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COMPETITION BETWEEN ATOMIC -AND MOLECULAR CHLORINE ELIMINATION
IN THE INFRARED MULTIPHOTON DISSOCIATION OF CF2C12

D. Kra3nov1cha F. Huiskenb, Z. ZhangC, Y. R. Shend
and Y. T. Leea €

Materials and Molecular Research D1v1s1on
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

ABSTRACT
Infrared multiphoton dissociation of CF,C1, has been
reinvestigated by the crossed laser-molecular beam technique using a high
repetition rate CO2 TEA laser.. Both the atomic and molecular chlorine
elimination channels weré observedf (1) CF2C12 > CF2C1 + C1, and
(2) CF,C1, » CF, + Cl,. No evidence was found for secondary
2

dissociation of CF2C1 at laser energy fluences up to 8 J/fcm .

Centerfof—mass>product translational energy distributions were obtained

“for both dissociation channels. In agreement .with previous work, the

products of reaction (1) are found to have a statistical translational.
energyldistribution. The products of reaction (2) are formed with a mean
translational energy of 8 kcal/mole, and the distribution peaks rather
sharply about this va]Ue, indicating a sizeable exit barrier to molecular
e]iminatibn. The product branching ratio was directly determined.
Reaétion (2) accounts for roughly 10% of the. total dissociation'yiéld in
the fluence rangeIO.S‘— 8 J/cmzw These results provide an additional

test of the statistical theory of unimolecular .reactions.

This work was supported by the Director, Office of Energy Research, Office
of Basic Energy Sciences, Chemical Sciences Division and the Assistant
Secretary for Nuclear Energy, Office of Advanced Systems and Nuclear
Projects, Advanced Isotope Separation Division of the u. S Department of
Energy under Contract DE- ACO3 76SF00098. :



‘1. INTRODUCTION S

. Infrared multiphoton absorption maylbe ueed to prepare vibrationa11y
‘excited molecu]eé er studies ef Unimeieénlar reaction d&namics;

'CF C1 1s a particu]ar]y interesttng candidate'tbr such Studies, since

272
it has two d1ssoc1at10n channels with near]y the same endotherm1c1ty

(1) CFyL1, =23 CF L1 + €1 oah-o=
2y — CF, + C1, aH = 73 kcal/mole.

The thréSho]d'enérgyjfor'reaction (2) is expected to-belsomEWhat higher__e

80 kca]/mo]e G

'than-the endothermicity,»since'there probab]y exists an activatiOn'energy
;for the reverse . assoc1at1on react1on - -

) " In order to ga1n ‘a ‘basic understand1ng of the d1ssoc1at1on dynam1cs
an.th15's1mp1e:system; the following questions must be answered.s (1) What«_f
is’the size -of the;potentjal energy barrier infthefmo]ecu]ar e]imination,.ﬂ
chéhne]ﬁ :(Does-that channel have a lower or: higher thresho]d»energy than .
Kthe atomic e]1m1nat1on channe17) (2) How’many'photbns do the molecules
.absorb before they d1ssoc1ate, and what do the product energy
d1str1but1ons Took 1ike? (3) What 1s the branch1ng ratlo and how does it
'depend on the laser intensity and energy f]uence? Are the resu]ts in

; quant1tat1ve agreement w1th the pred1ct1ons of RRKM theory? (4) Is |
,secondary d1ssoc1at1on of CF2C1 1mportant? | |

Recently a number of experiments on CF2C12 have been reported

" which bear on these questions. In a previous molecular beam

experiment 1 on]y the atom1c e]1m1nat1on reaction was. .observed and the
trans]at1ona1 energy d1str1but1on of the CFZC] + 1 products was

fmeasured It was inferred that the mo]ecu]es absorb on average 2-3



photons beyond the threshold for reaction (1). An upper Timit of 10% was
placed on the fraction of molecules dissociating yia C]é eTiminatiOH."
King and Stephenson2 used the—]aéer-induCed ffuorescence (LIF)
technique to measure the initial interna] energy distribution of the_CF2
fragments -produced in reaction (2). An opfica] time-of-f1ight (TOF)
method was a]so.used3 to estimate the average kinetic energy of the
nascent CF2 products.' Since only CFZ was detected in these
'experimeﬁts, no estimate of the re]afive importance of reéctions (1) and
(2)vcou]d be made. Also, the possibi]jty.that some of the CF2 was |
, createQ:by secondary dissociation of4CF2C1, although unlikely, cQu]d_not
be c0mp1eté]y ruled out. of course, such intefference would greatly
complicate and dilute the significance of their results. .

Hudgens4

used a beam sampling mass spectrometér'to'measure the
real-time mass spectra of CFZCJ2 pﬁoto]ysis products following a CO2
laser puise. He observed signals from masses 70, 72 and’74,‘corresponding
to C]Z formation with a nofmal isotopic distribution. By comparing the
relative signals at masées 70 énd_35:(after suitable corrections), he
estimated the ratio of C1 versus C12 formation tojbe greater than 33:1.
However, this estimate méy not be va]%d if thére-is.a significant |
difference in the amount of thans1af10na1 energy released in réactfdns (1)
and;(2),vsince the kinematics of the‘dissociation pkocess_affects the
detection sensitivity. | | | \

A large number Qf‘conventiona1igas cell bhotofy§is experiments have

also been performed onvCF2C12. Invone étudy, Morrison and Grant5



used sz‘és a scavenger in ten-fold excess over CF,Cl,. Following
irradiaiion; bn]y'two producﬁs were observed,'CFZCIBr and CFZBré,
which they interpreted as-arising_frbm CF2C] and CF2, réspectiveiy.
They found that the CF, yieid compriéed only 4% of the total
'dissociation yié]d at'a_lasef energy fiuehce of 6 J/cm2 and that this
percentage jntreased'as_the fluence was iowéréd. This suggests that
réa@tion_(Z), kathér}than secondaky dissoéiétioﬁ'of CFZC], is the
dom}ﬁant soufte of CF2 1h'fhis'f1uence rahge;a As thé fluence was
' 10Wered fufthef} the FefativeftFé-yié]d passed through almaximum_(”7% of
phevtofal)vénd then decreased. Ffom.this befiSoh'and Grant concluded
that théutﬁreshbid for‘C12_e1imination (endoéfgicity + bdrrier)'must°be
higher than that for C-C bond fission. 'Such a conclusion must be
_ régarded‘céUfidugi},*g;ﬁEé‘co]15§36557'éffecté éréfcertainTy fhportant;-
»even during the laser pdisé,,at'fﬁe'fe1atiVe]y5high préssdres (l-torr) of
‘fhéée eXperimenté. | | | | -

In the pfesént moTecu]ar_béam exberiment, a high repetitioh.katé

€0, TEA laser was used as the excitation source. The two

2
v okders—of—hagnﬁtude increase in auty cycié over the previous molecular
beam experiment allowed both aissociation channels to be observed. The
experiménf cdﬁsigted maih]y‘of“kl) meaéurement’of'the'product
trans]éiiona] énergy distribufiohs for both dissociation channels, (2)
accurate determination of the branching ratio and its débendence on energy
fiuence, and (3) eStimatiOn of the 1mp6ftance of secondary dissbciationvof
CFZC]. The resuits clear up some of the ambigujties in the previous
experiments, and allow us to give quantitative answers to most of the

questions posed earlier.



IT. EXPERIMENTAL ARRANGEM&NT__

The molecular beam appara;us used in this study has been described in
agetail preVious]y.6 Brief]y, a supersonic beam of CF2C12 molecules
was crossed at right angles with the output of a high‘repetition rate -
9 TEA laser in é,]iquid‘nitrogen cooled 1nteractjon chamber maintained
at ~5 x 107/

o
torr. The multiphoton dissociation products were détected
in the plane of the laser and mo]ecu]af beams by a fotatab]e, ultra-high
vacuum mass spectkometer consisting of a triply différehtia]]y pumped
electron bombardment ionizer, a qdadrupoie mass filter, and a Daly-typevf
ibn counter. |

Thevmolecu]ar beam was formed by expanding 200 torr of neat
CFZC]Z'thrOUtha 0.1 mm q1ameter quaftz nozzle, which was heatéd to

180°C to enhance multiphoton absorption,' The‘ve]ocity distribution of

this CF201 beanm was determined by_conventiong] TOF measurements. The

2
beam haa & peak velocity of 5.45 x.lo4 cm/sec and a FWHM velocity spread

of 30%. The moiecular beam source utilized.three stages of differential
pumping to reduce- the amount of effusivevbackground entering the detector

at small viewing angies. The beam was defined to an anguiar divergence of

<

~1.5".
A GenTec DD-250 CO2 TEA laser was used as the excitation source.

1

The laser was tuned to 1083 cm © for all of the measurements reported

here. This excites the'v1 mode of CF2C]é which is centered at 1098
cm_l.7 The energy fluence was adjusted by varying the distance

between a 25 cmfocal length ZnSe lens and the molecular beam. The
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multimode Tdser pu]ées héd a‘FWHM of ~}.150 ns with very little tail.

_Typi¢h1]y-the'TaSerfproduced 0.3 J/pulse at a repetition rate of 70 Hz.
. Angular distributions of the multiphoton diséoéiation'products were

measured as’a-funcfion of fhé angie’e between the’detector and_tﬁe

molecular beam.” The efféctﬁve anguTar»reso1ution ofsthé detector is

»betweed 1.2° and 3;5;§ depending on' ‘the size of the interaction region.
At a given angle e,,theisigna]~N(éj.wasvmeasuréd“by gating two scalers .

v W1th'évreferenc¢-bu1se frdm-th’é.C,O2 laser. .After‘an‘ﬁnitia] delay (to

'ValloW“the.fastest'fragments to'a]mosi reach the ‘detector), the first
~scaler was enab]ed to count signal pius”backgrouhd for a géte'width :

: ébrresponding‘tbﬁthe widfhvof the TOF-distributipn."After‘a long (10 ms)
-de]éy, the'seCOﬁd séalef was enab]ed~to-count'f0r.an equal'péribd-of
“time. This allowed bagkgrouno subtraction.-

Product TOF distributiqns'at“vari0us ang]es'Were obtained using a
255-channe1’muiti$éaier inferfacedftb,a Digita] Eduipment Corporation

‘LSI—ll'hicrocombuter. “The reference pulse from'the 1aser served to

trigger the-scaler. A dwell time ﬁer channel of 10 us was used.
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I11. RESULTS AND ANALYSIS

In order to unambiguously study a system with two'competing
dissociation channels, we need to be able to detect, without 1ntérferen¢e, ,
at least one product from each dissociation channel. _This is possible in
the present case, since the CF2C1 and C]Z products of reactions (1)
aqd'(Z) can be uniquely monitored as CF2C1+ and C]Z in the mass
spéctrometér. TOF distributions of CF2C1+ and Clg obtained at
e = 5° are shown in Fig. 1, prdving that both reactions (1) and (2) are
occurring to a measurable extent. In Parts A and B of this section we

present our detailed results on the dynamics of these competing reaction

“channels. In Part C we estimate the importance of secondary dissociation

of CF2C1. Finally, in part D we consider .the branching ratio and its
dependence on laser energy fluence. With the obviohs'exception,of the
branching ratio vs. fluence measurements, all results reported were

obtained at an energy fluence of 6 Jené,

A, CF,Cl, » CF,C1 + C1

The angular aistribution of CF2C]+ is shown in Fig. 2;‘ The error
bars represent plus and‘minus two standard deviations of the statistical
counting error. = Angular distributions of CFCl+ and CF; were also
measured and were found to be identical to CF2C1+ within experimental
error. The velocity aistributions of CF261+ at three laboratory
ang]es’are shown in Fig.-3. For clarity, all three velocity distributions

have been normalized to the same height. These are velocity flux



-8-

distributiohs, I(v), which are related to the measured TOF (number
density) distrjbytions by | |
| i(v) cc -Néil‘
_These'angu]ar and velocity distributions were used to deduce the .
probability -distribution of the center-of-mass (CM) translational enérgy,
P(E), .released to therfrégments in the dissociation process. 'Ih the. |
aha1ysis, an .assumed P(E) is used to ca1cu]éte the 1abokatory angular and
velocity,diéfributions of the detectedvfragment. These -are compared to
w the experimental,dfstributibﬁs; The P(E) is then modified and the -
ca]cu]ation'repeatedvuntil a good fit is obtained. .Typica]1y»6n1y twor
parameters- are needed to fit-the.data; these are theipeak anq the width of
'the.trans1ationajhenéfgy distribution. Center-of-mass angu]ar
t distributioﬁg:of the products are found,tovbe isotropfc.3
"The‘cufves in Figs. 2 and 3 were'ca]culatedxfrom the P(E)'s:shown in
Fig. 4. These distributions all peak at zero and have mean trénslationa]
energies of 0.8, 1.4 and 2.0 kca]/hole. The theoretical and experimental
. angdiar distribﬂtions were normafized at e = 20°. Thé theoretical
velocity»distributions;were all norma]ized to the maximum of the
experimental distribution at.each angle (i.e., no relative normalization
factors related ﬁo'the theoretical angu]ar distributions were used)..
The.P(E) rebresented by the solid curve in Fig. 4 gives the best fit
to the data. . The other two P(E)'s serve to illustrate the sensitivity. of
the‘fitting4procedufe; We conclude that the CF2C1 + C1 products are |

' formedeith a mean (CM) translational energy of ~1.4 * 0.2 kcal/mole and



that the distribution of recoil energies peaks at or very near zero
(within ~0.1 kcai/mole). |

While it is well known that the primary purpose of RRKM theory is to
caf¢u1ate ;afe constants, the theory also predicts product tfans]ationa]'
energy distributions -in cases where fhere is negligible interaction
between the products after the critical configuration is passed. It has
been Shown1 that this condition is often satisfied by molecules
undergoing simple bond fission reactions, including CF2C12. By
comparing RRKM P(E)'S with experiment, it is therefore possible to
estimate the average lével of molecular excitation and the dissociation
lifetime.

The P(E)'s'fn Fig. 4 wefe actually calculated from RRKM theory for
various levels of excitation. The present RRKM calculation is essentially
identical to that deécribed by Sudbo et a].l For completeness, a
deScription of the calculation is included in Appendix I. The best fit
RRKM P(E) obtains for a level of excitation of 8.0 kcal/mole (2.5 photons)
above the C-C1 dissociation threshold. Thé corresponding dissociation
lifetime is around 4 ns. Since thé mean translational energy is 1.4
kcal/mole, about 6.6 kcal/mole is left in the internal degrees of freedom
of the CF,C1 product.

Angular and velocity distributions of C17 were also measured.
These . are shown in Figs. 5 and 6. The angular distribution of c1” s
s{gnffiCantly narrower than the angular distribution of C1 calculated from
the P(E) which best fit the CF C1+'data. This indicateS that an

2
appreciable fraction of the CF2C1'radica1s which are ionized crack to
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give C]f, (C1, produced in reaction. (2) is also aJSOUﬁce 6f C1+,

but we will show in Part C that this contribution is negligible.) We
therefore fif the C]f»angulanadistribution to a linear c0mbfnation of
theftaTcu]atéd CFZC] and C1 angular distributﬁons,_as shown in‘ng.'S;
At e.= 57,,40%.Qf the.:Cl+ signal comeékfnom”CF2§]. At larger angles, .
thiszpercghtage décreases,‘since the énQujAr diétributiqn,of CFZPJ is
muchfnarr6Wer_than that of C1. This'follows.becéuse the CFZC] product .
must be slower thah Cl1 to conserve-linear momentum;ﬁ'Thg saﬁewrelgtive
contributions -of CF?C},and C1 which Werevuséd,to fitkthe;C]+ angq]ar
distribution also give good fits to the a1’ Velocit§:qi§fnibu§jon§J(see_f

Fig. 6).

5. CFyC1, > CF, *+ C1, o
-+ The velocity distributions of:C]; are shqwn:in Fig. 7.. At'e =

5°,uthe_C]2_product has a peak 1aboratory ve]ocity’near1y tw%ce that of
the_CF2C12]mdlecu1ar beam, confirming the presence of an exit barrier

for'this.reaction. Sihce the productsvinteract.strong]y as they descend
this barrier, RRKM theory cannot bé called upon to predict the perugt';
tfans]atibné] energy distribution (at 1east,tn6t'withdut additional . "*
assumptibns). Instead,uwe'tried to fit phe experimenté]_daté witﬁ'a ,f
trans]atioﬁa] energy dfstribution of the form P(E) = (Eéa)?exp(—E/b), .
treatingvé,and b as adjustable parameters. Three su;ﬁ distributidns ére"
shown in Fig. 8. - All three have a mean trans]atiohai energy'of~8

kca]/mole.' In Fig. 7, the C12 velocity distributions calculated from
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these P(E)'s are compared with experiment. The P(E) represented by the
solid curve in Fig. 8 gives the best fit to the data. This P(E) has a
FWHMFenergy ;pread of 7.8 kca]/MoTe.
~ The present results on C1, elimination from CF,C1, are
" remarkably similar tb’preVious molecular beam results on HC1 elimination
8 .

from CFZHC1.

transiational energy of 8 kcal/mole. The shapes of the P(E)'s are also

In both cases the products are formed with a mean

very similar. This suggests that the character of the potential energy-
surface along the reaction coordinate is not very different for these two
reactions. The height of the exit barrier for the HC1 elimination

9 If we assume an identical

reaction is known to be around 7 kcal/mole.
barrier height for the reaction CFéC]Z‘a CF, *+ C1,, then the

threshold for C1, elimination is around 80 kcal/mole.

C. Secondary Dissociation of CF,C1

In Part A, we inferred that thé CF2C1,photofEagments are formed
wifh an averge 1nterna1.energy of ~6.6 kcal/mole. The density of states
of'CFZCI at this level of excitatidnvis_extréhe1y'1ow;' In_addition,'the
nearest’ absorption band of CFZC]']ieé 65 cm‘l”toﬂthe blue of the laser
frequency usedjin our experiments,lo Therefore, it seems- very uniikely
that the primary CF2C1 products coﬁld themsélvéé absorb_photons from the

laser field and dissociate.
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Neyékthé]ess, 1et,us.suppOSé for the moment that thefe\is some
secondary dissociation of CFZC]: : :
(3)' cF2c1'é-———4§> CF, + C1 8H = 51 kcal/mole.
fhén the.angu]ar7distributjons,andvT0F spé§tra of CFZ (and‘CFf)
muét deviate from -those of,..CFéCl+ and,CFC]f,_since additional
translational energy.is féleased in the secondary disSocia;ion.
Exherimehtayly, ﬁhe CF;*and CF2C1+rdata are:subefjmposabje;Withjn
experimental error. Of course, this does not prove:tﬁat;the?e is no
"fsgcondary dissocjatipngubut‘it is possib]e.to-bUtlén:ypper bound on thgi)_
percentage of secondary diSsocjation,Which méy be_oécurning (at an_ene}gy
- fluence of 6 J/cm?);;' o

Before pfoteéding, we should first address tﬁe questidn of why the
sz radicals pfoduceq iﬁ the CTz_glfmination reaction do not
significantly perturb the measured angular and velocity distributions of
CF,, which are essentially identical to those of CF,C17. The
answer has more to*ddfwith the kineﬁatics than with the fact that C12
e]imiﬁgfion is:.a mfnor reaction»channe]. The CFZC] products are .
produced with re1ative1y 1ow.kinetic'enengy and_are scatteré& into a
.rélative]yvnarrow laboratory angular range. The CFZ;pfoduCts from the
e]imihétion of C12 are-producéd.with much~gréater average‘kﬁnetic energy
and are scattered aimost isotropica]]yiin’the lab coordinate system.
Therefore, at small lab angles (e < 35°), only a very small fragtion of
the CF2 products akisingufrom C]Z'elimination Wil] get'scattered into
the sb]fd éﬁg1e viewed by.the detector. Usjﬁg the métho& to be described

in Part D, we actué]]y calculated that the contribution»to the CF;
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signal from CF, is 440, 88 and 11 times smaller than the contribution
fkomvCFZC] at e ='5°,720° and 35°, respectively.’ Since the experimenfa]
error bars increase kam 2% at e'='5" to 20% at 6 = 35°,'1t~fs not
surprising that'this CF2 contribution goes unnoticed."

Now back to the question of secondary dissociation. - The sensitivity
of. the CF; angular distribution to any CF2 produced via reaction
(3) depends strongly on the amount of translational energy released in the
secondary reaction. To estimate this translational energy,'we proceeded
as follows. The RRKM rate constant for reaction (3) increases so rapidly
vwithjexcess energy that none of the CF2C1 radfca]s‘afe eXpected to
absorb additional photons once they cross the dissociation threshold. We
therefore assumed an average excess energy of 1.6 kca]/mo]é (0.5 photons).
and used RRKM theory to calculate the product translational energy
distribution. The mean CF2 + Cl trans1ation§1 energy was 0.6
kcal/mole. The angular distribution of CF2 (assuming complete secondary

dissociation of CF,C1) was then ‘calculated using this P(E) and the

2
CF2C1 laboratory angular and velocity distributions. In Fig. 9 this

~calculated distribution (short-dashed curve) is compared to the measured.

+

2

CF2C1+'angu1ar distribution (see Fig. 2). In order to see what the

<+

2
percentage of the CF2C1 product underwent secondary dissociation, an

CF, angular distribution. The solid curve is the best fit to the

CF

angular distribution would have looked like if an arbitrary

appropriate linear combination of the solid and dashed curves must be

calculated, taking into account the slightly different probabilities of
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detecting CF2 and CF2C1 radicals as‘CF; in the mass spectrometer.
The long-dashed curve in Fig. 9 was calculated in -this way, assumjn§ 20%
secbhdary:dissociation. Given the size of-the expgrimghta]~error:bar§,‘we
regard this figure as a conservative upper boUanqh thesextent of‘secbndqy

dissociation which may be occurring at anienergy fluence of 6 -J/cm

D. _BranchingbRatio' :

We define the<branching_rétio R to;bé the rhiio of thévfracpidﬁ of
~molecules dissociating throﬁghzthe Clzve]imiﬁation chahnel (XC12)*t9vv;f”
the fraction of molecules dissociating}throqgh.the4C1.elimjn§tion;ghanne}

(T=x5 )
: C]Z

.
€1,

'———'——".' X T ‘.
| C12

R =

(We are assumihg-that all molecules which disSocigtéqullow'one of these-

two channels.)



.

- 66. After correcting for isotopic abundance, this yields a C12 to

-15~

The experimental determination of R involves two”distinct steps. Fifst,
we need to caicuIate’the true product signals from,the‘joﬁ signals measured
in the mass spectrometer. Second; we heed to transform these product
signa]svfrom the LAB to the CM system. We will discuss these two steps in
detail beiow. |

With the detector at e = 5°, we set the qﬁaarupole mass filter to

near unit'mass reso1utjon ana compared the mass spectrometer signals at
35,35 35 o

m/ie = 70 ( C]Z) ana at m/e = 66 (CF°"C1 ). We obtained

0.036 ion counts/laser pulse atvm/e-; 70 and 1.39 counts/pulse at m/e =
+

- + .
"CFC1 ratio of

NC12 (50) |
NE;ET;—Tgay = 0.034.,
In order to relate these ion signals to the C}Z and CF,C1 product
signais, we have to understand the nature of the electron bombardment
ionization process. ‘Consfder the electron bombarqment_ionizafion of a
mOiecu]e or.radica] P. fhe initial ionization event inQo]ves the

formation of the parent molecuiar ion,

+
e+P ———> P +2e.

- The probability of this event is proportionai to the total ionization

cross section of P, o (P).. If the parent ion is formed with

ion: -
sufficient internal excitation, it mey unimoiecularly cecompose to produce

a variety of daughter ions,
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Pr——0l i 1.
“The ‘fraction of*the parent-ions p* which*frogmeht to give the daughter
ionrDﬁ will be denotea by f(D * ]~P) i | | |
Therefore, thé measured C] CFC] ion s1gna|‘rat1o is. related

-to the true C1,:CF,C1 product rat1o accoro1ng to

. 2 2 s .
| NC]'Zf (5°) NC]Z '(5°) e a(C) f'-c12’_"|--c1 )
Wt 57 T CF a 57 - o (CF c1) - f(CFC]*[CF cn ;

.In general, wheh'comparing two ipn_signdls,,oneumust;a1so consider
' differehces 1n the transmission of thevquahrUpole mass>5pectrometer but

th1s effect is neg]1g1b1e in the present case due to the s1m11ar masses of

' C 2 “and CFC] .

» 1he reiative 1on1zat1on cross sections’ of C12 ano»Ccmi were
est1mated as foilows. Centerand Mandl11 have shown'that -for a wide
‘vvar1ety of atom1c and molecu]ar spec1es, 2 good corre]at1on exists between
the max-imum 1on1zat1on cross section ana the square root of the
ﬁpolar1zab111ty From Fig: 2 of Ref. 11 we. obta1n ‘the re]atton

© %o ;’364—-18 | o
wherevoion is ‘the maximum ionization cross sect1on in un1ts of Az
o is the polarizability ‘in A3. Our 1on1zer was operateo at an e]ectron'
energy of 200 eV, whtch'is'c]ose.to the}max]mum'of the.won1zattonwcross
section curve for most-species.’ We t00k the’mdiecd]er poﬁariZabiltty*tol
be the sum of the atom1c po]ar1zab1]1t1es ' Va1UES'0f atomic | |
4 po]arIZab1]1t1es were taken from the rev1ew art1c1e by M111er and

Beoerson:12 ae = 1.76, aF = 0. 557, aC] = 2.18,va1] in units of
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R3. e obtain

%on (T2 570
5y, (CFCT) 2.9

<

The fregmentation pattern of’CFZC]'was measured at 6 = 5°. The
major daughter ions ana their weights relative to CF2C]+ are listed
_beiow: _
CF,C1 :CFC1T:CF:CFT2C1” = 100:35:82:52:29,

For these measurements the quadrupoie resoiution was set very low to aliow
co]]ectionvof both C1 isotopes énd to minimize differences in ion
transmission. The.C]+ signal was corrected for the confribution from C1
atoms as described in Part A. The.estimateq contributions to the

CF;, CF+ and C]+ signa]s from CF2 and Cl2 were very small and

were ignored. We conclude that 12% of the CF2C1 radicals which are
ionized fragment to give LFC]+,'1.e., f(CFCi+|CF2C1) =0.12. The

C12 fragmentation pattern was determined by pointing the detector

girectly.into a beam of-C]Z. The ratio of C]; to C]+ was 8.5:1.

Therefore f(CiZ

C]Z) = 0.90. .

Q

We can now calculate the C]Z:CF2C1 product ratio at e = 5 .

N., (5°) N., + (5°) . .
e, P Tt E G0 (CF,C1) - F(CFCITICF,C1)
4] - k) . +
Ner 0 (5°) — Nepey* (5%) Tion (C17) TF(CT,TTCT,)
- (0 1 . (0.12
= (0.038) (Ga7) (5790

il
o
Q
o
(8]
(e
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Now we have to transform this LAB qdaﬁt{fy to the CM system. Using
the known CM translational energy distributions for reactions (1) ahd (2),
, ip is easy to calculate fhe laboratory Clé:CFZC] product ratio_atvéa=
5% as a function of the branching ratio R. The details of thevgénefa]
procedure are given in Appendix 11 The result is |
Ney (59)

N——7eey = 0.0416-R.
Nep,c1 5

jWe'cohclude that

Xy =10.107.

2

'Theréfore,-about 10% of the CF,C1, moiecules which dissociate yield

22+ Ci, at an energy filuence of 6 Jf .

i CF
| To check the re]iabi]ity'of-fhi§ bfoéedure of.reWatingaLAB.ion
sjgnais:ts CM product fluxes, we also compared the exbériﬁehta]-and
theoretical CFZCI:C1‘rat10-at vafious lab angles; ﬂ51nce CF2C1 éﬁ&.CI
come ffomAthe saﬁe bissociatipnhthﬁnnelg the CF2C15C] ratio in the CM
frame is one, ana the theoretical CFZCTECT ratjonat any 1ab a;gle_wi]]‘
depend only on the CM traﬁglationa] énergy disfribdfioﬁ for this'thahnel,

the mo]ecu]ar'beam‘ velocity, and conservation of linear momentum.
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The experimentai CFZC]:C] ratio at e ; 5°.(obta1ned by cérrecting the
measurea jon signals as described above) was 3.99. The theoretical ratio
at this ang]e,‘caicu]ated using the best-fit P(E), was 3.96. Agreemeht
_fhis good ié, of cburse,-just éh»accident. Sti]]; it reassures us that
our‘determinations of fkagmentation patterns and relative ionization cross
sections are not grossTy in error.

Finally, therdependehce of the branching ratio on energy fluence was
investigated oVer the range 0.3-8 J/cmz. (Since the pulse length is
constant, the energy fluence is proportional to the 1aser intensity.) For

these measurements, CF2C1+ and C]; were monitored at o = 10°.

Also, in order to reduce counting times, the quadrupole resolution was

. . 5.+ 37.,%
fowered to ~3 amu FWHM so that both CF2 Cl and CF2 Cl as
weil as 35’55C]; and 35’37C]; could be counted. Even at
“this lower resoiution, there was very little contamination of the Clg

+
signal by CF37C1 , since the different TOF spectra of C]2 and

CF,C1 allowed us to discriminate against CFZCI when counting C1

2 2

(see Fig. 1). The branching ratiosiwere calculated in the manner
described previousiy, éssuming now that a]].Cl isotopes were detected.
The results are shown in Fig. 10, together with the single point derived
35’35C7; and CF35C]+ signal at e =

5°. It appears that the branching ratio may shift slightly in favor of

-earlier by comparing the

the C1 elimination channel as the energy fluence is increased.
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IV. DISCUSSION

A.. Proauct Energy Distributions’ -

‘CFZC] > CF C] +* Cl: e e T : | =
Our resunts on the Cl e]1m1nat1on reactton are.generally in good ‘

agreement w1th the earl1er results of Sudbo et a].,l although the

present results are more prec1se. There 15, however, one minor:

d]screpancy. ,Suubo et a] c]a1mea that- the C] ‘signal wes:correctiy

, rejated te'the CF2C1+-sigha] by»momentum'conservation and concluded .
thet,the CltﬁSﬁgnai origineted’from C1 with little. contribution from
(fragmehtat1on—of CFéC] in the ionizer. _in'fact,ijttjs-onefof the -
“‘major ions in the mass'spectrﬂm:of;theiCFZC] radica},-and;et‘e =5°
.“almOét heivaf the'CT+'$igna1.arises“fhbm'CF2C1. -

» The fact thet the CF,C1 + C1 transiational energy diSthihution is
;weli'ﬁeSCribed by»RRKM~theory_dees not in itself conetitute proof that the
reaction proceeds statisticd]]y. ‘The-shape of the tranSlational,energyv
'distrjhution is really not too sensitive to the extent of energy - |
_ranUOmization.: thﬁs point has been emphasiéed recently by Thiele, Goodman
andStone.13 However, the general conc]usion'that RRKM theohy Corhect]y
describes infrared-multiphoton disSdeiation'proceeses_1slnot based on the -
shépe of the translationai energy:eﬁetributien é]one.'ﬁRather, 1t'1§ based
on the consistency of a large number. of experimentaﬂ‘obserVétions covering
a wide variety of po]yatomic‘molecules " The evidence'is particularly
compelllng in the case ‘of SF6, for which exper1menta1 data: ex1sts on the
average level of motecular excitation and the phenomeno]og1ca] absorption

14
-_cross section (from optoacoust1c measurements ), the averoge

2
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dissociation 1ifetime (from observation of secondary dissociation of'SF5

during the COé'laser pu]sels), and the SF5 + F product'translational

energy distribution,l5

‘all as a function of the ]aser'intensity and
energy fluence. The data agfee nicely with the predictfpns of a ve}y
simple rate equation mdde] which assumes, for molecules above the
dissociation'threshoid, a competition between the intensity-dependent
excitation rate and the rate of statistical unimolecular reaction.
Although we do not have independent data on-the average level of -

excitation or the dissociation lifetime in .the ;ase of'CF2C12, we will
assume for now that the Cl elimination reaction is in fact statistical.
Then, as discussed in Sec. III A, we can infer that the average level of
molecular excitation is ~8 kcal/mole beyénd the C—C]Idissociation
threshold and that the unimolecular rate constant for the Cl1 elimination
reaction is around 2.5 x 108 sec™l. In Part B of this Discussion, we
will follow through fhe consequences.of this assumption when we compare
the experimental and RRKM theoretical branching ratios at this'hredicted
average level of excitation. |

- We"have assumed a "loose" crit{ca]_configuration in the RRKM
calculation for the Cl-elimination reaction. That is, the two bending
frequencies associatéd with the departing C1 atom have been substantially
Towered in the critical configuration (compared to the same frequencies in
the molecule). Our particular choices for these frequencies are, .of
course, somewhat arbitrary. We should point out, though, that while fhe

rate constant is quite sensitive to the specific choices for the critical

configuration frequencies, the translational energy distribution is



-22-

1extneme1y insensitive to these choices. This is because the prob]em‘of
determfniné\the»fraction,vf, of the excess energy which enters translation |
(i.e., the reaction,coordinefe)'is-rea]]y Jjust a problem in equipartition
of energy; For 1ow excess energies, f wi]],depend'§omewhat on the
frequencies (by way'of.the vibrationa] partitien function);isince higher
frequency v1brat1ons may be “frozen" 't 1ow energ1es Howevep,?for
suff1c1ent]y h]gh excess energ1es f ‘has to converge‘to the c]assica].
,eqUJpart1tqu resu]tﬁ J/(3N—6)5-where Nfisvthe number of atoms in- the
moTeane For CF2012, N.=5.and 1/(3N-6) = 0.11. The RRKM

ca]cq}atqon g1ves-f = 1.4/7.8 = O.lB_fon,anwexcess energy of 7.8
kca]/mqle;: Thereforefetithis relatively low excess energy the'
Ttrans]aticnajfdegree of .freedom 15 getting a little more than its. . -
c]ass1ca1 "fa1r share", ‘mainly at the expense of the high- frequency C-F

'stretch1ng v1brat1ons

CF2C12 9.CF2 +.?12

Our determination of the pneduct trans]atjona1-enen§y distribution .
for'che Cjzielimination reactjon févincompat1b1e;With the estimatestof
. Stephenson -and K,ing3 (hereaffek~abnreviated SK) .« Wezfind that the CF,
fneg%ents are formed with an average translational energy of 4.7 # 0.3 .-
'kcallmo]e,fcombared to SK's estimate of 1.5 *£.0.5 kcal/mole. In.additﬁong
3 ,

to CF2C12, SK have also studied CFZBrZ, CFZHC1 and

:CFZCFC] 16 Slnce molecular beam data exists only for CF, Clz and
vCFZHC1 we wiil. concentrate on these two mo]ecu]es in-our discussion.
fIn_SK suexper1ment,v1nfrared‘pu]ses from a COZ-TEA.laser and
, u]t}avjciec pulses fron a fnequency'doub]ed Nzepumped”dye laser were

o
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propagated anti—cd]inear]y down the center of a gas cell containing low
‘pressures (< 8 mtorr) of CFZC'I2 or CFZHC]. The radius of the IR

beam was 0.047 cm, whiie the radius of the UV beam wés 0.005 cm. The
CFZ_fragments were initially generated in a weil-defined cylindrical
region. The‘concentraf1on of CF2 along the axis of_this cylinder was
then probed by UV laser-induced fluorescence as a function of the delay
time between the start of the CO2 laser puise and the UV pulse.

Assuming a Boltzmann velocity aistribUtioh for the CF2 proaucts, SK show
that for long times after the CO2 laser pulse the ]aser—jhduced

f luorescence 1n£ensity, S(t), should fall off with a 'I/t2
time-cependence. The slope of a plot of S(t) vs. l/t2 is related to the
most probable velocity of the Boitzmann distribution, from which the
average translational energy, ET’ may be ca]cu]gted. SK confirmed that
S(t) « 1/t2 for delay times greater than 1-2 ps. They calculated
average translational energies of 1.5 * 0.5 kcal/mole and 6.9 = 2
kcal/moie for the CF2 produced fromACFZC]2 and CF2HC1,

respectively. Compared to the molecular beam resuits, SK's value for ET

(CF is three times too low in the case of CF2C12, and two times

5)
too high in the case of CFZHCl. In fact, the moleculiar beam resuits
show that the product translational energy distributions are nearly
identical for CF2L12 > CF2 + C]2 and for CFZHC] > CF2 + HC1.

. The differences in the_CF2 velocity and energy aistribqtions are slight,

due on]y to the different product mass combinations. Why, then, do SK's

results differ so dramatically for these apparentiy very similar reactions?
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‘vIn thé Appendjx to Ref. 3, SK suggest that if the product velocity.
distribution is closer to a delta function than to a Boltzmann
’distr?bdtion,'then_their ET values would be lower by a factor of two.
‘Wh11e this would 1mprove the agreement in the case of CFZHCI 1t‘wou]d'

2- 12"
'ano"ithe"r possibility is that most of ‘the CF, produced from CF,C1," is

make matters even worse for CF,CI As mentioned in the" introduction,

com1ng from secondary d1ssoc1at1on of CF2C1 (Such complications cannot
arise for CF2HC1, since HCl e]1m1nat1on is the only important
d1s$oc1a;10n channe] ) Nh1le SK 1n1t1a11y argued- against this

2, more recent]y they have suggested17 that secondary"'

}poSSjbﬁthy, |
diéﬁpcfaﬁjén is actually the dom1nantisource of CF,. Although we saw no

" positive evidence for°$e¢ohdary dissoéiation in the preseht,éxperiment, we
~ are, unfortunately, not very sensitive to this process.

v Howevéf, even in the absence of such interference, SK's optiéal TOF

' techhfque may’runfinto trouble becauée it has a strong bias for the
products formed W1th‘low translational energy. With a minimum delay time
of 1 us and an IR beam radius of 0.05 cin, the detected products will

| maih]y have speeds slower than 5 x 1044cm/sec. From the present

' experimént'and_Ref;\8,7Wé'kn6w that the most probable velocities of the
CF, producéd’ from CF2012 énd CFZHCT"are>7.4 x 10% cm/sec |

and 6.1 x‘104'cm/sec, réspéctive1y. Also, the distribution of recoil
.veloéfﬁies'is rathéﬁ'%harp1yvpeaked about the most probable value for both
of“thésé reactions. Consequehtly, most of ‘the CF, radicals have |

already left the cylindrical viewing region before SK commence their

£
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measurements. Only the s lower products are left behind to be detected.
If the product velocity diStributiqn_is actua]]y close to Bo]tzmanh, then
SK's experiment coula still yield the correct value for the mosf probable
velocity. .However,_if the distribution is much d¢ifferent from Boltzmann,
then it is Ampossib]e to fina the most probable velocity by just looking
at the slow end of the velocity distribution. It appears that the utility
of this optical TOF method.is severely limited unless the shape of the
product velocity distribution'{s accurately known beforehand.

. The above.obServations may also be relevant to one other aspect of
'SK's results which we find puzzling. .In the case of CFZHCI, SK claim
that the average translational energy is the same for CF2 (v =0) and
CF2 (v2 =5), the latter of which containé 3320 cm_1 of vibrational _
energy, which is the equivalent of ~3 CO2 laser photons. Since the RRKM
rate constanf for CF2HC1 increases by more than a factor of six for each
additionai photon abéorbéd beyond the disSociatioh thresho]d,.it seems
unlikely that the spread of excess energy of the molecuies which
dissociaté is much mofe than one or two photons. Therefore, while the
population distribution in the quasitontinuum is expected to be close to
thermal, the distribufion of the molecuies which dissociate is probably
closer to a microcanonical eﬁsemb]e (characterized by an energy E*) than
to a canonical ensembie (characterizea by a'tempekature T). In a
microcanonical ensemble, energy must be conser?ed. TherefOfe, if a large
amount of energy enters product vibration, we would expect to see a
smaller amount of energy in product translation and/or rofation, and vice

versa. .in'particu]ar, the trans]afioha] énergy,distribution of CF2
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(v = 0) should be skewed to higher energies than that for CF2 (92 =

5), The fact that SK observe essentlally 1dent1ca] d1ffus1ona] prof1]es
for CF2
trans]at1onal energles are the same, but rather that the slow ends of the

(v = O)vand CF (v2 = 5) may 1nd1cate not that the average

CF, (v = 0) and,CFZ'( 2>= 5) velocity d1str1but1ons are very s1m11ar.

pa

B. Experimental ano RRKM Branch1ng Rat1os

Ny Our result for the 1, C] branch1ng rat]o at 6 J/cm is R

2
0.120. Thts ratio changes by ]ess ‘than 25% over the f]uence range 0.5 -8
J/cn?; vHudgens4‘obta1ned R < 0.03 for'fluences between 10 and 140

J/cn@. .As mentioned in the introduction, Hudgens obtatned‘this estimate
by:comparing the 35C)+ and 35, 35C12 s1gna]s in his beam |
samp]1ng mass spectrometer following a CO2 laser pulse. A]thodgh

Hudgens corrected for 1sotop1c abundances, re]at1ve 1on1zat1on cross
sections and C]2 fragmentat1on in the ionizer, there are severa] other
jmportant factors for which he apparently d1d not (or_could not) correct.
First; the differing kinematics of the two reactions were;hot taken into
account.. The mass spectrometer;'Which looks directly into the CFZCIée

gas flow, is more sensitive to the s]ower products of thegC]_elimination
reaction, since they are scattered into a narrower angu]ar range:than the
products of the mo]ecu]ar'elimination reaction Second, the 1on signals
were not corrected for the /v veloc1ty dependence of the 1on1zat1on

probab111ty Stnce the average velocity of the_C]2 products is {h

significantly higher than for the CFZCi'and Cl1 products, th1s correct1on
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would tend to increase the>measuredvc.12 signal relative to Cl. Third, :
the 1" signal was not correéted fOfvcontributions‘ffom CFéC]. '
Therefore the measured C1+ signal overestimates the true C1 signal; All
three of these factors would tend to increase Hudgens' value for R,
presumably bringing it closer to our result.

We now wish to consider our experimenta],branching ratio in the
context of RRKM thedry. The microcanonical RRKM branching ratio is, of

~ course, only & function of the excitation energy E*:

Tt 0
S, (Fey, = B - Egy)
: + _
GC] (E = E* - E

Cl cT)

0
Cl
(Eg]) is the total number of internal states available to the critical
configuration for the Ci elimination reaction. ES] . Eg] and

' 72 2
. (ET. ) are the corresponding quantities for the C1
C12 Cl2 v 2
elimination reaction. The factor of 1/2 enters because the reaction path

E., is the energy threshold, Eg] is the excess energy, and 6

G

degeneracy is two for the C1 elimination reaction.

The relevant energetics are depicted in Fig. 11. The enthalpy change

for the C]2 eiimination reaction was calculated using AH?
(CF,C1,) = -117.5 = 2 keal/mole!® anc aH) (CF,) = -44.5 + 0.4

kca]/mo]e.lg' The energy threshold for this reaction is assumed to be 7

kcai/mole higher than the endothermicity, by analogy with the CFZHC] >

9

CF, + HC1 reaction. (For CF,, unlike CH,, the ground electronic

2 2’ 2’° _
state is the singlet, with the lowest triplet state lying 47 kcal/mole

higher in energ_y.20 Therefore CF2C12 can adiabatically dissociate
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to give grpund electronic state CF2 and C12 products.) Unfortunately,
the heat of formation of the CF,Cl radical is not known. However, Foon
and Tait21 have estimated the dissociation energy D(R-C1) for CF3C1,'
CF2C12, CFC13, énd CC14‘using a compétitive kinetic technique (see
Table 1). Their results reveal the iﬁteresting trend that the R-C1 bond
'strength increases as fluorine is substituted for‘chlorine. While this
trend in bond strengths:is expected to pe fairly re]iab1e.(since similar
assumptions were made for ea;h member of the homologous series), the
absolute values for D(CF3;C1) and D(QC13—C]) are 3-5 kcal/mole 1ower
- than the values calculated using accurate JANAF18 data. This suggests
- that the other two bond strengths are also too Tow by about fhé same
amount. we therefore increased D(CF2C1—C1) from 76 kcal/mole to 80
kcal/mole. (The resulting value for e (CF2C1) is -66.5 |
kcal/mole. This was used earlier to calculate the CFZ—pl bonq engrgy.)
fn summary, the energy thresholds for Ci and‘C12 elimination appear to
bé essentially identical, although when the uncertainties are taken into
account the energy separation could go several kca]/mo]e‘in either
direction. . As we shall seé, for a smé]l mb]ecule like CFZCIZ; the
RRKM branching ratio depends critically on the va1ue of this energy
separation. _ |

In most applications of RRKM theory, the high—préssure Arrhenius
A-factor is used to constrain the model for the critical.configufation.
It is well known that the calculated k(E*) vs. E* curve is extremé]y

insensitive to the exact choices. of the critical configuration parameters,

so long as these parameters are chosen to reproduce the experimental
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A-factor (see Ch. 6 of Ref. 22). Although A-factors havé not been
measured for the reactions considered here, we can still hope to come up
with reasonable models of the crjtical'cohfigurations for the C1 and Clzj
e]iminafion reactions'by considering results on similar systems. It fs
clear that the C1 elimination reaction, 1ike other simple bond fission
reactions, should be modeled by a "loose" critical configuration, whére_
the bending frequencies associated with the C-C1 bond being broken are
substantially lowered in fhe critical configuration compafed fb the same
frequencies iﬁ the excited molecule. (Typical range for A-factors of
simple fission reactions: - ]ogioA = 14-16.) On the ofher hand, the
C]2 elimination reaction is éxpected to>proceed through a "tighter"
critical configuration with frequencies not much different from those in
the mé]ecu]e. (Typical range for A-factors 6f 3-center elimination
reactions: 10910A = 12-14.) 1In Appendix I, we have calculated the
RRKM rate constant vs. excess energy curves for both reactions assuming
fairly “1oose" and "tight" critical configurations for the C1 and C12
eliminations, respectively. The models we have chosen for the critical
configurations yield highfbressure A-factors of 1ogle = 15.4 for the
C1 elimination reaction and'logloA =.13.4 for the C1, elimination |
reaction at a temperature'of 1000°k. If the energy thresholds for the two
reactions are edua], the predicted branching ratio is 0.030 at‘an excess
energy of 8.0 kcal/mole, which is about three times lower than the
experimental result. Also, for equal threshoids, the RRKM branéhing ratio
changes very slowly with excess energy, decreasing from R = 0.035 atlEJr =

1.8 kcal/mole to R = 0.029 at E+ = 15.5 kcal/mole. Thatlis, the curvature
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of the k(E*) vs. E* curve is only slightly greater for the Cly
e]imﬁnationvreaction than tor the C1 elimination reaction. The two curves
in Fig< A]‘are main]y Jjust disp]aced vertica11y by a factor of ~30. This
- contrasts w1th the resu]ts shown in Fig. 5 of Ref. 23. | We were‘unable to
reproduce the kC12 (Ef) E* curve of Grant et al. 23 for any |
values of the cr1t1ca] conf1gurat1on frequenc1es Apparently, their curve
was determ1ned emp1r1ca1]y to f1t the1r data, and 1s not the resu]t of an
RRKM ca]cu]at1on |

The agreement between the exper1menta1 and RRKM branch1ng ratios

could be 1mproved by e1ther mak1ng Eg] somewhat 1ower than
0 ‘
Cl

Egl) or by 1ower1ng some of the frequenc1es in the critical

conf1gurat1on of the C12 e]1m1nat]on react1on.' However, it should be

(the agreement is exact 1f Eg] is 4 kcal/mo]e 1ower than
2

emphas1zed that 1f Eg]z were to.iie moch more than 4 kcal/mole

below Eg], 1t would be 1mposs1b]e to obta1n an RRKM branch1ng rat1o

of 0.1 w1thout resort1ng to unreasonab]e cr1t1ca1 configuration parameters.

Even if Eg]Z 1ies above Eg], 1t may be poss1b1e forFRRKM

-theory to‘reproduce the observed branchingjratio. In'this case, it is
necessary toifnrther ]oosen the C]Z critical configuratjon. If
1denttca1 critica] confjguration freouencies are chosen for both
reactions, then the RRKM branching ratio agrees with exoeriment if
.E812.11e5.4 kcal/mole above Eg]. It is impossible to obtain
-agreement 1f Eg]z lies more than 4 kcal/mole above Egl’ unless
we allow the concerted C12 elimination reaction-to proceed through a

looser critical conf1guration than the C1 e]imination reaction. This is
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an extreme assumption, not at all reasonable, and the value 58] -

, 2
E8] = 4 kcal/mole should be considered as an upper bound. In

addition, if Eg] lies significantly above Egl,,the branching |
1, : ; .
ratio must increase (shift in favor of C12) as the energy is increased

(at least thisfjs true in the energy range of interest, 1-15 kcal/mole

above'EO This would seem to contradict the experiménta] result

c1) _ |
that R remains constant, or decreases slightly, as the laser intensity is
increased. Since the error bars in Fig. 9 are rather large, and since we
probably are not changing the excitation energy too much as we vary the

~Taser intensity over one decade, we cannot rule out the possibility that

Eg] lies somewhat above Eg]' However, we disagree with the

2 5,23

contention of Grant et al. that the branching ratio at the level of

excitation under consideration can shift in favor of the atomic

elimination as the excitation energy is increased even if_Eg] 1ies

2
0
above EC]’

To summarize, we have shown that one may reasohab]y obtain agreement
between the experimenta] and RRKM branching ratios only-if the energy
0 _ €01, is less than 4 kcal/mole.
C12 Cl
The true energy threshold separation, estimated to be_E8]

{E

threshold separation,
0 2

EC] = 0 £ 3 kcal/mole, satisfies this constraint. Unfortunately, the

experimental uncertainty in E8] - E8] is rather Tlarge.

2
Therefore any more detailed conclusions must await better thermgchemica]

and/or kinetic data which would allow the energy threshold separafion and

critical configuration parameters to be specified more precisely.
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Table 1£J>R+C1 BonduDiﬁsociation;Energies .-

’ Expérfhenta] R “ Ca]tulatéd‘uéiﬁg'~
(Ref. 21) ' .-~ JANAF data
o SRR (Ref. 18)

Molecule

© CF4Cl | | A : 86
et B 6 | -
oRely B/ T --
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig.

Fig. 4.

Fig. 5.

Fig. 6.

W)
.

+

'Time—Of—f1ight agistributions of CFZC]+,and C12 measured

at e = 5°. The distance from the interaction region to the
center of the ionizer is 21.2 cm. The time scale has not been
corrected for the flight time of the ions through the mass\
spectrometer (about 29 us for CF2C1+ and 26 us for C];).
Laboratory angular distribution of CF2C1. O Experimental
peints (CF C1+ monitorea by the mass spectrometer). Error

2
bars represent two standard deviaticns. The curves were

~calculated from the P(E)'s shown in Fig. 4.

Laboratory velocity flux distributions of CF2C1.' Symbols as

in Fig. 2.

RRKM center-of-mass translational energy aistributions for the

products of the Ci elimination reaction.

3.3 kcal/mole excess energy;

§.0 kcal/mole excess energy;
- - - - - -2 - - 12.6 kcal/mole excessS energy.

Angular aistribution of Cl+ mass spectrometer signal.

O Exberimentaﬂ points (error bars represent two

standard deviations);

Best fit, obtained By adaing the individual
contributions (dashed curves) of the C1 and CF2C1 dissociation
fragments to the C]f'signa]. The cashed curves were |
calculated from the solid-1ine P(E) in Fig. a.

Velocity flux distributions of the C]+ mass spectrometer

signal. Symbols as in Fig. 5.
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Fié. 7. . Ve}ocity,f]ex distributions ef.ﬁlz.h o Experimenta]eboints
| -(C]; mOnitored) The curve§ Qere calculated from the -
P(E)'s in F1g 8. | | w‘ |
Fig._8;. Trial center-of—mass trans]at1ona1 energy d1str1but1ons for the ;¥ 
products of the C12 e]1m1nat1on react1on | |

P(E)' o« (E_ a) 'EX_P(-—E'_/‘.‘b,);

— ~=— a=0,b=83; .
a=1,b=7/3;
-7-'_.‘ - - a-= ':2',‘b'=2.

C AN threé'disfributiehe‘have eemean franslatiohal erergy of 8
kca]/mo]e;"' B | o
Fig. 9. | Angular diStr{bufjbnrbf CF; mass spectrometer s%gﬁa];
| o) EXperimental point5~(error~bars represent two
: _standard dev1at1ons)

Theoretical CF C] angular distribution calculated

2
from the solid-Tine P(E) in Fig. 4;

-- - - - Ca1cu]ated‘CF+ angu]arvdistribuiion assuming

2
| complete secondary dissociagion ofiCFZC];
_ - Ca]culated_CF; angular distribution assuming 20%
secondary dissociation.

Fig. 10. Ratio of molecular to atomic chlorine elimination from

CF2C12 vs. laser energy fluence.

° CF:2C1+ and C1, monitored at o = 10°;
o CFC] and C]; monitored at-e = 5°.

Error bars represent one standard dev1at10n

(Note offset vert1ca] scale.)
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Fig. 11. Energy diagram for CFZC]2 dissociation. The average level
of excitation of the molecules which dissociate is estﬁmated'to

be 88 kcal/mole. .-
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Appendix I: RRKM Calculations

The RRKM rate constant is given by

g G(ET = % -

)
*x) = 0
k(E*) = R N(E)

where E* is the excitation energy, Ej is the threshold energy for

0
‘dissociation, N(E*) is the density of states for the mo]ecu]é at energy
E*; G(ET) is the sum of states available to the cfitica] configuration
at excess energy Ef, g is the reaction path degeneracy (g = 2 for Cl
elimination, g = 1 for Clz e]iminatibq), and h 1s P]anck's constant.
k(E*) was evaluated using the_compufer code of Hase and Bunker. The
_energy thresholds for bqth the C1 and C12 elimination reaction§ were set
equal to 80 kcal/mole. Sums and deﬁsities of states were calculated in
the harmonic approximatidn using the semiciassica]lWhitten—Rabinovitch
approxi‘mation.22 The frequenciés used are listed in Table Al. For the
Cl1 elimination reaction, one ofrthe C—Cl\étretching frequencies is qut in
thé critical cohfiguration, and two bending frequencies were substantially
lowered. For the C]Z elimination reaction, both C—C].stretching
frequgncies are lost in the critical configuration and é Cl—C] sfretching
frequency appears (whfch we set eqha] to the vibrational frequency of
diatomic chlorine). The bending freduencies in the critical Configufation
were not changed from‘the'corresbondfng moTecular frequencies.

We also took inte account the slight shift in the exéess enefgy scale
due to the différehce in rotational energy between the molecule and

critical configuration (treating the external rotations as adiabatic).

Assuming r. ., = 1.74 A, re_p = 1.33 A, and tetrahedral bond angles,
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the principal moments of inertia of-the'mo]ecu]e were:caTcuTated to’be'(in'

amu -A°): 1, =124, 1, = 220, 1,, = 186. For the critical

configuration of the CT'eTimination_reaction,,we_a§sumed one C-C1 bond was ,'axV.'

stretched to 3. oA, y1e1d1ng 1+ =138, I;y '459‘-.1+ = 411. For
| the cr1t1ca1 conf1gurat1on of the C12 eT1m1nat1on react1on we kept both
: fC CT bond Tengths at 1 74 R but reduced the CT -C-C1 bond ang]e unt11 the
CT CT d1stance equaled 2 0 A (the equ111br1um bond d1stance in CTZ) |
Y1e1d1ng I+ 117 I+y ;.194 I+ = 167. At an assumed rotat1ona]
.temperature of 100 K in the moTecu]ar beam, the ca]cuTated d1fferences in
vrotat1ona1 energy between the moTecuTe and cr1ct1ca1 conf1gurat1on were
+0. z4 and —0 03 kca]/mo]e for the C] and C12 e11m1nat1ons,
' respectlvely Thus, the effect of the adiabatic rotat1ons 1s to 1ncrease
’sT1ghtTy the rate of cl e11m1nat1on reTat1ve to C12 eTJm1nat1on at a .
g1ven (v1brat10na1) exc1tat1on energy E* -
The above models Tead to calcu]ated htgh-pressure Arrhen1us A—factors
.of ToglOA = 15 4, 13. 4 for the Ci, CT2 eT1m1nat1on react1ons at T
1000 K (In retrospect the 1ncTu51on of the deta1T of the effect of h
ad1abat1c rotations does not reaTTy seem warranted since we re guess1ng;d3
at the A-factors anyway. ) » E
" The results of the RRKM caTcuTat1on are shown in F1g Al We woqu
T1ke to make several comments concerning the rate constant curves:
1. If the energy thresho]d E is changed sTightTy,'then to a good

approx1mat1on the k(E*) : E* curve reta1ns the same shape, and is

mereTy d15placed hor1zonta11y
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If the critical configuration frequencies are a]fered, the rate
constant curve again retains about thé same shape, and is only
displaced vertically. |

Because of (1) and (2), changes in the branching ratio with
excitation.enefgy are mainly due to differences in the energy
~thresholds Qf the competing dissociation channels, not differences in
" the shapes of the rate constént curves. Actually, the basic shape of
fhe.rate cohétaﬁt-curve ﬁs.]aréely determined by the number of
vibrationa] degrées of freedom in the parent molecule. |

If anharhonicity is taken into account during the state counting, the
effect is to decrease the RRKM rate constants (lengthen the
1ifetime$), since anharmonicity will increase the density of states
of the molecule at energy E* much more than it will increase the sum
of states available to the critical configuratfon at energy E* -

Eé. HoweVek, since the branching ratio between two competing
channels does not depend on the‘abéolute value of N(E*), this

quantity will not be greatly affected by anharmonic correctiohs.



. Table Al. Frequencies used in RRKM calculations.
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Molecu1ar Frequenc1es

Cr1t1ca1 Conf1gurat1on Frequenc1es

.i(cm ) (cm
(Ref. 7) R B
| €1 elimination channel v'C12'é1imination;channe1
1167 1167 1167
1098 1098 1098
93 -- -
67 - 667 560
Cass 458 458
v44§ o 446 446
435 | 435 - 435
322 68 302
262 262

55

A%



55~

Fig. Al. RRKM rate constant curves for C1 and C12 elimination from

‘ CF2

channels.

C]Z, assuming a threshold energy of 80 kcal/mole for both
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Appendix I1: Relationship Between LAB and CM Product Ratios.
| Cdnsider tWo competing unimolecular dissociation channels of a parent

molecule M:

’—ﬂ——”"’—_%;, m +m, (channel A)
M o

| my * m, (channel B)

' = + = + .
where M = ml. m2 m3 m4. (

Supposé that, in the laboratory, a beam of parent molecules is moving

with velocity VM. At t = 0, some of the M molecules are energized by a
laser pulse to a 1eve] which is above the threshold energies of both
channe]s’A‘and B. A humber Ca of the energized molecules decompose

through channel A,'whi]e the remaining g molecules decompose th}ough

channel B.V The product branching'ratio is given by -

In the CM reference frame (that is, to an observer traveling with velocity
VM), the fragments from each dissociation channel will appear to recoi]
- with characteristic translational enekgy and angular distributions. It is
weil established that in infrared muitiphoton dissociaéion the CM product
angular distribution is essentially isotropic. We will adopt this |
simplification here. Thus the ratio of the fiuxes of any two products
will be independent of angie in the CM coordinate‘syétem. This will not
be true in the LAB. |

Suppose we monitor fragment my from channel A‘ano.fragment my

from channei B at a fixed laboratory anglie e (measured relative to VM);
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Our goa] is to ca]cu]ate R from the measured m1 3 s1gna1 ratio,
assuming that we know the CN trans]at1ona] energy d1str1but1ons for both
"d1ssoc1at1on channe]s ;
For now just consider channe] A The quantity of greatht physinai
significance is the CM differential flux distribntidn in energy Space;
which is given by | o f

ar (€)

—ag 7 APy (B)s
where £ is the comb1ned Chm trans]at1ona] energy of. m1 and m2 and
PA(E) is the norma]1zed CM proouct trans]at1ona] energy d1str1but1on forﬁl
channel A,f_(PA(E) has un1ts of (energy) dICM(E)/dE has un1ts
bf“hUmbEr of dissociation events (through channe] A) per ]aser pu]se per:
un1t energy ) '
The CM differential flux u1str1but1on of fragment m1'1n veiocity
space is 4
dIM (u,)
A T L P, (uy)
'.du] A AT
whene Uy is the CM velocity of m, and PA(Ui) is’ the normaTiZEd éMv.,-i
velocity aistribution for m, . (PA(ul) has units of
(ve}ocity)'l.) E is related to u; according to
m]M

-3,

£ - [(1.19503 x 107°) o 12,

my
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1
104 cm/sec. We w111 dr0p the numerical factor, since we could always

where E is in kcal/mole, the masses are in amu's, and u, is in units of

aqr

choose velocity units which would make this factor:one.

Since flux is conserved,

a @ a )
———— dE = A .] du
dE ’ du] ] s

or equivalently,
PA(E)dE = PA(ul)dul.
Hence _
ooy dE o MM
Palup) = PA(E)E = my Pa |
The my signal measured in the labortory at ang]e e is given by

M
E).

o]

LAB -
e L de] (vq) d,
'm] _ dV1 ‘V1
V]=0 '
where dN;AB(Vl)/dV] is the LAB differential number density
] .

distribution of fragment my in velocity spaCe'(at angle o), v1 is the
. LAB velocity of my s and T is an apparatus constant. (Recall that the

ionizer is a number density detector.) The units of N;ﬁB

(e) are
simply number -of m counts per laser pulse. Transforming from LAB

number density to flux gives
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o' LAB 4 oy
\LAB ] S )
“m, (8) ° dv. . yo v
my (8) B QV]: vq 1
0

The LAB and CM differentia]vvelocity flux distributions. are related by»the'-v

usua}'transfdrmation Jacobian:24

.+ LAB -
dl (vy) 2
___n1J.___J_ = vv-] VdIA_ _

- Substituting in wé get

: LAB' - ] h | AN
Np,o (8 =T du A AR
1 v 1 Uy 1
0 L
f 1
=I‘cAf Pa (u1)u‘2 dv,
0 1
mMos v
=T CA FZ—' | PA (E)U{. dV.I
. 0 o

"If we go through the same procedure for fkégment mg from dissociat;ion

~ channel B, we find that the'mlzm3 signal ratio-at'angle e is given by
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LAB | f i
Ny, (8) c, my/m Pa (E) 5~ dvy

1 CAy (172 0 1

0
IP (E) Y—]— dv
- R(ELY) O A
T Ly 0
P, (E) — dv
0_B Uy 3

This 1s'thevdesired relationship between the product ratio measured in the

LAB and the corresponding CM quantity.
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