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In the experimentsvdescribéd in thesis,” tunable
s , :

diode lasers are used to detect infrared absorption by the
1

transient species produced in the infrared multiphoton

-~

disgociation (IRMPD) of CF2HC1, ,tCF3)2CO, and CHC13} —
The time-resqlved infrared absorptions .of CF, and

° Hel are detected following” the IRMPD of CF,HCI.

» . :

¢ sQuantification of the HCl allows one to detérmine a CF,
4 " /!

infrared jabsorption linestrength, (912)f'x 10_21 cm

-

molecule-l_ for the FQ3(9) line. From this lihestrength,
- -18

the CF2>vl bandstrength is found to be (3.4+0.8) X 10 -

cm molecule—l. The rate constant for CF, recombination to

form C,F, is found to be (2.3+0.7) x-107%% cn® molecule™
-1 . .

s . .

Time-resolveld .detection of .CE3, C2F6, and_ _CO

followiné the 1IRMPD of (CF3)2CO establishes that the

dissociation mechanism involves the production of one

molecule of CO and two of CFs. From this stoichiometry,

~

. { | '
the linestrength of the rR16(20) CF, transition is found

! 9
"5.0

to be (1.4+0.3) X 10 ‘cm molecule-l and the CF A

3
bandstrength "is then calculated to be (8+2) X 107 cm

molecule-l. The rate constant for CFj'recombination,'is

-
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1 : <

. - _ _ .
' measured to be (2v2+0.5) X 10 12 on3 molecule™! sl at or

near the high pressure- limit, while the rate constant for

. CF, reacting with Oé_gnd NO are found to be (2.1+0.5) X =*
} .« Tty rs
-29

10 and  ¢2.840.7) x 10722 en® - molecule™? 71,
N o .
regspectively. _ ~
- bl i . AN
The use of TDLs in determining the isotopic &
selectivity of IRMPD processes is ' then analysed. The

sengsitivity of lthe téchnique is demonstrated in the
detection. of the‘Dci produced in‘th? IRMPD of ’ﬁatural .
bundance CDCl3 }n CHCI3.~ However, complications due to ;
(Tzall adsorption aﬁd‘ desdrptioﬁ effects necessi£$te
monitoring the DCI and HCl on a' short times&ale (tens of’“
us) to obtain meaningful guantitative information. 'It is, .
shown that the ccl), and much of the HCl produced in the
photolygis of CDC13/CHC13 mixtures 1is the result of

. ' jisotopically non-selective reactions involving cl aﬁoms.

!
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CHAPTER 1 L

INTRODUCTION"

1.1 General

The process of infrared multiphoton absorption and
dissociation (IRMPA and IRMPD) of polyatomics by intense
infrared laser radiation was first realized in the earl§

1

1970's. In the years following, IRMPD has become the

area of study of dozéns of labs worldwide and has been
ex£ensive1y reviem:d.2“9

IRMPD  has| become an iﬁportant field of study for
nNUMerous reasons. Firstly, .the process is gquite genéral
as over 100 molecules, ranging in size from 3 to 62.atoms,
have been ishown to dissociate under irradiation by high
powered infrared (IR) lasers.3 #IRMPA is also an efficient
method ﬁf producing molecules in highly excited
Gibrational states, alldWing for the spectroscopic study
of these excited levels.2 The IRMPD proéess provideé‘ a.
convenient method of studying .the unimolecular
dissociation and isomerization of numerous species,2 and

s also a convenient method for production of various

radicals whose subséquént reactions can then be studied.3
. .
. 21 -



The most impo;tant practigal applicatioQ-of IRMPD arises
from the isotopic selectivity of the proceas, For
example, deuterium enrichment factors of up to 20000 have
been found for the selective dissoc{ifion of CDF 4 in the
presénce of CHF3.10 IRMPD has also found sg?e application
in chemical synthesis.2

During approximately the same time pefiod bver
which the IRMPD process has been studied, the use of lead-’
salt, tunable diode lasers (TDLs)® in the detection of

-

absorptions 1in the infrared has grown,” as TDLs provide
N
improved -sensitivity and resolution over ganv?ntional
grating and Fourier transform sp’éctrometers.ll The narrow
linéwidth of the TDL (typically less than .001 cm_l)
allows for  the measurement 6f Doppler broadened
absorption features without instrumental broadening. This
narrow linewidth also p;ovides for high specificity - the
ability to distinguish between different molecules,
including those differing pnlytan‘their isotopic makeup.
The high power per- unit spectral range and the ability 'of
the - diode to be modulated - provide ‘ for increased
sensitiviéy. While TDLs have_found numerous applications
in the detecéfon of gases in the atrnosphere,_l2 and in
measuring high r;solution';nfrared spectra,13 their use in

studying . photochemical systems Yand, . indeed, chemical

# reactions in general has to date been fairly limited.

-
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In this thesis, the infrared multiphoton
dissociation (IRMPD) of various halocarbons (CFZHCI,

(CF#)ECO, and CﬁCl3) are studied by detecting Fhe products
of their dissociation with TDLs. 1In particdﬁar, a TDL
abgorption technique for monitoring IRMPD products over
short timescales {tens of us) has been developed in
collaboration with C.E. Brown and-- P.H. Beckwith.
Information regarding the photolysis and Kbost—phptolysis
mechanisms of the above-mentioned halocarbons; has been
obtained.. Also, infrared linestrengths and bandstrengths
for the t;ansient species, CF2 and CF3, have beén measured
for the first time, and kinetic studies oq'these species
have been made. .The time-resolved detectionlof DC1l and
HCl  has "led to information regarding the isotopic
selectii’rity of the IRMPD of chloroform.

:The remainder of this chapter provides a detailed
description of4the infrared multiphoton prdcggs ih three

stages "~ - absqution,_through the discrete lower levels,

absorption through' the quasicontinuum, and absorption and

dissocftion in the - continuum region above / the

dissociation limit: Also des%;ibed in this chapter is the
background _theory required.for guantitative analy}is of
the products of IRMPD by TDL absorption spectroscopy.’

Chapter 2 provides a description of the éeneral
)



experimental methods employed in this thesis, including
gas handling, irradiation and standard TDL ‘ihfrared
detection procedures. Finally, the techniques used in the

time~resolved detection of transient species with TDLs are

described.

The results obtained from the gime*resolved
detection of HC1 and CF2 following IRMPD of CF2HC1 are
discussed in Chapter 3. These results include a

confirmation of the photolysis mechanism by direct
detection .of the preliminary dissociation products, and
the determination of an infrared linestrength and
bandstrength for CE‘2 by quantification of the amount of
‘CF2 and Hcfgproduced by -a single C02 laser pulse. The
second order decay constant for CE‘2 combination 1is a%so

measured.

Time-resolved detection of CF3, CF2,_ CF4, C,F

2°6"7
- €0F ,, and CO following IRMPD of hexafluorcacetone is

described in Chapter 4. The TIRMPD mechanism is

conclusively established, and an infrared linestrength and

bandstrength for CF; is obtained for the ‘first time
through quantification of the CoO, C,Fg, and CFy produced
'in the phbtolysis.' Kinetic studies of CF 4 have also been

made "and are shown  to coﬁpare favorably to results

obtained'by other methods. )

>

The detection of DCl and HC1l feollowing IRMPD of

ST

H

-



chloroform 1s described in Chapter 5. The DCl produced in
the IRMPD of natural abundance CDCI3 in CHCl3 is detected
by TDL absorption spectroscopy. Monftoring DCl and HCl
production on short timescales with TDLs (to eliminate the

effect% of isotope exchange reactions and wall

adsorpéion/desorption effects}) leads to information on“the

isotopic selectivity of the IRMPD process. Evidence fpr

the ° presence of isotopically non-sel?btive radical

reactions following IRMPD of chloroform is also presented.

wr J .

Chapter 6 provides a review of the significant

results presented'.in this thesik, ﬁ%nd provides a basic
outline for future research in these areas.
! . -

1.2 The Infrared Multiphoton Process
- = -

Thé TIRMPD of polyatomics is a much studied

r\

process, with numerous theoretical and experimental
investigations having been undertaken. Of the several
. é ) N .

review articles in print, the most exténsive is that of
Bagratishvili and co-workers, the general outline of which
has ‘been folibwed in writing this sgction.2 /

The IRMPD "of a molecule involves the successive

absorption “of many photons (30-50) to a point above the

dissociation limit, where unimolecular reaction can occur.



o
The procdess can be conveniently “separated into three

T—secttons: the coherent absorption of the first

few

photons, the excitation of the molecule through the
quasicontinuum, and the absorption of photons in the
continuum region above the dissgciation limit where

unimolecular reaction can take place.
The excitation in the lower levels is perhaps the
& wmost difficult process to understand in a quantitative

sense, because the sgpectroscopy of vibrational levels

above wv=2 “or 3 is generally *not known. Therefore,

theories put forward to date are semi-quantitative in
nature.2 While: the prdcess would be simple to explain for
‘a pure harmonic oScilléﬁor, real molecules are anharmonic.
Thus, 1if the excitatioéffrequency is in resonance with the
first transition (from v=0 to v=1), then it is quickiy out

p of resonance fdy _the « higher ‘levels because 'cof the
_ e

-

anharmonic shift.

Experimental technigties used to study lower level

f}ﬁkcitation include double IR-=IR resonance,14 double IR-UV

'i'esonance,l5 Raman sca‘_ttering,16 and IR tfduprescenck.l7
¥

The multiphoton absorption (MPA)- process through the lower

o ..

levels 1s usually. discqfsed in terms of its freguency

s

’_j// dependence and 1its intensity dependence. It has been

found that the MPA process 1is strongly dependent on

excitation frequency - that 1s, it 1involves ~resonant
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transitions. It 1is this property that leads to the most

important practical application of IRMPD, that of isotope
geparation. The MPA spectrum is generally broadenad and
shifted to lower energy (red-shifted) compared with the

normal one-photon spectrum,2 the amount of broadening and

red-shifting increasing with increasing excitation

intensity. These effects are due to the anharmonic nature

af molecules,. .'with each successive transition being

shifted to the red of the previous one. For examnple, -in
T .

the MPA spectrum of 0304, distinct peaks corresponding to

successive anharmonic shifts of the excited v3 mode can be

)
obs&’;‘_-rved.‘8

Typically, 002 Iaser irradiation intensities of

106 - 108 W cm_2 are ‘employed. The required infénsity is
- - i

L

debendent. onlthe éize of the molecule. Small molepules

-

with large anharmonicities and low density of stateﬁm

4

require ' higher intensity than  large molecules. For

example, diatomics cannot be dissociated, and triatomics

are very difficult. In small molecules, which cannot be

d;ssociated, gsaturation is observed..‘That_is, the aférage

number of absorbed photohs, n, at first increases with

laser power but quickly levels off as the transition from

v=0 to v=1 is saturated. For larger molecules, such as
o Y

- SFg., no saturation is observed. 1Instead, a smooth change

L



over from linear to multiphoton absorption takes place and
a near linear dependence of fi on laser power is observed.
Saturation only sets in when dissociation of the molecule
begins to occur. At lower temperatures, a greater than
linear dependence of N1 on laser power is observed.
Because less rovibrational states are occhied, less
pathways for successive transitions are available and 2-
and 3-phoﬁon processes become moré important.2
An important experimental observation regarding
thé ‘excigation of polyatomics is that two ensembles exist
immediately following irradiation - one "hot" ensemble,
and one "cold"” ensemble. For example, when SE‘6 is excited
by'é CO2 laser, two peaks appear in a time-resoclved Raman
scattering experiment, one due to the cold ensemble, and
'another (shifted to lower energy) due to the hot ensemble.
(Eventual&y, the two diétributian‘colLapse tqbone' wiﬁh
collisional vibraticnal ‘energy ekchange). This
) observation is ‘due to the fact that in the grouhé

1 .
vibrational state, many rotational states are populated,

o ‘oonly some of which have available to them pathways for MPA
to the quasicontinuum. Thus, molecules originally in‘éome
rotat&onal sta;:es are excited, forming the ‘mt ensemble,
while others remain cold.;G' Since the depleted  levels

.k

cannot - be repopulated fast enough during pumping, a so-

called "rotational bottleneck"” develops. It can be



overcome either by using short, high intensity pulses so
that all molecules can be excited or by increasing the gas
pressure.2 The collisions occurring at these higher
pressﬁres allow for rotational relaxation which puts the
cold molecules into rotational states from which MPA can
coccur. For example, a 100-fold increase 1in the
digsociation yield of CDF3 (at a CO2 lager fluence of 190
J/cm?) is observed on addition of 20 Torr of Argon buffer
gas tb 65 mTorr of CDE‘3.19 Evgftually, at a certain
pressure, all the molecules are excited and any further
pressure ilncrease actually l;Qers the disédciation yield
because of V-V, and V-T,R relaxation. This allows the
f;écéion of ﬁolecuies {g) to be determined as the ratio of‘
the dissociation yield under the given conditions (B) to
the maximum yield at high pressure fﬂméx).%

Because of the pregénce of these two ensembles,
one must define two terms to déscribe the average absorbed
_energy - _n, - the average number of photéns absorbea .per
molecule, and Eq’ the ;Qerage number of photons absorbed
per "hot" molecule. Thus,- . is the product'df ﬁé and g.
Studies on the dependence - of H& and q. on 'excitation
wavelength have beenr.éarticdlarly revealing. As the

excitation wavelength is shifted to the red, g decreases

(less molecules reach the guasicontinuum), but Eq

A}
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increases (the absorptién cross-section increases in the
quasicontinuum) . Therefore, it has been concluded that
the overall resonant character.oﬁ MPA is determined by the
fraction of molécules, g, reaching the quasiéontinuum.2

As previously mentioned, theoretical models of the
excitation thrbugh the lower levels are semi-quantitative
in nature._ The_difficulty in describing the proééss i3

due to the anharmonicity. Each successive vibrational

" transition 1is lower in energy than the previous one and

thus . the excitation source doeg not remain in resonance

with the vibrational manifold. To compensate -for this

. L. \ o ’
anharmon1c1ty,\\\33rlous schemes  have been proposed

includihg power broadening, rotational compensation,

anharmonic splitting of excited degenerate modes, and the

breakdown of selection rules allowing: "forbidden"

L. ‘ 3
transitions to occur.

“The vibrational energy levels, Ev' of a polyatomic

are given by the following equati(.m:3

rl

ceafl.1)

E,/he = § v,v, + 1 X;ivi(vi—l),+ IT X..v

LV
137173

wheré‘vi-are the fundamental frequencies, and xii and xij
are the anharmonic diagonal and cross terms. From ‘this

equation, it is apparent_ that the mismatch of energy

between the v-th level and the energy of v photons

-

a
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. . 2 13-
increases with v©.

This anharmonicity céahpossibly be overcome ‘in
part by bower broadening Gf thee rovibrational levels in
the presence of the intense Iﬂﬁeld. However, this po'.;er
broadening 1is érgportional to the square root of v and

thus is likely only of any importance for the first couple

of steps.3

As diécussed' by Fuss ‘and »ﬁompa,3 numerous
rotational energy levels are present in each vibrational
level. Thus, it is possible that the presence of this
rotational enefgy may in part correct for the

anharmonicity.

A second type of rotational compensatign was’

2 who considered thfee

. ' Al
propesed by Bagratishvili et al.,
condecutive vibrational transitions in which the first is

a P-transition (J ——> J-1)! the second i& a Q-transition

(J-1 —=> J-1) and the’third an R-transition (J-1 > J) .
In this manner, for certain J, the anharmonicity ma; be
exactly éanceiled oﬁt By the change in ro£atibnal energy.
However, ‘this is "only possible for a veryr sefect few
rotational leveléa Furthermore, in st, it has beep shown
that the positions of the béaks in the MPA spectrum do not

coincide with the expected positions of  these PQR-type

-

résonances, and it can be concluded that they . are of

h"] %
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limited importan;:e.3 Similar schemes involving successive
POQOR and PPRR transitions have also been proposed.20 .

A third type of rotational compensation, suggested
by Platonenko,21 involves emission from v=n to a

4

rotational - sublevel of v=n-1 which was not previously
ébpulated by laser excitation. This newly populated level
may then be capable of undéfgoing‘MPA.

Often in IRMPD, a degenerate mode is be}ng pgmped.
For example, spheé%cal tops,  such as SF6 and SiF4, have
triply degenerate modés. However, aﬁharmonic terms in the
Hamiltonian nét.only red-shift thegse modes on excifgtion,
but also cause splitting of the degeneracy. In :general}
this splitting can be close to, or of the same magnitude
as the anharmon%g -shifE;// Combined with the ab;ve—
mentioned rotétionaﬂ comgsnsation scﬁemes, this splitting.
of degeneracies can support the MPA process.3

The’.fiﬁal scheme proposed to allow for the MPA of
molecules fhroughlthe first few levels takes into account
the ,involvement’ of transitions ngrmally théﬁght of as'
being forbidden in linear spectroscopy. However, 1t 7is
_possiblé that some of these forbidden transitions become
allowed in the preééqce of an intense_ infrared laser
field. E;amples include transitions with J > 1 and, 'in
spherical tops, transitions with AR and An not equal to

7 -
Zero.

e




In generd], thege theories are capable of
predicting at least the majdér features of the MPA process
through the firgt few levels, the waveleng;h and intgpsif;/
dependence of the MPA and the formation of hot and <cold
melecular ensembles on excita2£9n.

The next stage in the IRMPA process involves
excitation of the molecule through the so-called
quasicohﬁindum. In a very simple sense, this portion of
the MPA process can be understog@ by censidering that £he
density of vibrational states Eg very large and a
transition in resonance with the laser field is virtually
assured. Absorption in the quasiqontinuum is generally
characterized in terms of the crosé-section, ¢, which is a
function of the IR field frequency, A, and the vibra;ibnal

-t

energy content of the molecule, E,ip*

In order to progerly study absorption in the
quasicontinuum, one must.separate it from absorption in
the lower lévels,. ?his is acaomg}ished by a two-frequency
excitation acheme, in which the first resonant pulse
pronotes ghe molecul;,té the quaéicontinuum and the second
p&lse (detuned;to the red) excites the’moiecules . through
the guasicontinuum. The energiés absorbed from each of

these pﬁlses (el and ez) are measured separately, and theh'

the absorption€:%§/ measured with both lasers operating
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(e1+2). The difference, (el+2) - (el + ezi, gives the

absorpéiqp in the guasicontinuum, eqc. The guasicontinuum
absorption spect}um shows very wide, smooth bands around
each gR active vibrational mode of the mglecule, these
bands being red-sh&fted and broadened compared to the one-
photon -Q‘;Jectrgm.2 An important observation 1is that the
width of these peaks exceeds the bandwidth, indicatiné the
non-resonant character of absorption = in the
quasicontiniuum. The absorption cross-section 1s also
found to increase with increasing € ip - due to an increase
in the vibrational amplitude of the highly excited

molecule.2 The absorption cross-section can be adequately

described by the Loréntzian model given below:223

_ : _ 2
)-[oint/ﬂlld/((A vmax)

o (ASE +§2
C

seaa{1.2)
d

vib

—

Here, Ny (the central frequency) shifts to the red with

increasing -evib1Q §(the half-width) increases with ev}b'
and ¢, . the integral ‘absorption cross-section) also
ifcreases with e ., .

vib

N 1

_Because of the non-resonant chéracter of. the
absorption in the quasicontinuuh, the cross-section is
mainly fluence, not intensity, dgpéndent. For example, -a
change in intensity of four orders of magnitude led to an

increase of only 1.5 orders in the amount of absorbed
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energy.2 Recent experiments have shown some intensity
dependences, indicating that the process is not cohpletely
non—resonaht_{n nature.23 ‘ v
The intermolecular energy distrihbution of
molecules excited to ‘the quasicontinuum has also been
estab{ished. As mentioned previously, a héiffand cq}d
ensemble is created initially. However, studies solely on
the hot ensemble have shown that theée molecules are . not
distributed in a Boltzmann fashion. The ™ energy
distribution of IRMP excited molecules has a steeper high
energy tail and a narrower @¢istribution than a ﬁoithann.
Therefore, calculations based on the Boltzmann
distribution tend to overestimate the dissociation vyield
at low _éxcit&tions ~and underestimipé’ it at higher
. . . ’ - .
excitation energy. g’)
Perhaps the most important feature of excitation

in the quasicontinuum is the nature of the intramolecular

energy distribution. This has been measared using two

-

techniques, time-resolved. IR emissionl? and anti-Stokes

- Raman Vscatpe(}ﬁg.lﬁ The signals ‘obtasined in thesq

experiments are proportional to the vibrational energy in

the particular mode being observed. For example, 1in the

cases -of SF6 and CF3I. the anti-Stokes Raman signal/ has
. A

been observed in all of the modes probed, not Jjust the

LS
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mode beiﬁg excited. The satrength of the signdl was
independent of decay time, from approximately the end of
the  CO2 laser pulse to a few microseconds after the
pulse.16 Thus, it 1is _apparent that satochastization
(randomization of the vibrational energy among all modes)

has occur;edﬁguring the course of- the intéraction with the

;1£out the aid of any collisions. While
Féstization naturally varies with molecular
structure, anharmonic forces between modes, and the
vibrationél frequencies of the molecule, it is apparent
—£rom calculations that it probably occurs on a picosecond
time scale. Therefore, it is not surprising‘ that

stochastization occurs with the 002 lagser pulse durations

normally employed (ns).2

_The Efésencg“of stochastization in IRMPA is very

important in" determining _ the properties of . the
~—

dissoclation process. Becauser randomization of energy
occurs in the gquasicontinuum (before the dissociation

limit is reached), the ‘dissociation can be perfectly

described by existing theories for describing thermal

atnimolecular reactions ('RRKM'theory).;4

[ IR
tion that some

This theory‘is based on the assump
of- the energy possessed by a molecule (called the non-
. . . )
fixed energy) can be freely redistributed between the

various internal‘degrees of freedom of the molecule, and.

o ™
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that any deviation from an equilibrium distribution is
purely gatatistical,. The theory postulates that any
molecule containing a non-fixed energy greater than the

»

dissociaticdn energy of the lowest reaction pathway has a
non-zero probability of reaction, and that the rate of

!
reaction will"~ bé proportionég/to the probability\ that

sufficient energy becomes localized in the vibrational

L

~,

m??;f29¥¥8390nding to the {Saction coordinate.24 R

The conversion of tHe eﬁcited molecule to products

is divided into two steps, in whichea distinction is made

&

. % )
between an energized molecule (A ) and an activated

complex (A+):24 .~
k_(E) - k"
a

A* — = A+ e Products. eeeslla3)

Here;.ka(E) 18 the rate constant for conversion of
A* having non-fixed energy E to A+,;and k" is the ibsolute
rate at which the activated comple;es’pfoceed td-products.
Using statistical mechanics, _k_(E) is determined as

followsi24 3

i

- . + L S ] : . .
- k_(E) = (L IP(E_))/(hN (E )) cesadled)
4a — - VI

N

- L I -
where L' is a statistical factor, ZP(Evr) is the,. total

-
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.’
Y

N
number of rovibrational states of A’ with energy less than

n

+ o~ ;
or equal to E (=sE -~

u ]
and N (E ) is the total
o}

Ediss)'

t
density of states of A .

. j@ﬁBKM theory is cgéagle of making numeraus

"

predictions regarding the dissociation process. Firstly,
it predicts tRat the dissociation mechanism eorrespohding

to the' lowest activation energy will be favored. This

pr®iction is borne out ekXperimentally in all known cases.

~

fpor‘qxample, CF2012, when irradfated at either the CF or

CCl stretching frequency, yields the 'sage products

-

(consistent with the low energy CCl bond rupt.ure)’25

Thus, even though energy -is being initially deposited in

the CF2 portion of the molecule, reaction was occurring in
. v

the CCl modes, indicating energy randomization prior to

reaction. Similar conclusions were drawnfrom . stifdy on

CHchqéBr,ZG which can dissociate to yield either HF or

HBr. §vgg//fhough. irradiation wagwpgrformed at the CF

-~

. b ¢ .
stretching frequency, the observed yield (HBr:HF=10:1) is

as predicted by RRKM theory.

. ‘ RRKM. theory is also capable of\predicting the rate
f dissociation of theﬂefcited molecule, and from th;é its
\zkpected lifetime can be obtained. FEE example, the
lifetime of CGF13I was measgred'usiﬁg a short pulse co,
Yaser for photolysis and multiphoton ioniiation foq‘time—

resolved detectionifof the product iodihe atomsnz? Thex

N
6 |
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observed dissociation lifetime (around 6 ns) correaponds

(from "RRKM  theory) to the absorption of 54
photona/molecule. The actual number of photons absorbed
was estimated to be 54 - 59 photons’moclecule in close

agreement with the RRKM prediction.

That dissociative lifetimes on the order of a few
nanoseconds have been obtaijnhed in IRMPD” experiments is not
surprising since, fofxg'fypical C02.1aaer pulse, the rate
of pumping is about 5';(‘108_5'1.7 Thus, when the molecule
is excited to aﬁ energy level wheré the dis;ociation
rate exceeds the pumping rate, up-pumping can no longer
conpete and feaction wil} occur beforg the molecule can be
further excited. "This allows the use of RRKM theory to
predict the number of excess photons that will be absorbed
by a particular molecule prior to its disaociatién.‘ The
théory predic@s that ka will increase ver& rapidly with
the number of photons abéorbed for smaller molecules‘ and
less - rapidly for larger molecules. Thus, it -would be
expected that smaller molecules would absorb fewer excess
photons prior to dissociation than larger molecules.7
This p;ediction is‘ congsistent with exper;ment as CF31
absorbs 42 or 3 exce;s photona,28 SF¢ 8 or 9 excess

29

photons, and (CF3)3CBr can be excited to an energy at

least twice the dissociation limit.2 This excess energy
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in the large molecules wusghally manifests 1tself as
vibrational energy in the oduct fragments, and explains

the common observation of secondary dissociation.

IRMPD experiments and RRKM predictions can also be
.compared by measuring the translational energy‘
distribution of the product fragments of an IRMPD
éxperiment in a molecular beamn. Intuitively, 1if energy

a

randomization did not occur, then it would be expected
that upon absorption of the final photo; before
dissociation, the molecule would dissociate explosively
with ‘the. fragments produced acquiring ﬁon—zero
transiational energy. If, howe?e:, the energy acquired by
absorption of the last photon is first redistributed over
the entire molecule, the molecule would be expected to
"fall apart", with 1little or none of the excess energy
appearing as product translation.3

Mclecular beam studies have been conducted by a

28-30

group at BerkKeley on a wide variety of molecules

which can be divided into two groups, those whose
dissociation involves a simple bond rupture and those

which involve a 3- or 4- center elimination_reaction. The

-

experiment, 1in general terms, 1is condiucted as follows:
] . .

fir » an experimental veloclity distribution is measured
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-

velocity distribution; finally, translational energy
distributions at different reactant enefgy levels are
obtained from ‘RRKM calculaﬁions, and coﬁpared to the
eiperimentaliy determined one.

The most studied of the simple bond-rupture cases
is SF6.29 The product translational energy distributions
were found to peak at zero, ruling out a mode-controlled
explosive dissociation mechinism. Furthermore, the
theoretically obtained distribution (for excitation of 8
or 9 shotons in excess of the dissociation limit)
correspogds very well with the experimental distribution,
lending credence to the wvalidity of the enerqgy
redistfibution model of collisionless IﬁMPD. The results
.obtained for the other &bond-rupture cases are very

- \

28

similar. The cases of 3- or 4- center elimination

- studied at Berkeley all involve HCI elim;nation.30 Their

o

Ny

analysig™iipn relation to RRKM theory is more complicated,.

owing to _thF prgéenée of a barrier _to back réaétioq,
Thus, in additi;n to the. en;rgy in excess of the
dissociation llﬁit, the potential energy of the exit
barrier is- also available for distribution among the
prdduct fragments. - It was assumed that all this excess

energy appéars as product translatiq?al energy, and the

experimentally determined translational energy
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. ’,/ff
distributions were compargg’- 0o the now adjusted ﬁRKM
< . :
-distrib Q&z?. For example, in CF,HC1 {(with a back
reaction babrier of 6 cl), it was found that the
™

experimental and theoretical distributions both peaked at
about "6 kcal/mol, but that thé theoretical distr;bution
was narrower. This discrepancy was c&nsidered_to be due
to the ' fact that fragmeﬂt interaction along the exit
channel has been neglected. Thus, whlle comparison of
experimental results to RRKM predictions are mére
difficult 1in reactions containing a barrier to back
reaction, the two distributions are guite similar if it is
assumed EhQF most of the energy due to the back reaction
barrier appears as fragment translational energy.

T?us, the statistical RREM theory; which is Based
on the rapid redistribution of the ﬁon-fiked energy in a
highly excited molecule ;eﬁatlve—to its reaction rdte, is
successful in quantitatively predicting the products, the
branching ratios, the dissociative lifetimes, the pumber
of photons absorbed, and the product translational energy
distributions obtained iﬁ IRMPD experiments.

IRMPD hé;‘ found numerous appliéations in the
laboratory. Firstly, it provides an excellent method for

the preparation of highly vibrationally excited molecules,

whose spectroscopy can then be studied.3 Also, numerous.

unimolecular reactions {(dissociations and isomerizations)

L
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el
can be triggered in this fashion, allowing for their study
and comparis;n to theory.2 The technigue provides a
convenient method for the controlled study of many
radicals. IRMPD produces relatively cold radicals which
can then be reacted with substrates at room temperature,
something that cannot be accomplished in‘typical pytolysis
studles.2 A great deal of the initial excitement in the
studF of IRMPD arose from the demonskration that the
process could be made isotopically selective by the proper
selection of photolysis fréquency. In this fashion, a
number 'éf isotopic sglectivity schemes have been
demonstrated on a laboratory scale, with elements as small

10 and as large as uranium31 being enriched.

as hyérogen
(The_area of hydrogen isotope separation will be discusséd
in more detail later *?s it pertalns to the résulés
obtalned in the CDC13/CHC13 system.) IRMPD has also found
some use in chemical synthesis. For,gxample,32 the IRMPD
of BCl3 in the presence oﬁ H2 produces BHC‘l2 in a very
clean ;eaction, " whereas the BHC12 vield in the
corresponding thermal reaqtion is only a feﬁ percent.
' Synthesis of 1sotoplcally ewflched compounds, agaln making

use of the igotopic selectivity of IRMPD, has also been

demc:sns,tratecl.-2
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1.3 THEORY OF INFRARED ABSORPTION

‘In this thesis, detection and quantification of
the products of IRMPD are performed by monitoring their
absorptions in the infrared. Thus, the theory required to
obtain guantitative information from infrared . absorption
spectra will now be prégénted.

-

r“ The basic starting'poiqt for any discussion of
: . - . . . n -
guantitative absorption measurements is the Beer-Lambert

(P&

I(v)=Io(v) exp{-ai{v)L)

Law:

-.00(116,

n

R _
where 1 and I0 are the transmitt@d\\936/J;ncident beam

4
intensities, and L is the pathlength. The fractional

absorption per unit pathleﬁgth, a{v}), 1is defined as
follows:33
2
a{v)i= S (P_/760) #(v-v ) ' NS I 3
a o . _
where S is the linestrength (in cm molecule™ ), and p, is*

the sample pressure in Torr.
‘The lineshape function $lv-v ) is determined by

three different types of line broadening. Natural .

t

broadeningv is directly related to the Heisenberg
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uncertainty principle. The second effect is collisional
broadening, thich is dependent on the , collisional

diameters of the éolliding speclies, their pressures, and

their masses. The third effect is Dogrpler broadening

-which occurs because the absorbing molecule has an

appreciable velocity. Thus, the frequency of light -
absorbed or emitted by molecules with non-zero velocity in

the 1line of sight is slightly altered. The half-widths
(AvN, Avc, and AvD) of the absorption line fo; these three
phencomena can be shown to)be of the following form:33

e

AvN = l/¢ﬂc(Tu + Yl) . +.e.(1.8a)

where Tu | are inverse half-~lives of the upper and lower.
- L
states;

—y [

v, = 1/4mc(2z, +. 22

C l) «e..(1.8b)

. E -
where zu y are the collision frequencies for the upper and

lower states;

-~

CAv. = (2KT 1n 2/meSH1/2 -

D ‘ l,u ....(1.8(3)

L

where Yiu is-the transition frequency.
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If the three effects are combined, the following

expression is obtained for the absorption coefficient:33
- ; _ 1/2 @ 2
a(v)—s(PA/TGOAvD)(anIﬂ) ta/m)__J expt-y )dy ceea 1.9
a2+(x—y)2
where a=fln2)l/2(AvN+AvC)/AvD, x=(v=v _}(ln 2?1/2/AvD, and

' 2 1/2
y=(v vo/vo)(mc /2KT) .

Experimentally, the most easily measured parameter

is a the absorption ;t lineg&nﬁér. Thus, in the above

\equatiqn, x=0. The equation can also be simplified by
consideriﬁg different pressure regimes. At low pressure
(usually lesas than 1 Torr)} the collisional broédeninq is

negligible and equation (1.9) takes the following form:33

1/2 (P,/760) o .u(1.10)

e

Iy
-

a2 = {s/Av_) (1ln 2/7m)
o D

, . . . . a
At intermediate pressures, where collisional and Doppler

broadening are of similar magnitudes,33
1/2 o 2 =
uo=(s/w )(a/AvD)(l-erf(a)}exp(a“)PA/760 seasfl.1l)
: ) +
where erf(a) is the error function. At high pressure,

where Av “is much greater than AvD,33

c A

A
*
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@, = (s/ﬂAvc)(PA/760) | veaa(1.12)

These equations for'a.0 can then be used in two

different ways. In cases where linestrength data are 1

available in the literature (for example, HCl) measuremen%///

of a, in the lab allows the determination of the partial

[

pressure of the species of interest. In other cases, the

- . .
linestrength is not known (for example, in the cases of

the transient species such as CF2 and CF3). Howewver, a

knowledge of the partial pressure of the species {(from the
< .

stoichiometry of a dissociation _ reaction) and a

measurement of a leads to a determination of the
previously unknown linestrength.
Once  a linestrength has been determined in the

manner described above, it is also possible to estimate

the infrared béndstrength. . In general, -the linestrength

can be expressed as follows: 33

Cias3 ‘ 2.2
s={87 v/3hcp)(NgNK/QVQr)RV2Rr exp E(N,K)/k?)

[l-expthcv/kT)] = ...(1.13)

where v is the frequency of the transition, Qv and Qr are

= the vibrational and rotational partition® functions, sz is

the vibrational transition moment, er is the Hohl-Ldndon

E
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factor, g ias the degeneracy, and E{(N,K) is the rotational
energy of the'. lower state. To obtain the bandstrength, A,

a summation over all rotational states is performed:33

_ 3 2
A=(8n v°/3hcp)(N/QV)?v ll—exp(hgyO/kT)] reasfll14)

Codhining the two above equations, the bandstrength can
then be determin;é from the rotational partition function
of the molecule in question, as well as the Honl-London
factor and Boltzmann factor for the transaition for which

the linestrength has been measured:

&

- 2 -
A=(v_/v) (8Q /gy R ) (1/exp(-E(N,K}/KT)) v ee(1.15)

1.4 SUMMARY )

In this thesis, the IRMPD of various halocarbons
is studied using a time~-resolved tunaple' diode laser.
absorptibn technique, This introdugtory chapter has
provided a detailed description of the IRMPD process in
ghfee' stages - the resonant absorptigﬁ;of the firat few
phbtons, the aﬁsorption of photons through the vibrational

4
quasicontinuum, and the excitation and dissociation of the

molecule in the continuum above the dissociation limit.

?
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It has also provided the background theory required in the

quantitative analysis by IR absorption of the products

. , e N
(both stable and transient) of an IRMPD experiment.



CHAPTER 2 *-

EXPERIMENTAL °
\\

N

2.1 INTRODUCTION

In this chapter, a description of the experimental
methods and techniques used in this theq&s will be
presented, including a discussion of gas handliné and
irradiation'techniques, as wel} as Fourier Transform (FT)
and tunable. diode laser (TDL) infrared detection
techniques. A full discussion of the TDL technique‘ for

transient detection will follow.

2.2 GASES AND)GAS HANDLING TECHNIQUES

-

. All gases were handled on a conventional grease-free
vacuum line equipped with an Edwﬂiﬁs E2M2 two stage
0

mechanical pump and an Edwards E040%55 vapor diffusion

pﬁmp, capable of achievihg a background pressure of 10-6
Torr. Baékground ‘pressures were measured on an Edwardsr
Penning gauge, while-sample pressures were measured on a;
MKS Instruments Bar;tron {10 Torr) gauge. Gas mixtures

were made in cells or bulbs eqﬁipped with c¢old fingers,
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I g
which could be isolated from the cell with a stopcock.

» The following gases were cobtained from Matheson
Gas Products (with stated purities in parentheses):

%CFZHCI (99.9?5), (CE‘3)2CO t99.9fs), NO (99%), N, (98%) lC2H4

(99.5%), Ar (99.9995%). With %ﬁe exception of C2F4
(?btained from P.C.R. 1Inc.), the remaining gases were

obtained from Canada Liquid Air: 0, (99.9%), CH, (99.5%),

4

c-C_H (research grade), .HC1 (99.9995%), H. (99.9999%).

376 2

"All laser gases were also obtained from Canada Liquid Air:

Nz~ (high purity,. 99.998%), Co, tbone dry, 99.8%), He

(H.P., - 99.9995%),vand air (dry). The remaining chemicals

used were as folloys: CDCl3 (99.8% atom D, MSD Isotopes),

CHCl3 {analytical rFaggnE grade, BDH), '02C14

. grade, Baker), and CCl4 {reagent grade, Caiedon). all

{reagent

gases were purified by bulb-to-bulb distillation befgre
use and their purity was checked by FT-IR and, where

apglingle. by TDL spectroscopy.
<

2.3 PHOTOLYSIS AND STABLE PRODUCT ANALYSIS TECHNIQUES

7

all static sample photolyses were conducted as

- }
shown in Figure 2.1, The irradiations were performed-;zzg-\\\\

2
'lasér, operated at 0.5 Hz. About 50% of the energy of

.a low repetitiod rate, high energy Lumonics K-922S TEA co

e

. .



~

FIGURE 2.1: Experimental design for static sample
photolyses. The CO2 laser beam is focussed by means of a
25 c¢m Ban lens into the cell. Polyethylene sheets are

. . i
used as necessary to obtain the desired CO, laser pulse

energy.
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-
each laser ''pulgse was contained in the first 200 ns with

the remainder'.in a tail lasting for about 1 s, The
output of the C02-laser was focusused using a _BaF2 lens
(ugﬁally 25 cm focal length) such that the focal point was
at the midpoint of the gas celﬁb’ he, energy of the beam
was measured with a Gentec joulemeter (Model ED-500), and
tﬁe beam size was measured by determining the size of a
beam spét on thermal paper. The beam was attenuated usihg
an NHj absorber cell and polyethylene sheets as required
to achieve the desired laser fluence (energy per unit
'area).

The cylindrical cells used for irradiation were
constrﬁctéd éf either Monel or Pyrex, and were 10 cm 1n
length "and 2.5 cm in diameter. They were equipped with
2.5 cm diameter plane NaCl or KC! windows obtainéd from
Janos Optical Corporation. The windows were tilted
slightly off perpendicular. This eliminates feedbéck of
CO2 laser radiation which can cause damage to laser optics
and also eliminates feedback in TDL detection which can
cause instibility éf the TDL output wavelength and mode
structure.

Stable product analysis was accomplished either by
FT-IR or TBL absorption ?gggiroséopy. The FT-IR spectr;

were obtained on a Nicolet 7199 FT-IR spectrometer.

Unless otherwise stated, spectra were recorded with a 2
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cm_l resolution. -
The tunable diode lasers used in theae experiments
were obtained from Spectra Physics, and cooled by a CTI -

Cryocgenics helium compressor system. The cryogenic

temperature stablizer (CTS) and laser control module (LCM)

e,

e v
were obtained from Laser Analytics, Inc. The output

wavelé%gth of the TDL is first roughly controlled by
adjusting the temperature of the diode (between 14 and
85K) using the CTS unit. Fine tuniﬁg of the output
wavelength 1is then accomplished by chénging the applied
gurrent foh the dicde (dging the {ﬁéM). The output
wavelen :h is determined using a 0:5-~m~/monochromator,
which wakg, caﬁibrated using the various orders of a HeNe
. : . ,

‘laser. (Linear interpolation wds used to determine
wavelengths between'orders)u.

» ITDLs, 1in general, operate multi-mode. That 1is.
they simultaneously emit ét more than one wave{spgth. By
subtle adjustmpnts of temperature and current, regions of
near single mode ‘operation can be found.* (For alll_
measurements in this thesi;? greﬁ%e; thag{?S%/Sf the diode
power was gontained 1in a s}pg&e mode{a~ Fo-'purposes of
quantification, all céléulations were doné using o?ix/tﬁém
TDL power in the mode being absosbéd, noﬁ the total TDL.

power.

/

A
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Periodically, the TDLs had to ge warmed to room
temperdture for removal of condensed water from the cold
head, purging of the high preséure He lines used for
cooling, or refurbishing of  piston components. This
warming and re-cooling_of the TDLs lead to changes in the
TDL output characteristics, and total recalibration of the
diode is often necessary after each temperature cycle.

The experimental degign for TDL stable product
analysis is shown i% Figure 2.2. The TDL beam is chopped
by a mechapical choppér and focussgd through the cell onto
a 'Hg~Cd-Te detector (Model HCT-100, Infrared Associates
Inc.) with a response time of 400 ns. The detector signal
is fed into a lock-iﬁ amplifier ({(Princeton Applied
Research, Model 126) whose phase is 'set to match that of
the chopper so that phase sensitive detection is achieved.
The outpuf/;f the lock-in amplifiier is used to drive the Y
scale of a ﬁewlett-Packard'7dO4B XY-recorder. The X-scale
(fréquency scale) _of the XY-recorder is driven by the

-]

"recorder out"” function of the LCM. A spectrum 1is

: recgrded by applying a d¢ ramp to the TDL, resulting in a

scan of transmitted TDL power versus wavelength. For
absorp?ions of less than about 1%, second harmonic
detection was used to improve the signal to noise ratio.
This detection technique is §érformed by sakfrimposing a

small ac current onto the dc ramp, resulting in a small
’ »

"y TN

v s



2: Schematic diagram of TDL stable product

FIGURE 2.

analysis apparatus. The TDL beam is focussed into the
cell by means of Ll’ and then fécussed onto the lIR
detector using Lé. The TDL beam is ch6§ped by the
mechanical | chopper. Detecﬁion is done using a lock-in

amplifier

whose phase matches that of the chopper.
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frequency modulation of the TDL outppt. The TDL power
tranamitted through the sample cell 1is then detected
synchronously at twice the frequency of the modwlation.
(Synchronization is achrfeved by matching the phése of the
function generator with that of the lock-in amplifier.)
If the frquéncy excursion caused by the ac,mo@ulation 1s
small comparéd to the width of the absorption feature,
this proceduri\éffectively yields the second derivative of
the =signal. A ngl discusgion of the sgsecond harmonig
detection technique 1is. presented in reference 34.

The importanf experimental parameter‘in obfaining
quantitative information is the absdfétion coefficienﬁ per
cm, o, which is proportional to concentkation (I = I0
exp{-a _l), see Chapter 1). The paraﬁeters I anﬁ I, for an
iselated absorption feature are defined in Figure 2.3 In
the case of second harmonic detebt@on; .the height of the
second derivative signal is propprtional to the absorption
strength En a direct absorption expefiment.

Qusntification can thén be obtained in two ways.
In the case of a stable subs;ance {for example, C,Fy). a
standard Beer's Law plot of a, versus pressure is created

-

using samples of known pressure., Iﬁg cases of more
’ ) o N
reactive specles, such as HCI, quantification' is

accomplished using xnown linestrength data, using equation



FIGURE 2.3: Calibration plots for CO and CO-CHCI

3

mixtures. Line A, dPowing detection of pure CO, gives a
linestrength for R(pB in agreemént with the literature.
Line B shows the effects of pressure broadening on the CO
absorption. coefficient. The data are consistent with a
pressure-broadening coeffiéient of 8.0 X 107° cn™L Torr™ !,
ag measured in our lab. Line C, with detection done on
R(6), shows that the measured absorption coefficient (by
either direct or second harmonic detection) is linear over
a range of CO pressures of greater than three order% of

magnitude. The inset defines the parameters I and io'

used in the measurement of @ .

b
-
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(1.10):

. |
a = (ln 2 /mt’? (pr760) (s/8v;) cee (2.1

where s is the linestrength, 4v, is the Doppler width of
the transition, and P is the sample pressﬁre in Torr.

The validity of this approach to quantification
has been demonstrated for CO (gee Figure 2.3). Line A
shows a plot of @, versus CO presgsure, with CO detection
done on R{8). The;slope of this plot is related to the
linéstrength as can readily be seen from the above
equation (2.1). The linestrength obtqined from this plot,
(4.0+0.3) X 1071% cm molecule™l, is in agreemehﬁ with the

’ 19 -1 35
cm molecule .

literature value of 4.2 X 10"

The effect of pressure broadening is noted in line
B. Agaln, CO. absorption coefficients are measured on
R(B), but thig time the C0O is diluted in CHCl3 {such that
the total pressure is 5 Torr). Collisional broadening now
becomes significant, - and a .Voigt profile is obtained {see
equation (1.11}) ). The data obtained is consistent with é
value of Avc 6f 4.X 10"4 cmal, as measured in our
‘laboratory by P&ul Beckwith.

Finally, the linearity of a versus pressﬁre-over

a wide pressure range is demonstrated. Here, CO 1s

monitored on R(6), and CO samples {(ranging 1in pressure



]

e

from .04 mTorr to 50 mTorr) are again diluted in CHCl. to

3
a total pressure of 5 Torr. Line C shows that the plot is

indeed linear over the entire CO pressure range (more than

three orders of magnitude), regardless of whether CO is

monitored by direct absorption or by second harmonic
detection.
~ o .

2.4 TIME-RESOLVED DETECTION OF TRANSIENTS WITH TDLs
Qv

: ¢
In addition to the detection of sta?le products by

TDL spectroscopy, a novel TDL technique for the time-
regsolved detection of transient products of IRMPR has been
developed in our lab ({(in coliaboration with Carl Brown and
Paul Beckwith). To date, the technique has been applied
to the detection of two short-lived species, CF ana CF,.

2 3
In addition, short timescale detection of the stable

-+
molecules CF4, C2F4, ;ﬁF?L CO, HC1, Dci, CQFz, and DF, has
been achieved to eliminate the effects of wall or
secondary reactions. The salient features of the
technigque, described in detail in reference 36, will be

.- T ]

summarized here.

-

. The experimental set-up for transiﬁ?t detection
with TDLs is shown in Figure 2.4. Photolysis is achieved

with a high repetition rate Lumonics TEA-801A C02' laser.



FIGURE 2.4: Schematic of TDL transient detection

apparatus. Lens L1 is used to focus-the TDL beam, while
lens Lz.collimates the 002 laser beam. The two beams are
combined on beamsplitter Ml and focussed on L3 into the
capillary cell.; The twa beams are then separated on a
diffraction grating,.with the TDL beam then being focussed

onto the infrared detector, and the CO, laser beam being

focussed onto an energy meter.

R o~

~ly‘
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The output of this CO2 laser.and the TDL laser - axe
~combined on a ZnSe beamsplittér, and both beams arg
focussed through a capillary waveguide cell using a BaF,
lens with a focal length of 25 cm. The cell consists of a

L
15 cm long, 1 mm diameter quartz capillary housed 1n a 25

.

cm Pyrex cell equipped with angled NacCl piane windows (2.5 i

cm diameter)* at each end. The cell can contain either a
static fill of the desired precursor gas or the gas can be
flowed through the cell 1if desired. ) Th; ﬁlwo beams
traverse the caéE{la}y cell, andﬂafe then separated on a
diffraction’ grating. The TDL beam is then focussed onto
the infrared detector (400 ns response time) using a Ge
£/2 lens.  Two absorber cells aré also included in the ¢
experimental set;up, one in front of the IR detector and
the other at the TDL outpuf . These cells contain a gas
which absorbs at the output fre ncy of the co, laser.
Without these cells, stray Co;ﬁjzzzgfion either reaches
the detector, causing fnterference, or feeds back 1into
thelTDL causing a slight frequency éhift in its output. | ’
: The techniques déscribed above offer two méjor

- advantages, the first being the use of the capillary‘cell?' N
Fn addition to providing for a high C02 laser fluence over

an +increased interaction length, the capillary cell 1is

invaluable in confining the TDL probe beam which otherwise

is subject to deflection due to passage &fhphe int_:ense.CO2

H .
-
gy
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lagser pulse through the cell, This latter effect arises
from transient changes 1n the refractive index of the gas
or the various optics due to the heating®caused by the
pagsgage of the co, laser pulse. Without the ﬁse of a
capillary cell, it 18 very difficult to distinguI;R\ \
between probe beam deflection and true absorption as can

be seen 1in early work in our lab36 and other published

work.37 )
The other main advantage is that our wor akes
use of the tunability of the TDL laser. A high ffequency
sinusoidal current is applied to the TDL (using a Hewlett
Packard 3311A Function Generator), which leads to both
wavelength and dmplitude modulation of the TDL beamn. A
trigger pﬁlse from the function generator, stepped down in
frequency, 1is used to trigger the firing of the CO2 laser
pulse so that the CO2 laser pulse is synchronized with the
TDL detection., An idealized schematic of the detector
cutput in a traqgient detection experiment is illpstrated
in .Figure 2.5, Note that inieach modulation cycle, the
transient absorptiqh is sampled twice, once 1in each
direction. Using a digital storage oscilloscope

{Tektronix ,468), it 1is a simple matter to record and

average ber of scans to improve the signal to noise

ratio. pund scans can-also be collected with the



§ L

FIGURE 2.5: Idealized schematic of the detector outbut 1n
a transient detection experiment. In each modulation

cycle, the absorption feature is sampled twice, once in

each direction.

t
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. Ls
CO2 laser blocked. Subtraction of this background signal
on an IBM-PC is done to eliminate the majority of the AM
signal and any precursor absorptions that may be present,

as shown in Figure 2.6.

At present, the TDL can be moggjated at
frequencies as hiéh as 250-kHz, allowing for a time
resolution of a few microseconds. However, d%e to
electrical interference from the Cdz laser pulse,

transient - absorption detection 1is only possible after
about 20 microseconds, sufficient for the detection and
monitoring ~of even the shortest lived transients

encountered 1in this work.

. The sensitivity of the transient technique has
beeh shown’® to be strictly detector noise limited. With
the addition of an aﬁa]og subtraction scheme to eliminate
the majority of the AM component of the signal before
digital subtraction, .absorbances‘ of 3 X 10_'5 have been
achieved for an isclated NéO absorption feature.

It remains to discuss the method used 1in the
identification of the transient absofptibn features. For
stable species, such as HCl, DCl, or CO, Tidentification of
absorpt;pn' featuré; could bé\done_using prepared samples
of ‘these gases. With the aid of a monochromator, the
%Btput wavelength of the TDL.could be obﬁained to within
ébout 0.1 cm-l, so that identification of the particular

X,

AN
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FIGURE 2.6: Demonstration of the advantages of hackground
subtraction in TDL transient spectroscopy. Note that the
subtraction removes the precursor ahsorptions and enhances

the CF2 signﬁl. The CF2 is pr?igced by photolysis of 1.5
. ’ N

Torr oﬁy,C7F3Cl, and both the signal and background

]

represent the average of 50 scans.

/1
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transition is routine.
| (.
The detection of the transient species CF2 and CF3

was done with the aid of *the spectroscopic studies of

Davies et gi.la for CF2 and Yamada and Hirota39 for CFﬁn

A full discussion of the technique employed is deferred to

the results chapters (Chapfer 3 for CF, and Chapter 4 for

L
¢

)

3)
) L
2.5 SUMMARY I
In this chapter, \Epe experimental procedures used
in this work have been described. These include a

discussion of the  techniques used in gas handling and
purification, sample preparation, sample irradiation, FT-
IR and TDL infrared spectroscopic aﬁ&lysis, and time-
resolved TDL analysis. '
- £ v
The work of C.E. Brown and P.H. Beckwith in the

-

development of the time-resolved TDL absorption technigue

—

is gratefully acknowledged.

y



L4 CHAPTER 3
IRMPD OF __E‘_-ZHCI
v 3.1 INTRODUCTION
- This chapter describes the results obtained from

the infrared mult%¥photon dissociation of CF2HCI. Included
among ;hese results are é confirmation of the photolysis
ﬁechan;sm, the measurement of an infrared absorpticn
linestrength for CF2, a calculation of the vy bandstrength
of CF2 {from the measured linestrength}), and a measurement

of the rate constant for Fombination of two CF2 molecules

to form C,F4. All of these results were obtained by
monitoring the time-resolved production of CF2. HCl, and
02F4 with TDLs following the IRMPD of CF2HC1.

3.2 EXPERIMENTAL

et
The general techniques used for photolysis and for
énalysis of stable and transient products are described in

Chapter 2. Only the details specific~to the IRMPD of
——

CF2HCl will be presented here.

An FT-IR spectrum of 2 Torr CF,HCl, recorded in a

-

48
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* . .

10 cm long Pyrex cell, is shown in Figure 3.1.
Photolyais of the CFzﬂCl is accomplished using the 9R(26)

CO2 laser line at 1082.29 cm-l. Stable product analyses

are performed as described in Chapter 2. ‘

The experimental desigr for transient detection of

CF, and HCl is as in Figure 2.5 (Chapter 2). Typically,

/

the capillary cell is filled with 800 mTorr of .CF2

Since the reaction time of CF2 is comparable to the flow

time through the cell, the CF,HCl could not be flowed 1in

2
this experiment. Thua, all measurements were made after
one pulse, with no signal averaging. Background
Bubtraction‘waa‘performed as described in Chapter 2.

For this work, HCl was moﬁitored on P(9) at
2677.732 ém-l (q&er a5 ms timescale to eliminate wall
veactiong) as shown in Figure 3:2, while CzF4 was
monitored near 1175 cm-l. C,Fy c&libragions were done by
measuring @, as a function of pressure for Ptandard
sanples of known pressure. - ) 3

It remains to discuss the procedure ffég the

detection of CF The IR spectroscopy-of the vy band of

2.
CF2 has been studied using TDLs by Davies et 51.38, wbo

produced CF, in a microwave discharge of CF,CFCl. The
microwave discharge experiment of Davies et al. was
reproduced in Gggr/iab.36 and a meries of lines (the rQ3

HCl.

.



FIGURE 3.1: FT-IR spectrum of 2 Torr of CF_HCI, The
phthlength is 10, cm, wglle the FT~IR resolutidh is set at

2 cm-l.

&5~
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FIGURE 2.2: Transient TDL absorption by HCl. The

absorption feature monitored is P(9) at 2677.732 cm-l.

The HCl is produced by photolysis of 800 mTorr of CF,HCI.
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sub-branch}) of CF, near 1243 cm ©~ was lde&tlfle with the

aid of a monochromator. Flgur?///ﬁ_ﬂxgtows both: ou|r *

gpectrum in this region and that of Davies fo omparison,

By using the same TDL temperature and cufrent settings 1in

the transient set-up, CF, was eaaily identified in the r
IRMPD of CF2CFC1 and CqFg. I particular, a set of thﬁgg_\,fr//

closely spaced lines in the ‘0, sub-branch (at 1243.0015

cm—l, 1243.0082 'cmul, and 1243.0185 cmrl) were easy to
'4

locate and were used to confirm the presence of CF, (see

Figure 3.4). The measurements on CF2 linestrengths and
r

kinetics are made on the highest frequency line of this
triplet (7Q,(9) at 1243.0185 cn D).

L

3.3 PHOTOLYSIS MECHANISM

The IRMPD of CF.HCl has been well

. 2
30, 3&, 40-44

studied. King and Stephenson,40 using state-

selective laser induced fluorescence (LIF) detectinn of

CF2, first determined that the primary IRMPD mechanism for

——

CF2HC1 was as follows:

CF,HCl + CF, + HCI - ceaai3.1)

-~

‘ . .
This reaction w d bé followed by recombination of the

B P,

et
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FIGURE 3.3: T;E\gpectrum of CF, in the region of 1243
—— e

cmql. The figure shows tthe absorption lines created in a
38

microwave discharge by Davies et al.

i’

and in our lab for

=h .
comparigbq. The lower trace shows an expanded view of[%i;’

. -
portion of the spectrum.

-
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2 CF + C,F, //...(3.2)

These workers were able to measure the wvibrational,
rotational, and translational temperatures (1160K, 2000K,
and 2300K,1respectively) of the nascent CF2 product.

The dissociatlon mechanism, equation (3.1), was
confirmed in a molecular.beam experiment by Sudbo ggﬁil.37
who detected the phetolysis products y time-of-flight
mass  gpectrometry. Further. studfpes involving LIF
detection 9f CF241'42 and infrared enission from HCl41
followed. (

Evidence for three minor CF2HCl dissociation

channels was presented by Martinez and Herron43-using mass

spectrometrié detection:

CF,HCL + CECl + HF cee.(3.3a)
+ CHCl ~ F2 +asel3.3b)

¢ L
+ CHF + CIF cer.(3.30)

P

”

However, these authors concluded that these minor channels
. s

accounted for less thagh 1% of the total CFzﬁClA

dissociated.

A more  recent report44 suggests that at lower

. N
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fluences (2.5 J cm-zi. another dissociation channel
competes with equation (3.1). The authors suggest that a
new product, "a halogenated derivative of butane", 1a

obtained. Inspection of the infrared spectra presented 1n
this report led us to conclude that thiS new prbduct was,

in fact, COF2 which likely results from reaction of CF,

with the Pyrex photolysis cell, or possibly with 0,. Our
own studies 1n a conventional Pyrex cell (10 cm in length,

and 2.5 cm in diameter) wusing a focussed C02' beam the

peak fluence of which was vg}ied from 2.5 J cm-2 to 20 J

cm ©, revealed only C,F, and HCl when analyzed by Fourier
/ 4
Transform IR spectroscopy. In our capillary cell, where

wall reactions are more significant, trace amounts of COF,

~5

can be detected with a TDL.

3.4 RESULTS AND DISCUSSION N

3.4.1 CE, and HCl VIBRATIONAL RELAXATION
2 ]

.
" It is apparent from the above discussion that the

dissociation of CFZHCI occurs almost exclusively via
equation (3.1). This leads to thf important conclusion
that the concentrat;pn of CF2 and HCI immediately
following the passage of- a CO2 lager pulsg are equal.

”
({Even though some of the dissociation may occur via the
Al N )



-

minor cﬁ;nnels described 1n equation (3.3}, none of these
channels leads to the formation oﬁ\either CF2 or HCl.)
Thus, quantification qf the HC] produced by a CO2 laser
pulse (using known linestrength data) makes possible the

determination of the absolute CF2 concentration following

the pulse. That is, an infradred linestrength for CF

2 can
be 3&2aiqed.
A ]
Before proper quantification  can be

accomplished, 1t 1s important that both the CF2 and the
HC1 have rotationally and vibrationally relaxed, since
both are formed in excited states and detection occurs in
thewvibrational ground state. The HCl signal was found to
be constant over a timescale ranging from about 25 us to
at least 10 ms,” which indidates that the HCl hys had
sufficient timed for rotational and vibrational relaxation,
but not sufficient time for any wall reactions to have
occurred (even‘thohgh diffusion to the walls has occurred
over this time pe:i;d). Typical rate constants for HC!
vibrational relaxatioh in collisions with halogenated

methanes45

indicate that relaxation should occur over a
timescale of tens of microseconds at the pressures
employed 1in this work. Thus, it appears that gquantifying
the HCl (v=0) at a time o r 2 ms dfter the co, 1laser

puise vields an accurate measure of the total HCl produced



. ST \
- ,

in the pulse.

Evidence for rotational relaxation 1in CF2 can be
obgserved in Figure 3.4, aéfthe ratio of the signal
intensity of the three lines is not constant with time.
The middle line of the triplet, arising from a state with
higher rotational excitation, 1is more intense at early
times relative to the outside lines. Ag time progressesi
the intensity of the outside lines &ncreases relative to
the central 1line until thermal eqﬁilibrium occurs after
about 150 us. The overall growth of the CF2 signal over
‘this time period is attributed to vibrational relaxation
(CF2 has a vibrational level in coiﬁcidence with a
vibrational level of the parent CFZHCI). " Addition of
other molecules with vibrational coincidences with CE‘2
(CF4 and N20) had no effect on the kinetics of CE‘2 decay
or on its peak yield. Thus, it appears that the CF2 has
reéfxed to the vibrational ground state after about 150

@

us. gince at this time thé amount of CF

ey

2 lost due to

reaction is negligible, it is possible to.make an accurate

determipation of the amount of CF2 produced in. the laser
G

lse' ‘ - | “ F
i _ > _

' In addition, the temperature of the gas after
passagie  of a CO2 . laser pulse 1is impoftant, since
absorption strengths are temperature dependent- To
measure this(:smperature, a trace of N20 was added to the

A



A

/ |

FIGURE 3.4: TDL tgranslent absorption spectrum showing the
-1

presence of the CF2 triplet near 1243 cm ~. CE‘2 is

produced by irradiation of 800 mTorr of CF,HCI. The TDL
sweeps over three CF2 lines at a mgdulation frequency of
40 kHz. The strongést absorption line corresponds to
about 20% absorpfion. The growth of the two outer lines
relative to the central line of the triplet is attributed
to rotaticnal relaxation. The overall growth of the
triplet 1is attribﬁted to c%scading of vib;ationally
excited'CF2 into the vibrational ground state.
‘ A

o3 s
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4
s
%hﬁtolysis mixture and the time-resolved absorption of N.,O

I

on a temperature-sensitive tranaition (P(45) at 1243.795
cm_l) was performed. After passage of a CO2 laser pulse,

e measureable increase in N20 absorption (to within 10%)

was noted over, 20 ms, indicating no significant
temperature e, (A 10% increase in N20 absorption on
P(45) would orr¢spond to a temperature change, of less

than 10 K.}

3.4.2 LINESTRENGTH AND BANDSTRENGTH CALCULATIONS

. 4In order to guantify the product HCl (and thus the”
CFZ), a number of independent data sets from e IRMPD of
CFZHCI over a range of conditions was required. Thus, the
peak transient CF, signal \@t about 200 us)&fnd the peak

HCl signal (at about 1 ms) were measured as a function of

foz A=x8er fluence. Lh'Abso{ute guantification is

atcomplished using known linestrength data (2.68 x 10 -20
S cm molecule_l for HCI P(9)}46 as follows:33
o = (1h 2/m1/2 (p/760) (s/8v) e (3.4)

‘.:/

y a * . : . - -
where @  1is the absorption per cm at line center, s is the

linestrength, P 1is the pressure in Torr, and AvD is the

o ,3.
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Doppler limited linewidth. It should be noted that
equation (3.4) represents pure Doppler broadening, and
ignores the effeets of pressure broadening. However, 1in
equation (3.5), only the ratio of aOICF2) to uO(HCl) is
required in the calculation. Since the effect of pressure

b;oadening will be siqilar in both «cases, it can be
neilected without prodﬁéing any significant change 1in the
resylts. B ‘ ' . /

| Thus, the ratjo of linestrengths of CF2 and HCI is

given by: A\S . -

.

)/AvD(HCl)]

S(CFz)/s(HCI) = {uo(CFz)/uo(HCl)] [évD(CF2
’7 . ‘ ‘/ el I.“(Jls)
‘ ‘h P
The ratio of GO(CFz) : %QLHETS i1s found from Figure 3.5

to be (0.8+0.2) for all fluences studied, since both
- products display gBe same fluence exponent, 1.7. (The
error vepresents +1¢.) The varia£ion in this 'fa%}o is
predominantly a reproducibility error. caused by random
éhanng' in beam geometry, sanple pressure, ~CO, laser
, fluence, etc. HThe .;atio of the Doppler widths, as
caléulated from equation (1.8c¢) is 0.40,. Thus, the CF

2
linestrength is determined to be (9+2) «x 10-21 7'cm

AN -
mblecule”! for the TQ;(9) line at 1243.0185 em L.

As a final check of the CF2 linestrength

-~
S



FIGURE 3.5: CE‘2 and HC1l yields {(in terms of the

absorption per cm, uo) as a function of the average CO2

laser fluence. The CF2HC1 pressure 13 B00 mTorr.
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measurement , CF2 decay and C.,E‘4 giowth were moniitored (1in

separate experiments under identical conditions). Cqbd
pressures were obtained from a Beer's Law calibratifn
- 2 »

plot, while CF, pressureé were calculated usisg the
&

linestrength determined above. Figure 3.6 shows that the

C,F, growth accounts for (75+25)% of the CF, lost. The

error in this measurement 1is largely gue- to the

uncertainty in the measured CE‘2 linestrength. Since minor
amounts of CF, are lost to COF ,, by wall reactions, this
stéichiometry gserves as an- independent confirmation of
the linesﬁrength determined above. (COFz.is difficult to
quantiff,due to thé small amounts produced and calibration
difficulties due to the instability of the molecule.)

| linestrength of the ‘one transition

\ B .

possible to calculate the

From t

measured ° here, it
linestrength for any transikion in the vy band as well as

the overall bandstrength for v

1
/,// CF2 i1is described in spectroscopic terms as a near
prolate symmetric top. That 1is, the spectrqaggg;c

constqﬁF A is greater than B and C, the latter two beihg
approximafély eéﬁal. .The parameter, «x, which is -1 for a
true prplate symmetric fop, 8 for a totﬁllf asymmetric
top, aﬁa *1 for a true oblate symmetric top, is found fo

A ]

be -0.97 for CF, using the values of A,.B, and C quoted by

- ' v

! N~

¥
e

i
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¢ FIGURE 3.6:

Partial pressure of CF, and C,F, as a

B

function of time following photolygis of 800 mTtiE//;f

‘ ) .,
CF,HCl at an average CO, lager fluence of 17 J em “.
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-the vibrational and rotational partition -functions, R
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38

Davies et al. However, ./ dome asymmetric doubling is

——— 4
,observed in the CF2 2] gspectrum for values of Ks5 or
. ) .
Nal4.38 Indeed, the rQ3(9) line i3 split into one line at

1243.0185 cm-l (for which the linestrength has been

measured} and another line (three times as weak) at

A
1243.0253 cm 1,38

»
and is statistical in nature (3:1 ratio of the two

Since the splitting is not too severe

linestrengths), for the purposes of calculation it is

acceptable to treat the two rQ3(9.) lines as one line, with

-

a sgatrength 4/3 times that of the strongest line,~and then
to treat CF, as a prolate symmetric top. Therefore, the

overall linestrength of the‘rQ3(9) lines is 4/3 X (9+2) X

=21 20

10 (1.2+0.3) X 10°%Y cm molecule™l.

>

To calculate another ‘linestrength from the

linestrength measured. above, one begins with the general
33

[

formula for the linestrength, s, given as follows:

~ —_

2

s=(87°v) /3hcp) (Ng /2 9 ) (R _*1(R_%) exp(-E(N,K)/KkT)

v ' [l-exp(-hcev/KT)]  +...(3.6)

-
[N

. © .
where v is the transition frequency in cm-l, QV and Qr are
2
v

is the vibrational transition monment, er is the Honl-
London factor, INK is the 'degeneracy of the rotational
level, and E(N,K) is the energy of the lower state

-

[

»
o
A

L)
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rotational level.

In order to determ}ne the linestrength of another

‘transition from the one measured above, only the

transition frequency, v, the Honl-London factor, the
degeneracy, and the Bdlézmsnd factor need be cdﬁside;ed;
sinqé all other terms are.in&epgndent of the pq;ticﬁlar vy
transition being considered.

The overall-bandstrenéth, A, obtained as the sum
of s over gll allowabﬂe‘N and K, can fe approximated ‘és

follows:33

&

A=(8ﬂ3v /3hep) (N/Q ) (R 2)[1-ekp(hcv/kT)] e 030570
- o N v , ' .

Division of (3.6) by (3.7) and rearrangement yields:

L

A

- 2
A-(volv) (s/gNK R

- ) (Qr/exp(—EFN,K)/kT)) ....(3;§)'

' Using our’measured linestrength, the Honl-London factor,

the degeneracy, and the-Boltzmann factor for rQ3

the  rotational partition function for CF,, ' the v

(9) and.

1

bandstrength for Cleis calculated to be (3.4+0.8) X 10f18

_l .
cm molecule —, —_-

4



found to be (2.3+0.7) X 10

10~
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e

3.4.3 CF,

KINETIC?

Quantification of the sz in the magner described
above allows one to know ‘the absolute concentration of CF,
present at énf time after the laser pulse, and thus allows
a -atudy‘ of the decay kinetics of CF,. To observe its
decay, the CF2 gignal was monitored on a longer timescale
(10 mﬁ). Since decay of CF2 18 expected -to occur via

combination .of twe CF2 molecules to form C2F4, the CFé

, decay follows second order kinetics (see Appendix A):

-

d(CF,)/dt = 2 k 2

2 K(3.2) (CF

2 :...(3.9al

&

(cF)"1 = -2 o, e (3.9B)

(3.2)

[y

. where k(3'2) is the second order rate constant for- CF, .

recombination.: e

-1

Thus, a plot of (CF,) ~ 'versus time should yield a

2
straight line with slope —2k(3‘2). - From such a plot,

‘'showh in Figure 3.7, . the recombinatidﬂQraté constant is

14 1 -1

cm’ moleculef s = for 800

mTorr of CF2EQI‘ near room t;mperature. This 'may be

14 -1

‘compared with a pressure independent value of (3.71013) X
cm3 molecule-1 8 at 300K measured by Tyerm n.47

There may be some error attached to our rate coefficient

~
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¥
FIGURE 3.7: Second order plot (the inverse of the 'CF,
_ . - 2
linecenter -absorption coefficient, a . versus .time) -

showing the decay of CF, via‘ recombination. The data were

”

obtained by photolysis of d%b mTorr of CF2HC1 with a peak

‘COZ laser fluence of 17 J cm-.2

&
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by

determination due to inhomogeneous kinetics. That is, the
~ . |
radial ‘profile of the €O, laspr as it i§ transmitted

8]

throug{j'the capillary is Gaussian, and thus the CF
partial pressure could be somewhat higher in the center of
the capillary than near Ehe walls. ~However, this effect

will be eliminated by diffusion in a few milliseconds.

"Also, some small amount of the CE, apparéhtly reacts with

the capillary walls to produce COF2.48\

3.5 SUMMARY

In this- chapter, the time-resolved detection ~ of

CF2, C2F4! and HCI fbllowiné the IRMPD of CFQHCI has beéen

——

. accotiplished using tunable diode lasers. The growth of

the observed Cleéignal over short timescales (between - ng'

and 200 uws) shows evidence for vibrational and rotational
relaxation. Studies-over longer timescales (as.long as 20

ms) show that CF, decay is second order, with( a rate

- e .
{ -
constant for recombination of-— (2.3tp.7)\7x 107 on?
molecule_l s?l " at 800 mTorr é‘g room temperature, in
reasonable  agreement with }é%e literature. Finally,

determination of the HCl and CyFy produced at a variety of

fluences\\led to the direct quantification of the CFz

produced and hence, the measurement of a linestrength for"’
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' 21 r

CF (9+2) x 107%! om molecule™ for the Q4(9) line at

2!
1243.0185 cm_'. This 'linestrength was then used to

calculate the overall bandstrength for v, of CF, which was

=18 .nm molecule L.

estimated toibe (3.4+0-8) X 10
The fmjoriﬁy @f the work described here has been
accepted. for publibétion in Chemical Physics Letters
(authors Orlando, ééiﬁ, and Smith). The work 6f C.E.
Brown ' and P.H. Beckwith in establishing the detection of
CFé with TDLs, as described in reference 36, is gratefully
acknowledged; _ ! \

\
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CHAPTER 4 X ~

<

IRMPD OF HEXAFLUORQACETONE

4.1 INTRODUCTION ) -

—
. . >
In this chapter, the results obtained in the IRMPD
of hexafluoroacetone are discussed. Tpe'detection of CFq
using the transient  TDL absorption technique is

’ established; and time-resolved detection of CFz, GF4, co,

COF2, and .ézFé following single~pulse photolysis - of

hexafluoroacetone is achieved. The photolysis me

‘is 'elﬁ idated, and qugqtification of the CO and 2F6
pfoduceS per pulsé allows for a calculation of CF3
linestrength and CF, v, bandstréngth. ,Kineticigtud es.of-
CE‘3 decay ére also made. A -rate _Eonsfant for CFj
re;ombination "is obtained, and rate constants for/ the
reaction of CF3 with added NO énd O2 are also ermined.’

4.2 EXPERIMENTAL

Only -the . experimental details specifié- tc the

.. results of this chépter<will be described here. aAn FT-IR

-spectrum of 0.5 Torr of hexafluorcacetone, recorded in a

AN
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-~ .10 cm long Pyrex cell; Ts presented in Figure 4.1.
Hexafluoroacetone photolysis is done with the 10R(10) 002'

. i _ .
' lager line at 969.15 cm 1. Stable product  analysis is

accomplished by FT-IR and TDL absorption spectroscopy, as
‘ detailed in Chapter 2. |

Transient detection of CFy, CF,, CF,, COF,, C,F,,
and CO folléwing one-?ulse photolysislof hexaflubroacetone‘
QEB accomplished, using the experimental design presented
in Figure 2.4. In " this  'case, 600 mTorf. of
hexafluoroacetone . iz flowed through the Eapillary cell
since the flow time thrdugh the cell was very slow
compared to the CF3 reaction ratg. For this work, CO was '
detected on P(23) at 2046.277 cm~! and quantified using .

known- linéstrength data.351 C2F6 {near 1263 cmwl), CF4-

““(near 1269 cm !

). and COF, (near 1263 em™ Ly absorption
features were -identified”-Ly comparison .- with standard
samples‘ and quantified from standard Beer's$ Law ploés‘pof
a, versus .the concentration of th;' st?nQard samples.
(COE‘2 ‘calibrations y%eld only_upper limiﬁs'since COE‘2 is
unstable; and signifiﬁ%ﬂt decay fo CO occurs over a perio&
of ﬁi;utes.)‘ ' ; < :

Obyiously, the most difficult molecule to detect
is the transient species, CF3.' Yamada and‘Hirota39 have
sthdied tPe Vv ban&‘qf CF3, ‘by'produqing CF3 in a 60 Hz

discharge of CF3I.' With the aid of Zeeman modulation (to



FIGURE 4.1: FT-IR

%

-hexafluoroacetone. The

gpectrum 1s recorded

resolution of 2 cm ' over a pathdength of 10 cm.

spectrum of 0.5 Torr

at
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differentiate between the paramagnetic CF3 absorptions and

the diamagnetic stable product absorptions), they were

able Eo identify and assign several hundred Vg absorptién
features. Attempts in our lab to produce CF, in a 2450
MHz dischargé of CFaI or C2F6 led to the dgtection.by TDL
of oﬁry)CF4 absorp?iong. Thus, the exact TDL temperature
and current settings to find CF3 lines were not’ known
prior to - commencement of -the, tfanaient experimenés.
However, IRMPD of Cb3I and éE3Br (known sources of CF.

3
led to the identification of around 75 transient

)

absorptions in the neighborhood of 1263 cm '. With the

use of a monochromator and with the known absorptions of

-

CH4 and Nio in this region to aid 1in 'frequency'

calibration, the -frequencies of " about 50 of these

-

.transitions could be:métcﬁed (to.within +0.001 cm-l) with

the. - frequencies feported by Yamada and Hirota. The

remaining absorptions that we.observe occur in”", a region

where their TDL appears to node hop.. Therefore, the
agsignmnent of our observed tfangient absorptiors to CF3 is

almost certain.

~ - 4.3 PREVIOUS WORK o e

- . “

The IRMPD of hexafluoroacetone was first realized
AN ' N ' i
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in the late 1970'3,49 and subsequent studies showed that
the, process could be made isotopically selective for 13(‘.’
and 180.50_52 However, while other report553'54 on IRMPD.

of hexafluorocacetone have appeared in the literature, the
primary photoiysis mechanism has not been firmly
egtablished. \ ' § ]
There appears to be only one  report in the
literature regarding the tﬂexmolysis of
55

hexafluoroacetone. In that work, the authors report two

primary photolysis mechanisms:

{CF )2CO + CF3COF + CF2

+ C,F. + CO e (4.2}
2 6~ ,

with the first reaction dominating at high temperature

(above 850K) and the second dominating . at lower

4
temperatﬂres. The low pre-exponential factor (109'6)

determined for k‘4 2) led to the conclusion” that reaction

.(4.2) proceeded via direct elimination of C,F¢ rather than

via the sequential production of two CF, ' molecules

tequation (4.3) ), which then combine to form C2F6

(equation (4.4) ):
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(CF3)2C0 : + CF3CO + CF3 ceaa(4.3a)
L CF3 + CO «v..{4.3b)

2 CF3 * C2F6 R Y

| .
In contrast, the photolysis of (CF

13) 2
56 57
and the vacuum UV has been shown to occur

CO in both

the near UV
via the reaction pathways (4.3) and (4.4). To the best of

our knowledge, none \of the IRMPD studies conducted to

49-54

date has confirmed whether the dissocration occurs

via direct production of C7F6 or via successivye

elimination of two CFy molecules. Thus, the first step in

- . L] ‘
our study was to determine the IRMPD mechanism.

4.4 RESULTS AND DISCUSSION

4.4.1.PHOTOLYSIS MECHANISM

Srwn

Irradiations . of 1 Torr of hexafluoroacetone were
dondﬁcted in standard photolysis cells at peak Cé} laser
fluénces failthe‘focus) ranging from 3 J cﬁ-z to 16 J
cmfz. FT-IR analfsis showéd”the presen;e of C,Fg. CO, and

an absorption feature at 1896 cm™ ! assigned\ to CF,COF.

3
' TDL absorption spectroscopy confirmed the presence-of €O
. ~ ,
and CyF., and also showed evidence for some ChFye The

yield of C,Fy relative to,CZF6 was always less than 10%



~

iR

over the fluence range studied, and did not seem to
indicate any trend with fluence. These observations led
to the conclusion that the in dissociation channel

involved (as expected) the~f&rmation of C FG via reaction

2

. (4.2) and/or (4.3) while a minor channel led to the

productioﬁ of C and CF3COF (reaction (4.1) ). Addition
of H2 to the phoflolysis mixttire led to the production. of
small amounts of CHF3 (detected by FT—I%), suggesting that
CE‘3 production was occurring.

To distinguish conclusively between reaction (4.2)

and (4.3), we set out to detect CF using time resolved

“TDL, absorption spectroscepy. Figure 4.2 shows that CF. is

3
indeed formed following the IRMPD of hekaﬁluoroacetone.

Detection is done on R (200 at 1264.739 cn”l.  Kinetic

analysis (see Section 4.4.5) showed the CF3 decay to be?®

. second order, consistent with reaction {4.4), Further, it

was shown (see Figure 4.3) that no C2F6 is present
immediately following the pulse, but that the
concenﬁgation of C2F6 increases with time following the

pulse. (The time dependence of CZFS growth is difficult

- to measure quantitatively because of the interference of

CF3 abgorption at early time as seen in Figure 4.3).°
Thus, it seems certain that the IRMPD of hexafluoroacetone

involves the initial production of CF, {reaction (4.3) ),

Z'.



FIGURE 4.2: .Transient tunable diode laser absorption

gsignal from CF3 created in the IRMPD of hexafluorocacetone.

r

The detection is done on the Rlﬁ(%yl CF} absorption line

at 1264.739 cm L.
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FIGURE 4.3: Transient absorption near 1263 cm_l, showing
CF3 decay immediately following the CO2 lagser pulse, and

the growth o C2F6 at later times.




\\ “?
\\ i S
AY
e ——
- -El-"h—
Y e
—e
; —— |3
r-.‘.!’
——=—
- —
= e
°
B — ey \
——emasiee. s —
® N - <+ ©
N & 2 b <

o

(Aw) 1IVNOIS ¥o1d313@ .

r
T

TIME - (ms)

78



.
r— .

79

which is followed by combination offCF3 to form C,Fg

(reaction (4.4) ).

A search was also made for CF,, CFy and COF
, . . 4 -
using the transient TDL technique. No evidence for CF., or

«
CE‘4 was found, indicating that less than 2 mTorr of each

2

* 14
of these species was formed after a CO2 pulse, even at the

+

highest fluences used. Th&s would indicate that secondary.
dissociation of CF, }adiéals to CF, and disproportionation
of ‘two CFS radicals to form CF, and CF, are unimportant
mechanisms for CF3 decay under the conditions émployed An
this study. Trace amounts of COF2 {less than 5 mTorr per
pulse) were\n&ted, probably the result c? CF3 reactions

1

with the Pyrex walls of the ceil.

From the stoiéhiometry of reactibns (4.3) and
(4.4), it is apparent that each dissociation of
hexafluoroacetone produces‘ one molecule‘of Co, and two

molecules of CF3 which combine (over a timescale of- about

400 us) t& form one molecuie of. C2F6. Thus, from . a

measurement of the initial CO yield and C,F_ yield 400 us

6
after the one-pulse photolysis of hexafluoroacetone it is

possible to guantif®_the CF3 and thus obtain its infrared

absorption linestrength_and_bandst}ength,

i
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4.4.2 Vibrational Relaxation of QE;’

It is important that the CF3 be vibrationally and
/

rotationally thermalized fsllowihg photolysis, since
detection i%fdone in the vibrational ground state. The
increase in the CF3 absorption signal over the first 50 us
following the COé lagser pulse (see AFigure 4.2y is
attributed to cascading from vibrational excited states.
Since CF3 has a vibrationa& energy‘level_coincidence with
the parent hexafluorvacetone (near 1280 cm-l), the rate of

A

CF3 relaxatiéﬁréhould be fairly rapid. Addition of N,0
(which also has a vibrational energy level coincidence
with CF3) to the photolysis mixture had no éeffect on.
either the riSetime of the CF, signal or its peakl'yield.
Thusg, it is likely that'CE‘3 vibrat?onal reiaxation is_nea;

[

completion after about 50 us.

To properly quantify the C,Fe and CO (and thus the
CF3) obtainéd in the IRMPD of hexafluoroacetone, a numbeér
of independent data sets over a range of conditions was

required. Thus, these yields were monitored over a range

of fluences. A plot of C,Fye yield (after CF4
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récombinatién is complete) and CO yield (measured 100 us
after the’ puls;) versus fluence is given in éigure 4.4.
As expected, the <CO and C2F6 vields are egqual within
experimental error. From the stoichiometry of the
dissociation, the initialACF3 vield is twice the C2F6 and
Cd }ield. Thus, the CF3 absarption at linecenter, @ , can

be related to twice the C2'E‘6 or *CO yield at each fluence

studied (see Figure 4.5).

4.4.4 g3, LINESTRENGTH AND BANDSTRENGTH CALCULATIONS

[

Before quantificakion can be done, it is impprtant
that the gas tem;erature immediatély following photolysis
be knownAsince_absprption linestrengths are temperature
dependent. To measure this ﬁemperature, a small Amount of
N,O was added to the photolysis mixfure and transient
absorption measurements on the P(45) N,0 line at 1243.795
cm-l _ﬁere performed. No nbticeable incréase in N20
,absp;ption -{within 10%) was noted-over a timesﬁale of 20
mg, indicating no detectable temperature rise {(less than
-IOK) foliowing the passage of the 002 lasér pulse,

The lineét?éngth can' then., be obtained using .

equatidh (1.10):33 ‘ ) .

1/2

a_ = (In 2/m) (s/&v,) (P/760) e (4.5



~

FIGURE 4.4: ~CO{(+) and C,Fo{D) yields -from IRMPD of 600
-

mTorr hexafluorvacetone as a function of the average
*  “incident CD2 laser fluence. The irradiations are done
with the 10R(10) CO, laser Ithe. - ‘

&

o
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FIGURE 4.5: Plot of CF4 absorption per cm at linecenter,
ao,'as a function of CF3 pressure. for CF3 is measured
a;\\é'varieEy of co, laser fluences,. and the CFy pressure)
is obtained from the CO and C2F6 vYields measured at each

of these fluences and a knowledge of the dissociation

stoichiometry.
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where 8 18 the linestrength, P 13 the pressure 1n Torr,

and AvD 18 the Doppler width. Thus, the slope of the o

5 r
(s/nvD). Av_ for

D
. p ) - -
v CF3,_ from equation (l1.8c¢c), is 9.44 X 10 4 cm 1 and thus

(1264.739 em™ ) is

versus P plot (Figure 4.5) is (ln 2/m)°

r
R16(20) of CF3

found to be (1.4+0.3) X 10720

the linestrength for
cm molecule-l. The error
in the linesErength arises from the reproducibility error
in the' CO and C2F6-yields (about +10% for each, :io).

As 1n the ogge of CF,, the mﬁasurement of this
-sihgle' CE‘3 Vv, linéftrength allows the ca}c%é?tion of all
other v, linestrengths as well as an estiméte of the v,
bandstrength. CF3 c#n beldescribed in spectroscopic terms

as an oblate symmetric top. That is 4 the speckroscopic

.constants A and B are equal and are greater thap-C, while

#1. 1In order to calculate another linestrength from the
one measﬁréd'here, onl# the transition frequency, v, the
Honl-London factor, the degeneracy and the Boltzmann,
ﬁacto?l for  the new line need be cqlcqﬂated, since -al}

other  terms are independent of the particular v,

K

transition under consideration. v
ey _ ' _ ‘ -
The bandstrength, A, can then be'‘calculated from’
the -degeneracy, Boltzmagpn factor, and measured
: ) -

linestrength for :R16(20) and Q} for CF3, using equation

(1.15) ¢
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A =

2
[%igr)l/[Rr (gNK)exp(—E(N.K)/kT)I erea(4.6)

The CF3 Vg bandstrength s determined 1in this manner to be
(8+2) X 10_18 cm molecule-l. This Vv, bandstrength 1is
about a factor of two or three larger than our previously

measured value for CF2 vl, and 1s about a Ffactor of 25

smaller than that of CF4 vy, one of the strongest

-
infrared absorption bands recorded.

f
;

<
4.4.5 §£3 KINETIC S;EBIES

Calculation of  the CF3 linestrength and
i
 bandstrength as detailed abovivallows for a determination’

of 1its absolute concentration at ahy time following the

~

CO2 laser pulse. In Figyre 4.2: a ﬁeak QF3 absorption of
g g

about‘k 35% 1is obtained. This ébsérption corresponds to a

15

concentration of about 3 X 10 molecules cm_3. While no

*

attempi}ﬁwas made to achieve maximum sensitivity in. the

present work, fractional absorptions of 3 x 1072

S . x
‘obtained in related experiments.36

have been '
b
This senéitivity

.

corresponds to a hiniﬁﬁm.detectable CF3'concentration of 3

x 10t1 moleculesﬂcm_3.

‘ 'Knowlédge of the CF3 concentration as a function
of time .allows a study of its kinetics. -~ In the case of

pure hexafluorocacetone photolyéis, “ the only decay cf.CFj



Y

phould be via recombination (equation (4.4) ). Thug,
2

d/dt (CF,) = -2 k (CF,)

(4.4) 3 seasfd.7)

.and CF, " decay should be second order (see Appendix A).
For second order kinetics, the initial half-life should

vary as the inverse of the initial CF, yield:

§

L]

1/(k X (CF

tyso = Vikiy 4y

305! , ve-.(4.8)
h} .
where K%CF3)O is the_initiallCF3 ?ohcentration dﬂ%3t1/2 is

the time at which (CF,)=1/2 (CF3)°L To.test that equation

3
(4.8) -is indeed valid, the initial CFy yield was varied by

a factor of five (from 5 mTorr .to 2%0 mTorr) by varying

-

both the 002 laser fluence and the initial

héiafluoroacetdne pressure. hIﬁ fifteen sepa&ate triala“

'-(see ?@ble 4.1), the prodqct of ty /0 and (CF3)0n was

constant to within + 10%." This observation, coupled with
the fact that all CF3 appears to be converted to E2F6 (the
CO and c2F6 yielda‘aré equal), leads us to ébnclude that

we are indeed measuring a recombination rate and not a CFj.
[ 4

reaction with the cell walls, even though wall collisions

- €
must be occurring.

CF3 recombination has ‘most recently been studied



TABLE 4.1: Initial -half-life of CF 4 decay at various

initial CF, concentrations, (693)0, formed by the IRMPD of

’hexafluoroacetoné. The rate constant, k, for CF3
-z recombination 1is reported for each trial in unitsg of cm3
moleculé—l 3-1. The half-lives are estimated to within

+5 us, while (CF
1
entry in the table is the average of. three. separate
A} - ,

3)0 is estimated to within + 10%. Each.

+

’
r
trials, recorded under identical conditions.- -~

—ay
v
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TABLE 4.1
12 st
. HFA kX10 (CFq) L°” Half  (t, ,)X(CFy)_
Presasure (mTorr) Life (us) {mTorr.us)
- 600 2.2 52 130 6760
400 . 2.3 ‘ 57 120 6840
600 2.0 71 110 7810
800 2.1 v 82 85 6970

600 2.2 229 30 6870

B
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kN

v
by Selamoglu et 31.58, who obtained a value of (3.0+0.4) X
10-12 cm3 molecule-1 s-l for the rate constant of reaction

(4.4) near room temperature at a pressure of about 10
mTorr. Detailed RRKM calculation§ for reaction (4.4) were
also performed in reference 58. In these calculations, a
hindered Gorin model for the transition state was
employed. That 1is, the vibrations cprresponding to fhe
bending of a CF3 group relative to the C-C bond are
replaced by two @indered CF3 rotations in the transition
state, each with axes normal to the c-C bond axis. The
degree of hindrance is given by a parameter, n, which
reduces the effective moment of inertia by an amount (100-
n)/100. This model, with n=92%, was found to give a good
fit to experimental results for k(4_4) at a VQriety of
pressures and temperatures. From these calculations, the
authors concluée-that their value for kt4.4) (measured at
10 nmTorr) represents approximately 75% “of .Ehe high
_greésure iimited value, while extrapolation of their
calculations to the pressures employed iﬁ our study
indicate that our resulés should be at or very near "the
hi;h pressure limit. indeed, we see no variation in our
measured'.raté\constant, k(4_4), ﬁpbn variatiog of the
hexafiuoroacepone pressure from 380 mTorr .to 800 mTorr, or

upon addition of 1 Torr Ar to the phdtolysis sample. The

average rate constant obtajined in this wqrk is (2.2+0.5}) X
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i

10712 cn? molecule™ s~ , in good agreement with reference

~

8. (The error is largely aue t ‘the error in the CF3
linestrength). An example of 34§icond order decay plot
(the inverse of a, versus time) is presented in Figure
4:6.

In addition, the‘decay of CF3 has been monitored
in the presence of added NO aqd 0,. . For these cases, CF,
decay can also occur via:

CF, + 2 X + CF,X + X ' sees(4.9)

CF, + X + M + CF.,X + M cre.(4.10)
where X = O2 or NO.

Since ‘the recombination rate cannot be neglected
relative to reaction with the added gas, the analysis of

" Laguna and Baughcum was ubed:59

&

(X) (M) + (k(4.4)/ln 2)(CF

. 2
=k (X)‘ + k 3)o

R YITT)

In 2/t (4.10)

1/2 7(4.9)

3

where (CF3)° is the iﬁitial CF, concentration 'and t1/2-is’ .

the time at which (CFy) = 1/2 (CFy) .  Figure 4.7 shows a
plot of 1/t;,,  versus (0,) or (NO).  (The
hexafluorcacetone pressure is cons%énn,af‘ﬁoo'pTorr), ‘In

Y . .

S
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h%

FIGURE 4.6: Second order decay plot (the inverse of the

>

absorption coefficient per cm versus jime) for the-

recombination: of CF,.- CF3 is created from the IRMPD of

3
600 mToLr of hexafluorocacetone. The 10R(14}) laser line,

with a fluence of 34 J cm‘2, is employed.

- -
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FIGURE 4.7: Plot of the inverse CF3 half-life (ms_l)

. Al

versus the concentration of added 02 or NO (Torr). CF;-ia
. _

created by the IRMPD of 600 mTorr of hexafluorcacetone at

_ . - i
a O, laser fluence of 34 J cm™2 (on L0R(10) ).

" | e | ' 1{

=z

.



1.0

(o]
~

(e-3u)

10

e

= 341T-41VH -

" GAS PRESSURE (Torr)

91

-



92
both cases, this plot gives a good 3trakght line, whereas

2)2 or (MO)Z 13 curved. This 1is

a plot versus (0O
interpreted as meaning that hexafluoroacetone is a much

better third bedy than O, or NO,. .and reaction (4.10) . i

dominates over reaction (4.9). The slopes of theée plots"

: ,.A,.“ s f‘:
vyield th; rate co

fﬁenta for reaction (4.10), (2.1+0.5) X

10727 and (2.8+0.7) X 107%? cn® molecule™ s7! for x 0

M2
and NO, respectively, where the quoted errors in the

slopes are +lo. The rate constant for‘CF3 with 02 (M=N2)

-
has recently been reported as (1.9+0.2) X 10729 cnb <
mole(lzule-2 8-1’60 in exgellent agreement with our wvalue.

v

To the best of our knowledge, the only _published rate

constant for the reaction of CF, and NO is a high pressure

3
.. - -11 3 -1 .-1
limited value of 1.6 ¥ 10"~ cn” molecule = § ~, measured
at total pressures greater than 20 Torr.61
o
4.5 SUMMARY
N s '; - .“ T

R 7 - ‘ ot s ) .

- In this chapter,  the IRMPD of _&anfluo;oacetone

has - been. iqéestigqte&,. using a time-ifss;ved TDL
?bsorption techniéﬁe ‘to identify and measure absolute
yields of transient and stable products of the photolysis. * {'
It was found that the major dissociation pathway led to

the production of CO and two CF, radicals, which_ then

combine to form C,Fg The lack of measureable yields of

<

A
b}

. r
. JEE I .
]
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!

Cﬁi) or CF4 eliminates the possibility of secondary

Al 3

dissociation or_dlisproportionation of CF3‘as gignificant

processes for its removal under the conditions employed
/ N

. here. Evidence for a @econd channel of dissociation, \_

formiﬁg CF3COF and CF2, was found in many-pulse

photolyseéégfgzng quantification of the C2F6 and CO formed
in a sing pulae allowed for'th:\guantification of ‘“the
CF, and thus a measure of a CF, linestrengtl, (1.4+0.3) X

10-20 1

cm molecule -~ for. rR16(20),‘ and the CEy Vg

3
-18 1

bandstrength,  (8+2) X~ 10 cm molecule ~. = In

addition, the kinetics of CF3 decay have been studied.

The room temperature rate constant for recombination of
°

+ to form C,F_. was, measured to be i2.210.5) X 10—12'cm3

3 “2%6
-1

' CF

moleculefl 8 at or‘'near the high pressure limit, while

the rooMNtemperature rate constants for CFS reacting with

Ozwand NO were found to be (2.1+0.5) X 10-29

29 6 2 -

and (2.8+0.7).
en® molecule™ s71, respéctively. (

X 10~

The time-resolved TDL detecEioﬁ‘of CFq and the

defermiﬁétiqn of the CF3 recombination raie eonstant are
_descfib d in a péper‘aqcebted for puglication in Chenical
thhi 8 Letters (authors Brown, Orlando, Reid, an Smith);
The emaindér-_of the work has been submitfed for
pﬁb{&sétion to thg Journal of Phys%gal Chemis;r (authors
Orlaqgo and Smithl}. 1In particulaf, acknowledgem&nt is due

-
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CHAPTER 5

IRMPD OF CDCI.,/CHCI

HYDROGEN ISOTOPE SEPARATION

}i

5.1 INTRODUCTION

LN

In this chapter, t?e use of TDL absorption
spectroscopy 1in studies of isotope separati;n by IRMPD 1is
examined. Quantitative analysis of HC) and DC% following
IRMPD of ?hiofdfo;m (CDCl 5 and CHCl,) is pe;formed, and
DCl detecgion following IRMPR of natural abundance CDCl3
in CHCl3 is achieved. | However, it is shown that
quantitative méasurements of HC1l and DCl on a timescale of
‘minutesfﬁoilowing IRMPD arg-compliéated by the presenée of
isotope exchange rgactioné‘.and wall adsorpeion and .
desorption effects. To overcome these: complications, -
short timeécale HC1/DCl detection (-~ 55 Us)  using -}DL
absofption spectroscopy is developed. This tecﬁnique, in
conjunction with stable product FT-IR anéIyses, provides
information oq the 1sotoplc select1v1ty of c¢DCl.,/CHCI

3 3
'IRMPD and on the post-photolysis mechanism.
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5,2 EXPERIMENTAL

Only the details specific to CDC13/CHCI3 IRMPD

experiments will be presented here, with' the general

techniques described in Chapter 2.

An FT~-IR spectrum of a mixture of 2.5 Torr CDCl3

and 2.5 Torr CHCl3 (recorded in a 10 ¢m long Pyrex cell)

is shown in Figure 5.1. The spectruh was recorded with a
oy .

4 cm ! resolution. Selective absorption by c0323 can be

achieved near 900 cm-l,, where CHC’l3 does not absorb. co,

laser jrradiation is done using the 10P(48) CO, laser line
in the case of stable product analyses, and 10P(38) in the

case of transient . DC1/HCl detection unless otherwise

-

stated. (10P(38)  was wused for the transient DCIl/HCI.
' o 1

measurements rather than the more efficient 10P(48)
because the high repetition rate TEA 801-A laser did not

provide sufficient énerﬁ} on 10P(48) ).

For TDL spectroscopy, DCl was detected on R(7) at

L

2168.962 cm™l, R(8) at 2177.605 cm or P(2) at 2068.272
cm_l, while HCl was detected onrg(ll) at 2625.726 cm"l or
on P(9) at 2677.732'cm_i. Linestrength data for DCl were,
obtained from Benedict‘gg gi.62, while HCl linestrength

data were obtained from Pine et al 46

al. FT-IR deteEEﬁon of
1

~ - .
CC14 (was done at 793 cm . Quantitative anplysis was

.



/, FIGURE 5.1: An FT-IR spectrum of a mixture of 2.5 Torr
mef’)' CDCl3 and 2.5 Torr CHC13, recorded in a 10 cm long Pyrex
with a resolution of 4 cm-l.
o«
+ v

A
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based on a standard Beer's Law calibration plot of o,

versus CCl4 pressure. Similarly, CDCl3 was detected at 744

-1
cm T,

5.3 PREVIOUS WORK ;

The use of IRMPD for isotope separation is based

.\/H
on the fact that the absorption of the first few photons
in the IRMPD process involves resonant transi?ions, a;
.&escribeé in Chapter 1. Thus, in a gas mixture containing
two different isotopic species of a molecule, one épecies
can be made to éelectively absorb CO2 laser photons in the
presence of the pther‘ by tuning the éoz laser to an
absorption feature of the desired species. In the case of
hydrogen isotope sepafafion} the isotope shift (the
.difference between the positions of the absorption

features of the two ‘isotopic spécieS) ig very, large -

hundreds of cm ' . - and selective irﬁigiation of one
species 1is easy. In the case of heavier isotopes (eg.,
' . / ' .

12C and 1301, the isotope shift.is considerably smaller (a

- ) ‘ e
few cm 1) but selective IRMPD can still be achieved.
Halocarbons have attracted a great deal of
attention sSince their strong absorption coefficients in

the favelength region of the CO, laser and high density of

)
' »
. o
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vibrational states make them relatively easy to decompose.
In particular, the haloforms have been recognized as being
attractive for hydrogen isotope separation schemes.
‘CDF310519'63T68 was recognized as a possible
deuterium from hydrogen separation candidate because the
linear absorption coeffiéient of CDF3’T§’more than 2000
times Eﬁa; of CHE‘3 ?n thelcoz-llaser wavelength " region
(10.2 to 10.3 um).19 The major cargon—bearing product in

the IRMPD of CDF3 is C2F4, and the. dissociation mechanism

was determined téfggbas follows:

-

CDE, » CF, + DF ‘ ceeal5.1)

2 CF, * C,F, Peen(5.2)

Qith other unidentified products present in less than 5%
abundance.

The isotopic enrichment oF these processes can be
expressed in terms of two parameters: 8, the isotopic
selectivity, and Y, the prqduct isotope ratio. In the

L] . .
case of CDF,/CHF,, these parameters are defined as

follows:
N
" . o
B = {(DF)/(HF)} / {(CDF3)0/(CHF3)OE sees (5.3
Y =

(DF) / (HF) - : e (5.4)
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-
where (CDF3)o and (CHF3)O are the initial concentrations

of these species, and (DF) and (HF) are the amount of
these species produced in the photolysis.
Four separate laboratories have undertaken studies

of the CDF,/CHF; system. Herman and Marling10 measured

13

the amount of C in the C,Fy that was produced by the

13

irradiation of a mixture of 12CDF3 and CHF3 in order to

determine isotopic selectivity. They studied the effects
of lagser wavelength, fluence, CDF3/CHF3 pressure ratio,
and total p}essuré and found peak B values of over 20000.

It was also found19

*

that the addition of an inert buffer

. gas (argon) led to a large increase in the ‘dissociation

vield. This effect is attributed to rotational relaxation
of ground state molecules into resonance with the laser

(rotatioﬁal hole-filling, see Chapter 1).  Two=frefuency

IRMPD ‘studies "have also béen conducted.63 It was found

that the IRMPD spectrum was broadened relative to the

]

single frequenqy spectrum.

3

Tuccio and Hartford64

detected vibrationally
excited - DF and HF by ‘time-resolved IR fluorescence
techniques and measured a dissociation seléctivity of
195000. The? estimate a B value of 5000 in natural
fluoroﬁorm: . \Q

65,66

Evans and McAlpine measured isotopic

-
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selectivity by collecting the water formed by reaction of

1,2

the HF with the cell walls, heating the Qater over U

metal to form various isotopic forms of H2, and analyzing
this H2 gas by mass spectrometry. These authors were qble
to collect water enriched up to 30% in deuterium from
natural fluorﬁform; a B wvalue of over 2000, Their
observation that the dissociation yvield decreaées with
increasing fluence, then incgeases above 3 J/cm2 is
thought to " be due to a bottlenecking effect which is
overcome a? high fluence. Their studies on the effect of
collisions (by varying the ﬁ;tal pressure and pﬁlse

length) are “also consistent with the rotational ‘hole-

filling model of Herman and Marling.

Selective decomposition of CHF 4 at natural

abundance ‘has also been achieved, with the CHA
' ' 67

3
concentration decrease monitored by IR spectrometry.

CTE‘3 IRMPD has also been sgudied for tritium

sepération.69'70 . By - varying pulse' enerqgy, laser

wévelength, pulsé length, total-pressure, and temperature,
selectivitieé as high as 104 have been achieved for
removal of trace amounts of tritium.sg.
o " Hydrogen isqtope-'separdtion studies 1involving
chloreoform Ahave .been less abundant. T/D isotopic
 enrichment facﬁors of 165 were obtained by selective IRMPD

of CTCl3 at 835 cm-l using a 002 laser-pumped NH3;1a§er.7l

L
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72,73

Later stuéies led to the achievement‘ of T™/D

enrichment factors of greater than 15000. ' While D/H
separation using Shloroform has been - proposed74, no
gelectivity measurements have been ﬁade to date largely
due to the interference of product FT-IR peaké witﬂ the
startihg material. )

In addition to selectivity measurements,  the
photolysis and post-photolysis dissociation mechanism of

chloroform has been studied, although some information in

this area is still lacki;:%\~JHerman et al. 7, inrs a
i : W

-

fioleculdr beam - time of flight mass spectrometric study,

showed conclﬁsively that the first dissociation step in

the IRMPD of CDCl3 (>99.1%) involves the production of

/
DCl: ’/)_
e
epcl., » .ccl, + pel _ . ..(5.5)
3 o 2 , .
. . . 72,74 .
Further mechanistic work can be summarlzed_as
fo]lows:
A
! *
=y l-_ﬁ_—’ c2Cl4 l-.-(SDGb)
+" C2Cl3 + Cl ...-(5.60_)
W

\.
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—— % 3
c2c14 + c2c12 + c12 v 15,7a)
| ' . * CyCl, +2cl £+ +(5.7b)
)
cc12 + cgc13 + czc14 + DpCl e (5.8)
DCl + (Hzoi KﬂﬁﬁNC# HCl + (HDO) veee(5.9)

where (Hzo) and (HDO!} represent water adsorbed on the cell

(A . . -
walls, and 02014 represents vibrationally excited C,Cl,.

2774
A large series of reactions involving Cl atoms was

proposed in reference 72, ieading to the formation' of

C2C16" CC14, aﬁd C4C16’ although the occurrence and

o

relative importance of these re§gglons was not confirmed:

+

cl +.0DCl 4 . + ccl3 + pcl el (5.10)
2 ccl3 ’S c.Cl, ....(5.11a>
. czc14 + c12 ' v.e.(5.11b)
! & c014 - cc12 ....FS.llc)‘
. W * CyClg + Cl ... (5.11d0
ccl, + ccly + Cy,Cl, v Cl weea(5,12)
;’1 N
2 Czcls f CyClg - ee..(5.13a)-
. o | » CyCl, + C,Cl, ee..(5.13b)

.
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cl + ccl + CCl +ve.1(5.14)

..(5.15)

The efforts presented in this chapter, ;hep,
represent an attempt to apply the techniques of TDL
absorption spectroscopy {in conjunction with FT-IR
analysis of stable products) to the stﬁdy of 1isotope
separation. The sensitivitf of TDL absorpti;n spectroscopy

for hydrogen halide molecules will Dbe demonstrated.

3
‘*IRQPD will be made and studies on the post-photolysis

Measurements on the isotopic selectivity of CDCl, /CHCI

mechanism \ (especially with regard to the existence and

extent of ossible isotopically non-selective radical

&
reactions) w}il‘be described.

5.4 RESULTS AND DISCUSSION

- _ ,
“-5.4.1 EFFECT OF ADDITIVES ON PRODUCT YIELD IN CDCL, " IRMPD

—
A series of experiments was undertaken to measure

the yield of carbon-bearing products in the IRMPD of
CDC13. Particular attention is paid to the CCl4 vield in
the presence of additives and some conclusions rega;din§

the mechanism of its formation are drawn.,
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Irradiation of 1 Torr CDCl3 ibuffered with 1 Torr

Ar) yields C2Cl4, Czclz, and 6014. The yield of C2C14 is

not measureable by FT-IR spectroscopy as its major peak

1

(near 912 cm ) overlaps with a CDCl3 absorption, and its

—
other (weaker) absorption (near 780 cm_l) appears as a

shoulder1 .on the CDCJ.3 absorption 1in this region.
Quantification of C2Cl2 {which abéorbs at 988 cmhll is
also not possible as gtandard samples of this explogive
gas are not avéilable for purposes of calibration. ccl,
yields were measured from the.strength of its absorétion

at 793 cm_l. In additiOQ; CDCl3 dissociation yields Wwere’

é -
monitored at 744 cm 1. Line A of Figure 5.2 gshows the

CCl4 yield in the IRMPD of a mixture of 1 Torr CDCl, and 1

3

forr Ar (at a peak' focal fluence of 10 J cm™?)  to

represent about o,10-15% of the total carbon-bearing
product. The rémainder‘bf the product s Selieved to be
mostly C2Cl4. {formed by reactiops (5.6) and (5.8)') and
. C2Cl2 (formed predominantyg by -reac£ion {5.7) " ). No
evidence for C2C16 waé noted. i
The irradiation of 1 Torr CDCl, in the presence of
1 Torr H,, 1 Torr C2F4,l.or 1 Torr NO greatly reduces the
CCl4 yield (indeed, no CCI4 was détectable, line B of

Figure 5.2), while having no measurable effect ' on the

overall CDCl3 dissociation yielq. The\\529£ likely

2
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/

FIGU;} 5.2: Plot of the product yield of CC14 and

dissﬁéiation vield of CDCl3 following the photolysis of 1

/ .
Torr CDCl3 in the presence of various additives. The

AN

irradiatign is done on lOP(48),’ with?a peak focal fluence

.of 10 J em™ 2. Errors are +1o.

Line A: CCl, vield following irradiation of 1 Tofr‘"CDCl3
with 1 Torr Ar. - i
' Line B: Upper limit of CCI4 yvield following irradiation
of 1 Torr CDCl, with L Torr C,F,. |
Line C: CC14 yield followiﬁg irradiation of 1 Torr CDCl3
with 1 Torr Cl,. | N
pine D: CCI4 yield following ;rradiation of 1 Torr CDCl3
" with 5 Torr Cl,.
Line E: Average &issociation yield of CDCl3iin the above
eipériménﬁs A‘; through D.‘ The difference in the

' - ¥
digsociation Yield in the four cases was not significant.

—-
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cxplanation for this observation 1s that the additives

(H-,, C2F4, or NO) act asg scavengers for chlorine atoms.

-

Thus, reaction (5.10) does not occur, as Cl prefbrentially
e .

reacts with the additive rather phan with CDC13. With

ccCl no longer present and Cl atoms removed by the

3
gcavenger, reaction (5.1llc) and especially reaction (5.14)

no longer occur and CCl4 is not formed. -
The irradiation of 1 Torr CDCll‘fﬂ the presence of

1 Torr Cl2 or 5 Torr Cl, was also performed. The addition
. | < e
,0of Cl, increased the CCl4 yield without having /any

noticeable effect on the CDCl3 dissociation yield. 1In the

=3

presence of 1 Torr Cl,, cct, representéd ~35% of the

photolysis product (Line ¢ of Figure 5.2), while in the
presence of 5 Torr Cl, it constituted ~ 55% of the. total

product (Line D of Figure 5.2). The increased CCl4 yield

& 7 &

may be the result of two possible reactions:

A ¢ ‘ . '
+ 7 CC14 + Cl ' --..('5.16)

*

cci, + ¢l

3 2

or

ccl, + Cl =+ Cccl e {0017

[ 18]

It 1is likely that 1t is reaction (5.17) that is .
most important and not (5.16). Reaction (5.16) leads to .

the regeneration of the Cl atoms consumed in the formation
"}Dg

of CC13 (reaction.(S.IO) ). ) could then lead to a =
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chain reaction iﬁvorving C]l atoms and Cl2 moleculesy:

cl + CDCl3 * CCl3 + DCl ceaad5.100
CCl3 + 012 " CCl4 + Cl seea 05,160

\ K/
However, no noticeable increase in CDCl3 consumptlion 1is

observed, even on the addition of 5 Torr Clz. Thus, such
~ : }

a chain mechanism cannot be operating.

Very little is known about the gas phase kinetics
of-CClz. However, from the one investigation made in this

area,7 it c¢an be concluded that CCL2 is more reactive
[N

than CCIlF and far more reactive than CF2. For example,

while the réaction of'CF2 with F2 is very slow (less than

2 X 10—15 cﬁB molecule:-l 3-11,77 CCl2 reacts with F, with

2
a rate constant of 3 X 10-13 cm3 moleculenl 3-1.76 Thus,

it 1is very possible that the increésed CCl4 vyield can ' be

attributed to the reaction of CCl2 and 612.

In summary, the addition of chlorine atom

scavengers (C2F4} NO, H,) serves to greatly decrease the

CCl4 vield in CDCl3 IRMPD, Thus, it is likely‘that-ccl4

-,

production occurs (in the absence of additives) as a

-

result of Cl attack on CDC13:

Cl + cCDC} + CCl, + DC1 ) sess(5.10)
3 | 3 |

followed by
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ccly vl + ccl, ceel(5.14)
il
or
—=  CCly » cCly + ccl, + ccl, e (5.11c)

. Although the possibility of a chain reaction

exists in the absence of additives,

Cl + CD(.[‘:l3 + lCCla

ccl, + cl, + ccl, + cl o ha(5.16)

+ DCl | cee,15.10)
3 4

»

the addition - %E 012 to the reaction mixture does not
promote CDCl3 dfssodiation. Therefore, no evidence exists
for the preseﬁce of a cHain mechani%? and the increased

"CC14 vield on addition of Cl, is.likely the result of

" reaction (5.17):
» ) ’

B T

ccl, + cl, + ccl

_ _ .
It should be notéd that-she formation of cca, may

have a major bearing on the isotopic seleCtivﬁfy "pvf the

. ¥ *
IRMPD of CDC13/CHC13. as the attack of Cl on chloroform,

o

cl » cpel, > ccly + el /}/V/....<5.10a)

reaction (5.10a) and (5.10b),

1§
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cl s+ cHcl, . 'cc13 + HCl

would actuglly favor HCl formation (by about a factor of
3)78

seaa (5.100)

be¢ause of the kinetic isotope effect. Thua, this
radical reaction may account for a major portion of the
HCl produced in the photolysis. The ability to block this
reaction with Cl #tom scavengers may then lead to a great
enhancement of the overall isotopic gselectivity of the
process.

’

5.4.2 DC1/HC] DETECTION FOLLOWING IRMPD OF CHLOROFORM

Tunable diode lagers seem to be ideally suited 5or
studying 1isotope separation schemes of the type reviewed
in Section 5.3. In the case of IRMPD of the haloforms,
informétion.on the iséébéic selectivity of the process is
contained directly in-a hydrogen halide mo cule (eg, HF,
DF, HCl, or DCl}. ‘These molecules are ideal for detectipn
by \TﬁL absorption spectroscopy. Their infrared
absogptions’-ére generally very strong, leading to high,

sensitivity. Also, their abéorption features are well

_separated and well characterized and are therefore easy to

identify even in the case of molecules differing only in

their isotopic make-up. (For example, the IR ahiorptions

- of DC1 and HCl are separated by 500 cm—l.) Further, these

‘molecules cannot be detected by either gas chromatography

4
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or mass spectrometry. Other advantages of TDL analysis
are that it is non-destructive, and that it is a much more
accurate énd direct method than those previously used.
Previous methods often relied upon the measurement of a
very small decrease in the concentration of the off-
resonant isotopic species, a measurement which carries a'
very large error, or involved complicated,.-~indirect
ﬁethods‘of analysisf . |

Initial experiments were conducted to test the
reliability -and reproducibility of TDL detection—of DCl.
Irradiations of 2 Torr CDCl3 were carried out using the
10P{48) CO2 laser line, with the experimental apparatus
presented in Figure 2.1. The DC]l vield was measured after
20, 40, and 60 pulses, and DCI production was shown to be
linear. The'.DCl yieid per pulse was reproducible to.
within +5% over a series of five measurements.

DC1 production "as a function of photolysishj

Erequenéy was also studied. Bs shown in Figure 5.3, the

DCl yield per pulse increased mdnotonically as the co, -

laser frequency was moved from 10P(34) at 931.05 em™ ! to

10P(48) at 916.76 cm-l, the limit of laser tunabil}ty.

The linear absorption peak fof CDCl3 is ét about 912 cm-l,

while the IRMP absorptiop peak has been reporﬁédnto be at

- I .
901 em~1.74 ] | ‘



FIGURE 5.3: Reldtive DCI vyield as a function of

photolysis frequency following IRMPD of 1 Torr CDCl3 in a

10 cm Pyrex gell.. The peak focal fluence is 10 J c:m-2 in

all cases. The error bar represents +le.
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With the reliability of TDL detection of DCI
established, an experiment designed to demohstrate the
gsengitivity lof the technique was performed. In thig
experiment, DCl] production from the irradiation of natural
abundance CDCl3 {about i40 ppm) 1in CHCl3 was monitored
using second harmonic TDt}absorption spectroscopy. Figure
5.4 shows successive séﬁns on a sample of 5 Torr CHC13.
The £first scan shows éﬂbackground spectrum, while the
second scan 1is a backgfound gpectrum eleven minutes later.
No change in DCl concentration is noted, indicating that
no wall desorption is occurring. The third scan was taken
following irradia;ion of the CHCI3 sample for 100 pulses
(0.4 g/pulse) using iOP(38), while fgé fourth scan was
taken following irradiation.of the sample for 100 pulses
usihg 10P(48). DCL (at a level of 3.5 ppm} appeérs only
following. irradiation with the more -efficient 10P(48)
CO2 lasg;' line. . Thus, the appearance of DC1 must be
attributed to - the 1IRMPD of the CDCl3 contained - i1n the
‘sample, and not to thermal or shock-induced effects caused
by the passage of a CO2 liser pulse. The appearance of CO
in these irradiations is %hought to be due to the reaction
of phbtolytically produced C_Cl2 with the cell walls. It
. should be péintea out that the DCl‘ detected in this

experiment (3.5 ppm) represents only 2.5% of the original

deuterium content of the sample.

-y



FIGURE 5.4: Successive scans taken of a 5 Torf sample of
natural chloroform after irradiation with 100 pulses of

‘.
10P(38) and 10P(48) radiation (about 10 J ecm 2).

The
increase in DCl concentration after irradiation with
10P(48) 1is attributed to IRMPDQ of naturally occurring
CDCl3 ;n the sample. The noise level is equivalent to

about 0.8 m DCl.
PP . “y
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With the demonstration of the sensitivity of TDL
absorption spectroscopy for species such as DCl, it was
hoped .tﬁag‘information on thg{isotopic selectivity of the
IRMPD . of CDCl ,/CHCl ; could be obtained by monitoring the
production of DCl and HCl under a variety’of conditions.
However, such measurements are hindered by two factors.
Firstly, DCl r&acts with adsorbed HZO on the cell w;lls,
reaction (5.9), to produce HCl.-’4 .Thus, the irradiation
of pure CDCl3 actually }eads to the detection of more HCI
than DCl. Obviouslf, the measurement of only the HCl and
DCl produced in a photolysis yields no isotopic
information because of the presence of this scrambling

P —
mechanism.

It was thought that this problem could be overcome

by also monitoring the amount %f CDCl3 cdnsumed in a
photolysié using TDL 3pectr#£copy. Thus, a ﬁe&sure of the

total'(Hcl + DCl1l) yield would give a'ﬂzasure of the total'
amount of (CHCl3 + CDCl3) consumed, while the
loss of CDCl3 would be determined independently? The
difference in these two numbers would then give the amount
of CHCI, decomposed, and information on phé ﬁsotopic
selectivity of the reaction could be obtained. To this
end, a sample cohtaining aAmixturé of 0.1 TorrlCDCl3 and

. A ‘
1.9 Torr CHCl, was irradiated at 10P(48) at a peak focal .



_—

FIGURE 5.5: . Dissqciatioﬁ vield of CDCl3 (lowe; line}) and
total (HC1 + DCl) yield following the irradiation of a
mixture of 0.1 Torr CDCl3 ‘and 1.9 Torr 'CHC13. The
photolysis 1is performed‘at a peak focal fluence of 10 >y
cm-2 with the 10P(48) CO2 laser line. The points labelled
1,2, and 3 represent the CDCI3 dissociation yield in three
separate ekperiménts, while the points labelled a,b, and ¢

represent the (HCl1 and DCl) yield in the same three

experiments.

N
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flueﬁce of 10 J cmdz. Figure 5.5 shows that, in such an
experiment, the amount of CDCl3 lost is very reproducibie
but the amount of (HCl + DC1) formed is not reproducible,
This. effect  is  likely  due  to  the  wall
adsorption/desorgtion of HCl/DCl, the magnitude'of. which ¢
is dependent on the prior condition of the cell Qalls.
The importance of these adsorption/desorption effects
becomes more evident when photolysis of C2F6 ig done in a
cell in which - previous chloroform photolyées were
performed, and significant vyields of DCl and HCl are
cbtained. .Obvibusly, the passage ﬁf the CO2 laser pulse
leads to removal of ﬁCl/HCl from the cell ,gadls, and
determination of the DC1 ahd H§l 18 not representative of

the amount of these species'produced in the photolysis.

5.4.3 TIME-RESOLVED TDL DETECTION_OF -DCIl/HCI

It'_is- apparent that any 1isotopilc: sel¢ctivity
measurements on the chloroform system, by TﬁL absorption
measuﬂements of HCl and DCI1, ﬁust be made witho;t the
contribution of any cell wall effects. To this ehd, it
was decided to monitor the:HCl and DC]l yields on a short.
timescale (tens of us), in the manner described‘}n Figp;e
.2.4, so that gquantification 1is done before- any ;élf

reactions can-occur and the effects of isotope exchange‘or

. . . N S
!
P - ' - -
-
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of wall adsorption/desorption processes are eliminated.
DC1l analysig was performed on the P{2) transition
at 2069,272 cm_l, which has a linestrengtﬁrts) of 9.47 X

-2 - 2
0 20 1.6~

1 cm molecule The detector limited noise level

for detecting DCl is found to correspond to a fractional

apsorption of 2.7 X 103, Thus, the minimum detectible

’
DCl (under Doppler broadening conditions, and with a le}
15 cm in length}) is 0.3 mTorr for a signal to noise ratio
of 2. As the pressure of the sample is increased, )the
qeﬁsitivity decreases due to pressure broadening/of tﬁe
DC1l absorption feature.- For example, the sensitivity
decreases by a factor of two at roughly 25 Torr.
Detection’of HCI, using the available TDL, was not
as sensitive due to the fact that detection had to bé done
on a weaker transition (P(9), with a linestrength of 2.68
x,lﬂ_zo cm molecule—l)46 and the fact that the‘diode power
was much lower thén in the éase of DC1 detection. In the
HC1 case,- the noise level corresponds.to a fractional
~absorption of .028, allowing for a minimum detection limit
of 13 mTorr of HCI unﬁer Doppler limited conditions over a
pathlength of 15 cm. Again, sensitivity_decreases with’

pressure due fo collisional broadening.

It islobVious that the experiments to be performed

at this paigf volve the measurement of the HCl and DCI
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yiclds from the photolysis of CHC13/CDC13 mixtures under o
variety of experimental conditions. Forr example, :
systematig, variation of the CO2 laser wavelength and [?
fluence, the sample pressure, CDCl3 fraction, and pELssurei-
of added gas could be done. As this would conitltwtn a
large undertaking, and some experimental problems have
beeé encountered, only preliminary measurements have been
made to date.

Mixtufes of CDC13:CHC13:Ar\tin 1:1:1 proportionsg)
were flowed through the capillary cell and irradiated at a
fluence of ~15J cﬁ_z with the 10P(38) co, laser line.
The amount of HC! formed was measured as a function of
total pressure, (Line A of Figure 5.6). The HC1l vyield
K\ - _ increases at greatg} than a linear rate with pressure..'

J This is consistent with formation of HCl by two different.

mechanisms. The first mechanism involves collisional
energy transfer from CDCl3 (excited by the CO2 laser
. LY

photons) to CHCl3 and the subsequent dissociation of the/

- Y t ’j
CHCI ..; :
3.-1 . *

4 3
a2

) o
cnc13*‘ + CHC1, =+ CHCl * .+ cpel 5.18

3 3 ‘ l-l'.
, x _
CHCl3 + CCl, + HCI . e e (5.19)
. /o '
This process would depend on the sgquare of the pressura.

, 4
The other mechanism involves the extraction of H from-



FIGURE 5.6: Transient HCl yield following( the - single

pulse irradiation of an equimolar mixture of
CDC13:CHC13:Ar (P;ne A) or CDC13:CHC13:C2F4 (Line B}, The
irradiation is performed with the 10P(38) CO2 laser line

at a peak focal fluence of 16 J cm-z. Errors are +lo.
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J
CHCl3 by Cl, reaction (5.10), which would also ha;f a
greater than linear preasure dependence.

Irradiation of mixtures of CDCli:CHCl3:02Eﬂ/(;gain

in 1:1:1 proportions), under identical conditions to those

*

described above, yields less HCl than the Ar case (see

EY

Line‘é\ff Figure 5.61}. This decfease is consistent with
the conclusions Arawn earlier regarding the effect of C2F4
as a chlorine atom scavenger.’ -Thé'decreased vield of HCl
can be attributed to the fact that Cl atoms,A which in the
absence of 02F4 react with Cﬁcl3 to produce HCl, now react
preferéntially with C2F4.

Preliminary analysis of the aqpunt of DCl produced
on irradiation of mixtures like those described above has
' pro&en difficult, as DCl vields are not reéroducible. *To
date, no explanation for this phenomenon has been found.

A

5.5 SUMMARY

*

In this chqg’)te‘r', the IRMPD of cbclg/CHcl:& has been
studied. Analysis of the vyield of carbon-bearing ~
products, 'w1th and wIEhout added scavengers;jleads to the ﬂ
conclusion that CCl4 is produced by post pho olys.
rad;cal ragactions involving chlorine atoms. No evidenk

\ -

for any type of chain reaction has been found.
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While TDL analysis of DCl/HCl found in the [IRMPD
of CDC13/CHC13 is shown to be very ‘sensitlve {bCcl 11
detected at the 3.5 ppm level from the irradiation of
natural abun@ance CDCl3 in CHC13), gpntitative analysis
of these gases over the timescale of minutes is plagued by
isotope ekchange reactiong and adsorption/desorption

processes at the cell walls. : §

" Transient detection of DCl and HCl (on a timescale

i

of tens of us) shows more promise for Qsotopic
. . . A

selectivity, as measurements are made before wall
processes can occur. Initial studies in this area show.

that a few tenths of a mTorr of DCl can be detected.
Measurements of HCl yields, both with and w&thout added
C2F4, confirm the exjistence éf posf—ﬁhqtoleis radical
reéc;ions, which 1likely lead to the isotopically non-
selective losg of chloroform and reduce the DCl/HCI
product ratio. |

The . detection of DCl following the .IRMPD of
natural abundance CHCI, is published in the Journal oé
Photochemistiy, 34, 267-279 (1986) with co-authors
Beckwith,‘ Orlando, Reid, and Smith. In particular, the
collaborative work oé‘P.H. Beckwith in setting up the TDL

for -pCl detection, aﬁd,espeéially'in collecting the data

presented in Figure 5.4, is gratefully acknowledged. .
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CONCLUSIONS

6.1 INTRODUCTION

In this chapter, a summary of the important
results obtained and conclusions drawn during tge course
of this thesgis will be &resented. The chabter will
include a discussion of the fivgvyajor areas studied:

1) the time-resolved detection technique,

2) its appiication to the study of IRMPD mechanisms,

3) the use of the technique for the " measurement of

infrared linestrengths and bandstrengths of transient

5

species,
Co i
]

4) the use of the technique in studying the reaction
kingtics of transient species, and -

5] i&é”use i1n measuring the isotégic‘selectivity of the =
"IRMPD process. )

Where possible, prospects for further research in

these areas will be discussed.

\

123 :
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6.2 TIME-RESOLVED DETECTION WITH TDLs

v i

During the course of this thesis, a time-resolved
tunable diode laser technique for megnitoring the products
of IRMPD has gzén‘developed. It has been applied to the
detection of the transient species CF2 and CF

3 and has

also been used for the short timescale detection of such

< .
_ species as HCl, DC!, co, CyFg . COF,, CF,, and CaFy
-~
At present, the time resolution of the technique
is. limited 'to approximately 25 us after the CO2 lager

pulse because of the interference of electrical npise
mgssociated with the firing of the co, laser. The TDL can
at . present be modulated at 250 kHz, 1implying that a
resolution of 2 us‘could be obtained in the absence of

this electrical ' noise. -

The sensitivity of the technique has beén shown to

36

be detector noise limited. That is, the sensitivigy is

not limited by any physical phenomenon (such aéf”laser
noise: or “optical frinq}né' which oﬁten limit éw
. experiments) and the use of a more powerful diode 1asgr'or
more sensitive detector would imprové the sei?rtrqity of
the technigue. To date, noise levels corresponding to..a
fractional absorbance of 10-5 have been obtained. Work is_

currently underway at McMaster to improve both the

sensitivity and time resolution of the technique.
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It is of interest to compare the sensitivity of

/,F-our CF2 creation and detection féchnique with the standard

»

procedure of creating CF2 in a microwave%\?ischarge and

using TDLs for cw detection of the CF2.3B,,While Davies et

al. do not report the fractional absorptions obtained’or

pathlength wused in their microwave discharge experiment,

peak CE‘2 aBsorptions of 10% over-a pathlength of 2.4 m are
o Vo
obtained in our microwave discharge system.36 When this

is compared with the absorptions obtained in the IRMPD/TDL

technique (30% absorption over a 15 cm pathlength), it can
¥

be seen that the CF, partial pressure is about 50 times

greater than that obtained in the microwave dfscharge.
X

Thus, the creation of™ radicals by IRMPD and their

’

subsequent time-resolved detection with TDLs shpuld have
application in high-resolution spectroscopic studies. For
example, the CFy v, bending mode, whicl to date has not

been observed in microwave discharge systems, may be

detected using our transient technique. ; . 'Y

« . — "

6.3 DETERMINATION OF IRMPD MECHANISMS

The detection of transients has been applied to
the  determination 65;/bh6 IRMP photolysis and post -

photolysis mechanism of thtee halocarbons - CF2

HCl,

Ve
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(CF3)2CO, and CDC13. The main advantage of the technique
rn  studies of this sort is that the primary dissociation
fragments can be monitored. That 1is, mechanistic
information does not have to be inferred solely from the
final product distribytion wH?ch 13 ofter complicated by .
the presence of secondary reactions.

' In the caseéggﬂcFEHCl {(Chapter 3), it was well
established’ that IRMPD Egsulted in the fprmation of CE"2
and* HCl (the CF2 had previously been detected by LIF and
by time of flight mass spectrometry) and TDL detection of
these fragments serves only as a confirmation of this
mechanism.,  For hexafluoroacetgne (Chapter 41, the
éituation is different, as it was not'previously known

whether dissociation occurred via direct production of

C2F6' or via the production of two CE‘3 fragments.

However, CF 4 is directly detected by time-resolved TDL

‘

absorption spectroscopy following IRMPD of
hexafluoroacetone. Further, C,Fe 1is shown to b& absent
immediately following the passage of the CO., laser pulse,

but its concentration 1increases as the CF3 decays.

Therefore, hexafluoroacetone IRMPD must gccur via the

production of two CF3 molecules, which subsequently ’
combine to form CyFe- In the case of CDC13, time resolved
hydrogen chloride detection, 1in conjunction with FT-IR

detection of carbon-bearing products, has led to the
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conclusion that CCl4 production is the result of radical

reactions involving chlorine atoms. The addition of a Cl
»

gcavenger IC2F4) iOWersithe yield of both CCl4 and HCl in

the IRMPD of CDC13/CHCI mixtures. This may signifiqantlx

improve the 1sotopic selectivity of the process, since

such radical reactions are isotoéically non-éelective.
bbviously, the determination of dissociation

mechanisms is not limited to the three molecules discussed

‘here, and can be applied to any other molecule provided

the absorption frequencies of the expected product

fragments are known.

A

6.4 LINESTRENGTH AND BANDSTREN CALCULATIONS

A major achievement in this thesis 1is the
determination of an infrared linestrength and bandstrength
: . J '

for both CF, v, (Chapter 3)_ and CFy#v, (Chapter 4). A

2 1

- linestrength for CF, is determinedvby comparing the time--

resolved infrared absorption coefficients of C?z and HCl-
formed from the IRMPD of CFZHCI. Since the concentrations
of these speciés must beé equal immediately following the
photolysis, the ratio / of th%ir linestrengths can be
‘obtained from the ratio of the measured absorption

coefficients for the two species. Since linestrengths for
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HCl are known, one can then obtain 4 linestrength for CF,.
This one measured‘Linestrength is then used to calculate
the vy bandstrength and/ any other linestrength in this

band. The CF, v, bandstrength was found to be (3.4+0.8) X

0-18

1 cm molecule™l, from the measured linestrength of

(9+42) X 107*' cm molecule™ for the T (9) line at

1243.0185 cm L.

A similar method was used to obtain a linestrength
and -bandstrength for CF3 from the time-resolved detection
of co, C,yFgr and CF3 produced in the IRMPD of
hexafluoroacetone. The éﬁg lysis mechanisnm 1% determin;d
to involve the production of 2 CF4 molecules;: and one CO
molecule. The CF3 linestrength 13 then obtained from a
gnow{edge of the stqichiometry of the dissociation and
from readily available CO linestrength data; " From the

experimentally determined linestrength of (<:41.3) X 10-20

cm molecule !l

em !, the CFy vy bandstrength is determined to be (8:2) X

-18 cm moleculeﬁl.

for the TR; (20) transitiom at 1264.739
10

The \?ﬁailability of infrared linest:ength or
bandstrength data for transient species in the litbratufé
is very scarce. The general technique used in the
measurements of CF2 and CE‘3 bandstrgngths 1s of coﬁrse
applicable to m;ny other transient species, with the limit

being in the ability te find a suitable precursor
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molecule. The precursor must first dissociate under the
influence of a laser. Further, the precursor must
dissociate into the desired ‘fragment (for which the
linestrength is to be measured) plus other fragment(s) for

which linestrength information is available. For example,

CDCl3 dissociakes into CCl

2 and DCl when irnNgdiated

near

910 cm-l, and this mdlecule could then be used to obtain\a
linestrength for CCl,. Other posgsibilities include th

irradiation’ of CH3NOq'to obtain the bandstrength of CH,

5

SCH3ONO for the determination of a bandstrength for. CH

39
or  CyHg or  cyclo-CyH, for a  CH, bandstrength
" determination. 4 4

6.5 KINETIC STUDIES OF TRANSTENT¢SPECIES

_Determination of the linestrength and bandstreﬁgth
of Fthel transient- species CF2 aﬁd CF3 allows for a
kqgwledgé ﬁf .their absorption concentration at any time
following ﬁhe passage of the Co, laser pulse. That is,
their kinetics can be studied. ‘

In the case of Céz (Chapter 33, the rate constant

for recombination of two CF, molecules to C,F, 1s measured

to be (2.3+0.7) X 10'.14 cm3 moleculos:-l s-l compared to the

rliterature value of (3.7+0.3) X 10-14 cm3 molecule_l-s-l.
B .
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and CF; with other Spedii:\ii;jnterest;“ or it may be used
” to make kinetic studies o er transients such as CCl..

4
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) For .CF3 (Chapter 4), the rate constant for

: . . - . PR 3
recombination is determined to'be (2.2+0.5) X 10 ' cm

mc;lecule—l s-l compared to the litefﬁturg value of

(3.0+0.4) X 10712 opl molecule ! 51, In addition, the

third body rates of reaction of CF, witﬁ.o2 and NO have

been measured. Values of'(2.1:0.5) X 10—29’

0729 cn® molecule™?

and (2.8+0.7) X
1 a_l‘have been obtaiﬁed for O2 and NO,
respectively." This agrees with the literature value of

-29 cmﬁ molecule™? g1 recently reported for

(1.9+0.2) X 10
CF; with o0,, thle no literature value for CF, and NO
below the high,pfessure limit has;yet been reported.

. It 1is apparent that all the kinetic measurements
made in this ‘work agree within experimental error with the
lite e, with Ehe eﬁéeptiog of the f;ct that our CF2
réggi:j::tion rate congstant is low. It may be significant
that thg quoted literAture value for CF2 recombination was
measured in 1969. Obviously, then, this technique has
been shown ?o be a viable oné for the study of the
reaction kinetics of transient species. It can obviously

be extended to include the study of the reactions of _CF2

2
It should be pointed out that a simghar tééhnique has been
. , e .
employed to, study the reaction rate of CF, with Hé, 012
and Br2.79 . . \
' ——t s .
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6.6 LASER ISOTOPE SEPARATION

A study of the feasibility of wusing TDLs for
studies of the isotope selectivity of IRMPD has also been
presented. While the sensitivity of TDL detection of
hydro%pn halides 1is impressive (as demonstrated by the
detection of thé'D 3 produced 1in the IRMPD of natural

abundance CDCl3 in‘CHC13), these measurements. (taken over

a timescale o¢of minutes) are inaccurate due to wall
effects. Preliminary experiments show that the use of
f\ b+

time—resolved detection of hydrogen halides (over us
timescales tod eliminate these. wail(ﬁéffects) may be
effective 1in measuring thenisotopic éelectivity of the
IRMPD process. The technique is nof limited to DC1 and
ﬁéi‘ measﬁrements. For example, DF.has been detected in
our lab (by Carl! Brown) from the IRMPD .of CDF3. Also,
the technique may be extendéd. to .the ' detection of
~£fitiated —species, such as TCl and TF, produced in ‘the

- - IRMPD of CTC13' or CTF3'. A

‘/:_\
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6.7 SUMMARY

o~ The experiments in thig thesis i1nvolve the TDL
detection of the products of IRMPD, particularly the .
transient species CF, and CF;.  The techdique has been

employed to determine IRMPD photolysis and post-photolysis

mechanisms, to measure CF and CE‘3 linesfrengths--and

@

bandstrengths, to study the kineticg of these transient

specles, and to studf ilsotope separation. The potentaal
i,
for further research 1in these areas, and in high

resolution IR absorption spectroscopy of these and other
4!

transient species has been outlined.
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APPENDIX A" .

In this appendix, the kinetic equétions used in

-

tl_'le study of combination reactions will be developed.
- - Consiﬁer the general recomh%nation reactiom of two
A radicals combining to‘. form moletlzuflle B. In general, the
reaction occurs in two step;s: the (reversible) reac-tion of
the twé radicals._forming Qibrationally excited B*:d
’ followgdi by colliéional relaxation of the excited B

.
. molecule.

k. * n
2 A — B . sres(ALL)
%, ,
Fy
] k‘ . -
B + M -"_, B,+ M -_.--(A-2) .—-_.

S
*

Apélying‘ a steady;staﬁe approximatioﬁ'to the B

molecule, the following rate of reaction is obtained:,

8

Baée = k

3

kq (a)? (M1 e (ALD)

1 (M) /[y + K

r
0

At high pressure kB(M) exceeds k2 and the rate of reaction

at the high-presgure limit is obtained:

-
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) 2 : . ’ <

Rate = kl (Ay™ \\\\ e tALE)

At lpw pressure, where k2 exceeds ki(M), the rate of

- 0 . N

reaction involves a third:-body:

. # 2 ) v

. Rate:= kIﬁ3 (a) (M)/k2 eers (ALD)

. - . - ﬁ'

At the pressures employed in this thesis,'it.can_be
concluded~ that the recombination of CF2 wil¥ be at the
high pressure limit‘,78 while the rgcombinaflon of CF, T 1s
also at \br very near the high gressure limit.58 Hencel
kinetic studies -on these reactions were  done using
eqauation (aA.4). On the other hand, the reaction of CF#
4and 02 is not at ghe high p;egsure limit at ﬁhF pressures

used in this study,G’0 and therefore the third-body effect

had to be taken into account.



