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INTRODUCTION

Since the development of the high power CO2 laser, multi-
photon laser induced chemical reactions has been an active field
of studyl’z. Somewhat surprisingly many molecules can "climb up
the vibrational ladder" and absorb large amounts of energy from
the intense, monochromatic radiation field provided by infrared
lasers. With commercially available pulsed €0, lasers, it is
easy to introduce 50-100 kcal/mole or more with each pulse when
the 1laser is tumed to a strong absorptiom band (a mole of IR
photons at 1000 Cm-l is equivalent to only 2.86 kcal/mole).

Pulsed megawatt irradiation is a convenient way to study
vibrationally excited molecules with temperatures >1000°K.
Reactions can be obtained in what is essentially a
room—-temperature apparatus. The effective temperature is readi-
ly changed over wide ranges by changing the laser fluence, This
permits detailed study of reactions heretofore inaccessible
because of their high activation energies. Reactions induced by
laser absorption frequently have fewer side reactions than the
thermally induced reaction for several reasons: the reactant is
exposed to high temperature condition for only a short length of

time. The initial "heating rate" is in the range of 106 jold

1l 3

OK/s, the subsequent ‘'cooling rate is in the range of 10~ -

1060

K/s(pressure dependent). Also the sample is activated first
with vibrational energy and in some cases the
translational(bulk) temperature never reaches high values., This

is a mnew approach to excitation of chemical reactions and

differs from the traditional thermal excitation, in which energy



is supplied in Boltzmann form by collisions among the energetic
molecules.

Small molecules at low energies have discrete vibrational
and rotational states and it usually requires fairly intense
laser radiation to excite a subfraction of the molecule over
these discrete states via a coherent, resonant absorption pro-
cessz’3. Excitation through this discrete regime appears to
depend wupon the laser power rather than the laser emergy. The
density of states increases very rapidly with an increase 1in
energy and once the requisite number of photons(typically
thought to be ~3-4) are absorbed, the molecule reaches a second
region termed the vibrational quasi-continuum. In this regime
there is such a high density of states that the anharmonicity
problem vanishes, since there is always a rotatiomal/vibrational
level in resonance with the monochromatie laser light. Once in
the quasi-continuum, the 1laser energy rather than the laser
power appears to be responsible for further exciting the molec-
ules wup to or even beyond the reaction threshold level. Once
excited to the threshold, reaction cam occur in competition with
further excitation beyond the threshold. Since such excitation
is time dependent, the laser power rather tham energy again
becomes important 1in determining the ultimate level of excita-
tion achieved before the reaction rate becomes 8o rapid that
additional up-pumping is impossible. §Since most current lasers

have a pulse length of ~10_7 §, once a molecule acquires suffi-

7 -8 -1

cient emergy to react with a rate constant of ~10 ' = 10 s

reaction will, indeed, compete with any further up-pumping.



The CO, laser induced multiphoton absorption(MPA) and mol-
tiphoton dissociation(MPD) of many small polyatomic molecules
have been studied4“7. Some of the more thoroughly studied cases
are SF6 and halogenated methanes and ethanes. The elimimnation
of HX (X=Cl,Br or F) from alkyl halides is one of the best stu-
died elementary unimolecular processess. Two elimination
processes are possible: (1) a four=-centered process5 (the
hydrogen and halogen were originally from adjacent carbons) and
(2) a three-centered process (the hydrogen and halogen were ori-
ginally on the same carbon). Normally the four-centered process
has the lower thermal energy of activation,. Both CF30H3 and

7(e) and MPA excitations’a.

CFH,CH; have been studied by chemical
The multiphoton absorption of CF3CH3 does not follow Beer”s law,
rather the absorption increases with CF,CHq4 pressures. The
reaction probability (P(@)~0.15) saturates above 3 J/cmz- Both
the absorption data and the reaction yield data for absorption
of photons can be explained by a bottlenmeck in the lower level.
Experiments suggest that CFBCH3 acts more like a small molecule,
such as the halogenated methanes, The CszF molecule shows the
same behavior as CFqCHq in absorption measurement experiment and
reaction probabilitys. One additional point of interest for
small molecules 1is that small quantities of inert gas may
enhance reaction probability via aiding the absorption process.
This is a consequence of rotational hole filling by collisioms,
or collisional release of other bottlenecks.

In contrast to the small molecule behavior, i.e.,

bottlenecks which 1limit absorption and the extent of laser



4

driven reaction, large molecules have mno or few bottlenecks.
More specifically, a large molecule is considered as possessing

a density of wibrational and rotational states exceeding -103 -

104/c111_1 at room temperaturez. The Kansas State University
laboratory has characterized the MPD and MPA of large molecules,

5’6. A list of some of the charac-

especially organic esters
teristic features of the multiphoton excitation/reaction of
large molecules followsz.

(1) The high density of vibrational/rotational states essential-

ly places the molecule in or very near the quasi-continuum at

room temperature.

(2) As a consequence of (1), large molecules will frequently
exhibit low laser threshold fluence and high reaction probabili-
ties, There are examples with wessentially 100%Z reaction per

laser pulse at relatively moderate fluences.

(3) Because of the relatively large number of degrees of freedom
and concomitant high density of state, the RRKM rate constants
of molecules excited to just beyond the threshold energy can be

quite low.

(4) As a consequence of (3), collisional quenching of vibration-
ally excited large molecules by unexcited reactant molecules or
added bath gases can frequently compete efficiently with reac-

tion, particularly at low or moderate laser fluences.

(5) Also as a result of (3), reaction of the excited molecules

in the irradiated volume produced initially by the laser pulse



is nearly always in competition with relaxation wvia a complex
interplay of <cooling process in both the irradiated and sur-
rounding volumes. Only with low pressures and sufficiently
intense laser radiation to ensure essentially complete reaction

during the laser pulse will such cooling not be significant,

(6) The heat capacity of a large molecule is comprised largely
of the vibratiomal component, Thus, intramolecular collisional
relaxation of vibrational excitation into tramslational and
rotational energy(for the molecule in the irradiated volume)
results in only a relatively small decrease of the effective

vibrational temperature of the molecule.

(7) The vibrational energy population resulting from absorption
of the laser irradiation is relatively broad and can be approxi-
mated by a Boltzmann distribution. It must be stressed that the
true distribution is not known with certainty.

Experiments with CFBCHZBr9 showed that this molecule
behaved 1like a "large" molecule in contrast to CF30H3. For
example the laser absorption cross—section, GL(ﬂ), is indepen=-
dent of CF4CH,Br pressure, the UL(ﬂ) value approached the
broad-band absorption cross—section at low &, and showed a weak
dependence on 4. Also the reaction probabilities are quite
high, reaching 0.4 at 3 J/cmz. In this thesis the reaction pro-
bability and laser absorbed energy for CF3CH201 was
systematically studied, The reason we chose CFSCHZCI for study

is because this molecule should connect the behavior of CFBCH3

and CF3CH2Br. Also there are three reaction <channels which
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makes this an interesting case for study of parallel unimolecu-
lar reactions. It can react via a four-centered elimination
(-HF), a three-centered elimination (~HCl) and C-Cl homolytic
bond rupture. We will compare the laser photolysis behavior of
CF,CH,,

mine if they act as small molecules or large molecules in MPA

CF4CH,C1 and CF4CH,Br. It was of significance to deter-

2

and MPD.

Ther thermal decomposition of CFSCHzcll0 has been investi-
gated by the single-pulse shock tube techmnique between 1120° and
1300°K at pressures from ~2610 to 3350 torr. Under these condi-
tions, the major reaction was reported as the three-centered
(HC1l) elimination,

CF30H201 et et CF3CH: + HC1
CFscH: ———= (CF2=CHF
with log(k,sec™t) = 13.3 £ 0.4 -(65.5 & 2.2 kcal)/2.303 RT.

The study also reported the slower four—centered HF elimination,

CF3CH201 e CF2=CHCI + HF

with log(k,sec™ ) = 12,7 + 0.5 - (67.6 % 2.7 kecal)/2.303 RT.
At temperatures above 1270°K, homolytic C-C1l rupture was report-
ed as a third reaction channel. As will be discussed in this
thesis, there is reason to suspect that secondary or side reac-
tions affected these data and that the Arrhenius parameters are
not reliable.

Highly vibrationally excited CF30H2C1 have been generated
by combination of CF, with CF,Cl1 radicals by Bert Holmesll. He
observed only H-F elimination and calculated the rate constant

to be 2.8 x 106 sec-l; the threshold energy EJHE#?G kcal/mole,



was assigned from RRKM calculation. This value looks reasonable
and will be mentioned in the discussion section.

The four-centered elimination reaction of CF3CH201 are a
classic system for unimolecular reaction studies. The infrared
ﬁultiphoton decomposition of C2H581 initiated by absorbed in the
c-C stretching mode, of the molecule was studied by

12(&).

Steinfield Tunable 3.3 m laser pulses used to excite the

C~H stretching mode of ethyl chloride was studied by Moorelz(b)-
All methods found that CZH4 from four-centered elimination was
the only product and that the system followed RRKM behavior.

The IR photochemistry of Freomn 123 (CFBCHCIZ) was studied

12(c). The primary observed photoproducts for 1065

by Marling
c:m_l photolysis were CF2=CHF, CF2=CF01 and CF30013. The C-Cl
rupture channel was assigned as the main primary step, with HCL
three—-centered elimination occuring to a much lesser extent,
The CF2=CHF product was formed via radical reactions. The HF
four-centered elimination giving CF,=CCl, was not observed,
perhaps because the activation energy is higher than for CFBCH3
or CF38H201.

The dependence of the laser induced-reaction probability of
CF3CH201 on laser fluence, pressure of reactant and addition of
bath gas was studied in this work. Also reported are the pro-
duct distributions of MPD from CFBCHzcl. lLaser sensitization
using SiF, was done to help understanding the product distribu=-
tions. Laser absorption measurements were made in order to

define the efficiency of the MPD process. These data are com-

pared to similar studies of CF3CH28r and CF5CH,.



EXPERIMENTAL PROCEDURE
I. Operation of Laser

A Lumonics Model 103 TEA CO, laser was used in this work.
The TEA laser operates by tramsverse electrical excitation of a
three-gas mixture. All studies were conducted using a COo-He-N,
mixture (8.,0:2.0:0.8 SCFH) using regular tank gases, which pro-
duced an initial =130-ns fwhm pulse followed by a long tail
extending to ~1-2 us. Approximately half the energy was con-
tained within the initial spike and half within the tail. Three
low=1lying vibrational=-rotational systems of the co, molecules
are responsible for the laser transitions. The 00°1 to
10°0(9.6um) and 00°L to 02°0 (10.6um) transitions are utilized,
the 10,6 um lines are weaker than 9.6 um lines. The laser was
tuned with an intercavity grating to a single rotatiomal line
for these studies. The pulse energy varies with rotational
quantum number. The energy fluence from R(30) line of the
00°1-02°0 band, which was mainly used in this work, was 1.34
J/cm2 without focusing.

Selection of a particular rotational line is achieved by
rotating the micrometer located at the back of the laser umnit,
which turns the intracavity grating until the desired line is
obtained., The wave length of the rotational line was identified
with a pre-calibrated Model 16-A laser spectrum analyzer made by
Optical Engineering Inc. After the desired line was observed in
the spectrum analyzer, the micrometer was varied glightly until
4 maximum energy output was obtained.

The micrometers attached in front of the laser unit, which



move the output coupler vertically and horizontally, were varied
until the highest energy and spatially wuniform beam were
obtained. An iris with a 3/4" or 1 cm diameter was used to
reduce the beam size and was positioned to get the most uniform
energy beam. The laser beam profile for the 3/4" size beam was
measured using a 1/8" diameter iris placed at different posi-
tions across the 3/4" beam. The beam profile is shown in Figure
1. The variation in fluence, ~52 across the beam, was very
small. This was determined by Clara JangS.

The energy of the laser pulse was measured by a
pre-calibrated Scientech energy meter, Model 38-0102. This
energy meter was carefully calibrated again after long term
experiments. No big deviation was observed. A fluence of
0.5-1.3 J/cm2 for R(30) could be obtained without focusing. The
energy fluence was reduced by placing successive layers of Handi
Wrap (Dow Chemical) plastic film between the sample and laser.
For higher energy fluence, up to 3.8 J/cmz, a Galilean tele-
scope was used. It consisted of two Ban lenses ,one converging
(£=75 ecm) and the other diverging (£f=37.5 cm). The diverging
lens was place 37.5 c¢m away from the converging lens, The maxi-
mum energy fluence that could be obtained by the telescope was
~4 J/cmz, without damage to the second diverging lens. The
telescope gives a uniform energy fluence and a uniform irradiat-
ed volume throughout the reactiom cell,

For fluences higher than 3.8 J/cmz, only omne lomng focal

length (f 75 ¢em) lens was used, i.e., mno second lens was

inserted to make the laser beam parallel. The sample, which was
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Figure 1

Measured spatial pattern of the o, laser beam. The laser beam
profile was measured using a 1/8" diameter iris placed at
different positions across the 3/4" beam. The laser beam pattern

shows a superposition of several transverse modes.

( This diagram is copied from Clara Jaung's Ph.v. thesis )
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contained in a thin cell, was then placed at various positions
to obtain various fluences. The maximum fluence wused in this
work was 5.3 J/cmz, at higher fluence the cell windows were dam-

aged.
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II., Chemicals

All experiments were done in the gas phase. The starting
material CF,CH,C1 (PCR Research Chemicals,Inc.) contained < 1%
of CF,Cl, was measured as GC-mass spectrometry (Finnigan 4000)
and thermal conductivity(TCD) gas chromatography (Hewlett Pack-

ard 700 chromatograph). The b.p. of CF,CH c1(6.9°C) is higher
_ 2

3
than CF2012 (-29.8°C), so the impurity was removed by fractiomnal
distillation using a benzene slush bath at 59C. The slush was
prepared by pouring liquid N, into benzene with stirring until a
slush is formed, the temperature is maintained by periodically
adding N, to maintain the slush, the pﬁrified sample was then
degassed under vacuum, resulting in < 0.1 Z% CF2012 impurity as
determined by gas chromatography (TCD).

Samples of CF,=CHF, CF,=CHECl, CF,=CH,, CHF=CHF, C,F,, C,F¢,

2
8iF, (all of the above chemicals are from PCR Research
Chemicals,Inc.), toluene (distilled, Fisher Scientifiec Co.), N,
(Union Carbide Co.) and He (Air Products) were stored as gases
in Pyrex vessels, which were attached to a vacuum system that
was capable of achieving a pressure of 10-3 torr. The vessels
were fitted with greaseless needle valves and teflom stopcocks
that regulated the gas flow. Pressures were monitored with

pre-calibrated MKS Baratron pressure transducers, type PDR-3.

The minimum pressure that could be measured was 0.001 torr.
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III. Measurement of Laser Absorption Cross-section, ¢ (&)

The GLQH) were measured with a dual pyroelectric detector
arrangements, as shown in Figures 2 and 3. A small fraction of
the laser energy entering and leaving the reaction cell was
reflected into two detectors, amplified amd recorded by a
microprocessor, and viewed on the screen of the oscilloscope.
The dual detector arrangement is sensitive and can measure %17
absorption. For unfocused laser beam experiments, the arrange-
ment shown in Figure 3 was utilized. When energy fluences >1.5
J/cm2 were required, the telescope arranéement shown in Figure 3
was added with the Ge flat being replaced by a NaCl flat; other
parts of the detection system were the same as at low fluence.
A fraction f; (~2%) of the laser energy was reflected by a NaCl
flat into a detector (DET2). The laser beam with the reduced
energy, El’ then passed through the cell and a fraction of the
transmitted beam, f2, was reflected by a Ge or NaCl flat into
the detector(DET1); £,~28% by a Ge flat and ~2% by a NaCl flat.
For low fluence experiments, the second beam splitter was
removed and (DET!l) was placed directly behind the sample cell.

The empty reaction cell was placed between two lenses as
shown in Figure 4 and the preamplifier gains were adjusted so
that the maximum values of peak 1 and peak 2 were 2-3 volts and
the ratio of peak 2 to peak 1 was approximately 1.0 . The (peak
2 /peak l)ratio for the empty cell is called R(vac). Then the
cell containing the sample was placed in the sample position.
The sample absorbs some of the laser energy and gives a ratio

(peak 2/peak 1) = R(sample). The ratios can be expressed a3
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Figure 2 Dual Petector arrangement for measurement of Q..rﬁﬁv at low energy fluences
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NaCl
flat

det 1

cell

Figure 3

iris 2 iris 1
o NaCi
iens iens
- e — > i
n _
— telescope —

det 2

Arrangement for measuring awﬁﬁ at high energy fluences.
Other parts of detection system were the same as shown

in Figure 2
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peak2 E2(1—Lw)f2u
( ) = = R{vac)
peakl vac, Elflﬁ
peak2 TzEz(l-Lw)fza
( ) = = R(sample)
peakl sample Elflﬂ
where E;, = energy before the first NaCl reflector

E2 = energy after the reaction cell
Lw = loss by the NaCl windows of the cell
fl’f2 = fractions of reflected energy by the first
NaCl flat and second NaCl or Ge flat
@,8 = gains of preampl and preamp2
then

Rsample TEz(l—Lw)fza/Elflﬁ=

T = Transmittance

Rvac Ez(l—Lw)fzﬂ/Elle

From the ratio, we obtain the transmittance for the sample.
Whenever the energy fluence and or the geometry were changed,
R(vac) was reset. Even at the same energy fluence, R(vac) was
checked several times to account for possible changes in the
pulse-to-pulse energy.
The absorption cross—section, aLLH), was calculated by the

equation below from the transmittance values.

IaT = - o (#)NX

X = length of cell,cm

N = concentration in molecules/cm3

= 3.24 x 1016

at 1 torr, 300°K
If the system follows Beer” s law, the given pressure were used

to obtain the best GL(ﬂ).
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IV. Identification of Reaction Products

The reactant and products from the multiphoton 1laser
induced unimolecular reaction were analyzed with a Varian Model
2700 Series gas chromatograph equipped with a H2 flame ioniza-
tion detector. A 5% long, 1/8" diameter copper column filled
with Porapak Q and operated with a 55 ml/min flow rate of heli-
um, carrier gas at 70-80°C was used to separate the components.
Absolute gas chromatography calibrations were done for the reac-
tant and the main products,CF,=CH, CF,=CHF, CF,=CHCl. Whenever
a new experimental series was started, mnpnew calibrations were
made. Calibrations were done from carefully measured amounts of
sample in a standard volume using the same GC conditions as for
the laser experiments. - The GC detectivity was defined as the
ratio of the peak height to the sample size (in torr wunits for
the standard volume, 30.28 cm’ ).

Figure 4 and 5 shows the calibration curve for
CF,CH,Cl, CF,=CHF and CF,=CHCl,in a 30.28 cm> cell. The peak
area and peak height of all compounds showed 1linear responses
versus sample size, since the peaks were narrow and symmetric
with no significant tailing. The reproducibility of the <cali-
bration for 0.05 torr of CF30H201 in the 30.28 cm3 gas cell
utilizing a gas chromatography ©Porapak Q <column, temperature

80°

C and a helium flow rate of 55 ml/min is $0.001 torr.
The standard procedure for sample irradiation and analysis
was the following. After a good vacuum was obtained, 0.05 torr

of reactant was transferred to the 30.28 cm3 irradiation cell

and the pressure was carefully measured with the 0-10 torr MKS



| l | I

0.2 0.4
Torr
Figure 4 G. C. calipration curve for CF3CHdpCl of peax

area and peak height, This calibration curve

was optained usiag a Porapak Q columa at 80°cC.
The pressure axis is the pressure ia a 30.28 cm3

standard volume.
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,, C-F2=-C HF

CM

CF,=CHCI

l —
0.1 0.2

To rr (in 30.28 cmécell)

Figure 5 G.C. calibration curve for CF, = CHF and CF, = CHCL.
This calibration curve was obtaining using a

Porapak Q columa.at 70°C.
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Baratron pressure transducer. The cell was then placed in front
of the co, laser and irradiated with several pulses. The cell
was then transferred to the vacuum unit of the gas chromatogra-
phy. After a good vacuum (10—3torr) was obtained, the injection
loop was cooled with liquid nitrogen, the valve to the reaction
cell was quickly opened to allow the sample to freeze into the
injection loop, while the transfer was monitored by the pressure
gauge. Once the transfer was complete, the injection loop was
isolated and, while cooled with liquid nitrogen, it was pressur-
ized with the He carrier gas., After being isolated agaim, the
loop was heated with hot water and the sample was injected into
the GC column by simultaneously opemning two valves connected to
the GC column and carrier gas column. This technique is very
effective in quantitative transfer of small gas samples i.e.,

0.05 torr gas sample in 30.28 cm3 cell.

The products from laser irradiation of CF3CH201 were 1iden-
tified by GC~Mass spectrometer (Finnigan Model 4000). The
sample from the 30,28 cm3 reaction cell at 0.05 torr CFSCHZCl
was too low to be satisfactorily injected into the GC-Mass spec-
trometer; therefore, a 30 cm long cell with 2 torr of CF3CH201
was used to obtain sufficient reaction products. The sample was
condensed by means of liq.N, into a small steel tube (Figure 6).
The gas then was removed from the tube by a gas syrimnge (250 ul

Hamilton company, gas tight ) and inserted through a Teflon sep-

tum into the inlet of GC-Mass spectrometer.
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Figure 6 Scael tube for cransferring sample Irom

vacuun system to GC-Mass
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V. The P(F) Measurements for Laser Induced Reaction

The reaction probability,P(#), is defined as the fraction
of molecules that react per laser pulse in the irradiated
volume. For sample exposed to i pulses, the reaction probabili-

ty is given by

v, 1/i
B = —2 [ 1= Ceg/e, ) ]
o}

V = the total volume of the reaction cell

G = the irradiated volume

C. = concentration of the reactant after i
pulses

Co = initial concentration of the reactant

i = number of‘pulses

The irradiated area, A, was measured with burn paper. I1f
the burn paper appeared as in Figure 7, a and b were measured
from blue edge to blue edge. The irradiated area is A =(axb)7/ 4

and the irradiated volume is G, = A x (cell length)

Figure 7

" blue

white
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At some laser fluence, the irradiated area measured from
the burn paper was smaller than the iris, If the iris is small,
i.e., 0.74 cm2 for #=0.2-0.4 J/cm2 in sensitization reaction or
in one focal iéns high laser fluence experiment, Because of the
inhomogeneous of the laser beam, the burn paper area is only 1/2
of iris area, this will increase the fluence measurement and
reaction probability twice as it should be. But if the fluence
is high(except the one lens experiment), the burn paper area is
close to the iris, s0o we should choose the largest area as the

irradiated area, A.
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VI. Quenching and Scavenging Experiments

Some experiments were done with CFBCEZCI and added He, N2
and toluene bath gases. Toluene acts as a scavenger for free
radicals, as well as a deactivating bath gas. The CF3CH201
pressure was always 0.05 torr, and different amount of bath gas
were used in making the gas mixture. The CF3CHZCl/toluene mix-
ture with certain composition was prepared and stored in a large
vessel at least 30 minutes before the experiment for complete
mixing. Toluene has very long retention time under the gas
chromatography conditiong used here and a very broad peak comes
out after several injections. This necessitates raising the
column temperature to 150°C twelve hours after several analyses.
The NZ/CF3CH201 mixture was made in the same way ;s
CF4CH,Cl/toluene mixture.

Instead of preparing the sample in a big wvessel, the
He/CF3CH201 mixture was taken from the He and CF30H2C1 gas ves-
sel directly each time. This is not a good way due to the slow
speed of the gas diffusion, but, these experiments were not

intended for quantitative interpretation.
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VII. Procedure for the Sensitized Reaction Experiment
Sensitized reactions were done with 5 torr of SiF4 and 0.4

2 was used,

torr of CF,CH,Cl; a fluence range of 0.2 to 0.6 J/cm
The laser beam was used without focusing; plastic films were
used to reduce the fluence. An aperture of 0.7 cm diameter was
used to make the heated volume a small fractiom (1:25) of the
total <cell volume, This ensures that "cooling" after the laser
pulse is effective. Since the reaction cell never gets warm,
the sensitized technique has been termed "cold pyrolysis“l3.
After several pulses, the gases were transferred to the injec-
tion loop of the GC and analyzed in the usual way.

The laser frequency should be strongly absorbed by the
sensitizer, SiF4, but not absorbed by the reactant, CF3
The P(40) line of 00°1-02°0 band at 1027.4 cm-'1 matches this

CHZCI.

need. The pulse-to-pulse laser energy variation was:l0% and
long term energy stability was #10%Z, The gas mixture, 5 torr
SiF4 and 0.4 torr CF4CH,Cl, was prepared and allow to stand at
least twenty minutes to make sure it was well mixed.
Experiments were done at ¢ = 0.2 to 0.6 J/cm2 range. There was
no reaction for irradiation of 0.4 torr CF3CH201 alone, as shown

2 4ith the P(40)

by irradiating a cell at a fluence of 0.45 J/cm
line for 20 pulses.

Experiments also were done with toluene added as a radical
scavenger in the sensitized reaction. The set-up was the same
as for sensitized reactions, except that the gas mixture was 5

torr SiFa, 0.4 torr chcﬂzcl, and 0.14 torr Toluene. The exper-

imental fluence range also was &4 = 0.2-0.6 J/cm2 for the

sensitized experiments,
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RESULTS
I. Spectroscopic Properties of CF30H201

The high resolution infrared spectrum of CF4CH,Cl shown in

Figure 8 was taken with an FT-IR (IBM 98) instrument in the fre-

quency region from 1070 cm—l to 1130 c:m-1 with resolution of
0.03 cm—l, the rotational structure is just becoming observable
at this resolution in the 1105 cm-l region. Because of the

declination of 1laser intensity as the wavelength moves toward

the CF,CH,Cl absorption maximum. The frequency we chose for

irradiation was 1084.6 ecm Y, the R(30) line of the 00°1-0290

band, which is on the 1low frequency side of this moderate

strength absorption band.

The assignment15 of the infrared frequencies for CF_,CH,.C1

372

is shown in Table 1.

Table 1 Vibrational Frequencies of CF,CH,CL
A” A"
(totally symmetric ( Non-totally
vibrations) symmetric vibrations)
CH2 s8 2294 CH as 3044
CH h) 1443 CF, as 1277
C-a s 1339 CHY tw 1100
CF 4 as 1267 irradiate here
CH, W 1159 R(30),1085 cm
CF $s 855 CH, T 905
0-81 8 801 CF3 ad 541
CF, 88 639 CF r 355
cF 2§ 541 c-8 1 109
CF T 330
c-8-c1  § 180
88 : symmetric stretch r : rock
5 ¢ stretch & ! symmetric deformation
w o wag ad : asymmetric deformation
as : asymmetric stretch tw : twist

T : torsion
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II. Laser Induced Chemical Reaction of CFscHZCl
1. Products from laser photolysis of CFSCHZCI

Most samples were analyzed isothermally at 80°C with the
Porapak Q «column. Typical gas chromatograms are shown in Fig-
ures 9 and 10, The retention time for the three main products

and the reactant are shown in table 2 for a carrier gas flow of

55 ml/min.

Table 2

Substance retention time retention time
70°C 80°c¢

CF2=CH 2 min 80 sec

CF2=CH 2 min 30 sec 100 sec

CF2=0301 7 min 6 min

CF3CH201 17 min l4 min

The three main products were identified by the retention times
of the pure substances and by the GC-Mass spectra (described
below).

After the analysis of the products by GC-mass spectra, a
sample of the pure compound was injected directly to get a mass
spectrum of the pure compound for comparison. The mass spectra
of the reactant and main products are shown in Fig.ll , and the
analysis of each compound is listed in Table 3.

The mass spectra of CF,=CH, and CHF=CHF are quite similar
and the mass spectra cam not distinguish between these isomers.
However, isomers can be differentiated by the GC retention
times. At 80°C and He=55 cmB/min, the retention time of CF2=CH2
was 1.5 min while that for CFH=CFH was 10 min (cis-trans isomers

were not resolved).



29

. N
R |
H i ), A ;
0 4 8 12 16 min‘

Figure g The G, C. spectrum of CFyCH,Cl laser ianduced

reaction. ( ¢ = 2.1 J/m2; x(304) ) for a_

Porapax ) column at S0%C.
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‘A, CFp=CHy
B. CF=CHF
C. CFy=CHClL
b, CF3CH3CL

D
B
A
c
! I 1 ! 1 t .
0 4 8 S = 16 2 min,
Figure 10 The G. C. spectrum of CF3CHpCl laser induced reaction.

( RGO, ¢ =0. 5J/ecm? ) for a Porapak Q ceclumn at 70°C.
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It was surprising to learn that CF,=CH, is one of the main
products. But, after careful comparison of the GC-Mass spectra
and GC retention times, it was proven to be right. One of the
products from laser induced reaction of CFacﬁzBr also was
CF,=CH,, which provides additiomal confirmation for identifica=-
tion of CF,=CHy from MPR of CF,;CH,Cl.

There are two minor products, CZFG and CzF4 , that appear
on the gas chromatograms before the CF2=CH2 product for reac-
tions induced at high fluence. Some minor products also
appeared between the peaks for CF2=CHF and CF2=CHC1; they were
assigned as CF2=CF01, and CF30H=CF2 from the GC-Mass spectra,
There were also two components between the CF,=CHC1 and CF,CH,Cl
peaks; but, the peaks were too broad and too small to be iden-
tified by GC-Mass spectra. These minor products do not appear
at low fluence ( < 1.2 J/cm®), When the laser fluence is > 1.2

2 ; s
J/cm®™, the minor products are observed; however, their total

fractional contribution is between 2 % and 5 Z at & = 1.2 - 4.8
J/cmz. These were considered negligible compared to the main
products and they were not studied. In the &experiment with

toluene, these minor products were reduced to only 1-2 % sug-
gesting that some of the products are from radical reactions
which were quenched by toluene.

No CF30H=CHCF3, an expected product, from CF3CH:
recombination was observed from GC and GC-mass spectra. We con-
clude that all of the carbene rearranged to CF2=CHF.

The main products from the CF3CH201 reaction, CF,=CH,,

CF2=CHF and CF,=CHCl, were investigated in separate experiment
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for laser induced reaction. Irradiations were done at high flu-
ence, i.e., 3.78 J/cwz, for rather high pressure( 0.5- 0.7 torr)
of each olefin at the same frequency, R(30), used 1in the
CF303201 reaction, In each case there was no reaction, which
eliminates the possibility of secondary MPD reactions of the
products.

Some laser work has been done with CF2=CHC116 and

CF2=CH217. They do undergo reaction, but for different frequen-
cies than used in this work. Excitation of CF,=CHCl at 967 .7
cm-l with an energy fluence of 5-10 J/cm2 in a molecular beam
eXperiment16 gave both HC1l and CcmH:. It was concluded that
two dissociation channels, namely C-Cl rupture and three-center
HCl elimination, must compete with comparable probabilities. No

HF four-centered elimination was reported.

CF2=CHC1 —————eeie G F + HC1

272
-——-———--CFZCH + C1
The IR photodissociation of CF2=CH217 at 944 en~ L produces

vibrationally excited HF via collisionless molecular elimina-
tion.

From the IR spectrum of CF2=CHF, there 1is =no absorption
band around 1085 cm-l, our selected laser frequency, accounting

for the lack of laser induced reaction of CF,=CHF in our experi-

nments.
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2. Dependence of Reaction Probability on Energy Fluence and

Reactant Pressure

We define for unimolecular reactions the point at which the
deposited vibrational energy has reached equilibrium among all
degrees of freedom (including translations and rotatioms) of all
molecules within the irradiated volume as the differemtiation
point between nonequilibrium 1laser-induced <chemistry and the
onset of thermal chemistry. A relatively simple, but effective,
means of distinguishing between mnon-equilibrium wunimolecular
laser process and a thermal reaction, as defined above, is to
introduce into the reaction c¢ell a molecule which does not
absorb the laser radiation but which can undergo a unimolecular
thermal reaction with a threshold similar to the reactant molec-
ule. Such work has been done by Danenz, et al. by using a
1 : 3 mixture of isopropyl bromide, a chemical thermometer, with
ethyl acetate. How low in total reactant pressure must omne work
in order to avoid significant intermolecular V-T,R relaxatiom 7
Pressures of 0.1 torr or less are frequently found to be ade-
quate2 . For pressures < 0.05 torr, thermal contribution to the
yields from irradiation of CFSCH2C1 should be negligible.

In the present work the P(f) measurements were done with
0.05 torr of CF4CH,Cl. The laser beam was used either focused
(with telescope or long focal length lens) or unfocused using
the R(30), 1085 cm_l line. The long laser pulse ( He:CO,:N,=
8.0:2.0:0.8 SCFH ) consists of an initial spike of about 100
nsec at FWHM, followed by lower intensity tail of 1-2 us, was

used in all experiments. Since << 5% of the laser radiatiom is
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absorbed for a pressure of 0.05 torr, the incident fluence is
virtually the same as the transmitted fluence and there are no
significant fluence gradients within the cell.

The reaction probability, the ratio of CF,=CHCl/CF,=CHF,

2
the fractional percentages of CF2=CH2,CF2=CHF, CF2=CHCl; Vo/Go,
and the mass balance (major products) at a given energy fluence
are shown in Table 4. Figure 12 shows the P(#) vs. @ data for
excitation of CF,CH,Cl with R(30). The threshold fluence for
our experimental technique was around 0.4 J/cm2 for 500 pulses.
The high fluence region will be discussed in more detail in the
following paragraph. P(#) varies as (g)® with n = 3.

The reproducibility of the reaction probability data for
0.05 torr of CF3CH,Cl with R(30) was tested at & = 2.3 J/cm2 ;
the result was 0.13%f 0.03 for three runs. The reproducibility
is typical for —reaction probability measurements at fixed 0.
However the greatest uncertainty is in the fluence measurement.
For the telescope experiment & is uncertain by % 0.15 J/cmz.
But, for the single lens experiment the laser beam was small and
not homogeneous; so, the irradiated volume is not so well
defined and the uncertainty in the area measurement raises the
uncertainty in & to £ 1 J!cmz. Thus, for the P(#) measurement,
there is +5% reproducibility for unfocused and for focusing with
the telescope; the uncertainty increased to #20% in the single
lens region. The absolute error may be larger than the statist-
ical reproducibility.

Great care is required for the high fluence experiments.

For fluence higher than 3.7 J/cmz, a single long focal length
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Table 4 Reaction of CFSCHZCI (0.05 torr) at

different laser fluences

A. (6-9-82)
i Ci/Co Ao , Vo/Go 7 P(&)
cm J/em
500 0.882 3.00 4.72 0.43 8.6 x 10°%
200 0.860 3.00 b.72 0.55 2.5 x 10_3
150 0.882 3.00 4.37 0.72 2.9 x 10_;
150 0.850 3.00 4.37 D.72 29 ® W00,
100 0.882 3.00 4,09 0.90 4.2 x 1073
100 0.882 3.00 4.09 0.90 6.7 x 10_,
75 0.644 3.00 3.75 1.20 2.0 x 107
75 0.725 3.00 3.75 1.20 1.5 x 10
75 0.784 0.75 {7 .1 1.33 4.2 x 105
75 0.792 0.75 17.1 1.33 4.2 x 1023
50 0.746 0.75 16.3 1.77 7.9 x 103
50 0.780 0.75 16.3 1.77 6.6 x 10 ]
20 0.792 0.75 15.1 2.31 1.5 x 10;
20 0.829 0.75 15.1 2.31 1.3 x 107}
15 0.804 0.75 14.4 2.87 2.0 x 10
15 0.746 0.75 14.6 3.33 2.6 x 10_]
15 0.659 0.75 14.6 3.33 3.7 x 10,
10 0.792 0.75 13.6 3.73 3.1 x 107)
10 0.730 0.75 13.6 3.73 4.1 x 10
20 0.755 0.33 35.2 3.34 4.3 x 107
10 0.794 0.33 33.6 4.13 3.9 x 1077
10 0.820 0.33 33.6 4.13 4.5 x 107,
8 0.870 0.33 32.6 4.62 6.1 x 1077
10 0.850 0.33 32.6 4.62 6.3 x 10,
4 0.870 0.33 32.6 4.82 1.1 x 10_,
4 0.920 0.33 30.6 5.30 9.8 x 10,
5 0.880 0.33 30.6 5.30 8.2 x 10
10 0.720 0.33 30.6 5.30 1.0 x 10

——d.—-——-——-.—————_——_.-——————n..-——-——--—-———_-_—-.-———-.—.—————-.————.—_-..———

(continued)



Table 4 Continued X = CF2=CH01/CF2=CHF
52 CF ,=CH CF ,=CHF CF.,=CHC1 mass balance
J/em fracE .2 %rac.% %rac.% X
0.55 86 .8%
0.72 90.0%
87 .0%
0.90 3.4 94.0 Ly 91.0%
87 .0%
1.20 5.0 5.4 86.0 15.9 85.0%
4,2 4.8 87.7 18.3 86.37%
1.33 10.7 6.0 79.7 13.3 87 .5%
9.4 5.2 82.6 15.9 86.2%
1.77 18.8 7.8 70.2 9.0 90 . 4%
17 .4 743 42,1 9.9 92.3%
2.31 28.1 8.7 63.3 7.3 93.0%
26 .2 8.2 65.6 8.0 96 .3%
2.87 38.3 10.3 51.4 5.0 99.0%
38.5 10,6 50.9 4,8 98,0%
3463 40.5 10.9 48,6 4.5 92 .3%
44 .3 9.9 45.8 4.6 92.2%
3:73 40.9 9.0 50,1 5.6 97 .67
40.0 9.7 50.4 5. 2 97 .67
3.34 44,4 11.1 44.4 4.0 90 .6%
4,13 48,2 8.5 43.3 5.1 89.0%
48.8 8.5 42,7 5.0 90.07%
4.82 50.3 8.9 40.7 4.6 91 .2%
5.30 65.8 13.5 20.7 1.5 96 .37%
62.8 8.0 29.1 3.6 97 . 2%
59.5 8.7 3157 3.6 98.17%
Condition: -1
laser line : R(30), 1085 cm

upper part: unfocused condition

middle part: focused by the telescope

lower part: focused by onme lens (£=73 cm)

cell length : 3 cm

Ao is the laser beam area in the cell, Vo and Go are total
reaction cell volume and irradiated volume, respectively.

i is the number of irradiations. Ci/Co is the ratio of the
remaining after i irradiations and initial conditions of the
reactant.



Figure]2 Reaction probability vs. laser energy fluence for

CF3CHZCl (0.05 torr) irradiated at R(30)
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(£=75 cm) lens was used and each laser pulse damaged the NaCl
window, necessitating <changing the position at which the beam
entered the cell after each pulse. If the same spot was irradi-
ated, the NaCl window was broken. The experimental error could
be reduced if more laser pulses were used but, due to the damage
to the window at such a high fluence, it is inconvenient to use
too many pulses or the window has to be replaced. The 1largest
number of ©pulses used was 10 pulses at fluence 4.l J/cm2 and &
pulses at 4.8 J/cmz, and 10 pulses at 5.3 chmz. The Ci/C0
ratio was 0.82 and 0.87, respectively. That means more than 10%
undergo reaction, so the GC results should be more reliable than
the irradiated volume measurements.

Experiment were done to check P(@) at high laser energy
fluence. For these experiments 0,025 torr toluene was added to
0.05 torr CF4CH,CL; this pressure of toluene cause no quenching
but should remove from radical processes. The result was simi-
lar with the experiments done seven months earlier. This
demonstrated two things: First, the experimental results are
good., Second, because the addition of toluene reduced the minor
products, C,F,, CF,CHy, C,F., but did not affect P(#), the radi-
cal reactions are not important for the three main reaction
channels even at high laser fluence.

In order to compare the results for the telescope and sin-
gle lens experiments, data for both were collected from 2 to 4
J/cmz. The overlap of the data points in Figure 12 between 2-4
J/cm2 showed no obvious difference. The one lens experiment for

2

2-4 J.cm® did not raise the P(#) systematically, so the P(&)
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measured at &4 - 5 J/cm2 should be reliable. The second set of
experimental results are shown in table 5. In these experi-
ments, instead of <changing the number of plastic films, the
reaction cell position was changed every time to get the desired

laser fluence, so the irradiated areas were not constant.
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Table 5 Reaction Probability Measurement of CF,CH,Cl
at High Laser Fluence (1-26-83)
i Ci/Co Ag Vo/Go a P (&)
cm J/em

5 0.848 0.91 11.09 3.63  35.0 x 1007
5 0.833 0.71 14.22 4.65 51,0 x 10

5 0.793 0.70 14.42 4,72 65.5 x 1072
3 0.852 0.65 15.53 5.10 8l1.0 x 10_2
10 0.654 1.13 8.93 2.91 37.0 x 10_2
3 0.860 1.08 9.35 3.04 27 .8 x 10_2
10 0.747 1.36 7.42 2.42 21.0 x 10_2
5 0.869 0.98 10.30 3«39 28.7 x 10_2
3 0.901 0.79 12.86 .21 44,3 x 10_2
5 0.834 0.94 10.74 3.51 38.3 x 10_2
3 0.889 0.84 12,02 3.92 44,0 x 10

R ———— R et e R Al R R

(A1l data for single focusing lens)

From Table 5, the reaction probability did not really go to
100% reaction, P(@)~80% at #=5 J/cmz. In Table 4 the old P(4)
data raised gradually but, suddenly jumped up from 60%Z to 100%
in #=4.6-4.8 J/cm2 region(in fact only 4 laser pulses was not
reliable)., This was not common, the recheck experiment gave a
more reasonable result, from Figure 12, we drew a smooth curve
and concluded that P(@#)=80%, instead of 100% occurred at &=5.3
J/cmz. More discussion will be in discussion section.

The [CF,=CHC1]/[CF,=CHF] ratio vs. # plot is shown in Fig-
ure 13. The CF2=0301 yield is always larger than for CF,=CHF,
i.e., HF elimination is faster than HCl elimination. The pro-
duct distributiom wvs. # is shown in Figure 14, it is similar
for toluene-added data (see Figures 14,19,20). All products
increase with fluence, but the relative fractions of CF2=CH2 and
CF,=CHF increase with increasing fluence. Mainly one sees that
CF,=CH, increases at the expense of CF,=CHCl. At g =1.0, the

C-Cl rupture was the slowest channel. A crossing with HCl elim-
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Figure13 The ratio of CFpCHCl / CF,CHE vs. laser eaergy

flueace for CF3

CHZCl'(O.OS-torr) irradiated at R(30)
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Figure {4 The ~ percentages v of three maia
products, CFp = CH,, CFp = CHF, CFy = CHCl
vs., laser energy flueance for CF4CH,Cl
(0.05 torr) irradiated at R(30).
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ination occurs at & = 1.0 J/cm2 and another crossing with HF

elimination occurs at & = 3.3 chmz.

A set of experiments were conducted with different CF4CH,C1
pressures at constant laser fluence (table 6). The pressure was
varied from 0.05, 0.1, 0.2, 0.4, 0,8, 1.6, to 3.2 torr. Four
sets of experiments were performed at fluences of 1.55, 2.17,
2.33, and 2.55 J/cmz. The P(@&) was constant with reagent pres-
sure for P < 0.8 torr. For higher pressure P(#) increased.
These data are consistent with onset of enhanced reaction
because of thermal contribution at the higher pressure. The
thermal effects onset at lower & for higher pressure and this is
shown in Figure 15,

Plots showing the product distribution (CF,=CHCL1/CF,=CHF,
and fractional percentage distribution of CF,=CH,, CF,=CFH,
CF2=CHCI) ve. reactant pressure at different fluences are shown
in Figure 16,17,18., Clearly the relative product distributions
change with increasing pressure at constant &, and CHF=CF, grows
at the expense of CHCI=CF2 as pressure increases, When the
pressure is > 1.5 torr, CF2=CHF predominates, which is similar

10 and laser sensitized result (with no added

to the shock tube
toluene). But the ratio of CF,=CFH/CF,=CHCl in this work is 1-2
in the 2 to 3 torr region, and 3-4 for semsitization reactions,
They are both much lower than that in shock tube
experiment,i.e., 9-13 for 2610 to 3350 torr CFBCHZCI at ~1200°K.
The product distributions change with pressure in a much dif-

ferent way than with & (see Figure 13}, for laser induced

reaction, CF2=CH2 is the main produc¢t at high J@.
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Fig.15 Reaction probability vs. CF3CHpCl pressure
irradiated with laser at R(30).

t 1 71

Torr

s ! |,L 1 ! |

.10 .30 .50

P{®)



47

Table & MPR for Different CF3CHZCl Pressure

A,
Co Ci/Co P(#) CF.,=CH CF.,=CHF CF,=CHCl CF,=CHC1 mass
2 2 2 2 2
———————— balance
CF2=CHF
torr frac.% frac.? frac.?%
0.1 0.887 2.87% 8.0 52 87.0 16.7 85.3%
0.4 0.905 2.382 5.4 1.8 92.8 17.0 90 .8%
1.0 0.901 2.50% 15.6 12.5 72 .0 5.8 91.1%
2.1 0.867 3.43% 19.4 40.9 39.7 0.9 87 .8%
2.9 0.888 2.84% 19.5 46 .0 34,6 0.8 90 .6%
condition: -1
laser line :23(30),1085 em
g =1.55 J/cm Ao = 0,75 i =75
Vo/Go = 18.02 focused by telescope
B‘
Co Ci/Co P(4) CF,=CHC1/CF,=CHF
torr
0.05 0.840 9.7 x 1072 11.00
0.10 0.874 7.5 x 10_2 11.17
0.20 0.900 5.9 x 10_2 11.30
0.30 0.%49 1.3 x 10_2 11.00
0.40 0.943 3.3 x 10_2 9.81
0.80 0.962 2.2 x 10_2 4. 44
1.62 0.951 2.8 = 10_2 0.87
2.00 0.948 3.0 x 10_2 0.72
3.20 0.859 8.5 x 10 0.39
(continued)
condition: 1

laser line : B(30),1085 cm
g o= 2,17 J/em” - Ao = 0.75 i = 30
Vo/Go = 16.82 ~ focused by telescope



Table 6, continued.

C.

Gt Ci/Co P(G) CF,=CH, CF,=CHF CF,=CHCI Y mass
balance

torr frac.? frac.? frac.?%

0.1 0.758 20.78% 20.5 19.7 58.9 5.52 88.0%

0.4 0.750 21.06% 28.2 16.1 55.8 3.47 87 .3%

0.7 0.725 23.40% 27 .0 29.6 43 .4 1.43 88.37%

1.2 0.679 28.,.40% 21.6 45.0 33.4 0.79 94.0%

1.5 0.637 32.89% 22.:3 51.8 25.9 0.57 87.0%

2.9 0.541 44,90% 21.5 53.4 21.9 0.41 81.6%

S e S N R M S e S e S e S S e G e S S D G e Ge S S GS5 S e e S S e G B e S S e e e S S G S S S S

condition: -1

laser line : 5(30),1085 cm 9

g = 2.55 J/cm A =10.75 cn i = 20
focused by telescope Vo/Go = 14.84

Y :CF,=CHC1/CF,=CHF

48
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Figure 18

P (torr)

Product ratio CF, = CdCl / CFZ = CYF ratic

vs. CFCH2CL pressure irradiated by laser at
R(30;.
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Figureq7 Fractional percentage of proaucts of CF3C1-1201
reaction irradiated py R(30) laser beam, witn

flueace 1.55 J/cm?



51

60

CF,=CHF
@ —2

»
o

fract. %

20

P (torr)

Figure 18 Fractional percentage of products of CF5CHpCl
reaction irradiated by R(3U) laser beam.with

flueace 2,55 J/cm2
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3. Reaction Probability and Product Distribution with Added

Inert and Scavenger Gases

a, Inert gases

MPD of CF3C3201 in the presence of He and N, was studied,
The pressure of bath gas was high enough so that the temperature
of the reaction <cell does mnot increase, Experiments with
0,1,2,3,4,5 torr of He , & = 2.05 J/cm® and 0,1,2,3 torr of N,
g = 2 .44 J/Cm2 mixed with 0.05 torr CF3CHzcl were performed.
The fractiomal product distributions are shown in table 7.
There was no enhancement of reaction probability with addition
of He or N,, in contrast to the frequently observed enhancement
for laser irradiationm of small molecules, i.e.,CF3CH35. Some
quenching effe;t was observed for 3.5 torr of NZ' The product
distribution with Nz appears different from the pure CF3CH2C1
LID at 2,05 J/cmz. The toluene experiment below did not change
the product distribution. The result here might come from the
experiment error, but comment will be made without any further
proof.

The retention time of CF4 is the same as CF3CHZCI, s0 no

experiments could be done with CFA as a bath gas.

b. Toluene

Toluene was used as both a radical scavenger and a quench-
ing gas. The uniform fluence cell was used with the long laser
pulse to study the dependence of reaction probability upon
toluene pressure, All experiments were done with 0.05 torr of

CF303201 and added toluene. The two sets of experiments at & =



Table 7 Reaction of CF,CH,C1 (0.05 torr)
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with different pressures of N2 bath gas

mass
balance

N, Ci/cCo P(#) CF,=CH CF,=CHF CF,=CHCl Y
(torr) frac.% frac.? frac.%
0 0.68 17 .4% 17.0 8.0 70 26
1 0.84 11.8% 38.8 10.2 51 5
2 0.81 13.8% 43.0 14,0 43 3
345 0.86 10.6% 43,0 11.4 46 4
condition: -1
laser line : 5(30),1085 cm 9
g = 2.05 J/cm i= 20 A =0.74 cm Vo/Go = 13,64
focused condition X § CF2=CHCIICF2=CHF

Reaction of CF4CH,CL (0.05 torr) with
different pressSures of He Bath gas.

G T S G S G S S G S S S Y S G G e G GNR RS T M e G S S G G G M T Amm e SeU M e e S

He (.3F2=CH2 CF2=CHF CF.,=CHC1
torr frac.Z friac.? %rac.%
0 32.8 10.6 54.0

1 36.8 10.5 52.6

2 40.9 Qi d 49.4

5 37.3 10.8 51.9

10 33.9 11.9 54,2

e R R R R e I el P ——

condition: _
laser line : R(30),1085 cm

& = 2.44 J/cm® A =0.73 i =20 Vo/Go = 13.83

focused condition Y : CF2*CH01/CF2=CHF

- o

- s
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Table 8 Laser induced reaction with toluene

A, fluence 1.61 J/ETZ
Po(@)=1.44 x 10 A= 2,9 cm
i toluene(torr) €i/Gs P(@) Po (@) /P (&)
25 0 0.860 1.22 x 102 1.00
25 0.05 0.862 8.44 =x 10_2 1.70
20 0.05 0.892 8.10 x 10_2 1.77
80 0.50 0.924% 1.40 x 10_2 10,25
100 0.50 0.916 1.24 x 10_2 11.57
100 0.55 0.923 1el3 % 10__2 12.70
150 0.55 0.896 1.04 x 10_3 13.80
100 0.70 0.962 5.52 x 10_3 26,00
150 0.70 0.240 5.87 x 10_3 24,45
100 0.84 0.970 4,20 x 10_3 34,20
150 0.84 0.961 3.77 x 10 38.10

(continued)

e e e S S D A G AR G Gl e EE IR R N AN o i S G o SEN NN SN Smm S g SN0 BN vet e S B SN e M A S S S Om A SN G G G D S S Y S e e S e

toluene i CF2=CH CF2=CHF CF_,=CHCL
torr fract.% fract.Z% fract.?
0 25 7.5 4.2 88.5
0.05 2:5 8.3 4.6 87 .0
0.05 20 3.6 4.1 87.3
0.50 80 7.4 3.9 88.7
0.30 100 72 3.8 89.0
0.55 100 7.3 4,0 88.7
0.55 150 6.4 4.0 39.6
0.70 100 6.1 s 91.6
0.70 150 632 3.6 90.3
0.84 100 See 1 3.4 91.0
0.84 150 6.5 3.2 90 .3

G D G O G Sy e RS G e e e G e G S G CEN NN S SR O ey G G GO6 T SR G B Do G S G o G G G RS GR SOF Wy AN W G wer S G e e
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B. fluence = 3.42 J/STz
Po(@) = 2.65 x 10

D . Gnie e S G A SRS IS SN e e e S e TR S M S S UeS ey e G S wey $N5 M W S e G M e e Sov M S S e e G e e

toluene(torr) i ci/co P(g) Po(H&) /P (&)
0 15 0.760 2.65 x 1071 1.00
0.8 20 0.788 1.69 x 1077 1.78
0.8 20 0.799 1.59 x 10_1 1.67
1.0 20 0.813 l1.46 x 10_1 1.81
1.0 25 0.758 1.57 % 10_1 1.69
1.5 20 0.849 1.16 x 10_, 2.28
2.0 20 0.873 9.64 x 10_2 2,75
3.0 15 0.922 7.68 x 107 3.45
4,0 10 0.957 6.18 x 10_2 4.29
5.0 10 0.965 5.13 x 1077 5.16
6.0 20 0.949 3.72 % 10_2 7 .11
7.0 20 0.946 3.90 x 10_2 6.80
8.0 20 0.960 2,89 x 10_2 9.17
9.0 20 0.965 2.50 x 10_2 10.61
10.0 25 0.969 1.79 % 10 14,77
(continued)
table 8, B.continue
toluene i CF2=CH CF2=CHF CF2=CHCI
torr fract. fract.Z% fract.?%
0 15 46 ,7 7.1 46,2
0.8 20 42.2 4,2 53.6
1.0 20 41 .8 3.0 55 .2
1.5 20 42 .4 4,3 53.3
2.0 20 41 .4 4.5 54.1
3.0 15 43.0 5.8 51 .2
4.0 10 45.5 4.2 50.3
5.0 10 43,8 5.4 50.8
6.0 20 42,5 5.0 52.5
7.0 20 41,5 5,1 53.5
8.0 20 38.0 4.8 57.1
9.0 20 40.7 5.0 54.3
10.0 25 34 .4 6.6 59.0
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Figure 19 Reaction probability and product distripution
with added toluene,
¢ = 1.61 J/cm?
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Figure 2( Reaction probability and product distribution
with added toluene.
¢ = 3.42 J/ca®
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1.61 and 3.42 J/cm2 both show quenching effects. The degree of
quenching depends upon the pressure of toluene and on fluence.
The effect of added toluene on product yield and ratios are
illustrated in Figures 19, 20 and Table 8. The data are
presented as Stern-Volmer type plots, i.e., graphs of the ratio
of the reactiom probability in the absence of the added gas,
Po(ﬂ), to that in the presence of toluene, P(#), vs. pressure
of added toluene. At higher fluence one needs a higher pressure
of toluene to get the same quenching, for example, at & = 1.61,
it only took 0.5 torr toluene to have Po/P = 10, but at & = 3.42
chmz, 9 torr of toluene was needed.

The fractionmal distribution of the three main products were
not affected by adding the toluene; even though the absolute
reaction yield may be reduced dramatically. These toluene data
conclusively demonstrate the absence of bimolecular radical
pathways for the CF2=CH2 channel. As mentioned ©before, the
minor products for these experiments are only 1-2% fractional
percentage. The addition of toluene did reduce the minor pro-

ducts which come from radical reactions.
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ITI. SiF4 Sensitization Reactions of CF3CH281

l., Experiments Without Toluene

Multiphoton excitation of a sensitizer gas followed by col-
lisional energy transfer may be used to produce high temperature
thermal excitation for other added moleculesls. In this work, a
purely thermal excitation of CF3CH201 was produced by CO2 laser
MPE of a non-reactive sensitizer molecule, SiFA. Rapid energy
transfer among vibrational, rotational and translational degrees
of freedom thermalized the gas on a microsecond time scale and
yielded a Boltzmann energy distribution in the irradiated
volume. After about 50 us the thermal reaction will be quenched
by cooling of the irradiated volume.

All reaction probability measurements were done with 0.4
torr of CF30H201 and 5 torr of SiFa. The laser beam was unfo-
cused and plastic films reduced the laser fluence to a range of
0.2 to 0.6 J/cmz. The long laser pulse was used in all experi-
ments, and 2 small iris diameter of 0.74 cm was employed. As
described ©before, SiF4 caused no trouble in analysis. However,
since a large amount of SiF4 was utilized, it affected the GC
column and the sensitivity was reduced, resulting in deleterious
effects on the product separation and quantitative analysis. To
solve this problem, the column was cleaned by raising column
temperature to 150°C and using a higher flow rate of carrier gas
after 2 or 3 days of experiments, New calibrations were neces-—
sary after this treatment.

There was no reactions for SiF4 sensitized mixtures of

CF,=CHF or CF,=CHCl 1in separate experiments. The experiments
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were done for 20 pulses of & = 0.36 J/cmz, SiFA, 5 torr,
CF,=CHF, 0.4 torr and 30 pulses of 0.36 J/cm2 of CF,=CHC1l, 0.4
torr, SiF,, 5 torr. Since CF,=CH, has equally high threshold
energies, secondary reaction from the products of the CF3CHZCI
reaction need not be considered.

Table 9 lists the reaction probability, P(#), ratio of pro-
ducts, and fractional percentage of CFZNCHz, CF,=CHF, CF2=CHCI
vs energy fluences, the plots of these data are shown in Figures
21, 22 and 23. As shown in Figure 21, the P(#) range from 1073
to 0.3 can be conveniently covered. The product distribution
from the sensitized reaction is very similar to the shock tube
results and the high reactant pressure laser induced reaction,
i.e., at high £fluence the CFZHCHF product becomes the most
important one, another important point is that CH2=CF2 is also a
ma jor product. In addition to the three major products, there
is a 2-5% contribution of minor products. They are CZFG’ CoFys

CF2=CF01 and CFSCH=CF2, as in the laser induced reactions.

2. Experiments with Toluene

The gas mixture CF3GH201 : SiF4 : Toluene = 0.4 : 3 : 0.14
was used for these experiments. The data are shown in Table 10
and Figures 21, 24 and 25. Separate experiments with toluene
and SiF4 showed no reaction under the same experimental condi-
tion, If toluene is added as a radical scavenger, the reaction
should be simplified to approximately the primary reaction chan-

nels. Indeed the results are similar to the laser—induced

reaction except sensitization has a higher reaction probability.



Table 9 Sensitized Reaction of CF3CH2C1
i Ci/Co y' ] P(A) mass balance
J/cm
8 0.86 0.57 3.3 x 1077 95.0%
10 0.87 0.50 2.3 x 10_1 95.8%
15 0.90 0.47 1.3 % 10_2 99.72
20 0.90 0.41 8.7 x 10_2 99.4%
40 0.91 0.34 4,1 x 10_2 95.6%
40 0.92 0.32 4.0 x 1022 96 .0%
40 0.95 0.31 3.6 x 10_3 97 . 4%
50 0.98 0.27 9.0 x 10_3 99,0%
100 0.99 0.20 2.0 x 10 99.4%

—— S S S S S e e S S S S S e S Y S ST S e S S S S G S G e S S G

(continued)
X : CF2=CHC1/CF2=CH2 5 Y @ CF2=CHC1/CF2=CHF

RS SN S ————— S ——————————— e e e R R

y4 CF,=CH, CF ,=CHF CF,=CHC1 X T
J/cm frac.% frac.% frac.%

0.57 24,8 53.2 16.5 0.67 0.31
0.50 23.0 56 .8 16.0 0.70 0.28
0.47 22 .5 5T uf 16.2 0.72 0.28
0.41 24.0 56 .5 16,5 0.69 0.29
0.34 20.1 59.4 20.5 1.02 0.35
0.32 20.0 60.2 19.8 1.08 0.38
031 20.6 56 .2 23 .0 1o 1.2 0.41
0.27 19.6 47 .3 33.1 1.69 0.70
0.20 15.4 29.0 55.4 3.60 1.91
condition: 1

laser line :2P(40),1027 cm

A = 0,44 cm Vo/Go = 25.23

amount used: CF CH201 0.4 torr
sensitizer: Si§4 5 torr

(A1l the symbols used are the same as table 4)
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Table 10 Sensitized Reaction of CF3CH201 with toluene

U ———————— R ettt R R

i Ci/Co y'g P(g) mass balance
J/cm
80 0.964 0.19 5.4 x 105 96 . 5%
40 0.954 0.25 1.3 x 10_2 96 . 0%
30 0.898 0.37 4.1 x 10_2 90.7%
20 0.934 0.43 4.5 x 10_1 97 .3%
10 0.910 0.56 2.7 x 10_1 96 .47
5 0.910 0.59 2.8 x 10 95.0%

S ———————— e e e ettt e e ol

(continued)

_____ X i CF,=CHCL/CF,=CH, , Y i CF,=CHCL/GF,=CFE _____
g 9 CF2=CH CF2“CHF CF,=CHC1 X Y
J/em frac.% frac.?% %rac.z

0.19 22.8 1047 66 .4 2,90 6.2
0.25 30.0 12.0 57.9 1.93 4.8
0.37 36.3 16.8 46 .8 1.29 2.8
0.43 46 .9 19,5 33.6 0.72 1.7
0.56 47 .6 24,3 28.1 0.59 1.2
0.59 49.9 22.0 28.1 0.56 I

—— S e R W A S W S S e S M A e D G e G M M S S S S S S S e S M e S M S SR GGe S e S S S S G S e S

condition: -1
laser line 5 P(40), 1027 cm
A = 0.44 ¢cm
amount used:
CF,CH,C1 : 0.40 torr
Sensitizer SiF HI torr
Radical scavenger Toluene : 0.l4 torr
(A1l the symbols used are the same as table 4)



Figure 21

Reaction probabilityfor semsitized reaction
of CF3CH,Cl vs. laser eﬁergy fluence,
sensitizer . SiF4

radical scavenger : taluene

irradiated frequency : P(40)
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Figure 22 Fractional percentage of the main produczts for

CF3CH,Cl sensitized reaction vs. laser energy fluence.
CF3CH2C1 : 0.4 rtorr

SiF : 5
4 5

torr
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Figure 23 The product ratvio vs. laser emergv fluence
for sensitized reaction of CF3CHZCJ.,
sensitizer 81iF : 3 torr

CFBCHzcl § 0.4 torr
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Figure 24

Fractional percentage of the main products
for sensitized reaction of CF3CH,Cl with toluene
Sensitizer SiF4 L torr
Radical scavenger toluene 8 0.14 torr

CFgCH2Cl : 0.05 torr
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Figure 2§ The ratio of main products vs. laser energ
fluence for CF4CH)Cl sensitized reaction.
sensitizer SiF4 ¢ 5.0 torr
radical scaveuger toluene ¢ 0. 1‘4 torr

CF3CHyCl @ 0.40 torr
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We now compare the experimental product distributions of
(1) laser induced reaction, and (2) sensitization with toluene
as a scavenger. From the viewpoint of the reaction probability
at the same fluence, the sensitization reaction has 100 times
higher reaction probability than for the laser—-induced reaction
because of the thermal nature of the reaction and the large
cross-section of SiF,. The product distribution at g = 2-5
J/cm2 in Figure 13 matches well with @ = 0.2-0.4 J/cm2 in Figure
24, The C-Cl rupture was the main reaction channel at & > 4
J/Cm2 in reaction (1) and & > 0.4 J/cm2 in reaction (2).

In the discussion section, the GL(SiFA) will be estimated
in order to find the temperature for these reaction conditions;
then the sensitized results can be discussed in terms of the

pre-exponential factors and threshold energies.
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I1V. Laser Energy Absorption Measurements for CFBCHZCI
The broad band cross—-sections, 0 o of CF3CH201 was measured
with a Perkin Elmer 180 IR spectrophotometer at 1 en~ ! resolu-
tion., Spectra were taken for different pressures of CF30H201
with background correction for an empty cell, The absorption
was calculated directly from the transmittance. Some sample
spectra are shown in Figure 26, and a high resolution (0.03
cm-l) was shown in Figure 8. The results of the ©broad band
experiment are shown in Figure 27 as pressure vs. 1ln T. The
broad band cross-section o, was calculated from the slope of
this plot, i.e., 1ln T = —OONX. Two sets of experiments were
done at different times. The data were listed in Tables 1l1A and
11B; the agreement is satisfactory. Experiments also were done
for CFSCHZBr at 1082 cm-l to compare to that of CFscHZCl. The

-19

broad band <cross sections are 6.2 x 10 cmzlmolecule for

CF,CH,Br at 1082 cm_l- The mean results for CF3CH2C1 are (9.4 %

1.7) x 10729 ar 1085 cm~t; (1.30 £ 0.06) x 10712 at 1088 cm !,
(1.87 + 0.07) x 10°19 at 1090 cm™! and (2.3 £ 0.2) x 10717 at
1092 cm L.

The absorption cross-sections corresponding to laser flu-
ence of ~0.5 J!cm2 are tabulated in Table 11C. In doing these
experiments nothing was changed in the laser system eXxcept to
turn the micrometer to get the highest energy for each laser
line. From the laser gain curve, it is obvious that the laser
energy declines from R(30) to R(44) since the fluence changed
from 0.66 to 0.39 J/cm2 (Table 11C). The comparison of broad

band cross—section and laser cross—section at g~0.5 J/cm2 at
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Table 11 Broad Band Cross Section Measurement of
CF CH,C1 from IR spectrometer at frequencies
corresponding to the laser lines

A.
-------- | s i e e e
l R(30) R(36) R(40) R(44)
P(torr) | ln T in T 1n T in T
________ | o o o e e e e e 2 2 e e e
1 | -0.080 -0.129 -0.158 -0.182
3 | -0.187 -0.282 -0.405 -0.481
5 | -0.240 -0.431 -0.580 -0.,720
6.3 | -0.322 ~0.530 -0.730 -0.840
7.6 l -0.390 -0.620 -0.883 -1.026
10.0 | -0.463 -0.730 -1.040 -1.274
________ i s o s et il i o ot et O
S _50 | 77 12.5 18.1 20.8
(x10 )
________ i s o . . i . o e S S St o e, e, O, A, i i s o
B.
________ [ S e S A S S e —— P
| R(30) R(36) R(40) R(44)
P{torr) | In T In T 1n T In T
________ | o e s o s s e N i o O o A s D T
i | -0.040 -0,095 -0.134 -0.150
3 | -0.197 -0.240 -0.305 -0.405
5 | -0.360 -0.460 -0.660 -0.790
________ | s e i B e’ i, o o e O O,
o 20 l 11.0 13.6 19.4 4.2
(x10 )3
|

PR PR PSS U U - —————————— R R e ettt R e
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Table 11 Laser absorption cross=section of CF3CH201

C. at different frequencies.
1085 em *  , R(30) R(36) 1088 cm * )
&g = 0,66 J/cm # = 0.53 J/cm
P(torr) ln T P(torr) ln T
0.500 -0.008 0.500 -0,037
1.000 -0.042 1.000 -0,093
2.000 -0.095 2.000 -0.186
3.000 -0.1
= 1.1 x 10'4"9 ¢ =1.36 x 10”17
1090 cm t ,R(40) R(44) 1092 em™ ',
& = 0,44 J/cm A = 0,39 J/cm
P(torr) ln T P{(torr) ln T
0.570 -0.070 0.500 -0.094
1.500 ~-0.,170 1.000 -0.,170
2.000 -0.310 1.520 -0.262
2.510 -0.235, 2.000 -0.320,

g =1.94 x 10 0 = 2.44 x 10

el T T S —————————————————— g ettt e R e e



Figure 2 7 Beer's law (ln T vs. pressure) from
1 em~! resolution spectra for CF3CH,CL

and CFBCHZBI at certain laser lines.

The 6, for each line is : ( cmzfmolecule )

CE,CH,CL R(30) 9.4 % 1.7 x 10-20
R(36) 1.3 £ 0.06 x 10-19
R(40) 1.9 = 0.07 x 10-19
R(44) 2.3 % 0.17 x 1o-19

CF,CH,Br R(26) 6.2 x 10719

372
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these frequencies is shown in Figure 28. The CF3CH201 has
highest absorption value at 1092 cm_l laser line since this fre-
quency is the one close to the IR maximum absorption region
(Figure 26); but, the laser line at this frequency is too weak
for laser induced chemistry, so all the experiments for P(#&)
were dome with R(30).,

Two laser frequencies, R(30)-1085 et B R(44)-1092 cm—l,
were selected for systematic study of the multiphoton absorption
cross—-section of CFSCHZCI. The long laser pulse
(He : €O, : N, = 8,0 : 2.0 : 0.8) was wused in all experiments.
The energy absorption measurements were done by the dual detec-
tor method wup to @=3.5 J/cmz. As a check on methodology,
experiments also were done with CF,CH, with the same setup.
Excellent agreement with the earlier experimental data of CF3CH3

5

at R(16) line 973 c:m-l was obtained”. The CF3CH3 data are shown

in Table 12.

Table 12
this work 9 Jang” s worksz
g =1.5 J/en B =1.88 J/cm
P(torzr) 1n T P(torr) 1n T
0.403 -0.042 0.20 -0,009
0.710 ~-0,097 0.40 -0.052
1.105 -0.183 0.50 -0.057
0.70 -0.106
1o 2 1.00 -0, 164
6= 3.6 x 10 cm” /molecule 6=3.6 x 10 cm“/molecule

T G N e M S S G SR G G LD SR N Ghe GE S S GRS N G M GGr G S GRS SES TS Gmm G S SR T W N M S W N e S S GNE NS e

The UL(ﬂ) of CF3CH3 decline with & and become <constant for
g > 0.63 J/cm2 in Jang“s works.
Because of the low cross—-section for CFscHZCl, we worked at

higher pressure (0.3 to 4 torr) to avoid large experimental



Figure 28

The comparison of broad baad cross-sections

with laser cross-section ( ¢~3 J/cw?).
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errors associated with low absorption signals. The energy
absorption by CF3CH201 appeared to obey Beer”s law except for
part ot the low cross-section region. (i.e. the plot of P wvs.
In T was not linear, rather the o(#) increases with CF,CH,C1
pressure). The linear behavior is shown in Figure 29 for 1 - 8
torr of CF3CH201 at & = 1.70 J/cm2 at 1085 cmul. The 1ln T vs.
P(torr) data and cross—sections are listed in Tables 13, 14 and
Figures 30,31,32 and 33, For 1085 cm-l, excitation from & =
0.195 to # = 3.46 J/cm> and 1092 cm” ! excitation from & = 0.062
to 0.354 J/cmz. The UL(ﬂ) were calculated from the slopes of
In T vs. pressure plot., For the data which do not follow
Beer”s law, the cross—-section was obtained by extrapolating the
d(F) calculated from each point to zero pressure to obtain the
laser absorption cross-section in the absence of collision. All
the o0, (f) results are plotted vs @ in Figure 34.

The results demonstrate that Beer”s law (with some excep-
tion at low cross-section region, #=0.30+0.05 J/cmz) describes
the multiphoton process for CF,CH,C1l at 1085 cm_l line and that
the bulk laser absorption cross-section is a molecular property
independent of pressure (< 4 torr is normal) at higher fluence,
For a small molecule (i.e., CF;CH,) GLcﬂ) depends on pressure
and does not follow Beer”s law. So CFSCHZCl seems to be a com-
pound that wexhibits behavior intermediate between a large
molecule and small wmolecule, since at certain low & the
cross-sections are pressure dependent. The <c¢ross-sections
increased and then declined with increasing & for CF,CH,Cl at
1085 cu™'. At § > 2.2 J/em® , P(#) > 0.10, the 6, (4) values may



Figure 29Q Beer's law plot {(lr T vs. pressure of C}‘3CHZCJ) 77

for R(30) irradiation of CFBCHECl
Torr
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Table 13 Laser Absorption cross section g{ CF3CHZC1
for R(30) excitation (1085 cm )

G e — T T D G e e S S i e Sk S S D S S G S S e M S S M GnN G M S B G GEN GSN S SES S T M G G Bes S M M S S S S S e

g = 1,65 J/cm2 2 = 2,31 J/cm2
P(torr) In T P(torr) 1n T
0.935 ~0.124 0.948 -0.149
0.600 -0.077 0.600 -0.088
0.302 -0.025,, 0.292 -0.045
¢ = 8.02 x 10 6 = 9.69 x 10
# = 2.55 Ilem* g = 0.644 I/cm®
P(torr) ln T P(torr) In T
1.000 -0.160 0.341 -0.023
0.600 -0.097 0.603 -0.038
0.300 -0.037,, 0.940 ~0.060
o= 9.07 x 10 6= 3.83 x 10
= 2.98 J/cm? & =2.17 J/cm?
P{torr) in T P{torr) ln T
0.900 -0.145 0.460 -0.072
0.600 -0.083 0.840 -0.134
0.360 -0.039 0.353 -0.067
0.750 ~0.100 0.504 ~0.100
1.000 -0.16
¢ = 8.15 x 10‘90 o =9,88 x 10 %Y
¥ = 1.79 dlen® # = 0.82 J/cm?
P{torr) la T P{(torr) In T
0.353 -0.067 0.465 -0.022
0.504 -0.100 0.932 -0.057
1.390 ~0.0
6 = 1.23 x 10" %° 6 = 3.52 x 10-58
g = 1,00 J/em? K= 1,40 Jfes
P(torr) in T P(torr) 1n T
0.520 -0.035 1.000 ~0.110
0.800 -0.059 0.610 -0.065
0.950 -0.065,, 0.300 -0.02§

g = 6,79 x 10

e e e e S e e e e e S S I M g gor Y GED WD e G S fem S TSN R S5 SOV M Gms m EEr N M R S Gee SEF R Smr Ghe G Gor GND TEF SN R mm S S SR e e

g =0,20 J/cm2 b= 0,27 J/cm2
P(torr) 1n T P(torr) ln T
0.500 ~-0.030 0.820 -0.037
1.500 ~-0.045 1.200 -0.050
2,500 -0.097 1.600 -0.077
4,000 0.1686

e e SR S S GRS G M A SR D S S ¢ e WS SN EID URA NN S8 SR G SEL S SN N A e e SRR SN G e e S S SIS Sam G e S S A e S G e oS G G e e

(continued)



table 13, continue

g = 0.18 J/cm? g = 0.08 J/cm?
P{torr) 1n T P(torr) ln T
0.640 -0.031 1.160 ~0.051
0.980 -0.044 1.810 -0.392
1.676 -0.06 1.500 2k,
6 = 2.84 x 10‘30 o=13.21 x 10 28
F o= 1,40 J/cm® 4 = 1.01 3/cm?
P(torr) 1a T P(torr) ln T
1.000 -0.100 1.000 -0.060
3.000 -0.315 2.000 ~0.. 154
5.000 -0.490 3.000 -0.220
¢ = 6.04 x 10 o =5.86 x 10
= 0.63 J/en® & = 0.46 J/cm?
P(torr) in T P(torzr) 1a T
1.000 -0.050 2.000 -0.120
3.000 ~0.174 1.000 ~0.007
6 = 3.40 x 10 6 =3.79 ¢ 10
g = 0.33 J/em? & = 0.27 J/em?
P(torr) ln T P(torr) ln T °
0.750 -0.024 0.840 -0.057
1.500 -0.043 1.600 -0.081
2.500 -0.116 3.520 -0.205
3.500 -0.183 0.500 ~0.032

g = 3,59 x 10

- — — T e e S5 D S S S S S e e D S M M e S e M G S e G 5D S G W S SR S e S



Table 14

Laser Absorption cross sectigT of CF,CH,CL
for R(44) excitation (1092¢m ~)

80
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g = 0.354 J/cm>

P(torr)
0.565
1.029
1.500
0.777

In T
-0.057
-0.128
"0.190
-0.100

-20

e e con e e G Gy N GRS G S S G G G G ESY RS e M T S S S S G S e S G S G e G Gy G S e e S e S e S S GNP 00 G e e S M

ﬂ = 0.
P(torr)
0.600
1.000
1.520
6 = 9.

155 Jlems
1n T
-0.100
-0.156
-0.23

82 x 10‘90

P(torr) 1n T
0.760 -0.117
0.440 -0,051
0.550 -0,068
1.200 -0.173
1.890 -0.333

g = 8.95 x 10

g =0.172 J/cm2
P(torr) ln T
0,400 -0.054
0.890 -0.124
1.680 -0.240

it . Y S S D W TS T N M SN SRS Sy e S ST NEN SN TS SEw G S GEN SN G Smn SeS Sy SN G D G e S See G M ED Gae G SR G O G M e M Gan e WS T S G s sy

g =0.1
P(torr)
0.500
1.010
1.340

o = 7.

23 I/em?®

_0016
53 % 10"ZO

g = 0.108 J/cm?

- e o — Gar ow G S99 S e ey e e Ea S o Gms G50 T e e e e s AN GHS GED EED Ges e G OS TRO BN END SN M M M S G Moe G Son R e S S S

g =20.
P(torr)
0.520
1,130
2.000
g = 2,

097 J/cm2
In T
-0.058
~0.130
-0.24

16 x 10"90

P(torr) in T
0.860 -0.072
1.4040 -0.141
2,000 -0.245
g = 0.062 J/cm?
= . cm
P(torr) in T
0.530 ~-0,040
1.080 -0.100
2.120 0,242

G - D S S g T G U N GED G G G M SN SR SN SR S S S SN GHD S G M W M N N S W G G T G D S M S G G G S S N G S S SR e N e
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decline because of depletion of molecules by chemical reaction
during the laser pulse. The onset of this trend is expected to
occur at P(&) —~ 0.1 if all molecules absorb energy. Another
possibility is that the cross-section are intrinsically increase
with 0, so that the two trends balance.

The broad band cross-section, ¢, , at 1085 cm_l and 1092

- 20 =19

cm are (9.4 ¢ 1.7) x 10~ and (2.3 £ 0.2) x10

cmzfmolecule, respectively. The density of rotational states is
high and the 0, (#) value at low & might be expected to be the
same as a broad band cross—section., But the limiting o are

below the broad band cross—-sections for R(30), 0= 2,56 x ].0-'20

cmzlmolecule at § = 0.20 J/cmz, and R(44), o= 7.53 x l()-'20

at &
= (0.12. The reason we studied R(44) at low fluence was because
we thought there might be some effect related to the apparent
structure in the band, (Figure 8). From Figure 28, the CF3CH261
has higher cross—-section at R(44), whether ©6(f) will increase

at low laser fluence at R(44) was tried, and no enhancement was

observed down to @=0,06 J/cmz. We concluded that o, and

UL(ﬂ~0) do not concide for CF,CH,Cl, The same result was found
for CF3CH3 with = 2 x 10—19 cmzfmolecule at & = 0.02 J/cmz,
19

which is lower than the broad band cross-section, 4.63 x 10~
em® /molecule®: Im contrast the CF,CH,Br molecule acts as a nor-
mal big molecule with 0 ,(f) becoming equal to the broad band
cross—section at low fluence as shown in Figure 34.

Plots of P(<E>) vs. <E> inherently should be more informa-
tive5 than P(@) vs. &, since the extent of reactiom is directly

related to the absorbed energy. With the availability of the
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Figure 30 Plot of 1lan T vs,. CF4CH,Cl pressure for R(30)
(001-020) excitatioa of CF3CH2C1
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Figure 32 Plot of 1la T vs, CFyCHpCl pressure for R(3U)
(001-020) excitation of C.F3CHZC1
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Figure 33 Plot of 1n T vs. CF3CH,Cl pressure for R(44)
(001-020) excitation of CF3CH,Cl
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6,(#) values such graphs can be constructed. If all molecule
absorb the energy , the average energy absorbed per molecule in
the irradiated volume, <E>, is given by <E> = # X 0,(#). The
<n>, <E> and reaction probability at each fluence for these
three compounds are listed in table 15. For ease of comparisons
plots were made but they are placed in the discussion section.
They are labeled Figure 35 and Figure 36. 1In the P(8) vs &
plot, CF,CH,C1 reached the P(#) = 0.8 at & > 5 J/cm2 and
CF3CHzBr has the highest reaction probability at a given fluence
(for & < 3.5 J/cmz). CF3CH2C1 is second and CFBCH3 is third.
But different relationships are found for the P(XE>) vs. <E>
plot. A detailed discussion will be provided in the discussion
section.

CHZBr, and CF CH3

The P(F) and oL(ﬂ) data for CF 3

4CH,C1, CF

were obtained with considerable care by three different workers

3

in the same laboratory. They are believed to be as accurate as
achievable with the available instrumentation. One exception
may be the P(#) results for CF,CH,Br at higher 1laser fluence
after Br2 was formed.

Because of the low mean energy at higher laser fluence for
CFBCHZCI, the recheck experiment of absorption measurement at

high laser fluence was done from 0.2-0.6 torr CF,CH,CLl. The

3v"2
results are shown below:
Table 16A
ﬂ(J/cmz) ln T g (cmZ/molecule) x10”20
3-3 -00072 7.5
2o7 -'0008 9-2
2-4 -0.09 9.3
1.9 -0.07 741

e S e e e S R SIS S S G e S SR G e e e S G G S e S S S E e e e G e T G M e S D S e e D S e e
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A good agreement with earlier experiment can be seen from Figure
34,
The absorption measurements of CFSCHZCI with added He were

also done at high laser fluence. The result is shown below.

Table 16B & = 2.9 J/cm2

- — —— O G S e e S D S G S S S S S S S M N S S S SER S SEN G s e S T SR WD G e G G e S e e S S SN S G S S e S

CF3CH2Cl = 1 torr CF3CH2C1 = 0.6 torr
He In T He In T

0 -0.16 0 -0.14

1 -0.12 1 -0.13

2 -0.08 3 -0.01

3 -0.06 5 -0.09

4 -0.04

—— e ———— e e S S S e G U G GES GES G M S GSn ED DD SR S G R D T e e S G dm A S e S S S e e

As the He pressure increase, the absorption was lowered due to
collisional deactivation. No enhancement was observed.

From the two experiments above, the <cross-—-section of
CFBCHZCI at high £fluence region should be reliable, the

; " 2
cross-section does not seem to increase for & > 3 J/cm .
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Table 15 The reaction probability , absorption
cross=section <n>, and <E> of CF CH3,
CF3CHZBr and CF3CHZCI laser induced

reaction
A. CF,CH, R(16), 973.3 cm
g 9 P(4) za(ﬂ) <n> <E>
J/cm cm /molﬁﬁule photon kcal/mole
x 10
1.8 6.9 x 1073 3.6 3.35 9.33
2.3 2.2 x 10_7 3.6 4.32 11.93
2.7 4.0 x 10”7 3.6 5.04 14.00
3.1 7.0 x 10_7 3.6 5.76 16.07
3.5 2.0 % 10_l 3.6 6.42 17.88
A 2.0 x 1077 3.6 8.19 22.81
4.5 2.0 x 10 3.6 8.37 23.33
B CF3CHZBr R(26), 1082 cm-l
') 9 P(4d) 26(3) . <n> <E>
J/ecm cm /molgfgle photon kcal/mole
x 10
0.50 5.3 x 103 4.20 9.77 30.38
0.65 2.0 x 10_5 4,00 12.10 37 .44
0.80 2.9 x 10 3.85 14,30 44,35
-3
3.6 x 10_2

0.90 3.7 x 107 3.75 15.70 48,67
1.25 1.3 = 10" 3.45 20.00 62.06
1.60 1.4 x 10, 3.25 24,20 74.88
1.80 2.0 x 10_7 3.10 26 .00 80 .35
1.85 2.9 x 1077 3.00 25.80 79.92
2.00 3.2 x 107 2.95 27 .40 84.96
2.47 3.3 x 10 2.70 31.00 96 .05
3.34 3.7 x 107t 2.30 33.90 105.00

- —— ———— - - W S S S SN WS G W W W S S e e S M R R S G S W S S e S S e e e e eSS S
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C. CF,CH,Cl R(30), 1085 cm *
g 2 P(&) 5 @ (&) <n> <E>
J/em cm /molﬁﬁule photon kcal/mole
x 10

0.55 1.5 x 103 3.8 0.97 3.0
0.72 3.9 x 10 ; bob 1.50 4.6
0.90 9.0 x 1075 5.0 2.11 6.5
1.20 2.0 x 1077 6.0 3.38 10.4
1.33 3.5 = 105 6.5 3.96 12.2
1.77 8.0 x 1073 8.2 6.79 20.9
2.31 1.5 x 107, 9.7 10.49 32.3
2.87 2.5 x 10 9.6 12.89 39,7
3.33 3.5 x 107] 9.1 14,16 43 .6
3.73 4.5 x 1077 9.0 15.68 48.3
4,13 6.0 x 10_] 8.9 17.18 52.9
4,82 8.0 x 107] 8.8 19.83 61,1
5.30 8.0 x 10 8.8 21.71 67.2

v . e ST EmA e S ENN B SRS D G G D S G e D T e e e B e e SN G e G e G e AN G e R S e G e S e S e S (R e e D G G S S e
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V. Survey of Products for CFscHZBr Laser Photolysis
The properties of CF3CHzBr are similar to those of
CF

CH,Cl, except the C-Br bond (69 kcal/mole ) is weaker than

3
the C-Cl bond ( 82 kcal/mole ). 1If CF,=CH, is one of the main
products from the secondary reaction of CF3CH2 radical, it
should be favored even more for the CF3CHZBr reaction.

The samples were irradiated and analyzed 1isothermally at
80°C with a carrier gas He flow rate of 55 ml/min in a Porapak Q
column, The G.C. trace is shown in Figure 37. Only five out
of more than eleven products were identified by GC~Mass spectra,

(i.e.,CF2=CHZ sCF,=CHF, CF,CH=CF CF,CH=CH

2 3 22 3 2 2
Three of them (CF2=CH2,CF2=CHF,CF2=CHBr ) were verified by

and CF,=CHBr).
injecting the pure sample and observing the same retention time
in the GC(FID). The retention time for these five products and

the reactants are listed in Table 17A.

Table 17A
substance retention time

CFzﬂCH 30 sec
CF2=CH% 40 sec
CFSCH=CF 2 min 20 sec
CF3CH=CH2 3 min 10 sec
CF2=CHBr 8 min

CFSCEZBr 22 min

—— e = G S T W G S D G e G D N S S SN G G S S G e e Sy S e e S e e S S S e et W e

From the experiments, we can see that CF2=CH2 is one of the pro-
ducts. It was assumed that the CF,CH, radical is produced with
a sufficient excess of vibrational energy to be in the quasicon-
tinuum. It absorbs additional photons and undergoes a secondary
reaction to form CFZBCHZ.

Three experiments were done to check the quenching of the

CF,CHyBr reaction by toluenme. 1In pure CF;CH,Br experiment, P(#)
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B. CF, = CHF E. CF, = CHBr
C. CF3CH = CFp F. CF,CH,Br

L L i 3 i { 2 ]
0 4 8 12 16 20 24
Figure 37 The G. C. spectrum of CFyCH,Br laser induced reactioa. min,

The luaser beam was K(Z26), ¢ = 1.35 J/cmz, the Porapak

Q column temperature was 83° C.
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= 0.148 at @ = 1.35 J/cmz, this correlates very well with the
old data in Table 16, where P(#)= 0.13 ac § = 1.25 J/cm’. There
is obvious quenching of the reaction probability with added
toluene, i.e., the products were reduced, but the main product
distribution didn"t change significantly. This is consistent
with CF,CHyCl experiments. The experimental conditions and

results are listed in Table 17B.

Table 17B g = 1.35 J/cm? A = 2.97 em?
Vo/Go = 10.2 CFSCHzBr = 0.05 torr
toluene i P(@) CF,=CH CF ,=CHF CF,=CHBrx
torr fract.% fract.% fract .
0 20 1.48 x 107, 70.4 10.7 18.9
0.15 15 9.96 x 1072 80.2 6.0 13.6
0.50 10  3.20 x 10 82 .4 5.4 12.3
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We are not sure about the whole mechanism, however, HF elimina-
tion, HBr elimination and C-Br rupture are occuring with
CF3CH23r. Because of the lower C-Br bond energy, more C-Br rup-
ture products are expected than for the CFSCﬁzcl C-Cl rupture
reaction, Also the larger number of Br and F atoms will lead to

more secondary reactions,
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DISCUSSION

I. Literature review of Multiphoton Induced Reactions of Fluor-

inated Methanes and Ethanesl.

The possibility that a polyatomic molecule imn an intense
field of an infrared laser could absorb enough photons to disso-
ciate in a very short time span was first suggested in 1971 by
Isenor and RichardaonlB based on their experimental observation
of luminescence from irradiation of some small molecules, CHBCI,
CF4, CFZCIZ’ SiFa, NH3, etc, Infrared multiphoton
dissociation(MPD) was shown to be isotopically selective in 1974
by Lyman et &119. By 1980, it has been shown to occur in a wide
variety of molecules in many different types of experiments. In
the measurements of product yields, it is desirable to obtain
information on the identity and yield of the products and the
energy distribution of the reacting molecules as a function of
frequency, power, and energy fluence of the laser, as well as
other experimental parameters. These results are necessary for
understanding the important aspects of the dynamics of unimolec-
ular dissociation and for obtaining information concerning the
multiphoton excitation of the molecules prior to dissociatiomn.

The molecular beam method gives <collisionless <conditions.,

20 were the first to demonstrate the collisionless

Coggiola et al
multiphoton dissociation of ©polyatomic molecules, they also

measured the translational energy distributions of the fragments
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from SF6 in a crossed laser-molecular beam arrangement. The
Berkeley group has used this technique to study MPD of a variety
of other molecules including N2F4, and a number o¢f Thalogenated
methanes, ethanes, and ethylenes. In all cases unimolecular
reaction proceeds according to the statistical theory of wunimo-
lecular reaction. Three molecules closely related to the work

here (CHF,C1, CHFCIZ, and CH3CCI3), gave either three-centered

2

or four-centered elimination of HCl as the lowest reaction chan=-

nel.
There are numerous examples of time-resolved spectroscopic
detection of products in the literature for MPD. Quick and Wit-

17 measured infrared spontaneous emission from vibrationally

tig
excited HF produced in MPD of vinyl fluoride and other fluori-
nated ethanes and ethylenes. A linear dependence of
fluorescence intensity with # < 30 J/cm2 was observed.
Wurzberg21 et al used LIF to monitor production of CFZ from MPD
of CF3Br and CF3I. They argue that the CF2 arises from secon-
dary dissociation of the primary CF3 product during the laser
pulse. This may be possible even though CF, is only "born" with
a few kcal/mole of internal energy, since it absorbs around the
same frequency as CFSBr and CF31.

While MPD tends to proceed via the lowest energy channel or
the channel that is statistically more favorable, if a molecule
has two (or more) dissociation channels <close in energy, the
molecule may be excited to above the thresholds of all these

channels., In such cases there will be competitiom Dbetween the

various channels and the branching ratio may depend on the laser

pumping rate, as well as the kE for each channel. Such competi-
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tion 1is expected to occur within the framework of statistical
unimolecular rate theory . The situation is somewhat analogous
to a2 pyrolysis experiment where at higher temperatures addition-
al dissociation pathways may open up and branching ratios may
change with temperature. Using the LIF technique mentioned ear-
lier, King and Stephenson22 estimated that for CF,Cl, about 152

of the decomposition yields Cl, and 85% yields Cl. Using a dif-

2
ferentially pumped, beam sampling mass spectrometer and energy
fluences of 10-140 J/cmz, Hudgens measured the branching ratio
of Cl versus Cl, elimination23 from CF,Cl, to be greater than
33 ¢ 1, In the molecular beam experiments of Sudbo24 et. al.,
energy fluences of 5 - 10 J/cm2 were used and again the atomic
elimination channels were found to be the major channels for
both CF,Cl, and CF,Br,. The implication of the experiments 1is
that the atomic dissociation becomes more important relative to
three~center molecular elimination as the &energy fluence 1is
increased. This is consistent with the threshold energies and
the pre-exponential factors for the competing channels.

We will now consider briefly a few examples of MPD studied
in gas cell at relatively high pressures ( > 1l torr ), for which
thermal chemistry will dominate the yields. Dever and
Grunwald25 irradiated CF3C1 and CFCl, as pure gases at 60 torr
and in the presence of 0 - 60 torr of H,. Energy densities

between O0.l1 and 0.4 chm2 were used., On the basis of the reac-

tion products they concluded that the primary processes are

CFBCl——————D CF +Cl and CFCl3 - CFC1l + Clz.

23 a1 24

3

However, the results of Hudgens and Sudbo et clearly
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demonstrate that under collisionless conditions CFCl3 primarily
dissociates into CFCI2 + Cl rather than CFC1l + 012. This illus-
trates the danger of drawing <conclusions about the primary
collisionless dissociation process from high pressure gas cell
experiments.

Hanh Nguyen26

studied the of co, laser-induced reaction of
ethyl 3-cyclohexene-carboxylate. This large organic ester,which
has two reaction channels differing by 13 kcal/mole in threshold
energies, was studied over the 0.02- 0.20 torr pressure range,
P(ﬂ)=10_3-1.0. The reaction product ratio was very dependent
on the incident laser energy but almost independent of the laser
pulse duration (intensity) at constant fluence. The former <can
be explained for 1low fractional reaction by a postpulse model
using RRKM rate constants and a broad distribution function with
mean energy equal to the absorbed laser emergy. Studies of
ethyl vinyl ether done by Brenner25 showed that the product
ratio follows the RRKM expectation; however the product ratio
is dependent on laser intemsity and fluence. This suggests the
presence of a bottleneck in the vibrational manifold of levels.

A series of organic esters7 have been studied using multi-
photon, pulsed, infrared laser excitation. The dependence of
the reactiom probability and absorption cross-sections on the
laser fluence, laser frequency, reactant pressure, and bath gas
pressure was determined. A master equation formulation which
matched the reaction yield and absorbed -energy without
bottlenecks was wused to explain both general and specific

6(b)

features The postpulse reaction and quenching, which that
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is very important in bulb experiments for large molecules, was
elucidated. These organic acetates provide a conclusive body of
data illustrating the MPD behavior of large molecules without
serious bottlenecks for multiphoton absorption.

Setser et. al.,7’26

have extensively studied the vibra-
tional deactivation of chemically activated CF30H3* and CZHSF*'
The experimental technique was the measurement of the ratio of
the unimolecular decomposition product to the collisionally sta-
bilized product over a wide range of pressure, By fitting the
pressure variation of this ratio with model calculations, the
average vibrational energy ,<E>, removed from the reactants per
collision was assigned. These results are useful for under-
standing <collisional deactivation of buffer gases in MPD
experiments.

The laser-induced unimolecular reaction probability and
absorption of CF3CH3S has been studieds. The multiphoton
absorption of CFECH3 does not follow Beer“s law, rather the
absorpticn increases with CF,CH,; pressure. This can be
explained by collisional rotational relaxation during the laser
pulse. The GL(H) also was measured with the short laser pulse
and compared with the UL(ﬂ) obtained with long 1laser pulse.
Because anharmonicity and saturation occured, the absolute value
of GL(ﬂ? was smaller for the short pulse. The O L(H) decreases
very sharply with an increase of # at low fluence and becomes
constant at high fluence region. The saturation in the reaction

probability seems to occur above 3 J/cm2 and reaches P(H) =

0.20. Ethylfluoride behaved in much the same way as CF,CH, for
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laser absorption. Experiments also were done to study colli-
sional effects in IR multiphoton induced unimolecular Treactions

of fluorethane and trifluoroethaneyca); A

good correlation
existed with the collisional quenching from chemical activation
data., Also a correlation between laser pulse length and extent
of collisional quenching and/or <collisional enhancement was
observed.

The CF,CH,Br molecules’ do follow Beer’s law for the o, (8)
measurements and rotational hole burning was not observed.
However, a saturation in the reaction probability still did

2 Gith P(@)~0.40 .

occur above 3 J/cm

From the description above, we can see the difference shown
between CF3CH3, C2H5F and CFBCHZBr molecules, That 1is why we
chose to study CF,CH,Cl in some detail. The experimental work
is discussed 1in the following sections. The elementary unimo-
lecular reactions of CF30H201 are first characterized and then

the laser induced reaction is compared to the results for CF,CH,

and CF3CHZBr.
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II. Thermochemistry and Unimolecular Reaction Channels for

CF3CH2C1

The ‘H;298 values calculated from

as follows.
CFSCHzcl
CF2 = CHC1

CF2 = CHF

The thermochemical data for the rest of

were taken from Benson’s

HF

HC1

C1

F

CF3CH2

An electrostatic model29

177.3 kcal/mole of CF,CH,Cl was published as this

done.

177.5 kecal/mole.

This is a perfect match to our

bond additivities are
AH;ZQS = =177.5 kcal/mole
AH;298 = - kcal/mole
‘H;298 = =115 kcal/mole
the reaction species
28 tables
AHZZQS = -64.8 kcal/mole
“Hi,95 = =22 kcal/mole
‘H;298 = 28.9 kcal/mole
AH;298 = 18.9 kcal/mole
”H;298 = ~123.6 kcal/molezs’Ql(b)

data for the CF30H201 reactions are

CF3CH2C1 ——i

CF3CH Gl =——

2

CF303201 i
0?3C32 el
The

the

shock

[+ ]
CF,=CHC1 + HF 4H_ )¢
HC1 + CF,CH: ——— CF
9
4Bgogg
9
CF,CH, + Cl 4H o4
-]
CF,=CHF + ¥ 3 .

tube method by

for predicting the

calculated

The heat of reaction calculated

=CHF

thermal unimolecular reaction of CF3

Tschuikow—Roux

heat of formation
work was being
value, 1l.e.,

from the above

= 33,7 kecal/mole (1)

(2)
40.1 kcal/mole
82.8 kcal/mole (3)
27 kcal/mole (&)
CH,Cl has been stu-

2
10 and the
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chemical activation method by Holmes!l., 1In the chemical activa-

tion work of Holmes” CFSI and CH2ClI were photolyzed to form the

chemical activated CF3CH201*.

hv
CF.I ——— CF, + Hgl
3 Hg 3

hv
,ClLI e e CH,C1 + Hgl
Hg

CH

%*

CFq + CHyCl ——o CH,C1CFq (<E> = 100 kcal/mole)

2

The CF2=CHC1 was found as a product but no CF2=CHF was identi-
fied, In Holmes” experiment, the average energy <E>, was 100
kcal/mole and the E_  for HCI elimination was set at 76
kcal/mole.

The three-centered ( @, ) HX elimination and four-centered
(a,B ) HX -elimination channels are well documented elementary
processes. The @,8 elimination reaction proceeds by a simul-
taneous breaking of the C=F and C-H bonds and formation of the
C-C double bond and the H-F bond. Because of these simultaneous

. 3 :
processes, the complex is called four=-centered 0, it can be

represented as

F
CF,CH,CLl ——— o ——» HF + CF,=CHC1 (1)
F

There are interesting changes in threshold energy with substitu-



102

tion on the 1 and 2 position for the four-centered reactionsl.
The model incorporating varying degrees of charge separation 1is
used for the =explanation of the variation of threshold energy
with halogen substitution :

= -+

ﬁcﬁ__ﬂﬁkgﬁ
|
6+H S,
Maccoll32 concluded that substitution of Cl or Br at the 1 and 2
positions lowered and raised EO’ respectively. Chlorine is a
strong electron accepting substituent and its expected effect
might have been to destabilize the 5+ for substituent at the 1
position and to stabilize the 8 or substituent at the 2 posi-
tion. The reverse 1is the case, which is an effect that has been
observed for conjugated systems in which partial delocaiizatiou
occurs between the cholrine non-bonded electrons and the conju-
gated system. Since the four-centered eliminationm tramsition
states have ©partial double bond character, the delocalization
effect causes chlorine substitution at the 1l position to stabil-
ize the 5+. This reasoning suggests that for fluorine the
inductive effect dominates at the 1 position but delocalization
must have some importance at the 2 position, since Eo is
increased at both positions. The Arrhenius parameters for sev-
eral compounds with four-centered reaction pathway is listed in
Table 18. The log A value per reaction channel 1is calculated
and listed in the parenthesis, the wvalue for CZHSF’ CF38H3 and

CH3CH2C1 is ~13.2.



Table 18
Molecule rXn. log A per Eo(kcal/mole) ref
reaction
channel
CH CHZCI HCLl eli. 13.5(13.2) 56 .6 28
1,3-c28,c1, ECL eli.  13.5(12.9) 53.5 30
1,1,2—0233513 HC1 eli. 59
CzﬂsF HF eli. 57 .6 7(c)
13.4(13.1) 59.9 8
l,l-CZH Fq HF eli. 61.7 8
CH3CF2C HC1l eli. 69 33
CFLCHy HF eli. 14(13.2) 68.7 7(a)O
CFLCH,C1 HF eli. 12.7¢12.1) 67.6 10(11200K)
13.8(13.2) 76 11(800°K)

Therefore, the A value obtained estimated from the shock tube10

data for CF3032C1 was too low. The expected value is 13.2,
which agrees with the one estimated by Holmesll, will lead to an
log A value for this reaction fo 13.8 for a reaction path degen-
eracy of 4.

The E  for four-centered elimination is 76 kcal/mole as
determined by Holmes from matching observed and calculated chem-—
ical activation rate constants. The E0 for HF elimination from

CFECH3 is 68.7 kcal/mole33. This trend is consistent with the

Cl substituent at C2 position which increases the Eo for
four-centered elimination as discussed above. Therefore, the Eo
value from shock tube data seems too low; as would be expected,
since the A factors also were too low. Lacking any better evi-
dence, we will utilize E0=?6 kcal/mole for HF elimination from
CF3CH201.

As mentioned before, the four-centered HF elimination from

12(e) .

CF3CH(112 was not observed ; probably because two Cls substi=-

tute on the C2 pesition raise the threshold emergy so much that
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Cl rupture is the dominant reaction channel.

The mechanism for CF CH201 three—-centered elimination is

3
r T#
F H
/ | _-c1
CF,CH,Cl =—| F—C ¢ ! m——» HCl + CF,CH:
gty \ - 3
F

The formation of the HCl and CF3CH: is rather endothermic and

AHQEEO. The three-centered elimination of DX or HX has been
observed from chemically activated CD3CHF234, CHZClGDCIZ3l,
CHZFCDF35, and from shock heated CFBCHzcllO, and CF3CH01237.

The three-centered elimination channel initially forms HX and a
carbene, which subsequently preferentially rearranges by H
migration to the olefinl, The energy barrier for the reverse
reaction of the <carbene with HX or DX is small, This energy
profile is in sharp contrast to the four-centered HX elimination
process which has a large reverse activation energy36.
Rearrangement of the carbene, of course, releases a substantial
amount of emergy to the olefin.,

The CF3CH: rearrangement by F migration has been observed
by Haszeldiness’ag; CH,CH: was generated by photolysis of the
corresponding diazo-compound. From Haszeldine’s work, CF3CH:
did react with CF,=CHF, but only at the level of 1% starting
with 2.5 atm CF3CHN2. In my reaction system, CF3CH: could
rearrange to produce trifluorothylene or react with olefins, or
presumably with toluene, too. Another possibility 1is ZCF3CH;
— CF3CH=CHCF3, which is commonly observed with 2CF,: —>
CZF4 , but mo CF3CH=CHCF3 was observed. Also no products cor-

responding to CF3CH: reacting with CF2=CH2, CF,=CHF, or
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CF2=CHCI were detected. The only reaction channel for the car-
bene that we 1identified was fluorine migration. This 1is

consistent with Haszeldine”s result. Presumably the CF,CH: is

3
formed with enough energy so that the small migration threshold
energy for rearrangement does not inhibit the F atom migration.

The Arrhenius parameters for some related compounds which

have a,a elimination pathways are listed in Table 19. The log A

per reaction channel is given in the parenthesis.,

Table 19
Ea

Molecule reaction log A (kcal/mole) reference
CF,CHC1, HC1 eli. 13.4 (13.4) 831 36
CF,HC1 HC1l eli. 13.84(13.84) 55.8 41(a)
CD,CF ,H HF eli. 13.58(13.28) b4 34(a,c)
CF3CHZCI HC1l eli. 13.30(13.00) 65.5 10
CF3CH,C1 HC1 eli. 13.77(13.47) 80 11
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The three-centered elimination generally has a 2-3 kcal/mole
higher threshold energy than four-centered eliminaticnas. From
the experimental result for CF,CH,C1 discussed in the next sec-
tion, the trend is the same so that the E, may be around 78-80
kcal/mole. The value from shock tube10 experiments seems too
low. A pre-exponential factor of 13.5 per reaction channel for
HCl elimination looks reasonable for three-centered elimination
from the above table.
The bond energies in CF3CHZCl are as follows28
C-F(~108) > c-C (~100) > C-H (~98) > ¢-Cl (~81.5)

Rupture of the weakest bond, C-Cl, was suggested as a reaction
pathway at temperatures above 1270°k in shock tube

10

experiments . The reason 1is that two additional products,
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identified as CF2=CFCl and CFSCH012 were observed. A similar

bond rupture was seen in CF4CHCl, in shock tube36

experiments
and in C-H or C-I simple fission of CH3I, CH,, and many other
simple molecules. The Arrhenius parameters for these bond dis-

sociations are listed below.

Table 20

molecule reaction log A Eo PEo%) ref.
CF3CHClz C-Cl rup. 16 78 1200 36
CH3I C-I rup. 15.55 1000 28
CH), C-H rup. 14,7 100 1200-1800 41(a)

[ ————————————————————— A e e e et et e e

According to table 20, the bond rupture processes must have
a loose transition state and the A factor must be large. A rea-
sonable estimate will be 1012+0-15-5 " rhe threshold energy will
be equal to the bond dissociation energy.

What 1s the fate of the CF3CH2 radicals formed from the
C-Cl rupture? The ethyl radical is known to decompose by H rup-
ture, CHyCH, ——= C,H, + H with 4H=38.1 kcal/mole, and has
the rate constant expressionAI: log ky = 13.5 - 40.7/2.3 RT and
the reverse reaction28 log k_; =10.97 - 28123 RT, Our com=
pound, CF3CH2, can be expected to have a similar decomﬁosition
reaction. With a threshold energy —2 kcal/mole higher than the
reaction endothermicity of 27 kcal/mole. Since the threshold
energy is estimated as only 29 kcal/mole, the reaction should be
even more faster than the ethyl radical decomposition.

In sensitization reactions the temperature 1is very high,
which drives the CF3CH2 molecules to react in a manner similar
to the shock tube technique, and CF,CH, + F will be found. In

2

the laser induced reaction, The CF2=CH2 formed from C-Cl rupture
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may continue to absorb the laser energy and an F atom rupture
from CF30H2 will follow even if CF3CF2 lacks enough emergy to
react.

An important consideration is the rate of the F and Cl
atoms produced by the C-Cl rupture chanmnel. The F and Cl atoms
can react with the starting material CF303261 or the olefins.
At high reaction probability, the F-atom concentration will be
- of the same order as the starting material, and there is a pos-

sible chain reaction.

F(cl) + CF4CH,C1 —_— HF (HC1) + CF,CHCL (5)
CF3CHC]. —_— F + CF, = CHCL1 (6)
If the rate constant for (5) is 10”11 cm3/molecu1e,sec; the

time to remove 1/2 of F is 10 ys for second order kinetics.
This is longer than the cooling time (2~5us). Therefore, the F
atom reaction may be quenched by the cooling wave and ultimately
react with the glass walls before it reacts with cold CF3CH201.
In any event CF2=CHCI was not observed to increase significantly
and the chain reaction can be discovered.

The rate of addition of F and Cl to olefin342 (k> 10%0
secul) is faster than reaction with parent molecules, we there-
fore consider that the addition of radicals to the olefins
CF2=CH2, CF2=GHF, and CF2=CHCI are possible. Preferential addi-
tion at the carbon atom with the fewer F substituents 1is

42

expected for CF,=CH, and CF,=CHF . The attack of radicals on

2 2
at the two possible sites are predicted on the Dbasis

of the stability of the adduct radical. We assume the main

radial reaction are : [remember D(C-F) > D(C-H) > D(C-C1l)].
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*
F + CF2=032 —> CF,CH,F ——> CF,=CHF + H (7)

*
F + CF,=CHF —> CF,CHF, —> CF,=CF, + H (8)

*
F + CF2=CHCI —> CF,CHCl] —==—— CF_,CHC1l + H (9)

3 2

The second reaction forms C2F4, which is consistent with the
experimental result because a trace amounts of C2F4 were detect-
ed. The third reaction does not change the amount of CFZHCHCI,
so the overall difference is the increase of CF,=CHF at the
expense of CF2=CH2. The addition of F at the carbon atom with
Cl of CF2=CHCI will increase the CF2=CHF at the expense of
CF2=CHCl, i.e.,
CF,=CHCl + F —> CFZCHFCI* — CF,=CHF + C1 (10)

Since reaction (9) does not do anything to the product distribu-
tion, the result observed was mainly from reactiom (10). The
addition of a Cl atom to the olefins will give no change of the
products since the C-Cl bond is weaker than a C-F or C-H bond.
Therefore the reverse reactions are dominant, providing that
collisional deactivation is negligible. In conclusion, the
CF,=CH, must be derived either from "hot" CF,CH, radical pro-
duced in the initial C€-Cl dissociation or, more likely, from
secondary infrared photolysis of CF3CH2 radical produced during
the laser pulse. The lack of products from the F and Cl atoms
is not fully understood but reaction with the walls may be the
most likely end product for the low pressure laser work. TFor
sensitization reaction, of course, the secondary Treactlons are
important and indeed CF2=CHF is a2 much more important product
(and does not correspond just to HCl elimination as the toluene

experiments proved).
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There are many examples of secondary MPA reactions.
; ; p 43 , 44

Secondary reaction from CF3OOCF3 of Steinfeld”s work
recent example of this. When CF,00CF, is subjected to infrared
radiation in the 9-19 um region, at fluences above a few mJ/cmz,

symmetric cleavage occurs at the 0-0 bond.

nhv
CF3OOCF3 —_— 2 CF30

The CFBO produced may continue to absorb infrared photons and

further dissociate :

mhv
CF a0 sy CF,0 + F
The SF[’24 and CClFl observed in the multiphoton dissociatin of

SFG’ CFCl3, respectively, which provided the basis for false
speculation of mode-controlled chemistry, was found to be due
principally to secondary mnultiphoton dissociation or chemical
reactions involving the primary products SF; and CFCIZ.

The A factors for four and three-centered eliminations for
typical cases are in the range of 13.2-13.4 per reactiomn channel
(Table 18,19). 1In C-Cl rupture reaction, the loss of a heavy
atom such as Cl is accompanied by a significant increase in the
moment of inertia in the activated complex, and a significant
reduction in the bending modes associated with the departing Cl
atom. The changes described above lead to a relatively high
A-factor28 for the C€C-Cl rupture process, we edtimate log A =
14,8, The simple bond dissociation has no back reaction energy
barrier, so Eo,:AHO, and we set this value as 83 kcal/mole.

We summerize the A and Eo wvalues which are the best fit to our

experiment data and also the other results in the literature in

Table 21. Further information about the transition state models

are given in Appendix I,
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Table 21

channel prod.
HF eli, CF,=CHC1
HC1l eli. CF2=CHF
C-Cl rup. CF3CEZCI

logA Eo
(kcal/mole)
13,77 76
13.80 80
14.80 83

e e S G M S S e e S e e S A e G e S GHS G G M G M NN M7 W UGS G G e M G e S e e S e e S S e

Calculated at BOOOK.
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III. Sensitized Reactions of GF30H201

Sensitized excitation produces a significantly different
initial population of excited molecules compared to direct laser
pumping. Low pressure direct—-pumping excitation produces molec~-
ules with a high 1level of vibrational energy but which are
rotationally and translationally cold. Excitation by multiple
energy transfer steps resulting from collisions between excited
absorber molecule and the reactant molecule will generate a
thermalized system at the temperature defined by the amount of
energy absorbed and the heat capacity of the system. In my
work, a purely thermal excitation of CF363201 was produced by
CO2 laser MPA of a non-reactive sensitizer molecule, SiF4.

In order to remove secondary reactions, semsitizatiom with
toluene was also carried out at nearly the highest laser emnergy
(¥ = 0.6 ) used in sensitizationm reactions. Similar experi-
ments were done with CF2=CHCl and CF2=CHF as the reactants;

but, no products were observed, The product distribution for

sensitization with and without the toluene is similar at low

fluence, i.e., with # < 0.3 J/cmz, CF2=CHCl was the main product

(Figure 22,24). At low fluence the third channel, C-Cl rupture,
was not significant and the trace amounts of F and Cl atom did
not cause the secondary radical reactions to be important. When
the fluence is raised, the main change in products is the growth

of CF,=CHF at the expense of CF,=CHCl. At & = 0.35 J/szs

2
without toluenme (Figure 22), the distribution is CF,CHF = 60%,

CF,CH,= 20%, and CF,CHCl= 20%, but with the toluene (Figure 24),

2

Cr,CHF= 15%, CF,CH,= 40%Z, and CF,CHCl= 45%. This shows that
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radical reactions play an important role in sensitization reac-
tion . In the absence of radical scavenger, the secondary
mechanism was described in the previous section. The radical
scavenger has little or no effect om the sensitized reaction
probability (Figure 21) even though the product distribution is
affected,

Three main products, CF,=CH,, CF,=CHF, and CF2=CHCI, were
found in laser sensitized reaction with toluene. The CF2=CHCI
and CF2=CHF are from the HF four-centered elimination, and from
the HCl three-centered elimination, respectively. The amount of
CF,=CHC1l is always more than CF,=CHF (Figure 25), but the rela-
tive vyield of CF2=CHF increases with 0. The pre—exponential
factors for these two channels are «close; so, the threshold
energy for HF elimination must be lower than HCl elimination.
The CF2=CH2 product from C-Cl rupture is very fluence dependent,
this channel has a high EO and A factor. The rather strong
dependence of the product ratio upon fluence 1is expected,
because these three channels have different pre-exponential fac-
tors and Eo values.

Now we shall try to assign the temperature for

sensitization reactions in order to make a more quantitative

comparison of the product ratios to the Arrhenius rate comnstant
45

ratios. The absorbed energy is related to temperature ~, i.e.
T

<E> = 5298deT' The absorption measurement for 5 torr of SiF4

at P(40), the 1027 cm-l laser line, were done. The detail

experimental result and temperature assignment are in Appendix

II. The assigned temperatures are indicated in Figure 25.
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We now compare the sensitizationm product ratio with the
predicted results from the temperatures and transition state
models. (The activated complex models are listed in appendix
I). The temperature and the product ratios for the experimental
results along with the theoretical wvalues deduced £from the ka
value for each channel at certain temperatures(Appendix II) are
listed in Table 22, Table 23 shows the results from Moore’s
temperature assignment13 which involves a more elaborate tran-
sport property model for 5 torr of SiFa. Figure 38A shows the
product ratio of HF elimination ws. HCl elimination and Figure
38B shows the product ratio from HF elimination vs. C-Cl rup-
ture. If the <calculated curves and experiment values are
parallel, the assignment of the difference of the threshold
energies between two reaction channels must be good. The
assignment for log A values are no better than 0.3 and hence
the agreement in Figure 38B is acceptable. From Figure 38A, if

EoHF=76 kcal/mole, and EoHCl = 79 kcal, a cross-over between
experimental data and calculated value indicate that the differ-
ence in threshold energies 1is mnot good enough. A larger
difference 1is needed and EoHCl=80 kcal/mole was found to be a
better assignment. A small deviation for the <calculated and
experimental data for E c-g1=83 kcal than E c-c1

83.5 kcal/mole is shown in Figure 38B. So 83 kcal/mole for C-Cl
rupture threshold energy was accepted. The temperature assign-
ment of this work is similar to the temperature of Moore’s work

up to 1350°K (Figure 42). Above this temperature our method

gives higher values of T. This difference can be examined in a
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different way by looking at the fractional reaction per pulse.

Table 22 X D CFRORCLICE,CER, Y I CRalECLICE,CMy .
1 exp HC1 eli, C-Cl rup.
A T ——= mmmmeee | mmmmmmmmmemmes || mmmmmmm—m—— e
5 T & Eo=80 Eo=79 Eo=83 Eo=83.5
K x10 X ¥ X 4 X Y
0.19 946 10.6 6.2 2.9 8.2 53 4.2 6.5
0.22 1010 9.9 4,8 1.9 7.3 4.7 3 0 4.4
0.36 1175 8.5 2.8 1.3 5.3 3.7 2.4 2al
0.43 1380 1 wid 1.7 0.7 4,2 3w 1.5 1.8
et ARl ‘st SRt il i S
laser energy b
Joule Temp. (°K) 1/T(x10 ) X T
0.092 1025 9.76 6.2 29
0.125 1100 .08 4,8 1.9
0.145 1200 8.33 2.8 1.3
0.170 1300 7.69 1.7 0.7

I S ———————— SR ettt e e R R

For a first order reactiom, 1 - P(#) = I[cl/[Clo = e~kat,

where P(#) is the reaction probability from our semsitized
experiments. The rate comnstant, k, can be deduced from the
estimated temperature and the transition state model, &t is the
reaction time, the latter is associated with the time for the
cooling wave, which 1is ~10 gsls, so at was set at 10 us and
16 ys for comparison. The value of [C]/[Clo can then be calcu-
lated as shown in Table 24A,B. The data from the temperature
assignment in this work is shown in Table 24A. Table 24B shows
the results from Moore s temperature assignment. If we compare
the 1-P(4) and [C]/[Clo columns of the Tables, the agreement

looks similar for both temperature assigument. The 10 ps, 16 us

reaction times do not effect [C]/[C}0 too much, since the reac-
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tion rate was small. Both temperatures assignments seem a
little low but this strongly depends on the rate constant
assignments which are uncertain by factor of 2-5., We conclude

the temperature assignment is satisfactory for our purpose.

Table 24A

) ) P(g) 1-P(#) Temp /T k [cl/lclo
(J/em®) °r x1074 sec t=10us t=1lbus
0.19 0.005 0.995 946 10.6 0.0002% 1.00 1.00
0.22 0.013 0.987 1010 ¥ .9 0.0040 1.00 1.00
D36 0.041 0.957 1L.75 85 1.12 1.00 0.99
0.43 0.045 0.955 1380 7+2 161.4 0.99 0.99
Table 24B

Temp 1/T k [cl/lclo

°k x104 secd’ t=10pus t=16us

1025 9.76 0.0063 1.00 1.00

1100 9.09 0.0976 1.00 1.00

1200 8.33 201 0.99 099

—-——_—_-.....—--——_——-o—.--u..—————-——...-..-—-.-————_.——————-—_m———_—.—q—n—_——..-—_—
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IV. Laser Induced Unimolecular Reactions
(1) P(@) vs. reactant pressure

It was demonstrated that experiments at 0.05 torr of neat
parent reactant were free of thermally assisted 1induced
reaction2 for CF3CH3 and several acetates. Figure 15 illustrat-
ed the effect on P(H) of varying the pressure of neat CF30H281
at the same laser frequency. The enhancement of P(F) with the
increase of reactant pressure results from two general tenden-
cies which reinforce each other: (i) the higher ©pressure
promotes intermolecular collisional transfer of emergy and (ii)
the higher pressure lengthens the time before the omset of the
cooling wavel4. Thus, the thermal time regime begins more
quickly after the pulse and lasts for a longer time as the
reagent pressure 1is increased.

We found no effects of pressure on P(@&) for 0 = 1.5 - 2.5
J/cm2 at moderate pressure (0.05-0.80 torr). 1In fact pressure
had no discernible trend at # = 2,17 and 1.55 up to 3.2 torr.
It might be possible that at lower fluence molecules remain in
the low energy levels and not all (depending on fluence) molec-—
ules reach the quasi-continuum, A small fractiom of the
molecules could behave as a cold bath gas. Thus ©post pulse
quenching could compensate for enhancement from (i) and (ii).
Thus, there may be compensating effects and that 1s why there
was no obvious enhancement of reaction probability with pressure
at lower fluence., The absorptior at low fluence did suggest
bottlenecking. The increase of GL(ﬁ) with CF,CH,Cl pressure

may be explained by rotatiomal relaxation during the laser
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pulse. Collisions bring more molecules into the rotational
states which are resonant with the laser., For low energy £flu-
ence, the collisional deactivation at high vibrational energy is
dominant and rotatiomal relaxation is not easily observed from

P(#) data, but it is suggested from o LQH) data.
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(2) P(F) and product distribution with added inert or scavenger

gases

The degree of quenching depends upon the nature and pres-
sure of the bath gas and on laser fluence. The inert gases N,
and He were used as the buffer 'gas to check on rotational
bottlenecking. The quenching was very mild because the pres-
sures were low. There was little quenching and no enhancement
for He wup to 10 torr and the product distribution does not
change (table 7). The He is very inefficient and if we increase
the pressure to 50 - 100 torr, there should be an obvious
quenching. There was some quenching with No. The efficiency of
N, (table 7) molecule is between that of toluene and He, this is
expected. The Po(#)/P(f) was around 1.7 at 3.5 torr of N,.
There was no enhancement of reaction with addition of He or Nz,
as is observed for laser irradiation of small molecules, such as
7(3), which usually is attributed to collisional rotation-

CF,CH

3773
al hole filling. Measurement of the reaction yield vs bath gas
pressure, however, is not the most sensitive way to search for
rotational bottlenecks. The 1long mean life time of the
low-energy molecules allows for more deactivating collisions
with the bath gas. There might be a little rotatiomnal hole fil-
ling which enhanced the reaction probability, but the
enhancement was not so obvious as in CFSCH3 molecule with He
buffer gas. Instead, it was compensated by the quenching
effect. The small difference in product distribution with added

He is attributed to experimental deviation.

We now compare the «collisional deactivation studies of
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CF,CH,Cl and ethyl 3—cyclohexene-1*carboxy1are26-

Table 25

quencher A torr Po (@) /P (H)
€_ 24000, H; He 2.2 2 50
CFSCHZCI He 2.4 10 1

et T W S G e SR G SN S e W S G M S S SR SN M G OT S S S S S e S ma e G e e S e S S SN e S L N O S S

Both molecules at the # chosen have similar reaction probability
(0.01). It is very obvious that CF;CH,Cl is much more difficult
to be quenched. For large molecules, the reaction rate con-
stants mnear the threshold energy are small, and lead ¢to
significant postpulse effects. Much of the reaction occurs
after the laser pulse has terminated, especially for the lower
fluence. The long mean life time of the low-energy molecules
allows for more deactivating collisions with the bath gas. 1In
contrast, a large fraction of the CFBCH2C1 molecule reacts dur-
ing the laser pulse. Thus, higher pressure are needed for
quenching of CF4CH,Cl.

The product distribution is similar both for neat CF30H2C1
and with added toluene at the same fluence for the direct laser
initiated reaction. This means the main three products are not
affected by radical reactions in the low pressure laser induced
reaction.

The toluene collisional deactivation of CF

CHzcl is very

3
significant compared to Ny and He, and only 1.2 torr is required
for half quenching required at & = 3.42 J/cmz, and 0.06 torr at
g = 1.61 J[cmz. The reason is that toluene is a much bigger

molecule than He and N,, so the quenching effect 1is more pre-

valent. Under these <conditions, toluene was mainly used as a
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bath gas rather than a radical scavenger. From Figure 19 and
20, the trend of increasing Po(f)/P(#) values with higher pres-
sure of toluene shows that toluene is more effective 1in
deactivation at low energy fluence than at high energy fluence.
The explanation is the same as above. At lower fluence the
molecules have less energy and postpulse effects are more impor-
tant; the molecules are at low energy with low reaction rate
constants and are deactivation more easily at the same pressure

than at higher fluence, for which the energy of the molecules is

higher.
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(3) Absorption measurement

Multiphoton energy absorption measurements are as fundamen-
tal as reaction probability to describe laser induced reaction.
Beer“s law applied to the multiphoton processes of CF3CHZCl
except at #=0.30£0.05 J/cm2 at 1085 em L. 1If A=0,30+£0.05 J/cmz,

collisional effects apparently contributed to the absorption

process, The g, were calculated assuming that all the molec-

L
ules within the irradiated volume are responsible for the
absorption of photons. At sufficiently high fluence the o
values will always decline because of depletion of molecules by
chemical reaction during the laser pulse, which depletes the
number of absorbing molecules. The absorption measurement of
CFSCHZC1 at low fluence was difficult due to the very low
cross—section as well as the non-Beer”s law pressure dependence.

If the density of rotational lines is quite high, the o,
value at low fluence should be the same as the broad band

1

cross—section measured at 1 cm resolution. This phenomenon

was observed in most big molecules, ethylacetetes, ethyl flu-

oroacetate, but in Figure 34 only the CF3CHzBr data extrapolate

to the broad-~band spectroscopic cross—-section, i.e., 6.2 x 10_19

UL values at low fluence for CF3CH3 and

CF3CH201 are 2 to 3 times smaller than the broad band

cross—section. Although the GL(H) for CF3CH3 did increase at

cmzfmolecule. The

the lowest M4, the values were never equal to the broad band
cross—-section. This was not found for CF3CHZCI, the increase in
o, at very low fluence was not found for either the R(30) or

R(44) irradiation experiments. The sharp declines in ¢ L with



124

fluence for 1in CF3CH3 and CF30H2Br are probably due to anharmon-
icity, which may take the second, third steps etc. out of

resonance., The low, but comnstant ¢, for CF30H201 probably is a

L
consequence of fluence dependent rotational fractionation with
more molecules absorbing as @ is increased.

After all the work was completed, some checks were made on
the absorption measurements to verify the previous data. These
results are given in Table 16A,B and are shown in Figure 34 by
special symbols. The recheck absorption measurements at high
laser fluence for CF,CH,Cl matched with the old data. No signi-
ficant difference were observed. experiments also were done
with added He. The data are in Table 16A. Collisional deac-

tivation by He decrease the CF3CH201 cross section; no

rotational hole filling was observed in the # = 3 J/cm2 range.
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(4) Reaction Probability Measurements of Laser Induced

Unimolecular Reaction

Several experiments were done with CF,CH,Br to check the
earlier studies and in particular to see if P(#) ~ 1 at high
laser fluence. The data are shown below and fitted the old data
quite well (Figure 35,36). The P(#) ~ 50% from & = 2.5-3.5
J/em?., The reaction probability appears to saturate at P(#)=0.5
as was claimed in earlier work.

Table 26 CF CHzBr 0.05 torr, A = 2.74 cm2

1082 Sm = laser line with telescope

—— e S S S S W S S G S D N S e S R S S S A S e S M e e

i a P(A)
10 1.19 0.106
10 1.64 0.252

5 2.10 0.388

5 2,80 0.545

5 3.50 0.452

—— e S S e e S S M T S M S S M S e R s e

The P(@) results for CF,CH,Cl are thought to be free of amy
gignificant thermal contribution to the yield. The experimental
limitations to product measurements constrained the measurements
to P(R) > 10_4. At low to intermediate fluences, P(¢) has a
high order dependence on fluence and P(@) approaches Q.8 for # >
5 J/cmz. The slope of the line from a plot of 1nP(#) vs. 1n&
indicate that reaction yield scales as the third power of flu-
ence, which is similar to the finding for the organic acetates.
At higher @, the dependence is less on # and the reaction yield
approaches 0.8x£0.2 at high fluence.

We mnow compare the reaction probability of CFBCHZBr,

CF3CH201, and CF3CH3. At the same fluence (Figure 35), the

CF3CH23r reaction showed the highest extent of reaction and



Figure 35 Reaction probability vs. energy fluence for
R(30), 001-020, excitation of CF4CH,Cl
R(26), 001-020, excitation of CF4CHp Br
R(16), 001-100, excitation of CF3CHj
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CFBCH3

vs. absorbed laser energy per mole, Figure 36, these three

the lowest, But if we compare the reaction probability

reactions appear in a different way, assuming the absorption
data are correct. One explanation is that only a fraction of
the molecules in the irradiated volume actually abosrb the laser
energy., If so, a two-component distribution of molecules 1is
produced after laser excitation and the fraction absorbing ener-
gy will have a much high mean energy than predicted by the <E>
calculated assuming all molecules absorb the energy. The highly
activated molecules have high kE values and react more readily.
The fraction that absorbs the energy probably is fluence depen-
dent, i.e., becomes larger at higher fluence., However for
CF3CH3 and CF3CHzBr this fraction never reaches unity since P(4)
< 0.5,

The CF_,CH

3773
al term that fits certain observations). The CF,CH,;, CF,CH,C1

is considered as a small molecule (just a gener-

showed similar reaction extent at lower average absorbed laser
energy, but for <E> > 12 kcal/mole, CF3CH3 has a somewhat higher

P(#) than CF CHzcl at the same <E>, The threshold emergy for HF

3
elimination from CF,CH, is 68 kcal/mole, from Figure 36, 20%
reaction happens at <E> = 23 kcal/mole. This energy 1is much
lower than the threshold energy, and there must necessarily a
fractionation if only 1/4 of the molecules absorb the energy
one c¢an explain the 20% reaction, i.e., all the molecules that,
in fact, absorb the energy do react, and <E> reach 100

kcal/mole,

The threshold energies for three channels of CFBCHzBr are



Figure 36

Reaction probability, P(<E>), vs average
energy absorbed per mole,<E>, for
R(30), 001-020, excitation of CF3CHpCl
R(26), 001-020, excitation of CF3CHpBr
R(l6), 001-100, excitatioun of CFBCH:;
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~66, ~62,and ~67 kcal/mole for HF elimination, HBr elimination
and C-Br rupture respectively. From table 15B, 37% reaction
happened at <E> = 105 kcal/mole, so almost no fractionation is
required for this molecule, all the molecules in the irradiated
region absorbed the laser energy and the average energy is close
to the predicted ones. In Figure 36, CF3CHzBr showed the lowest
reaction probability when compared to CF3CH3 and CF3CH281 at the
same <E>, even the P(#) is the highest one at the same 0. In
the mnext section, we examine the ratio of reaction products and

reaction probability for CF4CH,Cl vs E to get limits for the

average energies of reacting molecules.
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(5) Comparison of Product Distribution and RRKM Rate Constants,

The threshold energies and pre-exponential factors for the
three reaction channels of CF3CH201 were given in Table 21. The
RRKM rate constants were calculated and the dependency of kE
upon E and wupon Eo for C-Cl rupture is shown im Figure 39.
According to the RRKM results, the higher Eo channel (C~-Cl rup-
ture) increasingly competes with the low Eo channel (HF eli.)
and becomes dominant at higher energy; the crossover in reac-
tion channels occurs when the energy in the parent molecule is
~105 kcal/mole. This gain in the high Eo channel is a consa-
quence of its much looser transition state (larger
pre-exponential factor).

In Bert Holmes” experiments, Emin was 100 kcal/mole; The
HC1l and C€-Cl rupture <channels were not observed in chemical
activation. At <E>=100 kcal/mole, the kE for HF elimination and
C-Cl rupture are both approximately 3 x 106 sec_1 for Eo(C-Cl) =
83 kcal/mole. So this threshold energy must be the lower limit
for C€-Cl rupture. For Eo(C-Cl) > 83, the kE(C—Cl) will be
smaller than k;(H-F) at <E> = 100 kcal/mole., This is consistent
with the fact that CF2=CHCI was the only channel that observed
in Holmes” experiments, We choose Eo(C-Cl) = 83 kcal/mole and
Eo(H-Cl) = 80 kcal/mole as the threshold emergies for comparison
with the MPD experiments . These values also are consistent
with the sensitized experiments.

A comparison between the product ratio of HF elimination
ar*¥go1tko-cy (Table
27A) from RREM calculation is shown in Figure 40. Since the <E>

from the laser induced reaction and kHF/k
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Figure 39 The RRKM rate constant curves for CF3CH2C1 reactions
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RREKM calculation, we put a scale for <E> in the same graph

matched the

obvious that if we slide the <E> calculated from the

55 kcal/mole, the

calculated results

experimental
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from the absorption experiments is lower than from the

ratios to do the comparison.

oL(H)

experimental product ratio then match the RREKM

L3

that

It is

Taple 2TA R Mmeltmtfmerte-cr .
SR kyp kEc1 kc-c1 R
kcal/mole see™t sec ™t sge >
83 3.52103 6.8x107 3.6x10° 0.98
90 l.2x105 l.OxlO4 1.7x105 0.82
95 7.4x106 9.9x105 2.8x106 0.66
100 3.2x107 5.9x106 2.2x107 0.54
105 l.lxlO? 2.5::106 l.lxlo7 0.41
110 3.lx107 8.6x107 4.2x108 0.38
113 7.6x108 2.41:107 1.3x108 0.33
120 1.7x10 6.0x10 3.4x10 0.30
On the strong-~collision assumption the first order rate
constant for de-energization is equal to the «collision
frequency37, i.2., kE# =2P, where z is the collision number, P

is the total pressure and z = Wﬂdz(akT/ﬂjt)ljz. For comparing

the collision frequency for P

1/2(toluene) with the magnitude of

kE’ this also is a way to set the <E>. From the result in
Tables 9 and 10, Pllz(toluene) = 0.06 torr for O0=1.61 and
Pl/z(toluene) = 1,2 torr for g=3.42 J!cmz. The calculates
result is shown below:
Table 273

[ 0 sec'lo )

| T = 1000°K T = 5007K T = 300K
________________ -ttt e
P1jg = 0.06 torr | 1.9 x 104 2.6 x 107 3.4 x 107
P = 1,2 torr | 3.7 x 10 5.3 x 10 6.7 x 10

et e R R R N e R L I SIS ———
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The temperature will not make too much difference to the kE

value here. The <E>= 95 kcal/mole for the total kE::B x 106

sec™! and <E>= 105 for k=5 x 107 sec 1. The experiment value
for @g=1.61 chm2 is <E> =15 kcal/mole and <E> =45 kcal/mole for
#=3.42 J/cmz. From Figure 40, the k= wvalue matched well with
RREM calculation for the product ratios and <E> 95 kcal/mole in
RRKM calculation is related to <E>=20 from the experiment,
<E>=105 kcal/mole in RREM <calculation is related to <E>=45
kcal/mole from the experiment. This, then, is further support
that <E> must be larger than the absorption results as shown.
The experiments from Figure 40 show P(#)=15%Z for <E>=10
kcal/mole, a 1/9 fractionmation is necessary for <E>=85 kcal/male
in RREKM value. for <E>=40 kcal/mole, P(#)=25%, a 1/3 fractiona-
tion can s8till explains the <E>=105 kcal/mole in RREM value.
For the highest reaction probability P(#)=80% and <E>=67. I¥
8/10 fractionation happened, it will only lead <E>=84 kcal/mole,
which is much lower than the 120 kcal/mole predicted from match-
ing the product ratios from the RREM calculations. As mentioned
in the result section, the absorption measurements at high laser
fluence were extropolated from the values in the 2-3 J/cm2
regime, It seems unlikely that the GLLﬂ) should be larger than
the extrapolated values, The main question is the reaction pro-
bability measurement, at & > 4 J/cmz, the uncertainty in & is +1
J/cmz, because of the big uncertainty in the irradiated area.
If the fluence at 4-35 J/cm2 was really 3-4 J/cm2 because the
area was larger, the P(#) would decrease from 80% to 50-60%,

i.e., all the P(P) data points in F=4-5 J/cm2 region move Dback
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to A=3-4 J/cm2 region and P(f) declines to 0.5-0.6. Because

l/i],

g = Joule/A and P(E)=V/A[l-(C}/Gb) as # is decreased from

area measurement, P(#) will decrease, then all the P(#) < 50%.
If the P(#) was really 507, then < 507 by fractiomal absorption
would be adequate to explain the <E>.

This is a hypothesis and is not totally satisfactory
because the data points were collected from three different ser-

ies of reactions.
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CONCLUSION

The infrared multiphoton laser-induced reaction of
CF3CH201, a molecule with three reaction channels, provides
insight into the laser driven unimolecular reactions of halo-
genated ethanes., The following points were established.
(1) The absorption cross—section, was measured from & = 0,1 to @
= 3 J/cm? at 1085 cm .
(2) The absolute reaction yields and the product channel Tratio
were very dependent on laser fluence, the maximum yield was
P(#) ~0.8, The C-Cl rupture was the main reaction channel at
high fluence.
(3) The reaction probability was independent of parent pressure
in the range of 0.05 - 0,80 torr, but increased significantly at
higher pressure.
(4) The addition of toluene reduced the absolute yield indicat-
ing that collisional quenching of &excited molecules was
competitive with reaction for P > 0,05 torr at & = 1.61 J/cm2
and P > 0.8 torr at & = 3.42 J/cmz. No significant effect of
He, N2 as buffer gas was observed for pressure up to 2 torr for
N2 and pressure up to 10 torr for He. The product ratio was
virtually independent of bath gas, including toluene.
(5) The experimental yields and product ratios were measured for
sensitization experiments to determine the reaction mechanism;
the yields and product ratios were compared to the expected
values from the assigned temperatures and the elementary rTate

constants.,

{6) RRKM calculations of rate constants for the three channels
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were done vs energy. The calculated results, assuming a frac-
tional energy distribution, were compared to the experimental
data.

(7) A conflict between the experimentally measured energy and
the energy of the reacting molecules assigned from RRKM rate
constants can only be resolved by assuming significant rotation-
al fractionation with the fraction being highly dependent on

fluence.
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Appendix I RBKM Model for the Three Reaction Channels

of CF3CH201

1. The four-centered HF elimination activated complex

Any model must fit the estimated thermal Arrhenius A factor
(~1013'5) and use the known vibratiomal frequencies of CF,CH,C1.
The procedure for selecting the model consisted of three dis-

tinct parts:

(i) The out-of-ring vibrational frequencies.
These frequencies were chosen by amalogy with CF3CH2C1 and

CF2=CHCl. These frequencies are grouped and are 2999(1),

12000(3), 1134(1), 700(2), 530L2) 500(1), 145(2). The

out-of-ring frequencies, once chosen, were not varied and they

30
are not parameters .

(ii) The in-plane-ring vibrational frequencies,

The frequencies were chosen to be the same as CF3CH37(C) HF

four-centered elimination and which were calculated by assigning

bond. orders of T.0, 0.8, O.l, and 0,196

to the C-C, C-F, F-H
and C-H bonds, respectively. The internal coordinates were the
four bond stretches and the bending of the H~C-C valence angle,
The frequencies for in-plane-ring vibrations are 1200,1134,700 ,
550 and 30 cm '. as the bending force constant appreciately
affects only the normal mode used as the reaction coordinate,
-1
m

which does not enter into the <calculation, i.e., 30 ¢ is

dropped for the calculation.

(iii) Ring Puckering
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The torsion frequency of the molecule becomes the ring
puckering frequency in the transition state; this frequency was
taken to be an adjustable parameter whose value was determined

by matching <calculations with experimental results., It was

3et45(a) st 500 om T

for CF3CH201.
The grouped fredﬁencies for four-centered elimination are:

2999(1), 1200(4), 1134(2), 700(3), 550(3), 500(2), 145(2)

2. The three-centered HCl elimination activated complex.
The frequencies were obtained from Holmes, who developed
the transition state frequencies by dividing them into three

categories.

(1) out=-of-ring frequencies: The out-of-ring frequencies should

be the same as the carbene CF3CH:

(2) Ring frequencies: The ring frequencies were chosen to be
45(b) with the

the same as CHFCI2 three-centered HCl elimination
bond order of 0.2(C-H), 0.2(H-C1) and 0.8(C-Cl), the deduced
frequencies are 1034, 503, 236 cm—l. The frequency correspond-

. . . : -1 ; :
ing to the reaction coordinate is 236 cm =, which is dropped for

the calculation of kE.

(3) Interaction frequencies: The interaction frequencies of the
ring and molecule(three frequencies) were adjusted until the
preexponential factor was close to the estimated value. The
frequencies were chosen to be similar with CHFC1, three—-centered

ac1 eliminationag(b)’ they are 500(1l) and 600(2).

The grouped frequencies for HCl elimination are:
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3044(1), 1400(2), 1201(4), 864(4), 541(2), 310(2), 100(2)

3. The C-Cl rupture channel

We chose C-=Cl stretching as the reaction coordinate so the
frequency at 801 cm_l was dropped. The other changes relative

to the molecule are

C - C - Cl deformation 180 ::111-l —_— 45 cm-l
C - C stretching 330 cm_l — 80 cm_l
C - C torsion 109 cm-l — 70 cm-l

The ratio éf the moment of inertia of <complex versus molecule
was set at 2.00 because of the loose tramsitiom state. The
grouped frequencies are 3019(2), 1266(6), 880(2), 574(3),
355(1), 7542), 45(1).

In summary, the frequencies, reaction path degeneracy and

ratios ot moment of inertia are listed in Table Z8.

Table 28
transition states

CFBCH201 HF eli. HEL wli. C-Cl rup.
3019(2) 2999(1) 3044(1) 3019(2)
1261(6) 1200(3) 1400(2) 1266(6)
853(3) 1134(1) 1201(4) 880(2)
572(3) 700(2) 864(4) 574(3)
342(2) 550(2) 541(2) 355¢(1)
180(1) 500(1) 310¢2) 1812}
109(1) 145(2) 100(2) 45(1)

path de eracy 4 2 1
(1*/1)“54_1 . 1.00 1.04 2.00

log Ag(sec ) 13:3 13.6 14.9

+ per reaction channel, 1025°K
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Appendix IT Laser Absorption Measurement and Temperature

Assignment for Si_F4

The absorption measurements of S:i.F4 at 1027 cmﬂl, the P(40)
laser line, were done. Because of the high absorbance of SiFé,
we chose a cell with only 3 cm in length, so the absorption will
not be too large, this will raise the accuracy of the experimen-
tal result. The cross—-sections depended on SiFa pressure, i.e.,
the multiphoton absorption of SiFA does not follow Beer”s law.
Figure 41 shows the cross—-section for 5 torr of SiF4 under the
irradiation of P(40) laser line, which was compared to Nguyen’s
work for 3 torr of SiF4 under the irradiation of ©P(34) 1laser
line. The absorbed energy for 5 torr of SiF4 was calculated

45

from the aL(H) from Figure 41. From the JANAF table for

; ; : ° @
SlFa, the temperature was assigned directly from <E>=H _LH'ZQB
column. The transmittance, cross—-section, absorbed energy and

temperature assignment vs laser fluence are shown in Table 29.

Table 29

o 2 Joule ULtﬁllg Absorbed Energy T
J/em 0 kcal/mole °g

cm“/molecule

0.19 0.08 5.5 14.3 946
0.22 0.10 5.1 16.0 1010
0.36 0.13 4.9 19.8 1175
0.43 0.16 4.8 25:0 1380
0.47 0.22 4.5 29.5 1558
0.59 0.26 4.3 34.2 1744

—— e — N S e NS et S S e e G G S A e e G e S e G e G e e G e S Gmr e e S M wed M M e S e S M e S e S S e S e

7 1 . .. .

In Moore s work 3, an internal iris was set at 8.0 mm diameter,
to give a multimode beam with a near~Gaussian profile. In our
work, a constant fluence beam was used. Thus the T will not be

exactly the same for the same absorbed energy. For the ease of
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Figure 41 Cross-section of 5 torr SiF, vs laser energy fluence
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comparison between this work and Moore'sl3 results(From Figures
10 and 23 in Moore”s paper, we can get the temperature at cer-
tain laser ©pulse energy corresponding to 1100-1500°K), we

convert the laser fluence of this work to laser energy as shown

in Table 30.

Table 30
laser energy temperature °g reaction probability
Joule this work Moore
0.08 946 1025 5.4 x 1073
0.10 1010 1100 1.3 x 10_2
0.13 1175 1200 4,1 x 10_2
0.16 1380 1300 4.5 x 10_7
0.22 1558 1375 2.7 % 10_l
0.26 1744 1400 2,8 x 10

S e S Geu Gmw G S G Y S GE SN B et TEN TN GED RN TG G G e mmm S GED D D S G e o N D G e e e TR e e SHD S S e S G e e Y M M O S e

From Figure 42, at 1low temperature region, the temperature
assignment was <close, but larger difference occurred at laser
energy » 0.2 Joule.

Hanh did some more absorption experiments at P=10 torr SiF4

at 1033 laser line with 3 cm—l cell. The cross—sections derived

and temperature calculations is listed below.



Table 31
g yi) Temp.
chm2 x 10—19 szlmolecule J/cm2 ok
0.22 4.1 0.300 830
4.0 0.375 844
3.9 0.420 855
0.30 33 870
3.0 0.460 872
2.7 880
0.45 2.8 0.475 918
2w D 928
2.3 0.500 932
0.63 2.4 954
2ol e e e R e e
0.76 2.1
1.9
1.7
0.86 1.8
1.5
---------------- B e s i T
Hanh used E = SCvdT, but in this work, E = J CpdT was used,
>78 3f8

this may be why the assigned temperature was lower.
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ABSTRACT

The multiphoton absorption and multiphoton dissociation of
CF3CH2C1 were studied. The dependence of the reaction probabil-
ity and product distribution on the laser fluence, reactant
pressure, and bath gas pressure were determined. The absorption
measurement were done at two different laser frequencies to
determine the laser reaction cross—-sections. Sensitization
reaction with SJ'.F4 were done and compared to the laser reac-
tions.

The three main reaction channels for CF3CH2C1 laser
reaction are four-centered HF elimination, three—centered HC1
elimination and C-Cl rupture. The product ratio was very depen-
dent om the incident 1laser energy. Addition of toluene as a
bath gas significantly lowered the reaction probability, espe-
cially at lower laser fluence, but had only a minor influence on
the product distribution. As the bath gases, He and NZ’ had no
significant effect to the reaction probability. The absorption
measurement follow the Beer”s law except at very low laser £lu-
ence ., The direct and sensitized excitation of CF3CH2C1 gave
similar result, demonstrating that the absorbed laser energy was
randomized before chemical reaction.

The Eo and A factors were determined from sensitization
reaction and further approved from RRKM calculation. This work
provides a better understanding and comparison of the 002 laser
induced multiphoton process in GFBCHZCI, CF3CHzBr and CF,CH,.
This provide the evidence of only a certain, fluence-dependent,

fraction of molecules absorb the laser energy.



