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ABSTRACT

RUSIK, JEFFREY (Op Laser Induced Decomposition of
Freon 113. Department of Chemistry March, 1979.

Gaseous freon 113, or CCl2FCClF2, was irradiated with a
continuous wave carbon dioxide infrared laser. The rate of
formation of CF,CClF, a decomposition product, was monitored
using an infrared spectrometer. The initial rates or product:
formation were related to irradiation wavelength and power,
and the laser induced reaction was related to pyrolysis
decomposition. A computer program which calculates the
temperatures in a laser beam is modified and applied to the
irradiations performed. It is determined that bi- or triphotonic
absorption is occurring and that the laser induced reactions
are photocatalyzed. A reaction model is discussed which com-
bines thermal excitation, multiphotonic absorption, and

collisional vibrational activation.




ABSTRACT

RUSIK, JEFFREY CO; Laser Induced Decomposition of
Freon 113. Department of Chemistry March, 1979.

Gaseous freon 113, or CC12FCCIF2, was irradiated with a

continuous wave carbon dioxide infrared laser. The rate of
formation of CFoCC1F, a decomposition product, was monitored
using an infrared spectrometer. The initial rates or product
formation were related to irradiation wavelength and power,
and the laser induced reaction was related to pyrolysis
decomposition. A computer program which calculates the
temperatures in a laser beam is modified and applied to the
irradiations performed. It is determined that bi- or triphotonic
absorption is cccurring and that the laser induced reactions
are photocatalyzed. A reaction model is discussed which com-
bines thermal excitation, multiphotonic absorption, and

collisional vibrational activation.
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Introduction

The development of the laser has had a profound impact
on many of the sciences in the past decade. Although laser
related work has steadily expanded into such fields as
Engineering, Meteorology, and Art, one of the most intriguing
applications to which lasers have been put is the controlled
stimulation of chemical reactions. Chemists are now exploit-
ing the unique properties of lasers to learn more about
the basic processes occuring in chemical reactions and how
to modify and control them.!

laser radiation is polarized, coherent (in phase),
intense, and extremely monochromatic. Clearly laser light
interacting with matter may involve various chemical effects,
such as photochemical reaction, thermal agitation, equilibrium
and non-equilibrium plasma chemistry, chemical reactions in
a shock wave, processes caused by an intense ultrasonic field
and radioactive radiation.2 0f immediate technological ime
portance is laser thermal chemistry, which is now being used
for the surface reactions involved in circuit microminiatur-
igation.

A field which is currently of great research interest
is laser photochemistry. The highly monochromatic and dense
energy flux of laser light can provide, at least in principle,
selective excitation of an electronic or vibrational state,

selective ionization of a particular atom, or selective




breakage of a chemical bond in the non-thermal stimulation of
chemical reactions.> This selectivity is a result of the

specific energy of the laser radiation being in resonance

with a particular vibrational or electronic transition
energy. The extremely monochromatic nature of the laser
radiation is selective enough to distinguish between even
atomic isotopes.

An infrared laser assisted photodissociation can be
theoretically discussed by considering the non-thermal

equilibrium conditions of laser light absorption and the

vibrational weakening of a prarticular bond. A chemical
reaction consists of breaking some chemical bonds and creat-
ing others. These bonds are responsible for part of the
infrared vibrational spectrum of a molecule. There are
specific quantum mechanical (eigen) vibrational frequencies
for different bonds. The vibrations in a molecule can be
excited by interaction with electromagnetic laser radiation
when the frequency of the radiation is in resonance with the
eigenfrequency of the bond's vibration. The monochromaticity
of laser radiation makes it possible to excite selected
vibrational modes, while thermal excitation excites all modes .
The vibrational absorption of a photon of laser light
will greatly increase the temperature of one vibrational
mode of a molecule, while temporarily leaving the other
modes unaffected. This results in a non-Boltzmann distri-

bution of molecules populating the various vibrational states.




This is defined as non-thermal equilibrium. If the excited

bond can dissociate before thermally equilibrating (among
the other vibrational, rotational, and translational degrees
of freedom) the reaction is photochemically laser controlled.
Photochemistry was previously considered to occur only
in an electronically excited state.u Glatt and Yogev, how-
ever, stimulated the following Cope reaction with an infra-
red laser giving a decidedly photochemical reaction without

electronic excitation.

Figure 1: Glatt and Yogev Cope Reaction5
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It was found that (B) Preferentially absorbed radiation and

photoisomerized, but at the lasing frequency used (A) did

not react. This reaction Proceeded by isotopically selective

vibrational stimulation in the electronic ground state.
Superimposing the bond length potential well diagram

and the vibrational energy states of that bond shows that

a bond can be broken by absorbing the appropiate amounts

of energy necessary to climb the vibrational energy ladder.




Figure 2: Potential Well 6

Vibrational State Diagram
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If an infrared photon from a laser hits a molecule with a
vibrational transition in resonance with the photon, the
molecule will absorb the photon and go into an excited
vibrational state. If the molecule absorbs enough of these
infrared quanta so that the total energy absorbed equals
or exceeds the dissociation energy, the molecule will in-
stantaneously dissociate. In general, the energy of an
infrared photon (about 3 kcal/mole) is small compared to
bond dissociation energies (generally 30-100 kcal/mole)

so multiphoton absorption appears necessary for reaction
to occur. Due to the anharmonicity of the potential well,
which makes the energy differences between vibrational
levels smaller for the higher energy states, the laser

radiation can only be in resonance with one or two vibra-




tional excitations.

It is not necessary to absorb enough quanta to exceed
the activation energy of a reaction (presumably the bond
dissociation energy) to affect a reaction rate, however.
If a reaction is considered in which the disscciation of
one bond constitutes the energy of activation, the vibra<«:
tional excitation of that bond will lower the activation
energy by the amount of energy absorbed. This exclitation
will also greatly increase the vibrational temperature of
that mode. These changes can be related to the rate of
reaction by the Arrhenius equation:

k=A exp(-E*/RT) (Equation 1)6
where k is the rate constant, A is a constant, E® 18 the
activation energy for an unexcited molecule, R is the uni-
versal gas constant, and T is the absolute temperature.

There have been two different suggestions as to how
the laser light absorption affects the Arrhenius rate con-
stant. One involves the substitution of the vibrational
temperature (Tvib) for the reaction temperature (7).

k = A exp(-E*/RT (Equation 2)2

vib)
This substitution supposedly presents the main idea of

stimulating chemical reactions by infrared laser light.2

The problem with this theory is that it neglects the laser's

effect on the activation energy.

The equation more commonly cited in literature involves

only the effect of the laser on the activation energy.

I T I T



k = A exp[(nhw-E")/RT] (Equation 3)7

where n is the number of photons absorbed per molecule and
h» is the energy of one photon. The problem with this
equation is that it is unclear what to use for the temper-
ature value for the non-Boltzmann energy state distribution
involved in a photochemical reaction of this nature. Use
of the temperature before lasing, i.e. the temperature of
the unaffected modes, will yield a low rate constant, and
use of the vibrational temperature of the excited mode gives
a value which is too high.7 It is clear, however, that

both effects will increase the rate of reaction.

There are a great number of interactions and trans-
formations possible between the instant of laser photon
absorption and reaction initiation, such as vibrational-
vibrational, vibrational-ratational, and vibrational-trans-
lational relaxations. These processes occur mainly through
collisions.2 The incidence of reaction under these cir-
cumstances therefore depends on whether or not :he reaction
rate increase due to absorption is sufficient to exceed
the rate of the relaxation processes.7 This suggests that
the maximum photochemical control possible with a laser
would be found in a collisionless system. This condition
can be approached by using very low pressures. High laser
power will also promote photochemical control by speeding
the energy collection in the mode of interest so that it

overcomes the relaxational energy removal from that mode.3




Basov, Oraevsky, and Pankratov have shown that the
energy absorption per molecule and the amount of photo-
chemical cohtrol are also made more efficient by increasing
the laser radiation pulse length and tuning the laser to
a single vibration state transitic- (The absorption of
several small resonant quanta is more efficient than one
large quantum for a particular wibrational excitation.)3'7

Higher pressures and lower powers have been shown
to result in reactions of an increasingly thermal nature
(i.e. less dependent on which mode is excited.) Addition
and laser irradiation of relatively inert gases also gives
thermalization. The addition of such gases as SF6 has
been used by Freeman and Travis to determine whether cer-
tain laser reactions were thermal or photochemical.8

Other methods of determining the nature of laser
induced reactions include gas chromatography, mass spectro-
metry, and infrared spectrometry product analysis. A par-
ticularly useful means of following a laser reaction is
isotope product analysis. A mass spectrometer can be used
to determine if the reaction is atomic isotope selective
(i.e. one isotope bond is preferentia’ly excited.) A chem-
ical reaction of a thermal nature should have no isotopic
selectivity.

Since 1970 many facets of laser chemistry have been

the subject of research. Kim, Namba, and Taki have studied

the decomposition of organic gases by laser heating. The




irradiation of a solid target with a high power pulsed

laser allowed virtually instantaneous heating of the target
surface to its boiling point. Slow heating techniques
cause decomposition to occur during the heating before the
desired temperature is reached. An organic gas in contact
with the target surface therefore yielded decomposition
products much different than those obtained in conventional
heating reactions.?

Quel and DeHemptinne studied the laser reactions of
ethylene at relatively low laser power and high pressure.
They determined the influence of the beam intensity and the
addition of noble gases. A theoretical expression for the
reaction temperature as a function of noble gas concentra-
tions was derived, and the unimolecular laser stimulated
reactions were shown to be thermal in nature.10

Laser induced fluorescence has been the study of many
research teams. Richardson and Ismar studied the carbon-
dioxide laser induced sparks and fluorescence in molecular
gases such as NHB' BF3, CFu. SiFu, CClZFZ’ and hydrocarbons.11
In an experiment done by Karney, Ronn, Weitz, and Flynn,
the vibrational-vibrational energy transfer rate in infrared
laser excited CH3F was calculated. The fluorescence rise-
time of one vibrational mode was measured while exciting

another mode.12

Grabiner and Flynn later did a similar study
on CHBCl. Fluorescence decay was also measured to find the

vibrational-rotational/translational relaxation rate.3




These transfer rates and their dependence uvon pressure
are extremely useful in theoretical calculations involved
with laser photochemistry. M. Berry used this fluorescence
technique to determine the relative vibrational state pop-
ulations of the products of a laser induced unimolecular
photoelimination. This data was used to help formulate an
in-depth photochemical reaction mechanism.lu

Lyman and Rock%ood performed isotopically selective
laser reactions on boron, carbon, and silicon isotopes.15
This isotopic enrichment has also been found for other atoms
including sulfur and hydrogen. (See page 3)

J. K. Thomas has used a visible 1light laser for mono-
photonic and biphotonic excitation, and photoionization.
He used these forms of excitation in a study of the photoly-
sis of some aromatic compounds such as benzene, napthalene,
and anthracene.16
V. S. Letokhov has made some speculations on possible
uses for the laser in the future. These include ultra-
selective bond breaking (molecular surgery), ultraselective
photoionization, use of the laser to determine the sepuence
of the DNA nucleotides and perhaps even creating images of
molecules with atomic resolution.17

Several research teams have reported that the irradia-
tion frequency which produces the maximum reaction is of
lower energy than the reactant's infrared spectrum absorp-

tion maximum. This implies that the laser is not in reso-
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nance with the first vibrational transition of the bond being
excited. There have been several explanations of this phe-
nomenon. Ambartzumian and Letokhov attributed this to triple
photon absorption with the laser tuned to a frequency in the
middle of the three resonant frequencies of the first three

vibrational energy levels. Resonance is achieved for all

three transitions by compensating for the anharmonicity
frequency shift with rotational energy.18 This model was

quantum mechanically justified by Oraevsky and Pankratov.19

Figure 3: Anharmonic Compensation19
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Earl and Ronn noted that the laser induced reaction of

fluoromethane and chlorine is essentially independent of

1

irradiation frequency to % 50 cm™ ~ of the absorption maximum.

The sparse vibrational-rotational state density of CHBF is
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inconsistent with the rotational anharmonicity compensation
model. Fluoromethane has a large permanent electric dipole
moment, so this off-resonance reaction might be explained
by first order Stark effect energy shifts (the change of
energy levels in a strong electric field.)20

Low power irradiations of boron hydrides by Riley, Opp,
and Shatas displayed "red shifting" relative to the room
temperature absorption maximum also. This was interpreted
as laser heating causing thermal excitation into higher
vibrational states, followed by resonance absorption for
these states which should be a lower energy transition.21

Much work has been done recently by Richard Herrick in
the Union College laser laboratory in developing a model
for laser induced reactions which combines the thermal and

photochemical models.22

In his work with freom 113 it was
found that the maximum reaction rate occurred at a lasing
frequency lower than the maximum absorption frequency of
thke bond being excited. In many cases no reaction was de-
teasted even though the laser power absorbed was higher than
in reaction inducing irradiations at different wavelengths.
This is inconsistant with the thermal reaction model.

It was calculated that about 109 collisions per second
per molecule were occurring at the pressures used. The re-
action was run at laser powers far too low to induce the

multiphoton absorption necessary to dissociate the molecule.

The collisionless photochemical model is therefore not ap-~
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plicable.
The absorption of four photons would put the molecule
into an energy state called the quasi-continuum where
quanta of almost any energy can be absorbed due to the
23

closeness of the vibrational and rotational energy states.
It was decided that the additional energy necessary for
reaction could be obtained from collisions with other ex-
cited molecules, but the laser power was far too low for
an absorption of four photons. On this basis the photo-
chemical model with collisional assistance was dropped.

A theoretical model was developed in which thermal
excitation was followed by the absorption of one or two
photons to put the molecule into the gquasi-continuum.
Collisions with other excited molecules could then provide
the extra energy necessary for dissociation. This model
was justified by stating that the laser power was high
enough for a one or two photon absorptioh, and the fact
that the maximum reaction rate occurred when the laser was
in resonance with a vibdrational transition energy lower than
the v=0 to v=1 transition.

This research project is a continuation of Richard
Herrick's work. It concerns reaction rate and product
analysis studies as a function of such variables as lasing
frequency, experimental conditions, and absorbed power. The
laser induced reactions will be related to hot tube pyrolyses,

and photochemical control will be measured. The validity
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of the thermally enhanced photochemical reaction model will
be tested and related to other work done in thia fleld.




Experimental

Sample Preparation
Freon 113 (1,1,2 trichlorotrifluoroethane or CCleCCIFz)

was kept in liquid form in a trap on a glass vacuum line

attached to a Duoseal vacuum pump.

Figure 4: Sample Preparation Vacuum Line
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The main impurity traps were immersed in liquid nitrogen

to protect the pump from undesirable impurities, and then
valves 1, 2, 3, 4, 6, and 9 were opened to evacuate the line.
The thermal conductivity pressure meter was used to monitor
the evacuation. The dissolved gases were removed from the
freon by immersing its trap in liquid nitrogen, letting

the freon freeze, and opening valve 7 or 8 to let the vol-




atile gases be pumped off. The valve was then closed and
the freon allowed to thaw. This degassing was done at
least twice before every experimental use.

Two reaction cells were used for this project; an

irradiation cell and a pyrolysis cell.

igure 5: Irradiation Ce
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Figure 6: Pyrolysis Cell
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The irradiation cell is fitted with potassium chloride
windows as shown in figure 5. The windows were glued on
using Dow-Corning Silicone Adhesive and Sealer. Period-
ically these windows were removed for polishing by soaking
the glue in toluene. Whenever possible this cell was kept
in a dessicator.

Either or both of these cells could be attached to the
vacuum line by the external connections. After evacuating
the cells, valve 2 was closed and valve 7 or 8 opened until
20.0 £ .3 torr of freon was detected by the manometer. The
cell stopcocks and external connection valves were then

closed and the cells removed.

Cell Window Power Absorption

A potassium chloride cell window was suspended in front
of the laser. The power of the laser beam was measured
before the window, directly after it, and 10 cm after it.
The laser power was varied from 1.7 to 25.8 watts by ad-

Justing the laser current.
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Laser Irradiation

A continuous wave Molectron Model C-250 Infrared Carbon-
Dioxide Gas Laser was used for the irradiations. The laser
beam was directed through the small windows of the irradi-
ation cell by a silver coated mirror. The cell was placed
on a Perkin Elmer Model 21 Infrared Spectrophotometer so
that infrared spectra could be taken during and at right
angles to the laser irradiation. A small helium-neon laser
was used to allign the mirror before irradiation. Bricks
were used to block the laser beam when 1t was not wanted.

Laser beam intensities were measured with a power de-
tector and a Coherent Radiation power meter. Before ir-
radiation, the laser power was measured and checked for
constancy. The power out of the back of the cell was mon-
itored continuously during irradiation. Laser beam allign-
ment with the irradiation cell was checked with burn spots
on wood and paper.

Infrared spectra in the range 2500-600 cm"1 (“-15/u)
were taken before and after irradiation. During irradiation
spectra were taken periodically from 1400-1300 cm'1 (7-8)4)
to monitor the growth of the reaction product peak at 1330 cm”

1
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Figure 7: Irradiation Setu
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Pyrolysis

The pyrolysis cell containing 20 torr of freon was
heated in a Heavy Duty Electrical Company Multiple Unit
Tube Heater plugged into a Superior Electric Company Power-
stat.(The powerstat and tube heater settings were thermally
calibrated using a chromel constanten thermocouple;) Var-
ious temperatures and pyrolysis times were used. During
the pyrolysis an initial infrared spectrum was taken on
freon in the irradiation cell. The irradiation cell was
then evacuated, and after pyrolysis the pyrolysis cell was
also connected to the vacuum line. Valve 2 was closed and
the pyrolysis cell stopcock opened. The immersion nipple
of the irradiation cell was then placed in liquid nitrogen
to transfer the pyrolysis products to the irradiation cell

guantitatively. After this the irradiation cell was closed
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off and allowed to warm up in a dessicator (to minimige
condensation on the salt windows:) A final infrared spectrum

was then taken on the contents of this cell.




Results

Cell Window Power Absorption

20

The laser was set to 9.6948 u for this determination

because this wavelength is roughly in the middle of the ir-

radiation wavelengths used.

were obtained.

The following power measurements

Table 1: KC1l Cell Window Power Absorption

Power in (w)
1.7
3.0
3.8
Lob
5.0
6.1
8.0

10.5
13.1
17.3
20.4
23.8
25,8

Power out (w)

Power 10 cm back (w)

1,5¢.1
2.7¢.1
3.3%.1
3.94.1
bohs.1
Sl 1
7.0£.2
9. hx.2
11.7+¢.3
15.4%.3
18.2%.4
21.2t.4
22.7+.4

1.5%#.1
2.6%.1
3.3%.1
3.8¢.1
bohz.1
5.3.2
7.0%,2
9.32.2
11.6%.3
15.2%.3
18.0x.4
20.9%.4
22,5%.5

The uncertainties were determined by moving the window

so that the beam went through different parts of it, and the

resultant power changes due to window surface abberations
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were then recorded as error margins. Window angles of up
to 50° off perpendicular to the laser beam had virtually
no effect on the power values. Figures 9 and 10 give the
following equations:

Power out =(.887)Power in (Equation 4)

Power 10 cm back =(.878)Power in (Equation 5)
These equations express the laser power lost due to absorp-
tion, refraction, and reflection while passing through a
potassium chloride cell window. The absorption of laser
power as it passes through the irradiation cell can now be

considered.

Figure 8: Laser Power Abgorptio.
~In the Irradiation Cell

ln

(4

5

)
PI = Laser power incident upon the cell
P0 = Laser power leaving the cell (10 cm back)

P' = Laser power entering the sample
P" = Laser power leaving the sample
To get the laser power absorbed by the sample PA' P'-P",

Py and P, must be measured and applied to equations 4 and 5.

I




= (.BS?)PI (Equation 6)
PO/( .878) (Equation 7)
= (.887)P - (1.139)P, (Equation 8)

Laser Wavelength Dependent Reaction Rate Study

The growth of the infrared spectrum 1330 cm_1 product

peak as a function of time was monitored for several ir-
radiation wavelengths. Absorbance versus time graphs were

then extrapolated to the origin and initial rate slopes

calculated. A typical infrared spectrum (#72) for this

part of the project is included as figure 11.

Table 2: laser Wavelength Reaction
Rate Study

Laser Spectrum

time
Wavelength (4) Number PI (w) P0 (w) PA (w) (min) Absorbance

9.7533 72 15.0 2.1 .013
051
.109
«133

9.7335




Table 2 (continyed)

Laser Spectrum

time
Wavelength Number Fr (W) Pg (W) Py (W) (Gan) absorbance
9.7140 52 17.3 2.5  12.5

-
O~In WO O FWhN -

[=

9.6574 70 17.3 3.3

9.6036 61 19.2 3.5

This data is graphed in Figures 12-19, glving the fol-

lowing initial reaction rates:

Table 3: Initial Reaction Rates at
Different Lager Wavelengths

Laser Spectrum

Initial Reaction
Wavelength (M) _Number Py (W) Rate (m;n-i}

9.7533 72 10.9 .013+.007
9.7335 62 13.8 «0124.002
9.7335 69 12.7 .0114,004
9.7140 52 12.5 «022+.002




24

Table 3 (continued)

Laser Spectrum P, (w) Initial Regcfion
Wavelength (M) Number A Rates (min-1)
9.7140 68 12.5 024,003
9.6948 67 12.8 .018+.003
9.6760 71 12.0 .01064.0006
9.6574 70 11.6 «0033£.0003
9.6036 61 13.0 No detectable

reaction
A graph of these reaction rates is superimposed on the

freon 113 infrared absorption spectrum in figure 28.

Laser Power Reaction Rate Study

Infrared spectra were taken during laser irradiations
and again the growth of the 1330 cm'1 reaction product peak
was monitered. Absorbance versus time was plotted and the
initial product formation rates were determined. The laser
was set to a wavelength of 9.7140,1 because this corresponds
with the maximum rate of reaction. Several laser power

levels were used to obtain the following data:

Table 4: Laser Power Reaction Rate Study

Spectrum time

PI (w) P0 (w) PA (w) Number gmin'12 Absorbance
6.0 .9 4.3 52 15 0.0
8.7 1.1 6.4 52 15 0.0
9.7 1.2 7.3 74 20 .015
30 .016
4o .019

50 .030




25

Table 4 (continued)

Pr (w) Py (w) PA (w) sgﬁ;ﬁ:gm time_,

12.0 1.4 9.0 52 10 0.0

15.1 2.8 10.2 85 5 067

17.3 2.5 12.5 52

19.5 3.8 13.0 86

[y

.116
174
204
234
271
.281

.088
+129
149
171
«209
5 230

22.0 3.1 16.0 78

25.5 4.5 17.5 73

OXNFTWHN ODONEWN O IO Fwh e

-

This data is graphed in figures 15 and 20-24, giving

the following initial reaction rates:




Table 5: Initial Reaction Rates at

Different Laser Powers

Spectrum Initial Reaction

Pp (W) 1n(Ry) _Number Rate (min-1) -1n(Rate)
4.3 1.46 52 0.0 -

6.4 1.86 52 0.0 -

7.3 1.99 74 »0007£.0001 7.26
9.0 2.20 52 0.0 -

10.2 2.32 85 .015¢.004 4,20
12,5 2,53 52 .022%,002 3.82
13.0 2,56 86 LOlbx, 004 3.12
16.0 2.77 78 .066+.006 2.72
17.5 2.86 73 .052%,005 2.96

This data is graphed in figures 29 and 30. Figure 29
yields a reaction threshold power of 10x1 watts. Figure 30
has a slope of 2.6%.7

Pyrolysis Reaction Rate Study

Hot tube pyrolyses were performed and infrared spectra
taken on the products. The 1330 cm_1 peak was measured for
each pyrolysis and its absorbance related to the pyrolysis
temperature and time. A typical infrared spectrum (#84)

for this part of the project is included as figure 25.
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Table 53 olysis Reaction Rate S

Pyrolysis o Pyrolysis Spectrum
Temperature (°C)  time (min) Number Absorbance =lan(Abs)
300 60 75 0.0 -
Loo 60 76 0.0 -
Lso 60 77 0.0 -
500 60 79 015 4.20
550 20 81 .020 3.91
550 4o 81 055 2.90
550 60 80 171 1.76
550 85 8k .218 1.52
.228 1.47
550 100 83 225 1.49
.222 1.51
550 120 82 +239 1.43
) 231 1.47

This data is graphed in figures 26 and 27.

Reaction Temperature Calculation

A computer program was designed by Professor David Peak
of the Union College Physics Department to calculate the
temperatures in a laser beam passing through a gas in a
cylindrical cell. The program was used with a cell length
of .1 m, a cell radius of .0i1 m, and a beam radius of
.002 m. The thermal conductivity of freon 113 used was
.1000 J/cmzsec(oc/bm). 20 temperatures were calculated

along the length of the cell (every 5 mm.) The average
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absorptivity M = 1n(P'/P")/(cell length) and the average
temperature in the first quarter of the cell were calculated

for all of the irradiations, giving the following data:

Table 6: Calculated Reaction Temperatures

uaveiemstnl) Fa (0 M(emh (%) Initial Resoiien
9.7533 10.9 17.1 600 «013£.007
9.7335 13.8 16.4 740 .012£,002
9.7335 12.7 17.7 700 .011+.004
9.7140 12.5 16.8 680 »022£.002
9.7140 12.5 17.5 690 .024£,003
9.6948 12.8 18.0 710 .018%.003
9.6760 12.0 15.1 630 .0106%.0006
9.6574 11.6 14.1 590 +0033£.0003
9.6036 13.0 14.5 670 0.0
Power Study:
9.7140 4.3 16.4 250 0.0
6.4 18.1 370 0.0
7.3 18.8 420 +.00074.0001
9.0 18.9 520 0.0
10.2 14,3 530 015,004
12.5 16.8 630 022,002
13.0 13.8 660 L0lhs, 004
16.0 17.1 870 +066%,006

17.5 14.8 900 .0522.005




Figure 9: Power Out Vs. Power Into Cell Window
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Figure 11A: Infrared Spectrum of a lLager Induced Reaction
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ot (CM@ Figure 11B: Infrared Spectrum of a Iaser Induced Reaction (Continued)
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Figure 12: Absorbance Vs. Time at 9.7533
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Figure 13: Absorbance Vs. Time at 9.7335 u




Figure 14: Absorbance Ve. Time at 9.7335 M
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Figure 15: Absorbance Vs. Time at 9.7140 y
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Figure 16: Absorbance Vs, Time at 9.7140 4
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Figure 17: Absorbance Vs, Time at 9.6948 u
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4 Figure 18: Absorbance Vs. Time at 9.6760 u
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Figure 19: Absorbance Vs. Time at 9.6574 v
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Figure 20: Absorbance Vs. Time at 7.3 w
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Figure 211 Absorbance Vs. Time at 10.2 w

214

Absorbance

¥ 4
£
b
2N

0 10 20
Time (min)




Absorbance

1201

Figure 22: Absorbance Vs. Time at 13.0 w
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Figure 23: Absorbance Vs, Time at 16.0 w

4
Time (min)




Figure 24: Absorbance Vs, Time at 17.5 w
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Y (CM') Figure 25Bs Infrared Spectrum of a Pyrolysis Reaction (Continued
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Figure 26: Absorbance Vs. Time for Pyrolysis
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Figure 27:-1n(Absorbance) Vs. Time for Pyrolysis
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Figure 30: -In(Initial Rate) Vs, ln(Power Absorbed) at 9.71#0‘“
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Figure 31: -1n(Initial Rate) Vs. 1/Temperature (K~1)
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Discussion

The Perkin Elmer 21 Infrared Spectrophotometer was
particularly useful for this project. Its prism optics
give infrared spectra with a linear dependence on wave-
length rather than frequency. This results in an expansion
of the long wavelength portion of the spectrum relative
to instruments with diffraction grating optics, and most
of the infrared peaks ass~ciated with freon 113 and its
reaction products are found in this region.

The infrared spectra (figure 11) taken before, during,
and after the laser irradiations show the progress of the
resultant chemical reactions. Four clearly detectable
absorption peaks are formed which are attributable to

products of the laser induced reaction: two small peaks

1 1 1

at 1880 em™ " and 1795 cm™ ", the moderate peak at 1330 cm”

which was monitored for product formation, and a strong

peak at 845 cm™ . Curtis Brown has identified CCL,F,,

CClFB, and CClBF as reaction products by gas chromatog-

1 1

raphy.zLl The product peaks at 1330 cm™~ and 1795 cm™

have been attributed to chlorotrifluoroethylene25 and

the peak at 845 cm_1 to trichlorofluoromethane26

by
comparison to infrared spectra in literature.

Richard Herrick has shown that the chlorotrifluoro-
ethylene formation due to laser irradiation initially

follows zero order ki’ne'tics.22 The absorbance of the




product peak is linear with respect to time at low time

values. The kinetic plots for this project (figures 12-24)
also suggest this relaticnship. At later times, however,
the slope of the absorbance versus time graph decreases.
Thi. is probably due to the decomposition or further reac-
tion of the chlorotrifluorcethylene product when its par-
tial pressure in the reaction mixture becomes significant.

The vibrational stimulation of a chemical bond should
logically promote homologous cleavage of that bond, giving
rise to free radicals. Obviously with a reactant such as
freon 113 the resultant reaction mechanism could be ex-
tremely complicated. This is why initial product forma-
tion rates were used.

The C-C stretch of freon 113 does not appear in its
infrared spectrum because of interference with the intense
peaks which surround it. This C-C stretching vibration

i region, however.27 This

would appear in the 1200-800 cm~
could easily cause this vibrational mode to couple strongly
with the C-Cl bond stretch being stimulated by the laser.
The intramolecular exchange of energy between various vib-
rational degrees of freedom is usually very rapid in the
presence of guasi-resonance between these vibrational
modes.7 This vibrational stimulation of the C-C bond

could explain the presence of single carbon products. It

is unfortunate that the growth of the trichlorofluoromethane

product peak at 845 cm'1 is difficult to monitor because of




the neighboring peaks. The characterization of a single

carbon product forma.ion could give much insight into this
intramolecular energy transfer.

Zitter and Koster have proposed the following mech-
anesm for the laser induced decomposition of 1,2 dichloro-
tetrafluoroethane:28

CF,C10F,c1 —L28€L5 cp cicF,* + 01

CF2C10F2' —_— CZFU + C1°

CFZClCFZCl + 0l ————> CFZCICFZ' + 012

C1" + C1" — C1,

By applying this mechanism to freon 113 and taking into
account the C-C vibrational stimulation possible, the fol-
lowing mechanism may characterize the laser induced reaction
of freon 113:

CFP,C1CFC1, —188€T3 F clcFoL" + C1°

CFC1,CP,01 —188€F5 GRo) cF, " + c1°

CFC1,CF,C1 —8885) crel, + cF,

CFZClCFCl' _ CFZCFCl + C1°

CFClZCFCl' _ CFZCFCI + Cl°

CFC1," + C1' —— CFClB

CF,C1® + C1' ——— CF,C1,

€1* + c1' — 1,

The spectrum of the pyrolysis products (figure 25) is

(R

clearly different from that of the laser induced reaction

products. The product peaks include the 1795 cm'1 and
1

1330 cm”

chlorotrifluoroethylene peaks, a very strong
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8hs5 cm'1 trichlorofluoromethane peak, and an overtone at

1

1670 cm”~. In addition there is a product peak at 990 cm'1

(moderate,) 880 om™1 (weak,) and 710 en™! (weak.) The freon

1 ana 810 em™! became significantly

113 peaks at 1040 cm”
smaller with the pyrolysis. This probably indicates that

a large portion of the freon 113 has reacted, as the very
strong single carbon product peak also suggestis. The chloro-
trifluoroethylene product peak is not very intense for these
conditions, which again suggests decomposition of this pro-
duct.

Some of the differences between the pyrolysis and laser
induced product spectra can be explained by the experimental
conditions. The graph of ln(absorbance) versus time (fig-
ure 27) clearly shows that the pyrolysis formation of chloro-
trifluoroethylene does not follow first order reaction kin-
etics. The absorbance versus time graph (figure 26) is very
similar to the corresponding laser induced product formation
plot, with the exception of an initiation period. This is
due at least in part to the time necessary to bring the cell
to thermal equilibrium. Another factor is the thermal de-
composition of the product, which is given more time to occur
than in the laser induced reaction.

The pyrolysis apparently favors the formation of tri-
chlorofluoromethane (and other products) to that of chloro-
trifluoro ethylene when compared to the laser induced reaction.

A possible explanation is that the laser stimulation in-




creases the rate constante of one or more of the steps in
the free radical mechaniem. It is extremely unlikely that
all of the differences between the two reactions can be ex-
plained by the time or temperature differences. This sug-
gests that the thermal reaction model is not applicable to
the laser induced reaction.

At an irradiation wavelength of 9.6036 M 13.0 watts
of power are absorbed but no reaction is observed. At
9.?533,‘ only 10.9 watts are absorbed and reaction occurs.
The thermal model for the laser induced reaction predicts
that the reaction rate will be greater for the 13.0 watt
absorption. It is clear that this reaction cannot be to-
tally explained with only thermal considerations, although
it may still be helpful to consider the temperatures pro-
duced by the laser. With a continuous wave laser it is
difficult to be certain that even miniscule power absorp-
tion does not result in a moderate translational tempera-
ture .increase.??

When the laser radiation is absorbed as vibrational
energy, in a relatively short time this energy is thermal-
ized by collisions. Thermal energy is accumulated in the
reaction gone, creating a temperature gradient at its bound-
aries. Thermal diffusion then takes place, and a steady

state is reached when this diffusion balances the produc-

tion of thermal energy in the reaction zone.10 A theoret-

ical model along these lines was developed by Peak and co-
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workers. (See appendix.) A computer program waes developed
which calculated the temperatures in the center of a laser
beam as a function of power intensities and cell dimensions.
This program uses the thermal conductlivity of the gas and
the power absorbed to calculate the temperatures which
result from the steady state of diffusion and thermaliza-
tion. This program is included in the appendix.

In the course of this project, the program format was
modified to be more understandable, to include the cell
window power absorption, and to calculate the temperatures
in degrees Celcius. This program is quite sensitive to
radius changes. and as the irradiation cell is not cylin-
drical it is difficult to determine what value to use for
the cell radius. It was assumed that most of the reaction
takes place in the first quarter of the cell, as this is
where the temperature is the highest and the most power is
absorbed. (The first 5 of the 20 temperature values were
averaged to get the values listed.) The radius value of
.011 m is roughly t.e average radius for this portion of
the cell. Maximum temperatures calculated in this way for
laser intensities of 100 w/cm® were about 1000°C. Bailey
et al reported a similar temperature calculated from fluo-
rescence studies on 40 torr of ethyl chloride with 33 w/cm2
and a beam diameter of 2.5 cm.30

The laser intensities for this project are not suf-

ficient to excite freon 113 with more than two or three
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photons.22 It has been shown that the occurrence of a set
of n stepwise single photon absorptions between arbitrary
pairs of energy levels results in a slope having a mag-
nitude equal to n when the log of the rate constant is
plotted against the log of "aser intensity.8 The graph
of -In(initial rate) versu: .n(power absorbed), (figure 30)
yields a slope of 2.6%.7 licating 2 or 3 photon absorp-
tion, or a mixture of both. This is not sufficient to ex-
cite freon 113 into the quasi-continuum, however.

Figure 28 shows that the maximum rate of reaction oc-
curs at a longer irradiation wavelength than the maximum
absorption peak for the freon. In this case, (freon 113
has a small dipole moment and Stark effect, and low laser
intensities were used,) the most plausible explanation is
that the laser is not in resonance with the v=0 to v=1
transition, but rather some higher level transition.

Richard Herrick proposed thermal excitation of the
first one or two vibrational states as an explanation.22
The temperature values calculated could easily give sig-
nificant populations in the v=1 and v=2 vibrational states.
It has been shown that absorption of laser energy by higher
level transitions than the ground state is very effective
in rate enhancement.31 The laser could therefore, for in-
stance, be tuned to the v=2 to v=3 to v=4 transition. .

It has been postulated that the quasi-continuum for

BCl3 starts just above its v=4 vibrational level, and just
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below that level for SF6.15 Because freon 113 has more
degrees of freedom than SF6. it should have denser vib-
rational-rotational levels. The quasi-continuum should
therefore start at a slightly lower point than for SF6.
probably just above its v=3 vibrational level, which would
demand 4 photon excitation. Once in the quasi-continuum
the molecule can accept virtually any amount of energy
from collisions, where excited molecules not yet in the
quasi-continuum can only accept energy in resonance with
its vibrational level transitions. This would allow the
collisional activation of molecules in the quasi-continuum
to much higher energies than those supplied by the laser.32

Richard Herrick calculated the raie of power absorp-
tion to be 7.6 X 10° photons/molecule-sec and the collision
rate to be about 1090ollisions/holecule—sec. thereby proving
the importance of collisional activation in this experiment.22
Vibrational-vibrational energy transfer times were compared
to Vibrational-rotational/translational energy transfer
times for typical molecules, and it was found that there is
a good chance for the 20 or more collisional activations
(necessary to dissociate a molecule in the gquasi-continuum)
to occur before thermalization.

This reaction model is called the thermally enhanced
photochemical reaction model.22 Similar models have been
used by Bailey et al on the laser initiated decomposition

of ethyl chloride30 and Zitter and Koster on the laser re-




28 The reactions

actions of 1,2 dichlorotetrafluorcethane.
produce basically the same products as pyrolyses, but the
rates of the reactions (or of selected chain mechanism steps)
are enhanced by laser absorption. This model can therefore
be called a photocatalytic effect of the laser absorption.33

The reaction rate dependence on the irradiation wave-
length could perhaps be related to the calculated absorp-
tivity (table 6). It seems likely that a higher incident
power would be necessary for an equal amount of power to
be absorbed off of the reaction rate peak (figure 28).
Unfortunately it can be seen in the power study portion of
table 6 that the calculated absorptivity varies tremendously.
This is probably due to inprecise (although not necessarily
inaccurate) power measurements.

The cell window absorption section of this project
was introduced as an improvement in power value measuring.
The window absorption was previously treated by considering
the power absorbed by the irradiation cell with a vacuum.

This obviously would assume too much power entering and

being absorbed by the back window, and consequentially gave

PA values that were very low.

The plot of initial reaction rate versus power absorbed
(figure 29) shows what is known as a threshold phenomenon;
an absorbed power (10+1 w) below which no photocatalyzed
reaction is possible. The reaction detected at 7.3 w absorbed

is probably due totally to laser heating of the cell over 50
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minutes. The experimental observation of threshold phenom-
ena has been interpreted by Oraevsky and Pankratov to be
theoretically due to the participation of more than just

one particular mode of vibration in the absorption of laser
radiation.19 This model would take intramolecular vibra-
tional mode coupling into account in addition to predicting
small effects on all vibrational-rotational degrees of free-
doﬁ. This further justifies the proposed freon 113 laser
reaction mechanism by including the C-C cleavage possibility.

An alternative way to look at the reaction rate power
dependence is to consider the calculated temperatures in
table 6. The calculated temperatures around the threshold
frequency correspond to the lowest pyrolysis temperature at
which reaction was detected. A purely thermal explanation
would not predict a sharp threshold power, however, but rather
a slow rate acceleration.

The graph of -ln(rate) versus 1/Temperature (figure 31)
was included for the pyrolysis to get a rough approximation
of the Arrhenius energy of activation. Equation 1 gives:

-1n(k) = E'/R(1/T) + 1n(A) (Equation 9)

If -1n(k) versus 1/T is plotted, the slope divided by R,
(1.987 cal/mole-K,) will yield the activation energy for the
pyrolysis. PFigure 31 gives an Arrhenius activation energy
of 501190 kcal/mole, which is comparable to carbon-chlorine
bond energies. (CHB—Cl bond energy is 83 kcal/mole, and sub-

stitution would lower this wvalue considerably.Bu)




In conclusion, it has been found that the low power
continuous wave infrared laser induced decomposition of
freon 113 is photocatalyzed. Bi- or triphotonic laser ab-

sorption is accompanied by thermal and collisional stimula-

tion to initiate a reaction which differs significantly

from pyrolysis.
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Suggestions for Further Work

The laser induced decomposition of freon 113 is open
to many research studies. Basically, future work should
be done in obtaining more accurate data, and expanding the
study to include such variables as pressure, temperature,
and laser beam conuinuity and radius. It would also be
interesting to determine the reaction rate power dependence
as a function of irradiation frequency or the wavelength
dependence as a function of power absorbed. This would
vield a three dimensional graph of reaction rate dependence
on power and irradiation frequency, which could help limit
the problems of interpreting the power differences in the
wavelength dependence data in table thcree.

The laser induced and pyrolytic decomposition of freon
113 . 1s not been fully characterized. The use of infrared
spectra to moniter the reactions was sufficient for the
basically qualitative discussion offered here, but the
product analysis should be expanded to quantitatively de-
scribe the decomposition reactions. The possibility of
isotope selective laser induced reaction sheuld also be
examined. These analyses could both be performed with a
gas chromatograph-mass spectrometer. This instrument would
allow the separation and determination of the relative
amounts of the components of the reaction mixture and the

identification of these components, including the isotopic




product ratios. The information provided could be used to

pose a more intensive reaction model and mechanism.
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Appendix

The following computer program for calculating the
temperatures in a laser beam which is passing through a gas
in a cylindrical cell was developed by Dr. David Peak and
his students for this project. It is in BASIC and was run

on a Burroughs B-6805 computer.
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L~0s 0289531 2KTRR(~8)+0. 01787654KTX¥ (~7)
Li=£1-0,00420059KTH%(~8)
I=l3 A CEXLIRKO T REXF (-X1))
RETURN
REM SUBROUTINE KZEROL
X3=X2/2
GOEUR 3000
~LOGCXIIRE2~0,5772106640. 42278420k X% K240 23069756 XX 3 kx4
240, 0348859k X3kKE40, 0026 2698RXINKEH0 . D00LO7IRXINKLO
K2=K2+0,0000074%X3%%12
RETURN
REM SUBROUTINE KZERO2 b
X3=2/X2 4
K2=1,25331414-0,07832358%XX3+0,02189568%XIKK2~0,01062446KXIKK3
K2+0. 005878724 X3KKA4~0, QO251F4KXIXXG+0 . 00053208XXIkxé
R2=K2/ ((X2%K0,5) KEXF(X2))
RETURN
REM SUBROUTINE KONEL
X3=X1/2
GOSUR 3800
Ki=X1¥LOG(X3)*I1i+1+0. 1544#Xd**2 0.67278597*X3#¥4 S
Ki=K1-0.18156897%X3%%6~0, 01919402¥X3**9-0 00110404kX3%X10
Ki=K1-0.,00004686XX3%%12 )
‘Ki=K1/X1

890u94*T*T+0.ul4?8869#f**4+0.1 0849k ThkKSE
BE73ZXTARBE0 . 00301T32ZRTRKIOH0, 003241 1R THEL2

4000
4L0G

K2
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s
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HP50
4000
&G
8000
#
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