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1
I INTRODUCTTION

The multiple photon absorption (MPA) and multiple photon
induced unimolecular reaction (MPIUR) processes have been
actively studied recentlyl. The fact that unimolecular reac-
tions can be induced by highly intense, monochromatic radi-
ation made available by lasers has aroused great interest in
developing a new approach to chemical synthesis which would
differ from the traditional thermal excitation in which energy
is supplied in Boltzmann from by heating of the reaction com-
ponents. Other interests in this new phenomenon are the basic
nature of the MPA process, the resulting energy distribution,
the mechanism of the MPIUR processes and isotope separation.

All polyatomic molecules show absorption bands in the
infrared and consequently absorb infrared photons. In
principle these polyatomic molecules could be irradiated with
photons of frequencies matching those of the absorption bands,
and they could display MPA or MPIUR. At the present time,
only a limited range of frequencies in the infrared is avail-
able from lasers with enough power to cause MPA or MPIUR.

The most commonly used laser is the CO2 laser, although work
has been done with HF and other special lasers.

The principal reason for the synthetic interest is the
difference in the conditions under which infrared laser in-
duced reactions and those of the usual thermal equilibrium
conditions are thought to occur. In the latter case the
internal (vibrational) and external (translational, rotational)
degrees of freedom are in mutual equilibrium. In the case of
laser induced reactions, the energy required to activate
the molecule is deposited exclusively as vibrational energy
(providing no collisions take place) with the rotational
and translational degrees of freedom being essentially un-
affected. It has been established that pulsed infrared
radiation can lead to a completely different pathway of
reaction from that followed by thermal heating for some
chemical systemsz. High energy reaction pathways can even be
made to predominate over the low energy pathway3. This,
however, is not the usual case.
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For small polyatomic molecules, of which SF6 and the freons
are the most thoroughly studied cases, the MPA process is ex-
plained by the following scheme. The first few discrete levels
are assumed to be pumped coherently 4. Anharmonic splitting of
excited vibrational states 2 or rotational compensation 5 is
supposed to overcome the anharmonicity of the polyatomic mole-
cule in the region of these discrete levels. The initial exci-
tation over the discrete leves depends not only on the freque-
ncy of the radiation and the power of the laser, but also on
the rotational quantum states and the excitation of hot bands 7.
This region is mainly responsible for the high selectivity of
the MPA process which leads to isotope separation. For the
higher energy levels, the density is sufficiently high to be
treated as a quasicontinuum 8. There is no clearly definable
boundary between the discrete levels and the quasicontinuum
regions. Further excitation of the molecule in this quasicon-
tinuum, which is thought to be an incoherent process, leads to
dissociation of the molecule. In the guasicontinuum, laser
fluence rather than laser power was shown to be responsible for
driving the molecules up the energy ladder and to determine the
yield of the reaction. Under collision free conditions, the
irradiated molecules migrate up the vibrational levels under
pumping from the laser pulse. The pumped molecules continue
climbing the ladder until, at a certain energy above the thres-
hold energy for reaction, the unimolecular rate competes with
the pumping rate resulting in the formation of products. For
- small polyatomic molecules, the power of the laser and
the rate of unimolecular reaction determines the average level
of excitation. Some aspects of this view may need modification
for MPIUR of large polyatomic molecules.

For several small molecules, careful experiments on disso-
ciation dynamics, such as measurement of the fragment products,
translational energy and the internal energy distributions of

of the excited reactant 9,10

have been performed. These me-
asurements have demonstrated that the energy is completely
randomized before dissociation. This implies that energy ran-

domization among vibrational modes is faster than the rate of



excitation near dissociation. Energy randomization makes
possible the use of statistical theory of unimolecular

reactions, such as RRRML

» to treat the unimolecular dynamics
of laser induced reactions. This 1s as expected since the
time scale for energy deposition is of the order of micro-
seconds while the energy randomization proceeds at rates

of piCOSecondslz.

In this work, The laser MPA and MPIUR of organic esters
containing 14 to 20 atoms are investigated. The size of
these polyatomic molecules is significantly greater than
that of SF6 or the freons which have been most carefully
studied. The main difference between large and small poly-
atomic molecules is the greater density of states of the
former. This greater density of states affects several
things:

(i) The guasicontinuum region will occur at a much
~ lower energy.
(ii) The magnitude of the rate constants at the
threshold energy is much lower.
(iii) The Boltzmann thermal distribution extends to
much higher vibrational energies.
(iv) The small rotational constants lead to a high density
of rotational states for each vibrational band.
Another feature of polyatomic molecules is that several
unimolecular reaction pathways generally exist.

The purpose of this thesis is to characterize the MPA
and MPIUR processes of organic esters. The characteristic
unimolecular reaction of esters is the six-centered rear-
rangement reaction with a threshold energy of 45 - 48

kcal mole™ L,

0
T R -
RCOOCH,,CHR'— [ RCZ/ CR']-—~RCOOH + CH,=CR'
2 “o6Hy 2



Where R, R' could be H or some other atom or group. The
esters are a convenient series because the absorption is
relatively strong and because systematic changes can be

made in the molecular structure. The laser absorption occurs
mainly in the O—CH2 stretching motion of the éester molecule.

The dependence of the laser induced reaction probability
on laser fluence, laser power, irradiation frequency, pressure
of ester and addition of bath gas was studied in this work.
Also reported are the product distributions of MPIUR when
there is more than one channel of dissociation. Laser absorp-
tion measurements were made in order to define the efficiency
of the MPIUR processes. The dependence of the average number
of photons absorbed per molecule on laser fluence, laser
freguency and addition of an inert gas to the ester were
studied. These data are compared to some predictions of
simple models and the overall view of MPIUR for large mole-
cules is discussed.

All experiments were conducted utilizing small static
cells at low pressures of reactant. Experiments were performed
using uniform fluences in the range of 0.2 to 10 J/cmz. For
the higher fluences, a long focal length lens, which produced
approximately uniform fluence throughout the short cell, was
used. Fortunately, the absorption by the organic esters is
sufficiently strong that a wide range of reaction probability
can be examined at fluences below 10 J/cm2 and a high degree
of focusing is not required. The use of uniform fluence cells
is preferable to any highly focused geometry, which gives a
large photon concentration gradient in the cell.



II EXPERIMENTAL
A. Reagents.

The following esters were used in this study: ethyl
acetate, ethyl fluoroacetate, ethyl acrylate, n-butyl
acetate, sec-butyl acetate and ethyl 2-bromopropionate. In
order to monitor the effect of thermal reactions, the fol-
lowing compounds were used: isopropyl bromide, isopropyl
chloride and tert-butyl chloride. The products. from irra-
diation of these compounds and esters were: propene, isobutene,
ethene, trans-2-butene, cis-2-butene and l-butene. No
effort was made to follow the acid fragment from the ester
decomposition. All these compounds were commercially avail-
able. Liquid samples were distilled under vacuum and used
without further purification. These samples were checked by
gas chromatography and shown to be of satisfactory purity
for experimental purposes. All samples were stored in large
vessels in the gas phase, which were attached to a vacuum
system that was capable of achieving a pressure of 10_5 torr.
The vessels were fitted with greaseless needle valve teflon
stopcocks that regulated the gas f£low. When dealing with
light-sensitive compounds, the vessels were painted black.

B. Irradiation Cells.

The cells into which the esters were transferred were
made of Pyrex tubing of different diameters and lengths to
which glass or teflon stopcocks were attached. The total
volume was then calculated and polished salt flats were glued
to the cell with epoxy. The polishing of the flats was
accomplished in three steps:1) the rough flat was polished
with fine silicon carbide sand paper; 2) the flat was polished
with 600 grit carborundum powder sprinkled on a clean cloth
and using ethanol for lubrication; 3) cerium oxide powder
was placed on a clean piece of cotton and polishing was done
until the desired finish was obtained. In the last step, it
was necessary to use gloves to avoid any clouding of the
polished surfaces by water vapor or oil from the skin.
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The salt flats were then immediately glued to the Pyrex cells
and left to cure for 3 hours. Next, the cells were checked
for leaks by evacuating them and testing with a He leak
detector. When not in use, the cells were stored in a
moisture-free container.
C. Analysis.

The reagents and products from MPIUR were analyzed with
a Varian 2700 series gas chromatograph equipped with a flame
ionization detector. A 6' long, 1/8" diameter stainless steel
column filled with Porapak Q was used to separate the compo-
nents (except in the case of the product analysis of sec-
butyl acetate, where a 30' x 1/4" diameter propylene carbonate
column connected to a 5' x 1/8" diameter 10% carbowax 20M on
chromasorb W column at 0°C was used).

The standard procedure for sample irradiation and analy-
sis was the following: after a good vacuum was obtained in
the vacuum system, the reactant was metered to the irradiation
cell and the pressure was carefully measured with an MKS
Baratron pressure transducer, type 222AHS-A-B-100 (or 10)
The cell was then placed in front of the 002 laser and irra-
diated "i" times with the laser. Next, the contents of the
cell were transferred to a trap cooled to 77 K and filled with
glass wool. The sample was condensed in the trap; all non-
condensable products (77 K) were pumped away. To transfer
the sample from the cold trap to the chromatograph injection
loop quantitatively, boiling water was applied to the frozen
sample ( isolated from the rest of the system) and the gauge.
injection loop was cooled with liquid nitrogen. After
complete vaporization, the stopcock quickly opened to allow
the sample to freeze in the injection loop while the trans-
fer is monitored by the pressure gauge. Once the transfer is
complete, the injection loop is pressurized with carrier gas,
heated with hot water and injected into the G. C. column by
simultaneously opening two toggle valves.

All gas chromatography analyses were done isothermally;
200°¢ for ethyl 2-bromopropionate, ethyl acrylate and n-butyl



acetate, l90°C for sec-butyl acetate, lBOOC for ethyl
fluoroacetate and 175°C for ethyl acetate. Retention times
for the light gases were of the order of 2 to 3 minutes and
those of the esters ranged from 5 to 17 minutes, depending
on the molecular weight.

The areas of the peaks from G. C. analysis were meas-
ured using a planimeter. This method was prefferred over
peak heights due to the tailing of the peaks from the heavier
esters which resulted in asymmetric peak shapes. To check
mass balance of reactants and products, absolute calibrations
were made using accurately measured amounts of sample; the
peak areas were measured to obtain the ratio of the sample
size (in units of torr in the given cell volume) to the area
of the peak.

D. Infrared Spectra.

The infrared spectra of the reactants and some of the
products were taken with a Perkin-Elmer model 180 infrared
spectrophotometer. The frequency region of interest was
from 1040 cm T to 1090 cm_l, which corresponds to the R and
P branches of the 00°1-02°0 002 band of the TEA laser. The
"white light" absorption cross section, ¢, for each ester
was calculated from the ir spectrum at pressures below 2 torr
using Beer's law.

E. 002 Laser.

A TEA CO2 laser series 100 made by Lumonics of Canada
was used in this work. The TEA laser operates by the method
of transverse excitation of a three-gas mixture (C02, He
and NZ). The laser was operated on a single line, which means
that an intracavity grating selected a given rotational line
from the vibrational CO2 bands. For a given branch of a
vibrational band, the pulse energy varied with rotational
gquantum number J. The laser energy curve is shown in Fig. 1.

Due to the shape of the electrodes in the TEA laser, the
full beam has an oval shape with a higher intensity at the
center. An iris with a 3/4" diameter was used to reduce the

beam size. The laser beam profile for this size was measured
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using a 1/8" diameter iris placed before the pyroelectric
detector. The detector (and iris) was then placed at six
different positions across the 3/4" beam and the average
fluence was measured for these positions (Fig. 2). The ap-
parent variation in fluence, ~ 5% across the 3/4" beam was
remarkably small. '

F., Laser Pulse Energy Measurement.

The energy of the beam was measured using a Lumonics
pyroelectric detector model 20D 110 with a responsivity of
1.71 volts per joule. The voltage of the detector was mea-
sured with a Hewlett Packard 1710 B oscilloscope; the volt-
age reading was converted to joules and this value of energy
was divided by the cross sectional area of the beam to yield
fluence.

Because the detector could not safely take more than
0.3 J/cm2, it was necessary to use a Ge flat at 45° from the
normal of the beam to reflect a small fraction of the beam
energy to the detector. The percent reflected was measured
by attenuating the beam to a low fluence. Then the energy
reflected by the Ge flat was measured, and by removing the
Ge flat, the total energy was also measured. The fraction of
energy reflected by the Ge, Fr, was calculated by dividing
the measured reflected energy by the total energy. Once Fr
is known, the attenuation is removed and high energies can
be calculated by dividing their reflected value by F .

When higher fluences were required, a long focal length
BaF2 lens was used to decrease the cross sectional area of
the beam resulting in higher fluence. For fluences greater
than 10 J/cmz, damage to the NaCl windows of the cell
resulted. In order to decrease the value of fluence in
small intervals, successive layers of Handy Wrap (Dow Chem.)
plastic were employed to attenuate the beam. This material
was especially suitable since it did not deteriorate after
long use and the fraction of incident energy lost upon
passing through several layers of plastic was proportional
to the number of layers. Since the thickness of a layer is



10

37140dd WVv3I9 ¥3svil ¢ ™Old

FLIWVIA SHI |
._.__v\ﬁ o
[ _ _ 1
— 8€I0
— o0
¢
— ¢vIi0

— PPI1O




11
of the same order of magnitude as the wavelength of the laser
photons, the attenuation is mainly caused by multiple re-
flections rather than by absorption.

After all of the experimental work was completed, a new
energy detector was purchased. By comparing the Lumonics
pyroelectric detector model 20D used to measure fluence
throughout this work, with the calibrated Scientech detector
model 38-0102 it was learned that the response of the Lunonics
detector was too low. Even more serious, the pyroelectric
detector's response was nhonlinear; the correction factor in -
creased from 1.25 at 0.10 J/crn2 to 2.20 at 0.67 J/cmz. In
order to correct the experimental data to the correct fluence,
a calibration curve was constructed. The corrected £ was
obtained by the following procedure: (1) For @ from 0 to 0.4
J/cm2 the gpyro were multiplied by the corresponding factor

from the calibration curve to give the corrected @. (2) For

unfocused conditions with @ from 0.4 J/cm2 to the highest

pyro
unfocused @, the # were measured using a Ge flat. This

pyro

flat reflects 28% of the energy instead of 38% as was measured
using the pyroelectric detector. To obtain the corrected ¢,
the tabulated & were multiplied by 0.38 to obtain the

PYro
pyroelectric meter reading. The resulting @ were then

multiplied by the corresponding factor from Eﬁéocalibration
curve to give the Br, which would have been the response of
the Scientech detector. These Hr were divided by 0.28 to ob-
tain the corrected @ that the sample received. (3) For focused
conditions the gpyro were multiplied by the area of the
focused beam, then divided by the area of the unfocused beam
and these gpyro were multiplied by 0.38 to give the signal
observed by the Lumonics detector. The resulting @ were

then multiplied by the corresponding factor from the cali-
bration curve and the result multiplied by the area of the
unfocused beam and then divided ky the area of the focused
beam to obtain the corrected @. All @ values in this thesis

have been corrected using the above procedure.
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G. Measurement of Laser Pulse Shape.

The laser pulse shapes shown in Fig. 3 were measured
using a photon drag detector made by Rofin LTD. of England.
The signal from the detector was fed to a Biomation digitizer,
where about ten pulses were added and averaged by a computer
program that also substracted the noise produced by the
laser. The result was displayed as an intensity yvs time
curve and the area under this curve was proportional to the
total energy of the pulse. The type of pulse used mainly in
this work was the long pulse, which was produced by setting
the flow controls that regulate the composition of the lasing
mixture at 8.0 for helium, 2.0 for 002 and 0.8 for nitrogen
(the units on the flow meters are SCFH AIR at 70° & 14.7 psia).
The pulse consisted of an initial spike of about 130 nano-
seconds at FWHM, followed by a lower intensity tail, lasting
about 1.2 microseconds. The fraction of the total energy
contained in the initial spike was approximately 0.43, the
other 0.57 was contained in the tail. The contribution of
the tail to the pulse cah ke reduced by cutting down on the
amount of nitrogen. The shortest pulse, 110 nanoseconds at
FWHM, was obtained for the limit of zero nitrogen. For the
short pulse the flow meter settings were: 10.0 for helium,
5.0 for CO, and 0.0 for nitrogen. The voltage used through-
out the experiments was 40 kXV.

To maximize the energy per pulse, the micrometers which
move the output coupler vertically and horizontally were
varied until the highest'energy was obtained. Finally, the
best position of the iris was selected with the help of burn
patterns in infrared sensitive paper.

H. Laser Tuning.

Selection of a particular rotational line was achieved
by rotating the micrometer located at the back of the laser
unit which turned the intracavity grating until the desired
line was obtained. Measurement of the wavelength of the rota-
tional line was done with a precalibrated Model 16-A laser
spectrum analyzer made by Optical Engineering Inc. Once the
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desired line was observed in the spectrum analyzer, a salt
flat was used to reflect a small fraction of the beam into
a pyroelectric detector whose signal was displayed on an
oscilloscope. In order to maximize the signal, the micro-
meter setting was varied slightly until a maximum in signal

was displayed on the oscilloscope. Due to small variations
in the position of the grating with time, a wavelength
calibration using micrometer settings that corresponded to
given rotational lines was not reliable, and the spectrum
ahalyzer was used each time a new line was selected.

I. Measurement of Laser Absorption Cross Sections, dL.

The measurement of the dL’ which were employed in the
calculation of the average number of photons absorbed per
molecule, was done using a dual pyroelectric detector ar-
rangement which measured the energy entering and leaving the
cell. The arrangements used to measure d;, at high and low
fluences are shown in Figs. 4 and 5, respectively. In ar-
‘rangement A, a fraction FfaC1
by a NaCl flat into DET 1. The rest of the beam then passed
through the cell and (assuming there are no losses due to

of the energy Eo’ was reflected

reflection by the windows) a fraction of the transmitted
beam Fie(l~F§aCl), was reflected by a Ge flat into DET 2

when the cell was evacuated. In the case of arrangement B,
Fge was the fraction of EO reflected by the Ge flat into

DET 1, and (l—Fie) was the fraction of Eo received by DET 2
when the cell was evacuated. Multiplying the fractions by

EO gave the total energy received at each detector.

When the cell was filled with sample at a given pressure,
the amount of energy received by DET 2 was decreased. For
arrangement A the decrease was Fge(l—FiaC1) EoFT’

Se) EoFT' Where FT was

the fraction transmitted by the gas.

and for
arrangement B the decrease was (1-F

The signals from DET 1 and DET 2 were amplified by
PREAMP 1 and PREAMP 2 with adjustable gains « and B,
respectively, and transmitted to a PDP 8 computer where
they were displayed as peak 1 and peak 2. The amplified

NaCl E_ for peak 1 and

signals had energies equal to o Fr o
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NaCl) Eo (or E FT when sample was in the cell) for

(1 F
peak 2 for arrangement A3 and energies equal to a F (1 F ) E
for peak 1, and B (1~ FGe) E {or E_Fn, when sample Was in the
cell) for peak 2 for arrangement B. A teletype then printed
the values of peak 1 and peak 2 in millivolts and the ratio
of peak 2 to peak 1 was multiplied by 100.

The transmittance for a given pressure was obtained by
dividing the ratio of peak 2 to peak 1 when the cell contained
sample, by the ratio of peak 2 to peak 1 when the cell was

empty. For arrangement A, egquation (1) applies:

BFGe(1—FNaCl)EOFT/aF¥aClE

r r o]

= FT = Transmittance. (1)

N
BFSE( NaCl)E / F aCl o

For arrangement B, equation (2) results:

Ge Ge
E(l—Fr )EOFT/aFr E0

= F_. = Transmittance (2}

B(1- F ®)E /aF

For the case where the compound was highly reactive at the
fluence used, each pulse dissociated a large fraction of
reactant in the irradiated volume; only the transmittance
of the first pulse was used in the calculation of Fr
Somewhat surprisingly, it was found that for the organic
esters, a form of Beer's law was obeyed for the 0.01-5 torr
pressure range with intensities replaced by fluences.
Therefore, the transmittance values (given by ﬁ/ﬁo) obtained
from experiments at various pressures were used to calculate
dL using equation (3),
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In F, = =0, DK or 1log Fj = -gDX/2.303 (3)
Fo o= transmittance ,

dL = laser absorption cross section in cm”/molecule

X = length of cell in cm

D = concentration in molecules/cma.
At room temperature, D can be expressed as a function of
pressure by!

6 molecule/cm3 torr] P torr ,

D = [3.24 X 10t
this gives equation (4) after comberting to base 10 logs

&

log Fp = —dL[1.42 X 107° molecuie ] P torr X cm (4)

cm3 torr
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IIT. EXPERIMENTAL METHODOLOGY

A, First Order Kinetics of Laser Induced Reactions.

Lyman, Rockwood and Freundl3 have treated the pulsed
radiation problem as if the number of pulses was a variable,
analogous to time, in normal kinetic studies. The relation-
ship describing the change in concentration of reactant with
the number of pulses "i" is given by (5) as

d [ester]

= - k [ester] , (5)
- di
which, when integrated, gives (6).

1]

in ([ester]/[ester]o) -k i, (6)
In (6), k is the unimolecular rate constant and i is the nhum-
ber of pulses. Bado and Van den Bergh14 have shown that the
concentration of SF6 declined exponentially with i, and other
investigators also have shown this treatment to be valid. In
our work (6) was tested for several esters at different pres-
sures and fluences. In each case log ([ester]/[ester] ) ws i
plots were linear and passed through 1.0 at i=0. The linear-
ity of the plots (but not the slope) was invariant to pressure
or fluence; however, curved plots were formed if the pulse
rate was too high. Such plots showed upward curvature from
the linear plots. One plausible explanation is that the devi-
ation 1is a consequence of the time required between pulses
for molecules to diffuse from the irradiated volume to form
a homogeneous mixture before the next pulse occurred. A
rate of approximately one pulse every ten seconds, was Satis-
factory. This problem is specially noticeable for esters at
high fluence because a high fraction of the molecules in the
irradiated volume may react per pulse.

The reaction yield dependence on the number of pulses
for ethyl acetate, sec-butyl acetate and ethyl 2-bromopropi-

onate are tabulated in Table 1 and the data are displayed in
Figs. 6 and 7.
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Table 1. Reaction yield dependence on number of pulses.

Ethyl 2-bromopropionate Sec-butyl acetate Ethyl acetate
i ¢, /C, i CAC, i c,/c,
i) 0.86 ul 0.96 20 0.84
2 0.74 2 0.90 40 0.72
3 0.60 4 0.85 50 0.67
4 0.55 6 0.75 60 0.59
5] 0.41 10 0.66 70 Q87
14 0.53
18 0.50
24 0.37
30 Q.32
36 0.24
40 0.20

Ethyl 2-bromopropionate was irradiated with R(10) at a pressure
of 0.1 torr and fluence of 1.0 J/cm2
total volume, VO = 79.3 cm3 and irradiated volume {(obtained by

in a 21 cm long cell with

multiplying the cross sectional area of the laser beam by the
length of the cell), G = 6017 cm3. Sec-butyl acetate was
irradiated with P(38) at a pressure of 0.1 torr and fluence of
5 J/cm?
length Ge lens) with Vo= 31 cm3 and G_= 74.5 cm3. ti is the
concentration of ester remaining after i pulses and CO is the

(5 cm fromcell was placed at 15 cm from a 40 cm focal

initial concentration.

Ethyl Acetate was irradiated with the P(22) line at a pressure

of 0.05 torr and @ = 1 J/cmz, with VO= 186 cm3 and Go= 74.5 cm3.
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B. Definition of Reaction Probability.

To calculate the reaction probability (number of
molecules that react in the first pulse divided by the number
of molecules in the irradiated volume) it was necessary to find
the fraction of the total ester concentration that reacted in
the first pulse from data of the first order kinetics plots.
One begins by assuming that the first order law applies. Then
the fraction of reactant remaining after i pulses is

C,/c, = exp (-ki) (7)
and the fraction reacted is
1.0 - exp(-k i) where -k = ln(Ci/Co)/i.
For one pulse the fraction of reaction reduces to
1.0 - explin(c /c)] = 1.0 - ¢ /C,. (8)

For several pulses, but with only one measurement of Ci, the
fraction reacted by one pulse is given by

Lo = exp[ln(Ci/Co)l/i] = 1.0 - (ci/co)l/i. (9)

This fraction must be corrected for the ratio of the total
volume Vo to the irradiated volume GO to obtain the reaction
probability as

P() = V /G, [1 - (ci/o)tt1 . (10)

This expression was used for the reaction probability in this
work. The most reliable way to determine the reaction prob-
ability would be to measure k from the first order plots.
However, this reguires a large numker of experiments. Usually
only one point on the plot was measured, but this point was
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done in duplicate or triplicate.
The above result for the reaction probability is
equivalent to a formulation that assumes a constant fraction,

£, of reaction per pulse
- PR ¢
Ci/co" i s £) (11)

A plot of ln(cico) vs i is linear with slope 1n(1.0 - £).
If one measures Ci/CO after 1 pulses, then f can be calculated
ags follows

.'Ln(CJ._/C‘.c])l/i = 1n(1.0 - £)

Taking the exponential on both sides gives
- _ 1./4
£ = 140 (ci/co) s

which is the same result as equation (9).

Lyman et al.l3, proposed an analytical form for the
reaction probability as a function of fluence that has a power
dependence on fluence at low fluence and that approaches unity
at high fluence: ’

1.0 - exp[-(ﬁ/gr)n] or C[1.0 - exp[-(#/8)"]] (12)

P(F) =
P(F) = (9/8,)" g << g,
P(@) = 1.0 g >> g

Where ﬁr is a constant and is the fluence at which P(#) is

1.0 -~ 1/e if C = 1.0. In their treatment, k from equation

(7) becomes V/Vo’ where V is the total volume of the cell and
V is defined as "the equivalent volume of sample reacted per

pulse" and is given by equation (13).

” 1/1i
Vo= -V 1n(Ci/CO)
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For unfocused conditions one has:

Vv = G, P(2) (14)
Solving for P(@) and using (13) for V results in (15):
P(Z) = [-VO ln(Ci/CO)]/GO 3 (15)

This expression for the reaction probability was not useful
for the data obtained at high fluence, because it gives prob-
abilities greater than one. Both (10) and (15) however,

become equal at low fluence. This is seen by first changing
(15) to

P(#) = [V /6,1 1n [15((c /c )/ -1)]
and employing the series expansion
In Tidx] == -x2/2 + x3/3 - x4/4 e
which results in (16).
P(g) = [-v /e ] [((c,/c ) 1) - (e, /e )M i1)%/2 + . .1 (16)

This expression, with only the first term taken into account,

is valid for (Cj_/Cc‘)l/l values close to unity.

C. Energy Absorption Measurement

To calculate n (average number of photons absorbed per
molecule in the irradiated volume, GO) one needs to know how
much energy is absorbed in the sample per pulse and how

many molecules occupy the irradiated volume. From (3), the
Beer's law relation,

FT = g/go = exp [_GL D X:I
and the energy absorbed is

(go - g) A-b = gol:l'o - eXP[‘dL D X:l] Ab! (17)
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where A is the cross sectional area of the beam. Dividing the

energy absorbed (17) by the number of molecules in Go gives

B, [1-exp(-g, DX)] Ay g, [l-exp(-0;DX)]
= * (lBJ
DG0 DX
The exponential can be expanded for small absorption,
E @ (-g.ox)! (-9, mx)?
ab o L L
= 1 - |1+ - i 5 = 4, (19)
DGo DX 1.1 21

dividing (19) by the photon energy gives the mean number of pho=-
tons absorbed per molecule in G, as
_ 25 9L
n = , (20)
hev

where h is Planck's constant, c is the speed of light and v is
the reciprocal wavelength of the laser photon. The extra terms
in (19) are only important at very high pressures of sample or
long path length.

Another quantity of interest is the mean number of photons
absorbed per reacted molecule, ﬁr' This is just n divided by
the fraction of molecules that react in Go per pulse:

_ n
N_ = e—— . (21)
P(Q) .

To obtain the mean vibrational energy possesed by the
ester molecules, it is necessary to add to the n values the
vibrational thermal energy of the molecules at the temperature
of irradiation. This contribution is significant for large
polyatomic molecules containing a large number of degrees of
freedom (the molecules studied here range from 14 to 20 atoms),
and ‘this contribution is:
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(thermal) = z: (22)
i=1

exp(hvi/kT) -1

E

vib

The largest contributions come from the low frequency vibra-
tions like torsions and structural bendings. For 300 K
Evib(thermal) will contribute an amount of energy equivalent
to one or two CO, photons; but, equation (22) obviously de-
pends on temperature and for higher T the mean vibrational
energy contained in the molecule would increase significantly.
D. Presentation of Experimental Results

The experimental results collected in this work will be
presented separately for each ester. These results are the
following: Dependence of reaction probability on fluence,
frequency of laser energy, laser power, parent pressure, and
effect of bath gas. For the case of sec-butyl acetate and
ethyl Z~bromoprownionate product distributions resulting from
sensitized excitation and MPIUR at different pressures and
fluence are also reported. Finally the white light absorp-
tion cross sections of the esters and laser absorption cross
sections at various fluences are plotted for the different
frequencies used to cause MPIUR. These plots are used to cal-
culate n and ﬁr using equations (20) and (21).

The uncertainty of the experimental results will be sum-
marized before the data presentation. The uncertainty in the
value of P(fF) is related to the accuracy in measuring Ci/CO,
the total volume of the cell, VO, and the irradiated volume,

C

bration of the G. C. and this uncertainty is about 10%. VO

can be accurately measured resulting in no significant con-

G_ . The uncertainty in measuring Ci/CO depends on the cali-

tribution to the uncertainty in P(@). For nonfocused con-
ditions with a totally collimated beam, G, is accurately
given by multiplying the area of the iris times the length of
the cell. Conversely, for conditions in which the beam is
focused beyong the cell, there is significant uncertainty

in the measurement of G0 which is approximated as a cylinder
of volume equal to the length of the cell times the area of
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the focused beam at the center of the cell. This area was
measured directly using a planimeter to trace the burn spot
in ir sensitive paper and was also calculated by geometry
from the diameter of the iris, the focal length of the BaF2
lens, and distance from the lens to the middle of the cell.

The area of the beam at the center of the cell was
calculated using the focal length of the BaF, lens (50 cm),
the radious of the unfocused beam (0.955 cm), and the dis-
tance from the lens to the center of the cell, L, which
gives for the area:

[ (50-L)% cos? 8] . (0.955)2
Area = m where cos” & = .

2 2

[1-cos” 8] (0,955 + 502)

This formula gave areas 30% smaller at L = 35 cm and 13%
smaller at L = 22 cm than those areas measured with ir sen-
sitive paper. These numbers are a measure of the uncertainty
in energy for focused conditions.

The uncertainty in the fluence depends on several factors
as well as the measurement of the corss sectional area of the
beam. (1) The largest factor is the uncertainty in the abso-
lute calibration of the energy meter, which is used in all
fluence measurements. (2) Another factor is the variation in

the pulse to pulse energy from the CO, laser; but this is

only about 3% as measured in our laboiatory. (3) The fraction
of light scattered from the front window of the cell may
depend on fluence. In this work it was assumed that scattering
from the windows was negligible. This is approximately true

at low fluence, but it may not hold at highly focused condi-
tions. We estimate the relative fluence measurements to be
reliable to 10-20% for a given detector. The absolute

fluence is probably 20-40% because of the problem with the
Lumonics detector.

The uncertainty of the Jd, obtained using equation (4) was

L
taken to be proportional to the correlation coefficients of

the Beer's law plots which were around 0.98.
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Also important is the absolute fluence since the variation in
d; ¥S fluence was needed to calculate n. The uncertainty in
fluence was given above.

The estimates mentioned akove (except for the fluence
measurement) are primarily associated with random errors.
These estimates also were confirmed in several instances by
repeating measurements after intervals of several weeks. We
are confident of our estimates, except for the absolute cali-
bration of the energy meter (see section II.F).

E. Optimum Conditions for Studying Laser Induced Reactions.
1. Extent of Intermolecular Energy Transfer.

MPIUR of esters resulted when samples were irradiated
with the CO2 laser. The importance of vibrational energy
transfer from laser excited ester molecules to nonabsorbing
molecules will be investigated in this section. If the degree
of vibrational energy relaxation is sufficient to induce re-
action in the nonabsofbing molecule, this component will be
termed a thermal component in this thesis. The presence of a
significant thermal component can be ascertained by using a
thermal monitoring molecule. This should be a compound with an
activation energy similar to that of the ester, but one that
does not itself absorb CO2 photons when irradiated with the
laser frequency used to excite the ester. Thermal effects
will be significant at pressures where the collisional fre-
quency corresponds to the laser pulse length and/or the rate
of unimolecular reaction. Excited ester molecules will be
deactivated by collisions with monitor molecules or excited
ester molecules, but in the former case the thermal monitor
molecules can gain enough energy from collisions to react and
the extent of this reaction is a measure of the importance of
collisions with the unexcited ester molecules. One certainly
would expect that the pressure must be sufficiently low so
that there are no collisions during the laser pulse in order
to avoid thermal effects. The collisional frequency, w, for
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two kinds of molecules (in this case excited and cold ester
or quencher molecules) is

w o= d2 u N* (22)

For ethyl acetate at 0.05 torr and 298 K, d is the mole-

cular diameter = 5.2 X 10_8

cm, u is the average speed =
(8 k T/wﬁ]lfz = 3,78 X lO4 cm/sec. and N* is the molecular
density = 1.61 X 10>

equation (22) gives w equal to 5.18 X 105 collisions/sec.

molecules/cm3. Using these wvalues in

Thus, the time between collisions is 1.93 msec, which is a
factor of 2 longer than the pulse used in this study.

Thermal effects were investigated for ethyl acetate and
sec-butyl acetate using isopropyl bromide and tert-butyl
chloride, respectively, as thermal monitors. The ratios of
the ester rate constantl5 to the thermal monitor rate constant
vs temperature are shown in Table 2.

Table 2. Ratio of Rate constants vs Temperature.

kethyl acetate ksec:-butyl acetate

Temperature K

kisopropyl bromide ktert-butyl chloride

0.069 0.021 300
0.080. 0.063 500
0.086 0.116 800
0.088 0.141 1000
0.093 DwZll 2000

Results from the thermal monitoring experiments are
shown in Tables 3a, 3b and 4. Each Table shows that total
pressure has a strong effect on the amount of thermal compo-
nent. At pressures below 0.1 torr the thermal effect is
negligible. In Tables 3a and 4 the propene came only from
reaction of isopropyl bromide while ethene resulted from both

laser and thermal induced reaction of ethyl acetate.
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Table 3a. Irradiation of 40% Isopropyl Bromide and 60%

EthylAcetate Mixture with P(20) at @ = 9 J/cmz.

Total Pressure (torr) [Propene]/[Ethene]
0«35 1.26
0.20 0.99
0.10 0.24
0.05 0.08
0.04 - 0.00

Table 3b. Irradiation of 50% tert-Butyl Chloride and 50%
sec-Butyl Acetate Mixture with P(38).

g = 4 J/cm® g =7 3/cm
Ptotal (torr) Q Ptotal (torr) Q
1.0 0.94 1.0 0.83
0.7 0.73 0.7 0.57
0.4 0.21 0.4 0.26
0.2 0,12 0.2 0.06

0.1 0.00 0.15 0.04

Q = [Isobutene]/[1-Butene] + [trans-2-Butene] + [cis-2-Butene].
w for sec~Butyl acetate at 0.1 torr and 298 K is 1.64 X 106
collisions/second; thus the time between collisions is 0.61
Msec.
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In Table 3b the isobutene comes only from reaction of
the thermal monitor (tert-butyl chloride); whereas, the
l-butene, trans-2Z-butene and cis-2-butene arise from both
laser and thermal induced reaction of sec-butyl acetate.
Thermal effects were investigated at 4 and 7 J/cm2 and the
results show no strong dependence of thermal effects upon
fluence for pressures below 0.1 torr. As expected, the
thermal contribution is very dependent upon pressure (for
constant fluence). Prior work by Danen, Munslow and Setser16
using a 3:1 ethyl acetate to isopropyl bromide mixture at
pressures ranging from 5 to 20 torr demonstrated a decrease
of the thermal contribution at higher fluence for constant
pressure.

The increase of thermal component with increasing pressure
is due to the increase in frequency of collisions; thus, the
thermal monitor molecules are heated more quickly. The rate
of bulk cooling probably is reduced by higher pressure.

It was later realized that in order to better test the :
amount of heating, the thermal monitor should only be a small
fraction of the mixture to avoid changing the heat capacity of
the irradiated volume. For this purpose a 3% isopropyl
bromide, 97% ethyl acetate mixture was prepared. For this
mixture the fraction of thermal monitor is small enough so
that the added monitor molecules can not affect the kinetic
and thermodynamic properties of the mixture relative to the
pure ester samples. For Table 4 reaction probabilities,
rather than yield ratios were calculated. In Tables 3a and
3b the absolute yields were not measured so P(@) could not
be calculated. Experiments showed that the P(@) of isopropyl
bromide was much smaller compared to the P(@) of ethyl
acetate. The results from mixtures containing large (40%)
and small (3%) amounts of thermal monitor were equivalent in
the sense that they demonstrated that negligible heéting
occurs at pressures below 0.05 torr. The magnitude of the
thermal component was dependent on pressure of mixture,

area of the beam and fluence as seen from Table 4.
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The most complicated effect is that of geometry. In our
experiments only circular beams were used, so the irradiated
volume has cylindrical shape. As seen in Table 6, the yield
of ethyl acetate was not affected significantly unless very
small diameter beams are used. The yield of the thermal mon-
itor, however, changed orders of magnitude when the area of
the beam was changed by less than a factor of 10. Further
work is necessary in order to understand all factors affect-
ing the yield of sample and thermal monitor when the beam
diameter is varied.

2. Dependence of P(@) on Parent Pressure.

From the previous section it was concluded that "thermal
effects" were not significant below 0.05 torr for ethyl or
sec-butyl acetate. In this section the effect of collisions
on the yield for the P(20) line at a given fluence measured
at different pressures of ester are reported. The results
are shown in Table 5 for constant geometry. For the 3 fluences
investigated, no dependence of the yvield on pressure was
observed. Although the yield appears constant, the contribu-
tion of the thermal component was expected to be greater at
P > 0.1 torr. The invariance of yield to pressure of parent
molecule was an extremely important observation. One knows
that collisions have occurred but there'is no effect on yield.
3. Dependence of P(@) and Thermal Effects on Geometry.

Because the reaction probability was measured at several
different geometries, the effect of the size of the diameter
of the laser beam on the yield for a given fluence and pres-
sure, was investigated. It is seen in Table 6 that for ethyl
acetate at 0.05 torr, the effect of varying the cross sectional
area of the beam, A, at g = 1.35 J/c:m2 from 2.86 to 0.44 cm2
produced the same yield, but reducing A, from 0.44 to 0.15 cm
resulted in a decrease of the yield. For a fluence of 2.5 J/cm
however, no variation of the yield was observed when AO
changed from 2.85 to 0.15 cmz. This may be because at high
fluence the cooling effect was not as severe as with lower

2
2

fluence. To observe a decrease of the yield at high @ it may
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Table 5. P(JZI)EA Dependence on Pressure for a 3% Isopropyl
Bromide, 97% Ethyl Acetate Mixture.

2
P (torr) @ J/cm P(Q)EA
0.1 2.49 0.19
0.01 2.49 0.17
0.00 2.49 0.18
0.1 1.35 0.07
0.01 1:35 0.08
0.004 1.35 0.07
0.1 1.00 0.02
0.01 1.00 0.04
0.004 | 1.00 0.03

Table 6. P(@) Dependence on Geometry for a 3% Isopropyl
Bromide, 97% Ethyl Acetate Mixture.

2 2
P (torr) AO cnm d cm @ J/cm P(;Z)EA
0.05 0.15 0.22 1.35 0.018
0.05 0.15 0.22 1.35 0.016
0.05 0.44 0.37 1.35 0.031
0.05 285 0.95 1.35 0.029
0.05 0.15 0.22 2.49 0.15
0.05 0.44 0.37 2.49 0.17
0.05 0.72 0.48 2.49 0.14
0.05 2.86 0.95 2.49 0.18
3

For Tables 5 and 6 cell was 35.7 cm long with VO= 170.8 cm™.
Focusing was obtained with a telescope arrangement. Different
'Ao were obtained by varying the size of the iris or by
collimating the beam with the telescope.
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be necessary to decrease the size of d even further than
0.15 cm®.
4, Effect of Quencher Bath Gas in the MPIUR of Ethyl Acetate.
Valuable information about the effects of collisions can
be obrained from the extent of collisional deactivation of
excited ester molecules with added bath gas molecules. As
will be explained in the discussion, there have been reports
of enhancement of the yield by addition of small amounts of
rare gas to the absorbing species in some cases, as well as,
quenching of the reaction at any amount of added bath gas.
Therefore some studies were done with helium, nitrogen and

isopropyl bromide added to ethyl acetate at various fluences.
a. Helium as Bath Gas

Helium was added to 0.02 torr of ethyl acetate (except
at @ = 10 J/cm2 where the ethyl acetate pressure was 0.04 torr)
and the yield was plotted vs pressure using Stern-Volmer type
plots, (see Fig. 8), from which the half quenching pressure
was readily obtained. Three different fluences were used:
high fluence where saturation occurs, moderate fluence at
which the log probability vs log fluence plot was linear, and
low fluence near the threshold for reaction, (see Fig. 11).
Table 7 contains the data for the Stern-Volmer plots of ethyl
acetate with added He and the half quenching pressure for the
three fluences. The two different pressure scales for the
high fluence results in Fig. 8 should be noted.

As the plots clearly indicate, the addition of He greatly
affected the yield, with gquenching strongly dependent upon
fluence. This was consistent with the formation of lower
energy molecules at the lower fluences. The nonlinearity of
the guenching curves was expected because the pumping, as
well as the collisional quenching, are multistep processes.
The extreme guenching, even by He, contrasted with the inde-
pendence of YO (vield of neat sample) on acetate pressure.
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b. Nitrogen as Bath Gas.

Nitrogen was used as a bath gas with ethyl acetate in
order to compare the degree of gquenching with that of He.
Being a diatomic, N2 was able to acquire rotational and vibra-
tional, as well as translational energy, from collisions with
the excited ethyl acetate molecules. However, for similar
fluence, N2 was comparable to He in inhibiting reaction. Data
for the Stern-Volmer plot of N2,
and the half guenching pressure are shown in Table 8 and

the reaction probability

plotted in Fig. 9, together with the quenching plots of
isopropyl bromide.
c. Isopropyl Bromide as Bath Gas.

This compound was used to investigate the quenching of
ethyl acetate by a moderately large molecule. The added
information regarding thermal enhancement resulting in the
formation of propene from isopropyl bromide was also acquired.
Because of its molecular complexity, isopropyl bromide was
expected to guench the reaction of ethyl acetate significantly

more than N, or He as was concluded from analysis of the data.

Tables 9 ané 10 contain the data for the Stern-Volmer plots
at 2.0 and 3.6 J/cmz, respectively together with the approxi-
mate half guenching pressures, the propene to ethene ratio
and the reaction probability. The quenching curves are shown
in Fig. 9. Note the two different pressure scales. At least
for low fluence when only a small fraction of ethyl acetate
molecules was above the threshold energy, the deactivation

by collisions with another ethyl acetate and isopropyl
bromide molecules were expected to be similar.

From the guenching experiments it was concluded that no
thermal enhancement of the reaction of ethyl acetate was pos-
sible at any pressure of added bath gas under the range of
fluence investigated. On the contrary, significant quenching
resulted with even a small amount of bath gas present, es-
pecially at low fluence.
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Table 8. Stern-Volmer plot for Ethyl Acetate using N,
as Bath Gas.

N, torr - Ci/CO ¥l ¥ P(g)
0.00 0.568 1.0 0.15
0.01 0.607 T il 0,13
0.03 0.660 1.3 0.11
0.06 0.674 1.4 0.10
0.10 D.730 1.6 0.08
0.14 0.803 Fo 2 0.06
0.19 0.874 3.4 0.04
Pl/2 = 0.12 torr

Pressure of ethyl acetate was 0.02 torr; fluence at P(20)
was 1.54 J/cmz, 10 pulses were used for all experiments.
The reaction probability was calculated using equation (10)
with V,/Go= 2.66.
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Table 9. Stern-Volmer plot for Ethyl Acetate using Isopropyl
Bromide as bath gas.

gy (torr) C,/Cg Y /Y P(@) [Propene]/[Ethene]
0.00 0.480 1.0 0.19 0.00
0.03 0.694 1.7 0.10 0.0005
0.04 0.742 2.0 0.08 0.05
0.10 0.873 4.1 0.04 0.13
0.11 0.886 4.6 0.03 0.25
0.18 0.943 9.1 0.02 0.78
0.23 0.961 13.5 0.01 1377
0.27 0.968 16.4 0.009 1.32
0.29 0.987 40.7 0.003 1.65
0.47 0.996 12047 0.001 0.06
P = 0.04 torr

142

Pressure of ethyl acetate was 0.02 torrj;cell length 20 cm with'
VO/GD = 2.66; fluence of the P(20) line was 2.0 J/cmz, 10 pulses

were used in all experiments.

Table 10.Stern-Volmer plot for Ethyl Acetate using Isopropyl
Bromide as bath gas.

gy (torr)  C;/C_ Y /Y P(g) [Propene]/[Ethene]
0.00 0.817 1.0 0.78 0.00

0.06 0.821 1.0 0.76 0.03

0.18 0.871 1.4 0.53 0.05

0.61 0.910 2.0 0.36 0.18

1.20 0.957 4.3 0.17 1.10

2.10 0.979 8.7 0.08 6.29

3.14 0.989 16.7 0.04 37435

Pl/Z: 0.61 torr

Same as above but g =3.6 J/sz with VO/GO = 77.4
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IV. EXPERIMENTAL DATA
A. Ethyl Acetate.
1. Reaction Probability Dependence on Fluence.

The results from the last section indicated that, in
order to avoid effects of intermolecular energy transfer in
the MPIUR of ethyl acetate, very low pressures (<0.05 torr)
must be used. Because of experimental limitations to the
measurement of small extent of reaction for analysis of low
pressure samples, pressures from 0.02 to 0.1 torr were em-
ployed in this work.

Ethyl acetate is the simplest member of the acetate
series that gives the characteristic unimolecular elimination

reaction:

CH,COCCH,H., —— CH,COOH + C2H43

3 2°5 3 i
K = 1012'6 exp[-48 kcal/mole/RT]. (15)

This reaction was investigated the most thoroughly. All exper-
iments for ethyl acetate were done at 0.05 torr pressure
(except where indicated otherwise) in a variety of constant
fluence type irradiation cells. In the case of focused
conditions, short cells and a 50 cm focal length Bar, lens
were used to minimize the fluence gradient inside the cells.
The absorption spectrum of ethyl acetate énd some of the
laser lines used are shown in Fig. 10. The yields from irradi-
ation at a given fluence and the derived reaction probability
are shown in Tables 11 through 16 for five different laser
lines. The log P(@) vs log @ plots are shown in Fig. 11.
From the experimental results plotted in Fig. 11, the
following conclusions were reached: (i) There is slight
if any, variation in the log P(f) vs log # plots with laser.
frequency. This conclusion certainly must be true within the
limitations of the @ measurement. (1i) At high enough

fluence (> 9 J/cmz) ethyl acetate shows saturation meaning
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that the reaction probability approaches a constant value.

In the case of ethyl acetate irradiated at 1053.9 cm T with
the P(12) 1line, this value is close to 90%. (iii) At inter-
2 ]

to 10 7,

a linear behavior of log P(@) vs log @ that follows equation

mediate fluence corresponding to P(@) values of 10

(12) for @ < ﬁr, is observed. (iv) There is no power depend-
ence of P(@) for P(@) < 10%, although at higher P(@), higher
power may produce more reaction as compared to low power of
the same @. |

After the main experimental work was completed and the
new fluence scale established, we made some checks to ascer-
tain whether or not the adjusted @ values were correct.
The new studies were done with P(20). These results are
shown in bottom of Table 14. The new results are in very
close agreement with the older data. Thus we believe that

the new fluence scale is satisfactory except possibly for
P(38).
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Table 11. Ethyl Acetate Irradiated with P(12), 1053.9 cm t.
i Cy /G, g 3/cm? P(2)
5 0.770 2.51 0.095
5 0.821 2.31 0.072
5 0.936 1.63 0.024
5 0.983 1.04 0.006
8 0.997 0.82 0.0007

30 0.995 0.76 0.0003
5 0.983 1.81 0.028
5 0.957 2.60 0.071
5 0.874 3.05 0.21
5 0.851 3.35 0.26
5 0.675 4,27 0.61
5 0.640 6.72 0.69
5 0.562 7.51 0.88
5 0.563 9.32 0.88
5 0.588 9.71 0.82
5 0.592 9.92 0.81

Pressure of ethyl acetate = 0.05 torr; cell length = 3 cm;

Vb = 16.0 cm3, GO for focused and unfocused conditions were
1.98 and 8.59 cm3, respectively. Fluence values for lower part
of table were obtained using a BaF2 lens, focal length 50 com,
the cell was placed at 26 cm from the lens and the area of

the beam was measured with ir sensitive paper.
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Table 12. Ethyl Acetate Irradiated with P(16), 1050.44 cm T.
i c, /€, g I/cm® | P(9)
30 0.512 1.50 0.055
70 0.604 1.11 0.018
80 0.877 0.84 0.0041
200 0.761 0.76 0.0034
220 0.795 0.72 0.0026
260 0.907 0.63 0.0009

i

Pressure of Ethyl Acetate 0.05 torrs cell length = 26 cm;
3

Vo = 186 cm™; GO = 74.5 cm®™ unfocused conditions.

Table 13. Ethyl Acetate Irradiated with P(18), 1048.66 em™t,

i . BA g J/cm? (%)
50 0.611 1.26 0.025
50 0.640 1.10 0.022
50 0.711 1.06 0.017
50 0.774 0.87 0.013
50 0.900 0.80 0.005
50 0.926 0.68 0.001

Same conditions as in Table 12.
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Table 14. Ethyl Acetate Irradiated with P(20), 1046.85 cm -

long pulse.

i c. /C g I/cm? B(Z)
1 (0]
5 0.759 1.84 D.143
5 0.802 1.75 0.115
5 0.831 1.65 0.097
5 0.940 1.14 0.033
5 0.969 1.06 0.017
5 0.989 0.82 0.006
6 0.994 0.82 0.003
*1Q0 0.996 0.32 0.0001

Pressure of ethyl acetate = 0.05 torr; cell length = 20 cm;

V. = 152.5 cm3; G, = 57.3 om. Unfocused conditions were used.

o]
* cell was 35.7 cm long , Vo = 268.3 cm3, G0 = 102.3 cm3,

unfocused .

. 2 3
i C,/C, g J/cm P(2) G, cm
35 0.542 2.5 0.19 15.8
25 0.454 33 0.26 25.86
70 0.976 0.86 0.004 15.8

0.05 torr of ethyl acetate using a 35.7 cm long cell and a
telescope arrangement to vary Go‘



50

Table 15. Ethyl Acetate Irradiated with P(20), 1046.85 cm T,

Short Pulse.

i c,/c, g J/cm? P(%)
6 0.892 1.52 0.33
6 0.948 1.26 0.15
15 0.954 1.01 0.055
15 0.989 0.83 0.013
30 0.994 0.66 0.0033
50 0.993 0.48 0.0023
*70 0.996 0.47 0.0003
**100 0.989 0.31 0.0003

Pressure of ethyl acetate = 0.05 torr; cell length = 0.95 cm;
Vb = 13.4 cm3; G0 = 0.77 cm3. For upper part of table cell
was placed at 25 cm from BaF2 lens and the area of the focused

beam was measured with ir sensitive paper. * was done on the

same cell as above with Go= 2.7 cm3. ** was done with a 35.7

cm long cell with Vo= 268.3 cm3 and Go= 1023 cm3, unfocused

conditions.
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Table 16. Ethyl Acetate Irradiated with P(38), 1029.43 cm T.
i C. /C g J/cm? P(38)
i 7o
10 0.829 3,67 0.39
10 0.847 3.44 0.35
10 0.850 2.94 0.34
16 0.833 2.24 0.24
16 0.919 1.47 0.11
20 0.993 0.96 0.008
30 0.971 0.85 0.005
40 0.994 0.67 0.0008

Pressure of ethyl acetate = 0.05 torr; for upper part of
table cell was 0.95 cm long:; VO =.13.4 cm3; G0= 0.63 cm3.
Cell was placed at 30 cm from Ban lens and the area of the

fovused beam was measured with ir sensitive paper. Lower part

of table was done unfocused with same cell and G0= 2.72 cm3.



52

[ TTTIN
>4

++
@
+A

|
O

o '® s

O PU2) a
P(I6) O
X
o)

LTHT
B

O o PSS
X A
% M P(20)
P(38) +
P(20) SHORT PULSE @

10

PROBABILITY
||
&

1073

| 1T

104 | L L LT | L UL
0 | |

0
¢ JOULES/CM?

Fig. 11. Log P(g) vs log # for Ethyl Acetate.



53
2. Measurement of J, n and ﬁr.

The absorption of the laser energy for different pres-
sures of ethyl acetate and the other esters obeyed an equa-
tion with the same form as Beer's law in which intensities
are replaced by fluences. Equation (4) was used to calcu-
late dL and the results are tabulated in Tables 17 and 18
for P(20) and P(38), respectively. Fig. 12 shows the Beer's
law type plots for the two lines and Fig. 13 depicts the
calculated ¢; forthe fluences and the frequencies used.

Measurements done by Quigley et al.l7 and also by Knott
and Pryor18 agreed with results obtained in this laboratory
as can be verified from Table 45 where the reported GL values
are compared with the ones obtained in this laboratory.

The slight increase in g, for P(38) with fluence may be
explained by a red shift of the band. Looking at the ir spec-
trum in Fig. 10, a red shift of the vibrationally excited
ethyl acetate at P(38) could raise the absorbance value re-
sulting in a higher cross section. In the case of the de-
crease of o with fluence at P(20) ¢ was already a maximum,
it can only decrease by a red shift. It is worth noting that
the values of ¢;, presented in this work did not vary with
pressure (the Beer's law-like relation for absorption of the
laser radiation was obeyed up to pressures of 5. torr),

With the present method for measuring g, it was not possible
to employ focusing of the beam to enhance the fluence.
Therefore, we were limited to fluences < 3 J/cm2 for absorp-
tion corss section measurements.

The d; ¥vs @ plots indicate that for the esters a re-
markable similarity exists between J and dar, for low fluence.
This was unexpected because the laser output is much nar-
rower than the band pass of the ir monochromator. The ex-
planation of this agreement between d and o1, might be the
very high density of rotational states for the esters.
Even though the band width of the laser is less than 1 cm T,
many rotational lines lie within the bandwitdth of a laser
line.
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Data from previously described experiments can be used
to obtain the n and ﬁr using (20) and (21), respectively.
Note that in order to obtain the total mean vibrational
energy in ethyl acetate or the other esters, the vibrational
contribution to the thermal energy at 298 K must be added to
the laser energy. This means an increase in n of approxi-
mately one ir photon for ethyl acetate. The n and ﬁr for
ethyl acetate at P(20) and P(38) are shown in Tables 19 and
20, respectively, together with the vibrational thermal
energy.

For P(38) the n values are very unreasonable. This is
even more strongly illustrated by a plot of P(g) vs n + 1
ir photon (for ethyl acetate). This plot relates the yield
to the absorbed energy and should be independent of laser
frequency. It appears that the fluence measurement for P(38)
was in error. This may be due to the fact that the @ were
measured using a NaCl flat instead of a Ge flat and the

procedure for correcting @ is only applicable to measure-

pyro
ments done with a Ge flat.
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Table 17 . Measurement of d, for Ethyl Acetate at P(20).

L

g = 2.8 J/cm? = 1.9 J/cm? # =0.22 J/cm?
P (torr) 2/9 P (torr) ﬁ/go P (torr) 2/8
0.10 0.981 0.30 0.918 0.10 0.980
0.25 0.947 0.50 0.855 0.20 0.934
0.50 0.881 0.60 0.834 0.30 0.889
0.70 0.818 0.70 0.801 0.40 0.863
0.90 0.770 0.80 0.769 0.60 0.798
1.00 0.734 0.80 0.744
2.00 0.555
"o, = 2.3 % 0.3 o, = 2.8 0.2 ¢, = 3.3 0.2

lgcmz/molecule. Cell was 35.7 cm

g at 1046.85 cm T is 3.7X10”
long (except in * where cell was 40 cm long); all ¢;, must be

multiplied by 1019cm2/molecu1e.

Table 18 , Measurement of d, for Ethyl Acetate at P(38).

L

g =0Q.65 J/cm? g =037 3/7em® g =0.09 g/cm?
P (torr) 2/9 P (torr) 2/8 P | tofk) 2/8,
0.25 0.972 0.22 0.983 0.30 0.986
0.45 0.950 0.55 0.957 0.65 0.969
0.70 0.924 0.95 0.928 0.99 0.953
0.90 0.903
= T = s = i-

op = 0.9 ¥ 0.3 gp = 0.7 ¥ 0.2 g; = 0.4 0.2

2Ocm2/molecule. Cell was 35.7 cm

-19

¢ at 1029.43 cm Tt is 4.8X10”

long; all &, must be multiplied by 10 cmz/molecule.

L
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Table 19. n and ﬁr for Ethyl Acetate Irradiated with P(20).

g J/cm? a A (@) B
2.80 2.2 31 0.22 141
1.84 2.8 55 0.16 156
1.75 2.8 24 0.14 171
1.65 2.9 23 0.12 190
l1.14 3.0 17 0.03 560
1.06 3.4 16 0.02 790
0«82 3.1 13 0.007 1765
0.81 3.2 12 0.006 2050

Energy of a P(20) photon = 2.99 kcal/mole. dL must be multi-
plied by 10712
which must be added to n to obtain the total energy is 3.0
Kcal/mole at 298 K.

cmz/molecule. The vibrational thermal energy

Table 20. n and ﬁr for Ethyl Acetate Irradiated at P(38).

2 - =
# J/cm dL n P(@) n_
1.00 1.l 545 0.008 688
0.74 0.9 33 0.003 1100
0.64 0.8 2.6 0.0007 3714

Energy of a P(38) photon = 2.93 kcal/mole. The vibrational
thermal energy (3.0 kcal/mole) must be added to the n to
obtain the total energy. d; must be multiplied by 16™12

cmz/molecule.
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B. Ethyl Fluoroacetate.
1. Reaction Probability Dependence on Fluence.
Irradiation of this ester with the CO2 laser induced

the reaction,

PCHECOOCEHS-—9 FCH2COOH + CZH4 .

14:8 exp[-46.7 kcal mole_l/ RT] .

k= 10
This rate constant was deduced from consideration of rate
constants of similar compound (see appendix). Fig. 14 shows
the infrared spectrum of ethyl fluoroacetate and the lines
used to induce MPIUR. The dependence of P(@) on @ is given
in Tables 21 through 24. Irradiation of ethyl fluorocacetate
at frequencies higher than 1080 c:m"l was not possible for
unfocused conditions due to the low energy output of the 002
laser beyond tihs frequency. The reaction probability for a
given fluence varied with the frequency of the line used to
induce MPIUR. This dependence was more evident in a plot of
log P(@) wvs 7.

Saturation for ethyl fluoroacetate was observed at a
fluence of approximately 8 J/c:m2 for R(20). This was the
only line for which high fluence was obtained by focusing
the laser beam. The P(f) was somewhat higher for fluoro-
acetate than for ethyl acetate. The lower activation energy
estimated for ethyl fluoroacetate might account for its
higher reactivity compared to that of ethyl acetate.

The linearity of the log P(#) vs log @ plots in Fig. 15
for P(@) < 0.1 was well described by equation (12) for low
fluence with n = 6. This high dependence of the reaction
probability on fluence was found to be characteristic of the
esters investigated in this study. This n value did not
show any dependence on frequency.
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Table 21. Ethyl Fluoroacetate Irradiated with R(20),

¥ = 1078.58 cm L.

i C;/Cy g 3/cm® P(g)
4 0.892 8.5 0.70
4 0.894 8.0 0.69
4 0.890 7.0 0.71
4 0.896 6.0 0.67
4 0.906 4.0 0.61
4 0.924 245 0.49
6 0.901 2.3 0.43
8 0.917 1.4 027
12 0.975 1.0 0.05
20 0.991 0.7 0.01
10 0.472 1.7 0.35
10 0.823 1.2 0.09
15 0.908 0.93 0.03
20 0.991 0.58 0.0022

Pressure of ethyl fluorocacetate = 0.05 torr; cell length =
0.95 cm; Vo = 13.4 cm3 for upper part of table where cell was
placed at 29 cm from Ban lens with Go= 0.54 cm3. For lower

part of table unfocused conditions were used with Go= 2.7 cm3.



Table 22. Ethyl Fluoroacetate Irradiated with R(12),

¥ = 1073.27 cm~ L.

i C;/Cy "] J/cm2 P(g)
5 0.536 1.59 0.31
5 0.599 1.50 0.26
5 0.704 1.27 0.18
5 0.877 1.10 0.07
5 0.930 0.97 0.04
5 0.969 0.82 0.017
5 0.993 0.68 0.004

Pressure of ethyl fluoroacetate = 0.07 torr; cell length =

20 cmg; VO= 156.5 cm3; Go= 57.3 cm3, unfocused conditions.

Table 23. Ethyl Fluoroacetate Irradiated with P(10),

¥ = 1055.62 cm~ 1.

i C;/C, g 3/cm? P(2)
5 0.686 1.57 0.19
5 0.785 1.48 0.13
5 0.844 1.38 0.09
5 0.926 1.19 0.04
5 0.979 0.86 0.01
5 0.992 0.75 0.004

Same conditions as in Table 22.
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Table 24 . Ethyl Fluoroacetate irradiated with R(8),

% = 1070.46 cm L.

i g, /e, g 3/cm? P(g)
5 0.642 1,27 0.23
5 0.734 1.21 0.16
5 0.751 1.15 0.:15
5 0.844 1.00 0.09
5 0.883 0.85 0.07
5 0.962 0.80 0.02
5 0.981 0.63 0.01
5 0.991 0.57 0.005
5 0.998 0.50 0.001

Pressure of ethyl fluoroacetate = 0.07 torr; cell length = 26 cm,

Vo = 156.5 cm3, GO = 57.3 cm3. Unfocused conditions.
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2. Measurement of Jp, n and ﬁr.

Equation (4) was also valid for ethyl fluoroacetate and
was used to obtain d; for this ester. Transmittance vs pres-
sure data at various fluences for the frequencies corres-
ponding to R(12) and P(10) are shown in Tables 25 and 26,
and are plotted in Figures 16 and 17, respectively. The
white light absorption cross sections at each frequency are
included at the bottom of the Tables. The dL
Figures 16 and 17 are plotted in Figure 18. In contrast to
ethyl acetate the dL

fluence. The increase in dL for both lines can be readily

obtained from
for ethyl fluoroacetate increased with

explained by a red shift of the absorbing band. According
to Fig. 14, the effect should be more pronounced for P(10)
than for R(12) as indeed was observed. The absorption data
only go to -~ 2.5 J/cm2 because the method of measurement was
not suitable for focused geometry.

Data for the calculation of n and ﬁr at R(12) and P(10)
were obtained from Tables 20 and 22, and values of dL for a
given @ were taken from Fig. 18. Tables 27 and 28, contain
the n and ﬁr with the fluence, reaction probability and dp
necessary to calculate them. Also given was the vibrational
contribution to the thermal energy of ethyl fluoroacetate at
298 K. This thermal energy must be added to n to obtain the
mean vibrational energy of the éxcited ethyl fluoroacetate.

Comparison of the yield resulting from a given n in
Tables 27 and 28 indicates a difference of approximately 2.

This is attrikuted to a combination of experimental error

in the measurement of @(which is further amplified by the

shift to the new scale) and uncertainty in the values of dL.
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Table 27. n and n_ Values for Ethyl Fluoroacetate at R(12).

g I/cm? or 7 p(g) B
2.2 2.9 30.6 0.45 68
2.0 2.9 27.2 0.40 68
1.8 2.9 24.5 0.36 68

. 2.9 19.0 0.20 95
1.2 2.9 16.3 0.07 233
0.9 2.8 11.8 0.025 473
0.6 2.7 7.6 0.0013 . 5850

hev = 2.13»}(10”20 J for R(12) photons. dJd. must be multiplied

L

by 1()“'l9 cmz/molecule. The thermal vibrational energy at 298

that must be added to n to obtain the mean energy is 3.1 kcal
-1

mole ~.

Table 28. n and ﬁr Values for Ethyl Fluoroacetate at P(10).

2 - -
g J/cm - n P(#) n_
15 2:2 15.7 0.15 104
1.2 2.0 11.4 0.042 272
1.0 1.9 9.0 0.017 532
0.7 1.6 5.3 0.003 1777
hev = 2.10%10°20 T for P(10) photons. Or, must be multiplied
by 10”19 cmz/molecule. The thermal vibrational energy at 298

K must be added to n to obtain the mean energy.
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C. sec-Butyl Acetate.
1. Laser and Thermal Initiated Butene Product Distribution
The infrared spectrum of sec-butyl acetate (Fig. 19)
1 ¢o 1000 em™t. The

P(38) line at 1029.43 em ' was used to induce the reaction:

shows an absorption band from 1050 cm

— H,C=CH,CH,CHj

¥
CH.COOCH(CH. ) C..H. = 3¢ c=c7CH3 L+ cr.coon
3 37275 H/ \H 3
+
— H3C:C=C:H /
H H
- 5
k = 1013'3 exp[ -46.6 kcal mole l/RTf',
Al-Butene= 12.6 , A2—Butene= 12.4.

Because of analytical difficulties, separate experiments were
done to find the butene ratios. The butene isomers were re-
solved on a propylene carbonate column connected to a 10 %
carbowax 20M on chromasorb W column operated at 0° ¢ and the
sec-butyl was not measured. The ester decomposition was fol-
Yowed in another set of experiments.

The butene product distribution was independent of
ester pressure in the range of 1.0 to 0.05 torr, as shown in
Table 29. This product distribution was the same as that
obtained by conventional thermal reaction of sec-butyl aceta-
te as demonstrated by a sensitizing experiment in which a
mixture of 90 % SiF4 and 10 % sec-butyl acetate at a total
pressure of 0.8 torr was irradiated with 40 pulses of the
P(42) line where SiF4 absorbs strongly but the ester does not.
The same product distribution was obtained. The product dis-
tribution was also invariant to the number of pulses and to f.
The former means the butene formed is not itself dissociated
by the laser, while the later demonstrated that, although sec-
butyl acetate has two reaction channels, no enhancement of
one channel over the other was caused by MPIUR.
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Table 29 . Butene Product Distribution of sec-Butyl Acetate.

P (torr) % [1-Butene] % (trans-2-Butene] % [cis-2-Butene]
0.82 52 29 19

0.60 54 28 18

g.40 57 25 18

0.30 50 30 20

0.20 53 28 19

0.05 49 31 19

0.80 52 29 19

For upper part of Table, a 1 cm long cell was used with

VO= 8.5 am3. Fluence was 5 J/cmz. Focused conditions

( 25 om from a Germanium lens of focal length = 40 cm).ﬁ
* Same cell but cell was placed at 30 cm from Germanium
lens, resulting in a fluence , # = 8 J/cmz. ** Same cell,
unfocused P(42) with @ = 0.5 J/cmz, (for the 90% SiF4: 10%

sec-butyl acetate mixture).
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2. Reaction Probability Dependence on Fluence.

The reaction probabkility for sec-butyl acetate was
investigated over a fluence range of 0.5 to 6 J/cm2 for the
P(38) 1line (Fig. 19). 1In order to reach fluences greater
than 0.5 J/cmz, it was necessary to focus the beam. At-
tention was focused on the middle and high P(#) ranges,
rather than on the threshold fluence. For fluences above
4 J/cmz, virtually 100% reaction per pulse was observed.
The dependence of P(@) on @ is high at P(#) below 10% reaction
as as evident by the value of the slope (5.8). At higher
reaction probabilities there was less change of P(f) with &
until saturation was reached. There seems to be a rather
sharp break in the log P(f) vs log £ curve between the two
regimes. This may reflect error caused by the dependence
of the yield on the fluence at high focused conditions.



76

Table 30. sec-Butyl Acetate Irradiated with P(38), 1029.43 cm‘l

L] 2
4 Ci/CO g J/cm P(gZ)
0.886 5.8 1.04
0.833 0.98
0.859 . 0.82
12 0.826 0.69
14 0.825 . 0.59
14 0.861 . 0.46
7 0.852 145 0.31
7 0.880 1.2 0.24
7 0.922 0.9 0.16
15 0.938 0.7 0.06
18 0.986 0.54 0.011
30 0.913 0.55 0.015

Pressure of sec-butyl acetate = 0.07 torr; cell length =0.95
cm; Vo= 13.4 cm3, for upper part of table cell was placed

35 cm from BaE‘2 lens with GO= 0.31 cm3. For middle part gf
1.09 cm™.
The area of the focused beam was measured with ir sensitive
paper in both cases. The point at the bottom of the table

was done unfocused with GO= 2.72 cm3.

table cell was placed 22 cm from lens with GO
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3. Measurement of dL, n and ﬁr'
As in previous cases, the absorption of sec-butyl

acetate follows Beer's law (see Fig. 21) and d, was cal-

culated from equation (4) using data in Table gl. Fig. 22
shows a plot of d; ¥s @. The decrease in ¢; with @ can be
explained by a red shift of the absorbing band at high fluence
(see Fig. 19). Due to the manner in which gL, is measured,
a lens can not be used to increase the fluence, so the maximum
fluence available is obtained with arrangement A (see Fig. 4).
In the case of P(38), which is a low energy line (see Fig. 1),
the limiting fluence is about 0.67 J/cmz. By comparison with
other esters studied, a further decrease in dL is predicted
at higher @. As in previous cases, dL extrapolated to J at
low @.

Values for n and ﬁr,for sec-butyl acetate are presented
in Table 32. The o1,
extrapolation of the curve in Fig. 22. The thermal vibra-

at 0.9 J/cm2 was obtained by smooth

tional energy of this ester at 298 K is 3.3 kcal/mole, which
must be added to the n values to obtain the mean energy of the
molecule. The n are pressure independent and are affected
only by the magnitude of d;, for a given @.
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Table 31. Measurement of dL for sec-Butyl Acetate at P(38).

g =0.67 J/cm? g = 0.07 J/cm’
P (torr) 2/9, P (torr) ﬁ/ﬁd
0.10 0.972 0.15 0.958
0.20 0.944 0.30 0.917
0.30 0.915 0.45 0.870
0.50 0.866 0.70 0.807
0.70 0.824 0.85 0.767
0.90 0.771 1.00 0.728
1.00 0.746
g = 2.5 0.3 dp, = 2.7 ro.2

Path length = 35.7 cm. dp, must be multiplied by lD—lgcmz/molecule
g = 2.8X10_19cm2/molecule at 1029.43 cm™ L.

Table 32. n and Er for sec-Butyl Acetate irradiated with P(38).

F J/cm dL n P(@) n,
0.9 22 10 0.14 71
=) 8 0.06 140

0.6 2.5 7 0.03 250

The thermal vibrational energy for sec-butyl acetate at 298 K
is 4.0 kcal/mole. This energy must be added to n to obtain

the mean energy of the ester. The dL must be multiplied by
10719 cmz/molecule.
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D. n-Butyl Acetate.
1. Reaction Probability Dependence on Fluence.

The infrared spectrum of n-butyl acetate (Fig. 23)
shows two peaks overlapping each other with maxima cor-
responding to the frequencies of the R(8) and P(26) lines
of the 00°1-02°0 vibrational band. The MPIUR of n-butyl
acetate was the same as found in thermal excitation:

CH COOCHZCH — CH,=CHCH,CH + CH,COOH

3 3 2 273 3

x = 10124

exp[-46.0 kcal mole—l/RT] £

The reaction probakility data for P(26) were extended to low
fluence to examine threshold behavior. However, a linear
plot of log P(#) vs log @ was still obtained. Experiments
were then done with R(8). Except for the points at P(g) =
0.12 for R(8) there was no significant difference between the
two frequencies.

All data were taken under mildly focused conditions.
the saturation region was not investigated for this ester.
For the same fluence, P(Z) was a factor of 3 lower for
n-butyl acetate than for sec-butyl acetate. This occurs in
spite of the fact that the absorption cross sections are
nearly equal. This is qualitatively consistent with the
smaller reaction rate constants for n-butyl acetate.
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2. Measurement of J, n and Er.

Transmittance vs n-kutyl pressure data from Table 34
were plotted in Fig. 25. The linearity of the curve war-
ranted the use of equation (4) to calculate d;» which was
determined for high for high and low fluence at R(8) and
P(26). The decrease in d;, at high fluence observed in Fig.
26 is again attributed to a red shift of the absorption band,
see Fig. 23. The dL in both cases extrapolated to d, when
measured at low fluence. The point at @ = 0.15 J/cm2 was
taken from reference 17.

The d; for R(8) at @ = 0.67 J/cm2 is in good agreement
with the d; reported for n-butyl acetate at this frequency
in reference 17 (see Table 45). The d; at g = 1.35 J‘/cm2
is suspected to be too high because a red shift of the band
(Fig. 23) would cause a very sharp decrease of cross section
at R(8) with increasing fluence.

The n values for P(26) at @ < 2 J/cm2 were obtained
from Table 33 and Fig. 26, no n values were tabulated for
R(8) because of lack of d;, data at the higher fluences
employed to irradiate n-butyl acetate at this frequency.

Table 35. n and n_ Values for n-Butyl Acetate at P(26).

2 - -
@ J/cm dr, n P(&) n.
1.7 2.1 18 0.10 180
1.2 245 15 0.08 187
1.0 2.6 13 0.04 325

19 2 .
cm~/molecule. The vibrational

G must be multiplied by 10~
thermal energy of n-butyl acetate at 298 K is 4.0 kcal/mole.
This energy must be added to the n to obtain the mean energy

0of the molecules.
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E. Ethyl 2-Bromopropionate.
1. Reaction Probability Dependence on Fluence.

The infrared spectrum of this ester (see Fig.27)
displays a rather narrow band centered at about 1070 em™t
with a FWHM of 20 cm 1. The other esters had bands with
FWHM from 50 to 70 cm ~. The MPIUR of ethyl 2-bromopropio-
nate can cccur via twe reaction channels; one is the elim-

ination of ethylene and the other is elimination of HBr:

C2H4 & CHBCHBrCOOH

H .

CH 5

CHBrCOOC

3 2

\ HBr + CH2 =CHCOOC2H5
Table 36 shows the dependence of the ratio of the C.H,
elimination to the HBr elimination upon fluence for MPIUR
and sensitized excitation. The thermal rate constants for
these two channels are not known. The channel leading to
elimination of C,H, was favored by both MPIUR and sensitized
excitation. There was no indication of a C-Br rupture
channel. For low fluence, the ratio of ethylene to ethyl
acrylate was about 3 and did not vary with number of pulses
or freguency of line used. However, for higher fluence the
ethylene channel becomes more dominant. This also is found
for the sensitized excitation experiments.

A puzzling aspect is that the same change in ratio
occurs for the sensitized excitation experiments. One
expalnation for the increase in ethylene in MPIUR is that
at high fluence ethyl acrylate is formed during the pulse
and subsequently begins absorbing energy during the pulse
and contributes to the amount of ethylene observed. At
1.8 J/cm2

has been reached. The variation in the product ratio

P(#) is 0.2 and at 4 J/cm2 the saruration region

begins at ~2 J/cm2 and this coincides with the region where

appreciable reaction occurs during the pulse.-
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Table 36. Ratio of Products vs Fluence for MPIUR and Thermal
Excitation of Ethyl 2-Bromopropionate.

7] J/cm2 [Ethylene]/[Ethyl Acrylate] Frequency

Byl 31.2 R(14)
12.6

2.8 5.0

1.7 < -

I:i3 3.0

1.0 3.4 MPIUR

1.2 3l

0.7 3.2 R(12)

1.6 4.2 : R(10)

1.2 3.1 P(42)

3.3 % | P(42)

0.8 5.1 Sensitized P(42)

3.3 12.% Excitation P(42)

For upper part of table the pressure of ethyl 2-bromopropio -
nate was 0.1 torr (except for P(42) where pressure was 0.05
torr, and the reaction probability was 0.08). The ratios
from lower part of table resulted from a sensitized experi-
ment where a mixture of 81 % SiF4 and 19 % ethyl 2-bromopro-
pionate at a pressure of 0.1 torr was pulsed ten times with
low and high fluence.

The results from Table 36 indicate a similar behavior
with fluence for MPIUR and sensitized excitation of ethyl
2-bromopropionate.
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A possibkle mechanism that could account for the observed
behavior of the MPIUR of ethyl 2-bromppropionate is:

C,H
g
al/

CHBCHB]:'COOCEH5

+ CH,CHBrCOOH

3

aQ
2\\¥\ H,.=CHCOOC.H.]® + HBr
[cH, 2Hg
+  CH_=CHCOOH

: //¢C2H4 2

*
£CH2=CHcooc2H5]

(1-8) "\

;1 T ay(B)

CH.,=CHCOOC.H

2 275

C.,H a

274

At B = 0.5, half the excited ethyl acrylate formed during
the pulse reacts giving a ratio equal to 7.0. At higher B
the ratio increases. For this mechanism to take place, the
excited ethyl acrylate must absorb the laser energy. For
the thermal reaction the vibrationally excited ethyl acrylate
could absorb energy from the laser pulse.

Certainly no conclusive proof that the ethylene elim-
ination channel is favored over the HBr elimination channel
at high fluence can be obtained because of the possibility
of secondary reaction by ethyl acrylate. Ethyl 2-bromo-
propionate was irradiated with the R(14) line and the re-
action probakility vs fluence data is tabulated in Table 37
and the results are plotted in Fig. 28. The slope of the
linear portion of the plot was 4.3. This was the smallest
n for the esters investigated and indicated that, for this
ester, a less severe dependence of P(J) on @ is followed.
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Table 37. Ethyl 2-Bromopropionate Irradiated with R(14),

% = 1074.64 cm T,

i c./cC g J/cm? P(g)
1 0]

0.649 i 0.62

0.680 3.0 0.55

10 0.732 . 0.36

5 0.819 . 0.19

8 0.908 i 0.06

12 0.964 .0 0.015

Pressure of ester = 0.1 torr; cell length 0.95 cm; V0 = 13.4
cm3; for upper part of table cell was placed 21 cm from
BaF2 lens with Go= 1.%3 cm3. For lower part of table expe-

riments were done unfocused with GO= 2:72 cm3.
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2. Measurement of dp, n and Er.

Values of d, were obtained from the slopes of the linear

plots of transmiitance vs ester pressure in Fig. 29 using
equation (4). The data for the plots are given in Table 39
together with the white light absorption cross section at
1073.27 cm~ L. Table 39 contains the transmittance vs pres-
sure data for a 96% He, 4% ethyl 2-bromopropionate mixture
and the measured dr, From Fig. 30, it is observed that g,
decreases substantially with fluence due to a red shift of
the absorption band. The d; extrapolated to ¢ at low @, as
was the case with other esters.
Trial experiments were done with added He to investigate

the effect upon ¢ These experiments were done at high

pressure, before ihe extent of quenching by added inert gas
was fully appreciated. At the pressures used, collisions
occurred during the laser pulse and this may have resulted
in collisional modification of the distributions during the
pulse and these measurements, although interesting, are not
useful for interpreting 91, in the neat ester. The curve
produced by the helium-propionate mixture showed that o, did
not decline with fluence. One explanation is that the red
shift of the absorbing band was inhibited because the pres-
sure was so high that helium collisions interfered with the
MPA process, as well as deactivating the ester molecules
above EO. This quenching did not allow the molecules to
absorb a sufficient number of photons to cause the large
anharmonicity necessary for a red shift of the band. Further
experiments for a lower range of helium composition would
be valuable.

Data for n and ﬁr were taken from Fig. 28 and from
Fig. 30 and tabulated in Table 40. The dL at # = 1.55 J/cm2
is believed to be too low, making the n values at high &
unreasonably low.
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Table 38. Laser Absorption Cross Sections of Ethyl
1

2-Bromopropionate at 1073.27 cm —, R(12).

2 _ 2 2

g = 1.55 J/cm F =0.79 J/cm @ = 0.13 J/cm
P 5/9, P B/9, P 9/9,
0.20 0.96 0.10 0.96 0.15 0.93
0.30 0.95 0.20 0.93 0.25 0.90
0.40 0.93 0.30 0.91 0.35 0.87
0.50 0.90 0.40 0.88 0.45 0.83
0.70 0.88 0.50 0.85 0.65 0.77
1.00 0.83 0.60 0.83 0.70 0.75

0.90 0.76
- + - + - +

dL = 1.6 T 0.3 GL = 2.6 T 0.2 dL = 3.5 I 0.2

P refers to pressure of pure ester in torr; cell length was

35.7 cm; dL must be multiplied by 10-19 cmz/molecule.

Table 39. Laser Absorption Cross Sections of Ethyl 2-Bromo-
propionate in a 4% ester, 96% Helium Mixture.

g = 2.00 J/cm? @ = 1.12 J/cm? @ = 0.48 J/cm @ = 0.22 J/cm?
P @/9 P 2/ P 2/% P 2/

O (o] (®] o]

8.78 0.87 7.68 0.88 7.38 0.89 6.35 0.90
5.50 0.91 4,80 0.92 5.01 0.92

= * = + = + = +
dL 3.4-0.4 dL 3.570.3 dL 3.420.3 UL 3.520.3

P refers to the total pressure of the mixture in torr; cell
, must be multiplied by 1544
cule. R(12) was also used for the data in Table 39.

length was 35.7 cm; d cmz/ mole-
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Table 40. n and ﬁr values for Ethyl 2-Bromopropionate.

o]

2 -
#g J/cm g1, n P(g) -
1.8 *1.2 10.8 0.20 54
1.6 1.5 12.0 0.12 100
1.2 2.1 12.6 0.04 315
0.8 2.7 10.8 0.006 1800
0.6 3.0 9.0 0.0012 7500
1%

dLhave been multiplied by 10~ cmz/molecule. The vibratio-
nal thermal energy of ethyl 2-bromopropionate at 298 K is

4.4 kcal/mole, which corresponds to 1.47 ir photons. This
energy must be added to the n values to obtain the average
energy of the molecules. *dL was obtalned by smooth extra-

polation of the absorption curve.
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F. Ethyl Acrylate.
1. Reaction Probability Dependence on Fluence.

Ethyl acrylate was investigated because it was a
product of the MPIUR of ethyl 2-bromopropionate, and because
it has an absorption band very much like that of the pro-
pionate (see Fig. 27). The MPIUR of ethyl acrylate was the
same as that obtained from thermal excitation:

CH,=CHCOOC,H. ———— = CH

2 oHe 2=CHCOOH + Q.H

274 "
Contrary to ethyl 2-bromopropionate, ethyl acrylate required
high fluence to show measurable reaction. A very wide range
of P(@) was studied for this ester. Based upon the calculated
irradiated volume at 31 and 29 cm from the BaF2 lens, a P(¥)
= 1.0 was obtained for the high fluence range. Due to un-
certainty in the G0 measurement, the P(@g) could be as low
as 0.8 for the highest points.

The dependence of the reaction probability on fluence
for ethyl acrylate irradiated at R(10) in shown in Table 41
and plotted in Fig. 31. The linear region of the plot in
Fig. 31 for P(@) from 1071 to 107 has a slope of 6.6, thus
this ester exhibits the highest P(@) dependence upon fluence.
The difference in reactivity between ethyl acrylate and ethyl
2-bromopropionate might be caused by a high rate constant of
the later. This is supported by the fact that ethylene
is higher than HBr elimination for the propionate.
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Table 41. Ethyl Acrylate irradiated with R(10), 1071.88 cm T.
i c., /C g I/cm? p(g)
1 (@]

*4 0.812 13.0 1.00
4 0.812 9.9 1.00
4 0.815 9.5 0.98
4 0.818 8.6 0.97
4 0.827 7.8 0.92
5 0.820 6.5 0.77
i 0.767 5.3 0.73

10 0.779 3.8 | 0.48

12 0.839 2.9 0.29

15 0.874 2.5 0.18

20 0.918 242 0.08

20 0.967 2.1 0.04

40 0.984 1.4 0.008

50 0.995 1.2 0.002

70 0.999 1.1 0.0003

0.776 9 1.05
0.813 . 0.87
0.865 0.62
10 0.698 3.0 0.31
20 0.652 2.5 0.19

For upper part of Table pressure of ethyl acrylate = 0.05 torr;
cell length = 0.95 cm, V0 13.4 cm3 s GO = 0.677 cm3 at 29 am

from lens (* Go = 0.673 cm™ at 31 cm from lens). For lower part

of Table pressure was 0.1 torr; cell length = 3 cm, VO = 16.0 cm3

b GO = 1,37 cm3 at 30 cm from lens. Areas of the focused beam

were measured with ir sensitive paper.
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Fig. 31. Log P(¥) vs log @ for Ethyl Acrylate.
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2. Measurement of di, n and ﬁr.

Plots of log transmittance vs ethyl acrylate pressure
at three different fluences yielded a straight line and
equation (4) was used to obtain dq,- The values of trans-
mittance resulting from acrylate pressures below 1.0 torr
are tabulated in Table 42, which also contains the dL for a
given @ and the d for the frequency used. The decrease of
gy, with @ was attributed to a red shift of the band at high
#. The decline of dr s

reaction is low, can not be attributed to depletion of the

even at moderate fluence, where

absorbing molecules and is further evidence for the red
shift as the explanation of the observed behavior of d1
with fluence.

Data from Figs. 30 and 31 were used to obtain n and ﬁr
employing equations (20) and (21), respectively. No ﬁr can
be calculated at high P(d) due to the requirement of high

fluence at which no dL were available.
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Table 42. Measurement of d; for Ethyl Acrylate at R(10).

g = 1.98 J/cm2

g =1.08 J/cm2

g = 0.30 J/cm?

P (torr) ﬁ/ﬁo P (torr) ﬁ/ﬁo P (torr) H/ﬁo
0.91 0.83 1.00 0.79 0.95 0.78
0.70 0.86 0.85 0.82 0.75 0.82
0.50 0.89 0.53 0.87 0.65 0,84
0.40 0.92 0.35 0.91 0.45 0.89
0.30 0.93 0.17 0.93 0.25 0.95
0.20 0.96
= + = + = . + .

dL 17 T Ds3 GL 2.0 * 0.2 dL 2+3 2 Da2

Path length 35.7 cm; must be multiplied by 10 1°
cmz/molecule . d at R(10) is 2.4 X 10-19 cmz/molecule.
Table 43. n and ﬁr values for Ethyl Acrylate.
2 - -
g J/cm n P(&) n_
” 18.8 0.16 117
. 17.0 0.05 340
. 13«3 0.005 2660
1.2 12.0 0.001 12000

Vibrational thermal energy of ethyl acrylate at 298 X is

3.6 kcal/mole.
of the absorption curve.

*d, was obtained by smooth extrapolation

The vibrational thermal con-

tribution must be added to the n values to obtain the total

energy of the molecules.
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V. DISCUSSION

The ester molecules investigated in this thesis contained
more atoms than the molecules investigated by most other work-
ers studying the MPA and MPIUR processes. AS a conseguence,
one cannot expect a complete similarity in the behavior between
the case studied here and the usual case of the small molecules.
Nevertheless, a brief literature survey will be useful before
discussing the results of our work.
A. Literature Review.
1. Effect of Pressure in the MPIUR and MPA Processes.

Quigleyl9 reported that for fluences where no MPIUR occurs,
but MPA is still taking place, the dL of SF6’

of SF6 and added gas, increased with decreasing fluence (in
2

in a mixture
the range from 1 J/cm” to 80 mJ/cmz), size of collision partner
and added gas pressure (for 0 to 100 torr). The dependence of
dy, on added gas pressure can be explained by collisionally en-
hanced absorption that promotes rotational hole filling. This
results in the n being larger for a mixture of SF6 and an added
gas than for pure SF6. On the other hand, Lyman et g;.l3 found
that the yield from mixtures of SF6 and H2 decreased with in-
creasing pressure when either the total pressure of the mixture
was increased or only the partial pressure of H2 was increased
from 0.025 to 2 torr and the SF,. was held constant at 0.1 torr.

6
In both cases the variation of the yield with total pressure
was the same for fluences from 1 to 4 J/cmz. These investi-

gators also found that there was a significant decrease in the
yield for pressures above 0.1 torr and that the yvield asymto-
tically approached a maximum value for pressures below 0.1 torr,
which imply that the pressure must be low in order to keep the
time between collisions larger than the time it takes the ex-
cited molecules to dissociate. Lin et g;.zo observed small
enhancements (< 20%) in the reaction yield when small guantities

(mtorr) of rare gas are added to SF In contrast to SF6,

6.
Plum and HoustonZl reported on the MPIUR of the ring compound
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s
CFE/’ \\CFZ
N

and found that the fraction reacted (~ 10%) at a fluence of
0.28 J/cm2
3-dithietane pressure in the 0.002 to 2.0 torr range. But

did not vary systematically with tetrafluoro 1-,

that addition of 2 torr of argon reduced the yield by roughly

a factor of two. No pressure dependence on the reaction prob-
ability was reported by Stephenson and Kin922 for the dissoci-
ation of CF,HC1 in the 0.001 to 1.0 torr range. Upon addition
of Ar23, the dissociation of this compound increased until at

~50 torr of Ar the rate became independent of Ar pressure

up to atmospheric pressure. Enhancement of the yield with in-
creasing pressure was reported by Proch and Schroder24 for the
MPIUR of 03

kept dissociating after the termination of the laser pulse.

at a constant fluence, and they observed that O3

Quick et g;.24 report enhancement of the reaction yield of
fluorinated ethane and ethylene with the addition of inert gas

They used long pulse focused conditions, and reported that the
threshold fluence for dissociation did not change with the ad-
dition of inert gas. The enhancement was very dependent upon
the pressure of the bath gas, a sharp increase in yield occurred
with a small increase in inert gas pressure, followed by
quenching of the reaction at high pressures of inert gas.
Setser and Jang26 showed that both the collisional enhancement
and collisional quenching depended upon pulse duration (laser
intensity).

Another interesting effect of pressure is reported in
Ref. 3 for the dissociation of ethyl vinyl ehter, (EVE). This
compound can react via a low energy dissociation channel
(Ea = 44 kcal/mole) and a high energy dissociation channel
(Ea = 65 kecal/mole) with k; and k,, respectively. The ratio
of kz/kl decreases with increasing EVE pressure for a constant
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fluence. For pressures below 0.002 torr, no change in k2/k1
was observed, implying that collisional guenching was not im-
portant for the lower pressures.

2. Yield vs Fluence Behavior.

The dependence of the yield or, equivalently, the reaction
probability on the laser fluence for MPIUR is a strong one.
Investigators working with molecules that dissociate by MPIUR,
have frequently plotted their results as log P(#) vs log ¥.
Although some other workers have suggested plotting log P(@)

at In the first type of plot, approximate linear-

vs @ instead.
ity usually is observed for P(@) 10°2 to 107° and the slope

of this linear region is a measure of the reaction probabkility
dependence on fluence.

For SF613 the log P(d) vs log # had slopes of 1.87 and
2.77 at 0.5 and 0.25 torr, respectively. Since the slope in-
creased as the pressure decreased, collisions may affect the
magnitude of the slope by collisional quenching, which is more
effective at lower #.

Invariably, at sufficiently high fluence, the yield ap-
proaches a constant value. The transformation from the linear,
rapidly rising portion of the log P(@) vs log @ to the con-
stant yield region, occurs rather gradually with the exact
shape depending on the molecule. If slopes are assigned to
the curves in the transformation region rather low values will
be obtained. This may be the reason small values frequently
are reported for focused experimental conditions. For large
molecules the maximum yield seems to approach 100%, but the
maximum may be much smaller for smaller molecules. For smaller
molecules the maximum may ultimately be related to bottleneck
phenomenon in the absorption mechanism.

Using a molecular beam in order to work under true colli-
sionless conditions, Brunner and Proch28 investigated the de-
pendence of yield on fluence for SF¢ and found it to be pro-
nouncedly dependent on the laser frequency, thus, making the
threshold energy and saturation yield also dependent on the
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frequency. For a given fluence, the most effective line (that
producing the lowest threshold energy) was found to be :a few
wavenumbers (5 cm-l) to the red of the maximum of the absorb-
ing band, and those lines to the blue of the band were dis-
covered to have the highest threshold energies.

3. Fluence vs Power as the Critical Parameter for Yield.

In reference 13, work done on SF. suggested that little
change in the reaction probability occurred by changing the
pulse length. Kolodner et g;.zg compared the MPA of SF6 using
0.5, 10 and 100 ns. pulses at a fluence of 1.5 J/cmz. They
found a variation in the yvield of only 20% even though the
peak power changed by over a factor of 200. Gower and
Billmanso, varied the pulse duration by a factor of five and
showed that the MPIUR of polyatomic molecules had energy
thresholds but no power thresholds.

Setser and Jang2° reported that for the fluorinated
ethanes with different inert gases, there was collision
assisted enhancement of MPIUR. This effect is greater for a
short pulse (high power) than for a long pulse (low power) of
the same fluence. Kwok31 has measured the average number of
photons aksorbed per SF6 molecule as a function of laser
fluence for several pulse widths. He showed that there is
significant difference in the n values for the pulses with
the same fluence but different pulse width, resulting in the-
dL being power dependent. Work done on ethyl vinyl ether3
showed an interesting effect of pulse length in the ratio of
the dissociation channels of this compound using 0.2 and 2 Ms.
pulses. The channel with the higher activétion energy was
favored when using the 0.2 us. pulse; but, the low activation
energy channel was the only one occurring when the 2 ps.
pulse was used. For the dissociation of CF2H0122, major power
effects were observed: 1) for constant fluence (1 J/cmz),
the dissociation yield increased by a factor of 6, from 6.5 to

40 MW/sz; 2) for pulses of constant fluence, modelocked pulses
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produced 5-10 times more product than do nonmodelocked pulses;
3) for pulses of low intensity there were induction times of
up to 200 ns. between the start of the pulse and any laser
excited fluorence from the CF2 produced in the dissociationj;
4) when high pressure of an inert gas was added, the effects
of laser intensity were substantially reduced, and the reaction
became mainly fluence dependent.

At the present time it appears that power is important
for small molecules, but that fluence is important for large
molecules, providing that experiments are done in the colli-
sion free pressure regime.

B. Discussion of Experimental Results of the Acetates
1. Effect of Pressure on the MPIUR of Ethyl Acetate

From experiments described in section III E, it was
found that a pressure of < 0.1 torr was needed to avoid
collisional effects leading to intermolecular redistribution
of laser energy (i.e. heating). This conclusion was based on
the thermal monitor experiments. In doing such experiments
care should be exercised to avoid altering the heat capacity
of the irradiated volume. The experiments done with a 3% iso-
propyl bromide, 97% ethyl acetate mixture met this criterion.
They showed that insignificant heating occurred at 0.05 torr
from the small amount of dissociation of isopropyl bromide
compared to that undergone by ethyl acetate at high fluence
(£ 2.5 J/cmz); the effect was even smaller at lower fluences.
At a pressure of 0.2 torr the probability of isopropyl
bromide reacting was greater and became even more severe with
increasing pressure.

The effect of collisions between ethyl acetate and He,
NZ’ isopropyl bromide, and other ethyl acetate molecules was
investigated. The decrease in yield of ethyl acetate with
the addition of a bath gas was shown as Stern-Volmer plots
in Figs. 8 and 9. In all cases a sharp decrease in the yield
of ethyl acetate was observed with addition of small amounts
of bath gas at low fluence (< 1 J/cmz). For.higher fluence
(> 5 J/cmz), this decrease in yield was less severe. The
bath gases differed in their ability to quench withisopropyl
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bromide being the most effective and He and N, having
comparable effect. The half gquenching pressure (defined
as the pressure of bath gas required to reduce the yield by
50%) for ethyl acetate was much smaller than those for
small molecules activated by MPIUR.

The most puzzling aspect of the pressure dependence was
that for pure neat samples. Experiments were done from
0.001 to 0.5 torr pressure with ethyl acetate at several
different fluence and geometry conditions. For constant
fluence and geometry the P(@) wvalues were independent of pres-
sure. For high fluence (focused conditions) there may be a
dependence upon geometry but for the conditions used in this
work the effect was insignificant. Thus, P(@) decreased
with added gas pressure but was independent (up to 0.5 torr)
of parent gas pressure. However, collisions were observed
to result in suffivient intermolecular energy transfer to
cause isopropyl bromide to react at pressures above 0.1 torr.
The basic reason that pressure does not affect the P(Z2) is
that all of the molecules are excited and collisions only
redistribute energy rather than remove energy. This will be
examined more fully in the model section. This has the
important implication that in the pure sample collisions are
not the rate limiting factor for reaction. Rather, the
cooling of the irradiated volume is the limiting factor.

2. Yield Dependence on Power.

The duration of the laser pulse can be varied by
changing the amount of N, in the lasing mixture, producing
pulses with different power for a given fluence. We investi-
gated the effect of laser power on the MPIUR of ethyl acetate
at P(20) by wusing the short and long pulses (Fig. 3). No
appreciable change in the log P(#) vs @ plot (Fig. 33) for
P(@) < 10-3 was detected even though the power changed by a
factor of ten. However, at higher reaction probability
there may be a dependence of P(@) on power with more reaction
occurring for higher power at the same fluence. From the
above one concluded that for laser pulses in the range of
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100 to 1000 ns., no dependence of the yield on power below
10% reaction was observed for ethyl acetate at 0.05 torr and
the range of fluences shown in Fig. 33. Therefore we com-
pared our yvields on the basis of the laser fluences rather
than power.
3. Yield vs Fluence for Esters.

In almost all of our work, the 1.3 s. long pulse was
used. For the long pulse, the reaction probability of the
esters investigated depended strongly on fluence at low P(Z)
where there was a linear relationship between log P(@) and
log #. The values of the slopes for the linear portions of
this plots ranged from 4.8 to 6.6 for the points with P(d)
below 1072,

At high P(@), (> 10-2), the log P(4) vs log @ plot began
to curve decreasing the magnitude of the slope until a
constant value of P(@) at high fluence (saturation) was
observed. Focusing of the laser beam from 3 to 10 J/cm2 was
required for all esters in order to observe saturation. Con-
siderable difficulty in measuring the irradiated volume made
the measurement of P(@) at high fluence somewhat uncertain.
Nevertheless, saturation was observed in the sense that
further increase in fluence produced little or no more
reaction. The P(@) values indicated that for some esters it
was possible to obtain nearly 100% reaction at the saturation
limit. For other cases still higher fluences may be required.
This type of fluences were hot readily obtained due to
cracking of the NaCl windows, as mentioned in the experimental
section. For the cases with P(#) < 1.0 at saturation, there
also may be restrictions on the molecules at 300 K that can
initially absorb energy. That is, not all quantum states
are in resonance with the laser frequency.

An expression that has been used to represent the vari-
ation of P(@) with @ is equation (12):

P(#) = c[1.0 - exp( -(2/8 "] , (12)

with C, n and ﬁr being constants for a given molecule. C is
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the saturation yield at @ . For present purposes let C
= 1.0, For ﬁ/ﬂr < 1.0 the exponential can be expanded to
obtain

log P(#) = log[1.0-[1.0-(g/B )" + (8/P,)%" - ...1], and
log P(#) » log (2/8.)".

Thus, plots of P(g) vs ¥ give n, if the plots are linear in

the low to moderate @ region of a log P(#) vs log @ plot.

In order to check the behavior of the reaction probability
with respzct to fluence, the experimental data were plotted
in section IV as log P(f) vs log @ from which n values were
obtained from the slopes of the linear portions. The n
values are: 4.2, 6.0, 5.5, 5.0, 4.3 and 6.6 for ethyl acetate,
ethyl fluoroacetate, sec-butyl acetate, n-butyl acetate,

ethyl 2-bromopropionate and ethyl acrylate, respectively.
These can be used together with ﬂr in equation (12). Figs.
34, 35, 36 and 37 show the experimental data plotted as

log P(@) vs @ for ethyl acetate, ethyl fluoroacetate, sec-
butyl acetate and ethyl acrylate, respectively. Also plotted
in the figures are the curves calcualted using Egq. (12). It
is evident that with the proper choice of n and ﬁr parameters,
the curves calcualted with Eg. (12) give a fairly good aproxi-
mation to the experimental data. The agreement is especially
good for ethyl acetate and ethyl acrylate.

In the case of ethyl fluoroacetate and sec-butyl acetate
the calcualted curves differed from the experimental results.
For ethyl fluoroacetate, a change of ﬁr from 3 to 1.5 J/cm2
resulted in a better agreement with low @ experimental data
and it was possible to get a reasonable analytical fit with
Eq. (12). The disagreement at high # is a consecuence of the
saturation value being less than 1.0. By choosing C < 1.0
the fit can be improved. This disagreement was greatest for
sec-butyl acetate, the reason being the much more gradual
approach to the limiting P(Z). The fit could be improved at
low P(@) with lower Qr.

No precise values for the threshold energies of these
reactions, which are the fluences at which the reactions
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onset, can be cited. For our experimental measurements of
P(Z) the energies at P(#)
the threshold fluences. Experimental difficulties in mea-

10°% are a good approximation to

suring the yield become important and prevent the observation
of P(¥) less than 1072,

In Table 44 are summarized the fluences, laser absorp-
tion cross sections, laser lines used and pressures used in
the MPIUR of the esters that resulted in 50, 10, 1 and 0.1%
reaction. Also included are the small signal cross sections,
the thermal vibrational energies, the slopes, n, of the
log P(@) vs log @ plots, the threshold energies, and the n

and ﬁr values. We are confident of the ¢ and d. data, as will

be discussed in the next section. The P(g) resilts are
reliable but & itself is less certain.

From Table 44 a few general points can be noted: (i) The
dr, is the smallest for ethyl acrylate at 10, 1 and 0.1%
reaction. The fluences required to achieve the specified P(#)
also are the highest for this molecule. (ii) Ethyl acetate
and ethyl 2-bromopropionate have equal ¢ (within experimental
error), and the @ required to obtain the stated P(f) are
roughly the same for low P(@) but differ by a factor of 2 at
50% reaction. The puzzling factor, however, is that, even-
though g is lower for bromopropionate at high @, the re-
gquired @ is less than for ethyl acetate to give P(@g) = 0.5
or 0.1. A plaussible way to explain this behavior is for

Eo(bromOpropionate) < Eo(ethyl acetate). (iii) o, is larger

for sec-butyl acetate than for n-butyl acetate aﬁd the cor-
responding @ is lower for the same P(@). However, the
effect appears to be too large to explain by the dL differ-
ences alone and the measured @ for sec-butyl acetate are
thought to be in error. (iv) For P(g) = 0.1, dL (ethyl

L (ethyl acetate); but, the @ is higher
for ethyl acetate for same P(@). The trend is the same for

the four P(@) values compared in Table 44. This trend may

fluoroacetate) ~ d

be explained by a lower E (ethyl fluoroacetate) vs EO (ethyl
acetate.
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Before more detailed examination of P({) vs #, d;, Ny
n., etc. can be made, some thought must be given to models.
4. Dependence of the Yield on Frequency.

The frequency of the laser line used to induce MPIUR
had an effect on P(@). This is more evident if log P(@) vs
@ plots are used instead of log P(Z) vs log #. Figs. 34 and
35 show these types of plots for ethyl acetate and ethyl
fluoroacetate, respectively. One explanation of the de-

pendence of P(@) on frequency is that ¢, varies with fre-

quency. In comparing ¢ is only a firstLapprOXimation
because of the strong red shift of the absorption band with
laser fluence for MPA,.

The magnitude of the red shift was proportional to the
fluence. A red shift of 5 cm—l at a fluence of 2 J/cm2 was
reported for ethyl acetatele. In general for two lines close
together with similar J, the one slightly to the red of the
peak will be more effective in promoting reaction. As seen
from Fig. 34 and 35, no marked dependence of the plots on the
frequency of the line was observed unless the lines were far
apart and with different ¢d. The least efficient lines were
those lying to the blue of the absorption band because a red
1+ On the red side of the band
those lines lying far to the red, where the ¢ are small and

shift will only decrease the g

a considerable red shift was necessary to increase d were

’
also inefficient. -
In order to remove the dependence of P(g) upon dL, the
yields should by compared on a plot of P(fg) vs absorbed energy.
Unfortunately we were limited for such plots to the fluence
range for which dL has been measured. Such plots will be ex-
amined in the conclusion section to as high a fluence as pos-
sible.
5 & dL Dependence on Fluence.
The overall energy deposition cross section, dL’ measured
as described in section II.I were obtained for the esters in-

vestigated at some of the lines used to induce MPIUR. Our
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absorption cross sections are compared to some obtained from
other laboratories in Table 45. There is good agreement and
we believe the d;, are reliable. From results obtained in
this work on the d; of the esters, the folloging was found:
(i) A Beer's law type relationship where intensities have
been replaced by fluences, was observed; this means that
the dL values are pressure independent (from O to 5 torr).
The lower limit was assumed because data were taken at 0.1
torr, which was sufficiently low that there are no colli-

sions during the laser pulse. This independence of d. upon

pressure simplified the consideration of energy absorgtion.
For many small molecules the absorption cross section is
pressure dependent. (ii) The dL extrapolated to a ¢ at low
g (< 0.1 J/cmz) in every case. (iii) There is significant
dependence of dL on @. (iv) The dependence of dL on @ wvaries
with frequency. (v) The d;, are power independent (for same
g <1 J/cmz) for pulses varying in length from 0.2 to 2 MS.

This follows from the agreement of our ¢, with those from

other laboratories which were done at O.g and 2 ws. while
the pulse used in this work was 1.3 us. No power dependence
was géso reported for SFSNF2 for pulses from ~200 to 1 ns.
long™ ", this molecule can be considered a "large" molecule
like the esters.

In order to find the cause of (iii), we did experiments
with methyl acetate, a compound that does not undergo the
characteristic six-centered elimination reaction. Methyl
acetate was irradiated with the P(30), P(18) and R(14) lines,

the infrared spectrum together with the d; vs @ plots are

shown in Fig. 38. As seen from Fig. 38, ihis ester also
showed a variation of ar, with fluence. This indicated that
the dependence of d;, on @ did not result from product
formation but must be explained by a red shift of the absorp-
tion at high fluence, power broadening, etc. For a red
shift, the d; for P(30) could increase with @; however, up

to a fluence of 0.90 J/cm2 no change in Sy, occurred. It
might be that in order for the red shift to cause an in-

crease in the d;, at this frequency, even higher fluence
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is required. On the other hand, the other two cross sections
did decline. Therefore, on a relative basis, GL(PBO) did
increase. A decrease of dL with @ was observed for P(18)
and R(14). The d;, began to differ from d at a fluence of
~0.4 J/c:m2 for P(18) and ~0.8 J/cm2 for R(14). It is
evident that one cannot predict the fluence for which dL
start to change and how they will change with increasing f£.

An experiment was done to investigate the d; Vvalue at
high @ with high pressure of buffer gas. A linear relation-
ship was still observed between log transmittance vs pres-
sure for a mixture of 4% ethyl 2-bromopropionate and 96%
helium over the 1 to 8 torr pressure range. Tor this mix-
ture, dL was independent of pressure. The observed constant
d;, was equal to d, and did not decline with & in the way .
that was observed in the absence of inert gas. The explan-
ation may be that collisions of the excited ester molecules
with helium atoms, which continually removed the vibrational
energy, prevented the ester molecules from reaching high
vibrational levels. Thus, the red shift never occurred.
This experiment needs to be repeated with smaller amounts of
helium to characterize the dependence of dL on added helium.

The variation of dL with @ remains difficult to explg%n
with large molecules, as well as others. Work by Deutsch
on the dependence of optoacoustic signal(which is directly
6 at 298 K and
145 K suggested that red shifts might be the explanation of

proportional to GL) on the fluence for SF

the dL dependence on & at low temperature where hot bands

are essentially eliminated, whereas at 298 K the red shift
did not account for the observed behavior of L, with dluence.
Energy deposition measurements for vinyl chloride34 showed
that dL depended on laser power. Considerable power broad-
ening was observed in going from a 180 ns. to a 45 ns.

pulse. For this molecule adding helium increased g - Bath
of these features are characteristic of molecules with
bottlenecks in the low energy regime. Evidently the ester
molecules do not have a low bottleneck. This is, at least,

one simplifying feature of the large molecules.
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C. A Simple Model for MPIUR.

Our objective was to develop a model that permits the
estimation of the yield from laser induced reactions of
ethyl acetate and butyl acetate for low to moderate extent
of reaction. The objective was not realized because some of
the basic assumptions proved to be inapplicable. The model
is more appropriate for the case of MPIUR in an inert bath
gas with the heat capacity of the bath gas larger than the
heat capacity of the molecule absorbing the laser energy.
However, the model does provide some insight into the MPIUR
of neat samples. We assume that the pressure is sufficient-
ly low that collisions during the laser pulse can be ignored.
we also assume that the extent of reaction after the pulse
ends is negligible. This assumption, which only applies at
low percent reaction, is a consequence of the small rate
constants for a big molecule near the threshold energy.

We assume that the distribution can be represented as a
Boltzmann distribution with the average energy, nhv, mea-
sured from the laser absorption cross sections, defining the
temperature. Although a Boltzmann distribution may not be
precisely correct35, ladder climbing type computations with
reasonable values for the individual cross sections give
broad distributions closely resembling Boltzmann distribu-
tions36. The assumption of a Boltzmann population as an
initial vibrational energy distribution due to laser pumping
is vey convenient because the energy absorbed per molecule
defines the distribution. If a parametrized form of the dis-
tribution is not assumed, then one needs to know the absorp-
tion cross sections for each level to solve the master
equation and such data are difficult to obtain or even esti-
mate reliably. Other types of distributions such as the
Poisson, have been used but the ladder climbing calculations
suggest that the breadth of the distribution is larger than
the Poisson type. Boltzmann distributions for ethyl acetate
and n-butyl acetate are shown in Figs. 39 and 40. These were
calculated with accurate accounting for the density of states,
Nﬁ. As the final assumption, we consider that the degree of
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reaction is governed by the competition between collision and
reaction (with rate constant KE) for each energy region of the
distribution above EO. This assumption is what renders the
model appropriate only for experiments with large amounts of
cold, inert bath gas. According to this model, one must only
compute the probability for reaction vs collisional deacti-
vation for molecules of energy Ei'

We assume that the rate of vibrational redistribution
is rapid relative to the rate of reaction allowing the use
of the RRKM theory of unimolecular reactions to predict the
rate constants vs vibrational energy. The RRKM rate constanfs
are presented in appendix I. Under collision free conditions,
all molecules above EO will react and these fractions are
given in Figs. 41 and 42 for ethyl acetate and n-butyl acetate.
Providing that these distributions govern the rate of reac-
tion, the mean reaction rate constant is just the normal
thermal unimolecular high pressure rate constant.

@ ,
j}cE £(E) @E = K (T
Eo
These values, together with (E) and T are tabulated in Table
46.

For experiments performed in static cells one needs to
account for the detrimental effect that collisions between
excited ester molecules and guencher have on the reaction
probability. In this section we will assume that the heat
capacity of the reservoir gas is sufficiently high that no
heating occurs. We also assume that diffusional effects,
momentum transfer via shock wave, thermal conductivity,
geometry etc. have no role. Thus, collisional deactivation
is the only process competing with reaction. For large
organic molecules like the esters considered here, which
have relatively long lifetimes akove the threshold energy
for reaction, the collisional problem is severe. To apply

a full master-equation treatment or even to follow the time



13%
Table 46. k (T), T, and (E) values for Ethyl Acetate and

Butyl Acetate.

Ethyl Acetate Butyl Acetate

Ko (T) (E) T kg (T) {E)

sec~1 kcal mole~l sec~l  kcal mole-l
3.4x1073 14.6 700 1.4x10°2 22.4
3.0x107t 18.7 800 g9.0x10” % 28.8
9.6x10° 23.1 900 2.1x10t 35.8
1.6x10° 27.8 1000 3.2x10% 43.2
1.5%10° 32.8 1100 2.8x10° 51.0
1.0x10% 38.0 1200 1.6x10% 59.1
5.3x10° 43.5 1300 7.8x10% 67.5
2. IX10° 49.0 1400 2.9X10° 76.1
7.3x10° 54.8 1500 9.2X10° 85.0
2.1x10° 60.6 1600 2.5x10° 94.0
5.5%10° 66.6 1700 6.1x10° 103.2
1.3x107 79,7 1800 1.4x107 112.5
2.8X10; 78.9 1900 2.ax1oz 15,4

5.5X10 85.2 2000 5.3X10 E31s5
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evolution starting with a Boltzmann distribution, it is
necessary to assume values for a large number of level-to-
level energy transfer rate constants. Vibrational deacti-
vation of highly excited polyatomic molecules has been
studied using chemical and thermal activation experiment337.
From these experiments values of 4 to 8 kcal/mole for the
average energy lost per collision of molecules (E > EO) with
cold polyatomic molecules seems appropriate. If the re-
servolr bath gas is appreciably "heated", then the mean
energy lost per collision will have to be reconsidered.

The simplest model is a step ladder model which assumes that

each collision removes an average energy (AE The step-

Yo
ladder model has the property that a particufar average en-
ergy loss, (AEd), is much more probable than any other trans-
ition.

For a given vibrational energy level, i, the population
is Ni and the fraction of this population that reacts is
fr = Ny —-k-E—l—-——-—— :
kg, #®
i
The fraction of the population that is deactivated and trans-
ferred to a new level, (aEd) below the original level is

W

kg T W
i

In these egquations KEi is the rate constant for level i and w
is the collisional frequency. The latter may be calculated as
5.18 X 105 and 1.64 X 10° collisions per second for ethyl
acetate and n-butyl acetate at 0.05 and 0.1 torr, respectively.
As the molecules cascade down the energy ladder in
increments of energy'QSEd), the probability for succesive
reaction drops significantly because K declines exponent-
ially with reduced E. When molecules are deactivated below

Eo’ no reaction occurs.
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The results of the calculations are shown in Figs. 41
and 42. The calculated vyield vs n are plotted for ethyl
acetate and n-butyl acetate. The curves labeled "collision
free" are the yields if all molecules above the threshold
energy reacted. These can be compared with the curves cal-
culated for the various assumed pressures and collisional
deactivation models. The first point to note is that the
computed curves especially for ethyl acetate, have the cor-
rect general shape, rising rapidly with energy and asymtoti-
cally approaching 100% reaction. The effect of collisions
is to dramatically reduce the yield with the extent of re-
duction decreasing with higher average energy.

For 10 absorbed photons and a(dLEd):=1500 cn_l, the
vields are reduced by factors of 50 to 120 for ethyl acetate
and n-butyl acetate, respectively, to give yields of 0.1% and
0.05%. For n = 15 photons, the reduction factors are 10 and
30, respectively. This model does serve to explain the
dramatic reduction in yield when isopropyl bromide was used as
a bath gas with ethyl acetate. It also explains why the ex-
tent of quenching was reduced for higher @ (higher n).

The effect of variation of pressure and the QAEd) values
were examined for ethyl acetate and n-butyl acetate. For
both esters increasing(zLEd), decreases the yield but the ef-
fect is more severe for n-butyl acetate. A few calculations
were done for small.@ﬁEd). In the limit of(ésEd) = 0 the
collisions have no effect. Even for(élEd} = 350 cmt the ef-
fect is small and not very dependent on pressure i. e. es-
sentially the same result was obtained at 0.1 and 0.01 torr.
Howiver, a much stronger effect was found at(ésEd) = 1500
cm ~, and n = 14 photons the yield changed from 0.0l to 0.02
to 0.04 for a change from 0.2 to 0.05 to 0.005 torr of
ethyl acetate, respectively. For the same QﬁEd) and n values
the yield changed from 0.0038 to 0.0042 to 0.0070 for a
change from 0.1 to 0.05 to 0.01 torr of n-butyl acetate,
respectively. The reason the smaLl(&Ed) are so ineffective
has to do with the large breadth of the distribution functions
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the loss of 1-2 kcal/mole does not reduce the yield very much.
The variation of the yield with pressure explains the non-
linear shape of the Stern-Volmer plots. For n-butyl the
pressure effect is noticed more at higher #.

D. Deficiencies of Model for Neat Samples.

By assumption, the model ignored any contribution to the
reaction yield during the laser pulse. To estimate when this
assumption fails, one can examine the fraction of the mole-
cules with lifetimes < 5 X 10_7 sec, which corresponds to
one-half of the period of the laser pulse. Integration of
the distribution from the energy giving this Kp to® gives an
estimate of the fraction of the distribution that will react
during the pulse. This fraction is tabulated in Table 47
for various temperatures.

For low pressure £ 0.1 torr, this fraction also will not
be collisionally stabilized since kp < W. This fraction must
be compared to the amount of post pulse reaction, which are
the results presented in Figs. 41 and 42. This, of course,
depends on the collision model and the results for(ELEd) of
1500 and 3000 cm™* which are also given in the Table for
0.05 and 0.10 torr of ethyl acetate and n-butyl acetate, re-
spectively. From the Table it is seen that the contribution
during the pulse becomes ~10% of the reaction at 1200 K
= 0.0008 and 1280 K (n = 22) or f

(n = 13) or £

pulse pulse
0.006 for ethyl acetate and n-butyl acetate, respectively at
— -1 ] ] ' .
Q&Ed) = 1500 cm ~. This difference in fpulse is cause by

the much more broad distributions of n-butyl acetate com-
pared to ethyl acetate (see Figs. 39 and 40).

This calculation, of course, is for the cold bath gas
case. In neat samples the reaction during the pulse will be
the same but the total extent of reaction may be 1érger
than given by the collision limited model. Thus, the yield
should be dominated by post pulse behavior up to »~ f = 0.01
to 0.05,
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The other serious assumption is that the heat capacity
of the reservoir gas is sufficient to preclude "heating" of
the irradiated volume. We must evaluate this assumption for
irradiation of a pure sample where the irradiated molecules
themselves provide the only reservoir bath gas. Providing
that there is no significant cooling by diffusion, convection,
or by thermal conductivity, the equilibrium energy, (E) ,
of the irradiated volume is given by

T

(E} = f C,(T) T =(E_,, ) + E + E "

rot trans
300

£
(E,qp ) + 3R (T-300).

Where (E)is the total absorbed energy and <E£ib> is the mean
vibrational energy at temperature T. The average energy in
units of n will be raised by at least one more photon due to
the contribution of <Evib> at 300 K. These contributions
(1 and 1.3 photons for ethyl acetate and n-butyl acetate, re-
spectively) must be added to the n values for Figs. 41 and 42.
This extra amount of energy will raise the final temperature
a small amount.

For ethyl acetate at high initial excitation, T, is
only 145° lower than the initial vibrational temperature
because only 8-9 kcal/mole are lost. For 1000 K initial
temperature, 'I‘f is only 115 K lower. For n-butyl acetate,
Tf is about 90 K lower than the initial Boltzmann temperature
of 1400 K, while Te is 75 K lower for a 1000 K initial tem-
perature. Some of the Tg and Tf together with their respec-

tive (E) and <E£ib> are tabulated in Table 48.
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Table 48. Tg, Tf,(E) and <E€ib) for Collisionless and
Equilibrium Conditions for Ethyl Acetate and

n-Butyl Acetate.

Ethyl Acetate

n-Butyl Acetate

Y (B T (Ehyy) LI Te (Egip?
1600 60.6 1455 51.9 1400 76.1 1310 68.3
1400 49.0 1260 41.4 1200 59.1 1115 52.5
1200 38.0 1075 31.6 1000 43.2 925 3747
1000 27.8 885 22.5 800 28.8 735 24 .4
800 18.7 700 14.4 700 22.4 640 18.9
The results in Table 48 unequivocally show that the col-
lisional model is inappropriate for irradiation of neat
samples. Because of the small heat capacity of the trans-
lational and rotational degrees of freedom, relative to that

of the internal degrees of freedom, collisions can only

modestly reduce the mean vibrational energy rather than

remove sufficient energy to cause all molecules to have

kE < W.

This is demonstrated graphically in Figs. 41 and 42

by plotting the fraction of the distribution functions still

remaining above EO after the energy has been equilibrated by

collisions.

Several collisions may be required to achieve

the equilibrium; but, the important point is that collisions

within the irradiated volume can not quench the reaction in

irradiation of neat samples of large molecules.

After the equilibrium condition is reached, the ir-

radiated sample will continue to react with deplition of

molecules occurring by an ordinary thermal reaction:

(a]l = [a]_ e

-k At
2

k =k

0!

T) «
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The limitation to the time is provided by bulk transport
processes that result in cooling. Unfortunately, this is
difficult to define by our model. It is possible to get

estimates of At by using the yields and the k (T) values.

The Table below gives estimates of At for theég temperatures.
At low temperatures, considerable deactivation may result
during the collisional phase and the At has little sig-
nificance. However, for P(@) ~ 0.01 the times are comparable
to the laser pulse length. The cooling mechanism is dif-
ficult to envision. In fact, the thermal monitor experiments
showed that the &t are sufficiently small to make thermal
reactions negligible and the times must be less than those
shown in Table 49. Thus, one has a difficult situation at
0.05-0.1 torr pressure. The monitor experiments demon-
strated no thermal reaction (i. e. no extensive intermole-
cular energy transfer). This means that cooling must occur
faster than shown in Tabkle 49 to prevent reaction.

At high P(@) the thermal reaction will be augmented by
reaction during the pulse and for P(g) 2 0.4, one may ex-
pect much of the reaction to occur during the course of the
laser pumping, as well as, by the reaction during the period
governed by cooling. Again monitor experiments show no
heating and some very efficient cooling mechanisms must be
involved to explain why thermal reaction does not occur.

Of course thermal reaction does occur if the pressure is
raised slightly.
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Table 49. At Estimates for Different T.

Ethyl Acetate n-Butyl Acetate

P(@) t sec. T K P(#) t sec.
1.2x1074 4.0x10™4 800

3.5x10~4 3.65107° 900 5x104 2.4%107°

9.0x10™% 5.6x10°° 1000 6x1073 1.9x107°

4.5x10"3 4.5%10~7 1200 s Fo i 1.4x107°
1.8%1072 8.6X10 7> 1400
5,5K10™2 2.7x10"% 1600

The t are obtained from the reciprocal of km(T) » these
rate constants together with P(@) and T were given by the
collisional model.
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VI. CONCLUSIONS.

From this study of the MPA and MPIUR of organic esters,
some general conclusions can be drawn. These conclusions are
based on experiments done under conditions such that no ther-
mal enhancement in the reaction occurs, as observed from ther-
mal monitor experiments.

1) Initially,all the absorbed laser energy is deposited as
vibrational energy. To measure the extent of the energy
transfer from excited ester molecules to cold molecules by
collisions, a small percent of a "thermal monitor"™ was added
to ethyl acetate. Experiments done with a 3% isopropyl
bromide, 97% ethyl acetate mixture at 0.05 torr indicated that
the reaction probability of isopropyl bromide was much smaller
than the reaction probability of ethyl acetate at all fluences
studied. At 0.05 torr most of the dissociation undergone by'
ethyl acetate is laser induced, but at higher pressures
(2 0.1 torr) an important fraction of the reaction occurs as
a consequence of intermolecular energy transfer.

2) The P(@) values measured in this work were not affected
by the irradiation geometry. It was found that P(d) was
reduced if the irradiated cross section was less than ~0.5
cmz. All of our experiments were done with beams of cross
sectional areas > 0.7 cmz. This effect of geometry may be
due to a change in the rate of cooling of the irradiated
volume, when the irradiated cross sectional area is reduced
to such an extent that diffusion rate of cold and hot mole-
cules becomes important.

3) The ester dissociation follows first order kinetics, with
the number of pulses serving as time.

4) The reaction probability (defined as the number of mole-
cules that react per pulse divided by the number of parent
molecules in the irradiated volume) is independent of pressure
(for neat samples), in the range from 0.002 to 0.5 torr.

5) Although the yield is independent of parent pressure,
addition of a small amount of bath gas reduces the yield
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significantly especially at low fluence, with large quencher
molecules being more effective deactivators than diatomic
molecules or monatomic gases.

6) For the six esters studied a plot of log P(#) vs log #
showed an approximately linear behavior for P(#) from o
to 10_4. At higher P(@) the curve asymtotically approached
a constant value; this typically occurs at @ > 4 J/cmz. The
high value of the slope of the linear portion of the log P(g)
vs log @ plots (from 4 to 6) reflects the strong dependence
of the reaction probability on fluence.

7) The duration of the laser pulse could be varied from 1.3
to 0.13 microseconds, giving pulses of power differing by a
factor of ten for a given fluence. Experiments done with
ethyl acetate using low and high power pulses indicated that
for P(@) < 0.1, no significant dependence of the yield on
power results. However, the high power pulse may be more
effective, by a factor of 2-3, in inducing reaction at high
P(2).

8) For sec-butyl acetate, the MPIUR gave the same product
distribution as sensitized excitation. The MPIUR product
distribution was independent of ester pressure from 0.05 to
1.0 torr and was also independent of fluence. Ethyl Z-bromo-
propionate also has two reaction channels. The MPIUR and
sensitized excitation of this ester gave similar results.

The ratio of ethylene to HBr elimination was 3 at @ < 1.5
J/cm2
that the highly vibrationally excited ethyl acrylate mole-

but it increased with fluence. One explanation is

cules formed from the HBr elimination absorb photons during
the laser pulse at high fluence and produce ethylene.

9) The absorption of laser energy as a function of ester
pressure follows Beer's law from 0.01 to 5 torr giving laser

absorption cross sections, ¢ that are independent of pres-

L’
sure. The J,, however, depend on fluence. For low @ (< 0.1

J/cmz), the dL;;d. At higher @, the dL increase if the line

used to excite the ester is to the red of the maximum of the



145
absorption band, or they decrease if the laser line used is
to the blue of the maximum of the absorption band. When
the line used matches the maximum of the absorption band, the
dL Stay approximately constant with increasing fluence until,
at high enough fluence, the red shift has moved the absorp-
tion band sufficiently, so that the line used no longer
matches the maximum and GL declines. The dependence of GL
on @ is not due to product formation, as was demonstrated
by measuring some dL of methyl acetate, a compound that did

not react at the fluence used.
The data reported in this thesis are fundamentally

significant in the sense that they should ke reproducible
by an independent investigator if the restrictions imposed
on the experiment are observed (constant fluence geometry,
low pressure, low pulse repetition rate, etc.). The acqui-
sition of reliable physical measurements is the first step
toward understanding MPIUR. |

The second step in understanding MPIUR is to develop
simple (or complex is required) models to explain the funda-
mental physical data. One central idea is that the energy
deposited in the molecule is rapidly (relative to the rate
of reaction) redistributed within the internal degrees of
freedom of the molecule. Based upon this general idea no
dependence of P(#) is expected on frequency provided that
the same amount of energy is placed in the molecule. There~
fore a plot of P(f) vs Eabs is a better way of presenting
the results than P(@) vs #. Such a plot is shown in Fig. 43
for all esters except ethyl 2-bromopropionate. The latter
is omitted because the cross section data are not reliable.
On such a plot the enhanced P(@) at a given energy for a
particular compound must be related to the intrinsic rate
constants for unimolecular reaction. The very high rate of
reaction for sec~butyl acetate may ke related to the larger
kE values but it also may be experimental error related to
the energy fluence measurements.

An important aspect for applications of MPIUR is the
efficiency of the absorbed energy in promoting reaction.
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A useful plot is ﬁr vs P(@), see Fig. 44. The closeness

of n_ to the minimum number of photons required for the
molecule to have energy > EO (16 photons for ethyl acetate)
is a measure of the efficiency of the laser pumping. The
results from Fig. 44 indicate that the laser induced reac-
tion is inefficient at low P(Z) but becomes rather efficient
for P(@) > 0.1. Qualitatively, the six esters show the same
behavior. The dL at high fluence are needed to complete the
curve at high P(@). It should be emphasized again that the
ﬁr values were taken under conditions that excluded any re-
action by "heating”". If the pressure was increased to the
extent that heating occurred, the Er values may even be
larger.

To finalize this section a gqualitative summary of the
important points of the models that can be applied to the
yield vs energy relation for different regions of fluence
will be given for pure ester. The P(@) vs @ (or n) curves
can be divided into three regions. At low P(f) 107%4-107°
there are few molecules with E > EO and one or two colli-
sions can deactivate the excited molecules below E, hW’@ﬁEd)
of 4 to 6 kcal/mole. The time scale for the deactivation
by collision is much faster than the other cooling processes.
Thus the model presented in the discussion section for a
mixture of a small amount of absorber in a large amount of
quencher approximately holds in this region of low P(g).

In this case the translational - rotational heat capacity
is sufficient to accept the vibrational energy and guench
the reaction. This region corresponds entirely to post

pulse reaction.

3 1

< P(g) < 10", the factors
affecting the absolute yield are more complex. Although

For the region where 10

a small fraction of the reaction occurs during the pulse,
most of the reaction is post-pulse. Thus the absorption
measurements can be used to define approximate energy dis-
tributions. In this region, collisions are thought to be
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inefficient in deactivating excited molecules because
this range of nhv, the Boltzmann initial temperature (vibra-
tional) is high and collisions only cause the temperature to
drop 50-100° less than the initial T,ip defined by the
absorption measurements. No model to describe the behavior
of the yield with absorbed energy is available for this
region. However, it appears that the yield is limited by
combined bulk and molecular phenomena which result in
cooling on a 10 ms time scale. In this range increasing
the pressure above 0.05 torr results in effects related to
intermolecular energy transfer.

At high P(g) (> 0.2), the fraction of the reaction
that takes place during the pulse is significant, the kinetic
equations then approach steady-state behavior. A steady-
state results when the laser pumping rate is comparable to
the rate of unimolecular reaction. Because the ester mole-
cules are thought to have no bottleneck, a high power pulse
can deposit the laser energy in the molecule in a short
time, creating molecules in a high level of excitation that
react before collisions occur. For this P(@) region, a
method to calculate kuni(st) has been developed by Quack
that assumes that most of the reaction occurs under steady-
state conditions. It should be noted that the steady-state
implies that the rate of laser pumping (i.e. power) now be-

27

comes the rate controlling step i.e. incréasing the power
will drive the molecules to higher energy states before
reaction occurs.

The values of the rate constants for ethyl acetate and
ethyl acrylate at high P(#) will be calculated using the
method suggested by Quack27. The unimolecular rate constant

at steady-state is:

Koni (st) =(14L_[(st)) .
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Where (kI(st)> in cmz/J, is the slope of the linear portion
of a plot of 1n[1.0 - P(#)]™! vs &, and "I" is the in-
tensity obtained by dividing the fluence (in J/cmz) by the
pulse length (in sec.). The experimental data for ethyl
acetate and ethyl acrylate have been used to obtain the plots
from which the rate constants can be calculated, see Fig. 44.
The slope (kI(st)) is 0.483 cmz/J and is approximately the
same for the two esters. The rate constants at a given @
can be calculated by substituting for I in the above

equation. In our case this results in 1

2
k _.(st) = 0.483 cm?/g 2 J/cm
uni

1.3 X 107° sec

For ethyl acetate and ethyl acrylate the kuni(st) predicted
by this method for P(@) of 0.9, 0.75 and 0.5 are 3.0, 2.2
and 1.8 X 10° sec™ and 2.7, 2.0 and 1.5 X 10° sec”?, re-
spectively. These kuni(st) depend on the pumping rate of
the laser pulse and for a shorter (higher power) pulse the

Kuni(st) will increase proportionally.
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Fig. 44. Log(1.0 - P(@)1™! vs @ for Ethyl Acetate and
Ethyl Acrylate.
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. APPENDIX
The unimolecular rate constants as a function of energy
for some of the esters investigated are calculated here
using the RRKM theoryll
this calculation one must have all of the vibrational fre-

of unimolecular reactions. For

gquencies of the molecule and of the transition state. It
will be assumed that the moments of inertia of the molecule
and transition state are the same.

Lack of information on the vibrational frequencies of
the esters made necessary the use of approximate methods to
estimate them. This was done by making reference to the
vibrational analysis for methyl acetate38. As an approxi-
mation all carbon-hydrogen stretches (symmetric or asymmetric)

1

were taken as 2980 cm - and all hydrogen-carbon bendings

(symmetric or asymmetric) were taken as 1430 cm*l. This ap-
proximation is good in view of the fact that the contribution
of the large frequencies to the entropy of the molecule or
activated complex is small.

To obtain the 36 frequencies of ethyl acetate from those
of methyl acetate a hydrogen was removed from methyl acetate,
and a methyl group was attached in place of the hydrogen.

To add the methyl one adds a carbon-carbon stretch (1250 cm'l)
in place of the carbon-hydrogen stretch, an oxigen-carbon-
carbon bend ( 430 cm_l) in place of one of the two hydrogen-
carbon bends and a torsional motion about the new carbon-
carbon obnd (136 cm_l). Next, the contribution of the methyl
hydrogens are added to obtain the 36 vibrational frequen-
cies of ethyl acetate, these being three H-C stretches
(2980 cm™1) and six C-H bends (1430 cm 1)
Of the 36 frequencies estimated for ethyl acetate, the

most important ones are those with values below 500 cm—l.

These are: two C-C torsions at 136 cm_l, an oxygen-ethyl
torsion at 100 cm_l, a carbonyl-oxygen torsion at 187 cm-l,
a C-0-C deformation at 250 cm_l, a carbon-carbonyl defor-

1

mation at 430 cm —, and carbonyl in plane and out of plane

bendings at 640 and 607 cm_l, respectively.
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The same procedure was employed for the more complicated
esters using ethyl acetate as the reference; i.e., appropriate
hydrogen atoms were removed and other atoms or groups were
attached in their place and frequencies were adjusted.

Once the 3N-6 vibrational frequencies were estimated,
frequencies of similar magnitude were grouped into seven sets
using the geometric mean; these frequencies were used to cal-
culate the vibrational thermal energy and the density of states.

The approach used in Ref. 15 for ethyl acetate, was used
to assign frequencies of the transition state. O0'Neal and
Benson modified some frequencies of the ethyl acetate molecule
to take into account the change involved in forming the
six-centered activated complex,

. 0----H #

CH

0 « CH

The following changes were made in constructing the activated
complex frequencies:

-1
C -l C_ 575 cm [
H,/ \\H 1450 cm — q \H
_— 5 725 em™ L,
H H
] -1
e 1760 cm- L c=0 1325 em 1,
. —l
c-0 RNl i T — c=0 1400 L
c-0 1200 em™t —— Cr0 700 cm -,
c-C 1000 @Y ey cC 1300 em™ %,
c-H o T Rl —— c.H 2200 em™ %,
-1
0 420 s _
7\ e //Oy 210 cm l,
c c c c
-

“en, 136 em™! ——= N 400 cm .
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Making the above structural changes provided a first estimate
for the transition state model. Further refinement was
obtained by matching calculated and experimental pre-expo-
nential factors. A torsional motion (136 cm-l) was taken
as the reaction coordinate and eliminated to obtain 3N-7
vibrational frequencies for the activated complex. Because
of the greater restriction of motion in the six-centered
activated complex (or because of higher frequencies), the
change in entropy in going from molecule to activated complex
is negative. Examination of several esters with statistical
factors ranging from 1 to 9 gave a change in entropy per
reaction channel close to -6.4 Gibbs/mole. This value for
&S* was used to obtain the best set of frequencies for the
activated complex for cases in which the pre-exponential
factors were not experimentally measured with high accuracy.

A computer program was used to calculate Eo,zss*, AQ and
AArr from the best set of frequencies of molecule and acti-
vated complex. The following input was necessary: fre-
guencies of molecule and activated complex, the statistical
factor for reaction (number of ways in which molecule can
achieve the six-centered rearrangement in the activated
complex), temperature (set equal to 600 K in all cases), the
molecular weight and the moments of inertia of molecule and
activated complex (these were taken as being equal, to make
their ratio equal to one). The program calculated the thresh-

s as

old energy, E_, from the Arrhenius activation energy, Ea

o]

Eg = By - KT ® [ (Bend) - <E:h>]

where (Eth) and (E:h) are the mean thermal vibrational
energy of the molecule and activated complex, respectively,
as given by (22). Next the pre-exponential factor, AQ, was
calculated:

Aq = kTL* 0¥ /ho

+
where Q and Q are the partition functions of the molecule
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and the activated complex respectively. Since it was as-
sumed that the rotational contributions canceled, the pre-

exponential factor in partition function form is

N . b
| | [1 - exp(-hvi /kT)] i

N xrL” i=1

Q- h
N . -d
TT L1 = eXp(—hvj /kT)] 7]
j=1
where vy and V; are the frequencies and d; and dj are the

» th

number of frequencies of the 1 and jth

groups for mole-
cule and activated complex, respectively. The change in
entropy was calcalculated by the program and empioyed in the

calculation of A s
Arr

= [L*ekT/h] exp[-‘aS:/R] 5

A?-xrr

. y . * i
In this form the statistical factor, L , is written ex-
i i F ; v
plicitly and SC is the entropy of activation per channel.
« ‘ *
The total entropy of activation frequently include L , i.e.,

po - *
AS = AS (per channel) + R 1n(L ) .

i L] 3
To obatain the A rr(per channel), AS (per channel) is used

A
i \ . *=
instead of clS+ in the above expression for AArr' When ALSC
is set equal to -6.4 Gibb/mole, A (per channel) is
12.13 -1 Arr
10 sec at 600 K.

The AArr was calculated for several sets of fregquencies
until the literature value was obtained (in the case of
n-butyl acetate and sec-butyl acetate, the literature values
are thought to be low and high, respectively, and a azs:

of -6.4 Gibb/mole was used as a guide to obtain A ). Thus
calc. 12.4 12.8 , Arr
AArr are 10 and 10 rather than the literature

values shown in Table 50.
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Table 50. Values of Constants used in Calculating Kp»

Ester Ayt afat Bl S L s
Ethyl Acetate 1012:6  o12:6 48.0 48 3 -6.4
Ethyl Fluoroacetate 1012'6 1012'6 46.7 46 3 -6.4
n~-Butyl Acetate 10122 101244 46.0 46 2 -6.4
sec-Butyl Acetate  10%3*3  10%2% 4.6 46 5 -6.4

AArr are in sec-l, energies are in kcal/mole and entropy is
in Gibb/mole. The A;1%* and EI'®* in Table 50 were taken

from reference 15, except those for ethyl fluoroacetate
which were obtained by the following procedure:

FCH,COOCH(CH,), +3.0 kcal/mole FCH
2 372 _ 2

Ea = 43.7 kcal/mole -(—CH3) Ea = 46.7 kcal/mole

The gain of 3 kcal/mole as isopropyvl fluoroacetate39 loses a

COOCHZCH3

methyl to become ethyl fluoroacetate was deduced by noting the

difference in Ea for several halogenated and nonhalogenalted

isopropyl esters when losing a methyl to become ethyl esters.

The pre-exponential factor of ethyi fluoroacetate was assumed

to be the same as that for ethyl acetate since there is no

structural reason to expect a change and since L* is the same.
The frequencies in Table 51 and the EO and L* from

Table 50 were used in a program that calculates kE vs E for

a given ester in one kcal interval using the RRKM theory.

E-E_
* L p*EY
' E =0
" =
}{E = sec .

h NE*
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The sum of states for the transition state is given by

P*(E*) The sum runs from E =0 to E- E . The density
of states of the molecule at total energy E is given by NE.
The Haarhoff approximation was used for NE at all energies.
The direct sum was employed for EO = 0 to 59 kcal/mole and
the Haarhoff approximation above that.

Since Eo values are not known to better than £ 0.5
kcal/mole the EO values were rounded for the kE calculation.
For ethyl acetate, ethyl fluoroacetate, n-butyl acetate and
sec-butyl acetate EO values = 48, 46 45, and 46 respectively.
Plots of kp VS E for these esters are shown in Figs. 45 and 46.

An important general point to note is that the ethyl
acetate and butyl acetate molecules must acquire energies of
85 and 105 kcal/mole respectively, before the lifetimes are
as short as the laser pulse, i.e. leO-S sec. For 15 kcal/mole
of excess energy the lifetimes for the ethyl and butyl acetates
are 1x10~% and 1071- 1072 sec. These lifetimes will not be
changed by more than factors of 2-3 for rather extreme changes
in one or two frequencies and these long lifetimes are an
important aspect of the unimolecular reactions of large mole-
cules. These are also important in any definition of colli-
sionless behavior for these molecules.

The frequencies of the molecule and activated complex
for the two elimination channels of ethyl 2-bromopropionate
were estimated and used to calculate £;S; and AArr for the
six-centered elimination of ethylene and the four-centered
elimination of HBr. These frequencies and the Eo were used
to calculate kE vs E using the RRKM theory. The ethylene
elimination channel was taken to have a sz equal to -6.4

Glbb/mole, as for the other esters and an E of 46 kcal/mole;
12.6

this z:S gives AA . 10 . This model gave the calculated
kp vs E curve of Fig. 47 for the C,H, elimination. The HBr
elimination was first assumed to have a as_ = -2.2

Gibb/mole, as suggested in Ref. 15 for four-centered HX
eliminations. The activation energy was estimated as

Ea = 46 kcal/mole, by analogy to that for HBr elimination of
secondary bromine atoms next to a double bond capable of
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EO=48 kecal/moles
fluorovacetate, ED=46 kcal/mole;
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conjugation in the transition state ( 4ﬁ\§f " Ea = 44,7

kcal/mole.(} Br Ea = 38.8 kcal/mole)ls. For the model with
&S = -2.2 Gibb/mole and EO - 45 kcal/mole, AArr was 1013'52
and the kE values are two orders of magnitude larger than
the kE from the ethylene elimination, over most of the
energy range. This contradicts the observed MPIUR and
thermal excitation data where ethylene was produced in
greater amounts than HBr. Therefore a model was developed
which reduced the kg of the HBr elimination as much as pos-
sible by assuming a conjugated effect with the carbonyl
double bond in the transition state that could restrict a
torsion and cause the change in entropy to be more negative,
&.S; was estimated as equal to -4 Gibb/mole. The Ea was
also increased to 50 kcal/mole. This model corresponds to
EO = 49 kcal/mole and AArr= 1013'15. The resulting kE were
less than the kp for C2H4 elimination for energies less than
60 kcal/mole but the kE(HBr) increased rapidly with energy
and became larger than kE C ) for higher energies.
In order to match the observed CZH4/HBr ellmlnatlon

ratio from ethyl 2-bromopropionate very unrealistic zks

(< -7 Gibb/mole) and high E0 are required for the HBr
channel. There is no evidence in the literature to support
such a model for HBr elimination. Another approach that
could explain the greater produciton of ethylene is to as-

sume a Ea for the C elimination of ~40 kcal/mole by

H
274
arguing that the Br atoms lower the Ea by an electron

withdrowing effect during the transition state.
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ABSTRACT

The six-centered rearrangement reaction of organic
esters was induced by infrared multiphoton absorption using
a pulsed 002 laser. Esters generally have an absorption band
in the fregquency region of the 00°1-02°0 vibrational band of
the CO2 laser. Ethyl acetate, ethyl fluorcacetate, sec-butyl
acetate, n-butyl acetate, ethyl 2-bromopropionate and ethyl
acrylate were studied in the present work.

The first order behavior of the dissociation vs number
of pulses was verified for ethyl acetate, ethyl-2-bromo-
propionate and sec-butyl acetate. Use of thermal monitors
showed that there was no significant reaction resulting from
collisional energy transfer at pressures below 0.05 torr,
which means that laser induced reaction can be studied at
low pressures. The reaction probability, defined as the
number of molecules that react per pulse divided by the num-
ber of molecules occupying the irradiated volume, was meas-
ured for the six esters as a function of parent pressure,
pressure of added bath gas, laser fluence, laser power,
laser frequency and irradiation geometry.

The empirical relation, P(g) = C(1.0 - (ﬁ/ﬁr)n), generally
reproduced the experimental behavior of P(f) with . There
is little, if any, dependence of P(#) on laser pulse length.

The sec-butyl acetate and ethyl 2-bromopropionate have
two reaction channels. The ratio resulting from MPIUR was
compared with that resulting from sensitized excitation ex-
periments where a small fraction of ester in SiF4 was irradi-
ated with laser energy absorbed only by SiF4. The ratio was
the same for both types of experiments.

The small signal absorption cross sections, d, were
measured using conventional infrared absorption at the fre-
quencies corresponding to the laser lines used for multiple
photon induced unimolecular reactions. The laser absorption



cross sections, dL’ also were measured from the net amount

of energy deposited in the sample per pulse. The energy
absorbed per pulse was independent of pressure and the dL
were derived from Beer Lambert type plots. The dL were
measured as a function of laser fluence from the small signal
limit up to 3 J/cmz. The gy, extrapolated to the d at low
fluence (@ < 0.1 J/cmz) in all cases. However, the g5 varied
with fluence; this can be explained by a red shift of the
absorbing band.

A model for considering P(g) in MPIUR is presented
which assumes that the distribution of the irradiated mole-
cules at the end of the laser pulse can be approximated as
a Boltzmann distribution with average energy, nhv, calculated
from the measured dy,e For this model collisions of excited
molecules with cold molecules are the only means of deacti-
vation. This model is applicable to the case of a bath gas
with heat capacity larger than the heat capacity of the mole-
cule absorbing the laser energy for low P(@). Some curves
predicted by this model for ethyl acetate and n-butyl acetate
are presented at several pressures. The implications of this
model also are used to discuss the laser induced unimolecular
reactions for the pure esters.



