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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



6

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





































































































































































































































































































































































































































































