.07

0.03

0.02

0.01

0.00

Fig. 4.1-3 Ethanol: Comparison of the effect
of pure (P) & dilute (D) reactant on
CH4/C2H4 (raw data) as a function of
fluence for both single (S) & multi (M) mode
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ethene: in a more general sense, this increase with fluence of methane and

ethane agrees with the findings of Back et al. (9).

In general, the results imply that the channels leading to CH, and C,H, have

higher activation energies than the channel which leads to C,H,.

412 Pressure Dependence

The variation with initial ethanol pressure of CH,, C,H, and C,H, production
per pulse in the irradiated volume is illustrated in Fig.4.1-4 for two
contrasting fluences on R,,(9um). Back et a/ (sb) have observed, for focussed
beam systems, that over the pressure range P<1.2torr the yield of the main
decomposition channel, ethene, is independent of pressure, while for
1.2torr< P<Storr the absolute yield decreases with increasing pressure.
Likewise, Shaw (s) found the yield to be independent of pressure below
0.2torr, and to rise with higher pressures. This work with a collimated beam
and ‘R,,(9um) (Fig.4.1-4) shows that the behaviour depends on fluence and
pressure range; pressures up to 10torr were used:

i) Above 1torr methane, ethane and ethene yields all increase with pressure
for conditions of high and low fluence.

i) At low fluence and low pressures (<0.3torr, ethene decreases as the
pressure increases (methane and ethane were not measured).

ii) At high fluence and low pressures (<0.Storr methane decreases as the
pressure increases to a minimum at 0.2torr but ethane and ethene rise to
local maxima at 0.2torr before decreasing to minima at 0.Storr The changes
in these yields over this range is, however, small.

The increase with pressure for any one product is less severe at the higher

fluence. For ethene and low fluence conditions Y o P54 when the pressure is

above 0.2torr and Y « P 157 for pressures less than 0.2torr.
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Fig. 4.1-4 Ethanol: Comparison of yield (raw
data) as a function of pressure for pure
reactant irradiated at 8.6J/cm(2) and
3.8J/cm(2) (products from the latter have an
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For direct comparison of the effect of focussed versus collimated beams, the
total amount of product produced in the cell volume per puise is used,
rather than the fractional yield per pulse (Fig.4.1-5). This is so as to avoid
involving a value for the irradiated volume; a particularly difficuit task for
the focussed system. Furthemmore the fluence value quoted for the focussed
system is in the plane of the focussed spot only (~17600]/cm?; greater than
10° times thé fluence of collimated beam; see Section 2.4). The average
fluence over the length of the irradiated volume will be less than this peak
value, but is probably no more meaningful than the peak value when it comes
to explaining the observed decomposition. The fluence for the collimated
beam experiment was 9.43:0.1 J/cm?. The collimated beam yields may be
multiplied by 625 to get the product produced per pulse in the irradiated

volume, and by 3218 for the fractional yield per laser pulse.

The total ethene yield per pulse (note, not fractional yield), for both
focussed and high fluence, collimated beam conditions, increased with
pressure according to Y « P!l je. below 10torr, the ethene yield roughly
proportional to the pressure of ethanol. Collimated beam conditions produced
four times more yield (Fig.4.1-5), so, for ethene production, the higher
fluence achieved by focussing was outweighed by the smaller effective

irradiated volume.

The variations of C,H./C,H, and CH,/C,H, with pressure are shown in Figs.
4.1-6 and 4.1-7 respectively. Data are included for a focussed beam geometry
(taken on P, (9um) only), but will not be discussed immediately. Fig.4.1-4
shows that for both high and low fluence conditions C,H, dominates over
CH, below 6 ::orr only. It should be noted that the high and low fluence
conditions lie either side of the minima described in the C,H,/C,H, and

CH,/C,H, curves versus fluence (Figs.4.1-2 and 4.1-3). The two ratios (to
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Fig. 4.1-6 Ethanol: Comparison of the effect
of focussed (F) & collimated (C) beams,
irradiating wavelength, and fluence on
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Fig. 4.1-7 Ethanol: Comparison of the effect
of focussed (F) & collimated (C) beams,
irradiating wavelength, and fluence on

CH4/C2H4 as a function of reactant pressure
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C,H,) are very similar at all pressures for low fluence conditions., and

increase quite steadily with pressure, to a plateau: this demonstrates an
increasing importance with pressure on the reaction path which leads to C2Hs
and CH4 production. Under higher fluence conditions (which includes the
focussed systems), the rise in C,H,/C,H, with pressure is considerably more
rapid, the values are higher, and the plateau is reached at a lower pressure; in
addition the plateau has a negative gradient. At any one pressure, focussed
systems yield a higher proportion of ethane to ethene than the collimated
systems (Fig.4.1-5). In addition, the initial rise with pressure is more severe in

the focussed system.

Work with the focussed system was carried out on P,g(9um). Although
methane was not measured on this line for pressures greater than 1 torr it
would be reasonable to assume that the similarity between the trends of
CH,/C,H, for P(9um) and R,,(9um) observed for pressures less than 1torr
will continue at the higher pressures (Fig.4.1-7). Using this assumption, the
following observation is true: the focussed system delivers a higher yield of
CH,/C,H, than the collimated beam (to about 2torr, above which there is no

difference between the systems.

Since the focussed system was detrimental to the production of ethene, it is
clear that, in terms of maximising yields of particular products, achieving an

extremely high fluence by focussing is not always the ultimate goal.

Whilst Fig. 4.1-2 indicates that CH,/C,H, will be high at the lowest
experimental fluence conditions and low at the highest fluence conditions,
Fig. 4.1-6 appc;ars to contradict; the ratio is larger for the higher fluence.
There is a similar observation for CH,/C,H,. It is not believed that this is a

discrepancy, because the results of Fig. 4.1-2 are for collision-free conditions
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(50 mtorr total), whereas the observations made from Fig. 4.1-6 are obviously
made over a pressure range most of which cannot be considered.
collision-free. A reverse in fluence dependance has been observed for
CH,CHO/C,H, (sb): higher fluence conditions only increased the ratio when
the reactant pressure was greater than 1 torr while at collision-free pressure,
low fluence conditions yielded a larger CH,CHO/C,H, than at high fluence
conditions. The research for this thesis revealed the same reversal in fluence
dependance for C,H,/C,H, and CH,/C,H, although this trend was not
observed for these same products in the research of ref. 9b. It should be
remembered that both C,H, and C,H, absolute yields increase with fluence,
so the reason for the increasing preference for the path leading to C,H, is
not because of suppression of the C,H, channel. We know from the
absorption results that, in the fluence range used, ¢ is independent of
fluence, and <n> increases. So as F increases, a particular molecule is excited
to higher energies. The products will have more energy and the unimolecular
decay rate will be faster. Furthermore, at low pressures, both ¢ and <n> are
less than at high pressures, so at high fluence and high pressure, as well as
each molecule beihg excited to higher levels, the number of molecules being

excited are more numerous: consequently yields will tend to increase.

The minimum at roughly 0.3torr in low fluence yields of C,H, of Fig.4.1-4,
shifts very slightly to a higher pressure with increasing fluence and becomes
less pronounced; it is seen as an inflection at 0.35torr for the entirely
independent set of Focusseesl data of Fig.4.1-5. Insufficient data was
accumulated for the coll{moted system to be able to identify this anomaly.
Such minima/inflections have been observed before in oxetane (6) and
cyclobutanone (28), and it has been suggested that the cause may be
restricted intramolecular relaxation. If this were a valid explanation, then in

the same pressure region one might expect to see a reduction in yield of the
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minor fragments both in absolute values and relative to C,H,. because
restricted intramolecular relaxation favours mode-selectivity. While even the
major fragments, C,H, and CH,, are too low in concentration to be measured
at the lowest fluence, data at higher fluence are compatible with the
behaviour just described (Figs.4.1-4, -6, -7). The suggestion that a pronounced
minimum exists for C,H,/C,H, under focussed conditions on P g(9um) is thus

validated.

413 Effect of Diluent

The effect on the yield by adding a diluent was first investigated for the
R,,(9um) line, where cyclohexane was found to be a suitable diluent ie. it did
not absorb. However, when experiments were later carried out on the
P18(9um) line, it was found that cyclohexane absorbed at an unacceptable
level; for a 60mJ pulse, 6.0x10"*m]J was absorbed by 45mtorr of cyclohexane,
whilst 4.1x107°mJ was absorbed by 5mtorr of ethanol. CO, was chosen as the
diluent for this line, after it was demonstrated that there was no detectable
absorption even at high pressures. Ethanol was diluted with CO, to a ratio of
1/8.96 and with cyclohexane to a ratio of 1/9. Total pressures were limited to

3S0mtorr so that excitation was 'collisionless’.

Under conditions of singlelongitudinal mode pulse and P18(9um) imadiation,
the effect of the diluent is to decrease the C,H, fractional decomposition per
pulse in the irradiated volume (Fig.4.1-1). The amount of decrease lessens as
the fluence increases, varying from a 72% decrease of the 'pure’ yield at low
fluence, to 50% at high fluence. Using Xenon as the diluent, Shaw (s) found,

for the same line, that little or no reduction in yield occurred except at the

»

lowest fluence used.
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A decrease in yield with the addition of a CO2 diluent is also observed under
conditions of multilongitudinal mode pulses and P s(%um) (Fig.4.1-1); a

decrease of 70%. However, a cyclohexane diluent combined with multimode

R,,(9um) pulses has no effect.

The results imply that there is a small thermal contribution to the reaction
which is reduced by adding a diluent. The amount of contribution is
wavelength dependent, being negligible for R,,(9um). Under irradiation
conditions of P, (9um) singlemode pulses, the degree of contribution depends
on the fluence, there being less of an effect at the highest fluences. This
may indicate that at high fluence, reactant molecules achieve a high enough
degree of over excitation that k., is fast enough to allow a high proportion
of decomposition before the first neutralising collision; furthermore, the
products produced may also have very little excess energy available for

inter-molecular energy transfer.

The results of Figs.4.1-2 and 4.1-3 indicate that in the range of fluences
measured on R,,(9um), the addition of a cyclohexane diluent causes an
increase in the C,H,/C,H, and CH,/C,H, ratios. It has already been stated
that under the same conditions the CZH . yield was not altered. Clearly then
the increase is due to an increase in both C,H, and CH, yields. Products
other than ethene were not measured for conditions of P,z(9um) and CO,

diluent.

414 Effect of Pulse Type

Comparison of the effect of pulse type on yields was carried out on line
P,g(9um) (Figs. 4.1-1 to 4.1-3). A difference is noted, though not very
dramatic: there is up to a two fold increase in C,H, yield with the

multimode pulse (Fig. 4.1-1). This result is not surprising since, as already
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discussed in Section 2.1.2 the multimode pulse actually consists of a train of
high powered (very short) pulses, and, furthermore, the absorption results
showed there to be greater absorption for multimode pulses. Since Back et
al. (9) have shown that pulse length {(and hence intensity) have no effect on
decomposition on the P, (9um) line (comparing 60ns and 10ns pulses), the
small effect noted in this instance may be due to one of two things: i) the
effect is not very sensitive to changes in pulse length, so is only noticeable
when the pulse length reduction is much larger than that used by Back et
al.; ii) the much higher repetition rate of the high power pulses within the
multimode envelope causes a rapid, step-wise excitation of the molecule,

resulting in more efficient up-pumping.

4.1.5 Effect of Imadiating Wavelength

Comparisons of two wavelengths R,,(9um) and P,,(9um), were only made for
the most abundant products. The results are summarised in Table 4.1-1. For a
given fluence, R,,(9um) causes substantially less decomposition than P g(9um).
This is not a surprising result since R,, (9um) radiation is also more weakly

absorbed, as shown in the comparison of cross-sections.

4.1.6 Minor Products

The most important products other than ethene, measured in this work, were
methane and ethane, and the behaviour of these has already been discussed.
Products other than CH,, C2H4 and C2H6 were only measured during the
series of experiments carried out to compare the decomposition behaviour
versus pressure caused by a collimated irradiating beam, with one that was
focussed. These products (as a ratio to C,H,) are displayed in Table 4.1-2
(collimated be;m) and Fig. 4.1-8 (focussed beam). It is immediately evident

that, for conditions of a collimated beam irradiating at high fluence on

P,g(9um), additional products do not appear in the same abundance as for

- 104 -



: e e —_—
Product Variation Comparison Figure Comments
with of Yields Number
ForP
C.H, F Ry(9) < Pyi(9) 4.1-1 P, = 10R,,
C,Hy/C.H, || F Ry(9) > Pg(9) 4.1-2
CH/C.,H, F R,4(9) > P4(9) 4.1-3
C.H,/C,H, | F Ryy(9) < P1g(9) 4.1-6
CH/C.H, P No Difference 4.1-7
Table 4.1-1 Ethanol: Summary of the effect of irradiating
wavelength on yield
’_——_—— ———
Reactant
Pl' essure Csz/ CzH4 CSHS/ CzH4 C4H10/ CzH4 but'l'ene/CzH4
/torr B
0.050 - 1.99x10 - -
0.053 - 2.420x102 B 1.040x10?
1.082 | 2.850x10° 1.96x102 3.84x10 3.662x10*

Table 4.1-2° Ethanol: The effect of a collimated beam on 'Fhe
secondary products (as a ratio to ethene) as a function
of reactant pressure. Fluence was constant at (9.4 =

0.1)J/cm?.
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Fig. 4.1-8 Ethanol: Effect of pressure of the
ratio on the product yield to that of C2H4
for a focussed beam with a fluence of
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focussed conditions, although the values for the mtio C3H8/C2H , are
approximately the same. For focussed conditions, C Hio/CH,,
but-1-ene/C,H,, and trans—but-2-ene/C,H,, follow the same trend. The
path(s) leading to their production consequently have similar activation
energies. The same observation is made for the path(s) leading to the

production of C3Ha and C2H2. Furthemmore, C3H8/C2H¢ and C2H2/C2H4 are

independent of pressure: the C,Hy vield is 56% of the C,H, yield. This implies
that C;H, and C,H, production requires C,H,, and are formed via a process
that is neither hindered nor accelerated by collisions to any other degree
than that which affects C,H, production. It is of interest to note that Back
et al. (8) detected both propane and propene (propane dominated), Bhatnagar
(s) on the other hand, also measured only propane. Furthemore, there is
cross agreement between all of us in that the proportion of propane to

ethene at 1torr is ¢3%.

For ' pressures greater than 2torr and the focussed system, CH,CHO
(acetaldehyde), C 4Hip but-l-ene, and trans-C,H, increase with respect to

C,H, with increasing pressure. This implies that these products which result

from collision modified reactions have higher average energies (and hence

faster k,,) than for collision- free decomposition.

The detection of acetaldehyde only at high pressures and high fluence,
combined with the inabilty to detect ethylene oxide (C2H50)' is consistent
with the conclusion that l:;ser pyrolysis of ethanol proceeds with a different
mechanism than thermolysis. Barnard et al. (88) thermally excited ethanol, and
detected hydrogen and acetaldehyde. They proposed the following mechanism;
initiation by (i) then (ii), followed by a chain propogation (iii), (iv} or (v), and
termination (vi). Ethylene oxide is a by-product of (iii). Detection of

thermolysis products would only be expected perhaps at high pressures of
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reactant undergoing laser pyrolysis, since the many collisions could provide

thermalisation.
@  CH,CH,OH —  CH, + CH,0H
} Initiation
() CH,OH —  H +HCHO
@ H+CH,CHOH —  H, + CH,CH0
(iv C,H,OH — CH,CHO + H chain propogation
W  C,H,OH — C,HO + H
(vt C,H,OH +H —_— C,H,OH termination

The results of Shaw (s) concerning C, hydrocarbon production on irradiation
of an empty cell could not be repeated. For further exploration, ethanol was
irradiated in the 8cm long, OA cell on R,,(9 pm) and P,g(9 ym), at various
pressures and fluences (focussed and collimated systems). C, hydrocarbons
were only detected following high fluence, high pressure conditions: the noise
baseline was equivalent to 1.5 x 10 ?mtorr of C,- To reveal whether or not
surface reactions on the windows were the cause of C, production, the
special cell described in Section 2.2 was irradiated at full fluence for 1260
pulses. The cell contained three, 15mm x 3mm, NaCl flats (increasing the
NaCl surface area four times) and 50 mtorr of ethanol. The fluence gradient
over the length of the cell was of course greatly modified by absorption and
reflection at the salt windows. The only measurable products were methane,

ethane and ethene.

4.1.7 Discussion

Listed below are some decomposition paths (molecular elimination [4.1-1] to
[4.1-31, and bond fission [4.1-4] to [4.1-81) with related heats of reaction for
ethanol, which, a priori, may be accessible with IR irradiation. The threshold

energies of the molecular elimination channels will be substantially higher
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than the enthalpy changes, but for the bond fission channels, the thresholds
will be close to the enthalpies. According to Fig.1.4-4, excitation to 1.5 times
that of the dissociation energy is likely. Table 4.1-3 summarises the
Arrhenius parameters found in the literature. The dehydration channel has the
lowest activation energy, and so the allowable overexcitation is approximately
213kcal/mol. Hence. with no further reaction, all the listed reactions [4.1-1]
through to [4.1-8] will be allowed. These and further reactions will be

possible if the total activation energy does not exceed 213kcal/mol.

AH%OO kcal.mol™!

Molecular elimination:

C,H;OH + nhv [4.1-11] —C,H, + H,0 10.9
[4.1-2] — CH,CHO + H, 26.1 (9)
(4.1-3] — CH4 + HCHO 11.6 (9)

Bond fission:
[4+4-4]—> CH, + CH,OH 84.0
82.0 (9)
[4a-s1— H + CH(CH)OH 93.0 £1.0
l41-6l— H + CH,CH,0H  98.1
[4.1-7)—CH; + OH 102.6 1.4 (3)
102.4 (a)
1001 £2.3 ()
100.7 (2a)

(s.i-81—s H  + CH4(CH)O 1042 1.0

By comparing the magnitudes of the heats of formation of the bond fission
channels, it must be expected that when the higher energy channels are
accessed, there will be an abundance of methyl radicals: the activation energy

for bond fission channels will be similar to their endothermicities.
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REACTION s-l REF
68.26 - 6
[4.1-1] 71.00 - 23
C,H, + H,0 ' 7650 10M 24
71.20 1.7 x 10** 25
[4.1-2]
112.1 3.1 x 10" 25 (calculation)
CH,CHOH + H,
ws |
~84 - This work
CH, + HCHO
[4.1-4] Yoot
82.0 10 9, 23
‘CH, + ‘CH,0H

Table 4.1-3 Summary of Arrhenius Parameters



-)

Ethyl production will only be evident at the highest fluences. That is, when
the population density of molecules with energies in the order of

100 kcal/mol becomes more significant. The possibility of the following

radical reactions will be discussed.

A ref
CHy + CHy [e1-91 —  C,H,
CHy+ H  [a-10l—  CH,
éHs + ‘C,Hy [4.4-11a] — C,Hg
or [44-11tb]— CH, + C,H, 0.036%.003 (11a)
" CoHg +° CHg [4a-12al—>  C,H,,
or [4.-12bl — C,H, + C,H, ~.14 (11b)

CH, + C,HsOH [4.1-131— CH, +* [C,0H,]
*CH; + H [4.1-14] — C,H,
Of the previous work on ethanol, and the work carried out concurrently with
this - research, Back et al. (9b) showed that reaction [4.1-7] existed by
measuring OH at high fluence. Back (9) also proposed a unimolecular channel
[(4.1-2], after proving that the addition of an O, diluent did not inhibit
acetaldehyde (CH,CHO) production: Arrhenius parameters as calculated by
Ref.(25) are in Table 4.1-1. The diluent, however, did adversely affect the
ethane yield, to which Back inferred that methyl radicals had been scavanged,

S0 suppressing reaction [4.1-9].

The results have clearly demonstrated that the molecular elimination channel
[4.1-1] is the least endothermic leading to preferential production of ethene,
and that the extent of fragmentation increases at higher pressures (Fig.4.1-4).
Ethene was by far the major product in all the work. Ethane yields were

compared with those of ethene in both the focussed and unfocussed systems
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(Figs.4.1-2 and 4.1-6). Previous indications (7) were that for a focussed
system, the ethane/ethene ratio might well decrease as the ethanol pressure
tended towards the lowest pressures. Repetition under similar (but not
identical) conditions confirmed the indication (Fig.4.1-6). For the same
pressures, the ratio is much reduced in the unfocussed system (ie. at lower
peak fluence, higher average) and also demonstrates the decrease mentioned
above. The ethene yield was also compared to methane, and it was observed
that the ratio methane/ethene increased with both pressure (Fig.4.1-7) and

fluence (Fig.4.1-3).

Ethane is expected to come from recombination of methyl radicals {4.1-9] and
the radicals to come from fission of the high energy C-C bond (4.1-4].
Because of the strength of the C-C bond, products from the fission reaction
(and hence methyl radicals) will be more abundant under high fluence
conditions. It is therefore not surprising that the ethane yield increases with

fluence.

Another suggestion for an additional ethane channel would be as follows.
From the list of possible fission channels at the beginning of this section,
other research has already pointed to the existence of reactions [4.1-1], (4.1-4]
and [4.1-7]. By comparing the endothermicities (and hence activation energies)
of the bond fission channels, the inference is that [4.1-5]1 and [4.1-6] also
occur. If so, they will occur more than [4.1-7], and more H will be produced
than - C,H;. Thus [4.1-14] could statistically become more probable than
[4.1-9]. Channels [4.1-5] and [4.1-6] can not be proven, however, since any

products that might result from these steps (other than ethane) were not

Pl

looked for.
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Methane was also expected to come from methyl radicals, but via hydrogen
abstraction [4.1-13]. However, if it is first assumed the only alkyl radicals
present are CH,, that methyl recombination is the sole source of ethane. and
if the actual ethane yield is then used to calculate the initial methyl
concentration (using known rate constants for methyl recombination viz.
km=2.78x10“exp(154-/'1') Ref(3)), then we find that the observed methane yield
is much greater than if all the methyl radicals went to form methane. The
calculation treats the chemistry as being a competition between first order
(producing CH,) and second order (producing C,H,) reactions. The conclusion
is true, whether or not it is assumed that the radicals remain in the
irradiated volume. If the initial premises are wrong, and there is a further
channel producing ethane, then the actual methyl concentration will be even
less than that calculated here. It must be concluded that there is a further
minor channel, possibly molecular [4.1-3]1. The proposed molecular channel
suggests the presence of formaldehyde (HCHO), but detection of this product

was not attempted in this work.

An alternative, viable, possibility is to consider that the reaction does not
take place at room temperature, and is a non-equilibium process. For
example, cyclobutanone has been shown (17) to experience an A temperature
of approximately 1600K at low pressures (0.Storr). The system was more
thermally equilibriated at high pressures, where the A temperature was
approximately 830K. At low pressures of ethanol (50 mtorr) theoretical ratios
become comparable to those observed if it is assumed that the temperature
in the irradiated volume rises to 791K, or 490K if the radicals spread
throughout the vessel. Temperatures in excess of 2500K are calculated to be
required at Méher pressure (5.1torr), but the calculation depends on a large,

and therefore unreliable, extrapolation of the rate coefficients to these high

temperatures.
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There is no reason to select only one of the above possibilities, and in
reality both elevated irradiated volume temperatures, and additional channels

for CH, may well exist.

Recently (1989/90), Goodale et al. (81) performed laser pyrolysis tests on
deuterated ethanol, CH,CD,OH, in order to more effectively establish the
decomposition mechanisms. They showed that all ethene came from
dehydration [4.1-1], the water being formedme hydroxyl group and an H
from the methyl group. Further, that the isotopic form of acetaldehyde
[4.1-2] indicated the occurence of a concerted elimination of HD across the
CO bond ie. there is no involvement of the methyl hydrogens. Also, [4.1-3]
occurs by a concerted molecular elimination of the methyl group with the
hydrogen of the hydroxyl group. Finally, the fission reaction [4.1-4] was
explained to produce only ethane [4.1-9], hence excluding ethane formation by
[4.1-14], methane formation by hydrogen abstractions [4.1-1@] and [4.1-13], and
propane formation by recombination with ethyl radicals [4.1-1la]. Furthermore,
deuterated forms of ethane (CH,CH,D) were detected only at high pressures

(together with CH,CH,).

The similarity of the fluence dependence of CH,/C,H, to that of C,H,/C,H,
points to similar activation energies: with the assumption that C,H, primarily
comes from methyl recombination, then the activation energies for the two
paths will be similar to the endothermicity of path [4.1-4] i.e. 84 kcal/mol
(according to Back (9), two paths whose activation energies were 60k]J/mol
(14.3kcal/mol) apart were "similar’). This proposed value for the activation
energy of channel [4.1-31 is in agreement with that suggested by Back et al.

(9b).
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In summary, the observed products may be explained as follows:

Ethene arises from the dehydration channel (4.1-1].

Ethane; it is difficult to suggest a source for this product other than the
recombination of methyl radicals formed in [4.1-3]. The conclusion is
supported by evidence that ethane formation is suppressed by radical

scavengers (9).

Methane arises from the molecular elimination channel [4.1-3] rather than by
H abstraction from ethanol by methyl radicals. Evidence for this was a lack
of response of the methane yield to radical scavengers (9); and through the
deuterated ethanol work of Goodale et al. (81). Calculations carried out in the
present work supports this evidence, by showing that the observed CH,/C,H,
ratios are far higher than those expected on the assumption that both are
formed from methyl radicals. Further, it is argued in this work, that the

activation energy for this channel is in the order of 84 kcal/mol.

Acetaldehyde arises from a molecular, rather than a radical, channel since it
has been shown that radical scavengers have no effect on its yield (sb); the

proposed channel is [4.1-2].

Acetylene is thought to arise from secondary decomposition of hot ethene

during a single pulse (9b).

Propane;, it is difficult to suggest a source for this product other than

perhaps through a reaction between hot ethene and methane.

C‘ products may arise from radical recombination as in step [4.1-12], and,

analagously to steps proposed for ethene and propene in butan-2-ol and
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ethene in propan-2-ol, may also arise via vinyl radicals (C,H,} which form by
water elimination from the CH(CH,)JOH and CH,CH,OH radicals of the

carbon-carbon fission steps [4.1-51 and [4.1-6].
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42 PROPAN-2-OL

Propan-2-ol was irradiated at 1.65Hz using the R,,(9um) line. All experiments
were performed with multi-longitudinal mode pulses. The major product
expected, as a result of unimolecular dehydration, is propene. The products
were found to be methane, ethane, ethene and propene. For completeness,
both the Carlo Erba and Pye Unicam gas chromatographs were used in the
analysis. The Carlo chromatograph ran on a programme: 80°C for 6 minutes,
followed by a 20°C/min rise to 150°C where it was held for 7 minutes, after
which there was a 5 minute cooitime. The Chromosorb column was used with
50ml/min flow rates, and the Poropak column with the same flow rates but
a different programme: 70°C for 13 minutes, followed by a 20°C/min rise to
200°C where it remained for 10 minutes, after which there was a 5 minute
cool time. The conditions for the Pye chromatograph were the same as those
for hexan-2-ol. Propanol was checked for purity on both columns and was
found not to need additional purification. Cyclohexane was chosen as the
dlluqnt. (n-hexane was found to absorb strongly on this line); the

sample/diluent ratio was 1/9.

The second Carlo column (Poropak QS) was introduced in order to establish
whether any propane was present; neither of the other columns resolved
propane and propene. Furthermore, there had been occasional traces of a
product in the C, region, and it was wondered whether i~C,H, radical
reactions were creating 2,3-dimethylbutane and propane (see Discussion)
However, propane was not detected, and the retention times of
2,3-dimethylbutane and the unidentified product did not coincide: The trace

remained unidentified.

#
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4.2.1 Fluence Dependence and Effect of Diluent

Product yields were monitored as the fluence was varied for pure (50 mtorr)
and dilute (Smtorr propanol plus 45mtorr cyclohexane) cases: The
deconvoluted yields are compared in Fig.4.2-1 and Table 4.2-1. C,H, is the
major product at all fluences and within the experimental scatter, it can be
said that the dominant propene yields of the pure and dilute reactant were
similar. This indicates that the extent of post-pulse, quasithermal reaction,
following the first few collisions, is small. C,H, production per pulse in the
imadiated volume increases with fluence (Fig.4.2-1). For fluences (F) less than
5.4]/cm? the yield (Y) variation is approximately Y « 10''F  while for higher

fluences the fluence dependency reduces to approximately Y o 109-23F

The yields of the other products, methane, ethane and ethene, are given as a
fraction of C,H, (Table 4.2-1). Methane was only measured under high
fluence, pure reactant conditions. Of these minor products, for all fluences,
using the pure reactant, ethane was produced most abundantly. For the dilute
reactant, the nature (of the most abundant of these other products) was
dependent on fluence: viz. ethene at low fluence and ethane at high fluence.
Of note, is that, at high fluence, unimolecular dehydration is most efficient
for the dilute case: i.e. under collision-free conditions, the ratio C,H,/C,H,
falls from 8.37x1072 to 6.48x1073 (deconvoluted data) when a mixture diluted
in ratio 1:9 with cylohexane is used. The ratio C,H,/C H, also falls, but
less steeply (7.63x10™2 to 2.79x107%). As has been discussed already, the
addition of a diluent is only expected to have an effect if thermal effects
were/are in any way contributing to the formation of the products. In such
an event, the (inert) diluent will suppress thermal build—up of the yield. For

propanol, the reduction of the relative yield of the higher energy channels is

understandable in terms of being caused by a decrease in the average level of

excitation of the decomposing molecules.
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Fig. 4.2-1 Propanol: Comparison of the effect of pure & dilute reactant
on C3HG6 yield (deconvoluted data) as a function of fluence at 50 mtorr
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Pure Propanol, Deconvoluted Yields

Ratios To C3H6

C2H6

4.696E-02
3.072E-02

2.624E-02 1.892E-01
1.006E-01

1.591E-02 8.373E-02

6.765E-03
2.498E-03
7.629E-03

Dilute Propanol, Deconvoluted Yields

8.696E-04
6.387E-04
1.993E-03
2.126E-02
5.657E-03
1.192E-02
5.335E-03
9.552E-03
2.687E-01
7.914E-01
1.000E+00

6.484E-03
2.560E-02

4.673E-03

2.792E-05

9.430E-03
2.334E-02
1.276E-01
1.888E-01
1.627E+00
5.104E-01

Table 4.2-1 Propan-2-ol: The effect of fluence and cyclohexane
diluent on the ratio of minor product to C3H6 yield
(deconvoluted data) for 50 mtorr reactant irradiated

with the R14 (9 num) line.
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There is very little else that can be noted apart from the fact that the total
amount of product other than the primary product, is greater for the pure

case, and that C,H,/C,H, (dilute case) decreases as the fluence increases.

4.2.2 Pressure Dependence and Effect of Diluent

From the graph of the undeconvoluted yields versus pressure (Fig.4.2-3),
propene is seen to be the dominant product (over the range of pressure
used). For the illustrated situation of varying pressure of pure reactant
irradiated at constant medium fluence (4.8 0.1 J/cm?), the yields are seen to
decrease as the reactant pressure increases. This is an expected trend, when
as the pressure increases, the role of collisions becomes more significant and
large compared to the laser up-pumping: molecules are less likely to reach
even the minimum activation energy, then, only those molecules with a fair
excess in energy will have kuni fast enough (compared to the collision
frequency) to actually result in a product. For the dilute reactant, CH, was
not detected at all, C2H4 was not measured for reactant pressures above

49mtorr, and C,H, was only detected up to the 5Z2mtorr pressure data point.

4.2.3 Discussion

Listed below are some decomposition paths (molecular elimination and bond
fission) with related heats of reaction for propan-2-ol, which, a priori, may
be accessible with IR irradiation. According to Fig.1.4-4, excitation to 1.8
times that of the dissociation energy is allowable. Reference to the Arrhenius
parameters for the least energetic (molecular dehydration) channel in the
literature, have been made by Danen (23) and Zhitneva et al. (27). Danen
estimated that E_ =67kcal/mol. by analysing the trend in activation energies
for dehydmch[orination of 2-chloro-2-methylpropane, 2-chloropropane. and

chloroethane, and extrapolating the same trend from the known activation

energy of t-butanol (E =61.6 kcal/mol) (26). Zhitneva said that for n-propanol,
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Raw Yield

Fig. 4.2-3 Propan-2-ol: Effect of pressure on
yield (raw data) for pure reactant
irradiated at a fluence of 4.8 +/- 0.1 J.cm(-2)
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k=1013-*exp(-68493/RT)s ! that the activation energy for propan-2-ol is about
3.82kcal/mol less, and that Aiso—propanol/An—propanol is 3. Hence for
propan-2-ol (iso-propanol) E_ =64673 cal/mol. The value suggested by Zhitneva
for the difference in activation energy is because o-methylation has been
shown to cause this level of decrease between 2,3-dimethylbutanol and
3,3-dimethylbutanol. The likely overexcitation thus becomes roughly
123kcal/mol , theoretically permitting all the reactions [4.2-1] through (4.2-5]
if there are no further reactions. These and further reactions, will be possible

if the total activation energy does not exceed 123 kcal/mol.

By analogy with ethanol, three molecular decomposition channels may be
relevant [4.2-1] to [4.2-3]. In addition, several bond fission ((4.2-4]1 to

[4.2-6]) and radical recombination ([4.2-7] to [4.2-9]) processes can be

considered.
AHS,, kcal.mol™
(CH3),CHOH + nhv [4.2-11 —=  CyH, + H,0 12.4, 12.9 Go1)
[4.2-2] — H, + CH,COCH, 14.0 (101)
[s2-3] —  CH, + CH,CHO 7.4, 8.3 Goy)
[+.2-4] —  CH, + CH, CH(OH) 83.8
[42-51 — H + C(CHZ),0H 911
[42-6] —  OH + CH(CH), 92.4 $2.5
CH, CH(OH) 7] —— CH=CH + H,0 29 (101)
2 (CH,=CH) [s2-8] —  CH, (101)

CH3 + ;CH3 [4.2-9] — CzHa
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Other paths that will be briefly discussed are:

‘CH, + i C;H,  [4.2-10] — C,H,,

. 0.60 @ 301K
1—'C3H7+ 1—'C3H7 [4.2-11a]—— C6H14 A={o.57 e 3231(} (sb)
0.55 @ 382K
or [4.2-11b]—— CHg + CH,
i-C;H,+ H (4.2-12] — C_H,

CH, + (CH;),CHOH [42-13— CH, + [C,0H,]

F C,H, + (CH;),CHOH [4.2-14] — C Hy +*[C,OH,]

Unimolecular dehydration described by (4.2-1] is the dominant process, and
the effect of diluent on a collision free sample irradiated at high fluence is
to reduce the yield of the products from the higher energy channels.
Furthermore, minor product yields are not detected at low fluence, which is
consistent with the idea that channeis of higher energy than dehydration

cannot be accessed at low excitation energy.

As mentioned earlier, an attempt was made to identify the product which
caused occasional chromatograph traces in the C, region. In doing so, the
chance that i~C,H, [4.2-6] radical reactions were creating 2,3-dimethylbutane
[4.2-111 and propane ([4.2-11bl, [4.2-12] and [4.2-13]1) was explored. However,
propane was not detected, and the retention times of 2,3-dimethylbutane and

the unidentified product did not coincide.

Lack of detection of these products is understandable for the following
reasons: Because of molecular symmetry, there are two separate, but identical
bonds that can break, each leading to reaction [4.2-41. In addition, since the
AH of reaction [4.2-5] is much greater than that of [4.2-4] it is reasonable
to assume th;t there will be an abundance of methyl radicals. Hence, if

produced, i-*C4H, would preferentially recombine with ‘CHj (4.2-101 (rather

than with another i--C,H, radical), and production of 2,3-dimethylibutane
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[4.2-11al, propane [4.2-11b] & [4.2-12] or propene (through [4.2-11b]) would be
highly improbable anyway. However, since C 4H,, was not detected either, the

evidence is particularly strong that propyl radicals were not produced.

Propyl radical production [4.2-6] cannot be completely ruled out without first
considering its decomposition to give propene. The heat of reaction for this
is estimated to be 47kcal/mol (Table 4.2-2), and, as for radical recombination
and disproportionation reactions, the heat of reaction is expected to be
similar to the activation energy. It would therefore seem that this too is
forbidden, at least at low fluences, since the combined heats of reaction are

above the allowable overexcitation (total AH = 92+47=139 kcal/mol).

Thus, under pure, collision-free conditions, the absence of propane, and

2,3-dimethylbutane, as well as C,H indicates a lack of 2-propyl radical

10’
formation through reaction [4.2-6]. It may therefore be concluded that, for
laser pyrolysis, under the conditions used, C-O fission (reaction [4.2-61) is
not significant, and furthermore, because of a similarity in AH values, channel
[4.2-5] is also improbable. Similarly, fission of the O-H bond of the hydroxyl
group has a much higher AH than [4.2-6] (104.6kcal/mol), so is not a viable

path.

The occurence of channel [4.2-2] would not have been detected, since neither

H2 nor (CH3)2CO were measured.

The products are thus explained as follows:-

Propene as with ethanol arises from elimination of water (4.2-1] and is the

main decomposition channel.
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Radical Dehydrogenation
Reaction AH® / kcal.mol?!

%
BN —— ———————

CH;,-CH, +H 38.7®
n-C;H, - C;H; + H 34.3
i-CH, » C;H, + H 417.0
s-CH, »CH,+H ~38.0¢
t-CH, - CH,+H ~33.0¢

Notes:

(a)
Calculated using group contribution method (Appendix A3), and AHf° values

from Ref. (1).

®  E, = 42.2 kcal.mol* (27) E, = 42 kcalmol®  (103)
E, = 41.8 kealmol-1 (100) A =10"%g' (103)

©  An average value of -1 is taken for AH,° C,H, since the actual value varies
from 0 to -3 depending on the type of isomer.

Table 4.2-2 Estimated heat of reaction for radical dehydrogenation
(for reference in later sections).



Methane. Under pure, collision-free conditions, methane was only detected at
high fluence. One would expect, by analogy with the results from ethanol,
that CH, is formed in a molecular process [4.2-3]1 from a unimolecujar
channel of high activation energy. In addition [4.2-15] may be possible; both

reactions are shown below;

H (0
/ [4.2-3] I
o CHS [ — CH3CH + CI'I4
\ / acetaldehyde
CH,CH
H
/ [4.2-15] _
\ / CH, vinyl alcohol
CHOH

No attempt was made though to detect either acetaldehyde or vinyl alcohol
(this last product is unstable and rapidly isomerises to acetaldehyde).
However, acetaldehyde was measured by Zhitneva et al. (101) from their
focussed system. Because of the abundance of methyl radicals, the possibilty
of hydrogen abstraction between the radicals and reactant molecules, or

reaction between the radicals and H, cannot be ignored.

Ethane is produced by process [4.2-4] followed by the recombination of CH,.
The extent of production of ethane shows that CH, radical recombination
(reaction [4.2-91) dominates over hydrogen abstraction [4.3-13]1. As to be
expected, under collision—.free conditions, fragmentation [4.2-4] does not
occur at the lowest fluences where the higher energy channels cannot be

accessed.

Fthene. No unimolecular source of ethene can be implied tfrom these results,

so the channel producing this product is not clear. However, Zhitneva et al.
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(101), who used a focussed system, have proposed that ethene arises from
vinyl radicals (C,H,) produced from reaction [4.2-7]; as proof of this channel,

they have measured butadiene (C,H,) which is produced from two vinyl

radicals [4.2-8].
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A

43 BUTAN-2-OL

The major products, expected as a result of unimolecular dehydration, are
but-1-ene, and cis- and trans-but-2-ene. Products were examined, following
irradiation by muliti-longitudinal mode pulses, of both pure and dilute (with
cyclohexane) butan-2-ol on R,,(10uym) at a repetition rate of 2Hz. Both the
Carlo and Pye chromatographs were used eventually, but when butan-2-ol
was first analysed, only the Pye GLC was available. A new column was made
to maximise the detectability of the C,-C, hydrocarbons, while at the same
time permitting reasonable resolution of the butene isomers. This column was
6m long, and was initially packed with 15.8% di-2-ethyi-hexyl sebacate and
8.6% bis-2-methoxy-ethyl adipate on chromosorb P (60/80 mesh): this coiumn
was then packed tighter, and a further 20cm of 30% sebacate was added.
Optimum conditions were found to be a carrier flow rate of between 35 and
40ml/min, and an oven temperature of 37°C; resolution of the C,s and also
of the C,s was very poor. After the Carlo oven became available, both ovens
were used. The Carlo used the same flow rates and column as for the
ethanol work (chromosorb 101 column, and an oven temperature of 40°C). It
was used, primarily, to resolve the C, hydrocarbons, but also as a cross
check of the larger hydrocarbons. At this point, the column in the Pye oven
was changed to the 2.9m column described in Section 4.1; the N, flow rate

was 20ml/min, and the oven temperature was 40°C,.

Identification was made of methane, ethane, ethene, propane, propene, butane,
but-l—er;e, and tmans- and cis-but-2-ene; an additional peak, occuring in the
region of the Cq4 hydrocarbons, remained unidentified. A distribution of these
product yields, as a result of irradiation of a collision-free sample, is shown

#

in Fig.4.3-1.

A further check was made on the possibility of the occurence of radical
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reactions (also see propanol). 3,4-Dimethylhexane wouid be the expected
result of 'C,Hy recombination, and its presence was searched for using a
programme and the capillary column of the Cario chromatograph. The oven
was held at 40°C for 5 minutes, followed by a 10° C/min rise to 120°C where
it was held for 10 minutes before starting a 5 minute cooltime. A sample of
3,4- dimethylhexane (117°C boiling point) was not available, so a sample of
n- octane (126°C boiling point) was used as a reference instead. By comparing
boiling points, one would expect the 3,4-dimethylhexane peak to occur
between that of butan-2-ol (99.5°C boiling point) and n-octane ..no such

peak was detected and it was concluded that 3,4-dimethylhexane was not a

product.

4.3.1 Fluence Dependence

Product yields were monitored as the fluence was varied for the irradiation
of collision free (50 mtorr) samples. Several series of data were built up by
re-examining pure butanol several times over a couple of years. The data has

not been integrmated into one set and are referred to subsequently as follows:

SERIES 1 - The original data made up of data taken from two sets of runs,

carried out several weeks apart.
Series 2 and 3 were obtained at later stages in the work.

SERIES 2 - are the results of dilution experiments shown in Fig.4.3-2; data

were gathered for both pure and dilute gas mixtures.

E

SERIES 3 - A series which used differing charging voltages (in combination
with the CaF, attenuators) in an attempt to accumulate more low fluence

results. A stmightforward reduction in the voltage (from 19kV to 17.5kV)
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yielded lower but erratic fluences. The fluence was stabilised by increasing
the helium flow rate so that the N,,CO,,He laser cavity rates were 1.2,2.2,8.0
litres/min rather than the nominal 1.2,2.2,6.0 litres/min. Photon-drag
photographs were taken in order to determine the extent of pulse temporal
changes. The results were presented and discussed in Section 2.1.2 (and
Fig.2.1-6). It was shown that a reduction in voltage lengthens the pulse (both
FWHM and basewidth) and reduces the energy in the tail. Because of this
change, the Series 3 experimental results should be considered with low
weighting since this effect alone may change the photochemistry (the effect
on photochemistry by changing the pulse shape is studied for a few of the
molecules in this thesis). This method of fluence reduction is not
recommended, but was nevertheless the only experimental technique available

at the time which could hope to achieve the objective.

Absolute raw yields for the butenes and other products of the first series
are displayed in Fig.4.3-1. Absolute raw yields of Series 2 butene products are

shown in Fig.4.3-2.

The preliminary, entirely separate study of butanol which is known as Series
1, initiated extreme interest in the ratios of each butene to the sum of the
butenes. The two sequences of experiments, that were carried out several
weeks apart and which collectively form Seres 1, concurred, demonstrating
apparently anomalous behaviour at low fluence (Fig.4.3-3). More specifically,
the dominant but-i1-ene decreases rapidly with cis-but-2-ene at low fluence
as the fluence is decreased, such that trans-but-Z-ene vbecomes dominant. A
similar analysis of data (gathered during the main study) lacks clarity in the
low fluence r;gion, but hints at the same trend. While the Series 3 data

2
tentatively show the same trend (but for the range 4.4)J/cm? to 4.7)/cm

only), there is a higher, unknown degree of uncertainty in the data, because
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Fig.4.3-1 Butan-2-ol: Variation of the yield (raw data - 1st series) as a
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Fig. 4.3-2 Butan-2-ol: Effect of an added diluent on yield (raw data -
2nd series) as a function of fluence at R24 (10 nm). Reactant pressure
was-(50 +/- 2) mtorr for the pure series, and (4.7 +/- 1) mtorr for the

dilute ('D' prefix)
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Fig. 4.3-3 Butan-2-ol: Effect of diluent on the raw data yield ratio

(product to the sum of butenes) as a function of fluence at R24 (10 um).
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of the manner in which the fluence was varied. Table 4.3-1 gives the ratios
of each butene product to the sum of the butenes for each series; the

N,:CO,:He flow rates used to vary the charging voltages in Series 3 are

given, as are the resultant voltages.

A systematic error seems a likely explanation for the non-coincidence of the
two "pure” series of absolute yield data (i.e. Series 1 data, and the "pure"
data of Series 2; Figs.4.3-1 and 4.3-2). The fluence stability for each data
point of both series was better than 0.05]/cm?. This would not account for
the shift in data, even allowing for an additional 20% variation; a result of a
combination of a different position of the input beam on the detecting
crystal, and different calibration factors caused by ageing. Since the general
trend of the ratios to total butene yield are similar versus fluence, the
indication is that the systematic error lies in the yield values. It is entirely
likely that it lies with the chromatograph detection system, since very
frequent maintainance was required on this instrument. Furthermore, during
the large time interval between the two series, the vacuum systems were

given a major overhaul.

At high fluence, the ratio of but-l-ene to but-Z-ene is about 3:2, as expected
on the basis of free rotation about the C -C, bond and about the C,-C,
bond. This enables the formation of a planar, 4-centred transition state,
involving either one of the three methyl H atoms or one of the methylene H

atoms, leading to the production of but-1-ene or but-2-ene.

Conformational analysis offers further insight into the observed olefin ratios;
the eclipsed and staggered conforms resulting from rotation about the C:2
and Ca bond, and Ci and C2 bond, are illustrated in Figs.4.3-4a and 4.3-5a

respectively. In the transition state, the m bond is not yet complete allowing
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~n

Ratio of Product to Sum of Butenes

N

comments
Series F'l;;e::e trans cis fluence | ©8- charging
C but'l'ene but_z one b 2 stability Voltage (‘.'/-
- u -ene
+/- J/em? 0.2kV)
& N,;:CO,He
I S N U S N L
W
271 0.0000 0.9732 0.0268 0.09
354 0.4081 0.4694 0.1225 0.12
I
4.64 0.6186 0.2562 )
Pure Butanol 0.1252 0.10
(raw data) 6.75 0.6400 0.2124 0.1476
9.18 0.6376 0.2098 0.1526 0.37
12.33 0.6402 0.2012 0.1585 0.02
3.85 0.5334 0.4666 0.0000
4.10 0.5863 0.2527 0.1610
I 4.72 0.5900 0.2716 0.1384
Pure Butanol | 533 0.5219 0.2784 0.1996
(raw data)
7.03 0.6192 0.2177 0.1631
9.47 0.6132 0.2110 0.1758
9.66 0.6095 0.2169 0.1735
6.61 1.0000 0.0000 0.0000
6.05 0.6404 0.2135 0.1461
I 7.30 0.5946 0.2151 0.1903
Dilute Butanol
(raw data) 8.27 0.6116 0.2169 0.1715
8.89 0.5845 0.2417 0.1738
9.68 0.6245 0.2030 0.1725




%—\‘,
3.85 0.6406 0.3594 0.0000 0.20
4.10 0.8089 0.1911 0.0000
o 4.72 0.6097 0.2200 0.1703
Pure Butanol |, 0.5329 0.2393
(deconvoluted) ) . . 0.2278 0.033
7.03 0.6281 0.2087 0.1632 0.062
9.47 0.6225 0.2189 0.1586 0.013
9.66 0.6185 0.2259 0.1555 0.060
5.61 1.0000 0.0000 0.0000 0.018
6.05 0.6722 0.1854 0.1424 0.047
1 7.30 0.6106 0.2066 0.1887
Dilute Butanol
(deconvoluted) | 8.27 0.6084 0.2187 0.1729
8.89 0.5634 0.2592 0.1774
9.68 0.5919 0.2350 0.1731
4.15 0.727 0.273 0.000 01 17.2kV;
1.2:2.2:8.0
4.34 0.567 0.240 0.194 02 17.5kV;
1.2:2.2:8.0
443 0533 0.219 0.248 01 17.8kV:
m 1.2:2.2:8.0
Pure Butanol
(raw data) 4.79 0.641 0.207 0.153 01 18.0kV;
1.2:2.2:8.0
5.55 0.589 0.218 0.193 04 19.0kV;
1.2:2.2:6.0
758 0.602 0.223 0.176 01 19.0kV;
1.2:2.2:6.0
Table 4.3-1 Butan-2-ol: Ratios of the primary products to the sum of

the primary products resulting from irradiation of 50
mtorr total pressure of gas using the Ry, (10 ym) line.



STAGGERED / SKEWED CONFORMS ECLIPSED CONFORMS
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Fig. 4.3-4(a) Butan—2-ol: Eclipsed and
staggered conforms resulting from rotation
about the C, and C_ bonds (SH = steric

hindrance)
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Fig. 4.3—4(b) Butan—2-o0l: Schematic diagram showing
energy as a function of rotation angle about the
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the free rotation. Furthermore, molecules in room temperature vapour have
sufficient energy to traverse the energy barriers for all the conformational
configurations; Figs.4.3-4b and 4.3-Sb are schematics of energy versus
rotation angle, formulated by taking the following into consideration: i)
staggered forms are more stable than eclipsed forms, since steric hindrance
is reduced in the former (21). i) there will be ionic repulsion between HO%*...
H®, and H8+...CH35+, and ionic attraction for H%*... OH®", and OHS'...CH35+.
ili) there will be more steric hindrance between two methyl groups than
between a methyl group and a hydroxyl group, because a methyl group
occupies a larger volume than a hydroxyl group (20). The time at which the
hydroxyl group is closest to a hydrogen is during an eclipsed configuration,
and is also when dehydration is most likely to occur. Of the five a hydrogens
that can expected to react with the hydroxyl during the four centred
dehydration reaction, statistically there is clearly a 3:2 chance that the
hydroxyl will react with a methyl hydrogen rather than one from the CHz2
group. Because of isomeric forms, the resultant 60%:40% 1-ene/2-ene ratio, is
predicted to be further statistically divided into 60%:20%:20X 1-ene:tmns:cis.
On dissociation, the product has some excess energy. Higher excitation levels
will produce, on the whole, more highly excited products, and post
decompostion isomerisation of cis - tmns is likely to occur (under
collision-free conditions). This will manifest itself as the observed trend
towards trans/cis 2-olefin ratios, differing from statistical predictions and
nearer to the thermodynamic equilibrium values, as the fluence is increased.
Direct cis - tmans isomeriséxtion occurs by the uncoupling of the n bonds, so
allowing free rotation and this freedom already exists in the transition state.
Since the complete isomerisation process requires approximately 63 kcal/mole,

even less is obviously required for an isomer still within the transition state.

Furthermore, since isomerisation is catalysed by free radicals, it is reasonable
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to expect more isomerisation at the highest fluences where radical formation

is most likely.

The appropriate temperature for calculating equilibrium ratios, applicable to
these experimental conditions, is unknown. However, as the temperature is
lowered, the thermodynamic equilibrium proportion of the trans-isomer
increases (for example, at 500K the molar fractions (102) are; but-1-ene 0.146;
cis-but-2-ene 0.295; trans-but-2-ene 0.558). Some increase in the proportion
of trans-isomer with decrease in fluence is therefore to be expected. At the
lowest fluence investigated, an unexpectedly high preference for the
trans-isomer was observed (97%; see Fig.4.3-3 and Table 4.3-1). This single
observation has not been confirmed and, whilst of considerable interest,

requires further investigation.

4.3.2 Other Products

The products found that were not from the unimolecular dehydration channel
that results in the butenes were; methane, ethane, ethene, propane, propene
and butane (3,4-dimethylhexane was specifically looked for but not detected).
Their yields are displayed in absolute form for the first series in Fig.4.3-1,
and as a fraction of the sum of the dehydration channel products in
Fig.4.3-6; the C‘2 hydrocarbons and Ca hydrocarbons were not resolved in
these instances. The C, hydrocarbons are the most abundant of these ‘other’

products, followed by the C; hydrocarbons, butane, then methane.

It was not always possible to isolate propane from propene, but it was
proven that both exist and that propane predominates. For the most part of
the butanol study, it was also not possible to resolve ethane and ethene, and

there is a lack of detail with respect to them in the 'pure’ work. However, it

was confirmed that both exist as products and in a ratio ethene/ethane of
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Product/Sum of Butenes

Fig. 4.3-6 Butan-2-ol: Variation of the yield ratio of product to butenes
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1.77 at 9.7J/cm?. Only a few more points were taken in the dilute case.
showing a similar ratio that increases slightly with fluence (from 2.14 at

7.3)/cm? to 2.52 at 9.7 ]/cm?).

4.3.3 Effect of Diluent

Butanol was diluted with cyclohexane to a ratio of 1/9.63, and was tested
under constant pressure, collision-free conditions viz. Smtorr partial pressure
of butanol, and SOmtorr total. The results are presented in Figs.4.3-2 and
Table 4.3-1. There is no apparent affect on the undeconvoluted yield of the
major product (but-1-ene), whilst the majority of the other products exhibit a
slight yield increase after dilution. More specifically, there is no more than a
five fold increase in ethene (at high fluence), and no more than a two fold
change in the but-2-enes. The reason for this pattern of observation is not

clear.

4.3.4 Pressure Dependence
The variation with pressure of the yield of each primary product to that of
the sum of the dehydration products is given in Table 4.3-2 and Fig.4.3-7.

The high fluences used are given for each pressure (Table 4.3-2).

These ratios are invariant with pressure for the most part, though there
appears to be a convergent trend towards the highest pressures. Analysis was

not carried out for any other product.

4.3.5 Discussion
Listed below are some decomposition paths (molecular elimination and bond
fission) with related heats of reaction for butan-2-ol, which, a priori, may be

accessible with IR irradiation. According to Fig.1.4-4, excitation to twice that

of the activation energy is allowable. An extensive literature search did not
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Ratio of Product to Sum of Butenes

but-1-ene trans but-2-ene

* Dilute mixture; Bu-2-OH:N2 = 1.0:13.0

cis but-2-ene

Table 4.3-2 Butan-2-ol: Ratios of the primary products to the sum of the
primary products resulting from irradiation at high fluence with

the R24 (10pm) laser line (see Fig. 4.3-10)



Fig. 4.3-7 Butan-2-ol: Variation in the ratio of the yield of product to
the sum of the butenes as a function of pressure. A high fluence of
. ~9 J/cm(2) at R24 (10 ym) was used, and, as shown, in all but one case
the reactant was pure
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yield Arrhenius parameters for butan-2-ol, though Shaw (6) estimated
E,=64.0 kcal/mol, for the least energetic (dehydration) channel of t-butanol.
For the same path Tsang (26) quoted log,k=13.4-(61600/2.303RT)s !,
62kcal/mol would also be a reasonable value to assume for butan-2-ol. The
likely overexcitation thus becomes about 124kcal/mol so with no further
reactions, all the listed reactions [4.3-1] through to [4.3-9] will be allowed
(since for bond fission reactions, AH values are similar to the activation

energies). These and further reactions will be possible if the total activation

energy does not exceed 124 kcal/mol.

AHS 4, kcal.mol !

Molecular Elimination:
CH3CH(OH)CH.‘,CH3 f4.3-1] — CH3CH=CHCH3 + H,0 9.8 trans
10.8 cis

[4.3-2] — CH3CH2CH=CH2 + H20 12.5

[+3-3] — CH,CHO + C,H, 10.0
[+3-4] — CH,0H + C,H, 26.9
[+.3-51 — CHOCH,CH, + CH, 7.3
Bond Fission:
[4.3-6] — *C,H; + CH, CHOH 83.2 ()
83.0 ()
80.7 (1)

[4.3-71 — CH, + CH,CH(OH)CH; 838
[+3-81 — CH, + CHOHCH,CH, 84.6

[4.3-91 — OH + CH, CHCH,CH; 915
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Subsequent radical reactions may be expected to form the following products:

A ref
CH, + CH, [+.3-10] ——C,H,
'CH3 + 'C2H5 [4.3-11a] —— C3H8
or [4.3-11bl—>CH, + C,H, 0.036%.003 (11a)
'C.‘_,H5 + 'C2H5 [4.3-12a] — C‘,'H10
or ([4.3-12b] — C2H6 + C2H4 ~.14 (11b)
'CZH5 [4.3-13] —— C2H4 + H

CH,CHOH [s3-u]l — H,0 + C,H,
CH,CH(OH)CH, (4.3-151 — H,0 + C H,

CH, + CH,(OH) CHCH,CH, [.3-1s1l—> CH, +*[C,0H,]

The AH of the reactions forming CH, and C,H; radicals are very similar,
though one would expect methyl radical production to be favoured since
there are two possible channels leading to their production Eqgs. [(4.3-7] &
{4.3-8]: consequently one would expect reaction [4.3-10] to occur in

statistical preference to reaction [4.3-11].

The observed product ratio C,H,/C,H,, could be compared with the known
theoretical ratio of disproportionation to recombination, A, for

k Since, however, C,H, is likely to be formed in a number

[4.3—12b]/k[4.3—125]'
of other ways, this comparison is not profitable. The observed yield ratios
CH,/ C,H, and C,H,/C;Hg could likewise be compared with

k =0.036 (11a). The fact that these observed ratios are not

r4.3-1161”/Kr4.3-11a3
equal to each other implies that C,H, and CH, do not solely arise by a
common step such as [4.3-11bl. The fact that (C,H,/C;Hg) i .ervea >9-036
suggests that C,H, arises from other steps as well as [4.3-11bl.

If it is assumed that only [4.3-12b] and [4.3-11b]l are responsibie for C,H,

production, then a further calculation of the expected ratios C,H,/C Hy and
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C,H,/C H,, may be carried out. For this purpose it is assumed that propane

solely comes from [4.3-11a]l and butane solely comes from [4.3-12a].

From 4.3-12b CH, - 0.14 Le. CHy = o4
C4H1° X

From 4.3-11b C,H, = 0.036 CH, - 003
C,H, y

Hence the total predicted ethene yield is given by; C,H, = 014y + 0.036y

Now, the expected ratio of

C.,H
2704 014y + 0.036y
- = 014y + 0.036( Y )
CHy, X X

Substituting the observed ratio of CaHs/CiHio for (y/y) gives a predicted
value of 0.20 for C2H4/CsHio, and Fig.4.3-1 shows there to be far more
ethene than this predicted value, thus supporting the idea for other routes to

its formation.

Furthermore, all the aforementioned ratios decrease with increasing fluence,
which may be interpreted as another clue to there being additional channels:
if the biradical path were the only path, and the process was isothermal,
then the ratios should be invariant of fluence, because the ratio of
disproportionation to recombination (A) (which is a function of temperature)
is invariant of fluence. On the other hand, the observed drop in values as the
fluence is increased may be because the CaHs starts to (or always did) come
from another channel. This discussion thus shows that bond fission processes

alone do not explain the results.

#
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In summary, the products may be explained as follows:

Butenes: The primary reaction paths have been shown to involve the
concerted elimination of the hydroxyl with a Cy 143-2], or C,, (4.3-1],
hydrogen; both paths occur, leading to but-l-ene and but-2-ene production.
The dominant path is that which leads to the 1-olefin, even though this

product is the least thermodynamically stable.

Ethene production is not easily explained, but may arise in one of three ways,
all involving radicals:

(a) by disproportionation of ethyl radicals (produced in [4.3-6]) through
reactions [4.3-12b] or [4.3-11bl.

(b) by further decomposition of ethyl radicals as in [4.3-13] for which
AH°~40kcal/mol (see Table 4.2-1). The total energy requirement of the
complete path ([4.3-6] followed by [4.3-131) is ~123kcal/mol, just inside of
the allowable limit as discussed earlier.

(c) by production via vinyl radicals, which arise, as in step [4.3-14], by water
elimination from the CH;CHOH radicals generated by carbon-carbon fission in

step [4.3-6]. This type of reaction was first proposed by Zhitneva et al. (101).

As discussed earlier, the experimental results show a proportion of CzH4 that

cannot be explained by method (a) alone.

Ethane is most obviously formed by recombination of methyl radicals [4.3-10]
generated by the carbon-carbon fission processes [4.3-71 and [4.3-8]. By
analogy to the production of methane from ethanol ahd propan-2-ol, which
was via a unimolecular channels (reactions [4.1-3) and [4.2-3), a possible path
for butan-z—oi would be the four—centred, molecular elimination reaction

[4.3-3). As implied by the discussion of CH, production from butan-2-ol,
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discussed below, it is likely that this molecular process only occurs to a

small extent compared with methy! radical recombination.

Propane is probably formed by recombination of methyl radicals (produced in
[4.3-7] and [4.3-8]) with ethyl radicals (from step [4.3-6]) through reaction
[4.3-11a].

Propene, analogously to ethene, could arise from propenyl radicals generated,
as in step [4.3-15], from CH,CH(OH)CH, radicals produced in step [4.3-7].
Molecular elimination of methanol from butan-2-ol [4.3-4] may also be

possible.

One other possible, but insignificant, source of propene is the butyl radical
generated by the C-O fission in step [4.3-9). This type of reaction is
analogous to that first proposed by Danen et al. (81) for the pulsed laser
decomposition of 2-iodobutane: it was proposed that propene derived from
the butyl radicals which formed after fission of the C-I bond (Danen further
argued that this channel could become the dominant channel at high levels of
excitation, since compared to the primary HI elimination channels, this path
has both a high A factor, and high activation energy). The absence of
3,4-dimethylhexane indicates that C-O fission by process [4.3-9), producing
2-butyl radicals, does not occur to any significant extent, and therefore

fission of O-H is unlikely, since the AH° for that reaction is higher

(103.0 kcal/mol).

Butane is most likely to be formed through reaction (4.3-12al which involves

recombination of ethyl radicals formed in step [4.3-6]. Since the yields are in

the order C2H6 > C3H8 >C 4H10’ this is consistent with a greater production of
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methyl radicals than ethyl radicals which is as to be expected on statistical

grounds.

Methane could conceivably arise by methyl abstraction [4.3-16]. However, the
concerted molecular elimination of the methyl group by the H of the OH
group to give methane, was the reaction proven by Goodale et al. (81) to
account for methane from doped ethanol: by analogy, the same molecular
elimination process for butan-2-ol is more likely to be the source of methane
also producing propanal (CHOCH2CH3) [4.3-5]. Since this molecular channel is
expected to contribute largely to the yield of methane, and since the
analagous channel is expected to contribute to the same degree to the yield
of ethene, then from the low amount of CH, produced relative to C,H,, it is
likely that this process is unimportant compared with carbon-carbon fission

processes.

With the exception of the small observed amount of CH, and possibly a
small amount of C,H,, all these other products are well accounted for by
the occurence of carbon-carbon fission processes occuring alongside the main

water elimination channel which produces the butenes.

According to Back et al. (3,9c), products exhibiting similar fluence dependency
can be said to have come from reactions of similar activation energies (9),
and this concept will be applied in the next two paragraphs. The degree of
similarity is not quantified. Back (3) uses this analogy to show that two non
bond-breaking channels had similar E_ to a bond-breaking channel, so E_ for
those two were demonstrated to be similar to the endothermicity of the third

channel (within 7kcal/mole (30kJ/mol}).
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In this butanol work, the dependencies of propane with propene, and butane
on fluence are similar for high fluences (Fig.4.3-1), and therefore, can be
expected to have similar activation energies. All proposed bond- breaking
channels have AH°(~Ea)~84kcal/mol (351.46 kJ/mol) plus the AH of the

deactivation reaction of the radicals.

The trans-, cis-2-olefin and 1-olefin dehydration products ail have similar
trends with fluence, and in particular the 2-olefins. The simile breaks down
only at very low fluences as discussed earlier. Furthermore, at high fluence,
the sum of ethane and ethene appears to have the same trend as
cis-but-2-ene (Fig.4.3-1) in which case the activation energy for each path
will be in the region of that predicted for the primary dehydration channel
i.e. 62kcal/mol. Such a low value is not consistent with the occurence of
bond fission and is therefore a further indication that ethene and ethane are

products of molecular channels (eg. [4.3-3]).

Finally, heteregonous effects have previusly been shown to favour
cis-but-2-ene formation over that of the trans-isomer (19), after pyrolysis of
2-chlorobutane. The fact that trans-but-2-ene is the favoured 2-olefin in this
research acts as a check that laser decompostion under conditions described

are homogeneous.
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44 tert.- BUTANOL

This molecule was studied only briefly. At a high fluence of 8J]/cm? using
p30(10 um) radiation, 50 mtorr of pure t-butanol decomposed to give ethane
and/or ethene, propane and/or propene, and iso-butene, in proportions
10.3%:11.6% : 78.1X respectively of the total product yield. No other products
were detected which meant that any further products were at the most 0.5%
of the total product yield. Chromatograph conditions were the same as those

of the Pye during analysis of butan-2-ol.

Shaw (6) has reported the minor products H,, C,H,, CH,, CO, C,H, and C,H,

in the laser photolysis of t-butanol, but only at pressures above 3torr.

Barnard studied the thermal decomposition of t-butanol in the gas phase
between 487 and 620°C (a3). He concluded that the reaction proceeded mainly
through unimolecular dehydration and that the iso-butene formed broke down

further into methane, ethane, propane, ethene, propene and some solid

polymer.

Some of the the products detected in this work may be explained as follows:

Iso-butene: The primary reaction path of laser photolysis, is one of
unimolecular dehydration and results in the formation of iso-butene:

GHa (’:Ha

CH,— C — CH, [44-11 — CH, — C==CH, + HO
I
OH
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The minor products probably arise from carbon-carbon fission, which in all

cases leads to the formation of the following two radicals:
CH, and CH; — (f — CH,
OH

Ethane would then form because of recombination of methyl radicals:

2CH3 [4.4-2] —— C2H6‘

Propene may possibly be formed from CHa(.?(OH)CH3 by the elimination of

water to give CH3&3=CH2 followed by hydrogen abstraction.
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45 PENTAN-2-OL

Pentan-2-ol was irradiated at a frequency of 1.85Hz using the R, (9um) line,
and multi-longitudinal mode pulses. The major products expected, as a resuit
of unimolecular dehydration, are pent-1-ene, and cis- and trans-pent-2-ene.
Products were identified as methane, ethane, ethene, propane, propene,
butane, but-1-ene, n-pentane, pent-l-ene, and cis- and trans-pent-2-ene: A
further peak remained unidentified, but occured at a retention time expected
of a C, hydrocarbon. No suitable conditions could be found for separating
the pent-2-ene isomers or pent-l-ene on the Carlo GLC, using either the
chromosorb or capillary columns. Difficulty in resolving the isomers arose
from the small difference (<0.3°C) in their boiling points. Adequate
conditions were eventually found on the Pye, using the same 29m
chromosorb column as for butanol, but with slightly higher carrier flow rates
and a lower oven temperature of 30°C. To achieve this low temperature, the
oven had to be vented; special care was taken over calibration, and to ensure
constant temperature condtions. However, resolution of methane through to
ethene was rather poor: for information on those products the Carlo GLC
was used with the chromosorb 101 column, carrier flow rates of 50 ml/min

and the oven at 40°C.

4.5.1 Fluence Dependence

For pentan-2-ol it was fairly easy to fit simple curves to the data to carry
out deconvolution of the yields. Deconvoluted results given in Fig.4.5-1(b)
show that a substantial change occurs as a result of deconvolution. The data,
however, were not sufficiently precise to permit this procedure to be adopted
in all cases. Since. when a comparison is made with other resuits, the same

form of data must be used, in general the raw data is presented.

The variation of yields versus fluence for nominally S0mtorr of pure
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Fig. 4.5-1(a) Pentan-2-ol: Comparison of pentene yields (raw data) as a

function of fluence for pure reactant, and reactant diluted with
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Fig. 4.5-1(b) Pentan_2_ ol: Comparison of pentene yields (deconvoluted
data) as a function of fluence for pure reactant, and reactant diluted
» with cyclohexane (D suffix), 50 mtorr total pressure
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»4

Ratio of Product to Sum of Pentenes
A Fluence
Series Jlem® . trans cis fluence
pent-l-ene pent-2-ene | pent-2-ene | Stability
+/- J/em?
5.55 0.6466 0.2413 0.1121 0.01
I 6.11 0.5652 0.2792 0.1556 0.02
Pure Reactant
6.66 0.5771 0.2686 0.1543 0.02
(48.6 £ 0.6) mtorr
6.71 0.5676 0.2717 0.1607 0.04
7.29 0.5730 0.2502 0.1767 0.10
o 5.45 0.6666 0.1650 0.1684 0.02
Dilute Reactant | ¢ 19 0.7404 0.0008 0.2588 0.01
Reactant Partial | 6.40 0.5361 0.2749 0.1890 0.02
Pressure of
: : 0.2686 0.1726 0.02
(4.98 = 0.05) 7.10 0.5588
mtorr 7.63 0.5762 0.2449 0.1788 0.05
7.96 0.5717 0.2719 0.1564 0.02
Table 4.5-1 Pentan-2-ol: Ratios of the primary products to the sum

of the primary products resulting from irradiation of
nominally 50 mtorr total pressure of gas using the Ry,
(10 pm) line.



pentan-2-ol are presented in Figs.4.5-1 to 4.5-4 (the average pressure used
for these constant pressure experiments was 48.6t 0.6 mtorr). The product
yields from the dehydration channel are presented in Fig.4.5-1. These and
other product yields are represented as a fraction of the sum of the

dehydration products in Figs.4.5-2 to 4.5-4.

Fig.4.5-2 shows that the olefin products of dehydration expressed as a ratio
to the sum of the same products are approximately independent of fluence
above 6J/cm?. The percentages of pent—l—ene, trans—pent—2—ene, and
cis—-pent—2—ene at the maximum fluence of 7.3J/cm? are 57%. 25% and 18%.
Below 6J/cm? the 2-olefin values decrease as the fluence decreases. while
that of pent-l-ene increases; the ratios of the individual pentenes to the sum
of the pentenes are summarised in Table 4.5-1. As was discussed for
butan-2-ol, these details can be explained by conformational and statistical
analysis: Fig.4.5-3 illustrates the conforms and a schematic diagram of the
variation of energy with angle of rotation about a specific C-C bond: the
C,-C, bond. The ratio of pent-l-ene to pent-2-ene is generally close to the
statistical value of 3:2 based on free rotation about C-C bonds in
pentan-2-ol. The ratio of cis-pent-2-ene to trans-pent-2-ene differs
significantly from the value of 1.0 expected on similar statistical arguments.

Evidently pent-2-ene isomerises after decomposition of pentan-2-ol.

As explained earlier, the deconvoluted data are unreliable. Figs.4.5-2 and
4.5-3 show from raw data that over the fluence range 5.5-6.7J/cm?:

(i) the pentene ratios are approximately constant with change in fluence (apart
from some deviation at fluences below 6J/cm?.

(i) the ratios of minor products are again approximately constant with
fluence but the scatter is greater (the CH, point at 7.3)/cm? is anomalous

and requires confirmation).
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Fig. 4.5-2 Pentan-2-ol: Comparison of yield ratio of product to the sum
of pentenes (raw data) as a function of fluence for pure reactant, and
reactant diluted with cyclohexane (D suffix), 50 mtorr total pressure
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Fig. 4.5-4 Pentan-2-ol: Ratio of product to the sum of pentenes (raw
data) as a function of fluence for reactant diluted with cyclohexane (D
. suffix), 50 mtorr total pressure
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ECLIPSED CONFORMS STAGGERED / SKEWED CONFORMS
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Fig. 4.5-5(a) Pentan—2-ol: Eclipsed and
staggered conforms resulting from rotation
about the C, and C, bonds
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Fig. 4.5-5(b) Pentan—2-o0l: Schematic diagram showing

energy as a function of rotation angle about the
C2 and C3 bond



At all fluences, the products in decreasing importance are pent-l-ene, butane,
C,, propene, and propane (all exhibiting similar yields), trans-pent-2-ene then
cis-pent-2-ene, and finally, for the higher fluences only, there are traces of
methane, n-pentane and an unidentified product of weight corresponding

closely to a C, product. The ethane/ethene ratio was found to be 1/2.88 at a

fluence of 6.1 J/cm?2.

Thus it is clear that fragmentation is occurring at all fluences and there is

no great change in fragmentation or elimination with fluence.

435.2 Effect of Diluent

Pentanol was diluted with cyclohexane to a ratio of 1/9.18 and was irradiated
under constant pressure, collision-free, conditions (50 mtorr total; the average
reactant pressure used for these constant pressure experiments was
4.991 0.0S mtorr). The results are presented in Figs.4.5-1,-2 and -4. Fig.4.5-1
illustrates that the diluent causes an increase in raw yield of the dehydration
products, for mid to high fluences. At low fluences the conclusion can not
be generalised; the cis-olefin yield increases, the trans-olefin decreases and
the 1-olefin remains unchanged. The diluent has no significant effect on the

ratio of the dehydration products to the sum of those products (Fig.4.5-2).

In terms of minor product production, the addition of a diluent reduces both
the number of products and the yield. This would be consistent with the
hypothesis that the addition of cyclohexane to pentan-2-ol results in more
efficient decomposition via the dehydration channel. Neither methane, nor
n-pentane were detected, and the C, product was identified as but-1-ene

£

rather than butane. The addition of the diluent also revealed some differences
in the. rddadive importence of e produd, 2
Tt doko Cor the pore predadd . The yields at the lowest fluence (5.45J/cm?)

listed in decreasing order are now found to be pent-l-ene, C,, but-1-ene,
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then trans-pent-2-ene, cis-pent-2-ene, and propene all in similar quantities.
The order is much the same at 6.7J/cm?, except that but-1-ene becomes the
most minor product, and at the highest fluence of 8.0 J/em? it s C2,
pent-1-ene, propene, trans -pent-2-ene, cis-pent-2-ene, propane and but-l-ene.
As a ratio to the sum of the primary (pentene) products, C, and propene

were found to have the same trend with fluence.

4.5.3 Pressure Dependence
On analysing the raw data for the variation of product yields with pressure
(at a constant, moderate fluence of (6.7610.04) J/cm?), the products can
clearly be split into four groups as described below. These groups reflect the
manner in which the products are formed. Absolute yields are presented in
Figs.4.5-6 and 4.5-8, while Figs.4.5-7 and 4.5-9 show the yields relative to
the sum of the dehydration channel products; Table 4.5-2 summarises the
values of the ratios of the pentenes to the sum of the pentenes. In general,
it is. seen that there is little change in the relative yields of the pentenes
with pressure; that most of the minor products increase relative to the
pentenes as the pressure increases; and that the most important minor
products are propene, and the sum of ethane and ethene. The four groups
are:

(i) Pent-1-ene, trans-and cis-pent-2-ene have shallow minima at a pressure
of 0.15torr (Fig.4.5-6), pent-1-ene and cis-pent-2-ene being the major
products at low pressure Their combined yields, however, still
dominate over all other yields at all measured pressures. The ratios of
their yields with respect to each other hardly varies with pressure.
There is a slight convergence as the pressure increases (Fig.4.5-7). This
group o{*i products results from the molecular dehydration channels.

(i)  Propene and ethene (plus ethane), have deep minima at pressures

between roughly 0.09torr and 0.2torr (Fig.4.5-8, dotted lines). They are
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Fig.4.5-6 Pentan-2-ol: Effect of pressure on yield (raw data) for pure
reactant irradiated at a fluence of 6.76 +/- 0.04 J.cm(-2)
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Fig.4.5-7 Pentan-2-ol: Effect of pressure on yield ratio of the product to
the sum of pentenes (raw data), for pure reactant irradiated at a
fluence of 6.76 +/- 0.04 J.cm(-2)
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Fig. 4.5-8 Pentan-2-ol: Effect of pressure on secondary product yield
(raw data) for pure reactant irradiated at a fluence of 6.76 +/- 0.04
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Fig. 4.5-9 Pentan-2-ol: Effect of pressure on secondary product yield
ratio of the product to the sum of pentenes (raw data), for pure
reactant irradiated at a fluence of 6.76 +/- 0.04 J.cm(-2)
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Fluence Ratio of Product to Sum of Butenes
and Stability
/ J.cm(-2)

pent-l-ene [trans pent-2-ene| cis pent-2-ene

6.86 +/- 0.03
6.96 +/- 0.05
6.62 +/- 0.04
6.82 +/- 0.01
6.74 +/- 0.03
6.59 +/- 0.03
6.75 +/- 0.02
6.69 +/- 0.04

Table 4.5-2 Pentan-2-ol: Ratios of the primary products to the sum of the
primary products resulting from irradiation at a average
moderate fluence of ((6.76 +/- 0.04 J.cm(-2)) with the R26 (9 pm)
laser line



(i)

(iv)

the major products at high pressure competing very effectively with
production of the dehydration products. Their ratios with respect to
the sum of the primary products are very similar to each other in
trend (Fig.4.5-8, dotted lines); above 0.15torr, Y « P! [t is the
conclusion of this work, that propene and ethene result from the same
kinds of radical reactions (i.e. disproportionation, decomposition, and
molecular dehydration (see the following Discussion)).

Propane, methane, butane and but-l-ene have deep minima at
approximately 0.Storr (Fig.4..5-8, solid and dashed lines). The ratios of
methane and but-1-ene with respect to the sum of the primary
products are very similar (Fig.4.5-9, dashed lines), as are those for
propane and butane (Fig.4.5-9, solid lines). Methane and but-l1-ene are
not quite as dependent on reactant pressure as propane and but-l-ene.
It is the conclusion of this work (see the following Discussion) that
the formation of both propane and but-l1-ene depend on the radicals
that result from the same carbon-carbon fission steps; the same is
true of butane and propane, and, to some degree, also of methane.
n-Pentane whose yield, unlike the others, strongly decreases with
pressure over the entire measured pressure range (Fig.4.5-6), and
competes more and more ineffectively with production of the
dehydration products (Fig.4.5-7). It is possible that the reaction rate
for the channel leading to n-pentane may be very slow, so collisions
have a strong degrading effect on yield. Or, pentane production may
rely on a radical species which preferentially contributes to another
product as the pressure increases. Then again, pentane may be a
thermal (post-pulse) product, and the deactivating effect of collisions

I

causes more excited parent molecules to stay below the activation
energy as the pressure of pentanol is further increased. It is the

conclusion of this work, that n-pentane is formed through
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recombination of radicals required for the more efficient formation of
propene and ethene; i.e. the formation of the group (iv) product is in

direct competition with the formation of the group (ii) products (see

the following Discussion).

4.5.4 Discussion

Listed below are some decomposition paths (molecular elimination and bond
fission) with related heats of reaction for pentan-2-ol, which, a priori, may
be accessible with IR irradiation. According to Fig.1.4-4, excitation to 2.3
times that of the dissociation energy is allowable. An extensive literature
search did not yield Arrhenius parameters for pentanol. However, an
extrapolation of Danen's analysis (23) above the previously predicted propanol
(Section 4.2) and known t-butanol (Section 4.3) values, gives E_ ~37kcal/mol
for the least energetic (dehydration) channel of pentanol. The maxmum likely
overexcitation is therefore roughly 131kcal/mol. Hence, with no further
reaction, all the listed reactions [4.5-1] through to [4.5-10] will be possible
(for fission reactions, AH values are similar to the activation energies). These
and further reactions will be possible if the total activation energy does not

exceed 131kcal/mole.

1‘.\1‘1‘:30o kcal.mol!

Molecular Elimination:

C,H,CH(OH)CH, + nhv

[4+.5-1 — CH,CH,CH=CHCH3 + H,O0 9.6 trans
10.4 cis

[4.5-21 — CH,CH,CH,CH=CH, + H,O 12.1

[4.5—;] — CH,CHO + CH,CH,CH, 10.4

(4.5-41 — CH,CH=CH, + CH,CH,OH 23.6

[4.5-s]— CH,CH,CH,CHO + CH, 7.5
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Bond Fission:

[4.5-6] — "C,Hg + CH,CHOHCH,

84.2 )
84.0 (@
81.7 W

[+.5-7]1 —n--C,H, + CHOHCH, 83.8 15 (s)
823 2.8 (1)

[+.5-8] — CH; + CHOH(CH,),CH, 83.8

[+.5-91 — CH, + CH,CH,CHOHCH, 84.9

[4.5-10]— OH + C.H,
The energies have not been worked out for the breaking of C-H, C-0O, or

O-H bonds, since it was shown for ethanol,

propan-2-ol, butan-2-ol and

hexan- 2-ol that these are typically 91, 92 and 103 kcal/mol respectively.

Subsequent radical reactions may be expected to form the following products:

A ref

n—'C3H7 + n—'C3H7 [4.5-11a] — C6H14 0.19 (12a)
or [4.5-11b] —— C3H8+ C3H6
'CzHS + 'CZH5 [4.5-12a] — CA'H10

or [4.5-12b]—— C2H4 + C2H6

‘C2H5 +n- 'C3H7 [4.5-13a]

C5H12

or [4.5-13b]

»C,Hy + C3Hg

.06%.04 (298K)

or [4.5-13c] ——»C2H4 + C3H8 .053%.007
'CH3 + ‘CH,4 [4.5-14] _"CzHo
'CH3 + -C2H5 [4.5-15al —->C3H8
or [4.5-15b] ——»CH4 + C2H4 0.036%.003
'CH3 + n- 'C3H7 [4.5-16a] ——>C4Hw .058%.004
or [4.5-16b] —— CH4 + C3H6
[4.5-17] H

C,H, —= C,H, +
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nC,H, [4.5-1831 — C,H, + H

CH,CHOH l4.5-9] — H,O0 + CH

2 2773 (101)
CH,CH(OH)CH, [4.5-201 — H,0 + C,H, (100
CH(OH)CH,CH,CH,
. [4.5-21] — H,O + CH
CH,CH,CH(OH)CH, / 2 4ty (101)

The reaction paths [4.5-61, [4.5-7], and [4.5-8] leading to production of ethyl,
npropyl, and methyl radicals (respectively) have very similar heats of
reaction. There are, however, two channels which lead to the production of
methyl radicals, so their production is likely to be favoured. Consequently,
one would expect reaction [4.5-14] to occur in statistical preference to
reactions [4.5-15]and [4.5-16]1, which in turn would be preferable to reactions
[4.5-11] through to [4.5-13]1. It is thus not surprising that the yields are in

the order C2H6 )C3H8 )C4'H10 > CSH12 )Cb.

The results have clearly shown that the primary reaction paths are those of
molecular dehydration, and minor products are not insignificant. Although the
minor products can be well accounted for by radical reactions (shown above),
it may also be true that some of the products are a result of further
molecular channels. For example, by analogy to recent work on doped ethanol
by Goodale et al. (81), a concerted molecular elimination of the methyl group
as in [4.5-5] (or perhaps in this instance also of the propyl group [4.5-3])
with the hydrogen of the ilydroxyl can be expected. Four-centred, molecular
elimination reactions [4.5-3] to [4.5-5] would produce acetaldehyde (CH,CHO)
and propane; propene and ethanol; and methane and butanal
(CH3CH2CH2Cf;O), as shown below. If produced with high enough energy, the
ethanol by-product may decompose to produce ethene. Propane, propene,

ethane and ethene were readily detected in this work.
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H o

/ l
0\/CH2CH2CH3 [4.5-3] — CH3CH + CH3CH2CH3
CH,CH acetaldehyde propane
/OH
CH3C{{/ CH2CH3 [4-5-4] I CH3CH=CH2 + CH2CH30H
CH propene ethanol
2
H
/
0\ /CHa (4.5-s1 —  CH,CH,CH,CHO + CH,
CHCH,CH,CH, butanal
{(butyraldehyde)

It is not possible to isolate the precise mechanism for the production of the
minor products, because it is an extremely complex trade-off between all of
the suggested mechanisms. However, because of the similarities in trends, the
activation energy, E,, of the path leading to propane can be said to be the
same as that leading to butane (Fig.4.5-3); and E, for C, production is the
same as for propene (Fig.4.5-4). This reasoning is analagous to that
previously used (9) and was discussed towards the end of Section 4.3.5 where

it was first applied to this work (9c).

In summary, the origin of the products observed as a result of laser
irradiation of pentan-2-ol may be explained as follows:

Pentenes: The primary reaction paths have been shown to involve the
concerted elimination of the hydroxyl with a C,, [4.5-2], or C,, (4.5-1],
hydrogen; both paths occur, leading to pent-l-ene and pent-2-ene production.
The dominant path is that which leads to the 1-olefin, even though this
product is the least thermodynamically stable. It is believed that pent-2-ene

isomerises after decomposition of the pentan-2-ol.
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Fthene production may arise in one of three ways, all involving radicals:

(a) by disproportionation of ethyl radicals (produced in [4.5-6]) through
reactions [4.5-12b], [4.5-13c], or [4.5-15b].

(b) by further decomposition of ethyl radicals as in [4.5-17] for which
AH°~40kcal/mol (see Table 4.2-1). The total energy requirement of the
complete path ([4.5-3] followed by [4.5-17]) is ~124 kcal/mol, just inside of
the allowable limit as discussed earlier.

(c) by hydrogen abstraction of vinyl radicals, which arise, as in step (4.5-19],
by water elimination from the CH,CHOH radicals generated by carbon-carbon
fission in step [4.5-4]. This type of reaction was first proposed by Zhitneva

et al. (101).

Fthane is most obviously formed by recombination of methyl radicals [4.5-14]
generated by the carbon-carbon fission processes [{4.5-8] and [4.5-91. Possible
disproportionation reactions are those of C,H, with C,H,, as in [4.5-12b], and

with. n—C3H7 as in [4.5-13bl.

Propene may be formed in three ways:

(a) by disproportionation of C,H, with C,H, [4.5-11bl, C,H, (4.5-13b], or CH,
[4.5-16b].

(b) by further decomposition of propyl radicals as in [4.5-18] for which
AH°~34kcal/mol (see Table 4.2-1). The total energy requirement of the
complete path ([4.5-7] followed by [4.5-18]) is ~118 kcal/mol, inside of the
allowable limit as discussed earlier.

(c) analogously to ethene, it could arise by hydrogen abstraction from
propenyl radicals which are themselves generated, as in the water elimination

s

step [4.5-20], from CH,CH(OH)CH, radicals produced in step [4.5-6].
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Propane is probably formed by recombination of methyl radicals (produced in
[4.5-8] and [4.5-93) with ethyl radicals (from step [4.5-6]) through reaction
[4.5-15al. Disproportionation reactions involving propyl radicals as in [4.5-11b]
and methyl and ethyl radicals as in [4.5-13c], are also possible; the propyl
radicals are produced in the carbon-carbon fission step [4.5-7]. Also, by
analogy to the production of methane from ethanol, propan-2-ol, and
butan-2-ol, a possible, path for pentan-2-ol would also be the four—centred,
molecular elimination reaction [4.5-3]. As implied by the discussion of CH,
production from pentan-2-ol, discussed below, it is likely that this molecular
process only occurs to a small extent compared with methyl and ethyl

radical recombination.

Butane is most likely to be formed from recombination reactions; through
reaction [4.5-12a] which involves ethyl radicals formed in step [4.5-6); and
through reaction [4.5-16al which involves methyl and propyl radicals formed
at steps [4.5-8&9) and [4.5-7] respectively. Since the high pressure yields are
in the order ¢H, >CH, >CH, >CH, >C, this is consistent with a
greater production of methyl radicals than ethyl radicals which is as to be

expected on statistical grounds.

Methane could - conceivably arise by methyl abstraction. Possible
disproportionation reactions are those of CH,; with C,H, as in {4.5-15b], and
with n-C,H, as in [4.5-16b]. However, the concerted molecular elimination of
the methyl group by the H. of the OH group to give methane, was the
reaction proven by Goodale et al. (81) to account for methane from doped
ethanol: by analogy, the same molecular elimination process for pentan-2-ol
is more lil:ely to be the source of methane also producing
butanal (CH,CH,CH,CHO) [4.5-3]. Since this molecular channel is expected to

contribute largely to the yield of methane, and since the analagous channel is
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expected to contribute to the same degree to the yield of ethene, from the

low amount of CH, produced relative to C,H,, it is likely that this process

is unimportant compared with carbon-carbon fission processes.

n-Pentane is likely to be a result of recombination of an ethyl radical
(produced from the carbon-carbon fission step [4.5-6]) with a propyl radical

(produced from the carbon-carbon fission step [4.5-7]) as in [4.5-13a].

But-1-ene most likely arises from the radical, other than CH,, formed in the
carbon-carbon fission processes [4.5-8] and [4.5-9]; elimination of water from
the radicals will give butenyl (as in [4.5-211) which will form but-1-ene after

hydrogen abstraction.

One other possible, but insignificant, source of butene is the pentyl radical
generated by the C-O fission in step [4.5-10] (analagous to the formation of
propene from butanol via step [4.3-9]). It is the results of butanol that

indicate, by similarity, that the reaction [4.5-10] is likely to be insignificant.

C, , although not clearly identified, is likely to be hexane, formed from the
recombination of n-propyl radicals. This conclusion is based on the evidence
that recombination and disproportionation reactions exist for all other

combinations (pairs) of CH,, C,H; and n-C,H, radicals as described above.

With the exception of the small observed amount of CH, and possibly a
small amount of C2H6, all these other products are well accounted for by
the occurence of carbon-carbon fission processes occuring alongside the main

E

water elimination channel which produces the pentenes.
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46 PENTAN-3-OL

Multi-longitudinal mode pulses irradiated pentan-3-ol at 1.85Hz on the line
R,,(10um). Products were identified as methane, ethane, ethene, propane,
propene, butane, but-1-ene, pent-l1-ene, and trans- and cis -pent-2-ene. Other
minor peaks (one of which lay on the trace between but-l-ene and the
pent-2-enes) could not be identified. The Pye and Carlo chromatograph

conditions were the same as for pentan-2-ol.

The irradiating wavelength is strongly absorbed by pent-2-enes (not
pent-1-ene): the low signal absorption cross-section 06=8.9x10720
cm?/molecule. A high pressure mixture (0.199torr) of trans- and
cis-pent-2-ene, was irradiated for 1665 pulses at high fluence (11.2310.03
J/cm?). A 4.1% conversion to the 1-olefin isomer was noted, together with
production of ethene, but-1-ene and n-pentane totalling 0.04%. High pressure,
high fluence runs on pentanol were not carried out for longer than 500
pulses. Thus for all experimental conditions, it was shown that secondary
decomposition of pent-2-enes was negigible compared to the amount actually

produced.

4.6.1 Fluence Dependence

Information was gathered on the variation of product yields as the fluence
was altered using undiluted sample pressures of nominally 50 mtorr. The
average sample pressure was 50 mtorr, and the standard error of the
distribution about this average was O.4mtorr. The accumulated data was
unsuitable for deconvolution (Fig.4.6-1). Trans-pent- .2—ene was the only
detected product at the lowest fluence of 2.1 J/cm?, but both isomers were
measured abov; 5.8 J/cm?. Figure 4.6-2 displays the yield as a ratio to the

sum of the primary, dehydration products. Fragmentation becomes evident at

8J/cm? with the presence (in decreasing order) of ethene. methane and
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Yield

Fig. 4.6-1 Pentan-3-ol: Effect of fluence, R14 (10 um), on pentene yield
(raw data) for pure reactant
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Fig. 4.6-2 Pentan-3-ol: Effect of fluence, R14 (10 nm), on the yield ratio
of product to sum of pentenes (raw data) for pure reacant
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but-1-ene (Fig.4.6-3): this order is dependent on fluence. At the highest
fluences (>11 J/cm?) the list of fragments in decreasing order is propane and
butane (in equal quantities); ethene, ethane, but-l-ene and methane (plus
others not identified); propene was detected at fluences 310.6 J/cm? in
amounts about 0.03 of those of propane which makes it the least important

identified product.

There is a slight convergence in the yields of Fig.4.6-2 as the fluence
increases. At the maximum fluence of 11.9]J/cm? the ratio
trans-pent-2-ene:cis-pent-2-ene is 63%:37%. The apparent local drop in
primary product yield starting at around 8J/cm? coincides with the first
detection of minor products, and may indicate that one of the "new" minor
product channels competes directly with the dehydration channel. Analogously
to the detailed discussion on conforms for butan-2-ol, rotations about C,-C,,
and C;-C,, are the processes which result in unimolecular dehydration and
the = formation of pent-2-ene isomers. The observed proportion of
trans-pent-2-ene to cis-pent-2-ene, will be related to thé energy difference

of the conforms.

The yields per pulse were independent of the number of pulses for the
majority of products; an indication that the products are primary. Only
propene appeared to result from secondary decomposition (accumulating with
each pulse), but too great an importance should not be placed on this
finding, since propene lay on the tail of the propane GLC peak and propane
was a factor of 100 greater i.e. there is more uncertainty in the measurement

of propene.

2
The trans/cis ratio is found to be ~1.90 over the fluence range 4-12]J/cm®.

while the statistical ratio gives unity. The observed ratio, which is probably
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Fig. 4.6-3 Pentan-3-ol: Effect of fluence, R14 (10 pm), on the yield ratio
of product to the sum of pentenes (raw data) for 50 mtorr of pure
reacant
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nearer the equilibrium value, suggests some post-puise thermal isomerisation.
Although some conversion to pent-l1-ene could occur at high fluence since
pent-2-ene absorbs the irradiating wavelength, it is unlikely, for little of the

2-olefin is produced under normal conditions.

4.6.2 Pressure Dependence

Experiments run under conditions of constant, high fluence (1.3 J/cm?) are
represented in terms of undeconvoluted data in figures 4.6-5 and 4.6-6. The
average fluence was 11.29]/cm?, and the standard error of the distribution
about this average was 0.05]J/cm? The pent-2-ene isomers are the major
products at low pressure and maintain a constant ratio with respect to each
other over the pressure range. At high pressures (7 tom), ethene and ethane

are the dominant products.

4.6.3 Discussion

Listed below are some decomposition paths (molecular elimination and bond
fission) with related heats of reaction for pentan-3-ol, which, a priori, may
be accessible with IR irradiation. As explained in Section 4.5, the activation
energy for unimolecular dehydration is approximately 37kcal/mol, and the
likely excitation above the dissociation limit is approximately 131kcal/mol.
Hence, as before; with no further reaction, all the listed reactions [4.6-1]
through to [4.6-3] including C-H, C-O and O-H bond fission channels, will
be allowed (for fission reactions, AH values are similar to the activation
energies). These and further reactions will be possible if the total activation

energy does not exceed 131kcal/mole.
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Fig. 4.6-5(a) Pentan-3-ol: Effect of pressure on yield (raw data) for pure

reactant irradiated at a fluence of 11.3 J.cm(-2)
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Fig. 4.6-5(b) Pentan-3-ol: Effect of pressure on yield (raw data) for pure
reactant irradiated at a fluence of 11.3 J.cm(-2).
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Fig. 4.6-6(a) Pentan-3-ol: Effect of pressure on the yield ratio product

to the sum of pentenes (raw data) for pure reactant irradiated at a
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Fig. 4.6-6(b) Pentan-3-ol: Effect of pressure on the yield ratio product
to the sum of pentenes (raw data) for pure reactant irradiated at a

fluence of 11.3 J.cm(-2)
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AHS,, kcal.mol™!

(C,H),CHOH + nhv

4.6-1] — CH4CH,CH=CHCH, + H,O 9.55 trans
10.43 cis

[4.6-2] — "C,Hg + "CHOHCH,CH, 83.15 (3)
82.98 (4)
80.69 (1)

[+.6-31 — 'CH; + ‘CH,CHOHCH,CH;  84.85

Because of the symmetry, each of the above mechanisms can occur by the
breaking of two separate bonds. The energies have not been worked out for
the breaking of C-H, C-O, or O-H (leading to pentyl radicals) bonds, since it
was shown for ethanol, propan-2-ol, butan-2-ol and hexan-2-ol that these
are typically 91, 92, 103kcal/mol respectively. The following is a list of

possible alkyl recombination reactions:

A ref
'CZH5 + C2H5 (4.6-4a] — C, H,,
or [4.6-4D] — C2H6 + C2H4
'CZH5 + 'CH4 [4.6-5a] — C3H8
or [4.6-5b] —> CH4 + C2H4 .036%.003 (11a)

‘CH3 + 'CH3 [4.6-6] ——»C2H6
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Much of the discussion presented under pentan-2-ol is again applicable here:
primarily that isolation of the precise mechanism of minor product formation
is not possible, because it is likely to be a complex trade-off between all

previously suggested mechanisms and even additional unimolecular reactions

(outlined later).

In summary, the products of pentan-3-ol can be explained as follows. The
low fluence products will be described first followed by additional products

found at high fluence (see listing at beginning of Section 4.6.1).

Pent-2-ene. Molecular dehydration is the primary path; elimination of the OH
occurs with a C, or C, hydrogen, and because of molecular symmetry, both

paths produce the pent-2-ene isomers.

Ethene is the major other product for most of the fluence range (Fig.4.6-3)
and at high pressures (Fig.4.6-6). It is likely to arise from step [4.6-61, which
is recombination of the methyl radicals produced from the carbon-carbon
fission step [4.6-3], and also by disproportionation of two ethyl radicals as
in step [4.6-4bl, and of a methyl and ethyl radical as in step [4.6-3bl; the

ethyl radicals arise from the carbon-carbon fission step [4.6-2].

Methane could also arise from these methyl radicals by hydrogen abstraction,

and by disproportionation of a methyl and ethyl radical as in step [4.6-Sbl.
But-1-ene may arise from the other radical formed in step [4.6-3]; elimination

of water from CH,CH(OH)C,H, gives butenyl which will give but-1-ene by

hydrogen abstraction.
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Propane is likely to arise from step [4.6-5a] which is the recombination of
a methyl radical (formed from the carbon-carbon fission step [4.6-3]) with an

ethyl radical {formed from the fission step [4.6-21).

Butane also arises from recombination, as in step (4.6-4al, of the ethyl

radicals produced in step [4.6-2].

Ethane could arise from these ethyl radicals by hydrogen abstraction, and by

disproportionation of two ethyl radicals as in step [4.6-4b].

Propene may arise from the other radical formed in step [4.6-2]; elimination
of water from CH(OH)C,H. gives propenyl which will give propene by

hydrogen abstraction.

Although not apparently necessary to explain the products for pentan-3-ol,
since they have all been accounted for above, there follows a short
description of additional unimolecular reactions that may occur (shown in
Fig.4.6-7). They are introduced, because it was recently found for ethanol
that unimolecular channels (other than the main dehydration channel) were
more abundant than previously thought. Rotation about the two identical
bonds C,-C, and C,-C; might lead to production of propanol and ethene as
shown in step [4.6-11]. An additional source of but-1-ene may be caused by a
concerted elimination of the methyl group by the hydroxyl group as in
[4.6-8], and ethane by concerted elimination of the ethyl group by the
hydrogen of the hydroxyl group as in [4.6-101 respectively. Recent work on
doped ethanol by Goodale et al. (81), proved the existence of a concerted

molecular elimination of the methyl group. By analogy, the argument for

[4.5-10] is strengthened. The final suggestion is elimination of water as in
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step [4.6-9], and is the only additional channel for which products were not

measured.

Finally, because butane and propane are formed in nearly equal quantities
(Fig.4.6-3) it implies that their reaction paths are equally probable, and hence
it is concluded that the activation energy and A factor for the formation of
these products are similar. Since they are formed through (4.6-4a] and
[4.6-5a] respectively, then E, will be roughly 84kcal/mol (the AH of bond
fission for [4.6-2 and -31), and A (typically for radical reactions) will be 10%6.
Therefore, since E, and A of these channels are both greater than for the
primary channel, then butane and propane will become important, as

observed, at high fluence.
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4.7 HEXAN-2-OL

The major products expected, as a result of unimolecular dehydration, are
hex-1-ene, and cis- and trans- hex-2-ene. Muiti-longitudinal mode pulses
were used to irradiate pure hexanol at a rate of 1i1 shots/min on the line
pzo(9um). Over the course of the work, the products which were identified
were methane, ethane, ethene, propane, propene, butane, but-1-ene. pentane,
pent-l-ene, pent-Z-ene, n-hexane, hex-1-ene, and trans- and cis-hex-2-ene.
There were also traces of acetylene and a product which could not be
identified, but which was estimated to have a retention time of a Cq or C,
hydrocarbon. Both the Pye and Carlo GLC conditions were the same as those
used for the pentanols, except that the Pye oven temperature was increased

to 50°C.

4.7.1 Fluence Dependence

Samples of pure hexanol, of nominally 50 mtorr pressure, were irradiated over
a range of fluences (Fig.4.7-1 to 4.7-3). Decomposition was difficult being
achieved only for fluences above 7.5J/cm?, a region for which the discrete
attenuating abilities of the various salt flats meant that only three data
points could be taken. Fig.4.7-1 shows the yield of the dehydration channel in
absolute form, while Figs.4.7-2 and 4.7-3 show all the yields as a ratio to
the sum of the dehydration channel products. A list of products in order of
priority is dependent on fluence. At the lowest fluence, the list (in
decreasing order) is hex-1-ene, trans-hex-2-ene, cis-hex-2-ene, propene,
hexane and butane. At the highest fluence the dominant products (listed in
decreasing order) are hex-1-ene, ethene, propene, trans-hex-2-ene, hexane and
cis-hex-2-ene, there being a mere factor of 3.2 difference between the yields

of the first and last product. Fragmentation clearly contributes greatly to the

decomposition.
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Fig. 4.7-1 Hexan-2-ol: Effect of fluence, P20 (9 nm), on yield (raw data)
for pure reactant
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Fig. 4.7-2 Hexan-2-ol: Effect of fluence, P20 (9 nm), on the yield ratio of
product to the sum of hexenes (raw data) for a pure reactant
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Fig. 4.7-3 Hexan-2-ol: Effect of fluence, P20 (9 pm), on the yield ratio of
product to the sum of hexenes (raw data) for a pure reactant
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4.7.2 Pressure Dependence

The effect of reactant pressure on product yield was investigated using
conditions of high fluence; the fluence range was 9.36¢0.02)/cm® to 10.41%
0.04J/cm?2, for pressures in the range 0.05-16torr. The yield of hexenes
showed a minimum at 0.6torr. When expressed as a ratio to the éum of the
dehydration products, there is shown to be very little variation with pressure
(Fig.4.7-4) for the dehydration products (these ratios were shown in Fig.4.7-2

not to be so dependent on fluence).

Other products are expressed as a proportion to the sum of the dehydration
products in Figs. 4.7-5 and 4.7-6. All the products may be considered to
belong to one of three groups as described below. The trend of products
within each group is similar which would lead to the conclusion that the
mechanism(s) of formation for each product within a group is of the same
type (or combination); for example, clearly all the products of group (i) are a
result of dehydration. Furthermore, as is reviewed in detail in the Discussion
section, the alkenes {(group (ii)) are typically explained to be as a result of
radical disproportionation reactions and decomposition of hot radicals, while
the the alkanes (group (ii)) are explained to arise primarily from radical
recombination reactions, but also from radical disproportionation and
molecular elimination reactions. Thus, there is likely to be some competing
reactions between groups (ii) and (iii). The groups are:
i) the dehydration products which vary hardly at all with pressure.
i) the alkenes which t};pically have the lowest proportions around 0.8torr.
Generally the yields dominate over those in group (iii) and at times

also over (i).

(iii) the alkanes which typically have a peak at 0.8torr, and minima at

O0.1torr. At the peak, all the alkane ratios are approximately equal to
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Fig. 4.7-4 Hexan-2-ol: Effect of pressure on the yield ratio of product to
the sum of hexenes (raw data) for a pure reactant at P20 (9 nm)
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Fig. 4.7-5 Hexan-2-ol: Effect of pressure on the yield ratio of product to
the sum of hexenes (raw data) for pure reactant at P20 (9 ym)
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each other, and to the yield of cis-hex-2-ene. The peak corresponds to

the minima in group (ii) products.

4.7.3 Discussion

Listed below are some decomposition paths (molecular elimination and bond
fission) with related heats of reaction for hexan-2-ol, which, a priori, may be
accessible with IR irradiation. An extensive literature search did not yield any
Arrhenius parameters. Based on discussions on the choice of activation
energies for alkanols covered in the previous sections, a reasonable estimate
for the dehydration channel of hexanol would be 52kcal/mol. Figure 1.4-4
shows that excitation to 2.6 times the activation energy is likely ie. to
135kcal/mol. Hence with no further reaction, all the listed reactions [4.7-1]
through to [4.5-9] will be allowed (for fission reactions, AH values are
similar to the activation energies). These and further reactions will be

possible if the total activation energy does not exceed 135 kcal/mole.

AH° 300 kcal.mol ™!

Cc,H,CHOHCH, + nhv

[4.7-11 —  C4H,CH=CHCH, + H,0 9.5  trans
10.5 cis
l4.7-21 —  C,H,CH=CH, + H,0 12.1
(4.7-31 —> n- C,H, + CH, CHOH 80.5
[4.7-4] —  CH, + CHOH(CH,),CH, 83.8
l47-51 —  -C,H, + CH,CHOHCH, CH, 841 (3)
84.0 ()
81.7 (1)
(4.7-6] — n--C4H, + CH, CHOHCH, 84.7 (s)
833 (1)
(4.7-71 —>  CH; + CH,(CH,), CHOHCH, 848
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(+.7-81 —  OH +CH, CH(CH,),CH, 9.5

[47-91 — H  +CH,C O(CH,),CH, 102.9

Subsequent radical recombination may be expected to form the following

products:
A ref
n-*C,Hy + n—-C,Hy [(4.7-10}— C,H,, + C,Hy
CHy + CHy  [s7-ul— C,H,
n+C4Hy + CHy  [a7-12al— CgH,,
or [4.7-12b}— C,Hy + CH,
‘C,Hg + "C,H;  [4.7-13a)— C H,,
or [4.7-13b}— C,H, + C,H,
'C,Hg + n-"C,H, [4.7-14a}— C . H,,
or [4.7-4b}—C,H, + C,H,
C,Hg + CHy  [4.7-15a}— CgH,
or [4.7-15b}—C,H, + CH, .036%.003 (11a)
n-‘CgH, + n-"CjH., [4.7-16al— C,H,,
or [4.7-16b}— C H, + C;Hg .19 (12a)
n-‘CgH, + n-'C,Hy [4.7-17}— CgHg + C Hy
n--C;H, + CHy  [47-18a}— C,H,,
| or [4.7-18b}— C,H, + CH, .658%.,004 (11a)
n--C;H, + ‘C,H, (4.7-19a}— C_H,,
or [4.7-19b}— CH, + C,H,  .0s6t.004 (11a)

Possible radical decomposition reactions for hexan-2-ol will be:

AHS kcal.mol ™}

P

C,H, [47-20— C,H, + H 39
nCH, l47-21— CH, + H 34
nCH, [4.7-22— CH, + H ~35
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As shown in Table 4.2-2 the activation energy for (4.7-20] has been found to
be 42kcal/mol (27,100,103) and the A factor to be 10135 5! (103). The heats of

eaction were estimated using the Group Contribution Method (Appendix A4)

The drop in yield of dehydration products with fluence (Fig.4.7-1) is
surprising. It may possibily be due to the increasing role of other channel(s),
which while having a higher activation energy than the dehydration channel,
may also have a significantly higher frequency factor; reactions initiated by
bond fission may be the cause since their preexponential factor is in the
order of 1018s™! (24)(27) compared to 10!3s™! for the dehydration channel:
Between 8 and 10]J/cm? the proportions of all product yields to the

dehydration channel yields increase with fluence, except those of the alkanes

propane, butane and n-pentane (Fig.4.7-3).

This work has demonstrated that while molecular dehydration is the primary
channel, further channels are significant, and can produce products totalling
over 70% of the primary channel yield (at roughly 8.3J/cm? - Fig.4.7-3). The
OH is eliminated with either a C, hydrogen to form hex-1-ene, or a C,
hydrogen to form hex-2-ene isomers. As is illustrated in Fig.4.7-2, close to
the threshold fluence for decomposition, a convergence of trans-hex-Z-ene
and hex-1-ene is noted. Otherwise there is very little variation with fluence;
at the maximum fluence of 10.4)/cm? hex-2-ene:trans-:cis- is 55%:27%:A7Z.
Statistical and conformational analysis was discussed in detail in section 4.3
on butanol. Using the same argument one would haye again expected a
60%:20%:20% split. The proportions are indeed approximately in this order, but
the indications are that the H attached to the the third carbon has a greater

3

affinity for reaction in hexan-2-ol than for butan-2-ol.
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The channels additional to those of dehydration are primarily bond fission

(later, in the discusion of methane and butane, two further molecular
elimination channels will be proposed, [2.7-23] and [2.7-24]). The role of

fission reactions [4.7-3] to [4.7-9] is discussed below.

The product distribution shown in Fig.4.7-3 can be largely explained based on
a comparison between the likelihood of radical formation, and anhilation. The
expected radicals caused by bond fission are methyl, ethyl, propyl, and butyl
radicals [4.7-4&-7;-3;-5;-6]. The activation energies for bond fission leading
to these radicals are similar, so they might be expected to be formed in
approximately the same quantities. However, statistically methyl production
will dominate. Furthermore, because activation energies for decomposition (via
reactions [4.7-20;-21;-22]) are similar for each of these radicals, the resultant
alkenes (ethene, propene, and butene) would also be expected to be formed
in approximately the same quantities. The graph shows this simple analysis is
not true, and indicates that there are further (or even alternative} channels
contributing to the production of ethene, propene, and butene, in order that
ethene dominates,r as observed, at fluences above 8J/cm?. Some suggestions
for alternative decomposition paths for the propyl and butyl radicals are:
C,H, [47-23] — C,H, + CH,
mC,H, [4.7-241 —— C,H; + C,H,
These paths have an activation energy of approximately 35kcal/mol, and

provide extra channels for C,H, production.

If there is very efficient decomposition of hot radicals, then there must be a

low yield from competing radical recombination and disproportionation paths.

Since reactions involving decomposition of hot radicals are likely to become
more efficient as the fluence increases then ethene, propene and but-l-ene

yields will increase with fluence, while product yields formed from the
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competing recombination and disproportionation paths will decrease. The

results are consistent with this scenario in that ethene, propene and

but-l-ene increase with fluence while propane, butane, and n-pentane
decrease; these alkanes cannot be explained as products of decomposition of
hot radicals, but can be explained by radical recombination and

disproportionation paths. The increase of ethane with fluence is also
consistent with the above scenario, since it is probably derived from methyl
recombination for which competing reactions from decomposition of hot
methyls is unlikely. However, the rise in hexane yield with fluence is

inconsistent with the scenario, for its formation can only be explained by

radical recombination reactions [4.7-14a] and [4.7-16al.

Not to be ruled out is the possibility of further four-centred unimolecular
reactions such as the concerted reaction of the hydroxyl hydrogen with the

butyl and methyl groups, leading to the production of butane and methane.

In summary, the importance of the initial carbon-carbon fission reactions,
compared with elimination of water, is apparent in hexan-2-ol. Decomposition
of hot radicals appears to be an important mechanism. Radical recombination
and disproportionation reactions are also important, supplementing each
product yield to varying degrees; it is quite extensive for methyl radical
recombination. Furthermore, molecular elimination reactions are possible in
addition to the main dehydration channel. The products may be expiained
thus:

Hexenes: The primary reaction paths have been shown to involve the

concerted elimination of the hydroxyl with a C, [4.7-2], or C,, [4.7-1],

hydrogen, leading to hex-l1-ene and hex-2-ene production. The dominant path
is that which leads to the 1-olefin, even though this product is the least

thermodynamically stable.
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Ethene may arise in a number of ways, some of which will tend to become
more important at high fluence. Some suggestions are: (a) from
disproportionation reactions of ethyl radicals (formed in the carbon-carbon
fission step [4.7-31) with other radicals (namely CH,, C,H,, C;H,, and CH,
given by steps [4.7-13b,-13b,-19b, & -14b] respectively).

(b) from decomposition of hot C,Hy as in step [4.7-201.

(c}) from vinyl radicals which form from the larger radical produced by the

carbon-carbon fission step ([4.7-31:

CH,CHOH —— CH,=CH + H,0

j/H abstraction

CH,=CH,

This type of reaction was first proposed by Zhitneva et al. (101), and is used
to explain some products in earlier sections of this chapter.

(d) from decomposition reactions of hot C,H, and C,H, (steps (4.7-23] and
{4.7-241) which are formed from the carbon-carbon fission steps [4.7-6] and

[4.6-3] respectively.

Propene also has more than one plausible path. Analogously to the formation
of ethene, these are:

(a) from disproportionation reactions of propyl radicals (formed in the
carbon-carbon fission step [4.7-6]1) with other radicals (namely CH,, C,H,
C3H7, and C,H, given by steps [4.7-18b,-19b,-16b, & -17] respectively).

(b) from decomposition of hot C,H, as in step [4.7-21]. This will compete
with carbon-carbon fission of the radical (which gives CH, + C,H, as in
(4.7-231) which probably has somewhat lower activation energy.

(c) from allyl radicals which form from the larger radical produced by the

carbon-carbon fission step [4.7-61:
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CH,CHOH)ICH, — CH,=CH-CH, + H,0

lH abstraction

CH,=CH-CH,

But-1-ene has two possible paths

(a) from disproportionation reactions of n-C 4Hy radicals (formed in the
carbon-carbon fission step [4.7-3]) with other radicals (namely CH,, C,H,,
C,H,, and C,H, given by steps [4.7-12b,-14b,-17, & -10] respectively).

(b} from decomposition of hot n-C,H, as in step [4.7-22]. This will compete
with carbon-carbon fission of the radical (that gives C,H, + C,H, as in
(4.7-241), which probably has somewhat lower activation energy than step
(4.7-22], and with fission of the radical to give CH; + CH,CH=CH,, which

been found to have an activation energy of 33kcal/mol (104).

n-Hexane is probably formed by recombination of the propyl radicals (as in
step [4.7-16al) that result from the carbon-carbon fission step [4.7-6]. It
could also be formed by recombination of ethyl and butyl radicals (as in step

[4.7-14a]) which result from the fission steps [4.7-3] and [4.7-3].

n-Pentane arises from recombination of the ethyl and propyl radicals (as in
step [4.7-19a]) that result from the carbon-carbon fission steps [4.7-3] and
[4.7-6]1 respectively, and similarly from recombination of butyl and methyl
radicals (as in step [4.7-12al) that result from the fission steps (4.7-3] and

(4.7-71.

S

Propane most likely arises from recombination of the methyl and ethyl

radicals (as in step [4.7-15al) that result from the carbon-carbon fission

steps [4.7-4] and [4.7-5]. Other possibilities are through disproportionation
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of two propyl radicals (as in step [4.7-16b]), and of propyl and buty! radicals

(step [4.7-171).

Butane is likely to arise from ethyl radical recombination [4.7-13a] and propyl
and methyl radical recombination, the radicals being formed from
carbon-carbon fission in steps [4.7-53, -6, & -4] respectively, although there
may also be a contribution from a further four-centred unimolecular reaction
(4.7-231 shown below. This last reaction is a concerted reaction of the
hydroxyl hydrogen with the butyl group, and is analagous to a concerted

reaction with the methyl group of ethanol which has recently been proven to

occur by Goodale et al. (s1).

H | o

/ AH®°= 10.3 kcal/mol l
o\ /CHZCHZCHZCH3 s - CH,CH + nCH,,
acetaldehyde
CH,CH y

In addition there are disproportionation reactions involving butyl radicals,

[4.7-10]

Fthane most likely arises from methyl radical recombination (step [4.7-111),
but also results from disproportionation reactions of C,H, radicals (formed
in the carbon-carbon fission step [4.7-5]) with other radicals (namely C,H,,

C,H,, and C,H, given by steps [4.7-13b,-19b, & -14b] respectively).
Pent-1-ene may possibly form from the larger radical that results from the

carbon-carbon fission step of [4.7-4]1 as shown below. This is analagous to

the type of reaction that was used to explain the formation of ethene.
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CH,CH,CH,CH,CHOH — CH,CH,CH,CH=CH + H,0
propyl vinyl

l H abstraction

CH,CH,CH,CH=CH,

Methane most likely results from a four-centred unimolecular reaction
(4.7-24] shown below, and similar to that used to explain butane. This
reaction is a concerted reaction of the hydroxyl hydrogen with the
neighbouring methyl group, and is analagous to a concerted reaction with the

methyl group of ethanol which has recently been proven to occur by Goodale

et al. (81).
H
/ CH AHP® =6.9kcal/mol R CHO(CH.).CH. + CH
0\/ 3 [4.7.24] i 2373 4
CH(CHz)aCH3
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4.8 3,3 DIMETHYLOXETANE

At the onset of this research, it was intended to investigate further laser
induced decomposition of oxetane and its mono- and bi-alkyl substituted
derivatives. In particular, to study the branching ratio between the two major

decomposition channels (i) and (i), as for example in the case of

2-ethyloxetane:

C,H

2°"5 ‘
\_'__O
--J[-—f--—l'“— @ — CH, + C,H,CHO
|l propanal
(i) — C,H,CH=CH, + CH,O
but-1-ene formaldehyde

Shaw (6¢) studied the laser photolysis of oxetane, 2,2-dimethyloxetane and
2-methyloxetane. For the unsymmetric molecules laser photolysis was found
to increase the proportion of reaction occurring by the higher energy channel
compared with thermolysis. Although initially it was planned to extend the
work of Shaw to a number of other oxetanes, only 3,3-dimethyloxetane could
be synthesized with sufficient purity, within the time available. Since this is a
symmetric molecule, only one decomposition channel is observed and hence

the information available is limited.

3,3-Dimethyloxetane was irradiated at a rate of 113 shots/min. The extent of
decomposition was investigated at two different wavelengths, corresponding
to the laser tranmsitions R,,(10um) and P,,(10um). The effect of diluent was
monitored for both wavelengths, but the effect of pulse type was only

investigated for R,,(10um).

#

The expected molecular channel [4.8-1]1, was previously shown by thermolysis

(82) to have an activation energy E = 60.7 kcal/mol and an A factor of

1018.585—1.
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(o) CH3
[4.8-1]—— Ne -
CH———I l /C CH, + CH,O
3\ CH,
CH, ,
iso-butene formaldehyde

Over the course of this work, the major product was identified as iso-butene
while other products were identified as methane, ethane, ethene, propane,
propene, butane. One additional peak is thought to be propyne (methyl
acetylene), occuring on the GLC trace between propene and butene, and in
amounts as equally significant as those of propane; there was very roughly
triple the amount of propene compared to that of propane and of propyne.
The doubt in the labelling of the propyne product is merely because there
was no sample of propyne available with which to confirm its GLC retention
time. Further heavier hydrocarbon products (i.e. 3C,) were seen to exist, but

remained unidentified. There was no attempt made to detect formaldehyde.

Both- Carlo and Pye GLCs were used for the product analysis. Column and
flow condtions were the same as when both were used for butan-2-ol
(Section 4.3). The Pye oven was kept at 40°C, and over the course of the

work, the Carlo oven temperature was set either at 30°C or 40°C.

4.8.1 Fluence Dependence

The dependence of the yield of iso-butene on fluence is shown in Fig.4.8-1
for both irradiation lines. Sample pressures were nominally SOmtorr, and
pulses were multimode. The data is shown in both raw and deconvoluted
("decon.") form. Overall, there is an increase in yield with fluence. There is
also a roll-off at the high fluences; the low point for P, at high fluence is
assumed to be a spurious result of the deconvolution process. The roll-off
of the P,, data may be related to saturation of the irradiated volume: as the

fluence increases. the shoulders of the gaussian intensity profile extending
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Fig. 4.8-1 3,3-Dimethyloxetane: The variation of yield with fluence, at
different wavelengths, showing the effect of deconvolution of the raw
data
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outwards from the bounds of the elected cylindrical "irradiated volume”
become sufficiently intense to cause decomposition, consequently the yield is

seen to reach and even exceed 100%. In general, deconvolution increases the

yields.

Figure 4.8-2 ((a) and (b)) provides a comparison of the deconvoluted trends
with fluence for five different sets of conditions; total sample pressures
were nominally SOmtorr. The deconvoluted data of Fig.4.8-1 is replotted here
as Series (i) and (ii):

1] R,,(10um) laser transition, pure reactant, multi-longitudinaimode pulse.
(i)  P,,(10um) laser transition, pure reactant, multi-longitudinalmode puise.
(iii) R,,(10pm) laser transition, dilute reactant, multi-longitudinalmode pulse.
(iv) R, (10um) laser transition, dilute reactant, single-longitudinalmode pulse.

(v) P,,(10um) laser transition, dilute reactant, multi-longitudinalmode puise.

Thus effects of irradiation line, diluent, and pulse type can be determined.
Compare Series (i) with (ii) to establish the effect of irradiating wavelength
(Fig.4.8-2(a)). To look at the effects of diluent, compare (i) with (iii), and (ii)
with (v) (Fig.4.8-2(a)). The effect of pulse type is seen by comparing (iii
with (iv) (Fig.4.8-2(b)). The effect of diluent on the comparison of the effect
of irradiation line may be seen by comparing the differences of (i) and (ii),
against those of (iii) and (v) (Fig.4.8-2(a})). The effects of diluent and pulse

type are discussed in Sections 4.8-2 and 4.8-3.

The effect of irradiation line is observed to be as follows. The high fluence
roll-off observed in Fig.4.8-1 is seen to be strongest for the R,, data. For
both pure and dilute conditions (multimode pulse) the R,, ylelds are the

larger than for P,,. This is a result of greater absorption by R,, (see Ch. 3).
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Fig. 4.8-2(a) 3,3-Dimethyloxetane: The variation of deconvoluted yield

with fluence, showing the effect of irradiating line (Series (i) and (ii)),
. and dilution (Series (i) and (

iii), and (ii) and (v))
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Fig. 4.8-2(b) 3,3-Dimethyloxetane: The effect of pulse type on the
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Minor products were not detected after irradiation with the P,, line, while

for the R,, line, traces were detected, but at high fluence only (for
conditions of dilute reactant, and singlemode and mulitmode pulses). Traces

were more evident for the pure reactant irradiated by the R,, line.

4.8.2 Effect of Diluent

Cyclohexane was added in excess to 3,3-dimethyloxetane to a ratio 8.86:1, and
total pressures of S0mtorr were irradiated, in turn, with both laser transition
frequencies and pulse types (Series (i) and (iii), and (i) and (v) of
Fig.4.8-2(b)). For the R,, data, the overall shape of trends with fluence for
the two sets of data are approximately similar demonstrating that the diluent
has had little effect. For P,, the results are inconclusive as to the effect of
diluent on yield. Any effect is possibly masked by scatter: the P,, results
appear to have shown that the dilution reduces the sensitivity of the yield to

fluence changes.

4.8.3 Effect of Pulse Type

The effects on decomposition of the pulse type (single-longitudinalmode
versus multi-longitudinalmode) was investigated using the R, (10um) laser
transition only (Series (iii) and (iv), Fig.4.8-2). The optimum mixture for the
low pressure tube of the hybrid TEA laser was found to be
102(CO,) : 10%(N,) : 80%(He) forming a total pressure of 10torr. Overall, the
multimode pulses give greater yields; using the multimode data as the
baseline, there was found to be a maximum drop of 73Z to the singlemode
data at roughly 4J/cm?. The fact, that multimode pulses facilitate

decomposition, is evidence that the intensity of the pulse has an effect on

#

the rate of decomposition of 3,3-dimethyloxetane.
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4.8.4 Pressure Dependence

The dependence of isobutene yield with pressure is such that it increases

with increasing pressure to roughly 0.2torr then remains constant at about

38%, a shown in Fig.4.8-3.

Minor product formation is very evident at pressures greater than SOmtorr.

although their yields are very small (<0.5%) compared to that of iso-butene.

4.8.5 Discussion

No attempt was made to carry out a detailed analysis of the minor products
of this heterocyclic system. A few suggestions can be made, however, as to
the formation of methane, ethane, propene and propyne; four of the seven
identified minor products. For example, propyne and methane may be the
result of a unimolecular four-centred decomposition of the primary product
iso-butene [4.8-2]. Unfortunately, there was no experimental analysis carried

out to check the susceptibilty of iso-butene to laser decomposition.

CH, ------- H
e TC We2) —— CHC:CH + CH,
CH, H
iso-butene propyne

Also, bond fission of the reactant to give methyl radicals [4.8-3], provides
the reserves for ethanme and methanme production through recombination and

hydrogen abstraction respectively.

- ‘ (4.8-3] — l l + CH,
CH

3
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In turn, the cyclic radical of [4.8-3] could rearrange to give the 2-propenyl

radical (4.8-4], which then could form propene by hydrogen abstraction.

—0
’ ' [4.8-3]— CH,=C- =+ CH,O
CH,— —— |
CH,

2-propenyl formaldehyde

Furthermore, formaldehyde has been shown to undergo a chain decomposition
in the presence of methyl radicals or H atoms, forming primarily H, and CO

(84). In turn, H, may react with propene to give propane.

Formaldeyde and iso-butene were detected by Cohoe et al. (82) after
thermolysis of 3,3-dimethyloxetane (400-450°C) 10mmHg pressure), in
agreement with the stoichiometry of [4.8-1]. Unlike for oxetane thermolysis,
no appreciable evidence of chain decomposition was found. It was established
that the increase in rate constant due to the dimethylation of oxetane in the
3 position was near to that observed for dimethylation of cyclobutane.
Furthermore, the Arrhenius factor of {4.8-1] was comparable in magnitude, to

the preexponential factor of various alkyl derivatives of cyclobutane (8s).

Cohoe et al. were unable to determine whether or not the ring cleavage was
a concerted process, of whether the C-0O, and C-C bonds broke in succession
forming biradical intermediates. There is also insufficient evidence in this

work to make that conclusion.

#

In summary, laser photolysis of 3,3-dimethyloxetane has confirmed that the
primary reaction channel is ring cleavage leading to iso-butene. Very small

vields of minor products have been detected.
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49 SUMMARISING DISCUSSION

As one progresses through the alkanol homologous series, it is observed that
production of the major products can always be explained in terms of a
molecular elimination channel i.e. one of dehydration. Also the number of
minor products and their yields both increase, such that these yields may
become comparable to those of the major products. For example, twelve minor
products were identified after irradiation of hexan-2-ol, with the propene
yield being half of that of cis-hex-2-ene; whereas for ethanol, there are only

six minor products, with ethane being a factor of ten less than ethene.

It is believed that most of the 'minor' products arise as a consequence of
carbon-carbon fission processes, with minor contributions due to molecular
elimination. As the number of carbon atoms in the molecule increases, the
probability of C-C fission compared with elimination of water involving the
single OH group, is expected to increase simply for statistical reasons. The
increase in the yield and variety of 'minor' products is thus a natural

consequence of the increase in the length of the alkyl chain.

The proposed major, and minor, molecular elimination reaction paths involve
cyclic transition states. Since the breaking and formation of more than one
bond is implied, it would be reasonable to make the assumption that at least
a partial intramolecular redistribution of the deposited laser energy occurs.
This is the same conclusion as that reached by Danen et al (22) for ethyl
acetate (CH3C02CH2CH3), which decomposed via a six-centred transition state
to give CH,CO,H + CH,=CH, in amounts greater than that expected if
produced via a thermal route. Clearly, a further indication of the occurence

£

of laser energy redistribution is the range of unimolecular carbon-carbon

fission processes.
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(butan-2-ol) at 1500 K

I Fluence/ 1-olefin/ trans-2/ cis-2/ 1-olefin/ 2-olefin/ trans/cis \\
J.cm* total olefin total olefin total olefin 2-olefin 1-olefin
Butan-2-ol
pure 7.0 0.6792 0.2177 0.1631 1.78 0.56 1.33
dilute 7.3 0.5946 0.2151 0.1903 1.47 0.68 1.13
pure 9.7 0.6095 0.2169 0.1735 1.56 0.64 1.25
dilute 9.7" 0.6245 0.2030 0.1725 1.66 0.60 1.18
Pentan-2-ol
dilute 71 0.5586 0.2685 0.1730 1.27 0.79 1.55
pure 7.3 0.5730 0.2502 0.1767 1.34 0.75 1.42
dilute 8.0 0.5717 0.2719 0.1564 1.33 0.75 1.74
Pentan-3-ol ”
pure 7.3 - 0.6550 0.3450 - - 1.90
pure 11.9° - 0.6309 0.3691 - - 1.71
Hexan-2-ol
pure " 7.3 curve not yet at plateau
pure 10.3 0.5520 0.2729 0.1564 1.29 0.78 1.74
“ Statistical Prediction - - - 1.50 0.67 1.00
Thermodynamic
equilibrium ratios - 0.762 0.138 0.101 3.19 0.31 1.37

Table 4.9-1

Olefin product ratios for butan-2-ol, pentan-2-o0l, pentan-3-ol and hexan-2-ol. Actual experimental

data is presented for the plateau region at a fluence of around 7J.cm™? and at the maximum detected
fluence (*). Where mentioned, the diluent was cyclohexane (diluent + reactant = 50 mtorr total
pressure).



AG, / kecalmole™ % Product
T/K .
but-1-ene | cis-but-2-ene b\t:-z;n-esne but-1-ene cis trans
300 17.19 15.84 15.15 2.43 23.33 74.24
1000 63.07 63.35 62.66 32.29 28.04 39.67
1500 97.20 99.43 98.50 76.16 10.06 13.78
Table 4.9-2 Gibbs function and calculated % of dehydration

products.




The expected major products, following irradiation of the secondary alkanols
heavier than propan-2-ol, were alkene isomers and their yields have been
illustrated in ratio form. There is a strong similarity between the raw data
results. For those plotted against fluence (Figs.4.3-5, 4.5-2, 4.6-2, 4.7-2), it is
evident that (at high fluence) the proportions are in the order of 60% 1-alkene
and 40X total cis- and trans-2-alkene. The absolute values are tabulated for

clarity (Table 4.9-1).

Theoretical equilibrium ratios of the butenes can be calculated from equation

(4.0-1):

In K - AS® = -AH° (4.0-1)

where K is the 'equilibrium constant’ given by the particular isomer ratio, R
is the molecular gas constant, T the temperature (in K), AS® is the entropy
change and AH° the enthalpy change for the relevant process, e.g.
cis-2-olefin -» trans-2-olefin. The equilibrium product ratios for the butenes
were calculated at three temperatures, (room temperature (300K). 1000K, and
1500K) using the tabulated Gibbs function, AG®, values (90) (Table 4.9-2) and

applying the alternative form of equation 4.0-1 given in equation 4.0-2:

AG® = -RT InK (4.0-2)

The results are shown in Table 4.9-2. It is clear, that equilibrium product
ratios do not resemble the observed ratios, except in the case of the

trans-but-2-ene to cis-but-2-ene ratio for 1500K, which is fairly near the

experimental ratio.

3

It seems clear that at high levels of excitation, the elimination of water via

the three H atoms on the terminal C atom to give the 1-alkene, or via the
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two H atoms on C, to give the 2-alkene. occurs on a statistical basis.
leading to a 1-alkene/2-alkene ratio in the region of 3:2. However, the
trans-2-alkene / cis-2-alkene ratio is closer to the expected equilibrium value
at high temperatures, which implies that cis-trans isomerisation of the
2-alkene occurs after its production from the alkanol. As expected from

thermodynamic statistics, there is always an excess of the trans-isomer over

the cis.

Finally, there is a similarity between the trends of the yield ratios of the
product yields (secondary alkanols and pentan-3-ol) with variation of
pressure. These ratios are, for the most part, independent of pressure,

though there appears to be a convergent trend towards the highest pressures

(Figs.4.3-9, 4.5-9, 4.6-6, 4.7-6).
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3. — DISCUSSION

This final chapter considers, in more detail, the results of the absorption
experiments. In addition, some points of concern are raised about roles of

physical effects that have not previously been considered. Finally, there are

some recommendations for further work.

Absorption cross-section.

It was concluded in Section 3.8, that as the fluence approaches zero, the
absorption cross-section tends towards its low signal, broadband value. This
conclusion was drawn primarily from high pressure data of methanol and
propan-2-ol, and low pressure (~50mtorr) data of butan-2-ol, pentan-2-ol,
pentan-3-ol, hexan-2-ol., and to a degree also of 3,3-dimethyloxetane. The
data was not otherwise obtainable in the region where the gradient of the o

vs. F curve should change, in order to reach o, 4, . . at 'zero fluence.

The absorption cross-section traditionally used, and applied, in this thesis, is
a bulk, or gross value which is rather difficuit to visualise and, therefore, to
predict, interpolate or extrapolate. More meaningful are the inter-vibrational
level cross-sections, Gyj- For a particular molecule, oy may increase, decrease
or remain constant with increasing vibrational level. Unlike the bulk

cross-sections, these 'microscopic’ cross-sections do not depend on fluence.

It is from a simple rate equation that G is defined as being independent of

intensity, I, namely (19) (for collision-free conditions):

. (5.1-1)
N I >N - > 5N
dt j j
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where N, is the population of level i, and Ojj is the absorption cross-section

(3= 1) for ©j (and the emission cross-section if i<j).

Danen et al. (76) attempted to predict the bulk absorption cross-section from
Y values using a "large” molecule (i.e. having ~6 atoms other than H or
halogens) master equation involving absorption and emission rates
proportional to the laser intensity as in Eq.5.1-1. The following Table is the
author's attempt to draw some conclusions from the data on the alkanols

based on visual comparison with the trends predicted by Danen.

Danen predicted the fluence variation of the net absorption cross-section
based on several cases of the variation of the microscopic absorption
cross-section with the level of excitation (all with stimulated emission):

(a) increasing microscopic absorption cross-section with excitation level.

(b) constant microscopic absorption cross-section.

(c) decreasing microscopic cross-section with excitation level.

The following table summarises the comparisons made between the trends
observed for ¢ vs F for each reactant at low pressure (nominally SOmtorr)
and lowest applied fluence, studied in this work, and theoretical curves
plotted by Danen et al. in reference (76). It is recognised that the models
were intended for "large” molecules ie. incoherent excitation (no discrete
levels), and high density of states, permitting used of a simplified

mathematical model.
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REACTANT (o

METHANOL

ETHANOL

PROPAN-2-OL
BUTAN-2—-OL
PENTAN-2-OL
PENTAN-3-OL
HEXAN-2-OL
3,3-DIMETHYLOXETANE

0O coo o 000

(b)

The classification of the molecules in this way is fraught with difficulties.
The difference of the predicted curves for cases b and c is one of degree,
since both curves have the same general shape, and hence assignments must
be viewed with some caution. The basic assumptions invoived in the model,
with molecules reaching the quasicontinuum after the absorption of one
photon, certainly do not apply in the case of methanol and probably do not
apply to some of the other molecules. It seems preferable to conclude that
the microscopic absorption cross-sections of these molecules do not increase

with increasing levels of excitation.

Other considerations

Briefly introduced in this section are a few points that might be worthy of
further consideration. The extent of work required to investigate and answer
these questions is of such great magnitude, that it is beyond the scope of
this particular thesis. Indeed, from a recent conversation with personnel from
the Atomic Energy of Canada Ltd., Chalk River Laboratories (91), the author
has learned that most of these topics are only now being reviewed, and with
the aim of incorporating them into current computer models. The purpose
then, is to alert the reader that work is ongoing in these areas. The topics
of interest are:

() the interpretation of "absorption cross-section”, (already discussed).
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(i) the role of a non-uniform density of reactant caused by compression and
raref action of the opto-acoustic effect. Do the local pressure increases tend
to exaggerate collision induced effects?

(iii) the role of polarisation effects induced by the electromagnetic field. Are
molecules most susceptible to absorption (and hence decomposition) when
their dipoles are aligned to the laser electromagnetic field? If so, the
fraction of absorbing molecules within the irradiated volume will be even
smaller. It has been theoretically established thus far, that polarisation of the
reactant molecules by the laser beam, will only produce noticeable effects at

extremely high fluences (higher than those used here), when selection rules

break down (91).

3.1 FUTURE WORK

In general, the author would recommend that future researchers in this field
should try to incorporate a real—time detection system into their experimental
set—up eg. fluorescence. It would also be advantageous to control the fluence
with a continuously variable attenuator: there is such a device on the market
which has a negAligible effect on beam pointing angle (ie. 15yrad beam

deviation) (92).

This research has demonstrated the importance of the role played by radicals
particularly in the decompostion of the larger molecules; the contribution to
the product ratios by these channels cannot be neglected. The products
formed by the radical processes may be common to a second process, since
there is also evidence of the presence of previously unexpected molecular
paths. Interpretation of the results would be greatly eased if some time

#

could be spent on looking at the effect of various radical scavengers on

product ratios.

- 180 -



In attempting to complete a worthwhile comparison of absorption and

decomposition within an homologous series, the author notes that there are

some gaps in the results which could have only otherwise been filled if the
data aquisition process had been more automated eg. with a gas
chromatograph chart integrator, and oscilloscope data aquisition board for the
OA signal. The use of these devices would have dramatically improved the
speed and accuracy of both aquisition and analysis. The author believes there
was (and still is) valuable information to be gleaned about the variation of
absorption with wavelength and fluence, and would recommend to otner
researchers, that in the absence of labour saving devices, they should

concentrate on fewer reactant gases in order to more thoroughly review these

parameters.

Of a more minor consideration is the data which could easily be gathered on
the speed of sound in the chosen reactant gas. These values are not all
available, and may become particularly useful when photochemical theories
become so complex, as to consider the pressure change effects on the
irradiated volume caused by of the compression and rarefraction of the OA

pulse.

There are clear indications that molecular decomposition channels are more
prolific in IR laser photochemistry than previously expected, particulary with
respect to alkanols. Researchers at Chalk River (81) have carried out some
very important work, whicﬁ may help to sort out the role of fission reactions
from the minor molecular channels. This is being accomplished by doping
ethanol with deuterium, and is an extension of the work carried out by Back

1

et al.. The author would like to see this method extended to other alkanols.
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Finally, there is some evidence that fine structure may exist in the variation
of product yield with pressure (ethanol) and even fluence (ethanol, and
3,3-dimethyloxetane); and there may also be anomalies in the variation of the
average number of absorbed photons per molecule with pressure (methanol,
propanol, butanol, hexanol, and 3,3-dimethyloxetane). Anomalous observations
have previously made of the yield against pressure data of oxetane (¢) and
cyclobutanone (28) and of the <n> versus fluence data of OsO, (i0s), and
were found to be more noticeable at low fluence (s,28). Furthermore, yields
for the larger molecules seem to be very sensitive to fluence variations. The
author would suggest some detailed work using an energy stabilised laser,

and a continuously variable attenuator.
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A1l — Determination of the Speed of Sound

from Optoacoustic Traces

The optoacoustic traces from the work carried out on 2.2-dimethyloxetane in
the 1.5 long cell were analysed and obvious resonances were identified. The
dominant frequencies measured were 1.1kHz, 6.99kHz and 17kHz. To use the
Bessel function approach described in Section 1.3.3 to calculate the speed of
sound vg, the source of these resonances must be established. It is helpful
to begin with an idea of the speed which may be attained as follows: The

speed of a compressional wave v_. in a gas of density ¢ and pressure p is

S

given by

where Y = Cp/ Cy

Cp and C, being the specific heats at constant pressure and volume

respectively. For an ideal gas

where m is the kg molecular weight. So Eq. Al becomes

_ vRT A2
Vs ] m

Thus the speed of sound is independent of pressure but proportional to vT.

Values of v. for the gases used in this work are presented in Table 2.3-1.

S

Since for polyatomics Y typically falls in the range 1.2-13, then for

2,2-dimethyloxetane (molecular weight 86 g.mole ) vy is found to be in the

range 186-194 ms~!. Choosing an average value of 190 ms !, the cell acoustic

resonances can then be predicted.



The longitudinal mode of a cylindrical cell is given by

(from Egs. 1.3-1,-2)

The lowest order mode will be for n,=1, which gives f=6.3kHz. While this is
approximately the value of an observed frequency (6.99kHz), the author is
hesitant to assign it as a longitudinal resonance. Such resonances are not

expected because the absorption is too weak.

The transverse modes have frequencies fj of

U
s mn
f

.= (from Egs. 1.3-1 and -3)
) 2a

(where m now signifies a transverse resonance mode rather than the
molecular mass). The radius of the 1.5cm cell, a, is 1cm so the possible

frequencies are

mn o m(:j) f, /kHz
00 0 0

01 1.220 11.6

10 0.586 5.6

1 1.697 16.1

12 2.717 25.8

20 0972 9.2

02 2.233 21.2

The condition m=n=0 describes the expansion of the thermal pulse at zero

frequency. For a centred beam. which is the condition of all the work in this

thesis, azimuthal resonances should not be excited. and therefore frequencies

for which m is non-zero are highly unlikely. It will be noted however. that
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none of the above resonant frequencies fit very well with those observed.

even those for mn of 01 and 02 which were most likely.

The validity of using a value for the speed of sound in 2.2-dimethyloxetane
of 190ms™! was verified by measuring the time interval between the laser
pulse trigger, and the arrival of the first acoustic transient signal. Readings
from the signals from For the 1.5cm long, 1cm radius cell, this gave
us=186ms'l with an uncertainty of as much as t20ms-t , while those for the
8cm long, 11lmm radius cell (Fig.2.2-1), give us=192ms'1. Note for the longer
cell the microphone to centre-of-cell distance was 20.58mm, and this
distance was used in the vu_ calculation. These values are in excellent

S

agreement, and within 5% of the theoretical value.

So while the 7kHz resonance may be attributed to a longitudinal mode (n=1)
it is nevertheless unlikely. Futhermore since none are radial resonances, all
the observed frequencies must be attributed to microphone resonances.
Clearly, calculation of the speed of sound from the cell resonances is not
possible, because at low pressures the microphone resonances mask them
Under such circumstances, it would be better to rely solely on the
measurement of the time of arrival of the first pulse, a technique which for
best accuracy requires as short an oscilloscope timebase as possible, precise

triggering by the laser.
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A2 — Energy Absorbed (Differential Ratio Method)

In the differential ratio method for calibration of the OA signal (Fig.2.3-1).

the energy absorbed by the gas is given by;

Eabs = Ein - Eout [A2.1]
= Ein {1 - T}
where T = Eout/Ein

and T = V,p/V,p = (S,T,TZ R,TE_} / (§,T,T3 RE )

also Vg/Vig = Vig/Vyg = 1
therefore T = (V,/V)e /7 (V,/V))g
from Eq.A2.1:
Eabs = Ein {1 - [(V,/V)g / (V,/V)gl )} [A2.2]

Now Fo' rather than Ein will be measured (via a calibration to Vl) and

Ein = T,Eo0



A3 — Molecular Diffusion from the Focal Volume

A simple analysis of molecular diffusion from the focal volume (used in the
experiments which used a uniform beam) is as follows: From Table 3.1-1, the
time-interval between collisions when the pressure is 50mtorr (i.e. for
'collision-free' experiments) is typically 1.6us. Under these conditions. during
the time of the laser pulse, a molecule will move freely through space
without colliding; therefore, movement out of the laser beam is by free

movement rather than diffusion.

Also from Table 5.1-1, the mean speed (Kc> = ({(8RT)/(nm))?:%), at 293K, range
from 250-370m.s”!, but take <c> = 291m.s”! for butanol as a typical value.
As described in Section 2.1.2, the typical full basewidth of the laser pulses
used for this work was 490ns (50ns FWHM). In this time, this typical
molecule moves 0.14mm. The fraction of molecules lying within 0.14 mm of
the beam edge (beam radius 0.52mm), constitute a percentage of;

(0.52)2 - (0.38) 2x 100% ~ 47%

(0.52)2

Only half of these (~24%) will be moving away from the volume. and less
than half of the molecules initially within the focal volume, might leave
during the pulse. This amount is not considered to be a problem. since, for
this work, the tail of the pulse contained so little energy. Repeating the
same calculation. but using the time interval given by the basewidth of the
gain-switched spike (~200ns), reveals that only <11% of molecules leave the
focal volume during that critical time. Wittig (68) calculated a figure of 12%
for his focussed system, and comparison with yvields obtained with shorter
laser pulses, showed no difference, thus illustrating the insignificance of

'‘diffusion’ effects.
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In conclusion, diffusion did not occur during the collision-free experiments.
Furthermore, free movement, of the molecules from the focal volume. is

considered to be insignificant.
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A4 — The Group Contribution Method

Reference is made in the main body of the text, to the formation of radicals
by the breaking of the molecular bonds. In some instances the bond
dissociation energy, D, for a particular bond is available from tables (1), but

frequently it must be calculated, and the calculation requires knowledge of

heats of formation for the free radicals viz.:
D(R-X) = AH{ ('R} + AHP ( X) - AHL(RX)

In some instances, such as for * CHa, AH¢ is available from tables (1,2.2b).
But more often than not it too must be calculated. and that is when the
Group Contribution Method (GCM) becomes invaluable. A "group” may be
considered to be a polyvalent atom in a molecule connected to two or more
ligands together with all of the ligands. The GCM of calculating heats of
formation is fully described in references (2) and (2b). It is sufficient for the
purposes of this thesis though to work through a particularly simple
application: it has not been necessary to involve corrections for example for
hindered rotations, ring structures, or non-bonded interactions (2,2b). The
bonds of most interest to hexanol in this work are labelled 1 to 7 in the

drawing below.

T
-ciCzCzC5C5C- HEXAN-2-OL
!



The groups that are considered to make up hexan-2-ol are:

GROUPS AH/kcal.mol ™
2 x (C-H,O) 2 x (-10.1)
C-HOC, -7.00
O-HC -37.88
3 x (C-C,H,) 3  -4.93
H¢ (C,H, ,OH) -79.87

Consistent with the definition of a "group"”, these have been derived by taking
each C and O atom, but not H, in the molecule (written as C- and O-), and
considering which other atoms are immediately attached to it. For example,
the first carbon in the chain has attached to it three H and the second C;
hence the notation is C-H,C. The same principle may be applied to radicals.
Table A4-1 lists the results of calculations required for this work. The
accﬁracy of these calculations is not necessarily as is implied in the table
viz. to 2 dec. places. As a guide, calculations were carried out for
experimentally determined values. For example, while AHfo(iso-pmpyl) was
calculated as 20.79kcal.mol™!, other values of 20.7 (NBS), 21.0 (2), 22.6*1.8 (1)
and 24.0120.50 (s) kcal.mol™! may be found in the references. As a further
example, AHfo('Csz) is calculated as 25.74kcal.mol”!, whereas references give
259+1.3 (1), 28.19 (4« Hase via Tsang), and 28.36 + 0.4 (3) kcal.mol™!, and the
calculation of AHfo(H) gives 52.6kcal.mol™! compared to a value of 52.103 ¢
001 kcal.mole ! (1). There is good reason, therefore, only to read the
calculated values to two significant figures. Furthermore, there is an
the

indication from the more recent experimental results (5.4), that

calculations may provide values that are a little on the low side.



Do RADICAL DELTA (H
/kcal.mole(-1) /kcal.moli(-i)))

(CH3)CH(CHZ2)(CHS) 12.34

(CH3)CHO(CH2)(CHS) 19.13
(CH2)(CHS3)CHOH 20.15
CHOH(CH2)2 (CHS) 25,1
(CH3)CHOH(CH2) 19.14
(CH3)CHOH(CH2)(CH2) 24.09
CHOH(CH2)3 (CHS) -30.05
(CH2)(CH2)2 (CHS) 15.84
(CH3)CH(CH2)3 CH3 2.44

(CHS)CO(CH2)3 CHS

Table A4-1: Values obtained from group contribution method
calculations, for use in further group contribution
method calculations.



AS — Effect of Collisions on Absorption Linewidth

In this Appendix, the effect of collision broadening on the absorption

linewidth of the irradiated molecules is considered, using ethanol as a typical
moleule. As a further example, the linewidth values are compared against

those for CO, and for typical CO, laser gas mixes.

The net rate of excitation for molecules subjected to laser irradiation is

generally described by the overall rate equation

-dN; -dN;, -dN, ..
dNi'H = —-l+1 + 1 up + I+ ;down (AS-1)
dt spon dt stim dt. stim

Clearly, decomposition is probable when the downward transitions
(spontaneous and stimulated relaxation) do not successfully compete with the

upward transitions (stimulated excitation).

Molecules affected by the processes of the two parts of the stimulated
component shown below (up and down transitions) (¢3), exhibit oscillations
that are fully coherent in phase and amplitude with the applied signal. The

net process is said to be COHERENT.

-dN;
i+1 = .
— !garv:;n k nit) N;,,(t)
it |up - k0w N @

dt stim

where k is a constant for a particular wavelength, and n(t) is proportional to

the applied signal intensity (W/cm?).



The radiative (eg. fluorescence) and non-radiative components of the

spontaneos decay term are both INCOHERENT processes: ie the oscillations

are not in phase with the applied signal. An example of non-radiative decay
is intra-molecular energy transfer (v-v) and inelastic collisions. The result is

thermalisation of the molecules. Depending on conditions, the degree may be

more or less than the radiative

dNi+1 |

dt spon T Y Njs, ()

it Yrad * Tnr
Therefore Eq.(5.1-1) becomes

k n{t) x IN{(t) - Ny(0] - v, N,(t)

The relationship of N;. N;_{ and N;41 can be well described as a Boltzmann if

it is suspected that the gas is in thermal equilibrium.

The ébsorption linewidth/bandwidth is the resultant of coherent and
incoherent processes, each having a particular degree of effect depending on
the conditions at that time. If the dominant processes are coherent, then the
linewidth will be inhomogenously broadened. by which it is meant that each
molecule does not see the same energy perturbation. The type of condition
that would encourage such broadening is when a molecule, small enough to
have discrete energy levels, is irradiated at collision-free pressure: rotational

hole-burning often (but not always) results from the coherent transitions.

At higher pressures, collisions cause dephasing between the simultaneous
applied signal (upward transition) and stimulated absorption (downward
transition) ie. collisions remove coherency and cause homogenous broadening
of the absorption linewidth. Transitions in the quasicontinuum are also

characterised by incoherent interactions. If there is no bottleneck in the

A-10



discrete section, and incoherent interactions dominate (because of very few
discrete levels), and collision transition rates and unimolecular dissociation
rates are negligible, then the linear rate equation (5.1-1) stated earlier is

applicable.

The extent of doppler broadening from a centre frequency Vao~Wao”/ 21 for
gas molecules of rest-mass M, and temperature T is given by the FWHM of

a gaussian curve, Awq (93,94):

Aog = w,, / (81n2) kT
Mc?
where Mc? is the rest-mass energy of the molecules, and k and c take the
usual definition of the Boltzmann constant and speed of light respectively.
The Doppler linewidth, Avyq is then given by Awy/(2m). In eV, kT at room
temperature is 25meV, while the rest mass energy of a single proton is
~10%eV. Thus the fractional doppler broadening for ethanol {(molecular weight
46) Awy/wy,~ Y({5.5x25x1073) /46x10%) = 1.7x107%; which is similar to that of
‘COZ (molecular weight 44), 1.8x107® giving Avq(C,H.OH} ~ 48MHz and

Av4(CO,) ~ S0MHz ie. the doppler linewidths of the ethanol and CO,

systems are essentially identical.
The collision broadened linewidth Av, for a CO, laser is given by (94):

Avg = 7.8 (heg, *+ 0.73y, + 0640y ) P (300/T)%*  MHz (A5-2)

where | are the fractional partial pressures of the gas mixture, and P is the

total pressure (in torr). For a typical mix CO, :N, :He of 2.4:1.2:1.9,

Av./torr s 54 MHz, and Av, ~Avq at roughly 9torr (for atmospheric

pressures, Av.~4GHz). Fig.AS-1 confirms these calculations with actual
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Fig. A5—1 Linewidth versus pressure in a

typical CO, laser mix from Ref. 93



measurements from unspecified CO, :N, :He concentrations (s4.95). From Eq.
(A5-2), it is established that Av_/torr for pure CO, is of similar magnitude
viz. 76 MHz, and that in this case Av ~Avy at roughly 7torr. The similarity
between an ethanol system and CO, system will now be established. The

more general formula for the FWHM collision broadened linewidth Av, is a

lorentzian curve given by (94):

Av, = | = Z (A5-3)

where 1, is the average time between collisions (ie. mean free time), and the
collision frequency, Z, is the average number of collisions per unit time for
1 torr of gas; note that the pressure for these calculations must be in Nm™?
(1 torr = 133.3Nm™°). From Table A5-1, for ethanol Av, at 1torr is 3.4MHz.
Since Z is proportional to the pressure. Avy¥Av, at a pressure of 14torr. The
same equation and table for CO, gives Av_=2.8MHz, with Avy~Av, at a
pressure of 18torr. These CO, numbers are a factor of two different from

those obtained through Eq. A5-2, yet both are the FWHM linewidths.

Even though there is consequently an element of doubt (factor of 2) about
A\JC for ethanol, the conclusion is clear-cut: that is, for mid-band absorption
of molecules used in this work, collision broadening of the absorption

linewidth typically dominates at higher pressures than used here.
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Table A5-1

.

Calculations for collision diameters, o, collision frequency, Z, and collision interval.
Pressures are calculated for when the interval between collisions is 600ns (basewidth
pulse length), and 1ns. Collision free conditions are expected when the collision

interval is 1ps.

~ molar mass <c> o Y/ collision interval pressure collision-free o
Gas (at 1 torr) (at 1 torr) for which pressure notes
there is a 0.6ps (using 1ns
/g.mole(-1) | /m.s(-1) /nm 116(7). /ns collision interval | collision interval)
Ref. (1) Ref. (77) | collisions.s(-1) /mtorr /mtorr /nm
methanol 32.04 443.01 0.359 0.837 119 199.10 119.46
ethanol 46.07 369.44 0.446 1.077 93 154.69 92.81
propanol 60.11 32343 | use C3HS8 1.233 81 185.13 81.08 051 C3HS8
butanol 74.12 29126 | use nC4H10 1.068 M 156.11 93.67 0.5 nC4HI10
pentanol 88.15 267.08 | use nC5H12 1.317 76 126.52 75.91 0.58 nC5H12
hexanol 102.18 248.07 | use nC6H14 1.266 79 131.64 78.99 0.59 nC6H14
3,3DMO 86.13 270.19 use 0.6 1.426 70 116.87 70.12 0.6 estimate based on cyclohexane
CO2 44.01 377.99 04 0.887 113 187.96 112.78
cyclohexane 84.16 273.34 0.61 1.491 67 111.77 67.06
ethanol:CO2 (1:8.96) 23.04 0.380 0.873 1156 190.84 114.50 Empirical formula for mixed gases:
ethanol:cycloC6H 14(1:9) 29.77 0.485 1434 70 116.24 69.75 Oij = 0.5(Ci+0j) and reduced mass
propanol:cycloC6H14 (1:9) 35.07 0.56 1.460 69 114.19 68.52 m*=Ma.Mb/(Ma+Mb)
butanol:cycloC6H14 (1:9.63) 39.41 0.555 1451 69 114.89 68.94
pentanol:cycloC6H14 (1:9.18) 43.05 0.595 1.462 68 113.98 68.39
hexanol..no dilution for yield tests
3,3DMO:cycloC6H14 (1:8.77) 42.57 0.605 1.468 68 113.56 68.14
Notes.

1. Values for O"were taken from Ref. (77), though for most alkanols O could not be found. In those cases, for an order of magnitude calculation, the associated alkane value (from

(77)) is used.

2. According to Ref. (6), Z for 2,2DMO (at 125ns pulse length) is 1.37E7 torr(-1)s(-1). The estimate of O for 8,8DMO therefore seems reasonable.

<c>= '/zﬂ RT. ) <> = average thermal velocity
Tm R = universal gas constant
T = temperature
z=/2r0%<c>n m = molar mass
n =

= number of molecules per unit volume
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