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Abstract

Multiphoton dissociation (MPD) of ethyl chloride was studicd using
a tunable 3.3 um laser to excite CH stretches., The absorbed encrgy
increases almost linearlv with fluence, while for 10 um excitation there
is substantial saturation. Much higher dissociation vields were obscrved
for 3.3 um excitation than for 10 um cxcitation, reflectinr bottleneching
in the discrete vregion of 10 .m excitation. Resonances in MI'D vields vs
frequency in the 3.3 um region match the position and shape of peaks in
the fundamental, as narrow as 0.4 cmhl, and first and second overtone
absorption spectra. Transitions through the discrete levels are all ar
or nearly resonant. Anharmonicitv is compensated by the presence of five
CH stretch modes. Overtone spectra show that line broadening already
occurs at the VCH = 2 level and that VCH = 3 is clearly in the quasi-
continuum. The resonant nature of the excitation allows the rate equa-
tions description for transitions in the quasicontinuum and continuur te
be extended to the discrete levels. Absorption cross sections are csti-
mated from ordinarv ir spectra. A set of cross sections which is
constant or slowly decreasing with increasing vibrational exvitation
gives good fits to both absorption and dissociation vield data. Uhen
the strong collision assumption is made for vibrational quenching and
RRKM dissociation rates are used, “he calculated excitation distribution

gives a pressure dependence of dissociation similar to the experiments,



The rate equations model was also used to quantitatively calculate
the pressure dependence of the MPD yield of SF6 caused by vibrational
self-quenching. Between 1000-3000 cm-l of energy is removed from SF6 '
excited to >60 kcal/mole by collision with a cold SF6 molecule at pas
kinetic rate. Calculation showed the fluence dependence of dissociation
varies strongly with the gas pressure.

Infrared multiphoton excitation was applied to study thermal uni-
molecular reactions, With SiFL as absorbing gas for the C02 laser
pulse, transient high temperature pulses were generated in a gas mixture.
IR fluorescence from the medium reflectied the decay of the temperature,
C2H5C1 vwhich has known Arrhenius parameters for its dissociation was
used as an internal standard. From the rairio of the dissociation of the

reactant and that of CZHBCI' the activation energy and the preexponential

factor of the reactant dissociation were obtained from a phenomenological

model ealculation. The rate constant of the overall dissociation of

CC1,CH, is k = 1013:0 = 0.3

dissociation, the rate constants for the molecular elimination reactions

. . , _ 1nl3.6 £ 0.4 .
producing trans- and c1s—C2H2C12 are Ltrans 10 exp(-57,000 *

14.0 * 0.6 ,
2000/RT) and k . = 10 exp(-60,000 * 2000/RT). CCl,CR, is

exp(~49,000 + 2000/RT). For CHC17CH2C1

produced from molecular elimiration, radical reactions and even surface
reactions. The rate constant for the production of C2H3CI is very close

to that for C~Cl bond fission.
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Learning without thought is vain.
Thought without learning is perilous.

- The Analects of Confucius
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CHAPTER I. INTRODUCTION TO IR MULTIPHOTON DISSOCIATION

It would not be too wmuch an exaggeration to say that infrared
multiphoton dissociation (IRMPD) 1is the most well studied phenomenon
in chemical physics during the 70's. However, when it was first
suggested that a polyatomic molecule in an intense infrared field might
absorb tens of photons to account for the observed luminescence from
photofragments,1 the response from scientific field was far from
enthusiastic. It was laser isotone separation2 that later revived
peoples' interests and rapidly many experimentalists and theoreticians
joined the efforts to reveal the secrets and to exploit the usefulness
of IRMPD.

To a student of interaction between light and molecules, the first
question is naturally "how zan a molecule absorb so many ir photons
within a short and intense laser pulse.”

The average energy content of an harmonic oscillator in resonance
with a 100 ns laser pulse (hv) can easily exceed 100 hv if the Rabi
frequency of the electric dipole tramsition, wR= peF/M, is 0.1 cm_l.3
For an oscillator with osciilator strength similar to the Vg mode of
SF6 it requires only a laser fluunce of 0.01 J/c12 to achieve such an
excitation., However, in a molecule, tlie laser pulse in resonance with
the 0+1 transition of a vibraticnal mode will be out of resonance with
the 1+2 transition by the amount of vihrational anharmonicity. The
effect of anharmonicity on the transition probability may be easily

appreciated from the strong intevaccion limit of perturbation theory,



in which P=2_10%3KAw2+wR2))for a two-level system.4 Aw is the off-
resonance. The anharmonicity of the SF6 v3 mode is 2.9 cm-l. So even
at intensities (~1C MW/cmz) for which we ~ 1 cm-1 the probability of
reaching v=30 will te as small as 10m60f0r a laser tuned to 0+l resonance.
In some early experiments MPD of SF6 was observed at intensities as low
as 30 kw/cmz.5 At 500 MW/cm2 a dissociation yield near 100% was
reported.6 SF6 needs more than 30 CO2 laser photons for dissociation.
Apparently some factors that may overcome the off-resonance effect by
anharmonicity were cverlooked in the simple discussion above.

Among the many excitation mechanisms that were suggested, the most
important one is the concept of "quasicontinuum" brought up by Bloembergen}
He suggested that after the molecule absorbs the first several photons,
the next transitions will be in an energy range where the large vibra-
tional level density (~1000 1evel/cm_1 at 5000 cm-1 for SFG) and the
interaction among the levels considerably broaden the transition lines so
that at every step a transition can be on resonance with the laser. Due
to anharmonicity, the center of the broadened absorption may shift to the
red as the molecule absorbs more photons. Intramolecular energy transfer
among vibrational modes occurs on a time scale faster than the optical
pumping rate so that there is no coherence induced by the strong laser
field. The transitions may be described by a set of rate equations and
the excitationrate will depend on laser fluence rather than on intensity?

The molecule may reach the quasicontinuum (QC) by simultaneously
absorbing several C02 laser photons. 1t was calculated that at a pro-

perly detuned frequency (MO*l-wR) through such a n-photon absorption the



probability of reaching v=3 is unity at 1 Gw/cmz.3 The vibrational
levels below the QC are sharp and discrete. Therefore transitions in
this regime will be coherent and isotope selective. The excitation rate
would depend strongly on intensity. Furthermore, these transitions may
be resonantly enhanced by a sequence of rotational transitions8 and by
anharmonic splitting of degenerate levels.9 A most recent study showed
that such a resonant scheme exists for SF6 up to v=6.10 Power broadening
of the discrete level transitions would include more rotational states

in resonance with the laser.

There is abundant experimental evidence indirectly supporting the
above picture for IRMPD. Typical MPD spectra at 10 um region are red-
shifted from the fundamental reflecting both the shifts of the OC absorp-
tion and the preference of discrete level excitation at P and O branches
and ar frequencies for n~photon absorptiim. The smeared and broadened
structure of MPLC spectra then indicates the effect of power broadening
and of the complicate ~xcitation schemes In the discrete region.ll The
resemblance between the smai. signal spectra at high temperature and MPD
speccra12 as well as the observation ol dissociation of ions with excess
internal energy by a cw CLZ laser in an ion ryclo:*onl3 further strengthen

the argument for the QC absorption. >PD with two CO, laser frequencies,

2
one tuned for discrete lev.l excitation ar medium intensity to avoid too
large a power broadening and the other at lower frequency with larger

fluence meant for QC absorption, showed that the change of isotope selec-

tivity and dissociation yvield when tuning the two frequencies can be

explained by this two-reginn excitatiocn s-hemv.la While there were



attempts to accurately calculate the excitation rate and spectra in
the discrete region of SF, .15 the characterization of the QC remains
a difficult task. The intramolecular vibrational relaxation rate for
SF6 at ~5000 t:m-1 was measured to be faster than 30 ps,16 which
corresponds to a linewidth of >0.9 cm_l. Broadened linewidths were
also reported for high CH stretching overtones of many polyatomic mole-
cules in optcacoustic spectroscopy.”’18 The dependence of excitation on
fluence rather than on intensity in the QC was verified by using various
length laser nulses.6

In addition to the excitation mechanism of IRMPD, there are manv

other important questions and issues that have been intensively studied

and need further explcration. Some of them are listed as followine.

1. Molecular Dynamics of Excitarion and Dissociation

The origin of the observed visible fluorescence in MPD remained as
one of the unsolved mysteries. Is it the result of "inverse electronic
relaxation”, the fluorescence of photofragments, or something else?lg'zo
MPD product energy distribution poses another interesting question.
Several laser induced fluorescence experiments showed that each of the
internal degrees of freedom of dissociation products can usually be des-
cribed by a certain temperature, yet these temperatures differ from each
other.21

Probably the most important issue regarding molecular dvnamics is

whether nonstatistical unimolecular reaction can be induced by multiphoton

excitation (MPE). It was argued that a short enough laser pulse may



excite certain vibrational modes with a rate faster than the relaxation
22
rate; unimolecular reactions can then be mode-selective. Although
such a short ir pulse laser was never constructed, many experiments with
CD2 TEA lasers prompted early claims of nonstatistical dissociation. It
was later shown that these results were either due to secondary MPD of
. . . : 20,77,78
products or due to lack of knowledge of the excitation distribution.
The statistical RRKM theory agreed well with the molecular beam measure-
23 .
ment of MPD product translational energv distribution and the relation-
]
ship between the dissociation yield and the absorbed energv.‘
2. Characterization of the Quasicontinuum
The QC may be defined as an energy range in which the molecular
linewidth, Awmol , is much greater than the optical transition rate and
9z
tni~ r+ite is in turn much larger than the inverse level densities. 2
L 5>y >>p_l
mol. R "wvib.

. . : 26
ing the excitation can be reduced to a set of rate equations. Notably

Therefore the rigorous Schroedinger equation describ-

the energy range that satisfies these conditions varies with molecular
properties as well as laser intensities.27 Molecular properties vary
drastically from molecule to molecule. While the linewidth of the CH
stretching overtone of tenzene may be as high as 100 cm_l at 16000 cm_l,
C2H2 shows Awmol. smallcr than Doppler wic!l:h.:8 For each individual
molecule, where the QC starts and how to qualitatively describe the
transition from the discrete region to the QC are still unclear. Although

these questions are not necessarily resolvable by direct MPD experiments,

the studies of collisioniess MPD of smaller molecules may aid our



understanding of intramolecular vibrational relaxation. The magnitude
and the trend of absorption cross section, the width of optical
resonances, and the intramolecular vibrational relaxation rate are of

great importance for the characterization of the QC.

3. The Excitation Distribution

It is essential to know the excitation distribution during and
after the laser pulse if IRMPD is to have greater applications in
kunetic studies. A thermal distribution was shggested to be a good
approximation.7 The distribution calculated by rate equations may be
closer to reali:y.23 Yet in order to make these calculations at all
significant, knowledge of the absorption cioss sections, both in the

QC and in the discrete region, is indispensable.

4. The Effects of Collisions

MPE requires no collisions. Collisionless MPD has been demonstrated
in molecular beams.29 However, collisions are difficult to eliminate in
many studies and applications of MPD. Some studies showed that collisions
may aid in the excitation of small molecules to the QC through vibration~
vibration up-pumping.30 Collision-induced rotational relaxation may put
more molecules in resonance with the laser during the pulse and therefore
increase the yield.31 Collisional deactivation is a very important pro-
cess in MPD. The magnitude of energy loss and the rate of deactivation
for highly vibrationally excited molecules, especially their dependence

on energy content and collision partner, need further exploration,



The majority of the MPD experiments and theoretical works are done
for SF6 under 10 um radiation. Imagining the variety of molecular
structure and properties and of excitation sources, there might be
abundant different MPD phenomena to be explored.

Only recently have laser sources other than CO2 laser been used fur

MPD. Formic acid32 and methanol33 have been dissociated by HF lasers and

4 R
c_\'cloprnpane3 bv an optical parametric oscillator pumping CR strcrching

modes. These cases provide a qualitatively different fuation from

-~

) lasers. The acharmonicity of the hvdro-

that of SF6 dissociated bv CO

e
gen stretches is too large to be cignificantly compensated by the
™

6

of the dissociation energy and fewer photons are needed to reach the QOC.

mechanisms operative in 5F The photon energy is a much larger fraction

How does MPD occur in these cases? Can the established models for SF6
10 um MPD be used to describe these MPD results?

The much smaller number of nigher frequency photons required for
dissociation is a great advantage for quantitative modeiling of the MPD
processes. Furthermore, due to the relative 1solation of CH stretching
modes from the rest of the modes all at lower frequency. unimolecular
reactions involving CR bond rupt ire induced by exciting :he CH stretching

1

modes constitute a test example :or "mode-selective” chie-istry. Chapter
I1 contains a detailed report of the results of MP) and ‘PE experiments
at 3.3 um. The unimolecular res-tion studied 1s HCl elimination from

chlorinated hvdrocarbons. A mod¢] was established to avcount for all

tiwe MPD and MPE observations.



The fact that MPD by CO2 laser is a statistical process makes {t
a useful tool to identify the lowest activation energy channel of
homogenecus gas phase unimolecular reactions. To avoid ambiguity
caused by not knowing the exact excitation distribution, IRMPE can
be used simply as a heating method. Inert absorbing gas can be added
to the unimolecular reactant, which does not absorb laser pulse, and
collisional energy transfer heats up the reactant.35’36 Chapter 1V
describes an attempt to extract activation energy and preexponential
factor of unimolecular reaction from pyrolysis induced by IRMPE heating.
IRMPD also has great potential in other kinetic studies. It has been
used as a way to generate radicals for radical reaction rate measure-
ments.

Isotope separation has been one of the most important applications
of IRMPD. Enrichments of about a dozen elements have been achieved.
The most impressive one is the separation of deuterium where the enrich-

ment factor is as large as 104.38 A pilot plant is in operation for

39
13C separation by CF3X (X=Br, I) MPD. Recently enrichment of U
isotopes was reported.bo To achieve more efficient separation, better

understanding of the many previously stated questions is required.



CHAPTER II. IR MULTIPHOTON DISSOCIATION AT 3.3 um

A, HCl Elimination Reaction of Chlorinated Hydrocarbons

There are two major reasons for choosing the molecular elimimation
reactions of halogenated hydrocarbons for MPD studies at 3.3 um; their
low activation energies require a relatively small number of photons for
reactions to occur and the dissociation involves rupture of the CH bonds.

C,H.C1 » HCL + C Hé (AW = 16 kcal/mole) is probably the most

275 2
41,42
thoroughly studied reaction for halogenated hydrocarbons.

From
many static pyrolysis, shock tube, aud chemical activation studies, the
dissociation of ethyl chloride (EtCl) was shown to be a homogenous mole-
cular elimination process. Its zctivation energy in the high pressure
Iimit was determined to be 57.4 = 1.0 kcal/mole and the preexponential
factor to be 1013'810'2 sec L,

It is now widely accepted that tne relatively low activation energyv

comparing with the bond dissociation energies, is due to a 4-centered

activated complex,z'2

The simulitaneous formation of th. H-C1 and C=C bonds at the time of the
rupture of the C~Cl and C-E bonds stabilizes the potential energv of the
activated complex.

The most detailed calculation with the RRKM theorv on the rate
constant of EtCl dissociation was done by Setscr and coworkers.

Several different models for the ictiv.ted compleax were used for the
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tests of the rate constants measured both by thermal pyrolysis and
chemical activation, the fall-off pressure, and the isotope effect

(D vs H) for the rate constant. The most successful model depicts the
activated complex as a 4~centered ring with asymmetric bond orders for
C-H and C~Cl bonds. The internal rotation was treated as a torsional
motion, therefore the reaction path degeneracy was set as 2, and the
overall rotations were treated as being inactive., A 50 cm_l ring
distortion motion was taken as the reaction coordinate. The character-
istics of the activated complex are listed in Table II-1.

Figure I1I-1 shows the RRKM rate constant for EtCl calculated with
the above activated complex. In these calculations, the experimental
value of 58 kcal/mole was taken for the activation energy in the high
pressure limit; this gave the value 56.5 kcal/mole for the reaction
barrier height. The calculation was done with a computer program by
Hase and Bunker.aa In the program, the vibrational level densities were

calculated using the Whitten-Rabinovitch .app::ox]‘.mat:ion.42



Table 1I.1. Models for ethyl chloride and its activated complex in
RRKM calculation.?

Ho]eculeb ComplexC
Frequencies Moment of Frequencies Moment of

(em-1) inertia (amu 3% (en™1) inertia (amu &%)
3014
2986 16.13 3054(4)¢ 18.77
2967 92.22 1393(2) 75.55
2946 102.00 1117 87.51
2887 987(4)

1470 920

1448(2) B90(2)

1385 854
1289 576

1251 400

1081

1036

974

785

677

336

250

2, Critical energy is 56.5 kcal/mole. Reaction-path degeneracy is

sei as 2.

b. Taken from Ref. 45.

c. Taken from Ref. 43.

d. Numbers in the parentheses indicate numbers of vibrational modes
at that frequency.



Fig. II-1.
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Unimolecular dissociation rate constant of ethyl
chloride calculated by RRKM theory as a function
of vibrational energy in excess of the dissociation

barrier height.
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B. Experimental

1. Nd:YAG Laser

An angle phase-matched tunable LiNbO3 optical parametric oscillator
(OP0O) pumped by a Raytheon model SS404 Nd:YAG oscillator-amplifier system
was used as a 3.3 um laser source. The Nd:YAG laser contains s master
oscillator, 3 amplifiers, and 2 Faraday rotators each placed after the
2nd and 3rd amplifiers. The pair of Faradav rotators are to prevent
self-oscillation among the amplifiers and to eliminate beams specularly
reflected from outside the system. A more detailed description of the
construction and the elements of the laser can be found in Ref. 46.
The Q-switched pulse from the flashlamp-pumped master oscillator of
5 mJ can usually be amplified up to more than 200 mJ after the 3rd
amplifier. The maximum output of 1.064 um is about 300 mJ. A fused
silica lens with 2 m focal length is placed between the oscillator and
the first amplifier to produce a collimated beam at the output. The
horizontally polarized output beam has a diameter (FWHM) of 4 mm in
cross section and a divergence of 1 mrad. Its radial profile is nearly
Gaussian. The bandwidth (FWHM) is ~0.4 <:m-l with an etalon placed in
the oscillator. The pulse duration is about 15 ns (FWHM) as examined

by a Si photodiode.

2. LiNbO, Optical Parametric Oscillator
g
Optical parametric oscillation has long been recognized as an

important source for visible and infrared tunable coherent radiation



15

because of its tunability, high conversion efficiency and low pump
threslhiold. Its theory and working principles can be found in several

47,48 For 3.3 um radiation generation the best pump-

review articles.
OPO combination at present 1s the Nd:YAG laser pumperd LiNbO3 OPO, from
which 1.4 to 4.0 pm radiation can be obtained.

The design of the OPO built in this laboratory follows closely
that given by Byer and Herbst:.l‘B It convists of an L-shaped cavity as
shown in Fig. 1I-2. On the input is a 45° incidence mirror dielectric
coated for high reflection centered at 1.7 um and high -ansmission
(>85%) at 1.06 pm for the horizontal polarization. A CaF2 flat sub-
strate coated for high reflection at 1.06 um and 307% reflection from
1.4 ym to 2.0 um is used as the output coupler. A Bausch and Lomb
grating of 300 1/mm and blazed at 1.8 um completes the optics of the

OPO. The LiNbO, crystal is cut for phase-matching at 47° vs the optical

3
axis, and is 1.5 cm in diameter and 5 cm long. 1t is polished and
antireflection coated with SiO2 at both end surfaces. Since the crystal
cross section is large enough, angle variation rather than temperature
variation 1s used for phase matching of the desired frequency. Tuning
is achieved by rotating the grating angle and the phase matching angle
simultaneously. The distance between beamsplitter and output mirror is
about 12 cm and between beamsplitter and grating 6 cm. A CaF2 plate
high-reflection coated for 1.06 pm and antireflection coated for the

signal and idler was placed in front of the output coupler to reflect

the 1.06 um back through the crystal to aid the oscillation. The 1.06



Fig.

11-2.

Schematic of the 1.06 um pumped, angle tuned LikbO

singly resonant parametric oscillator.

3
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ym pulse makes a double pass through the crystal for parametric genera-

tion.

The alignment of the OPO is done as follows.

1. The cptical elements of the OPO are centered against the green
second harmonic of the Nd:YAG pulses. The second harmonic is
generated by a KDP crystal placed between the Nd:YAG laser and
the OPO.

2. The reflection of the green light off the output mirror (0/P) is
used to crudely align the O/P norma’ *“o the 1.06 um beam.

3. Precise alignment of the O/P is achieved by obtaining the 1.06
um lasing between the rear reflection mirror of the Nd:YAG master
oscillator and the 0/P. 1In obtaining the lasing, all the amplifiers,
except the master oscillator, of the Nd:YAG laser are pumped by
flashlamps at full capacity.

4. A He-Ne laser was set in front of the O/P and the red beam was
aligned normal to the O/P. By rotating the grating in its own
plane, the reflection of the He-Ne from the grating at different
orders was set on a straight line crossing with the He-Ne. Then
the “5rd order He-Ne reflection was centered in coincidence with

the beam.

-

5. The OPO was then pumped with 1.06 um pulses. The crystal angle
was rotated to obtain the 1.9 um signal and the 2.4 um idler

beams.
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The CPO is generally operated at several times above threshold.
The threshold intensity was experimentally observed (limited by the
pulse energy detection sensitivity) to be around 40 MW/cmZ, in rough
agreement with the calculated value. The energy conversion efficiency
is about 20% when the pump pulse energy is 180-200 mJ. The OPO output
pulse energy, determined by a factory calibrated Scientech model 3600-01
surface absorbing thermopile, was typically 30-40 m] total (signal
plus idler). After filterine the unwanted waveleneth with an AR
coated Ge flat, up to 7 mJ at 3.3 um was available for experiments.
The OPO pulse energv can be adjusted by varving the energy of the 1.06
um beam and quartz flats can be used for attenuating the 3.3 um energy.
The temporal pulse shape was measured using a PEM InSb detector and a
Tektronix 7704 oscilloscope. The system response time was <3 ns. The
OPO pulse rose in ~8 ns, and fell less rapidly. The FWHM was 10 ns and
time between 5% points was 20 ns. Pulse-to-pulse intensity variation
was *15%. Llong-term energy stability was usually better than 10%Z. The
output bandwidth of the grating-tuned OPO was 2-3 cm_l. There were 6
distinct peaks with a neak-to-valley ratio of 1.8 separated by 0.6 cm_l,
Fig. I11-3(a), due to t.e 30 sec wedged output coupler functioning as a
low finesse eialon at :.3 pm. The breadth of the OPO pulse may be
caused by 1). The smal: laser spot covers only a small number of grating
lines; 2). There is a thermal gradient in the crystal; 3). The laser
spot size is large enot:h for the phase matching condition to be
satisfied for a wide fr 'quency rance. The broad bandwidth was narrowed

to 0.15 * 0.03 cm—l (Fi-. 11-3(b)) with a 20-30% loss in energy by a
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1 mm thick quartz etalon (finesse, free spectral range/HWHM, of 7).
Tilting the etalon alene allowed tuning over at least 1.5 cm-l.

The OPO beam, which has a diameter of 5 mm and a divergence of
about 10 mrad, was directed into a 3/4 m Spex monochromator for
frequency measurements. The monochromator, with ~2 um entrance and
5 ym exit slits, had a 0.1 t:m_l resolution and a 0.2 t:m_1 resettability,
The single Spex itself was calibrated by the reflection of a Spectra-
Physics He-Ne laser off the grating at different orders. The fre-
quency stability for the OPJO without etalon was *1 l:m-1 only after a
15-30 min wait for thermal stabilization of the crystal. The fre-
quency drift is believed to be caused by the combined effects of
mechanical vibrations and laser heating of the LiNbO3 crystal. With
the grating and etalon, the frequency is stable to within *0.08 t:m_1
over an extended period of time (longer than the duration for photolysis).
Damage to coatings and crystal surfaces occurs. While the exact cause
of damage has not been determined, it is possibly due to occasional
excessive laser intensity and/or dust or defective spots on the coating.
Damages occur more often on the exit surface of the crystal than on the
input surface. This problem of surface damage is mitigated by trans-
lating the damaged element to a clear aperture. Over the course of
this experiment, two crystals were changed and repolished due to damage.
At the operating level for photolysis in these experiments (nominally
100 HH/cm2 at 1.06 um) we estimate one damage spot is incurred for

every 10 operating hours. 1f use of the OPQ at 70% or less of the
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Frequency distribution of the output of the optical
parametric oscillator at 3.3 um. a) Broadband pulse
with gating only in the cavity. b) Narrow band pulse

with both grating and etalon in the cavity.
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powers described can be tolerated, then damage-free operation should

be poussible,

3. CO2 Laser

For 10 um excitation, a grating~tuned Tachisto model 215 CO2
transversely excited atmosphere (TEA) laser was usad. The total multi-
transverse mode output was typically 0.5 J. A 70 ns FWHM spike con-
tained 0.2 J and C.4 J were emitted in the first 600 ns. The total
pulse duration was 1.3 us. A detailed description of the design and
the operation of the laser and the measurement of its output pulses

can be found in Ref. 49.

4. Photolysis and Absorption Measuremen:s

Ethvl chloride {Matheson Gas, Grade R) was purified by fractional
distillation. Its purity was determined by gas chromatograph (GC) to
be >99.97; no ethylene was detected (<10 ppm CZHA)' Gas pressure was
measured by a calibrated variable-reluctance manometer (Validyne) with
a 50 Tor: range. The Et{l pressure ranged from 1.65 to 1.72 Torr except
where specified otherwise. Gas transfer was don2 in a vacuum system
with greaseless stopcocks. The vacuum syitem was pumped to 10-6 Torr
before each experiment.

For photolysis at 3.3 pum, the scveral mJ OPCQ pulses were focused
up to 2 J/cm2 with a 5 cm focal length 5 m diameter CaF2 lens. The
focusing parameters were measurcd by atta. hing a 0 um djameter pinhole

{diamond wire die) to a PbSc detuvctur mou ted on a 3-D translator.
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After the measurements, the pinhole was examined by a microscope to
ensure that no enlargement was caused by focused laser pulses. At

the center of the focus the spot size is 0.6 mm FWHM and the beam
diameter is less than C.9 mm over a distance of 8 mm (Fig. II-4).

Since the dissociation yield strongly depends on the laser fluence

and intensity, the effect of the drastic fluence and intensity varia-
tion along the longitudinal axis caused by such a tight focus on the
gquantitative measurement of dissociation yield should be noted.
Although the problem may be solved in principle by a deconvolution
technique (see Data Analysis), a sho.t path cell was designed to reduce
intensity (and fluence) variation inside the cell and to reduce contri-
butions to dissociation from low intensity zones., Several 14 mm (<2
focal parameters) long pyre« cells with parallel NaCl windows attached
by Torr seal epoxy at Brewster's angle were used. The cells must be
accurately placed around the beam focus to avoid damage to the cell
windows. For each photolysis, between 3000 and 7200 pulses were used.
The energy of the laser pulse is monitored continuously, and the fre-
quency occasionally, during photolysis. For experiments performed at
the 2944 cm-1 Q branch of EtCl, the signal from an optoacoustic cell
filled with 2 Torr EtCl was used to fine tune the etalon angie. The
method allowed setting of the OPO frequency to within 0.1 cm—l of the
peak absorption. In the measurement of dissociation yleld as a function
of frequency over the entire C~H stretching region, the optoacoustic

cell with 2 Torr EtCl was irradiated with the unfocussed OPO beam.



Fig.
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Spatijal profile of the OPQ pulses measured in the

focal plane with a 20 ym diameter pinhole. a) FWHM

of transverse profile along the longitudinal axis z.

z =0 is 4.5 mm away from the center of the focal
lense. Black points (+) are the FWHM on the horizontal
axis and open circles (o) are those on the vertical
axis. b) and ¢) Transverse intensity profiles at

z = 2,5 and 8.9 respectively. Black points are
horizontal scans at the vertical maxima. Open

circles are vertical scans at the horizontal maxima.
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This made 1t possible to set the photolysis frequency at either the
peak or the valley of the rotational structure.

For photolysis by the CO2 laser, a 25 cm focal length 5 cm dia-
meter NaCl lens was used for focusing and the photolysis cell was
placed 13 cm away from the lens to obtain the desired energy fluence.
An unfocused beam was used for optoacoustic measurements. The laser
was attenuated by a 4 mm CaF2 flat, a NaCl flat, or a 10 cm glass cell
with NaCl windows containing 40 Torr SF6. No change in the temporal
or spatial profile of the beam was observed after attenuation.49

After photolysis, the sample in the cell was immediately condensed
into an evacuated pyrex GC sample loop. Since ethylene has a vapor
pressure of about 1 m Torr at liquid nitrogen temperature, a liquid
helium bath was used for condensation. The sample was then analyzed
by a Varian 3700 gas chromatograph with a flame ionization detector.
For EtCl photolysis, ethylene was the only hydrocarbon product detected.
Flame ionization is not sensitive to HCl. A 12 feet long Porapak §
column (mesh size 100/120} in 1/B inch diameter stainless steel tubing
was used to separate the products from the reactant. At the conditions
of 30 cm3/min. He carrier gas flow rate and 105°C column temperature,
the retention time for ethylene and EtCl are 3.4 min. and 12 min.
respectively. The flame combustion gas mixture was composed of 30

cm3/min. H, and 300 cm3/min. air. The detector with such a flame

2
would produce a 1 min. FWHM GC peak with 20 mvolt peak height at the

most sensitive scale for a quantity of about 0.20 cm3—Torr (11
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nanomole) ethylene. The detection sensitivity for ethylene 1s about
11% higher than for EtCl. For each individual chemical, the detection
response is linear over at least a few orders magnitude of quantity.
The broad width of the GC peaks is primarily due to the large volume
of the gas injection loop, which is about 5 c.c, A much smaller
volume (preferably at pl level) would bring the width into the limit
caused by column retention and therefore increase the sensitivity.
Such a small volume is hardly obtainable for loops constructed with
stopcocks. However, with current devices for detection, for all the
photolyses, the worst GC peak S/N ratio is better than 10/1. A
negative dip of the GC signal baseline occurred at the injection of
the gas sample as the injection of the low pressure gas suddenly
dropped the back pressure ot the column. This dip recovered before
the ethylene peak and therefore did not hinder a good quantitative
measurement of the peak area.

Optoacoustic measurements were made with two types of stainless
steel cells. One was 38 mm in length and 20 mm in diameter with Can
windows and a Sony foil electret microphone placed at the center.

The microphone signal was preamplified then averaged over 32 pulses
using a Biomation Transient Recorder and a Northern NS-575A Digital
Signal Analyzer. For 3.3 um excitation a second cell 12 mm long and
40 x 14 mm cross section with NaCl windows was used to eliminate the
low intensity region far from the focus. Several runs with both cells
gave the same dependence of energy absorhed on laser wavelength and on

laser intensity.



Standard single photon absorption spectra for the fundamental and
first overtone were recorded with a Nicolet 7199 FTIR for which the
highest resolution is 0.06 cm-l. A 10 cw pyrex cell with NaCl windows
was used to contain the gases., For the second overtcne spectra, a
Cary-17 spectrometer and a 12 cm pyrex cell with quartz windows were
used.

For photolysis of CHCIFZ, a Varian 1800 FID GC was used to detect
the product CZFA after 12,006 to 18,000 laser pulses., The gas (Matheson

Gas, Grade R) was fractionally distilled and its purity shown by GC to

be >99.9%.

5. Data Analysis

The dissociation yield, Wd, is the fraction dissociation for those
molecules in the volume irradiated by the laser. wd is given by the
ratio of the ethylene and EtCl GC peak arveas (A), normalized by the GC

detection sensitivity (S), the numbetr of pvlises n, and an effective

focal volume Vf in the cell.

_ e, Sear, Yeenn
@ A1 ScoH. 't

1
PO (11-1)

Since the total fraction of molecules dissociated in the entire cell

was less than 27 for any photolysis, normalization by the number of laser
pulses was linear, The yields as a function of pressure and of wave~
length should also be normalized by multiplving a fluence factor (pulse
3.5

3.
energy/4.1 mJ) 3 for pressure dependence and (pulse energy/3.3 mJ)

for wavelength dependence, to obtain the true functional dependence at
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a single laser fluence. The value 3.5 was obtained from the fluence
dependence study of yield (see Section C). The combined deviation of
the GC calibration and the pressure measurement 1s #47 for larger yields
and higher pressures and is 97 for smaller values. The long term drift
of laser energy, *5%, during the photolysis is responsible for the major
uncertainty, *18%, in the precision of the dissication yield. The

effective focal volime is defined as
W, (fluence)
d dv
cell wd(focal point fluence) ?

and was approximated as

Fluence 3.5 qv
cell Focal point fluence

for dissociations at 3.3 ym (Fig. II-4). However, even such ar integra-

tion can not be meaningfully carried out without a complete knowledge of
the 3-D fluence distribution within the cell. By using the FWHM of the
focused beam to calculate the average fluence, (pulse energy/n(FWHM/Z)z).
an integration along the longitudinal axis was carried out using Fig.
II-4(a). The valne 1.6 x 10-3 cm3 was obtained for the effective focal
volume in a 14 mm path cell. The upper limit on the error that might

be caused by neglect of the transverse deconvolution on the focal

volume can be established by comparing the two areas ﬂ(FWHM/E)z and
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W, (fluence)
d da
focal plane wd(average fluence)

This errcr limit combined with other uncertainties discussed above

sets the limit of uncertainty for the dissociation yield to be t1§87
for dissociations with higher fluences. For dissociations with fluence
~0.1 J/cm2 and at frequencies where the yield is relativelv low, the
uncertainty is about twice larger. The magnitude of the optoacoustic
signal was measured as the height of the first peak vs the first valley
in each series of acoustic waves. For the wavelength dependence of
absorption of focused OPO pulses, a2 linear normalization was used to
correct the optoacoustic signal for the variation of the averaged

pulse energy (see Section C for the linear fluence dependence of
absaorption at 3.3 um). The %157 pulse-~to-pulse energy fluctuation

was reduced to a *3% uncertainty of laser fluence after 32 pulse

average.
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C. Results

For the convenience of later discussion, the experimental results
of MPD and optoacoustic measurements are summarized and presented in
this section. All the results presented here are for EtCl unless
specified otherwise. Other spectroscopic and kinetic measurements
will be presented and discussed in Sections D and H.

Optoacoustic signal vs 3.3 pm laser fluence is shown in Fig. II-5.
Data points between 0.04 and 0.2 J/cm2 constitute a straight line with
slope slightly larger than unity. Points begin to deviate from the
line only at fluences for which a significant fraction of EtCl mole-
cules is dissociated. The linear saturation fluence is estimated as
hv/2c as for a non-degenerate two-level system. At this fluence the
upper level population is (1 ~ %) times the lower level population.
In Section F, 0, the absorption cross section for broadband OPO pulses
at 2992 cmvl, is calculated as 2.4 x 10_19 cm2. Because of the small
energy of the laser pulses and the small total absorption of low
pressure EtCl, an accurate and absolute calibration of the vertical
scale is difficilt to obtain. However, since saturation is not possible

much b=low E , the number of photons absorbed per absorbing

sat.linear

at E , is on the order of 0.4 and is about

molecule, <n> .
’ real’ sat.linear

3 at 1.1 J/cmz. When the laser was tuned 50 crn-1 to the blue of the
EtCl C-H fundamental absorptions, no acoustic signal (electromic or

window-induced) was nbserved.



Fig.
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Dependence of absorbed energy on focal point fluence
for 0.32 Torr ethyl chloride irradiated by broadband
OP0 pulses at 2992 :m-l. Optoacoustic measurements
are shown by black points. <n> is the number of photons
absorbed per molecule under irradiation. The solid and

dotted lines are calculated by rate equations analysis

- i -
with ﬁgl = 2.4 % 107%° cm”, FTq =5 x 1077 cm2 and
= 0.5. 2@ g2 id line i
Pl2 0.5. T 25 for the solid line is set (3)

of Table 11-7 and for the dotted line is set (4).
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Fig.

Il-6.

Dependence of absorbed energy on fluence for 0.85 Torr
ethyl chloride for the R(8) line of the CO, laser at

967.7 cm_l. The line (---) has a slope of one.
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The dependence of the optoacoustic signal on the fluence of the
CO2 laser R(8) line is shown in Fig. II-6. The absorption is linear
below 0.03 J/cm2 and exhibits saturation in the higher fluence range.
The line with unity slope drawn through the lower fluence points lies
at least a factor of two above the higher fluence points. The possi-
bility of instrumental saturation at high energy fluences was excluded
by the reproducibility of the curvature at the lower EtCl pressure of

0.17 Torr. Although CaF, absorbs significantly at 10 um, the contri-

2
bution of window absorption to the acoustic signal with 2 Torr Ar gas

in the spectrophone cell was less than 1%. Thus energy absorbed
increases with fluence throughout the range but is substantially
saturated above 0.1 J/cmz.

The optoacoustic spectra of absorption with narrowband (FWHM 0.15
cm—l) OPO pulses at 0.90 t 0.02 J/cm2 showed a striking resemblance to
the fundamental over the entire CH stretching region (Fig. I11-7). The
fluence used was well above the linear saturation fluences for the
narrowband laser at all the CH stretching bands. Although these opto-~
acoustic spectra showed a slight overall enhancement of absorption for
the lower frequency CH bands, they contrast strongly with the usual 10
um MPA spectra. In these 10 um optoacoustic measurements, the spectral
features are usually broad, smeared and red-shifted vs the fundamental,
The optoacoustic technique monitors the total absorption in the gas
medium. It does not discriminate between absorption to very high

vibrational levels and excitatiom at low levels. Therefore,
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hypothetically, if a major fraction of the molecules can only absorb
the first photon due to vibrational anharmonicity, the optoacoustic
signal does not represent the true MPA spectra even though a significant
portion of molecules undergo MPA., Since only molecules excited above
the reaction barrier wmay dissociate, dissocilation may be used to

obtain the multiphoton excitatign spectrum.

MPD occurs throughout the entire spectral range for the five C-H
stretching fundamentals, Fig. II-8. The dissociation yield spectrum,
taken with 1.1 J/cm2 narrowband QPO pulses at 1.7 Torr EtCl pressure,
follows approximately the same shape as the ordinary linear absorption

spectrum A .. (V). The relative yields are somewhat enhanced at longer

01
wavelengths. The peak yields near 2944 and 2977 cm-l are about 2%,
The band center frequency and band shape of the sharp peak in Wd at
2943.8 cm—l match those of the fundamental Q branch almost exactly,

In addition, a W, peak near 2913 <:m-1 was found. It does not correspond

d

to any peak of A_.(v). However, it coincides with half the frequency

0l
of a strong, sharp Q branch in the first overtone spectrum. When wd
is divided by AOl(v) a good correlation with the overtone spectrum is
found, Fig. II-9. Finally, far in the red end of the spectrum where
the yield is low, wd/A01 shows a broader resonance, Fig. II-10, which
corresponds to one~third the frequency of the strong resonance in the
second overtone spectrum. For the first time in MPD experiments,

resonances in MPD vield were found to match the position and shape of

. -1 .
peaks in the fundamental, as narrow as 0.4 cm ~, and first- and second-

overtone absorption spectra.



Fig.

11-7.

Frequency dependence of absorption for 0.65 Torr EtCl
irradiated by 0.9 .J/cm2 narrowband OPQ pulses, (@).
The linear absorption spectrum was taken for 27 Torr

EtCl in 10 cm cell by FTIR with 1 cm 1 resolution.

39



oy

(wo) a

Absorbance

o [~ Q o
o ) > [} ®
I T
2
P -
&
Q
2 -
N
.3 —
o
@
N —
o
.
& -
®
o
L 1 i S
o N » ) © 3

{syun Lipaj1quo) joubi§ 211sn02004d0



Fig.
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Dissociation yield, wd, and linear absorption spectrum,
A01 vs frequency. On the relative scale for dissocia-
tion yield, 10=2.0%. All points (@) were measured

at the peaks of absorption lines. Two points (W) were
taken in valleys. A sharp resonance () is shown
enlarged with an absorption spectrum at 0.24 cm-'1
resolution. Two points near 2977 c:m-_l show sharp

structure in a P branch. The conditions for the

absorption spectrum are the same as in Fig., IV-7.
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Relative dissociation yield, wd (v/2), divided by the
absorbance, AOl(v/Z) at 0.24 cm-l resolution, from (@)
in Fig. II-8. The first overtone absorption spectrum,

AOZ(\)), is also plotted at 1 cm_l resolution (FTIR).
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Fig.

I11-10.
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{a) Relative dissociation vield Ud(v/B) and second over-
tone spectrum A03(v) (1.5 em ! resolution, Carv 17).
AOl(V/3) teees and on(Zv/3) ~-~ are also shown.

(b) wd/AOl(v/3) and the second overtone spectrum. The

monotonic decrease of wd in (a) becomes a broad resonance

matching the second overtone spectrum when normalized.



46

25 T T T | i
—o.06
(a)

004 9
<
B
(8]
c
[«]
<
[e]
v
£
002 9

0

(b)
1.00
5 —10.04 by
< o075 <
° @
= g
[=4
o
0.50 2
—40.02 <
0.25
oL { 1 ] 0
8850 8696 8547 8403

v (cm™)

™
Tig.

11-10



47

The dependence of MPD yield on energy fluence was studied for
broadband OPO pulses at 2977 cm—l, Fig. II-11. In the range from 0.5
to 2 J/cm2 a straight line with slope 3.5 can be drawn through the
data on a log-log plot, although the experimental points are better
fit by a curved line with decreasing slope at higher fluences. The
shape of the yield vs fluence curve may vary with wavelength and laser
bandwidth. The effect of bandwidth on yield is illustrated by the
data near 2977 cm—l in Table 1I-2. The factor EP3'5 has been used
in correcting all wavelength dependence data to 1.1 J/cmz. However
since the observed yields are of the same order of magnitude and
since the energy range is small, 0.94 to 1.2 J/cmz, this approximate
correction should not introduce significant errors. MPD yield
decreases with increasing EtCl pressure, Fig. II-12. wd decreases
nearly a factor of two between 0.25 and 2 Torr. From 2 to 6.2 Torr
the yield decreases by only about 10%.

The absolut dissociation yileld at various frequencies around
3.3 um is listed in Table II-2 alongwith a dissociation yield at one
wavelength in the 10 um CC stretching band. At even higher fluence,
the yield at 10 pm .s smaller than most of the 3.3 um yields.

No MPD yield as C,F, was detectable for broadband laser excitation

274
1 1

of 2.5 Torr CHClF2 at the 3010 cm ~ band center or 13 cm -~ to the red
of band center at fluences of 2.2 J/cmz. The detection limit corre-

sponded to G.01% dissociation.
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Fig. 11-11. Dependence of dissociation yield (%) on fluence for
1.7 Torr ethyl chloride irradiated by broadband OPO
pulses at 2977 cm-]. The slepe of the line (---) is
3.5. The solid line and the dotted line are calculated
by rate equations analysis with set (3) and set (4)
a

~ | in Table 11-7, respectively.
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Table 11-2. Measured and calculated ethyl chloride MPD yields for selected frequencies
at 1.1 J/em2 fluence and 1.7 torr pressure.

a a , a ooy

v o1 %01 Pio 9,041 (22 Y4, ca1? Y3, expt

- - - 2 - .
(en™H 0 %en?) 0 en? 10 %em?) @ @

) +0.04
3014 26 5 0.5 1.3-1.4 0.3670 01
2976.6 30 5 n.s 2.4-2.7 1.7 1.8:0.2
2977°¢ 1.8 5 0.3 1.9-2.3 1.6 0.940.3
2943.8 13 5 0.5 2.3-2.5 2.1 1.840.2
2913 1 5 1 2.4-2.7 1.2 1.3:0.2
2829 2 5 0.5 1.8-1.9 - 0.065+0.005
[2d
967.7 - — - - - 0.09:0.01

a P . s . N s
The range of ‘-independent quasicontinuum cross sections that matches the experimental
vield range.

b . . . a -1 2
Dissaciation yields calculated with o iel 2.5 x 10 9 cemo, 2.
. eLY it
“Photolvsis with broadband laser. All the other 3.3 im photolvses were with narrowband.
. . -1
“here is a 1) branch of an overtone band at 5326 ¢m . w

N 2
o, laser [luence at 6 J/em™,
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Dependence of dissociation yield (¥) on ethyl chloride
pressure for 2979 t:m_l broadband photolysis at 1.4
J/cm2 (4.1 mJ). The laser pulse energy varied from
3.8 to 4.6 mJ. Dissociation yields were normalized

by (pulse energy/4.l mJ)3'5. The solid line and the

dotted line are calculated by rate equations analysis

a

with set (3) and set (4) O£,2+l

in Table 1I-7,

resepctively. Collision rate, kC =17.7 us-l Torr-l.
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D. Vibrational Spectroscopy

CZHSCI is a small enough molecule so that its lowest vibrational
energy levels may be studfed in detail by ordinary ir absorption
spectroscopy. This spectral data may then be used to help define the
multiphoton excitation mechanism and to make quantitative estimates of
excitation parameters.

The CH stretching fundamental region has been well st:udied.l.5
The five fundamentals are listed in Table II-3. A sixth band is

assigned to a CH, deformation overtone which probably borrows tran-

3
sition strength by Fermi resonance with the nearby CH3 stretching
levels. The integrated absorption cross section for the entire CH

1 cm/molecule. This

stretching range is approximately 1.5 x 107
value was obtained from the fundamental spectrum of 27 Torr EtCl in
406 Torr CF3I at 0.06 t:m—l spectrometer resolution. The single
vibration-rotation linewidth was broadened to be greater than the
spectrometer resolution to assure that the true absorbance was recorded.
Part of the pressure broadened spectrum is shown in Fig. II-13. All
the peaks that are resolvable are broader than 0.06 cm-l (c.f. Fig.
II-14(a)). Data for the 974 cm_l mode pumped by the CO2 laser is also
given in Table II-3.

The molecule belongs to the C5 point group and is nearly a prolate
symmetric top with rotational constants A = 1.044, B = 0,183 and C =

-1 45

0.165 cm The || components of vibrational bands, AK = O with

L) = 0, 1, give typical PQR band shapes as for the band at 2944 cm—1



Table II-3.

Frequencies and assignments of the ethyl chloride
vibrational bands excited.

Integrated
“1.a b Symmetry, Absorption
viem ) Assignment Band Type (10-18 em/molec.)
3011 CH2 a", 1 3.5
a.s.
2987 CH3 a", | 5.3
a.s.
2967 CH, a', 1, || -
s.s.
2944 CH, a', |! 3.5
a.s.
2904 CH3 a', 1 1.0
v=2,d
2881 CHy a', 1 1.1
s.s.
974 c-C a', || 2.5

aBand centers measured from FTIR spectra, except the verv weak 2967
cm™1 band from Raman spectroscopy.

bFrom Ref. 45. Symbols: a.

stretch; d.

- deformation.

S.

- asymmetric stretch; s.s. - symmetric

54



Fig. II-13.
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Fundamental spectra of 27 Torr ethyl chloride pressure
broadened by 406 Torr CF3I in a 10 cm cell, Spectro-
meter resolution 0.06 cm_l. Features shown here

correspond to the ones in Fig. II-1l4(a).
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I1I-14,
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a) Ethyl chloride fundamental spectra from a Nicolet
7199 FTIR with a 10 cm cell and 27 Torr EtCl. Spectro-
meter resolution 0.06 cm_l. Features from left to
right are structure near 2977 cm_l where most MPD
experiments were performed, sharp peaks with 0.06 cmn1
width indicated by arrows, and the Q banch of a || band.
b) EtCl first overtone spectrum at 0.06 cm"1 resolution
(by Charles Anderson, Nicolet Inst. Corp., Madison,
Wisconsin, using Nicolet 7199 FTIR). A 15 cm cell with
420 Torr EtCl was vsed. Only one band i1s shown here.

¢} EtCl second overtone spectrum at 1.5 cm_l resolution

from a Cary - 17 with a 12 cm cell containing 1100 Torr

EtCl.



- W T T T £ T T T T v ] v T LI | L |

—[ L
(a) (b) {c)

o —
04] o
T
—1
=
4
1
1]
L

o
N
T
1

Absorbance
o
L
T
1.
-
|

2X

@
N

—
]

0.06

0.04

002

Lepd 1 | | R 1 | Y

Q
2979 2977 2970 2968 2944 2943 5840 5820 5800 8772 8547 8403
Frequency (cm!)

Fig. 11-14

8¢



59

(Fig. 1I~8). The integrated intensity of the Q branch and hence the
abgorption cross section 1s about 3 to 6 times smaller than for P or
R branches.so The 1 components show prominent series of Q branches
with 4 = 0 and AK = *1. The accompanying series of P and R branches
appear continuous at medium resolution. Thus each vibrational band
consists of up to 9 vibration~rotation lines for each populated
rotational state.

At high resolution, Q branches in the fundamental spectrum ~xhibit
widths of a few tenths cm—l. Fig. l4{a). At 0.06 cm“1 resoluticu
individual rotational line structure is observed in the band wing near
2970 cm~1 with widths of ~0.06 cmvl. Since for v

CH

vibrational levels (Table I1-4), p << 1/0.06 cm‘l, the VCH = 1 levels

= 1 the density of

must be well-defined energy eigenstates with only limited coupling to
a few CH bending overtones. Pressure broadening was measured for a
weak band at 677 cm-l. At 1100 Torr EtCl pressure, the FWHM of the
rotational lines at around 645 cm_1 was broadened to 0.16 cm_l from
0.09 cm_1 at 27 Torr. Th.s corresponds to a pressure broadening of
~6 x ].0-5 cm-1 Torr-l.

Overtone transitions are forbidden in the harmonic oscillator

approximation. Hence their spectra give only the positior= of the

most anharmonic Vop = 2 levels. The cbserved intensities are not
related to the Yen © 1+2 transitions. The sharpest rotational struc-
1

tures iu the spectrum at 0.06 cm - resolution are the ||~band Q

branches. The widths are all greater than 2 cm—l, Fig. 14(b), greater
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Table II-4. Spectroscopic properties of the lowest CH stretching
levels of ethyl chloride.

pviba Linewidth CH Stretch Enerpy
Veu (levels/cm-l) (cm-l) Mode Levels Range
1 <1 <0,06 5 3050~2850
2 70 1.2:0.4 15 6050~5650°
3 1300 30415 35 9000~8300°
apvib calculated by direct count. See Chapter V of Ref. 42,

bEstimated from the most harmonic high frequency level to the least
harmonic low frequency level consistent with the observed overtone
spectra.
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than can be expected from the change of rotational constants with
vibrational excitation. By comparing with the Q-branch widths of the
fundamental spectrum at different resolutions, 0.5, 1.0 and 2.0
cm'l,thewidthofa vibration-rotation line was determined to be 1.2 #
0.4 cm-l. This broadening may be caused by coupling to lower freguency
modes. The linewidth gives an effective rate of energy transfer from
CH streteching to other modes. Since this requires many levels per
linewidth and since no structure is seen with 0.06 «:m_1 resolution,
most, if not all, vibrations must be coupled (see densities in Table
11-4).

Many general features of the Yoy = 1+2 spectrum are known. There

are 15 v, = 2 energy levels. For non-interacting harmonic oscillators

CH
there are 5 allowed transitions from any given Yoy = 1 level, the
addition of one quantum in any one of the five modes. The total inte-
grated intensity of these transitions should be slightly larger than
that measured for the fundamental due to larger quantum number involved
in some of these transitions. Since there is coupling among the CH
stretching modes, all 15 transitions become allowed to some extent.

In addition coupling with vCH =1, vdef = 2, and vdef = 4 levels will
occur. Since coupling among CH3 vibrations and among CH2 vibrations
should be stronger than coupling between groups perhaps 10~20 levels

should share comparably in the intensity of the v_., = 1+2 spectrum.

cH

Thus, spread over 200~300 cm_1 are some fifteen vibrational transitions

each with 3 to 9 rotational hranches. For any given J, K level of
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V., ®= 1 there are probably some 100-200 lines, each about 1 cm—1 broad.

CH

Thus even considering the non-random grouping of lines and variation

in intensity, resonant transitions from v = 1+2 for a single rota-

CH
tional state should cover much of the spectral range.

The second overtone spectrum, Fig. l4(c), is so severely broadened
that not even Q-branch structure is resolved. Each vibration appears
with a FWHM of about 60 crn_1 compared to ~35 cm-1 for all fundamental
bands. Thus linewidths for individual rotational states must be
~30 *+ 15 cm_l. For Ve = 2+3 there are even more individual lines than

for Ven = 1+2. These lines are overlapped into a completely continuous

though not uniformly intense spectrum. Table II-4 summarizes some
relevant properties of these fundamentals.

In summary, the 5 C~H modes provide the dominant coupling between
the molecule and the 3.3 pm radiation field. The Yoy = 1 states are
sharp and perfectly discrete. The Vey = 2 levels are broadened with
widths being larger than the Q-branch width of a parallel band and
smaller than the P- and R-bvanch widths. The Vey = 3 levels are much
broader and are clearly in the quasicoﬁtinuum for 3.3 um transitions,

The CH stretching mode of CHC1F, has a vibrational anharmonicity,

2
Zmexe, of 116 cmvl. The band centers and the linewidths of single
vibration-rotation features are listed in Table II-V for the fundamental,
first- and second-overtone spectra. The calculated vibrational ievel
densities are also listed. The integrated absorption of the funda-
mental C-H band of CHCIF, is ~4 x 10718 cm/molecule, comparable to

that of the strongest C-H band of EtCl.



Table II-5. Spectroscopic properties of the CH stretching mode of

CHCle.
O»v Transition Linewidth, p .2
-1 -1 vib -1
Ven Bandcenter (cm ) FWHM (cm *) (levels/cm ~)
1 3022 <0.06 <<l
2 5928 <0.12 8
3 8720 ~2 60

apvib calculated by Whitten-Rabinovitch approximation.

V of Ref. 42.

See Chapter

63
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E. Excitation Mechanism

Since CH stretching anharmonicities, usually about 50 cm—l, are
larger than vibration-rotation bandwidths and much larger than Rabi
frequencies at MPD intensities, the mechanism established for anharmonic
compensation in SF6 cannot operate for EcCl (see Table 1I-6). However,
the existence of five CH stretching modes with similar frequencies pro-
vides a new type of nearly resonant pathway for excitation to the quasi~
continuum. The resonant nature of the transitions through the discrete
CH stretching levels is manifested clearly in the dissociation yield
spectra.

The MPDspeccrum,Wd(u), exhibits the same sharp rotational struc~

ture as the fundamental absorption spectrum, AOI(V)- Thus excitation

from Ven = 8 to Yoy = 1 is only possible for molecules in rotational
states which absorb resonantly for one of the CH stretching modes.
Since there are many Veu = 2 levels each broadened by about 1 cm-l,

there is a good probability that for a given Ven = 1 level and rota-
tional state a resonant excitation to Ver = 2 will occur. The shape
of the overtone spectrum A02(2v) is similar to that of Wd(v)/A01(v).
A resonance in Wd(v) occurs at 2913 cm_1 which matches a Q branch in
the first overtone spectrum. At this frequency any molecule which is
resonantly excited to vCH = 1 is necessarily resonant for the VCH =
1+2 tramsition. + a few frequencies P-R rotational compensation of
anharmonicity may occur for the highest thermally populated J and K

values. In most cases compensation occurs by excitation of two
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Table II-6. Relevant quantities for compensation of vibrational
anharmonicity in MPD of EtCl and CHClF2 at 3.3 um
region.

Physical Quantity

-1 a
(em ) CZHSCI CHClF2
b
CH Stretching (50) 116
Anharmonicity
(2w X )
e’e
Rotational 16 ~20
Branchwidth,
Yyp
Rotational ~20 ~20
Compensation,
AmPR
Rabi Frequency, 0.36 0.3

wp(at 100 Mi/cm?)

aProperties listed are for the CH mode of the strongest fundamental
at 2987 cm~l,

bWithou: a definitive assignment of the first overtone spectrum, the
value of the vibrational anharmonicity for each CH stretching mode
can not be accurately obtained. However, in the first overtone spectrum,
three strong Q branches can be identified at 5958, 5924 and 5826 cm~1.
By assigning them to the three strongest C-H fundamentals at 3011, 2987
and 2944 cm~1 respectively, anharmonicity of the three modes can be
determined as 64, 50 and 62 em~l.

®Measured as the FWHM of the P and R branches.

dEstimated for the sequence v = 0+1 (P branch) and v = 1+2 (R branch)
of transitions of J and K levels with maximum thermal population.
Rotational compensation for J and K levels at the outer edge of the
P and R branches is approximately Won + AwPR.
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different modes. The Ven = 3 levels are sufficiently broad that
resonant excitation should always be possible. The matching of peaks
in the second overtone spectrum, A03(v), with peaks in Wd(v)/A01(v)
indicates higher transition rates at these frequencies. The overall
broad shape of Wd(v) is in fact red-shifted from AOI(v). Since the
overall effect of anharmonicity is to shift the absorption spectrum
progressively to the red as excitation increases, resonances are more
frequent and MPD more easily achieved in the red end of the funda-
mental band.

It might be argued that the enhancement of Wd at 2913 cm—l, half
the frequency of a first overtone Q branch, is due to a direct two-
photon absorption. All Ven = 0 molecules are in resonance for such a
transition. For molecules in rotatiomal states which are in resonance
for the sequential absorption of two photons through a real Ven = 1
state the sequential process is identical to the two-photon process
with zero frequency difference for the intermediate 1eve1.51 For mole-
cules which become resonant on the Vou = 0+1 as a result of power
broadening the two-photon and sequential processes are again equivalent.
For the case of rotational states which are far from resonance on the
0+1 transition, such a two-photon transition would have a low prob-
ability. In the strong interaction limit of perturbation theory,b
the probability of a transition with one step off-resonance 8w is
(wRZ/(Aw2 + mRZ)) times that of a completely resonant transition. wp

for EtCl CH stretching modes at 100 WJ/cmZ is 0.25 cm_1 on average.
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For rotational states with Aw = 6 cxu'-1 (roughly half of the rotational
bandwidth) on the 0+1 transition, the transition probability to v=2
would be 600 times smaller than that for the rotational states at
resonance on the first transition. Only at very high intensities would
such two~photon excitation contribute substanti.lly to the dissociation
yield.

The resonant excitation path exists for ethyl chloride excited at
3.3 pm because there are several fundamentals with overlapping rotational
structures in the same frequency range and because the quasicontinuum
is reached with the second or third photen.

Excitation of the CH stretch of CHClF2 gave no dissociation yleld.
This is so despite the fact that its one CH stretching mnde is as stroung
an absorber as the strongest modes of CZH5C1. The activation energy for
dissociation, CHClF2 - CF2 + HC1l, is 54 kcal/mole.52 Since there was
less than 0.01% dissociation at the fluences obtainable, there must not
be a sufficiently resonant path through the discrete levels for the mole-
cules to reach the quasicontinuum. In contrast, CHClF2 is dissoclated
by 10 um excitation at moderate fluences in a molecular beam.52 The
large anharmonicity of the CH mode rules out compensation mechanisms
typical for 10 um (Table II-6). The lack of any other modes of similar
frequency eliminates the CZH501 mechanism. Thus the 3.3 iym laser is
unable to excite CHClF2 above the first or second vibrational energy
level. The OH stretching vibrations of CH30H and HCOOH are similarly
spectrally isolated. MPD was achieved by excitation of these absorptions

with an HF laser only when collisions occurred during the laser pulse.jz'33
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The excitation mechanism deduced from the experiments is a
modification of the established SF6 model for the different spectro-
scopic and structural properties of EtCl. EtCl absorbs two photons at
or near resonance with levels of the five C-H modes to reach Vou = 2.
Then sequential absorption of 5 or more photons excites the molecule
to the continuum. Dissociation must then occur before collisions
remove eXcitation energy. This nearly resonant scheme of multiphoton
excitation of EtCl at 3.3 um and the properties of the vibrational
levels are shown in Fig. II-15. A specific excitation path is also
shown as an example in the figure. The rotational states at resonance
with the laser through the R-branch transition of the 2944 cm_l band
( | 01000 >) may absorb the second photon resonantly through the P-
branch transition of the 2967 cm-l band ( I 01010 >) or be excited to
thev =2 states of the 2987 cm-l band ( | 00200 »). Sequentially, a
variety of transitions exist for absorbing the third photon, since the

Veu = 3 states are broad and there are so many of them.



Fig. 1I-15.
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Vibrational level diagram and MPD excitation mechanism
of EtCl. Only the pure CH stretching levels are
sketched. Seven photons are required for dissociation.
Anharmonicity is compensated by the spread of the 5 CH
stretching modes. Excitation is resonant in the discrete
region and in the quasicoutinuum. A pathway

|60000> + [01000> + |01010> or |00200> ete.+ |01011>

etc. is indicated by arrows.



Quasi-continuum

Discrete Levels

Dissociation

La’aavav

d

lo1011>
etc.

etc.

* looooo)

( |01 O10>,§
lo0200) ="

|o1 000) ——

N

<

D)

W

C—H
Stretching
Manifold

[ CLURE N S A

All
Vibrational
Levels



71

F. A Rate Equations Model for MPD

1. The Model

A rate equations approximation has frequently been used for

23,25,26,53-57

dynamics in the quasicontinuum. It has been showr that the

rigorous Schrodinger equation can be reduced to a set of rate ¢Jqua-
tions for tramsitions in the energy range for which the molec-.lar

linewidth, Avmol’ is much greater than the optical tramsitio: rate
and this rate is in turn much larger than the inverse level density.25’26

-1

vib (11-2)

> >
Au]mol i wR z °

Thus rate equations may be safely applied to levels in e quasicon-~
tinuum and the continuum.
For ethyl chloride MPD rate equations can clearly be used to des-

cribe the transitions from vCH = 2 upward. For the 2+3 transitions, the

molecular linewidth of about 30 cm-l and the invers.: level density of

10-3 cm‘1 at Ven = 3 satisfy Equation (I1~2) very well for a wide range

of powers. At 100 Mw/cm2 (1.0 J/cmz) the Rabi frequency is between 0.05
and 0.36 cm_l depending on which mode is excite.. For vCH = 2 with

_ -1 ~1 -1
Awmol =1.2 cm = and Pip = 0.02 cm ~, Equation (II~2) hold fairly well
but with much smaller margins on the inequalities. It should be noted

that the direct count of states used for pv b underestimates the density

to the extent that vibration-rotation interaction makes K a poor quantum

number. Notice that even though Equation (II-2) may hold, that since
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Awmol 1s less than the spacing between absorption lines Vey = 1+2
for a single rotational state, a rotational bottlepeck exists. Only

for absorption to v i 3 and higher where Avm is greater than an

C ol
entire rotational branch width is the rotational bottleneck completely
removed.

The Veu = 1 level is clearly discrete and therefove the detailed
time dependence of that level cannot be correctly described by rate
equations under the conditions of these MPD experiments. However,
since the Rabi frequencies zre so much larger than the inverse pulse
width, coberence effects on the dissociction yield should not be large
and the use of rate equations for calculating quantities time integrated
through the laser pulse should be reasonably accurate. For simplicity,
the rate equation treatment 1s extended to the (71 tr:msition. The
usefulness of the 1odel is limited more by an approximare knowledge of
the optical cross sections than by neglect of coherent effects.

In the rate equations model, the absorptior and reemission of
single photors are treated as an harmonic oscillator incoherently
driven by the radiation field. For thoseethyl chloride molecules in

resonance with the laser, the time evolution of the population fraction,

Nk’ of molecules with £ photons of energy is given by the rate equation

aN
2 N )

_ a e I
- g Meer % M) W

e 1
2,8-1 W Mo T RNy (11-3)

a
- Ot
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where I(t) is the laser intensity, G§+l 2 is the stimulated emission
b
cross section from level f+1 to R, 0; 241 is the absorption cross
’
section from £ to 2+1, and k2 is the unimolecular dissociation rate

constant for molecules having energy Zhv. Values of c:+l ¢ were
»

obtained from

e _ .a _
Or1,e = %241 ©p/7041) (11-4)

where gR is the degeneracy of the fth level and the ratio gl/gi+l S
the quasicontinuum is the ratio of vibrational level densities. The

io i 1 = ! =
ratio increases smoothlv from gz/g3 0.053 to By/815 0.36. Levels
up through £ = 15 were included in the calculation.

Only a fraction, Q 1’ of the molecules in the irradiation zone

0

is sufficiently resonant with the laser for transition to Veu =1 to
be possible. QDl depends on power broadening and thus varies during
the pulse. For each time interval from t to t + dt during the pulse
the fraction 601(t)dt of molecules starts to interact with the laser.
Only a part, P12' of those molecules which have been excited to %=1
will have a 122 transition in resonance with tne laser. For molecules
at &12 no bottleneck exists. The dissociation probability, Pd(t), for
a molecule which start interacting with the laser from time t is
obtained as

Tc
P,(t) = > Jonge ac, (11-5)
2>7 t
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where TC is the average time between collisions. Thus the dissociation

yield is

-
max :
LA P, f Pd(t)Qol(t)dt. (11-6)
0
The integration was carried up to the time of maximum laser intensity,
Tmax' Some molecules that come into resondance with the laser shortly
before T will be out of resomance shortly after 1 . However, this
max max
does not cause an overestimate of Wd since the fraction of these mole-
cules is small and since it 1s predominantly those molecules excited
early in the pulse which dissociate. The experimental increase of Wd
E 3.5
P

as shows that nearly all molecules which dissociate must be excited

early in the pulse. Molecules excited beyond the midpoint must have a
dissociation probability about (0.5)3'5 = 0.09 that of molecules at
resonance from near the beginning of the pulse.

The same argument can be used to exclude the possible contribution
to excitation from collision-induced rotational hole filling: as the
poprlation of those rotational states in resonance with the laser is
depleted by optical excitation, collision-induced rotational relaxation
puts niore molecules into those resonant rotational states. Because the
excitation pulse is short and the pressure relatively low there is little
effect of rotational hole filling on excitation in the discrete range.
The measured pressure broadening cross section of 84 Kz gives an upper

limit on the rotational relaxation rate of 12 us—l Torr—l.58 Thus
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during the rising portion of the laser pulse less than 16% of the mole-
cules undergo rotationally inelastic collisions at the 1.7 Torr pressure
of most experiments. Even at tha maximum pressure of 6 Torr in Fig.
II-12, the effect of rotational hole filling should be small; the pulse
is still shorter than the minimum time between inelastic collisions.

By contrast vibrational relaxation and quenching of dissociation depends
on the ratio of inelastic collision rates to unimolecular dissociation
rates.

There is much experimental evidence which indicates that highly
vibrationally excited molecules lose several thousand cm‘-l of vibra-
tional energy per gas kinetic collision.59 The step size for vibra-
tional relaxation of C,H,Cl, was estimated to be about 10 kcal/mole

274772
-1 43 ;
. Thus it 1s reasonable to expect that quenching of a

or 3500 cm
full quantum from level £ to -1, £ > 7, will occur with a hard sphere
cross section of 53 KZ. The hard sphere cross section was calculated
from van der Waals b constant.60 For 3000 cm_l energy increments the
rate of dissociation increases steeply with excitation level, Fig. II-1,
so that if collisions compete with dissociation to deactivate level

% to R-1 then level £-1 will subsequently be quenched with almost unit
efficiency to below the dissociation thizshold. In the model calcula-

tion dissociation is simply terminated at an elapsed time equal to the

inverse hard sphere collision rate of 7.7 us—l Torr-l.
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2. Evaluation of Parameters

The effective cross section, Ogl, for 0+1 excitation of a single
vibration-rotation line is estimated from the integrated cross section
measured for the entire branch divided by the laser linewidth, Awl,

and the number of lines per initilal rotational state in the branch.

a 2.3 rot. branch A dw
ot. Tanc.
%1 nbN_Au, (-7

where Nt is the total number density of the molecule, b is the absorp-
tion cell length, and n is the number of lines for a single rotational
state In the integrated rotational branch. For a parallel band and
for the Q branch of a hybrid band n = 1, for perpendicular n = 3, and

= &4 for hybrid bands non~) branches. In case the transition linewidth
Ao is broader than Amz, Amz should be replaced with Awmol' in

mol.

Equation (II-7). 081 calculated for several selected frequencies are
listed in Table II-2.

It is difficult to directly measure the absorption cross section
in the QC. However, an average effective cross section for 2+2+1
transition, O;’2+1, can be estimated from the integrated absorption

of the fundamental. In the case that the oscillator strength of the

2+%+1 transition is from a single vibrational mode,

23fA durRo n_Ag
o2 - ., .xr mol. (11-8)
2,041 bN n_Aw w_ (D)
t'r mol. t
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where wt(£+l+1) is the overall bredth of the R+%+1 tranmsition, n is
the total number of lines for a single rotational state in the vibra-

tional band and EQC is the starting level of the QC. At EQC the

intramolecular vibrational relaxation is much faster than the optical
pumping rate that the absorption of photons can be viewed as going

through the £ C-l*ﬁ C transition. Even though £ increases as the

Q Q

molecule absorbs more photons, v ghould still be £ c—l since

pump mode Q
the excess energy, th—(lqc-l)hv, is statistically distributed among

20,75,76

other vibrational modes. At levels 2 > lQC’ A must be

mol.

broad enough to form a smooth spectrum over the range of W . The

factor nrAwmol./wt simply depicts the number of rotational lines that
would be in resonance with the laser. The absorption cross section
integrated over the entire CH stretching range for sequential transi-
tions to higher levels should be very close to that for the fundamental,
1.5 x 10_17 cm/molecule. It should increase slipghtly due to excitation
of a mode already excited as £ increases. TFor £>2 individual transi-
tion lines with very broad linewidth form a single vibration-rotation
state overlap to form a smooth spectrum, Sec. D. Therefore,

a 2.3 ‘fall C-H modes A dw

o =
+ )
L,0+1 bNtut

(11-9)

where W, the overall bredth of the CH stretching region, is about 150
cm-1 for the fundamental and should not greatly increase as £ increases

through the quasicontinuum. Near the centcr of the CH stretching region
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0; 241 TEY be twice the strength of the average value as indicated by
’
a

the fundamental spectrum. All of these considered, 023 is estimated to

19

be >2 x 10 cm2 near the center of the CH stretching region. As %

increases, the slight increase of integrated absorption should be offset
by the small increase of mt, therefore 0§’2+1 are of the same magnitude
as 0;3. Although the number of individual transitions sharing the CH
oscillator strength increases with £, these transitions all overlap

and correspondingly more of them are resonant with the laser. Thus the
effective cross section should remain approxim lely constant.

For the 1»2 transition the spectrum is quite complicated. At 2913
cm—l, half the frequency.of a Q branch in the 02 spectrum, it is
guaranteed that a molecule which is excited from 0»1 will be in
resonance at 1+2, i.e., Pl2 (2913 cm-l) = 1. The yield at frequencies
corresponding to the adjacent P and R branches of the overtone, Fig.
IT-8, is about half that at 2913 cm_l and thus Pl2 is chosen to be
0.5. P

12
transitions)/wt. Very roughly then the CH stretching region is about

can also be crudely estimat:d as Auhol *(total number of

half covered by the lines of the 132 transition from a single rota-
tional state as discussed in Sec. D. Therefore, the absorption cross
sections should be about double thosz for 23, The value of 5 x lO-19
cm2 was chosen since the laser wavelengths were closer to the stronger
central part of the spectrum.

The fraction c¢f molecules which can interact with the laser

through the fundamental transition is
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QOl(t) = n [(a(t) + 1) wR(:) + Aw,L]/mVB, (I1-10)

where wVB is the FWHM of the rotational branch excited. The power

broadened molecular width wR(t) is p<E/M for the marrow-band laser and
is corrected for off-resonance for the broad-band laser by the formula

7 4
Véé(t) + (off—resonance)2 . If the 'ulse energy up to time t, E(t),

does not saturate the transition, the effective range for laser excita-

tion is just Aw, + wR(t). More often E(t) saturates transitions over

L
a range for saturation auy estimated to be
- 1/2
a(t) = [(E(£)/E ) 1] (I1~11)
with Esat = h\)/ZUOl and 001 the absorption cross section for a linewidth
“R,

Equation (II~11) is derived in general for an absorption line with

a Lorentzian lineshape

g(v) = %)[(v - vo)z + (%‘)2]_1, (11~12)

where Av is the FWHM and Vo is the center frequency. If the absorption
cross section at the line center is 00, then the absorption cross section
at Vv may be expressed as

2
4{v - v )~ -1
(V) = o [1+~—————,, 2 ] . (11-13)
a A\)‘

The laser fluence E can saturate a transition with absorption cross

section U(VS ) = hv/2E. Therefore, the range for saturation of the

at
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Lorentzian line is defined by the equation

2 -1
4(v -v)
%\E) = o [1+ Sa—t-2——°-—] , (1T-14)
° v
and the range alv is
N _ _ 20+E _ . 1/2 _
alflyv = 2(\)5at vo) = Av( ey 1) . (I1-15)

RRKM theory was used to calculate the dissociation rate constants
kl’ Sec. A. The laser pulse shape I(t) was digitized into twenty 1 ns
blocks matching the experimental pulse. The integration of the fifteen
coupled Equations (II-3) and Equations (II-5) and (II-6) was done for
each picosecond increment using a modified version of the program of

61

Schulz et al. The modified program in Fortran is listed in Appendix

I.
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G. Absorption Cross Section and Excitation Distribution

The experimental dissociation yields are compared with those
calculated from the model described above, Table II-2., The discrete
region parameters are fixed as described in the preceding section.

A constant value of 2.5 x 10-19

2 a
cm for Ul,k+1 in the quasicontinuum,
£>2, matches the absolute magnitude and experimental trends of the
data fairly well between 2910 and 2980 cm_l. The ranges of quasi-
continuum cross section values for an exact fit to the experimentally

observed range of W, are small and mostly overlapping. The magnitude

d
of the cross section is only slightly larger than the average cross
section estimated for the central part of the spectrum in the preceding
subsection. For these wavelengths near the center, values larger than
the average should be expected. Furthermore, anharmonicity will shift
the peak absorbance to longer wavelength as £ increases. This expecta-
tion is born out by the quasicontinuum cross sections which fit the
3014 and 2829 cm_l data at the blue and red ends of the spectrum. The
quasicontinuum cross sections are smaller than the calculated average
value for the central region and the value is smaller to the blue than
to the red.

Since there are about six sequential absorptions iIn the quasi-
continuum and the continuum before dissociation, the calculated yield
varies as a strong function, third to fourth power, of this cross
section (Table II~7, rows 1-3)., The value of o2, was fixed only roughly

12

by knowledge of the spectrum. Fortunately, the yield is not a strong
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Table II-7. Test calculations using different sets of absorption
cross sections in the quasicontinuum for 1.7 Torr
ethyl chloride excited by 1.1 J/em? of broadband
laser radiation at 2977 cm~l,

a a a

923 %78 11,12 ¥4,cal
Set 107%cn?) 107 %en?) 107 %n?) @
(€3] 1.0 1.0 1.0 0.04
(2) 4.2 4.2 4.2 6.6
(3) 2.1 2.1 2.1 0.9
)? 4.2 1.2 0.44 0.9
(5 8.4 0.8 0.12 0.9

a a . a a
°£,l+l decrease exponentially from Gyq to 014’15.
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function of this parameter since it involves only a single excita-
tion step. A factor of two increase in calculated yield results

from a factor of four increase in 0;2. The yield is directly pro-
portional to the factor P12' Reasonable arguments can be made for
Pl2 in the range 0.3 to 0.6. It should certainly vary somewhat with
wavelength and may approach 1 at a few specific wavelengths in addi-
tion to 2913 cm_l. A consistent spectroscopic model does require that
vhen averaged over the CH stretching region UiZ.PlZ ~ 0;3. Thus the
uncertainties of the discrete region parameters do not have a large
effect on the quasicontinuum cross sections derived.

Owing to the effects of power broadening and saturation on QOl’
the calculated yield has a stronger dependence on cgl’ even though
0+1 is thr lowest transitian below dissociation. Among the many
calculatlons performed, it is found that wd,cal is approximately
proportional tc Ggi for the rotational branches with similar wVB'

It is obvious from Equation (II-10)} that W is inversely propor-

,cal

: a .
tional to Uy, Since UOl(wR/mVB) is directly proportional to AOl’

the measured integrated absorbance of the 0+1 transition, then wd cal
s

is proportional to A InFigs. II-8, 9, and 10 it was shown experi-

01"
mentally that Wd « AOl' This is a strong support for the model treat-

ment of resonant excitation in the discrate region.
The one effect on dissociation yleld which is not treated well
by the model is the factor of two decrease "a Wd when broadband rather

than narrowband excitation is used near 2977 cm-l, Table II-2. The
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larger cross section and larger power broadening for the narrow band
laser outweight the increase in number of rotational levels with

which the broadband laser can interact. The first two factors dominate
by a modest amount in the model calculation and by a factor of two in
the experiment. There is some deficiency in the treatment of this
difference of excitation sources in the discrete range.

The dependences of energy absorbed and of dissociation yield on
fluence are compared with the experimental results, Figs. II-5 and
II-11. Calculations were made with constant cross sections and with
cross sections which decreased exponentially with £, Table II-7. The
calculated dependence of wd on fluence is in reagonable accord with
the data both as to slope and magnitude. However, it seemed that as
long as the set of GE,Z+1 generates the correct magnitude for dissocia-
tion yield, the slopes of fluence derendence curves are rather inseni-
tive to the variation of the trend of Uz,Z+l' The experimental values
of Wd and their dependence on fluence could be fit even with such cross
sections as set 5 but only by using values for 023 wvhich were unreason-
ably large by comparison to the observed fundamental spectrum. The
optoacoustic signal increases almost linearly with fluence as shown
by the dashed line of unit slope in Fig. II-5., The calculated curves
show the same linearity at the low fiuence end but start to deviate

just slightly from the experimental points at higher fluences. Again,

both the set 3 and set 4 cross sections gave reasonable fits.
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It was experimentally observed that the fluence dependence of
dissoclation is a high power function and yet the dependence of
absorption is almost linear. This is a very interesting phenomenon
and an important characteristics for multiphoton processes. Such
fluence dependences were also observed for the fluence range before

7,83 The repro-

reachiny saturation for SF6 under 10 bum radiation.
duction cf such fluence dependences by the rate equations calculation
provides additional support for the model.

More inferences concerning the absorption cross sections can be
drawn from the fluence dependence of absorption. Contributions to
the optoacoustic signal mainly come from two groups of EtCl molecules
that absorb under the 3.3 um radiation. One group of molecules may
underzo 0+l transition but does not have a 1+2 transition Jn resonance
with the laser (this group accounts for the portion of molecules,
QOl-Plz). Their absorption certainly has a linear fluence dependence

at very low fluences and saturates above E The other

sat. linear”
group of molecules may find their way into the QC and their absorption
contributes predominantly to the optoacoustic signal at higher

fluences. The absorption of this group ¢f molecules can be written

analytical as

Optoacoustic Signal = Total Eneruy Absorbed, Eabs =z lthi’ (I11-16)
) L

where Ni is time dependent duriny the lascr pulse. The time derivative

of is

Eabs.
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dEabs dNE
T = E Qh\) 'd—t— . (11-17)

The rate equation expression for dNQ/dt is used but the dissociation
term, which is related to the "saturation" (level-off) of the absorp-

tion curve is neglected. Then

dE
abs. _ a _ & < _
T = 5(02’2_‘_1 UQ’E_I)I(t)Nl = ?GEI(C)Nz(t). (11-18)

Now it is clear that if o, are constant or only approximately constant

over a significant range of large £ values, after integration

Eabs. Uz'(Nt'P12f001dt) Eraser” (11-1%)

Therefore, the optoacoustic signal would be linearly proportional to
the laser fluence Elaser if the absorption cross sections in the QC are
approximately constant. On the other hand, any drastic change of
absorption cross sec:ions in the QC may cause the fluence dependence
to deviate from linear. Any deviation could be used to monitor the
variation of a, in the QC.

The discrepancies between the experiments and the calculated
curves in Figs. 1I-5 and II-11 might be partially caused by the approxi-
mate treatment of the laser spatial profile. In principle, the experi-
mental fluence dependences should be deconvoluted from the spatial
25,62

variation of fluence in the laser profile. The effect of
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deconvolution on the shape of the fluence dependence curve was
estimated by integrating the calculated dissociation yield (solid
curve of Fig. II-11) over the measured laser profile. The ratio,
Hd(l.l J/cmz)lwd(O.S J/cmz), is reduced less tham 5% by integration
over the focal plane profile and reduced less than 20% by integration
over the entire irradiation zone. Thus the tedious and uncertain
deconvolution was not carried out. The fact that the magnitudes of
dissociation yield and absorption are fit by the caiculation means
that the calculated distribution and assumed cross sections cannot
be badly in error.

The excitation distribution calculated by rate equatioms for
EtCl molecules at the end of the 1.4 J/cm2 broadband 2977 cm'-l
pulse is shown in Fig. I1I-16. Previously, a thermal distribution
was supggested by Black et al. as a good approximation for an eusemiie
of molecules undergoing MPA.70 A rate equations calculation by Grant
et al., gave the excitation distributions which were narrower and
differently shaped from thermal ones.23 Certairly, the distribution
calculated from rate equations depends heavily upon the set of cross
secti 1s used. In Filg. II-16 the distribution of the entire ensemble
of molecules can hardly be characterized with a single temperature,
since there are three distinct groups of EtZl molecules in the
irradiation volume. One group, stuck in v = 0, contains molecules in
the rotational states that do not have a O+l transition in resonance

with the laser. The second grouy contains molecules excited to v = ]
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I1I-16.
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Calculated population distribution at the end of the

1.4 J/cm® braodband 2977 cm™ ! pulse is indicated by
the blocks. a) and b) are calculated with the con~

stant set (3) and the exponentially decreasing tcet (&)

g of Table IT-7, respectively. Molecules which
2,R+1

have dissoclated from the levels R > 7 are included

in these levels. The curves are the best fitting thermal

distributions at the designated temperatures.
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but do not have a 1+2 transition in resonance with the laser. Only

for the third group, molecules which enter the QC, can a comparison

between the calculated and thermal energy distributions be made.
The thermal distribution is

Dy L &TED (11-20)

Ng(thermal) = Dvib. L ib.

Thermal distributions at 100 K intervals were compared to the peak
postion and the shape of the two rate equations calculations., The
best fitting thermal distributions at the designated temperatures were
plotted in Fig. II~16. Thermal curves for temperatures 100 K higher
or lower were significantly different. The rate equations calculation
with the set of exponentially decreasing cross sections produced a
narrower and differently shaped ‘istribution from the thermal one.
The deviation is larger on the high energy side of the distribution.
However, the calculation with constant absorption cross sections in
the QC can be fitted well by a thermal distribution. This should not
be surprising since 1t was stated that an incoherently driven harmonic
oscillator reaches a Planck distribution function at a well-defined
temperature determined by the total energy absorbed.64 The devilation
from a thermal distribution at the lower levels in Fig. I1I-16(a) is
caused by the larger cross section 1+2 transitions than those for
higher transitions.

The calculation also reproduced the general features of the

pressure dependence of dissociation, f.e. a factor of two decrease in
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yield from 0.2 to 2 Torr but a ~107 decrease from 2 to 6 Torr. The
sensitivity of the pressure dependence to the assumed cross sections
is shown in Fig. 11-12. 1In this case, the dissociation yields cal-
culated with constant °z,z+1 gives a better match with the measured
pressure dependence.

Within the fluence range of Fig. 1I-5, the calculated <n> depends
more strongly on the lower part of the quasicontinuum transition cross
sections. In contrast, the pressure dependence of wd depends on the
excitation distribution above the dissociation threshold and therefore
on the cross sections in the continuum. The facts that set 3 cross
sections fit better with pressure dependence of wd and that set 4 fits
better with optoacoustic measurements suggest that 0;,2+1 decreases
slightly in the lower part of the quasicontinuum as R increases and
approaches a constant value near the continuum. In any case, a more
complicated functional form is probably needed to describe the modest
variation of °;,£+l with 4.

Such complexity in describing the trend of absorption cross
sections in the quasicontinuum was exhibited in a double resonance
experiment measuring absorption crosssections of excited SFG.65 It
was also qualitatively shown that different trends of °z,z+1 as £
increases may be expected depending on different pump mode anharmon-
icities and line broadening behaviors.55 For SF623 and CHCIFZBA sets

of decreasing quasicontinuum cross sections were assumed for MPD

calculations. For these molecvles a gradual but substantial line
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broadening as £ increases might cause such a trend. For EtCl,
however, the linewidth of a vibration-rotation state has been

broadened to be comparable to the vibrational bandwidth of vCH = 3.

The many broadened C-H transitions overlap and cover a total range
much larger than the broadening even at high £. Therefore, the

. . a
variation of OQ,Z+1 should be small. For SFSNFZ, which has several

strong absorntion bands near 11 um and a low molecular symmetry,

excitation in the quasicontinuum by CO2 laser is similar to that

of EtCl at 3.3 um. The phenomenological atsorption cross section,

0 = <n>hv/fluence, of SFSNF2 was found to be nearly constant over

five orders of magnitude of fluence.66 Most recently, in a
theoretical study with a series of Bloch equations for MPD of
CF2CFC1,67 it was found that absorption cross sections which decrease
sharply at the lower levels and approach a constant value at higher
levels generated results in good agreement with the experimental
dissociation dependence on laser intensity and on buffer gas pressure.
The trend of the absorption cross section coincides well with the
broadening of the assumed homogeneous linewidth as the transition g-«s
upwards. From Equation (II-8) the relation 03,2+1-mt(1*1+1) B
constant can be obtained. mt(l+ﬁ+1) can be approximated by
wt(0*1)+Awm . Since Awmol. generally increases sharply for the

ol.
17,18

lower transitions and less drastically for the higher ones, it

P s a
is reasonable to anticipate that 02 fl decreases 'wore for lower
s

transitions and less for higher ones,
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Combined with the experimental wavelength dependence of
dissociation, the success of the model calculation not only demon-
strates the significance of the resonant excitation mechanism, but
also indicates the usefulness of the absorption c.oss sections, both
in the discrete region and in the quasicontinuum, calculated from
the ordinary linear spectra. The excitation distribution strongly
depends upon the maguitude and the trend of absorption cross sections
in the QC. As these absorption cross sections approach a constant
value, thermal distribution becomes a good approximation for the

excitation distribution in the QC.
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H. 3.3 ym vs 10 um Excitation

The variety of molecular structures, of energy level pattermns
and of excitation wavelengths available in nature assures that there
will be a great variety of multiphoton dissociation mechanisms and
phenomena. The importance of vibrational spectroscopy to MPD was
also stressed and discussed with more examples in a recent review
article.69 The sharp structure in the MPD spectrum of CZHSCI at 3.3
um contrasts with the broadened spectra exhibited by SF6 at 10 um.
C.B.Cl is more easily dissociated by excitation of bands at 3.3 um

275
than at 10 um; for CHC1F, the reverse is found. The different MPD

2

behaviors of these molecules may be understood in terms of their
different discrete level structures. Furthermore, one can predict
from ordinary absorption spec:ra whether, and at which frequ ncies,
sharp resonances will be found in MPD yield spectra.

The most interesting new feature experimentally observed for
EtCl MPD at 3.3 un is the occurrence of sharp peaks in MPD yield
(Nd and Nd/A01) at frequencies given by ovdinary spectra. This
observation is a result of the small number of photons required to
reach the QC and the existence of a resonant path for excitation.
Since the vibrational level density is relatively high at Veu = 3
and the 2+3 transition linewidth is very broad, the use of 3.3 um
radiation assures that the QC is reached at the absorption of the

third photon. The sharp structure in the yield spactrum matches the

fundamental spectrum because all levels Ven > 2 are significantly
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broadened. Anharmonicity is compensated by involving several nearly
degenerate C-H modes in the discrete region. Power broadening is
not necessarily required for anharmonicity compensation and only
modest intensities are needed for excitation. Thus the sharp fea-
tures of EtCl are preserved. 1n contrast, the more familiar 10 um
excitation requires up to three times as many photons to reach the
0C. The 10 pym MPD spectrun is red shifted and broadened by tiie need
to compensate for anharmonicity through the discrete levels, such as
rotational compensation and power broadening. When several step-by-
step resonances exist by coincidence, the MPD yield spectrum will be
a convolution of the spectra of the several discrete steps.

Ethyl chloride may be dissociated at either 3.3 um or 10 um. The
yield under comparable conditions is, however, much higher for the
3.3 ym excitation, Table 11-2. The R(3) CO2 laser line excites the
center of the P branch of the 974 cm—l band; it should be one of the
most effective wavelengths for dissociation in that band. The rate
equations model may be used to compare the rate excitation through the
quasicontinuum for 3.3 and 10 pym excitation. Table II-8 compares the
probabilities for excitation from an initial level of 6000 cm_l to
dissociation. The calculated probabilities for dissociation are

2 at 2977 cmnl than for 6 J/cm2 at 968

actually smaller for 1.1 J/cm
cm_l. Thus it is clear that the twenty times smaller dissociatiomn
yizld for 10 um excitation is caused by a severe bottleneck in the

discrete region. This u.ttleneck is alisn respomsible for the
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Table I1-8. Calculated probability for excitation through the
quasicontinuum, 6,000-19,600 en™L,

a a
v a2 o2,2+1 Dissocilation Probabiligyb
(cm-l) (10-19cm2) 1.1 J/cm2 6 J/cm2
2977 5 2.5 0.38 -
968 15 2.5° 0.09 0.99

®Number of photons needed to exceed the dissociation limit.

bThe effects of collision were excluded in the calculation.

Co? 241 (£>6) at this frequency can be estimated as 2.5 x 10_18'
Rog/th, (4141 cm®. (c.f. Table TI-3 and Eq. (I1-8)). g should

be ~6-9. w, is ~40 cm_l for the 0+l transition and should increase

as {4 increases. Therefore i1t is reasonable to use the same value as

in the 3.3 um region.
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saturation in the optoacoustic response to 10 um excitaticn above
0.1 J/cmz, Fig. 11-6. No such saturation occurs at 3.3 pym, Fig.
11~-53, where the resonant excitation channel exists.

Resonances with widths of 5-20 t:rn—1 have been reported for
multiphoton excitation and dissociation spectra. A peak about 10
t:m-1 wide has been detected in the multiphoton excitation opto-
acoustic spectrum of cyclopropane at the 3102 cm_l Q branch which
has an 8 cmm1 width in the linear absorption spectrum.34 The
excitation mechanism for cyclopropane may be similar to that for
ethyl chloride. For CZHA at 10 uym an MPD resonance of 10 to 20 cm"1
width was observed.68 The width of the resonance is much greater
than the sharp Q branch near the CO2 laser line. The quasicontinuum
in this small molecule should begin only at a high energy; even
though the mode pumped is relatively harmonic, powers in the GW/cm2
range are required for substantial dissociation. The absorption
spectrum is thus strongly power broadened. For the very large mole~
cules such as Uoz(fhacac)z'THF MPD spectra are found to be coincident
with ordinary absorption spectral features.40 In this case rotaticnal
bandwidths are negligihble compared to !inewidths, <8 cm—l, caused by
coupling to the demse background of low frequency modes. The mole-
cule, with its substantial thermal vibrational excitation, starts in

the quasicontinuum and its spectrum shifts very little as it is heated

to dissociation.40
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I. Collisional Deactivation

The effects of collisions in multiphoton processes can be multiple.
However, for EtCl the effect of collision-induced rotational hole
filling has been discounted in Sec. F. Because of the same reasons,
the short laser pulse and the relatively low EtCl pressure, vibration-
vibration up-pumping during the laser pulse needs not to be considered
for any of the experiments performed with 3.3 um radiation. Collision-
induced vibrational deactivation for highly excited molecules must be
the most important effect and is responsible for the observed dissocia-
tion yield pressure dependence,

As EtCl pressure is increased from 0.2 to 2 Torr the fraction
dissociated decreases by nearly a factor of two. Only about 10% fur-
ther decrease occurs from 2 to 6 Torr. These behaviors can be guantita-
tively explained by the excitation distribution calculated from the
rate equations model and by the competition between the RRKM dissocia-
tion rate and the hard-sphere collisional deactivation of highly
excited molecules. The calculated distribution of moiecules in levels
above the threshold is shown in Fig. II-17. The shaded areas are those
molecules which have dissociated during the pulse. The unshaded por-
tions of the bars are those excited molecules vhich may either dis-
sociate or be quenched by collisions. For pressures —.uve 0.2 Torr near-
ly all & = 7 molecules are quenched. At % = 8 the calculated quenching
»nd dissociation rates are approximately equal at 1.4 Torr. Since the

unshaded area at £ = 8 is approximatelv equal to the total shaded area,
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Fig. II1~17(a), the yield may be expected to decrease by a factor of
two as pressure increases in this range, Fig. I1-12. The observed
wd decreases even —ore sharply than the calculated one between 0.5
and 2 Torr before leveling off. Quenching for the £ = 9, 10 molecules
starts to occur at pressures higher than 2 Torr. The small area of
those unshaded blocks corresponds to the small decrease of ;ield in
that pressure range. The sensitivity of the excitation distribution
to the assumed crcss sections is shown by comparison of Figs. 1I-17(a)
and (b), which correspond to the two calculated curves inFig. 11-12
respectively.

The fit of experimental pressure dependence by the model calcu-
lation provides support for using a hard sphere collision cross
section for vibrational deactivation, in addition to the justifications
given in Sec. F. Of course, in order to use such a quenching rate, the
colliding partner for the highly excited molecule should be a much
cooler one. This condition is fulfilled since the calculated excita-
tion distribution, Fig. I11-16, shows that up to 707 of the molecules

are at v, = 0 or 1 after the 1.6 J/cm2 pulse,
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Fig.

11-17.

100

Calculated population distribution after the laser
pulse for levels above the dissociation limit. The
shaded area indicates the fraction of molecules which
dissociate during the laser pulse. The dissociation
lifetime was calculated by RRKM theory. a) and b) are
calculated with the O?,R+1 of set (3) and set (4) of

Table II-7, respectively.
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J. Concluding Remarks

The experimental data for ethyl chloride demonstrate the impor-
tance of molecular structure and vibrational level patterns in con-
trolling MPE and MPD. A variety in MPF and MPD phenomena comparable
to the variety of vibration-rotation spectra of polyatomics should be
expected. In a very recent review article, the importance of mole-
cular spectroscopvy tae MPD has been recognized and i]lustrated.69

The sharp resonances in ethvl chloride MPD yield at peaks in the
fundamental absorption spectrum contrast strongly with the broadened
and red-shifted yield spectrum of SFG' These resonances in ethyl
chloride exist because there are several CH stretching modes in the
same spectral region and because cnlyv two or three photons are required
to reach the guasicontinuum. MPD resonances with structures in the
first- and second-overtone spectra further demonstrate the resonant
nature of the excitation mechanism. Excitation in the discrete region
involves several nearly degenerate modes to compensate anharmonicity.
The established model for SF& must be modified according to the
specific molecular and spectroscopic properties to describe MPD of
FtCl at 3.3 um.

MPE and MPD may be modeled quantitatively using the rate equations
analysis appropriate for the spectral properties of ethyl chloride.
Most parameters in the model are fixed using independent sources of
data. Normal linear ir spectroscopy gives the positions of eunergy
levels and through their linewidths shows the onset of the gquasicon-

tinuum. Thermal dissociation kinetics data interpreted by RRKM theory
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give the dissociation rates as a function of vibrational energy.
Vibrational relaxation rates are taken as gas kinetic. The good
fit of the experimental results on both MPE and MPD using optical
cross sections close to those given by the fundamental absorption
spectrum confirms the basic model for MPD. The variation of optical
cross section with excitation level is small but cannot be deter-
mined in detail from the present data.

It all appears that the basic model for MPE and MPD is sound.
The parameters used in the calculation were in total consistency with
the knowledge of optical transitions and vibrational energy transfer,
and the calculated results agree well with the experimental observa-
ticas, As to the question of whether the excitation at the Ch
stretching modes will lead to mode-selective dissociation, there is
no indication at all that the unimolecular dissociation induced by
3.3 um MPE might be nonstatistical. The statistical RRKM dissociation
rate not only generates the correct magnitude for dissociation yield,
but more significantly it couples with the calculated excitation dis-
tribution to account for the pressure dependence of the yield. The

very broad linmewidths observed for v, > 3 overtone spectra18 also

CH
support the use of statistical dissociation rates. These broad line-
widths correspond to ultrafast rates for intramolecular relaxation.

The quality of the experiments and the calculation certainly does
not allow us enough sensitivity to determine the existence of restricted

intramolecular vibrational relaxation, if such restriction exists.

Such nonergodic behavior may exist even though the overall reaction
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rate appears to be statistical. The detection of this type of non-
ergodicity through dissociation measurements relies on specific and
direct coupling between the reaction coordinate and the excitation
modes. From the 4-centered activated complex proposed for HCI
elimination (Sec. A), it is clear that the CH stretching mode is
involved in the reaction coordinate. For EtCl, C-H modes related to

the CH, group couple more directly with reaction coordinate than do

3
those of the CHZ group. However, MPE in the discrete region usually
excites more than one C-H mode. Even though at some well choosen
frequencies the C-H modes excited all belong to one CHn group,

since EtCl has only one dissociation channel, the seusitivity for
vield measurement may not be enough to allow the detection of the
difference of dissociation rates resulting from pumping the two
different CHn groups.

Originally, molecular systems with several HCl elimination
channels, each involvaed with a different CH bonds and all have com-
parable activation energies, were choosen to test whether any pre-
ference exists for a specific channel while exciting at a correspond-

ing C-H fundamental band. One such molecule is 1,2-dichloropropane,

CHZCC1CH3

trans—CHClCHCH3
CH2C1CHC1CH3 —— + HC1.
cis-—CHClCHCH3

CH,CLCHCH
“~ 2
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Although MPD was ohserved for this molecule under 3.3 um radiation,91
the project was not carried out primarily because MPE can not provide
a clean excitation for any specific C-H mode even in the discrete
region. Other schemes of excitation, e.g. direct excitation by a
single visible photon to a C~H overtone level higher than the activa-
tion energy may be used to significantly test the possible non-
ergodicity in these molecular systems.

Experiments monitoring the rate of product formation may also
be used to make assessment on the di;sociaticn rates. In the rate
equations model ethyl chloride molecules are produced in levels & =
7, 8, 9, ... above the dissociation 1limit with specific total energies
and corresponding lifetimes, Fig., II-17. These lifetimes decrease by
large factors from one to the next, 6200, 90, 7.9, ... ns. Since
the laser photon energy is much greater than the room temperature
thermal spread of vibrational excitatiom, the actual liferimes with
respect to dissociation should be clustered about values comparable
to those calculated. The sudden drop in the yield vs pressure curve
followed by a plateau, Fig. 1I-12, is a direct consejuence of this
unusual lifetime distribution. A measurement, preferably by detecting
the product fluorescence, of those rise times longer than the laser
pulse duration as a function of wavelength (maybe even of different
CHn groups or C-H modes) would be a sensitive test of the RRKM theory
parameters for the transition state. The relative populations of

states above the dissociation limit would help to define more accurately
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the cross sections for excitation in the continuum region. However,
such a measurement may be experimentally difficult. At 1.4 J/cm2

3 cm3 x 2% x 3.2 x 1016 molec./cmj-

fluence, approximately 1.6 x 107
Torr x 2 Torr % 2 x 1012 molec. are excited to £ = 8 level for 2 Torr
EtCl in the focal region. Roughly 60% of these molecules would
dissociate according to RRKM rate before they are collisionally
deactivated. According to some previous studies of HCl elimination
reaction of chlorinated hydrocarbons, roughly two thirds of the excess
energy would be in the internal degrees of freedom of the products.52'7l
By assuming that the available enerpy is partitioned statistically
among the vibrational degrees of freedom of HCl and C2H4, it is
estimated that the average energy in the HCl vibration is about 0.2
kcal/mole. This indicates that about 2% of the product HCl is in the
v = 1 state. HCl has a Einstein A coefficient of 30 sec—l.72 There~
fore, it is estimated that the vibrationally hot HCl would give phoion
flux of 2 x 1012 x 60% x 2% x 30 = 7 x 10ll photon/sec for detection.
This number barely reaches the detection limit of typical ir detectors?3
MPE at CH stretching modes can also be used as a means to create
molecular populations at high vibrational levels for kinetic studies
such as the determination of the vibrational quenching rate as a func~
tion of vibrational energy. FromFig, II-17 it is conceivable that at the
end of the laser pulse a significant number of molecules are excited to

£ =13, 4, 5 ... levels, each level separated by ~8 kcal/mole of energy.

Molecules from these levels may fluoresce in near ir and visible region
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from Ven = £ to the vibrational grourd state with a probability of

approximately 1/(Awmol:pvib)' By monitoring the decay of this

fluorescence the quenching rate of a specific vibrational level can
1
be determined for a gaseous environment. For EtCl, roughly 10 3

molec. can be excited to L = 4 after a focused OPO pulse. At f = 4,

I is ~50 cm_l,18 and o, ~1.4 x 104 1evels/cm~1. With an

mol. ib
~3

~1
sec for the Vey = 4+0
6

Einstein A coefficient of about 1072~10
transition,l7 the photon flux for detection is about 105~1O
photons/sec. This flux may be low for time resolution of fluorescence

decay better than usec. However, for molecules like C2HA’ the experi-

ment may be more feasible. MPE for C_H, might be less efficient, but

274
the fluorescence probability should be higher because of smaller Awmol
- = - ; 7 ,.8
and Yyib® For the Vou = 4~0 transition, there might be 10 ~10

photons/sec available for detection.

The pressure dependence of the disscciation yield may change
with fluence. The excitation distribution is shifted to higher
{lower) levels by higher {(lower) pump rates at higher (lower) fluences,
The lifetime distribution of dissociating meclecules 1s vonsequently
changed and this should result in differcnt pressure dependent
behavior. The influence of roactant pressure con the isotope selec-

8 4
tivity, w(P), has been observeJ.3 »39,7

The variation of o(P) will
depend on the absnrption crouss sections ¢f different isctopic mole-

cules at the excitation frequency, on the energy dependcnt dissocia~

tion rate and on the collisional deactivation rates. A wide range
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of behaviors of a(P) may be anticipated. At a proper fluence the
desired isotopic species, which has larger absorption cross sections,
may be driven to higher levels with considerably faster dissociation
rates than the undesired isotopic species, The pressure controlled
collisional deactivation would then quench those molecules with
longer lifetimes and thus in some pressure range isotope selectivity
could increase with pressure.

The narrowness of the MPD resonances may also be utilized for
laser isotope separation with small isotope shifts. However, in
order to retain sharp features in MPD, either very high frequency
lasers should be used or molecular systems with their QC starting at
very low vibrational levels should be choosen to interact with low
frequency lasers. Judging by the present development of high fre-
quency ir lasers, it is doubtful that such an isotope separation

scheme would be more economical than those developed with CO2 lasers.
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CHAPTER II1. RATE EQUATIONS ANALYSIS OF VIBRATIONAL

SELF-QUENCHING IN IR MULTIPHROTON DISSOCIATION OF SF6
A. Introduction

Collisions play an important role in multiphoton excitation (MPE)

and dissociation (MPD). Many collision-induced phenomena have been
observed and the effect of collisions qualitatively attributed to many
mechanisms: rotational relaxation during the laser pulse may bring
more molecules in resonance with the laser;31 deactivation of highly

2,80 and for small

excited molecules decreases the dissociation yield;7
molecules vibrational up-pumping by vibration-vitration transfer can
put molecules into the quasicontinuum (QC) and thus allow multiphoton

30,49 For MPD of medium size polyatomics without the

absorption.
presence of buf”er gas, viprational self-quenching should be the pre-
dominant collisional effect. This is because only that rotational
relaxation which occurs in the early portion of the laser pulse can
effectively contribute to MPE and because the rapid relaxation of high
vibrational levels, primarily through near resonant V-V transfer,al’82
affects both MPE and MPD both during and after the laser pulse.
It is difficult to make a gquantitative assessment of any of the
collisional mechanisms in multiphoton processes, since a quantitarive
description of optical transitions alone is difficult. However,
several studies have quantitatively treated MPD of polyatomics in
the presence of a large amount of diatomic or monoatomic buffer gas

53,67,83

with either a rate equations calculations or an information

theory analysis.aa Values ranging from 40 to 910 cm_l energy were
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reported for per collision deactivation of highly vibrationally
excited molecules by those structureless collisional partners
through vibration-translation transfer. For vibrational self-
quenching, a rate equations model, which used statistical dissocia-

' tion rates and gas kinetic vibrational quenching rates, has
quantitatively described the pressure dependence of the dissociation
yield of ethyl chloride in the 3.3 pm region.80 In that calculation
ab-orption cross sections were estimated from ordinary linear
spectroscopy and the calculated yields agreed well with the mea-
sured absolute yield and its fluence dependence. More than 3000
cm--l of vibrational energy was assumed to be removed in one collision
for molecules excited above the dissociation limit (56 kcal/mole).

It is certainly desirable to apply this calculation of self-quenching
to other MPD systems with different conditions.

A natural candidate for further examination is SF6 under 1C um
radiation. The pressure dependence of SF6 MPD yield was reported by
Ambartzumyan et al.79 It was showm that between 0.05 and 1.1 Torr
the yield of SF6 under 4 J/cm2 radiation at 947.8 c:m"l decreased by
a factor of 8, Fig. III-1. Vibrational deactivation by collisions
was thought to cause the decrease. A thorough rate equations cal-
culation has been done by Schulz et al. for collisionless MPD of
SF6.61 In their calculation the effect of collisions was not

included since most of the experimental observables used for com-

parison were obtained from molecular beam data. In this revort,



vibrational deactivation 1is added to the rate equations for the
calculation of dissociation yield at different pressures and com-

pared with the experiment.



Fig.

111-1.

112

Dissociation vield of SFﬁ under 4 J/cmz radiation at
947.8 cmvl vs SF6 pressure. (@) are experimental

measurements obtained from Ref. 79, Curves are cal-
culated with the rate equations model with different

[+ values. Numbers on the curves indicate the magni-

tude of 40,
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B. The Model and the Determination of Parameters

As in the original calculation in Ref. 61, rate equations were
applied to molecules which had absorbed 3 or more photons. The
absorption and reemission of photons for molecules in the QC and
the continuum were treated as for harmonic oscillators incoherently
driven by the laser field. An exponential decrease was assumed for
the absorption cross section of transition to level 2+1 by molecules
possessing £ photons, o:,£+1 =0 e—di. 0 and f are the two para-

meters characterizing the QC absorption. In this calculation vibra-

tional quenching is added to the rate equation

[ ( a . e . 1
= %10 ¥o1 a1 "‘z+1) ="

a e 1
(JE,SL+1 + °n,2-1)m Np = KglNg = ke (N = Np )

Here I1(t) is the laser intensity, 0§+1‘£ is the stimulated emission
cross section from level £+1 to £, and k2 is the unimolecular dissocia-
tion rate constant for molecules having energy £hv. In the collisional
term, kc is the collisional frequency, and Afhv, a positive number, is
the amount of vibrational energy removed from the excited molecule in
one collision.

For the discrete region excitation (QiB), a simplified 3-photon

absorption model was used to calculate the population excited to v = 3

from the vibrational ground state as a function of laser intensity
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(Ref. 61). Two parameters characterize the excitation in the dis-
crete region: Y, a parameter related to the rotational distribution;
and Io, a reference intensity. If y and !o are known, the fraction of
molecules entering level £=3 according to the instantanecus laser
intensity can be calculated. It was assumed that once the molecules
enters level 2=3, they will not return to ground state. Collisional
effects are neglected in the discrete region. The V-V rate for

v(v3) = ] was measured to te 0.7-1.5 usec-Torr,85 a relatively slow
process compared with the laser pulse duration. SF6 requires 2.8
collisions for rotational relaxation to occur at room temperature.86
Therefore rotational relaxation is not expected to make significant
contritution to discrete region excitation for pressures <1 Torr.

No calculation was performed for 947.8 cm-1 in Ref. 61 and the
four excitation parameters (o, B, v, 10) remain undetermined. However,
values for these parameters were obtained for 934.9, 944.2, and 352.9
cm-1 by fitting the calculated dissociation yield fluence dependence
to the experimental observation.61 Additional experimental information
such as fluence and pulse duration dependence of absorption at 942.9
cm_1 was also used to pin down these parameters. Due to the following
reasons, linear extrapolation between the values at 944.2 and 952.9
cm—1 was used to obtain the two QC abosptior. parameters, 0 and 3, at
947.8 cm .

1. Experiments showed collisionless MPD threshold fluence increases

-1 61,5

linearly from 935 to 953 cm This chreshold fluence, which



is the minimum fluence required for monitoring dissociation at
the detection limit, presumbly reflects the strength of the QC

absorption.

2. Collisionless !D yield decreases almrst linearly €rom 935 to

953 c:m.1 at 5 J/cmz.61

3. From the previous collisionless MPD calculation, the average

absorption cross section in the QC which fits the data decreases

linearly from %35 to 953 cm_l.61

1 19 e—O'OAZE cm2 and is 4 x 10-19

ca
2,241
00358 2 ok 952.9 cm b, thus at 947.8 alo= 6x1070° cn?

At 944.2 em = B x 10

and £ = 0.039.

Y and Io can then be determined by calculating the dissociation
vield wd to fit the experimental collisionless yield with the new set
of QC absorption parameters. Unfortunately, there was no measurement
done under collisionless conditioms for 947.8 cm-1 at 4 J/cm”. How-
ever, at 5 J/cm2 and 0 Torr Hy (944.2 cmnl)/Hd (947.8 cm-l) = 1.6.61
This ratio increases as the fluence decreases.87 It was shown that
the ratic W, (944.2 cm”l)/wd (949.5 em™1) increased by 32% from 6 to
4 J/cm2.87 Thus it is reasonable to assume 1.6 < Wd {964.2 cm~1)/wd
(947.8 cmhl) < 1.6 x 1.3 at & J/cmz. wd (944.2 cm_l) at 4 J/cm2 was
measured to be 20%,61 50 Wd (947.8 cm—l) should be about 10%. vy was
alwasy set at 0.5 for SP6 at all the CO2 laser lines between 935 and
953 cm-1.61 With Io set at 60 MN/cm2 wd was calculated to be 9.64%

at 4 J/cmz. As a comparison, T (944.2 cm*l) = 20 M\J/cm2 and 1
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(952.9 em™Yy = 400 Mw/cm®,

10 (947.8 cmﬂl) should be between 20
and 400 Mu/cmz. The variation of I with all other excitation para-
meters fixed will change the calculated dissociation yield at zero
pressure for a given fluence. For a larger Io’ the fraction of mole-
cules excited to the QC is smaller, giving a smaller dissociation
vield.

RRKM theory was used to calculate the dissociate rate. The
activated complex and the dissociation energy were taken to be the
same as in Ref. 6l1.. A hard sphere cross section of 110 32,88 which
corresponds to a 93 nsec-Torr collisional rate, at room temperature,
was used to calculate kc at different pressures. The laser pulse
rises in 90 nsec to maximum intensity, has a sharp peak with 90 nsec
FWHM which contains 607 of the energy, and has a total length of

89,39 The numerical integration was carried out with 0.01

0.52 ysec.
nsec increments on the computer till the end of the laser pulse. It
was found that the results are within 1% of those calculated with 1
psec increment. The computer integration calculated the fraction of
molecules dissociated within the laser pulseand the excitation distri-
bution Nﬂ(te) at the end of the pulse, te. After the optical field
is gone, there is only competition between deactivation and dissocia-
tion for the molecules excited above the dissociation limit. The

contribution to dissociation yield form the post-pulse era is cal-

culated as
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W (t>t ) = ZN(t)f»
d e 2534 2 e’

Here fﬂ is the probability of dissociation for NR(te) and is calcu-

lated as
o o
fﬁ = fﬂ + (1-ft)f£-AE
and
© - kc(P)
y k (PY + Kpp e (90

where P denotes the pressure and Afhv is the magnitude of the energy

transfer per collision.



C. Results and Discussion

As a support for the values determined for the 4 excitation para-
meters at 947.8 cm—l, calculations by the rate equations model show
that the average photons absorbed <n> of all the molecules irradiated
by 5.4 J/cm2 pulse under collisionless condition is 15.3 hv, only
slightly lower than but within the error limit of the experimental
value of 17.5 hv with the same fluence but at 0.45 Torr.90 <n> is
expected to be higher at higher pressure. Both in the experiment
and in the calculation, <n> is obtained as total number of photons
absorbed divided by the total number of molecules. Collisional
quenching will shift the excitation distribution towards lower energy
levels where the absorption c¢ross section are higher. Therefore
collision would enhance the total absorption and make <n> larger at
higher pressure. However, since only collisions occurring during the
laser pulse would have such an effect, the magnitude of the enhanced
absorption is not expected to be large.

The calculated Wd as a function of pressure are plotted in Fig.
111-1 for various AL values. The best agreement with the experimental
points seems to be the AL = 3 curve for pressure range between 0.2
and 1.1 Torr. The AR = 3 curve is about a factor of 2 higher than
the experiments for pressures lower than 0.1 Torr and might be
lower than experimental yield for P>1 Torr. The discrepancy at higher
pressure might result from rotational relaxation during the laser pulse

that would increase the yield. The discrepancy in the lower pressure
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region is most likely due to uncertanties in the excitation para-
meters for calculation, and/or in the experimental measurements of
laser fluence and dissociation yield. Though it seems unlikely

that extrapolation of W, from the experimental points to zerc

d
pressure would reach 9.67%, however molecular beam experiments showed
Wd (947.8 cm-l) at 0 Torr should be about 10% at 4 J/cm2 and any set
of excitation parameters choosen for calculation should fulfill this
condition.

1t was found that the uncertainty of laser fluence has a great
effect on the comparison between the calculation and the experiments.
By assuming a 5% error on the reported fluence, i.e. the experimental
yields was obtained at 3.8 J/cm2 rather than 4 J/cmz, the AR = 2
curve agrees well with the measurements over almost the entire
pressure range, Fig. 1II-2. With the experimental fluence set at
3.6 J/cmz, a 10% error, even the AR = 1 curve is found in good agree-
ment with the experimental points. However, no satisfactory fit with
the experiments can be obtained for the A2 > 4 curves no matter what
fluence was assumed. Although a collimated laser beam was used for
excitation,79 uncertainty in the measurement of beam diameter as well
as the non-cylindrical intensity distribution of the laser transverse
profile make a 10% uncertainty for average fluence very possible. The
same argument on laser fluence may also be made for the molecular beam
experiments. Should the dissociation yield at 4 J/cm2 is less than

10%, a larger number than 60 Mw/crn2 for I0 would be required to produce



Fig.

I111-2.

Pressure dependence of MPD yield with varied fluence
values. (@) are experimental measurements.
(srereees ) is calculated with Af = 1 and fluence =
3.6 J/cmz. wd (0 Torr, 3.6 J/cmz) = 6.2%. (—)
is calculated with 48 = 2 and fluence = 3.8 J/cmz.

wd (0 Torr, 3.8 J/cmz) = 7.7%.  (===—- )} is calculated
with A% = 3 and fluence = 3.9 J/cmz. Wy (9 Torr,

3.9 J/cm2) = 8.4%.
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the smaller wd. Again better agreement with the experimental yields
can be obtained for the A% < 3 curves than in Fig. III-1.

Even though v3 is the highest frequency mode of SFG’ removal of
3000 cm_l energy per collision is conceivable. There 1is ample evidence
from thermal unimolecular studies that molecules excited up to the
dissociation limit may lose more than 10 kcal/mole per collision.59
In particular, data from chemical activation studies complied in
Ref. 59 showed that energy >6 kcal/mole (2100 cm_l) was removed for
some highly excited polyatomics in collision with a cold SF6 mole-
cule, Table I1I-1. These chemically activated molecules may have
vibrational energy as high as the bond energies. For the case of

vibrational self-quenching of ST, excited to comparable energy content,

6
the magnitude of energy removal may be even larger since the V-V
transfer is a more nearly resonant process. The calculation with
4 J/cm2 fluence and at O Torr pressure showed that at the end of the
laser pulse about 2/3 of the molecules are still in the vibrational
ground state, and the average excitation for the molecules in the QC
is 22 hv. Thus AfZhv used in the calculation may be viewed as the
average energy transferred per collision between a molecule excited
to 260 kcal/mole and a cold molecule in the discrete region.

As has been demonstrated previously, the pressure dependence
of wd strongly depends upon the excitation distribution which is a

strong function of laser fluence, and the dissociation rate as a

function of energyv, Chapter II, Section 1.80 The calculation with



Table III-1.

Vibrational quenching by SFg of highly excited mole-
cules generated by chemical activation.?

Chemical Energy Removeqd
Molecule Activation per Collision Reference
System (kcal/mole)
Butyl-2 H + cis~butene >9 93
C2H4C12 CHZCI + CHZCI 7.0 94
CZHSF CH3 + CHZF 7 95
CZHAFZ CH3F + CH3F ? 95
c
CHBCF3 CF3 + CH3 6.0, 7.0 96

aData complied in Ref. 59.

bA stepladder model was used for collisional deactivation.

“The SFg temperature is 196°K. All the other numbers are obtained

for an SFg temperature of 300°K.
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3.8 J/cm2 and 0 Torr shows the QC population peaks at % = 29. A
major fraction of dissociation after the pulse comes from the levels
right above the dissociation limit, Fig. III-3., These levels are
easily accessible for collisional deactivation even at very low
pressure. The in-pulse dissociatin is from levels with much shorter
dissociation lifetimes; it only contributes a small fraction to ”d

at lower fluences. Ccllisional deactivation has much less prominent
effect on the in-pulse dissociation than on the post-pulse dissocia-
tion; wd(t<te) dropped only 30% form O to 0.2 Torr with Af = 2 while
Wd(t>te) decreased by a factor of & in that pressure range. So as
the fluence increases, the QC population peak shifts toward highar
levels, the contribution to wd from the in-pulse dissociation becomes
more important, and the post-pulse dissociation contains a larger
contribution from levels which require higher pressures to quench
effectively. As a result, the effect of pressure on dissociation
yield at higher fluences is much less dramatic than at lower ones.
This can be clearly seen from the calculations plotted in Fig.
I1I-4. At 10 J/cm2 W, decreases by a factor of 2 from O to 1.2 Torr,

d

2
but a 4 J/em” W, dropped 70 times in the same pressure range.

d
Fluence dependence of dissociation yield has long been considered
an important characterization for any MPD system. It was shown by

the calculation that the fluence dependence of Ud changes at different

pressures, Fig. I1I-4. The slopes of the Nd-fluence curves on a

log~-loug plot for the same “d range are very much the same, independent



of the pressures. However, for the same ranpge of fluence these slopes
vary strongly with pressure,

In Ref. 756, an empirical formula W =Noexp(—P/Po) was supgested to

d
fit the experimental points in Fig. [7I-1. The calculation of Nd over
a wider range of pressure shows that such a formula can serve as a
good approximation for a small range of pressure. The slope of the
wd—P curve on semi-~log plot varies less than 507 from 0.2 to 2 Torr,
Fig. 111-5. However, the curve takes a sharp turr at pressures below
0.1 Tory, reflecting the effect of collisional deactivation of the

comparably large population excited just above the dissociation limit

at these low pressures.



Fig.

111-3.

Calculated population distribution after the laser

pulse for levels above the dissociarion limit with
2

fluence = 3.8 J/cm” and A% = 2. The dashed line

(-~-~) defines the population at 0 Torr and the

so0lid line ( ) at 0.19 Torr. The shaded area
indicates the fraction of molecules that dissociate
during the laser pulse. The dissociation lifetime

was calculated by RRKM theory.
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Fip.

111-4.

Fluence dependence of MPD yield at various pressures
calculated from the rate equations model with &5 =

2. iNumbers on the curves indicate the SF, pressure.

6
The average slope between 4 and 8 J/cm2 is 2.2 for
0 Torr, 3.8 for 0.08 Torr, 4.6 for 0.4 Torr, and

6.4 for 1.2 Torr.



Dissociation Yield (%)

100

50

20

0.5

0.2

0.1

1 ]

2 3 4 5
Laser Fluence (J/cm

Fig. 111-4

2

10



131

Fig. III-5, Pressure dependence of MPD yield calculated from the

rate equations model with AR = Z and fluence = 3.8

J/cmz.
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D. Conclusion

With parameters determined from independent sources, a rate
equations model can be used to quantitatively calculate the pressure
dependence of dissociation vield caused by vibrational self-quenching.
Although the uncertainty of experimental parameters does not allow an
accurate determination of the quenching rate, from the comparison
between calculation and experimental measurement it does show that
between 1000-3000 cm-1 energy is removed for §F6 excited to >60
kcal/mole by collision with a cold SF6 molecule at gas kinetic rate.
The calculation also demonstrates that the pressure dependence of
the dissociation yield is a strong function of laser fluence as well
as that the fluence dependence of dissociation yield varies strongly

with the pressure.



CHAPTER IV. DETERMINATION OF THE ARRHENIUS PARAMETERS

FOR UNIMOLECULAR REACTIONS BY SENSITIZED LASER PYROLYSIS
A. Introduction

After a decade of intensive research on multiphoton dissociation
of polyatomic molecules by intense infrared optical fields, a good
understanding of both the excitation and the dissociation has been
established, at least semi-quantitatively. As the fundamental physics
of the multiphoton processes were revealed and many theoretical models
tested, kinetic and spectroscopic applications utilizing these pro-
cesses were also in development. One such kinetic application is to
study the mechanism of unimolecular decomposition of organic mole-
cules.97

It was demonstrated under collisionless conditions that mole-
ciles under multiphoton excitation (MPE) dissociate firstly through
the lowest activation energy channel.98 MPE of alkyl halides in the
presence of high pressure buffer gas showed dissociation always into
the lowest reaction channel. This behavior is consistent with the
statistical nature of the excitation and the dissociation: as the
molecule absorbs many photons in the quasicontinuum, intramolecular
vibrational relaxation randomizes energy among all the modes and RRKM
theorv can be used effectively to calculate the dissociation rate.
However, such microscopic statistical dissociation does not necessarily
mean that the multiphoton excitation and dissocjation is a thermal

process. The energy distribution might be different from a Boltzmann
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distribution for the entire ensemble of molecules after irradiation.z3
The excitation distribution depends strongly on the laser fluence and
the molecular properties. Without precise knowledge of the excitation
distribution, the kinetic data from MPD can often be ambiguous.78 The
method of sensitized reaction can be applied to partially resolve such
difficulty. A molecule, such as SiFQ, which does not significantly
dissociate at low and medium laser fluences is used as a photon-absorbing
medium through MPE. Collisions during and shortly after the laser pulse
will transfer energy from the absorbing gas te the reactant gas which
is not in resonance with the laser. A thermal equilibrium is established
for the reactant after sufficient collisions for energy transfer. In
this manner, MPE is used as a means of thermal heating. It has the
advantage that contact of the hot gas with surfaces and therefore sur-
face reactions can be avoided. The usefulness of this technique has
been demonstrated in obtaining qualitative information about unimolecular
reaction pathways of some organic molecu1e5.35’36’115

In the sensitized IR laser pyrolysis, each laser pulse creates a
transient high temperature pulse (or pulses) during which reactions
occur, in the gas medium. If temperature as a function of time can be
determined, then the pyrolysis can be done quantitatively and quantities
such as activation energy Ea and preexponential factor A of a reaction
may be extracted.

The following method was attempted in this chapter to achieve such
a quantitative goal. 1In addition to the absorbing gas and the reactant

in the gas medium, a second reactant with well known Ea and A for its
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reaction was added as an "interpmal standard." The product yield of
the internal standard coupled with a phenomenological model calcula-
tion is used to deduce the parameters needed to describe the gas
medium temperature history in the model. Additional information,
such as the decay of the temperature, obtained through monitoring the
ir fluorescence from the irradiation volume, was also used in the
calculation. Then by adjusting their values to reproduce the measured
product yield through calculation with the now defined temperature
history, Ea and A of any specific reaction channel of the reactant can
be secured.

1,1,2-trichloroethane was chosen as the reactant here. It was of
interest for studies of photochemistry induced by single-photon

excitation of high vibrational overtones. The reaction channels as
1,1-dichloroethene,

dissociation
products

CHC1,CH, C1 ——

trans-dichloroethene, corresponding
2%, +( )

cis-dichloroethene,

vinyl chloride

92
were observed. The HCl elimination reactions were reported to have

.
very low values of E, 38 and 34 kcal/mole, and A, 109" and 109'9,

100,101

in two flow pyrolyses, respectively, A more recent chemical

activation study suggested a 3-centered activated compnlex in addition

1

to the 4~centered one for HCl elimination and placed the Ea s of

dichloroethenes between 57 and 60 kcal/mole.71 No observation of



vinyl chloride was reported. Here, each of the reactions producing

the three C2H2C12's and vinyl chloride are studied by SiFA- sensitized

CO2 laser pryolysis and thelr Ea's and A's reported. For comparison,

the HC1 elimination reaction of 1,1,1-trichloroethane was also studied.

The iInternal standard choosen in this study is ethyl chloride. Its

HCl elimination reaction is expected to have comparable Ea values as

the reactions of trichloroethanes. Through eight previous studies,

E = 57.4 * 1.0 kcal/mole and log A = 13.8 + 0.2 at high pressure
41,42

limit were determined for C2H5C1 + HC1 + CZHA'
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B. Experimental

1. Pyrolysis

All the chemicals originally reagent grade or technical grade
were purified by fractional distillation. The purity of their vapors
was checked by a Varian 3700 gas chromatograph with gas sample injec-
tion and flame jonization detector to be >99.9% for ethyl chloride
(EtCl), >99.6%Z for 1,1,2-trichloroethane (112TCE), >99.5% for 1,1,1-
trichloroethane (111TCE), and »95.9% for SiFA. No impurities as the
pyrolysis products of the molecules were detected. The unpurified
111TCE (Eastman Kodak, technical grade) originally contains 3.5%
p~dioxane and 0.25% sec-butanol as inhibitors for polymerization,
After distillation there was still 0.47 impurities as p-dioxane
(<0.1%) and CZHC13. The pyrolysis mixture contained between 0.1~0.5%
impurities of 111TCE depending on the individual preparation procedure.
The gases were handled in a vacuum line with greaseless stopcocks.
Before each preparation for the pyrolysis sample, the vacuum line was
pumped down to 510‘_6 Torr. Unless otherwise specified, a pyrex cell
3.8cm long 3.8 cm in diameter with two polished NaCl windows (4 mm in
thickness) attached perpendicular to the cell axis with Torrseal
epoxy, and a gas mixture consisting of 4.9 * 0.1 Toryx SiFA, 0.37 *
0.02 Torr ethyl chloride, and 0.37 z 0.02 Torr reactant (either 112TCE
or 111TGE) were used for each pyrolysis. The gas pressure was mea-

sured by a calibrated variatle-reluctance manometer (Validyne) with
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a 50 Torr range and the mixture was prepared with the aid of a sidearm
on the pyrolysis cell and liquid nitrogen cooling.

A grating-tuned Tachisto model 215 CO2 transversely excited
atmosphere laser was used to provide light pulses. The operational
details and the design of the laser can be found in Ref. 49. With the
internal iris set at 8.0 mm in diameter and without external iris, the
transverse cross section of the multimode beam has a near-Gaussian
profile (Fig. IV-1(a)) and a FWHEM of 4.0 * 0.4 mm. The laser pulse
for pyrolysis at 1027.4 cm-1 (P(40) line) is typically 0.2 3/pulse.
Pulse~to-pulse energy variation was *10%. Long term energy stability
is usually about 10%. The total pulse duration is 1.3 usec long and
has a 70 nsec spike peaked at 35 nsec. The beam from the laser was
used for pyrolysis without tocusing or collimation. A &4 mm thick
polished NaCl flat was placed right in front of the laser at 45° to
reflect about 5% of the beam to a Scientech powermeter for monitoring
the long term fluctuation of the laser energy during the experiment.
The laser beam then entered into the pyrolysis cell and a calibrated
Scientech powermeter placed after the cell for measuring the laser
pulse energy. Thea percentage absorption of the beam by the gas mixture
was determined by the ratio of the pulse energiles after the cell with
the gas mixture in the cell and with the mixturs frozen in the side-

arm at liquid N, temperature. Polished CaF2 flat, NaCl flat or Ge

2

flat were placed between the NaCl beam splitter and the cell in order

to obtain the desirable pulse energy. Between 20 and 30% of the 0.2



Fig.

v-1.

a) CO2 laser beam profile measured with a 0.2 mm pin-~
holz. Open circles (Q) indicate the incident laser
intensity which has been corrected for the entrance
window loss. Closed circles (@) indicate the laser
intensity after gas absorption. b) The profile of
gas absorption is the difference of the incident and
the exit laser beams. ({), obtained from Fig. a),
and (x) are for 0.18 J/pulse incident energy. (W)

are for 0.12 J/pulse.
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to 0.08 J/pulse laser energy entering the cell was absorbed by the
mixture. The real energy absorbed by the mixture was obtained by
multiplying the :bsorption percentage and the pulse energy after the
attenuator corrected for cell window reflection. The laser was
operated at 0,87 Hz repetition rate for pyrolysis with energy »0.15
J/pulse and at 0.33 Hz for lower energies. The slow repetition rate
was meant to allow complete diffusion of the products and the
reactants between the irradiation column and the unirradiated part
between two conserutive laser pules. It was estimated from a cal-
culated theoretical diffusion constantl02 that it requires roughly
0.4 sec for the product to diffuse through a distance of 3.2 mm, the
radius of the irradiation zone (Section B-3), in the 5.6 Torr mixture
at room temperature. The higher temperature induced by the laser
excitation in the reaction zone would hasten the diffusion. For
lower fluences, a slower repetition rate was used to guarantee a
complete mass diffusion. The powermeter was calibrated for different
operational repetition rate of laser pulses with a Scientech model 362
power-energy meter which gave the energy reading of a single pulse
from the powermeter.

After the pyrolysis, the mixture was immediately transferred to
a4 cm3 volume GC sample loop which was attached to the cell and pumped
clean on the vacuum line before the preparation of the mixture. A
column made of 100/120 mesh size Porapak Q in 12 feet long and 1/8

inch in diameter stainless steel tubing was used for separating the



reactants and the products. The retention times at 120°C column
temperature and 30 cm3/min. carrier gas flow rate are 3 min. for

CZHA‘ 7 for CZHCl, 2 for vinyl chloride, 15 for EtCl, 28 for

ccl,CH 38 for trans-CHCI1CHCl, 52 for c¢is-CHCICHCl, 119 for

272

I3 1
111TCE, 140 for C,liCl,

all the molecules mentioned above except CZHCI and CZHCl3 were

, and 260 for 112TCE. The GC responses for

calibrated absolutely. HC1 and Cl2 do not respond to flame ioniza-
tion detection. The large quantity of SiF4 in the mixture gave a
very small signal at 2 min.

The GC peak area measurement and the detector response
calibration give a combined uncertainty of 87 for the product
vield. The yield as CClZCH2 was less accurate partly because it
was difficult to accurately measure the area of its small GC peak
sitting on the tail of the strong EtCl peak. The pyrolysis laser
erergy was reported as the average energy of the incident beam into
th: pas mixture after the first cell window. All the experimental

parameters linearly related to the laser energy have an uncertainty

of 2#3~10% because of the laser energy fluctuation.

2. IR Fluorescence

Ir fluorescence from the irradiation zone was monitored and
temporally resolved for the mixture of 5 Torr SiFA, 0.38 Torr EtCl
and 0.38 Torr 111TCE. The pyrex fluorescence cell is 4 cm in length

and 5.1 c¢m in diameter with ends sealed by two 4 mm thick NaCl
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windows attached perpendicular to the cylinder axis by Torrseal
epoxy. The laser passes through the center of these windows. Along
the direction perpendicular to the laser propagation, two holes 1.7
c¢m in diameter were opened up at the center section of the cell and
were sealed with NaCl windows for transmitting the fluoresicnce. A
liquid He cooled 3 mm x 10 mm Hg:Ge photoconductive ir detector was
rlaced above a fluorescence window. The distance between the irradi-
ation volume and the detector was about 8 inches. A 2-inch diameter
Can lens with 4-inch focal length was placed in the middle between
the detector and the laser pathway to focus the fluorescence to the
detector. The response time for the detector itself is about 0.4
usec. A Keithley model 104 wideband amplifier was used to amplify
the detector signal 100 times before it was recorded and averaged
over 32 pulses using a Biomation Transient Recorder and a Northern
N§~575A Digital Signal Analyzer. The trigger pulse used for trigger-
ing the CO2 laser was also used to trigger the transient recorder.
The time-resolved signal cof the fluorescence passing through the

3-6 um circular variable interference filter, which was cooled
internally in the detector at liquid N2 temperature, was eventually
plotted by a Hewlett-Packard 70048 X-Y recorder. When the filter
was set to a narrow band pass (FWHM 60 cm—l) centered at 5.0 um,
strong fluoresence was observed. Fluorescence around 3.3 um was

also searched for, but no signal after 32 pulses integration was

found.


http://fluoresit.net'
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3. Determination of the Irradiation Volume and the Product Yield

The area of the GC peaks of each reactant and product was measured
with a planimeter and multiplied by the GC detector response of each
molecule. For the case that there is only one dissociation channel
for the reactant, the total fraction of reactant dissociated in the
cell, F, after n pulses can then be calculated., Since F is generally
non-negligibly large, the product yield per pulse, ¢, for the reactant
in the irradiation volume Vr is not simply (F/n)'(V/Vr). where V is
the cell volume. Instead, ¢ is calculated as follows. After n

pulses, the fraction of reactant which remains undissociated in the

cell is
V
1-F = -t~ (1v-1)
Therefore, ¢ is calculated as
) 1
¢ = o 11-a-ntm, (1V-2)
r

When there is more than one reaction for a reactant, Equation (1lV-2) can
still be used with F and ¢ defined as F = L Fi and ¢ = % ¢i. Fi is

i i
the fraction of reactant in the cell turned into product i after n

pulses and ¢i is the per-pulse yield for product i in the irradiation

volume. wi is then calculated as

F.

= L
®i = 7 [N (1v-3)



In the pyrolysis experiments, a wide range of laser pulse energies was
used. In general, between 50 to 200 pulses were used for each pyrolysis
to make F between 5 to 30%.

On the right hand side of Equation (IV-2), all the quantities
except Vr can be measured directly and unambiguously. The volume of
the 3.8 cm pyrolysis cell is 50 cm3. However, there is no distinct
boundary in the transverse profile of the laser pulse that can be used
to calculate Vr' The transverse profile was measured by attaching a
0.2 mm diameter pinhole 2 mm in front of the sensor of a Molectron
Model J-3 pyroelectric detector mounted on a 3-D translator. The
detector signal was read directly from a Tektronix 7704 oscilloscope
with a 50 Ohm input impedance amplifier module.

The dissociation yield might be incorrectly evaluated by using
the FWHM to calculate Vr' The amount of molecules in the laser profile
is about 3 times more than the one in the area defined by the FWHM,
Fig. IV—l(a): The situation is complicated by the fact that the reaction
rate increases exponentially with the temperature; the temperature
distribution right after the laser pulse may be inhomogeneous.
Furthermore, it was noted in the pyrolysis experiments that the per-
centage absorption by the gas mixture decreased as the incident laser
pulse energy increased. At 0.09 J/pulse incident energy, which
corresponds to 0.7 J/cm2 average fluence as calculated with the FWHM,
33% of the pulse energy was absorbed, yet at 0.21 J/pulse (1.7 J/cmz)

only 24% was absorbed. Such a decrease results both from that as the
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excitation level of the molecule getting higher through multiphoton
excitation the absorption cross section decreases and that saturation
occurs in the discrete region excitation at higher fluences. Even
though the measured percentage absorption in the pyrolysis is a con-
volution of absorption at continuously varying fluences along the
transverse laser profile, the trend of absorption percentage dependence
on fluence indicates that at the lower intensity parts of the laser
profile the stronger absorption would make the contribution to reac-
tion from these areas more important. Thus Vr should be defined by

the profile that shows the spatial dependence of energy absorbed by the
mixture after the laser pulse. Such a profile can be obtained from

the difference between the two laser profiles before and after entering
the mixture, A typical measurement of the exit laser profile after

the mixture and the incident profile corrected for one window loss are
shown in Fig. IV-1{(a). It is apparent that substantial narrowing of
the laser beam occurs after the mixture absorption due to stronger
absorption at the edge of the incident beam. The FWHM of the exit beam
was measured to be only 3.0 ¢ 0.3 mm. The difference of the two pro-
files from three sets of measuremcnts are plotted in Fig. IV-1(b).

Even though the scattering and the uncertainty of the points are large,
a much broader profile is apparent. It was also observed that the FWHM
of the irradiation volume does not change much as the laser pulse energy
changes from 0.18 J to 0.12 J as indicated in Fig. IV-1(b). The FWHM
of this profile was determined to be 6.4 * 0.3 mm, and the value of

1.3 cm3 was used for Vr.



C. The Model Calculation

This model gives the product yield of a reactant in the irradia-
tion volume with an assumed temperature history. The temperature T
in the column under irradiation is assumed to be uniform at any given
time. It rises to a maximum value, Tm’ at time zero after optical
excitation and collisional thermalization, then as the heat starts
flowing out of the column, it is assumed to decrease exponentially
just like a thin layer of material at Tm transferring heat to the

environment at an ambient temperature Tr'
_ -Dt
T = (Tm Tr)e + Tr (IV-4)

where D is the decay rate constant for the column temperature and t
denotes time. The reactant starts to dissociate from time zero
according to a first order reaction rate with a rate constant which
may be expressed in Arrhenius form. After integration of the first
order reaction from time zero to infinity, the product yield of a
unimolecular reaction after one laser pulse can be formulated as

o

~E
= -— a -
1n(l - ¢) f Aexp(k(Tm_Tr)exp(_Dt)+kTr)dt. (1V-5)
]

The analytical solution of the integral can only be obtained in a
non~converging polynomial form. Therefore a computer program was
written to calculate the numerical solution (Appendix 1I). The

numerical integration uses the trapezoidal rule with the integration
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interval determined by an allowable error, which is usually set at
5% of 1n{l - ¢). A typical calculation that integrates from time
zero to 10D sec takes a few minutes on a Commodore PET-2001 micro-
processor.

Equation (IV-5) is legitimate only for the case that there is
only cone reaction channel for the reactant. In the case that there
are several reactions for a reactant, Equation (1V-5) should be

modified as

o -E )
-7 = - = a,1 ‘o
In@ -2 e / F AiexP(k(]‘m—Tr)exp(-Dt)+kTr)dt' (1v-6)
0

Apparently the calculation for ¢i couples with one another and this

would make the deduction of Ea i and Ai rather difficult. For reactions

with comparable activation energies, an approximate approach can be
taken. 1t is considered that at any given time after time zero the
number of reactant molecules available for reaction { 1s reduced by

all the other reactions j # i of the same reactant. Thus the product
vield calculated from Equation (IV-5) is higher than the experimental
value ¢i. At time zero there is no interference from other reactions and
at the end of the reaction the reactant available is reduced by about

(1 - £ ¢.) times. So approximately during the course of the reaction
3t

the average effect of all other reactions on the yield of product is to

reduce it by about (1 - % i ¢.) times, Therefore, the adjusted form
. . J
jti
In(l ~ ¢i/(l - % z ¢j)) from experiment is used in the left side of
+d e
171
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Equation (IV-5) for calculating the i product yield of a reactant
with several unimolecular reactions. Both the approximation for ¢i
with Equation (IV-5) and the calculation with Equation (IV-6) are
tried depending on the conditions for each individual reaction as
discussed later. Of course, for photolyses in which the total yields
are less than the experimental uncertainty, B%, Equation (IV-5) can

be used directly without any correction.
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D. Results and Discussion

1. Pyrolysis
The per-pulse product yield of ethyl chloride in the irradiation

column vs the laser pulse energy is shown in Fig. IV-2, The strong
dependence of the yield on the laser energy, i.e. the yield increased
more than 20 times as the pulse energy was doubled, indicates the
dramatic effect of heating by the laser. However the data points in
Fig. 1V-2 scatter from each other. Several sources contribute to this
scatter. The product yield has an uncertainty of *8%. The main
uncertainty of these data points seems to be with the determination

of the laser energy due to the pulse~to-pulse fluctuation and the long-
term drift of the laser. To avoid such uncertainty of laser energy

in the later comparison of measured product yield with the model cal-
culation, the product yield of 111TCE and 112TCE is plotted against
that of ethyl chloride, which is used as an internal standard in the
pyrolysis for monitoring the temperature. The major product observed
for 111TCE is CClZCHZ, Table 1V~l and Fig. I¥-3. Two other products,
CZHCl and vinyl chloride, were also observed with yields roughly two
orders of magnitude smaller. CZHCI is believed to be from the secondary
decomposition of CC12CH2. All four chlorinated ethylenes mentioned in
the Introduction were observed in the pyrolysis of 112TCE, Table IV-2
and Fig. IV-4. 1In pyrolyses where the ethyl chloride yield was larger

than 107 a small amount of C_HCl was also observed as product. This

2
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Fig. IV-2. Ethyl chloride dissociation yield vs incident laser
pulse energy. (Q) indicate pyrolyses with the long
cell, () the short cell, and (@) the short cell and
higher pressure. Typical uncertainty of the data is

shown for three points.
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Tabl

e IV~1, Experimental results for sensitized laser pyrolysis of the CCl,CH, mixtures.

3773
Incident
a Laser Absorbeg Number Pulse C2H5C1 Product Yield of CClBCHB ®
Sample Energy Energy of Repetition Dissociation e £
(J/pulse) (J/pulse) Pulses Rate (RHz) Yield (‘Z,)d CC12CH2 C2H3Cl CZHCl
L-I 0.188 0.046 50 0.87 9.20 29.1 0.41 -
L-1 0.133 0.034 100 C.34 3.53 16.2 0.090 ~
-1 0.121 0.028 100 0.34 1.82 10.2 0.042 —
L-1 0.086 0.029 200 0.34 0.15 1.18 0.007 -
S-1IA (0.25)b 0.062 150 0.87 29.0 48.0 2.50 0.9
S-11I8B 0.150 0.045 150 0.87 5.2 22.0 0.45 -
a.

L-I, 4.9 Torr SiF, - 0.37 Torr C2H5C1 - 0.37 Torr CC13CH3 in the 3.8 cm long cell. S-II,
21.5 Torr SiF4 - 1.64 Torr CyHsCl - 1.64 Torr CCl3CH3 in the 0.9 cm short cell.

All the L-I samples were irradiated by P(40) line. S-IIA was irradiated by P(36) line
and S-1IB by P(34) line. The uncertainty for the pulse energy is #5-10%. P(36) pulses
for S-IIA originally contain ~0.22 J/pulse. However, for comparison with other pyrolyses,
0.062/0.25 was used as the incident energy, since it was observed that in the pyrolyses
with P(40) line the percentage absorption is <25% For pulse energy >0.18 J.

Uncertainty ~ *10%. -

The per pulse yield in the irradiation volume is reported here. The uncertaintv is *8%
except for CpHCL.

From radical reactions invelving both CyHgCl and CCl3CH3.

From secondary decomposition of CC1,CH,.

9sT



Fig. 1v-3.

The CC1,CH, yield from CC13CH dissociation vs the

2 3

corresponding ethyl chloride dissocistion yield. (Q)
indicate experimental results from tne lorpg cell. (@)

is fiom the short cell at higher pressure. The solid

lines ( ) are from the model calculation for CC13CH

3
dissociation with F.a = 47 and 49 kcal/mole and logA =
12.7 and 13.0, respectively. The calculation using F.a

and A previously determined for the molecular elimina-

tion is shown as the dashed line (-—--- ).
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Tabl

e IV-2. Experimental results for sensitized lasetr pyrolvsis of the (8O G UV mintures,

Incident Pulse el Product Yield of cHCL,CH,C1 (1)T®
Laser b Absnrheg Number  Repetition 275 e I
S 1 a (E?eE?ye) (ﬁ?e:TZE) Pu?fes ?:‘; D;?sTsl?;;gn is-C_H_C1 trans~C H_Cl ccl cH CH le c_Hel®
ample puts r ¥ i ¢ clsttyfy-ly transThth, FAr IS 2
L-1 0.198 0.052 200 0.87 18.4 15.6 1.} n.44 1.58 0.4
L-t 0.207 0.048 100 0.87 11.6 1.1 8.13 0.3 0.82 0.3
L-1 U.210 v.u3l 20U 0.47 13.0 9.05 7.32 0.24 0.69 0.2
s-11 0.165 -- 300 0.47 5.18 3.92 2.82 3.063 6.096 0.02
L-I 0.123 0.034 200 0.34 4.3 3.34 2,46 0.19 ©.29 0.08
LI 0. lay [HVE Y 164 (U ) .74 3.34 2,44 0.17 0.14 8.05
5-1 0.144 0.007 40 0.67 3.00 1.46 1.77 0.08 0.12 -
-1 0.094 0.026 200 0.34 0.42 0.217 0.20 0.11 0.0080 -
L-1 0.09¢6 0.023 200 0.34 0.24 u.22 0.16 0.050 0.0047 --
L-111 - - 100 0.34 - 0.21 0.14 0.070 0.0022 -~
S-I 0.090 - 720 0.44 0.10 0.089 0.062 0.008 0.0026 -
a. L denotes the 3.8 cm long cell and S the 0.9 cm short cvll. Sample 1 is 4.9 Torr SiF, - 67;;—;nrr CoH5Cl - 0.37

Torr CHCl13CHpCL.  Sample LI is 5.2 Torr SiF, = 0.26 Torr C3HgCl - 0.38 Torr CHClCHZC1 - 0.14 Tarr toluene. Sample
III is 4.9 Torr SiF, - 0.70 Torr CHClZCHRCI.

P(40) line pulse energy with uncertaiary :5-10%.

Uncertalnty ~ $10%.

The per pulse yleld has uncertainty of #BY except [or (,HC].

CZHC13 was also observed in some pyrolyses. However, toe amount was (oo small to allow meantngful measurement.
From radical reactions {involving both CzHqCl and CHCL)CHHCL.

from secondary decumposition of dichioroethenes.

161



Fig.

V-4,

The product yield from 1,1,2-trichloroethane dissocia-
tion vs the corresponding ethyl chloride dissociation
vield. Points are experimental results. The curves
are the hest fits from the model calculation with the
Ea and A shown in Table IV-8. (s) denotes the short
cell pyrolyses at the same pressure. {p) denotes the
pyrolyses without ethyl chloride. (t) is the pyrolysis

with toluene in the mixture.
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compound should be from the secondary HCl elimination reaction of
trans-dichloroethene (see discussion below) and its quantity was

added to the trans-dichloroethene yield. The CZHCl correction amounts
to less than 5% of the trans-dichloroethen2 yield in the three high
yield pyrolyses of Fig. IV-4.

Before taking the results in Fig. IV-3 and IV-4 to compare with
the model calculation, the following questions regarding the pyrolysis
process should be clarified. Are all the product yields from sen-~
sitized reactions; is there any contribution from direct multiphoton
dissociation (MPD)? Are those observed yields affected by secondary
reactions, such as trans-cis isomerization, and even by bimolecular
reactions? Is the thermalization in the irradiation column complete
before the reaction starts? Can the gas medium during the reaction be
described by a single temperature?

Significant dissociation of SiF4 by MPD is not anticipated even
at the highest fluence, 1.7 J/cmz, used for pyrolysis. SiF4 has a

10
3 <n>, the average number

fairly high bond energy, 143 kcal/mole.
of photons absorbed per SiF4 molecule in the irradiation column was
measured to be about 8 at 1.7 J/cmz. For SF6, which has a dissociation
energy 50 kcal/mole lower, the MPD yield is <0.01% where <n> is about
8.11 Also in the nroduct analysis no hydrocarbons containing fluorine
were detected, indicating no dissociation of SiFA in the pyrolysis.

As for the possibility of MPD of all other reactants and products, the

examination of their infrared fundamentals shows that except for



ethylene and vinyl chloride there is no absorption at 1027.4 cm-l

for all the other molecules. The threshold for MPD of vinyl chloride
at the strong 940 cm—l band was estimated to be 20-40 J/cmz.lOQ
Therefore irradiation at the weaker 1030 cm-1 band with 1.7 J/cm2
would hardly cause any dissociation. For ethylene MPD close to the
950 cm-1 band center the threshold was estimated to be about 20
J/cmz,105 At 1.7 J/cm2 irradiation at the shoulder of the R branch
would also not cause dissaciation of ethylene.

The secondary reactions of the pyrolysis products generally have
Ea about 10 kcal/mole higher than these of the dissociation reactions
of the reactant, except for the trans-cis isomerization of 1,2-
dichloroethene for which Ea was estimated around 55 kcal/mole.106
The pyrolysis of 0.76 Torr cis-dichloroethene in 4.8 Torr SiFA with
0.2 J/pulsr showed a 5% conversion per pulse from cis to trans form,
Table IV-3. The heat of formation of the cis form is 1 kcal/mole
higher than that of the trans form,&l 50 Ea for the cis*trans reac-
tion should be 1 kcal/mole lower than the trans+cis reaction. It
is reasonable to assume then that the trans*cis rate constant is com-
parable to the cis»trans rate constant. The cell volume is about 40
times that of the irradiation colum:.. After each laser pulse, more
than 977 of the product would diffuse out of the irradiation column.
Therefore the net effect of the isomerization on the product yield

is negligible. 1In the same pyrolysis of cis~dichloroethene very small

amount of C,HC1 was observed. Also a pyrolysis of 0.72 Torr CCl1,CH,
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Table 1IV-3. Experimental results of some test pyrolyses,

Number
of
a b o\ C
Sample Pulses Product Yield (%)
0.76 Torr c1s—C2H2Cl2 50 trans-C2H2C12 5.0
CZHCl <0.14
€C1,CH, <0.002
0.72 Torr CC12CH2 100 CZHCl 0.10
0.36 Torr KCl + 150 CC13CH3 <0.001
0.34 Torr CClZCH2 CHClZCHZCl <0.901
a. In presence with 4.9 + 0.1 Torr 5iF, in the 3.8 cm long cell.
b. P(40) line with pulse energy ~0.19-0.20 J at a repetition rate
of 0.87 Hz.
c. The per pulse yield in the irradiation column has an uncertainty

of *8%. The detection limit is ~0.001%.



in 4.9 Torr SiF, with 0.2 J/pulse showed that that the yield of

4

C,HCl is only 1%, The small grantity of CZHCl observed in the

2
pyrolysis of 112TCE with high pulse energies must be from the dissoci-
atjonof trans~dichloroethene. A test on the possibility of bimolecular
recambination reaction by the products was also tried. However, no
reaction was detected at the detection limit of 0.001% per pulse yield
for the gas mixture of 0.36 Torr HCl- 0.34 Torr CC12CH2— 5 Torr SiFA
after 150 pulses of 0.2 J/pulse.

Two assumptions were made in modelling the pyrolysis process.
(1). It was assumed that collisions between 51'F4 and the reactants
would transfer energy fast enough so that a thermal equilibrium can
be established before the energy starts to transfer out of the irradi-
ation column. Therefore a maximum temperature is quickly reached
after the laser pulse but before a significant amount of reaction
occurs. (2). Both the Ea and A used for calculating the yield of the
internal standard, ethyl chloride, are taken from their high pressure
limit. Therefore in the pyrolysis experiments, the working pressure
for the reactant should be much larger than the half-quenching pressure
P1/2’ if a meaningful comparison with the calculation is to be made.

These two assumptions can be examined by comparing the yield
from the pyrolysis experiments described in the Experimental section
with the yield from pyrolysis at higher pressures. If the thermaliza-
tion of the absorbed energy were incomplete before the energy were lost

from the irradiation column or if the reaction rate in the original
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pyrolysis was no‘. close to the high pressure value, then the increased
number of collisions between SiFA and the reactants at a higher pressure
of the mixture would have increased the product yield. Such a high
pressure pyrolysis must be performed at the same molar ratic of the
mixture and the total energy absorbed per molecule must be the same as
in the original pyrolysis. A mixture of 22 Torr SiFA- 1.7 Torr 111TCE~
1.7 Torr ethyl chloride in a shorter cell 0.9 cm in length was irradi-
ated with laser pulses at the 1033.5 L:m_1 (P{34) line), Table 1V-1.

The pressure of each component in the mixture was about 4 times the
original pressure. The pressure and the cell length were matched so
that the total number of molecules in the irradiation column was the
same as in the original pyrolysis. Because of the higher absorption
at higher pressures for the same amount of molecules, P(34) line, where
the absorption by SiFz| is lower than at the P(40) line at the same

SiF4 pressure, was choosen to make th~ total percentage absorption
similar to the original pyrolysis. The product yields of the high
pressure pyrolysis were fcund to be within the error limits of those

of the lower pressure pyrolysis, Fig., IV-2. It is then concluded

that the two assumptions can be used in modelling the pyrolysis.
Another implication from the short cell pyrolysis is that the product
of 111TCE dissociation comes from homogeneous gas phase reaction and
the wall induced dissociation is negligible. The irradiation column

was about 2 cm away from the pyrex wall of the cell. When the heat

diffuses to the pyrex wall, the heat content of the molecules there
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should be very roughly (irradiaton column diameter)/{cell diameter)
times that in the irradiation column. Therefore unless the Ea of the
glass wall induced reaction is exceedingly low, no contribution from
the glass surface reaction to the product yield is expected. However,
there is also concern for the NaCl window surface directly in contact
with the irradiation column. 1In the short cell the ratio of the NaCl
surface area vs the irradiation volume is about 4 times that in the
long cell. The number of collisions of the hot gas on the window is

4 times higher in the short cell. The product yield in the short cell
did not increase correspondingly, thus indicating no NaCl surface

induced dissociation.

2. IR Fluorescence

The observed fluorescence at 5 pum must be from the Av = 2 tran-
sition of the 1022 cm-l mode of SiFA. The fluorescence is a good
indicator of the temperature in the irradiation column. Figure IV-5
shows the dependence of the guantity v§2 v(v-l)Nv(T) on temperature;
Nv is the population 3t vibrational leQZI v. Despite the dependence
of oscillator strengths on the symmetry of the vibrational state, the
5 pm fluorescence intensity should be approximately proportional to
this quantity. From Fig. IV-5 it seems that the fluorescence intensity
increases almost linearly from T larger than 800°K for an interval of

400° within *10% error. A typical time-resolved fluorescence trace

is shown in Fig. IV-6. The fluorescence rises in the combined time
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IV-5,

SiF, v, mode population multiplied by the quantum

4 73

number dependence for Av = 2 transition as a function

of temperature.
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Fig. IV-6.
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Fluorescence trace at 5.0 um from the gas mixture
excized by 0.175 J/pulse laser. The first spike is
enlarged in the insert (a). The dashed line (----- )
indicates the exponential decay with D = 3.5 x 10

-1
sec .
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of the 1.3 psec laser pulse duration and the 0.4 usec detector respanse
time. The thermalization in the mixture in the irradiation column
should be completed before the maximum fluorescence intensity is
reached. The V-V energy transfer between a highly excited SiF4 mole~
cule and a cold reactant or SiF4 molecule should occur on a near gas
kinetic time scale (see Chapter III and Refs. 59 and 82). The vibra-
tional frequencies of the fundamentals of SiF4 and the reactants are
listed in Table IV-4. For each reactant there are several vibrational
modes with frequencies very close (difference smaller than kTr) to
those of the SiF4 modes to make near-resonant V-V transfer possible.
For the V-T (vibration-translation) process, 1t was concluded after a
series of studies with many polyatomics that the rate of such processes
is usually determined by the V-T transfer rate for the lowest vibra-
tional mode.107 The frequency of the lowest mode of SiF4 is 260 cm-l.
From the Lambert~Slater plot107 it was estimated that V-T relaxation
occurs in 65 collisions through this low frequency mode. The reactants
have frequencies even lower than 260 cm-l. V-T relaxation through the
reactants would then be even faster since the fast V-V rate may provide
rapid vibrational equilibration between SiF4 and reactants. During

the laser pulse alone more than 65 collisions per molecule occur at

the pyrolysis pressure at room temperature. Since the translatjonal
temperature would increase during the process of vibrational relaxation,

many more collisions within and shortly after the laser pulse for each

molecule in the irradiation column should be expected. Thus the
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Table IV-4. Vibrational frequencies of the molecules in the pyrolysis

mixtures.
Frequency (cm—l)
SiFAa C2H5C1b CC13CH3C CHClZCH2C1d
1022(3)® 3014 3065(2) 3013
800 2986 2938 2995
420(3) 2967 1444(2) 2956
260(2) 2946 1378 1477
2887 1081(2) 1322
1470 1067 1256
1448 712(2) 1215
1448 521 1160
1385 343 1015
1289 343(2) 911
1251 235(2) 822
1081 - f 711
1036 666
97/ 393
78¢ 326
677 256
336 191
251 101
a. From Ref. 116. e. Number in the~:;iziihesis indicates
b. TFrom Ref. 45. degeneracy.
c, From Ref. 117. f. The CHy tortion.l rode is not IR and
d. From Ref. 71. Raman active.
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complete thermalization of the absorbed energy is anticipated at the
maximum fluorescence. This point is also supported by the results
from the high pressure pyrolysis described in the previous subsection.
A series of sharp spikes with decreasing amplitude appear in the
fluorescence trace, Fig. IV-6. These spikes are believed to be due to
modulation of temperature in the irradiation column by shockwaves
propagating between the center of the column and the cold wall of the
fluoreccente cell. During the propagation the shockwave dissipates
energy to the originally cold gas outside the irradiation column and
to the cell wall, therefore the retuning shockwave from the wall to
the column carries less energy each time and the fluorescence inten-
sity decreases from one spike to the next. The time interval between
two consecutive spikes corresponds to the round-trip travelling time
of the shockwave between the column and the wall. This time interval
increases from about 175 psec between the first two spikes to about
220 psec between the 5th and 6th spikes. The shockwave speed varies
as the square root of its amplitude.108 The 1.5 times increase of the
shockwave travelling time indicates a 2.2 times decrease of the tem~
perature in the column, This is reflected by the fluorescence inten-
sity which decreases by an order of magnitude from the maximum to the
5th spike (c.f. Fig. IV-5). The radius of the fluorescence ceil is
2.5 em. The 175 usec time interval gives approximate speed of 2.8 x
IOA cm/sec for the initial propagation of the shockwave in the 6 Torr

mixture. The radius of the irradiation column is onlyv 0.32 cm. This
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means that it only takes on the order of 10 usec for the shock wave to
carry the emergy out of the column. A shoulder was observed 30 usec
after the fluorescence maximum on the slope of the first spike, Fig.
IV-6{a). This could result from a shock wave moving longitudinally due
to a 20-30% energy difference between molecules at the two ends of the
cell. The amplitude of the second fluorescence spike is only about 1/3
of that of the maximum. The temperature at the second spike must be
many hundreds degree Kelvin lowzr than the maximum temperature. This
means that the pyrolysis occurs predominantly in the time interval of
the first spike, The decay of the fluorescence shown in Fig. IV-6(a)

is certainly not a single exponential. However by neglecting the small
shoulder, the decay in the first 20 usec can be treated as a single
exponential and a rate constant can be extracted. This rate constant
should be sufficient in defining the temperature variation during the
course of the reactions. The ~307% drop in fluorescence intensity during
this 20 usec indicates a several hundred degree decrease in temperature.
Almost all the reactions should occur within this period. The rate
constant was later used as D for the temperature decay in the model cal-
culation. It was also found that this decay rate depends on the incident
pulse energy, Fig. IV-7. As the laser energy changes, the energy
absorbed and thus the maximum temperature in the irradiation column
changes. The higher the temperature is, the faster the shock wave moves.
This was clearly indicated by the trend of the time interval between the

first two fluorescence spikes at different pulse energy; the time
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Decay rate cc—stant of the first ir fluorescence spike

as a function of incident laser pulse energy.
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interval increased from 175 psec at 0.175 J/pulse to 205 usec at 0.132
J/pulse. However, since the variation of the energy absorbed 1s less
than a factor of two between the highest and the lowest pulse energies
in Fig. IV-7, the variation of the decay rate should only be about a
factor of V2.

The reasons that no fluorescence at 3.4 um was observed may be as
follows. (1). The CH stretching 1+0 fluorescence from the irradiation
column was filtered out by the cold gas cutside the column. (2). The
2+1 fluorescence was too weak to be detected, since even at 1600°K

Vey = 2 population would be smaller than 0.2%.

3. Model Calculation and the Extraction of Ed and A

In the model described in Section C parameters Tm’ D, Ea and A are
required to calculate ¢. With D obtained from ir fluorescence and ¢
measu> 4 for EtCl dissociation, Ea and A of which are known, Tm can be
determined. Tm as a function of $(EtCl) is shown in Fig. IV-B. The
cu.ve is used i1ater to calculate ¢(reactant) with assumed Ea and A.
Conseguently Ea and A for a specific reaction of the reactant are
obtained by fitting the calculated yield curve to the experimental
points.

Alsp shown in Fig. 1V-8 is the maximum temperature calculateu by
assuming that the measured a%sorbed energy is statistically distributed
among all of the degrees of freedom of the molecules present ia the
irradiation column.49 Tm calculated from the model spans a range of

400°K for the ethyl chloride yield range from 0.1% to 20%. This
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Maximum temperature in the reaction zone after laser
excitation vs the corresponding ethyl chloride yield.
The points are calculated by statistical distribution
of the measured absorbed energy with a *10¥% uncertaintv.
The solid line is calculated from the phenomenological

model calculation.
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temperature span seems to be somewhat smaller than the one estimated
from the absorbed energy, which is about 600° # 200° wide. Such a
mismatch may well be induced by the simplified picture of a unified
temperature decay in the reaction zone in the model calculation.
However any defect that might result from this simplified treatment
of the temperature history is compensated by the usage of the "internal
standard'. Even though T, and D may not represent the true temperaturc
history in the reaction zone, the two parameters can certainly
characterize the pyrolysis process in the phenomenological model
that produces correct yield for ethyl chloride and may be transferred
to characterize the dissociation of other reactants simultaneously
present with ethyl chloride in the irradiation column. The sensi-
tivitv of the result to these parameters is tested by the following
calcuiitions which used sets of Tm and D values different from Figs.
IV-7 and Iv-8. These D and Tm values were matched to give correct ¢
for ethyl chloride. It was found that these calculations gave similar
Ea and A values to those obtained for 111TCE dissociation from cal~
culations with the curves in Figs. IV-7 and IV-8. The test calcula-
tions performed were:
1. By decreasing the irradiation volume by 75% (the l/e width of
the laser profile was nsed as the diameter of the irradiation
column), all the ¢'s wer: increased by 75% while ¢(reactant)/
$(EtCl) is still the same. Fig. IV-7 was still used for D yet
a new Tm curve was calculated to fit the new ¢(EtCl). Tm was

zbout 50° higher than the curve in Fig. IV-8.



2. The D values obtained from ir fluorescence were varied by 307%
and a new Tm curve, about 10°K away from the Fig. IV-8 curve,

was calculated to fit the ethyl chloride yield.

In both calculations the Ea and logA values of 111TCE dissociation that
best fitted the ¢(111TCE)-¢(EtCl) curve fell in the range of 49 # 1
kcal/mole and 13 * 0.2 respectively, Fig. IV-9 and Table IV-5.

Because of the exponential dependence of the reaction rate con-
stant on temperature, the longitudinal and transverse inhomogeneity
of temperature in the irradiation column, resulted from the laser
intensity distribution and the large percentage absorption by the
mixture, may affect the value of the product yield. The product yield
can not be designated to a definitive temperature, since the temperature
of the reaction zone varies with time. With the usage of the internal
standard, it is the ratio of ¢(reactant)/¢(internal standard) rather
than ¢(reactant) that determines the evaluation of the kinetic para-
mecers. The temperature inhomogeneity may cause the absolute value of
¢ to deviate from the true value, but its effect on the ratio of the
yields is small. The effect of the longitudinal temperature inhomo-
geneity is discussed here. It is clear from Equation (IV-2) that the

product yield is inversely proportional to the reaction zone Vreac R

¢ = C/Vreac. (1v-7)
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V-9,

Test calculations for CC13CH3 dissaciation. A 4"
smaller irradiation volume was used to cvaluat: tn
experimental yields, (3). The yields here are 7%
higher than in Fig, IV-3. Solid linus are the
fitting curves from the model calculacion. The
numbers at the curve indicate the Ea value. E_ and
logA are 52 and 13,55, 50 and 13.07, 48 and 12.92,

and 46 and 12.60, respectively. The best values

that fit the points are Ea = 49 and logh = 13.0.
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Table IV-5. Test calculations for CCl,CH, dissociation using different sets of Trn and D.

373

Set S (ELCL) (%) p(10%sec™h) T (°K) E, (kcal/mole) logh  ¢(LLITCE)(%)

12 0.15 2.10 1136 49 13.018 1.11
10.0 3.63 1393 49 13.018 33.3

1® 0.15 2..9 1148 49 13.025 1.12
10.0 3.53 1351 40 13.025 33.8

a. This is the set of calculations for the E;, = 49 kcal/mole curve shown in Fig. IV-=3.

The D values are from the curve in Fig., IV-7,
ihe D values are taken at the edge of the error limit of the points in Fig. IV-7.
There is essentially no change for the fitted E; and A from the values in Set I.

€81
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C is a shorthanded form for all the other observables in Equation
(IV-2) related to that particular pyrolysis experiment. If there is
longitudinal temperature inhomogeneity in the cell, then vreac. in
principle is not simply the volume of the irradiation column Vr as
in Fquation (IV-2). 1In order to obtain the true product yield ror
the temperature Ti at the entrance window, the volume of the
irradiation column should be normalized according to the reaction

rate which varies along the cell longitudinal axis with the temper-

ature. The normalized Vr is

Ea

L - —— -E_/RT

\—Ir = nrzf e RT(x) dxfe ° i (Iv-39)
0

T(x) = Ti(l - ax/L) (1v-9)

a is the percentage of the laser energy absorbed by the mixture, L is
the cell length, and r is the irradiation column radius. For simplic~
ity a linear decrease of temperature along the longitudinal axis is
assumed, Equation (IV-9). The integral in Equation (IV-8) can not be
solved analytically. However it can be truacated in m + 1 divisions

and evaluated as

E E
- a _-a
fa RT

RT3 -39, ¢ 1 (1V-10)

1]

v
b T
vr = (m+1) 2



The ratio of ¢(reactant) and ¢(int. std.) is

$(reactant) _ Creactant a, int. std.) (1V-11)

¢(int. std.) o

V'(E
int., std. vr(Ea, reactant

= 60 kcal/mole, T. =

F %y E .
or the case of a = 25%, Fa. int. std. a, reactant

30 kcal/mole, the yield ratio is shown in Table IV-6 for three differen
Ti' Even though the ratio vr/Gr may be as large as 3-4 at these tem-
peratures for a = 25% and F.a - 60 kcal/mole, indicating that Q(Ti)wuuln
heavily underestimated with vreac. = Vr. However, the effect of Vrkav‘

on the yield ratio is small. Even with a 30 kcal/mole difference

between E and E , the yield ratio without con-

a, reactant a, int. std.
sidering the temperature inhomogeneity is only ~30% higher than the
one for the true yields. Furthermore, the variation of the vield ratio
between 1000°K-1500°K is only 6%. This means that Ea and A obtained
for the reactant from the yields evaluated according to Equation (IV-2)
are only 6% and -30% different from those that would be ohtained with-
out longitudinal temperature inhomogeneity existing in the cell. For
an Ea difference of less than 30 kcal/mole, the percentage error would
be even smaller. The ¢ has a precision of *87%. The values obtained
for Ea and A in Figs. 1IV-3 and IV-4 already have uncertainties -~ 247
and *200% respectively. Therefore, the error on the determined kinetic
parameters causod by the longitudinal inhomogeneous temperature distri-
bution is really minimized by the usage cI the internal standard. The

same argument can also be applied to the radial temperature inhomogeneity.



Table IV-6. The effect of longitudinal temperature inhomogeneity on
the ratio of the reactant dissociation yleld and the
internal standard dissociation yield.

¢(reactant)/¢(internal standard)a

b o e

o = Vv =\
Ti( K reac. ‘r vreac. T
1500 1 0.67
1250 1 0.69
1000 1 0.72

a. The ratio, in units of Creactant/Cint.std.s was calculated for
the case of 25% absorption of the laser energy. E_, reactant was
assumed to be 30 kcal/mole and E; jnp,std. = 60 kcal/mole.

b. Without considering the temperature inhomogeneity, the irradiation
volume was taken as the reaction volume.

c. The irradiation volume was normalized according to the longitudinal
temperature variation and Eqn. (IV-24) with m = 9.
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Thus it can be concluded that the model calculation coupled with
the usage of an internal standard can be used effectively to deter-
mine Ea and A for an unknown reaction, even for the situation that
the Ea of the internal standard is 30 kcal/mole away from that of

the cnknown reaction.

4, 1,1,1-Trichloroethane Dissociation

Results from the model calculation for the 111TCE dissociation pro-

ducing CCl,CH, are shown in Fig. IV-3. The best fit with the experi-

272
ments can be obtained with Ea = 49 kcal/mole and logA = 13.0. The
sensitivity of the calculated curve on the values of Ea and A is

also displayed in Fig. 1V-3. The uncertainty of the experimental
points gave a corresponding uncertainty of *2 kcal/mole for Ea and
20.3 for logA. It should be noted that in Fig. IV-3 the slope of

the ¢(111TCE) vs ¢(EtCl) curve is primarily determined by the value

of Ea while the variation of A shifts the magnitude of the yield
curve.

The values of Ea and A obtained in this study apree with the ones
reported by Barton and Onyon,109 Table 1IV-7. 1t was reported in their
static pyrolysis that homogeneous dissociation reaction of 111TCE
contained two mechanisms; a radical reaction mechanism involving Cl
and CCl3éH2 radicals which can be rompletely surpressed by 11.5%

propylene, and a direct HCl elimination reaction. Under uninhibited

conditions (pure 111TCE) the radical reaction dominates. In our
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Table IV-7. Kinetic data for the CCl3CH4 dissociation producing

CCl,CH3.

This Werk

Ref. 109

Method
Temperature Range
(°K)

a
Ea(kcallmole)

logAa

Sensitized
Laser Pyrolysis

1000

49

13.0

- 1600

2

+ 0.3

Static Pyrolysis

635 ~ 707

50.0

13.34

a. All the values were obtained from the uninhibited overall reaction
rate. In Ref. 109 the maximally inhibited rate gave E5 = 54.2
kcal/mole and logA = 14.0 for the molecular elimination reaction.
The radical chain reaction rate gave Ez = 47.9 kcal/mole and logA =

12.53. A shock tube pyrolysis also determined E,

= 54 kcal/mole

and logA = 14.0 for the molecular elimination, Ref. 41.
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sensitized laser pyrolysis, the radical reaction should not be inhibited
by p-dioxane which was at most 0.1% of the amount of 111TCE in the gas
mixture. SiF4 does not affect the radical reaction rate. The very
high bond energy of SiFA excludes its participation in the radical chain
reactions. However, the possible involvement of EtCl in the radical
chain reactions of 111TCE should be considered. The most probable
radical reaction for EtCl in this system isllo
k12

Cl + C,HCl ——==—= HCl + CHC1CH

5 3 - (IV~12)

CHClCH3 does not dissociate into stable molecules without a proton

transfer process occurring first. It will be terminated most probably

by reacting with a Cl atom

lea
. k13 e CHC12CH3 (IV~13a)

Cl + CHCICH3 —_— kl)b
e HC1 + C_H,C1 (Iv-14a)

273

generating 1,l-dichloroethane and/or vinyl chloride. Since no 1,1~
dichloroethanc was detected in the pyrolysis at the detection limit of
0.1% yield and the yield of vinyl chloride was two orders of magnitude
smaller than the yield of CCIZCHZ, the (ffect of EtCl in the radical
reactions of 111TCE was negligible. Thirefure in the sensitized laser
pyrolysis the dissociation of 111TCE is considercvd as uninhibited and

the Ea and A obtained should be compatred with the ones from the overall

reaction rate in Ref. 109.
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5. 1,1,2~Trichloroethane Dissociation

The yield curves from the model calculation that best fit the mea-
sured 112TCE product yilelds are shown 1in Fig. IV-4 and the values
determined for Ea and A are listed 1in Table IV-8. In the calculation,
the yields of cis~ and trans-dichloroethene were corrected by the factor

1 - 1 z ¢j) (see Model Calculation). Since the vield curves of these

2 344
two major products are very close and parallel, which indicates that Ea
and A for the two reactions are very similar, such a correction should
be satisfactory. For the calculation of the yield of the other two
products, 1,l-dichloroethene and vinyl chloride, predetermined values
of Ea and A for cis- and trans-dichloroethene are used to solve Equation
(IV-6). Due to the uncertainty of the experimental points, all the
values of Ea and A détermined have similar uncertainties except for the
product 1,l1-dichloroethene, for which the uncertainty is larger due to
the larger scattering of the experiment-! points.

In this study of 112TCE dissociation the microscopic reaction
channel, i.e. the elimination of specific H and C1 atoms, can not be
identified for each product. The Ea and A obtained can only be viewed
as the Arrhenius parameters for the “generation' reaction of the products.
Ea for the production of trans- and cis-dichloroethene agree well with
the values reported by Kim and Setser in a chemical activation stud_v,71
Table IV-8. In that study both a 4-centered and a 3-centered activated

complex were proposed for the HCl elimination mechanism to produce the

dichloroethenes. However, no radical reaction mechanism was discussed.



Table IV-8.

Kinetic data for the dissociation of CHC1_CH,CI.

2772

Temperature

Ea(kcal/mole), logA

° . a a b <
Method Range (°K) cis C2H2C12 trans—CZHZCJ CCIZCH2 C2H3C1
This Work Sensitized 1000-1600 60 2, 57 + 2, 30 + 5, 73 + 2,
Laser Pyrolysis 14,0 * 0.4 13.6 + 0.4 7.7 + 1 15.2 * 0.4
Ref. 71 Chemical - 59 - 60,° 59 - 60,° 57, -~
Activat ion —-— - - -
Ref. 100 Flow 620-770 - - 38, £ --
Pyrolysis -~ - 9.7 -
Ref. 101 Flow 640-800 —— - 34, ¢ -
Pyrolysis - - 9.9 -—

a. Values are for the predominant molecular elimination reaction.
b. Determined from the overall rate including contributions from molecular elimination,

radical reactions and possibly heterogeneous reactions.
c. Vetermined from the yield from radical reactions involving both 112TCE and EtCl.
d. The initial energy content of 112TCE was ~90 kcal/mole.
e. 59 kcal/mole is for the G-centered elimination and 60 kcal/mole for the 3-centered

elimination.

f. Determined from the total reaction rate of all products.

LLlZCH

was the major product,

161
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Ea for the 4-centered HCl elimination producing CC12CH2 was given as

57 kcal/mole, more than 20 kcal/mole higher than the value determined

in this studv. The later value, however, agrees more with Ea for

the overall dissociation of 1127TCL reported in two earlier flow
100,101

pyrolysis at lower temperatures, Table IV-8. In these two

studies, CCl,CH, was the major product. In view of the yvield curves

2
in Fig. IV-4, it is conceivable that the yield curves of cis~ and
trans-dichloroethene and that of 1,l-dichloroethene would cross at a
temperature lower than 1000°K and 1,1-dichloroethene would become the
product with highest yield in the temperature ranges of these two
flow pyrolyses. It is not surprising that at these temperatures no
vinyl chleoride was reported as product. In the chemical activation
study, in which the initial energy content of the activated molecule
was as high as 90 kcal/mole, vinvl chloride was detected but no
kinetic data was reported.

The dissociation mechanisms of 112TCE can be classified into
three groups; homogeneous molecular elimination, homogeneous radical

chain reactions, and heterogeneous reactions which may involve both

radicals and molecules. The homogeneous molecular elimination produces

dichloroethenes
CC1,CH, + HC1 (Iv-14a)
CHCIZCHZC] ——————|——— trans-CHCICHC1 + HC} (Iv-14b)
—— is-CHCICHC] + HCI (Iv-lac)
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through a 4-centered or a 3-centered activated complex.71

Radical chain reactions were reported for the dehydrohalogenation
of the primary bormides and most of the polyhalogenated hydrocarbons.ll1
In the flow pyrolysis of 112TCE at 720°K, about 90% of the uninhibited
overall reaction rate was surpressed by adding toluene to 112TCE.101

The reaction rate reached a2 constant level when the toluene concentra-

tion was 25%. Toluene functioned as an inhibitor for the radical

; . 1
chain reaction. 1

1
0.7. 01 After carefully examining the radical reaction rate of the

112
a

At 720°K, ¢(CC12CH2)/¢(:rans— and cis~CHCICHC!) =

radical reactions involving chlorinated-hydrocarbon radicals,
homogeneous radical chain mechanism for 112TCE dissociation analogous

to the mecharism proposed for 1,2—dichloroethane111 is sketched here.

k' -
Initiation CHC1,CH,,C1 —_—T - 1+ CHCLCH,C1 (IV-15)
k »
S N €cl,CH,Cl + Hel (1v-16a)
Propagation Cl + CHC1,CH,C1 ‘——{Ji__._ .
s c = CHC1,CHCL + HC1 (1V-16b)
. k7
CHCICH,Cl g=—————————%- (Cl + C H,Cl (Iv-17)
2 . 23
-i7

éel CH,Cl =——=—=——==—=" Cl1 + CCL,CH

2 (1v~18)

2

CHClZéHL‘l ——————_——™ (1 + CHC1CHC1 (1v-19)
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Termination CHCLCHC1 + HC1 (I1V-20)
Cl + CHClCH Cl -—4
CHCl CH Cc1
== C_HCl K + HC1 (1v-21)
. 2
Cl + CCIZCHZCI ———{ 3
i CC13CH201

__‘—- 02HC13 + HC1 (1v-22)

Cl + CHC1,CHCL
2 [ CHCL, CHCI,

CHC1CHC1 may be either in trans- or cis- configuration. The chain is
initiated by the rupture of the C(1)-Cl(l) bond, the weakest bond in
112TCE. In general, C-Cl bond is 5~20 kcal/mole weaker than C-C or
C-H bonds and the addition of Cl to the carbon atom would lower that

113 In the propaga-

bond dissociation energy further by 5-10 kcal/mole.
tion the dissociation of the chlorinated radicals should always accur
to the Cl atom attached to the carbon next to the radical site. The
disscociation of é—Cl would not occur without a radical resrrangement
first. The Cl abstraction was not considered for Cl + 112TCE reaction
because generally the Cl abstraction has a much higher Ea than the H
abstraction and even at 1600°K its rate may be at most 5% of t=~ H
abstraction rate.112 The recombination reaction of Cl + Cl and the
reactions of organic radicals are not included in the termination
process because the former is a 3-body reactior and the latter

generally have a low A value, logA = 10~1].112 This mechanism is



consistent with the detection of C2HC13 in the sample after pyrolvsis,
However the yield of C2HC1A was less than 10% of that of CC]ZCHZ,
suggesting that the radicals produced in Equation (IV-16) dissociated
mostly through Equations (IV-18) and (1V-19). There might be hetero~
geneous contribution to the radical reactions, especially in the
termination reactions as suggested by some previous studics.log’llo
Heterogeneous reaction certainly is a distinct possibility for
the dissociation of halogenated hydrocarbons.llo In the flow pyvrolyvsis
of 112TCE, Ea = 27.3 kecal/mole and logA = 6.5 were determined from the
maximally-inhibited overall reaction rate.101 CCIZCH2 was the main
product. The A factor is unreasonably low for a molecular elimination
process. The value of Ea is very close to the values previously deter-
mined for some glass wall induced molecular elimination reactions.l]
To demonstrate the effect of hetercpeneous reaction on the dissociation
of 112TCE, two pyrolysis experiments were conducted wit' the short cell
0.9 cm in length and 4.8 cm in diameter. The pressure was the same as
in the long cell experiments and the P(40) line of the laser was used
for excitation. The NaCl surface area in centact with the gaseous
reaction zone increased by 4 times relative to the volume and the glass
surface area in the short cell compared to the long ceil. However, none
of the 4 products showed higher yield in the short cell pyrolysis,
Fig. IV-4. The yield of E.Cl was used as an indicator for the tem-
perature here since it has been shown in Section C~1 and Figp. IV-2

that the heterogeneous contribution to t%e 11Cl Jissociation was



196

negligible. Therefore the possibility of heterogenous dissociation of
112TCE on the NaCl window surfaces can be discounted. In contrast,

in the short cell pyrolyses the yield of CC126H2 decreased substantially
vs the yields of the other three products. One possible explanation for
this decrease is glass wall induced dissociation of 112TCE. 1In the
pyrolyvsis after the laser excitation, energy absorbed by the irradi-
ation column, Eabs.’ will be dissipated to the surrounding cold gas

as the shock wave propagates outward radially. As the heat diffuses

to the glass wall, the energy content of the molecules at the wall is
higher in the long cell than in the short cell. The short cell dia-
meter is about 257 larger than the long cell. The lower emergy content
of molecules at the short cell wall may lead to a smaller contribution
from wall reactions. The decrease could be fairly substantial if the

Ea of the wall induced dissociation is on the order of 27 kcal/mole.
Therefore the product yields from the short cell can be viewed as
surface-reaction inhibited. The scattering of the data points of
CClZCH2 in Fig. IV-4 may be partly duc to the contribution from the

wall reaction. 1. the laser beam did not go through the exact same

spot of the cell in each pyrolysis, the geometrical variation would
cause the temperature at the wall to change and therefore different wall
reaction yield from pyrolysis to pyrolysis. A second possible explana-
tion for the decrease of the CCIZCH2 yield is through the termination

of the radical chain on the NaCl surface. If the terminmation reactions,

Eqns. (IV-20), (IV-21) and (IV-22), occur on the NaCl surface, then the 4



times higher NaCl surface/volume ratio would decrease the radical
reaction contribution to the yield. However, since no such vield
decreases were observed for the vinvl chloride vield and for the 111TCK
dissociation vield, both were predominantly from radical mechanisms, in
the short cell pyrolyses, this possibility seemed less likelv., There
was no discernable decrease for the vields of trans- and cis-dichloro-
ethene. Even though there might be heterogeneous contributions to
their vields, the magnitude was within the error limit of the measure-
ments.

With all the reactions considered, the mechanism of the genera-
tien of each individual product can now he examined. For the genera-
©ion of trans~ and cis-dichloroethene, the molecular elimination,

L;.-. (1V-14b) and Egn. (IV-l4c), should be the predominant mechanism.
The heterogeneous contribution has been shown to be nepligible. The
vield from homogeneous radical reactions depends largelvy on the rate
of reaction (IV-16b). The two reactions, Eqn. (IV-)6a) and Eqn.

(IV-16b), have heeu studied and their rate constant determined, ka =

012.95 13.15 114

1 exp(~3100/RT) and kb = 10 exp(-3700/RT). in the pyro-

lysis temperature range, kb N ka. Therefore, the yield of either

trans- or cis-dichloroethene from radical reaction is comparable to

or even smaller than the vield of CCl CHZ. which is negligible to the

2
total vield of trans- and cis-dichloroethene for T > 1000°K. The

observed trans- and cis-dichloroethene vield in these sensitized

pvrolvses must be primarily from the molecular elimination mechanism
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and the Ea and A in Table IV-8 are determined for Eqn. (IV-14b) and
Eqn. (IV-1l4c).

For the generation of CC12CH2, the value 57 kcal/mole determined
for the HCl elimination reaction (IV-l4a) by the chemical activation
study is in contrast with the trend of Ea otserved for the liCl elimin-
ation reactions of chlorinated ethanes.71 It was observed that a-
and t-chlorination would lower and raise the activation energy by
several kcal/mole for the HCl elimination reaction respectively.az’llo
a- and Z-positions are defined as C1-Cl(a)-C(8). This trend agrees
with the behavior of the C-Cl bond energy. The a-chlorination would
lower the C-Cl bond energy by 5-10 kcal/mole.j13 From this trend, Ea
of Eqn. (IV-14a) is expected to be several kcal/mole higher than 59
kcal/mole. The seemingly low 57 kcal/mole may be resulted from that
the contribution from the radical chain mechanism to the yield was not
considered in the chemical activation study. The yield from molecular
elimination tangled with the vield from the radical reactions under
uninhibited conditions may give a lower value for Ea as was shown for
111TCE dissociation discussed in the previous subsection. In addition
to the possibly high Ea, Eqn. (IV-1l4a) should have a small A factor.
The reaction path degeneracy of the H(1)~C1l(2) elimination is 4 times

az,71 As a result of

smaller than that of the H(2)-Cl{(l) elimination.
higher Ea and smaller A, the yield of CCIZCH2 from Eqn. (IV-9a) would
be considerably smaller than the trans- and cis-dichlorcethene yields

to the extent that it is comparable to, if not smaller than, the vield
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from radical chain mechanism and heterogeneous reactions. In the
sensitized pyrolysis, the surface reaction~inhibited yield from the
short cell experiments showed a higher Ea than the one determined
from the overall reaction. The slope of the two data points in Fig.
IV-4 indicates an Ea > 40 kcal/mole. 1In order to obtain the true

Ea of Eqn. (IV-1l4a) the pyrolysis must be performed under maximally-
inhibited and surface reaction free conditions.

The contribution from radical reactions to CClZCH2 was demon-
strated by a laser pyrolysis with toluene added in the mixture as a
radical chain inhibitor. With toluene omounts to 18% of the EtCi-
1127CE quantity, the yields of CC12CH2 and C2H3C1 decreased by more
than a factor of three than the uninhibited pyrolysis yields, Table
IV-2 and Fig. IV-4. Though the inhibited pyrolysis was done in the
short cell, in which the contric .ion from the wall induced dissocia-
tion is less, the effect of toluene on CC12CH2 yield is still apparent
when it is compared with other short cell pyrolyses. In contrast, the
inhibited pyrolysis has cis- and trans-dichloroethene yields the same
as the uninhibited ones. This also demonstrates that cis- and trans-
dichloroethene are predominantly from molecular elimination reactions.

Although from the C Cl yield it was shown that ~80% of the radical

23
reactions were suppressed by adding 18% tolucne, in order to completely
eliminate the radical reactions more toluene or a better inhibitor

should be used.
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The yield of vinyl chloride must be solely from the homogeneous
radical chain mechanism. The Cl2 elimination 1s excluded because of
the very high Ea. The heterogeneous contribution has been shown to
be negligible. In the proposed radical mechanism, only reactions
(1v-15), (Iv-17) and (IV-20) are related to vinyl chloride. However,
EtCl in the mixture mav also involve the production of vinyl chloride
through reactions (IV-12) and (IV-13). 1Indeed this was demonstrated
by a pyvrolysis with only 112TCE and SiFA in the mixture. All the
experimental conditions were the same as described in the Experimental
Section except the mixture was composed of 4.9 Torr SiFa and 0.7 Torr
112TCE. The EtCl-absent pyrolysis with a low laser fluence showed a
507 decrease of the vinvl chloride yield than that of the EtCl-present
pyvrolvsis at the same fluence, Fig. IV-4, With steady state assumption

for the radicals EHCICH and éHClCH7C1, the rate constant for vinyl

3

chloride production is

k17(ki[112TCE] + k_17[C1][C2H3C1])

Ve Gy kt[Cl])[IHTCE]
k_l7[c1][C2H3C1] . k12k13b[cl][EtC1] ,
{1127CE] k|, [112TCE] (1v~23)
dfvcl .
re : Ky (112TCE] (1V-24)



201

For the pyrolysis temperature range kt[CI] << kl2 for typical rate con-

112

stants of H abstraction by Cl and &C-Cl dissociation. Therefore Egn.

(IV-23) can be written as
[C1][EtC1])

K, .k
12%13p
kye = Ky ot X , [T127CE] (1v-25)

It is clear that pyroiysis of 112TCE in the absence of EtCl would give
E, and A for the C~Cl fission reaction (IV-15). Though in the pvrolysis
with EtCl the contribution to the vinyl chloride yield from EtCl may be
as high as 50%, the Ea and A obtained still reflect those of the C-_1
fission reaction. In general, for a carbon-halogen bond fission reac-

tion Ea = bond dissociation energy and logA ~ 15 % 1.113



E. Concluding Remarks

The combination of Six'-‘[l as a sensitizer and a CO2 pulsed laser

as an energy source provides a convenient way to generate transient

high temperature pulses in a reaction medium. A wide temperature

range can be obtained simply by adjusting the laser energy absorption.

With the implementation of an internal standard and the use of a

phenomenological wodel calculation, it was demonstrated that the

sensitized laser pyrolysis can be done quantitatively and the values
of Ea and A can be determined for an unknown reaction. The results
of the dissociation of 1,1,1- and 1,1,2-trichloroethane are summarized
in Tables IV-7 and IV-8, respectively. 1In addition to the HCl mole-
cular climination reactions, radical chain reactions and even glass
wall-ianduced reactions may contribute to the dissociation of the
polychloroethanes. However, these complications for the reaction may
be reduced by adding a radical chain inhibitor to the reaction mixture
or by proper design of the pyrolysis cell. Furthermore, improvements
in other technical aspects may be achieved to improve the quality

of the pyrolysis and the model calcula*ion, thereby more accurate

values of the kinetic parameters can be obtailned:

1. A laser pulse with constant transverse intensity and a well-~
éefined boundary (a cylindrical beam, ideally) is preferred to
heat up the gas medium. This would make an accurate measurement
of the yield possible. The temperature history of the reaction
zone with a homogeneous temperature distribution can also be

modelled more realistically.
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The simple phenomenological model may be revised to mere realis-
tically describe the pyrolysis process. Instead of simply
assuming an exponential decay for the reaction 2one temperature,
differential equations for thermal diffusion of a segment of

the reaction zone may be introduced.

The exact relationship between the fluorescence intensity and

the temperature of the fluorescing medium should be established
so that the time-resolved fluorescence can be used more precisecly
for probing the temperature evolution of the medium. Furthermorc,
instead of SiFa a nonreactive gas with similar energyv transfer
properties as the reactant may be put into the mixture as a
fluorescing probe pas for the temperature evolution.

The temperature range of the pyrolysis should be extended further.
This would certainly create a larger yvield range for model calcu-
lation fitting, so better accuracy of the determination of the
kinctic parameters can be achieved. Also since most of the
reactions including the ones choosen as internal standards studied
by other methods were with temperatures below 1000°K, laser
pvrolysis with a lower temperature range would make the comparison
of kineric parameters with the ones from other methods more
significant.

For pyrolysis in which glass surface reactions may contaminate

the homogeneous reaction rate measurement, either a small dia-

meter laser beam or a large diameter cell are preferred. A large
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ratio of total amount of gas in the cell vs the amount of gas in
the irradiation volume should make the temperature of the pas

at the glass wall so low that the surface reaction is negligible.
In contrast, for pyrolysis in which the temperature homogeneity
is more of concern than surface reactions, a laser beam with
diameter equal to the cell diameter is preferred. 1In this case
the energy loss in the irradiation column will not be caused by
shock wave propagation, instead it will be limited by the thzrmal
conduction between the gas and the cell wall, which is & much
slower process. Therefore the initial high temperature after
the laser excitation would last much longer and the faster gas
phase collisional energy transfer would cause a temperaturewise
more uniform medium in the cell.

SiF, pressure, cell length and CO2 laser line should be properly

4
matched not to cause too large an absorption of the laser beam.
Otherwise the medium might have asevere longitudinal inhomogeneitv

in temperature. However, with the usage of the internal standard,

the problem caused by this inhomogeneity was minimized.
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1.

APPENDIX I. COMPUTER PROGRAM FOR THE RATE
EQUATIONS CALCULATION OF MULTIPHOTON DISSOCIATION

The following changes were made in the oripinal program of Schulz

61

The rate equation calculation starts from the vibrational ground
state population.

Formulae are added in to calculate QOl according to Equations
(11-10) and (II-11).

In addition to I1(t), k , and vibrational frequencies (for

v 90,00
the calculation of pvib.)’ inputs for Wyp> AUQ' n, and wo at 100
Mwlcm2 are needed.

P12 in Equation (II-6) was used after the computer calculation to
evaluate wd. The conputer calculation from the beginning of the
laser pulse till TC gives the fraction of molecules dissociated
before T, as "Yield on'. The value of T is calculated as (7.7

us-1 Torr-'l-P)~1 as an input to the program. P is the EtCl

pressure. wd is then calculated as wd = (Yield cn) - P12.

Results of a calculation for 1.7 Torr EtCl irradiated by a 1.1

J/cm2 narrowband OPO pulse at 2976.6 rm_l are shown a:ter the program.



2¢C

25

"
an

4

45

5¢

FRCGRAY REAMPR

PRCGRAF REAMPA [INPUT,DUTPUT oTAPES=ILPUT, TAPES*DOUTPUTY

RATE EQUATIONS ANALYSIS OF MULTIPHOTON ABSCRPTICHN.

THIS PRCGRAM C(ALCULATES MPA BY INTEGAATION CF & SET OF RATE EQUATI(NS.
THE RATE EQUATIONS IMCLLDE VIBRATICNAL LEVELS FRCM Vv = 3 UPWARD.

THE INTEGRATION OVER TIME 1S DOME AT INTERVALS OF 0T = C.001 NSEC.
THERE ARE 3 SUBRCUTINES.

A WORD ABCLT LN]ITS?

TIME IN NANDSECCNDS. ENERGY IN KCAL/MDLE. RATE CCNSTANTS 1M GHI.

C PCWEP DERSITY [N MEGEWATT S/CM2, CRCS5S SECTICNS Ih 1.0E-19 (M2,
FREQUENCIES IN CM~). FLUENCE IN J/CM2.

e XakaleXalatelale ekl

CCMMCA D1
CIMENSION TITLEL2CYWRTK(6I1 8851601 ,SE(60) ,PTPIGS) «PIIPPRVIGLY
LINMEASICN DISSCNI6O 1, POR (4001
DESENSICEN PLOC) +PPRV{GLD SRTKZ {60),A852(60),582 (60 ),CISS21CDH
CAT2 CONSTHNDIMN/.C144,60/

C CONST 1S 4 CCAVERSICH C(CASTANT NEEOED FCR THE VARIABLE C.

C

CIRC 2C86. TITLE

CARU 21104¢2F10.4. MFONTEF,OTTHAX,

CARD 41122, LEVEL,LD]SSHLEVEZ.LOIS2.

CAFL 8F10,4. RTK. LEVEL-LOISSe¢]l NUMBERS EXPEL TED.

CARD BF 18,4, RTK2, LEVE2-LLCI52¢#1 MUMBERS EXPECTEC,

CARD 6f IC.%e ABSL1),ARS(2),AB5{3),ABSF ABS211) ,ABSF2,

CERL T10+3FIC L4y [1002F1C 4. NFRECCEZF Q.3FTALDE,NFREWZ.EQFFT2,%ETA 2,

CARD BF 1C.4., PChe AP NLMBLRS EXPECTED.

CARC Fld.4. ENRG

C

rcc FCRMAT (3F]1C.T7.11C1

8CC FUPMAT 12044}

ecy FCPMAT (Z110,2F10.4)

8Ce FORMAT {[1Ce3F 12.4e110¢2FLJ.4}

8ca FLFPAT (BFL1C.4)

ecs FCRMAT 41101}

<22 FORMATY (LH12J84)

921 FCRMAT (@ TIME INCFEMEINT =8,65,3,% NSEC .%)

sC2 FCPMAT (1F 41CF10.3)

9C1? FCRMAT (oCTrE LASER POWFR TN Me/C M2, ¢ /#PCRER IS GIVEN AT INTEF. ALY
1 CFe, FR .4 2% ASEC. TOTAL ENERGY =%, F5,2,% J/(M2¢ 35X, 5ENERGYE)

SCs FCRMLT (# CPARAMETERS IN THE FIRST CISSCCIAT ICN?#*)

S5 FLREMLT (® MAXIMUM LEVEL =#,123,* DISSCOIATIVE LEVEL =v13,# (I[N LUDIN
LC LEVEL Do)

sCe FIPMAT (OCPARAFETERS 1IN THE SECCND DISSLCIATILA?S)

950 FLRMAT (*RRT=9, 110}

S6C FOPMAT (# 2L =# oF10,7®RFSTD=#, FID .7y *RBu=#, FIM.T)

KEAC (5,80C) TITLE

AP NUMPEP CF PCWEPE TC EE IANPUT. IT IS CITHER THE LENGTH TF THE
LASER PULSE PR THE ELAPSE OF TIME FNn INTEGFATICA IN ASEC,

MTEP RUMBEF CF YIME INTEFVALS YO THE OUTPUT OF THE PCP. DISTRIAUTIC'.S,
DT TIME INCREMENT FER THE [NTEGRATICN.

TMAX CURATION OF THE LASER PULSE. TMAx/DTaN(, OF TIME INTCEVALS.

ALL WARTABLES BEGIMNINC WwITh L ARE INTEGERS wHICH CORRESPLNOTC 24
ENERGY CF DEeLXXFX, THE SAME vARIABLE PRECEDLC BY AN 1, AS IN [ixxar,

[aXa Yo Ralaala b


http://I10i3F1C.4iI13.2F1C.*

60

C

75

EQ

a5

S

icc

110

O AN AAADN AN AN MO

v

laXaNalkalaNale R Nul oW Rl o Nal:y

-~

207

15 JUST 2LXXXX=LXXXX¢ls THIS 55 TC GET RID OF ThE PROBLEM THAT TH:

POPULATICON AT Q EAERGY RESIDES IN THE VvARIABLE PCP(1).

TLEVEL 1S THE MUMPER LF LEVELS INCLUDED IN THE FIRST DISSDCIATICA,
TLEVEZ IS THE NUMPER CF LEVELS INCLUDED IN THE SECLNOAKY DISSCCIATI W,

LOISS,ADIS2 CORRESPOND TO THE OLSSOCYATICN ENERGIES (1 AND
LUP 1S THE LEVEL In THE SECOND ANSORPY ION BEYOND wrilCH THE

21y RESYP,
R 1S N0

DECAY [NTC HIGHER LEVELS CF THE SECTND MCLECULE FRCM ThE FIRST,

RFESTC 1S THE RABL FREQ OF THE PUMP MODE FUNDAMENTAL TRANSE
A1 LCC rusimz,

RBm 15 THE RLTIATICAAL ARAACH WIOTH

BWL 1S THE LASER BAND wlDiH.

ART IS THE AUMAER CF HCTAT ICAAL TRANSITICNS IN THE RCTATIC
PO IS THE POWER BRUADEMING FLR THE FUNDAMENTAL TRAANS)TICN.
EF IS THE LASER FLUENCE UP YO TIME T FOR THE SATUPATICA CF
FUNDAMENTAL TRANSITICA,

AA DEFINES THE FREWLENCY RANGE FOR SATURATILA,

READ (5+8C11 AR ANTEPLCT,THMAX
REAC (S5y804) LEVELLDISS.LEVE 24L0I52
1LCISS = LDISS el

FLEVEL = LEVELS]

LUP = IEVEL-LDISS

ILLP = upPel

1LUIS2 = DI S2e)

ILEVE2 = LEVEZ24]

DC S 1=1,L0ISS

RIK(I) = Q.

CC & 1= l.LDI52

RTK2¢1Y = (.,

2 FOLLOWING A VAFIZ2BLE INCICATES ThAT 1T REFERS TC THE SEC
RIK¢RTKZ RPKM RATE CCASTANTS FOCR THE DISSCCIATICM.

AR5 (1), 8852 L1 FIRST ABSDRPTIION CRDSS SECTI(A,

BBSF.ARSE2 LAST AESCHPTICMN CRCSS SECTION.

AES(ZY AND ABSI3) ARE THE v = 1=2 AND 2+3 ABSCRPTYILN (RLSS

TICN

NAL hkhan v,

THE

o 5T L.

SECTICAS

RESPECTIVELY., ABSU3) DECREASFS ERPONENTIALLY TC ABSF. £ Ck CINSTAT

ABSCPTICA CRLSS SECTICAS [N THE QU SEY AE>iJd) = ABSF.

DE ENLEPGY (F THE (ASEF PHCTCN.

AFRECLAFFECZ VIBRAT JUNAL CEGREES DF FFEEDCHM [N THE MLLEZULL
EZERCLEZERT2 2ERU FUIAT EARGY CF ThE MLLE(ULE.

[

BETA(EETA2 FREQUENCY DISPERSINN PARAMETER, SEE RCBINSCN ARG MCL3IN_‘r.

PON IS THE ARFAY Ct PCufR DENSITIES OF THE LASER AS A FunC

REAC (5,8C3) {RIKI1Do1=ILDISS,]LFVELY

LF (LEVE2 JNE.O) RERC (5,803) (RTR2(04, 1= ILDIS2, ILIVEZ)
KEAD 1548C3) ABSI1)+ARSL21 vABS(3) o ABSF,ABS2 (1), APSH2
REAL 548021 NFREG.EZFRC,Yf TA,OE NFREQ2,EZERL 2+0F TA2
READ (5,803) (éTwill i=]l,NP?

KEAD (547CO) RFESTD,RB I Bwl ¢+NRT

THL S PRCGRLP ASSUMES THAT FCR VERY SHURY L IPET IME 5TATES.
TI4E 7 DISSCCIAYF AT TIME TeNT,

EC 7 [=ILCE5S5. LLEVEL

IF (RTRUT1¢0T.CT 1.0 RIKLTD=]1 /0T

£C € I1=ILDISE ILEVED

TiIeN LY 11w

mLLLC e 5 AT


http://fCl.li--'-'

115

120

125

145

Is¢C

16C

165

208

8 LF (RTKZLIV*DT.GTaled RTRZ2(1) w1707

c
C TRITIALI2E ANC SET THE ARRAYS NECESSARY.
C

PUWINPel) = O,
1< ®RI1TE 16.900) TITLF
WRITE 16,6C4)
WRITE (64505) LEVEL,LTISS
CALL PREPIABS (£BSH o SEVLEVELs NFREGIEZERC 4 BET A, OEy POPYDISSLNGPLPOR Y,
INDIMN)
It (LEVEZ.EC.O0) GO TO 15
RRITE (6.(5C61
MRITE (6505} LEVEZ4LDIS2
CALL PFEPUABSZ2s ABSF2¢SE2/LEVE2oNFREQ2,EZERC 2,BETAZJDE ¢P4DI5S2,7Pr v
1+NITMND
15 E= 0.
£C 23 Il NP
2c E = EePORi]
E = ESTYAX/(NP®LICOC,)
C INLYLAL PCPULAYION DISTREBUT ICA.
PCP{1) = NRT#BRL/REs
FCFPRV 1) = NRT9BNL /REa
FPRV » NRT*En|/RBW
P(wMAx = O,

PRIAY CLT THE ENERCY AMNL PCwER DENSITIRS CF THE LASER.
ENRG TCTAL ESERGY CENSITY IN J/CM2 FOR NORMALIZING PLRER CENSITY.
€ 1S THF TCTAL ENEFCY [ENSITY CF THE LASER,

[N ek Yo ks

RE2C [5,B03) ENRG
1F (ENRG LLE. O.) STLP
DC 3C I=14NF
3C PO (1) = POW{ I }®ENRG/E
RRITE (645031 (THAK/NPI,ENRG
WRITE (645221 (PCwil} 1=l NPI
ANT = TPAX/DT
RRITE (646C1) CT
WPITE (645501 NRT
WEITE (6,560 EdL,RFSTOLRAN

NCW OU THE INTFGRATIDN, INCREMENT OVER TiIwg, AND FOR EACH TIMe Capflu~-
LATE THE PLPULAT(CH DISTRIRUTICNaHICH RESIDES I8 THE AkkAYS PLP AN »,
THE INTEGKATICN FCR THE DI SCRETE LEVEL EXLITATICA IS CARAIEC Cuv

TILL THE MAX LASEK INTENSITY, THE END OF THF 8Tm NSE( IN THIS C&3E,

IF THE LASFR [ATEANSITY MaX (S AT THE M NSEC, THE NUMGEF SN ST2TEW[A”
5 SHLULD Bt [AANGFD YO M®]1)0). IF THE LASER FLUENCE IS SC LARCE

THAT YHE TCTAL PCPULATIDN >1s THEN THE INYEGPATICN vIA STATEMEAT 7>
CAN CALY BL COHPIEL CUT YILL A TIME BEHCKE THE IRTERSITY Max 0

wAKE THE TCYAL POLLLATICN sl.

TIME CEFERCENT Fimtf PRCACENING FFFFCT IS CONVSIDERED.

ARSL£PS2 ARL THE FLLY ARRAY OF ABSGHPTICA (KCSS SECYIONS,

SEsSE2 APE THE AnkhiyS OF STIMULATFD FNISSICN CROSS SECTICNS FRO™ PREP,
C A CCEFFICIENT (A Thi RATE EQUAT ICNS INVOLVING THE PCheCK DENSITY.
PCPPRY IS THE PREVICLS PLPULATICN DISTRIBUTICNECK THE PRIMARY 018500,
PPRY 1S Trt PREV ITUS PLPULATICN DISTP IBLTIGN FOR THE SECCND OISSDC.

[alalaRelaloRalak Voo dalsliatal
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13¢
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22¢C

{ DISSCN+DISS2 TCNJAIA THE TCYAL DI SSOCIATION YIELDS FRCM EACH LEVEL.
<

1%

&C2

“CL

5¢C

5C1
18

78
19

80

0L 100 Jv) «ANT AT OP

CALL DISTR (TLEVEL yND'MN,POPPRV.! +ABS,SED

IFf (LEVE2.NELC) CALL CISTR {ILEVE2.NDIMN,PPAY,I ,ABS2.5E2)
0L S0 y=l.NTPP

Ji= Je § -~ 1]

1o« Ji/100°

PCMER » PORllotle =219 NP/NNT)

L=PCWERPLTOONST/DE

1f ta] .CY. BOOO? GC YC 78

PR = SUPT (PLwER/ICC ) e RFSTOD

£EF = 0.,

IF 1JJ .€EC. O} GC T 401

DU #3C jw = 1o 2J

EF = Flm(Ini/iC®ed ¢+ [P

EH 2 PIniJJel o (JI=J810001/10%%6 + EP

VALUE = ARS{i)IeBnlw22EPe 14.4 /{DE®({D,D05¢PBI}) -\

iF (VALUT) 500. 500+ 501

ia = €.

€C ¥ e

BA = SCRT(ABSTLI®ERLOZ22EP* LA.4 /IDF®(0.0CS5+PHIL - 1)

f = NRT o (PB ® (A2 « L) & BNL) / REx

PLOLLY = POPPRYIL1)L O SE( LI *POPPRVI2) ~ABSI LISPCRPRYIL ) oF =t Pry
t PRy = F

[T f

PCP L) = PCPPEV(LICCS{SELII®PIPRPR VI 21-ACSL 1) *PCPPAVI LY
FC FO &k = 24 FLEVEL

PLPIRDY = PUPPRVIKI La-NDTeRTKIKII+LO(ABSIK=L 0 PUPPPVIK~] }eStin)cr
1PPRVIKeLI~(ARS IRV eSE(N~1218PIPPRVI(K )

CISSINIK) = CTSRTK(KISPLPIKISDISSTA(AD

PCPPRVI(n-1 = PUPIk=-1)

FCPPRVIL ) = FLELLY

PCOPEYIILEVELY = PLFLILEVELY

1F ILEVEZLEQ.Q) GO ¥ 6D

¢
C CALCLLETE ThE ARSCHPTICN FLK THE SECCAC STEP.
C

£S5

£6

sC
100
C

Pio) = PPPV{al (s (SE2(4I0PPRY (S1~BB52 (4 39PPRY (&4} 1¢PCPPRY 4o D15}
106 TR(GeLDISS) @D T

CC FY f=95,LuF

PLLY = Pravil] oC* (APSZ(L-13*PPRVIL—~11 ¢St2{L)®*PPRVI

ILe21=(AB 2(LI«SE21L~ 1)) 9PPRVILI}+PCPPRVIL#LDISSI®*OT*RTKRiL¢LOISS)
PREViL-1 1w PiL~]1}

LT E¢ L=liuP TLEVEZ

PUDY 2 Pr-yiL )%l | ~DTORTKZILII*CeLARS2IL-LIOPPRYLIL-13+SE2(LISP v

ILOYI=T2P7 (L IeSEZ(L~) 1 IOPPRV (L 1Y
CTS82¢L) = DVeRTH2(LE®P{LI+DISSOHILY
PPRY {1 ~1) = P(g=1}

FPRAMITLE VL) FLILEVEZY

CONTINLD

CCRT IMUF

C COCLUNE TeE TRULKA® By PRINTING OUT THE JESIRFD INFRCMATICH.
C
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SUBRCLT INE PRE#

ARG AAARA

535

210

CALL CISTR { ILEVE. sNDIMNPDP.1 oAB S, SE)

IF (LEVEZ JMELO) CML CISTR  LILEVE2,NDIMN, P, [,ABS2,SE2)
CALL CONCL (LDISS RN ,OUISSCNePCP ADIMA JLEVEL)

1F (LEVE2.NF.O0) CLLL CONCLILDES2,RTK2.01552,P¢NDIYA(ILEVER]D
6C 10 10

thD

SUERCLTINE PREFIAES yALSF 9SEGLEVEL s AFRELeELERC LT Au OEy As Ba Loted

FEEP FREFAPES FCR THE FEST C(F THE PRCGRAM BY INITIAL IZING ARRAYS 210
CALCLLATING THE [RCSS SECTICNS FOR AMSCRPTICN AMD STIMULRTED Ev[3S(Ce,
285 ANC SE ARE RELATED BY THE RATIO OF THE NENSITY OF STATES AS
CALCLLATED QY ThE BHITTER-RABINCVITCH APPRCAIMAT ICN IRCLUDING RTT2TI M
ROS IS THE RATIO CF THE DENSITY DF STAIES.

LS WALUES WESE BRE FLF ETwYL CHLORIDE.

CIVERSION ARSIEZ)SELEDIRISI BTN GUE0Y 42 {6CH BIL0)4CHEL)

FCRMAT 1+ 1JFL3.514

FLEMAT o (RLTIC CF THE DERSITY CF STATES PFTwEEN BLJLCEANT LEVELS )
FOCP¥ 2T {SCABSURPTICN CLRGSS SECTICN IN 1.CE-L1S (M2.°)

CC 5 I=t.n -

Alld=C.

ELL=,

cerr =0,

Ctteld = Z.

Gty =

G2y =
Lty =
rc 8 1 A, LFVIL

AES(lel)= ARS(II®(AESF/7ABSIINIOR{([-2. 3/ ({LEVEL=-3.1)
EPh = IsCE/EZERD

h o= EXF{-2.4]GL9EFFee] 254

wWPh 3 -C,6C478%hof FRee (=), 75

W

-
.
=z

Gl141) = (EPR¢] ,~PETASWIPRINFREC~1} ®(].~BETA®WPR]
POSILY) = GIIYsZCUIeN

FOSELE=).

RLS(2) = .1

FORI3) = L0534

+DSt&) = L(FC?

CC 10 I=jeLEVEL

St (il = £FS{QsmF2S(I)
AESHLEVYEL* Y = 2,

SECLEVEL eI} = O,

W ITE {645Cw)

PPITE (6,607 (RDSI 1,1 eLEVELD
wFITE 16,905

BFITE (€649C2) (ABSITD ol s oLEVEL)D
FETUbN

(£
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SLBECLTIAE DISTF

18
C
C
C
k] C
[
So1
1<
SCe
1(
LE}
7C
2

SUERDUTINE OISTR ( JLEVELaMePCPo] ¢ABS,SE

O15Th CLIPLY THE PCPULATICAN DISTRIBUTICN whlChH RESICES 6 pCP,
SUM CLATAINS THE TLTAL PCPULATION IN THE MOLFCULE I UNDI SSCCLATEQ.
AVG CCATALNS Tue AVERACE NUMAER OF PHCTONS APSCRBECD.

cCrrln OT

CI®ERSICA PCPINY L AFSINL ,SEINY

FCRMAT (SQPOPULATION DISTRIBUTION AFTERS ,FB,2.* NSEC, Su™ =¢,F .-,
1e BVERAGE EXCITATICH =of6.2¢ CRISS SECTICY =9F 5. 20
FORMAT 1+ LICFLC. T

VO = C.

SLe=0.

CS = A3SLLIIOPCPLLD

CC 63 k=2, ILEVEL

(S = (ZBSUKI~SE(R=-1NIOPLPIXKIe(S

OC 7C k=1l.iLEVEL

AVE = AVGIUIR-1.18PCHEK)

SLp=SLMePLP(K]

JF (SUMJLE.1.E-8) SLM=}l,

WEITE (655011 LTS (=104 SUM,AVS/50UV,C 575U

REITE (645C20 (PCFIRD) ksl ILEVEL)

FETUPH

trl

SUBRCLYINE CCr0L

C
C
r
5 C
53¢
§(1?
10
19
123
«C

SWhLLTILE CLACLULDY SSoRTKDISSINGPCP Ay JLEVEL)

CONTL CONCLUDES THE PECGRAM Y PREINT INC THE DISSDCIATILN YISLLy 27 ot
END LF THE PULSE.

DIMFASICA RTK(M)(CISSCAING, PP(%1

FLRMAY (#IDISSCCIATION YIELD® /5HLE VELWBXWLIHFRTE CLNSTRNT (a0 ~v
LLE (NGIOXGCHY TELD CFFy 10X, LIMTOTAL YIELD)

FLARAY (1RO i0edXel 1050l IX4FB 5 ellXebo 5o LLRAFE 4

TCN = 0.

TCCEF = D,

BRITE (645C01

ILCESS = LOISS el

CC 120 I=10C1SS.1LEVEL

WEITE [€45CT0 [=L0L S5hTREII 9DISSTRUIILPLFIII P FIIVeDISSIALLD
TCOA = TOOA ¢ C15SCRAL)

TOCFF = TOCEFerCPIID

122
a=C.,

SRITE €64SC7) ToA TEOACTOCFRF(TOC . eTCLFF
KUTURN

NG
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LTCL MPL CALCULATICN BY RATE ECLaTIONSs HL D8I,

PARARETEFS In TrE FIRST CISSCCIATICN?

waARIMLe LEVLL =

15 DISSCCEATIVE LEVEL =

SEPY IS5

TUIPCLUCING LEVEL O

FATIC CF Vo€ CEASITY CF STATES EBFTREEN ADJACEMNT LEVELS

Locecce slcces +C534C «08570 Jl2458
#3127 « 3323 «J817¢ «3837¢C 0436
AESCRPIICM CRESS SELTICA TN 1.0E-15 Cw2.
3. Locei SeCI(C 2.50C3C 2.%2C 2.507%
2.5C222 2451393 2.%TI00 0 2.%3330 0 £.%0°00
TME LASEF FOmEE IN Pu/(P2,
wEP 1S GIVEN AY INTEMWALY TF |, CCCT MSIT.  TCTAL
5.273 15,83l 3.1le 65,213 Et. 589
E5.(7¢ 3R] 62.4%] S1.166 4C.657
C. <. C. [ C.
S. 0. [ . C.
Ce C. C. 0. n.
. . Ca C. C.
C. C. (% C. C.
[ C. [ [ C.
TIME INCRESENT s 0D NSFC
s .
nls 1STCICCRFSTD 213ICICkBrz e L0CL ICC
PLPQLET I(N CISTHRIESTICY 2F° e C. NSCC . Suv ¢«
L C278CCC L. . C. g
T 3. bR . 2.
PIPULLATICN DISTRIPLTILN A€T (S B .00 ASEC. SLUv =
JCSCee5s  ,J8ICEYY L 135te2? LICLL271  .(551951
LA0I025¢  LINCTIEH LICECIT) LTEI20CC LCCCCIzs
PCPLLATIC® CISTRISCTILY AFTEH 16430 *Sela UM =
L1764 (287 )88  .US57534c L (ESTes7 L 16¢63cH
«C(1Ce0) ,COCCS3Ie  LGEITCIZ  LOTCCLTC .{TCZCeC
PLPLLBTILYL DISTRESJTICA 20 TEH 26,00 NSEC, SLM =
«215237  ,2144852 ,050¢)ee  LTEDDITEt 1676331
S CCGCZct  LCOCUICL L2CLCCCC  LJA0IGLC 003335
PCPULAY [C!. ZISTFISLY 1IN ARTEL 32.0C ASEC. tuv =
«CIS25CT .DVebRh2  CS50Cioa  LI€3377¢  L{5¥e3))
a 02700 L ECETCCC L ECoCCCC . 226020C ,0022039
FLPULAY IC% CISTHIRUT (CA RFICH «3.C0 NSEL, L o=
«C1525C7  .Gleed82  ,080591f4  .C83370€ .0ST633L
Y eteta o G 4 34 4 4 S 4 4 4 o S 1 1 S S
SCHULRT LN ZISTRIBUT ICA AFTEX 48,00 KSEC, Suv =
«UL9Z6CT7 LTieadse  ,0%(<1be  .08)3TCF  ,3ST6331
SC000CCT  LLCCC2CC LTCICICC L, TC2Lili D
PLPLLATICY DISYRIBLYICM AFTES 96.0C ASFC. Sum =
SCIS27I7  JCLlawd?  L({S0G1E& L CE12LE L(STH2I)
«0300J332 #2303 LJTLLCZD LCCIIICC 3.

VCPLLATICA
152507
#200:20C 7%

DISTRIELTICR SETEF
+CIned82 .C5(¢1eé
-€030C0

»ICGECCE €.

#4,00 ASEC, Syew =
S(EIITCE L (€74633)
0.

»lede; P 16484 222730 s25786 eZztal
2.%1300 2903130 2.5%007% 2,502 2.5
ENERSY = 1 IC J/(m2
$7. 878 L3 8C1 1C%.«C7 152 o350 Laaie
822 23,347 1%.01) 9.0
da C. 3. 3 .
c. C. C. v .
J. . G. Se <o
3. 2. . . .
c. c. [ 2. T.
J. e. 0. 3. s
»C37%9C AVERACE ERCITATICN = 2.l

C.

«5)39F0 AVERLILF | X(JTATI(N =
20239662 ,00Hb2%) LOXIbe3I

Belaabid

+5956025 BVERALE LXCITATICA w 4,23 (#0155 ERNP
- {do@S33  L)623756  JA3TeT LY PEREREL A

JCCCZuoC

«&RB6069 AVERAGL ERCITATIC = & 34 (a0 35 2 ladw
2861864 L (666453 JC424sF5 LI2100és

393

SGBITIY AVEAALE EXCITLYION = @ 3D (&05S PRI ]
»OAS Ree L (B6B4ASD  .CeX36e] L LIS2n 1

c.

»ATEI @] AVERAGE EXCITATICN = .20 (FT55 S8(31 ¢ = .0
+29G1R44 L6365 L D0423435 L1700 WDllerr -

g,

baT631% AVERAGL EXTITATILA = wo2¢ LAL3S SECTILc 7 O,y
0291366  ,ZobB653 JC622617 LCluLldle L0l lLT

Se

674776 AVECAGE EN 1T3TICH v P

0851844

«Onobe53  ,)622)65

673425 AVERACE ENCITATILN =
<2851 AL .Obnbe5)  JJel]-8]

4,24 (eL3S
PRI LR
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PLPULATICN CISTRIBLYICN AFTER 72,00 MSEC. SUM o 472278 AVERAGE EXCITATICN = .23 CRLSS SFCY W N = 2.2%
«CL32SCT .CleseBS? .0505166 LCOI3T08 0976331 LOBOLR4A4 CebB453 L 0421338 . CI2¥400 ,0CIDImd
+L000000 LCLCLCLC oCLECCCO € C. 0.

PTPLLATICA OISTALEUT ICH AFTER 80.00 NSEC, SUM » ,ATI068 AVEAAGE EXCIVATILN o 4,22 CRESS SECTHLL = 2.2%

«C1526C7 LC144852 L0505006 LOBI3TOE 0970331 .0091844 .060d453 ,0420815 .ClleaTe
P [T 4 S SR X 4 11 f SENPY o of f f of o - Y P S [N

LISSLCTETIC, witL D

LivEL RATE CUASTENY YIELD CA Yia o nff 10781 YitLh
1 «CLCle oLCi45 «04208 04241
2 «Jllle 2122 «Cli26 c23es
2 «1270C 0125e +033%0 01297
“ +£5262 «CO57: - £3CCC «LC573
4 FRR 14144 PEES P a- «3323¢C w0318
e 6.C74(2 AL GLS « £CCOC .LCccCy
7 Lo. CECCC SLoece 0. «030u0
E 32.35200 «006CC . L CCCCS
L3 fE.ee(CL {4434 0. «J3832

c 2. 03292 205337 -CBBIY



APPENDIX II. COMPUTER PROGRAM FOR THE MODEL
CALCULATION OF SENSITIZED LASER PYROLYSIS

A. The Reactant Has Only One Dissociation Channel

REM SENSITIZED LASER PYROLYSIS MODELL ING

REM THIS PROGBRAM I8 TO BE USED ON COMMODDRE FET MICROFPROCESSOR

2 REM PRINTER DEVICE # ND=4 AND SCREEN DISPLAY ND=3

REM TRAPEZOIDAL RULE 15 USED TO NUMEKICALLY SOLVE EGN (1v-%)

20 REM THE INTEGRATION INTERVAL H IS DETERMINED PY AN ALLOWAELE ERROFR ER
KREM A AND EA ARE THE ARRHENIUS PARAMETERS FOR THE UNIMOLECULAK REALTION
REM Tm IS THE MAXIMUM TEMPERATURE AFTER THE LASER PULSE

REM D 1S THE RATE CONSTANT FDR TEMFERATURE DECREASE

REM TE IS THE LENGTH DF TIME AFTER THE LASER PULSE FOR REACTIONS TD OCCUFR
REM TM T MEANS THE CUBE OF TM

DEF FNF (T)=mEXF (~FA/ (RESEXF (~D(J) $T)+TR1)

DF =0 HAnO: BEad: T=i: TR=295: T o(is Het)

INFUT A"y
INFUT"EA (FCAL/MOLE) ";EA

INFUT"N (# DF CALCULATIONS) “3N

2 FORL=1TON

s FRINT"L="35L

INPUT”TML) (KELVIN)“3TML)

INFUT"D(L) (SEC-1)":D'L}

INFUT"TE (L) (SECY";TEWL?}

INFUT ER (LY (-LNOI1-YIELD)) "sER(L)

NEXT

INFUT"DUTFUT ON FRINTER OR SCREEN":0%

IF LEFT# (08, 1)="F" THEN ND=4:60T0 2%C

ND=7

IF ND=4 THEN INFUT“TITLE":T$

BA=EARSOT,T17

FORI=1TON

EE=TM(J!-295

ED=-EASEERD (J)

SF=FEDSEXF (~BA/TM(J)) kK (TsHEED{J) /TM(J) " Z+BD/TM(J} 4-D (I} /THI O
M= INT(SORILITE (D) "T)ESFEA/(1Z0ER(J)) ) +1)

H=TE (J) /M

DF = (FNF (O) +FNF (TE(J))3) /2

b=M-1

FORI=1TOt ; DFsDF+FNF (18H) :NEXT

47,3 WD=(1-EXF (LN)Y)R1Q0
410 OFEN2 . ND, O
470 IF ND=4 THEN FPRINTH2.TS
470 FRINT#Z, "A="3A
440 PRINTHZ, "EA="3;EA; " (rCAL/MOLE) "
AT0 FRINTHZ, "TM="3TM(I> ; “"{FtELVIN) "
460 PRINT# "D-";D(J); (SEC-1)"
4740 PRINTW2, "TE="; TE(J (SEC) "
4870 FRINTHZ, "ER=";ER(J (-LN(1-YIELD)) "
490 FFINTN:."INTEGR“T!ON INTERVAL=";H; " (SEC) "
4%1 PRINTH2,"YIELD="3WD:" (W) "
SO0 PRINT#2, "LN=";LN; " (LN(J-YIELD)) "
T10 PRINTO2, CHR® (10) ;CHRS (10) s CHRS (1()
520 CLOSE T
T21 NEXT
READY.

lllTCE D]SSOCIRTIDN
EA= 49 fICRL/HULE)
IVELVIN)
(SEC-1)
04 (SEC)
FR= 2E-04 (~LN(1-YIELD})
INTEGRATION INTERVAL= 1.3T64877316E~07 (SEC)
YIELD= 1.1138205 (%}
LN==, 0112006994 (LN(1-YIELT})




B. The Reactant Has Several Dissociation Channels

REM 112TCE DISSOCIATION FRODUCES 4 PRODUCTS

REM TH1S PROGRAM CALCULATES THE Y1ELD OF CCL2CH2 OF C2HICL

REM A AND EA FREVIOUSLY DETERMINED FOR C- AND T~C2H2CL2 FRODUCTION
REM THEY ARE USED IN 1B1 AND 182

REM FOR OTHER COMMENTS SEE REMARE'S IN THE PRDGRAM FOR SINGLE REACTION
DEF FNF(TIy=EXF (~EA/ (ERENEXF (~D(N IT)I+TR))

DEF FNO(T)wd, TQELITSEXF (~2B6DF/ (BHSEXF (=D (J)8T)+TFR))

DEF FNC(T)=], 0BE1A4EYF (~301198/ (BEIEXF(~DI(J) 0TI+ TRY)

DF =01 A= BE=O: T=0: TR2295;: Im0r =0 0C=0

INFUT"A":A

INFUT“EA (FCAL /MDLE)Y ";EA

INFUT"N (# OF CALCULATIDNS "N

FORL=1TON

PRINT L="L

INFUTOTMLY th ELVINY “5 TMIL)

INFUT DLy (SEC-1)"3DrL)

INFUT"TE VLY (SEC)"3TE (L)

INFUT"ER (LY <—-LNi31-YIELD?) "sEF (L}

NEXT

INFUT"OLITFUT ON FRINTEFR OR SCREEN":Ds

IF LEFT#<(O%,1="F" THEN ND=4:G60T0O 2%0

ND="T

IF ND=& THEN INFUT"TITLE":Te

BA=EARSOT, 217

FORI=ITON

EE=TM(J)~25%

EBD=-BASEEID (J)

SFeRDSEXF (~BRA/TM(J) ' 9 (28 EESD(J) /TM Iy T+ERD/TM(JY 4-D(J}/TM(3Y 2
M= INT(SO0R¢(TE(J) TIRSF*A/ (1TSEF (J}))+1)

H=TE (J) /M

LF = (FNF () +FNF(TE(J) )1 /2

OC=H# (FNC () +FNGTE (J ) ) /2+HE (FNC GOV +FENC(TE(IY Y Y /2

P =M-1

FORI=1TO!

DF=DF+FNF ¢T8H}> 3 ¢ 1-DC)

OC=0C+ (FNO:' T#H+FNC(I8HY ) 8 (1-00)

NEX¥T

IT=DF 3

LN=-A¥1T

Wh= C4-EXF(LNY) 3100

OFENZIND, O

IF ND=4 THEN FRINT#2,T¢

FRINTHZ, “A
FRINTHMZ, "E

SEAT " (1 Cén /MOLE)
FRINTHD, "TH="; TM(3) 5 “ 4 ELVINY ©
FRINTHZ,"D="3D ()2 " (SE" -1)"

PRINTHD, “TE="3TE(Is s "+ ZEC) ™

FRINTHZ, "ER=“{ER (J) 1" (-LN(1-YIELDY s "
FRINTHZ, "INTEGRATION [HTERVAL="sH: " (SECH"
FRINTED, "YIELD=";WD; " (%) "

FRINTHT, “LN="gLNs " (LN(1~YIELD) 1 "
PRINTHZ , CHR$ {103 ;CHRS (10) ;CHRS (10)
CLDSE 2

NEXT

FEML-.
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