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Vibrational energy and bimolecular reactions: Enhancement of the electron
transfer derived product channels for quenching of Xe(3P,) and Kr(3P,)
atoms by CF,Cl,_,, C.F,Cl,_,,, and CF;CFCICF.CI

R. Sobczynski, D. W. Setser, and A. R. Slagle

Department of Chemistry, Kansas State University, Manhattan, Kansas 66506

(Received 28 July 1989; accepted 5 October 1989)

The yields of XeCl(B,C) and KrCl(B,C) from the reactions of Xe(*P,) and Kr(>P,) metastable
atoms with chlorofluoromethanes and chlorofluoroethanes are enhanced by the addition of vibrational
energy to the molecule. The reactions were studied in a fast flow reactor with He or Ar carrier gas;
vibrational energy was added to the molecules by multiphoton absorption from a CO, laser pulse at
fluences of 0.2-1.0 J cm—2 The enhancement of the XeCl(B,C) or KrCl(B,C) product was observed
by monitoring the B-X fluorescence intensity in real time following excitations by the CO, laser.
Enhancement factors are reported for reactions with CF,Cl,, CFCl,, CF,CFCl,, CF,CICF,Cl,
CF,CICFCl,, and CF;CFCICF,Cl; survey experiments are presented to demonstrate enhancement of
XeCl* and XeBr* from vibrationally excited CF,BrCl and CF;CH,Br. The decay times of the
XeCl(B) and KrCl(B) signals provide information about the relaxation rates of the vibrationally
excited CF, Cl,_, and C,F,Cl_, molecules. In order to have a reliable reference, the total
quenching rate constants and the branching fractions for XeCl(B,C) and KrCi(B,C) formation for
300 K conditions also were measured for most of the compounds; the branching fraction for XeCl*
formation form CF;CCl, is large for a polyatomic molecule.

INTRODUCTION

The availability of infrared lasers was expected to per-
mit demonstration of the enhanced reactivity of vibrational-
ly excited molecules in bimolecular reactions, Indeed there
are a few examples, mainly for the atom plus diatomic mole-
cule class of reactions, for which vibrational energy en-
hances the rate of reaction or alters the dynamics of product
formation.'~” However, frequently little effect upon reaction
rates has been observed following specific vibrational excita-
tion of reactants, especially for polyatomic systems, because
of rapid vibrational energy relaxation and/or the small effect
of vibrational energy upon the reaction rates."**’ In a pre-
liminary report,® we showed that vibrational energy did alter
the product distribution for reactive collisions of metastable
Xe(3P,) atoms with CF,Cl, CF,Cl,, and CHF,Cl. The pro-
totype reactant was CF,Cl,; the two major exit channels for
300 K Boltzmann conditions are XeCl(B,C) formation and
dissociative excitation transfer™'

k

CF,Cl, + Xe(65°P,) - XeCl(B,C) + CF,Cl

kip
- CF,CI# + Xe, (1a)

CF,Cl# -CF,Cl +Cl, (1b)
~CF, +2Cl

The total quenching'! rate constant, k , + k,,, at 300 K is

1.9+ 02X 107! cm® molecule' s~ with a branching

fraction for XeCl(B,C) formation I'y.c;» of only ~0.02.%°

However, the addition of vibrational energy to CF,Cl, with
a pulsed CO, laser greatly enhanced XeCl(B,C) formation®
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k}ﬂ

CF,Cl + Xe(65°P,) » XeCl(B,C) + CF,Cl, (3a)

kf,
— CF,CI¥ + Xe. (3b)

Estimation of the fraction of the molecules interacting with
the laser field for a fluence of ~1 J cm™2 suggested that
Ixecy» for the vibrationally excited molecules could be as
high as ~0.5. The enhancement was associated with an in-
creased value for k 1, at the expense of k }, because the total
quenching rate constant (k,, + k,,) for the cold molecules
already is nearly at the gas kinetic limit, and it seems unlikely
that (k!, +k1,) would increase significantly. The en-
hancement of the XeCl(B,C) product at the expense of the
dissociative excitation-transfer channel for vibrationally ex-
cited molecules correlates with the energy and temperature
dependence of the dissociative electron attachment cross
sectioh of CF,Cl,, which is natural since the reaction mecha-
nism for reaction (la) involves the ion pair
V(Xe*;CF,Cl; ) intermediate potential. In the present
work, new experimental evidence is provided to support our
claim for the vibrational energy enhancement of 'y« from
Xe(*P,; 8.3 eV) with CF,Cl,; the experiments include laser
pumping in both the 925 and 1050 cm ™! absorption bands.
Several additional members of this reaction class are report-
ed and experiments were done in both He and Ar carrier gas.
Specifically, enhancement of KrCl(B,C) formation from
the reaction of Kr(5s°P,, 10.5 eV) with CF,Cl} and en-
hancement of both KrCl(B,C) and XeCl(B,C) formation
from reactions with CFCl}, CF,CFCl}, CF,CICF,Cl, and
CF,CFCICF,CI* have been studied in detail. The competi-
tion between XeCl(B) and XeBr(B) formation was studied
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with cold and excited CF,CIBr. Improvement of the signal
recording instrumentation has given better temporal defini-
tion of the XeCl(B) and KrCl(B) fluorescence signals and
the relaxation rates of the vibrationally excited molecules are
deduced from the XeCl* or KrCl* decay times. Quantitative
correlation between the enhancement of 'y e or I'k, e
and the amount of vibrational energy in the reagent molecule
is prevented by our limited knowledge about the vibrational
distributions resulting from multiphoton energy absorption
from the CO,-laser field. A few experiments were done with
CF,CH,Br and Xe(*P,), because the energy absorption by
CF,CH,Br has been characterized'>®® ; however, enhance-
ment of XeBr(B,C) formation was small for this molecule.
In general, we expect bimodal vibrational distributions for
the modest fluence used in these experiments because of ro-
tational bottlenecking in the lower vibrational states, i.e., a
significant fraction of the molecules do not interact with the
laser field. The fraction that does interact with the laser field
will be larger for the chlorofluoroethanes than for the chlor-
ofluoromethanes. '

The experiments consist of observing the XeCl(B-X),
KrCl(B-X), or XeBr(B-X) fluorescence form a flow reac-
tor containing Xe(*P,) or Kr(*P,) atoms with the added
reagent before and after a CO,-laser pulse is passed through
the observation zone. In the absence of the laser pulse, the
kinetics are in the steady-state limit with fluorescence inten-
sity equal to the XeCl(B,C) formation rate. The collisional-
1y coupled XeCl(B and C) states can be approximately treat-
ed as a single state with an effective radiative decay constant
Ter:

I(XeCl*) = 7' [XeCI*] = k,, [Xe(®P,) 1 [RCI] . (4)

For our operating conditions, [Xe(®P,)] is ~3Xx 10"
atom cm 3 and [RC1] is 0.5-1.0% 10'? molecule cm® for
0.5-3.0 Torr of Ar or He carrier gas. The [Xe(*P,) ] decays
along the length of the flow reactor with a pseudo-first-order
rate law. When the unfocused laser beam passes through the
cell, a fraction of the RCl molecules are excited to higher
vibrational levels. These vibrationally excited molecules are
collectively denoted as RCI* in Eq. (2). After the laser
pulse, the total I(XeCl*) is given by Eq. (5)

I(XeCl*) = [Xe(®*P,) ] (k,, [RCI-RCI}] + &1, [RCE]) .
(5)
Since [Xe(®P,)] is unchanged by the laser pulse, the en-
hanced I(XeCl*) signal is proportional to the product
k1, (RCI). The laser pulse is short compared to the resi-
dence time of the gas in the observation zone, and the decay
rate of I(XeCl*) follows the vibrational relaxation of the
[RCI* ] from collisions with the He or Ar carrier gas. It is
probable that k , depends upon the level of vibrational exci-
tation and the ki ,[RCI] product actually should
be a sum over vibrational energy states
3. ki, (E,)[RCF(E,)]. In this study we have not identi-
fied these individual terms, although the dependence of
I(XeClI*) upon the laser fluence, the structure of RCI*, and
the decay rates of RCI* molecules provide some clues. The
main goal of the present study was to enlarge the number of
reagents exhibiting vibrational enhanced XeCl* and KrCl*
formation and to refine the experimental technique, rather

than to characterize the energy absorption in the multipho-
ton absorption event. Since XeCl* and KrCl* formation
from reaction of Xe(*P,) and Kr(*P,) with the chlorofluor-
ethanes and CF,CFCICF,Cl has not been studied before, the
quenching rate constants and the rate constants for XeCl*
and KrCI* formation for several of these molecules at 300 K
were measured for reference.

This paper has the following organization: The appara-
tus, with emphasis on the improvements relative to the first
report,® is described in the Experimental section. Next, the
300K quenching rate constants and branching fraction mea-
surements for XeCl(B,C) and KrCl(B,C) formation at 300
K are summarized. The characteristics of the Kr(*P,) and
Xe(®P,) metastable atom source in He carrier is described
and compared with the more conventional Ar carrier in this
section.’® The third section describes the diagnostic tests
used to ascertain that the CO,-laser enhanced XeCl* and
KrCl* yields truly arise from vibrationally excited mole-
cules. Next, the vibrational energy enhancement factors for
XeCl* and KrCI*, F3*™ and F ™", and the time profiles
for the enhancements are presented and analyzed. The paper
is concluded by a short Discussion section.

EXPERIMENTAL METHODS

The metastable atoms Kr(*P,) or Xe(>P,) were genera-
ted in a low current dc discharge ( ~280 Vand 1 mA) in He
or Ar buffer gas.'® The cylindrical electrodes (20 mm long
and 9 mm diameter) were made from tantalum foil and
placed 22 mm apart. For most experiments Kr or Xe were
added to the carrier gas at a constant flow rate of 25
pmol s~ A 110 /s~ ! Pfeiffer-Balzers pump with booster
gave 1-10 Torr pressure for a carrier gas flow of 1-10
mmol s~ !, The Kr and Xe, which were supplied by Spectra
Gases Inc. with a specified purity of 99.99%, were used di-
rectly from the tank. The Ar and He (99.99% Knoll Weld-
ing) was passed through molecular sieve filled traps cooled
by dry ice/acetone and liquid nitrogen baths. The reagent
gases were obtained from SCM Specialty Chemicals Inc.,
purified by vacuum trap to trap distillation and stored in
glass reservoirs. The metastable Xe* or Kr* atom concentra-
tion in He carrier was about three times larger than in Ar
carrier for the same total pressure. The reagents were added
to the reactor by a four-jet injector arrangement to obtain
uniform premixing before the gas flow reached the irradia-
tion zone.

The reaction zone was irradiated with the unfocused
output of a 0.5 Hz Lumonics TEA CO, laser through the
NaCl windows (see Fig. 1). The laser fluence 0.2-1.5
J cm 2 was below the multiphoton unimolecular dissocia-
tion threshold for the reagent molecules. The laser wave-
length was tuned to the absorption bands associated with the
C-F or C-Cl stretch frequencies in the 1080-1050 or 900-
950 cm ! regions (see Fig. 2). The rise time of the laser
pulse was 100 ns with a pulse length of 1-2 us, depending on
the laser gas (He/CO,/N;) composition. A small fraction of
the laser beam was directed to a photon drag detector (RO-
FIN LTD) for recording the pulse shape. A second small
fraction was directed to a CO,-laser spectrum analyzer for
laser tuning. The main part of the beam passed through an

4 Chem. Phys, Vol 82, MNo. 2, 15 January 1990
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FIG. 1. Schematic representation of the experimental apparatus used to
observe the vibrational enhancement factors for XeCl(B,C) and
KrCl(B,C) formation. (IF—interference filter, PDD—photon drag detec-
tor, G.S.S.S.—galvanic separator and surge suppressor.) The flow reactor
was of standard design (Ref. (13) with the discharge source attached to the
top of the reactor. The reagent inlet was a four-jet arrangement designed to
obtain planar mixing.

aperture to obtain a 19.5 mm diameter (3 cm?) beam of
nearly constant fluence and directed without focusing to the
flow reactor. The laser energy was measured using a Scien-
tech pyroelectric calorimeter.

Characteristic XeCl* and KrCl* emission spectra from
the 300 K reactions of Xe(3P,) or Kr(3P,) with several mol-
ecules are shown in Figs. 3(a) and 3(b). These spectra were
recorded using a 0.3 m McPherson monochromator with
1200 grooves/mm grating, Hamamatsu 212 photomultiplier
tube, and EGG-PAR photon counter. To monitor the vibra-
tional energy enhanced XeCl* or KrCl* formation, the B—-X
emission was viewed either by the monochromator with
wide (1 mm) slits or with narrow bandpass filters [ Corion
313 4+ 10 nm for XeCl(B-X) or Corion 222 + 5 nm for
KrCl(B-X)]. The scattered light arising from the laser
beam striking the NaCl windows did not affect the XeCl(B-
X) or KrCI(B-X) signals observed through the filters, un-
less the fluence was above 2 J cm ™2,

With reference to our former work,® the detection sys-
tem has been improved with respect to time resolution and
signal averaging. As a result of numerous tests with the CO,
laser in operation, the best recording of the weak XeCl* and
KrCl* emission signals was obtained using current-to-vol-
tage conversion (CVC) of the photomultiplier response
with a homemade CVC circuit and transforming the output
signal to 50 O impedance using a coaxial cable driver. The
frequency bandwidth was f; = 8 MHz and the amplifica-
tion was about 10° times larger than with direct termination
of the photomuliplier tube signals to a 50 ) resistor. The
photomultiplier tube and CVC were powered by alkaline
batteries to reduce electrical noise from the laser discharge.
The output signal from the coaxial-cable driver was connect-
ed to the 50 Q input of a digital storage scope LeCroy 9400.
The second channel of the storage scope was connected to

the output from the photon drag detector, which monitored
the CO,-laser pulse. The relation between the chemilumines-
cence signal and the laser pulse had good reproducibility
with less than 50 ns jitter. The digital scope was triggered
from the laser control unit using a homemade galvanic sepa-
rator and electrical noise suppressor to avoid electromagnet-
ic interference from the electrical discharge. To obtain ade-
quate signal recording, 100, or more, laser pulses were
necessary. The steady-state (i.e., without laser irradiation)
XeCl* and KrCl* chemiluminescence signal viewed
through a filter was typically 10°~107 counts s ', as mea-
sured with the photon counter. The CO,-laser enhanced flu-
orescence gave signals which approached the photon bunch
level. For such conditions, photon counters tend to become
saturated. However, the CVC circuit did not have this disad-
vantage and correctly reproduced the XeCl* and KrCi* vi-
brationally enhanced signals.

The rather long time required to obtain a satisfactory
waveform (because of the slow CO,-laser repetition rate)
did not allow us to obtain XeCl(B-X) or KrCl(B-X) emis-
sion spectra from the vibrationally excited molecules using a
monochromator to disperse the spectrum. Such experi-
ments, which would be especially valuable for molecules pre-
pared with known amounts of vibrational energy, are feasi-
ble with a higher repetition rate CO, laser or an optical
multichannel analyzer (OMA)) detector.

Infrared spectra at 0.5 cm ™! resolution of the reagents
from a Digilab Fourier transform infrared (FTIR)
spectrometer are shown in Fig. 2; the conventional Beer’s
Law absorption cross sections at the wavelengths used for
the laser enhancement experiments are similar, as shown in
Table I. However, these broadband cross sections provide
only a rough measure of the laser absorption cross sections.
Each molecule will have its own unique, pressure and
fluence dependent, laser absorption cross section.®'? Tests
for multiphoton-induced unimolecular decomposition of
reagents were done using IR absorption measurements in a
10 cm cell for an extended (100) number of pulses for a
fluence of 1 J cm 2. :

The branching fractions for KrCl* and XeCl* forma-
tion and the total quenching rate constants for 300 K condi-
tions k,, + k,, were measured using techniques reported
previously.>!'! Some improvements in the methods for mea-
suring reagent flow rates using an automated apparatus and
the total quenching rate constant data will be presented in a
separate paper.'*

EXPERIMENTAL RESULTS ,
Description of 300 K quenching resulits

The Kr(3®P,) and Xe(3P,) metastable atom reactors
with Ar carrier are well characterized and extensively
used.’® The Xe(3P,) system works especially well, because
the Ar(*P,, ) metastable atoms formed in the discharge are
rapidly converted to Xe(*P,) atoms, even for low flows of
Xe. The [ Xe(®P,) ] isnearly as high as the [Ar(*P,, ) ] from
a pure Ar discharge; the [Xe(®P,)] is negligible. The
Kr(3P,) source in Ar carrier is less ideal and requires higher
Kr flows because the quenching rate constants of Ar(*P,)
and Ar(*P,) by Kr are much smaller than for Xe. In fact, the

J. Chem. Phys.,, Vol. 82, No. 2, 15 January 1990
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FIG. 3. (a) The XeCl* steady-state emission spectra from the reactions of
Xe(3P,) with A(Cl,), B(CFCl;), C(CF;CCl,), D(CF,CICFCl,), and
E(CF,CFCICF,Cl) at 300 K and 2 Torr of He. The spectra from
CF,CICF,Cl and CF,CFCl, closely resemble that for CF,CFCICFCL,. The
spectra have been corrected for the wavelength response of the detection
system. (b) The KrCl* emission spectra from the same reactions as speci-
fied in Fig. 3(a).

TABLE 1. Broadband absorption cross sections at the laser wavelength.®

Laser Cross
wavelength section g,

Molecule (cm™") 10~ cm?
CF,Cl, R(38)-1089 8.9
CF.Cl, P(42)-923 10.2
CFCl, R(38)-1089 5.4
CFCl, R(8)-1070 5.4
CF,CIBr R(38)-1089 124
1,1-C,F.Cl, P(42)-923 5.8
1,2-C,F,Cl, P(42)-923 9.2
1,1,1-C,CL,F, P(48)-916° 0.4
1,1,2-C,CL,F; P(14)-1052 8.8
1,2-C,F,Cl, R(8)-1070 3.2
CF,CH,Br R(26)-1082 6.2

“These results are based upon absorption measurements at a single pressure
(5 Torr) in a 10 cm length cell with a FTIR spectrometer at 0.5 cm ™'
resolution. :

*Sufficient laser power was not available for this line to accomplish multi-
photon excitation. The other absorption bands are out of the range of our
CO, laser.

rate constant'’ for Ar(*P,) isonly 0.11 X 10~ 2cm® s~ ! and
itis virtually impossible to remove all of the Ar(*P,) concen-
tration. The Kr(®P,) and Xe(*P,) sources in Ar carrier can

.be operated at higher pressure than for Ar(®P,) because the

three-body quenching rates are smaller; the low pressure
limits are determined by the diffusion rates.

Study of the vibrational energy enhanced XeCl* and
KrCl* formation in He, as well as Ar, carrier gas was desir-
able because the collisional release of the bottlenecks to in-
frared multiphoton absorption and the collisional deactiva-
tion of the vibrationally excited molecules differ for He and
Ar. As noted in the Experimental section, the Xe(*P,) and
Kr(®P,) concentrations were about three times larger in He
than in Ar for 2 Torr conditions. The absolute concentra-
tions of Xe(*P,) and Kr (*P,) in 2 Torr of He were estimated
to be 4 4+ 110" atom cm? from atomic absorption mea-
surements.’® The characteristic excited state distributions
from reactions of CO and N,'®!7 were used to test for the
presence of Xe(*P,) or Kr(*P,) metastable atoms in He car-
rier. The concentrations of Xe(>P,) was too low to measure;
however, the Kr(*P,) concentrations was about 10% of the
Kr(*P,) concentration.'” For lower pressure conditions, the
relative metastable atom concentrations in He and Ar were
still about 3:1; however, the discharge in He tended to be
somewhat unstable and required more Xe or Kr than at 2
Torr. For 2-3 Torr pressure, we normally used flows that
gave ~ — 90% of the maximum metastable atom concen-
tration in order to conserve Xe and Kr. At lower pressures,
higher Kr and Xe flows were required and the plateau region
was less obvious. In He carrier, the excitation mechanism is
thought to be collisions of electrons (and associated pro-
cesses) with the Kr and Xe atoms that pass through the
discharge zone, i.e., excitation of He is not involved in the
generation of Kr(*P,) or Xe(®P,).

Since the reactions of Kr(*P,) and Xe(*P,) with 1,2-
C,F,C,, 1,1-C,F,Cl,, 1,1,1-C,Cl,F,, 1,1,2-C,CL,F,, and
1,2-C,F4Cl, have not been fully characterized,'® these sys-
tems were investigated in order to assign k y.c» and &k ..
for 300 K Boltzmann conditions. Less extensive measure-
ments with Xe(®P,) also were done for C,H,Cl,,
CF,CCl = CCl,, CF,CH,Br, and CF,CIBr. The XeCl(C-
A) vs XeCl(B-X) intensity ratios were approximately 0.3 at
2 Torr of He for the different reagents (see Fig. 3). Because
of their long radiative lifetime, more than one-half of the
XeCl(C) molecules are collisionally transferred to the B
state even at 2 Torr of He.'® Prior studies of the dependence
of the C /B ratio on pressure suggest that the nascent C /B
ratios would be in the range of ~0.8.18® The apparent low
XeCl(C)/XeCl(B) ratios from C,H,Cl, and CF,CCICCl,
are unreliable because of very weak signal levels. The experi-
mental spectra can be compared with previous simulations
of the XeCl(B-X) spectra to estimate the average XeCl(B)
vibrational energy.!'-'® The fraction of the available energy
released as XeCl(B) vibrational energy { f; (XeCl)) is in
the 0.2 range, except for CFCl, and CF,CCl;, for which
{(fy) =0.6. The KrF(C-4)/KrF(B-X) ratios generally
are higher than for XeCl* at the same pressure. This is prob-
ably a consequence of the somewhat shorter lifetime of
KrCl(C) and the nascent C /B ratios for KrCl* are similar to
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FIG. 4. The plot of Ix.;» vs added [RCI] for the same concentration of
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TABLE IL Rate constant summary for Xe(P,) at 300 K.
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those for the Xe(*P,) reactions.

For reagent concentrations below ~2X 10'2 molecu-
le cm®, the [Xe(*P,)] and [Kr(®P,)] in the observation
zone are virtually constant and the XeCl(B-X) and
KrCl(B-X) emission intensities are first order in [RCl].
Figure 4 shows a typical data set for adding several RCl to
the same [Xe(®P,)] in 2 Torr of He. According to Eq. (4),
the relative slopes from these plots, adjusted for the total B~
X and C-4 band intensities, correspond to the relative for-
mation rate constants, which are defined as kX.. and
kRL.. We selected Cl, as the reference reaction for the
Xe(3P,) reactions, because it had been previously studied in
detail.? The vibrational excitation of XeC1(B,C) from Cl, is
extensive and the spectra is extended, but care was taken to
include all of the B—X and C-A emission. The intensity vs
concentration plots were linear up to [RCl] =~ <2x10"?
molecule cm 3 and the relative rate constants should be reli-
able to + 20%. The results for Xe(*P,), as measured in 2
Torr of He, are summarized in Table II. As a check on the
results in He, duplicate measurements were made in Ar car-
rier for a few cases; the agreement was generally satisfactory.
The CF,Cl, and CFCl, reactions had been studied earlier in
a more qualitative fashion.’® The agreement is moderately
good, but it should be remembered that the absolute uncer-
tainty in measurement of small branching fractions from rel-
ative emission intensity data is often higher than suspec-
ted.9(b)'19

Similar measurements were done for k §<... , but CFCl,
was used as the reference in order to avoid the need to rou-

kyecs (107 em® s~ ")

k. ko
Reagent (10 %cm*s™") (107 "“cm’*s™") He Ar C/Bf
CF,Cl, 3.2 19402 0.025 (0.026 + 0.005) 0.06
CF,CIBr 16 40+2 ~0.015 (0.17)¢ - 0.540
0.388
CFCl, 260 33403 0.56 (~0.50)¢ 0.15
1,2-C,F,Cl, 0.7 3.5+0.6 0.058 (0.065)° 0.30
1,1-C,F,Cl, 438 3.6+0.6 0.14 (0.15)° 031
1,1,2-.C,F,Cl, 11 37406 0.26 s 0.34
1,1,1-C,F,Cl, 280 494038 1.91 0.28
1,2-C,F Cl, s 3.6+0.7 0.25 0.32
1,1,1,2-C,H,Cl, o ~0.02 >0.02
CF,CCl—CCl, ~0.005 0.02
CF,CH,Br e e 0.34¢ 0.37"
Cl, 2.0 7.2 7.2 0.22

2The rate constant for attachment of thermal electrons from Ref. 19; the value for CF,CIBr was estimated from
CF;Br. Recent measurements from Ref. 31 favor somewhat smaller values for CFCl, and CF,CCl,.
®The total quenching rate constant taken from Ref. 11 for Cl,, CF,Cl,, and CFCl,; see the text for the other

data.

© Assigned from relative slopes of plots of Ix.,» vs [RCl] in He carrier gas (see Fig. 4) with kg,
=7.2X 107" cm®s™", which was obtained previously (Ref. 8); I'S:.. = 1.0. The uncertainty in the k x.¢

values is + 20%.

9Independent measurement from plots of Iy« vs [RCI] with Cl, as the reference reaction [Ref. 8(b)].
¢ Independent estimate using Cl, as the reference reaction, but only for a single concentration (Ref. 11).
"The C /B ratio recorded in 2 Torr of He; considerable C— B transfer has occurred at this pressure.

8These values are for the formation of XeBr*.
" The C/B ratio for XeBr* at 2 Torr of He.
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FIG. 5. The plot of I« vs added [RCI] for the same concentration of
Kr(®P,) in 3 Torr of He carrier gas. A—Cl, X 300, B—1,1,1-C,Cl,F, X 10,
C—CCLFx 10, D—1,2-C,CL,F, X 1, E—1,1,2-C,Cl,F, X 1. The numbers
denote the factors by which the intensity should be multiplied.

tinely record the KrCl(B-X) emission from Kr(*P,) + Cl,
that falls below 200 nm.!® All experiments were done in He
to avoid possible complications from the presence of a minor

concentration of Ar(*P,, ) atoms. The k {£<l: value was as-

TABLE III. Rate constant summary for Kr(*P,) at 300 K.

Sobczynski, Setser, and Slagle: Bimolecular reactions

signed previously using Cl, as the reference reaction,’®’ but
it was remeasured in this work. The results from experi-
ments in 2 Torr of He are shown in Fig. 5 and summarized in
Table III. In general, the k §,. values are lower than the
k%2« values, reflecting the less successful competition in
reaching the V(Kr™;RCl™) ion-pair potential vs the excita-
tion-transfer exit channels. Penning ionization of these mol-
ecules by Kr(>P,) requires another 1.0-1.5 eV of energy and

is not important. The trends in the magnitude of £ £, and

k8.« generally correlate with the magnitudes of the ther-
mal electron attachment rate constants of RCL?® The
CF,CCl, molecule is an especially good Cl donor and the
branching fraction for XeCl* approaches 0.4, which is com-
parable to the best polyatomic Cl donors.'""'°

The total quenching rate constants for Xe(®P,) were
measured by using the quenching rate of CF,Cl, to calibrate
the effective flow time. Thus, the total quenching rate con-
stants in Table II are relative to kcg o, . All the rate con-
stants for the ethanes are similar and approximately equal to
k crci,- The details associated with these quenching mea-
surements will be reported in Ref. 15.

Diagnostic tests for vibrational enhancement of XeCl*
formation

Given the history for incorrect claims of enhancement
of bimolecular reactivity by vibrational energy, tests were
designed to eliminate alternative explanations of the laser
enhanced XeCl* yield before making systematic studies of
the vibrational enhancement factors. Some possibilities that
were considered are electrical interference from the laser dis-
charge, multiphoton absorption by Xe(*P,), heating of ther-
mal electrons by the laser field, and reactions of Xe(*P,) or
Kr(3P,) with the products from multiphoton initiated uni-
molecular reactions. Although electrical interference from
the CO, laser discharge caused difficulty with signal record-

Ionization
energy ko Relative kg cie

Reagent (eV) (107 Pem*s™") slopes® (107 "Yem*s~")y C/B
CFCl, 11.7 4.2(5.1)¢ 1.0 0.05(0.021)®° 0.54
CF,Cl, 11.8 2.3 Tt ~0.01¢ 0.32
1,2-C,F,Cl, 122 e ~0.02¢ 0.48
1,1-C,F,Cl, ~11.8 e ~0.02¢ 0.5

1,1,1-C,F,Cl, 115 231 04 0.64
1,1,2-C,F,Cl, 12.0 4.1)¢ 0.32 0.02 0.74
1,2-C,F,Cl, . e 045 0.02 0.58
Cl, 11.5 7.2 125 6.3 0.42

*Relative slopes from plots of I,y vs [RCI] in 2 Torr He (see Fig. 5) measured at the peak position of the
KrCl(B-Y) spectrum; the k $FS" value of 0.05 X 10~ ' cm?® s~ ! was obtained in this work by comparison with
Cl, as the reference reaction. The uncertainty in the reported & k¢ values is + 20%.

® Assigned from an independent comparison with the Cl, reaction [Ref. 9(c) ], but only for a single RCl con-

centration.

< Assigned from observing the variation of the Kr(5s[3/2]3~5p([5/2],) transition at 811.3 nm in fluorescence
from irradiation from a pen-ray lamp vs [RCl1] in 2 Torr He using Cl, as a reference (Ref. 15). The fluores-

cence signal was corrected for optical depth to compensate for self-absorption.

9 An independent estimate using CFCl, as the reference reaction, but only for a single concentration in Ar

buffer gas at a pressure of 3 Torr.
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ing in the original work,® the improvements mentioned in
the experimental section largely eliminated the electrical in-
terference. With these improvements, there was no enhance-
ment of signal when the laser was fired in the absence of
[RC1]. The possibility that the laser field altered the
Xe(3P,) state was eliminated by doing experiments with
Xe(*P,) + N,. Even at a laser fluence of 1 J cm 2, there was
no change in the nature of intensity of the N,(B I, ,v")
product emission. The possible role of collisions by electron
was eliminated by doing experiments in which the laser
wavelength was detuned from the absorption bands of
CF,Cl, at a fluence of 1 J cm ™2 Over the wavelength range
of 1000 + 200 cm™—2 (see Fig. 2) there was no enhancement
of XeCl* yield in either He or Ar carrier. However, tuning
the laser wavelength to either the 1100 or 925 cm ! absorp-
tion bands gave enhanced XeCl* emission from CF,Cl,.
The most difficult question to experimentally eliminate
was the possibility of XeCl* formation from a product gener-
ated by multiphoton-induced unimolecular reaction. With-
out doubt, reagents could be selected for which multipho-
ton-induced decomposition would lead to reaction between
the Xe(*P,) or Kr(®P,) atoms and the decomposition prod-
ucts. However, we reject this possibility as the explanation
for the enhanced XeCl(B,C) yields with the chlorofluoro-
methanes and ethanes. We tested for unimolecular reaction
by irradiating (R 38 line) a 2 Torr sample of CF,Cl, ina 10
cm cell with #< 13 cm? with 100 pulses. There was no detect-
able change in the overall infrared absorption spectrum in
the irradiated sample. This conclusion is consistent with pri-
or studies of the multiphoton-induced unimolecular reac-
tions of CF,Cl and CF,Cl, for which unimolecular reaction
was minimal for ¢<1.5 J cm™—2; see references in the earlier
report.® Thus, it is impossible for products arising from a
single laser pulse to give the observed large enhancement in
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FIG. 6. The plots of XeCl* enhancement profiles from 1,1-C,F,Cl, follow-
ing irradiation with ¢ = 1.0 J cm~2 at 2 and 5 Torr of He. Each profile is
scaled to the same height. The laser pulse, profile number 1, is also shown
for reference. The steady-state XeCl* signal is the reference, i.e., the zero
level signal is not shown.
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FIG. 7. The plots of XeCl* enhancement profiles from 1,2-C;F,Cl, follow-
ing irradiation with ¢ = 1.5 cm ™2 in 2 Torr of He and Ar. Each profile is
scaled to the same height. The XeCl* steady-state signal level is the refer-
ence, i.e., the zero level signal is now shown. The laser pulse, profile number
1, is shown for reference.

XeCl* yield via a secondary reaction. In addition, the decay
times for the XeCl* and KrCl* laser enhanced signals (to be
presented in the next section) are inconsistent with XeCl* or
KrCi* formation from a product of a secondary reaction. Ifa
product from the laser-induced reaction was responsible for
the enhancement, the XeCl* decay time should be just the
time for the irradiated volume of gas to flow out of the obser-
vation zone, and this is not the case. We conclude that the
enhanced XeCl* and KrCl* yields arising from the passage
of a CO, laser pulse through the reaction zone arise from the
reactions of vibrationally excited RCI* molecules and not
from any decomposition products.

Laser enhanced XeCl* and KrCi* formation

The laser enhancement experiments were done with
[RC1] ~2X 10'2 molecule cm? and 2 Torr of He or Ar, un-
less pressure related effects were being studied. The collision
frequencies of CF,CI# in 2 Torr of He and Ar are ~3.7X 107
and ~1.6X 107 s~, respectively, so ~35 and ~15 colli-
sions of He and Ar occur during a 1 us laser pulse. These
‘collisions can either aid or hinder multiphoton energy ab-
sorption depending upon the importance of particular quan-
tum states involved in the multiphoton absorption process.
Some typical XeCl(B) and KrCl(B) enhancement profiles
acquired from the average of 100 laser pulses are shown in
Figs. 6-8. The initial rise of the enhanced XeCl* or KrCl*
signal from all reagents coincides with the 100 ns spike of the
CO, laser pulse. The enhanced signal continues to increase
until the laser pulse terminates and the energy contained in
the tail of the laser pulse is clearly effective in generating
vibrationally excited RCI* molecules. In our previous work,
there was some concern the about the interpretation of the

4, Cham. Phys., Vol. €2, Ne. 2, 15 January 1920
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FIG. 8. Plots of XeCl* and KrCI* enhancement profiles from CF,Cl, fol-
lowing irradiation with ¢ 2 0.7 J cm~2 in 2 Torr of He and Ar. Each profile
is scaled to the same height. The steady-state XeCl* signal level is the refer-
ence, i.e., the zero level signal is not shown. The laser pulse, profile number
1, is included for reference.

XeCl* decay profiles.® But in this work, the expected tempo-
ral behavior for the XeCl* and KrCl* enhanced signals fol-
lowing laser excitation was observed for all reagents. Within
the experimental uncertainty of the new measurements, the
XeCl* and KrCi* decay rates are single exponential; the
first-order decay constants depend upon carrier gas pressure
and the RCl molecule in question. The delayed maxima in
the enhancement profiles for CF,Cl,, CFCl,, and CF,ClBr,
relative to the chlorofluoroethanes, in a consequence of the
slower vibrational relaxation rates of the methanes, vide in-
Jra.

The vibrational enhancement factor F, is defined as the
ratio of the maximum laser-enhanced XeCl* or KrCI* sig-
nal divided by the steady-state signal for 300 K conditions.
These factors are summarized in Table IV for ¢ = 1J cm ™2
and 2 Torr pressure. Experiments were done to record the
vibration enhancement factors from CF,Cl, and 1,2-
C,FCl, by observing both the B-X and C-A emissions for
XeCl* and KrCl* with the monochromator. These experi-
ments were done at 1 Torr of He so that the degree of C— B
transfer was minimized. In each case, the enhancement fac-
tors based upon observing either the B or Cstates were near-
ly the same. Therefore, all other enhancement factors were
measured by observing the stronger B-X emission. The en-
hancement factors depend upon the RCl molecule, the laser
fluence (see Fig. 9), and less strongly on the pressure and
nature of the carrier gas. The enhancement factors for the
dichloroethanes 1,1,2-C,F,Cl,, and dichloropropane are
quite significant (6~15) and similar to that for CF,Cl,. The
FX*?" and F%5 " values for CFCl, are smaller than for
CF,Cl,, but measurable. The smaller value is expected be-
cause I'y .. is relatively large for CFCl,, even for 300 K
conditions (see Table IT), and vibrational energy is not need-
ed to aid the electron transfer product channel; the absorp-
tion cross section also is lower than for CF,Cl, (see TableI).
Unfortunately, the absorption band for CF,CCl, is outside

TABLE IV. Summary of vibrational enhancement factors.®

Fi=<r FXcr

Molecule Ar He He
CF,Cl,(R3) 2043 1542 2043
CF,CL(P,;) 10+1 T+1 1242
CFCl;(R35) 2405 1.5403 25+03
1,2-C,F,CL,(P,;) 7+1 6+1 1043
1,1-C,FClL,(P,5) 6+1 642 2045
1,1,2-C,F,Cly(Py4) 4414 3414
1,2-C,FCl,(Rg) 641 441 154+ 6
CF,CIBr(R,) =~7+2 ~6+2 c
CF,CIBr(R,,) 341° 2.5+05° c
CF,CH,Br(R,,) 20+0.3 1.340.2 c

* F, is the ratio of the maximum in the enhancement profile, measured at 1
J cm™2 and 2 Torr, to the steady-state 300 K signal.

®The upper entry is the XeCl*; FX*®"" was measured at 278 nm. The XeCl*
measurements were done at 6 Torr in order to minimize the XeBr(C-4)
emission, so that XeCl(B-X) could be more easily observed.

°The F5" were not studied due to the difficulty of monitoring KrBr(B-

X) at 205 nm. ‘

9The ¢ for 1,1,2-C,F,Cl; was only 0.7 rather than 1.0 Jcm™2. A linear
scaling suggests F, == 5-6 for the same fluence as the other experimentsin
the table. The vibrational enhancement factor for CF;CCl; could not be
studied because of the low laser fluence for the Pyq line.

the range of our CQO, laser and vibrational enhancement ex-
periments could not be done. The F 5" values for the eth-
anes tend to be somewhat larger than for F3*°". -
Bromochlorodifluoromethane is an especially interest-
ing case because of the two product channels. Vibrational
energy does aid XeBr* formation with a modest enhance-
ment factor of ~ 3, which is consistent with the larger 'y .5,

o >

XeCl*(308nm) SIGNAL
N

o 05 1.0 15 20
LASER FLUENCE, [J/cm 2]

FIG. 9. Plots of enhancement factors for XeCl* from CF,Cl, (®) and 1,2-
C,F,Cl, (/) vs laser fluence from experiments in 2 Torr of Ar.
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at 300 K. The more interesting point is that the minor chan-
nel, XeCl* formation, is enhanced by vibrational energy
more than is XeBr* formation. The enhancement factor for
CF,CH,Br is small, but significant, at 1 J cm ™2 The en-
hancement factors are approximately linear with fluence as
shown by Fig. 9 for XeCl* formation from CF,Cl, and from
1,2-C,F,Cl,. A similar fluence dependence was found for
KrCl* formation from CF,Cl, and for each of the other rea-
gents that was investigated. The maximum fluence that
could be studied was ~1.5 Jcm™? because fluorescence
from the windows became a problem at higher fluence. In-
creasing the fluence has two main effects upon the energy
absorption by these small molecules: (i) the average number
of photons absorbed per molecule is larger for the fraction of
molecules participating in multiphoton absorption; and (ii)
the fraction of the molecules absorbing energy from the laser
field increases for higher fluence. We expect that it is the
larger fraction being excited that is mainly responsible for
the linear increase of XeCl* (or KrCl*) enhancement with
é.

Survey experiments were done with different laser
wavelengths; enhancement occurred only when the laser
wavelength matched an absorption band. Larger F "
were observed when the laser was tuned to the red of the
maximum of the absorption band, whereas tuning to the blue
side always gave diminished F5*“". Such a dependence on
laser wavelength is expected for a process that depends upon
multiphoton absorption, because of the anharmonic shift for
higher levels of the pump mode. The dependence of F ;"
upon excitation of the 1100 and 925 cm ™! bands of CF,Cl,
was specifically investigated. The time profiles of the en-
hanced signals were both the same, but F*<'" and F§*"
were about twofold larger [see Table IV] for the 1100 cm ™!
band (which is the C-F stretch mode). This result is consis-
tent with the larger effective multiphoton absorption cross
section at the 1089 cm ' wavelength.32!

Collisions during the laser pulse can relieve rotational
bottlenecking, leading to a higher fraction of RCI molecules
that absorb laser energy, but collisions with RCF molecules
also can deactivate high vibrational levels during the termi-
nal part of the laser pulse. Thus, increasing He and Ar pres-
sure could either decrease or increase the vibrational en-
hancement factors depending upon which relaxation process
was more important. As already noted, the rise times for
XeCl* or KrCl* formation were independent of pressure.
Increasing the He or Ar pressure shortened the decay times,
but changes in the enhancement factors with pressure were
very modest. In general, there was a slight increase in "
or F 5™ from 1-4 Torr followed by a reduction in the 4-10
Torr regime. The F*“" were slightly larger in Ar than in
He. The major effect of pressure upon the laser-enhanced
signals certainly is associated with vibrational deactivation
of RCI*, as exemplified by the pressure dependence of the
decay rates, and not upon the multiphoton excitation pro-
cesses.

Collisional relaxation rates of RCI* molecules

The laser-enhanced XeCl* and KrCl* signals decayed
exponentially. The pressure dependence of these decay con-
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FIG. 10. Plots of XeCl* decay constants from A—CF,Cl, in Ar, B—
CF,Cl, in He, C—1,2-C,CL,F, in He, and D—1,2-C,C1,F, in Ar.

stants is plotted for several examples in Fig. 10. The decay
constants were linear with either He or Ar pressure; the de-
cay constants at 2 Torr and the two-body relaxation con-
stants are summarized in Table V. The same decay constants
were found for monitoring either KrCl* and XeCl*, show-
ing that relaxation involves collisions of the RCI* molecules
with He or Ar. The relaxation rates of CF,Cl, and CFCl,; are
similar, and the rate constants in He are fourfold larger than
in Ar. The relaxation rate constants for the chloroftuoroeth-
anes and propane tend to be similar, but larger than for the
chlorofluoromethanes. For the larger molecules, the rate
constants in He and Ar are the same to within the experi-
mental uncertainty. The plots in Fig. 10 imply a small non-
zero intercept for the zero pressure decay time. This is ex-
pected because at low pressure the residence time for the
irradiated gas volume becomes comparable to the collisional
relaxation time. We had some concern about the interpreta-
tion of the position of the maximum in the profiles of the
chlorofluoromethanes vs the chlorofluoroethanes. There-
fore, a computer code was developed to simulate the rate
equations corresponding to Eqgs. (1), (2), and (3) together
with the collisional relaxation of RCI* . The rate of formation
of [RCI* ] was represented by a simple exponential function
with a 2 us decay constant. The simulated and experimental
results, which are compared in Fig. 11, are in close agree-
ment. The delayed maximum of the enhanced signal from
the chlorofluoromethane is a consequence of the slower
collisional vibrational relaxation rate and not a property of
the multiphoton laser-excitation mechanism. Time-depen-
dent Raman scattering studies have shown that the internal
relaxation times for CF,Cl, is of the order of 100-200 ns
following CO, laser excitation.?? This is shorter than the rise
time for the XeCl* enhanced signal from CF,Cl,, which fol-
lows the CO, laser pulse. For the us time scale of our experi-
ments, collisions and internal relaxation ensure that the vi-
brational energy absorbed from the laser pulse is statistically
distributed within a given RCI* molecule.

We will discuss two interpretations of the rate constants
givenin Table V. The possibility that the observed relaxation
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TABLE V. Relaxation constants at 2 Torr and two-body rate constants.

Ar He

Molecule (10°s™h® kg® (10*s~1)® kgp®

CF,CL(Rs) 2.8+0.3 3.1+03x10~2 110+ 1.5 134+2x10°1
CF,CL,(Py,) 27403 3.1403x107" 11.0+ 1.5 1342x10°"
CFCL(Rss) 28403 32+03x10°" 10+2 14+ 2x10"
1,2-C,F,CL(P,,) 3745 46 4+ 8x 10" 3045 46+ 7x10~ 1
1,1-C,F,CL(P,,) 3545 534 8x10-1 3045 60+ 8x10-13
1,2-C,F(ClL,(Ry) 40 4+ 10 70 + 8x 10~ " 50410 70+ 9%x10°"

#Measured for fluences near 1 J cm ™2

®Decay constants at 2 Torr pressure.

¢ Two-body relaxation rate constant (cm> molecule ™' s—') from plots of the decay constants vs pressure.

is just V-T transfer from the lowest vibrational mode is ex-
amined first. The second, and favored, interpretation is that
the exponential decay rate is associated with overall relaxa-
tion of the mean vibrational energy (AE, ) of the RCI* mole-
cules. The relaxation rate constants that we obtained for
CF,Cl, can be compared to results in the literature.”® Using
the time-resolved thermal lensing technique following exci-
tation of v(992 cm™'), rate constants of 26 + 7x 10~ !3
and 2.7+0.7x10" cm?molecule~!s~! were repor-
ted?® for the V-T relaxation of CF,Cl, by He and Ar,
respectively. These rate constants were associated with the
V-T relaxation rates from the lowest vibrational mode,
which is v,(261 cm~') for CF,Cl,. This rate constant for
Ar, as well as one for more extreme laser pumping,*® isin
excellent agreement with our value, but our result for Heis a
factor of 2 smaller than theirs. The lowest vibrational fre-
quency for the chlorofluoroethane molecules is the torsional
mode associated with internal rotation ( <90 cm™'); larger
relaxation rate constants with weaker dependence on mass
of the collisional partner, would be expected for V-T relaxa-
tion via such a low frequency,?*** relative to the chlorofluor-
omethanes. To our knowledge, measurements of the V-T
relaxation rates for the chlorofluoroethane molecules in He
and Ar have not been reported. Although the comparisons

2=C,ClaF (+Xe =1XeCt"
WA A W

XeCI(308nm) NORMALIZED SIGNAL

FIG. 11. Comparison of the experimental enhancement profiles for XeCl*
from CF,Cl, and 1,2-C,F,Cl, in 1 Torr of Ar vs their simulated profiles
using experimental rate constants (see the text). Note that the position of
the delayed maximum in the profile for CF,Cl, is reproduced by the simula-
tion.

just made seem to argue for V-T relaxation from the lowest
frequency mode, such an interpretation is not consistent
with our understanding of infrared multiphoton excitation.
Furthermore, more than a few quanta of excitation in the
lowest frequency vibration is probably needed to enhance
reaction (3a). An alternative point of view is that the XeCl*
decay is monitoring the relaxation of the average energy
(AE, ) of the multiphoton pumped molecules.? The overall
vibrational  relaxation of SF,»®  CF,[,»®
CF,H-CFH,,**® and some perfluorinated molecules?*¥
excited to high vibrational levels has been monitored by sev-
eral physical methods. In each case, the rate constants for
relaxation in Ar are of the same magnitude as those given in
Table V. We conclude that the XeCl* decay rate is reflecting
the exponential relaxation of the average vibrational energy
of the RCI* molecules. After adjustment for the different
collision rates of He and Ar, the collisional efficiency of Ar
with the ethanes would be higher than for He, as expected for
highly vibrationally excited molecules.?* However, the effi-
ciency for He is still larger than for Ar with the methanes,
even after adjustment for the collision rates. This may reflect
the sparse density of states in the relevant energy regime for
the chlorofluoromethanes. Based upon energy absorption
measurements® for these and similar molecules, we expect
(n) to be in the range of 10-20 photons molecule™’ for
é=1Jcm2

DISCUSSION AND CONCLUSIONS

The trend in the room temperature 'y . and Ty e
values for the chlorofluorethanes provides another exam-
ple?© of the correlation between the magnitudes of the disso-
ciative, thermal electron attachment rate constants 3, and
the branching fractions for reactive quenching, i.e., XeX*
and KrX* formation. Thermal electron attachment is best
understood for the chlorofluoromethane series. The activa-
tion energy for thermal electron attachment have been as-
signed as ~0(CCl,),"?® ~2kJ/mol (CFCl,),"*® 12k)/
mol (CF,C1,),"”® and ~75 kJ/mol (CF,Cl).2’-3° The
most recent work suggests that there is no true activation
energy for CFCl,.*! The small difference in 8 for CCl, and
CFCl,, a factor of 2 at 300 K, still seems to relate to the
Xe(*P,) and Kr (*P,) reactions because 'S4, (0.27) is larg-
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er than I'$ESE (0.17). The electron enters a o* antibonding

type orbital, and the main changes in CCl, and CFCl;,
relative to the neutral molecules, are a partial flattening of
the pyramidal CCl, group and lengthening of those C-Cl
bonds.3? The ab initio calculations?? and the model®' used
for calculation of attachment cross sections suggest intersec-
tion of the neutral and radical anion potentials in the ther-
mally accessible region of the neutral potential; however,
there has been a question®? about whether the optimum ge-
ometry was explored for the CFCl; calculation.>* The 8 for
a third molecule, CF,CCl, is in the 250X 10~° cm’®s™!
range and the branching fraction for XeCl* formation also is
large, ~0.2.3* The kinetic energy released to Cl~ is nearly
statistical for attachment to CCl, or CFCl,, but the kinetic
energy™ is 0.34 eV for CF,CCl,. However, this exit channel
effect does not seem to influence 'y o -

The I'§ 5. for both the chlorofluoroethanes and chloro-
fluoromethanes is lower than for I'XJ,. because excitation
transfer is more dominant for quenching of Kr(*P,). Excita-
tion transfer probably arises from the coupling of the en-
trance channel to Rydberg states before the collision pair
reaches the ion-pair potential at short range. Since the den-
sity of RCI** Rydberg states at 10.5 eV is larger than at 8.3
eV, there is a greater probability for excitation transfer dur-
ing the incoming trajectory for Kr(*P,) than for Xe(®P,).

Our novel finding is the demonstration that vibrational
energy in chlorofltuoromethanes and chlorofluoroethanes
can greatly change the chemical product distributions from
quenching of Kr(*P,) and Xe(*P,) atoms. The vibrational
energy enhancement of XeCl* or KrCl* formation is largest
for those molecules with small ['}%.,. and ['EZ,. at 300 K.
The Xe(*P,) reaction with HCl is another reaction showing
vibrational energy enhancement.** Since the total quenching
rate constants for 300 K conditions are quite large, the vibra-
tional energy enhancement is associated with larger branch-
ing factors for XeCl* or KrCl* formation in competition
with the excitation-transfer channel and not in appreciably
larger k. For these small molecules, rotational bottleneck-
ing during multiphoton absorption leads to fractionation of
the thermal ensemble of molecules®'? and the enhancement
factors of Table IV are lower limits to the true enhancement
factors, i.e., if all RCl molecules were vibrationally excited,
the F, values would be even larger. Previous estimates® for
the fraction of CF,Cl,, CFHCI,, and CF,Cl molecules ab-
sorbing laser energy suggested that the true branching frac-
tions for XeCl* formation for these molecules might be
~0.5. The degree of fractionation should be smaller for the
ethanes than for the methanes, so the true branching frac-
tions for XeCl* formation from vibrationally excited eth-
anes will not be as large as for the methanes. The XeCl(B,C)
and KrCl(B,C) vibrational energy distributions from reac-
tion with the RCI* molecules probably extend to higher vi-
brational energy than for 300 K reactions, but that aspect of
the dynamics for RCI* molecules has not yet been investigat-
ed.

The dynamics required to explain the vibrational energy
enhancement of XeCl* or KrCl* formation is probably re-
lated to the same factors that are responsible for the increase
in dissociative electron attachment rates by vibrational exci-
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tation.?%?-?° The increase in the total energy of the
Xe* 4+ RCI collision may be of some importance too, be-
cause the electron affinity values for the chlorofluorometh-
anes and chlorofluoroethanes are modest and the diabatic
crossing of V(Xe*,RCl) and V(Xe*,RCl™) is at short
range with a threshold energy. To our knowledge the depen-
dence of XeCl* formation on translational energy has not
been studied by molecular beam methods for these mole-
cules. By analogy to other cases,?® the increased total energy
may aid XeCl* formation. Certainly higher electron energy
results in larger electron attachment cross sections for mole-
cules with threshold energies. However, we believe that the
XeCl* and KrCl* enhancement has its origin mainly in vi-
brational energy, rather than just the higher total energy of
the collision.

In the comments to follow, an intrinsic assumption will
be that XeCl* or KrCl* formation is efficient after the Xe*—
RCIF or Kr*-RCF collision pair reaches the crossing region
for the ion-pair potential. The possibility for transfer from
V(Xe*,RCl™) back to ¥(Xe,RCI*) will not be emphasi-
zed.>® Another clue about the dynamical origin of the vi-
brational energy enhancement can be gained from the com-
parison between the reactivity of Xe(6s) and Xe(6p) atoms
with CF,Cl, and CF,Cl (and HCl), the Xe(6p) atoms have
much larger Tk values.®*” This is easily explained from
the location of the crosssing between the ¥ (Xe* ,RCl™) and
V(Xe*,RCl) diabatic potentials, which moves to longer
range for V[ Xe(6p),RCl]. Thus, the incoming collision pair
can transfer to the ion-pair potential before the Xe(6p)-RCl
collision samples the region where coupling to the RCI*
Rydberg background states becomes strong. By similar rea-
soning, vibrational energy must provide a mechanism for
coupling the ¥[Xe(6s),RCl1] and V(Xe*,RC1™) potentials
at a larger Xe(6s)~RCl} distance than for a collision with-
out vibrational energy. Given the structural changes in the
radical anion vs the RCl molecule, the vibrational motions
responsible for the coupling presumably are a combination
of C-Cl bending and C-Cl stretch modes. Since the vibra-
tional periods are somewhat shorter than the mean collision
time (~0.6 ps), the internal coordinates of RCI* will be
sampled during a thermal collision. In a simple point of view,
the vibrational energy acts to increase the vertical electron
affinity, which promotes the transfer to V(Xe*,RCl7) at
long range. Inspection of the CFC1,~Cl and CFCl,~Cl~ po-
tentials®' =33 shows that stretching of F(C—Cl) does increase
the E.A. Thus, this point of view has some merit. Another
aspect could be that vibrational excitation inhibits coupling
to the background RCI* Rydberg potentials, which would
allow the incoming trajectory to reach ¥(Xe*,RX™) at
short range. However, we do not see a reason why vibration-
al energy would inhibit such a coupling for all members of
the class of molecules investigated in this work.

In summary, a class of polyatomic RCl molecules has
been discovered for which vibrational energy alters the prod-
uct distribution from collisional quenching of Xe(®*P,) and
Kr(®P,) atoms. Enhancement of reactive quenching, i.e.,
XeCl* or KrCl* formation, by vibrational energy in compe-
tition with excitation transfer should occur with other rea-
gents for which vibrational energy aids dissociative thermal
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electron attachment. As the role of vibrational energy upon
electron attachment rates by polyatomic molecules is better
understood, insight will be gained about the dynamics for
this category of reaction. In order to reach more quantitative
interpretation about the dependence of the branching frac-
tion on vibrations energy, independent work is needed to
characterize the fraction of molecules absorbing energy
from the field and their average level of energy for a given
laser fluence. The decay of the XeCl* vibrationally enhanced
signal was associated with the exponential relaxation of the
average vibrational energy of the RCI* molecules from colli-
sions with He or Ar.

Note added in proof: Professor J. Simons and co-workers
(University of Nottingham) soon will publish data which

demonstrate that k 525 also is sensitive to the translational
energy. Thus, the XeCl* exit channel from

Xe(6s) + CF,Cl, depends strongly upon all of the initial
energy states of the reactants.
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