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ABSTRACT

The infrared multiphoton disséciation {IRMPD) of
"neat" hexafliuoroethane has been investigated for the first.
time. The stable products of photolysis are CF4, CoFy,
CiFg and C,F,,. Product analysis involved tunable
diode lase;“(TD;) and foufié£“£ragsform infrared spectro-
scopy, as well as gas chromatography where app{iéable.-"fhe
high sensitivity and resolution of the TDL allowg for the
measurement of‘Zh; stable'products_cs‘4 and CgP} after
ir}adiation by a single infrared laser pulse. |

A high freqﬁéncy modulation TDL technigue has been
develoéed to.monitor the transient infrared absoré&ions
produced by the\;RMPD of wvarious fluorocarbqns._ Ihe tech-
nique was applied tq the détgction of‘éFz and CF3 radicals
produced by the IRMPD of known precursors. In the case of
hexafluoroethane the TDL modulation technique was used to
confirm that the primary dissociation pathway involves C-C

bond scission.

\\\\ The role of added H,, leadiné\to*elimination of

/ % = .
CF4 and 1increase of CqF4 as products, is clarified. -

Evidence for*a second dissq;iatioh pathway producing CaFg

- . . | . )
and a F atom 1is also present®d. The understanding of the

-

- -

¢ overall chemicalJmechanism of IRMPD of Cqu and reactioﬁ

/

-

of the intermediates formed has been considerably extended.

.
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CHAPTER 1

INTRODUCTION .
<+ ' -

.

\
The field of infrared‘multiphoton absorption‘(IRMPA)

and infrared multiphoton dissociation {(IRMPD) ofbpolyatdmic‘

molecules has been much studied since its beginnings in the

early 1970's. 1’ ﬁ%ese‘studies wefe possible feollowing the. ’
.developmént of powerful pulsed transversely excited

. atﬁospheric (TEA) CO, lasers. 1In the decade and a half
since' IRMPA and IRMPD were first reallzed an enormous
" amount of work has bqen undertaken in an attenpt re Jatn a

better understandlng-of these processes. Much of the work

. N M N o
to date has been reviewed- bv several authors.- 9

The IRMPD .of polvatomic molecules 1s a rather

‘universal phenomenon. A review by . Fuss and Kompa8

“

indicates that greater than 100 polvatomic molecule=s,

'
containing from 3 to 62 atoms, have undergone dLSHDPLathH

or isomerization follow1ng absorptlon of many IR photons

-

from an intense IR laser fleld. IRMPD not onlv allows for
the study of processes such as the unimolecular dissociation
and isomerization of many polyatomics,9 but it ais¢

provides a source of radicals which can be emploved in

8

fu?ther_experiments. The production of radicals via

IRMPD :is useful for high resolution spectroscopic and:

- .
Y



kinetic studies. Early work on BC1310 indicated that

- N

the IRMPD process was indeed isotopically selective. Much

-

of the work on isotopically selective IRPMD deals with the

separation of hydrogen isotopes in various halogenated

hydrocarbons.ll : . ’

In recent yvears, lead~salt tunable diode lasers

(TDL's) have been increasingly used to monitor absorptions

-

-~

in the mid-infrared region of the spectrum. TDL

spectroscopy is extremely sensitive and possesses much - . N
; . N -

higher resolution than Fourier transform infrared (FTIR)

o hd .
12 1prrs possess a narrow line

absorption spectroscopy.
"width which allows for the measurement of‘Doppler-broadened
transigiéns w;thout instrumental broadening. (TDL linewidth
-« ihusually <0.001 em~1). The high power ;utput'per Hnit
spectral range and the ability to modulate the {PL
wavelength, allow for very high detection sensitivity. TDL
sped&roscopy 15 highly specific in its ability to
distinguish Between different molecuies including those of
diéferent isotbpic makeup. -Although the use of TDL's to
monitor gas phase chemical reaétions has_been rather limited
to date, the spectral properties along with the fact that
- TDL's allow for non-destructive measurement point to the
increased use of TDL's to monitor gas phéée reactions.
‘In this thesis+ the IRMPD éf hexafluoroethane is
xal-:tuciiewil in‘?n attempt to establish the IRMPD pathway.

Tunable diode lasers are emploved extensively in this work

]



to monitor the stable and transient products of the IR

photochemistry.

In Chapter 2 a review of the processes inQolved in
the infrared multiphoton absorption (IRMPA) and infrared
multiphoton digsociation (IRMPD) of polyvatomic molecules is

presented. Several examples-of typical experimental results
are reviewed. The latter part of the chapter provides a
.brief review on the use of infrared tunable diode lasers in

the measurement of IR absorptions. Chapter ? ends with a

discussion of the application of TDL absorption speétroscopy

-

to the.monitoring of chemical react%ons.

Chapter 3 reviews the iR laser induced chemistry of
L/several fluorocarbon species. The IRMPD studies of
hexafluoroethane in the presence of scavengers are -also
reviewed in detail, as are the results of thermal
dissociation experiments invo{ving CHFg-

In Chapter 4 a discussion of'the experimental
techniques used Eo monitor the products of the IRMPD of
"neat” hexafluorodetharne is presented. ’Sample handling and

preparation are described as well as the analvtical

fechniques emploved for gquantification of the phorolvysis

-

produ;ts. Emphasis is placed of the use of TDp's to monttor
s;able as well as transient species. The chapter ends with
the discussion of a novel high frequency modulation TDL
technigque that has been developéd in-this laboratory.tb

allow.for the time-resolved detection of various transient

-



‘o

-

i

species including CF, and CF5.

. Chapter 5 deals with the IRMPD of hexafluoroethane.

:The vields of the major stable products resulting from the

"IRMPD of "neat" C,Fg arg presented as a function of

gseveral experimental parameters including; pressure,
fluence, irradiation‘frequency and number of laser pulses.
To aid in establishing the IRMPD pathway, certain radical
scavengers were added in séme circumstances. The usé of the
high‘frequéncy modulation TDL technigue as applied to the
IRMPD of C,Fg is also presented. )
‘Chapter 6 contzins a summary of the importantfresults
and conclusions of this thesis. The high.frequenqy
modulation TDL technigue described in Chapters 4 and 5 was
developed, and applied to fhe detegtion'of CFz molecules
ih collaboration with P.H. Beckwith and J. Reid. The
steady-state production of CF4 mélecules described in
Chapters 4 and 5 was done in collaboration with P.H.
Beckwith and J.J. Orlande. The time—resolvéé_detection'of

CF3, formed by the IRMPD of hexafluoroacetone, presented

in Chapter 5 was done in collaboration with J.J. Orlando.

“
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//f, . . CHAPTER 2

GENERAL THEORY oo

-

2.1 Infrared Multiphoton DisSociation

The following review section draws from references 2
to 9 and folloég the genéfal outline and nomenclature of
Bagratashvili et é;.g )

As previously mentioned the IRMPD of poly;tomic
moleculés is a rather universal phenomenon. IRMPD occurs
following irradiation in the wavelength region of ; strong
vibraticnal absorption band by intense pulsed laser
radiatién._ Polvatomic molecules ébsorb.f10-40) photons
successively §§ a level above'che dissociation linmit (D) .
from which unimolecular dissociation can occur. Aithouéh a

great deal of experimenta} and theoretical work has been

2 .
done on the IRMPD process, only semi-guantitative

- .

3
explanations are possible at this time.
‘ o

The IRMPD process can be divided into three regions;
coherent absorption of the first few photons in discrete
V%Erational levels, further absorption of manyv photons
through a ‘vihrational quasi—continhum"_to some level above
the dissociatioﬂ.limit, followed by dfssoéiation of the

polvatomic in the continuum region.

-
-
-
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"

2.1.1 Discrete Vibéational Levels

The initial step in the multibhqtén excitation of a
polyatomic is the traversing of the discreée lower
vibragional lévels. Experim;qﬁally there are little or no
‘spéctroscopic data available for vibrational levels with v =
2 or 3. Thus the theories describing excitation through
these lower levels are qualitative or semi-guantitative-in
nature. The main difficulty in explaining IRMPD is the
-anharmonicity of the molecular viﬁrations. The infrared
laser can.be‘tuned to the first vibrational transition,'\
however, due to anharmonicity the laser is gquickly off
resonance with respect to transitions to higher 1e§els.

Eo sﬁuéy the excitation of polvatomic molecules
through the';ower_discréte vibrational levels several |
techniques have been emploved including: IR fluo:escence,13
dcuble IR-IR resonance,l? double IR-UV resonanceld and
Raman.scattering.l6 Eiperiment; reveal that the IRMPA
process 1s bQ}h frequency'and intensity dependent: Even
with high values of.irradiation intensity, the MPA spectrum
1s localized near'its band of linear abgorption. Therefore,
the excjtation of ‘high vibrational levels is due to resonant
.pransitions. This frequgncy dependence is of pafticular
importance for laser isotove separation (LIS).schemeé. As
the laser irradiagion inpensity 1s increased one can observe

~ a monotonous shift of the absorption maximum to the. long-

wave side (red-shift) along with band broadening with



respect to the linear absorption spectrum.. The shifting and
b;oadening of the absorption band with increasing iﬁtensity
can be related to:vibrational anharmonicity. The separation
between successive vibrational levels decreases with an

increase in vibrational energy, thus the absorption spectrhﬁ
is q&}fted to the long~wa§e side. As the IR radiation '
inténsity increases the contribution of higher vibrational
transitions increases, therefore, the MPA spectrum gradually
shifts to the "red" and broadens. 1In the case of 0504!7
the IRMPA spectrum clearly shaws three absorptioen peaks
related to ?hree SQCCessive anharmonic shifts of the excited®
V3 mode, . |

The intensity reguired to move a molecule thrangh rhe
discrete ®nergy levels depends-on tﬁe properties of the
individual molecule. The important properties ginclude the
degree of anharmonicity, position of the quasi-continuun and
the splitting of vibrational levels. 1In general, snall
molecules (3 atoms) have large anharmonic shifts, a low _{
density of states and the vibrational guasi-cont:nuum 18
near the dissociation limit. Therefore, small noinculw%
require veryv high irradiation intensities (10’ te 107
W/cmz). Great difficulty 1s encountered when attempting
to dissociate triatomics, and diatomics have vet to be
dissociated by IRMPD. Larger molecules pPossess ﬁmalﬂer'

\

anharmonic shifts, have a higher density of states and a

vibrational quasi-continuum close to the lst vibrational
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level. Thus ;hg intensities required to excite these
molecules to the quasi-continuum is much lower than that
required for small molecules (103 to 10° w/cm?) .

In certain large molecules-suqh as §F6,18 there
does not appear to be any differenc; between MPA at the
lower vibrational levels‘and in tge vibrat%ohai quasi-
continaum. It has been shown that the av?£3§§’§pmber of
photons absorbed b; SFg molecules in the volume under
irradiation, (n),-has a continuous (slightly less than
linear) dependence on irradiation fluence (§).18
Initially, the SFg molecules are distributed over many
rotational levels of the v = 0 state. A certain small
fraction éf these molecules is in an exact multistep

!

.- .8
resonance with the IR field and is quickly excited at a low

intensity to the vibrational gquasi-continuum. Further

‘excitation in the guasi-continuum requires higher fluence.

Other molecules that do not possess exact multistep -
resonances with the IR field in the diserete vibraticnal

levels will require a larger IR field intensity to allow

multiphoton excitation (MPE).. Therefore, the observed
continuous dependence of T(¢) for SFg results from the

summation of all of these groups of molecules, each

-

f
possessing a slightly different amount of detuning in the

-discrete vibrational levels.

-

In an attenpt to illustrate this point, Alfimpiev et
119

cooled a sampRe of SFg . and found the n(?)



dependence to be more than liné;r. By coeoling the SF¢.

the number of-ocqupied quahtum states of the molecule was
reduced, thereby reducing the number of possible pathwavs
fqr successive V-R transitions. 1In this case 2- and 3=
photon excitation processes leading directly to v = 2,3 are

19

involved. The probability of such processes is

non-linearly dependent on laser power. In smaller molecules

17

such as 0sC, the dependence of n{$) 1is stepwise due

to molecules in different initial states ente;ing the
vibrational guasi-continuum at vastly different IR
intensities. Very simple ﬁolecules such as D50 }eveal a
saturation of the f(#) dependence at & ¢ 1.29

An important consideration for experiments invoiving
IRMPD is the fraction of molecules involved in the MP -
excitation process. At low IR field iﬁtensities tand at
éﬁfficiently low pressures so that rotational relaxaticen
does not occur), the IR field inter;cts resonantly with-a -~
small fraction of the molecules at the rotational levels for
which the v = 0 =+ v = 1 tranéition at the field frequency
2 is possible. Thermal population of these rotat:onal
levels determines the maximum fraction of these molecules
that can be excited by a short pulse to the v = 1 level as
the V-R transiticen is éaturated, (1e, as the rotational
bottleneck is reached;.

To overcome the rotational bottleneck, a shorter,

higher intensity pulse can be used to excite ail the
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molecules or the gas pressure can be increased.20 The

collisions resultlng from the increased gas pressure prov;de
pathways for rotatlcna}‘relaxatloh into rotational states
from which IRMPA is possible. 1In certain cases, the

addition of buffer gases induces a 50 fold increase in the

21

disscociation yield. Once the gas pressure has been

. 1
increased sufficiently te involve all molecules in the IRMPA
L= '
process, a further increase in the pressure will lead %to

deactivation of some absorber molecules due to V-V and V-T,R
relaxation. This fraction.of molecules varies signifiéantly
with gas temperature and the particular molgcule under -
investigation.

Experimentaily Alimpiev et lzzlobserved the

bleaching of several IR absorption bands simultaneously and
reasoned that many initial rotational states were depleted

by the intense IR laser pulse. Thus at fluences of 10°

- .
to 1 J/cm™ the fraction of molecules g(¢) involved in
the MPA process is much largér than the fraction of

melecules f interacting with the 'field in the linear limit.
- .
The question arises as to how g varies with ¢, and

at what point does g appreoach unity? By wav of Raman
scattering (RS) it has been demonstrated that under tvpical

experimental conditions MP excitation produces twe groups of

23

molecules. One of these groups contains the

vibrationally "hot"” molecules (g), while the other "cold"

-

group (l-g) is composed of molecules in the lower
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vibrational levels veré near their original,state.23

The two groubs of nolecules necessitate the definition of
two terms to describe the average.absorbed énergy. the
average number of photons absorbed per molecule n and the
average number of photons absorbed Esr "hot" molecule 7.
The averége number of absorbed photons per molecule n is

then equal to the product of ﬁé

studies on the dependence of Hékzyd g on excitation field

frequency (2) indicate that the nimber of molecules

and g. Experimental

_reaching‘t§e quasi—éontinuum decreases as the excitation
wavelength is red~shifted. At the same time, the absorption
cross-section increases in' the guasi-continuum. Thus the
overall resonant character of IRMPA is determined by the
fraction of molecules reaching the quasi-continL;um.9
N _ .

Polvatomic molecules are able to absorb 10-40 IR
photons directly from a high intensity CO4 laser pulse
even though the énharmonic nature of molecular vibratiogs
would seem to preclude such excitation. Several theories
have been proposed to explain the ease of absorption of the
first few photons and the overcoming of problems related to
anharmonicity. Many of these theoriés are discussed in the

8 Among the schemes to overcome

review by Fuss and Kompa.

anharmonicity are power broadening, rotational compensation

and splitting of degeneracies in certain circumstances._
The vibrational energy levels of a polyvatomic

molecule are given by:8 .



E, /hc = E.v.v. + Eixiiv-(v-—l) + . b4 (2.5)

ivViVvi 7i\Vi i,32i%i3ViY5

where ﬁi are the fundamental fregquencies and xii and
- »
are the diagonal and cross-term anharmonicities

respectively. It can be seen that the energy difference
between v-photons and the v-th level increases quadratically

8 Power broadening by the IR field is proportional

with v.
to (v + 1)0'5. Thus power broadening can only compensate
for the anharmonic shift in the first couple of steps if at
éll. In Eypical IRMP excitation experimenté power
broadening is between 0.1 and 1 cm .

At room temperature several rotational levels of the
ground vib;at%onal state are populated. The effect of
anharmenicity may be partially overcome by this rotational
energy.8 Several>rotational compensation schemes have
been proposed to account for the easé of absorption of the
first few photons in the discrete vibrational levels of an
anharmonic oscillator. - The first of these s;chemesz4’25
involves three consecutive vibrational steps with a change
in rotational gquantum number Jq Jo -1 = Jo --1
* T, in a spherical‘top such as SFg. In this so-

called "PQR" scheme, the transitions will occur at the

v. + 2X,

approximate frequencies Vo = 2BJ,, v

Vo * 44X - EBJO.- In this case all three frequencies
are ,the same if BJ, = -X. For the_appropriate Jor

this condition can alwavs be met, but at room temperature -



oﬁly a few of the populated ;otat;onal levels can taie part
in';hié‘type of  3-photon PQR resonance. The width anq

- spectral position of this resonance are equal to the width

‘and position of the Q-branch of the v = 1 + 2 transition.

: : . . 24,25
- Spectroscopic investigation

of SFg indicates that
these expected positions do not match up with the most
prominent peaks observed in the MPA spectrum. The dominant
peaks in the MPA spéctrum correspond to the Q branches of
direct 2- and 3-photon resonances. These PQR resonances are
thus believed to be of little relevance.

A similar tvpe of rotatignal compensatioé has been

ol ) . ’
26,27 The first three steps are

propesed by Plafonenko.
3-photon PQR resonanceg'as above, followed bv a stimueated P
or Q branch emission from & populated v = 3 subfé?él to a
sublevel of v_= 2 which.is not directly populated by
absorption. From this sublevel the entire ﬁPA_process can
repeat itself.

In certain molecules such as SEG, UFg and Si‘:‘4
the laser excites a degenergte vibration.8 At levels v -
1, the degeneracies are higher than required by symmetry and
‘are thus split by anharmonicities. The splitting of
nultiplets mav be greater than their mean anharmonic shift.
Any number of guanta can now be absorbed.strongly near
resonant transitions. If. the splitting is smaller, this
effect in conjunction with rotationai compensation can be a

( .
useful way to support MP excitation.8
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Experimental evidence reveals that a factor of about.

. 2 or more rotational states respond to laser radiation than'
expected as a result of power broadening alone. This
increased number ofgstafes is most likelv due to direct
2-§hoto transitions.28:29 1phe spectrum nfithese
molecd#is is shifted by anharmonicity to longér wavelength
and contain rotational branches with AJ = #2, =*1, 0
and possiﬁly with AR = 0.30 portion of this
spectrum overlaps ﬁhe l-photon spectrum, allowing additional
rotational states to be excitéd. Experimental evidence hgs
been obtained in experiments on BC1331 or (CF3)2CO32
which have maximum excitation possibilities_far bevend the
range cf the l-photon spectrum. éurther evidence appears in
the dissociation probabilityv spectrum of CéH5C133
where distinct 2-‘and 3-photon resonances are obsefved. In
addition, 2-photon transitions were reportéd by-Fukumi:)’4
ln an optoacoustic study involving the IRMP excitation of

ethvlene.

2.1.2 Excitation Within the Vibrational Quasi-continuum
— ~

Once a polvatomic molecule has reached the levels of
the vibr;;ional quasi-continuum (VQC), the description of
its further excitation is rmuch simpler than that in the
lower vibrational levels. The density of states in the

Y

vibrational guasi-continuum is very high, and therefore a

transition in resonance with the pump laser frequency 1is

-



nearly certain. Once in the ﬁQC, further excitation is a
successive muitistep absorption of IR photoqs.‘ There is no
need for high IR field intensities to overcome the
difference between the IR laser frequency and tﬁe
vibrational transition ffequency. There is substantial
egperimental évidence for a fluence dependence for
excitation in the VQC. Absorption in the VQC-is universal
by nature and can be described in terms of an absorption
cross-section o(ﬁ.‘Evib) dependent on vibrational

9

energy E. ;) and excitation frequency &. The

excitation in the VQC has been referr;a to as st;;ng
vibrational heating of the molecule to E,jp ~ D. the
requirement being absorption saturation of the transitions
in the vgc.3? ,

In order to study absgrption in the‘vibrational
guasi-continuum, the absorption in the discrete vibraﬁional
levels must be séparated from that in the quasi-continuum.
Experimentally this is done by using a 2-colour IR
field.36 In these experiments, tse pol?atomic molecules
can be weakly excited from the gfsund vibrational state at
frequency Ql to the vibrational guasi~continuum. A
second higher fluence IR laser at frequency 92 (detuned
from the resonance fregquency of the unexcited @elecules) is
used to excite the molecules through the VQC. The energy

absorbed by the molecules from each of the laser pulses

(Al and A,;) are measured separately. The energy
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absorbed with boéh lasers opérating (A1+2).is then
measured. The absorpfion in the quasi-continuuﬁ is equal to
the difference (Aq,5) - (A7 + Ay). Recenély Ivanco et
§l37 have.used:this approach to measure absorption in the~
quasi-continuum of methanol photoacoustically. 1In éeneral.
experimental evidence shows that the spectrum of molecﬁles
excited in the VQC exhibits smooth’, broad band; grouped
T;roﬁnd the act;ve IR absorption frequencies; however,
anharmonicity shifts the absorption maxima to the "red” as
ﬁhe molecular vibrational energy increases.>

Models for absorption wpectra in the VQC have_éeen'
developed which correlate well with experimental data.3®

The absorption cross-secticn can be described by a

Lorentzian contour as follows:

A

\ oint{EVib)(l/ﬂ)G(EVib’

oqc(Q,Evib)

(2100

- o)
[Q-vmax{EVlb, ] + § (EVlb}

-

where Vmax 18 the center freguency and § is the
,absorpéion band half width from a state with E,jp in the

VQC. - The integral absorption cross-section %int ‘Evip’
increases gradually with increased E,ip due to increased
vibrational amplitude of the highly excited molecule.9

The absorption half width also increases as the vibrational

energy increases.
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Quélitative%y then, there 1is a two dimensional
dependence o(Q,Evib) feor MP.excitatién of a
polyatomic. Experimentally there is a dependence of Tn(Q)
resulting from the successive superposition of abso;ption
spectra as the vibratioégi energy increases. Therefore a
"red" shift of the n(Q) dependence is seen as the ‘
molecular vibrational energy increases. The decreasing
growth of T(¢) with increasing fluence is alég related to
the "red" shift of the absérption band. Therefore the
absorption cross-section for molecules highly exciteé at @
drops and higher fluence is needed for further excitation.
Note that tﬁe width of these peaks is greater Ehan the
bandwidth, indicating a non-resonant character of absorption
in the guasi-continuum.

Although several eiﬁerimental reports have indicated
a fluence dependence of the absorption by polvatomic |
molecules in the vibrational guasi-continuum, Mukerjee and’

.~

Kwok39 have recently reported observing an intensity
dependence of absorption by ChFgCl 1in the vibqationél
quasi-continuum.
2.1.3 vibrational Energy Distribution Under MP Excitation

when.a powerful CO, laser rulse acts on molecules
distributed over many initial states, the distribution of

vibrational energv becomes nonequilibrium. The

intermolecular distribution of vibrational energy :is



-nonequidibrium because the powerful €O, laser-pulse

¢‘reates two groups of moleculés: a vibfaticnally excited
group of molecules around the;vibrational quasi-continuum
(hot group! and a cold group of moclecules at the lower
vibrational‘levels. The formation of these two groups can
be avoided by use of a shorter (more intense) pulse tc
exc;te all molecules tg the .vibratiocnal quasi-continuum.
One could_glternatively add a buffer gas to induce strong
rotationa; relaxation, buf not -vibrational deexcitatibn, and
thereby suppress the effect of a rotational bottleneck.
Following the laser pulse hot and cold molecules coll;de
resulting in vibrational energy exchange which leads to one
group of molecules with. the saﬁe total vibrational energy:

A great deal of the information on the intermolecular
vibrational energy distribution has been observed in —
measurements of the Raman scattering spectrum40 of
molecular vibrations of moleculés excited by CO, laser
pulses. Before the CO, laser pulse the Raman scattering
spectrum shows a peak at the region of a fundamental
vibration of the molecule. Following the excitation of the
molecpféé by a CO, laser pulse, the spectrum shows an
additional group of hot molecules shifted towards the Stokes
region. If the probe pulse is delaved one can see that
vibrational exchange bet;een the hot and c¢old molecules

results 1in the formation of one group of molecules with the

same total vib;ational energy. With this technigque the
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: C

effect of rotational relaxation induced by the addition of a
buffer gas.can be seen from the fact that one group of

<2

vibrationally excited hot molecules is formed.

-glthough the shape of the vibrational distribution of
molecules in the hot grouﬁ of molecules has vet to be
measured, measurements of the dissociation'yield igdiréctly
indicate that the distribution is non-Boltzmann.
Bagratashvili et §;38 have calculated'a vibratlona; energy
distribution that is narrower than a Boltzmann one and thch
pessesses an exponential tail that falls more rapliéy. The

absorption cross-section o(R,E in the vibrational

vib’
gujsi-continuum of CF3I38 has a red anharmonic shift .

(VoY * Thus if the IR laser fregquency 2 is tuned to
the Hand center of the lower transitions, the cross-section
(0(Q}E, ;) for highly excited transitions at thls

—
| B .
frequency 2 falls. This results in a narrowing of the

vibrational distribution. When the tail of the laser-
created vibrational distribution is compared to a Boltﬁmann
distribution at the same average number of absorbed prhotons
{n>, one can see thg difference in the two distributions.
The tail of the distribution above the dissociation limit D
contributes to the dissociation vield. Thus the difference
between the two distributions is well illustrated by the
difference in the dissociation vield B on absorbed eﬁergy.

Following the laser pulse collisions result in vibrational

energy exchange and hence a Boltzmann distribution in the
Q -

I‘Fh\‘

2
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hot molecules. The tail in this distribution can result in

‘ dissociation following the pulse. = .

L E

2;1.4iVibrational Eneréy Stochastization B - BN
The vibrational motion of molecules that have been
highly hxcited by pulééd dbz laser radiation is stochastic
(the vibrational energy is randoﬁized anong ali\vibrationél
modes) when the vibrational excitation energy Evfb reaches
the.dissociation energy. iThig conclusion was indiréctly
d}awn‘from 3everal measurements of the dependence of the

‘molecular dissociation vield on the eﬁergy absorbed bv a

9

molecule. The exact position of the stochastization

eneréy limit is not yet known. To study the intramolecﬁlar

energy distribution one should employ either spontaneous IR

- -
Il

emission or anti-Stokes Raman séatte:ing._‘it has been

_ : - . ' - B .- C T e
showng'that the integral intensity cf the. spontaneous
. - kY .

N

. -
emission radiation band in the mode dciive in the IR
. N s

spectrum and the integral intensity~of-the anti-Stokes Raman

scattering band in the mode active in RS are proporticnal to
the'vibrational‘energy in the mode.

Anti-Stokes Raman scattering41 has been emploved tc

observe the vibrational energv stochastization in highly
excited SFg and CF3I_and to estimate the stochastization

limit of vibrational energy. 3Snti-Stokes Raman scattering

LA

-

was observed’atdal;'actiﬁe vibrational modes in the Raman

scattering spectrum. Thus all of these modes show



excitation, not just the mode irradiated by the Co,

laser. The level df excitation in these modes remained
‘éonétapt as the probe pulse was delaved from 20 ns to 1

us: With the long time delay id' collisional

vibrat{onal exchange must have resu}ted in an equiliﬁriuﬁ
'viérational energf distribution over all the mode;.
Therefore, the vibrational motion stochastization occurs in
less than 20 ns, that is during the process of MP
excitation. Using this techniqu;,42 the energy limit of
vibrational motioﬁ stochastization in SFg 1s found to be

~ 4000 cm~L.

“2.1.5 Dissociation 1r the Real Continuum --

Once in the region of the real continuum, a highly
exci£ed molecule may be chemically transformed in a
collisionless environment by several'monomolecular processes
including isomerization and dissociation. The discussion

* -5
ﬁrééented here will deal only with the éissociatlon process,

The dissoc%ati;n vield (8) of a molecule acted upon
by an intense IR laser pulse exhibits a sharp dependence on
laser fluence (¢).and a distinct resonance dependence on
lasér irradiation frequencw. (). The diésociatipn vield
(B(%,2)) depenéence 1s restricted by the correspondinq
deperdences of the MPA rate. The threshold dependence of
the dissq@%&tioﬁ vield B(%) on fluence for SF6 was

first examined by Ambartzumian et §1.43 This work

hd

4
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indicates a distinct threshold for ﬁoiecular dissociation
with ¢ ~ 2.0 J/cm2 A lowering of the fluence by only

8% ellmlnated evidence of molecular dissociation even though
the sample was e;poseq to more laser pulses. At fluences -
which exceed the threshold the B(2.2) dependence was pro-

44 the

~”

portienal to 83, In other experiments on SFg,
laser‘puise ;ntensity (P) was varied by changing the pulse
width from 0.5 to 100 ns while mainﬁainingfthe laser fluence
(#) at a constant value. éhe-dissoeiationlyield was shown
to be fluence {(#) debendent rather than intensity dependent.
Ambartzumian et §;45 investigated the threshold
" dependences of IRMPD by comparing the dissociation vield
B(e) of SFg .for excitation .of the v3'active mode
with excitation of the weak combination band Vo * Vg
band; the thresholds were virtually the same in bothk cases.
Thus the threshold character of MPD is associated with
excitation of molecules through the vibrationai
quesi-cont}nuum and not on how eaeily a molecule moves
Ehrough tﬂe lower vibratioﬁal_levels below the vibrational
auaei-continuum limit. Therefore, with normal experimental
conditions the fluence # that ensures effective etc1tatlon
of molecules from the vibrational qua51*cont1nuum to the
real continuum, can be realized at™ lnten51t1es which are
high ehough to permit a reescnable fractlon of ,molecules to

move from the lower discrete vibrational level;:Fo‘tte

vibrational quasi-continuum. The vibrational energy



"distribution F(Evibl of the excited molecules exhibits a
sharp exponential fall-off towards higher energies. As the
fluence is increased a small fraction of-molecules in the
vibrational distribution falls at first within the real
continuum. This fraction ing;eases exponentially as the

-

fluence increases. .

As préviously stated the abiprption cross-section 1in
the vibrational quasi-continuum is frequeﬁéy dependent.,
therefore the fluence required for excitatioh from the
vibrational guasi-continuum to the real continuum is also
frequency dependent. When contemplating a laser isotope
sep#ration experiment, one should consider the B(Q) -
éépendencies when choosing an irradiation fregquency.

-
2.1.6 Overexcitation of Mclecules in the Continuum

The strong absorption of a CO, laser pulse by a
group of molecules creates a nonegquilibrium vibrational
energy distribution. The tail of this distribution reaches
the end of the real continuum of states corresponding to
molecular dissociation. The molecule is able to dissociate
when.its vibrational energy exceeds the élqsociation energy
D. The rate of dissociation is dependent uéon molecular‘
size. If the vibrational excitation energy is localized in -
the wgékest bond (d;), the disscciation occurs quickly,
within about one vibrational period-g If a large fraction

of the energy is in other vibrational degrees of® freedon,

. e



digsociation necessitates,flucéuation to accumulate the
energy-inAbond do' More.than one vibrational period would
be required to achieve this crigical fluctuation.

b The statistical theory of dissociation (RRKM theory{
.dictatgsrthat the dissociation products usually result from
breaking of-the weakest bond. With the use of a molecular
beam Grant et §;46 sﬁowed that the primary dissociation -
step in the IRMPD of SFg is the breaking of a S-F bond
réleasing a F atom. 'The resulting SFS radical then

k dissoclates to form SEF4. Since there were no Fy |
molecules ‘detected the alternate SFg + SF, + Fq
mechanism could be rejected. By measuring the kinetic
energy distribution of the resulting radicals G(E,;p), the
"vibrational eﬁeréy of the radicalé can. be determined and the

degree of overexcitation of the Qissociating SFg

determined. Withua fluence (¢) of 4 - 10 J/cm2 the
overexcitation of SFg corresponds.to_6 to 10 602 laser

photons.46 .

In certain cases there may be two possible types of
molecular dissociation. The\first type of dissog¢iation
involves simple bond cleavage, without bond rear? ngemen;
and the associated energy barrier. This is the case when
one atom breaks away from the parent molecule, such as the

Cl atom from CF3cl.9 The dissociation products in this

case will have excess vibrational energy (E ip - D). The

vy

second type of dissociation inveolves bond rearrangement and

-
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overcoming the associated eneréy barrierhEac. The
molecule must absorb extra pﬁotons to overcome this barrier
and this excess vibrational energy‘(Ea; - D) is
transferred to the dissociation products.‘ Typiéallysthis
type of dissociation involves the formation of a diatomic
molecﬁle: the atoms of which are not bopded to each other in
the parent polyatomic molecule. CF,Cl, is such a
molecule, where dissociation can occur via CELCl, =
CF,Cl + Cl #nd/or CFyCly, *+ CFy + Cl,. The
. potential energy barrier Lf the second pathway reduces its
dissociﬁﬁion probability to one tenth that of the first
pathway invelving simple bond cleavage.47

Cne final iméortant aspect of MP excitation of large
polvatomic molecules is their significant g;citation above
the dissociation limit. Exper{ments48 have shown the
number of absorbed Photons for a (CF,) 5CI moledule is
between 35 - 40, or about twice the dissociation enerqgy of
the C-I bond. For a much smaller ﬁolecule CFyI, n =
20-21, the number of photons absorbed in the real
vibrational continuum (E;ib - D)/hﬁ s 2.38

In cases where polvatomic molecules can be highly
overexcited above the dissociation limit by «~erv short laser
pulses, the overexcitation (E;ib - D) may be encugh to

overcome the next dissociation limit of the molecule and

dissociation through several pathwavs is possible.

-
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‘2.2 Measuring IR Absorptions with Tunable Diodé Lasgrs'

In the past decade lead-salt tunable diode lasers
(TDL‘Q) have’been used extensivelv for high resolution
infrared spectroscopy in the laboratory énd in the
environmént. (See reference 49 and referenpes therein.)

: 3
TDL's generally possess an emission linewidth of <0.001

cm~™l, which allows for measurement of Doppler-broadened
transitiqné with negligible instrumental broa&éﬁang. TDL's
are commerc%ally available to cover the 300-3000 cm™!
range, and are tvpically tunable over 100 cm~i. Although
TDL's are continuously tunable, by varying.their operating
temperature (cqiysé) ﬁr their bias current (fine), their
emission is often multimode in character. Each‘mode 1s

continuously tunable over =rl em™ L, In certain
circumstances the cold head temperature and the bias current
applied to th? TDL can be adjﬁsged to give single-mode
operation in the desireé spectral regisn=—dJIf singie-mode
operation cannot be obtained by tegperature and current
adjustments, the mbdé can be selected with a 0.5 m grating
honochrométor. Among the unique features of TDL's is the
high output power per unit spectral range, which along with
the ability to modulate the TDL wawelength in conjunction
with lock-in amplifier signal processing leads to very high
‘squitivity fof'.detection.l2 Fracticnal absorptions of

50

10'3 to 1072 can be measured in gases. The narrow

linewidth of tunable diode lasers allows for the distinction



between different molecules, including different isotopic
A ’ .
species of the same molecule. Although TDL's have been used

.to a limited extent to study ‘gas phase chemical reactions,

. ~

their spectral properties in combination with a fast
response time and non-destructive nature make them ideal
instruments for such studies.

' The tunable diode laser can be used to measure an
infrared absoéption coefficient which will give an absolute
calibration if linestrength and linewidth data are

known. 20 Calibration plots of absorption coefficient
versus concentration are not needed. The area under the
absorption line is directly pfdportional to the number of
molecules in the path of the TDL beam. The line streng®bh S
1s the_proportionality consﬁant for the individual line
being measured. The linestrgngths of many small molecuies
have been measured.’l : )

It 1s usually easier to measure the line center

xgbsorption &,, which can be calculated from:

= - el
Itv) = Istvglexpl=a (v L) (2.11)
where L is the absorber path length, v_ is the
absorption line center freguency, and I and I, are the
transmitted and incident TDL intensities respectivelv. At
pressures below 1 Torr, one need only consider Doppler

broadening of the lipewidth. The Doppler halfwidth at half

R
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maximum intensity (HWHM) is given by:s2

-

Avy = 3.581 x 1077 v_ (T/My03 (2.12)

(o]

.-

where v, is the line center fregquency, M is the
molecular mass , and T is the temperature in degrees Kelvin.
-The linestrength S is related to a, (at pressure < 1

Torr) by;12

ay = S/avy (In 2/m03 (2, /760)(273/T) N, (2.13)
where, @, = the line center absorption coeificient'in
em~L N
S = line intensity in units of em> molecule~l
T .
em~l ' d

vy = the Doppler halfwidth at half maximum

intensity

Py = the pressure of the absorber gas in Torr

T = the temperature -in degrees Kelvin

N; = the Loschmidt number at STP = (2.69 «x 10t? . \\\4

molecules cm'3)

At pressures above 1 Torr, collisional broadening
must be considered. The abscrption shape changes from ,

Gaussian at low pressure to a Voigt profile at intermediate

pressures and finally to a Lorentzian' at high pressure.°3
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The finestrenggh S is related to ¢, at high pressures H\

(> 100 Torr) given by:12 -

uo,f S/mavy (PA/760) }273/T) Ny (2.1?)
o~

-where Av; is the pressure broadened linewidth (HWHM)

given byv: ?
. ‘ Py
AvL = TMPT - - . (2-15)

where Ty is the pressure-broadening paranmeter for the
gas mixture, Pr 1s the total gas pressure in Torr.

When dealing with more complex (larger) molecules the
infrgred TSE spectrum is very dense. " The linestrengths of ¥
individual ro-vibrational lines have %ot been measured and
calibration plots are Fhus necessary. A plot of &, (V)
versus absorber gas pressure (diluted to a known pressure in
the particular parent gas used in the experiment) should
vield a linear ca;reiat;on: . ‘“

‘ When measurement of less than a few percent line
center absorption is éequired second~harmonic (2f) détection
technigues Ean‘be used! Second-harmonic detection is
obtained by applving a sinuscidal modulation (0.5 to 10
kHz)from an external signal generator to the diode driv

current., The modulation amplitude 'is chosen so as to b

optimize the 2f lineshape (see reference 54). A reference
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signal from the function generator is fed .into a lock-in

amplifier and the absorption signal is detected ‘
synchronously at twice the modulation frequency. SN
) v’

2.3 Tunable Diode Lasers to Monitor Chemica! Reactions .
Although the use of TDL's for high resolution
infrared spectroscopy has been widespread for the past

49

decade, the use of TDL's to monitor chemical reactions

has been rather limited.- TDL's have been used to monitor

55

the eactions of nitric and nitrous acids, the

dissociation constant of 87504,56 the reactions of

57,58 the equilibrium between N,Fy and

HQE radicals,
NFZ,SQ andjénalysig of the products resulting from the
IRMPD_of chloroform. 30

| Recently TDL's have been used to detec* unstable
séecies such as radicals®0 ang molecular ions.8! The
use of fDL's to monitor transient infrared absorptions has‘
been steadily increasing. Transient IR absorptions which
were created in a gas following passage of a UV excimer
laser pulse have been probed. Radicals such as CH3,62
so, 83 cco, 8+ ana cxb3 have been monitored by tuning
the TDL probe to a characteristic abéorption line. Other
‘transient TDL éxperiments have involved‘probing gases which
had been pgrturbed by Nd:YaG lasers,66 Q-switched CO2

67,68 69

lasers, and excimer lasers.

In the past vear

there have been two reports dealing with TDL detection of



+«© - 31

the transient species CF, following IRMPD of CF:HC1.70'71
Here «again the TDL prébe was tuned to a characteristic
ro-vibrational transition of the transient géecies. TDE
monitoring of thelpransient CFé species allowed for ﬁhe
measurement of reaétion rate constants of'CFz with Bra.,

c12 and 82.71

RRC S}

2.4 Summary
.y . .

In this thesis, the IRMPD of hexafluoroethane is
studied using tunable diode lasers to monitor the stable and
transient products of photolysis. Chapter 2 has provided a
reg}ew of the processes involved in IRMPD, and also

furnished the theory required for the gquantitative analysis

of stable photolysis products using tunable diode lasers.

+

< /



CHAPTER 3.
FLUOROCARBONS
g
3.1 IRMPD of Fluorocarbons
There have been a number of reports concerning the
IRMPD of fluorocarbons. Fluorocarbons are ideal molecules
for studies involving IRMPD; they exhibit stroag IR
absorptioﬁ features in the region of emission of the €O,
laser and are relatively easy to dissociaﬁe due to the high
density of vibrational states.
Several reports on IRMPD deal with the d%imo;ecular

elimination of vibrationally excited HF*. Cne such

172

study was that of Levy et involving the IRMPD of -
CoHgF, CH,CHF, CH,F, and CH3CHF.,. The eliminétion of

gFT was monitor ad b?/fi cheniluminescence under collision- .
free and collisional condiﬁions with added ipert buffer

gas. It was found that the degree of disseciation increased

with the addition of buffer gas. The increase was mogé

.pronounced at lower fluence and was attributed to rotational

iy

relaxation of the fluorocarbon. 1In a similar study, Jang

73

and Setser reported on the elimination of HFf_from

the IZMPD of CHrEgF and CH3CF5. In this case the
reaction vield of CZEﬁFq and C-,H4 was measured by

gas chromatography. <Phe effect of added buffer gas was

-

s



studied at high and low fluence. At low fluence, long or,

medium length laser pulses regulted in a reduced dissocia-
tion yield when buffer gas was added. Tkere was some
enhancement with shorter pulses. At high fluence, there was
enhancement or réduction of the dissociation vield with’
added buffer gés depending on the nature of the gas and the
pulse length. Thé reduction of the dissociation vield was
thought to be the rqsult of collisional deactivation of
highly vibrationally excited molecules by the buffer gas.

Another interesting type of IRMPD react:on invol;es
dissociation by more ;han one reaction channel. One example
of this type of dissociation involves the IRMPD of

1,2-dichloro-1,2-difluorcethane.

CHClF-CHCIF ~ mhv + CCiF=CHF - HC1' (3.1)
CHC1T-CHCLF + nhv + CcCly=cHC! - zr+ (3.2 *

Tﬁe @,B molecular elimination of HCl' and EHF' was monitored
using infrared fluorescence. At low fluence the IR
fluorescence spectrum clearly shows fluorescence due t§
gcl? and faint fluorescen&e due.to HF'. As the CC, laser
fluence is increased the-fluoreséence due to yrF' grows
nuch more rapidly than does that due to gci’. At the

highest fluence employed, the gFY fluorescence totally

deminates the fluorescence spectrum. The authors conclude
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that the IRMPD of CHClF—QHClF in?olves the competitive
molecular eliminations of HC1' and #r!. The energetics of
the two dissociation channels are not knbwn,phoﬁevef_the
authors assume there is ; difference of a few kcal moi_l
in the'thréghoLd energy bétweén HCl and HF elimination. The
pre;expénential factpr A is assumed to be largér for the HF
elimination than for HCl. The expefimental results indicate
that l,f-dichloro-l,2—d;ffhofoethane dissociates‘predomin—
antly via the lower activation energy chaﬁnel, HCl elimin-
ation,, at low fluence. At higher fluence, the more highly
eﬁcited molécules dissociate preferentia;ly by BF elimin-
ation due to the larger A factor for this process.
- In a recent publication by Kato et §;75 the IRMPD’
of CF3CS2CHF2 was studied as é Eﬁnction of irrad;atipn
- frequency and.focal fluence. Br, was emploved as a
'radicai écavenger to reveal the primary and secondarv -
dissociation pathwavs. This molecule exhibits t@o strong IR
qbsgfption peak; which can be used for excitation with a
COz‘laser.' At low fluence the distributidn of scavenged
products remains the samé:fegardless of irradiation
fféquengy. Thé_primary dissocliation pathway proceéds’mainly
“via the.higher activaﬁion-eneréy C-C bond ruptures rather
than HF elimination. At higher fluence ;hé product”
distribution exhibits large differences with respect to

:irradiation frequency. The authors propose that this

difference is indicative of secondary photolvsis of the
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primarily produc§d radicals within the laser bulse at higher

fluencé} depenainé strongly on irradiation freéuenqy. These

results indicate that the primary d;Ssociation pathway is

indepehdent of irradiation frequencf; as expected from RRKM
“F{Leory; -

Another area of 'IR_ laser induced cheﬁistrv is
isome;ization. éogev and Benmalr76 have reported on the
IR laser 1nduced elec%;ocvcllc 1som%flzatloh of perfluoro-
cyclobgtene to the thermodynamically less stable hexafluoro- .

“butadiene in the presence of excess helium. Although the
reaction rate is redué%d upon the addition of helium, the
reverse reaction rgforming perfluorocgzngutene is ~1
completely gquenched b& the addition ;f 16 Torr of heliun.
Tbis allows the guantitative conversion to the less stable
.iépme;. | .

A similar reaction is the IRMP induced retro Diels-
Alder dissociation of decafluofocyclohexene {DFCH) l?to
tetrafluoroethvlene and hexafluorobutadiene(HFED).77 The
HEBD will isomerize to the morefstable heiaﬁl:frocyclobutene
(HFCB) unless argon is added as a buffer gas;to stop the
isomerization. It should be noted that: the products of this
IR laser. induced dissociation are very dlfferent from those
of thernal or ult"av10‘et photodecom0051tlon.‘ The- products
of thermal decomposition of DFCH are perfluorinated

l-methylcyelopentene, 1,2-dimethylcyclopentene and

mesitvlene.’® photodecompostion at 1849 A oroduces
- ;



'perfluorlnated'I_hethylcyclopentene, methyl cyclopentane and

other perfluorlnated llqulds.79 . | . ’

-3.1.1 Laser Isotope Separation in Fluorocarboné

Fluorocarbons are prime candidates for laser isotope

_separation 1LIS$ schemes. This class of molecules exhibits

strong absorption features in the output region of the coq
laser and is reasonably easy to dissociate. As pointed out
in the - previous chapter, the absorption of the éirst few
photons.by polyatomics in the discrete vibratiohal levels
involves ;eégnant transitions. Therefore, the IR laser can
be tuned ﬁo a stronq-absorptioh feature of the desired -
-130topic species at ; wavelength that is relatively

transparent for the undesired isotopic species. The ®

-~

different specE;;l positions of the absorption bands of the
two#isotopic species‘is a result of the isotopic shift. For
hydrogen isotopes the isoﬁopic shift is typically hundreds
of wavenumbers. -The isotopic shift associated with heavigr
atoms i3 much smﬁfler. The recent review by McAlpine and.

!
1 L . B . .
i1 provides a detailed discussion of the processes

Evans
involved in laser isotope,.separation as well as several
experimental results ;elated to laser isotope separation in
intense IR laser fields.

A' great many of the IR LIS schemes reported to date

deal with the separation of hydrogen isotopeg. There are

several potential applications of the LIS of hvdrogen
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isotopes including: deuterium'sépébétioﬁ for heayy-wéter
- proéﬁctiod; tritiﬁb.removal fram ight or heavy water

moderators in nucleér réactors. and tritium reﬁovél £rom
“spent nécle;r fuel. '

ﬁuch of the research geared to the LIS of hydroéén
isotopes deals with the fRMPD'of fluorinated methanes and"
. ) v

ethanes differing only in their isotopic (H/D/T) makeup.
The degree of isotopic selectivity achieved in'the‘IRMPD
process is.generally expressed bv the enrichment factor B:

S

BUi/k) = (Lip)/lkph (lkply/ligly) (3.3

- . -

whgre'i and k represent the desired isotope and undesired
isotoée respectively. The brackets { | représent the
concentrations of the reactént molecules  (R) and the product
fragments (P) of the ind;cated 1sotopic composition. The
subscript o indicates the bgfore photolysis concentration.
The first successful examples of D/H separation
involved the IRMPD of the fluorocarbons CF3CDC1280 and
’CF3D.Bl'83 Among these experiments is the report of-a
sinéle step D.H énrichment facéor of >20d00 bg Herman and
Marling.83 For guite some time CF3D was the mqft
studied molecule with respect to hvdrogen isotope
separation. Séveral‘subsequent reports on the IRMPD of

CF3D and C§3H have been published which discuss the

effects of changing various experimental parameters

v/
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‘includiﬁg irradiation frequency, fluence, inténsity and
pressure ameng others. These results are summarized in

reference 11.

»
Recently there have been’ reports of successful T/H

separation. Fluo;oférm‘iCF3T) again Qas the molecule

-

studi%in IRMPD experiments by groups including Makide et
,84¥°5" rakeuchi et a186

al and Neve de Mevergnies et’
87 '

I

al.

A T/H enrichment féctor of ~ 3000 has recently

been reported by Makide et 2188

in the IRMPD of C,F5T.

Although the isotopic shifts involved with carbon

1

isotopes are very small, typically a few cm™ %, successful

laser isotope separation is still psssible. The majority of-:
LIS experiments involving the separation of carbon isotopes
employ halogenated methanes of the CF3(X) type, where X =

. )
Cl, Br or I. Aamong the successful separations of l3C/l"c

1.89,90 89 91

have been eobtained with CF3C CF3Br, and CF3I.

“ 7 - g9
CF»Cl, has aiso been utilized for carbon isotope enrlchment.g“

The selective dissociation of a much larger molecule,

CF313COCF3, has recentlf been-investigafed By Hackett et

a1.93-95 ¢ 3

A recent report by a Japanese group96 deals with a

-

cvclic LIS scheme inveolving the isotopically selective
dissociation of C-Fg in the presence of the radical
scavenger Br,, followed\B§ the selective dissc%iation of

134

the CF3Br produced in the first step. By this process

CoFg with a 13¢ content of >90% can be produced.

\

S
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3.2 IRMPD and Pyrolysis Studies bf;Hexafluoroethané. i
There have been two previous studies involving the

IRMPD of hexaflugroethane, 96:97 however both ‘of these

studies involve the‘use of radical scavéngers. No results

- .
were reported for C2F6 in the absence of additives.

In the firét study by Eisk,97.various amounts of a
hydrogen donor (H, or CgHiy) were added to scavenge .
the IRMPD producgs. The low intensity absorption cross-
section of the expegted product Cf3H was measured and
found to be about an order of magnitﬁde less than that of
C,Fg at the Qavelength'used for irradiation. Auxiliary
experiment’s were performed on CF3H that indicated .this
nolecule was étable at the flusnces used in the scavenging
experiments, howgver‘it 1s not stated whether these studies
were done in a "neat" CF4H system or in the presence of
CoFg.

Various amounts of the hydrogen donor were added to
3 Torr of CoFg in a Pyrex cell and irradiated at 9R(36) _
for 30 pulses at a t?ansmitted fluence of 6 J./cm-.
Concentrations of the reactants and products were measured
on a Beckman IR4 spectrophé%ome;er. Fisk found an i1ncreased
éonsumption of C-Fg per pulse as the pressure 'of Hsy
was increased from ~ 300 mTorr to 9 Torr. Conversely the
per pulse consunmption of CyFg decreased from its low

. 4
pressure maximum over the same pressure range when C6H14

was the hvdrogen donor. The major reaction products are
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CF3H and C,F,. CF, was observed in trace amounts, if any,

. everr at low pressures. of 32' The ratio of Cé3H/02F4.
increased with pressure.of'the_hydrogeﬁ donor’up to ~ 1
Torr, H, and ~ 3 Torr C#H,, after which it decreases. This
ratio was relatively insensitive to irradiation freguency.
The consumption of C4Fg was reduced by a factor of 20
between R(34) and R(30). Variation of the fluence at SR(36)
did'nog\affect the ratio greatly, however a 25% reduction in
fluence reduced the CoFg consumption by 3.5 times.

The e#perimehts by Fisk suggest the primary IRMPD
pathway is the result of C~C bond scission forming two CF,
radicals. In the absence of a scavenger the consumption of

+CrFg. decreases by an order of magnitude. ‘This should
not be the case if primary dissociation produces CE‘4 and

CF2§ The donor can play two roles; first it can provigzi
an abstraction pathwaf, and secondly the donor can
collisionally deactivate vibfationally excited molecules.

The production of CFiH via abstraction of a
hyvdrogen atom by the CF3 radicals from the hvdrogen donor
1s self consistent. The pathway to the formation of

C3F4 1s less obvious. Fisk97

. Proposes that at low

donor pressure the majority of CF, radicals recombine to
form vibrationally excited Cst* which, along with

laser excited C2F6? can then react with the hydrégen

donor to form é%ntafluoroethane which tf%en eliminates HF to

form C:F4. Later Fisk concedes that the possibility of

[
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secondary dissociation of the trifluoromethyl radicals to
form sz and F atoms may be the source of'C2E‘4 via
recombinaE}qna‘ There is no mention of C,FgH as a
réaction product in this work, nor has it been isolated in
‘thermal studies. Fisk goes on to say that as the donor
pressure is increased, more CF3H is formed as
recombination is less probable. as the donor éressuré
increases further deacéivation of C,Fe by collisions
with the donor molecules suppresses diSsociatioﬁ; therefore
the CFBH/C2F4 ratio decreases. ;

The second study involving the IRMPD of
hexafluoréethane was done by Arai et g},gs and emploved :
Br, as a radical scavenger. %i mentioned in the earlier
part’ of this chapter this work was undertaken in an effort

13

to produce high purity ““C in a cyclic fashion by the

IRMPD of CyFe in the presence of qu; followed by a

13

"second stage IRMPD of the C enriched CF4Br.

In preliminary experiments Arai et a1

irradiated,
2 Torr chs and 5 Torr Br, in a 36 cm long, 2 cm

diameter Pyrex cell at 1084.64 cm !

t=ing a 7.3 cm focal
length lens. The infrared absorption spectrum following
irrédiation showed productyband absorptions due to CF3Bf
and CFZBrz. The impor%hg} mechanistic information
gleaned from these experiments was that CFj radicals were

.the primary dissociation products resulting from the

scission of the C-C bond of hexafluorocethane. These



radicals were then scavenged by Br2 forming CF3Br.
CF,Br, resulted from the secondary dissociation of CFy to

CF, and F followed by bromination of CF, to yield CF,Br, .

3.2.1 Thermal Decomposition of Hexafluoroethane
The thermal decomposition of Jexafluoroe;hane was

first studied by Mercer and Pritchard98

who pyrolysed
CoFg 1n a flow system with toluene as a carrier. 1In
these studies the temperature was varied from 846-960°K
and a rate constant for the decomposition of CyFg =+
2CF5 was found to be k = 108 exp(~-30 kcal ﬁol_l/RT)
s71. The low activation energy and low fregquency factor
led Mercer and Pritchard fo believe the reaction was
heterogeneous and that pyrolvsis was an unacceptable -
approach to measure the C-C bend dissociation energy in
C2'€6. .
Several years later the thermal dissociation of
C-Fg in the presence of H, at 1300-1600°K was.

investigated bv Tschuikow-Roux. 22

The pyrolvsis was
undertaken in a single-pulse shock tube to assure short
reactton times. The driver gas used was Helium. /The
reaction mixture was highly diluted in Argon in the ratio
AriHa:CaFe = 7500:17.4:1. The reaction vroducts

were measured by.gas chromatography using a 6 m silica ge¥
(J) column. The principal reaction products identified were

CFSH and C:_,E‘4 with small amounts of C3F3 and trace amounts
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0f CFoH,. No C,FgH was detected.

The primary dissociatipn'gtep in the pyrolysis of
CqFg involves the scission of the C-C bond. The
\Efifluoromethyl radicals then abstract hyvdrogen to éroducé

fluoroform. C3F8'is proposed to arise from the

»

folloﬁing seguence:
CF3 + CoFg » CyFg ' (3.5)

Neithe; c2é55 (formed via hydrogen abstraction by
pentafluorocethyvl! fadicals) or C4Fyq4 were isolated._ The
formation of C3F4 was less certain.  The author proposes
that CoF 4 comes.from the decomposition of CFyH 1nta
CF, and HF, followed by insértion-of CF, to give the
crit;cally energized CEFSHT which eliminates HF to /
form CoF 4., and secondly from collisionally activated !
12FSHT formed via hvdrogen abstraction by CaFg
radicals. CEH 4 férméd via direct association of “CF,
with H, or by hyvdrogen abstraction and further reaction of
the difluoromethyl radical:
‘w _
fCEz . By + CF,H + H (3.6)
. .

CF';H - H2 “ CF:H-) - H (3.7)

7\
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The first order rate constant ﬁor the éissociatiop of

Cst + 2'CF3 was found to be k = 4.3 x 1017
expL:24400/RT) s™1. The activation energy associated with

the dissociation was listed as 94.4 f 4 kcal/mole.

*

S " . Politanski and Shevchuk!%0 investigated the

pfrolysis of ﬁluoroform'over a temperature range of
. 750-1000°cC. Thg main products arising from the pvrolvsis
of fluoroform are hydrogen fluoride, tetraflpdroethylene,
perfluoropropane, hexafluoroethane, perfluorbisobutylene and -
pentafluorcethane. Fluoroform was found to decompose_

homogenously by the first order reaction:

CHE 3 + CF4 - HF o o (3.8)

To determine whether CF, reacted with the parent CHF,,
experiments were conducted on pyrolvsis of fluoroform with

added CiF, or CFyHCL.

( | c—_,s; + 2CF, o (3.9)
CF,HC1 » CFy - HCL® . T (3.10)
Alfhough the thermal dissociation rate coﬁstéhts for

reactions ky g,ky ;o ark >> k3'8,100-the gyfélysis rate of

CHF 3 1s not changed in the presence of C,Fy or CF,HCIL.
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The'aufhors thus concluded that the reaction scheme
* proposed by Tschuikow—Rduxlqlfloz'
.r‘:'—-‘
CF, + CHFy + czfgga * CyF, + HF  (3.11)
' + Ar
C,FgH (3.12)
does not-woccur. The small amount of C,FgH formed was a
result of conversion of CoF4 and HF on the reactor wall.
Further experimentg on §he pyvrolysis of a CHF 4-HF
mixture under the same cénditions as the fluoroform work

indicate pentafluorcethane is one of the reaction products.

N

3.2.2 Thermodynanics
Thermedynamically the most favourable dissociation
pathway of C,Fg leads to the production of CF; and

i03

CF,. However, shock tube studies suggest that this

pathway possesses a large energy barrier. The next most
‘ é

favoufable‘pathway 1s the result of C-C bond scission 4

. A7
forming two CF 3 radicals, reaction (3.14).

Q_g {kJ /‘mole)

. G .
CoFg ~ CFy; + CF, -225.94 (3.13)

-

+ 2 CF3 +~500.83 {3.14)



+ CoFg '+ F +512.96  (3.15)
' " VA
* © CoF4 v F, +680.32 (3.16) .

3.3 Summary
In the first part'oj}}his chapter a few examples oﬁ
IRMP induced unimolecular/dissociation and isomerization of
fluorocarbons were presented. .Fluo;ocarbons are ideal
molecules for this ﬁype of studf since ﬁhey poséess strong
IR absorption features in the'emission'region of the CO,
laser, and are relatively'easy t6~dissociate, The resonant
nature of absorption of the first few IR photons in IRMPA
providesighe basis for laser isotope separation of fluoro-
carbons differing only in their isofopic hakeup. A few
examples 'of LIS involving fluorocarbons were presented. The
final Sectioh of Chapter 3 provides a review of the previous

»
IRMPD and pvroli¥sis studies of hexafluoroethane.



CHAPTER 4

EXPERIMENTAL

4.1 Introduction . - S

In Chapter 4 a description of the experimental
techniques use? in this thesis will be presented. Included
wiil.be discussions of gas handling techniques, sémple
preparation and CO, laser techéiques. The middle section

of the chapter will discuss the analvtical techniques .

emploved including; quadrupole mass spectrometry (MS), qgas

. - '

chromatography (GC), as well as Fourier transform infrared
(FTIR) and tunable diode laser (TDL) infrared spect roscopy .
Lastly a discussion ?f the high freqguency modulation TDL

technique, developed to monitor transient IR detection, will

be presented.

1.2 Saﬁple Handling

All gas samples were manipulated on a_greaSeffree
Pyréx vacuum line capable of achieving a background pressure
of 107% Torr with a two stage Edwards E2¥f mechanical pump
and an Edwards EO 40/55 vapour diffusion pump. The vacuun
~line was egu;pped with an Edwards PR10-C Piranz dauge (for
roughing pressures!) and an anards CP25-K Penning gauge to ‘

neasure background pressures. Sample pressures were

-
47
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measur;d with a Datametrics 600A Barocel Pressure Sensor
(10.000 Torr), the calibration of which was verified using
an oil manometer. and displayed’qn a Sonotek DRS40QOKOB3
digital readout. Gas mixtures were made in cells or b;lbs’
with cold-fingers that could be isolated with Pyrex O-ring
-‘type stopcocks from Ace Glass Incorporated.

& The gases used in the two CO, lase_:fs emploved in
this work were obtained from Canada Liguid Air Ltd., énd
included; He (high purity, -99.9995%), CO, (bone dry,
99.8%), compréssed air (dry}), and N, (high purity,
199.998%). Other éases obtained from Canada Ligquid Air Ltai
inc¢lude; 5 (fesea;é? purity, 99.9995%), CFyH Freon 23 )

.198.0%), CF, Freon 14 (99.7%), O, (99.9%), and E,

(zero grade)afor gas chromatography. Gases obtained from

:Matheson.GaS‘Prgducts Canada Lti. included} CoH,

(99.5%), C3F8 {99.3%}, CF3Br Freon 13B1 (99.0%),

C,Fg freon 116 (99.89%), COF, (97.0%), Ar (research
purity, 99.9995%), CF,HCl Freon 22 (99.9%), C4Fg
{S9.0%), (CF3)2C0 (99.9%) and N20 (99%)., The

followiﬁg fluorocarbons were obtained from SCM Specialty
Chemicals, éainesville, Florida (all purities are from
97-99%); C4F,,. CoFsI, CoF) (inhibited by

d-limonene), C,F;Cl (inhibited by tributylamine), and
CF4I. CH, (99.5%) was obtained from-FisQer Scientific

"Co. Ltd., CF3D {98.0+ atom % D) and 02 (99.5+ atom % D)

from MSD Isotopes of Canada. n-Hexane (99.0% min) was
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obtained-from Caledon Labcratories Ltd.. Fluorocarbons were

purified befo:é use -by bulb-to-bulb vacuum distillation

using liquid’nitrogen. ‘Gas purity was checked by FTIR and

TDL spectroscopy (where applicable) and périodically by

Quadrupole mass spectrometry.

The cells used for irradiation, stable product

analysis and for Beer's Law-plots were constructed of Pyrex

or Monel. The cells were 2.5 cm in diameter, 1C cm long and

:equipped with Ace Glass Inc. O-ring sealed stopcocks. Each

cell possessed a2 cold finger which gould be isolated by a .

stopcock from the rest of the cell. The optical windows

emploved were made of NaCl or KCl (Janos Optrtcal

Corporation), the windows (slightly tilted off perpend:cular

to avoid iaser feedback) were sealed to the cells with

.

S-minute epoxy (Lepage Ltd.b,

4.3 Stable Product Analvsis

Stable products were analvzed by quadrupole mass

spectrometry (MS), and FTIR or TDL absorption specrfoscopy.

~
Qualitative results were periodijcally obtained with a Dvcor

Electronics Incorporated M200 Quadrupole Mass Spectromneter.

FTIR spectra were recorded in the irradiation cells using a
Nicolet 7199 FTIR spectrometer, at a resolution of 3 em™}

unles; otherwise stated. The tunable dicde lasers enploved
were obtaiqéd from- the Laser analvtics Division of Spectra

Physics. The TDL'S were housed in a Laser Analvtics, nodel]

.
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LS;3 cold head.- The cold hééd was cryogenicﬁlly copled‘by a )
CTI Cryogenics helium compressor unitf _The laser éontroi'
mogdule (LCM) and cryogenic temperature stabillzér.(CTS) were
‘obtained.from Laser Analvtics Inc..
i Th; C02 laser employed}was-a low repetition rate
(0.5 Hz) Lumonics K 922S TEA CO, laser, using a hixture of
CO4:NH:He, fired with'the use .ef a spark-gap.
Approximately 70% of the laser. pulse energy is contained in
a narrow spike (200 ns) and the remainder in a tail of about
1 us duratiop. The Céz laser beam was mildly focusged
;(ét‘the'center of the Pyrex %gll) using a 25 cm foc§l length
BaF, lens (Janos Optiéal Coré;). The laser focal f{uence
wa; calculated from the neasured focal burn spot areé on
thermai‘seﬁsitive-paper agd the pulse energy as measured on
a-Gentec.model ED-500 Jouleméter. The energy of the

incident laser pulse was attenuated by a series of °

polyethylene sheets as necessary, to obtain the desired

(i\\?ulse energy and hence desired fluence. o :

// The optical arrangement for the analvsis of stable
produéts usiﬁg the TDL is shown in Figuré +.1. The cold
head tempe%ature and bias current applied to the TDL are
adjusted to,giﬁe single~mode operation in the desired;
spectral region. The TDL beam ¥s collimated with an;f/l Ge
‘lens, chopéed by a mechanical chopper and passed through a
sample cell after which it is focussed by an £/2 Ge lens

onto a fast response time (3007ns) HgCdTe de®ector (Infrared



FIGURE 4.1

Tunable diode laser optical arrangement for the analvsis of
v : . ,

stable products.
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Associates Ina. model HCT-lOO). The detector sxgnal is fed
{nto a lock-ln ampllfler (Prlnceton Applied Research model
lZGY, phase-matched to the chopper to allow for phase
sensitive défection. The output signil from thg lock=-in
amplifier is fed into the Y input of a Hewlétt-Packard model
7004B XY recorder. The recorder out signal from the LCM is
used to ramp the X scale of -the XY recorder. To fecord a_
spectrum, the TDL current is scanned across the absorption
feature of interest. é 0. 5 m grating monochromator
(Jarrell-Ash model 82010) was used for wavenumber
.calibration of individual spéctra to the nearest - 0.1
em . a more precise frequency calibration can be

obtalned by emploving calibrated absorptvon lxnes and a -’
transmission etalon. As mentioned in Chapter 1 the -
linestrengﬁhs of individual ro-Qibratioﬁal lines of lafger

-

molecules have not been measured. Therefofe, from Beer's
r

Law, I(w} = I,tvylexpl-a (v )L), plots of
line center absorption coefficient la ) per cm_l
versus partial pressure of the absorber gas (diluted in

hexafluoroethane) are made. Figure 4.2 illustrates the
incident and transmitted intensities (I tv,) and

I{v, )} respectively. L is the absorber cell path
length. 1In all cases, these plots were linear over the
Eange'of partial pressures involved in these studies.
Figure 4.3 illustrates the line ceﬂter absorption
coefficient (&) versus partial pressure of C,F, in



FIGURE 4.2
Tunable diode laser dirdet absorption spectrum of a CFy,

absorption feature at 1269.0 em~L, I,(vy) and I(v,) are

the incident and transmitted TDL intensities respectively.

7’ ~
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FIGURE 4.3

Line center ahsorption coefficient (ao} versus par%%fl

pressure of C5F 4 in hexafluorcethane (2 Tgrr total

pressure), measured by tunable diode laser absorption spect-

roscopy at 1196.7 em"L.

s : & -
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ﬁexafluoroethane.(2 Torr total pressure). Plots involving
CF4 and CFyH ‘are also linear over the range studied.
Second harmonlc {2f) detection was used for high-

sen31t1v1ty work where less than a few % line center

. absorption was requlred. The TDL freguency is modulated at

a few kHz by modulating the diode current. Synchronous

detection at twice the modulation frequency, using the :

lock-in amplifier, achieves a-major reduction in background
noise. Quantification of the photolysis products in this
case was done by comparison of the if gignal strength to
that of a standard sample containing a known and comparable
amount of the fluorocarben being measured. A full
description of the second harmonic }DL detection technique
is presented in reference 54. Typical 2f TDL signals of
C3F5'before and after photolvsis, as well as those of
prepared ‘standard samples are illustrated in figure 4.4.

In‘certain situations, stable préducts were measured
by gas chromatographv. The chromatograph emploved was a
Varian model 3700 equlpped with a flame ionization detector
(FID). §ignals from the -FID were sent to a Spectra Physics
Auto'lab Minigrator for peak.{gpegrétion and then displaved
on a Vafian.A-G Chart Recorder. The column emploved for GC
separation was a 6 foot long Porapak Q 30/80.

To quantify the products resulting from the IRMPD of

[
hexafluorocethane, an internal GC:standard was used. 3

series of 1:1 mixtures of chlorotrifluoroethyvlene (interna{



FIGURE 4.4

‘Second harﬁonic TDL absorption sigﬁals.

(A) 2 Torr C,F, before photolysis.

(B) 2.Torf CoFg after éhotolysis.

(c) Fluorocarb;n standards (in C-Fg, 2 Torr total
pressure). ' CoF, (1196.7 enm 1y, CF, (1269.0 em 1),
CHF 4 (1162.6 cm *9. CHF3 is observed if H, is ~°

added prior to photolvsis.
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‘é#andardd‘andC2F4,iC3?B or C4F)q was prepared.
on the vacuum line. The mixture of internal standard and
fluorocarbon was then vacuum distilled into a Pvrex sample
holder equippéd with an O—ring_seéled Pyrex stopcock (Ace
‘Glass Inc.) and a Tuf-Bond (Teflon/Silicone) septum from the
Pierce.chemical Co., throuéh which a’ sample could be
withdrawn. 3.0 ml volume samples;yere withdrawn using a
Precision Sampling Corporation Pressure-Lok 10.0 ml ) .
gas—tight syringe, and injected into the gas chromatoéraph.

'The responses of each of the fluorocarbons relative
to chlorotfifluoroethylene were_;ecorded. 'These relative
responses were then used to quantify the products of IRMPD
of hexafluoroethane. The photolvsis products were v;cuum
distllled into the GC sample holder and isolated. A knéwn
zamount of the internal standard was theﬁ placed in the
photolysis cell and then vacuum distilled into the GC sample
holder containinq the photolysis mixture. After warming, a
3.0 ml aliguot of the mixture was injected into the gas

chromatograph. * The amount of fluorocarbon'present can then

be determined from the following relationships

F

(AF/AS) (SJ/Rf) ) (4.1)

wheﬁg\ﬁw}s the fluorocarbon being measured in nTorr

Ap 1s the integrated area of the fluorocarbon GC

peak

“\



&y

‘total path length. An illustration of the.IR spectra oa
- ) - ’ . & ‘

Ag 1s the integrated area of the internal standag;

GC peak

S is theiamounﬁ'of'intgrnal_standard added in mTorr

-

Rg is the response factor:of the specific

- - .

fluorocarbon relative to that of the interna}\standa}d

‘ ' o o

4.4 Transient Infrared Detection *

Sinqeéphg detection of transient IR absof@tions of
species such as CF, and bF3 was desired, preliminary -
<4
spectroscoplc measurements wére made in a conventional”
“ : :"j

. 2 o . .
steady state fast flow microwave discharge svstem (in

collaboration with P.H. Beckwith and J.J. Orlando). a 24

w
o

MHz Elecﬁro—Medical Supplies Microtron 200 Microwave Power
Generator was emploved to p}oduce transient species in a —
fast flow system us;ng a 3060 l/min Welch Duo-Seal model 1373
@acuum pump. Preliminary experiments wera:cqrried.out to

*

characterjze the CF, absérption spectra 1n a regicn of.

good single+mode operztioun of the TDL probe. %\detailed
description of the spectroscopy of CF, can be found in
= . | 2 2 -
reference. 104. N,LO and CHy reference lines were

. - . * .

emploged "as frequency standards. 1053 The TDL beam made

S

‘four passes of»thE discharge‘cell, resulting in a 2.4 m .-

-
e

¥

ground state:CF: (ﬁqu) radicals produced in the
microwave discharge is,gresentg§ in chapter 5. Following

. yo 1 .
the "production and detection of the desired transient

»

- -
- .

- & L



species in the discharge cell, a system was developea to

monitor transient species following their production via

IRMPD of a suitable halocarbon precursor (in collaboration

with P.H. Beckwith) 206

Figure 4.5 illustrates the experimental apparatus
] -

empl§yed for the TDL detection of transient infrared
abs®rptions. Ihé waveguide -cell consists of a 1 mm bore
uartz capillary tube 15 cm long enclosed in a Pvrex tube

1.25 em in diameter and 25 cm long. The Pvrex tube is

fitted with 2.5 cm diameter NaCl windows (Janos Ontical

-

-a .

Corp.7, tilted to}avoid feedback of. the laser. Precursor
halqgarbon gas 1is flowe&:through'a flowmeter'YﬁStheson Gas
P:oduct§ R7600, model 6023 tube), passes throuéh the“
L .
waveguide cell with use of Cajon Ultra-Torr f1t§1n§s and
following photolys;s and detection 1s pumped away with an.
Edwards E2M2 fwo-snage vacuun punmp. The beam from a ﬁlgh
repetition rate TEA CO, laser (Lumonics model 80LA TEA
€05 "laser) ié combined wl;h the TDL probe beam at a4 ZnSe
beamsplitter; both beams are then focussed with a 23 em
e
focal length BaF, lens (Janos Optical Corp.) into the
capillary waveguide cell. After passing through thé cell,
the two laser beams are separateé by a diffraction grating
and the TDL probe beam is focussed ontc a fast response Foine
HgCdTe detector (Inf;é;gd‘Associates Inc.. %odek HCT—l&ﬂ.
400 ns response time;;h'fhe absérber gcs cells shown in
_ Flyure 4.5 are placea.ln the path of the TbL beam to protect

£



FIGURE 4.5

Schematic diagram of the apparatus for detection of éransient
;nfrared absorptlons: Lens Ll c&llimates the output beam

of the TDL, lens L, focuses both beams into the capillary

' Qéveguide'cell. Lens L3 focuses the TDL beam onto the HgCdTe .
detector. Mirror M, (ZnSe) transmits ~70% of the TDL radia-
.tion and reflects ~-80% of the TEA CO, laser beam. (Cells ¢
and C, contain absorber gases which prevént any scattered CO,
radiation from reaching the TDL or the sensitive HgCdTe

\\."'ﬁ h

detector.
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‘various components of the detection sys%em; Cell <y
protects t?e TDL itself f;o?;scattered CO, laser radiation
which could cause heating and a resultant shift in ¢6L
o&;put frequency. The second absorber,cell Cy is placea
‘in ffont of the IR detector to protect the detector element
from scattered CO, radiation which could damage it. These.
absorber cell§\§re filled with a certain éaseous species
which absorbs radiation at the output frequency of the Co,
laser, but which is tfansparent at the detection freguency
of the TﬁL probe. The gases emploved as absorbers in th#s
work and the frequency regions in which thev absorb (in
brackets) are; C.Hy (830 to 1020 em 1y, c-CqHg

(990 to 1060 cm™!) and CFCl; (1050 to 1095 cm l).

Pulse energies of ~ 300 mJ at ~ 5 Hz repetition rate are
obtained frpm the CO, laser, thus fluences’up to 30

J/cm? can be achieved inside the capillary cell.

Thg main advantage of the transient TDL technigque was
to take advaﬁtage of the tunability of the TDL. The TDL -
probe wavelength was modulated at high fréquency by applving
a sinusoidal current ffrom‘a Hewlett Packard model 33117
Function Generator) to the TDL. This current modulation of
the TDL leads to both aﬁplitude and wavelength modulation of
the TDL beam. The transient detection technique is
1llustrated with an idealized deteétor signal in Figure

4.6. Note that wavelength modulation leads to -sampling the

CFs doublet absorption feature twice per cvcle in opposite



FIGURE 4.5.
Schematictillustration of the transient detection of CF,
using a wavelength modulated TDL. The TDL scans past the CF-

doublet twice every cyvcle, and the detector output consists

of an AM sine wave plus the absorption feature (a doublet herel.
i

2.
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directions. The magnitude of the absorption is proportional

" to the concentration of CFy in the waveguide cell.

The TDL can presently be mpdulated up to 250 kHz,

affording a time resoclution of 2 us. However electrical

= e

noise from the TEA CO, laser precludes any accurate

“absorption measurements for about the first 25 us. '

The 51gnal and AM background component (CO, laser:
b‘ocked) can both be stored on a Tektronics model 468 -
d%glgal Storage Oscilloscope. Anv number ef scans can be
averaged to improve the signal to noise ratio. Subtraction
of the aM backgrouhd signal from the absorption 31§nal onoan
IBM PC microcomputer removes the aM backgrou%d component, as
iliustrated in Figure 4.7. -~

It has been shown that the sensitivity of the high
frequency TDL modulation technique is limited by detector
noise.l06 ap analogue subtraction circuit was added to
thé experimental set up to remove most of the AM backaround
component of the signal 'to allow Eetter use oT the diqgita]
storage oscilloscope's capabilities. With the addit:ion of

this analogue subtraction circuit, followed by digital

subtraction, minimum detectable absorbances of -~ 31 x 107"

were possible.l06 .

Det311§% descrlptlons of the IR spectrosc’ox of CF,
and CF3 can be found in references 104 and 107

respectively. & full description of the high freguency

modulation TDL technique as it applies to the detection of



- FIGURE 4.7

Experimental detection. of CF5. The CFy doublet (absorptions
at 1242.9453 and 1242.9523 cm™l) observed in the middle trace
is proéuced v irradiating 500 mTorr'of CoF3Cl in the
capillary waveguide cell with a SP(14) CO, laser pulse of

~10 J\(:m_2 fluence. Trace B 1s recorded with no gas in the
cell, ana both traces are averages of 32 successive scans -

performed by a digital storage oscilloscope. The TDL

modulation frequency is 2.3 kHz.
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E B . ) .
CF, and 'CFy radicals is presented in the results section

of chapter S.
Acknowledgementshare due to P.H. Beckwith for his

collaboration in obtaining the data for Figs. 4.6 and 4.7.

N



CHAPTER 5

RESULTS .AND DISCUSSION

E'? Introduction

The IRMPD of hexafluoroethane has been studied

previously by<{two groups.gs'97

37

In the first of these
reports, Fis irradiated hexafluoroethane in the
presence of H., or C6H14. leading to the production of

CHF; and C,F,. Several vears later Arai et §;96

studied the IRMPD of hexafluoroethane with Br, aéded as a
radical scavenger. The results qf their experiments
indicated that the major reaction products were CF4Br and
CF,Br,. Exploratory work in this laboratory on the

IRMPD of "neat" hexafluoroethane showed that CF, &as the
major photélyéis product with a lesser amount of CaFy.

As indicated in Chapter 3, the thermodynamically most
favourable dissociation pathway of C,Fg leads to the
production of CF, and CFz.‘ However, shbék tube studies
suggest that this pathway posseésses a large energy

103 The. next most favourable pathwav involves

barrier.
scission of the C-C bond forming two CF,y radicals,
reaction (5.2). Presumably the pre-exponential factor

favours reaction (5.2) as well, since it onlyv involves C-C

bona breakage.

L}
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s
‘

AH (kJ/mole) -

=0 .
CoFg =+ CF, + CF +225.94 LTSN
* 2 CFy +400.83 (5.2)
s CaFg ¢ F  +512.96 (5.3) N
+ CoF, + F, +680.32 (5.4)" \

In view of the unce;tainty in the.dominant reaction
Ehannel, and mafor discrepancy between'oﬁr work and the
literature, we initiated a programme to determine the
overall mechaniém of IRMPD of hexafluoroethane. From the
outset, onerof'the major goals of this work was to use

tunable diode lasers to measure tT?AEransient and stable

products resulting from the IRMPD of hexafluoroethane.

5.2 IRMPD of "Neat" Hexafluoroethane

Efficient IRMPD of "neat™ ¢ %6 wds fouﬁa.gb\occur

when it was subjected to relatively low fluence CO, laser

pulses =30 em™1 to the low frequency side of its Vs
absorption band (see Figure 5.1). In our work, 1irradiation
of "neat” hexafludroethane samples using the 9R(30) and

9R(36) CO, laser lines, leads to the production of the
major products CF4: cﬁg4; C3Fg and-C4F10.-' /f\\\
- - ' -



FIGURE 5.1
FTIR spectrum of 21 -Torr CyFg in a 10 cm long, Pyrex cell,

v A TR 4
4 .cm~l resolution, indicating the CO, laser, pump lines used
in irradiation.
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E@gu;épsfa—ehows the FTIR spectrum of CoFg after
irradiation of a 2 for; samplglwith 2000. CO, laser pulses
at a fluence of 5.3 & cm™? using the SR(IO) CO, laser
line. IR absorptions due to the photo&ysis products CFyu.
C,F, and C4Fg are visible.

1 Torr sanmples of C,F¢ were irradiated at a

repetition rate of 0.5 Hz using the 9R(30) < 5 laser line .
at fluences of 5.3-and 13.4 J em”™?. The yields
and C,F,; as a function of the number of laser pu

{measured-by TDL absorption spect;ﬁ%iifzj, are listed in

‘Table-5.1 and illustrafed—inFigures 5.3 and 5.3. CF, and

1

C,F, are measured using the TDL at 1269.0-cm * and

1 1196.7 en™t respectively. -Although these plots illustrate

vields after many pulses, it should be noted that TDL
absorption measurements of CF, -and C,Fy are possible

after a single 13.4 J em™2, 9R(36) pulse using second

‘ . . e o N
harmonic detection (see Figure 5.5:.

-

2 Torr Samples of«Cqu were irradiated using the
— 2

SR(30) apd'gR(36) CO, laser lines at fluences of 5.3 and
13.4°7 cm™. With the'2 Torr samples t3F8 and

C4€10 vields are measured in addition to those of CEy—
and CoFy,.

non-destructively by TDL absorption measurements a: the

CFy and C,F, were firsp.measured ot

frequencies listed above. C,E, was also measured by gas™ -
chromatography, as were C3Fg and C F,4. For GC
- »

analysis, the photolyzed sample was transferred to a Pyvrex



L

FIGURE 5.2
FTIR spectrus—ef 2.0 Torr CyFg following irradiation with
2000 pulses using the 9R(30) CO, laser pump line at a fluence

of 5.3’ en™2, in a 10 cnm long, 2.5 cm diameter Pvrex cell.

7
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Table 5.1

Yields of C,F, and CF, following irradiation of 1 Torr

of ChFg in a 10 cm long.OZ.S.cm.diameter Pyrex celi with
the 9R(30) CO, laser line, using a 55 cm focal length

lens. Thg_yields are the averages of six experiments.: one

standard deviation.

Fluence Number of Pulses Yield
(J cm-?) ' ' {(mTorr)
CoF 4 CF,
TDL TDL
5.3 300 5.1+1.1 ---
600 7.9+1.9. 7 12.6-3.2
9040 16.2:2.5 1_6.3:-1.7
; 1200 13.0+1.6 20.4+6.5
13.4 50 7.6-3.3 20.4-6.4
100 10.3-3.5 34.7+9.9
150 12.0-1.7 51.4-10.4
250 - 17.5-4.2 © 80.0-11.7 .




FIGURE 5.3

~Yield of CyF; and CF, (mTorr) versus Numbér of Pulses,
following irradiation of 1 Torr CoFg in a 10 cm long, 2.5 cm
diameter- Pvrex cell, using a 25 cm 'fo_cal length BaF, lens,

" at a fluence of 5.3 J cm™2 with the 9R(30) o, laser line.

O C,F,4 TDL (1196.7 cm 1), o CF, TDL (1269.0 cm 1).
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FIGURE 5.4
Yield of C,F, and CFy (mTorr) versus Number of Pulses,

following irradiation of 1 Torr GoFg in a 10 cm long, -2.5 cm
-

diameter Pvrex cell, using a 25 cm focal lengthﬂBan lens, at
a fluence of 13.4 J cm™2 with the 9R(30) CO, laser line.

0 c2é4' TDL (1196:7 em 1), o CF, TDL (1269.0 cm 1.

-
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'FIGURE 5.5

‘Yield of C,F,; and CF, (mTorr) versus Nuimber of Pulses,

\ R ]
following irradiatiop of 2 Torr C,Fg in a 10 cm long, 2.5 cm’
diametex Monel cell, using a 25 cm focal length BaF., lens, at
a fluence of 13.4 J cm'z with the 9R(30) CO, laser line.

P

The products were measured by second hérmonié'TDL absorption

spectroscopy at 1196.7 and 1269.0 et respectively.
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sample holder'ag_aescribed in chabtery4 and mixea with a =
kﬁown amount of internal standard (CHFaCl). A 3.0 ml .
yapour phase aliquot of the photolyzed sample/internal
Astandard'mixture was with&rawn-éith a gas—tigh% svringe and
injected onto the Porapak Q@ GC column. The chromatograph
was maintained at 30°C for.16 minutes after which the
’temperaturefgas increaseé'at a rate of 5°C/@in te & final
temperature of 90°C. C,Fg is the first peak'eluted

from the GC column, followed by C,F,, C3Fg,

CZF3C1 an&—E4F10. The relative retention times of .

tﬂese compounds are illustrated in Figure. 5.6. The vields
of CF,, C2F4: C4Fg and'C4F10 resu;tiné from

the IﬁMPL of 2 Torr of C,Fe are listed in Tables 5.2 and
5.3, and are,iliust:ated in Figures 5.7, %o 5.10. The
follow;nﬁ trends should'ge notgd; CF4 is the dominant
product at all havelengths and fluences studied. .
Converse}gL the C4F10 1s the least abundant preduct in

all cases. ;At low fluence C4Fg i1s -the second most
abundant product at both wavelengths. As the fluence is
increaséd the yield of CoFy increases relative to '
C,Fg. Sepdrate experiments with C,F, added before.
irradiation indicatle thét C,F, is also consumed in the
presence of CEFG under sinilar experimental conditions.
Therefore absolute quantitative yvields of C2$4'éfter

‘several IR laser pulses are possibly not a true reflection

of the overall IR photochemistry involved. 1
. P

Ny
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E‘IGURE' 5.6
Gas chromatogram illustrating the relative retention times
of CoFg, CoFy, C3Fg, CoF3Cl dnd C4F 4. The GC column was
a 6 foot long Porapak Q 50/80, maintained at 30°C for’I%

minutes after thch the te&éerature was increased at a ratg.

of 5°C/min to a final temperature of g0°cC.
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Table 5.2

. Yield of products following- irradiation of 2 Torr of Csfs
in a 10 em long, 2.5 c¢m diameter Pyref cell with the 9R(30}
CO, laser line, using a 25 cm focal length lens. The

vields are the average of six experiments + one standard

A
“

deviation.

-~

Number | Yield
of ) (mTorr) )
Pulses |
C2Fq CFy C3Fg C4?10
e L TDL Ge GC

ca) 5.3 7 cm™2
300 12.4+3.9  12.8+4.4 108.2+1.4 20.0+3.6 2.6+0.8

450 ~15.8+3.1 15.8+3.7 161.9+10.9 36.0+6.1 3.8-1.

13>

600 14.7+8.0 15.7+7.4  231.7+5.6  46.7+11.9 7.4-0.4

b) 13.4 J em” >

-
50 17.8+1.4 17.9+1.3  101.4-9.3  11.9-1.3 2.1-0.5
100 25.2+2.1  25.8+2.9  175.5+6.4 27.4-2.0 4.9-1.1

200 31.1+2.6  30.9+2.6 274.7-19.4 52.3+2.9 10.6-3.8




FIGURE 5.7

Yield of products (mTorr) versus-Nuﬁber of Pulses, followiﬁg.
irradiation of 2 Torr CoFg in a 10 em long, 2.5 cm diameter
P;?ex céll, a£ a fluence of 5.3 J cm‘z_using a 25 em focal
length BaF2 lens, with the 9R(30) C02 lagser line. O-C2F4 GC,
O C,F4 TDL (1196.7 em 1), o CF, TDL (1269.0 cm 1),

A CiFg GC, = C4F1g GC- The symbols ® and O are always

superimposed in this plot.
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FIGURE 5. 8

Yield of. products (mTorr) versus -Number of Pulses, followlng
irradiation of 2 Torr CoFg in a 10 cm long, 2.5 ¢m dlameter ‘
Pyrex cell, at a fluence of 13.4 J o2 using a 25 cm focal
length BaF; lens, with the 9R(30) 'CO, laser line. '@ C,Fy GC,
0 CoF, TDL (1196.7 cm™*), o CF, TDL (1269.0 cm 1), '

4 C4Fg GC, = C4Fyp GC. The symbols @ and O are sometimes

superimposed in this plot.
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. Table 5.3

Yield of products following irradiation of 2 Torr of C2F6
in a 10 em long, 2.5 cm diameter Pyrex cell with the 9R(36)

CO, laser line,-using'a 25 cm focal length lens. The vields

are the average of six experiments + one standard deviation,
- : '

except for -the C,Fy TDL yields which are the average of

three experiments.

X
Number ‘ Yield

Cof (mTorr)

Pulses . . , T)

) C2F4 ) CF4 C3F8 C4F10
GC TDL TDL GC - GC

a) 5.3 J em~2 ‘
100 - ——= . 36.3+9.2  -—==  ---
200 14.7+2.5 /12.6:2.5 85.1+11.1 27.3+5.1  d.1+1.1
300 16.9-1.1 \\if;6:1.7 119.1-8.9 37.3+4.5 5.5+1.3
500 23.2-1.1  20\§:1.1 - 151.2:13.4, 62.7+4.6  9.0-1.4

35 -— -—  89.8-11.4  --- -—
40 T26.6-5.07 30.1:6.3% 93.0+7.1 16.6-2.0  3.6-2.0
70 32.1+4.5 -35.3-2.9  161.0+-26.5 28.3+2.7 4.9-0.6

100 36.3-5.8  38.9+8.5  204.9+38.2 39.5-4.7  6.5+1.5




FIGURE 5.9

Yield of products (mTorr) versus-Numbef of Puises. following
irradiation of 2 Torr CoFg in<é.10 cm long, 2.5 cm diameter
Pvrex cell, at a fluence of 5.3 J ém—z using a 25 cm focal
"length BaF, lens, with the 9R(36) CO, laser line. e 62F4 GE,
O C,Fy TDL (1196.7 em ), o CF, TDL (1263.0 em™1),.

A CyFg GC, laC4FlO GC. The symbols @ and O are sometimes

superimposed in this plot.

G
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FIGURE 5.10

-

Yield of products (mTorr) versus -Number of Puls®es, following

irradiation of 2.Torr CoFg in a 10 cm long, 2.5 cm diameter
] . ' -2 .

Pvrex cell, at a fluence of 13.4 J em “ using a 25 cm focal

length BaF, lens, with the SR(36) CO, laser line. e CsFy GC,

-

O CoF, TDL (1196.7 cm ), @ CF, TDL (1269.0 cm *),

A C3Fg GC, ® C4F )y GC. The svymbols ® and O are sometimes

superimposed in this plot.
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Previdus studies on the IRMPD of. hexafluoroethane in
the presenée of scavenger396'97 have suggested that the
principal dissociation pathway involves the ‘scission of the
C-C bond to p;iduce two CF3 radicals. These trifluoro-
methyl radicéls\were either scavenged .byv 3297 or
Brzgs. forming CHF; or CF3Br. or they absorbed more
_infrared photons and underwent secondary dissociation to
dif{ﬁorocarbene and a fluoggne atom. Tetrafluoromethane,
octafluoropropane and decafiuorobutane were\not mentioned'fh
these reports. -

How does one accoﬁnt for the presence of the observed
products in the ‘absence of sca&eﬁéers? It would appear that
the primary IRMPD pathway indeed involves scxssioé of the
C-C bond to‘form two CF; radicals. We propose thﬁt the
secondary photolysis of trifluoromethvl radicals (as

observed in several cases such as reference 108) can account

for theﬂg}oduction of CF4 and CqF4 At high fluence as

follows: ' .
CF3 + hv » CFy «~ F : (5.3)
2 CFa » CoF, (5.6\
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Formation of CF, and C,F, via disproportionation of .

two CF3 radicals has been ruled out in shock-tube

103°4nd in very-low-pressure photolysis

109

studies

" experiments and is thus not ce¢nsidered to be the mource

of these species in the present experiments. ‘

Kato g;.gg.log have studied the disSociation
probabil;ty of CF; radicals as a function of fluence and
founé that this probability is greatly reduced at fluences
< 2-3 3 c@'2. We believe that the C,F, formed in the
IRMPD of "neat" hexafluoroethane arises f}om the
aiﬁerihation of‘CF2 that results from the secondary
dissociation of trifluoromethyl'radicals. A loweriné of the-
irradiation fluence should eventually eliminate secondary
photolysis and thus tﬂ; praduction of C,Fy. We have
irradiated 3 Torr samples of hexafluoroethane at 9R(36) fer
4b00 pulses at a fluence of about . 1 J cm_z.; FTIR anélysis
revealed the presence of CFy; and C3Fg, while there
was no evidence of CEFi even via second harmonic TDL
detection. Thus the sécdndary dissociation of
trifluoromefhyl radicals has been suppreséed at this
fiuencé. Without F atoms present, an additional méchaniéh
for the production of CF, is required. Hence we suggest
the abstraction of ‘a ¥ atom by vibrationally excited
CF3f from the parent CoFg as follows:

+

CFy' CoFg = CFy =+ C,Fs _r5.8) : ' )

—
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. \This'reaction-ghbuld be about 17 kJ/mol exothermie. It
- . [}
should be noted that in experiments done using the 9R(30)

CO, laser pump line, the relative yield of CFy/CqFy
//fJincreases as the pfessure‘of_czFG is increased from 1. to
! 2 Torr. The increase is more evident at low fluence (5.3 J

cm"z, 200 pulseé) where the relative vield at 2 Torr 1is

5.8 times that at 1 Torr. &t higher fluence 113.4 J cm'z,

.- - . {
2.5 times that at 1 Torr. Reaction (5.8) therefcre becomes

200 pulses) the increase in the relative vield at 2 Torr is

more dominant as the pressure of C,F. is increased,
especially at low‘fluence wlere less secoﬁdary photolysis of
CFy has occurred. Reacti§ns similar to (5.8) have been
proposed in the radiolvsis of pentaf%uoroethyl iodidellq
and trifluoromethyl iodide.lll_ C:Fé may then react

with CF3 to form CBFB' reaction (5.9), or recombine to

form decaflug;obutane, reaction (35.10).

CF3 - C2F5 + C3F8 ’ {5.9) _
‘_-:i ‘
0 .

The secondary dissociation of pentafluorcethyl

radicals has been observed previously by Hackett et 1112

in the IRMPD of pentafliuoroethvl iodide. 1In our work, the

increased vield of CqE4 relative to C3Fg as the

Ll

fluence is increased at both 9R(30) and 9R(36) may be due to
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the secondary photolysis of pentafluorcethyl as well as
trifluoromethyl radicals.

C,Fg + hv =+ CF, + CF, - (5.11)
followed by
CFs = CFp » CyF, ’ (5.6)

Reactions of CF3113 or CE‘,,ll4 with CyFy.
to form heptafluoropropvl radicals or hexafluorocvelo-
propane, are much toc slow to be observed under the present

‘experimental coQgitions.

5.5 Hyvdrogen Donoré

The addition of 2 Torr of a hydrogén donating species
such as H2 or C6H14 to 2 Torr of C2F6, follcwed by
irradiation at the same wavelengths and fluences as above,
leads to the elimination of the CFy vield. CFy is
absent whenever the donor is present at pressures > 0.5
Torr. The lack of CFy confirns that it is. not a pr;mary
dissociation product (as p}edicted), and that reactioh (5.8)
1s effectively eliminated when Hy 1is added. Some of the

K
trifluoromethyl radicals formed in IRMPD mav be scavenged by

the hvdrogen donor as folloés;
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CF3 + Hy + CBFy + H (5.12)
and . -
CFy + H =+ CHF3* + CF, + HF {5.13a)
+ [M] -
CHF ) (5.13b)

CiFg and C4F1g ave still observable, however they

cannot now be produced as previously indicated or CF,

'would also be observed (ie reaction (5.8) does not occur in
the presence of a hvdrogen donor!. Thus we propose that

Cqu 1s formed by either reaction (5.14), as suggested

b ]

by Tschuikow-Roux 22

r

H = CoFg + CoFg + HF (5.14)

. s
and/or dissociation of CsFg via the higher energy pathway

(5.3): P

’

CoFg = hv = CyFs - F (5.3)

)

The degree of overexcitation of SFg molecules (dependent
on pulse intensity) in IRMPD studies has been determined By
Grant: et @}46 to be between 6 and 10 CO, laser photons

above the dissociation limit. CqE6 is of comparable
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P

size to SFg, thus it is plausible that C,Fg may be excited
sufficiently to dissociate via the next highest energy
channel (3.3). This would be followed by C,5Fg combina-

tion reactions

and - i . ’\)

Fluorine atoms produced in reaction (5.3) or from secondary
dissociation, reaction (5.5) will then be efficiently

removed by reaction with the hvdrogen donor:

Hy - F + NF —_H (5.15)
The rate constants for reaction (5.7)113 zpg (5.15)118 \\\
are roughly egual, (kg 5 = (1.1-1.7) x 10‘11 e
mqlecule-l s™1, kg 151.7 x 10711 emd molecule™?

jﬁll), however under the present experimental conditions
(Ho1 >> [CF3]'and.reaction'(5.15) should dominate.

The major products in the presence of & hvdrogen
ldondrdare &3F8' CsFi0 and CHFy, as weli as greafiy
increased CoFy vields. Their vields as a function of
numbeé of pulses with 2 Torr of H, added to 2 Torr

/

¥
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CoFg ;re listed in table 5.4,'and are shown in Figures
5.11 and 5.12.

The question arises as to why the CoFy yieid is
greatly enhanced in the'presence of Efdrogen'donoré.
Certainly the secondary dissociation of trifluoromethvl
radicals should still occur to some extent, however other
sources must contribute to the large increase in vield. To
.this end we investigated the possibility that the CHF 5
formed in reactions (3.12) and (5.13) itself undergoes
IRMPD. Samples were prepared contaiéing 20 mTorr of CHF,
in CoFg at 2 Torr total pressure and then subjected to
100 pulses 9R(36), 5.3 J em -. Aafter photoivsis TDL
measurements showed that 17.2 mTorr of the CHF; remained.
Thus 14 % of thé fluoroform was consumed, indicating that 1t
undergoes IRMPD in the presence of hexafluoroethane under
the conditions used in the scavenging experiments. Control
experiments containing the same knowfi amount of CHF3 1n
N, show no consumption of CHFy. It appears that
collisional energyv transfer between vibrationally excited
CEFéT and CHF3 1is required to place CHFy 1n the
vibrational guasicontinuum from which it may absorb further
photons and dissociate.

t

CFg' + CHFy = C,Fg - cm_-‘3'r (5.16) - c

1-

CHF;' + hv - CF, - HF _ (5.17)
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' . Table 5.4 ~

- e

Yield of products following ir{gd;ation of 2 Torr C,Fg

+ 2 Torr H,5 in a 10 em long, 2.5 cm diameter Pfrex cell with
the 9R(36) CO, laser line, using a 25 cm iength focal |
length lens. The vields are the average of Ehree experiments

" + one standard deviation.

Number of Yield
Pulses {mTorr)
CEE4 CHF3 C3Fg CiF10 .

Ge _TDL GC GC

- - =9
al 3.3 J cm™ -

200 85.3-12.7 5.8+0.5 12.8+1.1 2.1+0.2

300 134.3+15.2 8.2+1.3  19.5+2.8 ' 3.8+0.8

500 204.3+5.7 11.3+0.4 33.1-1.0 6.1-0.3

b) 13.4 J em 2

40 113.7+13.1 13.8-0.7 6.8+1.6 1.3-0.1
70 154.9+-13.4 19.0+1.8 15.2:1.27~  2.6+0.5

100 195.1+27.6 23.6+5.0 20.4+2.5 3.6+0.5




FIGURE 5.11 .
e |~
Yield of products {(mTorr) versus -Number of -Pulses, following

irradiation of 2 Torr CoFg + 2 Torr Hy, in a 10 cm long,

2.5 cm diameter Pyrex cell. 1Irradiatldns were performed at

a fluence of 5.3 J cm'z, using a 25 cm\focal length BaF, lens
N : { . -

with the 9R(36) CO, laser line. o C,Fy GC, o CHF3 TDL

(1162.6 cn™), A Cyrg GC, w C F), GC.
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FIGURE 5.12

Yield of products (mTorr) versus -Number of Pulses, following

irradiation of 2 Torr C2F6 + 2 Torr H,, in a 10 cm long,

2.5 cm diameter Pyrex cell. Irradiations were performed at
-2 . )

a fluence of 13.4 J ecm “, using a 25 cm focal length BaF,

lens with the 9R(36) CO, laser line. ® C,F; GC, o CHFy TDL

-1 .
(1162.6 em™ 1), a C3Fg GC, ® CyF 4 GC.-

3
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The difluorocarbene thus-produced would then dimerize to
form CyFy. 1In vieﬁ of the extremély large "vield of

C,F,, it is doubtful that the mechanisms proposed thus

far can account for the total CoFy vield. fhe

difference couldkafise from a reaction between Qibrdtional}y
excited CEFG*.and H, forming'czFSHt which S .
then eliminates HF to form CzF4. as proposed by

Fisk97. Alternatively, a more-energetically favourea
route would be via elimination of HF from excited

CHF3T. formed by combination of H and CF3, reaction

{5.13a), followed by CF, combinaticn, reaction (5.6). ~
¢
t t+ -
C’)FG - Hz hd CQFSH + HF (5.18)
c,F=8T + Cc.F, - mF (5.19)
2t5 2t 3 : .

LY

5.4 Tranéiént Detection

In the beginﬁing of this chapter, it was 1ndicated
that one of the goalslof this thesis was to use tunable
diodé lasers to monitor the transfent’ species produced 1n
the IRMPD of hexafluoroethane. To that end, a technigue for
monit9ring transient IR.absorptions was developed (1n
collaboration with P.H. Beckwith).+06 The technigque was
developed and refined using khown sources of thjrdESlred

transient species, and later emploved to monitor these sane

specles in the IRMPD of hexafluoroethane.

)
{
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CFZ and Cé3 radicals are the most likely

trgnéient species to be produced‘in the IRMPD cof C2F6'
Sincé'CFz_is a relatively long=-lived transient species, it
was therefore deeméd to be the first species to be
investigated. The spectroscopy of the vq band of CF,

1A1)-has been described in detail by Davies and

104

(X

co-workers. Preliminary spectroscopic ﬁeasurements of

CE‘2 were made in a conventional microwave discharge (in

collaboration with P.H. Beckwith and'J.J. Orlando). These

first Sontihuous wave experiments weré‘carried out. to

charagterize the CF, absorption spectra in a region of

good single-mode operation of the TDL probe. Specifically,
T s

the Qy branch of the v, band of CF, (X!a) at :

1243 cn” ! was chosen. a O.S;m grating monochromator was

emploved to'sqlect the desifed ouﬁput frequency of the TDL

probe. N~0 and CH, reference lines were then emploved

as frequency standards.lt03 CF, molecules were produced

in the 2450 MHz microdave discharge flow svstem described in

Chapter 4. Chlorotrifluorcethvlene was used'af the

Precursor gas in these experiments. The optimum gas mixture

1n the microwave discharge was C,F4Cl/Ar in a 4:1 ratio

at a total pressure of 280 mTorr. The strongest CF,

absorétion lines observed with Eke discharge had line center

absorptions of ~ 10% (four passes, 2.4 m total path

length). Figure 5.13 illustrates the IR spectra of CF,

produced in this work and the results of Davies et §411°4



FIGURE 5.13 .

TDL spectrum.of CFé'iﬁ the 1245 em b region. The upper
section shows the absorption lines of CF,, ?lAl,-created in
a microwave discharge by Davies et §2.10§ and in the present
work. Also shown are line identificationsigiven bv Davies
et al. The lower trace sﬂows an éxpanded view of the spect-
rum. The optimum gas mixtu?e in the 2430 MHz‘microwave dis-
charge was C2F3C11Ar in a 4:1 ratio at a total pressure of
280 mTorr, and the strongest CF, absorption lines observed
in the present work have line center absorptions of =-10%

{four passes, 2.4 m total éath length).

of



95

oI5
§ Q \mm_>co

yiom - | % : \
juasaud / . f C C»ﬁk

Y

692 8 6 O N 2 P S TN




96

Following the successful production and detection of

CF, on a steady-state basis, efforts were shifted to the
monitoring of transient CF, speéie# produced by the Iﬁméb
of various halocarbons (in collaborationlWith ;.H.
Beckwith)\los. iHﬁtiaIly it was intended that Ehe TDL
p:obe‘would be tuned to the center of a strong CF2
absorption line and absorption of the TDL beam would be
‘monitored immedi;tely after passage of -the TEA.CO: laser

_ pulse. These early experiménts were conducted with a
convsntional Pyrex photolvsis cell (2.3 em diamete;, 10 em

long) and the TDL was tuned to the center of a strong CF.,

-
absorption line. Problems arose however with the pass.age of

the intense TEJ CO, laser pulse through theFﬁas in the

cell cauging thermal shocks., transient rzfractiye 1ndeX
changes and deflection eof the fDL probe beam awayv from the
detector. It was not poésible to differentiate betwéen
probe beam defiection and true absorption. At this time .
switch was made to a capillary waveguide cell which provided
better confinement of the TDL probe beam aﬁd also ensurad o
high pump beam . fluence over a long interaction length.

A description of the high frequency TDL modulation
technique used for the detection of transient species was
éresented in Chapter 4 and :illustrated in Fiqure 3.5. The
bias current and temperature used for detection of CEa on
a cw basis are emploved for transient detegtion of CF 5.

' ; : 117
Previous IRMPD studies hdve shown that perfluoropropene-:’

> ¢
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and c:hl<:arotr'ifluc:v_;'c:e_zthyler'xel']'-8

are.ideal'eources of CF,.
In our work, IRMPD of C3Fg was carried out using the
9P(36) CO, laser transition, while ‘the 9P(14) transition
was used for the IRMPD of Cngérf$”As mentiqnedlin
Chapter*h, the main advantage of the high f}equency TDL

modulation technique was to take advantage of the tunability
= T

.of the TDL. By tuning the TDL across an absorption feature,

an unambiguous identification of the transient species can

. be made. The CF, doublet absorption feature illustrated

in Figure 5.13 is the same doublet that is detected using

the transient TDL technigue and illustrated in Figure 5.14.

‘The modulation frequency applied to the TDL can be varied to

elldﬁ one to observe the formation of LF, after the laser
pulsé and then its decay if the modulation frequency is-
reduced as illuetrated in Figure 5.14. Note that the.
digital subtraction in the lowe} sebtion‘bg Figure, S 14’
removes the ptecursor absorptlons allowlng observation of
the transxent species alone. - ffi |

Once the hlgh frequency TDL modulation technigue had
been developed and emploved to monitor transient IR CF,
abso}ptions, the technique-was to be applied to a much
shorter-lived species, the trifluoromethvl radical.
Spectroscopy of the v; band of CF4 has been undertaken

107

by Yamada and_ Hirota.- Several hundred vj; band *

)
-

CF3 absorption lines have been_ébserveg and their .

frequencies assigned (* 0.0005 9m7%) under steady state



FIGURE 5.14

r

Absorption of CF, monitored as a -function of time. The
upper section illustrates the growth of CE, following CO,

laser irradiation of 1.5 Torr C7F3Cl, averaged over 256

scans. The lower section shows the CF, decay; each trace 1is

-

the avera@e of 50 scans. Trace B was recorded with gas in
. t

the cell and with the CO, beam blocked to»allow‘gor subtrac-

tion of the steady-state C,oF3Cl absorptions.' TDL modulation

freguencies in the upper and lower sections were 14 kHz and

170 Hz respectively.

tm—

4
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. . 1 7
conditions in a Zeeman modulated 60 Hz Wischarge

System,107 -Attempts were ﬁade in this laboratory to
produce CF4 in a fast-flo@ing 2450 MHz microwave dischérgé
of a mixture of CF3I or C,Fg diluted in Ar. However
the only absorption lines observed ;h the 1264 cm™! region
were due to CF,. The ihability:zé'observe CFy radicals was
probably due to the pump speed being too low (300 1/min).

The inability to observe steady-state éF3
absorptions was not a serious problem. The iine frequency
assignments of Yamada and Hirota, in coéjunction with the
use of 0.5 m grating monochromator (Jarrell-ash .model 82010)
and well calibrateé N~O and CH4105 lines allowed for
the identificati&n of expected CFy line positiams to
better than * 0.001 em~1,

In the transient TDL detection of CF3 radicals, the
TDL was modulated at 40 kHz (in collaboration with J.J.l
orlando).!1? The 1RMPD of cry1!2® and cryerlll
has previously been shown to produce CF3 radicals. More
recently Orlando and smith12? have established that the
primary IRMPD pathway of hexafluorcacetone involves the
production of two CFy radicals along with a mofecule of
CO. These three pfecursor gases weré emploved 1n this
work. 74 v3 band CF3 absorption lines have been.
observed in the 1263 - 1265 cm ™t region following the

IRMPD of several hundred mTorr of CFLI, CF4Br or

(CF3) 5CO. Fifty of the lines coincided to bett]r thuan
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: l.'J.OOZL‘cm'l with the éositions predicted by Yamadaland
Hirota, confirming that CF3 radicals are indeed created.
The remainder of the lines were not reported by- Yamada and
Hirota, however they occur in a wavelength region where
their TDL appears to mode hop. Figure 5.15 illustrates the
time-resolvea‘behaviour of a transient.infrared absorption
signal of the "R (20) CFy Iine at 1264.73% em %
resulﬁing erm IRMPD of 360 mTorr of CF43I at a fluence of
~'30 J/em” using the 9P(18) CO, laser line. The data
'iilustrated in Figure 5.15 are the average of 32 sets of
observations.
The infrared lineétrength (S) of the rRIG(ED)_
CF; absorption line has been guantified by comparison of
the timg—reSOIVed vields of CEF3 with CO and CHFg
resulting from the IRMPD of (CFj3),C0.%22 Using this
linestrength, the average‘c9ncent£ation'of CFy radicals in
tﬂe 15 cm long waveguide cell 50 us after.the CO, laser
pulse in Figure 5.15'is (1.8-0.4) x 101° molecules cm 3.
The TDL modulation technique allows for the study of
the decay kinetics of CFy prdd@ced in the IRMPD of
(CF3) 5CO (in collaboration with J.J. C‘):-lanc{o).l.lg The
ogly decaf of CF4 1s by recombination, eguation (—5.2):

Indeed the decay of CF3 fits a second order plot. The

|

{
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FIGURE 5.15

The time-resolved behaviour of a-transient IR abébrption
signal of the rﬁIG(ZOJ CFy line at 1264:3é9 em resulting
from the IRMPD of 360 mTorr of CF3I at a fluence of ~30 J
em™2 using the 9P(18) CO, laser line. The data are the.
average of 32 sets oflobservations. The TDL mpdulation

frequency is 40 kHz.
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initial (peak) vields of CF 4 we;e varied by a factof of

five by changing the Co, laser fluence or the pressure of
(CF3)5C0. The product of peak yiel& times the initial
half-life was found to be constant to within +10%, in
fifteen separate egperiments. This indicateg that tﬁ@ decay
of CF4 is indeed second order,(and that wall reactions are
slow enough to be neglected. ?he second order plot
resulting from photolysis of 600 mTorr of hexafluorocacetone

is shown in Figure 5.16. A second order recombination rate

constant of (2.2 .+ 0.5) x 1071? cpd molecule™! s71
is obtained from this plot. This value is in good agreement

"

with the most recent value in the literaturel=3 of (3.0 -
-— s ) e - - .

0.4) x 10712 3 molécule™t s™% in CF3I at ~10

nTorr and room temperature. From RRKM calculatlgns rn

reference 123, we expect that our results for k-S.Z are
close to the high pressure limit. To within »25%, we
observe no effect of adding 1 Torr of ar.

 /
5.4.1 Transiipt Species Produced by IRMPD of CoF g -

Hexafluoroe;hane absorbs IR radiation rather strongly

in the 1264 cm™ ! region in which transient CF,
absorptions are monitored. Although there are onlv a few
discernable C,Fg absorption lines in this region, the
broad continuous .absorption severelf reduces the amcunt of

TDL power that reaches the HgCdTe detector. Indeed

CoFg pressures of greater than - 800 mTorr, attenuate
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drtuss 516 |
The reciprocal absorption coefficient of the TRy (20) CF3
line at 1264.739 em™t as-a function of time following the
CO5 laser pulse. The CF3y radicals were éroduced by the
IRMPD of 600 mTorr of hexafluoroécetone, using the 10R(14)
CO, laser line at a fluence of -28 J cm 2. The data are the

average of 32 sets of observations. The TDL modulation

frequency is 40 kHz.
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the TDL output totallf. Therefore in an attempt to observe
CF3 radicals résulting from the IRMPD of CzFG;-a

pressure of 600 mTorr was employed. The production of CF3
radicals was monitored immediately following the IRMPD of
C,Fg via the high frequency TDL modulation technique.
Unfortunately there is spectral interferencg in the region
of the CF4 fglstzo) line calibrated by o:lané aﬁd
Smithlzz, thus a drf%erent absorption line was eméloyed
for quantification of the CF, yield. The absorption line
used for quantification of the trifluoromethyl radicals in
this work was not identif%gd by Yamada and Hirota107,
however this line is also present immediately'following the
IRMPD of CF3I, CF3Br and (CF‘;)?_co. To obtain a

relative iinestrength for the chosen analvsis line at
~1264.699 cm” %, the intensity of this line was compared

to the measured intensity of the r316(20) CFy line at
"1264.739 em~l. To acconmplish this 600 mTorr of
hexafluorcacetone was irradiated at a fluence of ~ 23 J
cmfz,using the 10R(14) CO, laser pump line. 3 sets ?f‘

32 laser pulses were averaged for' each of the lines, under
identical expgrimen;al conditions. The ratio of the line
intensities (£264.699/1264.739) was found to be 1.47+0.04.
The éalibréted linestrength for the chosen CFy analysis
line at 1263.699 cm ! is therefore (2.0-0.5) x 1070 cp
molecule™l. The CFy absorption line at 1264.699 en™t

in the CoFg system exhibits the same temporal growth and



decay behaviour as the "R;¢(20) line produced in the -

122 T L
< In the hexafluoroacetone

IRMPD of ﬁexafluoroactone
experlments a measurement of the gas temperature followlng
the abso;ptlon of a CO, laser pulse was undertaken. A
traée of N,0 was addqQ‘to the photolysis cell, and the oJ‘
time-resolved absorption of N,0 on a temperature-sensitive
transition (P(45) at 1243.795 cm™ 1) was performed. After
absorption of a Co, lase: pulse by the hexafluorocacetone
"and N,0 mixture, no measurable increase in N,0
absorption fto wighin 10%) was Aoted over 20 ms. Thus there
was no significant temperature increase. LA 10% 1nCrease 1n
N50 absorption on P{453) would correspond te a temperature
change of less than 10 K}). Furthermore from the caleulated
line§trength. a plet of the reciprocal CFy concentrat:ion

. R
versus time, in CoFg gives a second order recombination
rate of (1.7+0.4) x 10712 em3 molecule™® s7!, which

r

1s within the experimental error of the rate as determined

119 We dre therefore confident that we are i1ndeed

by us.
meésuring the concentration of thermalized CF 5 radicals.
From this linestrength, the ‘peak vield of CF 3 produced per
" laser pulse by the IRMPD of 600 mTorr of hexafluoroethane
1dsing the 9R(30) CO, laser pump line) as a functlon_of
fluencé has been measuréd. . As-one can see from Figure 5.17
a significant amount of CFq is pfoduced by each €O,

-
laser pulse ( » 3% dissociation per pulse al 19.8 J em™*).

The lower limit in Figure 5.17 was caused by low TDL power,

~



FIGURE 5.17

Pegk vield of CFy versus Cbz laser fluence, 50 us after
single pulse irrad;atiAn of 600 mTorr CEFS' in a 15 cm long,
lihm diameter quartz waveguide cell, using the SR(30) CO»
laﬁer line. ‘The illustrated points are the average.pf 3 sets

of 32 CO, laser pulses.
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and is not intended to indicate a threshold for the
production of CFy. Figﬁre 5.18 illustrates the temporal
behaviour of the CFj absorptioﬂ line at 1264.699 em 1
;esuiting'from the IRMPD of 600 mTorr of C,Fg at
a fluence of =20 J cm™ = using the 9R(30) CO, laser line.

As i3 the casé in the detection of trifluofémethyl
radicals, C2F6 absorbs a porta?n.of the TDL output in
the wavelength region of interesf for moni;dring szA
molecdles. CF, could be not be detected fblléwing the
IRMPD of 1- Torr of C,Fg, over é range of flﬁences from
~ 16 to 34 J cm™” using the 9R(30) and 9R(32) co,
laser éump lines. The infrared linestrehéth (S)‘of the
rQ3(9) CFz'absorption'line at 1243.0185 cm * has
been measured as (9 : 2) x 1071 cm molecule~l 124
Based on this linestrength-measuremeﬁt, ﬁhe noise level of
the'TDL absorption scans associated with the search for
CF, molecules in the IRMPD of C,Fg corrgséonds to -4
mTorr oﬁ.CFz. It can therefore be conciuded that less
- “"than SIdTorr o% CF+ is produced‘ﬁnder ehese ekpefimenta;
cdnditiqns;

~

. -

5.5 Summary

The IRMPD of "neat”™ hexafluoroeihane H;g beén iﬂveé-‘
tigated using the 9R(30):and SR(36) €O, laser lines.
Efficient IRMPD of hexafluorcethane occurs at the indicated

laser frequencies even though these lines are red-shifted



o
FIGURE 5.18
The time-resolved behaviour of a-transient IR aBsorption

signal of the CF3 line at '1264.699 cm L resﬁiting from the

: P .
IRMPD of 600 mTorr of CoFg at a fluence of ~20 J em™? using

the 9R(30) CO, laser line.

3
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about 30 em~1 from the maximum of;the Vg absorptionlﬁand.
Results indicatéi?hat the 9?{36)_ ine is more efficient in
" inducing IRMPD in héxafluqroeéhé e than is-the 93(30¥ line.
*The products of the IRMPD of "neatf_hexafluordethane
-detected in this worg are CF4,;C2F4, C3F8 and C4Fyq-

CF4, C3Fg and C,F w?re not reported in previous studies
.- where héxafléofoeﬁhane was photolvzed in the presence of
896,97

radical scavengers. In this work CqF4, CHE3, é3FB and

C4F;p were detected when H, was added as a radical scavengef}'

however the vield of CF, was'eliminated.‘

“A novel technique for monitoriﬁg transient infrared
absorptions have been describediin thlé_chgpter. The TDL 1s
waveléﬁgﬁh nodulated across the absorption Iipe of 1nterest
at frequenéies'up'to jSO kHz. Thiskallows a time resolution
of about j‘us, however noise ;ssoqiated with the co,

laser pulse precludes any accurate absorption measurements

for abqut th

irst 25 us. Minimum detectable absorbances

possible using this technique. The

sensitiv) of the technique has been shown to be limited

ely by detector noise. i
The modulation technique has been applied to the

detection of CF,, and CF,y absorptions produced by the

IRMPD of various fluorocarbeons with a TEA CO. laser.

The time-resolved detection of CF, produced—by the
IRMPD of hexafluorocethane confirms  that the primary dissoci-

ation pathway involves C-C scission. - Evidence of a second

%



110

dissociaﬁiop pathway, producing C2F5 and a2 F atom is

also presented.
In summary, we probése the following reaction

mechanism for the IRMPD of "neat" hexafluoroethane:'

CoFg + hv » CoFg + % L (5.3

CF3 + F =+ CF4 - (5--7)

CE3l « CoFA + CF, + CoF (5.8)
3 2 s\ 3 T Cafs >-

and at higher fluence, in addition to the above:

CFy ' TRVTETERSTVE (5,507 7 )

CFy « CF, » C,F, (5.6)
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CoFg » hv + CF, + CF, .. (5.11)
In the presence of hvdrogen the following reactions will

' replace reactions (5.7) and (5.8):

F
CFy + Hy, » CHFy +H . C(5.12)
CE; + H » CHEy' » CF, + HF (5.13a)
+ [M] ¢
CHE, . (5.13b) .
B + Cofg » CoFg + HE - (5.12)
Hy + F » HE =+ B . (5.15)
t ¥ 5
C:Fs A CHF3 -+ C')E‘G hel CHF3 (3-16)
cHF3' - hv + cF, - mF (5.17)
¥ + -
C:Fs - H:)- b d C-')F5H he HF l(D.lBJ
corett - CoF, « HE 5

Acknowledgements are due to P.H. Beckwith for his
collaboration in obtaining‘the data shown in Figs. 3.13 und

5.14 and to J.J. Orlando for his collaboration in collecting



s

¢

-

the data shown in Figs. 5.13

and 5.16:
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CHAPTER 6
CONCLUSIONS
6.1 Introdﬁction
This chapter summarizes the important resylts
obtained in this thesis and the conclusions drawn from them.
Included are discussions of the following areas:..
6.2) IRMPD of "neat"” Hexafluoroethane
6.3) Effect of added Hsy

-~
6.4) The use of TDL's to monitor the stable products of

IRMPD
6.5) TDL detection of traniient specles ) _
6.6) Application of transient detection to reaction

. kinetics.
Sections 6.2, 6.3, and 6.4 are exclusive work of this
thesis, while parts of sectiohs 6.3 and 6.6 were in

collabeoration with P.H. Beckwith and J.J. Oriando.

6.2 IRMPD of "Neat" Hexafluoroethane

In this thesis the IRMPD of "neat" C,Fg has been
investigated using tunable diode lasers to measure the
stable and transient species involved. Some stable products

were also measured by gas chromatography. The major

photolysis products were CF,, CoF, . C3Fg, and CyFyq e
' 113
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The stable p&dducts CF@, C3F8,'and C4F1g Were not repofted
in the previous investigations of the IRMPD of hexafluoror
ethane in the presence of raaical'scavengers.96'97 The

time-resolved detection of trifluoromethvyl radicals confirms

that C-C bond scission is the primary dissociation pathway
involved in the IRMPD of ﬁexafluoroethane. The understand-
ing oflthe overall chemical ‘mechanism of IRMPD of C2F6'

and reaction of the intermediates formed, has been consider-
abiy extended. 1In addition, evidence for the abstraction of

F from CoFg by CF3* to form CF, "and C,F5 1s presented.

6.3 Effect of Added H, \

Again, the understanding of the overall chenmical
-mechanism has been advanced by the addition of H, to'CEFs
prior to IRMPD. This eliminates CF, as a reaction product,
while the other products observed in the IRMPD of "neat"
hexafluoroethane; CsFy . C3Fg and C4Fygr are still observed,
although the latter two are in reduced vields. The absence
of CF,; when Hy 1s added to hexafluorcethane cdnfirms that
CFy; is not a primary dissociation product. The small amount
of CHF4 that is detected when CyFg 1s irradiated in the
presence of H, is the result of hvdrogen abstraction bv
the primary dissociation p}qduét CF3. Another dissocia-

- tion channel forming CoFg and F is deducgd from the

-

observation of C3EB and C4F10.
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6.4 The Use of TDL's to Mohitor the Stable Products of IRMPD
Tunable diode laserS‘have.been successfully emploved
in this work Lo measure CE‘4,-CZE‘4 and CHF3 vields produced
by the IRMPD of CoFg. The yields-oflthese f;uorocarbon
species wefe determined from prepared calibration'plots of
the line center absorption coefficient (of an individreal ro-
vibrational line) versus partial pressure of-the fluoro-
carbon species.l The narrow linewidtﬁ of the TDL allows for
the distinetion'between different molecules in a ﬁixture.
In addition to selectivity, the‘TDL methqdlwas found to be
sensig;vefjwith 4-5 mTorr amounts being routinely measured.
The diéde laser emploved in this case waé tunable over a

l. and could be easily tuned to

single-mode emission regions for analvsis of each of the

range of ~ 130 ecm™

three fluorocarbon products analyzed in this manner. A
further point that should be emphasized is the non-
destructive nature of measurement by TDL's which allows for
the éubsequent anélysis of the sample by other methods which
may be inherently de?tructlve. |
6.5 TDL Detection of Transient épecies

In the course of this work a high frequency
modulation technique was develdped to monitor transient
infrared absorptions with a tunable diode laser. The
techniq%F has been emploved in this work to monitor CF 4

and CF, produced via CO, laser IRMPD of various fluorocarben =~
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species,. - . _

Presently the teéhnique allows for a time resolution -
of 2 us, however electrical noise associated with the TEA

. . . .

902 laser precludes any accurate absorptioq measurements
for about‘the first 25 us. The sensitivity has been showh
to be limited solely by detector noise, with minimum
detectable absorbances of =~ -3 x-lO;S, The use of a more

powerful TDL or better detector would improve the

sensitivity attainable. Problems such as optical frirging

-

that can occur in cw experiments are eliminated. Further
work is underway at -McMaster to improve tﬁe time;resolution
and §ensitivity of the technique.

The high frequency modulation technique, when
‘emploﬁed with tﬁe capillary waveguide celi possesées two.
advantagés over othe: attempts- at monitoring transient IR
absorption produced by IRMPD. The first .advantage ié'fhat
the waveguide cell confines the CO, laser pump beam and
the TDL probe. The CO, pump beam therefore possesses a
rather unifqrm fluence over the entire length of the
waveguid;. The_ confined TDL.probe beam is not subject to
the Aeflections that can occur in a éonvéntional photolvsis
cell due to thermal lensing effects. Therefore true
abéorption can be separated from probe beam deflection.
Secondly, the technique takes advantage of the tunability of
the TCL. By tuning the TDL, actual absorption features can

be scanned providing unambiguous idéntification of the



transient species. .
| It .was observed that in the case of CF, molecules a
factor of ~ 50 times moré absorption could be produced in
a single CO, laser pulse using the IRMPD technique than
could be ptoduce&iusing the fast flow} steady;state -
microwave discharge set up. fhe high frequency mcodulation
technigue, in'cohjunction wiﬁh IRMPD, mav therefore.be
useful in speétroséopic studies where it is sometiées
difficult to produce enough transient species for studv.
In ddditién the observation of CF3'radicalé
immediately follo;ing the IRMPD of hexafluotroethane confirms
that the primary dissdciafio pathway involves C-C bond

L

cleavage. (_/

6.5 Application of Transient Detection to Reaction Kinétics
The TDL modul@tién technique deve{oped in the course
of this work can be applied to study fast reaction kinetics
of unstable freeizgéicals. When the linestrength of a
?articular ro-vibrational line of a transient species 1is
known {or can be measpred-using the TDL modulation ‘
-tephnigue), the time-resolved detectiqn 6f this_particﬁlar
absorption line can be used to study reaction kinetics. In
this work the recombinatioq rategpf CF, radicals was
measured following the IRMPD of hexafluorcacetone. The

recombination rate constant for CF3 radicals was measured

to be (2.2+0.5) x 10712 cp3 tw:':l_ecule-l s™" which is in good
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agreement with the_LatestEliﬁeratu#e#alqa df'(3.0:0.4)
x 10712 ¢p3 molecule™! ¢~1, ) |

“The TDL ﬁodulatiqn technique has been emploved
successfuliy by Orlando and smith122:124 ¢4 poniter the
_dimerizationrof CF, aﬁd-the reaction of CFy radicals
with O, and NO. The technique therefore appears to be an
effective way to sﬁudy‘;eaction kinetics of transient | -
species. The éechnique could be extended to the study of

other transient species provided a suitable precursor is

available which undergoes efficient IRMPD. .
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