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An extensive evaluation is presented of the available gas phase chemical kinetic rate constants for the interac-
tions of the low lying electronic states of several atoms and molecules with numerous collision partners, These
include the following excited states: C(2'D,,2'S,), N(22Ds/2,6/2, 22P1/3, 3/2), P(32Di/2,5/2:32F112,32), S(3'D,,3'S,),
Se(4°P,, 4'D,,4'S,), Te(5°P1,6,5'D,,5'S,), CO(e °11, ' 3X*,d °4,e *L-,4 1), CS(e °I1, 4 'IT), OH(4 2L*), OD(4 2L*),
Oyc'E;,C%A,A°L,B L), and Sya’A,b ’EE,A 3L5B3L;). Wherever possible, recommended values
are suggesied. Much of the data refers only to room temperature. To facilitate the evaluation, collision-free
radiative lifetimes often have been required. These also have been evaluated and are presented. The
mechanisms of the interactions and the various potential kinetic channels are discussed. These include such pro-
cesses as chemical reactions, electronic quenching to the ground electronic state, electronic cross relaxation to
an adjacent excited state, and for molecules, vibrational and rotational relaxation processes within the excited
state. A complete coverage of the literature published prior to 1978 has been attempted.
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1. Introduction Whenever energy is deposited or released in a chemical

As we derive the ability to look at the chemistry of various
systems in much greater detail, the need for the inclusion of
electronically excited state chemistry in kinetic models is in-
creasingly being found necessary. Obvious examples concern
atmospheric modeling of regions of normal or perturbed at-
mospheres and laser chemistry. However, their inclusion in
any energetic non-equilibrated system also requires assess-
ing.
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system knowledge of its transfer and redistribution processes
becomes important. The characterization of these relaxation
mechanisms and the energy storage potential of metastable
states has become a primary goal of gas phase kinetics. This
broad interest in spin states and their influence on reaction
path has flourished very rapidly, partly as a result of
technological developments in experimental methods but also
to meet the greater level of sophistication in kinetic modeling
of chemical systems. As & consequence, much new data are
available that appcar w offer a severe challenge to our
theoretical understanding.
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It is very neccessary to understand the relationships be-
tween clectronic structure and reactivity for the low lying
states of series of atoms and molecules and also to establish
quantitatively the stability of the various states to radiative
and collisional relaxation processes. Ultimately, a systematic
examination and explanation of their behavior is required.
The present study is an initial effort to facilitate such an am-

bition. Additional efforts are planned to include, in time,

coverage of the remaining 40 to 50 electronically excited
species for which large amounts of reliable data now are
available.

1.1. Present Status of Evaluated Chemical Kinetic Data

The past decade has observed the introduction and general
availability of tables of critically evaluated chemical kinetic
data. The beneficial consequences are difficult to assess,
however, it has undoubtedly upgraded the quality of user in-
put data and begun the necessary process of standardizing a
set of recommended values.

Available evaluations now are becoming too numerous to
list in an introduetion such as this, however, it must be noted
that they largely emphasize gaseous reactions of neutrals or
ions in their ground electronic state configurations. With the
exception of those reactions of electronically excited atomic
and molecular oxygen pertinent to stratospheric aeronomy
(Wayne, 1969; Kearns, 1971; Hampson et al, 1973;
Cvetanovic, 1974; Hampson & Garvin, 1975; CIAP
Monograph, 1975; Schofield, 1978), the whole field of excited
state chemistry has not been collectively evaluated since
Laidler (1955) published ““The Chemical Kinetics of Excited
States” twenty years ago at a time when scarcely any quan-
titative’ data existed. Consequently much of the published
data are still fragmented over the many different scientific
journals that accept chemieal kinetic papers. Fortunately,
reviews have appeared occasionally (Donovan & Husain,
1970, 1971; Husain and Donovan, 1971; Donovan et al., 1972;
Donovan & Gillespie, 1975; King & Setser, 1976; Husain,
1977; Golde, 1977) and have served as surrogate although in-
complete source documents particularly for reactions of elec-
tronically excited atoms.

This publication is an initial attempt to correct this severe
deficiency; it critically evaluates all the currently available
chemical kinetic data for gaseous reactions of several com-

10111}' cncounterca [} y nd
molecules of importance to aeronomy, photochemistry, and
chemical laser systems.

1.2. Correlation Concepts

Whereas the interaction of C(*D,) with H, is very fast, that
ith the more energetic C(*S;) is quite slow. This typifies the
1ct that energy and spin considerations alone are insuffi-
ient to predict reactive behavior. Both these reactants might
wve been expected to produce CH and H products, C(*S,)
wen more exothermically. However, their differing nature
in be understood rather satisfactorily in terms of the

adinbatic correlations of reactants and products. For exam-
';"33:(!; there are no reactive exothermic potential energy sur-

faces for C(*S,) and the interaction must proceed via a
nonadiabatic curve crossing process. It might be noted
though that the predictive power of such correlation rules for
a priori assessment of preferred reaction pathways is
somewhat limited, requiring information concerning the
nature of the collision complex and the magnitude of any ac-
tivation energy barriers.

Correlation diagrams express the consequences of the laws
of symmetry. As normaily presented they are constructed
within definite constraints, namely the geometrical symmetry
of the intermediate, the separation of spin and orbital mo-
tion, and the non-crossing rule. Thus, while in many cases the
diagrams appear to offer sufficient explanation for the
mechanism of many interactions, particularly of the lighter
elements, clearly higher approximations and where possible
the detailed electronic structure of the intermediate in some
instances have to be taken into account. Generally this has
not been necessary in the present work.

The application of the linear correlation diagrams in G,
symmetiry, well exemplified by the work of Donovan and Hu-
sain (1970), is a necessary and valuable first step in
understanding the reactions of electronically excited states.
This has been very apparent in the present work where many
of the interactions involve species of low atomic number.

The necessary information on the low lying spectroscopic
states is usually available (Rosen, 1970; Barrow, 1973, 1975).
If not, it can generally be sufficiently well assessed by com-
parison with isoelectronic species to facilitate the necessary
ordering of the correlating surfaces. Silver (1974) has
discussed in detail these symmetry conservation rules. Car-
rington (1974) has summarized the characteristics of inter-
secting potential energy surfaces. The nature of nonadiabatic

transitions is not yet clearly understood although such pro-

cesses may be more common than might be supposed and
appear in some cases to occur with surprisingly high efficien-
cies. Nikitin (1974) has made significant contributions to our
understanding in this area and has discussed and reviewed
the present status for the case of simple atom-diatom
bimolecular reactions.

2. Presentation of the Data

Although a considerable amount of kinetic data are
available for electronically excited species, it is still largely
limited to room temperature values and little if any informa-
tion exists on temperature dependences. Also, in a majority of
cases the interaction products have not been determined,
often leaving some doubt as to whether the collision induces
chemical reaction or solely physical relaxation.

Sometimes, the measured quantity is the product of the
particular rate coefficient and the radiative lifetime of the
state involved. Consequently it has been uecessary, par-
ticularly in molecular systems, 1o assess the available
radiative lifetime data and adjust the kinetic values to a
mutually consistent set.

The collision free radiative lifetimes of the atomic states
generally have been evalunted elsewhere and wre sufficiently
well established. This is not the case for the corresponding
molecular states, and an evalustion of their lifetimes has
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been necessary to facilitate the kinetic analysis. Although
somewhat uncertain in some instances it has not been an im-
pediment to the program.

Molecular systems are necessarily more complex owing to
the multitude of potential relaxation processes. In some
cases, where a system has been characterized more
thoroughly, information may be available, for example, on
chemical reactions, electronic quenching to the ground state,
electronic cross relaxation to neighboring electronic states,
and for vibrational and rotational relaxation within the state.

For each atomic or molecular species all the low lying elec-
tronic states have been included. These are generally less
than about 450 kJ mol™ but in the cases of 0, and CO lie at
or below 600 or 780 kJ mol™, respectively. Invariably, the ma-
jority are metastable.

For each species evaluated, the arrangement consists in-
itially of some illustration of the energy levels concerned,
with some discussion as to their nature and radiative
lifetimes. This is followed by a listing of the recommended or
suggested rate constant values that have been derived from
the evaluation, with some indication of accuracy. The tech-
nique used 1o derive these error bars varies according to the
extent and nature of the available data. The basis for any
evaluation is firstly to ensure that all measurements refer to
the same situation and are directly comparable. This may re-
quire some correction or reanalysis incorporating parameters
that have since been improved upon. Measurements at odds
with the general trends or otherwise obviously in error then
can be identified and discarded. Error bars have then been
set to encompass all the apparéntly reliable data and are con-
sequently broader than a single deviation. In cases where
data are very limited, consisting of possibly only a single or
two measures, the confidence level has to be based to a large
extent on the reliability of any other measurements made in
the same study, on the technique used and on the reputation
of the investigators. Such values are obviously subject to a
greater uncertainty and the error limits here set are conse-
quently somewhat debatable. No particular weight has been
given to individually published error limits. It is very ap-
parent from these summaries of recommended data where
values are missing or additional efforts are necessary to im-
prove accuracy.

The presentation then consists of a figure illustrating the
available data together with a table which also includes a
description of the technique and conditions used, with ap-
propriate comments. Because of the lack of temperature
dependent data and also the large number of interactions
that have been investigated for some of the states, the room
temperature values are-plotted as a function of the various in-
teracting species. This better illustrates their relative efficien-
cies although it produces an unusual style kinetic plot.

The tables then are followed by a discussion of the data
which includes an assessment of the processes involved in the
interactions and often invokes the use of correlation
diagrams to indicate the availability or absence of reactive
surfaces. For convenience, references pertaining to each
species are listed separately at the end of each such sub-
section.

Wherever quoted, enthalpy information is nearly always

derived from the JANAF Thermochemical Tables and Sup-
plements (Stull & Prophet, 1971; Chase et al., 1974, 1975).

A complete coverage of all the available kinetic data for
these species has been attempted including all values
published before 1978, and illustrates the full extent of our
present understanding.

3. Symbols and Conversion Factors

C, Planar symmetry of the collision complex; assumed
in most of the correlation diagrams presented here.
This is the lowest symmetry case for reactions of
atoms and diatomics :

€Ot Represents vibrationally excited species

Dg Dissociation energy as measured from zeroth vibra-
tional level
E, Activation energy in the Arrhenius exponent,

exp(—E,/8.3143 T), ] mol™ A quoted. activation
energy implies the value of E,.

Er Activation energy equivalent temperature, units of T,
equal to E,/8.3143.
k Rate coefficient, expressed in cm® molecule™ s™

units. The format 4 exp(—Erzerror/T) has been
used instead of the mathematically explicit expres-
sion 4 exp{(— E;xerror)/T)

Kejer Rate coefficient for processes involving a change of
electronic state

ky Rate coefficient with M as a collision partner

ke Rate coefficient for rotational relaxation within the
_ electronically excited state

kab Rate coefficient for vibrational relaxation within the

electronically excited state

T Collision free radiative lifetime, s

T, Absolute minimum electronic term, cm™

T, Minimum electronic term of zeroth vibrational state,
cm™

1eal = 41840

1 em™? 11.9628 J mol™?

1eV 96.485 kJ mol™
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5. Detailed Rate Coefficient Evaluations

5.1. Atomic Carbon C(2'D:, 2'So)

The lowest lying electronic energy states of atomic carbon,
listed in table 1, are metastable as indicated by their long
radiative lifetimes. Owing to the closeness of the 2P, levels,
their populations are rapidly equilibrated and studies of their
individual nature are not possible and, moreover, are of little
value other than in problems concerning interstellar
chemistry (Yau & Dalgarno, 1976). Limited chemical kinetic
data are available for interactions of the C(*S,) and C(*D,)
electronic states.

5.1.1. Recommended Rate Constant Values
C('D,)

Chemically reactive collisions probably occur with N,0,
CH,, C,H,, C,H,, CO,?, NO, 0,?, and H,.

Physical relaxation processes with H,0, CO, N,, He, Ne,
Ar, Kr and Xe.

J. Phys. Chem. Ref. Date, Vol. 8, No. 3, 1979

All rate constants are >10™ cm® molecule™ s with the
exceptions of N,, He, Ne, Ar and Kr (table 2). Those for reac-
tive collisions, with the exceptions of O, and Xe, appear con-
sistently larger than values for physical quenching.

C2's,)

Physical relaxation processes appear dominant. Rates are
generally much slower than for the corresponding interac-
tions of C(*D,).

Insufficient data exist to permit establishing a set of
recommended values (table 3).

5.1.2. Discussion

Studies of electronically excited states of atomic carbon
have been limited by the practical difficulty of their produc-
tion in systems that are appropriate for kinetic analyses. The
only recognized technique is that developed by Braun et al.
(1969) who showed that vacuum ultraviolet photolysis of C,0,
yields C(®P,,'D,) as primary and C(*S,) as a minor secondary
product. The reaction rates for each of these states are such
that - their individual interactions can be characterized.
However, the methods can be applied in a simple manner
only to relatively few collision partners which do not
themselves absorb the incident vacuum uv flash, otherwise
additional care has to be taken in the interpretation and the
data become somewhat questionable. Whereas the yield of
C(*S,) by this technique is very low, that of C(*D,)} is a
reasonable fraction of the ground state C(*P;) concentration.

a. Atomic Carbon, C(2°P, ,)

Levels of the ground state triplet are so closely spaced,
within kT for normally encountered temperatures, to make a
study of their individual natures of little value. As expected,
the multiplet levels appear to be rapidly equilibrated, requir-
ing only a few collisions (Braun et al., 1969). Measured reac-
tion rates for ground state carbon atoms therefore are
invariably an integral measure for all three components (°P,).

Table 1. Energies and radiative lifetimes of low-lying
electronic states of atomic carbon

Electronic ’ Energya Radiativeb
State Level (cm—1) Lifetime (s)
ls 21,648.01 2.0
¢}
1, 10,192.63 3230
2
6
3 43.40 3.7 x 10
P
2
3 "16.40 1.3 x 107
P
1
3 0.00 -
Po

aMoore, 1970

bWiose el al., 1966
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b. Atomic Carbon, C(2'D,,2'S,)

Only two research groups have obtained absolute rate con-
stants for the decay of C(*D,) in the presence of various
molecules. Of these, only Braun et al. (1969) report monitor-
ing some of the products if any, resulting from some of the in-
teractions. Owing to the experimental difficulty of producing
C(*S,) and its study in the presence of the larger concentra-
tions of C(°P;,'D,), only limited and probably approximate
data are available.

C('D,) | H,0

A single value, = 1.7x 10, of limited accuracy has been
reported. The uncertainty arises due to the extent of H,O
photolysis that may occur in the original flash. The only
reasonable chemical reaction

C(D,) + H,0 = CH + OH AHygx = +38.5 kJ mol™?
(+9.20 kcal mol™)

is endothermic. Exothermic production of CO + H, in a
single step is kinetically very unlikely. The rate probably
describes the physical, spin forbidden relaxation process

C(D,) + H,0 = C(P)) + H,0.
C(D,,'Sy + N,0
The interaction with C('D) is rapi&. The single reported
value for the rate constant is 1.4(%0.5) X 107 and reaction

probably proceeds via either or both of the allowed exother-
mic channels

o[ T T T
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12

o,
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FIGURE 2. Rate constants for the various interactions of ((2'S,), 300 K.

393.0 k) mol™?
{ 941 keal mol™)

C(D,) + N,0 = CN + NO AHS«

1030 kJ mol™
(240 keal mol 1)

CO + N,

These have sufficient energy cither to populute excited states
of CN or excited singlet states of (0 ar N

The reaction of N,O with C('S)) has not been reported but
exothermic adiabatic porential energy surfaces are available
to both sets of producis (Husain anid Kirseh, 1971c).

CED,,’S,) + CH,,C,H,, CH, G,

The two measured rate constants jor C'D,) with CH, dif-
fer, for no obvious reason, by a factor of six; only a single
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1
Table 2. Rate constants for interactions of C( D2).
3 ~1g-1
M kM,Cm molecule g
Ho0 =1.7x10711
CHy 3.2x10711 2.1(20.5)x10710
CoHy =3.7x10~10
Nz0 1.4(0.5)x10-10
€0, 3.7(21.7)x10~11
co 1.6(x0.6)x10711
NO 9.2x10"11 4.7(£1.3)x10"11
N =2.5510712 4.2(£1.2)x1012
0 <5x10-12 =2,6x10"11
Hy 4.15x10"11 2.6(x0.3)x10-10
He <3x10716
Ne 1.1(20.4)x10°15
Ar <1x10715
Kr 9.4(+1.6)x10713
Xe 1.1(20.3)x10"10
Exp. Temp. 300 300 300 300
K
Method Vammm nv flach Vacuum uv flach photolycis (A>105 nm),
photolysis 1.3 1125 3 1125 g 1125, 1280 J,
Pa C302 in excess
7-70 kPa Ar. 0.13 Pa C302 in excess He diluent; pressures
Plate photometry  y. ¢ g5 ypa He 6.65 kPa He 6.65 kpa,
of 193.1 om NO, C0,50.8 Pa
c(1py) absorption r EE2RE.
line, continuum Np<12 Pa Xe<0.8, Krs<50 Pa . 0y, COsl1.5,
source. CHg, Np0%£0.25 Pa
Hy<0.15 Pa Ar<28, Nes<38 kPa CHg<0.11,
Hy054.4 Pa
C(lDz) monitored via 193.1 nm atomic absorption using
C line microwave discharge source.
Comments Decay rates inde- Same technique used in all three studies by Husain and
pendent of flash Kirsch. Error limits are their quoted estimates.
lamp intensity
over factor of 3.
Reference Braun et al., Husain & Kirsch Husain & Kirsch Husain & Kirsch

1969

1971a

1971b 1971c

value has been reported for C,H,. Data for (C!S;) are rather
indefinite. owing to the questionable results of Meaburn and
Perner (1966). These are undoubtedly affected by the large
amount of energy deposited into their system which can
markedly affect the nature of the species in the mixture.
However, the available data does illustrate the more highly
reactive nature of C(!D,) particularly towards eaturated
hydrocarbons.

A fast chemical reaction appears to characterize the in-
teraction of C(*D,) with CH,. This is presumably typical of all
C('D,)hydrocarbon cases. Braun et al. (1969) measured quan-
titatively the formation of C,H, via its 151 nm absorption
band, suggesting a mechanism proceeding through a short
lived excited state of ethylene

C('D,) + CH,~C,H,*~C,H, + H,
AHgex = —535.3 kJ mol™ (—127.9 keal mol™).

The reaction is sufficiently exothermic to dissociate either of
the products. The acetylene yield was independent of
pressure over an order of magnitude change, indicating that

collisional physical quenching is not a competitive process
CH, can be photodissociated by the flash, however, the reac-
tion with C('D,) was further confirmed by noting no dif-
ference in decay rates for reduced flashlamp intensities
(Braun et al., 1969). Similarly, in a 147 nm Xe low intensity
photolysis study of C,0, in the presence of CH,, Tschuikow-
Roux et al. (1972) have concluded that this reaction is respon-
sible for the C,H, detected gas chromatographically. Using
Xe and Ne, respectively, to selectively quench and kinetically
moderate hot “recoil’’ carbon atoms Taylor et al. (1976) also
have found evidence for C,H, formation in the C(*D) + C,H,
interaction.

Reaction of CH, with C(*S;) is much slower than with C(*D,)
but is not yet measured precisely.

The single value for C(*D,) + C,H, indicates a fast interac-
tion, essentially at every collision, and likewise is presumably
chemical in nature proceeding via a stable triangular singlet
adduct intermediate (Husain and Kirsch, 1971c).

The value for C(*S,) + C,H, is questionable and cannot be
accepted at present without additional data.
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. 1
Table 3. Rate constants for interactions of C(2 SO).

M kM, cm3 molecule—l s_1
cH 23,0 x 10714 <1 x 107
CgHg 5.0 x 10710
g0, 1 x 10710
co <1.0 x 10756
o <3.5 x 107%° <6 x 107 1%
N, <3 x 107%°
o, 25.0 x 104
H, 22 x 107t <5 x 10712 <4 x 107%
He <2 x 107
Exp. Temp. 300 300 300

K

Method Pulsed 250kV e-bear Vacuum uv flash photo- Vacuum uv flash photolysis A2110 nm.

excitation of COy, CO
or CH,. Total pres-
sure 60-130 kPa. An-
alytical absorption
flash, White cell,
247.8 nm line ana-
lyzed.

Measure approximate half
life of C('8y). Reahalyzed
by Donovan & Husain (1971)
assuming first order kine-
tics in atom concentration.
Questionable values owing
to large amount of energy
deposited into the system.

Comments

Reference Meaburn & Perner, 1966

lysis 1.2 Pa C303 in cx—
cess 7 kPa Ar.
photometry of 175.2 nm
C(lSO) absorption line,
continuum source.

Braun et al., 1969

1125- 1620 J,0.27 Pa C30,, He diluent
6.65 kPa, pressures CHy<3.5, C303 0.1
-0.5, C0<600, Hp<700, N256000 Pa.
C(lso) 247.8 nm absorption line using
C line microwave discharge source.

Plate

Husain & Kirsch, 1974

Such reactions with olefins may proceed by insertion into
the double bond to form allenes (Marshall et al. 1964; Skell
and Engel, 1967).

C('D,,'s,) + €0,C0,,C,0,

C(*D,) is quite rapidly relaxed by CO as measured by Hu-
sain and Kirsch (1971c) and implied from the data of
Tschuikow-Roux et al. (1972). No chemical reactions are open
to either singlet carbon state and decay must be via
nonadiabatic physical relaxation channels. The process with
C(*S,) is inefficient.

The rates for CO, are rather similar to those for CO,
however, in this case, adiabatic, exothermic reaction path-
ways are possible

1!

C(D,) + CO, = CO + CO AHgex = —664.5 k] mol™

(—158.8 keal mol™)

ces,) + CO,

CO'IT) + CO = —26.90 kJ mo]’

(—6.44 kcal mol™).

The former is sufficiently exothermic to excite the CO pro-
duct to high vibrational levels. However, the relative impor-
tance of reaction to physical quenching remains unknown.

The rate constant 1Xx107'%, has been very tentatively
reported for C(!Sy)+C,0,, presumably indicating a chemical
interaction.

C('D,'S,) + NO

The two measures of this rate constant for C('D,) differ by
a factor of two and indicate a high collision efficiency.
Although reaction channels are thermodynamically and
adiabatically possible to both CN 4+ O and CO + N(?P) the
former reaction appears preferred. Braun et al. (1969) found
no increase in CO yielkd on adding NO 1o a system containing
all three states of carbon which placed a limit of < 15% on
the CO producing channel. Also, CN was detected as a pro-

duct by its 388.3 nm absorption. The correlating potential
energy surfaces for CO + N products may involve activation
energics since this reaction is observed only with hot carbon

atoms (Husain & Kirsch, 1971c). The surfaces connecting to
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CN + O products are illustrated in figure 3. They indicate
for C('D,) the possible formation of either excited CN(4 2I])
(AHys x = —133.8 kJ mol™, —32.0 keal mol™) or O(D,)
(AHgzsx = —53.07 kJ mol™?, —12.68 kcal mol™).

C(*S,) + NO has not been measured. Reactive surfaces
leading to CO + N are endothermic, correlating with excited
states of CO, and are not expected to occur (Donovan and Hu-
sain, 1970). Rather, reaction should yield CN(4[T) + O(*D)
(AHpgx = —81.0 kJ mol™, —19.4 kcal mol™).

2
_ CN(X zz+)+o('sg)

CN(B 21+ 0(3Pq)

CN(AZI)+0('Dg)

3% + 220"
CN(X 22*)+0('Dq)

2, 2,0
A+2°A Anl 4 > 41

C{'Dg)+ NO(X 21)

3 2
c( Pg)+N0(>( 1) 22,

Iso kJ mol™'

FiGURE 3. Correlation diagram connecting the states of C + NO and CN + 0

A+2 Wa 9O\ CN(AZI) +0(3Pg)

20+ 220" 44004 2 4!
cNIX 2z +0(3p

CCD,'S)) + N,

The two independent values for C(*D,) indicate a rate con-
stant of (2.5 — 4.2) X 1072, rather efficient considering the
spin forbidden nature of the non-adiabatic physical quench-
ing transition, figure 4. It must involve a favorable crossing
of singlet and triplet surfaces similar to the case for O('D,).

C(*S,) quenching by N, is inefficient, £ < 3 X 107%, and is
similarly non-adiabatic in character. However the nature of
the products remains in doubt. It is interesting to note that
figure 4 does predict the possible chemical reaction between

C(S,) and N,
C('D,’S,) + O,

The two mcasurcs of the ratc constant for C(!D,) -+ O, dif-
fer by about a factor of 5, but must be considered with cau-
tion owing to the photolysis of O, in these flash photolysis
systems. Decay can proceed via the formation of CO(a'3L* or
a®I) + O, as illustrated by the correlation diagram, figure 5.
However, these surfaces may or may not involve activation

3|A/+5 IAII+5 3AI+5 3AII

CN(AZID) +N(2D,,)

3all . Spll
A 4+ 5
CN(B2ZZH) +N(%s,)

a2 3+ 3%

CN(X 2ZZH)+N(2D,)
C (55 +Ny (') ¢

Spl+°plt
CN(AZI)+N(%sy)

CN{X 2= ) +N(*s),)

100 kJ mol ™!

C3Pg)+Ny(X =)

FiGure 4. Correlation diagram connecting the states of C + N, and CN + N.

energy barriers (Husain and Kirsch, 1971c) and the quench-
ing mechanism remains uncertain. Meaburn & Perner’s
(1966) value for C(*S;), = 5.0 X 1074, if valid, would indicate
an activation energy for the allowed transition to CO(d3A) +
0. Experimental results tend to indicate that terminal attack
on 0, is preferred to insertion (Donovan & Husain, 1970).

C('D,,'S,) + H,

The interaction of H, with C('D) is very efficient, ap-
proaching unit collision frequency and presumably pro-
ceeding via the reaction,

C(D,) + H, = CH + H AHggx= —24.8 kJ mol™
(—95.93 keal mol™)

as indicated in figure 6. Theoretical calculations indicate that
the mechanism will be one of insertion with no apparent bar-
rier (Blint and Newton, 1975). The slower nature of the reac-
tion with C(!S,) arises from its nonadiabatic mechanism; the
absolute value is still somewhat uncertain.

C(*D,,'S,) + OH

No data are available concerning the interactions of
C(*D,,'S,) with OH or its various possible chemical channels.
Although reactions to ground state products are exothermic,
for example, :

C(D) + OH — CO + H AHgx = —769.2kJ mol™?
- (—183.8 kcal mol™?)

-~ CH +0 = —33.3 kJ mol™?
(—8.0 kcal mol™?)
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2

CH(X 1)+ 0('Dg)

W+ c'sg)+OHX *M)

X'=*)+H(%Pg)

]
202y

ZAI +2 2AII

25, 2
264 6y o 44 9! a2y 424" A+ 2!
CH(a *=7) +0(3py) (D'A)+H(®Sq)
C('Dg) + OH(X 2I1) 0)
CHIX 2M+0(Pg)  2%+%" ©

32+ 3%+ 39 3%

2A”+ 4A +4AII

C(3Pg)+OH(X 2m)

R R

100 kJ mol ™!

2 cola' *sh+H(sg)

49— COla®n )+H(ng)

@~CO(A'M +H(®sg)
@-CO(I'T7)+H(*Sg)
@~ C0(e °7)+H(sg)

cox ' +H(%sq) .

FicuRe 7. Correlation diagram connecting the states of C + OH with those of either CH + O or CO + H.

5.1.3. References

Blint, R.J., and M.D. Newton, “"Ab Initio Potential Energy Surfaces for the
Reactions of Atomic Carbon with Molecular Hydrogen,” Chem. Phys.
Letters 32, 178(1975).

Braun, W., A.M. Bass, D.D. Davis, and J.D. Sxmmons, “‘Flash Photolysis of
Carbon Subox1de Absolute Rate Constants for Reactions of C(P) and
C(*D) with H,,N,,CO,NO,0, and CH,,”” Proc. Roy. Soc. A312, 417(1969).

Donovan, R.J., and D. Husain, ““Recent Advances in the Chemistry of Elec-
tronically Excited Atoms,”” Chem. Reviews 70, 489(1970).

Donovan, R.J., and D. Husain, ‘*Reactions of Atoms and Small Molecules,
Studied by Ultraviolet, Vacuum Ultraviolet and Visible Spectroscopy,’
Ann. Rpts. Progress Chem. (London Chem. Soc.) 68A, 123(1971).

Husain, D., and L.J. Kirsch, “*The Study of Electronically Excited Carbon
Atoms, C(2'D,), by Photoelectric Measurement of Time Resolved Atomic
Absorption,”” Chem. Phys. Letters 9, 412(1971a).

Husain, D., and L.J. Kirsch, ““Study of Electronically Excited Carbon
Atoms, C(2'D,), by the Attenuation of Atomic Emission, (3'P?—2'D,),”
Trans. Faraday Soc. 67, 2886(1971b).

Husain, D., and L.J. Kirsch, “*Study of Electronically Excited Carbon

Atoms, C(2'D,), by Time Resolved Atomic Absorption at 193.1 nm, (3'P?

— 2'D,),”" Trans. Faraday Soc. 67, 3166(1971c).
Husain, D., and L.J. Kirsch, ‘A Kinetic Study of C(2!S;) in the Photolysis of
€,0, by Atomic Absorption Spectroscopy,” J. Photochem. 2, 297(1974).

Marshall, M., C. MacKay, and R. Wolfgang, ‘“The Reactions of Atomic Car-
bon with Ethylene. I Production of Allene and Methylacetylene,”” J. Am.
Chem. Soc. 86, 4741(1964).

Meaburn, G.M., and D. Perner, ‘‘Pulsed Radiolysis of Gases: Direct Obser-
vation of !S Carbon Atoms in Carbon Dioxiae, Carbon Monoxide and
Methane,” Nature 212, 1042(1966).

Moore, C.E., ““Selected Tables of Atomic Spectra: Atomic Energy Levels
and Multiplet Tables C(I-VI),” Nat. Stand. Ref. Data Ser., Nat. Bur.
Stand. (U.S.) 3 Sec. 3 (1970).

Skell, P.S., and R.R. Engel, “‘Reactions of Carbon Vapor. IV Reactions of
Metastable Carbon Atoms ('S) with Olefins,” J. Am. Chem. Soc. 89,
2912(1967).

Taylor, K.K., H.J. Ache, and A.P. Wolf, ““Evidence for the Electronic States
of Recoil Carbon Atoms Undergoing Reaction,” J. Am. Chem. Soc. 98,
7176(1976).

Tschuikow-Roux, E., Y. Inel, S. Kodama, and A.W. Kirk, ““Vacuum
Ultraviolet (147 nm) Photolysis of Carbon Suboxide in the Presence of
CH,.” . Chem. Phys. 56, 3238 (1972).

Wiese, W.L., M.W. Smith, and B.M. Glennon, “Atomic Transition Prob-
abilities, Vol. I’ Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.) 4

-(1966).

Yau, A.W., and A. Dalgarno. ‘‘Fine-Structure Excitation of Carbon by
Atomic Hydrogen Impact,” Astrophys. J. 206, 652(1976).



RATE CONSTANTS FOR REACTIONS OF EXCITED SPECIES

5.2. Carbon Monoxide, CO(a 1, a’ 33*, d?A,
e, A'M)

These low lying states of CO all correlate to ground state
atoms: /X~ and a®II are metastable. 4'II radiates to the
ground state and the remaining triplet states all have allowed
optical transitions to a*I1. The importance of the mixing of
certain levels in 4TI, ¢3X", d 3A, and a’3L* is evident and
leads to a high probability .of cross relaxation or energy
transfer between these states.

These electronic systems are the most complex yet studied
kinetically and indicate the many relaxation channels that
become available in such a dense manifold of energy states.

No kinetic or lifetime data are available for 7'X-.
Kinetically the a®ll state is best characterized but limited
data are available also for the a'®L*, d3%A, e®X~ and 471
states.

Relative and disnociation energien 0l the Yim §ypleey sinsboss b2

Table 4.
states of CO.
Te T
_a
cnl
1
AT 65,074.6 65,828.1
1.-
Iz 65,085.4 65,627.9
3o~
e’z 64,230.7 64,786.5
3
daTa 61,123.9 61,705.6
i
a'"I 55,826.1 56,437.4
a3ﬂ 48,687.4 49,555 .6
1.+
X'z 0.0 1,081.6

24, man

25,0449

25,890

28,971

34,239

41,121

89,460

733

®Krupenie, 1966; Simmons & Tilford, 1971

bHerzberg et al., 1970

90000+ CcoO
- 1'T”
80000
- -
| -
!i 70000
Sy .
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w -
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] L
: 4]
60000: °,3§:+
I a3 -
50000} f2000
i 1+ =
- XX jo
1 | 1 1 I [ 1 I} [ Il i 1 L 1 I}
0.8 1.2 1.6 20 2.4
R(lo-‘cm)

FiGURE 8. Potential energy curves of low-lying electronic states of CO (from Herzberg ct al., 1970).
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5.2.1. Radiative Lifetimes
CO(4 'TI)

As indicated in table 5, lifetime measurements show no
pronounced dependence on vibrational state and values ap-
proximate to 10{+ 1)ns. However, in regions of strong rota-
tional perturbations, this lifetime can be significantly
lengthened. Wallace et al. (1977) and Provorov et al. (1977)
have measured the rotational dependence for /=10 to 28 in
the v=0 state. Values range up to 20 ns and illustrate the per-
turbations at J~ 12 and 16 arising from interactions with the
e3L;_, state and that at J~ 27 due to d3A,_,.

CO(I'Z~, e’L)

Low lying vibrational levels of the singlet state are
metastable and no lifetime data are yet reported. However,
higher levels of /'L have the potential of coupling with low
vibrational levels of 4TI and, as a result, may have much
reduced lifetimes.

By studying the interactions between overlapping levels of
e3C;_, and A'TI,_,, Slanger and Black (1973b) have esti-
mated a radiative lifetime of about 3 ps for the unperturbed
levels of the e3L;_, state and =5 ps for v=1 (Slanger &
Black, 1973c).

CO(d?a)

Experimental values for the radiative lifetimes of the vibra-
tional levels of CO(d 2A) are listed in table 6. There is substan-
tial agreement between all three determinations which are
based on monitoring the fluorescence decay following excita-
tion of CO with either a 27 MHz RF discharge (Wentink et
al., 1967), or a pulsed e-beam {Van Sprang et al., 1977), and
the photodissociation of CO, with 92 nm radiation (Phillips et

al., 1976). No vibrational dependence is apparent. However,
within any one vibrational state a dependence on the par-
ticular rotational state will occur in regions of significant
mixing with, for example, 4'IL. Slanger and Black (1973a)
have illustrated this J dependence for the case of the interac-
tive mixing of the d3A,_; and 411, states.

CO(e'°T*)

The measured radiative lifetimes of the CO(a'3L") state,
corrected to zero pressure, also are listed in table 6. The
values derived by Wentink et al. (1967) and by Van Sprang et
al. (1977) are in close agreement and indicate a slight
decrease to higher v". Those of Hartfuss and Schmillen (1968)
have been questioned and possibly refer rather to the
CO*(4 ) v=0-3 levels. As discussed above for CO(d*4), a
dependence on rotational state is expected within a vibra-
tional level for perturbed regions.

CO(e I

This lowest lying metastable triplet state does not exhibit a
single valued radiative lifetime but is a function of the par-
ticular rotational quantum number and electronic sublevel,
*T1,, ,, due to the varying extent of the spin-orbit mixing with
A'TI. James (1971b) and Johnson and Van Dyck (1972) have
illustrated the magnitude of this variation for v=0 which can
range from 3 to 450 ms. However, provided that rapid
equilibration between these componenis can occur, as is nor-
mally the case in buffered gas experiments, an average
lifetime can be measured and as seen from table 7 approx-
imates to about 7.6 ms. Otherwise the experimental value
derived will depend critically on the experimental conditions
and the population distribution initially produced. Also, with
the exception of v=0-3, all vibrational levels of CO(a °IT)

1
Table 5. Radiative litetimes for Co(a II) states, us.

Method Reference

11.5 10.9 10.5 10.5 10.4 10.2

15.9 16.2 l6.6 16.1 15.0 14.3

10.69 10.37 9.35 8.97

10.4 8.5

10.8

10.9

10.7 10.4 9.4 9.7 10.0 10.0 10.0

2.67 9.75 10.45

200 eV Modulated e-beam, Hesser, 1968
phase shift

Wells & Isler,
1970

Hanle effect

Chervenak &
Anderson, 1971

Pulsed discharge -
emission decay

Pulsed monoenergetic Imhof & Read,

e-beam - decay 1971

Hanle effect Burnham et al.,
1972

pulsed 154.6 nm source - Lavollee &

decay Tramer, 1977

vuv laser ~ fluorescence Provorov et al.,
decay 1977

Suggested values

®pata discarded
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Table 6. Radiative lifetimes for Co(d3A, a'32+) states, Us.

v co (a3n) co(a 3t
Wentink Phillips Van Sprang Wentink Hartfuss & Van Sprang
et al., el al., et al., et al., Schmillen, ct al.,
1967 1976 1977 1967 1968 1977
1 7.30
2 6.62
3 4.7 5.75 10.12
4 5.40 10.36 10.24
5 4.05 11.54 3.72 9.12
6 5.03 4.90 7.82 3.6 .82
7 4.18 4.18 7.12 3.1 8.15
8 4.36 5.23 5.98 2.9 7.11
9 4,45 4.56 6.67 G.82
10 4.57 4.46
11 4.46
12 4.65
13 4.67
14 4.54
15 4.16
16 2.94

®These values probably refer to CO+(A2H) levels (Van Sprang et al., 1977)

Table 7. Radiative lifetime for cO(a’l) _,, ms.

Average Method Reference
Lifetime
v=0
122 Integrated band absorption measured Donovan & Husain, 1967
6 Oscillator strength measured Fairbairn, 1970, 1971
8.7 Oscillator strength measured Hasson & Nicholls, 1971
18 Electron excitation - TOF mass Borst & Zipf, 1971
spectrometer
7.5 Pulsed photodissociation CO2 - Lawrence, 1971
emission decay
1.4 Optically pumped via higher triplets Slanger & Black, 1n/]
9.5 Oscillator strength measured James, 1971
8.75 Theoretically calculated oscillator James, 19715
strength
7 He/C02 discharge - emission decay Wauchop o ondo, 1hiy
6.5-9.8 Electron impact C02 TOF mass dolmeoa, sy
spectrometer
7.6 Suggested average value

@piscarded data
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are perturbed at low J values by one or more of the neighbor-
ing electronic states (Field et al., 1972a,b).

The spontaneous vibrational transition probabilities for
the lower vibrational levels within the 2°I1 state have been
calculated by Wicke and Klemperer (1975) and measured by
Marcoux et al. (1977). These imply radiative lifetimes,
relating only to this vibrational relaxation, of 17.5(19.0),
7.8(13.1), 4.7(5.6), 3.3 and 2.3 ms for v=1-3, respectively,
the experimental values being indicated by parentheses.
These are comparable to electronic radiative transitions to
the ground state and provide an additional decay process for
levels above v=0. Wicke and Klemperer (1975) also noted
that levels at or above v=>5 have allowed optical transitions to
those of a’*L* which lie at lower energies. The fact that the
latter alsu couple efficiently via oplical wassilions Lo low
vibrational levels of a°II implies that high vibrational levels
of a®II have an alternate mechanism for redistribution to
lower levels within the same state by means other than direct
collisional or radiative vibrational relaxation, both of which
processes appear to be slow.

5.2.2. Rec ded Rate Constant Values, 300 K
CO(a*ID), kyen
CH, 3.5x107° SF, <1072
C,H, =49x1071° 0CS 3.4x107°
CF, - 1x107 €O, 17x10™
C,H, 6.8 x 10710 H, 1.8x 1070
CH, 7.4x10™ D,  18x107
C,N, = =33x100 0 210710
N,0 =2.6x1071° He <107
NH, =3.1x1071° Ar <10

S0, =19x10
CS, 3.3X(v=0), 3.6 X(v=1), 3.8x1071%(v=2)
co 1.1 x(v=0); 20X (v=1), 2.3X107%v=2); via E-V
energy transfer
NO 2.0 X107 channels o NO(A2Z*, B2I1 and
possibly ¢*II, 64X~ or X *[]). Efficiency of
NO(42Z*) channel =8—23%, that for
(BN =2-9%. _ '
N, 0.9x(v=0), 1.8x(v=1), 20X 10 (v=2); =25%
efficient channel to N,(43L").
0, 1.7Xx 1071 potential chemical channel.
Independent of v unless indicated.
T1/2 dependence found with CH,, C,H,, C,H,, CO, 0,, H,

He=4Xx10™, Ar=1.4x107°

kelect +vib

kcoyo> En, 1, ar> e
Relax to ground state vibration with CO(62% efficiertcy)
and N, (96% efficiency).

k sy~ Cross relaxation
3 —e3)
d3A,_, 4

CO, N,, H,, Ar=(2—6)x 10712,
He=2X10%,
kg,

No specific values.
Limited data are available for all these interactions.

CO(e 32-)7 kelecH—vib

kco > kﬂ2 > an > kAr,Kr > He,Nes limited data.

kosy:-_. 411], cross relaxation
Ze’ L,.—4 ln.;:z’ke PR B § P
€ 32-1}:4_. d 3A0;3,4

Limited data but these processes appear to be efficient.

CO(4 ), k..., limited data v=0—14

CO, N,, 0,, H,, D,, Kr, Xe efficient quenchants.
He, Ne= 1% collision efficiency.

Ar intermediate in nature.

Slight dependence on v.

k., limited data v=1-14

kip = ko for Tare gases.

Slight decrease with increasing v.

N,, H;, D, rates an order of magnitude lower than k..
Av=2 and 3 transitions reported.

5.2.3. Discussion

The kinetics of electronically excited CO are of particular

D,, and probably the general case.

CO(a*1D), kv,

He =6x10™7,
Appears insignificant with possible exception of SF,,

CO(G ! 32+)s kelec!( +vib)
CO =2.8x107°, limited data.

CO(d>A), ks

TN spin-multiplet relaxation
1 2,3

interest owing to the richness of its energy states
50,000-65,000 cm™ above the ground state. Rotational per-
turbations are extensive for all the low lying states and have
been studied in detail particularly for the a®IT and 4 'IT con-
figurations (Field et al., 1972a,b; Hall et al., 1973). For exam-
ple, with the exception of ¢*TIv=0-3,6), all its vibrational
levels exhibit perturbations at low J values as a result of in-
teractions with various of the adjacent electronic states. The
same is true for all levels of A1 (v=0-18). Mixing of levels
in d*A and ¢®L" siates also has been noted.

The mixed nature of these states permits optical pumping
of ““forbidden” transitions from X*L*. Monitoring of the
subsequent fluorescence is a very sensitive probe to locate
perturbed levels (Slanger & Black, 1970).
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Carbon Monoxide, CO(e I

Sarsiguireant: ‘amount of data, listed in table 8; BOW 1o
cumulatmg concerning the electromc quenching of CO(a?TT).
‘Although studled by.a variety of techmques, ‘CO(a°I]) con-
5centrat10ns are. generally monitored in- emission via the

@*TI-X'T* Cameron bands. Tt has also been measured from
i\the intensities of the NO 8 and y bands that result from
;_energy exchange with a.trace of NO (Slanger & Black, 1971).
The most notable feature of the rate coefficients, il-
Tustrated in figures 9 and 10, is their generally large values
which begin to approximate to.gas kinetic collision frequen-
cies. Quenching is inefficient only with C,F,, SF,, He and Ar,
which may be the only observed interactions that reflect a
conventional low-probability curve crossing mechanism. The
('ery fast.rates are surprising owing.to the large amount-of

energy (579.9 kJ mol™, 138.6 kcal mol™) associated with. .

CO(e°I]).

A T”? dependence has been noted for several of the
species (Clark & Setser, 1975) and, with the exception of CO
and N,, values are independent of the vibrational -state-of

a1

“Data for CH4, C.H,, C,F,, CH,, C Ha, CoNpy N, 0 NH,,
'—_SOZ, SF,, CS,, OCS, and D, have been obtained only by

Setser’s group. Values from ‘their original work (Taylor &

Setser, 1971b) appear too-low by a factor.of about 1.75,
‘possibly as a result of insufficiently rapld mixing. Their later

- work using He instead of Ar carrier gas is preferred. The

_recommended- values for C,H,, C,N,, N,0, NH, and SO,

‘measured qnly in their original study reflect this adjustment.

“have yet-been undertuken, collision induced physical relaxa
- tion to vibrationally excited: ground state:CO presumably-is:

energy within the a°I1 state has vot been specifically stud' d
v'measurements of the a~X(1,2") or (0,2")bands will: -depen :
the relative magnitudes of elecironie (a~X) and- vxbratmnai_,

‘cascading.. Taylor and Setser (1973) state that such’ vibra
‘tional relaxation should produce a carvatire in plots oft

“been reported -is: for He, ka<6X1077 cm® mnlwuli._,

pL(,l(,R, only CS shows a shght dependence on’
vlbmtmnnl manz, n-pm'te - :
(v=1), and 3. 8 X 00 =2). Although no pro uct analy

the predominant mechupism for thesesspecies. -
The importance of collisional -relaxation. of- vibrational

to any extent. Quenching rate constants. derived

a-X intensities as a function of guenchant pressure. i
absence in their data, with the possible exception of 8F:sug:
gests that vibrational relaxation may be nmgmhoant
general for CO(a°TT). The only quantitative measure that has

(Marcoux et al., 1977\

CO@@I) + CO, uw,

The recommended value for CO,, 1.7 X 107", is baséd on: g
méan of the results of Lawrence (1971), Slanger and: Blaclc
(1971), and Taylor and Setser (1973). Values of Wauchop &
Broida (1972) appear consistently high. Other than for the
polyfluorides this interaction is.the least efficient of - thie
polyatomics. Tt is even slower than with CO for which data are
in reasonable ‘accord and suggest a value of 1.1 X '107° for

“v=0. There daes appear to be an unexpla'med' dependeﬁégé

Table 8. .Rate constants. for ipteractions of Co(a3ﬂ)

g ‘ 7 ' ‘ Ry 10712 cm3molecu1e'.]js‘1~
'COZ . ;1f7 1.2
-Co 7.6 12(v=0), 28 (v=1)

NO: 23 31(v=0), 70(v=1)
v )} V 14. .

“Hp 16

He <1'(J'3

Ar - <103

Exp'.K'Temp;, 300 ' 300 300
Method Pulsedbm1c1owavé dlsuhal ‘ﬁcuk pulsed Tesla_type

CO-source. pumps 434, s+X Z“'

.discharge 5x103 cm3 bu}b,

Fulsed 104.8 nm Ar photros
lysis of COp=4 Pa, He

which populates a31. Flow ~ CO 0.03-0.3, Ar carrier <2.7 kPain cell, a3H—X12+'
system, CO 0.16, NO 0.13, 0.2-0.8 kPa, flowing emisgion.
M<2.4, Ar 800 Pa. a3 system.” a3I-xiz* (0,0),

- monitored either via
emission >215 nm, or by NO
v bands 256 nm.

Comments co(a)+No=cn+No:§A22) .. Poapi-
lation of CO(a-T) 53%, 21%,
18% in wv=0, 1, 2, respect-
ively.

Reference -Slanger & Black, 1971

He & Ar carrier ﬁas B
same.

Young & Van -Volkenburgh,
1971

206.1 nm & (1,0) 198.9 nm
resolved emission.

wval, 1 equally pepulated:

Lawrence, 1971
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Table 8. Rate constants for interactions of Co(a3H) -- continued
M km, 10711 cm3molecule~ls1
CHy 24
C2H6 28
CyF¢ 0.18
CoHy 39
C2N2 19
N,0 15
NH3 18
50, 11
ocs 13*
Co, 1.4 4.1
(olv] 14
NO 18 32
N, 1.0 7.3, 3.8(v=0)
0y 11 12(v=0), 14(v=1)
Hy 14 )
D, 10
0 19(v=0), 21(v=1)
He <1073
" Exp. Temp. - 300 300 300
K
Method Hollow cathode discharge Microwave discharge in Weak pulsed Tesla type
in Ar, CO2 added to pro- 27—880 Pa He, CQOp added. discharge, slow flow,
duce a3l (v=0). Flow , co(a31)=102 cm~3" formed 5x103 cm3 bulb. CO 0.04,
velocity 20 m s—1, total from CO3+e. a-X resolv- He, Ar 530-800 Pa. O
pressure 220 or 430 Pa. ed emission monitored. from microwave diecharge
a-X emission resolved. in 0y/He, Ar & measured
by NO; titration. a-X(0,0)
206.1 nm, (1,0) 198.9 nm
emission resolved.
Comments’ v=0 v=0-4
Lower limit values,
efficient mixing not
obtained sufficiently
rapidly, up to a
factor of 2 low.
*Taylor & Setser, 1973
Reference Taylor & Setser, 1971b ‘Wauchop & Broilda, 1972 Felder et al., 1972




Comménts:

" ‘Reference .

‘Planar veloc:.ty prof:l.le
vassumed in-flow tube.

“between 1 & 1.6

_indicated, values for v=0;
LI, 02 idem_:ical: :

vTaylor & S‘Vetser‘,,fl973

0.1

©33(vE0) , 6{v=1), 38(v=2)"

24 0
ll(v—O), 20(1:—1), 23 (v—2)

300

! D& nollow: cathddé' 'disché(fée '
“in.He, 'COz -added, flow vel-
: oc:.ty 20 m:s l. M<0 for: Pa

total: pressure “130-400: Pay

" [a3M)=1082109 emm 3, @S
-resolved emi sadan: - T

Values
should: be J_ncreased by factor -
Unless. )

o evi&ence “for ‘vib, relax=
“ation: w:.thm a31'[ except for SFG,_' .

; .2.'0,{{#?)'. h

L0.1(v=0)

300

: '—Mik:ro‘wéve\dl's'éharge' <13 Pa -
N2, 0.8 kPa .Ar flows- through
#15%103 cm3 bulb.

0.4-0.8 Pa

€O;.£90.Pa Ny added. -CO(a3M)

,exc:l.ted by energy - transfer,
.monltored by -a=X: em:.ss:l.on

ased o keo L. 2x10710;
N‘“ kco value.;

:.Y_mmg & Morrew, 1975

G e

7.5 13,
16 23
10. .20
12 ©otas
77 300

'JDC hollow cathode dlscharge

in-Hé, CO2 added, ~flowing -
afterglow, ‘total :pressure’’
0.67 ‘kPa. . a~X 200-320 nm -
emlss:.on um:esolved.

Mainly v=0. T% dependence.
*pbsolute value too large, -
.ratio at-the two: temperatures’
-';alr:l_ght.
: (Ma:&coux et al., -1977).

leb (He)K:6x107L7 7

‘Clark & Setser; 1975
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FIGURE 9: Rate constants for the interactions of CO(a®II),_, with various polyatomic
species, 300 K.
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Felder, Morrow & Young (1972)

@® Taylor & Setser (1973)

Y Young & Morrow. (1975)

© Clark & Setser (1975)

FicURE 10. Rate constants for the interactions of CO(e°IT),_( with various
atomic and diatomic species, 300 K.

on vibrational state in this case, values for v=1(2.0 X 107
and 2(2.3 X 107'°) being significantly larger.
The allowed reaction

CO(a®T) + CO = CO, + C AHpzx = —37.4 kJ mol™
{—8.93 kcal mol™)

has been suggested as a possible mechanism. However, Dunn
et al. (1973) concluded that only 1.6% of CO(a°II) decays via
this channel. An alternative (Willis & Devillers, 1968) is too
energy deficient for the (a°11) state

CO@®ID) + CO = C,0 + 0 AHgpx = +177.0 kJ mol”
(+42.3 kcal mol™')

Shanger ot al. (1975) have measured the efficiency of the
electronie-vibration energy transfer as 89%,

COWY 1+ GO = cot + cot

confirming the observation of Donovan and Husain (1967)
that, althouph spin torbidden, 1t is very efficient and the
predominant channel. Also, the electronic energy appears to

be vibrationally shared hetween the two 'n'()ducl molecu]es,
being no more than 18 vilirational quanta in either. An equal
distribution would produce a mean level of about v=12.
There is sufficient energy to excite up to - 2040 it had chan-

neled into one CO alone.

CO(z°II) + NO

The recommended value of 2.0 X 107" ix hased on the
measurements of Taylor and Setser (1973) and Slanger and
Black (1971). Whereas Young and Van Volkenburgh (1971)
reported a strong vibrational effect this was not the case in
the studies of Taylor and Setser (1973). Energy transfer reac-
tions to produce NO 4 and @ radiation are evident.

CO(e’I) + NO = CO + NO(4?L") AH,_ g = —51.1 kJ mol™
(—12.2 keal mol™)

CO + NOB=)

= —35.6 k] mol™!
{—8.50 kcal mol™)

However, these are not the predominant pathways, account-
ing for only 10 to 33% of the total quenching (Slanger &
Black, 1971; Wauchop & Broida, 1972; Taylor & Seciser,
1973). Additional exothermic channels to NO(a*[1, H*¥" or
even the ground X711 state) may also occur. Preliminary ex-
periments in a low pressure crossed-beam experiment have
observed radiation from only NO(4 L"), indicating that the
DI may result from secondary processes (Sciscr, 1978). The
measured ratio of the branching to NO(A*E") or (I3211) varies
from 1.5 (Taylor & Setser, 1973} and 2.5 (Slanger & Black,
1971) 10 4.6 (Wauchop & Braida, 1972). There is no pgeneral
support for Young and Van Volkenburgh's contention that
there is a conservation of vibrational quanta in the transfer.

It does appear that NO(IZX') » 0 s populated
predominantly, with about 12-20% in + 1 (Wanchop &
Broida, 1972; Taylor & Setser, 1973). The distribution does
not appear to be sensitive 1o that of CO(a 1),

CO@) + N,

Of all the data Tor COG 1), the seatter for N2 is the
greatest, a factor of 38 spread. Beciuse Wauchop & Broida’s
other values are consistently high and those of Taylor and
Setser (1973) reliable, the farter’s value of 0.9 X 107 is
recommended for O Phere is evidenee for a factor of two
increase for the rate constants with v=1 and 2 (Wauchop &
Broida, 19720 Tavlor and Setser, 1973), which values are
about 1.8 and 2.0 % 10 2 respectively. Energy exchange
to N,(1 J.‘_;')
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CO@TD) + N, = CO + N,4°LY) AH,.qg_q = +15.3 kJ mol?
(+3.66 kcal mol™)

is -apparent, however, the slight endothermicity for the
v=(0—0) transition should strongly affect the rate constant
for v=0 and 1 by much more than a factor of 2 at room
temperature. In fact, this channel has been reported. as only
25% efficient (Taylor & Setser, 1973) and presumably decay
is mainly to either ground state CO or N, 1.

CO(@) + O,

The small data spread suggests a mean value of 1.7 X 1071
at 300 K with no pronounced dependence on vibrational
energy. No suggestions for the quenching mechanism have
been presented but reaction is possible.

CO@®) + 0, =CO, + 0 AHygy =
—613.7 kJ mol™? (—146.7 kcal mol™)

As indicated in the correlation diagram, figure 11, allowed
surfaces are available to either O(*P) or O(*D) products.

. 3al L Sal , Bpll
A +A+A
~ CO(a®M)+0,(X*g)

I

A
N C0:AX'=§) +0('sg)

IAI+IAIl

cox'sH+a,a3sh)

COX'EN+0,b'SH) 1y
CO(X'E*)+ 0,0 'Ag)

CO,(X '5§)+0('Dg)

COX'SH+0,x35g) 44 ,
A CO,(X '28)+0(%Py)
[50 kJ moi™*
Fiuge 11. Correlation diagram connecting the states of CO + 0, and CO,
+ 0.
CO(@®IDh + O

Only a single measure of k, is available, of unknown
reliability (Felder et al., 1972). However, their value for k02,
also reported, lends some support for its acceptance. It in-
dicates a surprisingly fast relaxation with only a slight
dependence, if any, on vibrational state. This must reflect the
catalyzed conversion of CO(e°IT) 1o CO ground electronic
state vibrational energy, sufficient to populate up to v=26
unless some also channels into electronic or translational ex-
citation of atomic oxygen. ‘

CO(aTT) + H,, D,

The lack of any noticeable isotope effect implies that
chemical reaction is unlikely and that relaxation is to the CO

ground electronic state. A suggested value of 1.8 x 107 is
indicated for both ky_and ;.

CO(e°T) + Hg

The very interesting case of electronic energy transfer from
CO (e to Hg results in 253.7 nm radiation from the
Hg(6°P,) state (Dugan, 1969; Taylor & Setser, 1971a). Single
collision beam conditions indicate that the 6°P, state is pro-
duced directly (Van Itallie & Martin, 1972; Lee and Martin,
1976). -

CO@°T) + Hg = CO + Hg(6°P) AHSgx =
~108.4 kJ mol™ (— 25.9 keal miol™)

Absolute rate coefficients have not been measured.

There is also some evidence for the reverse *‘spin forbid-
den’’ reaction with Hg(6'P,), which lies at about 540 cm™
above CO(a*II),-; (Luiti et al., 1966; Gover & Bryant, 1966;
Granzow et al., 1968).

- CO(a*II) + He, Ar

Data are available only for these two of the inert gases and
indicate their inefficient quenching, ky, s, < 1074

b. Carbon Monoxide, CO(a"’E*)'

Data are available only for collisional quenching by CO
and are listed in table 9. The earlier study of Hartfuss and
Schmillen (1968) is questionable, their emission
measurements probably referring instead to bands of the
CO*(4 2TI-X 2L*) comet tail system which lie in the same spec-
tral range. A single value, reported recently by Van Sprang et
al. (1977), may be more reliable and indicates an efficient in-
teraction that corresponds to a unit gas kinetic collision fre-
quency. As with CO(¢ °II), an efficient E— ¥ mechanism may
be responsible.

c. Carbon Monoxide, CO(d3A,e3L)

In recent years, 'Slanger, Black and co-workers have
characterized the kinetic nature of the electronically excited
states of CO undoubtedly better than any other molecule.
This has illustrated the multitude of mechanisms that become
possible in a system of mixed electronic states. Such pertur-
bations, particularly between the d3A and e®L" triplets and
the neighboring (4 *II) state, results in a breakdown of the

- forbidden nature of some of their transitions making it possi-

ble, for example, to optically pump the d®A,_s and e3Z",_,
states directly from X'L*. Because radiative lifetimes differ
significantly for perturbed and unperturbed states, great care
is required in unravelling the relative importance of the
radiative, vibrational or rotational relaxation, and electronic
interstate relaxation processes.

dA

Numerous channels are available for the decay of the
CO(d3®A) state. Firstly spin-multiplet relaxation within the
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SA,,, sublevels is rapid. For example, with Ar, at least one
half of the collisions induce such transitions. This can be im-
portant since only the d?A(v=>5) substate is perturbed by
A'TI(v=1) resulting in its reduced radiative lifetime and dif-
fering probabilities of d A-a°I] emission for each subband

(Slanger & Black, 1973a).

Quenching of the unperturbed d3A(y=7) level (based on
its total rate of disappearance) is very efficient with CO and

NO, requires about 10 to 40 collisions for Av, N
is least effective with He, as indicated in tubile 10 Furthes
more, Slanger et al. (1975) have shown that a larpe fracton of
this electronic energy is relaxed to ground stute vibrational
energy with CO (62% efficiency) and N, (96
has been reported that whereas d®A v=7 and 4 levels are
quenched by CO with a rate of about 1.2 X 107" that {or »
is about twice as fast and close to gas kinetic collision fie

: . 3.+
Table 9. Rate constants for interactions of CO(a'"L’)
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#

i3

ared H, andd

%o efhicieney), {1

4

M Ky en® molecule”! s71
-11 _ -
co 1.31 x 10 (v=5) 2.82 x 10 (v=4-9)
1.18 (v=6)
1.89 (v=7)
1.48 (v=8)
Exp. Temp. 300 300
K
Method Pulsed RF discharge Pulsed e-beam (10 eV)
in 1.3-130 Pa CO. excitation, 0.07-1.3 Pa
Decay of a'-a emis- CO. a'-a emission, 587-
sion, 699-792 nm. 859 nm, 0.5-2.5 nm mono-
chromator bandpass.
Comments Data Erobably refers
to COT(A2Il) emission
(Van Sprang et al.,
1977)
Reference Hartfuss & Schmillen, Van Sprang et al.,
1968 1977
. s 3 3 -1 -1
Table 10. Rate constants for interactions of CO(d™A), cm” molecule ~ s
M . Spin-Multiplet Quenching Interactions Cross Relaxation
Relaxation
k k N k
3 3 elect+vib 3 3.-
A~
22,3 b e,
He 24.2 x 107 1.5 x 10712 1.6 x 10713
ar 21.4 x 10720 3.5 x 10712 6.6 x 10712 2.6 x 10712
N, 1.3 x 107 3.6 x 10721 2.9 x 10732
B, 1.8 x 10 1t 6.2 x 10712
o 2.76 x 10710 1.2 x 10730 3 x 1032
NO =5 x 1070
Exp. Temp. 300 300, 300 300
K
Method Microwave discharge 1% Flow system, micro- Pulsed e-beam, 13 eV, Cooled 147 nm Xe lamp pumps unper-
COp/Ar pumps d3A; (v=5)  wave discharge Np/Ar. excitation, 0.14-1.3 turbed a34,_,, 1.5x10% cm® bulb,
in 103 cm3 bulb, resi- Total pressure 0.2- Pa CO, d-a emission, residence time 1.5 s. 2-13 Pa
dence time 1 s. 0.04~ 1 kPa, 5% CO. d*a 693 nm. 0.5-2.5 nm CO/Ar<2.8 kPa. d&*a(7,0) & e*a(4,0)
13 Pa CO/<2.1 kPa He, (10,1) 476.7 nm band monochromator band- emissions, narrow filters centered
Ar. d+a(5,0) emission spectrally resolved. pass. at 505.3 and 514.7 nm, respectively.
via narrow filter, A,
gubband 562.5 nm,
A2'3 5§9 nm.
3 3 )
Comments dBA(v=5) d3A(v=10), total rate 4 A{v=2), total rate d"A(v=7), total Collision induced
-of disappearance. of disappearance. rate of disappear- cross-relaxation
Based on T 4.5 us, ance. Relaxes to
values are = T™i. ground state CO with
CO (62% efficiency)
and N, (96% effici-
ency) (Slanger et
al., 1975)
Reference Slanger & Black, 1973a Golde & Thrush, Van Sprang et al., Slanger, 1968;

1972a

1977

Slanger & Black, 1973h
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quency (Slanger & Black, 1973c). Van Sprang et al. (1977)
also indicate such a higher rate for v=2.

Slightly less efficient but also of importance is collision in-
duced interstate relaxation for example from d3A,_; to
e3L;_,which, with the exception of He, is effective in about
one collision in ninety and appears not to be facilitated by the
extra degrees of freedom of a diatomic (table 10).

Separate data for vibrational relaxation within the d3A
state are not available. However, it has been found that
d?A(v=35) is a less important source of d*A(v=4) than
e3L(v=4) (Slanger & Black, 1973¢).

e’r"

Less data are available for e®X". This might change as a
result of the recently noted alternate means for optically
pumping the v =4 level selectively, using the 148.3 nm line of
atomic S (Slanger & Black, 1975). Values that reflect a
measure of vibrational and electronic quenching appear
similar to those for d(®A). Cross relaxation processes are par-
ticularly important and it would appear that a rapid
equilibration occurs between the perturbed states of e3L", .,
and A1,_,, and 3L, and A T1,_,. The CO(e®L",_,) level
appears to be relaxed by ground state CO to 4TI,_; or
d3A,_3, with a cross section greater than the normal gas
kinetic value and will occur faster than rotational relaxation
processes. Also, it has been shown that the d®A,_;, levels are
populated largely through this relaxation of e®Z"
than by relaxation of d3A,_s.

4 rather

=

35— 3 -1
Table 11. Rate constants for interactions of CO(e”I )v_l g1 o molecule = s
i

KEITH SCHOFIELD

d. Carbon Monoxide, CO(4 'IT)

Several studies have reported data, up to v'=14, for vibra-
tional and electronic relaxation and are listed in tables 12
and 13. Generally, values are large and only He, Ne and Ar
have somewhat reduced efficiencies. Their variations as a
function of CO(4'TI) vibrational level are more clearly il-
lustrated in figures 12 and 13. Finer detail would undoubt-
edly show some dependence also on rotational state (Provorov
et al., 1977). For He, Ne and Ar there is substantial disagree-
ment for v'=0 between the recent measurements of Lavollee
and Tramer (1977) with those of Fink and Comes (1974).
However, the former’s values do appear unreasonably large,
for example, with He which usually quenches electronic states
inefficiently.

The rate constants for vibrational and electronic relaxation
with the inert gases are of the same magnitude, as illustrated
in figure 12. Comes and Fink (1972; Fink & Comes, 1974)
note a significantly increased value for £, with v'=1 as
compared to v'=0 for He, Ne and Ar but not so for Kr.
Values decrease slightly, to various extents, with increasing
vibrational number with no pronounced discontinuities, in-
dicating equally efficient mechanisms for unperturbed states.
Data for Xe, only available at v'=9 and 14, indicate a unit
collision removal efficiency. '

More limited data are available with other species.
Measurements of k., with CO indicate a unit collision effi-
ciency. The larger values for v'=9 and 14 (k,+v) may
reflect an equally efficient vibrational relaxation. Using C'*0

-1

Quenching Interactions

Cross Relaxation

Cross Relaxation

M k . k k k
elect+vib 30~ 1. 3 1 32- +d3A
€ Ev=l A Hv=0 e Zv=4 A nv=2 & ty= v=3,4

‘He 1.4 x 10712 6 x 10713 5 x 10

Ne 6 x 10713 4.5 x 1072

Ar 6.7 x 1072 6 x 10712 6.2 x 10721 =1 x 10710

) ~12 ~10

Kr 7.5 x 10 1.0, x 10

N 2.1 x 1071 :

2 .11

H, 7.3 x 10 ,

co 1.2 x 10717 4 x 1077 >3 = 10712

Exp. Temp. 300 300 300 300

K
MetThod Microwave dlscharye Pulsed f;AdL{.Uw band (0.1 1m) 140.3 nm S line from 1% Microwave discharge 1%

1% Coz/Ar, pumps
e35" (v=4). 1.5x103
em3 bulb, residence
time 1.5 s. 2-13 Pa
co. e+a(4,0) emis—
sion via filter cen-
tered 514.7 nm.

154.6 nm synchroton ligh
source. 2.7-26.7 Pa CO i
0--27 kPa_inert gac. Unxre

tube. Decay curves fit
kinetic model.
Comments Assumes T 3.3 Us for

Cco €357 (v=4). process.

excitation of All(v=0) per-
turbed rotational levels,

t
n

solved ATl fluorescence moni-
tored with solar blind PM

to

H,S/Ar pumps 317 (v=4,
J=27). 13 Pa CO/270 Pa
Ar. e*a emission moni-
tored.

CO,/Ar source pumps

e38= (v=4). 103 cn? bulb,
residence time ls. 13 Pa.
co. d+a(3,0; 4,0), era
(1.1) bands isolated with
filters.

&35 (ve1)onll (v=0), reversible
Data for He, Ne and Ar

are in doubt because their values
for A*ll quenching are too large.

ke feronce Slanger & Black, Lavollee & Tramer, 1977

1973b

Slanger & Black, 1975 slanger & Black, 1973c



Comments

Refeie_nce

1965

" 2.5x10710

- 300-

Xe lamp ,i

. CO. impur=
-Aty PUmPS

=0-2.

0 7-670
Pa, ArS;

1.3 :KPa.

iy resol-

ved. fluor-
-escence.

©.co data’
~approxi= . .
‘mate;

does "in-"

. dicate an

efficient

~ process.:

Becker & E
Welge,

Xe 1&@'.‘
€0O; impur=.

'Slanger &

1969

300

ity pumps
v =E0=20

: Spectrai—

1y resol=

- yed" fluor-
Spectral- -

escence.

.‘cence;.

4.6x10713
-9, 7410713
caxagll

295 ¢
- +Microwave

:COp/He -
‘source of

+2.0x310710 ¢
3.4x10710

3.7x10720

8. 715, .
0.9 74.0(8: 9"
1.8 8.2(16)
1.6 1.5(3.0)

1.0 1.8(6.6) - -.(4.5) "1.8(5:6)

) 2.7(5.6) . 2.4(4.8)  ={2.8)

Ts.9(13)  1.2(3) | 2.2011)
3.1(4.9) ~.2.2(4.8)" 0.85(2.8)

- 298"

1.5x10710

discharge
..resolved. CO<7 Pa, ML20 kPa‘ -
A=-X(0,0)"

band. 3:nhm

bandwidth

.excites:’

fluozog_

(0, 1)

. monitored.

COL13 Pa;’

 *MS93 XPa.

vi=031:2:3
populations
1:4:206¢
0,15

Black’

: Quench:‘_.ng

I Comes: &, -

foriv'=lx ku:'[ bR

vi=0;

11fet1mes 1n table 5;

k1oLl

Fink & Comes, 1974

3.7(5.9)
2.3(4.3)
4.0(7.7)
2.9(3.7)

M:Lcrowave d:.scharge COp/He ‘source of A-X emission..
J.solated, 3nm bandwidth, exc1tes fluorescence which was. spectrally

kelect calculated from k(total relaxatlon) ‘kv:_b-

2.1(4.3) 2, 6(5.6)
0:74(2.0) 0 :
205053 10(12)
3.4(4.2) =)

specific (v',0) band"

‘ Data’calculated. assuming

1 Bl Pl Dab Rovke al R NAS 2516
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Table 12. Rate constants for interactions of CO(AlH) -= continued
M kelect Kelect + Yéb kelect + vib k(AlII-M:riplets) Kelect
v'= v'=9 Ci°0,v'=9 v'=14 v'=0 v'=0
SFg 1.6x10710 1.6x10710
co 5.2x10710  9.6x10710 7.5x10710 1.37x107° 3x10710(3224) , 4. 5210710 (3=14)
clso’ 9.6x10710 14 x107*0
N 2.8x10710
0, 9.1x107 10
Hy 2.2x10710  2.9x10720 2.6x10 10
D, 1.8x10710 1,8x10710 1.4x107 10
He 7.8x10712 4.0x107%%  <2.1x107%3 7.7x10" 1t
Ne 2.2x10712 g.7x107%3 <5.7x10713 7.7x10" 11
Ar 2.6x10711 2.2x1071 1.2x10” 1 1.7x107 10
Kr 1.4x10710  2.5x10710 1.2x107 10 2.45x10 10
Xe 5.3x10710 6.0x107° 8.9x10™1°
Exp. Temp. 297 298 298 300 300
K-
Method Microwave 130.6 nm O line 121.6 nm H Pulsed Tunable pulsed VUV laser excitation
discharge (mirrowave diccharqge Lyman &, narrow band (57310‘4 nm) of celected xotational
1% COy/Ar in CO free Op/He) microwave (0.1 nm) levels in v'=0. Unresolved
source. A-X excites C*°0 to v'=9, discharge in excitation fluorescence 168-180 nm. CO 53~
fluorescence J'=22 and c180 to J'=6. purified of A (v=0) 530 Pa.
monitored Measure extent of Ho/He, ex- perturbed .
with varioune ahsorption and resolve ecites (14,0). rotational
CO/Ny mix- (9,19) fluorescence, Fluorescence levels, 154.6
tures at 245-248 nm (CO), 242~ of (14,22) nm synchrotron
relatively 245 nm (c180). co=100 band resolved. light source.
high pres- Pa, M<29 kpa. CO 250 Pa, M 2.7-26.7 Pa CO
sures. 100 kPa. in 0-27 kPa
inert gas.
Unresolved alll
fluorescence,
solar blind PM
tube. Decay
curves fit to
kinetic model.
Comments Recalculated assuming Based on Fast reversi- J(24) mixing with a3A(v=4). J(14)
T(v'=9)=10 ns. Values T(v'=14) ble process mixing with e3r~ (v=1).
are «T-l., probably 11.8 ns. AMI (v=0)+*
kyip with SFg. 3%~ (v=1).
Values for He,
Ne & Ar seem
unreasonably
large.
Reference Slanger & Melton & Yiin, 1975 Melton & Lavollee & Provorov et al., 1977
Black, 1974 Yao, 1976 Tramer, 1977
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FicuRre 12. Rate constants for electronic quenching and vibrational relaxa-
tion of CO(4 1), at 300 K, with the inert gaces, ac a function of
vibrational state.

and C!®0, Melton and Yiin (1975) noted slight differences
with some quenchants. The largest values measured, £ ey
= 1.4 X 107 are for the CO/CO(4 IT) and C**0/C*®0(4 IT)

combinations. Although chemical reaction is possible

COMAII) + CO = C,0 + O AHgp x = —17.7 kJ mol™?
(—4.2 kecal mal™)

quantum yield measurements indicate only small amounts,
0.5-4%, of C;0, and CO, products with Kr and Xe sources
(Rommel, 1967). _

For N,, H, and D,, whereas electronic quenching occurs at
unit collision frequency, the vibrational relaxation of v'=1 is
about an order of magnitude slower. The report by Golde and
Thrush (1972b) that qucnching with N, occurs at con-
siderably less than the collision rate does not appear to be the
case. Replacement of D, for H, only modifies the quenching
slightly. Generally, SF, is a very inefficient quencher of elec-
tronic energy. The value of 1.6 X 107 for CO(4 'II),, prob-

ably refers to &

vibe
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FicuRe 13. Rate constants for electronic quenching and vibrational relaxa-
tion of CO(4 ), at 300 K, as a function of vibrational state.

Data are available with 0, only at v'=14 but indicate effi-
cient removal. As with CO (a°I]) there is the possibility of
chemical reaction

COATD + 0, = CO, + 0 AHg, v = =808.5 kI mol™
(—193.2 kcal mol™).

The available energy is considerable and highly excited pro-
ducts must result. _

Fink and Comes (1974) have noted that vibrational relaxa-
tion via Av=2 transitions also can occur to a significant
degree. As expected, the probability for Av=3 relaxation is
much reduced but surprisingly still significant, for example,
with Ar or Kr.

Elcctronic quenching appcars to occur via collision in-
duced crossing to the adjacent d*A, e*L" and probably a’5X*
states. A lack of specific perturbations does not appear to
reduce the efficiency. However, Slanger and Black (1973c¢)
have noted that in the presence of Ar a large part of the
d®A,., and e’L", ., population originates from cross over
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from A TI(v=0) and (v=2) respectively. The energy transfer,
in this case, populates only the closest and thus most per-
turbed levels. Such transitions that have been noted connect
ATL,_o —d?A,_, —e®C", ., AT, —d®A,_s and AT1,_,—
d3A,_,—e3L 4 levels.

There is no explanation for the efficiency of vibrational
relaxation within the 4 'I1 state.
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5.3. Carbon Monosulfide, CS (a1, A ')

The spectroscopic features of CS are not yet well
characterized but the similarity to CO is quite evident with
the exception that corresponding states lie at much lower
energies (figure 14). Only a°I1 is metastable since the other
triplets each have an allowed radiative transition to a*I1, and
AT radiates to the ground state. As with CO, interactive
mixing of these states appears to be important (Robbe &
Schamps, 1976; Cossart et al., 1977).

Collision-free radiative lifetime data are available only for
the 41 and @ °I1 states and are listed in table 14. Low lying
vibrational levels of 4 'IT have a value of about 200 ns. Due to
the mixing with neighboring triplet states, weak perturba-
tions are apparent for low lying vibrational levels of 4'IT but
radiative lifetimes are not expected to be a strong function of
~v'or J.

There has been a considerable uncertainty concerning the
magnitude of the lifetime of CS(a°®II). Piper et al. (1972)
estimated experimentally a value of =0.3 ms and considered
this accurate to within a factor of four. However, by compar-
ing the emission intensities of CS(a?II) from CS, and S(:S)
from OCS in their 145 nm photolyses, and using the known
quantum yields, Black et al. (1977) suggest a lifetime of 16
ms. Although still somewhat uncertain this has to be regarded
as the most reliable estimate at present. As with CO(a °I1) the
value represents a weighted average summed over the three
closely spaced sublevels. lts value is supported by an un-
published estimate by Bergeman of 7.5 ms for the °[1, state

(Black et al., 1977). Piper et al. (1972) did note that a value as
large as 40 ms would be incompatible with their observations.

Very little quantitative kinetic data have been reported for
electronically excited CS and relates solely to the a°II state.

5.3.1. Suggested Rote Constant Values
CS(4 1)
No quantitative data are available.
CS(e*ID

" Rate coefficients follow the order
CS,, 0CS, CSCl, > CO, NO, 0, > H, > CO,, N, He, Ar.
kco, N, ear < 107 cm® molecule™ s,

5.3.2. Discussion
a. Carbon Monosulfide, CS(4 'TI)

Although vacuum ultraviolet photolysis of CS, appears to
induce the spin-forbidden transition to CS(4'II), the
threshold of which lies at 133.7 nm (Okabe, 1972), its effi-
ciency is estimated at no more than 7% in this spectral
region. In fact Black et al. (1977) note that the predominant
channel is to. CS(a °I1) with near unit efficiency in the 125 to
140 nm range. Likewise, OCS and CSCl, have heen shown to
photodissociaté to an unknown extent to CS(4I) at
wavelengths shorter than 102.4 and 127 nm, respectively (Lee
& Judge, 1975; Okabe, 1975). However, no quenching or
vibrational relaxation data are yet reported.

The period between gas kinetic collisions becomes com-
parable to the radiative lifetime at pressures of about 70 Pa.
The fact that strong 4-X radiation is seen from microwave
discharged CS, at about 100 Pa (Bell et al., 1972) and from
higher temperature diffusion flames diluted with Ar at about
1.3 kPa (Tcwarson & Palmecr, 1968) indicates that collisional
quenching rates occur with less than unit efficiency, at least
20-fold so lower for Ar. Similarly, spectral observations in-
dicate no pronounced vibrational relaxation within the 411
state.

b. Carbon Monosulfide, CS(a *TI)

Energy transfer from Ar(®P,,) or He(®S,) metastables to
such molecules as CS,, OCS or CSCl, (Taylor et al., 1972;
Piper et al., 1972; Taylor, 1973) and 125-140 nm photolysis of .
CS, (Black et al., 1977) provide sources of CS(a°Il) suitable
for kinetic studies. Even so, quenching data are still quite
limited (table 15).

Although Tewarson and Palmer (1968) and Palmer (1971)
noted the absence of extensive vibrational relaxation within
the state in diffusion flames diluted with Ar at 1100 K and
pressures of about 1.3 kPa, it is evident to a slight extent in
room temperature discharge flow systems with Ar at about
0.3-0.7 kPa (Piper et al., 1972; Taylor, 1973). Other than this
noted inefficiency with Ar, no data are available for k..

The one main set of collisional electronic quenching data
indicate that efficiencies are either about the same or much
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FicURe 14. Potential energy curves for electronic states of CS (from Field and
Bergeman, 1971).

Table 14. Energies and radiative lifetimes of the low-lying electronlc

states of CS.

T T D T Reference

AN 38,905 38,798  =21,200 =0.2x10"° sSmith, 1969; Silvers et
al., 1970, & Chiu, 1972

&35~ 38,683 138,419  =21,500

@34 35,621 35,406 =24,600 | Allowed transitions to a3m
ar3s* 231,380 31,149 =28,800 |

231 27,658 27,584 =32,380 =16x107>  Black et al., 1977
xtrt 0 641 59,320 -

Qpewarson & Palmer, 1968; Rosen, 1970; Fieid & Bergeman, 1971;
Bell et al., 1972; Robbe & Schamps, 1972; Taylor et al., 1972;
Bruna et al., 1975

I Dhur Fhom Bof Natn \Unl 2 Na 2 1070
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Table 15. Quenching and relaxation rate constants, CS(aBH), 300K.

M kyib kM' cm?’molecule']'s’l

cs, 26.9x10711 5x10710

ocs >8.5x10"11

CSCl, 23.5x10711

€Oz £10-15

co 3.2x10711

NO 1.0x10"10

N, 10715

o, 2.6x10711

H, 7.2x10713

He 510—15

ar <(0.4-2)x10714 <10715

Exp. Temp. 300 300 296

K

Method Flow system, Fast flow Photolysis of 0.07-
hollow cathode system, hol- 5.9 Pa CSy in 0.26-
Ar discharge. low cathode 0.67 kPa Ar buffer.
cs(adl) emis- Ar discharge. Wavelengths used in
sion, v'=0-3 cS (a3w) 125-145 nm range.
from Ar(3P2)+ emission from Emission monitored
0.01 Pa CS,. Ar(3P2)+ via filters for
0.73 kPa Ar slight excess either 320~390 or
carrier CSCly. Fixed 2310 nm.

point observ-
ation.

Comments  Based on T Reliable only v'=0-3
3x1074 s. to within a
The longer T factor of 5
now reported
will reduce
this kyip value.

Reference Piper et al., (Taylor, unpub- Black ‘et al., 1977

1972

lished data)
Taylor, 1973

reduced from those of the more energetic CO(u *TI). Quench-
ing particularly with CO, 0,, H,, CO,, and N, is significantly
slower, and is very inefficient for H,, CO, and N,. Although
an E-V proceés for the CS(a3TTY/CO interaction may aceur,
this mechanism appears very inefficient with H,, CO, and N,.
Chemical channels are plausible with O, and NO and elec-
tronic energy transfer processes with CS, and 0,, however,
the actual relaxation mechanisms occurring remain unknown.
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Ficure 15. Rate constants characterizing the various interactions of
N(2D3/2’5/2)! 300 K‘

reported for any interaction of N(D) or N(*P). No data are
available for N(®P). The correlation diagram supports
chemical reaction

NED) + H,0 = NH + OH AHggx = —43.87 kJ mol™?
(—10.49 kcal mol™).

It also appears probable, unless kinetic constraints prevail,
that a similar chemical interaction will occur for N(2P) but
producing NH(a'A) and OH.

Consequently, if such H,0 quenching is to be avoided in
studies of N(2D, 2P) chemistry, dry gases appear to be a pre-
requisite.

b. N(D,2P) + CH,, C,H,

The single measurements with N(2D), figure 15, indicate a
40-fold larger rate constant for N(*D) with C,H, than with
CH,. Evidence indicates that chemical reactions occur with
the formation of HCN as a major product and that the reac-
tions of hot or thermal N atoms with hydrocarbons are similar
(Dubrin et al, 1966). The exact mechanism is uncertain
(Wright and Winkler, 1968), however, it is unlikely on kinetic
grounds to proceed in the one stage reaction that is often in-
dicated as

NCD) + C,H, = HCN + CH, AHgx = —474.3 kJ mol?
(—113.4 kcal mol™)

An overall examination of the available data for N(*D) in-
dicates that the values of Black et al. (1969) generally are
about a factor of 2 high. Consequently, at 300 X, kcy, and
kcy, are more probably =1.5X107 and 6X 107, respec-
tively.

No data are available for the corresponding reactions with

N(?P).
c. N(D,?P) + N,O

That the interaction of N,0 with N(®D) .is chemical in
nature is well established (Lin & Kaufman, 1971; Dodge &
Heicklen, 1971; Black et al., 1969, 1975). The predominant
reaction pathway appears to be to ground state products with
a small contribution (0.3%) in the channel producing
NO(B2I1) (Slanger et al., 1971; Herbelin & Cohen, 1973). The
latter is formed in preference to NO(42L*) (Welge, 1966).

There is no evidence for formation of N,(43L*) although the
reaction has sufficient exothermicity.

NCD) + N,O = N, + NO AHp¢ = —694.4 kJ mol™
(—166.0 kcal mol™)

N, + NOU?EY) = —165.7 kJ mol™

(—39.60 kcal mol™)

N, + NO(BIII) = -150.1 kJ mol™*

(—35.87 kcal mql")

N,4L) + NO = —99.2 kJ mol™

(—23.71 keal mol™)

The stoichiometry of the reaction was verified by Lin and
Kaufman (1971) who monitored the oxygen atoms produced
by the subsequent reaction between N and the NO product.
The nine measures of ky o vary by a factor of three. Of the two
values obtained by Husain et al. (1972, 1974), which differ by
a similar factor, they state a preference for the lower value
since it is less likely affected by the interference of products
resulting from the photolysis pulse. Their assumption of
negligible cascading from N(*P) appears to be valid. The
lower values are preferred and a rate constant at 300 K of 1.8
*0:7) X 1072 is recommended with an activation energy of
4.7 + 0.6 kJ mol™? (1.1 = 0.15 kcal mol™?). This is relatively
slow in view of the available exothermic surfaces to either

NO(X 21, A2X*, B4I) or N,(4 *L}) products.

Of the three datum points for N(°P), the two values ob-
tained most recently are in reasonable accord, 2.5 and 5 X
104, A value of 4(+3) X 107 is suggested. The earlier work
of Husain et al. (1972) was clearly affected by the additional
quenching resulting from products of the N,O photolysis.
That this arises was shown by Young and Dunn (1975) who
measured the rate constant as a function of discharge energy
and found an order of magnitude variation. Available sur-
faces constructed on a basis of C, symmetry correlate either
to the excited products NO(B 1, C?I1) or to Ny(4°Ly). The
reduced collision efficiency must reflect the effect of energy
barriers leading to these states.
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Table 17. Rate constants for interactions o { 3/2,5/?

M Ky cm3molecule™ds~1

CHy 3x10712

Coliy 1.2x10710

N30 ky,0kno™0- 04 3x10712 3.5(41.2)x10712

NH3 1.1x10710

co, 6x10713 n{12)yx10713

co 6x10~12

- - 5o -11

NO Kyotky. 025 1.8x10710 700 2.5) %10

NO*KNL0 4
N, <6x10~15 1.6(70.7)x10
05 7x10-12 61210712
’ o -1

Hy kn, =k 0 5x10712

He <2x10-16 <1.ax10716

Ar <2x10-16 1(:0.6)x1071°¢

Exp. Temp. 300 300 300

K
Method 147 nm Xe photolysis NyO/Ar, Vacuum uv photolysis cell, slow flow, Microwave discharge flow,

He, Ny, NO mixtures. N,08 1 s residence time, 147 Xe, 116.5+123.6 velocity =50 m s™1, Ny

0.9 kPa, total pressure Kr RF resonance lamps. N,0 0.8-2.1 Pa, 2-90 Pa, He/Ar carrier gas
£2.8 kPa. 1.5x103 cm3 cell, - He or Ar background gas, total pressure 0.45-2.1 kPa. IN(2D))
residence time 1.5 s. NO{0,11) 0.4-0.7 kPa. [N2D] from NO(0,10) B band 2.4x10!¢ em™3. Atomic

B band emission monitored at intensity at 358 nm. absorption at 149.3 nm
380 nm as measure of N(2D). using microwave discharge

N line source.

Comments Accuracy of 25% guoted. Confirmed Also monitored [0] at
that NO(BZT) emission mirrors [N2D} 130.2 nm. Established
via N(2D)+N0=N,+NO(B2T). that N(2D)+N,0, CO2 and

0, are chemical interactions.

Reference Young et al., 1968 . Black et al., 1969 Lin & Kaufman, 1971

Table 17. Rate constants for interactions of N(ZD ) —- continued
3/2,5/2
M ky, cmimolecule~ls™l
3.6x10713T1/2exp (-400/T)
-12 -12
N,0 1.6x10-12 (300 ¥) 4.8(20.9)x10 1.6(0.1)x10
co, 1.8(0.2)x10"13
co . 2.1(20.2)x10712
NO 6.1(x3.7)x10"11 5.9(0.4)x10-11
Ny 2.3(£1.1)x10"14 1.5(£0.1)x10714
8.2, 7.4, 8.6x10"12 .
03 o e BL0X 9.3(22.2)x10712 5.2(#0.4)x10712
(237, 295, 365 K)
Hy 1.7(0.5)x10712 2.1(0.3)x10712
EXp. Temp. 237, 295, 365 30U 300
1
Method 147 nm Xe photolysis, 0.4-8 Pa N,0 flash photolysis, static system, Repetitive 0.1 lz poloed
N0, 800 Pa Ar background gas, A>105 nm, E=550-810 J Kr lamp. photolysis of Ko, A-10% nm,
0,51.6 Pa, NO B band emission [N2D]=2x1012 em™3. N,0 6.7, He 6700, E=80 J N, lamp, slow flow,
monitored as a measure of N(2D). M<13, N<1000 Pa. {[N2D] by 149.3 nm 21,5 & residence time. N0
atomic absorption using a microwave 6.35, lie 2700, M 21, N,
discharge N line source. COp< 1600 Pa. INZD] by 149, 3 nm
atomic abnorption Ving a
microwave dinecharg Modine
SO0 cre
Comments For Op, the data suggests a
zero activation energy with a
possible Tl’preexponent depen-
dence. N0 shows an activation
energy of 3.3%0.8 kJ mol-l
(0.8%0.2 kcal mol™l).
Reference Slanger et al., 1971 Husain et al., 197¢ imadin v oal., 1974

| Dhue Fhoam Daf Data Ual 9 NA 2 1070
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Table 17. 3/2,5/2) -~ continued
M kM' cm3 molecule_l -1
) 2.5(0.5)x10 10
2 .5(x0,5)x10 (300 X}
~12 - -
N,0 *2.6(£0.3)x10 Ky o = Ky 1.6(20.2)x10 12 1.15(+0.3)x20” exp (-570370/7)
2 2
1.7(20.1)x10 2 (300 ¥)
co, 2.8(0.2)x10™ 13
~-14 +0.83 - -
N, <1.8x10 1.0( 0 52 %10 Pexp (-5105155/m)
1.85(£0.15)x10" 14 (300 k)
o, 5.8(20.5)x10
=12
H 2.7(£0.2)x10 =
5 ( ) kHo kN’)o
G : = *], H
o] koz.ko 3.0(21.0):1
Exp. Temp. 300 315 300 198-372
K
Method Pulsed Hy 110-150 nm Microwave discharge - Pulsed 121.6 nm photolysis of
vacuum uv photolysis flow system, velocity 93 Pa 10% N,0/Ar, 1.3 kPa He
of N,0 £20 Pa in 270 29ms L, 0.28 N, in mixture, N, 0-0.7 kPa or 0.93
Pa N,. Flow cell. 2-3,3 kPa Ar. O from kPa 1% N,0/Ar, 1.3 kPa He mix-
Use NU B emission as second such discharge ture, Hp0 0-0.13 Pa. 300 cm
monitor of N(2p). by partially_titrating cell, residence time 0.15 s.
with NC. N(“D) from NO B decay followed as a measure
atomic absorption at of 8(%D). ’
142.3 nm using micro-
wave discharge N line
source.
Comments N(2D) established as ko :ko=l.9(355 K), 1.95 Unpublished data of
the precursor for NO Black and Sharpless
B bands throughout this éBaO 5?' t:85(400 ). {1975) .
N,,0 photolysis range. 40232 ivialonlfnergy
*Value discarded--too k- B A o ‘t:
large owing to N,0 im- co, as a positive
purities (Slanger & activation energy.
Black, 1976)
Reference Black et al., 1975 Davenport et al., 1976 Davenport et al., 1976 Slanger & Black, 1976

NEP) + N,0 = N, + NO(B4I) AHgpgx = —265.1 kJ mol™?
(—63.36 kcal mol™?)

It

N, + NO(C4)) = —182.9kJ mol™
(—43.72 kcal mol™)

Ny(43C*) + NO = —214.2 k] mol™
(- 51.20 kcal mol™?)

d. NeD) + NH,

An overall assessment of the available data for N(*D) in-
dicates that the single value of Black et al. (1969) for NH, may
be about a factor of two high, suggesiing k = 5 X 107 at
300 K. The interaction is probably the fast exothermic
chemical reaction

NED) + NH, = NH + NH, AHggx = —150.2kJ mol™
(—35.90 kcal mol™?)

which is not observed with low temperature ground state N
atoms owing to its endothermicity.

J. Phvs. Chem. Ref. Data. Vol. 8. No. 3. 1979

e. NCD,*P) + CO, CO,

For N(*D) the measured values of ko, (4 datum points) and
ko (2 datum points) each have about a factor of three spread.
With CO,, Lin and Kaufman (1971) monitored, in absorp-
tion, the oxygen atoms produced by subsequent reaction of N
with the NO product and reported the expected stoichiometry

assurning the predominance of the reaction

NED) + CO, = NO + CO AHpgx = —329.4 kJ mol™?
(—78.72 kcal mol™)

These reactants correlate with ground state products and the
rate constant indicates an energy barrier in the reactive sur-
face. Giving more weight to the lowest values suggests k¢o, =
2.5(+9) x 107 at 300 K and is probably temperature
dependent.

For CO, thermochemical considerations rule out reaction
with N(*D) and indicate a physical quenching mechanism in-
volving a crossing from a doublet to a quariet surface. N(°D)
and CO correlate with NCO(X ) causing this low lying
doublet surface _té cross that of the quartet associated with -
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18

Noxon {1962)
Polak et al (1976)
Lin & Kaufman (1971}, 400K
Husain et al (1972)

Golde & Thrush (1972)
Husain et al (1974) -
Young & Dunn (1975)

§' 2 x 100

4800 <

FIcuRe 16. Rate constants " charactcnzmg the various mteractmns of
N( Pl/l a/z)’ 300 K. o

N(*S) so facilitating relaxation (Dixon, 1960). Weighting
prpferentlaﬂy the Inwer value gives ko, = 2.5(+1.0) X 10“2
at 300 K.

Although the two results for N(ZP) with CO, are in close

.agreement those for CO by the same investigators are com--

-pletely at odds. With CO,, there are no available surfaces to
--ground state products or to any other states for which reac-
tion would still be exothermic. This is in accord with the
‘measured slow rate and a value of 1.25 (£0.25) x 107 is
Vsuggested at room temperature for a physmal quenchmg
.mechianism.
“Reaction of N(2P) thh CO to form C + NO is endothermic
but that to CN + O is exothermic by 22.8 kJ mol™ (5.45 kcal
mol™?).:However, there is no available adiabatic route (Dixon,

1960) and a.slow surface crossing mechanism is evident.

Whether -quenched reactants. or reactive producis result re-
mains uncertain. The reasonable agreement between values
for the collisional decay of N(P) with. other gases makes the
disagreement between the two measured values with CU dif-
ficult to explain, 9.0 X 107 and < 7' X 107%%. A mean value

-of about. 8 X 107 with an order of magmtude uncertamtyA
will have to be assumed until this discrepancy-is resolved.

£ NED, #P) + NO -

Three of the four experimental datum points for the:in-
teraction of N(*D) with NO are in excellent agreement, 5:9,
6.1 and 7 X 107" ¢m® molecule™? s™%. The value obtained: by‘
Black et al. (1969) is too high by about a factor of threve\The el
earliest relative value of Young et al. (1968), kyg: kyo = 25,

implies kyo = 4.5 X 107 based on ky o recommended above,,'f

additionally supportmg the lower measures. Consequently, a-
value. of 6.3(£2.0) X 1071 is suggested for.300 K and.in‘.

- dieates a rapid chemical reaction with a collision efﬁmency of:

about 1 in 5. The correlation diagram, figure 17, illustrates
reactive surfaces leading to either O(*P,; 'D, or L O)

'NED) + NO = N, + OCP)) AHSyg = —543.7 kJ mol

- (—130.0 kcal mol™)

=N, + 0(D,) .= —353.9 kJ mol v
B (—84.6 keal mol™)
=N, + 0(S,) = —139.5 kJ mol*:

{—33.3 kcal ‘mol??)

the exact channel favored is not yet known.

The data for N{P) also are.in remarkedly good agreement,
in fact this is the most accurately specified interaction for this
electronic- state. A value of 3.0{x£0.5) x 10" is recom-
mended -at 300 K, only a factor of two.slower than that for

-N¢D). However, the correlation diagram rules out chemical’

reaction. via an adiabatic surface, figuré 17, and the Trie
nature of the interaction remains uncertain. Moreover, the in-:
volvement of an atom exchange mechanism likewise is not,

known.

g 'NCD,?P) + N,

. Relaxation .of the nitrogen metastable states by molecular
nitrogen clearly arises via nonadiabatic transitions involving
the crossing of doublet and quartet surfaces. The rate con-
stants are small as expected.

For N(2D) the early value of Black et al. (1969) is too i ow of
the other measurements 1.5 X, 1.6 X and 1.85-X 107" (Hu<:
sain ct al.,, 1974; Lin & Kaufman, 1971; Slanger: &;Blaﬁl.':_,f
1976) a recommended value of 1.7(0.3) x 10" is favoredat -

_ room temperature. Coupled with Slanger and Blu'ck’.s'(lf9176)v,

measured activation energy of 4.3 *1.3 kI mol"t.(1:0- £0.3"
keal mol™) this suggests the expression'9:4{25:3) X 10714 éx‘p"
(=510 F155/T) in the 200 to 400 K range. '
The interaction of N(*P) with' N, is clearly very inetticient
and Lin and Kaufman’s (1971). estimate erroneous. ‘Other
than upper limit estimates, the only quantitative measure;
2(£1) X 107, results from a reanalysis by Polak éval; (1976)
of Noxon’s (1962) data and is probably reasonably accurate,:
It is supported by the fact that their estimate also-of k(NP +"
N) in-the same analysis is only a factar of three different from’
the measurements of Young wnd Dunn (1975). Consequéﬂtly;“
at present the mosi reliable. value for k(N?P + N,) is:2 X -
10‘18(4‘0 5)

A Bl FRam DAL Bave Vel - We A 1678
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Table 18. Rate constants for interactions of N{ P1/2’3/2)
M kM' cm3 molecule-l s-l
N,0 3.4(:1.5) x 10712
NO 3.4(1.1) x 102
N, 2(:1) x 10 18 =6 x 10714 <3 x 10716
o, 4.6(22.5) x 10712
H, 3.0(:1.1) x 10717
N 1.8(20.9) x 1012
Ar 7 x 10736
Exp. Temp. =300 400 © 300
K
Method HV ozonizer discharge in pure N., Microwave discharge flow system, Flash photolysis of N,0, static
2.7-100 kPa, Closed logp flow velocity 50 m s”~, 20 Pa Ny0O in system, A>105 nm, E=550-81Q0 J
system <100 ecm s™*. N(?P) 346.6 0.44-flkPa Ar carrier gas.  N(2?) Kr lamp. N(%P)=27x101L em3.
nm emission monitored by photo- <4x10 em™3.  Atomic absorption at N,0 6.7, He 6700, M<4, H,,
graph/densitometer. Exposures 174.4 nm using microwave discharge Ny<6000 Pa. Atomic absorption at
include time intervals of 0.5- N line source. : 174.4 nm using microwave discharge
1.7 to 1.5~5.1 s from the dis- N line source.
charge.
Comments Reanalysis of Noxon's data assuming
N(%P) formed via N+N2(A3Z+) and
removed via N and Ny quenching and
3 body recombination. The latter
shown to be negligible.
Referxence Noxon, 1962; Polak et al., 1976 Lin and Kéufman, 1971 Husain et al., 1972
Table 18. Rate constants for interactions of N(2P ) -- continued
1/2,3/2 )
M Kygr em® molecule ¥ st
N,0 5(x2) x 10714 2.5 x 10744
co, 1.1 x 10733 1.4 x 10733
co 9.0(20.4) x 10743 <7 x 1075
o 3.2(x0.1) x 1071t 2.8 x 10712
N, <5 x 10713 <1 % 10716
o, 2.6(20.2) x 10712 <2 x 10712
H, 1.9(£0.2) x 107 <g x 1071°
0 1.0 x 1071
k k. = 7(x2) ~
N ox 6.2 x 10713
EXp. Temp, 300 300 300
K
Method Discharge flow system, N 270- Repetitive 0.1 Hz pulsed photoly- Pulsed Tesla discharge in 5x103
800 Pa. N(“P) from 346.6 nm sis of Ny0, A>105 nm, E=80 J N, lamp, cm3 bulb, slow flow, 1 s resi-
emission. [N] from N, lst posi- slow flow 1.5 s residence time. N0 dence time. 1-70 Ny, 300-400 Pa
tive band emission (“TN]z) and 41.9, He 2700, CO, NO, 0,<26, Hy, Ny, Ar, Emisgion decay of N{“P) and
[0] from NO & emission (=[N][0]). €O, N,0<3000 Pa. N(%P) 174.4 nm (0,6)Ny (A %) at 346.6 and 276.0
[N] =0.1%, [0]=0.01s. atomic absorption using microwave nm, respectively. N produced by
discharge N line source. additional microwave discharge and
O by partial titration of N by NO.
Comments N(2P) from N+N2(A32+). Absolute +20% error stated. N(ZP) from
values of ky=7x10"11, ky=1x10"11 reaction N+N_ (A3L*) =N (2p)+,,.
discarded. These were based on N,0 data extrapolated to zero
Husain et al's (1972) incorrect Tesla discharge pulse energy.
values for kN o and ko .
2
Reference Golde and Thrush, 1972 Husain et al., 1974 Young and Dunn, 1975

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979
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N(2P,)+NO(X 21) N,(8°Ig)+0CPg)
+
: 3./ Q) 5A"
B A4S« NA(A3E$)+0CRy)
,bs‘kz
N(?Dy)+NO(X 2 0
CouNow) 2 Aerwliow
A+ 5

W NX '=F)+0('sg)

N(*s,)+NO(X 21) 3n'+2l

) 3A'+3A”
N(X '=H)+0('Dg)

100 kJ mol ™!

N(X '24)+0(%Rg)

FIGURE 17. - Correlation diagram connecting the states of N + NO and O +
N,.

h. NED,?P) + O,

Lin and Kaufman (1971) established the chemical nature of
this interaction for N(*D) by monitoring the oxygen atoms
- produced from either

N¢D) + 0, = NO + O(P,) AHyggyx = —363.2 kJ mol™
(—86.80 kcal mol™)
= NO + O('D,) = —173.3 kJ mol™®
(—41.43 kcal mol™)

The six values for ko are within a factor of two. By discarding
the two high measures of 7.4 X and 9.3 X 1072 (Slanger et
al., 1971; Husain et al., 1972), favoring their later studies, the
value 6.0(:}:3) X 1072 is recommended at room temperature.
The reaction has been reported to have zero -activation
energy and the expected T2 preexponential dependence
(Slanger et al., 1971). Iis reduced efficiency is somewhat
nnexpected since, as noted in figure 18, reactive exothermic
surfaces are available for both these channels. As with car-
bon, a linear collision complex N-0-0 is probably favored
over one resulting from symmetrical insertion.
This reaction is of prime importance for aeronomy.
Although previous models for 520 nm dayglow data resulted
" in estimates for ko that were too low (Wallace & McElroy,
1966; Rusch et al., 1975, 1Y76) more recent work (Frederick &
Rusch, 1977) is now compatible with the laboratory measure.

N(?Dy)+0,(b 'Sg)

Iso kJ mol™! s
NO(X 211)+0(3Pg)

FiGURE 18. Correlation diagram connecting the states N + 0, and NO + 0.

The correlation diagram also indicates that the reactions
N(*D) + Oz(alAg) = NO + O(P,, 'D,, 1S,

have available exothermic surfaces and may be efficient if
energy barriers are small. The similar isoelectronic reaction

NED) + NF(a’A) = NyBIIg) +F AHpgx = —300.0k} mol™*
(—71.71 keal mol™)

has been suggested to explain the lst. positive emission from
a NFy/Ar discharge system (Herbelin and Cohen, 1973).
Although the correlation of states is. completely different, this
reaction can proceed adiabatically on three surfices (224" +
24") and may also produce Nz(WaA,,, BL)).

The reaction with N(P) is less well characterized but pro-
ceeds with a rate constant only nominally sinaller. A value of
2(+1) X 1072 is tentatively suggesied for 300 K. Exothermic
surfaces are available either to O('D,, 'S,) or NO(a 1) states

(figure 18). Chemical reaction is probable.

288.3 kJ mol™!
( 08.91 keal mol™)

N¢P) + 0O, = NO + OCD,) Al

=NO + 0¢s,) 73.91 k) mol?

(—17.67 kcal mol™)

14 kJ mol™

= NO@*I) 1 0 =
- (—3.3 keal mol™)



760 KEITH SCHOFIELD

i. NCD,?P) + O}

These reactions have not yet been studied and no data are
available, however, Dalgarno (1970) pointed out the near
resonance of the charge exchange

NED) + 0f = N* + 0, AHpgex = +7.6kJ mol™?
(+1.8 kcal mol™)

and suggested it as an additional source of N* ions in the F
region of the atmosphere (Bailey & Moffett, 1972; Roble &
Rees, 1977). Correlating reactive surfaces arc available. The
corresponding reaction with N(*P) correlates only endo-
thermically with allowed produets.

However, alternate reactive channels are available for this

interaction and can proceed adiabatically, viz

NED) + 0} = NO* + O(P) AHgx = —628.0 kJ mol™
(—150.1 kcal mol™)

= NO* + 0O(D) = —438.2 kJ mol!
: (—104.7 kcal mol™?)

= NO* + 0(’S) = -223.8 kJ mol™?
(—53.5 kcal mol™?)

=NO*(4°2) +0 . = —29 k] mol™
(—7 keal mol™)

= NO + 0*(D) = 4106.9 kJ mol™
(+25.5 keal mol™)

A correlation diagram describing these transitions has
been presented by Tully et al. (1971) and by Krauss et al.
(1975). The corresponding reactions with N(*P) are

N(P) + 0; = NO%(B®II) + O AH;%K = —25kJ mol*!
{—6 kcal mol™)

= NO(a*I) + O* = +135 kJ mol™!
(+32.4 kcal mol™)
= NO + O*(*P) = +155kJ mol™?

(+37.1 kcal mol™)

The electronically excited energy states of NO* are not yet ac-
curately fixed. They have been assumed to be somewhat
similar iv those for isoelectronic N,. Cleariy, some of these ex-
othermic pathways to NO or NO* are alternatives to that
forming N*,

j. NCD,?P) + H,, H;

Other than the result of Black et al. (1969) which appears
too high, the other three measures indicate for N(2D) a value
of 2.2(+£0.8) X 1072 at 300 K. This is consistent with the
reported result that ky = ky o (Young et al., 1968; Davenport
et al., 1976). To an unknown extent, chemical reaction prob-
ably occurs. :

NED) + H, = NH + H AHggy = —107.4kJ mol™!
-(—25.67 kcal mol™)

Data for N(P) are somewhat conflicting but indicate a
much slower interaction with a rate constant 1.5(+1) x 1071
at room temperature. This is in full accord with the correla-

tion diagram, figure 19, and reflects a curve crossing process

leading either to quenched reactants or chemical products.
Nonadiabatic transition to N(*D) followed by reaction as
above also is possible.

Electronic state correlation diagrams for the interaction of
N(®D) with H} suggest available exothermic surfaces to either
NH(a'A) + H* or NH* (42L°, B2A) + H according as to
whether an insertion or collinear intermediate is formed,
respectively (McClure et al,, 1977). Kinetic data are not
available.

k. N(D,2P) + OH

Although no kinetic data are available for these interac-
tions, correlation diagrams, figure 20, indicate the availabil-
ity of surfaces for the following reactions

NCD) + OH = NO + H AHggx= —434.1 k] mol™?
(—103.7 kcal mol™)

=NO @) + H = +30kJ mol™
(+7 kcal mol™)
aply apl NH(A ) +H(Sq)

NH(b'Zg) +H(®Sg)
N(ZP,)+Hy(X 'S8

NH(a 'A)+H(’S)
N(3Dy) +Hy(X '=¢)

NH(X 3Z7)+H(?Sq)
QAII
-1

N(%Sy)+Hy(X 'za‘) ISO kJ mol

Figure 19. Correlation diagram connecting the states of N + H, and NH
+ H (from Donovan & Husain, 1970).
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NeD) + OH=NH + O =—116.0 k] mol™!
(—27.7 kcal mol™)
= NH (ald) + O = +28 kJ mol™
(+7 kcal mol™)
N(P) + OH = NH + 0('D) = —41.1 kJ mol™

(—9.8 kcal mol™)

NH (') + 0 =+14kJ mol?

(+3 kcal mol™)

As to whether the two exothermic channels with the lowest en-
thalpy changes occur must remain to be examined ex-
perimentally.

l. N¢D,2P) + O

Although important to aeronomy at higher altitudes, the
rate constant with N(2D) has only been measured recently and
is reported as being a factor of three smaller than kg . Accept-
ing the reliability of the measure, a value 2(*}) x 1072 js
recommended with an activation energy of 4.2(+2.1) kJ mol™
(300 to 400 K range). Values deduced from modeling 520 nm
day and nightglow satellite data generally have been
significantly lower (Rusch et al., 1975, 1976; Torr et al., 1976;
Frederick & Rush, 1977; Ogawa & Kondo, 1977) but are con-
tingent upon various uncertainties in the N(*D) formation
processes and the requirement of rate data pertinent to
higher temperatures. One such model (Strobel et al., 1976) is

consistent with a value of 1 X 1072, significantly closer to the
laboratory value but still in disagreement considering its
associated temperature of 800 to 950 K.

The correlation diagrams for this quenching are simply the
potential energy curves of NO and involve a nonadiabatic
curve crossing with an efficiency of about 1% of the collision
frequency. Preliminary calculations by Olson and Smith
(Davenport et al., 1976) indicate that production of ground
state atoms might be favored over the less exothermic energy
exchange mechanismn to O('D) but this remains uncertain.

NeD) + 0 =N + O AHyyyx = —230 k] mol™
(—54.97 kcal mol™?)

= N + 0(D) = —40.2 kJ mol™?
(—9.60 kcal mol™)

The identity of the relevant curves and the mechanism await
more detailed publications.

In a study of the chemiionization processes in NH,/O,/N,
and C,N,/H,/0,/N, flames, NO* was found to be the predomi-
nant ion and shown to be a primary flame ion (Rertrand &
Van Tiggelen, 1974; Bredo et al., 1974). The proposed
mechanism

N¢D) + O = NO* + e AHpgx = +38.3 kJ mol?
-(4+9.16 kcal mol™)

is highly speculative, especially considering the fast quench-
ing rate of N(®D) by H,0 which is a major flame species.

NH(a A)+0('Dg)
3A’+'A’+2'A”

PNTEN

33 R a3z k" -
- 50 _
NO(b “E7) +H(*sg) A NP )+OH(X 211) NH( 2g)+0CRy)
30
NO(B “N+HEESG) N2 3/ 34 10 1t Ay yyu
A 3g— [
NO(AZEF)+H(Ps ) ArRaAvA Wy NH(X 72 1+0(Dg)
VAN 2% +23 2 W43l . .
N WP NH(a A)+0(°Pg)
) 2 N\ P
NOfa *I)+H(*sg) \ND,,)+OH(X 2I1) i
3+ 2+ ¥
NH(X >£7)+0(°Py)
5Al+5AIl+3AI+3AH
'+l N(*S,,)+OHIX 211)
33"
100 kJ mot ™'
NO(X 2M)+H(%Sq)
FiGuRe 20. Correlation diagram connecting the states of N + OH with those of NO 4 Hoor N
+ 0.

1 Phvs. Chem. Ref. Data. Vol. 8. No. 3. 1979
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Owing to its endothermicity this alternate channel can only
contribute in systems at higher temperatures or collision
energies.

Values for the interaction of O with N(2P) have been
reported in two independent studies. Golde and Thrush
(1972) measured , relative to ky,o and ko, converting it to an

- absolute value using the data of Husain et al. (1972).
However, the latter results now are known to be too high, kno
by a factor of about 85 and ko, by about 2.3, leaving in some
doubt the correct magnitude for ko. Originally quoted as 7 X
107! it now requires correcting downward to an unknown ex-
tent. It is, however, somewhat supporting of the 1x107
value derived by Young and Dunn (1975) which is tentatively
recommended for present use at 300 K. This is a very effi-
cient atom-atom reaction and might be explained by the
exothermic ionization mechanism (Golde & Thrush, 1972;
Bertrand & Van Tiggelen, 1974; Bredo et al., 1974)

NCP) + 0 = NO* + e AHpgx = —76.6 kJ mol

(—18.32 kcal mol™)

or must involve an efficient curve crossing to other atomic
electronic states.

m. N(D,?P) + N

No measurements have been reported yet for N(ZD).

Of the studies involving N(2P), the preliminary data of
Golde and Thrush (1972) gave ko/ky = 7 =+ 2 compared to 16
+ 6 by Young and Dunn (1975) whose absolute value is 6.2
X 1071, More recently, Polak et al. (1976) have reanalyzed
Noxon’s (1962) data and obtained an estimate of 1.8 (+0.9)
X 107*%, which is closer to the 1.4 X 1072 value implied by
Golde and Thrush’s ratio. Until further resolved, a value 1 X
107124208 5 suggested for 300 K.

Polak et al. (1976) also noted that the three-body recom-
bination of N(®P) + N + N, is negligible at atmospheric
pressure as compared to the two-body process. They also note
that the previous approximate estimate by Meyer et al. (1970)
which derived a much lower figure for ky (1.7 X 10°%)
resulted from underestimating the efficiency of N(*P) wall
quenching. Otherwise, it becomes compatible with their
measurements.

n. N(D, ?P) + Inert Gases

Limited data are available for N(2D) with He and Ar. The
interactions are clearly inefficient, ky, < 1.5 X 107, k, =
1{£0.6) X 107 at room temperature. Similarly only one
value has been reported for N(*P) with Ar and is correspond-
ingly slow, 7 X 107 (400 K).
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5.5. Hydroxyl Radical, OH, OD (A2X")

The A*Z* state is the most important and best character-
ized of the electronically excited states of OH and gives rise
to the strong A%L* « X *1; allowed transitions. The ground
state is an inverted doublet, low N levels of °I1,,, being at
about 130 cm™ lower energy than their corresponding levels
in the *I1,,, state (Herzberg, 1950).

The specific energies of the various rotational and vibra-
tional levels of these 422* and X°I1,,,,,,, states have been
tabulated for OH (Dieke & Crosswhite, 1962) and for OD
(Clyne et al., 1973).

As a result of curve crossing by the a*Z" dissociative state
(Michels & Harris, 1969; Gaydon & Kopp, 1971; Sutherland
& Anderson, 1973; Smith et al., 1974), predissociation occurs
for those OH(42L*) levels above N'=29 in »'=0, N'=21 in
v'=1 and for all levels of »'=2 (Sutherland & Anderson,
1973). Corresponding levels for OD are those above N'=43
for v'=0, N'=34 »'=1, and N' =27 for v'=2 (Palmer &
Naegeli, 1968; Wilcox et al., 1975).

Consequently, interest centers mainly on the v'=0 and 1
levels. Chemical kinetic rate coefficients are available not
only for collisional electronic quenching of 4 2£* but also for
the rates of vibrational and rotational relaxation within this
electronic state. At present there is no indication that
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FIGURE 21. Potential energy curves for the low-lying electronic states of

OH (from German, 1975b).

quenching involves specific chemical reactions although the
possibility cannot be completely ruled out.

5.5.1. Radiation Lifetimes

Although extensively studied, the radiative lifetime of the
low rotational levels in v'=0,1 and 2 still are uncertain to
about 10%. The various data have been discussed by German
(1975a) and are listed in table 20. An explanation for the
discrepancies is not readily apparent. Values appear to be the
same for v'=0 and 1. Lifetimes decrease rapidly at higher N
levels in the regions of onset of predissociation (Elmergreen
& Smith, 1972; Sutherland & Anderson, 1973). However, they
are reasonably constant over the first 25 or so rotational
states.

The suggested values have been assessed from the distribu-
tion of the data and are average values with the exception of
one discarded datum point.

Table 19. Relative and dissociation energies of the low-lying electronic states
of OH and OD.
o
Te To DO Reference
em™L
Azt 32,720 34,287 18,850 Dieke & Crosswhite, 190,
OH
x2n3 2 0 1,847 35,420 Carlone & Dalby, (w00
/ Rosen, 1970
a?r* 32,681 33,826 19,260 Carlone & Ditley, 1ono
0D
X213 /7 0 1,349 35,870 Clyne ot i, 10
Coxon, 1a/n

Coxon L Do e besy o F0dt
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+
Table 20. Radiative lifetimes foxr OH (AzE ) states, Us.

OH oD

v'=0 1 2b v'=0 1 2 Method Reference
0.770 Hanle effect German & Zare, 1969
0.850 0.750 0.550 Phase shift Smith, 1970
0.660 0.598 Banle effect DeZafra et al., 1971
0.753 0.751 Phase shitt Elmergreen & Smith, 1972
0.775 0.775 RF Excitation-decay Sutherland & Anderson, 1973
0.83 0.82 Pulsed photolysis~decay Becker & Haaks, 1973
0.582 0.65 Hanle effect German et al., 1973
0.82 Laser fluor.-decay Becker et al., 1974
0.788 0.754 Laser fluor.-decay Brophy et al., 1974
0.720 0.765 Laser fluor.-decay Hogan & Davis, 1974
0.688 0.692 Laser fluor.-decay German, 1975a
0.693 0.736 0.270 0.69} ‘0.712 0.736 Laser fluor.-decay German, 1975b

0.800 0.77 RF Excitation-decay Wilcox et al., 1975

0.72+0.06 0.74%20.04 0.7420.04

0.76£0.07 0.76:0.04 -~ Suggested values

@Inconsistent with other values

bStrongly predis$ociated

5.5.2. Recommended Rate Constant Values

OH(42L*) 0D

Electronic Quenching: £, slightly larger than k,_,, in- Electronic Quenching: ~ Values for v'=1 appear slightly

Vibrational Relaxation:

Rotational Relaxation:

dependent or very slight decrease
with increasing N'.

Decreases significantly to higher
N’ values. Limited data, accuracy
not established.

Only limited data available, no
pronounced V' dependence.

Vibrational Relaxation:

Rotational Relaxation:

larger than for v'=0, however on-
ly limited data are yet available.
v'=2 relaxes at approximately
similar rates to »'=1 with N, and
0,. Only limited data.

No data available.

Table 21. Summary of recommended rate constant values for OH(A22+) , 300 K.
a I b c
M kelect Kyip (N'=0,1) krot
B0 5.0(22.0)x207 %0 fast =2x1071%7
co  =3x10710 - =5x107112
N, 2.2 5 x107M s17x107H0 =4x10710
0, =l.0x10”? ~1.5x10" 11 -
B,  9.2xn.mxi07t =1,7x10710 =3x107%0
D, 7.0(25.00x107*  =2.1x1071° =1.2x107107
He  <lx10” 1% «1x107 12 =1x107 12
ar <ax10”14 =3x10"12 =1.8%30710
®additional values of k k =1.4 k 7 ok = 1.3x10—10-
- elect CH40H : H20’ ° CL'.)2 ’
_ . _ -10 . -11
kNO »BkH ; kH =5x10 ; kair 4x10 )
2 2
bA function of N'
°xo pronounced N' dependence

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 197"
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Table 22. Summary of recommended rate constant values for OD(AZE ), 295 K.

' a

M kelect kvib(N =0,1)
D,0 24510710 fast?
N, - =3.0x10" 11 =1.2x107 10
0, =9x10” 1t =3x10” 1t
B, =1.3x107 10 x1.7x10” %0

- -11 -
D, =7x10 Ky ?

2a function of N'

5.5.3. Discussion

The collisional quenching of OH(4 L") is complicated by
the fact that rotational and vibrational relaxation within the
state compete with the electronic 42X* — X *I1 radiationless
transitions. The experimental technique determines as to
which rates are measured. For example, monitoring radiation
from a single rotational level in v'=0, other than N'=0,
defines a rate constant which includes both the electronic and
rotational relaxation effects (k... 4 ,o)- However, if the emis-
sion from adjacent rotational levels is included within the
detector bandpass, only k., results, and the rotational relax-
ation does not affect the analysis. Consequently, to derive
koew from v'=1 data requires an integral measure of radia-
tion from both »'=1 and 0, otherwise k.., . . will be
measured (v'=1 radiation only) or £geq + vip + 1 (v =1, single
N' radiation monitored).

As seen from table 23, various experimental techniques
have been used for these measurements. Dye lasers or Bi line
induced optical pumping specifically selects a particular
vibronic state. However, less selective are exciting methods
based on using OH discharge sources, short wavelength
photolyses, Kr or Ar photosensitization, or e-beam dissocia-
tion of H,0. These produce rotational distributions that peak
at various V' values dependent on the available pumping
energies or method used. Generally, the distributions can be
described over various N' ranges by several high Boltzmann
temperatures (Kaneko et al., 1969; Sokabe et al., 1971;
Sokahe, 1972; Recker & Haaks, 1973; Mohlmann et al., 1976;
Vinogradov & Vilesov, 1976; Masanet & Vermeil, 1977;
Akamatsu & O-ohata, 1977; Lee & Judge, 1977). Whereas
electronic and rotational relaxation rates are reasonably in-
sensitive to N', vibrational relaxation shows a strong
dependence.

a. Electronic Quenching, OH(4%X*)

Table 23 and figure 22 indicate the extensive studies made
of the electronic collisional relaxation of 4%L*. Data are
available for quenching by 12 species, however, nearly all the
reported studies are in the vicinity of room temperature. Of
the two sets of higher temperature flame results Carrington’s
data involves a rather questionable and involved analysis
(Hooymayers & Alkemade, 1967) and give values for H,0,

CO, and O, that are consistently low. The measurements of
Hooymayers and Alkemade (1967) must be regarded as being
approximate and a wide temperature average.

The earliest results by Neuimin and Terenin (1936) are not
consistent with present day results.

There is insufficient data for v'=1 to indicate its general
reactivity relative to v'=0. Slightly increased rates have been
noted with N,, H, and O, but a reduced rate with H,0. Values
initially reported by Hogan and Davis (1975) for v'=1 have
since been shown to be invalid and refer rather to »'=0
(Lengel & Crosley, 1976; Hogan & Davis, 1976; German,
1976). - '

Room temperature data show about the least scatter for
quenching by H,0, values differing by a factor of three. Low
and high N’ data do not vary significantly. A mean value of
5.0(%£2.0) X 107° cm?® molecule™ s7! is suggested at room
temperature. The flame result (Hooymayers & Alkemade,
1967) suggests a possible T/* dependence.

The data for H, show a three and a half fold spread in
values. High N’ data appear to lie slightly below those for
small N'. More recent findings confirm this very slight
decrease between N'=1 and 5 (German, 1976). The data of
Brophy et al. (1974) appear 100 large and wmay include effects
due to the NO, present. Disregarding this measure a mean
value of ky = 9.2 (£3.5) X 107 is suggested. Only two in-
dependent values are reported for D, the high N’ value hav-
ing the smaller rate constant if valid; &k, = 7.0{£5.0) X
107, Allowing for reduced mass differences these infer
similar collision probabilities for H, and D,.

Values with N, have an 8-fold scatter and are significantly
lower than for other di- and triatomics. Wang and Davis’
(1975) value for the ratio ky o:ky, is compatible with the other
data. There is no significant difference between low and high
N’ values. An average value for +'=0 of ky = 2.2 (:}:§) X
107 is recommended. Hooymayers and Alkemade’s (1967)
flame N, value is too high for a T'/? dependence.
Measurements for ¢'=1 with N, indicate a slightly increased
rate (German, 1976).

Measurements with Ar are not well defined. However, the
two upper limil cstimates indicate £y, < 7 X 107 and < 4
X 107 (Kley & Welge, 1968; Black, 1976). Data for He are
rather inconclusive with three orders of magnitude spread.
The quenching is inefficient and susceptible to impurities.
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Table 23. Rate constants for OH(A?Z )v'=0,1 electronic quenching

(10__11 cm3 molecule.1 s—l)
Relaxing Quenchant Exp.
State HZO N2 H2 He Ar Other Temp. K Method and Comments Reference
v'=0 0.05 0.6 0.02 1.0(co) 295 Photolysis H,0, OH emission, Neuimin &
total pressure 0.3-5.3 kPa. Terenin, 1936
Not consistent with present
values.
v'=0,N' low 46 <2 18(c02f 850-1500 C2H2/02 low pressures flames, Carrington,
0.4-0.8 kPa, OH microwave dis- 1959
8(02) charge source induces flucres-
cence. Resolved fluorescence
monitored. ' Corrected to T 0.76
s. kelect+rot' Questionable
analysis.
v'=0,N'<25 61 85 (CH40H) 315 Static system, 200 eV pulsed e- Bennett & Dalby,
beam. OH emission via 315 nm 1964
filter, 20 nm FWHM. Total
pressure HZO or CH3OH 0.7 Ppa.
v'=0,N'=10,11 95 18 30(0,) 1500-1790 H,/0,/N,/Ar atm. pressure Hooymayers &
flames.  Bi line induced fluor- Alkemade, 1967
escence, filter 310 nm (20 nm
FWHM). Corrected to T 0.76 s.
Approximate values.
v'=0,N'<20 50 4.0 6.0 1.0 4.0(D2) 300 Flow system, Kr 123.6 nm photo- Kaneko et al.,
lysis of H,0, (0,0) integrated 1968
30(co) OH emission, H,O carrier gas,
total pressure <£0.5 kPa.
kelect
v'=0,N'<20 29 0.51 <0.014 <0.007 295 Flow cell, Kr 123.6 nm photoly- Kley & Welge,
sis of H,0, OH emission resolved. 1968
H,0=30 Pa, M=0.67 kPa, Kgjgct-
v'=0,N'<20 45 1.0 6.5 <0.1 0.1 64(CH30H) 295 Static and flow systems, Kr Becker & Haaks,
. 123.6 nm pulsed photolysis of 1973
vi=1,N'<15 40* H,0 or CH4OH at 0.1-13 Pa.
Unresolved OH emission, (0,0)
with 30 nm filter, (1,0) 8 nm
filter.
*k .
elect+vib
v'=0,N' low 35 1.6 <0.6 <0.6 298 Discharge flow system, OH from Clyne & Down,
HNO,, OH source induced fluor- 1974
escence, resoived. He carrier
gas, total pressure =0,.3 kPa,
Based on T 0.76 us.
v'=0, N'=2 7.1 0.05 50 (H) 295 Flow system, 0.3 Pa OH from H+ Becker et al.,
NO,, dye laser fluorescence, 1974
resolved, Ar carrier gas, total
pressure =0.13 kPa.
v'=0,N'=1 20.8 295 Flow cell, OH from H+NO,, dye Brophy et al.,
laser fluorescence, unresolved. 1974
Hy carrier gas, total pressure
2-13 Pa.
v'=0,N' low kH o:kN =44:1 296 Flow system, dye laser 2 photon Wang & Davis,
2 2 dissociation of H,0 and OH 1975

fluorescence. Atm. pressure

air,

J, Phvs. Chem. Ref. Data. Vol. 8. No_ 3 1970
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Table 22. Rate constants for OH(A") )v'-0,1 clectronic quenching

-11

(10 cm3 molecule_1

-1

s ) -- conlinued

Relaxing
State

Quenchant

HO N H He Ar

2 2 5 Other

Exp.
Temp. K

MeLhiod aned Comments Reference

v'=0,N'=1 12 4.0(air)

35(N02)

v'=0,N' low 4.3 lO(Dz)

v'=0,N' low 12.6 0.0056 0.034

v'=0,N'=1 2.6 13.8 10.4(02)

12.8 8.8(02)

8.5(02)

v'=1,N'=1 14.3 15.7(02)

=4 3.8 10.6 ll.9(02)

v'=0,1,N' high 92

v'=0,1,N' high 56 £0.001 <0.004

‘v'=0,N' low 13(C02)

v'=0,N' low 10(D2)

300 Tlow coll, Ol Lrom HINO,, dye
laser fluorcseence, "
240-400 nm filter.
pressure “2-00 Vva.

German, 1975a
untenolved
Tolal

320 Flow system, OIl from IHINO.,, «lye
laser fluorescencec, lLotal
pressure %130 Pa.

lengel & Crosley,
19°7%

300 Flow cell, OH from O4/lly pholo-
lysis, dye laser fluorescence
unresolved, total pressurc nol

specified.

Hargan & Davis,
IBYAR YIS

295 Flow system, OH from H+NO,, dyc Geran, Y9G
laser fluorescence resolved, use

integrated intensity of vibra-

tional bands. Total pressure

<130 Pa.

300 Narrow band photolysis (in range
110-128 nm) of 1.3-21 Pa H,0
vapor. Unresolved emission moni-
tored. Independent of exciting
wavelength. Corrected to T 0.76

Hs.

Vinogradov &
Vilesov, 1976

300 Black, 1976

Flow cell, 121.5 nm pulsed photo-
lysis 0.3-13 Pa H,0/270 Pa Ar.
Experiments also with 50 kPa He
and 13 kPa Ar. Unresolved emis-
sion monitored via 240-400 nm
filter.

300 Flow cell, OH from H+NO; in
excess He. Optically pumped
with OH(0,0) lamp. 313.5 nm
fluorescence unresolved (£il-
ter 5.5 nm FWHM) 10-22 Pa

€0, or Ny, total pressures
several hundred Pa. Corrected
to T 0.76 Us.

Erler €t al.,
1977

kelect+rot?
320 Flow system, OH from H+NO,

(0.8 Pa Hy0/1.5 Pa NO,).

Pulsed dye laser fluorescence
resolved, (1,0) lines pumped,
(1,1), (0,0) monitored. Band
intensities integrated. Quench-
ant <150 Pa. Converted to T
0.76 Uus. k « 17+, Derived from
analysis of vibrational relaxa-
tion data.

Lengel &
Crosley, |97

Consequently, Black’s (1976) value of = 1 X 1073 is pre-
ferred. :

German (1975a) reports a single measure of 4.0 X 107! for
quenching with air which suggests, using &y, above, a value of
about 1.1 X 107 for k. His later work (1976) indicates an
average value for N'=1 10 5 of 9.2 X 10711, Based on these, a
value of k5, = 1.0 X 107 is suggested at room temperatures.
This supports the Hooymayers and Alkemade (1967) flame
value over that of Carrington (1959) and indicates that O, is
about four and a half times more efficient than N,.

Only limited data are available for the remaining species.
Both measures for CH,OH indicate it to be 1.4 times more ef-

fective than HZO, a value indicating o uon collision effi-
ciency. NO, is measured as 3 times more cllicient than H,.
Only one room temperature datim pornt exisis for €GO, 1.3
X 107*°, but appears reliable. 'The oue veanlt for €GO of 3K
1071 is consistent with il memaned cliceneies relative 1o

H,0, H, and N,.

The single value for atonne WO b 10" is probably
reasonably accurate and ndiciies one ol the most efficient
quenching interactions memarred. With this exeeption, effi-
denvh%:wrinlhr‘wlw;hw|uﬁhwwd wJ}uthhN >t“uhnnks
> aloms.
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Carrington (1959) N' low, high temp.
Bennett & Dalby (1964) N' <25
Hooymayers & Alkemade (1967) N'= 10, 11, high temp.
Kaneko et al (1968) N' <20

Kley & Welge (1968) N' <20

Becker & Haaks (1973) N' <20

Clyne & Down (1974) N' low

Becker et al (1974) N'= 2

Brophy et al (1974) N'= 1

Wang & Davis {1975) N' low

German (1975a) N'= 1

Lengel & Crosley (1975, 1978) N' low
Hogan & Davis (1975, 1976) N' low
German (1976) N'= 1, 4, 5

Vinogradov & Vilesov (1976) N' high
Black (1976) N' high

Erler et al (1977) N' low

DEDOX0P-4OPORI>0O0

FIGURE 22. Rate constants for OH(42Z*),_, electronic quenching with
various interactants at 300 K.

b. Electronic Quenching, OD(4*L*)

There arc only very limited data available for OD, table 24,
but the values reflect those for the corresponding interactions
of OH. As with ky, the measure of kp, (Brophy et al., 1974) is
probably a factor of two high due to additional quenching by
NO,. It may be better specified by a value = 7 x 107, Like
OH(4 2X*), increased values for v'=1 have been reported for
N,, H, and O, but that for D,0 is slightly lower. The quench-
ing mechanisms appear identical for OH(42X*) and
0D(42L").

c. Vibrational Relaxation, OH(42Z*)

Table 25 lists the more restricted numerical data for the
vibrational relaxation of OH 42XZ*, some of which are also il-
lustrated in figure 23. The results of Hogan and Davis (1975)
are questionable and must be discarded (Lengel & Crosley,

1976; Hogan & Davis, 1976). Those of Lengel and Crosley
(1975, 1978) and German (1976) are in substantial agreement
for N, and H,,.

Values are available only with diatomics and atoms and
show the latter’s reduced efficiency for He and Ar. With the
exception of 0,, vibrational relaxation proceeds at a
significantly faster rate than electronic quenching.

Preliminary work concludes that vibrational relaxation by
H,0 is of the order of or faster than electronic quenching
(Wang et al., 1976; Killinger et al., 1976).

Lengel and Crosley (1977a, 1978) have studied these pro-
cesses in considerable detail noting that the rates of vibra-
tional relaxation are sirongly dependent on the particular
rotational state, N'. They have reported values for the levels
N'=0-10 with H, and N'=0-13 with N,. These decrease by
factors of 2.7 and 8.0, respectively, over these rotational
manifolds. However, there is no dependency on the particular
electron spin component, values being the same for the levels
J=N=z=1l2

Measurements have also been made using the much
weaker »'=2 fluorescence (table 25). These indicate cross sec-
tions of a similar magnitude not only for the Av=1 relaxation
but also for the Av=2 process. Relaxation by O, appears
equally inefficient for v'=2 as for »'=1 but no quantitative
data are available.

Vibrational relaxation with the diatomic species, with the
exception of O,, is essentially independent of the specific
nature of the molecule. The relaxation produces a thermal
but slightly hotter rotational distribution in the lower
OH(4 *Z*) vibrational state with no evidence of spin conserva-
tion propensity or rotational memory as was initially sug-
gested (Lengel & Crosley, 1974). Consequently, a small
fraction (~20—25%) of the vibrational energy decays to
rotational quanta. Lengel and Crosley (1977a, 1978) find no
evidence to support the possible isoenergetic transfer
mechanisms some of which are essentially resonant to within
a few wavenumbers, for example,

OH(42Z*,v'=1, N'=5) + M — OH(42E*,v'=0,N'=14) + M

( v'=1, N'=1) ( v'=0, N'=13)

( v'=1, N'=15) ( v'=0, N'=20)
Although such processes are expected to be quite plausible
theoretically (Smith & Pack, 1972) and were inferred from
earlier data (Welge et al.; 1970) it now appears that they are
not important.

The insignificance of direct resonant transfer mechanisms
is further confirmed by the fact that although the D, vibra-
tional energy spacing (2990 c¢cm™) is almost coincident with
that of OH(42X*, 2989 cm™) it is no more effective than H,
(vibrational quantum 4160 Atom exchange
mechanisms such as

OH(A2E*, v'=1) + D,

em™').

Ob(4*X", v'=0) + HD
oD%z, »'=1) + 1, ONH**, »'=0) + HD

also are not cvident (Lengel & Crnﬂvy,1975,1978)
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Table 24. Rate constants for OD(AZZ )v'=0,1 electronic quenching
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(l(J-11 cm3 mcoler.:ule_l s~
Relaxing v'=0(N'<26) v'=1(N$26) v'=0(N'=1) v'=0(N"=1) v'=0(N"'=2) v'=1(N'=1) v'=0(N'=0-5)
State
D20 41 3g*
N2 2.6 4.2 3.4
0, 8.8 8.8 13.7 .
Hy 15.4 13.9 20.4 12.0
D2 14.1
Exp. Temp. 295 295 295 320
K
Method Static and flow systems, Kr Flow cell,OD Flow system, OD from D+NO,, dye laser Flow system, OD from
123.6 nm pulsed photolysis from D+NO2, fluorescence resolved, use integrated D+NOp (0.8 Pa D0/
of D0 at 0.1-13 Pa. Unres- dye laser intensity of vibrational bands. ¥otal 1.5 Pa NOy). Dye
olved QD emission, (0,0) with  fluorescence, pressure <130 Pa. laser fluorescence
30 nm filter, (1,0) 8 nm unresolved. resolved, (1,0) pumped
filter. D, carrier (1,1) (0,0} monitored.
gas, total Band intensities
pressure integrated. Quenchant
2-13 Pa. £100 Pa.
Comments  *keglect & vib May include Converted to 1=0.72 Us.
quenching by ket~l,
NOy: too large.
Reference Becker & Haaks, 1973 Brophy German, 1976 Lengel & Crosley, 1978
et al., 1974
Table 25. Rate constants for OH(AZE+) v'=1,2 vibrational relaxation
(10—ll cm3 molecule.l s~
Relaxing vi=12 vi=2(Av=l)  v'=2(Av=2) vi=l, vi=1, v'=2(Av=l) - v'=2 (Av=2)
State N'=0 3 5 N'=1 4 N'= 4 N'=2 N'=1 4 N'=1 =1
W, 1.3 15.3 9.1 10.9 10.0 7.8 5.6 12 15 9.2 13 12
0, 1.4 1.6
H2 17.4 .14.4 10.9 28 18 12
D2 21.4 l6.1 12.2
He ... 0.12 ..... £0.005
Ar ... 0.29 ..... 0.13
Exp. Temp. 320 300 295
X
Method Flow system, OH from H+NO, (0.8 Pa H,0/ Flow cell, OH from Flow system, OR from H+NO,. Dye laser
1.5 Pa NOy). Pulsed dye laser fluores- 03/H2 photolysis. resolved fluorescence, (3.5 nm band-
cence resolved, (1,0), (2,1) pumped, Dye laser fluores- pass) spectrometer. Total pressure
integrated Av=0 bands monitored. Quen- cence. Pressure <130 Pa.
chant £150-Pa. 5 G magnetic field to unspecified.
depolarize the fluorescence.
Comments Converted to 7=0.76 us, kﬂT—l. *Discard, question-
Data for N‘le(Hz) and N'513(N2). able data (Lengel &
Crosley, 1976; Ger-
man, 1976)
Reference Lengel & Crosley, 1975, 1978 Hogan & Davis, German, 1976
1975, 1976
®additional values: N'=1, 2, 4, 6, 7, 8, a, 10, 13
kN 16.9 16.3 12.5 7.1 5.8 4.3 3.2 2.7 2.3
2 .
kH 16.4 15.0 11.8 .1 7.0 6.4 6.1 6.4
2

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979
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FiGURE 23. Rate constants for OH(4 L") vibrational and rotational relaxation, 300 K.

It is concluded that the vibrational relaxation mechanism
involves a relatively long lived collision intermediate which
provides for a redistribution of the available energy among
the available internal degrees of freedom. It facilitates Av =2
processes. The strong dependence on N’ possibly derives
from the formation dynamics being a function of orientation
and consequently rotation of the species.

d. Vibrational Relaxation, 0D(4 2X*)

Limited data are available for vibrational relaxation in
OD(4%L*) and are listed in table 26. Although only two in-
dependent studies have been reported, they are in substantial
agreement. The values reflect those for OH(4?Z*) and vibra-
tional relaxation occurs with an approximately equal prob-
ability per collision even though the vibrational spacings of
OH(A42L*) and OD(4 2%*) differ considerably. Data for v'=2
have been reported only by German (1976) and may be ap-
proximate owing to the more involved analysis. Consequent-
ly, their reported lower rate for Av=2) may be suspect in the
light of that for OH(A 2Z*). It is very apparent that OH(4 *L")
and OD(42X*) relax by essentially identical mechanisms.

¢.  Rotational Relaxation, OH(42L*)

). Phys. Chem. Ref. Data, Vol. 8, No. 3. 1979

Until the recent and very extensive study of rotational
relaxation within the 4 2Z* »'=0 state by Lengel and Crosley
(1977b), available data were very limited and questionable, as
is apparent from table 27 and figure 23. Nevertheless the
rapid nature of the process with various species was noted. In
the light of Lengel and Crosley’s detailed study, previous
measurements appear to be generally only qualitatively
exact. For example, Sokabe’s (1972) value for k,, is probably
in error. Consequently these most recent values have to be
regarded as the most reliable but unfortunately provide
measures only with N,, H, and Ar. The relative efficiencies of
other species, particularly H,0, CO and He remain in doubt.

By modeling the fluorescence intensities as a function of
quenchant pressure, Lengel and Crosley (1977b) have been
able in a very detailed and somewhat complex analysis to
derive the specific transfer rates for all possible transitions
with N,, H, and Ar quenchants. Their data illustrating the
rates of relaxation from a laser pumped rotational level to all
others are listed in table 28. It shows various interesting
features. Firstly, it is apparent that multiquantum transitions
occur with a probability almost as large as single quantum
changes, or in other words there are no strong propensity
rules governing AN changes. Nevertheless, it may be added
that AN=1 transitions do still have a combined probability
close to 50%, and rates to other N states decrease smoothly



RATE CONSTANTS FOR REACTIONS OF EXCITED SPECIES

7

+
Table 26. Rate constants for OD (AZZ Jv'=1,2 vibrational relaxation

(10-11 cm3 mc:lcacule-1 s_.l)
Relaxing State v'=1(Av=1) v'=2(Av=1) v'=2(Av=2) v'=1(Av=1)
N'=1 N'=1 N'=1 N'=0 3 S
N 13 18 4.6 11.8 10.9 10.0
0, 3.1 2.3 0.15
Hy 16 1G6.5 14.3 12.4
Exp. Temp. 295 320
K
Method Flow system, OD from D+NOj, pulsed ‘Flow system, OD from D+NO»
dye laser fluorescence resolved (0.8 Pa D30/1.5 Pa NOj).
(3.5 nm band pass) spectrometer. Pulsed dye laser fluorescence
Total pressure <£130 Pa. resolved, (1,0) pumped (1,1)
(0,0) monitored. - guenchant
€100 Pa.
Comments Analysis of v'=2 data more involved, Converted to 1=0.72 us.
values may be approximate.
Reference German, 1976 Lengel & Crosley, 1978.
2.+ s . -11 3
Table 27. Rate constants for OH(A"L ) rotational relaxation (10 cm -
molecule—l s—l)
Relaxing v'=0 vi=0 v'=0 v'=0 vi=0
State N'=20 N'<20 N'=0-22 N'= N'=0 1 3 4 6
H20 16
co 5.0
N2 7.5 41 45 47 41 41
H, 31 16 2¢ 28
D, S 12
He 1.2 kHe=O'25 kAr
Ar 0.79 15 13
Exp. Temp. 300 295 320 300 320
K
Method Flow system, Kr Flow cell, Kr Flow system, micro- Flow cell, OH from Flow system, OH from H+
. 123.6 nm photoly- 123.6 nm photoly- wave discharge, H+NO,, dye laser NO, (0.8 Pa Hy0/1.5 Pa
sis of =150 Pa sis of H,0, OH £1.3 kPa Ar sensi- fluorescence total NOjp). Pulsed dye laser
H0, OH émission emission. Hy0 tized decomposition pressure ~2-60 Pa. fluorescence resolved
resolved. Quen- =30, M =670 Pa. of =5 Pa H,0. OH (0.07 nm bandpass). A
chant pressure emission resolved. specific low N' rota-
£200 Pa. tional level N'=J-% in
(0,0) pumped, N'=0-6.
Quenchant <130 Pa.
Comments Difficult to mea- AN=1 most probable Majority (~90%) in Approximate value. Total rotational transfer
sure ky o and transition. v'=0, rotational dis- rates out of the pumped
R 2 Nt~9-20 tribution has two level. Consists of many
keco due to fast maxima at N'~3 and transitions (g.v. table
electronic quench- 10. Average value. 28).
ing. Values in-
creased by 25% to
compensate for N'
=21+20 relaxation.
Reference Kaneko et al., 1968 Kley & Welge, 1968 Sokabe, 1972 German, 1975a Lengel & Crosley, 1975,

1977b
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Table 28. Specific rate constants kij for individual rotational transitions

. .. 2.+
from the ith level to all other levels, j, in OH(A L, v=0),

(10"11 cm3 molecule—l s_l), from Lengel and Crosley (1977b)
M i3 FI(0) Fp(l) Fi(l) Fp(2) Fp(2) Fo(3) Fp(3) Fp(4) Fi(4) Fp(5) F1(5) Fp(6) F1(6) Fp(7) -F1(7)
Ny Fy (0) - 4.45 12.6 2.97 7.98 4,27 1.96 1.53 1.88 0.61 1.83 0.74 0.48 0.48 0.13
Fa(l) 5.02 - 6.41 7.37 7.33 4.32 6.19 2.01 0.83 0.70 1.27 - 0.35 - -
Fy(1) 6.76 3.23 - 7.15 11.7 1.74 6.28 2.44 2.57 1.00 0.79 0.79 0.22 0.35 0.31
Fp(2} 2.09 4.67 8.99 - 8.46 7.15 4.80 3.01 2.57 1.57 1.48 0.35 0.79 - -—
F1(2) 3.75 3.10 9.90 5.67 - 4.62 7.55 2.18 4.01 1.27 1.88 0.74 0.52 - -
F3(3) 2.88 2.57 2.09 6.76 6.54 - 9.77 6.15 4.27 1.96 1.96 1.13 1.00 0.17 0.57
F1(3) 2.79 2.79 5.1¢ 3.40 8.03 7.33 - 3.23 7.76 1.92 1.88 0.96 0.65 0.52 0.17
Ty (4) 1.22 1.44 3.45 3.40 3.78 7.23 5.1% - 3.71 4.93 3.66 1.22 1.35 0.83 0.57
F1(4) 0.96 0.48 3.62 2.36 5.41° 4.10 8.33 2.97 - 1.96 6.63 1.09 1.48 0.52 1.57
Fp(5) 0.70 0.70 2.05 2.53 3.01 3.32 4.36 7.07 3.53 - 4.89 3.84 2.92 0.74 0.92
F1(5) 1.74 1.05 1.35 2.01 375 2.79 3.62 4.41 _ 9.86 4.06 - 2.31 4.45 0.79 0.83
"Foy(6) 1.44 - 2.79 0.92 2.97 3.27 3.62 2.92’ 3.23 6.41 4.67 - 6.15 2.88 1.96
F1(6) 0.39 0.52 0.70 1.79 1.74 2.49 - 4.01 2.75 3.80 4.19 7.72 5.28 — 2.57 3.53
Fy(7) 1.79 - 2.27 - - 0.87 3.97 3.80 3.05 2.40 3.14 5.58 5.80 - 7.59
F1(7) 0.44 - 1.79 - - 2.75 1.00 2.36 8.11 2.62 2.8? 3.32 6.98 6.67 -
Hy Fp(1) 4.54 3.14 - 3.45 6.76 1.44 3.75 1.74 1.92 0157 0.39 0.35 0.35 0.24 0.17
F1(3) 2.22 0.48 3.45 2.18 5.54 3.45 - 1.70 4.06 1.05 1.92 0.96 0.48 0.13 0.87
Ar Fy(1) 2.62 1.92 - 1.92 3.75 1.00 1.27 0.41 0.87 0.41  0.17 0.07 0.14 0.08 0.03
Fi(4) 0.26 0.22 0.79 0.96 0.83 1.00 1.96 2.40 - 1.18 2.22 ) 0.57 0.65 0.20 0.31

Levels in order of ascending energy Fp(N'), J'=N'+j; F,(N'), J'=N'-~%.

Based on T(v'=0)=0.76 Us, k&T

1

with increasing AN. Relaxation both up and down the rota-
tional manifold occurs. A conservation of electron spin is
noted and AN=AJ transitions are favored over AN#A/J.
This was also observed by Carrington (1960). Because the
rotational spacing increases with N, being =33 cm™ for
N=0-1, =320 cm™? for N=9-10 and =600 cm™ for
N=19.20, some dependency on NV might have been expected
but is not at all pronounced. The earlier analysis of Kley and
Welge (1968) indicating such a decreasing probability of
relaxation with increasing N must be discounted.

With species such as H,0, CO and O, rotational relaxation
is of less importance and more difficult to measure owing to
the fast electronic quenching. The latter also explains the ap-
parent rotational population freezing and high rotational
temperatures observed in some flames.

f. Mechanisms'

For OH(4 2Z*) the magnitude of the energies involved are
=388 kJ mol™* (93 kcal mol™) for electronic quenching, 36 kJ
mol? (8.6 kcal mol?) for vibrational relaxation, and

=0.36-7.2 kJ mol™ (0.09-1.7 kcal mol™?) for rotational relaxa-

tion. :

In spite of possible chemical reaction pathways, the elec-
tronic interaction with the various molecules appears to in-
duce physical quenching with relatively large cross sections
and there is no indication at present of specific reactions
although the possibility cannot be completely ruled out. With
the exception of atomic H, the electronic quenching efficien-
cies follow the order polyatomic > diatomic > atoms. For a
particular class of quenchant the cross sections do not vary by
significantly large factors.

Whereas possible dissociative quenching is endothermic
for v'=0

OH(4?L*,v'=0)+M—O0+H+M - AHpgx = +35.6 kJ mol™
(+8.5 keal mol™)

it is essentially resonant for OH(42L*, v'=1). However the
very small difference noted between their respective cross
sections negates its possible importance. Likewise, the en-
dothermic reaction

OH(42E*, »'=0)+H,0=0H+O0H+ H AHy,y = +111 kJ mol
(+26.6 kcal mol?)

has been reported as insignificant in flames (Hooymayers &
Alkemade, 1967). Other possible mechanisms mentioned in
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the literature (Carrington, 1959; Kaneko et al., 1968; Becker
et al., 1974) are:

OH(423*, v'=0)+H,0 = HO, +H, AHggy = —165 kJ mol”
(—39.4 keal mol™)

0, = HO,+0 = —157 kJ mol™
(—37.6 kecal mol™)

CO, = H0,+CO = —124 kJ mol™!
(—29.5 kcal mol™)

NO, = HO,+NO = ~349 I mol”
(~83.5 keal mol™)

CO = CO,+H © = =493 kJ mol™?
(=118 kcal mol™)

H, = H,0+H = =451 kJ mol™?
(—108 kcal mol™)

H = O(D)+H, = =206 kJ mol™
- (—49.3 kcal mol™)

With the possible exception of the last one, which is allowed
and has a 14’ correlating surface (Donovan & Husain, 1970),
these all appear unlikely.

Likewise vibrational relaxation seems to be controlled by
physical processes. Lengel and Crosley (1977a, 1978) have
ruled out the possible importance of isoenergetic V-V pro-
cesses within 422" or possible atom exchange mechanisms
with H, or D,. The same also appears to be the case for rota-
tional relaxation.
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§5.6. Oxygen, O;(c'%;, C2A, AT, B
§.6.1. Avadilable Rate Data for 0,(B°Z; C*A,, ¢'S], b'Z;, a's,)

Evaluations of chemical kinetic rate data for some of the
interactions of the O,(b 'L}, a'A,) states have been published
previously by Wayne (1969), Kearns (1971), Hampson et al.
(1973) and Davidson and Ogryzlo (1973). These will be up-
dated by the author in the near future.

No kinetic data are available for the C3A,, ¢!Z;, or B3L;
states of oxygen. Consequently an evaluation of measured
values is presented solely for 43%;.

The short radiative lifetime of about 40 ns for the B:L;
state (table 29 ) imples that collisional quenching or reaction
will only be of importance at higher pressures. The time be-

tween gas kinetic collisions will be approximately comparable
to this lifetime at pressures of about 350 Pa.
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FIGURE 24. Potential energy curves for the low-lying states of molecular
~ oxygen (from Krupenie, 1972 and Buenker et al., 1976).

5.6.2. Radiative Lifetimes

Other than the B®L; - X°L; Schumann-Runge system, all
transitions between the low lying states of oxygen are forbid-
den as reflected by their long radiative lifetimes.

Vibrational levels of B2L; above »'=2 are predissociated
predominantly by crossing of the °I1, repulsive state (Julienne
& Krauss, 1975). Estimates for the 43L? lifetime have varied
over several orders of magnitude (Krupenie, 1972). However,
the absolute absorption coefficient measurements of Hasson
et al. (1970) imply a reasonably reliable value of about 0.2 s.

No specific lifetime measurements have been made for the
C®A, or ¢'T] states.

5.6.3. Oxygen, Oi(A°Z7)

a. Suggested Rate Constant Values, 200-300 K

Experimental values (k) refer to k,/(ky7) where k, relates
to the rate of formation of 0,(4°L?) from the recombination
reaction O + O + M, and 7 and ky describe the radiative
and collisional quenching processes. ky values cannot be ex-
tracted without assumptions concerning the magnitude of %,.

ko, = 2.5 X 1072 cm?® molecule™ s (N,, 0,)
2.5 X 1072 (He, Ar)

Values for ky follow the order

kno. co, 0 > ko, > kye
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Table 29. Energies and radiative lifetimes of the low-lying electronic

states of molecular oxygen.

Te TOa Dg T Reference
-1
cm S
B3Z; 49,794.33 50,145.53 7,770 40x10”° Nicholls, 1964
A3Z: 35,398.70 35,794.53 6,253 =0.2 Hasson et al., 1970;
3 5 Degen, 1977
c’a 34,735 35,106 6,941  >10°2
1 1_1 4 Krassovsky et al., 1962
c’z 33,058.4  33,451.5 8,596 =102
blz; 13,195.31 13,908.29 28,139 11 Krupenie, 1972
alAg 7,918.11 8,669.77 33,378 2700 Badger et al., 1965
x3z; 0 787.38 41,260 -

aKrupenie, 1972

b. Discussion, 0,(4°L})

This state is monitored invariably via its forbidden and
consequently weak Herzberg I band emission in the 250 to
500 nm region (Degen et al., 1968; Degen, 1977). The system
is a major contributor to the atmospheric ultraviolet

nightglow for which bands up to about v'=10 are observed
(Krassovsky et al., 1962; Hennes, 1966; Degen, 1969). This in-
dicates that vibrational relaxation within the state is less im-
portant in air than electronic quenching or radiation.

The available kinetic rate data for collisional quenching
are listed in table 30 and are in a somewhat unsatisfactory

3.+ 3o~
Table 30. Measured Herzberg (A Eu -X Zg) chemiluminescent reaction rate

coefficient,

3.+ . .
o, (a Eu) collisional quenching constants, k

1 =
Herzberg kobs

[0]2, and deduced values for

"
M kobs )SMa Exp. Temp. Method Reference
3 —1e-1 k
cmimolecule~ls
N, - Quenching effects 300 Microwave discharge N; flow system. O from Young & Sharpless,
observed for COj, addition 1% excess NO. 310-380 nm unresolved 1963
N0 and Oj. emission. 130-1600 Pa N, pressure.
Ny 2.3x10721 3.3x10713 300 Microwave discharge flow system in N, and Young & Black, 1966
N -12 1% Ny/Ar or He mixtures. 72x103 cm3 bulb,
50 - 4.7x10 ) , : X
residence time =1 s. O from N+NO titration.
ky /kN20=D.O7 310-380 nm unresolved emission. <1070 Pa
2 total pressure.
N, 3x10™21 8.3x10713 200 Combination of rocket data for intensity Viasov, 1969
a . ~Ew1n-12 of atmospheric Herzberg bands and mean
- T [0] in 90-100 km region.
N, =1.5x10712 200 Value required to reproduce profiles of Gadsden & Marovich,
: 85-120 km rocket nightglow data for 557.7 }%9

nm and Herzberg emissions. kyT=3x10713.

0, 2.5x10721  3x10-13 300
N, - <6x10714
ky, <0.2
N,<0-2ko,
co k.. >k
2
_agb €02 0,

He, Ar =2.5x10

Microwave discharge flow system with Oy and
Op/He or Ar mixtures. [0] by NO; titration.
Resolved emission 260-420 nm, includes bands
with v'=1-9. 130-1330 Pa pressure. Reduced
quenching in He and Ar mixtures makes kgpg
pressure dependent. No pronounced vibrational
relaxation.

McNeal & Durana, 1969

& ky refers to Op (A3EY)+M=0,+M.

Values calculated based on Barth's mechanism, ky=K;/(ksneT) taking T=0.2 s and assuming kj=5x10734 (200 k) and
1.5x10734 (300 K) cm®molecule™?s™! for M=0,, Ny, He, Ar (see discussion).
b pressure dependent, quenching not dominant.
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state sinee their absolute values depend on several factors.
The rate constant, k,,, is the value generally measured and
deseribes the overall chemiluminescent reaction that relates

the intensity of the Herzberg bands to the oxygen atom con-
centration

1 Herzberg = kaobOF.

It represents a measure of the excitation and deactivation
processes operative in the system. The detailed mechanism
suggested by Barth (1964) now is accepted as satisfactorily
modeling the detailed kineties:

k

0+0+M = 0,(4S) + M

k
0,4°T) + M = 0, +M

Ho

0,4°C) + 0 2 0, + 0
0,4°C) = 0, + hv
]‘w
044°CY) + wall = 0,

A steady state analysis leads to the following expression for
the intensity of the Herzberg emission:

k[M] [OF
1 + 7k, [M] + E[O] + k)

1 Herzberg =

For the laboratory data with N, and O, quenchants, k,, is in-
dependent of pressure in the measured 130-1330 Pa range,
indicating that the quenching term in the denominator is
dominant and k,, relates directly to k,/(ky7). The value of k,
remains unknown. It is possible, as noted in figure 24, that
recombining O atoms may channel into any of the six possi-
ble electronic states of O,. If these were populated according
to their various degeneracies it would suggest a 19% prob-
ability for the channel producing 0,43°C;). However, it
seems more likely that the more strongly bound states are
favored and the actual probability may be in the 1-10%
range (Slanger & Black, 1977). The rate constant for the

vverall recombination process is

I

0+0+M-0,+M ky, = 10 X 107 cm® molecule™ 5™ (200 K)

3 X 107

I

(300 K)

with third body efficiencies (ku:ko:ky, = 1:1:1.9) being
somewhat uncertain (Baulch et al., 1976). This places an
upper limit on the magnitude of &, and, neglecting any third
body effects, a 5% probability leads to those values of ky
listed in table 30. Until k£, becomes better known, together
with its M dependency, a detailed analysis of the data does
not appear merited. Nevertheless, some relative measures for
ky are available, namely

kyolky, = 14k, may be significant
kolky, > 5

kHe’ 4 small

J. Phys. Chem. Ref. Datc. Vol. 8. No. 3. 1979

ko, > Ky

These suggest the general ordering for ky of

ky0,co,0 > En,o0, > ki an

In the case of He and Ar, McNeal and Durana (1969) found
that k,, was pressure dependent, indicating that collisional
quenching is no longer a dominant factor in such systems and
a different rate expression is appropriate. This was also in-
dicated in the resolved spectrum which included bands
originating from v'=1 to 9. Vibrational relaxation within the
AL state was much more important in O,/He or Ar mixtures
than in pure oxygen.

The value for ko derived hy Viasov (1969) from a com-
parison of the atmospheric nightglow intensities of the O(*S)
557.7 nm and Herzberg emissions is based on the assumption

that quenching by atomic oxygen produces predominantly
0(*S)

0443y + 0-= 0, +0(*S) AHpgx = —14.5 kJ mol™
{—3.5 kcal mol™)

Slanger and Black (1976; 1977) have most recently discussed
the relative merits of the Barth and Chapman mechanisms
for O(*S) production. If 044 3L}) is the precursor state, their
data imply that ko> ky.
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5.7. Atomic Phosphorus P(3°D;/ 5,2, 3°P,/54/5)

Only limited kinetic data are yet available for these low
lying metastable states. Although reaction products have not
yet been measured, the probability of reaction versus
physical quenching has been tentatively inferred from an
analysis of the correlation diagrams.

5.7.1. Recommended Rate Constant Valves

Only single datum points, at 300 K, are available for each
interaction and are listed in table 32. No products have been
monitored and the suggested nature of the interactions is
speculative.

Chemical reaction:

CH, probable PC1, fast reaction

CF,H H abstraction possible? CO, reaction for P(°D)
CF,Cl Cl abstraction possible NO reaction to PN+O for
C,H, fast reaction PED)?

C,H, fast addition © 0, (fast reaction
mechanism H, reaction for P(*D)

C,H, fast addition HCl two recactive channels
mechanism for P(*D)

C,H, fast addition P(P) may produce -
mechanism PH(*A)+Cl

N,0 two reactive channels  Cl, fast reaction

NH,
Physical quenching:

CF,, CF,H?, SF,, CO, N,, He, Ar, Kr, Xe for P(D, 2P).
CO,, NO?, H,? with P(*P) only.

fast reaction probable

5.7.2. Discussion

The only reaction rate data for the metastable states of
phosphorus have been generated in three related studies
using the same flash photolysis-atomic absorption technique.
Experimental conditions essentially remained the same and
data were obtained only at 300 K.

The most recent of these studies (Acuna et al., 1973b) in-
cluded an examination of the effective second order rate con-

stants for the individual 2P,,;?P;,; levels by resolving the
253.40 and 253.57 nm absorption transitions. The values
were identical, indicating either similar specific rates for the
two states or confirming the rapid equilibration that is ex-
pected between the components of the ?Dyy,, 5,2 and 2Py2, 312
states which are separated by only 15.6 and 25.3 cm™, respec-
tively.

Correlation diagrams are again a useful means of explain-
ing the variations in the measured rate data for diatomic
molecules. With the more complex polyatomics, where in
general such diagrams cannot be readily constructed, the
decay of P(2D) and P(*P) states appear to proceed with com-
parable rates. It is expected that correlations for atomic
phosphorus will not be quite as restrictive as those for atomic
nitrogen states owing to the slightly larger spin-orbit cou-
pling with the heavier phosphorus atom which will facilitate
some mixing of A" and A" surfaces.

These studies did not monitor the products and could not
therefore distinguish directly between chemical or physical
quenching processes. Nevertheless, in many cases possible
mechanisms can be inferred from considerations of the reac-
tion enthalpy and the availability of correlating surfaces.
However, it cannot be resolved as to whether nonadiabatic
transitions proceed to products or are purely physical
quenching.

Table 33 lists the calculated enthalpy changes for possible
reactions that might occur. Kinetic data for ground state
P(4S;,,) have also become available recently (Husain & Nor-
ris, 1977a, b). Its inefficient interactions with H,, CO, NH,
and C,H, result in part from unfavorable reaction enthalpies.
Likewise, reactions of P(2D) and P(*P) with CO-and N, are suf-
ficiently endothermic to rule out reaction as indicated. Con-
sequently, CO is quite notable in that it quenches P(*D)
efficiently.

a. P(eDzP) + CH,, CF, CF.H, CF,Cl, C,H, CH, CH,
C2H29 SFa

In spite of favorable energetics, CF, and SF_ are inefficient
in quenching either P(D) or P(®P) and are in sharp contrast
to the behavior with CH,. The processes involved with CF,H
and CF,Cl are uncertain but H or Cl abstraction reactions ap-
pear favored if chemical channels are operative,

Although not yet fully characterized for atomic nitrogen,
chemical reactions with hydrocarbons appear cqually likely
for phosphorus. The fast quenching of P¢D.*P) by C,H,, C,H,
and C,H, presumably arises through initial addition across
the unsaturated bonds, possibly leading to ring formation
rather than by H abstraction.

b. P(D, *P) + N,0

The rather interesting order of reactivity with N,O, P(2D)
> P(PP) > P(*S) reflects that of the corresponding states of
atom nitrogen. Morcover, correlation diagrams similarly il-
lustrate the availability of exothermic surfaces in all cases,

figure 25, but differ from nitrogen in that alternate channels
are possible 1o cither PN+ NO or PO + N, products. The
diagram originally published by Acuna ct al. (1973b) for PN
+ NO products has been modified since it neglected to in-
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Table 31. Energies and radiative lifetimes of low-1lying eiectronic states
of atomic phosphorus.a
Electronic Energy Radiative
State Level (cm~1) Lifetime (s)
2P 18,748.0 3.4
3/2
2P 18,722.7 5.1
1/2
2 11,376.4 5.0 x 103
5/2
2, 11,360.8 3.4 x 10°
3/2
4 0.0 -
83,2
%Wiese et al., 1969
s s 2 2
Table 32. t ta
e Rate constants for interactions of P(3 D3/2' 5/2, 3 P1/2, 3/2),
cm3 molecule-1 s-l, 300 K
2 2 2 2
M Dy Py M D, P
cH, 1.1(20.1)x10" 1% 2.8(20.5)x10" 12 co 1.5(x0.4)x10" 1t 7(26)x10" 1%
cr, 7.3(£0.8)x10 > 5x10715 NO 5.5(20.6)x10 1+ 3.0(£0.5)x10"
cFn 3.9(20,7)x10” 3 1.9(x0.2)x10" 12 w, <5x10718 5310710
cF,cL 1.5(0.1)x107 2.0(20.3)x10 2 o, 1.40.2)x10 2.6(20.2)x10" T
c,t, 6.0(x0.7)x10" 1 2.7¢20.5)x10" % 7, 4.0¢20.7x107%  3.1(x0.8)x10 "3
ch, 1.5(x0.1)x10 0 4.2¢21.2)x10 H HCl 2.4(0.2)x10" 6.0(£0.3)x10" 2
C g 1.3(0.1)x10 10 1.4(20.2)x107 0 a1, 1.8(20.2)x10" 1t 2.9(x0.)x10" 1t
., 8.7(x0. Tyx10** 3.6(0.4)x107 -+ He  <5x1071® <5x107 16
8,0 1.2¢z0. 21 x20 L 3.1(x0.6)x10” 13 Ar <sx10” 16 <ox10” 18
- - -15 -
ec1, 9.7(20.9)x10™ 1.1¢x0.1)x10 0 Kr 2.6(21.1)x10" <5x10” 16
- - - ) -13
sF, 1.5(20.3)x10™ > 2.4(£0.5)x10" % Xe 1.7(20.3)x10 2.0(20.3)x10
co, 3.3(£1.0)x10" 2 7.3(x1.9)x10 14
Method Vacuum uv flash photolysis, A>160 nm Kr lamp 905-980 J. Static system, 0.1-0.2 Pa PCl3 in excess He at
3.3% kPa. Atomic absorption, monitoring [2D] by 213.55, 213.62 nm and [2p] by 253.40,7252.57 nm
lines using flowing microwave discharge line source.
2,
Comments First order kinetic analysis, valid assumption of negligible cascading from 2P to "D states,
[2D]:[2P]=10:1 initially. Data for resolved 2P3/2 level.
Reference Acuna & Husain, 1973; Acuna et al., 1973a, b.
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Table 33. Enthalpies for possible reactions of atomic phosphorus,
Aug% X kJ mol—l.
Reaction Reactant
P(%s, ) (D) p(%p)
P+CH, = PH+CH, +140 ’ +4.2 -83.9
P+CF, = PF+CF, +70.5 -65.5 -154
P+CF,H = PH+CF, +138 +1.7 -86.4
= PF4+CF,H =+70 =65 ==150
P+CF3C1 = PCl + CF3 +36.8 -99.3 -187
= PF +CF2C1 =+70 ==65 ==150
P+C,Ho = PR4C,Hg +109 -27.0 7-115
P+C2H4 = PH+02H3 +147 +11.1 -77.0
P+C3H6 = PI-I+C3H5 +45.3 -90.7 -179
P+C,H, = PH+C,H +170 +33.9 -54.2
= HCP+CH +201 . +64.9 -23.2
P+N20 = PN+NO =221 -357 -445
= k‘LH‘NZ -428 -564 ~652
P4NH, = PH+NH, +133 -2.8 -90.9
P+PC13 = PC1+PC12 =0 ==136 ==224
P+SFy - PL+ST -156 " —292 380
P-HJO2 = PO+CO -63.0 -199 -287
P+CO = CP+0 +493 +357 +269
= PO+C +480 +344 +255
P+NO = PN+O -70.2 ~206 ~-294
= PO+N +36.4 -99.6 -188
P+N2 = PN+N +244 +108 +19.4
P+02 = PO+0 ~96.8 -233 -321
P+H2 = PH+H +138 +1.7 ~-86.4
P+HC1 = PH+C1 +133 -2.7 -90.8
= PCl+H +123 -13.1 -101
P+Cl2 = PCl+Cl -66.1 -202 -290

clude the PN(EZ:,-°II) states which undoubtedly exist.
Although not yet characterizcd, thesc may lie, by comparison
with isoelectronic CS, P,, SiO and N, molecules, at about
30,000 to 35,000 cm™ above PN(X'L*). This illustrates the
care that sometimes has to be taken to include all possible low
lying electronic states in such correlations otherwise some
adiabatic surfaces may be overlooked. According to the exact
ordering of these PN(a®Z*, b°I1) states, P(°D) and P(°P) +
N,O correlate either to both of these or to b°I1, only.
Likewise, this same problem arises in deriving the exact
correlation diagram for the highly exothermic reactions pro-
ducing PO electronic states. Although much progress has
been made in identifying the nature of its low lying states
(Verma et al.,, 1971; Verma & Singhal, 1975) the exact posi-
tion of the lowest a Il state is uncertain although certainly
below B2L* (Roche & Lefebvre-Brion, 1973; Tseng & Grein,
1973). It has been assumed here to lie =25,000 cm ™ (=300
kJ mol™) above the ground state. Of more consequence is the
potential importance of the theoretically predicted but as yet
unobserved 2® bound state at about 30,000 ¢m™. Never-
theless, in spite of these uncertainties, numerous-exothermic
surfaces are undoubtedly available and by comparison with
atomic nitrogen, chemical reaction is very probable by any of

these allowed processes. The unreactive nature of the ground
(S,,2) state and the inefficient interaction with (2P) remains
unexplained for phosphorus and nitrogen atoms.

c. P¢D,*P) + NH,

The reaction of ground state P(*S;,,) with NH; is endother-
mic by = 130 kJ mol™ (=30 kcal mol™), kg < 5 X 1072
(Husain & Norris, 1977b). However, possible reactions for
P(D, 2P) are exothermic (table 33) and although not yet
studied, comparison with N(2D) (kyy ¢ = 5 X 107") indicates
that fast chemical interactions might be expected.

~d. PeD,?P) + CO,

"Figure 26 illustrates the available surfaces for P(D) and
the necessary nonadiabatic transition for P(*P) which are in

accord with the measured rate constants and with the
behavior of atomic nitrogen. The rate constant for F(*D) moust

probably refers to this chemical reaction and may indicate a
small activation energy.

e. P(D,*P) + NO

These interactions are very efficient, are similar for P(*D)
and P(*P), and identical with the corresponding reactions of
atomic nitrogen. It suggests that the same mechanism may be
operative for both P(*D) and P(P). Considering the probable
chemical channels, possible products are PN + O or PO +
N. However, exothermic adiabatic surfaces are available for
P(2D) only to PN + O(*P, 'D) and are probably the preferred
pathway for this state (Husain & Norris, 1977a). Likewise, the
fast interaction of P(2P) with NO is not in accord with either
correlation diagram based on these weak spin orbit coupling
approximations and indicates the availability of only en-
dothermic surfaces unless the predicted PN(b °I]) state lies <
25,000 cm™ above its ground state.

f. PCD,?P) + O,

Although there is a slightly different ordering of reactant
states in figure 27 from the corresponding correlation
diagram for atomic nitrogen, the exothermic surfaces connec-
ting P(*D, 2P) to PO + O(P, D) have a similar appearance
and indicate allowed transitions in both cases. Fast chemical
reactions are implied. The exact energy positioning of the
PO(a *T]) state is still uncertain and pathways to this may or
may not be exothermic.

g. P(D,?P) + H,

The correlation diagram with H, (Acuna et al., 1973a) is

basically identical to that for N + H,, figure 19. It predicts
one approximately thermoncutral adiabatic surface for
P(2D,), with a small activation cnergy, leading to ground state
products, and only nonadiabatic curve crossing lransitions
for P(?P,), which might result in either chemical or physical
quenching.
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FIGURE 25. Correlation diagram connecting P + N,O states to either PO + N, or PN + NO reaction
products.
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2y 2 _ P(2P)+0,(X 325) ot o .
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0(3P) +PO(X 2I)
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PO(X 2M)+Co(x 'st)

[so kJ mol™'

Ficurk 26.  Correlation diagram connecting the states of P + CO, and PO Ficure 27. Correlation diagram connecting the states of P + 0, and PO+
+ CO (from Acuna et al.,'1973b). O (modified from Acuna et al., 1973a).
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h. P(D,2P) + HCl, CL, PCl,

With HCI, two reactive channels are possible to either PH
+ Cl or PCl + H. P(®D) correlates to the ground states of
either of these products and reaction is probable. P(*P) cor-
relates only to PH(a'A) + Cl if the PH(a ') state lies at or
less than about 7600 ¢cm™ above its ground state, which it
‘may do (Barrow & Lemanczyk, 1975). Correlations to PCl +
H for this are endothermic.

In the case of Cl,, exothermic surfaces are available for
P(2D) to PCYX®X", a'A) and for P(*P) to PCi(a’A, b'LY)
states. Chemical reaction is most probable. '

Likewise, with PCl,, fast reactions appear to occur to PCl
+ PCl, even with P(#S;,,). Mathur et al. (1976) have deter-
mined the PCl, - Cl bond strength as 316 = 15 kJ mol™(75.6
+ 3.5 kcal mol™) implying that the as yet uncertain value for
the diatomic P - Cl strength is comparable to or larger than
the 306 kJ mol™ (73 kcal mol™) suggested by the JANAF
tables (Stull & Prophet, 1971; Chase et al., 1974).

i. P(D, 2P) + Inert Gases

As is also the case for example with C(*D) + Kr and As(*D),
O('D), S(D) + Xe, relaxation of P(2D) and P(®P) by Xe is
relatively efficient requiring about 10 and 10° collisions,
respectively. In such cases, the inert gases of large atomic
weight can induce efficient relaxation of electronic to transla-
tional energy. Presumably this is favored by an extensive
mixing of the doublet and quartet surfaces producing an ex-
tremely efficient crossing mechanism.
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5.8. Atomic Sulfur S(3'D-. 3'So)

Although the spin orbit splitting for *P, is larger than £T at
300 K, little is yet known concerning the differences in the
chemical or physical behavior of these spin components. The
3P, components can be formed with nonthermal distributions
but their relaxation appears to be sufficiently rapid to main-
tain equilibrium on most experimental time scales (Donovan,
1969).

S(*D) has been quite extensively studied with a large
number of quenching species, however, data are still insuffi-
cient for any one collision partner and restricted to room
temperature values.

Even less information is available for S(*S) but sufficient to
indicate its completely different behavior.

These factors should be borne in mind when considering
the values that have been recommended.

Table 34. Energies and radiative lifetimes of low-lying electronic states

of atomic sulfur™ c‘

Electreonic Energy Radiative
State Level (em-1) Lifetime (s)
1 22,179.95 0.47°
S
0
1D 9,238,.61 28.0
2
3P° 573.64 3310
3P 396.06 714
1
3P2 0.00 -

aWeise.et al., 1969
bKernahan & Pang, 1975

CEriksson, 1978

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979
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5.8.1. Rec ded Rate Constant Values, 300 K,
cm® molecule™ s,
SeD,)e S0S)
CH, =5x107'%R predominant =1.5x10"%R or Q?
~ =14
G, | =paraeg Seaaomitor 7
e—C.H,, activation energy =4.2 k] mol™
C,H, =7x10"*,R dominant =1.3x1073R or Q?
C,H, =2x10"°R
C.H,,
c~C,Hjp-z = gas kinetic frequency,R
C.HyppF o ’
c-C,F, =2x10"R or Q?
C,H, =5x10"R =1.6x10R or Q?
NO, no data, R probably fast =6x10"°R
N,0 =13x10"R & Q <3x1075R or Q?
0cs =1x10"°R & Q 1x101/4x103R & Q?
=6.6x10" R discrepant data
cs, =19%k0csR or Q? =8.1X107R?
S0, no data,R? =1x10"R
H,S no data,R? =4.9%x10"°R
SF, <Tx10714,Q =3.5x1071,Q
co, =2%x10"R or Q7 <6x1077,Q
o =3x107,Q <35x107¢,Q
NO =4.5x10.R or Q7 =3.2%x10°R or Q7
N, =4x1012,Q <1x107,Qb
0, " no data,R probable =6x10"3R or Q?
H, 1.7(+£0.9)x 10 R =8x10"¢R or Q?
Cl, no data,R probable =48x107°R?
He <1x1074,Q =6x107%,Q
Ne <7x1074,Q no data,Q
Ar 6.5%10713,Q =6x1078,Qb
Kr 1.9%x1072,Q -=6x1077,Qb
Xe 1.1x107,Q =1.6x107%,Qb

R Reaction; Q physical quenching. Accuracy uncertain, see discussion.

bCollision induced emission is important.

5.8.2. Discussion

‘Invariably, OCS photolysis is used in kinetic studies as the
source for either S(*D) or S(*S). Wavelength thresholds for
their respective productions are at about 290 and 210 nm
(Klemm et al., 1975; Black et al., 1975c).

Generally, S(*D) is found to be a more reactive species than
S(S), however there are numerous interactions for the latter
that occur at gas kinetic collision frequency rates.

Many reactions of S('D) are fast. Their quantitative values
are still in a somewhat unsatisfactory state and more data are
required. Generally, only relative rates have been measured,
most often against that of kycs, the overall value of which is
still not known to better than about a factor of two. In con-
trast to S(®P) which reacts only slowly with OCS (k3¢ = 3.0
X 107, Baulch et al., 1976) and can produce only S,(X %),
the interaction with S(*D) has several possible channels, all
which appear to occur to various extents:

k
S('D) + 0CS = SEP) + OCS AHggy = =110.5 kJ mol™
(—26.4 kcal mol™)
kA
=5,04,) + CO = —170 kJ mol™
(—41 kcal mol™)
kg
=5,(0Z%. + CO = —122 kJ mol?
(—29 kcal mol™)

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979
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FicuRe 28. Rate constants for the interactions of S(3'D,) with various
polyatomic species, 300 K.

Breckenridge and Taube (1970) have indicated that ky/(k,
+ kg) = 0.3 in spite of the spin forbidden nature of the
physical quenching process. A value for k,, the channel pro-
ducing S,(*A)), has been measured as >6.6 X 107 (Donovan
et al., 1969) which is approximately 1 collision in 4 or less.
Consequently, in those investigations which report values for
ky relative to the overall decay of S(*D) with OCS, kqcs, a
value for the latter of 1 X 107° has been assumed and should
be within a factor of two. In those other cases where S(*D) is
followed by monitoring S,('A,), the value of 6.6 X 107! is
used for kges. The actual measured ratios also have been
tabulated for ready conversion if these assumed values
become better specified. Consequently, this feature should be
remembered when considering absolute values.

In all studies of S(*D) its concentration is inferred by
monitoring a secondary species, either S,(*A,)) or NS in ab-
sorption. For S(*S) this is not the case and it is monitored
directly either via atomic absorption or its “forbidden’’ emis-
sion. Although fewer studies are reported concerning S(*S)
these are of recent vintage. '
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FIGURE 29. Rate constants for the interactions of S(3'D,) with various
atomic and diatomic species, 300 K.

a. S('D, !S) + Alkanes

These reactions with S(*D) were among the first to be
studied by Gunning’s group and have been extensively
reviewed (Gunning, 1965; Gunning & Strausz, 1966; Sirausz,
1967; Strausz & Gunning, 1968). However, their data are
necessarily somewhat approximate owing to the nature of the
product analyzing technique and the kinetic trcatment bascd
on final product concentrations. Nevertheless, their values do
give a rough indication of the interaction efficiencies and
showed at an early stage the different nature of S(*D) to that
of S(*P). In view of more receni work it appears that their
rates were somewhat overestimated.

Whereas ground state S(®P) is unreactive to the paraffins,
S('D) reacts rapidly and with the exception of CH, yields only
the corresponding alkyl mercaptan, formed by indiscriminate
insertion into the C-H bond. This fact was apparent because
where the possibility of different isomeric mercaptans arose
these were noted in the expected statistical ratios (Knight et
al., 1963). Reaction with CH, appears more complex owing to
the decomposition and subsequent reactions of the initially
formed vibrationally excited methyl mercaptan. -

Rates for isotopically substituted paraffins (C,H,, C,H,D,,
C,H,D,, C,D,) are similar (Knight et al., 1963, 1964) and the
- reactions are all described by low activation energies of no
more than 4.2 kJ mol™ (Knight et al., 1964).

Both reaction (insertion) and physical quenching occur to
various extents with S(*'D). Reaction is dominant for CH, but
both channels are important for the other alkanes. Measured
rates for C, to C, chain and C, to C; cyclic alkanes are similar
and are probably all = 1 X 107" or faster (Little et al., 1972).
There is an apparent discrepancy for CH, between the slower
rate established by Little et al. (1972), 5 X 1072, and the very
efficient interaction implied by Fowles et al. (1967), 1 X
107,

Only a single study has reported data for S(*S) indicating
an inefficient interaction with CH, and C,H,, with a 30 fold
difference between the two.

b. S(D, S) + Alkenes

Reactions of. S(*D) with alkenes are markedly different
from those with alkanes, and are about iwo orders of
magnitude more reaclive than ground state 5S*F (Davis et al.,
1972). They have been extensively studied and reviewed by
Gunning and Strausz (Gunning, 1965; Gunning & Strausz,
1966; Strausz, 1967; Strausz & Gunning, 1968). Reaction is
either by addition ‘across the double bond to form cyclic
episulfides or by insertion into a C-H to produce the mercap-
tan. Theoretical calculations have indicated the competing
nature of these two possible channels (Hoffman et al., 1970).
The insertion mechanism is characteristic for S(*D) and not
observed with S(*P). Although C,H, produces vinyl mercaptan
(CH,CHSH) and the episulfide in the ratio of about
(0.7-1.0):1 (Wiebe et al., 1965) the importance of the vinylic
type mercaptans (insertion into the unsaturated carbon-
hydrogen bond) rapidly decreases as the number of carbon
groups increases and a preference is apparent rather for in-
sertion into saturated carbon-hydrogen bonds. For example,
C, olefines give little if any vinylic mercaptans, final products
are = 70% episulfide and = 30% alkyl type mercaptans
(Sidhu et al., 1966). C,H, is intermediate in nature and rates
of production of the vinyl to alkyl type mercaptan are of
about the same magnitude (Wiebe et al., 1965).

To obtain accurate kinetic rate data for fundamental reac-
tions is difficult from an analysis of final products. Rate coef-
ficients so determined werc found to be pressure dependent-
indicating a more complex mechanism than assumed. The
probably more reliable flash photolysis measurements of Lit-
tle et al. (1972) quote a value for kcu, of about 0.7 koes (= 6.7
X 10™11) a factor of at least two below values derived from
product analyses.

Episulfide and mercaptan products have been identified
for the reactions of S(*D) with I-butene, ¢is and trans
2-butene, isobutylene, 1-3 butadicne (Sidhu et al., 1966),
cyclopentene, cyclohexene, perfluorocyclobutene, trimethyl-
ethylene, tetramethylethylene, vinyl chloride, cis and trans
1-2 dichloroethylene (Lown et al, 1967). Of these, only
perfluorocyclobutene has reduced reactivity of the double
bond due to the presence of the F atoms. For this, a rate com-
parable to kco, was indicated. Otherwise, partially fluorinated
alkenes are similar to the corresponding hydrocarbon.

4 kJ mol™ for
episulfide formation. Channels forming mercaptans likewise
have values no more than 2 k] mol™ higher. Reaction rates

Activation energies are small and =
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Table 35. Rate constants for interactions of S(3 Dz)

M

a
ky, ‘cm3moleculels-1

CHy

CoHg

C3tig

CoHy

C3Hg

c-C3Hg,c=Cyng
c-CgHjp

i-CyH30

oy

Exp. Temp.
K

Method

Comments

Reference

(1.5-7.5)x10'l°(kc2H4/kocs=1.5—7.5)
e Ha/Ke 70+ 28

-10
(3.2-14)x10 "~ (k /kocs=3-2-14)
CaHg oCSs’

298

Static OCS photolysis system,
229-255 nm medium pressure arc.
6.7-26.7 kPa OCS, 1.5-52.4 kPa
CpHy, C3Hg. Exposure times
6-300 min. Final products
analyzed by mass spectrometer.

Mean values for S(1D)+s(3P)

present in system, however,
k(1p)>>k (3p)

Strausz & Gunning, 1962

kg 5.6x10‘12f(kocs/kR;17.s)f
kg 3x10713 (kp/kg=20)
kg 5x1071L (koeg/ky=2.04)

kg 3-5x10711 (kp/kg=1.4)

kg (C3Hg)=kgr(C3Dg)

kg 5%10711 (kocg/kg=2.04)

kg 3.1x20711 (kp/kg=1.6)
2x10731 (20. 2kgeg)
298

Static photolysis system, medium
pressure Hg arc >229 nm. 0.7-
10 hrs exposure times. 6.7 kPa
ocs, <187 CHy, <116 CyHg, <74
kPa i-C4H10. Gas chromatography-
mass spectrometric final product
analysis.

tvalue in error, did not include
HoS product yield; later work
gave kgp*kpeg (Fowles et -al .,
1967)

Knight et al., 1963

. <51 kPa c-C3Hg, c-CqHg: c~CsHyg-

k¥ (4.5-9.1)x107 1 (kpeg/kp=1 . 1-2.2)
-11 -
K*o(1.5-2.7)x107 1 (kp/ko=3.2)

ke 5.3x107 1 (kpog/kg=1.9)

K*g 8.4x10712 (kp/ko=6.2)

kg 5x1071 (kgpg/kp=2.0)

kg 2.5x10711 (kp/kg=2.0)

298

Static photolysis system, Cd* 228.8 nm &
Hg arc >229 nm. 1-2 hr exposure times
5.5-26.7 kPa OCS, <240 C2Hg, C3Hg,

Gas
chromatography-mass spectrometric product
analysis.

Slight dependence on exciting wavelength.
Values must be considered as only approx-
imate owing to the nature of the kinetic
treatment. E§=E8=E%cs+4.2(10.8) kJ mol~l

(CoHg, CqHg 298-497 K)

Knight et al., 1964

2 value for kpee (2ll reactien channels)_taken as 1x10~10 cm3molecu1efls'1. .
kg refers to the insertion reaction S(1D)+RH=RSH, kQ refers to physical deactivation.

Table 35. Rate constants for interactions of S(31D2) -~ continued

M ky, cmmolecule”ls™1
CHy kg 1x10710 (koo /kg=1)

(1.5-2.8)x10"10 0 g /Kges=1.5-2.8)
CoHyg 274 k. . otk sk =1:2.9:7.5

CoFy Callg iy T

ke,hy/Ke Hg=0- 75-1.60

C3Hg (1.5-4.3)x10710 (ke oy /kocs=1- 54 3)
- -10 =2.9-
C HoFy (2.9-4.4)x10710 (kg p, /Kocs™2- 9-4-4)
Hp (0.8-2.5)x10711 (4<kg e /ky,<12)
Exp. Temp.
K 297 298 297

Method Static OCS photolysis system, 229~ Flash photolysis OCS, >220 nm, 220-

Reference

Static OCS photolysis cyetem,

255 nm medium pressure Hg arc.
6.7-16.9 kPa 0CS/3.3-106.7 kPa
olefin. Exposure times 10-60 min.
Gas chromatography-mass spectro-
metric analysis of final products.

Wiebe et al., 1965

E=1660 J. Plate photometry

SH (0,0) 323.7 and (1,0) 305 nm
bands, S5(13,0) 271.3 nm band

in absorption. 2.3-2.7 kPa 0CS/

<79 kPa Hjp, Cllz. TFinal products
analyzed by gas chromatography.

Fowles et al., 1967

255 nm low pressure Hg lamp. 10.3

& 12.1 kPa OCS, ~20 kPa olefin.

Gas chromatography-mass spectrometric
analysis of final products.

Lown et al., 19G7.

J. Phys. Choem. Re:

f. Data, Vol. 8, No. 3, 1979
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1969

Donovan et al., 1970

Table 35. Rate constants for interactions of S(31D2) -~ continued

M kM, cm3mc>].ecule'1s_1

N,0 6.3x107 1 (ky, 0/kocs=0-63)

SFg <8x10713 (kgp /kocg<0-008)

. CSy kesa/koes=1-9

ocs >6.6x10"11*

-11 =
COop 4.1x10 (kCOz/kOCS—O.All)
-11 =
co A 6x10 (kco/kocs—0.6i0.3)
-11

Hy 2.4x10 (0.37kgeg)

He <1x10714 (¢ 1. 7%10-4k8cg)

Ar >10-13 2.6x10712(0.04k50g)

Xe 1.1x10711(0.17k80g) 8x10712 (kyg /koag=0- 08)

Exp. Temp. 300 300 300

K

Method Flash photolysis Flash photolysis static Static photolysis cell 228.8 nm
OCE/cxcess He or system, Ny lamp 500 J. Cd or 253.7 nm Hg lines. OCS
Ar. Plate photo- 0CS/M/excess He mixtures 1.7-18, N30 5.3, C0<26.7, COy Xe,
metry, Sz(lAg) £53.2 kPa. Plate photo~ SFg < 113.3 kPa. Exposure times
monitored in metry, S(1D) indirectly 3-35 min.,gas chromatography-mass
absorption. by monitoring either spectrometric product analysis.

s2(c-x), s(3py) or s, 1Ay '
by vacuum uv absorption.
Comments  *kgcg specifi- Based on kdcg=6.6x10"11. Based on kocg=1x10"10 (all channels)
cally relates (521Ag channel)
to channel pro-
ducing Sg(lAg)+
CO.
Reference Donovan et al., Breckenridge & Taube, 1970

| Phuc Cham Rof Nain Val. & No.3 1979
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Table 35. Rate constants for interactions of S(3 DZ) -~ continued
M ky» cm3moleculels~1
CHy 5.1x10712 (ky/keyp,=0. 076)
CoHg 1.1x10711¢ =0.17)
CoHy 6.7x10"11¢ =1.0)
-11 —
Cafiz 5.0%107 % (ke gy, /Ko ,=2-5)
- A -
N,0 2.6x10 l1(kN20/kOCS=o.4) =6.7x10712¢ 20.1)
SFg <7x10714 <1073)
ocs 1x10710% ¢ =1.5)
co, 1.6x107 11 =0.24)
co 1.3x10711¢ =0.19)
NO 4.5%107 11 =0.68)
N, 4.1x10712 =0.062)
Hy 1.5x107 11 ¢ =0.22)
He <7x10714 <1073)
Ne <7x10714 <1073)
ar 6.5x10713 =9.7x10"3)
Kr 1.9x10712¢ =0.028)
Xe 1.1x10711¢ =0.16)
Exp. Temp. 300 300 295
K
Method Flash photolysis E=2000 Flash photolysis E=1000 J. OCS Flash photolysis OCS/N,0/
J.. OCS 0.27/N;0 1.6/lle 0.065/N;0 0.61/SFg 6.7 kPa. exccss SFg mixture. CpHy<
9.1 kPa. Plate photo- Plate photometry. Relative 400 Pa, CO,< 800 Pa. NS C-X
metry S(3P), NS(a-X) rates, S(ID) inferred from Ns (0,0)230 nm sbsorption used
250 nm, {(C-X) 230 nm, C-X(0,0) 230 nm absorption. as measure of S("D).
in absarptian, s(inm)
inferred from 52(1Ag)
absorption.
Comments With N;0, ratio of Measnred relative to kc2H4, Relative to kco, taken as
physical gquenching to absolute values based 2x%10711,
reaction forming NS on *koeg=1x10"10, s(1D)+
ig 5:1. No effects N,0=NO+NS produces NS; no
due to N20, photolysis. reactions noted between NS
Based on kécs=6.6x10‘ll and the gases added.
(SzlAg channel).
Reference Donovan & Breckenridge, Little et al., 1972 Little & Donovan, 1973

1971

J. Phys. Chem. Ref. Dota, Vol. 8, No. 3, 1979
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Ficure 30. Rate constants for the various interactions of S(3'Sy), koo x> -

107** ¢m® molecule™ s7.

appear to increase with carbon number and relative rates
have been given as kcy, : keg, : ki, = 1:3:7 (Lown et al,,
1967). That for i-C,H, must approximate to a gas kinetic colli-
sion frequency.

A single value has been reported for S('S) + C,H (k¢ =
1.3 X 107%) indicating a 500-fold lower efficiency than with

S(D).
¢c. S(D,S) + CH,

Little and Donovan (1973) using flash photolysis methods
have indicated for S(*D) a value of k¢ y 2.5 times that of ke,
for the overall interaction. It is predominantly reactive and a
complex system owing to the various initial channels (Strausz
et al., 1978) and the subsequent chemistry (Strausz et al.,
1967; Strausz & Gunning, 1968). This is the only value
available and is stated here as 5.0 X 107 using the sug-
gested value for ke,

Likewise, only a single value for S('S) is published, 1.6 X

. 10713, a 300-fold smaller cross section than that for S('D).

d. S(D,'S) + NO,

Reaction of S(*S) with NO,, like O(*S), is extremely rapid
(kno, = 6 X 107°). By comparison, reaction with 5('D), as yet

IO-M T 1 T T I i T i I | 9

A
1079} 1 .
agnd @
'
TGJ
E g $
(5
2
(o]
£ [m}
" - .
£ 107'%- —
L
* B £ o
O Donovan (1969), et al (1970) e
/A Dunn et al (1973)
O Black et al (1975b)
10"+ o -

o o

| I | I— 1 | 1 1 | | |
CH, N,O SFg CO, CO N, H, He Ar Kr Xe

INTERACTING SPECIES

Ficure 31. Rate constants for the various interactions of S(3'S,), kyp ¥ <
107** cm® molecule™ s,

unmeasured, is expected to be equally fast ((0'D + NO,) =
1.4 X 107, Schofield, 1978). However, unlike oxygen, two
possible reaction channels are possible.

S(D) + NO, = NO + SO AHZ,y = —326 kJ mol

(—77.9 kcal mol™)

NS + O, = —157 kJ mol™!
(—37.6 kcal mol™)

Based on energetic and spin considerations alone, these
reactions can produce the SO or O, products in any of the
a'A, b'L* or X3L; states. 5('S) can behave similarly and in
addition might produce SO(4 °IT).

e. S(D,1S) + N,0

An order of magnitude spread exists for S(D) between the
three measures of ky g, the largest and possibly least reliable
value resulting from an analysis of final product composition
(Breckenridge & Taube, 1970). The fact that the three rates
are expressed in different ways, relative to kg, kf¢s (reaction
producing S,'A only), and to kcy complicates the issue but
cannot explain the discrepancy. A value = 1.3 x 107!, based
on the two more recent studies appears a best estimate at
present. These two values would only come closer into agree-
ment if the value here taken for k(s was larger and that for
kfcs smaller.

Two reaction pathways other than physical quenching
are possible as in the case of O('D).

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979
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Table 36. Rate constants for interactions of S(SISO) .

M kM’ cm3 molo:acule-1 s“l
cH, 1.5x107 %>
: -14
C.H 4.4x10
276 13
C,H, 1.3x10
-13
C,H, 1.6x10
N0, 6.1x10" 10
N,0 <3 x1071®
80, 1.0x10 10
H,S 4.9x10710
cs, 8.1x10 10
ocs 1.0x1071t 4 x1073
SF, 53.5x10—16
-17
C02 <6 =10
co <3.5x10718
NO 3.2x107 10
N, <1 x10” %7
0, 6.0x10 13
H, a.0x10”15 7,7x10" 18 <8.6x107 16
c1, 4.8x10710
He <1.2x107%> <6 x10718
Ar <5 x107%3 <3.5%107 %7 <6 x10718
Kr <6 x10”Y7
Xe <1073 <1.6x10 1°
- Exp. Temp. 300 298 296
r
Method Vacuum uv flash photo- Flow system, 147 nm Xe OCS pulsed photolysis 0Cs pulsed photolysis

lysis N2 lamp, >110 nm
E=500 J. 3.3-10.7 Pa
OCS in 26.7 kPa Ar.
Plate photometry, S(1s)

178.2 nm in absorption.

pulsed photolysis of
~0.2 Pa OCS in =1.3_kPa
Ar carrier gas. s(s)
emission 772.5 and
458.9 nm.

161 nm H, source. 5.3
Pa OCS/<67 kPa M. 690~
840 nm filter (for
772.5 nm emission) and
420-620 nm filter
(458.9 nm emission).

Quenching + reaction
only. Collision in-

S SO) emission.

Unpublished data.

Comments SH 167.3 nm absorption Refers to total loss
detected with H2 rates of s(ls).
Reference Donovan, 1969; Dunn et al., 1973.

Donovan, et al., 1970.

duced emission impor-
tant for N, and the
inert gases.

Black et al., 1975b. Black et al., 1976.

(1) SCD) + N,0 = NS + NO AHpex = —116.0 kJ mol™?

(—27.7 kcal mol ?)

It

@ S0¢A) + N, = —389 kJ mol™

(—93 keal mol™)

SO is required to be formed in a singlet state to conserve spin
and can be either 'A or *Z*. Adiabatic surfaces are available
for both reactions to these products. Breckenridge and Taube
(1970) estimated that only 15 =10% proceeded via reaction
(2). Likewise, Donovan and Breckenridge (1971) established
that k,/k, = 0.2 * 0.05, indicating that both reactive
channels appear equally important with physical quenching

dominant. However, these values cannot yet be considered
quantitatively firm. Nevertheless, it does contrast with the
corresponding reactions of O(*D) where although the two
channels do have very similar cross sections, relaxation to
O(P) is negligible (Boxall et al., 1972). The intermediacy of
an SN,O collision complex has been discussed (Breckenridge
& Taube, 1970; Donovan & Breckenridge, 1971).

In contrast, the interaction of S(*S) with N,O is very ineffi-
cient, kyy < 3 X 107, A correlation diagram for the cor-
responding chemical reactions indicates that collisions
involving such a planar interaction complex can only vceur
by nonadiabatic transitions.
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f. S(*D, !S), + 0CS, CS,

The interaction of S(*D) with OCS has been discussed
already in the introduction to this section due to its impor-
tance as the measuring rod for other reactions of S(*D) and
due to the fact that OCS is used as the cleanest
photochemical source of both S(*D) and S(*S). Of the many
reactions studied, that of S(*D) with OCS appears to be one of
the fastest. Of the three interactive channels only that for
reaction producing S,(*A,) has been measured, kocs > 6.6 X

1071, Construction of the potential energy surfaces assuming.

all four atoms collide in a plane (C, symmetry) indicates
allowed transitions leading to either S,(*A, or 'X}). That to
the latter may have a greater activation energy associated
with it and so lessen its importance (Donovan et al., 1969).

The corresponding interaction of OCS with S('S) only cor-
relates endothermically with excited states of the products
and a nonadiabatic transition must occur (Donovan et al.,
1969). The factor of 25 discrepancy between the two
measured values is difficult to explain and requires further
measurement. '

Quenching of S(*D) by CS, has been reported only by

Breckenridge and Taube (1970) at a rate 1.9 times that of
kocs- Although reaction via :

S(D) + CS, = CS + S,(Ag) AHpgx = —22 k] mol™
(—5.2 kecal mol™®)

is exothermic there is no evidence for production of
measurable amounts of CS. Rather it appears that simple
atom exchange or direct physical quenching are the decay
process for S('D).

Likewise, the single measure of kcs with S(*S) appears very
large, 8.1 X 107, and probably indicative of chemical reac-
tion.

g. S(D,S) + SO,, H,S

Although not yet measured for S(*D) these interactions
‘with S(*S) are very fast and may be chemical in nature, for ex-
ample

S(D) + SO, = SO + SO AHggx = —82.5k] mol™
(—19.7 kcal mol™)

S(*D) + H,S =-SH + SH = —88.7 kJ mol*!

(—21.2 keal mol™?)

h. S(D,S) + CO,, CO

CO has no thermodynamically favorable reactive channels
for either sulfur state.” Whereas an efficient relaxation
mechanism is evident for S(*D) that for S(*S) is very slow.

In comparison, reaction with CO, is exothermic in both
cases and is sufficiently energetic to produce SO(*A) with
S(*D) or both singlet SO states with S(*S). However, S(*S) cor-
relates endothermically only with higher energy states, prob-
ably cxplaining its cxtremecly low collision cross section. The

interaction between S(*D) and CO, may or may not be reac-
tive

S(D) + CO, = SO('A) + CO AHygx = —24kJ mol?
(—5.7 kecal mol™)

but its rate coefficient, ko, = 2 X 107", is not significantly
different from that of CO, k¢ = 3 X 1071,

i SCD,'S) + N,, SF,

No reactions are expected for these species and physical
relaxation must be dominant. The scant data indicate that for
S(D), ky, = 4 X 102 and kg, < 7 X 107

The single measure for S(*S) with N, reports a value < 1 X

107 for non-radiative quenching. However, relaxation via

collision induced emission also has been shown to be signifi-
cant in the S(*S) - N, system (k = 3.3 X 107%) and may be a
major if not exclusive channel for S(*S) decay. Corresponding
values for SF, are < 3.5 X 107 for physical relaxation and

8.5 x 107 for collision induced emission (Black et al.,
1975b).

j- SCD) + C,N,

Although no quantitative data are yet available, McGrath
et al. (1967) have observed NCS in absorption following
COS/C,N, photolysis and conclude that an insertion reaction
producing this and CN may be responsible.

k. S(*D,'S) + NO

Although only single datum points have been obtained for
the two sulfur states these show efficient relaxation processes
that necessarily involve nonadiabatic transitions,

With S('D), potential reaction to NS + O is endothermic
by 34.60 kJ mol™, that to N + SO is slightly exothermic, 0.6
kJ mol™. However, the correlation diagram, basically iden-
tical to that for 0 + NO, figure 18, shows only endothermic
surfaces to excited states of N. Consequently, the rate coeffi-
cient, = 4.5 X 107, probably relates to an efficient curve
crossing mechanism. -

Similarly, although the above mentioned reactions both
become exothermic with S(*S), again only endothermic sur-
faces are available in each case. The rate constant, = 3.2 X
107%°, if accepted, either indicates a curve crossing
mechanism that approximates to the gas kinetic collision fre-
quency, or illustrates the inadequacy of these theoretical
descriptions.

I S(D,’S) + 0,

No data are available for S(*D). However, by comparison
with O('D) reaction is feasible, being allowed and producing
SO(bL*) unless the surface has an appreciable activation
energy

S(D) + 0, = SO(b'L*) + O AHuy = —8.58 kJ mol™
(—2.05 keal mol™?)
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~ The correlation diagram generated originally by Donovan
and Husain (1970) is illustrated in figure 32. It also offers the
explanation for the slower rate for S(*S), ko, = 6 X 107 sug-
gesting a nonadiabatic transition. Additionally, Dunn et al.
(1973) have ruled out the possibility of this relating to the
almost thermoneutral nonadiabatic decay to S(!D) and

0,(6%}). ~
m. S('D,'S) + H,

Three measures of these rate constants have been made in
each case. Those for S(*D) are in substantial agreement in-
dicating a value of about 1.7(£0.9) X 107!, Fast exothermic
reaction is expected although it appears not to be as fast as
for O(*D) (Schofield, 1978). '

A lack of suitably correlating surfaces explains the much
reduced rate with S(*S)."The result obtained by Donovan
(1969; et al., 1970) appears too large and a value of =8 X
10716 is suggested.

Although there is evidence for collision induced emission
of S(*S) by H, its rate is about 500 fold less than that for
physical queuching (Black el al., 1975b).

SO(X 327)+ 0('sq)

Ie+ !
3'A’+2|A” So(b 2 )+O( Dg)

S('Dg)+0,(b'zd)

S('sg)+0,(x *5g) S0(a'A)+0('Dg)
. 545!
S('Dg)+0,la Ag)
3o~ i
S(3Pg)+02(b'2*g') 3N 403! SO(X °Z7)+0( Dg)
3Al+3AII
S('Dg) +0,(X 35
gl+CX 2g) W+2n"  s0(b'sH+0(Ry)
S(Spg)+02(0 lAg) .
334330 S0(a'A)+0(3Py)
, ) v :
* S(°Pg) +0,(X 329) PLURCRE R AN
SO(X °Z7)+0(°Pg)
50 kJ mol™' oy 3 AP

S0,(X, §,4)

Ficing 32, Correlation diagram connecting the states S + 0, and SO + O
(from Donovan & Husain, 1970).

n. S(D,'S) + Cl

Although the thermodynamics and spectroscopy of SCl are
not well specified, reaction is exothermic and highly probable
in both these cases. The rate constant has been reported only
with S('S), = 4.8 X 107", but indicates a unit collision effi-
ciency with slightly larger than gas kinetic cross section.

Reaction with S(*D) correlates to ground state SC1 + Cl
products and is also expected to be fast. That for S(*S) cor-
relates adiabatically and exothermically only to an excited
state of SC1 that may lie at or below 25,000 em™. Otherwise it
must react by a nonadiabatic process.

o. S(*D,'S) + Inert Gases

Donovan et al. (1969) noted in their uv flash: photolysis
study of OCS that S(°P) was virtually absent with He diluent
but was abundant in Ar as a result of an enhanced relaxation
rate of S('D).

The results clearly show that quenching efficiencies of the
inert gases increase with atomic number, as for O(*D), and
with Xe require only about 20 collisions. Similar arguments
as presented for O('D) appear involved (Donovan et al., 1970)
and the potential energy surfaces must cross or closely ap-
proach one another. Data are still quite limited but suggest
for S(*D) the 300 K values of ky, < 1 X 1074 ky, < 7 X
1074, Ar = 6.5 X 1073, Kr = 1.9 X 1072, Xe = 1.1 X 107",

With S(*S), like O(*S), transient radiating excimers can be
formed with the inert gases which have higher transition
probabilities than for the normal 'S-'D atomic radiation
(Julienne, 1978). Consequently, such collision induced emis-
sion offers an alternate if not exclusive relaxation
mechanism. As with O('S) it appears to be dominant, par-
ticularly for Ar, Kr and Xe (Black et al., 1975a). Measured
values for physical quenching and collision induccd emission
are respectively, He (= 6 X 107, 5.6 X 107%), Ar (=< 6 X
1078, 4.2 X 107 %8, Kr (=< 6 X 1077, 1.5 X 107" and Xe (=<
1.6 x 107%, 1.1 X 107'%) clearly illustrating this conclusion.

p- S(D) + Other Molecules

The reactions of S(*D) with Si-H and B-H bonds have been
examined briefly (Gunning & Strausz, 1966; Strausz, 1967)
and appear to be of value in synthesizing various complex
cage-structured organo-boron compounds (Plotkin & Sned-
don, 1977). CH,SiH, gives predominantly the corresponding
mercaptan CH,SiH,SH. From product ratios the rate con-
stants for Si-H to C-H bond insertion is reported to be ap-
proximately of the order of 50 implying an extremely fast, col-
lision frequency rate. (CH,),SiH behaves similarly. (CH,),Si
on the other hand is comparable to the alkanes but has about
twice their value for the rate constant ratio of quenching to
reaction.

B,H, also appears to undergo an insertion reaction with a
rate similar to that for the alkanes.
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5.9. Diatomic Sulfur, S:(a’A,, b';, AT}, B3X))

The electronic energy states of S, although similar to
isoelectronic O, are not as well characterized. Levels above
v'=9 in the B3L; state are predissociated (Ricks & Barrow,
1969). Estimates of the energy positions of the 4°L}, 5L,
and a'A, states have been discussed by Barrow and duParcq
(1965, 1968). v

Limited kinetic data are available only for the B3L; and
a'A, states.

5.9.1. Radiative Lifetimes

According to the more recent studies of McGee and
Weston (1978), lifetime measurements for S,(B°Z,) appear to
indicate the effects of a coupled state. According to the ex-
perimental conditions, radiative lifetimes of either = 15-40
ns or &= 100 ns can be determined from the fluorcscence
decay, table 38. Unfortunately, their data were obtained with
a broadband excitation source (9.6 nm FWHM) implying a
severe averaging over several vibrational and numerous rota-
tional levels. Although this possibility of mixed states exists,
the long lifetimes may yet be solely a characteristic of some
experimental peculiarity of these broadband excitation
systems.

Consequently, until additional data are obtained for
specific levels, a value of about 20-40 ns is suggested for the
v'=0-9 levels.

Radiative lifetimes for the other states of S,, all of which
are metastable, are not available. Although their optical
selection rules may be less stringent than those for O,, their
lifetimes appear relatively long.

J. Phys. Chem. Ref. Data, Vol. 8, No. 3, 1979



a.

b.

792

KEITH SCHOFIELD

Table 37. Energies and radiative lifetimes of low-lying electronic states
of molecular sulfur.
o
Te T0 D0 T
em~1 s
3 _g(®
B I 31,689 31,905 12,936 =40 x 10
A3E+ ~22,700 ~22,900- =12,670 ? metastable
blz; £ 9,140 = 9,490 ~26,100 2 metastable
alAg =~ 5,140 = 5,490 =30,100 ? metastable
x32; 0 185 g2 35,2162 -

@Rricks and Barrow, 1969 (Dissociation to

ground state sulfur atoms)

bSee table 38

Table 38. Radiative lifetimes for 52(832;)

State T, ns Method Reference

v'=0-3 16.9 e-Bombardment-phase shift Smith, 1969

v'=4, N'=40 18.3 Hanle effect Meyer & Crosley, 19732

v'=3, N'=42 20.7

v'=4, N'=12 =20 Hanle effect Caughey & Crosley, 1977

v'=4, N'=40 36

v'=3, N'=42 36

v'=5-8 45.0 Broad band excitation- McGee & Weston, 1977b

fluorescence decay

v'=5~8 =15-30 Broad band excitation- McGee & Weston, 1978°

=110 fluorescence decay

@Incorrect by about a factor of two (Caughey & Crosley, 1977)

bsimilar' value for excitation in v'=0-3 or 7-12

cDecay characterized by two components in experiments with Sz/quenchant

gas mixtures

9.9.2.

S,(B3X7), 900 K

kclect > kvib.rot (st’ Soz’ Sz)

ki > kg > koo (Hy, Ny, inert gases).

Rotational relaxation exhibits orientation memory.
kg = (1-5) X 107°(CF,, C,F,, N,, inert gases).
= (6-10) x 107°(H,S, SO, S,).

(1.2-5.3) x 1071 (H,, N, inert gases).
(5.7-15) x 107 (H,, N,, inert gases).

L
k

m W

S[(A4°L:, b'EY)

No available data.

Suggested Rate Constant Vaivues, cm® moiecuie™ s~

ki, 0cs = 2 X 1074,
kca‘, H,S, 1,5, ~ kocs, CO,-
ky > kp.

Little data available.

5.9.3. Discussion

a. S{B°T)

Although limited data are available for the B3L; state,
listed in table 39, indications are that quenching or relaxa-
tion can proceed with high efficiencies. For S,, SO,, H,S, ket
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. . 30~ 3 -1 -1
Table 39. Rate constants for interactions of SZ(B Eu), cm” molecule s .
M kM’ cm3 molecyle_l s_l
CF 1.5x107 1% 3.6x10713
CF, 4.7x107%0  5.7x107%3
-10
: ~6x10
st X
so, =6x10"1°
N, (11x10710)2 3.5x10°0 2 0x1073
- -1
82 13x10 10 6.2x10 0
— - -1
He 1.ox10710 (10x1071%)2 2.5x10°°  emall
- -10
Ne 8.3x10" 1t (6.6x10 )@
. - - - - -1
Ar 5.8x10 " 2.1x10”*° (6.9x10 *°)® 1.2x107%°  3.ex1073
- =10
e 6.8x10 11 (7.5x10719)2 _
e 8.8x10” 1t (7.3x10720y2 1.6x10° 20 13x107%3
(b) (<)
Exp. Temp. 873 298 900 873
K
Method Static cell, 150Pa sul- Fast flow system, RF Static cell, =80 Pa sulfur Static cell, =80 Pa sulfur
fur vapor, M<5 kPa. discharge in Hy/Ar mix- vapor, M< few hundred Pa. vapor, M<80 kPa, H, light
292.9, 293.6 nm Mg" . ture £320 Pa. S from 307.6 nm 2Zn line induced source, broadband (29_2 nm,
source excites (8,1)N = H+H,S reactions. S, fluorescence of v'=4, 9.6 nm FWHM) excitation of
37,41 levels. (8,0)- emission, v'=0-9 moni- N'=40, J'=41 resolved. Sy fluorescence, v'=5-8.
(8,12) fluorescence re- tored via filters cen- Monitored at 370 nm (33 nm
corded photographically. tered at 366 nm. FWHM bandpass).
Comments k ®« T =, based on ke« T , based on Rot. relaxation exhibits Mixed state behavior.
T = 40 ns. T = 40 ns. orientation memory. Kelect
>> Kyipr Yot (S,,505,H,S)
krot 7 kyjb 77 Keject (rare
gases, N2) .
Reference Durand, 1940 Fair & Thrush, 1969 Caughey & Crosley, 1977 McGee & Weston, 1977, 1978
vibirot (S€€ also Caughey and Crosley, 1978).
bRelate to short-lived fluorescence component (T = 20-40 ns)
CRelate to long-lived fluorescence component (T = 100 ns)

> ki, oo Whereas with the inert gases, H, or N, rotational
relaxation is dominant and k,, > k. > koo

Caughey and Crosley (1978) now report individual rates for
the total transfer out of v'= 4, vibrational rates for v'=4—3
and for v'=4—35 together with total rotational transfer rates

out of v'=4, N'=40, J'=41. These values for k.. k.=4—3,
k,=4~—5 and k,, are, respectively, He 2.0, 1.09, 0.54, 8.2; Ne

1.55, 0.70, 0.33, 6.2; Ar 1.22, 0.61, 0.29, 5.7; Kr 2.08, 0.97,
0.38, 6.4; Xe 2.6, 1.06, 0.52, 4.8; H, 5.3, 2.4, 1.08, 15 and N,
2.5, 1.15, 0.49, 7.9 X 107*° ¢cm® molecule™® s, for conditions
similar to their 1977 paper listed in table 39. The fact that the
sum of the k.=4—3 and k,=4—35 vibrational relaxation
rates is less than the total vibrational transfer rate is sug-
gested as an indication of some multi-quantum vibrational
transfer. ,

Caughey and Crosley (1977, 1978) note that the rotational
relaxation exhibits a pronounced orientation memory, even
for changes of several quanta. Also multiquantum rotational
transfer can occur in a single collision (AJ < 14.was observed
with He). The coherence (orientation) retention, 85% prob-
able for collisions with He decreasing to = 40% for Xe is

noted not only in F, — F| transitions (F, levels, ] = N+1)
but also for F, — F,, F, (F,, J=N; F,, J=N-1). However, it
could not be specifically concluded that such 4 retention also
occurred during vibrational relaxation.

The existence of a longer-lived component that shows two
to three orders of magnitude smaller quenching rates must be
regarded with some skepticism at present although perturbed
states undoubtedly do exist. Further studies utilizing narrow
band excitation are desirable.

Efficient quenching is consistent with the observations of
Tewarson and Palmer (1971) who noted that the B3*L; - X3z
emission, v'<9, from K or Na/SCl, or SOCI, diffusion flames
at 1100 K was not affected by Ar pressures over a range of a
few hundred Pa but that the levels were quenched at higher
pressures. At 1100 K the time between collisions of S, and Ar
becomes equal to a radiative lifetime of 40 ns at about 1 kPa.
They noted also that the addition of a few hundred Pa of OCS
or O, to a K/SCl, flame had no noticeable affect on the S,
emission. Also, lasing action of the S (B3L;) state from a
heated cell containing sulfur has been noted to rapidly fall off
due to quenching as the sulfur pressure is increased above
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1.3 kPa, indicative of an efficient interaction (Leone &
Kosnik, 1977).

The nature of the electronic quenching mechanism re-
mains unclear. McGee and Weston (1978) have noted that
V=V transfer appears unimportant since S(B3L}) and CF,
have almost equal vibrational quanta yet show no enhanced
resonance quenching rates. Whether collision induced
predissociation is an important process awaits examination.
The v'=0, 4-8 levels are reportedly perturbed by a °[1, state
(Ricks & Barrow, 1969).

b. Sd°C;bIL))

At present these states are poorly characterized. No ab-
sorption systems have been reported for them, nor has the
forbidden emission from 43X} been observed. That from
b'L; has been tentatively assigned to the lasing wavelengths
in the vicinity of 1 um observed in photodissociation studies
of OCS (Zuev et al., 1972). This lack of analytical means for
monitoring their concentrations is responsible for the
absence of chemical kinetic data.

C. Sz(a lAg)

The small amount of data concerning the chemistry of
S,(a'A,) is prescnted in table 40. It derives mainly from
preliminary observations of the decay behavior of Sy(a'A,) or
the growth of Sy(X*L7) in various flash photolysis systems
and must be regarded as approximate. For example, the
values of Fowles et al. (1967) are pressure dependent varying
by an order of magnitude over the 60-fold pressure range in-
dicating the incomplete nature of their mechanism, a fact
noted also by Basco and Pearson (1967). These studies
monitored only ground state S, relating this back to the

S,(a'A,, b'Z}) both of which are presumably formed initially
(Strausz et al., 1968; Zuev et al., 1972). CO, has been noted as
inefficient in quenching S,(a'A,) (Donovan & de Sorgo,
1967).

Little can be said at present concerning these rates except
that even though small they do indicate a markedly different
behavior from that of inefficiently quenched Oya'A,) (Leiss
et al., 1978).
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5.10. Atomic Selenium, Se(4°P, ,, 4'D,, 4'S;

The energies of these four excited metastable states are
such that their individual nature can be characterized. At
present, only a limited amount of room temperature data are
available for !S;, !D, and 2P,. However, this is sufficient to
provide an initial insight to their comparative behaviors.

Table 41. Energies and radiative lifetimes of low-lying electronic states

of atomic sclenium

Electronic Energya Radiative®
State Level (cm~l) Lifetime (s)
1s 22,446.03 0.098
0
lD 9,576.08 . 1.36
2
3 2,534,35 115
0
3, 1,989.49 5.88
1
3 0.00 - -

aMoore, 1971

bGarstang, 1964; Kernahan & Pang, 1976

5.10.1. Recommended Rate Constant Values, 300 K

It is pointless to suggest recommended values since only
single sets of data are available for each of the P, D, or 'S,
states. At present, there is no obvious reason for questioning
the reliability of these published values.

Se(4°P,): efficient interactions,

ko, co,n, > Eco,n, 0, > Far
Se(4'D,): efficient interactions,

Kocse, co,, co, N, O, H,, D, Kr, Xe > KSE, He, Ne, ar

Se(4'S,): generally inefficient interactions
with the exceptions of 0CSe, NO, and Cl,.

5.10.2. Discussion

a. Se(°P)

The far uv photolysis of CSe, has been observed to produce
Se atoms with a nonthermal distribution over the 4°P, spin
components (Callear & Tyerman, 1964). Of the excited °P,
and °P, states, data have been obtained only for the former
and, as indicated in table 42, imply generally rapid collisional
decay mechanisms.

Chemical reactions are not possible for these species and
the quenching mechanisms are uncertain. The Se(*P-°P,)
decay involves a 544.86 cm™ energy dissipation, that for
(®P,-%P,) corresponds to 2534.35 cm™. This compares with
vibrational quanta, in em™, of 588.8 (N,0), 667.4 (CO,), 2143
(CO), 2330 (N,), 1556 (O,) and 4160 (H,). Electronic-
vibrational energy transfer has been suggested for N,O and
CO, which have energy defects of only 44 and 122 cm™,
respectively. CO and N, may involve *P,-°P, relaxation. The
rates for O, and particularly H, indicate unexpected efficien-
cies that might involve electronic-rotational energy transfer
(Callear & Tyerman, 1966).

‘b. Se(4'D,)

Analogous to sulfur chemistry, the uv photolysis of OCSe
produces Se(*D,) in a system suitable for detailed kinetic
analysis (Callear & Tyerman, 1965). Only one set of quan-
titative data, illustrated in table 43, are yet available for its
collisional quenching. These show similar trends to S(*D,),
although rates do appear to be consistently faster. With the
inert gases, the familiar pattern is noted of collisional cross
sections increasing with atomic number but rates are about
5-10 times faster. SF,, rather unreactive with S(*D), is still
relatively inefficient but about 50 fold less so. OCSe shows
the similar highly efficient reaction and undoubtedly yields
Seja'A or b'L*). CO and N, are surprisingly efficient for
nonreactive, nonadiabatic transitions; ky, is about 40 fold
faster than for S(*D,). Likewise, the interaction with O, is very
fast but the adiabatic surfaces, that lead solely to SeQ(b *L*),
are endothermic and this must also involve a curve crossing
mechanism. The rates for H, and D, are fast and suggest
reaction as the dominant channel. Se(*D) + H, correlates to
ground state SeH + H products and requires for ther-
moneutrality a value for DJ(Se-H) of = 317 kJ mol™ (75.9
keal mol™) which lies within the error bars of an experimental
estimate of 311 = 12 kJ mol™* (Lindgren, 1968).

Efficient quenching by CO, has been noted but not quan-
titatively measured. Reactions of Se(*D;) with propane,
cyclopropane, cyclobutane, ethane, methylsilane and
isobutane have been studied using a flash photolysis-time
resolved mass spectrometric technique (Tyerman et al., 1966).
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Table 42. Rate constants for interactions of Se(43P ).
M kM' cm3 molecule'—l s_l
N,0 1.2 x 10710
co, 1.4 x 10710
o 1.1 x 10712
N, 3.0 x 10712
0, 1.5 x 10712
1, 3.5 x 10730
Ar 2.4 x 1074
Exp. Temp. 298
K
Method Flash photolysis 6.7 Pa
CsSe,/3.3-6.7 kPa Ar,
M<200 Pa.., Plate photo-
metry Se(“Pg) 206.3 nm
atomic absorption
Comments Pseudo first order kinetic
analysis
Reference Callear & Tyerman, 1966

Table 43. Rate constants for interactions of Se(4lD2) .

M kM' cm3 molecule-l s—l
sF, =3 x 10712
ocse =1 x 10710
co 1.4 x 10710
N, 1.7 x 10710
o, 1.2 x 10710
1, 2.1 x 10710
D, . 7.6 x 107
He 23,0 x 1074
Ne =4,0 x ll)—13
Ar 7.0 (x4.9) x 10712
Kr 2.3 (21.2) x 107t
Xe 6.7 (£3.0) x 1074t
Exp. Temp. 293
K
Method Flash photolysis of 0.03 Pa 0OCSe/300 Pa

He mixtures. 0.3-3 Pa Ar, Kr and Xe.
Time resolved 185.8 nm atomic absorp-
tion of Se(élnz) Pseudo first order
conditions.
Reference Donovan & Gillespie, 1975;
Donovan & Little, 1978

Insertion to form selenomercaptans appears the dominant
mechanism. Reaction with C,D, and other alkenes
predominantly forms the episelenide adduct {Strausz & Gun-
ning, 1968). No kinetic data for these have been reported.

c. Se(4'S,)

At present, only Black et al. (1976a,b) have studied the
reactions of Se(!S;). Quantum yield measurements for the
production of Se(*S,) from OCSe in the 110-200 nm range in-
dicate a maximum of >0.75 between 164 and 180 nm,
pradually falling away at both shorter and longer

wavelengths. The threshold for Se(*S,) production is at = 210
nm (Black et al., 1976a).

Although the forbidden Se(!S,~*P,) emission at 488.8 nm
can be observed, this is superimposed on a more pronounced
and extensive molecular system stretching from 380-750 nm
and attributed to Se(B®L;-X°L;). The intensity of this
molecular emission correlates with the Se(S;) concentration
and has been used by them to derive the quenching cross sec-
tions for the large series of species listed in table 44.

Table 44. Rate constants for interactions of Se(4ls ).

o
M kM, en® molecule™! 71
cu, <1.6 x 10735
~-14
CyHg 1.3 = 10
-13
C2H4 1.4 x 10
-15
C2H2 £1.8 x 10
N,0 <i.6 x 10718
N, 5.5 x 10712
ocse 1.6 x 10710
SF <2.1 x 10717
co, <1.6 x 10716
co <1.6 x 10716
NO 1.2 x 10710
5, <1.6 x 10716
o, 4.9 x 10712
1, 2.2 x 10717
c1, 1.6 x 10710
He <1.6 x 10718
Ar <1.6 x 10716
Kr <1.6 x 10718
Xe <1.6 x 10718
Exp. Temp. 296
K
Method Pulsed photolysis OCSe/He mixtures,
slow flow, Hy lamp 165 nm(l.7 nm band-
pass), (l/U nm ror Uz case). 0.02~
0,08 Pa OCSe/400 Pa fle. Se,(B3Ig-
x387) 380-750 nm Emlsslon used
as measure of Se( SO)
Reference Black et al., 1976b

It has been implied by Black et al. (1976a) that the
Se/(B*®L;) is produced with < 17% yield from the poss1bly
thermoneutral reaction

Se(*S,) + OCSe(X*L*) = CO(X'L*) + Se(B3L)).

However, this is clearly a spin forbidden process. Although
the corresponding reaction with S('S)) is similarly = 6.7 kJ
mol™? (1.6 kcal mol™?) exothermic, no indication has been
reported of observing the corresponding S,(B*L;-X°L;)
emission in such OCS systems. Rather, the S, appears to be
formed mainly in the a'A, and possibly b'L; states. Conse-
quently, unless it so happens that an efficient nonadiabatic
curve crossing mechanism is operative, another precursor
may be responsible for the Se, emission. Nevertheless, the
measured quenching cross sections appear reasonable and
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like S(*S) show very fast reactions with OCSe, NO and Cl,,
although a nonadiabatic transition may be involved with NO.
Interactions with O,, NH,, C,H, and C,H, are less efficient
and again reflect the behavior of S(*S), however, that for O,
does appear to be about 8 times faster. The inert gases, N,,
Co, CO,, N,0, SF,, H,, CH, and C,H, are all inefficient
quenchants which undoubtedly reflects nonadiabatic transi-

tions. Only with C;H, is quenching significantly slower than

is the case for S(*S).
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5.11. Atomic Tellurium, Te(5%P,,, 5'D,, 5'S,)

The 3P, and 3P, states, although examined individually, do
appear to be equilibrated for all purposes owing to their close

lying nature. Only limited room temperature data are .

available for °P, ; and 'D,. No studies have been reported yet
for Te('S,).

5.11.1. Recommended Rate Constant Values, 300 K

Too little data exist at present for any kind of reliability
assessment.
Te(5°P, o): intermultiplet relaxation, *P, — 3P, fast.
For relaxation to *P,, key, i—cn,, n, >
’ kco, 0, D, He, Ar, Xer
kg, > kp.
Te(5'D,): kp1e > k-

Table 45. Energies and radiative lifetimes of low-lying electronic states

of atomic tellurium.

iovso D
. Electronic Enerqy'3 Radiative
State Level (cm™+) Life‘time {s)
1g 23,199 0.025
0
1y 10,559 0.28
2
3p 4,751 0.45
1
. 3p 4,707 137
0
31> 0 -

2Moore, 1971

L'Garstang , 1964

5.11.2. Discussion
a. Te(S°P,,)

The study of Donovan and Little (1973) listed in table 16
provides the only quantitative data yet available for these
states. Although they resolved the *P; and *P, atomic absorp-
tions, deriving data for each, no significant difference could
be observed. It was concluded that these close lying levels are
equilibrated and that the observed decay is a measure of the
sum of the relaxation rates for the two states. This lends sup-
port to the general belief that intermultiplet relaxation cross
sections are large for closely spaced electronic levels.

In this H,Te flash photolysis system it was concluded that
the populations produced in the *P, , levels are <10% of
that in °P,. Consequently, no additional information can be
derived by monitoring P,. It was not possible to distinguish

" between reaction or physical quenching and no products

were monitored.
The data confirm the preliminary and qualitative study by
Connor et al. (1969) which indicated that although relaxation

Table 46. Rate constants for interactions of Te(SzP )

1,00"
M Ky cn® molecule™ &7t

o, 1.3 x 10734

H, 1.0 x 1074

D, 8.8 x 10713

He <3.0 x 10715

Ar 1.4 x 10783

Xe €2.7 x 10713

Exp. Temp. 295

K .
Method Flash photolysis >200 nm, 400 J, 1.73 Pa
. H,Te/3.34 kPa Ar. Te(3Py) and (3P;) via
a%omic absorption 238.40 and 238.65 nm
* respectively using sealed Ar/Te microwave
discharge lamp.

Comments Data collected at least 300 ps after
flash to allow Te(1Dy) and HTe (X%l ;)
to decay.

Reference Donovan & Little, 1973
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by H,, CH, and i-C,H,, was relatively fast, that with 0,, uv,

“and Ar appeared inefficient. Reactions to form TeH or TeQ
‘are endothermic. Likewise a direct insertion reaction with 0,
‘to give TeQ, appears equally unlikely (Donovan & Litile,
1973).

The most remarkable observation in this work concerns the
relative rate constants with H, and D, which indicate an 840
fold difference between the two cross sections; the largest
such isotope effcet yet obscrved. This has been explained in
terms of a near resonant electronic to' vibrational energy
transfer process for H, (Donovan & Gillespie, 1975). This is
‘energetically deficient by only 6 cm™ in the case of ~

Te(5P,) + Hyo"=0,J"=1) — Te(5°P,) + Hp"=1,J"=3).

*'This is ‘a reasonable explanation. Moreover, the ¢v"=0,
J'=1 level of H, is the most densely populated at room
“temperature. It indicates that the ortho-H, component will be
Tesponsible for the quenching. The corresponding interac-
tion with D,, involving a v” =0, /" =2 — v" =1, /" =4 transi-
‘tion, is about 1320 em™ exothermic for Te(5°P,) and other
“transitiens are no closer to resonance.

- Such interactions have been treated theoretically by Ewing
(1974), invoking long range attractive forces theory based on

quadrupole-quadrupole coupling which involves a selection

rule of AJ=0, *2. This predicts a negative temperature
dependence for the rate constant. It also implies that the *P,
cross section is the dominant contributor although this is not
quite: in such close resonance as for °P,. It therefore appears
that this chance resonance with Hj is all important and con-
trols the relative rates with H, and D,.

b. Te(5'D;)

The. single \preliminary study by Donovan et al (1972)

~listed in table 47 provides the very limited ‘'data available for

.this- state. Photolysis of D,Te was used as the source of
:Te(’D,) to eliminate a spectral.interference arising from an

‘overlapping H,Te absorption band. Decay of Te('D,) is at-

tributed to the reaction
Te(SlDz) + D,Te = DTe + DTe.
Ar-quenches rather inetticiently and at a much slower rate

than expected from comparison with S('D,) or Se('D,).
Obviously, more extensive investigations are required.

Table-47. " Rate constants for interactiqns-of‘Telsfbé)
M ij;cméjmolecuie‘;-sq;jb
p,Te 1.0 x 107
Ar <1.6 x 1071
EXp. Temp. 300 K
Method Flash photolysis. >200.nm, 80§ J.
: 4.0 Pa DzTe/SO kPa He. -.Te(Dj)
175.8 nm atomic absorption,
plate .photometry.
Comments vTe(53P2) and DTe concentrations
: ‘also monitored: in_absorption;:
both increase as “Dj decreases.
Referehce _ Donovaﬁ ét al., 1972
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