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transfer leading to molecular dissociation is the major and often the
dominant channel, with one or more atoms being eliminated in strong ﬁfeference
to elimination of molecular or electronically-excited fragments.

For the excited noble gas atoms, the high quenching efficienciAan&v
-t dominance of dissociation and ionization channels are associated with the
avallability of accessible acceptor states of the quncﬁing molecule, as
i revealed by its absorption spectrum. It is proposed that these eéficient
R reactions occur by energy transfer nﬁ relativei§ iong rané; with no major
prior distortion of the quenching molecule. |

It is expected that this model should be directly applicable to the
reactions of certain other excited species, which exhibit a similar correlation

of quenching rate constants with the availability of acceptor states at the
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i}% A. Introduction
>
(:_. Although many total quenching rate constants have been measured for electro-
Eis nically-excited atoms and small molecules,l™3 wmuch less 1s known about the nature
EE; of the reaction ptoducts.2‘7 The principal objective of this project was detection
o for the first time of the products of 'dark' reactions of metastable Ar, Kr, and
ﬁs; Xe (A?3P0’2) atoms with molecules, in which the product fragments are in their
'E;? ground electronic states. The technique used, atomic resonance fluorescence
o detection of hydrogen, oxygen and chlorine atoms in a discharge-flow system,
EE& revealed a rich assortment of dissociation channels resulting from the energy
;i; transfer.
E%i Simultaneous measurements of light emission intensity, resonance
l fluorescence intensity and ion production rates were made to provide the first
direct and quantitative investigation of competition between allowed reaction
; channels for these species. These include:
'iéi Penning Ionizatfon: A* + BC + A + BCt + e-, (1)
E;; and other related channels, such as associative and dissociative ionization and
.i‘ ion-pair formation;
;E; Non-dissoclative energy transfer: A* + BC + A 4+ BC* (2)
.{if Dissoclation: A* + BC +» A + B + C (3)
Dissociative excitation: A* 4+ BC » A + B* + (4)
- and atom-transfer chemiluminescent reaction (noble gas halide excimer
;i; - formation): A* + RX » AX* + R, (5)
;j? . In general, B, C and R are polyatomic fragments and X is a halogen atom, All 5
i? categories were observed, with dissociation clearly the major channel and disso-
i;; ciative excitation surprisingly unimportant for the reactions studied.
e
S o ele
. Apr S lg relevme,
:E. dimtpsiulion unlimited.
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2.
iié It was hoped that the results could be interpreted in terms of the primary
E?S interaction between the excited atom and the collision partner., Considerable
( progress towards this goal was achieved and a correlation obtained, relating the
:;g overall quenching rate constant for a given collision pair to the observed pro-
.;; ducts and to properties of the reagent molecule. In addition, many comparisons

- between the observed channels and the known vacuum UV photochemistry of the
'Ei reagent molecules were possible,
.;? As a minor objective, making use of the discharge~flow technique, it was
t._ proposed to employ secondary reactions to yield information on the internal
E;E state distribution of certain product species. This was not successful in
E{; general, but the distributions of 0 atoms among the 3P, 1p and 1§ states,
vi? resulting from the reactions of Ar* and Xe* with 0y, were determined by this
Ezl technique,
fg In the course of the project, a major extension of the technique allowed the
(:_ twin metastable states, 3P0 and 3P2, of Ar to be separated, and chemiionization
éa and channels leading to light emission were studied for state-selected Ar
'53 metastables.
:; Section B reviews the experimental techniques, with emphasis on novel
. .
A?; methods developed as part of the project. Section C includes the principal
iif results and section D presents their interpretation, especially in terms of the
;; stated objectives and their possible impact on related areas of chemical kine-
-
}: tics and energy transfer. Relevant properties of the excited noble gases are

.’}

;: listed in Table 1 and rate constants! for their reactions in Table 2. All the

P %

) ' major findings of this project have been included in this report; however, many

fg details of the experimental set-up, procedure and precautions and of the analy-

-I.. -

~$: sis, which have been described in the annual reports (1980-82) or in
publications,8-13 have been omitted. AIR PO~ ooTEE AKSC)
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B. Experimental Techniques.

R The project involved the use of two discharge-flow systems, one for the

js resonance fluorescence measurements, the other for saturation ion-current

- measurements (see Figs 1,2). Both systems have been described in the annual

N reports and publicationsmvll and only the most important features are discussed
%i here. In both systems, the reaction occurs by diffusion of a small flow of

:S reagent gas into the bulk gas flow (mainly Ar at a pressure of 1 - 5 Torr),

ﬁ which contains the metastable atcms (Ar(3P2’0)), Kr(3P3)or Xe(3P2) at con-

2

centrations of about 1010 cm=3) and which has a typical linear flow velocity of

som s—le Because of the large rate constants of most of the reactions studied,

. B

A the reaction is complete within 1 to 2 cms Emission (110 - 800 nm) from this

a i
]

g
s a

region is monitored directly via vacuum monochromators and photomultipliers.

*y ‘.I

K"
.

X Bl. Resonance Fluorescence

-

In the resonance fluorescence system,lo the reagent inlet assembly is made

;: movable by means of O-ring seals and flexible connections to the rest of the

A

f: vacuum s}stem. Resonance fluorescence measurements are made 5 cm downstream of
‘: the reaction zone, allowing almost complete discrimination against emission

‘S from the reaction, This is important, for instance, in the reaction of Ar* with
_: Cly, which produces extremely intense atomic emission at the wavelength used for
N resonance fluorescence.

;E Many designs for the lamp source for resonance fluorescence are available in
5 the literature: in ours, the microwave cavity (conventional Evenson design)

'; ) extended to within 1 cm of the MgF) window separating the lamp from the reaction
‘Z vesgsel. By mounting the window in a teflon, rather than a metgl, holder, the

b plasma was found to extend up to the window, ylelding relatively intense, but

1
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only moderately self-reversed atomic lines. Simple cylindrical blackened
baffles, also of teflon,sufficed to reduce the scattered light to an acceptable
level, For 0- and H-atom detection, resonance fluorescence signals were typi-
cally 20 count s'l, with a scattered light level of 3 s‘l; for Cl-atom
detection at 134.7 nm, signals were larger and the scattered light less than

1 s~1, The scattered light signal, measured with the discharge source of

metastable atoms switched off, includes any resonance fluorescence of atoms

produced by direct photodissociation of the reagent molecule. No such contribu-
tion was detected for any of the reagents studied.
ﬁ% Al]l resonance fluorescence measurements were basically relative, the signal
from the reaction A* + Q of interest being comparedlto that from a reference
reaction of the same metastable. Considerable care was taken in establishing

the absolute atom yield per reactive event (ie the quantum efficiency for

: conversion of A* atoms into atomic O, H or Cl product) for the reference

NO reaction, as these were the source of all our absolute atomic yields; this

;& involved searches for all possible competing channels, cross—checks of the H, O

- and Cl yiélds where possible, for instance via the reactions with HCl, and the

f‘ use of reactions, whose product channels have been determined by other means,

E; such as Ar* + Cly and Ar* + N9O. Excellent consistency was found among the

R results, so that the uncertainty in the atom yields due to such systematic
errors 18 considerably less than 5%. The reference reactions used on a daily

é: basls were (f = branching fraction):

A* + 0 » A + 0 + O , £ = 1,00 (6)

o ‘ A* + H + A + H + H , £ =1,00 ) (7)

"* A* + CF3ClL » A + CF3 + C1 (8)

i; for which f = 0,95 * 0,03 for Ar* and f = 0,97 * 0,02 for Kr* and Xe*,
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To test for absorption of the resonance radiation by the reagent molecules,
an Al surface mounted on a movable rod was inserted into the observation region
to reflect radiation from the lamp into the monochromator, The detected inten-
sity, as a function of reagent concentration in the reaction vessel, was ana-
lyzed by the Beer-Lambert law to yield an effective absorption cross-section,
o.%, used where necessary in correction of the resonance fluorescence data.

B2, Saturation Ilon-Current Measurements

For reactions of Ar*, total yields of chemiionization were measured by the
gaturation ilon—-current technique,11 in which all the positive ions were swept by
an applied electric field to a grounded grid and the grid current measured as a
function of applied field. While this yields the absolute ion flux directly and
relative ion ylelds from the reactions (using Ar* + NO or CFyBrj as reference
reactions), the absolute flux of Ar* metastables is also required for the
determination of chemiionization branching fractions. The technique used,
involving measurements of emission intensities from the well-characterized reac-
tions of He* and Ar* with Ny and the iomn-current from He* + N, has been
described fully. This calibration technique is inferior to that used for the
resonance fluorescence measurements. Firstly, the relevant branching fractions
in these calibration reactions have uncertainties of about 20%Z. Secondly,
because of the much greater mobility of charged particles in He than in Ar, a
less satisfactory saturation ion~current was obtained in the He* + Ny reaction,
it being very difficult to select conditions which entirely eliminated the twin
evils of secondary ionization and ion-electron recombination. As a result, the
absolute chemiionization branching fractions were estimated to have an uncer-
tainty of t 35%Z., Subsequent experiments, in which lon-current and resonance

fluorescence data provided complementary information on the channels for a given

-?jf1




reaction, showed no instances of inconsistencies in the data and suggested that
the true uncertainty in the ion branching fractions is no larger than +20%, -15%.

Ion-electron recombination was also found to occur in the reactions of Ar*
with specific reagents. It was characterized by the effect of very small addi-
tions of SFg (1 - 6 = 1012 cn~3) with the reagent on the reaction products, in
causing up to a 2-fold increase in the saturation ion current and decreases of
up to 30Z in the resonance fluorescence signals. Only a small group of
reactions, those of Ar* with NH3, CH30H, CH,0, CyHs50H, CH30CH3, 0CS, CH3Cl,
CHpCly and CH3Br, showed these effects. The investigation of this effect has
been described;13 it was concluded that SFg eliminates the ion-electron recom-
bination through highly-efficient scavenging of the electrons (ion-ion recom-
bination 1s significantly slower than ion-electron recombination) and that the
data obtained in the presence of SFg are valid.

Several additional checks of the validity of the saturation ion-curreat

technique were possible. For instance, addition of reagents such as Ny or Oz

which cannot be ionized by Ar*, gave residual ion currents of about 10~10 ¢o
10'9A, compared to the lon current of about 6uA from Ar* + NO. Similarly, if
the Ar#* ;etastables were destroyed by illumination of the flow tube with Ar
resonance radiation, the ion-current dropped appropriately., Finally, negative-
ion or electron currents measured at the positively-biased electrode closely
matched (apart from sign) the measured grid current.

Towards the end of the project, experiments commenced on chemiionization by
Ne* metastable atoms. Although saturation ion—-currents were obtained and the
current was lowered more than 10-fold by destroying the metastables using a Ne
lamp, no true background signal can be measured, as all reagents, which react at
an appreciable rate with Ne*, are ionized to a significant extent., Because of

this and the small number of experiments carried out as yet, the results pre-

sented in the next section must be considered as preliminary.
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B3. Reactions of Ar(3Py) and Ar(3p;).

Measurements by several workers have shown that, in a flow system, the Kr
and Xe metastables are formed principally in the 3P2 state, but that a small
fraction, less than 20%, of the Ar metastables are in the 3P0 state, OQur
discovery8 that Kr quenches Ar(3P0) at least 20 times more slowly than it
quenches Ar(3P2) provided the basis of a method to study the former species.
Briefly, a small flow of Kr was added to the flow upstream of the main reagent
inlet and preferentially removed the 3P2 metastable., The products of the reac-
tion of Ax(3P0) with the reagent of interest were then studied in the normal
way. In many experiments, the relevant ion current or emission intensity was
monitored as a function of Kr flow rate. No resonance fluorescence measurements
were attempted, principally because of possible interference from the products
of the reaction of the Kr* metastables, formed from the reaction of Ar(3P2) with
Kr.

The primary information from these measurements is %y, the fraction of the

observed. signal in the absence of Kr, which is due to the reaction of Ar(3pj).
In terms of branching fractions, fg and f3, for the occurrence of this channel
in the reactions of respectively Ar(3P0) and Ar(3p,),

ag = fo[Ar3P0]
folardpg]l + fy[Ar3p,] (1)

In most cases, fo is close to the branching fraction obtained in the usual

(state non-selected) experiments, Extraction of values of f( requires knowledge
of the concentration ratio, [Ar3P0]/[Ar3P2]. This has been estimated from

reactions in which all the expected reaction channels, i, can be observed, so

that E for = E f2{ = 1. The reactions used were:
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Ar* + Cly ArCl* + Cl (9

+ Ar + Cl* + (1 (10)

aH s

n *
W >+ Ar + Clp (11)
gf Ar* + Brg » Ar + Br* + Br, (12)

in which all the excited product states emit strongly,

a4
P

t
e v n ]
PP )

ey
N
SN

.
LS

)
\ P o

.

-

RAFSAANE

lql'l
'3 s
;4;.1',' O

SRR

R A AR
3 .
. -

.
« .

[
i

= it -
L

iRtz

R
I R T ]

-
.




hhd
l"
Al

F:;;
A
o, Y

»
-

R s o o ay e
R

.
P

- e NN

9.

Ce Results.

Cl. Saturation ion—-current measurements

The dependence of the measured ion current on the applied electrode poten-
tial for the reactions of Ar* with CyH50H and CH30CH3 is shown in Fig. 3. The
effect of the presence of SFg is shown clearly, as are the excellent saturation
ion~currents obtained, in the presence of SFg, over a wide range of vol e.
For those reagents, which showed an SFg effect, saturation ion-current htained
in the absence and presence of SFg are listed in Table 3 and the Ar* ¢ iioni-
zation branching fractions, including, where relevant, data obtained ir. ..
presence of SFg, appear in Table 4. As discussed in the previous section, these
data refer to ilonization by a mixture of Ar(3P2) and Ar(3P0), the former being
in approximately 10-fold excess. Using Kr to remove the Ar(3P2) metastable (see
Fig 4 for typical data), values of ap were measured and the derived branching
fractions, fo and fj, for chemiionization by Ar(3Py) and Ar(3P;) respectively
are listed in Table 5.

Some significant features of these results are summarized below.

a) Very little ionization 13 observed for reagents with ionization potentials
significantly greater than the energies of the Ar(3P0,2) metastables (see Table
1), but for which ion-pair formation is exothermic, e.g.

Ar* + HCl + Ar + HC1Y + e, AH = +1,2eV (13)

+ ArHt + c1- » AH~ =0.8eV (14)
These results and analogous tests with Kr* metastables suggest that ion-pair
formation is not generally important and that Penning and associative ionization

are the major ionization channels involved (dissociative ionization 1is

endothermic for almost all the reactions studied).

C
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b) Branching fractions for chemiionization are considerably below unity in all
cases. This contrasts with accepted behavior for the reactions of He* and Ne*,7
although previous data for their reactions are not sufficiently precise to rule
out significant contributions from channels other than ionization.
c) Three reagents, Bry, Clp and NOj, show anomalously small ionization
branching fractions. It is noteworthy that these reagents have unusually large
electron affinities.
d) fo and f) are in general similar for a given reagent. However, the dif-
ferences in Table 5 are outside experimental error limits. For the reagents with
ionization potentials close to l1l.5eV, these differences are very large,
indicating that chemiionization increases sharply with energy above threshold.
Saturation ion-currents obtained in several reactions of Ne* (in the presence
of SFg) appear in Table 6. Relative ion yields are also given; it is expected
that these correspond approximately to branching fractions., The mailn su.prise
was the large range in the saturation ion-currents obtained, clearly indicating
that Ne*f like Ar*, induces channels other than ionization with appreciable
efficiency. Preliminary observations of other reaction channels support this
finding.

C2. Emission measurements

Many previous studies of light emission from electronically-excited products
of noble-gas metastable reactions have been reported (see for example refs. 7,
14~21)s 1In particular, Setser and coworkers22=25 have obtained many branching
fractions for noble-gas halide excimer formation (reaction (5)) and a smaller
number of branching fractlons for nondissociative energy transfer, equ. (2), and

dissociative excitation, equ. (4). Therefore, our studies have been limited to

a few specific reactions and to the separate reactions of Ar(3P2) and Ar(3P0).
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Most of the emitting states studied in this project have sufficiently short
radiative lifetimes for the entire reaction flame to be confined within the
field of view of the monochromator. Under these conditions, the emission inten-
sity was approximately independent of reagent flow rate and branching fractions
were obtained by comparing the integrated emission intensity (including spectral
response corrections) with that from reference reactions. For the UV and

visible, the reference reactions were:

Ar* + Ny + Ar + Np(c3m,), £ = 0.8 * 0.2 (ref. 10) (15)
Kr* + Clp + KrCl* 4+ (1, f ~1.0 (16)
For the vacuum UV, the reference reaction was
Ar* + Brp + Ar + Br*(5 4P, 2P;) + Br, f£~1.0 (17)
For species with larger radiative lifetimes, such as CO(a3m)(7ms),
0(1s)(0.8s) and Oz(blzg)(IZS), the fraction of excited species emitting within
the field of view was estimated in order to determine branching fractions for
emission. Relevant branching fractions, including our results and those of
other wbrkers, are listed in Table 7, Emission from reactions mentioned
elsewhere in this report, but not included in this table, was generally weak,
although it should be stressed that such reactions remain a valuable source of
emission spectra of little-studied radicals and fons. The present project
revealed several weak emission features of possible interest. Among these were
strikingly-similar visible spectra from the reactions of Ar* + CF3Cl, Ar* + CF3H
and Kr* + CF3Br, which have been very recently ascribed?! to transitions of CF3.
An unexpected finding was that of intense emission from Xe(3P1), resulting
from the reactions of Xe* with CF,; and CF3H.-
Xe(3Py) + CF3H(CF;) + Xe(3Py) + CFjH(CF,) - 0.25eV. (18)
No precise branching fraction has been measured but approximately every colli-

sion with sufficient energy to overcome the considerable endothermicity of this
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12,
process leads to Xe(3P1) formation. These reactions have unusually small rate
constants (see Table 2); as yet, no other r 2ction has been found to yield
comparably gtrong Xe(3P1) emission,

Emission of ArCl* and Br*(52»4PJ) from the separate reactions of Ar(3P2) and
Ar(3Po) with several compounds was studied in considerable detail. Remarkable
differences in the spectra were found, as illustrated in Fig 5, for Ar3P0’2 +
CCl;, and in Table 8, for reaction with several Br-containing reagents. Ar(3P0)
appears to induce a new transition of ArCl, ascribed to the (D-X) system, and

Ar(3py) is anomalously ineffective at populating the 2’4P1/2 levels of Br*,

These findings have been discussed already.? Values of the parameter ap were
determined for several of these reactions and these and estimates of f9 and fg
for total emission are listed in Table 9. 1In contrast to the high values of
ag found typically for chemiionization, f is generally less than fy for
emission in the reactions studied, with a remarkably small value of fg/fy for
CHoBrj.

These studies, especially those using Cly as the principal reagent, yielded
relative rate constants, kg(Kr)/ka(Kr), for the quenching of respectively Ar(3Po)
and Ar(3P2) by Kr. Analogous measurements of kg/ky were made for several other
inefficient quenchers of Ar*. The ratios kg/ky obtained for Kr, CO, Hp, Dy, CHy
and CF4 are, respectively: ~0.050, 8%1, 1.,51%0.07, 1.56%*0.07, 1.26*0.06, and
0.54%0,03,

C3. Resonance fluorescence measurements.

Each reaction was studied over a range of reagent concentration. All
experiments included measurements of background emission (resonance lamp off, A*
source on) and scattered light (resonance lamp on, A* source off) and the reso-

nance fluorescence signals were corrected for these contributions. As shown in

Fig 6 for Xe* + Hy, except at very small flowrates of reagent, the resonance
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fluorescence signal is independent of concentration, corresponding to complete

[
?& conversion of the metastable atoms to reaction products. The effect of SFg

fw addition on atom yields 1s included in Table 3. Addition of comparable amounts

Eﬁ; of SFg had no effect on the atom yields from other reactions of Ar* nor on those
Eﬁ from any reactions of Kr* and Xe* studied. The final atom yields are listed in

Tables 10-12; the quoted uncertainties are the standard deviations of the data

L]

of each reaction. These were measured relative to the yields from the reference

L]
Lo . L4

v

reagents, respectively 02, Hp and CF3Cl in these tables, but should represent
absolute yields of atoms per reactive event (ie quantum ylelds for conversion of
the metastable noble gas atom into the product atoms). Table 10 contains
results for small O-containing compounds. Table 11 includes H-atom yields,
together with some O-atom yields, where relevant, from the same H-containing
reagent. Table 12 presents Cl-atom yields for chloromethanes and a few related
compounds. Relevant H yields are included; a few preliminary F-atom yields have
been obtained, but are not included.

Several precautions had to be taken to ensure the validity of the tabulated
results.
a) Absorption corrections. For several reagents, including NoO, CH; and the
chlorofluorocompounds, a small inverse dependence of resonance fluorescence
signal on reagent concentration in the range (0.3 to 2) x 1014 cm=3 was seen,
due to absorption of the 0, H or Cl resonance radiation. All of these data were

corrected,using the effective absorption coefficients, g.k (see sectlon R):

Icorr = Ipeas « exp (0.2.[Q]) (11)

Most corrections were below 107 and none greater than 20%, and the corrected
data exhibited no significant flow dependence.
b) Electronic state of O and Cl. The resonance fluorescence technique was

developed for detection of O atoms in the 3PJ states (with an assumed Boltzmann
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distribution among the J = 0, 1 and 2 spin—-orbit components) and for detection
of Cl1 atoms in the ng/Z state. For oxygen atoms, formation in the 1D or ls
states was also exothermic in several reactions. Several species, including the
buffer gas, Ar, quench 0(1S) only slowly, so that this species would not be
detected by resonance fluorescence. Formation of o(ls) was sought via the
o(1s-1D) emission at 557.7 nm; although it was observed in some reactions, the
derived yields of 0(lS) were extremely small in all cases. O(1D) is quenched by
Ar efficiently to the 0(3P) state, so that, under normal conditions, any 0(1lp)
would be detected, following the relaxation, by the resonance fluorescence tech-
nique, yielding reliable total O-atom concentrations. Scavenging experiments,
employed to gain additional information concerning the nascent O-atom state
distribution, have been described.10,12 For kr* + S0y, it was concluded that
approximately 20% of the O atoms are formed in the o(lp) state; no evidence for
o(1D) formation in Ar* + S07 was obtained. For Xe* + 07, no significant yield
of 0(1D) was found, in sharp contrast to photodissociation of 09 at the nearly
equivélent wavelength of 147 nm. For Ar* + 0Oy, the data could be expressed in

terms of the following branching fractions:

Ar* + 00 + Ar + o(3P) + o(3p) , £ = 0.46%0,18 (19)
2

+ Ar + o(3p) + o(lp) , £ = 0.52%0,18 (20)

> Ar + o(3p) + o(ls) , £ = 0.02%0,01 (21)

For Cl atoms, formation in the excited spin-orbit state, Cl(ng/z), is
possible. This was tested via resonance fluorescence measurements at 135.2 nm,
the 2py/ - ZP?/Z trangition. Evidence for Cl(ZPY/z) formation was obtained
only in the reactions of Ar*, Kr* and Xe* with HCl, and it was found that, by
employing a high gas pressure of 3-4 Torr and a reduced pumping rate, the
excited atoms could be collisionally relaxed to the ng/z state upstream of the

observation region. These conditions were used to ensure reliable total Cl-atom

ylelds.
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Ni ¢) Secondary reactions. Because of the extremely large rate constants of the
:i primary reactions and the small concentration of product species, the only
{* possible secondary reactions of importance (other than the ion-electron pro-

; cesses discussed already) are fast reactions of a reaction product with the

ii parent reagent molecule., Unless the secondary process occurs fully at the

. collision rate, such processes would be detected by a dependence of fluorescence
3 intensity on reagent concentration, Such behavior was found only for A* + NO

)

:j and NOy, due to the secondary processes:

- N + NO + N» + O (22)
; 0O + NO + NO + Oy (23)
J These effects have been discussed elsewhere,l0

j; The very fast reaction

\ CoH + CyHp + C4iy + H (24)
t? prevented study of the reactions with CoHy, No evidence was found for secondary
15 processes in any other reaction studied, in agreement with published rate

E constants for possible reactions.

? To conclude this section, a few noteworthy features of the results in Tables
4 10-12 are presented,

3 (1) The atom yields show clearly the importance of the dissociation channel. As
? is clear from a comparison of these tables with Table 7, the dissociation chan-
- nel generally involves formation of fragments in non-emitting states; ie the

éi ‘ 'dark' channel is, indeed, the major channel in most of the reactions studied.
:i Clearly, previous studies of light emission or ion production have not revealed
; the full picture of the chemistry of the excited noble gases,

§ (11) The dissociation channels favor the rupture of terminal C-H or O-H bonds
'; over that of central bonds. For instance, dissociation of CH30H to CH3 + OH or
;' of CyHg to CH3 + CH3 are not major channels,
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(i11) where exothermic, elimination of more than one H or Cl atom is a major
and, in some cases, the dominant channel, The reactions of Xe* with CH;0 and
CF2Cly and of Ar* with CFClj are particularly striking examples.
! (iv) 1In general, the atom yields vary smoothly with metastable energy., The

reactions with chlorofluorocompounds present exceptions in the low Cl yields

from the reactions of Kr* with CFyCl;, CFClj3, CF9Cl+CF2Cl and CF3CClj.
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D. Discussion

Extensive new data concerning the reactions of excited noble gas atoms have
been presented in the previous section. Although each reaction shows specific
points of interest, this discussion is directed malnly at the major objective of
this project: an interpretation of the results in terms of the primary interac-
tion between the excited atom and the collision partner. The results are too
fragmentary to elucidate such interactions completely; however, as will be
described, most of the data appear to fit a single pattern.

There are few possibilities for comparing our data with those for other
exclted species, because of the dearth of information on products of reactions
of high-energy excited species, including most Rydberg states of non-metallic
and metallic atoms and most excited states of molecules., Thus, a crucial aspect
of this study is its applicability to other metastable excited states and data
and arguments will be presented to suggest 1ts considerable use in this respect.

The results reveal that dissociation of the molecule is normally the major
reactiop channel. The primary channels which can lead to atom production
include not only the 'dark' channels of interest but also dissociative excita~
tion, dissociative or rearrangement ionization and noble gas halide excimer for-
mation. The contributions of dissociative excitation and excimer formation can
be assessed by the use of Table 7; for the molecules listed in Tables 10-12,
these channels are dominant only for Ar* + NoO and Ar*, Kr* and Xe* + Cly, and
are of moderate importance only for Ar* + CO3, NO3, Ho0, CCl; and CHp0 and for
Xe* (and probably Kr*) + CCl; and CFCl3j. Dissociative and rearrangement ioniza-
tion are expected to be endothermic, except for dissociative ilonization of CCl,

and CHClj3, which by analogy with photoionization26, is expected to be the major

channel for ionization by Ar*, Combining these data with the atom yields of
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Tables 10-12, branching fractions for many dissociative channels can be deter-
mined to good precision and these appear in Table 13, which also includes the

theoretical threshold energies for these channels.

Dl. Quenching Mechanisms

The main part of this section is devoted to a discussion of the branching
fractions in terms of the possible reaction mechanisms. Clearly, a complete
description of the mechanism for a single reaction requires:

(1) a knowledge of all relevant potential surfaces for the system;

(11) a knowledge of all interactions between these surfaces;

(111) analysis of the dynamics of the system, e.g., the outcome of trajec-
torles, commencing on the reactant surfaces.
Because such information is not available as yet (initial insight into item (i)
has recently been obtained for the simplest prototype reaction systems),
approximate models have been proposed. For the excited noble gases, A*, the
most commonly cited are:’»1,27
a) quenching via a long-range dipole~dipole (or higher multipole) interaction,
whereby the energy transfer induces excitation of the reagent molecule, Q,
according to radiative selection rules and the quenching cross section depends
on the transition dipole moments of the noble gas and reagent molecule.
b) Quenching via an attractive charge-transfer (CT) intermediate state, A*Q~.
In the simplest form of this model, an electron-jump from A* to Q induces a

transition from the entrance surface to the CT surface at a specific separation,

re, of A and Q (dependent on the ionization potential of A* and the electron
affinity of Q). The quenching cross-section 1s wrg, as quenching 1is assumed to

occur with unit probability once the electron-jump has occurred.

¢) Quenching via a curve-crossing from a reactant surface directly to a product
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surface (without the intermediacy of a CT state), This has generally been
discussed in terms of a crossing at short range, where there may be very strong
attraction or repulsion between the reagents: in this form, it would be
appropriate to the small number of slow quenching reactions of the excited noble
gases, Yowever, it can also be applied to crossings occurring at longer range,
which would be appropriate for efficient quenching agents: the rate of energy
transfer is then given by the Fermi golden-rule expression.28

In principle, any or all of these models can apply: unless a long-lived
complex is formed, it is expected that the mechanism which induces quenching at
the longest range will be the most important for a given reaction.

Existing rate constant data are not wholly consistent with either of the
first two models, but it is not clear whether minor refinements of the models
would suffice to perfect the fit, or whether the observed approximate correla-
tious with appropriate molecular properties are fortuitous., The present data
give valuable additional information, especially as comparison with the pho-
tochemistry of the reagent molecules gives insight into the applicability of the
dipole-dipole model and as noble-gas halide excimer formation is known to occur
solely via a CT intermediate, thus giving more direct information on this chan-
nel. The analogy with 'harpooning' reactions?9 of ground state alkali atoms 1is
also relevant,

The important results of this study are now reassessed in terms of these
models. It 18 concluded that, except where very strong noble-gas halide emission
is seen, quenching occurs mainly by the third mechanism, causing the energy to
be transferred efficiently into high energy dissociative or iopized gtates of

the reagent molecule.
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T D2, The Charge-Transfer Mechanism

{ The yields of noble-gas chloride excimers from the reactions with the

o chloromethanes and fluorochloromethanes (and with many other chlorine-containing
.- reagents, RCl) are small, This result has been 1nterpreted23 as implying that,

' following an initial electron jump to yield the CT intermediate, AYRC1~, further
o curve—-crossings occur, leading to A + RCl*, rather than to ACl1*+R, However,
several of the analogous total cross-sections for the reactions of (ground-

state) alkali atoms with these reagents are also small, and considerably smaller

‘i§ than the total A*+RCl quenching cross—sections. This implies that the competing
Sg dissociation (and chemiionization) channels occur at longer-range, where the

;i species are still too far apart for charge transfer to occur. It is concluded
;ﬂ that, for reagents with small or negative electron affinities, CT is unlikely to
;i provide the major mechanism for quenching of excited noble gas atoms; other

gf. longer-range effects will prevéil.

. Several additional comments should be made here. Firstly, our earlier datall
;;' on the reactions with the chloromethanes, CCl,H4-,, which showed that the che-
:‘ mifonization branching fraction, fi,,, decreased as n increased, proved

;ﬁ misleading, as they were taken to suggest that CT, which 1s expected to increase
o in importance with n, accounted for most of the reaction not leading to che-

e miionization. The more recent ionization data for Ar(3P0) (Table 5) showed a

;{ much smaller dependence of fi,n on n, suggesting that threshold energy effects
;i : were responsible for much of the Ar(3P2) effect, Secondly, it should not be

‘5; . concluded that excimer formation is the only allowed reaction channel following
.'3 an electron jump. The ionization branching fractions for Ar* + Cljp, Brg and NOp
N

(Table 4) are extremely small, and those for Ne* + Cly and NOy (Table 6) are

! likewise smaller than other entries in this table, suggesting that, following the

- expected initial electron jump to give ATQ™, the 2-electron loss from Q~ to give
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Qt 1s unfavorable compared to competing channels., Thus chemiionization from

the CT surface 1s not efficient but it undoubtedly occurs to some extent, as
confirmed by Penning lonization electron spectra for He* + NOy and 802.30’31
However, the competing process for Ar* + NO, involves dissociation of the NOp
(Table 10), so that an electron jump from ATQ™ to A-Q* is an allowed and, in
some cases, an lmportant process. Thirdly, charge transfer may be important 1if
no longer-range interactions exist. Thus, ab initio calculations on Na*(32P) +
Ho, for instance, reveal an attractive reactant surface,32 which has at least
partial charge-transfer character in the region in which crossing to the product
surface occurs,

D3, Comparison with vacuum—UV photochemistry. In assessing the possible mecha-

nisms for energy transfer, it 1s of interest to compare the results with those

of photochemistry of the same molecules, especially that using Ar(104.8, 106.7
nm), Kr (123.6 nm) and Xe (146.9 nm) radiation.33 For slow quenchers, Hy, CO and
N2, there are sharp differences between photochemistry and the metastable-
induced chemistry, which can be ascribed to spin conservation, favoring popula-
tion of singlet and triplet excited states respectively. The same factor may be
responsible for the virtual absence of 0(lS) among the products of Ar* + COj, in
contrast to photolysis between 105 and 110 nm.

The most significant difference between energy transfer and photodisso-
ciation for the efficient quenchers is the importance of molecular elimination
in the latter case. In particular, the most striking feature of the vacuum UV
photochemistry of CH,, CoHg, NH3 and CH0 is the elimination of Hj, which has
branching fractions34-38 petween 0.10 and 0.85. The higher yields, especially

from CoHg and CH20, are incompatible with the high H-atom ylelds observed in the

present study and indeed the data in Table 13 show Hy elimination to be
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. consistently a minor channel at best. It has recently been argued39 that photo-
L dissociation of CH4; to CHy + Hp should be expected to be favored over production
of CHy + H; at threshold at least, on symmetry grounds and it may be that the
531 lower symmetry induced by the noble gas atom is in part responsible for the

. differences. The possibility that the difference arises because the noble gas

generally transfers its energy with low efficiency can be ruled out. The

E YRy
%, l.l"
.

results for CH20 and CoHg show the metastables to induce high-energy channels

",

Ef more readily than the isoenergetic photons.

- Because of the consistent differences between the products of energy

-Ei transfer and photon excitation, it must be concluded that, in the former case,
'éz the molecules are not necessarily excited in accordance with radiative selection
;i; rules and thus that the long-range dipole-dipole mechanism is not dominant in
‘£; the quenching of the A(3P2, 3Po) excited noble gas atoms. This result should
-~

}i not be surprising, because of the metastability of these species, but the large
(-‘ quenching rate constants, comparable to those of resonance states, has obscured
iﬁ the issue and led previously to the suggestion that the metastable states pick
?h up partial singlet character during the collision.

;: The remainder of this section of the discussion is focused on the third
_Eé mechanism, involving curve-crossing, either at short or long range. The aim of
'ft the discussion is to present evidence that, for efficient quenchers, energy is
A transferred without extensive prior distortion of the reagent molecule.

;j_ D4. Dependence of Branching Fractions for Ionization and Dissociation on

é Metastable Energy.

f; On the assumption that the chemiionization branching fraction for Ne* + Ar
iﬁ is close to unity, comparison of Tables 4 and 6 shows that Ne; induces a

?ﬁ somewhat higher chemifonization branching fraction than does Ar* for each

.?:

N
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reagent studied. Taken with the results for the reactions of Ar(3P0) with
CH,Cl4~, and HBr (Table 5), it appears that chemiionization switches on sharply
close to threshold, but then increases in importance only slowly at higher
excitation energies.

Dissociation channels generally show contrasting behavior, becoming impor-

tant only several eV above threshold. Examples include:

(1) Ke* + H)O» Kr + H + H + 0 + 0.5eV, f = 0,11%0,05 (25)
Ar* + H90 > Ar + H + H + 0 + 2.,0eV, f = 0.46%0.05 (26)
(11) Xe* + CH90 + Xe + CHyp + O + O0.6eV, f = 0.03%0,01 (27)
Ar* + CH0 +» Ar + CHy + 0 + 3.8eV, f = 0.21%0.03 (28)
(111) Xe* + CHp0 +» Xe + CO + 2H + 3.8eV, f = 0.94%0.04 (29) )
ie this channel is dominant, but highly exothermic.
(iv) Xe* + CF3C1 + Xe + CFCl + F + 2.,9eV, f < 0.03%0,02 (30)

ie., although this is strongly exothermic, this channel cannot compete
with the still more exothermic dissociation to CF3 + Cl.
Two notable exceptions should be mentioned:

(v) Ar* + CO+ Ar + C + 0 + O0.,4ev, f = 0.,84%0.02 (31)

but note that this is a relatively slow reaction. 1

+0.04

(vi) Xe* + CFaCly » Xe + CFy + 201 + 2.6eV, £ > 0.96_5°00

D5.Reaction Channels for the "Slow"” Quenchers

Reactions which have rate constants close to the collision number occur
solely by one or more of the channels: chemiionization, dissociation (including
dissociative excitation) and excimer formation. As discussed above, all these
channels must be capable of occurring at medium-to-large separations of the
reagents. A more surprising feature of the results was the finding of addi-
tional channels for reactions with rate constants significantly below the colli-
sion rate, but for which the dissociation channel remained open. These

additional channels were: non-dissociative energy transfer:
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> Ar + Nox(C3m), f = 0.80%0,20 (33)

+ Ar + CO* £ = 0.16%0,02 (34)

Ar* + Hp » Ar + Hz*(a32§) f = 0.05 (35)

and the highly endothermic excitation of Xe(3Py) to Xe(3Pj) by CF,; and CF3H
(equ. (18)), for which the branching fractions are estimated to be ~0.0l. Theée
processes are, therefore, characteristic of shorter-range interactions of the
specles and a feature of these slower reactions is clearly the absence of an
efficient long-range interaction leading to molecular dissociation.

The key to understanding this behavior appears to be provided by the absorp-
tion spectra of these molecules, which reveal the location of excited states,
which may act as acceptor states in the energy transfer: none of these five
molecules shows continuous absorption at photon energiles similar to that of the
relevant noble-gas metastable. In contrast, for all the efficient quenching
processes which have dissociation as the dominant channel, the absorption
spectra reveal that dissoclative states of the molecule are accessible in the
undistorted molecule.

The rate constant data for CF4 and CF3H are particularly striking. Their
spectra show absorption thresholds of about 12.0eV and 10.leV respectively. The
rate constants, for reaction with Ar*(11.5eV), Kr*(9.9eV) and Xe*(8.3eV) are:

for CF4: 4 x 10'11, 7 x 10~13 and 3 x 10-13 cm3s'1, and for CF3H: 3.1 x 10-10,
1.5 x 10710 and 2 x 10712 cp3s-l respectively. Ny, CO and Hy show banded

absorption and the density of states nearly resonant with the metastables 1is

rd
»
.

apparently too low for quenching to be very efficient; however, energy transfer

o
a

ii . to relevant excited states (actually triplet states are favored for Hy and Nj)
! lead to the observed parent emission.
ﬁ5 The slow onset of dissociation channelé above threshold for efficient

quenchers can be understood similarly. Note that dissociation of CF4 and CF3H
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by Xe* is strongly exothermic, but is difficult to achieve as the relevant
dissociating state must be strougly repulsive., It can only be accessed either
by considerable distortion of the molecule or by excitation far above the disso-
ciation limit. Thus, there 1s a large energy barrier to dissociation., Almost
all the molecules studied show, similarly, absorption spectra which commence at
much higher energies than their first dissociation energies. The case of Xe* +
- CF3Cl, equ (30), is particularly interesting: the excited state populated disso-
! ciates to CF3 + Cl, but an additional barrier prevents CFpCl + F formation -
clearly the Xe~CF3Cl* intermediate is not long-lived!

In contrast to this behavior for dissociation, many positive ions have
geometries similar to that of the neutral ground sfate and thus efficient ioni-
zation is possible near threshold.

. Energetics are also important in dissociation channels leading to 2-atom
loss. The above model implies that the first bond cleavage may release con-
siderable energy to translation; only the internal vibronic energy remaining in
the molecular fragment is available for its further fragmentation. It is
interesting that the data show 2-atom loss to be especially favored, when the
resulting fragment could be a (low-energy) double-bonded species. For example,
H-atom losses from CH30H and CyHg are considerably higher than those from H0
and CH4, consistent with formation of CH20 and CpHy4 in the former cases,
Similarly, CoHs50H shows higher H ylields than does CH30CH3. A final intriguing
example concerns CF7Cl+CFjCl and CF3+CCl3: despite having fewer Cl atoms, the
former molecule loses significantly more Cl atoms than the latter in the reac-
tions with Kr* and Xe*, suggesting that the stability of CFy=CF; is the deter-
o mining factor (clearly CF3+CClj may respond by losing a F atom with fair

efficiency!).




AT IUIC STt Sar e Sl oA A S S S RN KSR A M i T Sade A S 4n 2 gy Saft B St i Bt oot i 0 Jw PG Bt e g gl ik Aup e v vvvv".

26,

This model, as yet, leaves'unexplained a large number of fascinating

T details. The contrast with photochemistry suggests that the energy transfer and
photon excitation populate different subsets of the available Q* vibronic sta-
o tes. The predominance of terminal-bond over central-bond cleavage suggests
rather localized bond-excitation by the metastables. To explain these results,
speculation is a poor substitute for ab initio calculations, which are beginning
L to be applied to quenching reactions. The first such calculation on energy
transfer from Ar* to Hy (a relatively slow reaction)40 lends unexpected support
to the model presented here, in showing long range (X 5 R) coupling of Ar*(3p) +
Hy and Ar + Hz*(a3zz), which causes a change in the form of the long-range

Y reactant potential and ylelds a deep minimum in this potential at shorter range.

* 7

The surprising strength of the long-range configuration interaction for such a

IR

simple system suggests that similar effects may be found in larger molecules,

a2

{ Indirect evidence for these already exists, because attempted correlations of

%ff quenching rate constants, using long-range potentials assumed to be dominated by
{2? a C6/R6 attractive term, fail on a quantitative basis3 for high-energy excited
.ﬁti specles, such as the metastable noble gases.

lgii D6+ Application to other Excited Species

jij Because few data exist on the channels for reaction of other electronically-
.1 : excited species, there is little scope for comparison with our data. The low-
-?; lying O(lD) state is known to induce many atom-transfer channels, e.g.:

o(lp) + RH » OH + R (36)
':5 for RH = Hy, H90, CH4, etc. This species thus offers an extreme contrast to the
i;é metastable noble gases and other excited specles are likely to show intermediate
;;ﬁ behavior. An example concerns the only other species, Zn, Cd and Hg (1t3P), for
'bj which an appreciable number of reaction channels have been obtained. These spe-
;23 cies have lower energies than Xe* and, in agreement with expectation, do not

Tt

v
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induce simple dissociation of most H-containing reagents with high efficiency.
In fact, the only dominant dissociation channel that has been reported 1s:3

Hg*(3P) + N0 » Hg + Np + O (37)
For other excited specles, ounly total quenching rate constants are available and
only predictions, rather than comparisons, of reaction channels are possible.

The most general result of our study is that the longest-range interaction domi-
nates the quenching, so that coupling into the continuum of reagent states must
compete with other interactions, such as those leading to atom transfer. Our
approach would be to examine the set of quenching rate constants for the excited
state, Where correlations with absorption thresholds are found, as for the

noble gases, it can be suggested that, for the efficient quenchers, dissociation
would be the major reaction channel. Examples appear to include the 3p states

of Zn, Cd and Hg3 (although the interesting reactions with halogen-containing
compounds are largely unstudied as yet), NZ(A3ZI)41 and Nz(a'lza).42 Where no such
coFrelations are found, the observed quenching rate constants are generally
larger than expected and, for these particular cases, quenching channels other
than simple dissociation are expected to be important. Examples include the lp
states of Zn, Cd and Hg,3 and co(a3n),2 all of which have available atom-transfer
channels analogous to those of 0(lD),

Finally, it should be cautioned that the present study was restricted to
metastable excited states; additional interactions are possible for resonance

excited states, allowing contributions to the quenching also from the long~range

dipole-dipole mechanism.
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o TABLE 1,
E Properties of the lowest metastable excited states of the noble gas atoms,
S
kz Atom State Energy Radiative
e en—l eV. Lifetime, sec
1s2s 1g 166272 20.6 ~0,02
3g 159850 19.8 ~9000
2p33s 3p, 134821 16,7 430
3p, 134044 16.6 >0.8
3pd4s 3pg 94554 11,7 45
3p, 93144 11,5 >1.3
4p35s 3pg 85192 10.5 0.5
3p, 79973 9.9 >1.0
5po6s 3pg 76197 9.4 0.08
3p, 67068 8.3 ~150
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TABLE 2

Total Quenching Rate Constants3® (10~1lcm3s~1) for Ar(3P2), Kr(3P2) and Xe(3Pp)

Reagent Ar(3py) kr(3p;) Xe(3Py)
Hy 646 3.0 1.6
co 1.4 5.8 3.6
Ny 3.6 0.39 1.9
NO 22 19 27
N,0 44 31 44
07 21 16 22
S0y 64 58
CO9 53 40 45
ocCs 79
HC1 37 56
HBr 52 61
cly 71 73 72
Brp 65 61 60
SFg 16 18 23
CF3Br 31 50 42
PCl3 53. 46
CF3Cl 22 14 10
CFyCl, 37 19
CFCl3 55 33
CCl, 100 69 63
a. Ref. 1
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TABLE 2 (continued)

Total Quenching Rate Constants (10~1lem3s~1) for Ar(3P2), Kr(3P2) and Xe(3P2)

Reagent Ar(3P2) Kr(3P2) Xe(3P2)
CH3Cl1 75
CHyCl) 85
CHC13 105
CF4 4 0.07 0.03
CF3H 31 15 0.2
: CHy, 33 37 33
g Hy0 48
CH,0H 60

o NH3 54 90
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TABLE 4

Branching Fractions for Chemiionization Reactions of Ar*

m Ionization Branching
R Reagent Potential, eV Fraction
i NO 9.25 0.28
ocs 11.17 0.47
NO, 9.79 <0.001
cly 11.48 0.02
Brj 10454 0.04
HBr 11.62 0.12
PClj 9,91 0.22
ccly 11.47 0,12
CHCl13 11,42 0.15
CHoCl2 11.35 0.26
CH3CL 11.3 0,42
CHBr3 10,51 0.39
CHyBry 10,49 0.57
CH3Br 10.53 0.41
CH2I) ~ 9.6 ~ 044
CH3I 9.54 0.41
CFBrj ~ 10.9 0.32
CFyBry ~ 1144 0.33
CF3Br 11.89 0.03
i:i NH3 10,2 0.42 * 0.04
CHp0 10.9 0.33
EQE CH30H 10.8 0.20 * 0,01
A
N CoH50H 10.5 0,16 + 0.01
CH30CH3 10.0 0.21 * 0,01

C2Hg 11.5 0.01
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TABLE 5
Branching fractions for ionization by Ar(3Py) and Ar(3P;).
Ionization

Reagent Potential,eV apgb ] fo

CCl, 11,3-122 0.15 0.11 0.25 £ 0,02
CHC13 11.,4-122 0.10 0.14 0.21 * 0,02
CHCl, 11.3-11.82 0.10 0.25 0.37 + 0,03
CH3Cl 11.3-11.62 0.070 0.42 0.42 + 0.03
CBry 10.31 0.052 0.26 0.19 + 0,02
CHBr3 10.48 0.070 0.40 0.40 + 0.03
CHyBry 10,52 0.080 0.58 0.67 t 0.05
CH3Br 10.54 0.056 0.42 0.33 + 0,03
CFBrj ~ 10.9 0.071 0.32 0.32 * 0,03
CFBrj) ~ 11.4 0.091 0.32 0.43 * 0.03
CF3Br 11.89 0.30 0.02 0.11 * 0,01
HBr 11.67 0.49 0.05 0.62 * 0,03
DBr 11.67 0.48 0.05 0.69 * 0,03
NH3 10.2 0.091 0.35 0.49 + 0,04
CH30H 10.8 0.059 0.20 0.16 *+ 0,02

a., First entry:

band in photoionization spectrum,

be ag = £0l3Pgl/(£o(3Pgl+£2(3P2])

ce  [3Pgl/(13pPgl+(3P2]) = 0.070+0.005

adiabatic ionization potential; range is that of first

strong
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TABLE 6

Saturation ion currents and relative branching fractions
for Chemiionization Reactions of Ne*,

Ionization Saturation Ion Relative Branching

Reagent Potential,eV Current, A3 Fractiond
Ar 15.8 0.36 1.0

Kr 14.0 ~ 0.22 0.67
Ny 15.6 0.28 0.78
Hy 15.4 0.22 0.59
co 14.0 0.24 0.68
02 12.1 0.21 0.55
N,0 12.9 0,25 0.69
COoy 13.8 0.26 0.68
NO 9.2 0.24 0.74
Clsy 11.5 0.093 0.30
HoO - 12.6 0.15 0.54
NO, 9.8 0.10 0.28
DBr | 11.6 0.28 0.75
CH, 12.6 0.24 0.72
CH3Cl1 10.3 0,38 1.0
CH;Br2 10.5 0.29 0.76
CFy 13.4 0.15 0.45
CFBrj 10.9 0.27 0.72

a. Ne* + Ar was used as the reference reaction in each experiment to allow
conversion of ion currents to relative branching fractions.




37.
TABLE 7
Emission Channels in the Reactions of Ar%*,
Reagent Emitting States Branching fraction Ref.
Hp Hp(a3zg) 0,05 a
Ny No(C31y) 0.8 * 0.2 a
N20 Na(B311g) 0.96 22
NO(B21) 0.03 22
O, co(a3m) 0.16 * 0.08 a
S0y so(a3n,B3z") 0.03 * 0,01 a
ocs CO*,S* 0.04 22
H20 OH(AZZ+) 0.28 * 0,09 a
NO, No(A2z+,B21,D25+,B'2A) 0.13 a
CH20 co(a3m) ~ 0.08 a
HC1 ArC1(B(1/2)), HCcl(vizt) 0.03 22
c1, ATC1*,Cl3,C1(42,%p ) 1.00 22
Bry Br(52,%py) 1.00 22
CF3Br Br(52>%p;) 0.03 a
CFyBrj Br(52,4py) 0.13 a
CFBrj Br(52,%py) 0.21 a
CBry Br(52~4PJ) 0.21 a
ccly, ArC1(B,C) 0.06 22
Xe*+CCl, XeC1(B,C) 0.13 23
. Xe*+ CFClj3 XeC1(B,C) 0.15 23
i a: This work
(g
:
o
&
~
.
.
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Table 9

Branching fractions for total Br* emission from reactions
: of Ar(3Pg) and Ar(3P,).

Reagent ag fq fo2
Bry 0.10 1.0 1.0
CF3Br 0.042 0.03 0.013
CFyBry 0.037 0.14 0.048
CFBrs 0.081 0.21 0417
CBry 0.104 0.21 0.22
CHyBr, 0,012 0.034 0,004
CHBr 0.084 0.12 0.10

a. [3pgl/([3pg] + [3P2]) = 0.10
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Table 10
E? Relative oxygen atom yilelds
:! Reagent Ar* Kr* Xe*
. 02 2 2 2
CO2 0.98(2)2 1.02(8) 0.98(2)
S0y 0.94(4) 0.96(6)P 1.00(2)
N,O 1.12(2) 1.04(6) 0.82(4)
co 0.84(2) 0+0,02 00,02
0cs 0.06(2) 0.12(2) 0.06(2)
NO >1.38(6)¢ >1.34(4)¢ >1.66(4)¢
NO, >0.98(6)4 - -
a., 0.98 * 0,02
be At low [SO2]. The O-signal decreases to 0.80 * 0.06 at high [S03].

Ce

d.

Lower limits, as the secondary reaction, N + NO + N, + O, may not have been

driven to completion.

Lower limit, as removal of O by O + NOy » NO + 07 is occurring.
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ﬁ;ﬁ TABLE 11
;:-';‘ Yields of oxygen and hydrogen atoms (relative to 2.00 for
-, - reactions with 07 and Hjp)
r |
“ Aton yields
‘; Reagent Atom (Ar*) (Kr*) (Xe*)
B Hy0 H 1.52 % 0,10 1.08 + 0.06 1.00 * 0,06
:. 0 0.46 * 0.04 0.14 t 0,04 0 % 0.02
: D20 D 1.42 + 0,06 1.08 + 0.08 1.00 + 0.14
% 0 0.48 £ 0.02 0.10 + 0,02 0 * 0.02
Nﬁ NHj3 H 0.62 + 0.04 1.10 * 0.05 1.04 * 0,06
E? CH, H 1.53 * 0,08 1.10 + 0.04 0.98 * 0,02
i_ CHy0 H 0.80 + 0,04 1.68 * 0.08 1.90 *+ 0,08
o 0 0.21 * 0.03 0.09 * 0,02 0,03 * 0.01
= CH30H H 1,45 + 0,03 1.70 + 0.04 1.49 * 0,03
‘ﬁ5 0 0,05 + 0.03 0 + 0,02 0 * 0.02
E: CH30D H 1.01 * 0.03 1.12 * 0,04 0.81 + 0.02
' | D 0.46 * 0,04 n.m.3 0.68 * 0,02
CoH50H H 1.34 * 0.06 1.42 * 0,06 1.22 + 0,06
0 0 % 0,02 0 + 0,02 0 + 0.02
CoH50D H 0,94 * 0.06 0.98 + 0,04 0,72 + 0,04
D 0.32 + 0,02 NeMme 0.52 * 0,02
CH30CH3 H 1.06 + 0,04 n.m. 0.86 + 0,04
5 _ 0 0 *+ 0.02 nem. 0 * 0,02
i; CoHg H 1.82 + 0,04 1.68 + 0.08 1.08 t 0,04
.if CF3H H 0.75 * 0.03 - 0.75 + 0.04 0.89 £ 0,04
.. a: n.m. - not measured.
:
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TABLE 12
Yields of chlorine and hydrogen atoms (relative to 2,00 for
reactions with Cly and Hj)
Atom yields

Reagent Atom (Ar¥*) (Kr*) (Xe*)
HC1l H 1.00(5)3 1.01(6) 0.99(3)

cl 0.96(5) 1.00(3) 1.00(3)
CF3Cl C1 0.95(3) 0.97(2) 0.97(2)
CFyCl, C1 1.64(6) 1.50(6) 1.96(8)
CFCl3 Cl 2.16(12) 1.68(4) 1.80(6)
CH3C1 H 0.39(3) 0.63(4) 0.57(4)

cl 0.26(2) 0.31(2) 0.27(1)
CHyCl1, H 0.36(2) 0.33(5) 0.28(3)

cl 0.95(4) 1.04(3) 0.76(3)
CHCl3 H 0.25(2) 0.23(4) 0.25(3)

c1 1.41(4) 1.25(3) 0.99(4)
CCl, cl 1.97(8) 1.50(5) 1.32(4)
CFpHCl H 0.73(6) Nem, 0.36(5)

Ccl 0,90(5) 0.83(4) 0.85(4)
CFHC1) H 0.40(5) Nem, 0.21(5)

Ccl 1.41(6) 1.03(4) 0.93(4)
CF2Cl+CF;CL cl 1.36(5) 1.23(4) 1.72(5)
CF3+CCl3 Cl 1.48(6) 1.19(5) 1.38(5)

a: 1.00 * 0.05.

|
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Captions

Experimental reaction vessel for resonance fluorescence measurements,
A: Movable reagent loop; B, C: Reagent inlets; W: MgF, window;
M: Microwave cavity.

Reaction vessel for saturation ion-current measurements,
Dependence of ion current on applied electrode potential.

Triangles: no SFge (A)Ar* + CyHs5OH,

(A) Ar* + CH30CH3. Circles: SFg present,
(0) Ar* + CyH50H, [SFg] = 8 x 1012 em3;
(®) Ar* + CH30CH3, [SFg] = 2 x 1012 cm3,

Dependence of saturation ion current, I, on concentration of Kr
added upstream of reagent inlet,

I,: ion current in the absence of Kr.

(+) Ar* + HBr; () Ar* + CF3Br;

(0) Ar* + CH3Br.

Vacuum UV emission spectra of (a) Ar(3Pg) + CCl, and (b) Ar(3Py) +
CCl;. Dashed line: spectral response function,

The dependence of emission intensities at 121.6 nm on [Hp] in the

reaction of Xe* with Hy. (@) Background emission; (@) scattered
light from the resonance lamp; {(I) the resonance fluorescence signal,
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