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Abstract

The dynamics of chlorine aad hydogen atom formation in the 193.3 mn gas-phase laser
phaolysis of room-temperature 1,l-dichloro-1-fluoroethane, CH;CFCl, (HCFC-141h, were
studied by means of the pulsed laser phaolysis/laser-induced fluorescence (LIF) “pump-and-
probe” technique. Nascent groundstate CI(*P,,), spin-orbit excited CI*(*P,,) as well as H(*S) atom
phaofragments were deteded under collisionfree ondtions by pused Dopper-resolved laser
induced fluorescence measurements employing rarrow-band vaauum ultraviolet probe laser
radiation, generated via resonant third-order sum-difference frequency conversion d dye laser
radiation in Krypton. Using HCI phdolysis as a reference source of well-defined CI(°P,,),
CI*(*P,,) and H atom concentrations, values for the clorine @om spin-orbit branching ratio

[CI*]/[Cl] = 0.36+ 0.08,the total chlorine @aom quantum yield (® =1.01+£0.14, andthe H

cra
atom quantum yield (®,, = 0.04 + 0.01) were determined by means of a phaolytic cdibration
method. From the measured Cl and CI* atom Dopper profiles the mean relative trandaional
energy of the dhlorine fragments could be determined to be Ey )y = 157+ 12 kKIfmol and Ev )
= 165+ 12 k¥mol. The correspondng average values 0.56 and 0.62of the fradion d total
avail able energy channelled into CH;CFCl + CI/CI* product trandational energy was foundto lie
between the limiting values 0.36and 0.85predicted by a soft impulsive and arigid rotor model of
the CH;CFCl, — CHZCFCI + CI/ClI* dissociation processes, respedively. The measured total
chlorine @om quantum yield along with the rather small H atom quantum yield as well as the

observed energy dsposal indicaes that diread C-Cl bond clearage is the most important primary

fragmentation mecdhanism for CH3;CFCl,, after phaoexcitationin the first absorption kend.



l. INTRODUCTION

CH3CFCl, (hydrochlorofluorocarborntHCFC-1410 has been widely utili zed as a replacement for
CFCl3 (chlorofluorocarbon CFC-11) in the manufaduring processof closed cdl insulating foams
and for CFCI,CF,Cl (CFC-113), which is used as a solvent in a variety of industrial processes.1,2
As a onsequence measurements of tropospheric concentrations of this compoundshow a rapid
increase since 19943 Although its production hes been stopped in 1996,and besed onthe revised
Montred Protocol its use will be phased out in developed courtries by 2020% the release into the
atmosphere is expeded to further increase in the wming few decales because of long term uses of
the previously manufadured products.® Despite the fadt that HCFCs such as CH3CFCl,, which
contain ore or more C-H bonds, can be oxidized by OH radicds in the tropasphere® they il
have the potential to lead to ndicedle dlorine transportation to the stratosphere’ where they can
be decomposed via radicd readions or phaolyticadly after UV phaon absorption in the 230-190
nm spedral region8:9 As a mnsequence, a number of reation kinetics sudies of CHsCFCl, with
atmosphericdly important radicds sich as OH,10 O(*D),11 and CI,12 along with studies on the
UV phaodisciation dynamics of CHsCFCl, were reported so far.13,14

In Ref. 13, ground state CI(°P,,), spin-orbit excited Cl*(°P,,) as well as H(*S) atom
phaofragment formation could be observed in the 193.3 i phaolysis of CH3;CFCl, and the
relative product branching ratio [H]/[Cl + CI*] alongwith the dhlorine aom spin-orbit branching
ratio [CI*]/[CI] were reported. In further experiments, the influence of seledive methyl stretching
vibrational excitation onthe Cl atom spin-orbit branchingl4 and the H atom versus chlorine gom
product branchingl4b was investigated at a UV phatolysis wavelength of 235 m. The results of
the latter studies demonstrated that vibrational excitation d the fundamenta symmetric CH,
(1v,,) stretching mode leals to an increase in the dlorine @om spin-orbit branching ratio
compared to that of vibrationally unexcited CHsCFCl, moleaules. 142 A comparable increase in
the dilorine &om spin-orbit branching ratio was observed in the 235 rm phaolysis of CH3;CFCl,
after pre-excitation d the seoond (3v,,) and third (4v,) overtone of the symmetric CH, stretching
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vibration while & the same time the relative H atom versus chlorine @om product branching was
found to deaease upon overtone excitation.14P However, to the best of our knowledge no
measurements of absolute phaoproduct quantum yields have been reported so far for the UV
phaodissociation d CH3;CFCl, which are dong with the mrrespondng ogicd absorption cross
sedions3:9 a prerequisite for a detailed understanding o its UV phaochemistry in the
atmosphere.

In the present article we report results of absolute dilorine and H atom quantum yield
measurements in the 193.3 i phatolysis of CH3CFCl,, which were performed using the pulsed la
ser phaolysis (LP)/VUV laser-induced fluorescence (LIF) “pump-and-probe” technique. In the
present study, the nascent CI atom spin-orbit branching ratio, the @solute chlorine @om quantum
yield @,.., and the &solute H atom quantum yield ®,, were obtained by means of a phaolytic
cdibration method employing HCl phaolysis as a reference In addition, the analysis of the
measured Cl, CI* and H atom Dopger profiles along with ab initio cdculations, caried ou to
determine the hea of formation d the CH3;CFCl, parent moleaule and the CH3CFCI radicd,
allowed to derive information about the energy partitioning in the Cl, CI* and H atom forming

phaofragmentation step. Primary dissociation mecdhanisms for the formation d chlorine and H

atoms will be discussed.



II. EXPERIMENT AND THEORETICAL CALCULATIONS

The present phaodissociation experiments were caried ou in a flow cdl at mTorr level

presaures using a LP/VUV -LIF pump-probe setup similar to the one previously used to study the
chlorine and H atom formation dyramics in the UV phaodissociation d CH,CF,Cl (HCFC-
142@_15,16.

CH3CFCl, (ABCR-Chemicds, purity > 99.76) was pumped throughthe cdl at room tem-
perature. According to the manufadurer the impurity consists of CH3CF,Cl and CH3CF; (HFC-
143), with the latter compound faving a negligible @sorption at 193.3 m. For CH3;CF,Cl the
room-temperature optical absorption cross ®dionat 193.3 M iso,,, ¢ o= 0.58x 10720 cm?,16,17
which is considerably lower than the crrespondng absorption cross gdion d CH;CFCl» (GCchmz
= 5.58 x 10™° cm? recommended in Ref. 8. Becaise the impurity level is less than 0.3%,
contributions from the phaolysis of CH3CF,Cl can be negleded.

In the phaodissociation experiments the CH;CFCl, presaure in the cél was typicaly 9-23
mTorr, for the cdibration measurements HCl (Messer Griesheim, 99.9%%6) was flowed through
thereadion cdl at presaures of typicdly 9-72 mTorr. The presaure in the cél was monitored by an
MKS-Baratron. Flow rates were regulated by cdibrated mass flow controllers and were
maintained at high enoughrates to ensure renewal of the gases between successve laser shas at a
laser repetition rate of 6 Hz. The unpdarized ouput of an ArF excimer laser (193.3 im emisson
wavelength, puse duration 15-20 re) was used as a “pump” laser to disociate the CH,CFCl,
parent moleaules as well as HCI. Pump laser intensiti es were typicaly between 2-10 mJcm?.

For LIF detedion d CI, CI* and H atoms, narrow-band VUV “probe” laser radiation, tunable
in the wavelength region 133.5136.4 m and aroundthe H atom Lyman-a transition (121.567
nm) was generated by resonant third-order sum-difference frequency conwersion (o, =
2mp — o7) of pulsed dye laser radiation (pulse duration 15-20 rs) in Kr and in a phase-matched
Kr/Ar mixture, respedivelyl8. In the four-wave mixing processthe frequency og (hg = 212.55
nm) is two-phaon resonant with the Kr 4p-5p (1/2, 0 transition. For chlorine gom LIF detedion

the second frequency o1 could be tuned from 480 M to 521 m to cover the four alowed



Cl(4s?P; « 3pPP}- ;' =12, 32 « j =112, 32) transitions.19 Groundstate CI(2P5,) and
excited-state CI*(2P1,2) atoms were deteded via the (j° = j")-transitions, which have the highest
transition [robabiliti es 5, 5, = 0.114 and fy;, 1, = 0.088, respedively20. For H atom LIF
detedtion via the (2p °P « 1s °S) Lyman-o. transition o could be tuned from 844 rm to 846 m.
The fundamental laser radiation was obtained from two tunable dye lasers, simultaneously
pumped by a XeCl excimer laser. The first dye laser was utili zed to provided oy using Coumarin
307 dye in case of the Cl, ClI* LIF measurements and Styryl 9 dye for the H atom LIF detedion.
The seond dye laser was operated with Coumarin 120to generate light with a wavelength of
425.10 m from which wg was obtained by frequency douling with aBBO Il crystal. The VUV
light generated in the four-wave mixing process was carefully separated from the unconverted
laser radiation byalens monachromator followed by alight baffle system (for detail s e eg. Ref.
21). Maximum VUV pulse energies up to 25 pJ can be adieved with this four-wave mixing
method22 In the present study, havever, the adual pulse energies were mnsiderably lower due to
absorptionin the cél windows and ogics. In al experiments the a¢ual VUV probe laser intensity
was reduced urtil a linea intensity dependence of the CI, ClI* and H atom LIF signal was
obtained. The bandwidth (FWHM) of the VUV probe laser radiation was determined to be ~0.3
cm-1 by measuring Dopper profiles of chlorine and H atoms generated in the 193.3 m phaolysis
of HCl under thermalized condtions.

The VUV probe beam was aigned to owerlap the phaolysis bean at right angles in the
viewing region d a LIF detedor. The delay time between the phaolysis and probe laser pulses
was controlled by a pulse generator and monitored on a fast oscill oscope. In the CI and CI*
formation dyramics measurements, the delay time between pumping and probing was kept short
enough, typicdly 80-150 rs (with a time jitter of abou = 10 rs), to allow the wllisionfree
detedion d the nascent Cl and Cl* atoms produced in the CH;CFCl, and HCI phaolysis. As
outlined in Ref. 16,these delay times were dhosen to avoid any time-overlap between pump puse
and VUV probe laser pulse, which could results in urwanted multi-phaon dssociation processes.

Under the described experimental condtions, relaxation d CI* by quenching as well as fly-out of



Cl, CI* atoms and secondary readions with CH,CFCI,, and HCI were negligible.

In the H atom formation dynamics gudies, the delay time between pumping and probing was
kept at 80-100 rs. Asin ou previous CH,CF,Cl and HCI phaolysis gudies, the quality of the
gpatial overlap of the pump and the H atom probe laser beam was carefully chedked in order to
ensure that no phdolyticaly produced “fast” H atoms escgpe the detedion region duing the delay

times used in the experiments (for detail s £eRef. 15).

Cl, CI* and H atom LIF signals were deteded through kand pessfilters, ARC model
130-B-1D, and 122VN-1D, respedively, by a solar blind phdomultiplier positioned at right
angles to bah pump and probe laser beans. The VUV probe laser beam intensity was monitored
after passng throughthe readion cdl. As the VUV probe laser bean itself produced appredable
Cl, CI* and H atom LIF signals via phdolysis of CH5CFCl, and HCI, respedively, it was
necessry to subtrad these “badkground Cl, CI* and H atoms from the ClI, CI* and H atoms
prodwced in the 193.3 m phaolysis of CH,CFCl, and HCI. Therefore, an eledronicdly
controlled mechanica shutter was inserted into the phaolysis beam path, such that at ead pant
of the Cl, CI* and H atom fluorescence ecitation spedra, the signal could first be 30 times
averaged with the shutter opened and again be 30 times averaged with the shutter closed. Finally a
point-by-paint subtradion procedure was adopted 23 to oltain drealy and online aLIF signa
representing the contribution from Cl, CI* and H atoms generated solely by the 193.3 im phatoly-
sis laser pulse. The Cl, CI* and H LIF signals, the VUV probe and phdolysis laser intensity (the
latter was monitored by a phaodiode) were recorded with a boxcar system and transferred to a
personal computer where the LIF signals were normalized to bah pump and pobe laser
intensities. In the experiments gedal care was taken that the Cl, CI* and H atom signals generat-
ed bythe 193.3 i phaolysis laser pulse showed a linea dependence on the pump (see eg. Fig.
1) and probe laser intensity.

In the present work the G2(MP2) method?4 of the GAUSSAN-98 ab initio program

pad<age25 was used for adired cdculation d hedas of formation AH,,, for the CH3CFCl; parent

298

moleaule and for the CH3CFCI fragment. For both spedes no experimental values are avail able. In
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case of CH3CFCl, avalue of AH,, = -335.1 Ki/mol was reported in Ref. 26, which was estimated

[0}

from avail able literature values of AH",,, for CH3CCls, CH3CF,Cl, and CH3;CF; employing a
norlinea fit procedure. The latter value was foundto be in good agreement with the value AH’,,
= -333.3 Kimol cdculated by Melius with the BAC-MP4 method2/ The value of AH’,, = -
358.6 kJ/mol oltained for CH3CFCl, in the present G2(MP2) cdculations, however, deviates
significantly from the results of the two previous cdculations (for the CH3CFCl radicd the present
G2(MP2) cdculations yielded a value AH",,, = -126.2 Kimol). Large deviations in the heas of
formation d fluorinated and chlorinated compound cdculated by the G2(MP2) method were
mentioned in Ref. 28. and attributed to systematic arors in the cdculation o the @&omization
energies. It was foundthat the goplicaion d spin-orbit corredions can reduce the deviation from
the experimental values in the cae of chlorine compound and it was concluded that G2 theory is
not sufficiently acairate for compound containing two o more F and Cl atoms. However, the
applicaion d isodesmic readion schemes, where the number of eat kind d bondstays the same,

was found to significantly improve the acaracy of the heas of formation values obtained by

direa theoreticad method29 Therefore, G2(MP2) cdculations on the isodesmic readion scheme

CH,CH, + CHFCI, « CH,CFCI, + CH, )

were caried ou in the present work to cadculate the enthalpy change from which AH,,, for

298
CH,CFCIl, could be derived employing the literature values for the experimental heés of formation
of CH,CH, (-84.1 k¥mol),28 CHFCI, (-2833 k¥mol),30 and CH, (-74.9 k¥mol).28 With this
approach a value of AH®,, = -339.2kJmol was obtained for CHsCFCl,, which is in reasonable

agreament with the two values reported ealier.26,27

To derive an improved value for AH,,, for CH,CFCl a cdculation onthe isodesmic readion

298

CH,CH, + CHFCI, » CH.CFCl + CH.CI )

was performed wsing the experimental heas of formation d CH,CH, (120.9 K/mol),28 CHFCI,



(-283.3 K/moal),30 and CH,CI (-83.7 K¥imol).30 The latter cdculation yielded avalue of AH®,, =
-119.1 K¥mol for the CH3CFClI radicd. The AH°,, values obtained for CH;CFCl, and CH3CFCl

298

via the isodesmic readions (1) and (2), respedively, are listed in Table | along with avail able

literature values of other passble phaolysis products, which were used to cdculate the readion

enthalpies AH’,, of different dissociation channels and the mrrespondng values of the energies

(0]
298

avail able to the products. With the AH",, values for CH3CFCl, and CH3CFCl of the present work

along with the A,H,,, value reported in Ref. 31 for the Cl atom a value of AH°,,, = 341.4 Kiimol
for the C-Cl bond lve&ing readion channel CH3;CFCl, — CH3CFCI + Cl can be obtained, which
isin goodagreement with an estimated value of 351+ 35 kI/mol reported in Ref. 14c.

In the same way, the hed of formation value AH,,, = 77.8 ki¥imol for the CHCFClI radicd, for

which to the best of our knowledge dso no experimental value is available, was cdculated

employing the isodesmic reacion scheme
CHCH, + ¥ CCl, + ¥ CF, « CHCFCI + %2CH, (3)

along with the known heas of formation & CHCH, (299.6 k¥mol),27 Cl, (-95.8 kymol), CF,
(-993kJImol), and CH, (-74.9 K¥imol).28



. RESULTS
A. [CI*]/[CI] spin-orbit branching ratio and primary quantum yields for chlorine and
hydrogen atom formation

Primary quantum yields @, for Cl and @, for ClI* atom phaofragment formation were measured
separately by cdibrating the Cl, CI* atom signals S,(CH,CFCl,), S,.(CH3CFCl,) obtained in the
CH3CFCl, phaodissociation against the Cl, CI* atom signals S,(HCI), S,.(HCl) from well-
defined CI,CI* atom number densities generated in the 193.3 mm phaolysis of HCI (seeFig. 2.
Values for the quantum yields @, for Cl and @, for CI* formationin the phaolysis of CH,CFCl,

were determined using equations (4a) and (4b), respedively:16

(DCI = Ya {SC|(CH3CFCI 2) ¢c| Gy pHCI} /
{SCI(HC|) GCHgCFCI ) pCHgCFCI 2} . (4a)

q)CI* = YCI* {SCI*(CH3CFCI 2) ¢CI* cYHCI pHCI} /

{ SCI* ( H Cl ) GCHSCFCIZ pCHSCFCIZ} - (4 b)

6,4 and © are the opticd absorption crosssedions of HCI and CHSCFCI, at room

HCl cr,cral,
temperature & 193.3 . S, and S, are the integrated areas under the measured Cl and CI* atom
Dopper profiles and p,, and R cror, A€ the presaures of HCI and CH3CFCl,, respedively. ¢.. =
0.40and ¢, = 0.60are the Cl and CI* quantum yields in the 193.3 m phaolysis of HCI, which
can be derived, because the phaodissociation d HCI generates H + CI(Cl*) products with a quan-
tum yield o unity (¢n = ¢4. + ¢, = 1), from the [CI*]/[CI] spin-orbit branching ratio, 0.67+ 0.09,
ratio reported in Ref. 16.For the HCI absorption cross ®dion, the value s,,, = (8.1 0.4) x 10720
cm? was used, which has been measured for the ArF excimer laser emisson wavelength (193.3
nm)32. The latter value is in goodagreement with the value of 8.26 x 1020 cm? obtained by
norlinea interpoation from the recommended dataB(0) given in Ref. 33. For the CH,CFC,

absorption cross ®dion the value ¢ = (5.58 + 0.11) x 10719 cm? derived from the data

CH 3CFCI 2
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recommended in Ref. 8c was employed.

The fadorsy,«, andy, in Egs. (4a) and (4b), respedively, are crredions acourting for the
different degrees of absorption o the Cl (A, .~ 134.72 m) and CI*(A, .~ 135.16 m) VUV
probe laser radiation by CH,CFCl, and HCI. These @sorption corredions were diredly
determined from the known dstances inside the flow cdl and the relative difference in the probe
laser attenuation measured in the CHCFCl, and HCl phaolysis runs. Under the present
experimental condtions the asorption corredions were y, = 0.94+ 0.05and y,. = 0.96+ 0.05.
The experimental data sets evaluated via Egs. (4) to determine @, and @, consisted of 13Cl (CI*)
atom profiles obtained in combination with 13 Cl (CI*) profiles from HCI cdibration runs.
Experimental errors were determined from the 1o statistica uncertainties of the experimental data,
the uncertainties of the opticad absorption cross ®dions and the uncertainty of the [CI*]/[Cl]
branching ratio value in the 193.3 m phaolysis of HCl using simple eror propagation. Va ues of
®,=0.74+ 0.11and ®_. = 0.27+ 0.03 were obtained, resulting in a spin-orbit branching ratio of
[CI*]/[Cl] = ®_./D, = 0.36+ 0.08.From the measured Cl and CI* atom quantum yields a value of
®,,.. = 1.01+£0.14 can be derived for the total chlorine aom quantum yield in the 193.3 M
phaolysis of CH,CFCl.,

The asolute primary quantum yield @, for H atom formation in the CH,CFCl, phdo-
dissociation was determined by cdibrating the H atom signal obtained in the CH;CFCl, phao-
diswociation against the H atom signal measured in the 193.3 im phaolysis of HCI (seeFig. 3. As
in case of the Cl and CI* quantum yield measurements an absorption corredion hed to be gplied
to acourt for the difference in the ésorption cross ®dions of CH;CFCl, and HCI at the
Lyman-a. probe laser wavelength.34 Under the present experimental condtions the asorption
corredion was y,, = 0.85* 0.04. For further details abou the cdibration procedure ae given in

Ref. 15. For the asolute H atom quantum yield a value of ®,, = 0.04+ 0.01 was obtained in the

evauation d 8 independent cdi bration measurements.
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B. Average chlorineand hydrogen atom translational energies
Cl, CI* and H atom Dopper profiles were analysed in order to determine the mean kinetic energy
of the respedive fragments in the phaolysis of CH,CFCI,. The Dopger profiles diredly reflea,
via the linear Dopger shift [v —vg] /v =V, / c, the distribution f(v,) of the velocity comporent
v, of the &sorbing atoms aong the propagation dredion d the probe laser beam. As a
consequence, for an isotropic velocity distribution the average kinetic energy o the fragmentsin
the laboratory system is given by Ey | = 3/2 m <v,2>. Here <v,?> and m represent the second
moment of the laboratory velocity distribution f(v,) and the mass of the phaolyticdly produced
atoms, respedively. However, becaise the measured spedral profiles represent a convdution o
the laser spedra profile axd the Dopger profile of the &sorbing atoms, a numericd
deconvdution was applied to oltain the wrred fragment velocity distribution f(v,) employing a
Gausgan function to describe the VUV probe laser spedra profile.

In the Cl and CI* atom formation dyramics gudies the evaluation d the 26 recorded Cl and
Cl* atom Dopper profiles, taking into acourt the adual laser bandwidth, yielded values of
Et japcry = 107 £ 8 kiimol and Eq | 45cj+) = 113 £ 8 k/moal for the mean laboratory kinetic
energy of the Cl and CI* fragments, respedively. For the H atoms produced in the CH,CFCI,
phaolysis, avalue of Er |14y = 25+ 4 k¥mol was obtained in the evaluation d the 8 recorded
Dopger profiles. The quaed errors include the 1o statisticd uncertainties obtained in the
numerica least squares fit analysis of the spedral profiles as well as the respedive uncertainties
of the laser bandwidth measurements. With the values given abowe the crrespondng mean
relative trangational energies in the CH;CFCI + Cl center-of-masssystem were cdculated to be
Et(c)y =157+ 12 Kmol and Eq¢y«) = 165+ 12 kI/moal.
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V. Discusson

A. Primary quantum yield for chlorine atom formation

In principle, the anourt of energy provided by a 193.3 m phadon (o = 619.6 k/mol) would be
high enoughto alow for a variety of two-body as well as threebody decgy channels for the
energized CH,CFCI, moleaule (see eg. Table I). However, as absorption d a 193.3 m phadon
adually leads to excitationin the first UV absorption tend d CH;CFCl,, which originates from a
3prn — o*(C-Cl) transition within the valence shell (3pr isaCl lone pair orbital and o* isan an-
tibondng C-Cl 6—MO), ore can exped that UV phaolysis leals preferentialy to bre&king d the
C-ClI bond. The result of the present absolute quantum yield measurements for chlorine aom
formation, ®,.. = 1.01+ 0.14 isin line with this expedation. In addition, kecaise the threebody
decay channel in which two chlorine @oms are formed aong with the CH,CF radicd is
energeticdly nat accessble in the 193.3 m phaolysis of CH,CFCl,, the result of the present
chlorine @om quantum yield measurement can be diredly used to derive an upper limit of

@5 14 <0.135for the total quantum yield of the other thermochemically all owed two-body,

CH,CFCI, « CH,CCl, + FIF*, (5)
CH,CFCI, « CH,CFCI, + H, (6)
CH,CFCI, « CH,CF + Cl, (7)
CH,CFCI, » CH.CCl + CIF, (8)
CH,CFCI, « CH,CFCI + HCl, 9)
CH,CFCI, « CH,CCl, + HF, (10)

13



CH,CFCI, » CH, + CFCl,, (11)

andthreebody decgy channels,
CH.CFCI, « CH,CCl + HCI + F/F*, (12
CH.CFCI, « CHCFCI + HCI + H, (13
CH,CFCI, « CHCCl, + HF + H, (19

which do na result in either Cl or CI* atom formation.

CH,CFCI, pyrolysis experiments in which the thermal kinetics of the dehydrochlorination
channel (9) was gudied in the temperature range 610853 K yielded values of 196.6 kimol36 and
238.7 KImol37 for the adivation energy of this channel. Only the latter value was foundto be
consistent with readion threshold barrier energies of 225.9 K/mol and 236.0 Wmol obtained in
chemicd adivation experiments38 and ab initio quantum chemica caculations,39 respedively.
With an adivation energy o 238.7 K¥/mol, the moleaular elimination channel (9) shoud be
energeticdly accessble in the 193.3 m phaolysis of CH,CFCI,. However, the HCI(v = 0, 1)
quantum yield of ®cyy=0,1) < 0.01reported in Ref. 13a dongwith the fad that no IR emisson d
HCI(v = 1-4) could be observed following the 193.3 m phdolysis of CH,CFCI,40 indicates that
the HCI moleaular elimination channel (9) as well as HCI formation via the threebody cecy
channels (12,13 and (15),

CH,CFCI, » CH,CF + HCl + CI/CI*, (15)

is only of minor importance in the primary UV phaochemistry of CH,CFCI,. This parallels the
results obtained in the UV phaolysis of CH3CH,Cl where HCI elimination was aso foundto be a

minor pathway only.41 HCI formation otserved in the 193.3 m phatodisciation o CH3CH-Cl

14



was attributed to a medhanism, which invalves internal conversion from the initialy eledronicdly
excited state(s) to the dedronic groundstate. The fad that HCI could na be observed in case of
CH5CFCl,13840 glong with the quantum yield for chlorine @om formation o unity — as obtained
in the present study — indicates that the dissociation takes placeon ore (or more) potential energy
surfacds), which is (are) repulsive in the C-Cl coordinate and which is (are) not efficiently coupded
to the CH3;CFCI,(A”") eledronic ground state13 In Ref. 14c, based onthe analysis of Cl and CI*
phaofragment velocity distribution anisotropy parameters 3 measured in the 235 nrm phaolysis of
CH3CFCl, vibrationally pre-excited to three and four quanta of C-H methyl stretches, it was
proposed that eledronicdly excited states of A and A symmetry are involved in the UV

phaodissociation processfor excitation energies upto 53761cm1 (643.9 Kimol).

B. C-CI bond cleavage medhanism, energy disposal, and [CI*]/[CI] spin-orbit branching
ratio

Althoughthe dynamics of C-Cl bond cleavage has been investigated previously for CH3CFCl,

under moleaular bean condtions at phaolysis wavelengths of 235and 193.3 m, noinformation

about the energy disposal was derived in these studies.13,14.b From the Cl and CI* translational

energies obtained in the present 193.3 i phaolysis gudy translational energy disposal fradions

of frcy = Ercy/Ear = 0.56, and fr gy = Eqgx)/E, = 0.62, respedively, can be derived

employing the respedive values of E_, for the two single Cl-bond lyegking readion pathways,

CH,CFCI, » CH,CFCl + CI (163)

CH,CFCI, » CH,CFCl + CI* (16

as given in Table I. The present f; values, which lie between the limiting values 0.36 and 0.85
predicted by a soft impulsive?2 and an impulsive rigid rotor model,43 demonstrate that C-Cl bond
cleavage leads to arather high trandational energy releasein the CH3;CFCl, phaodissociation. The
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present results therefore indicate the presence of a prompt dissociation from one or more PESs,
which are strongly repulsive in the C-Cl coordinate. A prompt disociation medhanism, which is
consistent with the dsence of any structure in the first absorption band o the CH3;CFCl, moleaule,
was also proposed in Ref. 14c to explain the nonvanishing Cl and Cl* photofragment velocity
distribution anisotropy parameters 3 observed in the vibrationally mediated UV phaodisociation
of CH3CFCl,. The present results are in general agreement with the energy disposal fradions
observed in the vibrationally mediated 235 m phaolysis of CH3;CFCl, (3vcy) which, with a total
excitation energy of 612.9kJmol,14bis aimost isoenergetic to the 193.3 m (7w = 619.6 K¥mol)
phaolysis of vibrational groundstate CH3CFCl,. From the Cl and ClI* trandational energies given
in Ref. 14a, values of fT(Cl) =0.44and fT(C|*) = 0.51can be cdculated using the thermochemicd
data of Table I. The fad that the latter values are somewhat smaller than the present values might
be due to the &sence of a significant energy flow from the initialy excited C-H methyl stretch
vibration into the C-Cl bonddissociation coordinate. In Ref. 14c, the experimental observation that
the Cl and CI* product tranglational energies remained almost constant upon pe-excitation with
three four or even five quanta of C-H methyl stretch was attributed to the rather small amourt of
additional energy which finadly ends up in the C-ClI coordinate dter complete energy
randamisation among the 18 namal modes of the parent moleaule. On the other hand, athouwgh C-
H methyl stretch pre-excitation was foundto be insignificant for the energetics of Cl and Cl* atom
formation, a pronourced influence on the overall Cl, CI* signal strength and onthe [CI*]/[Cl] spin-
orbit branching ratio was observed 13.14,b Upon \ibrational excitation o the symmetric C-H
methyl stretch vibration the spin-orbit branching ratio was observed to increase by abou afador of
two from avaue of [CI*]/[Cl] =0.22+ 0.06,as observed in the 193.3 m groundstate phaolysis
of CH3CFCl, under cold molealar beam condtions (T,;, ~ 100K),13 to a value of [CI*]/[CI] =
0.49+ 0.11in the isoenergetic 235 rm phaolysis of CH3CFCl, (3vcy).14C In the present 193.3 m
gas-phase phaolysis dudy d room-temperature CH3CFCl, (T = 298 K) an intermediate value of
[CI*]/[CI] = 0.36+ 0.08was obtained.

As suggested in Ref. 14c, the dteration d the [Cl*]/[Cl] spin-orbit branching ratio upon
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vibrational pre-excitation could be due to dfferences in the improvement of the Franck-Condon
(FC) fadors relative to the FC fadors of the groundstate moleaules. Thisin turn could result in an
ateration d the ratio o the partial absorption cross ®dions to the upper PESs invalved in the
disociation pocessof the vibrationally excited moleaules. If the [CI*]/[CI] spin-orbit branching
ratio is determined by the relative strength o the initial absorption cross ®dions and nd
significantly altered by subsequent norediabatic interadions while the fragments separate, the
higher [CI*]/[CI] spin-orbit branching ratio observed in the present 193.3 min room-temperature
phaolysis study (compared to the 193.3 m moleaular beam phatolysis gudyl3) could be the
result of the markedly different parent moleaule vibrational state distributions. For the moleaular
bean condtions (T,;, * 100 K) one can estimate that only a small fradion (ca 7%) of the
CH3CFCl; moleaules are in vibrational levels with v > 0, while for the room temperature sample

thisvalueis considerably higher (ca 78%).44.,45

C. H atom formation dynamics
The H atom quantum yield of @, = 0.04+ 0.01 oltained in the present work demonstrates that H
atom formation, cespite the fad that it could in principle occur via a number of readion channels,
such as (6, 13, 14, is only a minor product in the 193.3 min gas-phase phaolysis of CH3CFCl..
The present result is in line with the results of previous work in which H atom formation in the
disociation o comparable moleaules sich as CHsCF,Cl,15 CH4Cl, and CH,Cl,46 was
investigated after phaoexcitation in their first absorption bands. In the 193.3 mm gas-phase
phatolysis of CHsCF,Cl an H atom quantum yield of 0.06 + 0.02 was determined, 15 and even
lower H atom quantum yields (@, < 0.02) were observed in case of CH3Cl, and CH,Cl; at the same
phaolysis wavelength.

The rather low H atom quantum yield measured in the present work for CH3CFCl, along
with the previously reported H atom quantum yields for CH3CF,Cl, CH3Cl, and CH,Cl, show that
phaoabsorption at 193.3 i which leads to a 3pr — o*(C-Cl) valence shell transition dces not

result in efficient primary C-H bondcleavage. However, if these moleaules are excited in the VUV
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spedra region H atom formation becmes increasingly important.15.47,48 For CH4CF.Cl, for
example, it was foundthat the H atom quantum yield increases from 0.06+ 0.02at 193.3 nm to a
value of 0.53+ 0.12for the Lyman-a. phaolysis wavelength (121.6 mm).15 As outlined in Ref. 15,
the H atom translational energy release observed in the CH3;CF,Cl Lyman-a phaolysis gudy along
with the results of previous datic VUV decomposition experiments indicate that together with H
atoms comparable amourts of chlorine aoms and internally excited CH,CF, moleailes are
prodwed in the Lyman-o phdolysis of CH3;CF,Cl. For the Lyman-o wavelength, which
corresponds to an excitation energy of 985.3 K/mol, a Herzberg type | predisociation
mechanism?9 was propased in which a highly excited CH3sCF,ClT intermediate, formed by a
norediabatic transition from the initial excited boundRydberg state to a disociative valence state,
undergoes a threebody decg to yield CH,CF, + CI/Cl* + H produwcts. In Ref. 15, it was further
noted the latter product channel is alrealy energeticdly possble in the 193.3 i phaolysis of
CH3CF,Cl (seeTable | of Ref. 15 and the observed H atom Dopgder profiles in the 193.3 i
phaodissociation dyramics gudy were foundto be cnsistent with a sequential threebody decey
in which the H atoms are prodwed via the “secondary” unimoleaular decompasition d the
internally excited CH3CF, fragment formed in the “primary” C-Cl bond cleasage process
(CH3CF,Cl — CH3CF,T + CI/CI¥).

In order to accesswhether the formation d H atomsin the 193.3 m phaolysis of CH3;CFCl,

via asimilar threebody decy,
CH,CFCl, « CH,CFCl +CI/CI* +H 17

would be energeticdly possble, the kinetic energy dstributions of the Cl, CI* fragments derived
from the Dopder profiles measured in the present study were andyzed employing the
thermochemicd data compiled in Table|. Thisanalysis reveded that in the present case dou 12%
(correspondng to a fradion d 0.12) of the CH,CFCI fragments formed via the product channels
(168, b) would have enoughinternal energy to further decompaose into H atoms with an average

relative translational energy of 25 + 4 kd/mol as observed in the present study and CH,CFCI
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moleaular fragments, if the latter are formed withou internal excitation. The fad that the

experimentally observed H versus chlorine @om formationratio [H]/[Cl + CI*] =&,/ ®_,.. =0.04

crar
+ 0.02is abou afador of threelower might indicae that in the adual dissociation medanism of
the threebody decay channel (17) CH,CFCI fragments are formed with an significant amourt of
internal excitation.

Althoughthe results of the energy analysis described above show that both the H atom
trandational energy and the H atom quantum yield of the present work would be @nsistent with
the threebody decay (17), the posshility that H atoms are formed to a cetain extend via readion
channel (6) or (13, 19 can na be mmpletely ruled ou on the basis of the present results.
However, in any case an upper limit of @g 13 14 17 < 0.05can be derived for the total yield of the H
atom formation channels (6, 13, 14 and (17) from the upper error bound & the present H atom
guantum yield measurement.

“Dired” H atom formation via readion channel (6) was propcsed to explain the high H
average trandation energy of 98 = 19 kI¥/mol which was observed in the 193.3 nim CH3;CFCl,
moleaular bean laser phaolysis gudies along with a [H]/[Cl + CI*] branching ratio of 0.18 +
0.0713 For H atoms formed with an average transation energy of 98 ki/mol, the kinetic energy
distributions of the ClI, CI* fragments as determined in the present work, assuming that under the
moleaular beam condtions of Ref. 13 the H and the dilorine @oms are formed through the
dissociation channel (17), would orly allow for a substantialy smaller [H]/[Cl + CI*] branching
ratio of ca 3 x 104 even in the limiti ng case of the CH,CFCl moleaular fragments being formed
withou any internal excitation. Therefore, it seams to be rather unlikely that the considerable
amourt of H atoms observed under moleaular beam condtions can result from the threebody
decay (17). The latter propasition is in line with the conclusion d Ref. 13b where H atom
formation via the threebody decay (17) was ruled ou based onthe similarity of the (high) average
H atom trandational energies observed in the 193.3 imm moleaular beam phaolysis of CH3;CFCl,
and CHF,CI (for which a threebody decg lealing to CF, + CI/CI* + H is energeticdly nat

possbled0). In addition, in case of the moleaular beam phatodisociation studies H atom formation
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along with HF formation through the threebody decey (14) is aso qute unlikely as for this
product channel the amourt of energy avail able to the products, E,, = 71.9 K/mol, is considerably
lessthan the observed average H atom product translational energy of 98 kI/mol.

A comparison between the present results obtained in a room-temperature phaodisociation
study of CH3CFCl, and the results previously obtained under moleaular beam condtions suggests
that quite different H atom formation mecdhanisms are operating. While in the room-temperature
phaolysis relatively “slow” H atoms are formed most probably through a sequentia threebody
decay (17), in which the H atoms originate from a “secondary” unimoleaular decompasition o
internally excited CH,CFCI fragments produced in the “primary” C-Cl bond cleavage readion
(163, b), the “fast” H atom observed under “cold” moleaular beam condtions are more likely to be
formed by two-body decay (6) which invaves sngle C-H bond clearage. Furthermore, interna
excitation d the parent moleaule seans to have apronourced influence on the [H]/[Cl + CI*]
branching ratio as indicaed by the significant increase from a value of 0.04+ 0.02to a value of
0.18+ 0.07which is observed uponexpansion codling the parent moleaule from room-temperature
down to a vibrational temperature of abou 100 K. Results of [H]/[Cl + CI*] branching ratio
measurements obtained in the 235 M moleaular beam phaolysis of vibrational groundstate and
vibrationally pre-excited CH3CFCl,, in which the [H]/[Cl + CI*] branching ratio was found to
deaease uponseledive C-H methyl stretch excitation (see eg. the results obtained in the 235 rm
phaolysis of vibrational groundstate CH3CFCl,, CH3CFClx(3vey) and CH3CFCly(4vey) as
reproduced in Table Il of Ref. 140, might be taken as an indicaion that the markedly different
vibrational state distributions in the moleaular bean and the room temperature gas phase
experiments, which could result in a different Franck-Condon owerlap between the ground vbronic
and the dedronicdly excited states wavefunctions, are the reason for the observed dfference in
the [H]/[CI + CI*] branching in the 193.3 mim phadolysis. However, as drealy panted ou in Ref.
16 in conjunction with the interpretation d the 193.3 m room-temperature and moleaular beam
phaolysis results of CH3CF,Cl, additional theoreticd work is clealy needed bah onthe involved

eledronicdly excited moleaular PESs as well as on the moleaular dissociation dyramics before it
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can be expeded that a complete picture of the H atom formation mecdhanism(s) can be drawn for
these moleaules. On the experimental side, detailed information onthe H atom energy release
along with H atom phaofragment velocity distribution anisotropy parameter measurements in
particular in the vibrationally mediated CH3;CFCl, phatolysis, for which the reported [H]/[Cl + CI*]
branching ratios indicate that H atom formation becomes a major product channel, 14b€ would be
most helpful to shed more light on the adua dissociation medanism leading to H atom

production.

D. HF formation
Althoughthe formation d HCI in the 193.3 im phaolysis of CH3CFCl, can be ruled ou based on
experimental results1 32,40 there is no dred experimental evidence indicaing the asence of HF
formation. On the other hand, preliminary studies on the 193.3 i gas-phase phaolysis of room-
temperature CH3CFCl,, in which time-resolved Fourier-transform spedroscopy (TRFTS) in the
emisgon mode was applied, sean to indicae that vibrationaly exited HF(v = 1-5) phaofragments
might be produced 40 Even though HF was not diredly deteded in the present work, some
information abou the energeticdly possble HF formation channels and their relative importance
in the 193.3 m phaolysis of CH3CFCl, can be derived from the results of the present CI, CI* and
H atom phaoproduct formation studies.

Based onthe thermochemicd data compiled in Table | HF could be formed in the 193.3 m
phaolysis basicdly via the threebody decay channels (14) and (18),

CH,CFCI, » CH,CCl +Cl/CI* + HF (18)

aswell asvia the unimoleaular 1,2-elimination process(10).21

Formation d HF(v = 0, 1) via the threebody decey channel (14) would be virtualy
consistent with the translational energy dstribution derived from the H atom Dopper profiles
measured in the present study. The analysis of the trandational energy dstribution reveded that

HF(v = 0) formation is energeticdly possble for 98% of the experimentally observed H atoms.
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Also the formation d HF(v = 1) is gill possble dongwith 5246 of the observed H atom products.
Formation d HF(v > 1), however, would energeticdly na be dlowed. An upper limit of
®,4 <0.05for the quantum yield of HF moleaules, which could be formed via readion channel
(14), can be derived from the upper error bound & the H atom quantum yield measured in the
present work.

In a similar way the posshility for HF formation via the threebody decgy channel (18) can
be sssesed by analysing the trandational energy dstributions of the CI and Cl* fragments
observed in the present experiments. For this channel the analysis rowed that HF(v = 0) formation
is energeticdly possble dong with upto 66% of the observed Cl and CI* atoms. From the total
chlorine @om quantum yield measured in the present work a vaue of @ g =0.76 can be
obtained for the maximum quantum yield for HF(v = 0) that could be formed.22 The analysis
further reveded that only HF formation upto v = 3 would be energeticdly allowed for readion
channel (18). Hence, it can be cncluded that if HF(v > 3) products are observed they must be
formed via the dimination channel (10). For the latter channel popdation d HF vibrational states
up to v=>5 as observed in Ref. 40 would be cetainly possble ansidering the high value of the
energy avail able to the products (see Table 1).93,54Because readion channel (10) does not result
in either Cl or CI* fragments the upper limit for the total quantum yield for HF formationvia this
channel is restricted by the relationship @y <®s5 14 <0.13,which (vide supra) can be derived
from the lower error bound @ the present chlorine aom quantum yield measurement.39

From the @owe discusson it is clea that for a more quantitative assssment of the overall
importance of HF formation in the UV phaodissociation d CH,CFCI,in general and the potential
contributions of the threebody cecay channels (14, 18§ in particular further experimental efforts
toward the determination d the [HF(v = 0)] / [HF(v = 1-5)] branching ratio, which could na be
provided bythe TRFTS studies of Ref. 40,would be required.
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V. Summary

In the present gas-phase pulsed laser phaolysis/laser-induced fluorescence ‘“pump-and-
probe” experiments absolute quantum yields for phaolytic formation d Cl, ClI* and H atoms were
determined after UV laser excitation o room-temperature CH;CFCl,, (HCFC-141bh at 193.3 m.

The value of @, . = 1.01+ 0.14 oltained for the total chlorine gom quantum yield along with

crar
the rather small H atom quantum yield of @, = 0.04 + 0.01 demonstrates that chlorine g&om
formation is the main phdochemicd product channel in the 193.3 mm gas-phase phaolysis of
CH3CFCl,, at room temperature. The fradions of total available energy channelled into CH;CFCI
+ CI/CI* product trandlational energy was foundto be in agreement with results of dynamicd
simulations employing repulsive models for singe C-Cl bond cleavage. The measured total
chlorine aom quantum yield and the energy dsposal indicate that direa C-Cl bond clearage on

one or more repulsive PESs is the predominant primary fragmentation mechanism for CH;CFCl,,

after phaoexcitationin the first absorption bend.
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Fig. 1

Fig. 2

Fig. 3

Figure Caption

Dependence of the observed Cl (a), CI* (b) and H atom (c) LIF signa from the
CH3CFCI, phaodissociation onthe 193.3 rm phaolysis (“pump”) laser intensity |ymp-
Solid lines are the result of aleast-squares fit (Ipump”) to the experimental datain order to
determine the power-dependence n of the respedive LIF signals. The values obtained for

nare given in the figure.

Dopger profiles of CI and CI* (a) atoms produced in the 193.3 m laser phaolysis of
12 mTorr of CH3CFCl, and Cl and CI* (b) atoms produced in the 193.3 m laser
phaolysis of 72 mTorr of HCl. Dopder profiles were recorded 150 13 after the
phaolysis laser pulse. Line ceitres correspond to the (4s 2Pj' =3/2 < 3p 2Pj~:3/2)
transition o the Cl atom (74225.8cm1) and to the (4s 2Pj' =12 < 3p 2P—~:1/2)
transition o the CI* atom (73983.1cm-1), respedtively.

Dopper profiles of H atoms produced in the 193.3 m laser phaolysis of (a) 8 mTorr of
CH3ZCFCl, and (b) 7 mTorr of HCI. Dopger profiles were recorded 100 rs after the
phaolysis laser pulse. Line centres correspondto the H atom Lyman-o. transition (82259

cml),
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Fig.1 Lauter et al.
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Fig.2 Lauter et al.
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Tablel. Standard enthalpies of formation, A;H®,,,, and readion enthalpies, A H%,,, of

energeticdly accessble phaochemicd product channelsin the 193.3 i phatolysis of
CH,CFCl,. Energies avail able to the respedive products, E,_,, were cdculated viaE,, =

avl!
ho,,,(193.3 m) — A HC,,.. Energies are given in kJ/mol.

298"

Spedes AH°,,  Ref. Product channel AHC,, E.,
CH.CFCI, -339.2 (%) CH,CFCl, -» CH.CFCI + Cl 341.4 278.3
CH.CFCI -119.1 (%) CH.CFCIl, —» CH,CFCI + CI* 352.0 267.7
CH.Cdl, 43.2 [27] CH,CFCl, » CH.,CFCI, + H 449.0 170.7
CH,CFCI, -108.2  [27] CH,CFCl, » CH,.CCl, + F 461.8 157.9
CH,CFCI -165.4  [55 CH.,CFCl, » CH,CO, + F* 466.6 153.1
CH.,CCl 212.0 [56 CH.CFCI, - CH,CFCI + HCI 81.5 538.2
CH.CF 67.9 [27] CH,CFCl, » CH,CCl, + HF 69.0 550.7
CH,Cdl, 2.2 [57] CH,CFCl, » CH,CCl + CIF 500.9 118.8
CH,CCl 257.0 [27] CH.CFCl, » CH,CF + Cl, 407.1 212.6
CH,CF 109.1 [27] CH,CFCl, —» CH, + CFCl, 389.7 230.0
CHCQ, 260.7  [27] CH,CFCl, » CH,CFCl + Cl + H 513.1 106.6
CHCFCI 77.8 *) CH,CFCl, » CH,CFCl + CI* +H 523.7 96.0
CFCl, -95.2 [27] CH,CFCl, » CH,CF + CI + HCI 477.3 142.4
CH, 1457  [3]] CH,CFCl, — CH,CF + CI* + HCl 4879 13138
CIF -50.3 [31 CH,CFCl, » CH,CCl + Cl + HF 445.1 174.6
HCI -92.3 31 CH,CFCl, - CH,CCl + CI* + HF 455.7 164.9
HF -272.4  [3]] CH,CFCl, » CH,CCl + F + HCI 583.3 36.4
F/F* 79.484.2 [3]] CH,CFCl, » CH,CCl + F* + HCI 588.1 31.6
Cl/Cl* 121.3131.6 [31]] CH,CFCl, -» CHCFCI + H + HCI 542.7 77.0
H 218.0 [31] CH.CFCI, » CHCCl, + H+ HF 545.5 74.2

(*) values obtained in the present work from G2(MP2) cd culations employing dff erent

isodesmic readion schemes (detail s are given in the text).
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