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Preface

This book has been written in an attempt to cover the remarkable progress
made in recent years in the field of photochemistry of small molecules with
up to five atoms in the gas phase.

The advancement of flash photolysis-kinetic spectroscopy, laser tech-
nology, and other new technigues has made possible the detection of photo-
chemical primary products and detailed studies of photodissociation
dynamics. The secondary processes of atoms and radicals formed in the
primary process have also been studied extensively. The reactivities of
clectronically excited atoms (C, O, S, etc.) and radicals (C,0. CH,, etc.)
have been found to be very different from those of corresponding ground
state atoms and radicals. The results of these studies, together with the
tradittonal end product analysis and quantum yield measurcments, have
greatly aided in our understanding of the photochemical processes, par-
ticularly for small molecules. These recent developments, as well as the
underlying principles, are described in some detail in dealing with the
photochemistry of about 80 small molecules.

Studies of the photochemical processes of small molecules are not only
of intrinsic interest but also are important in understanding the photo-
chemistry of isotope enrichment, of air pollution in the troposphere and
stratosphere, and of the atmospheres of other planets.

This book is aimed at the physical chemist, spectroscopist, and atmo-
spheric scientist interested in photochemistry. As a reference book it lists
about 1200 papers, including some original classic studies and those of
recent years up to July 1977, The space limitation and the tremendous
amount of publication in the last decade have prevented inclusion of some
important papers. | apologize to those whose work has not been quoted.

Since the photochemical reaction is initiated by absorption of light in
the visible, ultraviolet, and vacuum ultraviolet regions, an understanding
of atomic and molccular spectroscopy is required. Chapter 1 gives a brief
introduction to the electronic states and (ransitions in atoms ind simple
molecules.
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triatomic molecules. Quantum mechanical theory dealing with dynamics of
photodissociation has been proposed by many workers.

Various experimental techniques of photochemistry are described briefly
in Chapter 111

Further details are given by Calvert and Pitts (4), Noyes and Leighton
(22), and McNesby et al. (685a).

Production, detection, and reactivities of various electronically excited
atoms are given in Chapter IV. The importance of electronically excited
atom reactions in photochemistry has been recognized only recently.

Photochemical processes and electronic states of simple molecules with
up to five atoms and radicals with up to four atoms in the gas phase are
covered in Chapters V through VII. The absorption coeflicients available
for many molecules are shown in figures, as they are important in under-
standing the quantitative aspect of photochemistry. Bond dissociation
energies given are calculated mostly from enthalpies of formation of atoms,
radicals, and molecules tabulated in the Appendix.

Finally, enrichment of isotopic species has been achieved for a number
of atoms and molecules using an appropriate monochromatic light source
that preferentially excites an isotopic species of interest in mixtures of other
isotopic species. The photochemistry associated with isotopic enrichment
is briefly described in Chapter VIII. Great elforts have been made recently
to obtain information on the detailed photochemical processes mvolving
smog formation, stratospheric pollution, and atmospheres of other planets,
and brief discussions of these subjects are also presented in the chapter.

I would like to express my appreciation to Professor W. A. Noyes, Jr.,
who introduced me to the field of photochemistry and to the late Dr. E. W. R,
Steacie, the late Professor W. Groth, and Professor J. R. McNesby, who
taught me various aspects of photochemistry. I am particularly grateful to
Dr. R. E. Rebbert who has carefully read Chapters I, 11, and VII and to
Dr. A. H. Laufer for his critical reading of Chapters 111 through VI and
VI Their numerous suggestions have greatly improved the manuscript.
Thanks are due to Dr. M. D. Scheer for his continuous encouragement
and to many friends and colleagucs, especially to Drs. D. Garvin, P. J.
Ausloos, R. F. Hampson, M. Krauss, and V. H. Dibeler and Professor
J. P. Simons for their help and discussion during the preparation of the
manuscript. | would fike to thank Professor S. A. Rice at the University
of Chicago who has given me the opportunity to write this book. I am in-
debted to Mrs. P. A, Davis who did an excellent job in typing the entire
manuscript.

Hipro Okase
Gaithersburg, Maryland
March 1978
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138  Lxperimental Techniques in Photochemistry

Table I11-3. Rate Constants of Reactions of Some
Radical Trapping Agents with H and CH, at
Room Temperature

Rate Constant

Reaction (em® molec ™! sec™ ")
H+ 0, M HO, (N, = 1 atm) 1.5 x 10 2«
H + NO ¥ HNO (Ar = 1 atm) 54 x 10713
H+ HI—>H, +1 0.26 x 10 '0b
H + HBr—> H, + Br 27 x 10 '2*
H+1,-Hl+] 0.7 x 107%*
H + H,S - H, + HS R4 x 10 12e
H + C,H, - C;H, 26 x 107 12¢
H + C3H, —» C3H, 1.6 x 107120
CH; + 0, ¥ CH,0, (N, = I atm) 4 x 10 1o
CH; + NO Y CH,NO (He = I atm) 7.5 x 107 12¢
CH, + HI > CH, +1 1 x 10 130
CH; + HBr - CH, + Br 1.5 x 10130~
CH, + 1, - CH,l +1 1.4 x 10 120
CH, + H,S - CH, + HS 54 x 10 'S¢

? From Ref. |
* From Ref, 28a

McNesby et al. (683) have used C,D, as a scavenger of H atoms
p.roduced in the photolysis of H,O and NH; in the vacuum ultra-
violet. Since H atoms react extremely slowly with H,O or NH,
(<107 cm® molec™ ' sec™ ') (ref. 1) they are effectively eliminated by
added C,D,. Thus, the ratio of H, with and without added C,D,
shows the extent of molecular hydrogen production in the primary
process.

Ung (984) has used O, as an H atom scavenger in the 1470 A
photq]ysis of H,0. The ratio of H, with O, present to the overall
H, yield without O, is 23%. From this information Ung estimates
that the primary yield of H, production is 8%,

chapter 1V

Production and Quenching of
Electronically Excited Atoms

Electronically excited atoms have been known to play important roles in
many photochemical reactions.

In this chapter electronically excited atoms are classified into two
groups. The first group of excited atoms are those that are formed by reso-
nance absorption and decay rapidly by fluorescence if not quenched by
collisions with foreign gases. Examples are electronically excited Hg, Cd, H.
Ar, Kr, and Xe atoms. Of these Hg(*P,) atoms and their reactions have
been most extensively studied. The mercury sensitized reactions provide a
convenient way to generate atoms and radicals in the spectral region where
many molecules do not absorb.

The second group of electronically excited atoms consists of metastable
atoms such as O(' D) and O('S). These metastable atoms cannot be produced
directly from ground state atoms by light absorption. However, they are
often formed in photodissociation of molecules. The production of metastable
atoms from photodissociation has been known by the different reactivitics
of the metastables from those of corresponding ground state atoms.

From the spin conservation rules (see Section I1-3.1) it is often reasonable
to assume the production of metastable atoms in the primary photochemical
process, although the direct detection of metastable atoms has succeeded
only recently by optical absorption or emission following flash photolysis
of molecules. Detection is difficult, since metastable atoms usually react
rapidly with the reactant molecules and often the detection of the atoms has
to be made in the vacuum ultraviolet. Because of their long radiative lives,
the main fate of metastable atoms is physical and chemical quenching by
gases present in the system. An excellent review on the reactions of metastable
atoms is given by Donovan and Husain {310).

The electronic states and the lifetimes of atoms of photochemical interest
are given in the Appendix, Table A 2.

1IV-1. FLUORESCENCE QUENCHING IN ATOMS;
QUENCHING CROSS SECTIONS

Electronically excited atoms produced by resonance absorption have a
short life, on the order of 1 to 100 nsec, after which they return to the ground
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140 Production and Quenching of Electronically Excited Atoms

state. The resulting fluorescence is called resonance fluorescence. In the pres-
ence of a foreign gas the intensity of the resonance fluorescence is reduced
(quenched). The quenching of the excited atoms, denoted by A*, may result
in chemical reactions (chemical quenching) or the quenching may produce
metastable or ground state atoms and translationally or internally excited
foreign gas molecules (physical quenching).

The sequence of cvents may be written

Al A I (IV-1)
A* S A + Iy k, (1V-2)
A*+M—oA+MorA+D, +D, &, (1V-3)

where M signifies a foreign gas, M’ is a foreign gas with excess energy. and
D, and D, are dissociation products.
In steady state conditions we have

I, =k (A*) + ky(A*)(M) (1v-4)

where 1, is the number of photons absorbed by A per ecm® sec™ !, k, is the
natural decay constant of fluorescence in sec™' and ky s the quenching
rate constant (cm* molec™'sec™') by M. The quantily in parenthesis
mdicates concentrations. If concentrations of A atoms are large, the primary
radiation is absorbed by A forming A*, and A* emits the secondary radiation,
which is absorbed again by A atoms and the process is repcated many times.
This repeated process of emission and absorption is called radiation im-
prisonment or radiation trapping. In this case the fluorescence lifetime
becomes much longer than the natural lifetime 1/k, and must be replaced
by 1/gk, (g « 1). Blickensderfer et al. (119) have calculated that in Hg(*P,)
atoms, imprisonment lifetimes are four times as large as the natural lifetime
when the optical thickness is 2 that is, g = 0.25. Only when the optical
thickness is below 0.1, corresponding to a Hg concentration of 102 ¢m ™3
at a path length of 1 cm, we obtain the natural lifetime (¢ = 1). Phillips
{807) has recently calculated the ratio of trapping time to natural lifetime
for N (1200 A), H (1216 A), O (1306 A). Hg (1849 A), Cd (2288 A), Hg(2537 A),
Cd(3261 A), and Na (5890 A) resonance lines in the atom concentration range
10" 10 10'7 em™2. At a concentration of 3 x 10'* atoms cm - of Hg, the
lifetime of Hg(* P, ) is about 20 psec while the natural lifetime is only 0.11 lsec.
From I, =k (A*). where I, is the fluorescence intensity (quanta ¢m™?
sc¢™ 1), we obtain

I

[, = — .4 V-5¢
T (kn/k (M) (V=54)

1V-1. Fluorescence Quenching in Atoms ; Quenching Cross Sections 141

If 19 and I are the fluorescence intensities with and without the foreign gas,
respectively, we find
19 1
st _
Iy Q Ky
where @ is called quenching. We obtain the linear relationship bclweenil/Q
and (M). This relationship is called the Stern-Volmer formula first derived
by Stern and Volmer (924) in 1919 for quenching of I, vapor. If (A) is large,
k, must be replaced by gk, (g <« 1)
1 kM
= 4" (M {1V-5¢)
Q .‘/k_f( )
Hence ¢ must be known (either theoretically or experimentally) to obtain
ky from the slope. The number of quenching collisions per excited atom by
the foreign gas M per second, Z, can be expressed by the quenching cross
section ¢ (em? molec™ ') in analogy with the gas kinetic collision cross
section (Note that ¢ is used before to designate the absorption cross scction;
see Section [--8.1.)

(M) (IV-5b)

Z = ky(M) = 02\/~--ﬂ~~ (M) (1V-6)

where R is the gas constant equal to 8.3143 x 107 erg K ™! mol ™!, and 1,
the reduced mass, is defined by
1
- = s + =S (IV-7)
n My M,
M, and M, arc masses of the atom A and the quenching gas, respectively.
Some workers define the quenching cross section as

8RT
Z =0} \/— (M) (1V-8)
un
where \/(_87?717;71;) is the average relative velocity. Hence,
aé = no? (1V-9)

AL T = 300K, Z, the number of quenching collisions per second for each
cxcited atom by M, is given by
792 x 107
Z=02 7220 (M (IV-10)
Vi
where (M) is the number of quenching molecules per cm”.
It has been shown [Mitchell and Zemansky (21), p. 197] that the quench-
ing of the Hg 2537 A linc by foreign gasces follows the Stern-Volmer formula
only when (1) Lorentz broadening [sec Section 1-6.1] by foreign gases is
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absent, and (2) the fluorescence consists of the primary radiation, that is, no
absorption and reemission of the primary radiation takes place. The second
condition is fulfilled only when the optical thickness o,/ is near zero.
Zemansky performed his experiment under the conditions that reemission
of the primary radiation cannot be neglected and Lorentz broadening is
absent and he obtained quenching cross sections for various gases by
properly correcting the secondary emission. According to Mitchell and
Zemansky, the quenching Q is a complicated function of both tZ (z is the
lifetime of the excited atom) and the absorption coeflicient a at a given wave
number ¥. Hence, to obtain the quenching cross section from the observed
quenching Q, it is nccessary to know the absorption coeflicient. Since the
width of the primary radiation is much broader than the Doppler width of
the absorbing gas it is belicved that the absorption coefficient changes
during the repcated absorption and emission processes, although it is
difficult to estimate such changes. Samson [quoted in (21), p. 200], on the
other hand, has assumed that at low pressures of the absorbing gas the
transmission of light at a given wave number may be expressed as

e d

exp(—al) =+ . . (IV-10a)

f” exp@?® exp[ — ool exp (- @)} di
f_xi‘ exp (—®d2) do

where @ is 2(V — ¥4 )/ATp/In 2 [see (1-60)]. The quantity & is the average
absorption coeflicient and &/ is called the equivalent opacity. It is now
possible to construct theoretical curves of Q as a function of tZ for various
al values. Once @ is determined experimentally as a function of pressure p,
it is possible to obtain ¢Z corresponding to a given pressure by comparing
the calculated Q — ¢Z curve with the experimental Q — p curve. From the
linear slope of a plot of 1Z against various pressures of the quenching gas
one can obtain the quenching cross section. The value &l/a,/ is 0.665 for
ool = 1 and it decreases as o,/ increases.

Blickensderfer et al. (119) have recently extended the Samson theory to
include various vessel geometries under conditions of pure Doppler, pure
Lorentz, and Voigt (a combination of Doppler, Lorentz, and natural broaden-
ing) line profiles. The quenching cross section can be obtained also by a
dynamic method in which the decay of the fluorescence intensity is measured
after the exciting light is cut off. If the initial fuorescence intensity is /7 and
the intensity after a time ¢ is I, we obtain

I, = 19 ths *knatl (IV-11a)

where k. is the natural decay rate in sec™! without the quenching gas and
kw is the rate constant of fluorescence quenching by M. In the case of radiation
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trappin

Prine I, =17exp{—[gk, + ku(M)]t} g <« 1 (IV-11b)
From the slope of a plot In(19/1) versus decay time ¢ without M we obtain
gk, and with M we obtain gk, + ky(M). . _

Using the decay method Matland (669) has obtained for the qucnghm_g
cross section of Hg(*P,) by N, a value of 62 = 0.16 x 10~ '¢ cm?, which is
in good agreement with ¢2=0.19 x 107'® cm? obtained by Zemansky
(1083) in a static system. Quenching cross sections for Hg(*P,) gloms
have been measured for a number of gases by Zemansky (21), Michael
et al. {402, 702, 703), and Horiguchi and Tsuchiya (481). Sec reviews .by
Cvetanovié (256) and Calvert and Pitts {4). Some values of the quenchmg
cross section g2 are given in Table [V-1. Since it is difficult tg achieve
sufliciently low concentrations of mercury to avoid radiation imprisonment,

Table 1V-1. Quenching Studies of Hg(*P,) by Various Simple Molecules

Quenching
enching Major Primary Cross Section
Ql\l'll(ol;:culz’ Product® 6 x 1074 cm? Ref.
3P Dy > 0.9) 0.36 176, 481
N o 0.274 21
. Dy = 0.80, By, < 0.03 8.6.9.8 21, 176, 702
i ! " 108, 111 177,703
Co o =02
m::g.f 2074.CO' =1 - 10) 27,74 173, 180, 408.
) » 481, 557,703
NO Do = 0.20, Dyyy s o = 0.61 28.3, 33 481,703
HCl HgCl+ H 176
O, 12,239 703
H,S Hg + H + SH 33 176, 256
s, Hg + CS% 50 176, 256
N,O Hg+ N, +0O 212 176, 703
H,0 @0 = 0.38,0.5 1.43 21, 173, 180
Heg(>P,) - H,O* 373
NH, B0 = 062, 0.64 42 21, 173, 180
’ Hg(*P,) - NH% 736
Hg + NH; + H(® ~ 0.3) ;;g -
. “JH, 0 = 0.1 ~ 0.8, no HgH \
Har CHle Gl Hg + R + H, Hg(3P,) - RH*® 173,176, 177
CH,CI HgCl + CH; 34 176, 256
C,H, By < 0.01, Opyyy = 0.18 33 i Zg 177

? @,,,0 signifies the quantum yield for Hg(*P,) formation. ) ] ‘
* Loose complexes of Hg(*Po) with M{H,O, NH;, RH) which emit continua.
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quenching cross sections have been obtained in most cases under thf: condi-
tion that radiation imprisonment cannot be neglected and corrections are
applied accordingly. The values of quenching cross s.ccuon/s depend on the
correction factors and are probably accurate to wlxthm 50‘,’/(,.3

The various processes associated with quenching of_Hg( Py .and other
excited atoms have been studied extensively and are discussed in the fol-

lowing sections.

1IV-2. MERCURY SENSITIZED REACTIONS

Mercury sensitized reactions arc predominantly those inv.o.lving Hg("‘P,)
atoms. Few studies have been made of Hg('P,) atom sensitized reactions.
The Hg(*P,) state lies 4.886 eV above the ground state. The lifetime :{
0.114 psec. The Hg(*P,) atoms are produced from absorption of 253'{
light by ground state atoms. The reaction of Hg(JP,) atoms has bcc;n s(ud)xe@
extensively since the pioneering work of Cario and Franck (188).m 1922 in
which they showed that reaction products of Hg("P,) ut()ms‘wnh H, are
‘capable of reacting with metallic oxides, indicating the production of atomic
hydrogen. : . o

Apart from its intrinsic interest, Hg(*P,) atom :scnsmzcd reactions t.mvc‘
been used extensively to generate atoms and radicals and their reactions
with various molecules have been studied. Detailed quenching processes of
Hg(*P,) atoms have been of interest to many workers in the past 50 years.

The Hg(*P,) sensitized reactions may be rcpre'sented b.y lh.e following
types of reactions, although the extent of each reaction path is still unknown
for many molecules.

1. Direct dissociation:

Heg(®P,) + RH — Hg('S,) + R+ H (1V-12)
2. Formation of mercury hyride:
Hg’P,) + RH - HgH + R (1V-13)

3. Spin-orbit relaxation:

Hg('P)) + M — Hg(*Py) + M (IV-14)
4. Electronic to vibrational energy transfer:

Hg(’P,) + M > Hg('S,y) + M! (IV-15)

where M1 significs vibrationally excited molecules.
5. Formation of electronically excited molecules, such as

Hg*P,) + CS, — H('S,) + CS% (1V-16)

where CS% means electronically excited CS,.
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The extent of processes (1V-12) to (IV-16) depends on individual molecules,
The quantum yields for these processes have been estimated for some
molecules. Some examples of quenching processes are given below.

IV-2.1. Hg(*P,) + H, )

The production of atomic hydrogen by the Hg(*P,) sensitized reaction has
been known for many years and the reaction has been used as a clean source

of H atoms. Two processes have been postulated without direct evidence of
the primary products

Hg(*P,) + H, - Hg('S,) + 2H (1V-17)
Hg(*P,) + H, — HgH + H (IV-18)

Recently the production of HgH has been shown directly by optical absorp-
tion in the Hg(*P,) sensitized flash photolysis of H, by Callear and his
coworkers (176, 177, 180). The quantum yield (177) of HgH formation is
estimated to be 0.80 + 0.1. Other minor processes are also possible

Hg(*Py) + H, —» Hg(*P,) + H, (IV-19)
Hg(*P\) + H, - Hg('S,) + H} (1v-20)

where H} signifies vibrationally excited H,.
The quantum yield of (*Pg) production (IV-19) is less than 0.03 (180).
Therefore, the most important process must be the formation of HgH. This
conclusion is in disagreement with that of Yang et al. (1063), who have

concluded from phase space theory that the production of vibrationally
excited H; is most important.

IV-2.2. Hg(P,) + N,; Hg(*P,) + CO

The quenching cross sections for N,, CO, and NO for processes (IV-14) and
(IV-15) have been obtained by Horiguchi and Tsuchiya (481) by measuring
the steady state concentrations of Hg(*P)) and (°P,) atoms by optical
absorption at 4358 and 4047 A, respectively in the presence of quenching
gases,

The reaction of Hg(*P,) with N, leads predominantly (481) (>90%) 10
the formation of Hg(*P,) with a quenching cross section of 0.36 x 107 1% ¢m?,
while collisions with CO (481) produce Hg(*P,) and ('Sy) in a ratio of 3.5: 1.
Since Hg(3P,) atoms are predominantly produced from (*P,) in the presence
of N,, the reaction of Hg(*P,) with foreign gases M can be studied in
Hg -N,-M mixtures.

The quenching rates for Hg(*P,) atoms arc in general much faster than
those for (°P,) atoms (180). Vibrationally cxcited CO up to ¢ = 9 has been
observed in infrared emission of CO (408, 557)



1V-2.3. Hg(*P,) + H,0; Hg(>P,) + NH,

More than 50%, production of Hg(*P,) was observed in the reaction of
Hg(3P,)atoms with H,0 and NH, (180). Charge-transfer complexes between
the molecules and Hg(3P,) are assumed responsible for continuous emissions

near 2900 and 3500 A for H,O and NHj, respectively [Freeman et al.
(373, 736)].

IV-2.4. Hg(’P,) + Paraffins

The main reactions of Hg(*P,) atoms with saturated hydrocarbons are the
production of H atoms and alkyl radicals (R) (256):

Hg(*P\) + RH — Hg('S,) + R + H (Iv-21)

Substantial production of Hg(*P,) atoms has been seen by Callear and
McGurk (180). Continuous emissions that presumably originate from loose
complexes between the Hg(®P,) atoms and the hydrocarbons have been
observed near 2537 A (938). No HgH has been detected from the (*P,) atom
reactions with saturated hydrocarbons (177).

1V-2.5. Hg(*P,) + Olefins

The primary products of the Hg(*P,) atom sensitized reaction with olefins
are electronically excited molecules. For ethylene the process is the produc-
tion of electronically excited ethylene, C,H?%, probably in the triplet state
a*B,, at about 3.56 eV (16).

Hg(*P,) + C,H, — Hg('S,) + C,H* (1V-22)

The excited C,H, further decomposes or is quenched by C,;H,. Quench-
ing cross sections of Hg(*P,) atoms by olefins are usually much larger than

those by paraffins (256). Primary products and yields for some quenching
reactions are given in Table 1V-1.

IV-2.6. Hg('P,) Sensitized Reactions

The Hg('P,) state lies 6.703 eV above the ground state and has a lifetime
of 1.31 nsec. The production of Hg('P,) atoms is achieved by absorption
of 1849 A light by ground state atoms. Only a few data are available on
the reaction of Hg('P,) atoms and no reliable values have been obtained
for quenching cross sections. Relative cross sections for 12 gases were ob-
tained from Stern-Volmer plots by Granzow et al. (418). Quenching cross
sections for Hg('P,) atoms are not as widely different from one gas to
another as those for Hg(*P,) atoms. Emission at 2537 A was observed when
mixtures of Hg and N, were irradiated with the 1849 A line [Gover and
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Bryant (414), Granzow et al. (417)]. The formation of N,(43Z) as an inter-
mediate was postulated (417) as

Hg('Py) + N, —» Hg('S) + Ny(4°X)
Ny(4°E) + Hg('So) » N, + Hg(*Py)
Hg(*P,) — Hg(!S,) + hv (2537 A)

IV-3. OTHER ATOM SENSITIZED REACTIONS

1V-3.1. Cd(*P,, 'P,) Sensitized Reactions

The Cd(*P,) and (*P,) states are 3.80 and 5.417 eV above the ground stlate.
respectively. The lifetimes are 2.5 usec and 1.98 nsec for (°P,) and ('P))
atoms (21), respectively.

The Cd(*P,) and ('P,) states are produced from the ground state by
absorption of the 3261 and 2288 A lines, respectively.

The reactions of Cd(*P,) and (* P,) atoms with H,, N,, CH,, and NH,
have been studied by Breckenridge and Callear (145) and Morten et al.

720).

(719éand)emission due to a Cd(®°P,)-NH, complex has been observed by
Morten et al. (719) and similar bands with water, alcohols, and ethers have
been observed by Yamamoto et al. (1059).

1V-3.2. H(P) Sensitized Reactions

The H(®P) state is energetic by 10.2 eV with respect to the ground state apd
it has a lifetime of 1.60 nsec (32). The H(*P) state can be produced by. ir-
radiating flowing ground state H atoms with the 1216A resonance line,
where the ground state atoms are made in a microwave discharge. .

The quenching of H(*P) atoms by small molecules has been studied ex-
tensively by Phillips et al. (1021-1023) and by Tanaka et al. (583, 960). 'I_'l:tzz
quenching rate constant ranges from 107® [Shukla et al. (874)] t0‘10
[Wauchop et al. (1023)] cm® molec™ ' sec™ ! both for N, and O,. The discrep-
ancy is partially due to resonance trapping of the 1216 A.lmc in the o?ilcallz
thick system. In the optically thin system the value is about 10 Cem
molec™ ! sec™! [Braun et al. (142)]. The reaction of H(*P) atoms with H,
appears to produce three ground state H atoms [Van'Volkenburgh et al.
(992)]. The reactions of H(*P) atoms with O, and N, ylelde('i electronically
excited OH and NH [Wauchop and Phillips (1022)], respectively.

1vV-3.3. Na(2P) Sensitized Reactions

The Na(2P) state is 2.10 eV above the ground state (*S). Thc lifetime ofth;
(2P) state is 15.9 nsec. The Na(?P5;;) and (*P, ;) states emit 5890 and 5896
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resonance lines, respectively. The Na(?P) states can be generated from ground
state atoms by absorption of the resonance lincs or by photodissociation
(4 = 1900-2500 A) of Nal (332, 441). The quenching of Na(?P) atoms by N,
yields vibrationally excited molecules with a rate more than the gas kinetic
rate (359). The quenching of Na(?P) atoms by H, also gives rise to vibra-
tionally excited H, [Lee et al. (623)]. The quenching cross sections are
dependent both on the translational energy of Na(?P) atoms and tem-
perature. It decreases at higher temperatures (632) and at larger translational
cnergies. Quenching cross sections by inert gases are in general much smaller
than thosc by diatomic molecules (359). Quenching of Na(2P) by CO and
O, has also been studied (359, 633).

IV-3.4. Ar(*P,,'P,) Sensitized Reactions

The Ar(*P,, 'P)) levels are 11.623 and 11.827 eV, respectively, above the
ground ('S) level. The lifetimes are 8.4 and 2.0 nsec {33), respectively. The
Ar(*P,,'P,) states are formed by absorption of the Ar resonance lines at
1067 and 1048 A. In the 1 to 100 mtorr concentration range the lifetime of
Ar(*P,,'P,) atoms is of the order of 10 usec [Hurst et al. (494)], which is
1000 times as long as that of isolated atoms because of imprisonment of
resonance radiation. If the ionization potential of a molecule is below 11.6 eV,
it is possible to increase the photoionization yield (sensitize) by adding Ar
to the sample. The increase of the ionization yield is caused by collisional
cnergy transfer between Ar(3P,,'P,) atoms and the molecule before the
excited atoms return to the ground state by resonance cmission. Yoshida
and Tanaka (1065) have found such an increase in the Ar--propane, and
Ar-ammonia mixtures when they are excited by an Ar resonance lamp.
Boxall et al. (123) have measured quenching rate constants for Ar(*P))
atoms by N,, O,, NO, CO, and H,. They are on the order of the gas kinetic
collision rate.

1V-3.5. Kr(*P,,'P,) Sensitized Reactions

The Kr(*P,) and Kr(' P,) levels lic 10.032 and 10.643 eV, respectively, above
the ground level. The lifetimes are 3.7 and 3.2 nsec, respectively (424). The
Kr(*P,) and Kr('P,) states are produced by absorption of the resonance
lines at 1236 and 1165 A, respectively. Sensitized reactions of N, and CO by
Kr(*P,,'P,) atoms have been studied by Groth ct al. (427).

IV-3.6. Xe(*P,) Sensitized Reactions

The Xe(*P,) state is 8.436 ¢V above the ground ('S) state and has a lifetime
of 3.7 nsec [Wilkinson (1043)]. The Xc(*P,) state is produced by absorption
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of the 1470 A resonance line. The reaction of Xe(*P,) with CO yields various
triplet states of CO(d*A, €%, a’3X), as well as the CO(A ' [1) state, and emission
bands from these states have been observed by Slanger and Black (898, 899).
Of the total singlet ('IT) plus triplet emissions 60 + 15% is from the A'Tl
state. On the other hand, direct excitation of CO by the 1470 A line produces
only the CO(d>A,v = 7) state (898). Thus, Xe sensitized reaction produces
various triplet states indiscriminately. The initially formed collision com-
plex XeCO* has been found to have a lifetime of 25 + 6 usec before it
dissociates to give CO* [Freeman and Phillips (374)]. The quenching of
Xe(*P,) atoms by H, has been found by Shimokoshi to produce H atoms
(873). VonBunau and Schindler (997) have shown that Xe(*P,). as well as
Kr(*P,), atoms sensitize an exchange between H, and D,. The photolysis
of methane (881), ethane, and propane (996) sensitized by Xe(*P,) and
Kr(*P,) atoms has been studied. The detailed mechanism of photosensitiza-
tion is complicated since Xe(*P,) or Xe¥ (electronically excited molecule)
may be formed at higher Xe pressures. Direct photolysis of molecules may
partially occur by the imprisoned resonance lines.

IV-4. REACTIONS OF METASTABLE O ATOMS
IV-4.1. O('D) Atoms

The electronic energy of O('D) is 1.967 eV above the ground state. The
transition to the ground state O(*P) is forbidden by electric dipole and spin.
The hifetime is 150 sec (32). The O(' D) production can be detected either by
the emission (398) at 6300 A [O('D) - O(*P)] or by the absorption at
1152 A [2p® 35 ('D") « 2p* ("D)] (456) [Heidner et al. (455), Heidner and
Husain (457, 458)].

Photochemical Production of O(*D) Atoms. The production of O('D)
atoms has been observed in the photolysis of O,, NO,, O;, CO,, and N,0O

0, o¢r) + 0('D) <1750 A

NO, " NO + O('D) <2440 A

0,™o0,'a)+ O('D) <3100 A
0, co + o('p) <1670 A
N,O N, + O('D) <3400 A

Physical and Chemical Quenching of O('D) Atoms. Although the direct
detection of O('D) has been made only recently, it has been known that
O atoms produced from the photolysis of N,O at 1849 A react rapidly with
N,O to form N, and NO, while O(*P) atoms do not react with N,O (794,
864). Furthermore, it has been known that O atoms produced from the
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photolysis of N,O at 1849 A, NO, at 2288 A, and CO, at 1470 A exchange
with O atoms in CO, (73, 815, 1060), indicating the formation of an inter-
mediate complex COj;, which dissociates into CO, + O(*P) in 107! to
10~ '2 sec (227). An exchange of O atoms with those in CO, does not take
place for the ground state O(*P) atoms.

The production of O(!D) atoms is also evidenced by the formation of
neopentanol in the photolysis of N,O-neopentane mixtures at 2138 A. On
the other hand, O(3P) atoms react with I-butene to yield 1,2-butene oxide
[Paraskevopoulos and Cvetanovic (791)].

The reactive O atoms produced from N,O at 1849 A can either be O('S)
or O('D). However, O atoms produced from the photolysis of NO, at
2288 A, where the production of only O('D) is energetically possible, show
the same chemical reactivity as those from N,O at 1849 A (815, 1060). The
results indicate that reactive O atoms must be O(' D).

Quenching rates of O('D) with Xe, O,, O,, CO, CO,, N;, NO, N,0,
NO,, H,, H,0, and CH, have been measured (10, 262). Rate constants
arc on the order of 107 1'% cm?® molec™! sec™!, that is, the reactions proceed
with almost unit collision efficiency. Noxon (745) and Clark and Noxon
(216) have measured the absolute emission intensity at 6300 A in the steady
state photolysis of O, and CO, at 1470 A. From the rate of production
of O(' D) Noxon was able to obtain a rate constant of 6 x 107 '! cm?® molec™*
sec™ ! for O(' D) quenching by O,. Gilpin et al. (398) were the first to detect
O(! D) atoms directly and measure their decay following the flash photolysis
of O, in the Hartley band. The 6300 A emission disappeared within 200 usec
after the flash at an O, pressure of 3 mtorr. From the exponential decay
curve integrated over 600 shots, the authors have obtained a rate constant of
2541 x 107'° cm?® molec™ ! sec™! for the reaction O('D) + O,. Rate con-
stants of O('D) atoms with various atmospheric gases have been obtained
also by measuring the decay of O('D) after the flash photolysis of O, in the
presence of atmospheric gases (455, 456). The decay of O(' D) was monitored
by optical absorption at 1152 A.

It has been found (791) that while N, [ DeMore and Raper (274)], Xe,
CO, and CO, merely deactivate O('D) to O(*P) atoms, H, and CH, react
with O('D) atoms to form respective products.

Overend et al. (787) have found little effect of excess kinetic energy of
O{'D) atoms on reaction rates.

Reactions of O('D) Atoms with H,, O,, N,0, H,0, CH,, and Chloro-
fluoromethanes. O(' D) + H, (276). No physical quenching was found (791).
DeMore (276) has studied the photolysis at 2537 A of mixtures of O3—H,
dissolved in liquid argon at 87°K. The quantum yield of ozone decomposi-
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tion is near unity when O, is added to the mixtures, while without O, at
least 250, molecules per H atom are dissociated.
DeMore proposed that processes with O, added are

O('D)+ H,—»H + OH  k;3 =29 x107"%cm? molec™ ! sec™? (1v-23)
H+ 0, % HO, (IV-23a)

The OH and HO, radicals produced do not react further with O,. Hence,
the quantum yield of O, decomposition is near unity.
On the other hand, without O, the mechanism is (IV-23) followed by
chain reactions
H+ 0, - OH' + O, (1V-23b)
OH' + O; - H + 20, (1V-23c¢)

where OH' indicates vibrationally excited OH (v up to 9). i
O('D) + O, (392, 918, 1068). The reaction to form O,('Z) was first
suggested by Young and Black (1068)
O('D) + O, - O(3P) + 0,('%)

1 -1

sec
(Iv-24)

kg =7 x 107" cm® molec™

They observed the O,('Z) emission band at 7620 A by .the steady state
photolysis of O, at 1470 A. In the photolysis of O3~0O, mixtures at 2537 A
in a flow system, Snelling and Gauthier (918) and Snelling (919) have found
that the yield of O,('E) production is 85 + 15%. _
O('D) + N,O (794, 816, 864). The reactions of O('D) atoms with N,O
are
O('D)+ N,O =N, + 0, kys (1V-25)
O(*D) + N,0 — 2NO Kye (1V-26)

with a 1:1 ratio, while O(*P) atoms do not react with N,O. The reaction is
fast with a value of 2 x 107'% cm?® molec ™! sec ™! for ky5 + k6.

O('D) + H,0. The flash photolysis of 0,-H,0 mixtures in the near
ultraviolet yields OH radicals [ Engleman (335), Biedenkapp et al. (109)].

0, 0('D) + 04('4)
O('D) + H,0 - 20H (IV-27)

Paraskevopoulos and Cvetanovi¢ (793) have studied the photolysis of
N,O-neopentane-H,0O mixtures at 2139 A. They have obtained the reac-
tion rate of O('D) with H,O relative to that with neopentane. The deactiva-
tion of O('D) to (*P) by H,0O was examined by adding 1-butene to
N,O-neopentane-H,0 mixtures. No products characteristic of orpP)
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addition to I-butene were found. The process
O('Dy + H,0 - 20H

must be predominant (>90°) (888). It has been observed that hydroxyl
radicals formed are vibrationally excited up to ¢ =2 (335). The newly
formed OH bond acquires most of the available energy while the other OH
bond remains vibrationally cold (335). The reaction of OCP) atoms with
H,0, however, does not form OH (312).

O('D) + CH, (312, 856). The formation of OH radicals is found in the
flash photolysis of N,O-CH, mixtures, indicating the occurrence of the
reaction

O('D) + CH, - OH + CH,

ky; =35% 107" em® molec™ ' sec™!  (1V-27a)

kyy =4 x 107" cm® molec ! sec™!

(1V-28)

No physical quenching of O('D) to O(*P) was found (791). Greenberg and
Heicklen (420) have estimated the OH production yield to be 95, of the
total. Lin and DeMore (636) have concluded the reaction

O('D) + CH, » H, + CH,0 (1V-29)

occurs to an extent of 9%,

O('D) + Chlorofluoromethanes. The reactions of O('D) with chloro-
fluoromethanes have been studied by Donovan et al. {316), Gillespie and
Donovan (396), and Fletcher and Husain (362). The reactions yield predom-
inantly ClO radicals

O('D) + CF,Cl, - CF.Cl,_, + CIO(X ) (1V-29a)
The rate constants are large (~5 x 107'* cm® molec™ ' sec™ ).

O('D) Atoms in the Upper Atmosphere. The presence of O(' D) atoms in
the upper atmosphere has been recognized by the observation of the air
glow emission at 6300 A. The formation of O(' D) atoms must be due to the
photolysis of O, by light of wavelengths below 1750 A (>100 km) and to
the photolysis of O, in the Hartley band (< 100 km).

The rcaction O('D) + O, may produce O,('E) in the stratosphere
(918, 1085).

Reaction rates and products of O('D) with various gascs are given in
Table IV-2.

IV-4.2. OCS) Atoms

The clectronic energy of O('S) atoms is 4.189 ¢V above the ground state.
The transitions of O('S) to the ground and to the O(' D) states are forbidden.

IV—4. Reactions of Metastable O Atoms 153

Table IV -2. Reaction Rates and Products of O(' D) with Various Gases

Rate Constant”

Reactant Products* (1071 em* mokee ™' sec ™ Y) Ref.
Xe Xe + Of'p) 14+ 03 791
0, OL'E)) + O 0.75 + 0.15 348,610, 745, 918
[O0E, + O¢P)) 108, 545, 1068
N, N, + O¢'P) 0.55 +0.15 791
Dy <10°° 556, 883
NS+ Oy 904
CcO CO + Ot 0.75 £ 0.15 313, 791
CO' + O P 904
NO [NO + O¢Py] 21+ 04 10
H, H + OH 29405 276. 791
O, 0,4 O, (a'Aor X% 50+25S 392, 458, 1027
20 + 0,
O, CO, + O¢*r) L8+ 0.3 313, 791
N,O N, + 0O, , 22404 864
2NO }
NO, (NO + 0,) 28 +05 10
H,0 20H 35+ 06 335, 458, 88K
CH, OH + CH, 4.0+ 0.7 312,636, 791
H, + CH,0 275, 420
nco-CsH,, Ncopentanol 123+ 23 791,792

a

' indicates a vibrationally excited molecule.
" Ref. 1012,

The lifetime of O(*S) is about 0.71 sec (32). The O('S) state can be identified
by the emission at 5577 A [O('S) — O('D)] or by the absorption at 1218 A
[3s°C'P7) < 2p*(18)] [see McConkey and Kernahan (673)].

Photochemical Production. The formation of O('S) atoms has been
observed in the photolysis of O,, N,O, and CO,

0,moer ror's)  <3PA

N,O BN, + O('s) <2115 A
CO, % Co + 0's) <1286 A

Reactions of O('S) Atoms. In spite of the higher electronic energy of
O('S) than of O('D) the quenching rate constant of the former atoms by
many gases s in general much smaller than that of the latter atoms,
Table IV 3 shows some results obtained mainly by Welge et al. (48, 349,
646, 949, 1035). A mechanism (o explain a large difference in physical
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Table IV-3. Comparison of Quenching
Rate Constants of O('D) and O('S) Atoms
at Room Temperature (10, 646)

k (cm® molec ~! sec™ )

Reactant oD O'S)
Xe 1.4 x 10~ 10a 6.7 x 10713
N, 0.55 x 1070« <5x 10717
CO 0.75 x 10~ '0¢ 49 x 10713
0O, 0.75 x 19~ 104 26 x 107"}
H, 29 x 10710k 2 x 10716
CoO, 1.8 x 10102 3.7 x 10713
0, Sx 107190 58 x [0 10

¢ Physical quenching of O('D) to O(*P).
* Chemical quenching,

quenching has been proposed by Donovan and Husain (310) and by Fisher
and Bauer (360). The observed quenching properties of O('S) and O(' D) by
N,, for example, may be explained by a correlation diagram show in Fig.
IV-1in which C; symmetry is assumed for the O-N, collision complex.
From Table I1-4 it can be shown that three reaction surfaces (A + 234"
are available for O(°P) + N,, five surfaces (3'4’ + 2! 4”) are available for
O('D) + N,, and only one surface (' ') correlates with O('S) + N,. Quench-
ing of O('S) by N, is probably physical, since an O('S) + N, surface does
not correlate with NO + N(*S) surfaces. Physical quenching of O('S)
would involve a high energy barrier (10° collisions are necessary for
quenching). On the other hand, O('D) quenching would proceed with the
initial formation of highly vibrationally excited ground state N,O and its
subsequent dissociation into O(*P) + N, by nonadiabatic crossing from
'A’ to >4’ + 34" surfaces. The reaction O('D) + N, » NO + N does not
occur since it is highly endothermic.

A similar trend has been observed for quenching of S('S) and S('D) by
noble gases. It is not known whether quenching of O('S) by O, is physical or
chemical. It is likely that the products would be 20, or O, + 20, since the
rate constant is very large in this case.

Intensity Enhancement of the O('S) - O(*D) Transition. It has been
found by Filseth et al. (349) and by Hampson and Okabe (436) that gases
such as H,, N,, Ar, Kr, and Xe enhance the O('S) — O(!D) emission in-
tensity. This enhancement has been attributed to the shortened lifetime of the
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Fig. IV-1. Correlation diagram for the reactions O + N, and NO + N. C, symmetry
is assumed for the reaction intermediate. Three reaction paths are available for O(*P) +
N,, five for O(' D) + N,, and one for O('S) + N,. Quenching of O('S) by N, is probably
physical and would require a high energy barrier, while quenching of O(*D) to O(°P)
is facilitated by nonadiabatic crossing from ' 4’ to 4’ + 234" surfaces. Reprinted with
permission from Donovan and Husain, Chem. Rev., 70, 489 (1970). Copyright by the
American Chemical Society.

emission. It has been known that the atomic emission line at 5577 A is
accompanied by diffuse bands towards shorter wavelengths in the presence
of Ar (240), N, (238), and Xe (254). A proposed mechanism by Hampson and
Okabe (436) is that while the atomic transition is forbidden by the selection
rules, AJ =0, +1, it becomes allowed as a result of the loosely bound
molecular formation M—OQO('D;) (M, an added gas). The transition is now
allowed since M—O(!D;) has components Q = 2, 1,0 along the internuclear
axis, and the selection rules are AQ =0, + 1.
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The intensity of the collision induced emission follows the order Xe >
Kr> Ar > N, > H, > He (349, 436). According to Cunningham and Clark
(254) this molecular emission is 40°, of the total quenching process in the
casc of Xe, but it is only 1% in the case of Ar. From the Stern-Volmer type
plot of the intensity ratio of /, (with added gas) to 17 (without added gas)
against the pressure of an added gas, Black et al. (115) thC recently obtained
the rate constant for induced emission by He, Ar, N,, H,, Kr, and Xe.

O('S) in the Upper Atmosphere. The presence of O('S) in the upper
atmosphere is indicated by the emission linc at 5577 A in the airglow and
aurora. The mechanism of formation and destruction of O('S) atoms has
been of great interest in acronomy. Zipf (1085) gives a detailed account of
various processes of O('S) in the upper atmosphere.

IV-5. REACTIONS OF METASTABLE S ATOMS
IV-5.1. S('D) Atoms

The S('D) state lies 1.145 eV above the ground S(®P) state and is metastable
with a lifetime of 28 sec. The S('D) state can be detected by absorption in
the vacuum ultraviolet at 1667 or 1448 A (33). However, in spite of much
effort S('D) atoms have not been detected by optical absorption in the
vacuum ultraviolet flash photolysis of OCS because of a rapid reaction of
S(' D) with OCS

S(*D) + OCS — S,(¢'A) + CO

The appearance of absorption bands near 1900 A, due to the transition
Sylg'A, < a'Ay) indicates S('D) atoms are formed in the primary process
since S(*P) atom reaction with OCS yields SZ(X Z, ) rather than S,(a'A)
[Donovan (305)]. The ultraviolet photolysis of OCS Is a convenient source
of S('D) atoms [Gunning and Strausz (430) )]. The S('D) atoms react with
paraffins to produce the corresponding mercaptans, while S(*P) atoms do
not react with paraflins. Thus, the production of mercaptans may be used as
diagnosis for S('D) atom formation. The reaction of S(*P) with ethylene
yiclds only ethylene episulfide [(CH,),S], while S('D) atoms form ethylene
episulfide and vinyl mcrcaptan (430). Donovan et al. (308) have found high
quenching efficiencies of S(' D) atoms by inert gases. Quenching efficiencies
for S(' D) are much higher than those for S('S) atoms. The analogous trend
has been found for O(' D) and O('S) atom quenching efficiencics. They have
explained the higher quenching efficiency of S(! D) atoms by Xe on the basis
of crossings of the potential energy curves for Xe -S('D) and Xe¢ - -S('S)
molecules, respectively, with that for a Xe—S(*P) molecule.
Quenching rates of S('D) by atoms and molecules have been measured
by Little et al. (642).
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IV-5.2. S('S) Atoms

The S('S) state lies 2.750 €V above the ground state. The S('S) state is
mctastable with a lifetime of 0.47 sec (33). The S('S) atoms can be detected
by absorpnon at 1687 or 1782 A. The emission at 7725 A ('S - 'D) or at
4589 A ('S — *P) may also be used to follow the reaction rate of S('S) atoms.
The photolysis of OCS in the vacuum ultraviolet produces S('S) atoms
[Dunn et al. (326) Donovan et al. (305, 308)]. Quenching of S('S) by various
atoms and molecules has been studied by Donovan et al. (308) and by Dunn
¢t al. (326). Quenching rates by NO and NO, are extremely fast and may
involve chemical reaction (326). Neither the products specific to S('S) atom
reactions nor the extent of physical quenching is known. Quenching rate
constants of S('S) are in general much less than those of S('D), just like
for O atoms.

Collisionally induced emission S('S) - S('D) has been found to be a
major path for deactivation of S('S) atoms by rarc gases and by N, [Black
et al. (116)] in analogy with O('S) atoms described in Section 1V-4.2.

IV-6. REACTIONS OF METASTABLE AND GROUND
STATE C ATOMS

1V-6.1. C('D) Atoms

The C('D) state is 1.263 ¢V above the ground state C(*P) and has a lifctime
of 53 min (32). The generation of C('D) atoms is achieved by the photolysis
of carbon suboxide in the vacuum ultraviolet. The concentration of C('D)
atoms can be monitored by optical absorption at 1931 or 1482 A [Braun
et al. (141),.Husain and Kirsch (500)]. Quenching of C('D) atoms by noble
gases (499), diatomic molecules, and polyatomic molecules has been studied
by Braun ct al. (141) and Husain and Kirsch. (498-500). Reactions of C('D)
atoms with molecules are, in gencral, fast (collision efficiencies of 0.1 to 1).

1V-6.2. C('S) Atoms

The C(!5) state lics 2.683 eV above the ground state C(*P) with a lifetime of
2 sec (32). The production of C('S) atoms is observed in the photolysis of
carbon suboxide in the vacuum ultraviolet. The C('S) atom production can
be detected by absorption at 2479 or 1752 A. Rate constants of C('S)
with molecules have been measured by Meaburn and Perner (687), Husain
and Kirsch (505), and Braun ct al (141). The rate constants are in general
much smaller (collision efficiencics 1072 to 10~°) than those for C('D), in
analogy with the results for O(' D) and O('S) atom quenching rates given in
Table 1V-3.
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The difference in reactivity of C(! D) from C('S) is explained by Donovan
and Husain (310) on the basis of symmetry correlations between reactants (for
example, carbon atom and hydrogen molecule) and products (methylidyne
and atomic hydrogen). Figure 1V-2 shows the correlation of C + H, with
CH + H. The reaction C + H, is assumed to form CH, of C, symmetry
(or C,, symmetry), which dissociates subsequently into CH + H. Correla-

av
J—
%
v >——— CH(c®s*) + H
L A
CH(BEE™)+H
cH(A®A)+ H
Al
c('s)+H,
6—‘ ——
ct'o)+ Hp
CHOC) +H
4_|
c®Pr4m, )\
2|
o_

cHA x3x3)

Fig. IV-2. Symmetry correlations between C + H, and CH + H. The formation of CH,
in C, symmetry (or C,,) is assumed. The reaction C('D) + H, proceeds through !4’
and '4” to form CH(X*IT) + H with high efficiency. On the other hand, C('S) + H,
correlates with highly excited CH + H and the reaction requires a high activation energy.
The C('S) atoms are probably deactivated to C('D). C(*P) + H, forms CH,(X*Z).
Reprinted with permission from R. J. Donovan and D. Husain, Chem. Rev., 70, 489 (1970).
Copyright by the American Chemical Society.
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tions of species C{*P,'D,'S) + H, with those of CH, in C, are given in
Table 11-4, Correlations of species of CH, in C, with those of CH(?IT, 2A,
?£7,2%*) + H are given in Table 11-3. The species C(*P) + H, becomcs
344+ 2°4” in C,. Two of them (34’ + 2A”) correlate with CH(X?I1) + H
and the third specics, *A”, becomes CH(A2A) + H. At low kinetic energy
of C(*P) (< 1eV), CH, is the product. For species C('D) + H, five surfaces
(3'A" + 2'4") are available, two of which (A’ + '4"} correlate with
CH(X*IT) + H and another two (' A’ + ' 4”) are associated with CH(42A) +
H. The last one ('A’) becomes CH(C2X*)+ H. The production of
CH(X2I) + H is fast and requires no activation energy. On the other hand,
the species C('S) + H, has only one surface (*A’) that correlates with
highly excited CH + H. The reaction needs at least an activation energy of
2.5eV and C('S) atoms are more likely to be deactivated to C('D) atoms.

Iv-6.3. C(*P) Atoms

The ground state C atoms are produced by the photolysis of carbon suboxide.
They can be monitored by optical absorption at 1657 A. Reactions of
C(*P) atoms with molecules have been studied by Husain and Kirsch
(497,498) and Braun et al. (141).

1V=7. REACTIONS OF OTHER METASTABLE ATOMS
IV-7.1. N2 D, ?P) Atoms

The N(2D) and N(*P) levels are 2.38 and 3.576 eV, respectively, above the
ground level {*S) and are metastable with lifetimes of about 17 hr and 12 scc,
respectively (32). The N(?D) atoms can be detected by absorption at 1243
and 1493 A and N(?P) at 1412 and 1744 A. In emission the 5199 A linc is
due to the transition 2D — *S and the 3466 and 10,400 A lines are from the
transitions 2P — *§, and 2P — 2D, respectively. The N(3D, 2P) atoms can be
produced from the photolysis of N,O in the vacuum ultraviolet.
Quenching rates of N(2D) and (?P) atoms by H,, N,, O,, CO,, and
N,O have been measured by Husain et al. (506) by time-resolved attenuation
of absorption at 1493 and 1744 A, respectively. The quenching of N(*D)
atoms by N, O appears to be chemical reaction to produce NO(BIT) + N,.

N(2D) + N,0 - NO(B*IT) + N, (1V-30)

Quenching of N(?®D, ?P) by O,, N,0, CO,, NO, N,, H,0, Ar, and He
has also been studied by Lin and Kaufman (635) and by Slanger and Black
(908).

Atmospheric Reactions. The presence of N(?D) atoms in the upper
atmosphere has been known from the 5200 A emission line observed in the
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upper atmosphere. The reaction of N(2D) atoms with O, is believed to be a
source of NO

N(2D) + O, = NO + O(*P) (1V-31)

1IV-7.2. Br(*P,;;) Atoms

The Br(*P,,,) state lies 0.456 eV above the ground 2p,,, statc and is meta-
stable with a lifetime of 1.12 sec. The Br(?P,,;) atoms can be detected by
absorption at 1532, 1582, and 1634 A. The flash photolysis in the vacuum
ultraviolet of HBr, Br,, CHCI,Br, and CF;Br has produced Br(*Py,,)
atoms that have been observed by optical absorption [Donovan and
Husain (299)]. The quenching cfficiency of Br(3P,,,) produced from the
Nash photolysis of CF;Br by various gases has been studied by Donovan
and Husain (300).

IV-7.3. 1(}P,,;) Atoms

The I(2P,,,) state is 0.942 ¢V above the ground state 2P, and is metastable
with a lifetime of about 0.05 sec [Husain and Wicsenfeld (495, 496)]. The
1(2P, ,) atoms can be detected cither by optical absorption at 1844, 1799,
and 2062 A or by emission at 13152 A. The 1(*P,) atom production was
observed in the flash photolysis of CF,;l above 2000 A [Husain and
Wiesenfeld (496)]. The flash photolysis of HI above 2000 A has produced
I(2P,,,) and 1(*P},,) with a ratio of 1:5 [Donovan and Husain (297)]. Phys-
ical quenching rates of I(*P,;) atoms by diatomic and polyatomic mole-
cules have been measured by Husain et al. (269, 448, 496) and, Donovan
et al. (298, 303). Quenching cfficiencies range from 1077 to 10 % The low
quenching efficiency by CF,l favors the detection of I(?P,,,) atoms. The
quenching by HI, H,0, O,, NO, and 1, has been found by Donovan and
Husain (298) to be efficient. The quenching by Cl;, Br,, 1Cl, and IBr has been
attributed by Donovan et al. (301) to chemical quenching. On the other hand,
the quenching of I{* P, ) by alkyl iodides (R1) is primarily physical, although
the reaction to form 1, + R is exothermic (303). The quenching eflicicncies
are on the order of 1072 to 1073, The fraction of I{*P,,) production from
n-C,H,1 photolysis is twice as much as that from i-C3H,1.

IV-7.4. As(*D,,*P,) Atoms

The As(2D,,;) and As(2Ds),) states are 1.313 and 1.353 ¢V, respectively.
above the ground (*S) state. The As(*P,,;) and As(*Py;,) are 2.254 and
2312 eV, respectively, above the ground state. The As(*D;) and As(*P))

atoms are generated by the photolysis of As(CH ;)3 and AsCly, respectively.
{105, 172)
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IV-7.5. Sn(*D, 'S) Atoms

The Sn(’D) and Sn('S) states arc 1.068 and 2.128 eV, respectively, above
the groupd (*P,) state. The Sn('D) and Sn('S) atoms are generated by the
photolysis of Sn(CH,), and SnCl,, respectively. (151, 152)

1V-7.6. Pb(!D, 'S) Atoms

The Pb('D) and Pb('S) states are 2.660 and 3.653 eV above the ground
state, respectively. The Pb('D) and ('S) atoms are generated by the pulsed
photolysis of lead tetracthyl. The quenching of the Pb('D) and ('S) atoms
by various molecules has been studied by Husain and Littler. (501, 503, 504)



chapter V

Photochemistry of
Diatomic Molecules

V-1. HYDROGEN
The ground state of H, is X'Z.
Do(H—H) = 4.4780 eV (Ref. 468)

Absorption starts at 1108 A. The banded absorpuon region 850 to
1108 A corresponds to the transition B'L} - X! z; (Lyman bands). The
dissociation limit at 844.7 A corresponds to

H, 2 H(1s) + H(2p, 25) (V-1)

Below 844.7 A the banded structure (D'M,-X'%L,) is superimposed on a
continuum [Mentall and Gentieu (695)]. The absorption coefficients in the
region 700 to 860 A have been measured by Mentall and Gentieu (695).

V-2. HYDROGEN HALIDES
V-2.1. Hydrogen Fluoride

The ground state is X'E*. Do(H—F) = 5.86 + 0.02 eV (286a). Absorption
starts at 1613 A. The absorption coefficients of a weak continuum below
1613 A are given in Fig. V-1.

V-2.2. Hydrogen Chloride

The ground state is X'Z*, Do(H—Cl) = 4.431 + 0.002 eV (24). The absorp-
tion coefficients of the continuous region 1380 to 2000 A are given in Fig.
V-2, and those in the region 1050 to 2100 A are given in Fig. V-3.
Photolysis at 1849 A produces H atoms with about 2.27 eV excess
kinetic energy. The primary process is most likely the production of H + ClI
with a quantum yield of unity since the absorption is continuous. The Cl
atoms are in the 2P, state [Mulliken (725)]. The photochemical reactions
expected are similar to those of HI [Wilson and Armstrong (1051)].

HCI M H + iz, (V-2)
H + HCl > H, + Cl (V-3)
Cl+Cl+M->ClL, +M (V-4)

'
o.4_|
0.1 ]
004
Fig. V-1. Absorption coefficient of HF. € is
in units Imol™'em™' base 10 (at room
| ] | , 4[00 temperature). From Safary et al. (849), re-
1eco printed by permission. Copyright 1951 by the
A American Institute of Physics.
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2Q]
o T . .
T T T T Fig. V-2. Absorption coefficient of HCL. & is in
: - -1
2000 1200 unitsof atm™' cm™", base 10 at room temperature.
° 600 From J. Romand and B. Vodar (840), reprinted by
A permission of the Academie des Sciences.
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Fig. V-3. Absorption cross sections of HC in the region 1050 to 2100 A. o is in units of
10718 cm2 base e at room temperature. From Myer and Samson (727), reprinted by
permission. Copyright 1970 by the American Institute of Physics.
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Fig. V-4, Absorption coefficient of HBr. € is in
o units of | mol ™! cm ™', base 10 at room temperature.
| 7T T  Reprinted with permission from B. J. Hucbert and
1600 2000 2400 R. M. Martin, J. Phys. Chem. 72, 3046 (1968).
R Copyright by the American Chemical Society.

V-2.3. Hydrogen Bromide

The ground state is X'%, Do(H--Br) = 3.750 + 0.01 eV (24). Absorption
starts at about 2500 A and is continuous down to about 1600 A. The absorp-
tion coeflicients in this region arce given in Fig. V 4. The region 1190 to
1580 A contains various discrete transitions.

The primary photochemical process in the continuous region appears (o
be the production of the ground state Br atoms 2Py, [Milliken (725)].

HBr Y H + Br(2P, ;) (V-5)

The H atoms have excess kinetic energy, 2.96 and 1.25¢V at 1849 and
2480 A, respectively. The secondary processes are [Fass (444)].

H + HBr— H, + Br _ {V-0)
Br+Br+M->Br, + M V-7

The photolysis of HBr has been used for an actinometer in the region
1800 to 2500 A, as ®,;, = 1 has been established in comparison with an N,O
actinometer [Martin and Willard (663)].

V-2.4. Hydrogen lodide

The ground state is X'Z*, Dy(H—1) = 3.054 + 0.002 eV. Absorption starts
at about 2800 A and is continuous down to 1800 A, The absorption coefli-
cients in this region are given in Fig. V-5. The upper state must be repulsive
as shown in Fig. V-6. The quantum yields of H, and 1, formation from HI
at 1849 A and at —78"C and 25°C are 1.05 £ 0.05 and 1.3 + 0.3, respectively
[Martin and Willard (663)]. The results may be explained by a mechanism

HIBH +1 (V-8)
H+Hl-H,+1 (V-9)
A+Mo1,+M (V-10)

The cxcess energy beyond that required to break the H -1 bond is 3.65 eV
at 1849 A. This excess energy appears primarily as the kinetic cnergy of H
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Fig. V-5. Absorption coefficients of HI and contribution of the transitions to the absorp-
tion continuum in the ultraviolet region. Solid curve, absorption coefficients € of HI in
units of 1 mol ™' cm ™' base 10 at room temperature. Reprinted with permission from
B. J. Huebert and R. M. Martin, J. Phys. Chem. 72, 3046 (1968). Copyright by the
American Chemical Society. Dashed curves, absorption coefficients of the transitions
ML-'E*, Mg -"2%, and 'TI-'Z*. The *11, and'I states dissociate into H + 1CPy,),
while the *I1g state dissociates into H + I(P,,;). The arrows indicate four incident
wavelengths (2662, 2537, 2281, and 1850 A) at which the ratios of IGP2) to 13P,,)
are obtained. From Clear et al. (219) reprinted by permission. Copyright 1975 by the
American Institute of Physics.

atoms. However, &, both at 1849 and 2537 A is unity, showing little or no
enhancement of the yield by hot hydrogen atoms. The production of the
metastable *P,,, | atoms is energetically possible below 3100 A. At 2790 A
Oldershaw ct al. (777) estimate the quantum yield of I(*P,,,) production to
be 0.11 + 0.14. Estimates by Compton and Martin (231) for the same yield
are 0.07 + 0.1, 0.19 + 0.1, and 0.0 + 0.1, respectively, at 2537, 2288, and

2
H+ 0 ( Pyz)
H+ (%P ;/z) Fig. V-6. Potential energy curves of HI. From
Wilson and Armstrong (1051). Originally from
Mulliken, Phy. Rev. 51, 310 (1937). Reprinted by
permission. Copyright 1937 by the American Physi-
cal Society.
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1850 A. Thus, in the region 2800 to 1800 A the ground atom production
appears to be predominant. However, Cadman and Polanyi (165) estimate
the I{*P, ;) production to be about 0.5 at 2537 A. Clear et al. (219) have
found the production of I(*P,,;) to be 0.36 at 2662 A by measuring the

translational energy of recoil H atoms produced from HI by a pulsed
polarized laser.

V-3. CARBON MONOXIDE

The ground state of CO is X!+, Dy(C—0O) = 11.09 eV. (24). A weak
discrete absorption in the region 1765 to 2155 A corresponds to the Cameron
system «’[1-X'T*,

In the vacuum ultraviolet absorption bands in the region 1280 to 1600 A
correspond to the fourth positive system A'[1-X'E*. The absorption cross
sections of this system are given in Fig. V--7. Since the widths of the CO ro-
tational lines are much smaller than the instrumental resolution (~10cm™1!),
it is not possible to obtain the absorption cross section of each rotational
line [see Section I-8 for details]. Thus, the cross sections shown in Fig. V-7
are much less than the true cross sections. An estimate of the integrated
absorption coefficient of the (0,0) band is 1.7 x 10* cm ™! atm~" (899)
Various electronic states and transitions are given in Fig. V-8.

4™ positive
] v'= 0 2 4 8
llllll?lllll'lzrr
o.:’?_
-8
(l0cm
in

IJOO

Fig_.lY—7.zAbsorption cross sections of CO in the region 1050 to 1750 A. & is in units of
10 cm?®, l?ase e, at room temperature. From Myer and Samson (727), resolution,
0.25 A. Reprinted by permission. Copyright 1970 by the American Institute of Physics.
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Fig. V-8. Energy level diagram of CO:
14704 A-X, fourth positive; B-A, Angstrom;
_ C-A4, Herzberg; B-X, Hopfield Birge;
a-X, Cameron; d—a, triplet; e—a, Herman;
b-a, third positive; c—a, 3A bands; a’-a,
- Asundi. The 1470 A line is in coincidence
__ with the d*A (' = 7) (898). From Gaydon
(8), p. 210, reprinted by permission of
Associated Book Publishers I.td.

- Jl____x '+

V-3.1. Photochemistry

Since the dissociation energy of CO is 11.09 eV, the photochemical products
formed by absorption of light of wavelengths above 1118 A must be due to
the reaction of the electronically excited CO(A'I1). The photolysis products
both at the Xe and Kr lines are CO, and C;0, with quantum yields of
about 6 x 107 and 3 x 1072, respectively [Groth et al. (427)]. Since fluo-
rescence quenching takes place with more than unit collision efficiency
[Becker and Welge (79)], the excited CO must be deactivated mostly to the
ground state. Slanger and Black (906) have concluded that quenching of the
d*A (v = 7) state by CO results in vibrationally excited CO with high
efliciency.
A proposed mechanism for product formation is (427)

co s cox (V-11)

CO* + CO—CO, + C (V-12)
c+coMc,0 (V-13)
c,0 + coMc,0, (V-14)

where CO* signifies the electronically excited CO.

It has been concluded by Slanger (898) that by absorption of 1470 A
light, CO is excited to d*A (v' = 7) (see Fig. V-8), since only the emission
due to the d*A-a>I1 (the triplet bands) has been observed. The 1470 A linc
is in near coincidence with the transition from X'Z* (v" =0,J = 15) to
d3A (v = 7,J = 14), while the 1470 A line is off by 367cm™! from the
closest rotational level of the A'I1 state in agreement with the observation
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Table V-1. Electronic States and Lifetimes of CO

Electronic State (eV)* Lifetime

A1 8.0275 10 nsec (Ref. 509), 10.5 + 1 nsec (Ref. 466)

16 + 1 nsec (Ref. 207) dependent on ¢

B'z* 10.776 20 nsec
B'T* — ATl A=11140.12 x 10" scc™ ' (Ref. 716y
BT 4 X'+ A =40 x 107 sec™ ! (Ref. 466)
a1 6.0099 7.5 + 1 msec (Ref. 614), 3 ~ 450 msec (J' dependent)
9.51 + 0.63 msec (Ref. 525), 8.75 msec (average) (Ref. 526)
d3A 7.5192 6 uscc, (Ref. 902) J and Q dependent
GO 7.8990 3 usec (Ref. 903)

hyt 10.394 57.6 + 1.2 nsec (Ref. 616a), 97 + Y nsec (Ref, 716)

53.6 1+ 0.3 nsec (Refl. 910) (v dependent)

“ From Ref. 24,
* Transition probability {sec ™).

that no emission from the 4'IT occurs. On the other hand, the Xe sensitized
fluorescence of CO (79, 898) consists of emissions from the d*A, ¢*L ", and
«3Z*, as well as that from the A'T1. This indicates that strict resonance of
the incident photon energy with a quantum state of the electronically
excited CO is required for direct fluorescence while no such restriction is
necessary for sensitized fluorescence.

Slanger and Black (907) have also observed emission from the %L~
state by exciting CO with the 1483 A sulfur line. The transition to this level
is facilitated by the perturbation of the nearby A'I] state.

Certain rotational levels of triplet states are perturbed by the A'Z state
and emissions from these levels are seen by excitation of CO with a fourth
positive emission lamp [Slanger and Black (900)]. The CO(d’IN) state is
produced by a weak absorption of 2062 A light [Harteck et al. (443)] or by
the Hg('P,) sensitized reaction [Liuti et al., (644) Simonaitis and Heicklen
{885)]. The reaction products of CO(a>IT) are CO; and C,0,, which are
probably formed by a similar reaction sequence proposed for the photolysis
of CO by Xe and Kr lamps. Quenching rates of CO{(«*IT) by various gases
have been measured [Taylor and Setser (963)]. The rate constant is on
the order of 107'% ¢cm?® molec™ ! sec™'. Various electronic states and their
fifetimes are given in Table V1.

V-4. NITROGEN

The ground state is X'Z} and the bond energy, Do(N—N), is 9.760 + 0.005
¢V (8), corresponding to the incident wavelength 1270 A. The Lyman-Birge-
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Fig. V-9. Energy level diagram of N,.
9.76ev Dy (N—N)=9.76 ¢V; L-B-H, Lyman-

Birge-Hopfield bands; V-K, Vegard-
* Kaplan bands; 1, first positive bands; 27,
second positive bands. From Gaydon (8),
p. 188, reprinted by permission of Asso-
ciated Book Publishers Ltd.
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Hopfield bands (a'T1,-X'E.) are the main absorption bands in the region
1000 to 1500 A. The energy level diagram is shown in Fig. V-9. Although the
Lyman-Birge-Hopfield bands are the most intense bands in the region
above 1000 A, the transition by electric dipole is forbidden and the absorp-
tion coefficient is less than 0.1 (cm ™' atm ~!)(31). Table V-2 gives absorption
coefficients of some of the bands. The absorption becomes prominent only
below 1000 A. The spectrum shows a strong banded structure between 660

Table V-2. Absorption
Coeflicients (31) of Some
Lyman-Birge-Hopfield

Bands of N,
k
Band A (em ™ 'atm™")
0,0 1450 0.08
1,0 1416 0.09
2,0 1384 0.11
30 1354 0.07
4,0 1325 0.09
5,0 1299 0.08
6,0 1273 0.09
7,0 1249 0.03
8,0 1227 0.02
9,0 1205 0.02
10,0 1185 0.02
1,0 1166 0.02
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and 1000 A and a continuum below 660 A [Cook and Metzger {234)).
lonization takes place below 795.96 A of incident wavelength (17)

V-4.1. Photodissociation in the Upper Atmosphere

Photodissociation of N, in the region 600 to 1000 A contributes to the
production of the metastable (2D°,2P°) and ground state N atoms in the
100 to 300 km region of the earth’s upper atmosphere. Cook et al. (235)
suggest that the metastable N atoms are produced mainly from the contin-
uous absorption, which amounts up to 25%; of the total absorption by N,
{235). Hudson and Carter (487) have observed that most N, absorption
bands in the region 800 to 960 A have widths greater than 2 cm ™!, They
suggest that the broadened rotational lines are due to predissociation. Then
the production of N atoms in the region 100 to 300 km should be much
greater than an estimate based on the production rate from the continuous
absorption only. Beyer and Welge (106) found the production of N(*P)
(10.3 eV above ground state N atoms) atoms below the incident wavelength,
617 A, corresponding to '

N, % N(P) + N(*5?) (V-15)

The extent of the process is on the order of 1% of the total. The reaction of

N(*D) with O, appears to be a source of NO in the earth’s upper atmo-
sphere (635)

NCD) + 0, -NO+O (V-16)

Table V-3 gives lifetimes of some electronically excited N,.

Table V-3. Lifetimes of Some Electronically Excited States of N,

Electronic State
(eV)” Lifetime

AL} 6.224 2.0 4+ 0.9 sec (Ref. 189)
2.5 sec{F, I, states) (Ref. 868. 869)
1.36 sec (F,) (Ref. 868. 869)
B, 7.391 9.1 yisec (Ref. 531)
a'z, 8.449 0.7 sec (Ref. 972) .
a'l, 8.589 115 + 20 psec (Ref. 122), 140 usec (Ref. 870)
170 + 30 psec (Ref. 631)
cin, 11.050 38 nsec (Ref. 531), 39.7 nsec (Ref. 535}, 27 nsec (Ref. 352)
(' =) 40.5 + 1.3 nsec (Ref. 181)
(v' = 1) 44.4 + 1.4 nsec (Ref. 181)

“ Benesch et al. (95a).
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V-5. NITRIC OXIDE

The spectroscopy and photochemistry of NO have been extensively studied
in recent years. The results are summarized in recent re::views (454, 817).
The ground state is X*I1. The bond energy Do(N—O) is §.496 eV (175).
corresponding to the incident wavelength 1908 A Absorpnor} by NO be-
gins at about 2300 A. In the region 1350 to 2300 A the ak?sorptlon spectrum
is composed of many discrete rotational bands. The region 1960 to 2269 A

3 3
2 | 0
50 B——r—TTT T T TTTT8
N 2 10 8 4
§ e 4 3 2 1 © iy
[ 7 T T T 1 T T T L Y
z40+-"9 8 7 6 5 4 3 2 !
uw
=4
L.
w30k ABSORPTION OF NO
[o]
(8]
g
;20'—
o
@
(e}
®
4 A
1 Jd k
1500 1700 1900 2100 2300
WAVELENGTH & (1)
(a)
10Q
K ]
o]
100 ! IB'OO ! 1800
(b)

Fig. V-10. From Marmo (661), reprinted by permission. Copyright 1.953 by the American
Institute of Physics. (a) Absorption coefficients of NO in the region 1500 to MA,
referred to 0°C. Units: atm ™! cm™ ', base e. (b) Absorption coefficients of NO in the
range 1100 to 1500 A, referred to 0°C. k in units of atm ™~ ' em ™7, base e.
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corresponds to the A2I1*- X2 transition (y bands). The 1598 to 2063 A
region is associated with the B*[1-X2Z transition. Absorption bands in the
region 1384 to 1915 A are due to the transitions to the C?T1, D*z*, and
E*Z* states.

Figure V-10a shows the apparent absorption coefficients of NO in the
region 1500 to 2300 A and Fig. V--10b shows those in the region 1100 to
1500 A. Because of the lack of resolution of the monochromator, the absorp-
tion coefficient given in Fig. V-10a is a function of the slit width and the
pressure of the gas (sce Section 1-8.1 for details). The true absorption
coefficient may be obtained by computation from the oscillar strength and
the assumed widths of the rotational lines. According to the computation
by Cieslik and Nicolet (214) the truc absorption cocflicient of individual

Table V-4. Oscillator Strengths for the NO
B, 7, 8, and € Band Systems

Transition Band Oscillator Strength*”

S’ )

Bi1-X1 (0,0 2.46 (—8)
S1,0) 225(—8)
$12,0) 1.55(—6), .19 (= 6F
$(3,0) 461 (—06),53(-6)
f4.0) 1.3%(-5), LO(-5)
S(5,0) 2.64(—5), 24(-5)
B(6,0) 4.62(~5)
£9.0) 3.58(-4)
B(11,0) 3.62(—4)
B12.0) 231 (-4)
B(14,0) 2.006 (~4)
A?T-X11 7(0,0) 3.99 (—4), 3.64 (—4)
+(1,0) 7.88 (- 4)
12,0 6.73(—4)
¥(3,0) 3.60(—4)
cm-x 3(0,0) 249 (-4)
81,00 57.8(-4)
SM2L0) 274(~4)

DT-XM €(0.0) 254(-4)
e(1.0) 46.0(—-4)
€(2,0) 332(-4)

7(—8) mecans x 107#

* From Rel. 103 unless otherwise noted.
“ From Ref. 445.

Y From Ref. 342.

* From Ref. 806.
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rotational lines can be several hundred times greater than the apparent
absorption coefficient measured at low resolution. Below about 1350 A
bands become diffuse. The absorption coeflicients in the region 580 to
1350 A are given by Watanabe et al. (1020). The potential energy curves of
NO below 9 eV are given in Fig. V-~11. Transitions from the X?I1 state
to the A2%*, BT, C*M, D*T*, B'?A, and E?L” states are called the y, f3,
d, €, ¥, and y' bands, respectively. The oscillator strengths for the 5, y, 6, and
€ bands have been measured by many workers, (103, 174, 342, 445, 782, 806)
and are given in Table V-4,

V-5.1. Fluorescence

Emission bands from the 42X, B[1, C2I1, and DX states have been observed
and decay rates of fluorescence have been measured extehsively [Callear
et al. (167--171, 174, 175)]. Various spontaneous processes of electronically
excited NO are given in Table V-S5. These states are quenched to a different
degree by various gases. Quenching half pressures, p,,,, in torr defined
as py,, = (k,1)7', where k, is the quenching rate constant in sec™ ' torr ™!
and t the mean lifetime in seconds, are given in Table V-6. The A2X state is

stable for quenching collisions by N,, although the state is strongly quenched
by Oz.

V-5.2. Predissociation

The predissociation of NO above about 6.5 eV is apparent, since the emission
bands from v > NB*M), v > 4(A%L), and ' = I(C?I1) are missing (see
Table V--7) [(8), p. 197]. On the other hand, no corresponding broadening
ofthe lines of the ff and & bands above the dissociation limit has been observed
in high resolution absorption studies (462), indicating that the predissociation
is weak (sec Section 11-1.1). From the fluorescence quenching studies of the

Table V-5 Various Spontancous Processes of
Electronically Excited NO (175)

Emission to X2IT  Emission to 42X Predissociation
State (sec™ ") (sec™ ") (sec™ ")

AT 0.51 x 107

B’ 0.316 x 10%(531) -
cn 5.1 x 107 3.5 x 107
D*E 4.1 x 107 0.95 x 10’

1.65 x 10°¢
<0.8 x 107

¢ Predissociation at the himiting high pressure of Ar.

i
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Table V-6. Quenching Half-Pressures in torr® of Various States of NO (175, 185)

State NO Ar co, N, Cco 0, He
AT =0) 066 >1880 039 1880 714 08-09 g
Cl(r=0) 13.1 3760¢ 16 44 28
DT(v=0) 044 100 14 5.54 8.3
NO N0 CO, H, H,0 N,/ CH,’
Bl 0077  0.22 102 052 20021 1743 0414009

“ Quenching half-pressure is equal lo (k,7) "' where k, is the rate constant for quenching reaction
and 7 is the mean lifetime (radiative and predissociative) of excited NO.

® Rel. 693.

© Ar quenches the C*I1 (v’ = 0).

¢ N, induces the transitions D — A, C — A by the formation of N, (A3X).7(169, 171, 175

 Ar induces the transition D — C with unit efficiency (174).

7 Ref. 117.

¢ Ref. 694.

Table V-7. Predissociatior
of Electronically Excited NC

State v 1(R)
AL >4 < 1880
B 27 <191¢
cit 21 <1910
Dz No predissociation

? No emission appears above indi-
cated levels. [(8), P. 197]
* Dissociation takes place through
the «*T1 state (169, 175).

¢ bands, Callear and Pilling (175) suggest that the C2[1 (v = 0) interacts with
the ¢*I1 as shown in Fig. V-11 and that the dissociation energy is 6.496 eV.

V-5.3. Photodissociation

Incident Wavelengths above 1910 A. The observed photodissociation
products must originate from reactions of an electronically excited state
since photon energies are not sufficient to break the bond. The reaction
products at 2144 and 2265 A irradiation are N,, NO,, N,O. The quantum
yields are @y, = 0.19, ®y,o = 0.096, Dy, = 1.05 (9, 453, 681).

V-5. Nitric Oxide 17

on

N (TD)+ 0 (%)

N8} + O (%)

Potenticl Curves
of
NO

Fig. V-11. Potential cnergy curves for NO. From Herzberg et al. (462). The all is
drawn according to Callear and Pilling (175).

At the 1990, 1930, and 1860 A lines, the products are N,, O,, NO,, and
N,O (656). The quantum yield of NO disappearance is 1.45. A probable
mechanism proposed to explain the photochemistry is

NO M NO* (V-17)

NO* + NO - 2NO (V-18)
NO* + NO - N, + O, (V-19)
NO* + NO - N,O + O (V-20)

~ 2NO + 0, - 2NO, (V-21)
O +NO +M-NO, + M (V-22)

Incident Wavelengths below 1910 A. Hikida et al. (471, 471a) have ob-
served a weak fluorescence of the B(v' = 9) bands when NO is illuminated
by the 1849 A line. Since the incident photon energy is above the dissociation
limit of the f§ system, the major path must be dissociation.

The photolysis products at 1832 A (366) are N, and O;. Since the mole-
cule is probably raised to the C2I1 (v' = 1) level at thisline, it would dissociate
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immediately (<1 nsec) into N + O. A likely mechanism at 1832 Ais

NOMN+O (V-23)
N+NO-N,+0 (V-24)
O+ NO+M-NO, +M (V-25)
0+0+M-0,+M (V-26)

The quantum yield of N, is expected to be unity, although lh; yield has not
been measured. The photolysis of NO by a hydrogen dlsc.harge lamp
{ ~1600 A)yiclds mainly N, and NO, [ Leiga and Taylor(624)] with q:unlum
yiclds Dy, = 0.2 0.4, Dy, = 03 0.7, B o =08 1.8 ALT4T0 A (624, 865)
the products are N, NO;, N,O with quantum yiclds dy, = 0.3 ()15
By, = 0.6-1.1, Oy,o =002 0.1, and ®_ o =13 27. Quzu?lum ylclcg
are dependent on the pressure and the flow rate. Product N,O is not foun
in a flow system.
in a static system N,O is probably formed by (624)

The result that @y, <! in vacuum ultraviolet photolysis iqdicalcs that
some electronically excited states produced may not dissociate 1mmcd1nt.c1y.
This is supported by the results that emission bands from several excited
NO states have been observed with 1470 A excitation [ Young et al. (1070)].
On the other hand, Stuht and Niki (950) have found that O atom:s are pro-
duced with light of wavelengths above 1600 A in the pressure region where
the reaction of an electronically excited NO can be neglected. It is likely that
both the production of excited NO and dissociation take place in the vacuum
ultraviolet.

The ionization of NO occurs below 1338 A (9.266 ¢V) (1020). T.hc photo-
lysis at the Kr lines (1165, 1236 A) (624) leads to the formation of tons

NOM NO* + ¢ (V-28)

The NO* ions must eventually be neutralized to produce some stable
excited states since @y, < | is obtained. An increase of by, with an increase
of NO pressure indicates the occurrence of the pressure induced dissociation

NO* + NO—- N+ O + NO (V-29)

V-5.4. NO in the Upper Atmosphere (214)

cem”?
Nitric oxide is 4 minor constituent in the upper atmosphere (10* mol;u cm
at an altitude of 105 km) (691). 1t is probably formed from the reaction

O('D) + N,0 - 2NO (V-30)
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The ionization of NO by the Lyman-« line is the main source of ions in the D
region. The photodissociation of NO in the upper atmosphere occurs from
the A2 (v' > 4), BT (¢’ = 7), and C?[1 (¢ > 0). The dissociation rate of
NO by the solar radiation is proportional to the integrated absorption
cocfficient of various bands (that is, the oscillator strength). From Table V-4
it can be seen that absorption by the f#(12,0) and § bands is most important
in leading to photodissociation.

In the mesophere and stratosphere the effect of the absorption by the
Schumann-Runge bands of O, on NO dissociation must be considered.
Because of the large absorption by O, in the region of the f# (12,0) band
(1760 to 1776 A), photodissociation of NO above about 50 km is brought
about mainly by the absorption of the 8 (1, 0), (0,0) bands at 1830 and 1900 A,
respectively [ Cieslik and Nicolet (214)].

V-6. OXYGEN
V-6.1. 0,(X°E,")
The ground state of oxygen is XX, .
Dy(O---0) = 5.115 + 0.002 eV (24)

Very weak absorption bands in the region 2500 to 3000 A correspond to the
forbidden transition A*Z)-X3Z (see selection rules 1-10.2). The band
system is called the Herzberg 1 band. Second absorption bands in the region
1750 to 2000 A correspond to the B3%L. - X3Z, transition and arc called the
Schumann-Runge system. The region 1300 to 1750 A is continuous and is
called the Schumann-Runge continuum. Below 1300 A numerous Rydberg
transitions have been observed [Yoshino and Tanaka (1066)].

The absorption coeflicients in the region 1100 to 2000 A are given in
Fig. V-12 and the absorption cross sections of the O, continuum in the
1814 to 2350 A region are given in Fig. V-13.

The potential energy curves are given in Fig. V- 14. Besides the two band
systems alrcady described, the two extremely weak systems b -X%,
(5380 to 7620 A) and u‘Ag—X3Z; {9240 to 15,800 A) have been observed in
atmospheric absorption. The former is called the atmospheric bands and
the latter the infrared atmospheric bands.

The convergence limit of the Herzberg | bands is at 2424 A, corresponding
to the production of O(*P) + O(*P). Below 2424 A lics a weak continuum
(1920 to 2430 A) [ Hasson and Nicholls (447)].

The Schumann-Runge bands converge to the limit at 1750 A corre-
sponding to the production of O(*P) + O('D). The integrated absorption
coeflicients of the Schumann-Runge system from (0,0) to (20,0) have been
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Fig. V-12. Absorption coefficients ol O, in the region 1100 to 2000 A. k is in units of
atm™' cm ™', 0°C, base e. 1300 to 1700 A, Schumann-Runge continuum. 1750 to 1950 A,
Schumann-Runge bands. From Watanabe ct al. (1014), reprinted by permission. Copy-
right 1953 by the American Institute of Physics.

Fig. V-13. The absorption cross sections of the
O, continuum in the 1814 to 2350 A region. o
is in units of 10”22 ¢cm? molec™ ', base e, at
room temperature. The absorption cross sections
s are measured at minima between the well-
separated rotational lines of the Schumann-
Y Runge bands for 1 < 2025 A. ¢ increases with
L, pressure probably as a result of the formation
fre of O,. The data are values at the low pressure
0.0i limit. From Ogawa (755), reprinted by permis-
1800 ! 2000 | 2200 | 2400  Sion. Copyright 1971 by the American Institude

A of Physics.
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Fig. V~14. Potential encrgy curves of O,. S-R, Schumann-Runge bands; H, Herzberg
bands; A-A, atmospheric bands. The line-broadening was observed at ¢' = 4 of the B*L]
state at which point the repulsive >I1, state crosses the B’L] state. See Murrell and
Taylor (726). From “Dissociation Energies and the Spectra of Diatomic Molecules”
by Gaydon, 3rd Ed. 1968, p. 74, reprinted by permission of Associated Book Publishers Ltd.
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determined (104, 341, 444). They are given in Table V-8. Ackerman et al. (38)
have measured the absorption coeflicients for individual rotational lines in
the region 1750 to 2050 A. The oscillator strengths of the Herzberg 1 bands
from (4,0) to (11,0) have been measured by Hasson and Nicholls (446). An
absorption coeflicient of 0.30 + 0.03 atm~!cm~! at the 1216 A line has
been determined by several workers (381, 753).

Photochemistry. The threshold wavelengths for the production of orp),
O(' D), and O('S) are given below.

Threshold Wavelength (A)

hv

0,3 0CP) +0(P) 2424
0, ,L‘ OCP) + O('D) 1750
0,5 0(P) + O('S) 1332

Ackerman and Biaume (37) have observed that rotational lines become dif-
fuse at v’ = 4, 8, and 11 for the Schumann-Runge system. They attribute
the diffuseness to predissociation.

A line width of 3 cm ™! observed by them implies a lifetime on the order
of 101! sec for the (4,0) level. It is suggested by Carroll (192) and Murrell
and Taylor (726) that predissociation is due to the crossing of the repulsive
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Table V-8. Oscillator Strengths of
Schumann-Runge Bands of O,"

Oscillator Oscillator
Band Strength Band Strength

(0,0 33 (-10y

1,0y 3.53(-9) (11,0) 2.74(-5)
(2,0 269 (-8) (12,0) 3.58 (=5)
(3.0) 1.54(-7) (13,0) 3.66 (—5)
(4,0) TIH=T) (14,0) 3.69(—5)
(5,0) 280 (—-6) (15,0 377(-5)
(6,0) 4.40(-06) (16,0) 33(=9)
(7,0) 8.15(-6) (17,0) 316(~-5)
(8,0 1.22(-5) (18,0) 203 (-5)
9.0) 1.50(-95) (19.0) 1.74 (- 5)
(10,0} 205(-9) (20,0 1.35(=5)

? From Farmer ct al. (341).
* From Hasson et al. (444).
(- 10) means x 10710

1, at ' = 4 of the B3Z,; . This is shown in Fig. V-14. The suggestion is
supported by the observation that the Schumann-Runge emission bands are
present only up to ¢ = 3. Furthermore, from the effect of added gases on the
formation of O, produced from the photolysis of O, at 1849 A, Volman (994)
concludes that the O,(B3Z,) predissociates at v' > 8. Washida et al. (1011)
have found that the quantum yield of O; production from the photolysis of
O, at 1931 A is only 0.3 at O, pressures from 300 to 1300 torr. The low
quantum yicld of O4 was explained by collisional deactivation of the
O,(B*Z,; 1" = 4) formed by absorption of the 1931 A line. However, this
conclusion scems contradicted by the finding that the ¢ = 4 level of the
B*Z; has a lifetime of only 107! sec.

The predissociation probabilities for various vibrational levels of the
B’Z, state have been calculated (726) assuming a repulsive curve that crosses
the B*Z, state near ¢’ = 4. Both at 1849 (1011) and at 1470 A (954) the
quantum yield of O, formation is 2, indicating a direct dissociation

0,%0+0 (V-31)
0+0,+M=0,+M (V-32)

Below 1750 A the production of O(! D) is energetically possible. The produc-
tion of O('D) in the steady state photolysis of O, at 1470 A was directly
demonstrated for the first time by Noxon (745) by detecting a very weak
emission at 6300 A due to the transition O(!D) - O(*P). The quantum yield
for the production of O('D) in the primary process at 1470 A is uncertain.
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Noxon calculated the rate constant of O('D) quenching by O, on the basis
of unit quantum yield and of the equilibrium concentration of O('D) atoms.
His value of 6 x 107! cm® molec™! sec™! agrees well with 7 x 107" ¢m?>
molec™ ! sec” ! obtained independently (456), indicating that the assumption
of unit quantum yield may be justified. Below 1332 A the production of
O('S) is energetically possible. Filseth and Welge (348) have observed an
emission at 5577 A due to the transition O('S) — O('D) in the flash photo-
lysis of O, below 1340 A. The intensity is so weak that Xe has to be added to
induce the transition. No quantum yield of O('S) production has been
measured. Recently Stonc et al. (937) have measured the flight time of O atoms
produced in the flash photolysis of the molecular beam of O, in the vacuum
ultraviolet. The O atoms are detected by the chemiionization reaction with
samarium. The technique is similar to the one described in Section 11 -4.1.

The released kinetic energies of O atoms by 1470 A photolysis have a
distribution with a maximum at 1.35 ¢V, indicating the process

0, ¥4 503p) + 0(' D)

(The photon energy corresponds to the sum of the bond energy, the elec-
tronic energy of O('D), and kinetic energy of O atoms.) The production of
O('S) at 1200 and 1240 A appears to be a minor process.

Photodissociatiqn of O, in the Upper Atmosphere. The source of O atoms
above an altitude of 50 km is mainly from the photolysis of O, in the Herzberg
I and Schumann-Runge continua {488). The predissociation of O, in the
Schumann Runge bands (v > 3) [Wray and Fried (1054)] is the additional
source of O atoms between 65 and 95 km. Supporting evidence of the
predissociation is that no fluorescence of the Schumann-Runge bands above
v > 1 has been observed in the upper atmosphere.

A small amount of O('D) is produced from the ¢ = | and 2 levels by
absorption of the solar radiation below 1850 A of the Schumann-Runge con-
tinuum (40) contributing to O(! D) atoms in the mesosphere and stratosphere.

V-6.2. 0,a'a,) ' SN

The electronic energy of O,(a'A,) is 0.977 eV. The ionization potential is
11.086 eV. The O,(u'A,) is metastable with a mean life of 64.6 min [the
transition probability 4 = 2.58 x 10" *sec™! (54)], since the transition
a'A,~X>Z, is strongly forbidden by electric dipole. The (0,0) band at
12,686 A, known as the infrared atmospheric band, is a prominent emission
band in the airglow. The absorption spectrum of O,('A) has been measured
in the vacuum ultraviolet (39, 227, 754). A diffuse band at 1442 A is very
strong (absorption coeflicient 1548 atm ! ¢cm ™ ') (754).
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Photochemical Production. The direct production of O,('A) from the
ground state by light absorption is not possible since the transition is highly

forbidden. However, O,('A) is a primary product of the photolysis of O,
in the Hartley band (see Section VI-11) )

0,8 0('D) + 0,('a) (V-33)

The O,('A) state can be detected by measuring the ionization current (682)
produced by light absorption below 1118 A

Oya'Av =)0} + ¢ (V-34)
or by absorption at 1442 A. The decay of the 1442 A line has been measured
following the flash photolysis of O, (227) from which quenching rates of
O,('4) by He, Ar, Kr, Xe, N, Hy, CO, and O; have been reported.

. Emission at 12,700 A also indicates the production of O,('A). The
m.tensxty can be measured by a germanium photodiode cooled by liquid
nitrogen in conjunction with a proper interference filter (351, 923, 1028).

Reuctivities of O,('A). The O,('A) is stable against collisions with most
gascs (227). The largest quenching rate constant has been obtained for the
reaction with O; with k35 =4 x 107'5 cm® molec™! sec™ ! (227)

0,('A) + 0,20, + 0 kys (V-35)

(sec Table V-9).

Table V-9. Comparison of the Rate Constant
k4 for Quenching O,(a'A) and O,('L*) by

Various Gases at 300°K

k,for O,(a'A) A, for O,(h'E* )
Gas (em* molec ™! sec™ 1) (em? molec ! sec™ ')
He 8 x 102! 10 x 10 V7
0, 2 x 10" '*e 45x 1018
N, 14 x 107 1° 1.8 x 10°1%
H, 53 x 10718 L1 x 10712
CO <7 x 107V 43 x 10713
O, 44 x 10°'3 2.5 x 1011

: P:rom qulins and Husain (227) unless otherwise noted.
From Filseth et al. (350) unless otherwise noted.

“ From Steer et al. (923).

¢ From Gilpin et al. (398).
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O,(a'A) in the Upper Atmosphere. Emission from the O,('A) has been
observed in the upper atmosphere (30 to 80 km) (744). The maximum con-
centration, located at an altitude of about 50 km, is estimated to be 4 x
10'® molec cm ~*. The most likely process for the production in the upper
atmosphere is the photolysis of O; in the Hartley continuum (2000 to
3000 A).

V-63. O,(6'E,*) '

The electronic energy of O('Z) is 1.626 eV. The ionization potential is
10.437 V. The mean lifetime of O,('Z) is 6.9 sec (4 = 0.145 sec™ ') (1007).
A more recent value is 12 sec (4 = 0.082sec™!) (1000). The prominent
emission bands at 7619 and 8645 A in the day glow are the (0,0) and (0, 1)
bands of the transition 'E} — *Z. The (0,0) band is called the A band (the
atmospheric band). The vacuum ultraviolet absorption by O,('T*) has been
detected recently by Alberti et al. (39).

Photochemical Production. The production of O,(b'Z*) from the ground
state O, by light absorption is negligibly small. The O,(*Z™) is produced
efficiently from (1068)

O('D) + O, - O,(h'T*) + O(P) (V-36)

with a rate constant of 6 x 107! cm?® molec™ ! sec™ ! (745). The O(' D) atoms
can be generated from the photolysis of O, or Oj;.

Quenching Rates. Quenching rates of O,(b'EL*) by various gases have
been measured by following the decay of the 7619 A band [Filseth et al. (350)
and others (80, 282, 398, 515, 745, 752, 949)]. They are shown in Table V-9.

The O,('E*) is also produced from the energy pooling reaction (45, 282,
515)

0,('A) + Oy('A) = 0,°E) + Oy('L) (V-37)

The quenching rates for O,(h'E ") are in general much faster than those for
O,(a'A) as shown in Table V-9.

O,(h'E*) in the Upper Atmosphere. The atmospheric band of O,
observed in the upper atmosphere (40 to 130 km) indicates that the 0,('E")
is produced by photochemical processes (1000). The most likely process is
the photolysis of O, in the Schumann-Runge continuum followed by the
energy transfer reaction (350)

O, + hv - O('D) + O(*P) (V-38)
O('D) + O, » OCP) + O,('LY) (V-39)

’
!
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V-7. SULFUR (S,)

The ground state of S; is X>Z,. The bond energy is DyS-—S)=437 +
0.0t eV. Absorption starts at about 3600 A at 100 C. The absorption spec-
trum in the region 2420 to 3600 A corresponds to the transition BY% -
XL, . Second (1650 to 1797 A) and third (1650 to 1708 A) absorption
spectra correspond to the C’Z7-X*%Z, and D*IN,-X*Z,” transitions, re-
spectively [Rosen (24)].

Ricks and Barrow (830) have obtained the predissociation limit from a
rotational analysis of the emission and absorption bands of the Bz, XE;
system of S, vapor. The limit is at 35999 + 2.5 cm ™ 1. corresponding to the
products S(*P,) + S(*P,). The predissociating state (similar to R in Fig.
I 5) is identified as the 1, state.

Meyer and Crosley (700) have measured the Franck-Condon factors for
the system B, -X L. using resonance excitation to ¢’ = 3 and 4 levels.
They have also obtained lifetimes of 20.7 + 1.4 nsec{v' = 3,N' =42,J' = 43)
and 183 + 14 nsec (v =4,N' =40,J' = 41) for the same system (699).
Smith (911) has obtained 16.9 + 3.5 nsec by the phase shift mcthod. The
S:(X3%.)is a product in the photolysis of S,Cl, [Donovan et al. (307)].

Y-8. HALOGENS
V-8.1. Fluorine

The ground state is 'Ly Do(F—F) = 1.56 4+ 0.02 eV (28). The absorption
cocfficients in the region 2000 to 4000 A are given in Fig. V-1S as a function
of wavelength. Only a continuum has been seen corresponding to a transition
to the repulsive state A'T1,. A series of Rydberg states is observed in the
vacuum ultraviolet (24).

V-8.2. Chlorine

The ground state is 'Z)}; Do(Cl—Cl) = 2.479 eV {626). The very weak
banded region 4780 to 6000 A represents a transition to the BT(0}) at

-3
4—-
€ 2] Fig. V-15. Absorption cocfficients of F, in the region
2000 to 4000 A. € is in units of 1 mol ! em ™', base 10
T 7 T at room temperature. Reprinted with permission from
000 3000 4000 R. K. Steunenberg and R. C. Vogel. Copyright by the
X American Chemical Society.
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Fig. V-16. Absorption coefficients of Cl, in the region 2500 to 4500 A. € is in units of
Imol~' em™?, base 10 at room temperature. From Gibson and Bayliss (393), reprinted
by permission. Copyright 1933 by the American Institute of Physics.

2.188 eV. The banded region is followed by a weak continuum in the region
2500 to 4500 A. The absorption coefficients in the region 2500 to 4500 A are
given as a function of wavelength in Fig. V-16. The laser photolysis of
chlorine molecules at 3471 A by Busch et al. (159) indicates that the Cl atoms
are both produced in the ground state, P35, from a repulsive T1(1,) state.
The photolysis in the visible banded region is expected to yield 2Py, + 2P
corresponding to the B3*I1(0]) state.

A second continuum lies in the region 1800 to 1950 A followed by various
Rydberg transitions in the region 1070 to 1870 A [Lee and Walsh (621)].

1/2y

V-8.3. Bromine

The ground state is 'S ; Do(Br—Br) = 1.971 eV (626). The weak banded
absoption region 6450 to 8180 A corresponds to a transition to the A*I1(1,).
The second banded region 5110 to 6400 A represents a transition to the
B*TI(0}). A band progression in this region leads to the convergence limit
at 5108 A followed by a continuum in the region 3000 to S110 A. In the
region 1560 to 3000 A another continuum is observed. The absorption
coefficients in the region 2000 to 6000 A are given in Fig. V--17. Potential
curves are given in Fig. V-18. The A°I1(1,) state dissociates into ground
state Bratoms, 2Py, + 2P, ,, while the B3[1(0] ) state yields one metastable
*P\,, and one ground state 2p,,, atom. Kistiakowsky and Sternberg (571)
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PO Fig. V-17. Absorption cocfficients of

100.] 51084 Br,. € is in units of I mol ™' cm ™", base
€ ] } | 10 at room temperature. The arrow shows

- the convergence limit in the *I1(0} )-'Z}
transition leading to the production

0 ’ 2 2
T T T T T Br(*Py;;) + Br(*P,,;). From Calvert and
3000 : 5000 Pitts (4), p. 184, reprinted by permission
A of John Wiley & Sons.

have shown that the quantum yield of Br atom production is nearly inde-
pendent of wavelengths between 4800 and 6800 A. Above 6300 A the
incident photon energy is not sufficient to break the bond of bromine mole-
cules in the lowest vibrational and rotational levels of the ground state.
Photodissociation above 6300 A can be understood if the light absorbing
molecules are originally in high vibrational and rotational levels of the
ground state. The sum of the photon and internal energies is équal to or
exceeds the bond energy in analogy with NO, photolysis described in
Section 1-4.3. At 7150 A no bromine atoms are produced. With 6940 A
laser light, Tiffany (971) has found that bound excited molecules are formed
in the *TI(1,) state, 1% of which undergo dissociation by subsequent col-
lisions. Oldman et al. (779) have recently studied the photolysis of Br, by a
polarized pulsed laser in the visible and ultraviolet regions.

At 5324 A bromine molecules dissociate mainly from the A3TI(1,) into
ground state Br atoms. Apparently the B*[1(0]) state is not formed at this
wavelength. At 4662 A the main dissociation is from BI1(0}) into Br(zP,/z)
and Br(?P,,,). To a smaller extent dissociation from A°[1(1,) and 'TI(1,) into

Fig. V-18. Potential energy curves of
Br,. After Kistiakowsky and Stern-
berg (571), reprinted by permission,
Copyright 1953 by the American In-
. . stitute of Physics. Absorption of light
Py + Py, (2Br) at 5435, 5940, 6140, and 6800 A leads
’P,/z +%Py,, (2Br) to the continuum of the *I(1,) state
which dissociates into two normal Br
atoms, 2P,,,. Absorption at 4820 A
produces the 3I1(0; ) state, which may
T dissociate into two normal atoms by the
interaction with the repulsive 'I1, state
or produce one normal and one excited
atom.
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ground state atoms has been found. (The threshold energy for the production
Br(*P5,;) + Br(3P,,,) is 2.43 eV corresponding to 5106 A.)

Photolysis at 3471 A yields two ground state atoms from the state 'TI(1,).

Capelle et al. (186) have measured fluorescence lifetimes and quenching
cross sections of vibrational levels from v’ = 1 to 31 of the B*IT(0,) state of
Br, molecules. The lifetimes vary from 1.3 (v' = 27) to 0.14 psec (v' = 17).
Lifetimes must be much shorter than the radiative life since in this absorption
region (5130 to 6260 A) photodissociation is predominant (571).

The lifetimes and quenching cross sections of rotational levels in the
B’T(0}) state have been measured near the dissociation limit by McAfee
and Hozack (671). The observed lifetime is on the order of 3 usec.

Bemand and Clyne (94) have found excited Br atoms (5s, *Ps2, *P3jp) in
the vacuum ultraviolet photolysis of Br,.

V-8.4. lodine

The ground state is 'L ; Do(I—I) = 1.542 eV (626). The banded absorption
region 8300 to 9300 A corresponds to a transition to the A31(1,) at 1.463 eV
and the banded region 4990 to 8400 A corresponds to a transition to the
B*T1(0;}) at 1.949 eV. The convergence limit of the vibrational progression
of the B3[1(0;) state is at 4995 A. The banded region is followed by a con-
tinuum in the 4000 to 4990 A region. The 1800 to 2000 A region is also a
continuum (Cordes bands). The region 1600 to 1800 A shows various
discrete bands. Figures V-19a and V-19b give the absorption coefficients
in the region 1000 to 6000 A. Figure V~20 shows vibrational structure of the
absorption bands in the region 5000 to 6500 A. The convergence limit at
4995 A is shown by the vertical arrow. The A4°TI(1,) state dissociates into
two normal 1 atoms (®P;;, + 2P5;;) while the B’TI(0;) state yields one
normal and one excited atom (*P5;; + 2P,,,). This is shown in Fig. V-2L.

The underlying continuum between 5000 and 6500 A may be associated
with a transition to the repulsive 'TI(1,) state, which dissociates into two
ground state I atoms. A transition to the BTl below the dissociation limit
yields electronically excited I,, which either predissociates into ground state
atoms by way of the repulsive 'IT state or returns to the ground state by
fluorescence. Brewer and Tellinghuisen (147) have measured the relative
concentrations of I atoms by the resonance fluorescence technique in the
steady state photolysis in this region. The quantum yield of I atom produc
tion varies with the wavelength of incident light, as shown in Fig. V-22,
where the quantum yield at 4920 A is taken as unity. The quantum yields
are dependent on the vibrational levels v'. When v’ is low the quantum yield
is near unity but it decreases at higher v/, reaching a minimum near v = 15.
This is explained by predissociation by way of the 'TI, which crosses the
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Fig. V-19. (a) Absorption coefficients of 1, as a function of wavelength in the region
4000 to 6000 A. Units, 1 mol~! cm™ ': 70 to 80°C; base 10. The arrow shows the con-
vergence limit in the B*I1(0;)-X'Z transition leading to the production of I(*P, ;) +
1(3P;,,). From Calvert and Pitts (4), p. 184.

Region 1800 to 2000 A (Cordes bands): units, (10~ '*) cm?; base ¢. From Myer and
Samson (728), 10~ '* (cm?) corresponds to 27 (atm ™' em ™ '), 0 C, Reprinted by permission
of Wiley and the American Institute of Physics. Copyright 1970 by the American In-
stitute of Physics. (b) Absorption cross sections ¢ of 1, in the region 1000 to 2200 A.
Units, 107 '® cm?; base e, room temperature. From Myer and Samson (728), reprinted by
permission. Copyright 1970 by the American Institute of Physics.

B’T1 near the bottom of the potential curve as indicated in Fig. V-21. The
'TT state must cross the B’I1 state again near ¢’ = 25 (4 = 5500 A) where
the dissociation quantum yield shows a subsidiary maximum. The measured
lifetime of fluorescence changes accordingly. The fluorescence lifetime is
shortest at ¢" = 4 (0.53 pusec) and increases smoothly up to v’ = 13, then
decreases (852). This dependence of lifetime on the vibrational level may be

Y T T Y I u‘(U"=O)

8000 8000

A

Fig. V-20. Absorption spectrum of 1, showing the v’ progression (v’ = 0) leading to the
convergence limit at 4995 A (indicated by the arrow). The transition in this region is
B“l](O:)~X'E;. Above 6000 A contributions from »” =1 and 2 become significant.

From Capelle and Broida (187), reprinted by permission. Copyright 1973 by the American
Institute of Physics.

| I I
2 R 4

Fig. V-21. Potential encrgy curves of I,. The A*11(1,) state dissociates into Py Py,
atoms while the B*IH0}) yields zP,,,z + *P,,; atoms. The '11(1,) repulsive state crosses
the B>I1 state near the lowest vibrational level, From Brewer and Tellinghuisen (147),
reprinted by permission. Copyright 1972 by the American Institute of Physics.

189
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Q.Y. Fig. V-22. Quantum yield for photodissociation of 1,
1.0 (the production of I atoms) as a function of wavelength.
* . The quantum yield approaches unity at both ends. The
L. . results are explained on the basis of direct dissociation

0. ¢ . . from the 'TI(1,) repulsive state and of predissociation

from the B*I1(0] ) state, which is v* dependent (a mini-

L ’ . ,
mum near v’ = 15, a submaximum near v’ = 25). From
o Brewer and Tellinghuisen (147), reprinted by per-
T T mission. Copyright 1972 by the American Institute of
8000 €000 .
A Physics.

explained by the simultaneous occurrence of fluorescence and predisso-
ciation as follows.

The measured lifetime 7 can be expressed by the pure radiative lifetime
and the rate of predissociation k,

! = L + k, . (V-40)

T T
Since the radiative lifetime is nearly independent of v’ (852), it can be seen
that the measured decay rate 1/7 is proportional to k,, which in turn is
proportional to the quantum yield of T atom production. Therefore, the
wavelength dependence of decay rate follows approximately the quantum
yield curve shown in Fig. V-22, that is, the decay rate is faster when the
quantum yield of atom production is larger. However, the exact correspon-
dence may not be expected, since both the B>IT and 1 states contribute to
the I atom production, while only the B*I1 state gives rise to fluorescence.
Then the percent absorption due to a transition to the BT state must be
known at each wavelength.

Lifetimes and quenching cross sections of rotational levels in the B[l
(0}) state have been measured by Broyer et al. (153) and by Ornstein and
Derr (781). The production of iodine atoms 2P, ,,, 2P,,, was observed by
absorption in the vacuum ultraviolet following the flash photolysis of 1,
above 2000 A (296). While 2P|, 1 atoms are produced it is not certain whether
the ratio of the metastable to the ground state population is 1:1.

Using pulsed, polarized, monochromatic light of wavelength 4649 A,
Oldman et al. (778) have shown that not only the B*[1 continuum corre-
sponding to the production 2P, + 2Py, but also the '[T state yielding
2P;,; + Py, is formed by light absorption at this wavelength. Accordingly,
the production of metastable 2P,,, atoms is much less than that of ground
state atoms. Photolysis at 2662 A by a polarized pulsed laser yields I(?P,,,) +
I(*P,,,) [Clear and Wilson (218)]. The dissociation is probably from the
C3Z*(1,) as assigned by Mulliken.
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V-9. INTERHALOGENS
V-9.1. Bromine Monochloride

The ground state is X'Z*; Do(Br—Cl) = 2.23 4+ 0.01 eV. The banded ab-
sorption region 5500 to 6771 A is ascribed to a transition to the B*TI(0*). A
continuum follows in the region 3520 to 3600 A. Discrete bands (302) arc
observed in the regions 1613 to 1656, 1539 to 1573, 1483 to 1512, and 1383 to
1415 A. The primary process by absorption above 2000 A is (302)

BrCl + hv = Br(2P,,5) + CI(*Ps33.12) (V-41)

The fluorescence lifetime and quenching cross section of the B*[1(0") state
of BrCl near the lowest vibrational level have recently been measured by
Wright et al. (1055). The observed lifetime is 18.5 + 3 usec and the quenching

cross section by BrClis 0.1 x 107'¢ cm?.

V-9.2. lodine Monochloride

The ground state is X 'T*; Do(I—Cl) = 2.151 + 0.001 eV (24). Closely spaced
red-degraded absorption bands appear in the region 5500 to 8800 A. These
are attributed to transitions to the A°T1(1) (5730 to 8770 A), B*I1(0*) (5500 to
5730 A), and B'(0*) (5600 to 5700 A). A continuum appears in the region
220010 2650 A. Various discrete transitions appear in the vacuum ultraviolet,
namely, 1795 to 1910 and 1670 to 1740 A regions.

Flash photolysis in the region above 2000 A leads to the production of
1(2P,,) and probably CI(P,,) (302). Absorption above 2000 A consists
of a continuum and the discrete B(0*)-X 'Z* transition. The production of
CI(*P, ;) was not observed probably because of the rapid reaction with ICL
Fluorescence is observed with light of wavelengths 5820 to 6100 A, which
lie below the dissociation limit at 5763 A. The lifetime is on the order of
100 psec (479) with some variation with excitation wavelengths.

V-9.3. lodine Monobromide

The ground state is X'Z*, Do(I—Br) = 1.817 £+ 0.001 eV. Closely spaced
absorption bands appear in the region 5450 to 8060 A. Thesc are attributed
to transitions to the 4°I1(1) (5740 to 8060 A), BT1{0*) (6200 to 6765 A), and
B'(0*) (5450 to 6190 A). A weak continuum lies in the region near 2700 A
followed by discrete transitions in the regions 1867 to 1975 and 1728 to
1800 A. Numerous bands are observed in the 1300 to 1600 A region (314).
Flash photolysis above 3000 A produces I{2P5;,) and Br(?P,,,), which are
detected by absorption in the vacuum ultraviolet (302). The B*I1 state appcars
to be responsible for the production of the ground state I and the metastable
Br atoms.
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The photolysis at 5310 A by a pulsed polarized laser produces mainly
ground state atoms and to a smaller extent I(P;,) + Br(?P,,,) atoms
[Busch et al. (160)]. Both processes are associated with the 0 state.

V-10. ALKALI I0DIDES
V-10.1. Sodium lodide

The ground state is X'E*, Dy(Na—I)=297eV (24). Threc continuous
regions of absorption (24) have been found in the ultraviolet with the absorp-
tion maxima at 3240, 2580, and 2120 A. The dissociation products cor-
responding to the three continua are, respectively, Na(2S) + 12P;,,),
Na(*S) + I(2P,,,), and Na(®P) + I(2P,,,).

The threshold wavelength of incident photons to produce the electron-
ically excited Na(2P) is 2440 A. The quenching cross sections by Hz, H.Cl,
CO,. and H,0 for the sodium D lines have been measured as a function
of exciting wavelength above 500"C. The quenching cross sections by HCl
and CO, decreasc with an increase of relative velocities between the excited
Na atoms and quenching molecules [Hanson (441), Earl ct al. (332, 333)].

¥-10.2. Potassium lodide

The ground state is X'T*; Do(K-~1) = 3.35¢V (24). Three continuous
regions of absorption have been found with maxima at 3260, 2610, and
2340 A. The corresponding dissociation products are K(2S) + 1(2Py,,),
K(2S) + 1(2P, ;). and K(2P) + 1(*P,,,), respectively.

Ormerod et al. (780) have studied the photolysis of KI with pulsed po-
larized light of wavelength 3472 A. From the angular distribution of the
product I atoms dissociated from a molecular beam of K1, they have con-
cluded that the recoil T atom direction is nearly perpendicular to the electric
vector of the polarized light. The results suggest a transition from the ionic
ground state to a neutral excited state.

V-11. ELECTRONIC TRANSITIONS AND LIFETIMES OF
SOME DIATOMIC RADICALS

Diatomic radicals are often produced in their ground and electronically
excited states as primary photolytic products or as reaction intermediates.
Radicals such as OH and ClO are now believed to play key roles in air
pollution of the troposphere and stratosphere, which is discussed in Section
VII-2.
Reaction rates of diatomic radicals have frequently been studied by
following time dependent optical absorption immediately after the radicals
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are formed. Alternatively, radicals formed in the ground state can be brought
to fluorescing excited states by suitable light sources whose wavelengths
are coincident with major absorption bands of radicals. Since the fluorescence
intensity is approximately linearly proportional to the ground state radical
concentration, rcaction rates can be measured by the time dependent
fluorescence intensity (see Section 1 -5).

The steady state OH concentration in the atmosphere has been measured
by the fluorescence technique using a dye laser tuned near 2820 A {Wang
and Davis (1006), Davis et al. {267)] or a microwave excited OH resonance
lamp [Anderson (42)].

Rate constants of diatomic radicals such as OH, SH, ClO, and SO
with atmospheric constituents are tabulated in recent publications by
Hampson and Garvin (10) and by Anderson (1). In the following section we
present the main transitions, lifetimes, and a few reaction rates of some
diatomic radicals of photochemical intercst. The results are summarized
in Tables V-10A through V-14.

V-11.1. Diatomic Radicals Containing Hydrogen

CH (Methylidyne). The ground state is X?2[1; Do(C—H) = 3.469 +
0.01 eV. Both absorption and emission have been observed in regions 3143,
3900, and 4315 A corresponding to transitions to the C25*, B2Z " and A%A
states, respectively [ Wallace (30)].

Radiative lifetimes of the 42A, B’T", and C2Z* states have been mea-
sured by Anderson et al. (43), Fink and Welge (353), Hesser and Lutz (470),
and Hinze et al. (473). These are given in Table V-10A.

Various transitions in the vacuum ultraviolet have been observed by
Herzberg and Johns (467). The CH molecule dissociates by absorption of
light below 3200 A. The CH absorption has been observed in the flash
photolysis of diazomethane in the near ultraviolet by Herzberg and Johns
(467).

CH(A?A) emission has been seen by the photolysis of diazomethane and
diazirine in the vacuum ultraviolet [Laufer and Okabe (605, 607)].

Reaction rates of CH(X2I1) with various molecules have been measured
by Bosnali and Perner (122a) and are given in Table V-10B. The reactions
are generally fast with efliciencies ranging from | to 0.01.

Barnes ct al. (61a) have detected ground state CH radicals in flame at
atmospheric pressure by measuring the CH(A2A — X2I1) fluorescence
intensities excited by a tunable dye laser a1 4315 A.

NH (Imidogen). The ground state is X35~ Do(N—H) =354 + 0.1 eV.
Three systems of NH, A%[1 X3, ' a'A, and ¢'T1-H'S* have been
observed both in absorption and in emission at 3360, 3240, and 4502 A,



‘Fable V-10A. Electronic I'ransitions and Lifetimes of CH and N1

System
Diatomic E, (Region of
Radical State (eV) Absorption) Lifetime Ref.
CH m 0

A%A 2.873 A-X 500 1 50 nsec 353, 470,
(4315 A) . 473

BY- 3.188 B-X 400 + 60 nsec 43, 353,
(3600--3900 A) 470,473

cizt 3942 C-Xx 100 nsec 473
(3144 -3160 A)

NH X3z~ 0

a'A 1.561 394, 762

D 2.633 bh-X > 5 msec 394, 666
emission 1084
(4710 A) 17.8 msec 389

An 3716 A-X 0.46 usec 352,912
(3200-3400 A)  0.40-0.45 psec 916

c'n 5.374 c-d 0.43 usec 352
(3240 A) 0.41-0.30 psec 916
b 0.48 usec 912
(4502 A)

't 10.272 d—-c¢ 18 + 3 nsec 912
emission 46 + 5 nscc 486b

(2530-4700 A)

(v =0, Q branch)
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Table V-10B. Rate Constants of CH(X?IT) Reactions
with Various Molccules (1224)

k
Reuctant Products (em® molec ™! sec™")

NO CO + NH~ ?

N, 10 x 10712, 7.3 x (o1
H, [CH,) L7 % 107", 1.1 x 1072
0, CO + OH? 4 x 0™ "

CO 48 x 1072

H,0 45 x 107

NH, 98 x 107!

CH, C,H, +H 33 x 10711,26 x 10712
C,H, L4 x 1071¢

C,H, 7.5 x 101

C,H, 1.1 x jO°1°

“ From Rel. 637a.
* From Ref. 139,

¢ Reaction to form CH, + H is endothermic by 3 keal mol !,

¢ From Ref. 637b.
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Table V-10C. Comparison of Reaction
Rates between NH(a'A) and NH(5'Z )
(em? molec™ ! sec™ ")

NH

Reactant a'A® 1202084
He — 42 x 107V
Ar — 1.8 x 1071
N, — 6.0 x 10716
0, 24 x 10713
H, — 86 x 10713
H,0 . — 49 x 10713
HCl 79 x 10~ 1! —
HN, 93 x 1071 —
NH, — 4.1 x 107"
CH, 12 x 10" 1.8 x 10713
C,H, - 55x 10714
C,H, 38 x 1071 1.4 x 10713
C,H, 36x 1071 47 x 1071
CoH,, 6.7 x 1071} —

? From Ref. 674b,
® From Ref. 1084a.

respectively [Wallace (30)]. The NH (XX, a'A, and ¢'IT) states have been
observed in the vacuum and near ultraviolet photolysis of ammonia and
hydrazoic acid [see Sections VIT 1L and VII 9 and Hansen ct al. (440)]. The
NH(bh'Z ") has recently been detected in the vacuum ultraviolet photolysis
of ammonia by Masanet et al. (666) and its reaction rate with ammonia has
been measured by Zetzsch and Stuhl (1084).

Lifetimes of A°T1, h'Z*, and ¢'I1 have been measured by various workers
and are given in Table V-10A. The dependence of lifetime on rotational
and vibrational levels of 4°T1 and ¢'IT states has been observed by Smith
et al. (916).

Quenching of A°T1 and ¢'I1 by various gases has been studied by Kawa-
sakiet al. (559).

Rates of reaction of NH(h'Z*) with CH,, C,H,, and C,;H, are two
orders of magnitude slower than the corresponding rates of NH(u'A) as
shown in Table V-10C.

The trend that more energetic NH(h'X *) react less rapidly than NH(u'A)
is strikingly similar to the behavior of O(!S), which is less reactive than
O('D) as shown in Table IV 3.
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OH(Hydroxyl), SH (Sulfur Monohydride), PH (Phosphorus Monohydride).
The ground state of OH is X2I1; Dy(O—H) = 4.394 4+ 0.0l ¢V. The first
transition A?L*-X*I1 has been extensively studied both in absorption and
in emission.

The OH (X2I1) can be generated from the photolysis of water, hydrogen
peroxide, and nitric and nitrous acid. Reactions of OH(X2IT) with various
hydrocarbons are important in understanding photochemical smog forma-
tion (see Scction VIII-2).

The OH(A?Z") has been seen in the vacuum ultraviolet photolysis of
water, hydrogen peroxide, and nitric acid. The OH(42Z*) emission produced
from OH(X2I) by light absorption has been extensively used to measure
OH(X 1) reaction rates [for example, Stuhl and Niki (951)].

The lifetime and predissociation of OH(A?L") have been cxtensively
studied by German (390), Smith (913), Sutherland and Anderson (955);
sec Table V-11A.

Quenching of the OH A?Z* state has been extensively studied by Welge
ct al. (1034), Hogan and Davis (477), Becker et al. (84), and Kley and Welge
(576). The ground state of SH is X 2I1. D(S---H) = 3.60 + 0.2 e¢V. The ncar
ultraviolet absorption at 3237, 3241, and 3279 A corresponds to the 42X -

Table V-11A. Electronic Transitions and Lifetimes of OH, SH, and PH

System
Diatomic E, (Region of
Radical State (cV) Absorption) Lifetime Ref.
OH Xt o JI0O) =8 x 1074 913
ALY 4017 A-X 0.69 psec (N’ = 0) 390,913
(3064 -3472 A) N’ dependent 286
0.82 uscc (N' = 2) 84
Predissociation > N' =23 955
(N = 34 for QD) 1044
B’Z* 8477 B-A
{4216 A)
CZ' 11087 C-A 6 nsec 915
(2160 A)
[C-X] 2 nsec 915
SH X 0 :
ATE* 3802 A-X 0.55 psec 82
(3240 A) (0.28 ysce for SD) 85
PH X3 o0
A 3.656*  A-X 0.44 psec 352
(3400 A)

“ Rostas et al. (842).
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Table V~11B. Electronic Transitions of HgH®

Diatomic E, System
Radical State (eV) (Region of Absorption)
HgH Xz 0
Azﬂ, 2 3.047 A X
(4017 A)
Azll_m 3.503 A--X
(3500 A)
Bz 4.200 B X
(2950 A)
(> 4414 C-X
(2807 A)

“ From Refs. 24, 177, and 179.

XM transition. The corresponding emission is seen only from ¢ =0,
indicating predissociation of the SH(A2L"*) state for v’ > 0 [Pathak and
Palmer (798a)]. The lifetime of SH(A2Z ") is 0.55 usec [Becker and Haaks
(82)]. Several transitions have been found in the vacuum ultraviolet region
(24). Ground state PH is X3XZ. Do(P—H) = 3.0 + 0.3 eV. Near ultraviolet
absorption at 3420 A is ascribed to the 43T1-X3S ™ transition (24). Three
band systems, namely, '® « d'A,'I1 — a'A, and *I1 « X35~ have recently
been found at 1625, 1595, and 1435 A, respectively, by Balfour and Douglas
(57a). The lifetime of PH(A*[1) is 0.44 psec [Fink and Welge (352)].

HgH (Mercury Hydride). The ground state is X2X: Do(Hg—H) =
0.37 eV (8). Four main transitions have been found near 4017, 3500, 2950,
and 2807 A corresponding to the A2[1, ,~X 2%, AM,,-X2%, B*Z-X*%, and
C?Z-X*% transitions, respectively, both in emission and in absorption
[absorption by Callear et al. (177, 179)]. These transitions are shown in
Table V-11B.

New HgH absorption bands have been found by Callear and Wood (179)
in the vacuum ultraviolet. The HgH( X 2X) has been seen as the main reaction
product of Hg(*P,) + H,

Hg(*P,) + H, - HgH(X?%) + H

The lifetime has apparently not been measured.

V-11.2. Diatomic Radicals Containing Carbon

CN (Cyano). The ground state is X2E*; Dy(C—-N) =785+ 0.05¢cV.
Two main transitions, 42T X?X*, B2£* X2¥* have been found both in
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absorption and in emission in the regions 4300 to 15,100 and 3500 to 4800 A,
respectively.

The X?Z* state has been observed in the photolysis of various cyanogen
compounds in the near and vacuum ultraviolet. The B2Z* and 42T states
have been seen in the photolysis of cyanogen compounds in the vacuum
ultraviolet [Mele and Okabe (692)]. Lifetimes of the A2[1 and B2L*
states have been measured by Jeunehomme (532), Cook and Levy (236),
Luk and Bersohn (650), Liszt and Hesser (641), and Jackson (518). These
values are given in Table V-12. Quenching of the B2X state has been mea-
sured by Jackson (518) and Luk and Bersohn (650).

C, (Diatomic Carbon). The ground state is a singlet X'E); D(C—C) =
6.113 1 0.05 eV. Seven triplet and six singlet states have been found for C,.
The strongest and most easily excited system is the Swan bands, M, -
@’I1, in the 4300 to 6700 A region. The emission Jifetime has been measured
by Fink and Welge (353) and is 0.2 + 0.05 usec. Electronic transition mo-
ments of various bands of the C, molecule have been measured by Cooper
and Nicholls (239). k

Table V-12. Electronic Transitions and Lifetimes of CN and C,

System
Diatomic £, (Region of
Radical State (eV) Absorption) Lifetime Ref.
CN Xt o0
Al 1.131 A-X 140 nsec (v' = 10) 236
Red

{4374 15100 A) 7.0 + 0.5 psec (v’ < 9y 532
Slightly " dependent

Bz? 3.199 B-X 39 nsec (v = 0) 236
Violet
(3590-4216 A) 63 + 3 nsec 518, 650

K’ dependent 641
B A 618
Emission
{4000--5000 A)
C, X'Zr 0

a*M, 0.089"

(131'19 2483 d-a 0.2 + 0.05 usec 353
Swan

(4383-5165 A)

¢ Collisionally induced intersystem crossing from CN(A42[1 - B2E ') observed at low pressures
of BrCN appears to support a value of 7 pusec. See Ref. 47a.
* From Ref. 24.
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The ground state Co(X'Z;) is a primary product of acetylene photolysis.
The 11, state is formed from the photolysis of bromoacetylene in the
vacuum ultraviolet. It is also formed in flame and discharges through carbon
containing compounds. The Swan system is a major feature of emission
spectrum from the heads of comets.

V-11.3. Diatomic Radicals Containing a Halogen;
FO, ClO, BrO, and 10

The ground state of XO (X =F, Cl, Br, 1) is X2[1; Do(F—O) = 240 +
0.2eV (220, 628), Dy(Cl--O} = 2.7504 + 0.0004 eV (250), Dy(Br—0) =
2.39 £ 0.03 eV (327), Dy(I--0) = 1.8 +£ 0.2 eV (327).

The A?TT-XI transition has been observed in absorption in regions
2600 to 3100 [Coxon and Ramsay (250)] 2890 to 3550, and 4200 to 4600 A,
respectively, for ClO, BrO, and 10. Various electronic transitions of ClO in
the vacuum ultraviolet have been found recently by Basco and Morse (68).

Fluorescence from CIO(A2[T) formed by light absorption of the ground
state has not been detected probably because of strong predissociation of
the excited state [Clyne et al. (223)].

The CIO(XIT) has been detected by optical absorption following the
flash photolysis of Cl,0 and ClO, or by the reaction of Cl with O,. The
latter reaction is an important source of ClO in the stratosphere [see Section
VI11-2.2]. The XO(A*I1- X *[1) transition is given in Table V -13 for ClO,
BrO, and 10.

V-11.4. Diatomic Radicals Containing Sulfur
SO (Sulfur Monoxide). The grbund state is XL 7; Dy(S —0) = 5.34 +
0.02 eV (225, 768). The transitions B*Z " -X3X~, A*[1-X*% " have been ob-

Table V-13. Electronic Transitions of C10, BrO, and 10

E, System
Radical State (eV) (Region of Absorption) Ref,
Cio xXn 0
AN 3.842 A X 24,327
(2600-3100 A)
BrO X 0
AN 3.462 A X 24, 327
(2890-3550 A)
10 X2 0
A 2.673 Ae X 24

(4200-4600 A)
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served in the 1900 to 2600 and 2400 to 2600 A regions, respectively. The life-
time of the B>X ~ state has been determined by Smith (911) (see Table V - 14).

The SO(X*X ") is formed as a primary product of the photolysis of SO,
below 2190 A. The SO(A°I1, B3E) states have been found in the vacuum
ultraviolet photolysis of OSCl, [Okabe (768)].

CS (Carbon Monosulfide). The groundstateis X'Z*; DJC-—S) = 7.39 +
0.03 ¢V. The main transition is A'T1-X'Z* in the region 2400 to 2800 A. The
lifetime of the A!'T1 state has been measured by Smith (911) and Silvers and
Chiu (882) (see Table V-14).

The CS(X'Z") has been seen in the flash photolysis of CS, in the near
ultraviolet. The CS(A'IT) has been observed in the vacuum ultraviolet
photolysis of CS, (769) and SCCl, (774). Fluorescence from the CS(a*M)
state has been observed in the photolysis of CS, in the 1250 to 1400 A region
of absorption. The lifetime and quenching ratcs of CS(a*IT) by various gases
have been determined by Black et al. (118).

Table V-14. Electronic Transitions and Lifetimes of SO and CS

System
i E, (Region of
Radical State (eV) Absorption) Lifetime Ref.
SO 24,226

X3z~ 0

a'lA [().7‘)]

hr? 1.303 h—=X

Emission

(9500 10,900 A)
A%, 4748  A-X
(2400-2600 A)

B’Y" 5.161 B-X 17 + 3 nsec 911

(19002600 A)
CS 24

Xyt 0

a* 3423 a— X 16 + 3 msec 118
Emission
(3400-3860 A)

A'll 4810 A-X 255+ 2Snsec 911
(24002800 A) 176 1 14 nsec 882

chapter VI

Photochemistry of
Triatomic Molecules

The photochemical processes of triatomic molecules have been extensively
studied in recent years, particularly those of water, carbon dioxide, nitrous
oxide, nitrogen dioxide, ozone, and sulfur dioxide, as they are important
minor constituents of the earth’s atmosphere. {Probably more than 200
papers on ozone photolysis alone have been published in the last decade.)
Carbon dioxide is the major component of the Mars and Venus atmospheres,
The primary photofragments produced and their subsequent reactions are
well understood for the above-mentioned six triatomic molecules as the
photodissociation involves only two bonds to be ruptured and two fragments
formed in various electronic states. The photochemical processes of these
six molecules are discussed in detail in the following sections. They illustrate
how the knowledge of primary products and their subsequent reactions have
aided in interpreting the results obtained by the traditional end product
analysis and quantum yicld mcasurements.

VI-1. WATER (H,0)

The ground state of H,O is )?'A, with an H--O -H angle of 105.2 (16);
the bond energy, Dy(H - OH) = 5.118 + 0.01 eV (118.02 + 0.2 kcal mol™ ')
(28). NV

The absorption spectrum of water in the vacuum ultraviolet has been
studied by Johns (533) and by Bell (92). Sharp rotational structure has been
observed only below 1240 A (533). The 1240 A bands have been assigned to
the 'B,—'4, transition and is the first member of the Rydberg serics. The
absorption coeflicients of water in the vacuum ultraviolet have been measured
by Watanabe ct al. (1016, 101%8) and are shown in Fig. VI 1. The absorption
coeflicients of D,0 have been measured by Laufer and McNesby in the
region 1300 to 1800 A (601).

Vi-1.1. Photodissociation

The vacuum ultraviolet photolysis of water has been reviewed by M. Ny
and Okabe (O84) and maor e e s Ty oy,
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1400 to 1900 A Region. A major primary process in this region is the
production of H and OH(X?I)

H,O0 S H + OH(X21) < 2420 A (VI-1)

The flash photolysis of water in this region has produced OH(X2I1), which
according to Welge and Stuhl (1033), is rotationally excited only upto N = 5
and no vibrational excitation is found. The rotational distribution of OH is
practically equal to that at room temperature, suggesting that the excess
energy, the difference between hv and Do(H—OH), is distributed between
translational energies of H and OH [also see Masanet et al. (241, 665)]. The
excited state of water responsible for dissociation in this region is considered
to be the unstable A('B,) state [Horsley and Fink (485), Miller et al. (704)].
The electron configuration of ground state water is

(Lay)2a)(1h,)%(3a,)*(1h,)?
and that of the first excited state A('B,) is

(1) (2a ) (1h3)2(3a )2 (1h ) 4a,)
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The A('B,) state is derived from the promotion of a nonbonding electron
in the 1h, orbital to the 4a, orbital. Since the bond angle and the geometry
change very little by this promotion, the OH(X ?I1) acquires very little angu-
lar momentum as the H atom flies apart from the molecule as has been
described in Section 11- 4.2. The second primary process that is energetically
feasible and spin-allowed is

H, 0B H,+0(D) <1770A (V1-2)

The production of molecular hydrogen to an extent of 6%, of the primary
process at 1470 A has been suggested by Stief (929) from the photolysis of
mixtures of water and ethylene. A similar conclusion is reached by Ung (984).
At 1470 A process (VI-2) is less than 0.3% of (VI-1) [Chou et al. (210)]. A
more recent estimate for the ratio of (VI-1) to (VI-2) is 0.99:0.01 for J >
1450 A and 0.89:0.11 for the 1050 to 1450 A region [Stief et al (935)]. Stuhl
and Welge (948) have obtained, from flash photolysis of mixtures of H,O and
a large excess of H,, higher concentrations of OH than those from pure
H,0O. They attribute the production of excess OH to process (VI-2) followed
by

O('D)+ H;, -OH+H (VI-3)

1200 to 1400 A Region. The processes (VI-1) and (VI-2) represent main
primary processes in this region, although (VI-2) appears to gain more
importance in the second continuum [Stief et al. (935)]. Below 1350 A the
following process occurs to an extent of up to 5%,

H,0 5 H + OH(42E*)  <1357A (VI-4)
The energy above the minimum required for (VI-4) is transformed pre-
dominantly into rotational excitation of OH(A4?Z*) [Carrington (191)].
The observed rotational excitation of OH may be qualitatively explained
from the electron configuration of an excited state of water responsible for
dissociation. The excited state of water from which OH(A42X ") dissociates
is considered to be the B('A,) state with the configuration [Horsley and
Fink (485), Miller et al. (704)].

(La1)2ap)*(1b2)*(3a,)(1b)*(3sa,)

That is, a bonding electron in the 3a, orbital is excited to the 3sa, orbital.
The promotion would result in an increase of an H—O—H angle. The
transition to the B('A4,) from the ground state would therefore produce a
highly excited bending vibration. A combination of antisymmetric stretching
and bending vibration would yield the necessary torque to strongly rotate
the OH(A?X) as the H atom flies apart. Sce Section 11-6.5 p. 96.
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Fig. VI-2. (a) Absorption coefficients of H,S in the region 1800 to 3000 A. & in units
of mm~" cm ™', base 10, room temperature. 1072 (mm ™' em™"), base 10 corresponds to
1.91 (atm ™' cm '), base ¢. From Goodeve and Stein (4190), reprinted by permission of
The Chemical Society. (5) Absorption cross sections of H,S in the region 1200 to 2000 A.
a is given in units of 107 ' cm?, base ¢, room temperature. From Watanabe and Jursa
(1018), reprinted by permission. Copyright 1964 by the American Institute of Physics.

VI-2. HYDROGEN SULFIDE (H,S)

The ground state is X! 4, with an H—S—H angle of 92.2" (16). The bond
cnergy Do(H—SH) is 391 4 0.2 eV (28). Absorption starts at about 2500 A
with a maximum at about 1870 A. The absorption spectrum in this region is
nearly continuous. The absorption coeflicients in the near ultraviolct have
been measured by Goodeve and Stein (410) and in the vacuum ultraviolet
by Watanabe and Jursa (1018). They are shown in Figs. VI- 2¢ and VI-2h.
Gallo and Innes (382) have recently confirmed the 1391 A band as being
due to the 'B,--' A, transition previously assigned by Price.

VI-2.1. Photodissociation

The primary process by light absorption in the necar ultraviolet appears
predominantly to be the production of H atoms and SH radicals

H,SWH+SH  2<3170A (VI-5)
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Evidence of this process is provided by the observation of SH in the flash
photolysis of H,S by Porter (813). In addition to SH, the bands due to S,
also have been observed [ Fowles ct al. (371), Langford and Oldershaw (599)].
Infrared absorption of SH has been observed by Barnes et al. (61) in the
ultraviolet photolysis of H,S in low temperature matrices. Below 2000 A
S atoms have been observed in flash photolysis [Kurylo ct al. (592)]. indi-
cating the occurrence of

HSSH+H+S <1654 (V1-6)
or
HSMH, +S 5 <4060 A (VI-7)

The quantum yield of H, production is about 1.2 at 2288 A [Darwent and
Roberts (259)]. The secondary reactions to explain the results are

H+H,S>H, +HS &, (VI1-8)
2HS - S, + H, (V1-9)
—-H,$+S (VI-10)

—HS, + H (VI-11)

- H,S; (VI-12)

The radical, HS,, has been seen in the flash photolysis of H,S (371, 813).
Darwent et al. (260) did not detect H, from reactions of HS radicals. Thus,
they concluded that (VI-10) is more important than (VI-9). A rate constant,
kg, of (1.29 + 0.15) x 10 " exp [(— 1709 + 60)/1.987T ]} cm® molec™ ! sec ™!
has recently been measured by Kurylo et al. (592).

Vi-2.2. Enérgy Partitioning in Photodissociation of H,S

Gann and Dubrin (383) have photolyzed mixtures of H,S + C,D,, at
2138 A. The initial average kinetic energy of H atoms is found to be 1.8 eV
using a technique given in Section 11-4.1. This value nearly corresponds to the
difference between the incident photon energy, 5.80 ¢V, and the bond energy,
3.9 eV; that is, in H,S photolysis at 2138 A nearly all excess energy appears
as the translational energy of H atoms. Sturm and White (952), using a
similar technique, have demonstrated that HS may be internally excited
at 1849 A, while Compton et al. (230) have found that 75Y%;, of the excess
energy appears as the kinetic energy of H atoms. Oldershaw et al. (777) have
found that nearly all the excess energy appears in translation of hydro-
gen for H,S photolysis at 2480 A. Compton and Martin (232) have found
D atoms from D,S photolysis have kinetic energies of 2.6 and 1.4 ¢V,
respectively, at 1850 and 2288 A. Sce p. 2.
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V1-3. HYDROGEN CYANIDE (HCN)

The ground state is X'Z*; Do(H—CN) = 5.20 + 0.05 eV (264). Hydrogen
cyanide has no absorption in the visible and near ultraviolet regions. It
starts to absorb weakly at about 1900 A. Herzberg and Innes (463) have found
three band systems in the region 1350 to 1900 A, corresponding to the y, f3,
and a systems. The upper states are all bent.

V1-3.1. Photochemistry

Mizutani et al. (710) have photolyzed HCN at 1849 A. They have found
cyanogen and hydrogen as major products and methane, ammonia, ethane,
hydrazine, and methylamine as minor products. Mele and Okabe (692) have
found CN(A%[1) and CN(B2X) radicals when HCN was irradiated in the
vacuum ultraviolet. The vibrational and rotational energy distributions of
CN(B?Z) have been measured.

VI-4. CYANOGEN HALIDES

The ground states of cyanogen halides are X'E*; Do(F—-CN) = 4.80 + 0.04
eV, Do(CI—CN) = 4.20 + 0.05 eV, Do(Br—CN) = 3.60 + 0.05 eV, Do(1—
CN) = 3.16 +£ 0.05 eV (264). The absorption spectra of some cyanogen
halides are shown in Figs. VI-3a to VI-3¢ [see King and Richardson (568),
Myer and Samson (727)]. They are characterized by (1) weak continuous
absorption in the 1800 to 2600 A region (the A system) resulting from the
A'TI-X'E* transition, (2) a second weak continuous absorption at shorter
wavelengths (the o system) resulting from a transition to either the second
'T1 state or a bent state ' A’ or ' A” symmetry, (3) the intense discrete absorp-
tion in the 1300 to 1700 A region (the B and C systems) (569), (4) Rydberg
bands. :

Vi-4.1. Photochemistry

Donovan and Konstantatos (315) have made flash photolysis studies of ICN
in the region above 2000 A. They have found that I(*P,,,) atoms are less than
5% of the total 1 atoms produced and have concluded CN radicals carry
over 807, of the excess energy (about 2 eV) as translational energy. Ling
and Wilson (638) have measured translational energies of the fragments,
CN and I, produced from the laser photolysis of ICN at 2662 A.

Contrary to a conclusion (315) that CN carries most of the excess energy
as translational energy, Ling and Wilson (638) have found that CN radicals
are produced in two different internally excited states, one probably in the
AT state (60%) and the other in the vibrationally and rotationally excited
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Fig. VI-3. (a) Absorption cross sections of ICN in the region 1100 to 2100 A. u(.IO.' 1
cm?), base ¢, room temperature. From Myer and Samson (727), repl:inted by permission.
Copyright 1970 by the American Institute of Physics. () Absorption cross sections of
ICN in the region 2100 to 3000 A. ¢ is in units of 10™'* cm?, base e, room temperature.
From Myer and Samson (727), reprinted by permission. (c) Electronic abson:pnon spectra
of cyanogen halides (schematic). From King and Richardson (568), reprinted by per-
mission of Academic Press, Inc.
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ground state (40%,). The angular distribution of CN radicals by polarized
light indicates that dissociation takes place parallel to the transition moment.
Hence, the excited state A of ICN at 2662 A cannot be A'TT or ' previously
assigned from absorption spectroscopy.

Engleman (336) has found vibrationally cxcited CN radicals in the flash
photolysis of BrCN in the near ultraviolet. The vibrational excitation is
considered to arise from the following rcaction sequence

BrCN M Br 4+ CN(X2E, v = 0) (VI-13)
CN(X22) M oNeB2y) (VI-14)
CN(B*Z) - CN(X2Z. 0" =0,1,2..) (VI-15)

In the vacuum ultraviolet, halogen halides partially dissociate into CN(B*E)
and halogen atoms (264, 692).

Ashfold and Simons (47a) have recently shown that both CN{A?[1) and
(B*L ™) states are formed in the vacuum ultraviolet photolysis of BrCN. At
the low pressure limit CN(B?L*) shows a vibrational population inversion
at the 1236 A photolysis (2 maximum at ¢’ = 2), while at higher pressures
the population shows a monotonic decrease with an increase of v* observed
before by Mecle and Okabe (692). They attribute the pressure effect to the
collisionally induced intersystem crossing between the A*[1 (v = 10) and
neighboring B2Z* (v > 0) levels. Because of the long radiative life of A1
state { ~ 7 psec) (532), it is susceptible to collisions even at a pressure of 10
mtorr.

VI-5. CARBON DIOXIDE (CO,)

The ground state of CO, is X'Z (linear); the bond energy Do(OC—O) =
5.453 + 0.002 eV (28). Absorption begins at about 1700 A. The absorption
coefficients in the region 1050 to 1750 A have becn measured by Inn et al.
(511). and more recently by Nakata et al. (730). The absorption coeflicients
in the region 1050 to 1750 A are given in Fig. VI--4q and in the 1720 t0 2160 A
region in Fig. VI-4b.

The three peaks observed at 1474, 1332, and 1119 A are assigned by
Winter et al. (1052) to the 'A,,, 'TT,, and 'Z. states, respectively, on a theoreti-
cal basis. Recently the measurement has been extended beyond 1700 A
[Ogawa (755), Heimerl (461), Shemansky (871)] as the importance of the
photochemistry of CO, in the lower atmosphere of Mars and Venus has becn
recognized.

The temperature dependence of the absorption coefhicients in the region
1700 to 2000 A has been measured by DeMore and Patapofl (279). The
results suggest that the CO, absorption cocflicients in the range 1700 to
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Fig. V1-4. (a) Absorption coefficients of CO, in the region 1050 to 1750 A. £ is in units
of atm™' cm™ !, base ¢, 0°C. From Inn et al (511), reprinted by permission. Copyright
1953 by the American Institute of Physics. () Absorption coefficients of CO, in the
region 1720 to 2160 A. k is given in units of atm™' cm ™, base ¢, 0°C. FromZOgawa
(755), reprinted by permission. Copyright 1971 by the American Institute of Physics.

2000 A in the Mars atmosphere (200"K) are approximately one half those at
room 'tem.perature. Table VI-1 shows the threshold wavelengths below
which indicated reactions are cnergetically possible.

VI-5.1. Photochemical Reactions

The products of the photolysis of CO, are CO, O,, and small amounts of
O; at all incident wavelengths. However, the quantum yield of CO is not
always unity. Furthermore, the ratio O,/CO is usually less than half that
expected from material balance. It appears that wall conditions are an
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Table VI-1. Photodissociation Thresholds of
CO, in Angstrom Units for the Production of
COX'L*,a’ 1,4 'H) and OCP,'D, 'S)

Ref.
585
585
278
512
649
513
905
1062
932
983
346
846
901
513
866
897
846
866
1009
808

CO/O P 'D 'S

0,+M

X'zt 2275° 1672 1286
a*n 1082 923 792
Al 920 803 702

Actinometry

“ The threshold wavelength below which the dissocia-
tion of CO, into CO(X'Z*) + O(*P) is energetically
possible. .

1.4 from N,O photolysis

= 1.4 from N’O
1.4 from N,O

¥y, = 1.4 from N,O
Oy, = 1.4 from N,O

Pressure independent (0.002-20 torr)
2 from O,

Calibrated thermopile
2 from O,

Ny T
0y =

Nz

Dy,
B, rom O + O, + M

Calibrated thermopile
Calibrated thermopile

o = 0.75 at 1470A

®o, = 2 from O,
Photoionization yield of NO

D,
Do,
o

important factor to determine the yield of CO and O,. Table VI-2 summar-
izes the results of the CO, photolysis. The photochemistry of CO, may be
conveniently discussed for three regions of absorption: {«) above 1672 A
where only the production of O(*P) atoms is energetically allowed, (b) the
1200 to 1672 A region where the O('D) atom production is predominant,

() below 1200 A where the production of both O(' D) and O(!S) is energeti-
cally possible.

0-04
0.04-0.1)
2

0-07
0-0.5
0.5-0.6
0.04-0.2
0.02-0.2

0,/CO

0.3-04
0.4-0.6

(O 3 /‘/CO

0.44 + 0.05
035+ 00
0.1-03
0.05-0.2

. error limit.

Above 1672 A. The absorption by CO, in this region is extremely small

(<04 cm™" atm™') (755). The only energetically possible primary process
is the production of O(3P)

-
PR

10
Deo = 027

=108 +0.1
(Peo=1)

=1.06+£0.1

€O, 5 Co + o¢p) (VI-16)

Quantum Yield
G =016 £ 0.05
1.0¢
& =0.3-09
bo=10+£02
¢C0 = 0.5“0.6b
Do = 0.2-0.85
Po=10
1.0¢
®o = 0.7-0.8°
®o = 04-0.5

®co = 06

Dco
L
(DCO
®o
Do

The primary photodissociation yield is unity at 1849 A (measured by the
yield of O(*P) atom production), although the quantum yields of CO and
O, are much less than | and 0.5 respectively [DeMore and Mosesman
(278)]. The quantum yield of CO is 0.2 to 1, depending on wall conditions

(278). The O, to CO ratio is 0 to 0.4, which is less than the 0.5 expected from
(VI-16) followed by the combination of O atoms

Table VI-2. The Quantum Yields of CO in the Photolysis of CO, at Various Wavelengths

Wavelength
(A)
1750-2100

16
1200-1500
1048, 1066

Exciting
33
1500-1670

1470
1236

2139
1849

¢ Quantum yield of O atoms.
* Probably the most rehable vatue,

Inn and Heimerl (512) and Krezenski et al. {585), on the other hand, obtained
®co of near unity in the 1750 to 2100 A region and at 1849 A, respectively.
The CO yield at 2139 A is 0.16 (585), which may indicate the production of a
nondissociating excited state, although the results are much less conclusive

than those at 1849 A because the absorption at 2139 A is only 1% of that
at 1849 A.
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1200 10 1672 A Region. The production of O(' D) atoms is energetically
possible in this region
€0, ™ o+ 0o('p) (VI-18)

The direct detection of O('D) by the emission at 6300 A in the steady state
photolysis of CO, near 1470 A has failed [Young and Ung (1067), Clark
and Noxon (216)], although O('D) atoms from O, photolysis near 1470 A
have been detected. The failure to detect the emission must be due to the
weak absorption of CO,, rapid quenching of O('D) by CO,, and the long
radiative life of O(' D) atoms. However, the production of O(' D) in the CO,
photolysis is strongly indicated by the following observations:

1. O atoms produced from O; photolysis at 2537 A arc capable of
exchanging with O atoms in CO,, while O atoms produced from O,
by absorption of visible light do not exchange (558).

. O atoms from N,O photolysis at 1849 A cxchange with thosc in
CO, (1060).

. When C'*0'°0-C'®*0'®0 mixtures are irradiated by 1470 A light,
C'*0'®0 is produced (73). These observations suggest that O atoms
produced from CO, at 1470 A must be in the same state as those
produced from O, at 2537 A and from N,O at 18494 , namely, O(' D).

. The product, neopentanol, of the photolysis of CO,-neopentane mix-
turesat 1633 A indicates that O('D)atoms are produced. Furthermore,
the ratio neopentanol/CO = 0.65 obtained in a large excess of neo-
pentane suggests that the quantum yield of O(' D) production is close
to unity [ Quick and Cvetanovié (821)], since the same ratio of 0.65 is
obtained for N, O photolysis at 2139 A. To explain the rapid exchange
of O(' D) with CO,, Katakis and Taube {558) postulated the interme-
diate formation of CO;. In fact, new infrared absorption bands found
in the 2537 A photolysis of O, in a CO, matrix at 50 to 60°K have
been assigned to CO; absorption (713, 1028).

[8%)

w

FN

Jacox and Milligan (520a) favor the three-membered ring structure with
an O—C—0O angle of 65" from the analysis of infrared spectra of isotopic
species of CO; in low temperature matrices. A new broad and weak absorp-
tion band at 4060 A with an absorption coefficient of 1.1 + 0.3 atm ™' ¢m ™!
is also found in O3;—CQO, matrix (551). However, no corresponding infrared
absorption bands have been found in the gas phase photolysis [ DeMorc
and Dede (277)]. The photochemistry of CO, in this region may be sum-
marized as follows.

CO, Bco + o)
O('D} + CO, - CO*
CO%Y - CO, + Of*P)
20(3P) + C02 . Oz + COZ

VI-5. Carbon Dioxide (CO;) 213

The lifetime of CO% with respect to dissociation into CO, + O(3P) is about
107" to 1072 sec [ DeMore and Dede (277)], which corresponds to 10 to
100 vibrations during its lifetime. Arvis (46), on the other hand, photolyzed
1 torr of CO, at 1470 A and found, by infrared absorption, a product, COj,
captured on a cooled LiF window. He estimates the lifelime of CO% to be
0.04 sec, which is much longer than the estimated value of 107! to 107 '2 sec.
It is probable that CO; may be formed in situ on the cooled window rather
than in the gas phase. Slanger (897) believes O, is formed by the combination
of CO,

2C0, - 2CO, + O, (VI-19)

As in the photolysis above 1672 A the ratio O,/CO is generally much less than
0.5, a value expected from malterial balancc. Low values obtained at low
CO, pressures indicate the loss of O(*P) atoms on the walls (649, 897). At
high CO, pressures Oy is formed from O(*P) + O, M O,. which partially
explains the O, deficiency [Loucks and Cvetanovié (649)].

Slanger et al. (905) have measured the relative yield of CO production at
several wavelengths in the range 1200 to 1500 A. The yields are 0.57 + 0.11,
at 1216 A, 0.21 £ 0.07 at 1302 to 1306 A, 0.46 + 0.05 near 1390 A, and
0.58 + 0.06 at 1492 to 1495 A, using @, = 0.75 at 1470 A obtained by Inn
(513). The authors have concluded that only the direct dissociation from an
excited CO, produced by light absorption in the continuous portion of the
absorption spectrum may contribute to the CO production. A good material
balance (0,/CO = 0.5) was obtained in the Xe sensitized photolysis of CO,
at 1470 A (932, 933).

Photolysis of CO, below 1200 A. The production of O(*S) is energeti-
cally possible below 1286 A

0, Cco + 0('s) (VI-20)

Lawrence (616) and Koyano et al. (584) have detected the production of
O('S) by the emission at 5577 A ('S-'D transition) in the entire region of
absorption, 800 to 1220 A. The O('S) yicld increases to a maximum at about
1150 A and starts to decrease below 1080 A where the production of CO(«IT)
begins. At 1048 A the O('S) quantum yield ts 75 + 25%, (616).
The CO,('E)) state must be responsible for the production of O('S).
Below 1082 A the production of CO(*T) is possible
CO, s cow’ny + o¢P) (VI-21)
Lawrence (615) has confirmed the production of CO(¢*11) from the emission
of the Cameron bands («*TT- X 'Z). The absolute yield of CO(«*I1) has been
measured in the absorption region 850 to 1100 A. The yield increases
smoothly from threshold to a maximum of about 60%, near 900 A. The
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production of metastable O atoms [O('S) and. O('D)] was detected by
electron emission from metal surfaces when CO, was irradiated in the
region 1050 to 1700 A [Welge and Gilpin (1036)]. By measuring the time-
of-flight of metastable O atoms to reach a detector after flash photolysis,
they have concluded that more than 50%, of dissociation leads to internally
excited CO(X'Z). Vibrationally excited CO«3L*, @A, and e’T- are
produced by excition of CO, with light of wavelengths below 923 A (552,
622). The vibrational population distributions are found to follow a Poisson
formula. The quantum yield of CO, ®, = 0.20 + 0.05, was obtained for
the photolysis of CO, at 584 A (965). Emission spectra from the COj (B?L},
A*T1,) states have been observed by Wanchop and Broida (1024) in the
illumination of CO, at 584 A.

VI-5.2. Stability of CO, in the Mars and Venus Atmosphere

It is known that the main constituent of the atmospheres of Mars and
Venus is CO,. The results of the photochemical studies of CO, in the
laboratory indicate that CO, should be converted into CO and O, with
solar radiation below 2275 A. The atmospheres of Mars and Venus should
thus contain substantial amounts of CO and O,. Yet it has been observed
that the mixing ratio of CO and O, relative to CO, is only on the order of
10" on Mars (677) and 1075 1o 10™® on Venus (678). This unusual stability
of CO, toward photolysis has been a mystery. McElroy and Donahue (677)
and Parkinson and Hunten (798) have proposed an OH-HO, cycle to
catalytically recombine CO + O to form CO,

OH +CO—-CO, +H (VI-22)
H + O, + CO, - HO, + CO, (VI-23)
O+ HO, - OH + O, (VI-24)

net CO + O - CO,

Hydroxyl radicals are produced by the photolysis of H,0O, which is present
to an extent of 0.2% in the Mars and Venus atmosphere. Besides water, HCl,
a minor constituent (6 x 10”7 mixing ratio) in the Venus atmosphere, may
provide additional H atoms [McElroy et al. (678)]

HCIM H + ¢l
Cl+ H,-HCl + H
net H, = 2H

More details are given in Section VIII-3.

bi-6. Carbonyl dulfide (ULD) 210

Vi-6. CARBONYL SULFIDE (OCS)

> oround state is X'Z* (linear). The bond dissociation energies are
E::O%~—-~-S) =312+ 003eV and D(O—CS)= 681 +0.13 eY (2:3 ]763)
The absorption coefficients of OCS in the near and vacuum ultrdvn? c?l 1;1:
been measured by Sidhu et al. (880), Ferro and Reuben (347), and Matsu’ndgi
and Watanabe (670). These are shown in Figs. VI-5a and 5b. Th? temperature
dependence of absorption in the near ultraviolet_ has been obtained i:‘>y Fgrr(;
and Reuben {347). The near ultraviolet absorption spectrum starts at abou

2550 A and is continuous.

VI-6.1. Photodissociation in the Near Ultraviolet (1900 to 2550 A)

i i found by Sidhu et al. (880)
The quantum yield of CO formation ha§ bpen
to beql 81 both at 2537 and 2288 A. The yield of CO has been reduced to one
half (to a value of 0.9) by the addition of sufficient amounts of olefins. The

primary process must be

ocsBco+s (V1-25)
with a quantum yield of 0.9. It has been shown by Gunning and Slrz%usz (43(){
that the reactions of S(*D) with paraffins produce corresponding alky

: o/ of the S atoms produccd in
sercaptans. 1t has been found (880) that 74%, o .
(nVl-25‘))form mercaptans with alkanes at 2288 A. Therefore, at this wavelength

ocs™co +s(ip) ¢ =067 (VI-25a)
ocsco+sep  ¢=~024 (VI-25b)

The S(®P,'D) atoms react with OCS to produce CO + S, [Langford and
Oldershaw (600)]
S(P) + OCS - CO + SAX’Z,) (VI-26)
S('D) + OCS = CO + Sy(*A, '%) kyq (VI-27)

The deactivation process
S('D) + OCS - S(°P) + OCS (VI-28)

has been found to be minor. From the flash photolysis of OCS aboye 22}?0 A
Fowles et al. (371) have found indirect evidence that S, in (VI-27) 1s Zn er ":1
the 'A or ' metastable state. The metastable S,, although no}tZ ele;t_e‘h
directly, may be collisionally deactivated to the ground state X X . whic

was detected by optical absorption
S,('A,'Z) 4+ M = Sy(X°E) + M (V1-29)
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Fig. VI-S. (a) Absorption cocfficients of OCS in the region 2100 to 2500 A. k is given
in units of atm™' cm ™', 0°C, base e. From Ferro and Reuben (347), reprinted by per-
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ultraviolet. k is given in units of atm ™' cm ™, 0°C, basc . From Matsunaga and Watanabe
(670), reprinted by permission. Copyright 1967 by the American Institute of Physics.
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Breckenridge and Taube (144) have studied the photolysis of OCS + CS,
and OCS + N,O mixtures at 2288 and 2537 A. They have demonstrated
that the primary yield of production of S(* D) [ process (VI-25a)] is 0.74 + 0.04
and 0.25 for S(*P) production [process (VI-25b)] in agreement with the
results of Gunning and Strausz (430). The deactivation process [process
(VI-28)] must be about one third that of the total reaction of S(' D) with OCS
in order to be consistent with their finding that 50° of the S atoms formed
in the primary process react as S(*P) (144),

VI-6.2. Photodissociation in the Vacuum Ultraviolet

Both S(*P) and S$('S) atomic absorption lines have been observed in the
vacuum ultraviolet photolysis of OCS by Donovan et al. (304, 305), indi-
cating the occurrence of (VI-25b) and

OCSCo +5('S)  A<2110A (V1-30)

In spite of strong chemical evidence for the production of S(' D), absorption
lines of S(*D) have not been found (304), presumably because of the rapid
reaction with OCS molecules. Black et al. (114) have found that S('S) atoms
are produced with a quantum yield of almost unity in the incident wavelength
region 1420 to 1600 A, the COS('E*) state presumably dissociating into
CO + S('S). In the vacuum ultraviolet photolysis, the processes

OCs™Scs + 0'P) 1< 18204 (VI-31a)

O(‘Sl—"iCS+O('I)) A< 1410 A (VI-31b)
are energetically possible below the indicated wavelengths. However,
Donovan (305) has found them to be of minor importance. Donovan et al.
(304) also have found the S,(a'A) absorption bands in the vacuum ultraviolet
flash photolysis of OCS. From the rate of increase of S,(a'A) they have
concluded that the rate constant k4 is larger than 0.7 x 107 '° ¢m?® molec ™!
sec” . As S,(a'A) decays with time S,(X>Z,) starts to increase, indicating
that S,(X?%,)) is formed by the collisional deactivation of Sy(a'A) [process
(VI-29)]. Klemm et al. (574) have observed that the S atom production in
the primary process is more than 50 times as large as O atom production in
the vacuum ultraviolet flash photolysis.

VI-7. CARBON DISULFIDE (CS,)

The ground state is X', (lincar). The bond energy, D(SC S), 1s 4,403
0.014 eV, corresponding to the incident wavelength 2778 1 10 A [ Okabe
(769)]. The absorption spectrum of CS, i the near ultraviokel Consists of
two distinct regions of absorption. one extending from Uk 1o 3si b o
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Fig. VI-6. (a) The absorption coeflicients of CS, in the region 1200 to 1400 A. k is in
units of atm™' em ™", base e, 23°C. From Okabe (769), reprinted by permission. Copy-
right 1972 by the American Institute of Physics. (5) The absorption spectrum of CS,
in the region 2900 to 3400 A. Approximate absorption coefficients are given in units of
atm™' cm ™', base e. See Jungen et al. (554), and Treiber et al, (975).

the other much stronger absorption extending from 1850 to 2300 A. The
3300 to 4300 A absorption bands have been assigned to the YA,-'E)
transition by Douglas and Milton (320). The 2900 to 3200 A bands are very
complex. Jungen et al. (554) have made a rotational and vibrational analysis
from which they have concluded that the bands belong to the 'B,-'z}
transition. The 1850 to 2300 A bands have been partially analyzed by
Douglas and Zanon (321). The upper state is ' B,. Only a vibrational analysis
has been made for the 1650 to 1750 A system (818). Two Rydberg series have
been found by Price and Simpson (818) below 1400 A. The absorption coeffi-
cients in the region 1200 to 1400 A have been measured by Okabe (769) and
are shown in Fig. VI-6a. The absorption spectrum in the region 2900 to
3400 A is shown in Fig. VI-6b. The photochemistry of CS, may be discussed
above the incident wavelength 2778 A where the electronically excited state
is important and below 2778 A where photodissociation may be important.

VI-7.1. Photochemistry above 2778 A

Heicklen (451) was the first to observe fluorescence in the region 4200 to
6500 A when CS, was excited by incident light of wavelengths 2800 to
3600 A. Douglas (324) has measured a lifetime of 15 usec, which is somewhat
longer than the 3 usec calculated from the integrated absorption coefficient.
Brus (155) has measured the lifetime of the fluorescence excited by the 3371 A
laser line. Two collision-free lifetimes, 2.9 + 0.3 and 17 + 2 usec, have been
found. Jungen et al. (553) have studied the absorption spectrum near 3371 A
and have assigned '4, and a triplet state as the two fluorescing states.

VI-8. Nitrous Oxide (N,0) 219

Lambert and Kimbell (596) have investigated quenching effects of various
gases on fluorescence. No S atoms have been found in the photolysis in the
region above 2300 A [deSorgo et al. (283)]. Instead, CS and S, have ﬁmen
found in the flash photolysis of CS, and N, mixtures. The proposed reactions
are .

CS - CS3 {VI-32)

CS$ +CS, =»2CS + S, (VI-33)

where CS% signifies an electronically excited state.

VI-7.2. Photochemistry below 2778 A

The photolysis of CS, + C,H, mixtures in the region 1950 to 2250 A have
produced ethylene episulfide, an indication of S(*P) production [deSorgo
et al. (283)]. "

CS 3 CS + S(°P)

S(*P) + C,H, » H,C—CH, (V1-34)
\S/

In the flash photolysis of CS, in the region 1900 to 2100 A, Callear (166) has
observed the production of vibrationally excited CS(X'%) and SC3P) bgl
not S(' D). Apparently CS and S(>P) are predissociated from the ' B, state in
violation of the spin conservation rules because of the presence of heavy
S atoms. In the vacuum ultraviolet photolysis a major primary process is

cs, M esatmy + s¢ry) (VI-35a)

in apparent violation of the spin- conservation rules [Okabe (769)]. The
dissociation below 1337 A apparently takes place from Rydberg states.

Recently, Black et al. (118) have found the production of CS(«*1) in the
1250 to 1400 A region with high efficiencies

CS, ™ ¢Sy + S(3P) (VI-35b)
The lifetime of CS(«*IT) is 16 + 3 msec.

Vi-8. NITROUS OXIDE (N,0O)

The ground state is X'S* (linear). Absorption starts at about 2400 A. The
absorption coefficients in the region 1080 to 2400 A have been measured by
Zelikoff et al. (1079), by Thompson et al. (967), and recently by Johnston and
Selwyn (544). They are given in Figs. VI-7u¢ through VI-7e. Winter (1053)
has assigned the 1809, 1455, and 1291 A absorption bands to the 'A, 'IT, apd
137 states respectively, on a theoretical basis. The bond dissociation energies
are Do(N,—O) = 1.672 + 0.005 and Do(N—NO) = 4.992 + 0.005 eV. Table
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Table VI-3a. Threshold
Wavelengths (A) below Which
Indicated Reactions are
Energetically Possible in the
Photolysis of N,O
N,/0 ‘p 'D 'S
X'z 7415¢ 3407 2115
A;‘Z,‘ 1581 1264 1031
B'Bﬂg 1374 1128 938
B7L,; 1260 1050 884

“The threshold wavelength below which
the dissociation of N,O into N,(X'E) +

O(*P) is energetically possible.
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Table VI-3b. Threshold
Wavelengths (A) below Which
Indicated Reactions are
Energetically Possible in the

Photolysis of N:0.
NOJN ‘s ip :p
X 2519 1698 1459
ALt 1192 970 887
BN 1174 958 877

V1-3a and VI-3bh gives threshold wavelengths below which indicated
reactions are energetically possible.

V1-8.1. Photochemical Reactions

The photodecomposition products are known to be N,, O,, NO, and NO,.
The formation of NO, from NO and O, is slow in the gas phase but the
reaction 2NO + O, — 2NO, appears to be accelerated when mixtures of
NO + O, are repeatedly cooled to —196°C and warmed again to room

temperature (864).

Primary Processes. Two primary processes, both spin-forbidden, are
energetically possible below 2500 A

N,O ™ N, + OCP) (V1-36)
N,O ™ NO + N(*s) (VI-37)

It has been found by Cvetanovi¢ et al. (257) that O atoms produced from the
photolysis of N,O at 1849 and 2138 A are metastable O* [O('D) or o('s)]
atoms, since the production of N, by the reaction O* + N,O is suppressed
by the addition of CO, or Xe, which quenches O* to nonreactive O(*P)
atoms. Subsequent studies suggest [see Paraskevopoulos and Cvetanovi¢
(791)] that, at least in the region 1850 to 2300 A, the O(* D) atoms are formed
from the photolysis of N,O

N,O - N, + O('D) (VI-38)
The possible occurrence of (V1-37) has been studied by Preston and Barr
(816). If the primary process is in part

N,OMNO +N



X4 Photochemistry of Triatomic Molecules

1ic N atoms formed would react with '*NO added initially to N,O to form
'Nl-
N+ "*NO - N, + O (V1-39)

he results of the photolysis of mixtures of N,O + 19, '*NO al_228§, 2139,
ad 1849 A show the production of less than 1.79; 29N,, indicating that
“1-37) 1s less than 29, of the primary process.

Secondary Processes. Two sccondary processes may be proposed to
.plain the products N, NO, O,, and NO,

O('D)+ N;O >N, +0, kg (V1-40)
O('D) + N,O - 2NO ke, (VI-41)

he ratio kyo/ky, can be computed from @, and @y provided there is no
wction between O, and NO.

kso _ 209, (V1-42)
kst ®no

lowever, because some O, and NO tend to react with each other to form
.0, (or N,0O,) during the analysis, the ratio k4o/ky,; cannot be obtained
-liably from the measured ratio of @g, to Q.

Scott et al. (864) have measured instead the ratio of N, to NO, produced

‘om the photolysis of O;~N,O mixtures in the region where only O,
hsorbs. From the reaction sequence

0," 0, + 0('D) (VI-43)

O('D)+ N,O-N, + 0, kg (VI1-44)
O('D) + N,O - 2NO ki (VI-45)
NO + O, - NO, + O, (V1-46)

hey have obtained the ratio, as NO molecules are all converted to NO,
1lecules.

Kae _ 2AN2] 609 4 0.06
kss  [NO,] -

'he ratios obtained by various methods range from 0.6 [Grccnl?crg fmd
lcicklen (419), Ghormley et al. (391), Simonaitis et al. (884)] to 1 [Greiner

423)]. 1t is most likely that the ratio is near unity since three independent
nethods agree with each other (864).
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The photolysis of N,O above 1850 A may be summarized as follows

N,O™N, + O('p) (V1-47)
O('D) + N,O = N, + O,, Kag (V1-48)

O('D) + N,0 —» 2NO k4o (V1-49)

k4u = kw

In spite of various energetically possible reactions given in Tables VI-3a
and 3b, the quantum yields of the products are almost independent over the
wavelength region studied except at 1236 A, suggesting that the above pro-
cesses are predominant above 1470 A. The quantum yields of various
products of N, O photolysis are given in Table VI -4.

VI-8.2. Production of Metastable Species by the Photolysis of N,O

Tables VI-3a and 3b shows that the photolysis above 1200 A can produce
clectronically excited atoms O('D,'S) N(2D,?P) and molecules N,(A43,
B?I). Of these O('S) and N,(B?IN) are directly observed by the emission at

Table VI-4. Quantum Yields of Products in the N,O Photolysis

Wavelength
(A) Product Quantum Yield
1236 N, 118 4+ 0.03 (Ref. 426), 1.34 + 0.04 (Ref. 293)
1470 1.40 £ 0.06 (Refs. 426 and 1061), 1.48 (Ref. 292), 1.44 (Ref. 1080)
1849 ~(1.44) (Ref. 1081)
2139 - 1.51 £ 0.11 (Ref. 419)
1236 0O, 0.2 + 0.01 (Ref. 426), 0.19 + 0.01 (Ref. 1061)
1470 (0.58 + 0.03) (Ref. 1061), 0.15 + 0.01 (Ref. 426)
0.5 (Ref. 1080)
1849 (~0.4) (Ref. 423)
2139 0.059 (Ref. 419)
1470 NO  (0.78 + 0.03) (Ref. 1061)
1849 0.81 + 0.08 (Ref. 423)
1236 NO, 0.52 + 0.02 (Ref. 426)
1470 0.78 + 0.03 (Rel. 1061), 0.74 + 0.05 (Ref. 426)
-N,O
1236 1.45 4 0.04 (Ref. 426)
1470 1.76 + 0.08 (Ref. 426), (Ref. 1080)
1849 (L71 4 0.13)(Rell 423)

Note: 1849 A, ®,, = Dy, + Dy, + @, - Op,o = 100 4 0.05 (Ref 423) ¢ 2N,O0 - N,
}O, + NO for cach photon).
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5577 A and by the first positive bands, respectively [Hampson and Okabe
(436) Young et al. (1070, 1073)]. The production of O('D) atoms is suggested
by the reactivity of O* atoms with N,O as described before. The N(D) atoms
are responsible for the production of NO(B*IT) [Welge {1029) Young et al.
(112, 1071), Okabe (761)] by

N(D) + N,0 - NO(B2M) + N, (VI-50)

The formation of N,(A3Z) is proposed from the observation of NO y bands
by

Na(4°Z) + NO - NO(4%%) + N, (VI-51)

[Welge (1029), Okabe (761), Young et al. (1071, 1072)] and by electron
emission due to collisions of N(4°%) on a metal surface (397). Recently,
N(*D,?P) atoms produced by the photolysis of N,O above 1050 A have
been directly observed by absorption at 1493 and 1745 A, respectively
[Husain et al. (502)]. The quantum yields of metastable species at 1470 A
estimated by Young et al. (1071) and Black et al. (113) are shown below.

Species Quantum Yield
o(*p) 0.08

O('D) 0.55

o('s) 0.5, 0.1 (Ref. 630)
N(2D) 0.1

N,(4°T) 0.08

Recently quantum yields of O('S) from N,O have been determined as a
function of incident wavelength. The yield is near unity at 1290 A [McEwan
et al. (680), Black et al. (1 13)]. Because the photolysis of N,O is a convenient
source for the production of O('S), N(2D), N,(4%%), and N,(B*I), their
quenching rates by many gases have been measured by monitoring emissions
produced by the photolysis of N,O and quenching gas mixtures, Chamber-
lain and Simons (203) believe that in the region 1400 to 1550 A NO is pro-
duced mostly from two reactions

O('D) + N,0 - 2NO (VI-52)
Ny(4°Z) + N;O - N, + N + NO (V1-53)

VI-8.3. N,O in the Upper Atmosphere

The concentration of N,O in the lower stratosphere is about 0.2 ppm (405).
The reaction of O('D) with N;O to produce NO is considered by Nicolet

VI-9. Nitrogen Dioxide (NU;) 2214
and Peetermans (739a) to be an important source of NO in the stratosphere.
O('D) + N,0 - 2NO (VI-54)

See Scction VII- 2.2 for further discussion.

VI-9. NITROGEN DIOXIDE (NO,)

The ground state is X2A, with an OA-—-N;—O angle of 134.1° (16). Dt(}),(eO:i”
0O) = 3.118 + 0.0t eV (28). The absorption spectrum of NO, u'l ihe ! ,;0
uhrav.iolct and visible is extremely complex and for the most part ha:
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apparent regularity in rotational and vibrational structure. Electronic states
identified are E2Z}, in the region 1350 to 1650 A by Ritchie and Walsh (832),
B2B, at 2491 A by Ritchie et al. (831), and A’2B, or 2[1, in the region 3700
to 4600 A by Douglas and Huber (322). Recently, Hardwick and Brand (442)
assigned the origin of the transition A'*B,-X24, at 14,743.5 cm ™! (1.828 eV).
Brand et al. (132) have determined the 0-0 transition of the A2B,-X24,
system at 11,956 cm ™! (1.482 eV).

The rotational analysis of the 8000 to 9000 A band system, A2B,-X24,,
has been made by Brand et al. (133). The A2B, state is severely perturbed by
the X2 A, state. The 2B, state has an O-N O bond angle of 102" [Gillispie
ct al. (395)]. Smalley ct al. (909) have mecasured the fluorescence excitation
spectrum of the cooled NQO, in the region 5708 to 6708 A. The 2B, state is the
only upper state in this region.

The absorption coefficients in the vacuum ultraviolet, near ultraviolet,
and visible regions have been measured by Naukayama et al. (731) and by Hall
and Blacet (431) and are given in Figs. VI--8a through VI-8¢. The absorption
coefficients in the region 1850 to 4100 A at higher resolution have recently
been measured by Bass et al. (72). The clectronic energics, potential energy
surfaces, and oscillator strengths of various upper states have been calculated
by Fink (354, 355), Gangi and Burnelle (384, 385), and Gillispie ct al. (395).

Nitrogen dioxide is one of a few simple molecules in which the primary
quantum yield near the dissociation limit (3980 A) has been measured nearly
continuously as a function of incident wavelength. The energetics ol photo-
dissociation is given in Table VI-5. The thermochemical threshold at 0K for
the reaction, NO, - NO + O(*P), corresponds to the incident wavelength
3978 A, which nearly coincides with the wavelength 3979 + 1 A below which

Table VI-5. Threshould
Wavelengths (/\) Below Which
Indicated Reactions are
Energetically Possible in NO,
Photolysis

NOJO p ) s

xXm 3978° 2439 1697
AT* 1442 1174 970

Note: NO, -+ N + O, Al = 1039 keal
mol” ' corresponding Lo 2751 A,

“ The threshold wavelength below which
the dissociation of NO, into NO(X?IT)
and O(* Py is encrgetically possible.
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rotational structure of the NO, absorption spectrum becomes diffuse
[Douglas and Huber (322)]. Even above 3980 A internal energy is known to
contribute to dissociation [Pitts et al. (810), Jones and Bayes (550)]. Above
3980 A it has been known that NO; fluoresces strongly in the visible region.
The lifetime, the spectral analysis, and quenching properties of the fluorescing
state have been studied by many workers. The photodissociation of NO,
may be conveniently discussed above and below 3980 A.

VI-9.1. Photodissociation above 3980 A

The primary quantum yield of NO, dissociation obtained from D, falls off
rapidly above 3980 A and is 0.005 at 4358 A [Pitts et al. (810)]. Since the
extent of isotopic scrambling of O, by illuminating mixtures of NO, and ! '8
O; closely follows the quantum yield of NO production, there is little doubt
that O atoms are formed by direct dissociation of NO, at four wavelengths
tested, 3660, 4020, 4060, and 4120 A [Jones and Bayes (550)].

The falioff curve of the quantum yield is explained by the contribution of
the internal (mostly rotational) energy to supplement the incident photon
energy (550,810), {see Section 1-4.3 for details). Above 4358 A a small
(~0.01) but significant yield of NO was observed, which is attributed to
reactions of electronically excited NO, (NO%) by Jones and Bayes (550).

NO% + NO, - 2NO + O, (VI-55)
NO3% + NO, - NO, + NO (VI-56)

Creel and Ross (251) have studied the NO, photolysis in the region 4580 to
6300 A. They also conclude the occurrence of (VI-55) by measuring the
production of O,. Hakala et al. (433) have found the production of O, from
NO; by irradiation with the 6943 A laser that has insufficient energy to
induce dissociation. Since the O, production was dependent on the square of
the laser intensity, they postulated the consecutive absorption of two photons.

VI-9.2. Photodissociation below 3980 A

The electronically excited NO, formed by absorption of light wavelengths
below 3980 A must have 3 lifetime on the order of 10712 sec, since the absorp-
tion spectrum shows diffuse rotational structure (but not the vibrational
structure) [ Douglas and Huber (322)]. Experimentally, a lifetime on the order
of 5 x 107'? sec is obtained from the photolysis yield of NO, at various
added N, pressures in the region 3100 to 4100 A [Gaedtke et al. (378, 379)].

Busch and Wilson (162, 163) irradiated a molecular beam of NO, with a
pulsed laser of wavelength 3471 A and measured the flight times of the
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photodissociation fragments to 4 mass speclrometerAdctecFor. They o.bta‘me’dl
information on the energy partitioning between translational and u;tqm:j
degrees of freedom of the recoiling O anfi NQ fragment.s. Wherlx a po dn?,iq
light source was used, the angular distribution of Fecoxlgd (@) at.orpsd[.)e'dt g
along the direction of the electric vector ofth; polarized hght.z’l"hls};n |c‘i,ccr~
the predominant state produced by. absorptlon2 at 3471 A is .Bz. | owcl qi;
this assignment is not in accord WIth that of “B, by a rotationa f‘;\rlagy‘ir.]
(322) [see also Section 11-5]. The main phptochemn:a] reactlonsdo A "2 "
the region 2439 to 3978 A are the production of O(*P) atoms and the rap
reaction of O atoms with NO,:

NO, ™ NO + 0(P) (VI-57)
O(BP) + N02 4 NO + 02 ksa (VI'58)
ksy = 9.1 x 107" ¢cm? molec™ ! sec™ " (Ref 9)

mechanism the quantum yield of the primary process is c;qual to the
g;znmt;};f yield of O, proc?uclion (do,) or one half of NO productxonﬁ[iﬁ,gé]).
It has been shown by severa! workers [Pitts et al. .(810), FordAandea ‘cd( o \
Jones and Bayes (550)] that ®g, or §®y is near unity at 3130  ane lgr.d u{;]a);
decreases as the incident wavelength increases. There is some mdlcc_luop hat
another electronically excited state may be formed by light absorptnan mt' "
region 3300 to 5900 A to an extent of several percent (372, 549).' This sta t(;
being sufficiently long-lived, is capable of transferring its elef:trqmc enderé;yrr
O, to produce O,('A) [Jones and Bayes (548, 549), Frankiewicz and Berry

372)]. . .
( /:]t 2288 A three dissociation processes are energetically possible

NO, B NO + 0(*P) (VI-59)
NO, '3 NO + O('D) (VI-60)
Noz'l‘.'N + O, (VI-61)

Process (VI-61) contributes little, if any, since NZO.and Nzhlhc e.xpel\cl'l(c)'d
products from the reaction of N wCith NOz.,’ z(xg(l:srﬁmor products in 5

is at 2288 A [Preston and Cvetanovi¢ . .
phOSt(i)llZZl?solopic scrzEmbling of O, (production of *20, lagnd 340, mlxiu;)cs[)
has been seen in the photolysis of mixtures oprz + C'%0O, at 2288 d :
not at 2537 or 3660 A, Preston and Cvetanovi¢ (815) 'have concluded the
production of O(' D) from (VI-60) followed by the reactions

O('D) + C'*0, - CO, + 10 ‘ (V1-62)
150 + NO, - NO + %40, (V1-63)
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They estimated about 40%, O('Dy'is produced in the primary processes at
2288 A. '

Table VI-5 shows that the dissociation process, NO, - NO + O('D)
takes place energetically below 2439 A. Uselman and Lec (985) have mea-
sured the production of O('D) as a function of incident wavelength near
2439 A. They have found that the contribution of rotational energy to dis-
sociation is insignificant near the second threshold in contrast to the case near
the first threshold at 3980 A where the contribution of rotational energy is
substantial. They attribute the lack of rotational contribution to the presence
of large rotational barriers at high J values in the excited state (987). The
quantum yield of O(' D) production increases to a platcau of about 0.5 + 0.1
towards shorter wavelengths, indicating that at Icast two processes, {V1-59)
and (VI-60), occur concurrently below the second threshold wavelength.

VI-9.3. Photodissociation in the Vacuum Ultraviolctr

Welge (1030) has observed that electronically excited NO in the AL and
BI1 states was produced from NO, by radiation with the Kr (1165, 1236 A)
and Xe (1236 A) lines. Lenzi and Okabe (625) have measured a fluorescence
yield of about 2°; at 1216 A. The production of cxcited states other than
A?X* and BIT has been suggested.

V1-9.4. Fluorescence

When NO, is irradiated with light of wavelengths above 3980 A, fluorescence
from NO, has been observed. The fluorescence spectrum lies in the region
from the exciting wavelength to above 7500 A. Many rotational and vibra-
tional lines are superimposed on a continuum. The collision-free lifetime,
measured by Ncuberger and Duncan (733), is 44 usec when excited at 4358 A,
while the mean life calculated from the integrated absorption coeflicient is
about 0.26 psec. This discrepancy between the measured lifetime and the
lifctime calculated from the integrated absorption coeflicient has been
explained by Douglas (324) (see Section 11-2.1) on the basis of the interaction
of the excited and the ground state. Keyser et al. (562) have found no signi-
ficant variation of lifctime of fluorescence in the region of absorption 4360 to
6000 A, indicating that there is probably only one excited state. On the other
hand, Abe (35)and Abe et al. (34, 36) have concluded that both the 2B, and *B,
states are responsible for fluorescence in the visible region of the absorption
spectrum. The excited state formed by the 4420 A line is 2B, with a lifetime of
36 psec [Schwartz and Senum (863)]. Stevens et al. (926) have found evidence
of the two excited states, 2B,, 2B, in the 5934 to 5940 A region of absorption
from the rotational analysis of the luorescence spectra and the tifetime of
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fluorescence. They have concluded that the ?B; has a lifetime of 30 + 5 psec
and the 2B, has a lifetime of 115 + 10 gsec. Some rotational levels of the
NO, electronic state in the visible region appear to be unperturbed by other
states, since the lifctime of the fluorescence from these levels is indecd very
short (0.5-3.7 usec) (847), approaching that predicted from the integrated
absorption coefficient. These levels have been found in the region 4544 to
4550 A by Sackett and Yardley (847) and by Solarz and Levy (920) at 4880 A.

A more recent work by Pacch ct al. (789) on the collision-free lifetimes of
NO, excited by a tunable laser ncar 4880 and 5145 A states that although
only a single level is excited, three different lifetimes of fluorescence, 3, 28,
and 75 usec, have been observed. The results lead them to conclude that the
initially formed 2B, state crosses over rapidly to another state, 2B,, with
higher level density. The 2B, state can have two different lifetimes (28 and 75
psec), depending on the extent of interaction with the ground state. The short
lifc observed, 3 usec, is determined primarily by the rate of internal conversion
from the 2B, to 2B, state. The results of some reported collision-free fluo-
rescence lifetimes are given in Table VI-6a.

The NO, fluorescence is quenched by almost all gases. However, the usual
Stern-Volmer plot, assuming one excited state that may either radiate or be
collisionally deactivated to the ground state, shows a linear relationship for
self-quenching only at a given exciting and fluorescence wavelength. That is,
the self-quenching constant a, defined by (II-1) is a function of both the
exciting and fluorescence wavelength. Furthermore, quenching by foreign
gases, He, N,, and O, does not follow the linear relationship given by (11-1)
[Myers et al. (729), Braslavsky and Heicklen (136)].

The fluorescence spectrum shows a red shift at higher pressures (729),
indicating that quenching is a multistep process with consecutive vibrational

Table Vi-6a. Radiative Lifetime of the Electronicatly
Excited NO,

Lifetime Exciting Light

(u sec) Wavelength (A) Method Ref.
44 4358 Pulsed Light 733
S5+5 4360 -6000 Phase Shift 562
55-90 3980 -6000 Phase Shift 862
42+ 6 4420, 4510, 4840 Pulsed Light 850
0.5 -3 4545 -4550 Pulsed Light 847
62 75 4515 4605 Pulsed Light 848

“ Obscrved only at several excitation wavelengths,
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deexcitation of NO% and radiation from each of several vibrational levels.
When the fluorescence wavelength is farther apart from the exciting wave-
length, the quenching constant decreases rapidly. Keyser et al. (562) have
concluded that the dependence of the quenching constant a,, on A¥ (the
difference of the wavenumber of the exciting and fluorescing light) is best
explained by assuming a single electronically excited state of a lifetime of
about 50 psec, an efficient vibrational relaxation (almost unit efficiency),
and slow electronic quenching (1 in 100 collisions). The vibrational quantum
transferred per quenching collision is 1000 + 500 cm ™ !. Some quenching
constants at the 4358 A excitation and the fluorescence wavlengths above
4600 A are given in Table VI-6b [Myers et al. (729)].

The fluorescence yield as a function of incident wavelength has been
measured by Lee and Uselman (619). The yield starts to increase from 0 at
3979 A to nearly 100%, above 4150 A. The decrease of the yield below 4150 A
is attributed to an increase of predissociation supplemented by the rotational
encrgy of the molecule, since incident light of wavelengths above 3979 A
does not have sufficient energy to dissociate the molecute at 0K (550, 619).

Uselman and Leg (986) have observed that the fluorescence lifetime is
constant (70 psec) in the absorption region 3980 to 4200 A. From the results
they suggest two kinds of e¢xcited NO,, one fluoresces with a constant life-
time and the other predissociates within less than 100 nsec.

The fluorescence from NO, excited by the 4416 and 4880 A lines is used
for measuring NO, concentrations in air in the parts per billion range (388).

Table VI-6b. Quenching Constants,®
ay of NO, at the 4358 A Excitation
and the Fluorescence Wavelength Near
5500 A [by Myers et al. (729)}

Quenching Quenching

Quenching Constant Quenching Constant

Gas a,, (torr™') Gas a,, (torr™ )
He 29 CH, 82
Ar 30 N,O 91
N, 44 NO, 100
0O, 48 CO, 105
H, 62 SF, 155
NO - 82 CF, 160
H,0 280

* The quenching constant is ky/k, defined in Section 11 1.2,

where ky is the quenching rate constant in torr "sec ! and
k, is the fluorescence decay rate in sec™ '
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= Fig. VI-9. Concentration—time history of rcac-
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chemical Smog and Ozone Reactions, R.F.
0.0 #9 __  Gould, Ed., American Chemical Society, Wash;
. J ! | ington, D. C. Copyright by the American Chemi-

5orms( Mllo :) %0 cal Society, 1972,

VI-9.5. Nitrogen Dioxide in the Atmosphere

It has been recognized that NO, plays a central role in the formul?on ol
photochemical air pollution [see Niki et al. (743), p. 16]. Absorption u?
sunlight by NO, in the spectral region 3000 to 3899 A leads to 'thc product{(n
of O atoms. By the combination of O atoms with O,, O, 1s formed. '.Ih(
reactions of O atoms, OH radicals, and O; with hydrocarbons (mm.nlj
olefins) initiate photochemical air pollution. Figure VI-9 shows a typica
time history of the concentrations of reactants and p{oducts when mixture
of C,H,, NO, and NO, in air were irradiated by simulated sunlight in
smog chamber (743). The concentrations of C3He and NO decrease wit
irradiation time while NO, and an oxidation product of C3H,, acetaldehyd
start to increase. At a later time, O, and PAN (peroxyacetylnitrate) start t
appear when the NO, concentration reaches a maxir_num. -

According to Bulalini (158) O,('A) produced partially by energy transi
from the electronically excited NO, to O, molecules, postulated by Frank
wicz and Berry (372a), does not contribute to air poliution. .

Further discussion of photochemical air pollution is given in Sccti
VI1II-2.

VI-10. NITROSYL HALIDES

Vi-10.1. Nitrosyl Chloride (NOCI)

The ground state NOCt is bent with an O -N--- Clangle of 1167 D (O
Cl) = 1.61 + 0.01 ¢V (28). Absorption starts at about 6500 A. The absorpt
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Fig. VI-10. Absorption coefficients of NOCI in the visible and ultraviolet region. € is

given in units of 1 mol~' em ™!, base 10, room temperature. [Goodeve and Katz (411),
revised by Ballash and Armstrong (58)], reprinted by permission of Pergamon Press.

coeflicients in the region 1900 to 4000 A have recently been measured by
Ilies and Takacs (508). The absorption coeflicients in the region 1800 to
6500 A have been measured by Goodeve and Katz (411) and more recently
by Ballash and Armstrong (58). They are shown in Fig. VI-10. The absorption
cocflicients in the region 1100 to 2000 A have been meusured by Lenzi and
Okabe (625) and are shown in Fig. VI-11.

Photochemistry. The quantum yield of NOC! decomposition is 2 over
the incident wavelength region from 3650 to 6300 A [Kistiakowsky (570)]
and at 2537 A [Wayne (1025)]. Since the absorption spectrum in this region
is continuous, the photochemical process must be

NOCI ™S NO + CI (VI-64)
Cl+ NOCl-»NO +Cl,  kgs (V1-65)
1800 1800

Fig. VI-11. The absorption cocfficients

K 1000 of NOC! in the region 1100 to 2000 A.
1000 k is given in units of atm ™' cm ™', base
600 ¢ at room temperature (23°C). [Lenzi
200 ) 200 and Okabe (625)], reprinted with per-
1 mission of Verlag Chemie.
1200 K gOO ZOIOO
.Y
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The rate constant, ko5 =3+ 0.5 x 107"} cm?® molec ™! sec™ !, has been
measured by Clyne and Cruse (221). The photodissociation of NOCI at
3471 A has been studied by Busch and Wilson (164) using a polarized
monochromatic pulsed laser. They concluded that the photodissociation
occurs from a state with A’ symmetry since dissociation into NO + Cl is
induced by light polarized in the molecular plane. The excess energy beyond
that required to break the N—-C! bond goes predominantly (70%,) into the
transtational energy of the recoiling fragments. Basco and Norrish (63) have
observed vibrationally excited NO up to v = 11 in the flash photolysis of
NOCT in the ncar ultraviolet. The mechanism of production is either directly

NOCHS NO(X2, " < 11) + CI (V1-66)

or through NO(*IT)
NOCI S No¢*1m) + CI (V1-67)
NOC*T) + M - NO(X, v > 0) + M (V1-68)

Equation (V1-67) involves a crossover from the initially formed singlet to a
repulsive triplet state of NOCI The photolysis of NOC! in the vacuum
ultraviolet produces NO(A*L* v = 0,1,2) [Welge (1030)] and possibly
other excited states of NO [Lenzi and Okabe (625)]. The fluorescence yield
near 1500 A is about 4%, (625).

VI-10.2. Nitrosyl Fluoride (NOF)

The ground state NOF is X'A" with'an O—N-—F angle of 110" (16).
Dy(ON—F) =238 + 0.03 eV (28).

The absorption spectrum in the near ultraviolet lies in the region 2600 to
3350 A (16) with some vibrational structure.

Photolysis with an unfiltered medium pressure Hg lamp has been made
in the presence of ethylene and other hydrocarbons. The photolysis rate
decreased when inert gases were added, indicating the formation of electroni-
cally excited NOF (364), which may decompose or be deactivated by an
added gas.

Vi-11. OZONE (O},)

Orzone is a bent molecule with an angle of 116.8". The bond energy
Do(O--0,)is 1.05 + 0.02 eV (28). Absorption of light starts at about 9000 A.
The absorption in the ultraviolet and visible regions consists of the Hartley
bands (2000 to 3200 A), the Huggins bands (3000 to 3600 A), and the
Chappuis bands (4400 to 8500 A). The absorption coefficients of these bands
arc given in Figs. VI 12¢ and VI 12b. Figufe VI-12¢ shows the absorption
coeflicients 1n the vacuum ultraviolet region.
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Fig. VI-12. (a)Absorption coefficients of O, Huggins bands (3000 to 3600 A) and
Chappuis bands (4400 to 8500 A); k (atm~* em '), 0 C, base 10. From Griggs (425),
reprinted with permission. Copyright 1968 by the American Institute of Physics.
(h) Absorption coeflicients of O, Hartley bands (2000 to 3000 A). k is in units of atm ™"
ecm™!, 0°C, base 10. From Griggs (425), reprinted by permission. Copyright 1968 by
the American Institute of Physics. () Absorption coefficients of O, in the region 1000
to 2200 A. K is in units of (atm ' em '), 0°C, base e. From Tanaka et al. (961), reprinted
by permission, Copyright 1953 by the American Institute of Physics.

238

.
120_
k
8O_|
40_}
-
0 1 1 1 1 | | SR f 1 T
2000 2500 3000
.
(b)
{000
100
k
10 4
! LI | 1 i
1000 1600 2!00
(c)

Fig. VI-12, (cont.)

Since the absorption spectra are diffuse over the entire spectral region.
no assignments of transitions have been made from the analyses of the
spectra. Hay and Goddard (449) have recently assigned the Hartley bands
to a transition 'B,-'A, (origin at 3515 A) and the Chappuis bands to
1B,-'A4,.

An excellent review on O, photochemistry up to 1971 has been given
recently by Schiff (857). Ozone dissociates by absorption of light of wave-
lengths below 9000 A. Table V1-7 gives the threshold wavelengths below
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which designated photochemical processes are energetically possible. We
discuss photodissociation processes separately for the three absorption
regions in the visible and near ultraviolet.

VI-11.1. Photodissociation in the Chappuis Bands (4400 to 8500 A)

The quantum yield of O; disappearance by abso.rption of red light (~ 6000 A)
is 2 (193). The result is best explained by the primary process

0, B 0CP) + 0,(X°%) (VI-69)

followed by
O(P) + O, - 20, ko (V1-70)

ko =2 x 107" exp [ —(4522 cal mol"‘)/RTJ c¢m? mo.lec‘l sec” ! (265/{
Although the production of O,('A) is energetically po§S|blc be!ow 6110
(sce Table VI-7) by a spin-forbidden process, there is no evidence _that
O,('A) is produced, since the overall quantum yield ofozoneAdccomposmon
remains the same throughout the entire region. [1f O,('A) is prodgced for
/<6110 A, @ _,, would increase from 2 to 4. See the following section. ]

VI-11.2. Photodissociation in the Huggins Bands (3000 to 3600 A)

The quantum yield of O, decomposition at 3340 A is 4 (196, 546), indicat%ng
that one of the products must be an excited species capable of decomposing
O, further. Castellano and Schumacher (196) have found no cffect on the
qdzlntum yicld even when 500 torr of N, was added to 50 torr of O,. If the
primary process is

0,5 0('D) + 0,(X°%) (VI-71a)
it is known, as is described later, that the O(* D) atom reaction with Oy is
O('D) + O, —» O, + 20(*P) (VI-71b)

Table VI-7. Wavelength Thresholds (A) below Which
Indicated Reactions are Energetically Possible in
O, Photolysis

0/0, 5% A, e} wl w;
3p 1L,800° 6110 4630 2300 1730
‘D 4,110 3100 2660 1680 1360
1S 2,370 2000 1800 1290 1090

“The threshold wavelength below which the dissociation of
Q, into ()1(“2;) + O(*P) is encrgetically possible.
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The addition of N, should quench O('D) to O(3P) quite efficiently (Section
IV-4.1). Therefore, it is expected that the quantum yield is reduced from 4
to 2 when N, is added. Since no change of quantum yield is found, the
excited species must be either O,('A) or O,('L). It is not apparent from the
effect of N, alone which species is formed.

The primary process of the O, photolysis at 3340 A must be a spin for-
bidden process

0, B0PP) +0,('L or 'a) (V1-72)
followed by
O(*P)+0; -5 0; + O, (VI-73)
and
O('Eor'A) + 03> 0, + O; + OFP) (VI-74)

From the mechanism the overall quantum yield of O, decomposition is 4.

Another process, O, 1% O('D) + O('A), becomes important with light of

wavelengths below 3200 A. The process is described below.

VI-11.3. Photodissociation in the Hartley Bands (2000 to 3200 &)

The Primary Process. The primary process of O, photolysis in the
Hartley bands appears to have been well established. The primary molecular
product has recently been directly identified as O,('A) by detecting the
infrared atmospheric band at 12,700 A during the 2537 A photolysis (547).
Jones and Wayne (547) obtained a quantum yicld of nearly unity (0.9 + 0.2)
for the Oy('A) production. The O,('A) produced by O, photolysis was
also detected by its absorption in the vacuum ultraviolet (311) (see Section
V-6.2), although an carlier study (516) failed to detect the atmospheric band
emission from the O,('A). The ¢electronic state corresponding to the Hartley
bands is probably ! B,, which can dissociate by a spin-allowed process into
O,('A) + O('D) below 3100 A

0,('B,) 8 0,('A) + O(' D) (VI-75)

The direct detection of O(' D) may be made either by absorption at 1152 A
or emission at 6300 A immediately after flash photolysis of O, (see Table
A 2).

The detection of O('D) by the emission at 6300 A would be extremely
difficult because the emission life is about 150 sec {32). Even at a pressure of
I mtorr of O, cach O('D) atom would undergo about 10° collisions with
O, molecules during its lifetime. Consequently, the emission intensity would
be reduced by a million times by collision quenching. In spite of the difficul-
ties, Gilpin ct al. (398) have succeeded in following the decay of the extremely
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weak emission at 6300 A by accumulating signals from 600 flashes. The decay
rate of O(' D) is governed by the reaction rate of O('D) with O, from which
Gilpin et al. obtained a rate constant of 2.5+ 1 x 107'° cm? molec ™!
scc™!, which corresponds to almost unit collision efficiency. They have
shown also that the production of O,('Z) in the primary process is not more

than 5%, although the process is energetically allowed below 2660 A (sce
Table VI-7).

Secondary Processes. Sncelling et al. (917) followed the consumption of
O, as a function of time after flash photolysis of O,. The results show that
the ozonc consumption occurs in two distinct stages, a very fast process (less
than 50 usec) followed by a slow process lasting many milliseconds. The
fast process is attributed to the reaction

O('D) + Oy = O, + 20 or 20, (VI-76)

Giachardi and Wayne (392), using a flow system, have found that the yield
of O, decomposition at the end of the fast process in a Hé—O3 system is
twice as large as that in a N,- O, system. The results agree with the observa-
tion by Snelling et al. (917). The decrease of the O, consumption in the
N,-0O; system is attributed to an efficient quenching of O('D) by N, to
O(*P). The slow consumption process would involve the reactions

O(*P) + O, — 20, (VI-77)
0,('A) + 0; - 20, + 0O (VI-78)
The reaction of O('D), produced in the primary process, with O, would be
(392, 1027) either
O('D) + O3 - 200°P) + O, (VI-79)
or

The reaction could also produce vibrationally excited O, (55, 361, 1027)
which does not appear to induce further decomposition of O, [ Fitzsimmons
and Bair (361)]. Giachardi and Wayne (392) have estimated the occurrence
of {V1-79) to be one third the total reactive collisions of O('D) with O;.
Another estimate of over 90%;, for (VI-79) is given by Webster and Bair (1027)
and Bair et al. (55).

The primary molecular product, O,('A), reacts further with O, by the
process

0,('A) + O3 - O¢*P) + 20, (VI-81)

followed by

O(*P) + O, - 20, (V1-82)

The maximum quantum yield of ozone decomposition, ® ,, has been
measured to be 4 (546), 5.5 (640), and 6 (998). Norrish and Wayne (748) found
that @ _,, increases at higher O, pressures, although no pressure effect on
®_, has been found by others (640, 998). This discrepancy is probably due
to experimental conditions such as the presence of impurities and the walls,
which would deactivate excited species.

The quantum yield, ® o, = 6, can be explained on the basis of (VI-75),
(VI-79), (VI-81), and (VI-82), while ®_q, = 4 can be explaned on the basis of
(VI-75) and (V1-80) through (VI-82). The intermediate value ®_q, = 5.5 in-
dicates (VI-75) and (VI-79) through (VI-82). Thus, one obtains the various
values of the quantum yicld of O3 decomposition ranging from 4 to 6 by
changing the ratio of (VI-79) to (V1-80).

Instead of the reactions (V1-79) and (VI-80) for the O('D) with O,
reaction, some workers (998, 1026) propose the reaction

O('D) + 0, > 01 + O, (V1-83)
followed by

where O% is an unspecified excited state of O,. The sequence (V1-75), (VI-81),
(VI-82), (VI-83), and (V1-84) gives ®_o, = 6.

The photolysis at 3130 A gives conflicting results. Castellano and
Schumacher (194, 195) obtained ®_, = 6 and concluded that the samc
primary process [process (VI-75)] proposed for the 2537 A photolysis
occurs at 3130 A with unit quantum efficiency.

Lin and DeMore (637) have irradiated mixtures of O, and isobutane
with monochromatic light of wavelengths from 2750 to 3340 A at —40 C.
The bandwidth was 16 A. The relative quantum yields of O('D) produc-
tion were obtained from the yield of isobutyl alcohol, a product of the
reaction O('D) + isobutane. The results are shown in Fig. VI-13. The
quantum yields are constant below 3000 A and show a sharp cutoff at 3080 A,
the thermochemical threshold wavelength for the production of O('D) +
0,('A).

According to Moortgat and Warneck (717) the process

0, 50,('A) + O('D) (VI8

becomes important below the incident wavelength 3200 A at room tempera-
ture. The thermochemical threshold at 0°K for (VI-85) is 3100 A. The
quantum yield of O{' D) production at 3130 A at room temperature is about
0.3 [Moortgat and Warneck (717), Kuis et al. (591)] and it decreases at lower
temperatures (591) [Lin and DeMore (637) Kajimoto and Cvetanovi¢ (555} -
The quantum yield of O('D) production estimated by other workers 1v°
0.1 (546) and 0.5 (887) at 3130 A.
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Fig. VI-13. The quantum yield of O('D) from O, photolysis at —40°C as a function
of incident wavelength. Bandwidth 16 A. From Lin and DeMore (637), reprinted by
permission of Elsevier Sequoia, S.A.

The ®_,, = 6 obtained by Castellano and Schumacher (194, 195) at
3130 A indicates ¢oqp) to be unity. To be consistent with other results, the
cffective wavelengths for O, photolysis in their experiment must be below
3100 A. At room temperature internal energy of O contributes to dissocia-
tion at 3130 A. See p. 22.

V1-11.4. Photolysis of O, in the Presence of Other Gases

O, + H,0O system. Quantum yields of O; photodecomposition at
2537 A in the presence of H,0 are much larger than those of pure O,. They
increase lincarly with \/T’,,zo (640, 749). The results are interpreted on the
basis of the following chain mechanism

hy

0, B 0('D) + 0,(1A) (V1-86)

O('D) + H,0 - 20H (VI-87)
OH + O, —» HO, + O, (VI1-88)
HO, + O, —» OH + 20, (V1-89)

However, there i1s no direct evidence for the chain reactions (VI1-88) and
(V1-89). DeMore (276) presents evidence that (VI-89) docs not occur at 87'K.
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Hc also proposed the alternative chain mechanism

O('D) + H,0 - OH(r < 2) + OH (V1-90)
OH(w > 1)+ O3 - H + 20, (VE-91)
H+ O;->O0OH{@<9)+ O, (VI-92)

where v indicates the vibrational quantum number of OH radicals. Since the
reaction OH + O; —» H + 20, is endothermic by 8 kcal mol™!, OH must
be vibrationally excited (v > 1) for the reaction to be energetically leasible.
The reaction H + O is known to produce OH in v < 9 (206).

Reaction (VI-90) has been observed to yicld OH in v = 0, 1, and 2 (335).
However, (VI1-91) has not been verified. The chain reaction has not been
observed in the flash photolysis of O;-H,0O mixtures (109, 370, 609). On
the other hand Simonaitis and Heicklen (889) have found that the photolysis
of O,--H,0 mixtures at 2537 A leads to the chain decomposition of O;. They
have found that the addition of O, does not inhibit the chain appreciably.
Since O, reacts with H to form HO, they have concluded that the sequence
(V1I-91), (VI-92), which involves the H—OH chain, is not operative in the
0,-H,O photolysis. The sequence (VI-88), (V1-89), which is the OH-—~-HO,
chain, is favored [see also DeMore and Tschuikow-Roux (280)].

O,-RH System. Norrish and Wayne (749) have studied the O;-RH
system where RH = H,0,H,,CH,, and HCl. In each case the quantum
yield of O; decomposition is greater than that for pure O; photolysis. The
results are explained by the following mechanism

0,374 0, + 0('D) (V1-93)

O('D)+ RH—-OH +R (VI-94)
OH + O, -+ HO, + O, (V1-95)
HO, + O, - OH + 20, (VI-96)
R+ 0,-RO+O0, (VI-97)

VI-11.5. Ozone in the Atmosphere

Because of absorption by Q, in the stratosphere, solar ultraviolet radiation
reaching the surface of the earth is limited to wavelengths above about
3000 A.

Since the possible partial destruction of the ozone layer by the injection
of pollutants such as NO,(NO and NQO,) and chlorofluoromethanes would
induce global temperature changes and have an adverse health effect, such
as an increase of skin cancer, the subject has been studied by many workers
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and is further discussed in Section VIII--2. An extensive review of Oy and O
atom reactions with hydrogen, nitrogen, and chlorine compounds in the
stratosphere is given by Nicolet (740) and by Diitsch (328).

Briefly, the four following reactions control the ozone profile in the
stratosphere.

0,50+0 A < 2400 A (V1-98)
O+0,+M-0;+4M M=N,,0, (V1-99)
O + 0, - 20, Koo (VI-100)
0,M0+0, A<11800A (VI-101)

The equilibrium concentration of ozone is established with a maximum at
an altitude of about 25 km, depending on the intensity of the solar flux, the
ratcs of formation [ processes (VI-98) and {V1-99)] and those of destruction
of ozone [processes (VI-100) and (VI-101)]. The concentration profile of
ozone as a function of altitude is given in Fig. VI-14. It has been recognized,
however, that the four reactions (VI-98) to (VI-101) are not sufficient to
account for the global ozone balance. About 80%/ of the ozone produced by
sunlight must be destroyed by reactions other than those proposed by
Chapman.

Johnston (543) and others have proposed that the most important
catalytic cycle responsible for ozone destruction is a NO-NO, cycle

NO + O, - NO, + O, (VI-102)
O+ NO,; — NO + O, kios (VI-103)
net O + OJ d 2()2

™~
60
40|
{km)
20
1 Fig. VI-14. Ozone concentration
o . ; {molec cm ™ ?) as a function of altitude.
& d 132 ,(')3 From Randhawa (822), reprinted by

O3 permission of Birkhiiuser Verlag.
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Solar ultraviolet radiation also partially destroys v, by
NO,ENO+0 2 <4000A (VI-104)

The ratio of the rate of ozone destruction with and without NO,(NO + NO,).
the catalytic ratio p, is (208, 537, 538)

k193(NO,)
klOO(OS)

Since kyyy = 10,000 x kyo0 at 230K, an approximate temperature in the
stratosphere, even a very small fraction of NO,, 0.01% of Oy, present in
the stratosphere is as effective as destroying ozone by (VI-100). Besides the
NO- NO, cycle, another effective catalytic cycle is a CI-ClO chain [Molina
and Rowland, (711) Crutzen (252)].

The Cl atoms are produced from the photolysis of chlorofluoromethanes
used as refrigerants and as aerosol propellants.

p= 1+ (Vl-lUS)

CF,CL B CF,Cl+Cl 2 <2300A (VI-106)
The Ct atoms produced react with ozone
Ci+ 0O,-CIO + O, (VI-107)

followed by
ClO+0-Cl+0,
net O + 03 bt d 202

Further discussion of the CI-CIlO chain is given in Section VIII-2.

{VI-108)

V1-12. SULFUR DIOXIDE (S0O,)

The ground state SO, is X' 4, with an O—S—O angle of 119.5". The bond
energy Do(OS—O0O) s 5.65 + 0.01 eV (767). Sulfur dioxide exhibits complex
absorption spectra in the near ultraviolet as well as in the vacuum ultraviolet
regions. There are three main regions ol absorption in the ultraviolet, namely,
an extremely weak absorption in the 3400 to 3900 A, a weak absorption in
the 2600 to 3400 A, and a strong absorption in the 1800 to 2350 A region.
Figures VI-- 154 through VI-15¢ show the absorption coefficients of SO, in
the near ultraviolet as well as in the vacuum ultraviolet regions. The disso-
ciation of SO, to SO + O starts below about 2190 A. Above this wavelength
SO, exhibits strong fluorescence and phosphorescence.

In spite of many studies the complete analysis of the ultraviolet absorp-
tion spectrum has not been successful [ Herzberg (16), p. 511]. The spectros-
copy and photochemistry of SO, may be conveniently discussed for four
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-wions of absorption:

3400 to 3900 A region
2600 to 3400 A region
1800 to 2400 A region
1050 to 1800 A region

[-12.1. Spectroscopy and Photochemistry of SO, in
the 3400 to 3900 A Region

bsorption is extremely weak in this region (see Fig. VI-15q). A rotational
nalysis indicates that the upper state is 3*B, [Brand et al. (128)] with an
cctronic origin at 3.194 eV. An additional state *A4, near 3700 A may be
resent in this region (135). The triplet emission lifetime of about 1 msec has
:en measured by Collier et al. {228) and by Sidebottom et al. (876) when
), was excited by the 3828.8 A laser line. This lifetime is much shorter
«an 7 msec measured by Caton and Duncan (197). A collision-free lifctime
2.7 msec has been obtained by Briggs et al. (149). The lifctime of a few
iliseconds is much shorter than that expected from the integrated absorp-
n coefficient (1.7 x 1072 sec), indicating that the radiationless transition

08 _

04

(a)

. VI-15. (a) Absorption coefficients of SO,. 3400 to 4000 A region; € in units of
er mol ™' em™?, base 10, room temperature. Reprinted with permission from H. W.
debottom, C. C. Badcock, G. E. Jackson, J. G. Calvert, G. W. Reinhard¢, and E. K.
amon, Environ. Sci. Technol. 6, 72 (1972). Copyright by the American Chemical
wiety. (b) Absorption coefficients of SO,. 1900 to 2150 A region. From Golomb ct al.
07). 2100 to 3100 A region. From Warneck et al. (1008a); 4 is given in units of atm
17!, base ¢, 0"C. Reprinted by permission. Copyright 1964 by the American Institute
Physics. (c) Absorption coeflicients of SO, in the region 1050 to 1900 A. & is given
units of atm ™! em ™!, base e, 0°C. From Golomb et al. (407), reprinted by permission.
opyright 1962 by the American Institute of Physics.
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to the ground state is a predominant process. . e yield of phos-
phorescence is estimated to be 0.12 + 0.09 in comparison with the phospho-
rescence quantum yield of biacetyl-cyclohexane mixtures [Sidebottom et
al. (876)]. On the other hand, Strickler et al. (941) have obtained a quantum
yield of 0.07 from the measured phosphorescence decay rate at zero pressure,
112 4 0.20 x 10* sec™!, and the calculated radiative rate constant (79 +
5sec™'). Nelson and Borkman (732) have measured the lifetime and quantum
yield of solid SO, at low temperatures. They have found S'80,(*B,) has a
somewhat [onger lifetime than S'°0,(°B,).

Very recently Su et al. (953a) obtained a collision-free lifetime ofSOZ(“B,)
of 8.1 4 2.5 msec, which is considerably longer than that reported previously.
The new lifetime is in reasonable agreement with that calculated from the
integrated absorption coeflicient using (I1-91c), indicating that the phospho-
rescence quantum yield is near unity. Apparently, intersystem crossing to
the ground state is not important as was predicated by Bixon and Jortner
on a theoretical basis (110).

The self-quenching rate constant (876) is 6.64 x 10~ '3 ¢cm> molec™ !
sec” . The quenching products may be SO, or SO + S0,

SO,(*B,) + SO, — 250, (VI-109)
SO,(*B,} + SO, = SO + SO, (VI-110)

The quenching rates of the triplet by CO, N,, O,, H,0, Ar, He, Xe, CO,.
O,, NO, and hydrocarbons have been measured by Calvert et al. (53, 517,
824, 877, 879, 1005). The quenching rate by NO is almost gas kinetic, while
that by O, is unexpectedly small (107" cm?® molec™! sec™!) (824, 879). The
quenching by CO produces substantial amounts of CO, at higher tem-
peratures, while at room temperature only 8/ of the bimolecular collision
resuits in CO, (517). The rate constants for N,, CO, CO,, CH,, and the
rare gases are all very similar (10™ "2 cm?® molec™! sec™!).

VI-12.2. Spectroscopy and Photochemistry in
the 2600 to 3400 A Region

The rotational structure in this region is very complex and no conclusive
analysis has been made. The 'B, state is tentatively assigned by Herzberg
[(16), p. 605]. Another state, '4,, has been suggested (472) near the 'B,
state. Brand and Nanes (130) have recently assigned 'B, for the 3000 to
3400 A region. At shorter wavelengths may lie the ' 4,-! 4, transition (130).
On the other hand, Hamada and Merer, (434, 435) and Dixon and Halle
(288) have concluded that the upper state is ' 4, and the forbidden transition
'4,-'4, becomes allowed by the excitation of the v, antisymmetric stretching
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vibration of b, symmetry. The origin of the B('B,) X('A4,) transition lies in
the region 3100 to 3160 A (435).

According to a recent study by Brand et al. (135), a quasicontinuous
absorption underlying the structured A'A4,-X'A, bands is the B'B,-X' 4,
transition and the 'B, state is strongly coupled with the X'A, state. The
'4, state is vibrationally coupled with 'B, to have the nccessary oscillator
strength in the '4,-' 4, transition.

Greenough and Duncan (421) have obtained a fluorescence lifctime of
42 pisce when SO, is excited by light of wavelengths near 3000 A. Sidebottom
ct al. (878) have obtained a zero pressure lifetime of 36 usec at the 2662 A
excitation, but it appears to decrease with less excess vibrational encrgy.

On the other hand, Brus and McDonald indicate (156, 157) that at least
two states appear o be involved in fluorescence by light absorption in the
2600 to 3200 A region, one with a short collision-free lifetime (5 = 50 usec)
and the other with a long collision-free lifetime (t;, = 80-530 usec). Further-
more, 7, is longer at the longer exciting wavelength, while 14 appears to be
independent of the exciting wavelength. The state with the short lifetime is
guenched very rapidly (> 10 x 107'% cm® molec™! sec™ '), while the state
with the long lifetime is quenched with unit collision efficiency. The measured
fifetime 7, is much longer than that calculated from the integrated absorp-
tion cocflicient (0.2 usec) (421). This anomalous lifctime, according to
Douglas (324) (sce Section 11--2.1), can be explained on the basis of the
interaction of the singlet state with a low-lying metastable state or the
ground state. As a result of this interaction the singlet state is “diluted™ by
the state that does not combine with the ground state. Thercfore, the lifetime
is much longer than that calculated from the integrated absorption cocflicient.
The lengthening of the lifetime, as well as the eflicient quenching of the
singlet state, is explained by the interaction of the vibrational levels of the
singlet state with those of the ground state (386). The fluorescence quantum
yield appears to be near unity (156, 183). Brand et al. (135) suggest that the
two lifetimes 1, and 1, are, respectively, from the A'4, and B'B, states.

Atlow pressures of SO, a broad structurcless emission with a maximum
at about 3600 A was excited by light of wavelengths near 3000 A [Strickler
and Howell (940), Mettee (698)]. This emission is due to fluorescence from
the lowest singlet state. At higher pressures some new relatively sharp
vibrational structure starts to appear in the region 3900 to 4900 A. The
bands can be ascribed to the transition from a vibrationally cquilibrated
triplet state to the ground in comparison with the absorption spectrum
(698, 940). Phosphorescence is scen by the 3130 A excitation even at the
lowest possible pressure [Caton and Gangadharan (198)]. The following
reaction mechanism may be presented for photochemical reactions in this
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so, Y150, (VI-111)
'SO, + SO, — 280, (VI-112)
'S0, + SO, — S0, + SO, (VI-113)
SO, = SO, + hv (VI-114)
SO, - S0, ks (VI-115)
'SO, —3S0, ke (VI-116)
‘SO, -+ SO, + hy kiyq (VI-117)
350, - SO, ks (VI-118)
'S0, + S0, - 2S0, kiio (VI-119)
SO, + S0, » SO0, + SO k50 (VI-120)

The 'SO, and *SO, represent the first singlet and triplet states, respectively.
The reaction 'SO, + SO, produces *SO, with about 8"/, efficiency [Rao
et al. (823)].

The photolysis of pure SO, in the region 2500 to 3200 A has produced
SO; (Dg,, = 0.08) (775, 785) and SO (69, 523). Otsuka and Calvert (785)
conclude that SOy, is produced from (VI-120) and k,,o > k, 4, while James
ct al. (523) belicve that *SO, is not &*B, but a nonphosphorescent *4,.
The triplet SO, decays only 10%, by emission, that is, 10k,,; =~ k, 4, as
described earlicr in Scction VI-12.1. (According to very recent results by
Su et al. (953a), ky, = 1.2 x 10%sec™ !, ks = 0.) The main unimolecular
rcaction of 'SO, appears to be fluorescence (156, 183, 482) that is, Kiys,
kiie =0

The quenching of 'SO, and *SO, by forcign gases has been extensively
studied by Calvert and Heicklen and their coworkers. Quenching gases
include biacctyl (345, 482, 823), CO, (824), N, (483), CO (200, 201, 1003),
C,F, (200), hydrocarbons (53, 651), and other simple gases (785, 936, 1004).
To explain the pressure dependence on the yield of the sensitized biacetyl
emission (345, 484) and on CO oxidation (200, 201, 1003), it appears necessary
to assume that singlet and triplet states other than !B, and B, are involved.
The singlet excited state of SO, seems important only as a source of *SO,
molecules through collision-induced intersystem crossing. The *SO, formed
subsequently participates in chemical reactions with CO, S0O,, C,F,, and
olefins (272). The reaction of *SO, with C,F, produces CF,0 as a product
(0.5 of the total quenching) (200, 877). The reaction of *SO, with olefins
produces sulfinic acids with collision cfficiencies ranging from 0.14 to 0.5
(877). The reaction products may be formed from a common intermediate
triplet diradical of a SO, - RH complex. The reactions of *SO, with 2-butenes
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(cis- and trans-) form isomers in the ratio trans-2-butene/cis-2-butene = | &
[Demerjian et al. (272)]. The quenching of SO, by ethane and higher
paraffinic hydrocarbons is predominantly chemical, probably H atom
abstraction reactions [ Wampler et al. (1005)].

Both the 'B; and B, states induce isomerization of cis-2-butene to
frans-2-butene (273). cis-2-Butene is very efficient in collisionally inducing
a 'B,--*B, transition,

Hellner and Keller (461a) and Bottenheim and Calvert (122b) have
observed a transient continuous absorption in the 2600 to 3500 A region
lasting 1 sec when SO, (~ 1 torr) and SO,-Ar and SO,-He mixtures are
subjected to flash photolysis. The continuous absorption is due to a SO,
dimer or an isomer of SO,.

VI-12.3. Spectroscopy and Photochemistry in
the 1800 to 2350 A Region

Two band systems, «, and ay, have tentatively been assigned in this region
[Herzberg (16), pp. 512, 605]. However, Brand et al. (129, 131, 134) believe
that only one excited state, C"Bz, 5.279 eV above the ground, is involved
in transition over the entire region. The bond distance increases from
rolSO) = 1.432 A of the ground 1o ry(SO) = 1.560 A and the bond angle
decreases from 119.5 to 104.3"(129) in the 'B, ' 4, transition. In accordance
with a large shift in bond length the fluorescence spectrum extends to 4300 A
with a broad maximum at about 3200 A, when excited near the 2100 A line
[Lotmar (648), Okabe et al. (770)].

Fluorescence and predissociation apparently compete in this region.
Figure VI-16 shows the fluorescence efficiency as a function of the incident
wavelength. A sudden decrease of the fluorescence yield near 2190 A is
taken as evidence of predissociation [Okabe (767)]. The fluorescence lifetime
is dependent on the exciting wavelength [Hui and Rice (490)]. Below about
2200 A the lifetime is shortened from about 40 (2200 A) to 8 nsec (2150 A),
indicating the occurrence of predissociation. The fluorescence quantum
yield appears to be near unity (490) above 2200 A. Few photochemical
studies have been done in this region. The photolysis of pure SO, at 1849 A
(325) produced SO, with a quantum yield of 0.50 + 0.07. The addition of
O, up to 70% increased g0, to a plateau value of 1.04 + 0.13, but with a
further increase of O, the quantum yield @g,, decreased again to 0.5.

VI-12.4. Photochemistry in the 1100 to 1800 A Region

Lalo and Vermeil (594, 595) have photolyzed SO, in the vacuum ultraviolet
with and without H,. H, is added to avoid sulfur deposition on the lamp
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1.0 Fig. VI-16. (a) The absorption spectrum of 0.3 torr
of SO,. Path length, 6.95cm; resolution, 3 A.
(5) Fluorescence intensity (undispersed) of 0.3 torr
SO, as a function of incident wavclength. Resolution,
3 A; the arrow shows the thermochemical threshold
of dissociation corresponding to 2192 A. Reprinted
with permission from H. Okabe J. Am. Chem. Soc.
2 oo Ty 9}, 7095(1971). Copyright by the American Chemical
S0z~S0+0 Society.
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window. Lalo and Vermeil have concluded that a primary process
SO, S + 0, (VI-121)

is important at 1236 A and less so at 1470 A. The S atoms are most likely in
the ' D state. At 1165 A the SO(AI1) is produced from the primary process.
The phosphorescence from SO,(@’B,) is also observed at the Kr (1165,
1236 A) lines.

V1-12.5. Photooxidation of SO, in the Atmosphere

It has been known that SO, in the atmosphere is gradually photooxidized
to sulfuric acid and in the presence of NH, it is oxidized to ammonium
sulfate with a typical rate of 0.1 to 0.7% per hour [Cox and Penkett (243)].

The quantum yield of SO; production in pure SO, with light of wave-
lengths 250010 4000 A ranges from 8 x 1072 [Okuda et al (775)]to3 x 10°*
[Cox (244), Skotnicki et gl. {(896)]. The photooxidation process in pure $O,
is attributed to

SO, + SO, - SO, + SO (VI-122)

Recently, Chung et al. (212) found that the quantum yields of SO, production
increase with an increase of the flow rate, indicating reactions

SO + SO, — 250, (VI-123)
280 - SO, + S [or (SO),] (VI-124)

are important. The limiting quantum yield is about 0.1.
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In the atmosphere, however, the photooxidation process is likely to be
i Sidebottom et al. (87N}

3502 +02—’SO3+O(3P) (Vl-125)

An expected product, Os, following reaction (V1-125), however, has not yet
been found. Another possible reaction to form sulfuric acid in NO,~RH
contaminated atmospheres is

RO, + SO, » RO + SO; (VI-126)

Sidebottom et al. (879) conclude that in polluted atmospheres 3SO,; is mainly
formed by collisions of N; and O, with initially produced 'SO, by absorp-
tion of sunlight in the 2900 to 3400 A region and is partially (up to 20%)
generated by the direct absorption of sunlight in the wavelength region
3400 10 3900 A. It is also possible that SO, is oxidized by the heterogencous
reaction or by atomic oxygen in polluted air near smoke stacks. The nature
of chemical reactions such as *SO; + H,0, *SO; + NO, important in the
atmosphere, has not been established.

Calvert and McQuigg (184) speculate that the initial free radical products
of the addition reactions of HO,, RO,, HO, and RO to SO, would ultimately
lead to sulfuric acid, peroxysulfuric acid, alkyl sulfates, and various other
precursors to sulfuric acid, nitric acid, and salts of these acids, probably in
acrosol particles.
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VI-13. CHLORINE OXIDES
VI-13.1. Chlorine Dioxide (C10,)

The ground state is X?B, withan O—Cl-—O angle of 117.6° [Herzberg (16)];
D(OCI—0) = 2.50 + 0.07 eV (28).

Absorption starts at about 5100 A. The spectrum in the region 2700 to
5100 A contains many vibrational bands, which have been analyzed by
Coon and Ortiz (237). The spectrum corresponds to the A24,-X2B, transi-
tion (16).

Predissociation is apparent below 3750 A. The absorption coeflicients in
the vacuum ultraviolet region 1300 to 1840 A have recently been measured
by Basco and Morse (70). This is shown in Fig. VI- 17

Photochemistry. Basco and Dogra (65) have studied the flash photolysis
of C10O, above 3000 A. They have proposed the following mechanism:

10,5 Cl0 + 0 (VI-127)
O+ ClO, -+ ClO + 0,0 k34 (VI-128)
2010 - Cl, + 0, K, 30 (VI-129)
0 + ClO - Cl + 0, k.30 (VI-130)

where O, denotes vibrationally excited O, molecules. They have obtained
the rate constants kyp5 = 5 x 107", k59 = 4.5 x 107'*, and k30 = 1.16 x
1077 all in cm® molec™ ! sec ™.

Fluorescence has been observed by laser excitation in the region 4579 to
4880 A [Sakurai et al. (851)], corresponding to the transition A4, -X?B,.
Vibrational constants of the ground state have been calculated from the
fluorescence bands.

Curl et al. (255) have analyzed the fluorescence spectrum excited by the
4765 A Ar* laser line. The A4, state produced must predissociate appre-
ciably at this wavelength since fluorescence is very weak and some de-
composition products are found. Since the photon energy used (2.601 eV} is
higher than Do(OCl—O) = 2.50 ¢V, dissociation is expected.

VI-13.2. Chlorine Monoxide (C1,0)

The ground state of CL,O is bent with a Cl—O--Cl angle of 111",
Do(ClIO—CI) = 1.36 + 0.03 eV (28) corresponds to the incident wavelength
9116 A.

Absorption starts at about 7000 A. The absorption coeflicients in the
2200 to 7000 A region have been measured by Goodeve and Wallace (409)
and are shown in Fig. VI 18 The spectrum is continuous with three regions
of absorption.
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Photochemistry. The quantum yield of Cl,O disappearance has been
measured at 3130, 3650, and 4358 A at 10"C. The yield is about 3.4. The
yicld in the region 2350 to 2750 A is 4.5 [Finkelnburg et al. (356) and
Schumacher and Townend (858)).

The flash photolysis of C1,O in the near ultraviolet has been studied by
lidgecombe et al. (334) and Basco and Dogra (66). A mechanism proposed is

CL,O™ Cl0 + CJ (VI-131)

Cl + Cl,0 - Cl, + CIO Ky s, (VI-132)
2ClI0-Cl, + 0, K3y (VI-133)

CIO + CL,0 - CIO, + Cl, Kis4 (VI-134)
ClO + Cl,O0 - Cl, + 0, + Ci kiss (VI-135)

I'he rate constants obtained are k,,, = 6.8 x 10713 ki3 = 4.6 x 10714,
Fisa =43 x 107" and k35 = 1.1 x 10 'S all in cm® molec-! sec” !

VI-14. TRIATOMIC RADICALS; PHOTOCHEMICAL
PRODUCTION, DETECTION, AND REACTIVITIES

VI-14.1. Methylene (CH,)

Ihe ground state is the triplet X*B, with an H—C—H angle of about
140" [Herzberg and Johns (469)]. Recent electron spin resonance work
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on CH, in solid matrices by Wassermuu
H—C- H angle is 136", Dy(HC—-H) = 4.36 1 v~ 5

The X*B, state can be identified by strong B4, X*B,. ¢ X. and
D-X absorption bands respectively at 1415, 1410, and 1397 A [Hersberg
(16)].

The oscillator strengths of the B-X, C-X, and DX transitions are
21 < 107 31 x 1074 and 2.2 x 1074 respectively [Pilling et al. (809)].

The first singlet state is 4'4, with an H— C—H angle of about 102 .
The 3' A4, state can be identified by the transition b'B, « @' A, in the region
5000 to 9000 A [Herzberg and Johns (465)]. Recently, emission bands duc
to the transition b'B, — A'4, have been reported by Masanet and Vermeil
(667) in the photolysis of CH, at 1048 and 1236 A

The difference in energy between a'A4, and X*B, has been estimated to
be in the range from about 0.1 to about 1 ¢V. See a recent review by Chu and
Dabhler (211). Very recently a value of 0.27 eV was obtained as an upper limit
of this energy difference from the occurrence of the process CH,CO by
CH4(3'4,) + CO at 3370 A (258a). It has been known for many years that
chemical reactivities of X*B, and a'A, states are very different. The '4,
state reacts 3 orders of magnitude faster than the *B, with H, and CH,
[Braun et al. (143)]. Both states are generated by the photolysis of ketene
or diazomethane. Methylene is also a primary product of hydrocarbon
photolysis in the vacuum ultraviolet [Ausloos and Lias (49)].

The intersystem crossing from CH,('4,) to (*B,) is induced by inert
gases (143). A theory dealing with the collision-induced singlet to triplet
transition of methylene is developed by Chu and Dabhler (211).

Reactions of CH, with inorganic and organic molecules have been
extensively studied for the last two decades. They were summarized by
Kirmse (17a) in 1971 to which review the reader is referred for detailed
information. The low intensity photolysis of ketene or diazomethane in the
presence of hydrocarbons and various quenching gases has been studied by
many workers. The results of the end product analysis indicate that the two
states of methylene, singlet and triplet, react quite differently with hydro-
carbons. The rates of singlet and triplet methylene reactions and those of
the collision induced transition from singlet to triplet by inert gases were
first measured by Braun et al. (143) from the decay rates of triplet methylene
at 1415 A produced in flash photolysis. Subsequently, the reaction rates of
CH, with various gases have been measured by Laufer and Bass (608).

The pertinent results are summarized below and in Table VI-8.

acates that the

1. Singlet methylene, 'CH,, inserts into the C—H bonds of paraflins
with rates, tertiary C~H > secondary C—H > primary C—H

'CH, + RH - R-- CH,
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Table VI-8. Comparison of the Rate Constants for CH,('4,)
and CH,(*B,)

Rate Constant
Reactant Products (ecm* molec™ ' sec™ ') Rel.

A. Singlet Methylene (' 4,)

He CH,(’B,) + He Ix 107" 143
Ar CH,(*B,) + Ar 6.7 x 107" 143
Xe CH,(B,) + N, 1.8 x 10712 9la
N, CH,(*B,)) + N, 9 x 1071 143
H, CH, +H 7% 10712 143
CH,(*B,) + H, <15 x 10712 143
NO <4 x 107" 608
0, [CH,(*B,) + H,] <3x 107" 608
40 x 10712 91a
CcO <9 x 10712 608
CH, CH; + CH, 19 x 10712 143
CH,(*B,) + CH, L6 x 10712 143
C,H, n-C,H,, 44 x 10 '? 91a
i-CyH o 19 x 10 1?2 9la
CH,(*B,) + C,H, 24 x 10 2 9fa
CH,N,  C,H, + N, 3 x 107 9la
CH,CO  C,H, + CO 32 x 107" 608

B. Triplet Methylcne (*B,)

H, CH, +H <5x 1071 143
NO 1.6 x 1071 608
0, CO, CO,, H, 15 x 10712 608
CO <10 x 10713 608
co, HCHO + CO 39 x 10714 608a
CH, C,H, + H, (or 2H) 53 x 1071 143
CH, C,H, +H 5% 107! 809a
CH, CH, + CH, <5 x 10714 143
C,H, C,H, 7.5 x 10712 608
C,H, <107 '3 623a
CH,N,  CH, + CHN, 1.0 x 10712 608a
CH,CO  [CH, + CHCO] <1077 623a

while triplet methylene abstracts H atoms
3CH, + RH—»CH, + R

. The reactions of 'CH, with paraffins proceed with cﬂxucnues of
00’610 0.05, while those of 3CH, occur with efficiencies of 10-
10

3 Singlcl CH, is partially deactivated to triplet CH; by collisions with

parafhins.
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4. Both CH, and *CH, react with O, at a comparable efficiency of
about 0.02. Hence, the addition of O, preferentially suppresses the
products formed by reactions of *CH, with paraflins.

5. Singlet CH, primarily adds to the carbon-carbon double bond of
olefin and, to a small extent, inserts into the C---H bonds.

6. Singlet CH, adds to the double bond of c¢is-2-butene to form pre-
dominantly cis-1,2,-dimethylcyclopropane, while the triplet CH,
addition to cis-2-butene results in both cis- and frans-1,2-dimethyl-
cyclopropane. The former type of reaction, that is, the reaction
product retains the same geometrical configuration as the reactant,
is called stereospecific. Thus, the singlet methylene addition to trans-
2-butene is also stercospecific, that is, frans-1,2-dimethylcyclopropane
is mainly observed. Since the initially formed 1,2-dimethylcyclo-
propane is vibrationally excited, it rearranges to its structural isomers
(pentenes) and the geometrical isomer at low total pressures and is
stable only at high total pressures.

The singlet to triplet methylene ratio initially produced in the photolysis
of CH,CO has been estimated by various workers as a function of incident
wavclength on the basis of stercospecific addition of methylene to butenes.
Although the results are in general agrecement that less triplet methylene is
formed at shorter wavelengths, the estimated fraction of triplet methylene
ranges from 0.15 to 0.37 at 3130 A [Eder and Carr (333a)].

The discrepancy may arise partly from the yet uncertain cis- to trans-1,2-
dimethylcyclopropane ratio resulting from the triplet methylene addition to
2-butene and from the collision induced transition of methylene from
singlet to triplet that may occur to a different degree depending on substrate
molecules.

Eder and Carr (333a) have obtained values of 0.29 and 0.87 at 3130 and
3660 A, respectively, for the fraction of triplet methylene by comparing the
total product ratio with and without O,, which preferentially scavenges
triplet methylene. However, they assumed that the initially formed 'CH,
are not quenched to *CH, by reactant molecules. Further work is required
to remove these ambiguitics.

VI-14.2. Amidogen (NH,)

The ground state is X2B, with an H W -H angle of 103" (16);
Dy(HN-#H) =41 £ 0.2 eV.
The’ NHZ(X B,) state can be identified by the absorption Al Ay« X2 B,
in the region 4?00 10 9000 A or by the induced fluorescence A — X with a
proper light source [ Kroll (587) Hancock et al. (437)].
A collision-frec fluorescence lifetime of NH(A2A4,) of 10 usec has been
measured by Halpern et al. (432). The quenching of 24, by various gases has
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also been studied. Quenching rates are almost equal to or above the gas
kinetic value. The ground state NH, is the major product of the ammonia
photolysis. The NH,(A%A,) is produced in the vacuum ultraviolet photolysis
of ammonia. The reaction rate of NH, (X?B,) with NO has been measured
by Hancock et al. (437) by laser induced fluorescence. The rate constant is
2.1 402 x 107" cm? molec™ ! sec™!. The reactions of NH,(X2B,) with
NO and O, have been studied by Jayanty et al. (530). Possible reactions are

NH, + NO - N, + H,0 (VI-136)
NHZ + 02 hd NHzoz (V1~137)

Vi-14.3. Phosphorus Hydride (PH,)

The ground state of PH, is X*B, with an H—-P-—H angle of 92" (16);
Dy(H---PH) = 3.4 + 0.4 eV. The absorption spectrum corresponding to the
transition A24, « X2B, is in the 3600 to 5500 A region and the corre-
sponding emission is in the 4540 to 8520 A region. The PH, radical is the
major primary product of the photolysis of PH, (620, 747).

VI-14.4. Ethynyl (C,H)

Giraham et al. (416) have concluded that the ground state is linear 2 on the
basis of electron spin resonance of C,H in solid matrices. The absorption
spectra in the gas phase have apparently not been observed. Graham et al.
(416) have seen two weak absorption bands at about 3300 and 10,000 A in
solid Ar and have assigned the former to a B2A4’ « X2% transition and the
latter to an AT « X2 transition. However, Gilra {398a) belicves that the
10,000 A transition is part of the C, Phillips system. Dy(C,—H) = 5.33 +
0.05eV.

The ground state C,H is a major primary product of the acetylene and
haloacetylene photolysis. Okabe (773) has observed the production of an
clectronically excited C,H that fluoresces in the region 4000 to above 5500 A
i the vacuum ultraviolet photolysis of acetylene and bromoacetylene. The
hfctime of this fluorescence is about 6 pusec and the fluorescence is quenched
readily by C,H,, Hj, Ny, and Ar [Becker et al (81)]. On a theoretical basis,
Shih et al. (872a) speculate that the fluorescence arises from a transition
RIS €538

Ethynyl radicals have recently been detected in interstellar medium by
microwave spectroscopy [ Tucker et al. (980a)].

The reactions of the ground state C,H with hydrocarbons have been
cxtensively studied by Cullis et al. (253) and by Tarr et al. (962). The reaction
with alkanes is the hydrogen abstraction to form acetylene

C;H + RH - C,H, + R (VI-138)
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VI-14.5. Formyl (HCO)

The ground state is X2A4’ (C, symmetry) with an H ¢ O angle of 120 .
Dy(OC—H) =09 + 03 eV. _
Absorption bands are in the region 4600 to 8600 A, corresponding to
the A24” « X2A’ transition (16). The corresponding emission 24" — A’
has not been observed presumably because of the strong predissociation
observed for the 24" state [Johns et al. (534)]. _
The formy! radical is a major primary product of the photoly.sm of
formaldehyde in the near ultraviolet. The formyl radicals produced in the
atmosphere by sunlight may react with O, to form CO and HO,

HCO+02—’CO+H02 liQ (Vl'l}‘))

Thus, the reaction may contribute to the formation of photochemical smog
which is further discussed in Section VIII-2. .
The rate constant k,,, has recently been measured by Washida et al.

(1013), who report a value of 5.7 + 1.2 x 107 '? cm® molec ™' sec™ .
Osif and Heicklen {784) suggest two other reaction paths
HCO + O, - CO,; + OH (VI-141)

VI-14.6. Nitroxyl Hydride (HNO)

The ground state is X' 4’ (C, symmetry) with an H--N—O angle of 105 .
Do(H--NO) < 2.11 eV (16). o '

The transition A' 4"~ X' A’ has been observed in absorption in the region
7300 to 7750 A and in emission in the 6000 to 10,000 A region. Recently.
Callear and Wood (178) have found absorption bands in the 1980 to 2080 A
region. ' '

The HNO radical is not the primary product of photolysis. It is formed
by a third body combination of H atoms with NO. .

Lewis et al. (629) have used the chemiluminescence reaction

H+ NO + M- HNO('4") + M (VI-142)

as a probe for measuring the concentrations of H atoms produced frloml tl?c
photolysis of formaldehyde. Ishiwata et al. (514). have seen HNO('A") in
reactions of O(*P)-0O, with NO-hydrocarbon mixtures.

Vi-14.7. Hydroperoxyl (HO,) and HSO Radical

The ground state of the HO, radical is X24” (C, symmetry) with an
H—O—0 angle of 99" [Ogilvie (756)]. Do(H—O,) =20+ 0.1 eV. Th.c
ultraviolet absorption spectrum of HO, in the region 1800 to 2700 A is
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continuous with a maximum at about 2100 A [Hochanadel et al. (474)
Kijewski and Troe (563), Paukert and Johnston (799)] (see Fig. VI-19).

The HO, radicals are generated by the flash photolysis of mixtures of
water, helium, and oxygen. The observed continuous spectrum is indicative
of a repulsive upper state.

In addition, near infrared absorption bands at 1.255 and 1.425 uym have
recently been found by Hunziker and Wendt (493), who have attributed the
bunds to a transition 24" « 24”. The band at 1.504 um corresponds to the
2A"(200) « 24"(000) transition. The corresponding emission bands of HO,
have been detected recently by Becker et al. (83, 86). The HO, radical 1s an
important reaction intermediate in combustion, in polluted atmospheres,
and in the photolysis of H,0,. The reaction of HO, with NO is considered
as a key reaction in photochemical smog formation, which is discussed in
Section VIII--2.

The reaction

HO, + NONO, + OH K, (VI-143)

hus been studied by Cox and Derwent (247), who obtained indirectly a value
of kyy3=12x10""2cm?® molec™ ! sec™'. The reaction has also been
studied by Simonaitis and Heicklen (886, 890) and by Payne et al. (801). The
rate constant k43 has recently been measured directly using laser magnetic
resonance by Howard and Evenson (486a), who obtained a value of 8 x
107" cm® molec™ ! sec™ .

The ground state of the HSO radical is X2A4” with an H-- S-- O angle of
102 (859a). Do(H--SO) = 1.6 eV, Dy(HS—O) = 3.4cV. Chemilumines-
cence found in the region 5200 to 9600 A in flowing O~ H,S- O, mixtures
is ascribed by Schurath et al. (859a) to the 2A’~2A” transition of HSO. The
A’ state is presumably formed by

SH + O, » HSO(?*4") + O,

Fig. VI-19. Absorption cocfficients of HO,. € is
given in units of 1 mol ™' em ™', base 10, room tem-
10Q0] perature. The absorption spectrum is obtained by
the flash photolysis of mixtures H,0, He, and O,.
The continuous nature of the spectrum indicates a

5 repulsive upper state. From Hochanadcel ¢t al, (474),
reprinted by permission. Copyright 1972 by the
’ l ] l American Institute of Physics.
1800 ! 2200 2600
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From the highest v' level (= 7) observed in emission, they deduced an
upper limit of 14.9 kcal mol ™' for AHf"(HSO).

V1-14.8. Triatomic Carbon (C,); CCO Radical

The ground state of C; is X 'Z, (linear). Both the absorption and the emission
bands of C, have been detected in the region 3400 to 4100 A with prominent
bands at 4050 A. The transition is ascribed to A'I1, « X'E}. Dy(C,—C) =
7.31 +£ 0.02 eV. Stief (934) suggests that C; radicals observed in comects
originate from the photolysis of propyne

C,H, B ¢C, +2H, (V1-144)

The ground state of C,O radical is X3Z ™ (285). Do(C—CO) = 2.2 + 0.3 eV.

The absorption spectrum in the region 5000 to 9000 A has been analyzed
by Devillers and Ramsay (285). They have assigned the bands to the
A’N-X"L" transition with the 0-0 band near 8580 A.

The most common source of C,0 is the photolysis of carbon suboxide
above 2000 A. Bayes (76) and Williamson and Bayes (1046) believe that both
triplet and singlet C,0 are produced from the photolysis of C;0,. Triplet
C,0 is formed by absorption of light of wavelengths above 2900 A and
singlet at about 2500 A. Bayes (76) suggests that triplet C,O is the ground
X*X" state and singlet C,0 is probably the «'A state 0.5 eV above the
ground state.

The reactivities of C,0O radicals towards various molecules appear to
depend strongly on their electronic state. Bayes and coworkers have found
that the relative reaction rates of ground (triplet) C,O with various olcfins
increase in a similar manner from ethylene to more complex olefins such as
those of O(*P) and S(3P), while singlet C,0O shows similar reaction rates
with various olefins as shown in Table VI-9. Reactions of triplet C,O with
O, and NO are much faster than with ethylene and hence the major reaction
product, allene,

C,0+C,H, - C3H, + CO

is strongly reduced by the addition of O, or NO.

On the other hand, the reaction rate of singlet C,0 with O, is not much
different from that of ethylene or other olefins and the allene is not much
reduced by the addition of O, in the 2500 A photolysis of C,0, + C,H,
mixtures. The reactivities of singict and triplet C,O are similar in trend to
those of singlet and triplet CH, shown in Table VI-8. The reactions of
singlet C,0O with olefins must be much faster than those of triplet C,0O. It is
not known, however, whether triplet C,0 is formed at least partially from
singlet C,0 by collisional deactivation in analogy with methylene.
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Table VI-9. Comparison of Relative Reaction Rates of C,0(X*E) and (a'A)
at Room Temperature

Reactant Products (Ref. 1047) X'y a'A*

Oxygen CO, + CO (Ref. 1045a) 135 <05
L O+ 2C0O
Nitric oxide N,, N0, CO, CO, (Ref. 1045a) 20,000
Pjydrogen CH, + CO (Ref. 368) 0.009 (Ref. 368)
(ﬂurbon suboxide CO, polymer (Ref. 368) 1.4 (Ref. 74)
Ethylene C,H, (allene) + CO o 10
Propylene 1,2-Butadiene + CO 6.1 1.2
¢is-2-Butene 2,3-pentadiene + CO 10.1 1.9
2,3-Dimethyl-2-butene 2,4-Dimethyl-2 3-pentadiene + .
CO 2

1.3-Butadiene 20 34

: Balcs are relative to ethylene (1046).
» llhc g‘A state has not been observed spectroscopically.
"a'Ais 0.5 eV above the ground 2% (76)

' Since no a'bsorption spectrum due to the singlet C,0 is known, the
direct comparison of reactivities of the two C,0 clectronic states is at
present not possible.

The photolysis of ketene (604) in the vacuum ultraviolet yields C,0 to
an extent of several percent by

CH,CO % H, + C,0

VI-14.9. Azide (N,;); NCN Radical; NCO Radical

The ground state of N, is XM, (linear); Dy(N,~-N) = 0.56 + 0.2 eV. The
absorption spectrum has been observed in the 2600 to 2725 A region cor-
responding to the transition B2Z,f - X 2[1, (16). The N, radicals are produced
n the photolysis of HN, [ Douglas and Jones (323)] and NCN, (590)

HN, B H 4+ N, (VI-145)
NCN; % CN + N, (VI-146)

The chemiluminescent reactions of N, with CI, Br, O, and N atoms have
been studied by Clark and Clyne (215)

X + N3 - NX* + N, (VI-147)

where NX*  signifies NCIA'E*), NBr(4's*), NO(AZ* B
N)([}Jﬂg)' y ( 5 ): and
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The ground state of the NCN radical s \ ai): Do(N--CN) =
43 + 0.2 eV (764). The absorption spectrum of the NCN radical has been
found in the region near 3290 A, which is associated with the transition
A*Tl, — X3Z, . The second absorption bands near 3327 A have been found
by Kroto et al. (590), who assigned the bands to the 'A, < a'A, transition.
Emission bands corresponding to the transition A — X3~ have been
observed in the vacuum ultraviolet photolysis of cyanogen azide [Okabe
and Mele (764)]. Apparently they are produced by the sequence

NCN, B NCN(X3E) + N,(4*E) (VI-148)
followed by
N,(43Z) + NCN, - NCN(A°TT) + 2N, (VI-149)

Kroto (588) suggests that the primary process in the near ultraviolet photo-
lysis of cyanogen azide is

NCN, ™ NCN('A) + N, (VI-150)

The NCN('A) produced is deactivated to the ground triplet state by collisions
with parent molecules

NCN(*A) MNs, NeN(xPE ) (VI-151)

The energy separation between 'A and *Z~ is unknown.

The ground state of the NCO radical is X2T1 (linear); Do(N—CO) =
2.10 4+ 0.15 eV. The absorption bands of NCO have been observed in the
regions near 4400 A and 2650 to 3200 A (16). They are assigned to the
transitions A2Z* « X2[1 and B*T1 «— X 11, respectively.

The NCO radicals are produced in the flash photolysis of isocyanic acid

HNCO % H + NCO(X ) (VI-152)

The emission bands due to A2Z* — X2I1 (strong) and B2[1 - X 21 (weak)
have becn observed in the vacuum ultraviolet photolysis of isocyanic acid
by Okabe (765).

HNCO S H 4+ NCO(42s ) (VI-153)
HNCO % H + NCO(B2I) (VI-154)

The NCO(X *) radicals probably recombine to give N, and CO (125, 1057)
2NCO — N, +2CO (VI-155)

The addition of O, up to 5 torr has no effect on the CO and N, production
in the near ultraviolet photolysis of HNCO, suggesting NCO does not react
with O, [Back and Ketcheson (51)].
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VI-14.10. Carbon Difluoride (CF,)

he ground state of CF, is X?4, with an F—C--F angle of 105";
DWF—CF) = 5.3 4+ 0.1 eV. The absorption spectrum has been found in the
region near 2500 A as a result of the transition A'B,-X' A, [Mathews (668)].
['he corresponding emission bands have been seen in the region 2450 to
3220A.

The CF; radicals are produced in the vacuum ultraviolet photolysis of
CF,Cl, [Rebbert and Ausloos (828)] and in the near ultraviolet photolysis
»f CF,Br; and CF,HBr [Simons and Yarwood (891)].

hy

CF,Cl, -5 CF, + Cl; (or 2C) (VI-156)

CF,Br. ™ CF. + Br, (VI-157)

CF-HB- - CF. — HB- NI
Tnt UT L TaliZ. EDPERTS 10 De unrtealing Wil el ano wan 0. s
SICTMOCDEMICAL Slabie AH = — 330 keai moy

Vi-14.11. Disulfur Monoxide (S,0)

The ground state is X' 4’ (C, symmetry) with an S-S —O angle of 118" (16):

Dy(S—80) = 3.45 + 0.01 eV. The S,0 is not a primary photolytic product.
It is produced by an electric discharge through a mixture of sulfur and
sulfur dioxide. , :

The absorption spectrum is observed in the region 2500 to 3400 A. The
reactions of $,0 with O, H, N, Ar(*P), Cl, and O, have been studied by
Stedman et al. (922a).

The reaction with O atoms provides a clean source of SO radicals

O + 5,0 - SO + SO (VI-159)

chapter V11

Photochemistry of
Polyatomic Molecules

FOUR-ATOM MOLECULES

VH-1. AMMONIA (NH))

Tre mound state of ammona w prramudal W 1000 U o svmmain T
tond energy DAH O NHoos approvumately £ 302V el dcal mol - Tie
absorpuion spectrum of NHj has been reviewed by Herzberg [11o). p. 313,
An absorption in the region 1700 to 2170 A corresponds 1o the transition
A'A5-X'A4,. (Ammonia is planar in the A state belonging to D5, symmctry.)
A second absorption in the region 1400 to 1690 A is due to the transition
B'E"-X'A,. In the region 1150 to 1500 A several discrete bands appear
corresponding to transitions to C'4), D'45, and E'A;. The absorption
coefficients in the region 1100 to 2200 A have been measured by Watanabe
(1017) and more recently by Watanabe and Sood (1019). They are shown in
Fig. VII-1.
The minimum energy required for the process

NH, - NH(X3E) + H, (VII-1)

is most likely"lo be 3.98 eV (91.7 kcal mol ™ ') using the threshold photon
energy of9.35 eV for NH; — NH(c'IT) + H,(762) and the energy difference of
1.56 eV between NH(u'A) and NH(XY) states (394, 666).

VII-1.1. Primary Processes

Photochemistry of ammonia has been reviewed recently by McNesby and
Okabe (684). The photodissociation process of ammonia appears to follow

the spin conservation rules [ Okabe and Lenzi (762)] in that the spin-allowed
process

NH, % NH(c'Imy + H, (VII-2)
has been observed, while the spin-forbidden process

NH, & NH(4°N) + H,
has not been seen [ Becker and Welge (77)].

269
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Fig. VII-1. Absorption coefficients of ammonia in the region 1100 to 2200 A. k is given
in units of atm™! cm™ !, 0°C, base e. From Watanabe (1017), reprinted by permission.
Copyright 1954 by the American Institute of Physics.

Three main primary processes are found to occur in the near and vacuum
ultraviolet photolysis.

NH, 5 NH,(X2B,) + H <2800A 0
NH, S NH(4'A) + H, <2240 A

NH, BNH(X’Z)+ H+H  <1470A

The 1700 to 2200 A Region (A-X System). The absorption spectrum of
NH, consists of a long progression arising from the excitation of the v}, out-
ol-plane vibration and is too diffuse to show rotational structure [ Douglas
{319)]. On the other hand, the ND, spectrum shows diffuse rotational
structure for the v, = 0 and 1 bands. Weak fluorescence has been observed
for ND, with excitation at the 2139 and 2144 A lines [Koda et al (580)].

The upper electronic state of ammonia is ' A5 in D,, symmetry. The
dissociation from this state may be represented by

NH, 5 NH,(X2B,) + H (VII-3)

ched (e Tad g ~ -

in accordance with the observation of the groun.. ., absorption in
the flash photolysis of NH,.

The quantum yield of (VII-3) is near unity at 2062 A [ Groth et al. (429),
Schurath et al. (859)] and also at 1849 A [McNesby et al. (683)]. Although
the process .
NH; 5 NH(a'A) + H, (VII-4)
is energetically and spin allowed, it occurs with a quantum yield less than
0.005 (429, 859) at 2062 A and less than 0.04 (683) at 1849 A.

The 1400 to 1700 A Region (B=X System). The spectrum in this region
consists of a progression of out-of-plane vibrational bands. Rotational
structure is diffuse but it can be resolved. The upper electronic state is planar
YE” in D4,(318).

Dissociation of aimmonia in this region appears to yield NH, + H as the
major process and NH + H, as a minor process [Groth et al (428)]. The
quantum vyield of the ND + D, formation has been found to be 0.032 at
1470 A [Lilly et al (634)].

Electronically excited NHZ(KzAl) is observed below the incident wave-
length 1640 A with an efliciency less than 0.1% [Okabe and Lenzi (762)].

Below 1400 A Region. Major primary processes in this region are (V11-3)

and Iy s
NH,; > NH(X’Z)+ H+H {VII-5)

while (VI1-4) is about 149 at 1236 A [McNesby et al. (683)]. Lilly et al.
(634) have found that (V11-4) increases with decreasing incident wavelength,
that is, 3.2%, at 1470 A, 242/ at 1236 A, 319 at 1048-1067 A. The NH(X’Z)
has been observed in the flash photolysis of NH, by Bayes et al. (75) Although
NH(c'IT) is produced below the incident wavelength 1325 A (762), NH(a'A)
has not been observed in the flash photolysis of NH; by Stuhl and Welge
(947). It is likely that the absorption by NH(a'A) is small and that it is below
the detection limit. The NH(b'X) is also produced by irradiation with the
Kr and Ar resonance lamps [Masanet et al. (666)]. Below 1220 A NH,
ionizes by .

NH; - NHj; + ¢ {(V1-6)

VII-1.2. Secondary Reactions

The reactions of NH formed in the flash photolysis of NH ; have been studied
by several workers. Mantei and Bair (660) have obtained the rate constant
for the reaction M

NH +NH3—*N2H4 k7 (V“'-”
At the high pressure limit,

1 -1

k, =17 x 107" em® molec™! sec

is found.
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Meaburn and Gordon (688) have calculated an upper limit for the reaction
rate of two NH radicals
NH + NH - N, + 2H ky (VII-8)
ke <1 x 107° cm® molec™ ' sec™’
The rate constant for the reaction

NH(b'E*) + NH, — products (V11-9)

has been found to be 4.1 x 107 '3 cm® molec™! sec™ ! by Zetzsch and Stuhl

(1084).
The reaction of NH, with NHj is slow and hence NH, radicals disappear
by combination,
NH2+NH2—*N2H4 (Vl]-l())

with a rate constant of 3.9 x 107 '? cm?® molec ™! sec™ !, independent of the
total pressure in the range 0.4 to 0.85 torr [Hanes and Bair (439)]. The H
atoms produced disappear by combination reactions

H + NH, M NH, (VI-11)
and
H+HY%H, (VII-12)

The reaction of H with NH 3,
H+NH3—’NH2+H2 li (Vll'13)

is slow (k3 < 107'¢ cm? molec™ ! sec™ ') (10).

Vil-2. PHOSPHINE (PH;)

The ground state is pyramidal X'A, of C,, symmetry. Do(H—PH,) =34 £
0.1 eV. A first absorption region is 1600 to 2300 A with a maximum at 1800 A,
and is continuous. The absorption coefficients in the region 2000 to 2300 A
are given in Fig. VII-2 [Kley and Welge (575)].

VII-2.1. Photolysis

The primary processes in the near ultraviolet must be

PH, ™ PH(XE) + H, (VI-14)
PH, % PH,(X?B,) + H (VII-15)

since PH(X *X) and PH,(X 2B,) radicals, initially formed in the vibrationally
excited levels, have been found in the flash photolysis of PH; [ Berthou et al.
(102), Kley and Welge (575)]. Process (VII-14) is in violation of the spin
conservation rules since the electronically excited state of PH; is most likely
a singlet. (Absorption in the region 1600 to 2300 A is large with k., > 100
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100_]
10_]
k
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Qi
Fig. VII-2. The absorption coefficient of sphi
I . phosphine
0,0l in the region 2000 to 2300 A. £ is given in a:)m‘I

cm ™', base ¢, room temperature, From Kley and
3 VYchc (575) reprinted by permission of Zeitschrift
fiir Naturforschung.

2000 2200

atm = em -
atm™ ! cm ™). The process

hy
PH, 5 PH(X’Z) + 2H (VI-16)

is encrgetically possible only below 1800 A. Norrish and Oldershaw (747) and

Lee et al. (620) have proposed the followi i
B Ing second ¢
results of the flash photolysis of PH,. ¢ 1 reactions from the

H+PH,»PH,+H, &,

(VII-17)
2PH, —» PH + PH, (VII-18)
2 PH ;A» P, + H, (VII-19)

H+ H=H, (VII-20)

A rate constant, k,,, of 4.52 x 10~ exp (—7 3 c ! sec!
has recently been measured by Lee et al. (620; (O em? molec™ see

In the vacuum ultraviolet photolysis of PH,
found the production of PH(43IT) both at the
indicating the process

Becker and Welge (78) have
Kr and Xe resonance lines,

hy

PH; = PH(4°1) + H, (VII-21)

In apparent violation of the spin conservation rules,

VII-3. ACETYLENE AND HALOACETYLENES
VII-3.1. Acetylene (C,H,)

The ground state of C,H, is '£) (lincar).
5.38 £ 0.05¢V (771).

Absorption starts at about 2370 A. The
region 1100 to 2000 A h

The bond energy is D (H-— C,H) =

absorption cocflicients in the
ave been measured by Nakayama and Watanabe
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(731a) and are shown in Fig. VII-3. The bands in the region 2100 to 2370 A
show rotational structure and are assigned to the transition 'A,-1ES (16).
The 1500 to 2000 A bands are diffuse and have been assigned to the 'B-'%S
transition by Foo and Innes (367). The bands 1403 to 1519 A probably belong
to a 'T1, state. Below 1403 A several transitions have been found with vibra-
tional structure. Most bands belong to the Rydberg series. Demoulin and
Jungen (281) have made theoretical assignments of the acetylene spectrum.

Photochemistry. The Hg(*P,)sensitized photolysis of C,H, has produced
benzene, hydrogen, and polymer [Shida et al. (872)]. Since the Hg(*P,)
state does not have sufficient energy required to dissociate the H—C,H
bond, the products must be produced by reactions of an electronically
excited C,H,. The photolysis of acetylene at 1849 A has produced hydrogen,
cthylene, vinylacetylene, diacetylene, benzene, and solid polymers [Tsukada
and Shida (979), Zelikoff and Aschenbrand (1082)].

100_]
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Vip. VII-3. Absorption coeflicients of acetylene in the region 1100 to 2000 A kis given
in units of atm™" cm ™', base ¢, 0°C. From Nakayama and Watanabe (731a), reprinted
=1th permission. Copyright 1964 by the American Institute of Physics.

wacetyienes ..l

The primary process of C,H, photolysis at . the low pressure
region (<1 torr) appears to be [Stief et al. (928), Paync and Stief (802)]

C;H, B CHE ~ C, + H, (V1-22)
C,H, ™ C,H$ - C,H + H (VII-23)
where C,H¥* indicates an electronically excited C,H,.

The C,H% must have a sufficiently long life (~ 1 usec) to be deactivated
by CO, and N, since @y, decreases with an increase of CO, or N, pressure:

C,Ht + M- C,H, + M (ViI-24)

where M signifies CO, or N,. In the high pressure region of C,H, (> 1 torr),
the following reactions involving the electronically excited C,H, appear
important [Takita et al. (957, 958)].

C,H, B c,H2 (V11-25)

C,H% + C,H, » C,H, + 2H (VII-26)
H+ CH, »C,Hy ks (VII-27)
C,H, + C,H, - C H; etc. (VI11-28)

A rate constant of k,; = 5 x 107 '* cm® molec™ " sec™ ! (high pressure limit)
has been determined by Payne and Stief (802).

Flourescence has been observed in the photolysis of C,H; at the 1236 A
line [ Stiefet al. (928), Becker et al. (81)]. It has been concluded that the emitter
is an electronically excited C,H [Okabe (773)],

C,H,Mc,H*+H (VII-29)
C,H* - C,H + v (VI1-30)

Okabe (773) has derived the electronic energy Eo(C,H) < 4.11 £ 0.05¢V
from the threshold incident wavelength for the production of C,H*, which
is predissociated from the electronically excited C;H,. The C,H* has a
lifetime of 6 usec (81).

VII-3.2. Chloroacetylene (C1IC,H)

The ground state is linear. The bond energy is estimated to be Do(Cl-C,H) =
4.51 eV [Okabe (773)].

Absorption starts at 2550 A. Above 2000 A there are two transitions
leading to nonlinear excited states. Below 2000 A a number of Rydberg
transitions have been found in which upper states are linear [Thomson an
Warsop (969), Evans et al. {338)]. :
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Photochemistry. The photolysis of CIC,H at 2300 A is given by the
sequence [ Tarr et al. (962)]

CIC,H 5 Cl + C,H (VII-31)

Cl + CIC,H — CIC,HCl (V1I-32)
C,H + CIC,H —» C,H, + Cl (VII-33)
2C,H - C,H, (VI1-34)

Evans and Rice (337) and Evans et al. (338) have found that CIC,H fluo-
resces with exciting wavelengths 2330 to 2475 A with a quantum yield of
about 0.2. They propose the following scheme for fluorescence and non-
radiative processes {dissociation):

CIC,H I3 cic,H* (V11-35)
CIC,H* - CIC,H + hv' (VII-36)
CIC,H* - CIC,H** (VII-37)

CIC,H** - Cl + C,H (VI1-38)

where CIC,H* signifies an upper singlet state and CIC,H** signilics the
vibrationally excited ground state.

Although the photon energy is much larger than the bond energy Dy(Cl-—
C,H) = 4.51 eV, corresponding to 2750 A, the fluorescence, with observed
lifetimes in the range 8 to 50 nsec, still competes with dissociation. Evans
and Rice attribute the slow decomposition to the poor acceptance of internal
energy by vy (the C—Cl stretching vibration), the effective vibrational mode
for dissociation.

Vii-3.3. Bromoacetylene (BrC,H)

Bromoacetylene is linear in the ground state; Do(Br —C,H) = 3.95 + 0.05 eV
(773). Its absorption starts at 2800 A. Above 1730 A there are two continuous
absorption bands with maxima at 2115 and 1780 A, while below 1730 A a
number of Rydberg transitions are observed with complicated vibrational
structure [ Thomson and Warsop (970), Evans et al. (338)].

Photochemistry. The primary photochemical process at 2537 A is the
production of C,H and Br [Tarr et al. (962)].

BrC,H ™S C,H + Br (V11-39)
followed by
C,H + BrC,H - C,H, + Br (VII-40)
C,H + BrC,H — C,H, + C,Br (VII-41)
Br + BrC,H — BrC,HBr (V11-42)
2C,H - C,H, (VH-43)

VIi-4. Formaldehyde (HCHO) 277

Evans and Rice (337) and Evans et al. (338) have observed fluorescence with a
lifetime of about 13 nscc with incident wavelengths of 2440 to 2700 A.
Quantum yields are 0.024 to 0.079. A similar mechanism proposed for CIC,H
1s also operative for the photochemistry of BrC,H in this region.

In the vacuum ultraviolet both C,(dI1)) and C,H* (electronically
excited C,H) are produced { Okabe (773)]:

BrC,H ™ C,H* 4 Br (V11-44)
BrC,H S Cy(dM,) + HBr (V11-45)

The C,H* gives risc to quasi-continuous emission in the region 4000 to
above 5500 A. Processes (VI1-44) and (V11-45) are predissociative.

VII-3.4. lodoacetylene (1C,H)

The ground state is linear; Dy(I— C,H) = 3.3 eV [estimated by Okabe (773)].
Absorption starts at about 3000 A [Salahub at Boschi (854)]. The absorption
cocflicients have been measured in the region 1050 to 3000 A (854). The
bands are assigned to o* « n, 1* « n and I[1* « I1 transitions, as well as to
members of seven Rydberg series.

Vii-4. FORMALDEHYDE (HCHO)

The ground state of formaldehyde is planar (C,,) with an H-—C—H angle
of 121°. The ultraviolet absorption spectrum consists of many sharp bands
in the region 2400 to 3600 A. The excited state responsible for the absorption
is the near planar ' 4, at 3.495 eV above the ground. The transition is forbid-
den by the electric dipole selection rules [see a review by Moule and Walsh
(723)]. The absorption coefficients in the near ultraviolet have been measured
by McQuigg and Calvert (686) and in the vacuum ultraviolet by Mentall
and Gentieu (696). They are shown in Fig. VII-4. In addition, a very weak
absorption in the region 3600 to 3967 A, due to a transition to the A, state,
is present. The dissociation energy, Do(H-~CHO), has not been definitely
established. If the recent values for the heat of formation, A Hf j(H,CO) =
—25.05 +0.11 kcal mol™! (363) and AHf4(HCO) = 9.0 + 2 kcal mol ™!
(1001), are used, Dy(H--CHO) = 86.0 + 2 kcal mol™! or 3.7+ 0.1eV is
obtained. On the other hand, Brand and Reed (126) have concluded that the
breaking-ofl of the fluorescence bands above 28736 cm ™! or 3.56 eV excited
by discharges must be due to a dissociation into H + CHO. In this case,
Do(H-—CHO) < 3.56 ¢V, corresponding to the incident wavelength 3483 A,

VH-4.1. Photochemistry in the Near Ultraviolet

Fluorescence (707, 853, 1074, 1076). Weak fluorescence has been ob-
served in the region 3400 to 5000 A by absorption of light of wavelengths
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Copyright by the American Chemical Society.

1000 to 3600 A [Miller and Lee (707), Yeung and Moore (1076)]. The quan-
tum yield of fluorescence of H,CO is 0.03 at 3532 A (707) and the yicld
decreases as the incident wavelength decreases. The observed fluorescence
lietime of H,CO near the 0-0 transition is about 100 nsec, while near 3100 A
<wveitation the lifetime is about 5 nsec. The radiative lifetime estimated from
the integrated absorption coefficient is about 5 usec. The lifetime of D,CO
Huorescence ranges from 4.3 usec (3535 A) to 53 nsec (3082 A) (1076).

Miller and Lee (707) have found that the nonradiative (that is, dissocia-
tve) rate increases with excess vibrational quanta of the upper ' 4, state and
“liat the extent of increase is much larger for the v, out-of-planar bending
mode than for the v asymmetric C—H stretching mode.

hyde (HCHO) 279

The lifetime of the ! 4, state prou. of light in the 2685
2851 A region has been determined to be 4 to 14 psec [Baronavski et al.

(62)].

Photodissociation. The main photochemical primary processes are

H,CO™MH + HCO s (V11-46)
H,COBH,+CO ¢4 (V11-47)

The threshold wavelength for (VI1-46) is about 3500 A. McQuigg and Calvert
(686) have measured H,, HD, and D, products produced from the high
intensity photolysis of H;CO-D,CO mixtures. They have concluded that
the primary quantum yicld, ¢4 + @47, is near unity over the entirc absorp-
tion region in the near ultraviolet. They have also found that CO and H,
are formed in nearly equal amounts. The results may be explained on the
basis of the following secondary reactions occurring after (VII-46) and
(VII-47)

H + HCO - H, + CO (VII-48)
JH+MoH, + M (VI1-49)
2HCO — 2CO + H, (VI1-50)

On the other hand, DeGraff and Calvert (271) have found that the CO yield
is significantly greater than the H, yield at the low intensity photolysis. They
have attributed a CO excess to reactions such as

H,COH + H,CO — CH;0H + HCO (VII-52)
H,CO* + H,CO - H,COH + HCO ks, (V11-53)

where H,CO* indicates an electronically excited H,CO. Atiow intensity and
higher temperatures the reaction

H+ H,CO > H, + HCO k54 — (V1I-54)

may become important. The rate constant ks, is 5.4 + 0.5 x 107 % em?
molec™ ! sec™ ! at 297"K. The activation energy is about 2 kcal mol ™" (146,
833). The quantum yicld of (VII-47), the molecular production process,
appears 1o be predominant at 3660 A and the yield of process (V11-46), the
radical production process, increases at shorter wavelengths. At 2800 A
(VI1-46) is five times as important as (VII-47) [see McQuigg and Calvert
(686), Sperling and Toby (922)].

However, other results suggest that the molecular process is more im-
portant at shorter wavelengths (271, 966).

The quenching of the electronically excited state, (VII-53), is very efficient
[ksy = 6 x 107 cm® molec™ ! sec™ ' (1076)] and may be important in the
formation of products.



280 Photochemistry of Polyatomic Molecules

Recently, Houston and Moore (486) have measured the CO production
rate following the pulsed laser photolysis of H,CO and D,CO at 3371 A.
They found that at the low pressure limit, the CO rate of production is more
than 100 times slower than the fluorescence decay rate. They suggest that
CO is not produced from the initially formed fluorescing state S, by light
absorption but rather from an intermediate state 1. The intermediate state [,
cither the 34, or the vibrationally excited ground state, is formed from S,
cither by collisions or by a spontaneous decay process. The [ state dissociates
into H, + CO to a small extent by a slow spontancous process (>4 usec)
but to a large extent by collisions with each other or with NO and O, mole-
cules. The quantum yield of CO production at 3371 A is independent of
formaldehyde pressure in the range 0.1 to 10 torr.

The yield of CO increases with the addition of NO [Houston and Moore
(486), Tadasa et al. (956)]. Tadasa ct al. (956) suggest the reaction

HCO + NO - CO + HNO (VII-54q)

is tesponsible for the increase.

Further work is needed to obtain more information on quantum yields
of two primary processes as a function of pressure and wavelength. It is also
of intercest to look into the vibrational excitation of H,. Since the process of
H, formation involves the simultaneous excitation of the C---H stretching
and the H-—-C—H bending vibrations, the product H, must be highly vibra-
tionally excited. The radical production process (VII-46) is expected to be
faster than the molecular process (VII-47) if H + HCO is predissociated by
way of a repulsive state as shown in Fig. I1--11, p. 78.

V1I-4.2. Photodissociation in the Vacuum Ultraviolet
The results of the photolysis at 1470 and 1236 A indicate that two primary
processes
H,CO"H, + CO bss (VII-55)
H,COBMH+H+CO @5, 1<2830A (VII-56)
are cqually important [Glicker and Sticf (403)]. Quantum yields ¢s5 =
$+6 = 0.5 have been obtained.

Formaldehyde has been detected recently in the interstellar medium by
microwave spectroscopy (593). It is a combustion product of hydrocarbons.
The photolysis of H,CO by sunlight in the troposphere may produce HO,
radicals by reactions such as

HCO + O, - HO, + CO (VII-57)
H+O; +M-HO, +M (VII-58)

VII-S. Diimide (N,H,) 281
The HO, radicals produced may oxidize NO to NO,
HO,; + NO - OH + NO, (VI1-59)

Thus, H,CO may play a significant role for photochemical smog formation
in polluted atmospheres [Calvert et al. (182); sce Section (V1I1-2), p. 335].

VII-5. DIIMIDE (N,H,)

Diimide is an unstable molecule with a typical half-life of several minutes
at room temperature [ Willis and Back (1048)]. Dy(H  N,H) = 3.35 ¢V. The
ground state has a trans structure and is X’A“ of C,, symmetry.

The near ultraviolet absorption spectrum lies in the 3000 to 4200 A
region with many diffuse bands [Back et al. (52)]. Back ct al. attributc the
spectrum to 'B,-' A, transition forbidden by electric dipole. The absorption
is weak with an absorption cocflicient of 3.9 1mol™! ecm™! (base 10) at
3650 A. _

A second absorption of N, H, starts at about 1730 A and consists of nine
vibrationa! bands. Rotational lines are all diffuse [ Trombetti (976)]. The
photolysis in the near ultraviolet has been studied recently by Willis et al.
(1050).

The products of the photolysis of N,H,--C,H, mixtures at various
wavclengths from 3100 to 4050 A are C,;H, (0 = 7), N,, and small amounts
of C4H o (@ = 0.05).

The products of the purc N,H, photolysis are N, and H, and small
amounts of N;H,. The quantum yiclds of N,H, disappearance are about
15 with and without C,H,. From the results Willis et al. conclude that the
main primary process is

N,H, N, H + H (or N, + 2H) (VII-59a)

followed by (in the presence of C,H,) chain reactions

H + C,H, - C,H; (VII-59b)
C,Hs + NyH, - C,H, + N,H (V11-59¢)
N,H >N, + H (VII-59d)

In the absence of C,H, the reaction sequence would be

NoH, " N,H + H (VII-59¢)

H + N,H, » H, + N,H (VII-59f)
N,H-N, + H (VII-59g)
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VII-6. HYDROGEN PEROXIDE (H,0,)

The ground state is probably nonplanar (the point group C,). Do(HO—OH)
=215+0.02eV,Di(HO,—H) = 3.84 + 0.1 ¢V. Absorption starts at about
3000 A. The absorption coefficients in the near and vacuum ultraviolet are
given in Fig. VII-5. The spectrum shows only a continuum for the region
2000 to 3000 A.

VII-6.1. Photochemistry

Volman has reviewed the photolysis in the near ultraviolet (995). The
primary process
H,0, % 20H (V11-60)

appears to be the main process at 2537 A. The quantum yield of disappear-
ance is 1.7 + 0.4. The reaction products are water and oxygen only. The
secondary reactions proposed are [ Volman (993)].

OH + H,0, > H,0 + HO, Kk, (VII1-61)
HOZ + H02 bd Hzoz + 02 (VI]"62)

The rate constant kg is 8 x 107'? cm? molec™! sec™ ' (1). The flash photoly-
sis of H,0, in the near ultraviolet has been performed by Greiner (422) who

Fig. VII-5. Absorption coeflicients of
hydrogen peroxide in the near and vacuum

ultraviolet regions. 2000 to 3000 A region:
o o is given in units of 10~ '* em® [Volman
T (995), p. 70. Originally from R. B. Holt,
C. K. MclL.ane, and O. Oldenberg, J.

R Chem. Phys. 16, 638 (1948) and H. C.

Urey, L. H. Dawsey and F. O. Rice J.

Am. Chem. Soc. 51, 1371 (1929). For

1000 more recent values see C. L. Lin, N. K.
300 Rohatgi and W. B. DeMore, Geophys.

K »\/\—\ Res. Lent. 5, 113 (1978).], base e, room
100,
3

S

1

o (16”)

o
bl gilg

temperature and 1200 to 2000 A region:
k is given in units of atm~' cm ™', base
¢, room temperature. From Schiirgers and

17 ool T T Tk Welge (860), reprinted by permission of
2000 John Wiley & Sons and Zeitschrift fir
)| Naturforschung.

boas ocyanic Acid (1HINCYS)

concludes that the main | -11-60) and that anos
primary process,

H,0, ™ H,0 + O('p) (Vi

is not more than 20%, of process (VI1I-60).
The photolysis at 1236 A appears to produce molecular hydrogen in
primary process [Stief and DeCarlo (930)].

H,0, 5 H, + 0, (or O + 0) (VII
with a quantum yield of 0.25. Another primary process proposed is
H,0,™ H + HO, (V1

with a quantum yield of about 0.25. At both 1470 and 2537 A, prim
process (V11-60) predominates. The rate constant of the reaction

H + H,0, - OH + H,0 (VI

has been measured recently by Klemm et al. (573), who provide a valu
5 x 1072 exp (—1390/T) cm? molec ™! sec™!. Meagher and Heicklen (¢
have proposed another reaction path

H + H,0, - H, + HO, (VII-
to be as equally important as (VI1I-66).

VII-7. ISOCYANIC ACID (HNCO);
ISOTHIOCYANIC ACID (HNCS)

The ground state of HNCO is planar X'A’ with an H—-N—C angle
128° and a linear NCO group. Do(H-—NCO) = 490 + 0.01 eV, Dy(HN
CO) = 3.5+ 0.1eV. An absorption in the 2000 to 2800 A region has be
measured by Dixon and Kirby (287). The absorption spectrum is diffu
and shows long progressions, suggesting a bent NCO structure. Rotation
analysis shows an NCO angle of 119” in the first excited state (287).

The absorption coefficients in the region 1200 to 2000 A have b
measured by Okabe (765) and those in the 2100 to 2500 A region have bec
measured by Dixon and Kirby (287). They are shown in Figs. VII-6a an
VII-6h.

The primary processes in the near ultraviolet photolysis are

HNCOM NH + CO ¢4, (VII-62
HNCOMH + NCO ¢, (VII-6:

Process (VII-68) becomes more important at shorter wavelengths [ Bradle
et al. (125)]. At 2062 A ¢4 = o = 0.5 [Woolley and Back (1057)]. Th
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Fig. VII1-6. (a) The absorption coefficients of isocyanic acid in t!le vacuum ultraviolet.
k is given in units of atm™ ' cm ™' at room temperature, base ¢. From Okabe (7(:5), re-
printed by permission. Copyright 1970 by the American lnsm.utc of Physics. () Percent
absorption of isocyanic ucid in the near ultraviolet. Pressure is 100 torr and. path ICPglh
is 10 cm. From Dixon and Kirby (287), reprinted by permission of The Chemical Society.

products of the 2062 A photolysis (1057) are CO, N,, and H, with respective
quantum yiclds of about 1, 0.4, and 0.13. . .

The sccondary reactions are complex since six free radicals, NH, NCO,
H. NH,CO, NH,, and N, are involved. The reaction

H + HNCO - H, + NCO (V11-70)
can be ruled out since the reaction is endothermic by 10 kcal mol™'. The H
atoms disappear by reactions such as
H + HNCO - NH,CO
H + NH,CO - NH; + CO
H + NH,CO — H, + HNCO

The near ultraviolet photolysis of HNCO in the presence of NO, O,, and
C,H, has been studied by Back ct al. (50, 51, 1057).

Vil 8. Formyl Fluoride (HCFO) 285

The Hg(*P,) sensitized reaction of HNCO yields CO, N, and H,. The
primary process

Hg(*P,) + HNCO - Hg + H + NCO (VII-71)

has been suggested by Friswell and Back (376).

In the vacuum ultraviolet photolysis of HNCO emissions from
NCO(A2X) and NH(A’I1,¢'TT) have been observed [Okabe (765)]. In
addition, weak fluorescence bands of NCO(B2[1) were found.

Two main primary processes associated with the production of emitting
species are

HNCO S H + NCO(423) (VII-72)
HNCO S NH(¢'I1) + CO (VI1-73)

The NCO(A2Z) radicals arc highly excited in bending vibration, indicating
that the upper state responsible for the production of NCO(A4%%) is bent.
The NH(c¢'IM) radicals are produced with high rotational excitation. The
NH(AT) state is most likely produced from a secondary process such as

CO(™ M) + NH(X3E) = CO(X'E) + NH(AT)
and not from the primary process in accordance with the Spin conservation

rules.

The ground state of HNCS is X'A’ of C, symmetry (821a). The bond
cnergy is unknown. A first weak diffuse absorption is in the 2100 to 2700 A
region with a maximum at 2450 A followed by a second much stronger
diffuse absorption in the 1900 to 2100 A region with a maximum at 1970 A
[McDonald et al. (674a)]. The near ultraviolet flash photolysis of HNCS
yields S,(X"'X), S;, and NCS, but no NH radicals are detected [Boxall and
Simons (123a)].

The primary processes suggested are
HNCS - HNC + S(3P)
HNCS - H + NCS
followed by a rapid reaction
S(*P) + HNCS = S»(X3Z7) + HNC

k23 x 107" em® molee ™! see™!

VIi-8. FORMYL FLUORIDE (HCFO)

The ground state is planar X'A4" belonging to the point group C,.
Dy(H - CFO) = 4.5 ¢V. An absorption in the 2000 to 2700 A region shows
vibrational structure corresponding to the A'4 X'A’' transition [Fischer
(358)].
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ig. V1I-8. Absorption coeflicients of hydrazoic acid in the vacuum u‘ltraviolet, 1100 to
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printed by permission. Copyright 1968 by the American Institute of Physics.

11-10.1. Photodissociation

Near Ultraviolet Photolysis. The photolysis _products at 1850 to 1990 A
nes are H,, N, and NH, [Beckman and Dickinson (88)]. o
The flash photolysis of HN; above 2000 A has revealed the main primary

rocess to be
HN, S NH(a'A) + N, (VII-81)

1 accordance with the spin conscrvation rules [Paur and Bair (800)).
\nother primary process
HN, B H+ N, (V1I-82)

ppears to be minor [Konar et al. (581)]. The NH('A) radicals rapidly react

Jith HN,,
’ NH('A) + HN; > NH, + Ny ky, (V11-83)

- Ll IR | N . acti <
ith kyy = 9.3 x 107" em?® molec™ ' sec™ ! Other secondary reactions are

wohably
NI, MNLH,

2NH, »NH, + NH ©
NH, + HN, - NH; + N,
N, + HN; -» H + 3N,
NH('A) + HN; - 2N, + H,

[ he rate constant of a minor process,

1as been measured 1o be 2.54 x 107" exp (—2300;/7) em® molec™ ' sec !
1.eBras and Combourieu (617)].

Vil-11. Phosgene (OCCl,) 289

Vacuum Ultraviolet Photolysis. Welge (1031) has observed NH(c'I) and
NH(A3IT) emissions when HNj; was irradiated by the Kr and Xe resonance
lines. Since the direct production of NH (4°1),

HN, 5 NH(AT) + N, (VII-85)

is spin-forbidden, it is likely that NH(A*I1) is formed by a secondary process.
Since the ratio of NH(A>T) to NH(c¢'I1) increases with an increase of HN,
pressure, Okabe (763) has concluded that NH(A is produced from a
secondary process involving metastable N, such as

N(B*M) + HN, — NH(A'M) + 2N, (VII-86)

The NH(c'IT) fuorescence excitation spectrum shows diffuse vibrational
structure corresponding to the absorption spectrum below 1450 A, while
the spectrum is continuous above 1450 A. The results indicate that the
NH(c'TD state may be formed from predissociation of the electronically
excited HN; below the incident wavelength 1450 A, while the NH(c!'T) is
dissociated directly above 1450 A.

VII-11, PHOSGENE (OCCl,)

The ground state OCCl, X' 4, is planar and belongs to the point group
Ca,. Dy(Cl - COCI) = 3.3 ¢V. The near ultraviolet absorption system in the
region 2380 to 3050 A probably belongs to the transition '4;, «'4, [Moule
and Foo (721)]. LaPaglia and Duncan (61 1) have found several electronic
transitions with vibrational structure in the region 1133 to 1545 A.

The absorption cocflicients in the near and vacuum ultraviolet regions
have been measured by Moule and Foo (721) and by Okabe et al. (766) and
arc shown in Fig. VII 9.

The enthalpics required for the following reactions are (28)

OCCl, = CO + (Y, AH = 1.09 + 0.03 eV
OCCl, - CO + 2C1, AH = 3.56 + 0.03 ¢V

Vil-11.1. Photolysis

The photolysis in the near ultraviolet has been studied by Wijnen (1040) and
recently by Heicklen (452). The processes may be expressed by

occl, s cocr + ¢l | (VII-8§7)
COCl-CO + Cl Al = 6 kcal mol ™! (VII-88)
201 M, (VI1-89)
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The results of the flash photolysis of HFCO above 1650 A indicate the
occurrence of two primary processes [ Klimek and Berry (577)].

HFCO ™ HF + CO (VH-74)
HFCO ™ F + HCO (VII-75)

VII-9. NITROUS ACID (HNO,)

The ground state nitrous acid exists in planar cis and trans forms of com-
parable stability, the trans form being lower in energy by about 0.5 kcal
mol™ ', Do(HO—NO) = 2.09 + 0.03 eV, Dy(H—ONO) =336 + 0.03 eV.
Nitrous acid in the gas phase is in equilibrium with NO, NO,, and H,O
together with N,O5, N;O,, and a trace of HNO,. At pressures above that
m equilibrium with NO, NO,, and H,0, HNO, is relatively unstable.
Ience, one cannot prepare pure samples at any desired pressure. The ground
state structure of cis- and trans-nitrous acid has recently been determined
by microwave spectroscopy [Cox et al. (242)]. '

Nitrous acid exhibits diffuse absorption bands in the region 3000 to
1000 A. These bands are ascribed to the 'A”-'A’ transition [King and
Moule (567)]. The absorption cross sections in the region 2000 to 4000 A
have been measured by Cox and Derwent (249) and are given in Fig. VII-7.

400}

20 320

o (10 cm?)
240_]

0

sobo! ' 1 Tabo! T T Tadoo
.

i iy VI -7. The absorption cross section & of nitrous acid in the region 2000 to 4000 A.
+ i piven in units of 10~ 2° cm? molec ™!, base e, room temperature. From Cox and Derwent
(24}, reprinted by permission of Elsevier Sequoia, S. A.
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VI1-9.1. Photodissociation

Cox (245) has irradiated HNO, N, O, nuxtuic- with light of wavelengths
3300 to 3800 A. From the analysis of the products, NO and NO., he con-
cludes that the main primary process is

HNO, ™ HO + NO (V11-76)
Another minor primary process
HNO, 5 H + NO, (VII-77)

may be operative to an extent of 10%,.
Sccondary reactions are

OH + NOM HNO, (VII-78)
OH + HN02 — Hzo + NOz k79 (Vll-’]‘))
OH + NO, M HNO, (VII-80)

Cox et al. (248) have derived a rate constant k;q = 6.6 £ 0.3 x 1072 cm?
molec™! sec™".
Cox (246) also has studicd the photolysis of HNO, in N,- O, mixtures

in the presence of CO and SO;.

V11-9.2. Nitrous Acid in the Atmosphere

Cox (246) estimates the concentration of HNO, to be 10° molec cm ™Y in

the daytime natural troposphere. The photolysis of HNO, may be an
important source of OH in the troposphere, since HNO, absorbs the sun’s
radiation above 3000 A. The reactions of OH with hydrocarbons (cither
hydrogen abstraction from paraftins or addition to the double bond in
olefins) in the troposphere are known to be the initial steps for photochemical
smog formation [see Section VIII-2, p. 333].

VII-10. HYDRAZOIC ACID (HN;)

The ground state HNj is planar with an H—N —N angle of 110" and an
N~ NN angle of 180 (the point group C,). Do(H—N,) = 4.18 eV,
Do(HN—N,) = 047 + 0.06 eV. ,

The absorption spectrum begins at 3000 A. There are at least two
absorption systems above 2000 A, a weak one with a maximum near 2700 A
and a strong one near 2040 A [Bonnemay and Verdier (1 20)]. The absorption
coefficients in the ultraviolet have been measured by Beckman and Dickinson
(89). The absorption coefficients in the region 1150 to 2100 A have been
measured by Okabe (763) and are shown in Fig. VII-8.
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Fig. VII-9. Absorption coefficients of phosgene in the ultraviolet and in the vacuum
ultraviolet. (a) Approximate values calculated from the data of Moule and Foo (721) and
Heicklen (452). & is given in units of atm ™' cm ™', base e, 25"C. (b) Absorption coefficients
in the 1400 to 1600 A region; From Okabe et al. (766). (c) Absorption coefficients in
the 1150 to 1400 A region; k is given in units of atm ™! cm ™!, base ¢, 25°C. From Okabe
et al. (766). Reprinted by permission. Copyright 1971 by the American Institute of Physics.

The radicals, OCCI, formed in the primary process dissociate immediately
into CO + Cl and do not appear to participate in the reactions (1040). The
secondary reaction

Cl + OCCl, - Cl, + OCCI (V11-90)

is endothermic by about 20 kcal mol ™!, Alkyl radicals also do not react with

OCCl, at room temperature. The photolysis of OCCl, has been used as a
source of Cl atoms (452, 1040).

‘hiophosgene (SCCly) 291

The quantum yicld @, is unity at 25, ~ibe(774)]. The photolysis
of OCCl, in the vacuum ultraviolet has resulted in the production of two
electronically excited Cl, states, CI¥ at 7.21 and Cl3* at 7.93 eV [Okabe et
al. (766)]

occl, ™ co + cir (VII-91)
occl, ™ co + ciz* (VI1-92)

VHI-12. THIOPHOSGENE (SCCl,)

The ground state is planar X' A, of C,, symmetry. Do(Cl—CSCl) = 2.75 +
0.02 eV. Very weak absorption bands in the region 5300 to 7000 A corre-
spond to the 3%4,-X" 4, transition [Moule and Subramaniam (722)]. Weak
absorption bands with fine structure in the region 3900 to 5950 A are ascribed
to the A'4,-X'4, transition by Brand et al. (127). Strong bands with
diffuse vibrational structure in the region 2400 to 2970 A have been assigned
to the B' 4,~-X' 4, transition by Farnworth and King (343). The absorption
coefficients in the visible and ultraviolet have been measured by Levine et
al. (627) and are shown in Fig. VII-10.

VIiI-12.1. Photochemistry

Fluorescence from the A' A, state has been observed by absorption of light
wavelength 4550 A and above [ McDonald and Brus (674)]. The collision-free
lifetime of the fluorescence is about 40 usec. The breaking-off of the emission

Fig. VII-10. The absorption coefficients of
thiophosgene in the visible and ultraviolet

regious. € is given in units of Lmol ™' cm ™',

JOO ] 1 ] AOO base 10, room temperature. From Levine
2 2 et al. (627), reprinted by permission of
R North-Holland Publishing Company.
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bunds has been observed below the excitation wavelength 4550 A. The
process has been ascribed to a predissociation,

CLCS('4,) - Cl + CICS (VII-93)

by Okabe (774). The quantum yield of Cl atom production decreases with an
increase of pressure both at 3660 and at 4358 A, indicating the occurrence of
two competing processes, (VII-93) and

C1,CS{' 4,) + CL,CS — product (VI1-94)

The lifetimes of '4, at 3660 and 4358 A are estimated to be about 6 and
55 nsec, respectively (774).

At 4658 and 4706 A YTCIPTCICS and **CIPSCICS, respectively, are
preferentially excited in mixtures of other chlorinc isotopic specics.

The preferentially excited isotopic species react with diethoxycthylene
to form an addition product. Hence, it is possible to selectively reduce the
concentration of a particular isotopic species in mixtures by choosing an
appropriate exciting wavelength [ Lamotte et al. (597)].

Fluorescence has been scen from the sccond singlet state B A, formed by
absorption of light near 2800 A corresponding to the 0-0 transition [Levine
et al. (627), Oka et al (757)]. The quantum yield of fluorcscence is high
(0.5 to 1) [Oka et al. (758)].

At 2537 A Okabe (774) has found that the quantum yicld of Cl production
is near unity and is independent of pressure in the range 0.4 to 80 torr,
indicating immediate dissociation. The absorption spectrum of thiophosgene
is extremely diffuse near 2537 A, suggesting also a direct dissociation process.

VII-13. THIONYL CHLORIDE (OSCl,)

The ground state of OSCl, is probably pyramidal, belonging to C, symmetry
[Martz and Lagemann (664)]. Dy(Cl—SOCI) is not known. The minimum
cnergy for the reaction

Cl1,50 - SO + 2Cl
is 4.70 + 0.01 eV.

Absorption starts at about 2900 A and is continuous in the ultraviolet
region [Donovan et al. (306)]. The absorption coeflicicnts in the region
1150 to 1350 A have been measured by Okabe (768) and are shown in Fig.
VII-11.

Photodissociation. Few photochemical studies of thionyl chloride have
been made. In the near ultraviolet flash photolysis Donovan et al. (306) have
found Cl and SO in absorption. Since the amounts of SO formed are much
less than those of OSCI, decomposed, they have concluded the primary
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20004
k
15004
Fig. V1I-11. Absarption coefficients of thionyl
chioride in the region 1150 to 1350 A. & is given
100Q in units of atm™! cm ™!, base ¢, 25°C. From
IZBO ! I3|00 T"  Okabe (768), reprinted by permission. Copyright
A 1972 by the American Institute of Physics.
process is
0SCl, ™ ¢1 + C1s0! (VI1-95)
followed by

CISO' - Cl + SO
CISO' + M - CISO + M
20 +M-Cl, +M
SO + C1,80 - SO, + SCl,
SO + CISO - SO, + SCI
where CISO' signifies vibrationally excited CISO.

In the vacuum ultraviolet SO(B*Z, 43I1) states are formed below incident
wavelength 1318 A [Okabe (768)], indicating primary processes

C1,S0 B sow4m) + 2¢1 (VII-96)
C1,S0 '5s0(B%%) + 201 (V11-97)

The SO(A°I1, B*L) fluorescence excitation spectrum shows many diffuse
leatures, indicating that the processes are predissociative.

VIi-14. CYANOGEN (C,N,)

The ground state is X'Z. of D, , symmetry. Do(NC—CN) = 5.58 + 0.05eV.

The first weak absorption bands are in the 2400 to 3020 A region, cor-
responding to a’X-X'ZL.}. The second absorption bands are in the 1820
to 2260 A region, associated probably with the A'A,~X'E." transition. Two
additional bands arc in the 1450 to 1680 and 1250 to 1320 A regions. The
absorption coefficients in the region 1100 to 1700 A have been measured by
Connors et al. (233) and are shown in Fig. VII-12.

The photodissociation of C,N, below 1410 A yields the CN(B*L*)
state [ Davis and Okabe (264)].

C,N, S CN(X25*) + CN(B?E ) (VI1-98)
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Fig. VII-12. The absorption coefficients of cyanogen in the region 1760 to 1050 A kis
given in units of atm ™' cm ™!, base e, 0°C. From Connors et al. (233), reprinted by per-
mission. Copyright 1974 by the American Institute of Physics.

At 1600 A the primary process, according to Cody et al. (224), must be
C,N, B eN(x2x) + eNn) (VII-99)

Using a tunable laser as a probe they have observed that CN(X2Z) radicals
produced at this wavelength are vibrationally and rotationally excited. The
rotational distribution follows the Boltzmann law, indicating that dissocia-
tion is not immediate but occurs after many vibrations of the electronically
excited molecule. Thus, the distribution of the rotational population reflects
the statistical nature of the dissociation processes. The distribution of the
cxcess energy beyond that required to break the C—-C bond is 549 in
clectronic, 207 in translational, 14% in vibrational, and 119/ in rotational
cnergies. See also p. 87.

West and Berry (1037) have observed laser emissions due to the transition
CN(A?M > X %) in the vacuum ultraviolet flash photolysis of C,N,, HCN,
CICN, BrCN, and ICN. The CN(AIT) radicals are produced within a
low-loss optical cavity for effective laser action.

VII-15. SULFUR MONOCHLORIDE (S,Cl,)

I'he ground state structure is probably nonplanar (15). The bond energy
estimated by Donovan et al. (100) is Dy(CIS—-SCl) = 1.5eV.

oy Atom Kadicais o0

A strong continuum has been found .. altraviolet with a maxi-
mum at 2650 A. ' o )

The near ultraviolet flash photolysis of S,C1, has been pc.rl'om.)cd y
Donovan et al. (100), who have found transient spectra of vibrationally
excited S,(X3X), as well as S,(a'A), S(*P), and probably SCL.

They have proposed the primary process

s,Cl, B 2sal (VI1-992)
followed by
SCI + S,Cl - SCl, + S, (¢" up to 8) {V11-99¢)

VII-16. FOUR ATOM RADICALS

VII-16.1. Methyl (CH;)

The ground state is X245 (planar) in D\SI,, symmetry with an H—C—H angle
“. Do(H--CH;) = 4.69 + 0.05 eV.

o ]fggur a(gsorptionZ)bands have been observed at 2160, 1503321‘197‘28“?
1408 A corresponding, respectively, to transitions B24,-X2A43, C2E -X* A3,
D24,-X244, and E24,-X2 4} (16). Below 1400 A severa‘l Rydberg transitions
have been found. Most of the absorption bands are diffuse and apparently
no fluorescence has been found. The oscillator strengths of the 2_l26(), 1503,
and 1497 A bandsare 1.2 + 0.2 x 1072, 5.1 x 1072, and 1.0 x 10~ 2, respec-
tively [Van den Berg et al. (988), Pilling et al. (809)]. _

The convenient sources of CH  radicals are the photolysis of azomethanc

CH,NNCH; - 2CH,; + N, (VII-100)
and the photolysis of dimethyl mercury
Hg(CH;);, - 2CH, + Hg (VII-101)

The reactions of CH, with various molecules have been extensively studicd
for many years and are reviewed by Steacie (26).
The combination rate
CH; + CH; —» C;H, (VII-102)
has been measured recently and the rate constantis 5 x 107! gm’ molec ™!
sec "' [James and Simons (524)]. The rate constant of the reaction

is 1.23 + 0.25 x 107'% cm® molec™ ! sec™ ! [Washida and Baycis (1012)].
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The combination rate of CH 3 with SO, has been measured by James et al.
(522), who obtained a high-pressure valuc of 291 x 107'* ¢m? molec™!

-1
sec

CH, + S0, ¥ CH,50, (VII-104)

The combination rates of CH; with NO and O, have been measured by Van
den Bergh and Callear (989)

CH, + NOoM CH,NO (VI1-105)
CH, + 0, ¥ CH,0, (VII-106)

The high-pressure rate constant is 1.7 x 107" ¢m?® molec™ ! sec™! for
CH; + NO and 1.8 x 1072 ¢cm? molec™ ! sec™ ! for CH; + O,.

VII-16.2. Trifluoromethyl (CF;), Trichloromethyl (CCl,)

The ground state CF; is pyramidal (C,, symmetry): Dy(F--CF,) = 3.75 +
0.1 eV. Basco and Hathron (67) have obscrved the absorption bands of
CF, in the region 1450 to 1650 A. The CF, radicals are produced by the
photolysis of hexafluoroacetone or hexafluoroazomethane

CF,COCF, - 2CF; + CO (VI-107)

CF;N,CF3 = 2CF; + N, (VII-108)

They have also obtained a combination rate constant of 5 x 1072 ¢cm?
molec™ ! sec™! for CF,

CF3 + CF; - C,F, (VII-109)

The ground state CCly is pyramidal (C;, symmetry) (861). The absorption
bands have apparently not been found. Do(Cl---CCl,) = 2.9 + 0.3 eV.
The source of CCl; radicals is the photolysis of hexachloroacetone

CCl1,COCCly — 2CCl; + CO (VII-110)
or the photolysis of bromotrichloromethane
CCl3Br — CCl; + Br (VII-111)

Tedder and Walton (964) report a combination rate constant of 5.3 x 107!
cm® molec™ ! sec™! by a rotating-sector method

VII-16.3. Nitrogen Trioxide (NO,)

The ground state NOj is planar X245 (Ds, symmetry). Dy(O  NO,)
2.1 + 0.2 eV. The absorption bands of NOj; have been found in the region
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Fig. VII-13. Absorption cross sections of NO, in
— the region 4500 to 7000 A. ¢ is in units of cm?

d?ﬂ molec ™', base ¢, room temperature. From Johnston
! T T T and Graham (541). Reproduced by permission of
4400 55L>0 6500 the National Research Council of Canada from the

R Canadian Journal of Chemistry, 52, 1415 (1974).

5000 to 6650 A (16). Recently, Johnston and Graham (541) have measured
the absorption cross sections in the region 4300 to 6800 A (see Fig. VII-13).
The NOj radicals are prepared by mixing NO, with excess O,. The spectrum
is characterized by diffuse bands. Encrgetically possible primary photo-
chemical processes are

NO,SNO,+0 <5900 4 (VII-113)
NO,™WNO +0, AH =3 kcal mol™! (VII-114)

By a molecular modulation technique. Johnston and Graham have found
NO as a product of the photolysis above 6000 A. The NO, radicals are
formed as an intermediate of the HNO, photolysis.

VII-16.4. Sulfur Trioxide (SO,)

The ground state SO, is planar (Dy,). Do(O - SO,) = 3.55 + 0.0! eV. The
absorption spectrum starts at about 3100 A and consists of weak diffuse
bands superimposed on a continuum [Fajans and Goodeve (340)]. The
absorption coeflicient at 2200 A is about 200 (1 mol~! cm ™!, base 10). The
Raman band at 1067 cm ™! has been found by Skotnicki et al. (895), who
performed an analysis of SO, in SO, by measuring band intensity at 1067
cm ™! (SO,) relative to that at 1151 cm ™! (SO,).

The photolysis of SO, in the near ultraviolet has been studied by Norrish
and Oldershaw (746). They proposed that the primary process is either

SO, %50 + 0, (VII-115)
or

SO, ™50, + 0 (VII-116)
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The SO, radical may be formed in photooxidation processes of SO, in
polluted atmospheres by

SO, (triplet) + SO, — SO; + SO (VII-117)

SO, (triplet) + O, — SO, + O (VII-118)

where SO, (triplet) is formed either directly by photon absorption in the

range 3400 to 4000 A or by intersystem crossing from SO, (singlet) formed
by light absorption in the region 2900 to 3400 A. See p. 248.

However, the detailed mechanism of photooxidation of SO, 1s still
unknown [Sidebottom et al. (879)].

FIVE-ATOM MOLECULES
ViI-17. METHANE (CH,)

Ground state methane is X' 4, (tetrahedron) of T, symmetry. Do(H—CH,;) =
4.48 + 0.01 eV. The absorption spectrum is continuous in the region 1100 to
1600 A, which is shown in Fig. VII- 14,

Mount et al. (723a) have found recently that absorption coefficients
above 1475 A arc approximately 200 times smaller than those reported by
Watanabe et al. (31). The photolysis of CH, has been studied by many
workers and has been reviewed by Ausloos and Lias (49).

1000
500

o] 1Q,)
5

o ! d%o' go |

Fig. VII-14. Absorption coefficients of CH, in the region 1065 to 1610 A. & is in units

of atm ™! cm ™!, base e, 0°C. From Watanable et al. (31), reprinted by permission of the
Air Force Geophysics Laboratory.

aogendted Meinanes -

The primary proce. - ity be repie
CH,™ CH,+H (VII-119)
CH,™ CH, + H, b120 (VII-120)
CH.MCH+H,+H 2 (VII-121)

The relative importance of three processes is not well known. The quantum
yield of (VI1-120) is about 0.5 at 1236 A [Laufer and McNesby (603)]. The
quantum yield of (VII-121) is about 0.06 at 1236 A [Rebbert and Ausloos
(8271 . .

Ethylene is a major hydrocarbon product in the vacuum ultravquct
flash photolysis of methane (137). Braun et al. suggest that the following
processes are responsible for ethylene formation

CH, + CH, M C,H, (VII-122)
From the isotopic analysis of ethylene produced from l.he photolysis of
CH, + CD, mixtures, they conclude (V1i1-123) is a dominant process for

the ethylene production.

Braun et al. (139) have measured the rate constant of (VIII-123) and

- - -1 . ,
obtained a value of 2.5 x 1072 cm? molec™! sec™'. Other secondary

reactions of importance are
CH, + CH, = C,H,
2CH, - C,;Hq
H + CH, ¥ CH,
‘H+HMH,
2cHM C,H,
where M is a third body.

VII-18. HALOGENATED METHANES

The photochemistry of halogenated methanes has been of great interest
recently ever since it was recognized that chloromethancs. in the strato-
sphere may release Cl atoms upon absorption of solar radiation and that
Cl atoms so produced may catalytically decompose Oj. .

Primary processes of halogenated methanes may be summarized as
follows:

I. The near ultraviolet photolysis of halogenated methanes gives risc
to one halogen atom [ Takacs and Willard (956a)].

RX™WR+X  (X=CLBrl) (VII-124)
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2. If they contain more than one kind of halogen, the weakest C—X
bond breaks and Dy(R-—F) > Dy(R—H) > Do(R—C1) > Dy(R --Br) >
Dy(R—1) for R = CHj;. Hence, for example, CCl;Br dissociates into
CCl; + Br rather than CCl,Br + CI.

3. In the vacuum ultraviolet photolysis the simultancous rupture of the
two weakest bonds occurs concurrently with (VII-124). For example,
CF,Cl, dissociates into CF, + 2Cl and CF,Cl + Cl, the former
process becoming more important at shorter wavelengths.

4. The three-bond scission is a rare event even at the shortest wavelength
used, 1470 A, that is, CFCl; % CF + Cl, + Cl, is only a few percent
of the total process.

5. Donovan and Husain (299) have detected Br(®P,,,) in the vacuum
ultraviolet flash photolysis of CHCl,Br and CF,Br but not from
CH;Br and CH,Br,.

VII-18.1. Methyl Chloride (CH,Cl), Methyl Bromide (CH,Br)

The ground state of CH,X (X =CLBr) is X'4, of C,, symmetry.
Dy(Cl—CHj;) = 3.57 £ 0.01 eV; Dyo(Br—CH;) = 297 eV. The absorption
spectrum of CH,Cl in the region 1600 to 2000 A is continuous with a maxi-
mum at 1730 A. Below 1600 A three diffuse transitions have been found. The
absorption coefficients in the vacuum ultraviolet have been measured by
Raymonda et al. (826) and Russell et al. (845). The absorption spectrum of
CH,Br is also continuous in the region 1800 to 2850 A with a maximum at
2050 A. Several transitions have been found in the vacuum ultraviolet (16).
The absorption coeflicients in the vacuum ultraviolet have been measured
by Causley and Russell (199). The absorption coefficients of CH,Cl in the
region 1700 to 2300 A and of CH,Br in the region 1700 to 2700 A have
recently been measured by Robbins (837) and are shown in Fig. Vil- 154 and
VI -15b, respectively.

Hubrich et al. (486¢) also have measured the absorption cross sections of
CH;Cl in the 1600 to 2750 A region at 298 and 208"K. Their results are in
good agreement with those shown in Fig. VII-15q obtained by Robbins (837).

The primary process in the ultraviolet region must be

CHXSCH,+X  (X=CLBr) (VII-125)

Ting and Weston (973) have studicd reactions of CH, radicals produced by
the photolysis of CH;Br at 1849 A. The CH, radicals thus formed have been

found to carry an excess energy sufficient to overcome the activation energy

for the H atom abstraction from CH;Br or H,. Only Br(?P;,,) has been
detected in the vacuum ultraviolet photolysis of CH,Br [Donovan and
Husain {299)]. Very recent results by Shold and Rebbert (873a) indicate that
CH,C1 dissociates into CH,Cl + H, CH, + HC! and CHCI + H, as well
as (VII-125) at 1470 and 1236 A.
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Fig. VII-15. (a) Absorption cross sections of CH,Cl in the near ultraviolet. ¢ in units
of cm? molec ™, base e, room temperature. From Robbins (837), reprinted by permission.
Copyright by the American Geophysical Union. (5) Absorption cross sections of CH,Br
in the near ultraviolet. ¢ is in units of cm? molec™!, base e, room temperature. From

Robbins (837), reprinted by permission. Copyright by the American Geophysical Union.

VII-18.2. Methyl lodide (CH,I), Trifluoroiodiodomethane (CF,1)

Primary photochemical processes of CH,l and CF,l have been studied
extensively in conjunction with the laser emission (2P, ;) = I(3P;,3) + hv
observed at 1.315 um in the near ultraviolet flash photolysis. Over 90%, of
I atoms produced from CF;l are in the 2P, state.

The ground state of CH,l is X'4, of Cy, symmetry. Dy(I—CH,) =
2.42 eV. An absorption in the region 2000 to 3600 A is continuous with a
maximum at 2590 A. Below 2000 A sceveral band systems are observed (16).

Photochemistry. Riley and Wilson (834) have measured the translational
cnergy of I atoms produced from the photolysis of CH,l1 at 2662 A by a
pulsed laser. They suggest the following two primary processes

CH;I ™ cH, +102P, ) (V11-126)
CH,I 1 CH, +12P,,,) (VII-127)

The production of 1(2P,,,) is 78, of the primary process. Palmer and
Padrick (790) as well as Donohue and Wiesenfeld (294) have measured the
fraction of I(*P, ;) produced in the flash photolysis of CH,;l. They have
found 76 (Palmer and Padrick) and 90, (Donohue and Wiesenfeld) of |
atoms produced arce in the 2P, state.
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Chou et al. (209) have suggested another minor process in the near
ultraviolet photolysis,

CH,I1 S CH, + HI (VII-128)

as a result of the product analysis in the photolysis of mixtures of CH;1 and
hydrocarbons. The excess energies beyond those required for processes
{VH-126) and (VII-127) to occur are 30 and 51 kcal mol ™!, respectively, at
the 2662 A photolysis. The excess energy goes mainly into the translational
energies of the fragments and only 12% of the available energy resides in
CH,; radicals (834). The CH, radicals with excess kinetic and internal
energies (CHY) are known to react with' CH;,l to form CH,

CH} + CH,l —» CH, + CH,]I (VII-129)

while for thermal CH, radicals the reaction requires an activation energy of
about 9 kcal moi ~ 1.

Rice and Truby (835) suggest that CH, radicals probably carry more
vibrational than translational energy at wavelengths shorter than 2537 A,
since below 2537 A photolysis deactivation rates of CH{ by He, Ar, N;, and
CH,]1 follow the order

He < Ar < N, < CH,l

while at 2537 A quenching rates by He, Ne, Ar, N, and CO, are about equal.
The reactions of I(*P,,,) are

l(2P|/2)+CH31""]z+Cl'{3 kIJO (V|1-130)
I(3P,,5) + CH3l = 1(*P4;3) + CH,l ki3, (VII-131)

Palmer and Padrick (790) have determined rate constants k, ;o < 5 x 1073
and k;3; = 2 x 107'? cm® molec™ ! sec™!, that is, the deactivation process
is more important than the chemical reaction. Mains and Lewis (659) have
measured the quantum yield of methane production in low and high intensity
photolysis of CH,I in the near ultraviolet. The quantum yield of CH, is a
function of pressure and ranges from 0.1 to 0.00! in the high intensity
photolysis and from 0.02 to 0.05 in the low intensity photolysis.

The ground state of CF,l is X' A4, of C,, symmetry. The near ultraviolet
absorption is continuous with a maximum at 2650 A in the region 2480 to
2815 A. Three transitions have been observed in the vacuum ultraviolet (16)
Dy(I—CF,) = 2.31 + 0.05eV.

The photolysis of CF;l in the near ultraviolet is represented as in the
case of CH,I by two primary processes

CF,1 % CF, +1(2P, ) (VII-132)
CF,I B CF, +12P,,,) (VII-133)
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The fraction of [(*P 51, ..y processes [ Donohue
and Wiesenfeld (295)]. The production ot fi ) atoms in the near ultra-
violet photolysis of CF,l has been shown to occur by means of a mass
spectrometer in conjunction with an inhomogencous magnetic field [Talroze
et al. (959)].

V1i-18.3. Methylene lodide (CH,l,), lodoform (CHI,;),
Chloroform (CHCl,)

The ground states of CH,l,, CHI;, and CHCl, are tetrahedral with
C,,(CH,1,) and C4(CHI,,CHCl;) symmetries. Do(l--CH,l) = 2.1 eV,
Dy(1--CHI,) ~ 2.0 eV (377), Dy(Cl-——CHCl,) ~ 3.2 eV.

The continuous absorption spectrum of CH,1, starts at about 3600 A
and that of CHI, at about 3900 A. The absorption coefficients of CH.l,
and CHI, in the near ultraviolet are given by Kawasaki et al. {560). The
absorption coefficients of CHCl; in the vacuum ultraviolet have been
measured by Russel et al. (845).

The photolyses of CH,l, and CHI; in molecular beams have bgen
investigated by Kawasaki et al. (560) using a broad-band polarized light
source in conjunction with a mass spectrometer. The primary product of the
photolysis in the near ultraviolet is the I atom. Hence, primary processes are

CH,1, B CH,I +1 (VII-134)
CHI, B CHI, +1 (V11-135)

The angular dependence of I atoms with respect to the direction of
polarization suggests that the excited states of CH,l, and CHI; are B, and
E, respectively. '

Kroger et al. (586) have measured the flight time of the CH,I fragment
dissociated from CH,I, at 2660 A by a pulsed polarized laser. They con-
cluded that CH,I radicals contain 80 to 90%, of the available energy, that is,
the energy beyond that required to break the [—CH,I bond, and that I atoms
are probably in the ground state.

The fraction of the available energy residing in the CH 1 radicals is much
larger than that in the CH, radicals dissociated from CH,l, which is only
12% (834). Qualitatively, this difference in the energy partitioning can be
understood from (11-23) based on the impulsive model (see p. 93).

B | _ tae (VII-135a)
E, Ha-pc
where EBC is the internal energy of the fragment BC, E,,, is the available
energy, fia-g is the reduced mass of A and B, and pi5_gc is the reduced mass
of A and BC. From the equation the internal energies of the CH,I and CH,
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radicals are 847, and 18%,, respectively (A =1, B = carbon atom, BC =
CH,I and CH, for CH,I, and CH;], respectively).

In addition, CH, radicals are also produced. The energetic consideration
rules out the direct dissociation path at 2660 A

CH,I, S CH, + 1, (V11-136)

Instead, Kroger et al. suggest consecutive two-photon absorption process,
that is, process (V1I-134) followed by

CH,ICH, +1 (VII-137)

Style and Ward (953) and Dyne and Style (330) have found fluorescence from
an clectronically excited 1,(1%) in the vacuum ultraviolet photolysis of CH, 15,
indicating a primary process

CH,, SCH, + 13 (VII-137a)

The photolysis of CHCI, has been performed by Yu and Wijnen (1077) in
the near ultraviolet in the presence of ethane. The results of the product
analysis suggest the primary process

CHCL, I3 CI + CHQ, (VII-138)

VIi-18.4. Trichlorofluoromethane (CFCly, Freon-11);
Dichlorodifluoromethane (CF,Cl,, Freon-12);
Dibromodifluoromethane (CF;Br,)

The ground state of CFCl, is tetrahedral (C,, symmetry) and those of CF,Cl,
and CF,Br, are tetrahedral (C,, symmetry). Do(Cl--CC1,F}) is not known
but it is probably about 3.3 eV, which is between Dy(Cl- CCly) = 3.0V
and Dy(Cl-—CCIF,) = 3.50 £ 0.1 eV. Dy(Br--CF,Br) is unknown but is
probably close 1o Do(Br—CH,Br) = 29 eV.

The absorption coefficients of CFCI, and CF,Cl, in the ncar ultraviolet
have been measured by Rowland and Molina (843) and Robbins ct al. (836)
and are shown in Fig. VII-16. The absorption coecflicients of CF,Br, in the
region 2200 to 3100 A have been measured by Walton (1002). The absorption
coetlicients of CFCly and CF,Cl, in the 1600 to 2750 A region at 208 and
298 K have been measured by Hubrich et al. (486c) and in the 1900 to 2200 A
region from 212 to 257 'K by Chou et al. (210a).

Photochemistry. Both CFCly and CF,Cl, arc used as acrosol propel-
lants and refrigerants in large quantities. They are chemically inert in the
troposphere. However, when they diffuse into the stratosphere they are
photodissociated by solar radiation to produce Cl atoms. The Cl atoms so
formed would catalytically destroy O, in the stratosphere (sce Section
VIII-2, p. 350).
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Fig. VII-16. Absorption cross sections of CF,Cl,, CFCl;, and CCl in the ultraviolet
region. ¢ is given in units of cm? molec ™!, base ¢, room temperature. From Rowland and
Molina (843) and Robbins et al. (836), reprinted by permission of the authors. Copyright
by the American Geophysical Union.

The photolyses of CFCly and CF,Cl, have recently been studicd by

Milstein and Rowland (708) and Rebbert and Ausloos (828). The primary
processes are

CFCL, B Cl+ CFCl, ¢y, (VII-139)
CFCLMaci+ CFCl ¢, (VH-140)
CF,CL B Cl+ CF,Cl ¢4, (VII-141)
CF,CLB2CI+CF, ¢, (VII-142)

Milstein and Rowland have measured the quantum yiclds of CF,Cl,
disappearance and of the production of CF,Cl radicals in the photolysis of
CF,Cl,- O, mixtures at 1849 A and find near unit quantum yield for both.

The photolyses of CFCI, and CF,Cl, in the prescnce of CH, or C,H,
have been studied at 2139, 1849, 1633, and 1470 A (828).
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From the product analysis, the following primary quantum yiclds are
derived (282);

o 2139A 1849 A 1633 A 1470 A

CECly
130 098 0.7 0.50 <0.1
$1a0 0.03 03 0.45 >087
CE,Cl
4,2,4,2 091 0.65 0.56 <0.1
$raz 0.07 0.34 0.40 >08

The production of one Cl atom is predominant at 2139. A. whilc the rupture
of the two C - CJ bonds becomes increasingly more important at shorter
wavelengths. ’

The photolysis of CF,Br, at 2650 A has bccn'pcrformcq by Walton
(1002). A main product is C,F,Br,, the quantum yicld of which decreases
with an increase of pressure or by the addition of CO,. Walton suggests the
following primary processes:

CF,Br, 'S CF,Br} (VII-143)
CF,Br* - Br + CF,Br (VII-144)
CF,Brt M CF,Br, (VII-145)

where CF,Br* denotes an electronically excited molecule.

VII-18.5. Carbon Tetrachloride (CC],,):
Bromotrichloromethane (CCl,Br)

The ground states of CCl, and CCl3Br are tetrahedral with T,(CCl,) and
C5,(CCl,Br) symmetries. o

’ Ncar3 ultraviolet absorption of CCl, starts at about 2SOQ A and is con-
tinuous. The absorption cross sections in the near ultraviolet have been
measured by Rowland and Molina (843) and Robbins et al. (836). They are
shown in Fig. VII -16. Dg(Cl - CCly) = 3.04 £ 0.1eV.

Photochemistry. Primary processes of CCl, may be given by

ccl s ccr, + ¢ b1 46 (V1I-146)
CCL M CCl, + 2C1(or Cly)  yan (VII-147)
ca, e+ cl, + ban (VII-148)

Davis et al. (266) have measured the products in the photolys.is of CCly Blrz
mixtures at 2537, 1849, and 1470 A. At 2537 A only CCl;Br is foun‘d, while
al 1849 A both CCl,Br and CCl,Br, are present. At 1470 A CC1,Br, CCl,Br,.
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and CCIBry are produced. From the results Davis ol al. conclude that at
2537 A (VII-146) 1s predominant while at shorter wavclengths (VII-147) and
(VII-148) occur in conjunction with (VII-1406).

Rebbert and Ausloos (829) have performed the photolysis of CCl, in the
presence of HCI, HBr, and C,H,. From the product analysis they conclude
that by 46 = 0.9. ¢4, = 0.05 at 2139 A Dra6 =025 ¢, 47 =076 at 1633 A:
and ¢4 =0.04, 47 =06 at 1470 A. The production of CCI appears
unimportant cven at 1470 A. Roquitte and Wijnen (841) have investigated
the photolysis of CCl, in the presence of ethane or cthylene in the near
ultraviolet. The results are consistent with the occurrence of (VII-146)
followed by the addition of Cl atoms to C,H, or the abstraction of hydrogen
from C,H, to form C,H + HCL

Jayanty et al. (529) have studied the photolysis of CCl, and O, or O,
mixtures at 2139 A, They have postulated an excited CCly that dissociates
into CCl, + Cl, at low pressures, while at high pressures the excited CCl,
is quenched. In view of other studies and the continuous nature of the
absorption spectrum of CCl, observed, it is unlikely that the excited state
is formed at 2139 A.

The products of the photolysis of CCl4Br at 3650 A are Br,, CCl,.
CClLyBr,, and C,Cl,, [Sidebottom et al. (875)]. The quantum yields of C,Cl,
decrease with an increase of CF, or CO, pressure. Dy(Br --CCly) = 2.4 cV.

Primary processes proposed are ’

CcClLBr Y cct,Be (VII-149)
CCl,Br* - CCl, + Br (VII-150)
cclBr* ¥ ccl,Br (VII-151)

where CCl3Br* significs an clectronically excited molecule. The results
suggest that more than one excited state may be involved.

VII-18.6. Dichlorofluoromethane (CHFCL,);
Chlorodifluoromethane (CHF,Cl)

The absorption cross sections of CHFCI, and CHF,Cl have been measured
by Hubrich et al. (486c¢) in the 1600 to 2400 A region at 208 and 298 K. They
are shown in Fig. VII-17. The photolysis of CHFCI, has been studied by

Rebbert ct al. (829a) at 2139, 1633, and 1470 A. At 2139 A the main primary

process is ’
1w

CHFCl, > CHFCI + ClI

while at shorter wavelengths, two other primary processcs

hy

CHFCI, 5 CHF + 2CI
CHECI, S CF + HCL + Cl



308  Photochemistry of Polyatomic Molecules ViI-20. Ketene (CH,( 0

The flash photolysis of CH,N, in the near and vacuum ultia,
results in the production of the singlet CH, [Herzberg and Johns (1
Herzberg (464), Braun et al. (143)].

CH,N, ey a) + N, (VI
in agreement with the spin conservation rule.

At higher N, pressures, the triplet CH, concentration is increased, o b
cating that the singlet CH, radicals are deactivated to the triplet grcua
state [ Braun et al. {143)].

Fig. VII-17. The absorption cross sections of CHF(l, (*Hj(ﬁ‘A,)r\—'f(‘H,O?’B,) (VIE 1

and CHF,Cl in the 1600 to 2400 A region. o is in
units of cm? molec ™', base ¢, the solid line at 298°K,
the dashed line at 208°K. The absorption cross sections

The photolysis of CH, N, in the vacuum ultraviolet yields CH{AZA) [ I . -
and Okabe (605)].

57001 ! ;zdoa ! Lz«iBo decrease at 208 K for 2 > 1700 A, From Hubrich et al.

(486¢), reprinted by permission of Verlag Chemie.

become just as important as the CHFCI production process. The results
indicate that at 2139 A absorption is localized in the C - Cl bond, while at
shorter wavelengths the C—H bond absorption occurs as well.

VII-19. DIAZOMETHANE (CH,;N,),
DIAZIRINE (CYCLIC CH;N,;)

The ground state of CH, N, is planar X'A,of C,, symmetry withaH - C - H
angle of 1277 and a C—N---N angle of 180". Dy(N,--CH,) = L8 eV (605).
A first absorption system is in the 3200 to 4750 A region and is very diffuse.
A second system is in the 2000 to 2650 A region and is continuous with a
maximum at 2175 A. Several transitions have been found in the vacuum
ultraviolet (16). The absorption cocflicients, measured by Brinton and
Volman (150) in the region 2500 to 5000 A, are given in Fig. VII 18.

€|
4
6 —

2 Fig. VII-18. Absorption coeflicients € of

] diazomethane in the 2500 to 5000 A region.

€ is in units of | mol ™' e ™', base 10, room

! temperature. From Brinton and Volman

5o]oo 4000‘ 25%0 o

(150), reprinted by permission. Copyright
A 1951 by the American Institute of Physics,

CHLN, B enazay + 1+ N, (VIE T b

The ground state of diazirine is probably X' A, of C,, symmetry 1.
enthalpy change of the reaction

Cyclic-CH,N, = CH,(X*B,) + N, (Vil 1

is 1.38 eV (607).
The absorption spectrum, starting at 3230 A, is diffuse and its rotation 3
analysis is not possible. Several band progressions have been found. 11
0--0 band is at 30,964 cm ™' [Merritt (697)].
The primary process in the near ultraviolet photolysis, in analogy wnt:
diazomethane photolysis, must be

Cyclic-CH,N, S CH,@'4,) + N, (VIL 1 o

Diazirine, as well as diazomethane and ketene, has been used as a conven i
source of CH, radicals. The photolysis of diazirine in the vacuum ultraviot
leads to

Cyclic-CH,N, 5 CH(4%A) + H + N, (VIE-1 )
Cyclic-CH,N, B N(4°E7) + CHy(X*B,) (VIE-1

By measuring threshold photon energies required to initiate reaction
(VI1-157) and (VII-158), Laufer and Okabe (607) have obtained the hcat o
formation of diazirine.

VI1-20. KETENE (CH,CQ)

The ground state of CH,CO is planar X'A, of C,, symmetry with .+
H---C- Hangle of 122.3". D{OC- CH,) = 3.32 + 0.05 eV. A first abso::
tion system is in the region 2600 to 4000 A with diffuse bands. A secon
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lig. VII-19. (a) Absorption coefficients € of ketene in the region .25()0 t(') 4500 Ae is
yiven in units of | mol~' cm™', base 10, room temperature. Reprinted f'""' permission
wom A. H. Laufer and R. A. Keller, J. Am. Chem. Soc. 93, 61 (l97|). (opyl.'lght by the
\merican Chemical Society. (5) Absorption coefficients of kclen‘e in the region 1550 to
1850 A.. k is in units of atm ™! ¢m "', base ¢, room tempcratur?. From Brau.n et al. (143),
reprinted by permission. Copyright 1970 by the American Institute of Physics.

region of absorption is 1930 to 2130 A with diffuse slrpcture. Several sharp-
bhanded systems have been found in the vacuum ultraviolet (16). The absorp-
(1on coefficients in the region 2500 to 4500 A have been mcasprcd by Lafufcr
nd Keller (606) and are shown in Fig. VII-19a. The absorption coeflicients
1 the 1550 to 1850 A region have been measured by Braun ct al. (143) and
are given in Fig. VII-19b.

V11-20.1. Photochemistry

The 2400 to 3700 A Region. The photochemistry of ketene has been
rxtensively studied for the past 30 years and was reviewed by Noyes et al.
(750) in 1956 and by Calvert and Pitts in 1966 (4). _

The relevant features of the photochemistry of ketene in the 2400 to
1700 A region arc given by Zabransky and Carr (1078) and Kelley and
* Hase (S61).
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Photochemical processes may be summarized as follows:

1.

Below 3130 A the quantum yield of CO is 2 and the ratio CO to C,H,
is about 2.2, indicating the following main processcs

CH,CO™ CcH, + co (VII-159)
CH, + CH,CO - C,H, + CO (VII-160)

The primary quantum yicld of dissociation is ®.

. The primary yicld of dissociation at the low-pressure limit is unity at

3130 A, slightly less than unity, at 3340 A, and about 0.04 at 3660 A.
The D, values decrease at higher pressures of ketene or added inert
gas and the rate of decrease is much larger at longer wavelengths. The
dissociation lifetimes arc 0.3, 4, and 850 nsec, respectively, at 3130,
3340, and 3660 A [Porter and Connelly (814)].

. Fluorescence from ketene upon absorption of light in the near ultra-

violet has not been observed. The quantum yield of fluorescence is
Icss than 107%. Since the radiative lifetime calculated from the inte-
grated absorption coetflicient is 40 usec, the lifetime of the excited
state must be less than 0.4 nsec. Since the lifetime of the initially formed
excited state is much shorter than the dissociative lifetimes, an excited
state responsible for dissociation must be different from the one
initially formed at 3340 and 3660 A.

Although there is no direct spectroscopic evidence that CH; is formed
in the near ultraviolet flash photolysis [Herzberg (464)], the results

- of the low-intensity photolysis indicate that CH, radicals are formed.

Since the absorption coeflicient of ketene is small, the concentrations
of CH, formed in Herzberg's expertment would have been too low
to be observed. The results of reactions of CH, with O, and butencs
have led to the following conclusions [see Section VI-14.1 for reac-
tions of methylene, p. 258]:

a. The reaction products due to 'CH,(@'A,) with butenes are not
suppressed by the addition of Q,, while those due to *CH,(X?B,)
are eliminated by O,. Since the rate constant of the reaction

*CH, + O, — products kyos (VII-161)

is 1.5 4 0.1 x 107'? cm?* molec™! sec™! [Laufer and Bass (608)],
rate constants of *CH, with butenes must be much smaller than
107'2 cm?® molec ™' sec™!. On the other hand, rate constants of
!CH, with butenes must be comparable to that of 'CH, with O,
(~3 x 107" cm?® molec ™! sec™ ).

b. The 'CH, adds to cis-2-butene to form mainly cis-1,2-dimethyl-
cyclopropanc, while the *CH, gives both cis- and rrans-1.2 di-
methylcyclopropane. Hence, the product analysis with and without
Q, should be able to indicate the ratio of 'CH, and *CH,. The
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ratios of 'CH, to *CH, produced in the photolysis of ketene are
apparently wavelength dependent and the ratio increases (that is,
a larger fraction of 'CH, is produced) as the incident wavelength
decreases. At 3660 A practically all methylenes are the triplet and
at 3130 A they are almost all 'CH, [Kelley and Hase (561)].
However, the ratios are dependent on the kind of methylene
interceptor, reflecting the complex chemistry of reactions. For
example, it is not clear how the initial 'CH, to *CH, ratios are
affected by ketene and by an added methylene interceptor. 1t is
very likely that some of 'CH, initially produced is deactivated to
3CH, by collisions

'CH, M 3CH, (VII-162)

5. The following scheme has been proposed by Zabransky and Carr
(1078) for the near ultraviolet photochemistry of ketene. The 'A”
state is formed initially by light absorption in the ultraviolet

CH,CO(X'4,) s CH,CcO(' 4") (VI1-163)

The ' 4" state crosses over to another state, probably the ground state,
X'A4,, by internal conversion within 0.4 nsec

CH,CO('4") » CH,CO'X'4,) (VII-164)

where CH,CO" denotes ground state ketene with excess vibrational
energy. The fate of the X' A, state with excess vibrational energy may
be represented by the following three processes; the dissociation into
into 'CH, + CO, the deactivation to the ground state and intersystem
crossing to A’

CH,CO%X'4,)— 'CH, + CO (VI1-165)
CH,CO'X'4,)M CH,COX'4,) (V11-166)
CH,CO'X'4,) > CH,CO(34’) (VII-167)

The triplet CH,CO dissociates into *CH, + CO
CH,CO(*4') -~ °CH, + CO (VII-168)

The observed dependence of the 'CH, to *CH, ratio may be explained
on the basis of a less energetically favorable process producing
'CH, + CO (VII-165) as the wavelength is increased. The pressure
dependence of ®go is explained by the two competing processes
(VII-165) and (V1I-166). At 3660 A, close to the dissociation limit, only

a fraction of molcecules dissociate even at the low pressure limit.,

The rapid internal conversion process (VII-164) in comparison with
fluorescence in ketene may be treated as a case of a so-called statistical mit

VII-20. Ketene (CH,(O) v

in Jarge molecules discussed extensively by Bixon and Jortner (110, 111
They conclude that in Jarge molecules such as naphthalene and anthrac .

the lifetime of the excited state is governed by the intramolecular relaxat. .
such as (V1I-164), since the level density ol‘CHZCO‘(X‘A,) at the poin i
interaction is very targe. Once a crossover to the CH,CO' X' 4,) oco

it will be deactivated to the ground state, since the process of returning

the '4” and emitting fluorescence would be much slower than the collision
deactivation or intramolecular relaxation processes.

Photochemistry below 2400 A. The photolysis of ketene at 213 ¢
yields CO and C,H, as major products and H,, C,H,, and C,H, as min.
products. The quantum yields of CO and C,H, are 2 and 0.8, respectin. 1.
[Kistiakowsky and Walter (572)}.

They suggest the following processes:

hy

CH,CO - CH, + CO (VII-165.0

CH,; + CH,CO - C,HY + CO (VI-16510
C,H} - C,H; + H, (VII-t650)
C,H*MC,H, (VII-1680

CH, + CH,CO - CH; + CHCO (VII-1680
2CH, - C,H, (VII-1651)

2CHCO - C,H, + 2CO (V=168

CH; + CHCO - C,H, + CO (VH-16Kh)

where C,H% denotes vibrationally excited C,H, and M represents a thit
body. ‘

The results of the photolysis of ketene and n-butane mixtures suggest
that the ratio of the singlet to the triplet methylene is 7 to 3 on the assumption
that the singlet CH, only inserts into the C--H bond of butane while the
triplet CH, only abstracts hydrogen from butane to form CH;.

Laufer (604) has measured the isotopic composition of hydrogen formed
(to an extent of several percent of CO) in the vacuum ultraviolet photolysis
of 1:1 mixtures of CH,CO and CD,CO. He found the ratios H,/HD/D, =
54:13:33 at 1470 A, suggesting that the hydrogen-forming process is

CH,CO - H, + C,0 (VII-168i)

rather than the decomposition of C,H3 proposed by Kistiakowsky and
Walter.

Pilling and Robertson (809b) have recently measured end products CH,,
C,;H,, C,H,, and C,H, in the flash photolysis of CH,CO H, mixtures
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above 1600 A in the presence of incrt gascs. The suggested mechanism is

CH,CO™ 'CH, + CO
'CH, M CH,
'CH, + H, » CH, + H
3CH, + *CH, » C,H, + H,
CH; + CH; - C;H,
CH, + HM CH,
H 4+ CH,CO - CH, + CO
3CH, + CH, > C,H, + H
ICH, + CH,CO - C,H, + CO

where 'CH, and *CH, are 'A, and *B, mcthylencs, respectively. The
products from 'CH, are CH,, C,H,. and C,H,, and a triplet methylenc
product is C,H;. The yields of CH, and C;H,, the singlet methylene prod-
ucts, decrease at first but remain constant cven above 600 torr of total
pressure and that of C,H, is insensitive to a change in total pressure. The
results arc not in agreement with the suggested mechanism. Pilling and
Robertson have proposed that the two kinds of 'CH,, 'B; and '4,, arc
produced in the primary process in a ratioof 1:1,and ' B,, 0.88 ¢V above YAy,
is not quenched by inert gases. The 'B, methylene reacts with H, to form
CH; + H, leading to the formation of CH, and C,H, observed at high total
pressures.

ViI-21. FORMIC ACID (HCOOH)

Il
The ground state is planar X'A" of ¢, symmetry (H - C- O H’) with
O-C--0O,H—~C -0, and C---O'- H angles of 1249, 124.1, and 106.3",
respectively (16, 737). Do(HO -~-CHO) = 4.50 + 0.1 Y

Dy(H-—COOH) =40+ 02cV; Do{HCOO - H) = 4.6 £ 0.2 cY. Thc
first absorption system in the 2250 to 2600 A region is diffuse merging into
continuous absorption below 2250 A. The excited state is nonplanar [Ng
and Bell (737)]. _

Below 1800 A several Rydberg transitions have been found leading to an
ionization potential of 11.329 + 0.002 eV [Bell et al. (93)]. The absorption
cocflicients in the region 2000 to 2500 A have been measured by McMillan
[quoted in (4), p. 428].

The photolysis products in the near ultraviolet are H,, CO, and CO,. The
addition of C,H, or O, reduces the H, yield to 16%; of that without the
scavenger but the CO and CO, yields arc only slightly reduced.

ViI-23. Nitric Acid (HNO;) 315

The primary processes are predominantly those forming radicals and
(VII-170) may be the most likely process on energetic ground

HCOOH % OH + HCO (VI1-169)
HCOOH S H + COOH (VII-170)
HCOOH ™ HCOO + H (VII-171)

The molecular climination process
HCOOH % €O, + H, (VII-172)

would account for less than 5%, of the primary processes [Gorden and
Ausloos (412), Yankwich and Steigelmann (1064)].

The vacuum ultraviolet photolysis of formic acid yiclded blue fluores-
cence, although the emitter was not identified [Style and Ward (953)].

VH-22. CYANOACETYLENE (C,HHCN)

The ground state of C,HCN is linear X'E*. Dy(NC---C,H) = 6.21 + 0.04
¢V. Two absorption spectra have been identified in the near ultraviolet,
one in the 2300 to 2715 A region and the other in the 2100 to 2300 A region.
They correspond probably to the forbidden transitions 'Z"-'Z* or 'A-'Z*
[Connors ct al. (233)]. The absorption spectra in the 1100 to 1650 A region
consist of many sharp bands. They arc assigned to '[T- 'Z* (1610 A), 's*-
'Z* (1450 A) and two Rydberg serics lcading to an ionization potential of
11.60 V. The absorption cocflicients in the region 1050 to 1650 A have been
mcasured by Connors et al. (233) and are shown in Fig. VII--20.

The photolysis of C,HCN in the vacuum ultraviolct forms the CN(B2X)
[ Okabe and Dibeler (771)]

C,;HCN by C,H + CN(B*%) (VII-173)

The Muorescence excitation spectra closcly follow the Rydberg bands, indi-
cating that the dissociation occurs from the Rydberg states. The fluorescence
yield is only 1%, at 1216 A.

Cyanoacetylene has recently been detected in outer space by Turner (982).

Vil-23. NITRIC ACID (HNO,)

0]

|
The ground state structure is planar (H- O—N - O) with H--O"- N,

O'—N 0O, and O—N-—O angles of 90, 115, and 130", respectively
(28). Dy(HO--NO,) =207 + 0.02¢V, Dy(H--ONQO,) = 43 + 03¢V,
Dy(HONO -O) = 3.11 + 001 eV. The absorption coeflicients in the ultra-
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Fig. VII-20. Absorption coefficients of cyanoacetylene in the 1050 to 1650 A region.
k is in units of atm ™' em ™', base ¢, 0°C. From Connors et al. (233), reprinted by per-
mission, Copyright 1974 by the American Institute of Physics.

violet (1800 to 3350 A) have been measured by Johnston and Graham (539)
and by Biaume (107) and are shown in Fig. VII-21a. The absorption is
continuous and shows at least two different transitions.

The vacuum ultraviolet absorption coefficients have been measured
by Beddard et al. (90) and are shown in Fig. VI1-21b.

VI1-23.1. Photodissociation

The photolysis of HNOj in the near ultraviolet has been studied by Berces
et al. (96--98) and more recently by Johnston ct al. (540).
The primary process appears mainly to be

HNO, S OH + NO, (V1I-174)

with a quantum yield of unity (540) in the region 2000 to 3000 A. This con-
clusion is based on the results that the quantum yield of NO, in the photolysis
of HNOj; and excess CO and O, mixtures is unity. Under these conditions
OH radicals produced from (VI1-174) react with CO to form CQ, and H
atoms

OH + CO -+ CO, + H {VII-175)

and H atoms react with O, to form HO, radicals which recombine to form
H,0, and O, M
H + O, 5 HO, - iH,0, + 10, (VII-176)

Vil-23. Nitric Acid (HNO )
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Fig. V1I-21. (a) Absorption cross sections of HNO; in the region 1850 to 3350 Ao
in units of cm? molec ™!, base ¢, room temperature. From Biaume (107) and Johnston anid
Graham (539), reprinted by permission. Copyright 1973 by the American Institutc «f
Physics. (b) Absorption coefficients of nitric acid in the region 1200 to 1700 A o
units of | mol™' em ™!, base 10, room temperature. From Beddard et al. (90), reprnnd
by permission of Elsevier Sequoia, S. A,

If the extent of photolysis is kept at less than 1%, the photolysis of the produ
NO, may be neglected. Hence, from (V11-174) through (V11-176) the priman
quantum yield of dissociation must be equal to Mg, = 1.

The low quantum yields of NO, (~ 0.1) observed by Berces et al. in v
photolysis of HNO, have been explained by Johnston et al. (540) on 1h.
basis of the following reactions

O'{+}‘NO3”’H20+NO3 I\'|77 (Vll-l/')
NO, + NOJ’M’NzOS (VII-17%)
N,O; + H,0 ¥ 2HNO, (VI-179)

where k5 is 1.5 x 107" cm?® molec™ ! sec™! (10), and W signifies a wall
reaction. Another complication is the photolysis of NO, producing N
which reacts heterogeneously with nitric acid.

In the vacuum ultraviolet the fluorescence due to OH(A2X ™) radical.
has been observed below the incident wavelength 1500 A [Okabe, un
published results]

HNO, Y OH(42E ') + NO, (VII-180)
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Nitric Acid in the Atmosphere. Nitric acid is present in the stratosphere
at a maximum concentration of about 2 x 10" molec em ™7 at an altitude of
20 km [Williams et al. (1045)].

It is probably formed from the reaction

OH + NO, M HNoO, (VH-181)

where M signifies a third body. It may also be formed by N, Oy reacting with
water in aqueous sulfuric acid droplcts

N,O + H,0 - 2HNO, (VII-182)

VII-24. CYANOGEN AZIDE (N,CN)

The ground state structure is not known but probably is planar in analogy
with hydrazoic acid and chlorine azide. Dy(N,—NCN) =03 1+ 0.1 ¢V,
Dy(N;—CN) = 4.0 + 0.2 eV. The absorption spectra of N;CN in cydohcx-
ane in the near ultraviolet have been obscrved in two regions with maxima
at 2750 and 2200 A, the latter about 20 times as strong as the former [Marsh
and Hermes (662)].

The absorption coefficients in the vacuum ultraviolet have been measured
by Okabe and Mcle (764), and arc shown in Fig. VII--22. The flash photolysis

10Q |

IZIOO ' HLX) I&D ! IS'(X) ! 20'00
A
Fi ig- VII-22. The absorption coefficients of cyanogen azide in the vacuum ultraviolet.
k is in units of atm ™" cm ', base e, 25°C. From Okabe and Mele (764), reprinted by
permission. Copyright 1969 by the American Institute of Physics.
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of N;CN has first been studied by Pontrelli and Anastassiou (812). Kroto
(588, 589) has observed transient absorption spectra of N;(2Z* « 2I1),
CN(Z « 2E), NCNCTT « *Z,), and NCN('IT,, « 'A,) in the ncar ultraviolet
flash photolysis of N,CN, Slmc the 1bsorpl|on bands of NCN('A,) appear
immediately after the flash and thosc of NCN(X’Z,;) grow in mtcmxty as
the singlet NCN bands decay with time, Kroto concludes that a major
primary process must be

N;ON BN, + NON('a,) (VII-183)

followed by collisional deactivation of NCN('A,) to the ground state

NCN('a,) M NCNYE,) (VII-184)

Another primary process

N,CNSCON + N, (VII-185)
appears unimportant, since the absorption of N,(2Z « 2T1) at 2719 A is
weak [Kroto et al. (590)].

In the low intensity photolysis of N;CN in the vacuum ultraviolet
Okabe and Mecle (764) have found emissions originating from CN(B?X)
and NCN(A*M1) indicating a primary process

N,CN N, + CN(B2Y) (VII-186)

The threshold cenergy of incident photons to produce NCN(A*T) is only
6.5 ¢V which is insufficient to induce the spin-allowed process

N,CN I NCN(A43T) + Ny(4%) (VII-187)
Okabe and Mcle concluded that the most likely mechanism for the produc-
tion of NCN(A*[1) must be the initial production of N,(4°%)

N,CN " NCN(X3T) + N,(4'E) (VII-188)
followed by a sensitized reaction by N,(A43Z) to produce NCN{A4>[T)
N{AZ) + N3CN - NCN(A*T) + 2N, {VII-189)

VII-25. CARBON SUBOXIDE (C,0,)

The ground state of C;0, is linear (X'Z,). D(OC, -CO) =33+ 0.7¢V.
The main uncertainty in the bond energy is the heat of formation of C,0
[67 to 93 kcal mol ™', see Willis and Bayes (1047)].

The near ultraviolet absorption spectrum consists of a weak continuum
in the 2400 to 3300 A region with a maximum around 2700 A. A second
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absorption starts at 1900 A and is very intense. The absorption coetlicients
in the region 2000 to 3000 A have been measured by Bayes (74) and in the
region 1100 to 1900 A by Roebber et al. (566, 838, 839). They are shown in
Figs. VI1-23a and VII- 23h. The required minimum energy for the production

2CO + C(*P) is 6.00 £ 0.01 ¢V, corresponding to the incident wavelength
2066 A.
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Fig. VII1-23. (a) Absorption cocflicients of carbon suboxide in the region 2000 to 3000 A,
€ is given in units of 1 mol™ ' em ™', base 10, room temperature. Reprinted with permission
from Bayes, J. Am. Chem. Soc., 84, 4077 (1962). Copyright by the American Chemical
Society. (5) Absorption coefficients of carbon suboxide in the region 1100 to 2700 A.
k is given in atm ™! cm ™', base ¢, 0°C. See Rel. 838 for more extended and improved &

values. From Kim and Rocbber (566), reprinted by permission. Copyright 1966 by the
American Institute of Physics.
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VII-25.1. Photolysis of C,Q, in the Near Ultraviolet

The photolysis of carbon suboxide in the near ultraviolet has been studicd
by many workers. The formation of C(*P) atoms is not energetically possibl.
above the incident wavelength, 2066 A. Hence, the primary process must b

C,0,% o +C,0 (VIE-190)

Devillers (284) and Devillers and Ramsay (285) have found a transient absorp
tion spectrum in the 5000 to 9000 A region in the near ultraviolet flash
photolysis of C;0,. They have conclusively assigned the spectrum to the
transition A*[1-X*L~ of C,0.

The infrared absorption of C,O has been observed in the vacuum ultra
violet photolysis of matrix-isolated C;0, at 4 K [Jacox et al. (520)]. On the
other hand, no absorption due to a singlet C,0O has been reported.

The C,0 produced reacts with C,0, to yield polymer and CO [Bayes
{74), Forchioni and Willis (368)]

C,0 + C,0, - polymer + nCO (n=1-3) (VII-191)

In the presence of ethylene CyH, (methylacetylene and allene) and CO are
produced.

C,0 + C,H, - C,H, + CO (V11-192)

A major product, allene, is effectively eliminated by the addition of O, when
C,0, and ethylene mixtures are irradiated with light of wavelengths above
2900 A, while at shorter wavelengths O, has little effect on the production of
allene. From the results Bayes (76) has suggested the production of two kinds
of C,0 radicals, a singlet and a triplet. The triplet C,O(X*X) radicals are
formed at longer wavelengths (3000 A) and react with O, 135 times as fast as
with ethylene, while the singlet C,O formed at 2500 A is less reactive with O,
than with C,H,.

The reactions of the triplet C,O with O,, NO (10454), and olefins (1047)
and those of the singlet C,0O with H, (368), fluoroethylenes (57), alkanes (57),
and olefins (56) have been studied. In general the reactivities of the singlet
with olefins are all comparable within a factor of 3, while those of the triplet
with olefins are widely different { Williamson and Bayes (1046)]. See Table
VI-9 for the reaction rates of singlet and triplet C,0.

VI1-25.2. Photolysis of C,0, in the Vacuum Ultraviolet

The primary processes energetically possible below 2000 A are, in addition to
(VIII-190), l
C,0, 8200 + CCP) <2070 A (V11-193)
C,0,200 + C('D)  <1710A (VII-194)

C,0,"M200 + C('S)  <1430A (VII-195)



Braun et al. (141) have detected CCN, D) and CO inthe Bash photolysis
of C;0, near 1600 A.
The production of C,O in the primary process appears unimportant,
i since two CO molecules were found for each C;0, destroyed and since no
absorption due to the C,O(X3Z~) radical was found, indicating

C,0,82c0 + C (VII-196)

I'he production of C,0 in the primary process appears to be not more than
5%, The relative concentrations of C(3P), C(' D), and C('S) are 4:1: < 0.1.
iience, (V1I-193) appears to be a major primary process in contradiction to
the spin conservation rules. The C('S) may be formed by the photolysis
of C,0, since its concentration does not increase linearly with the flash in-
lensity but shows a higher order dependence on the intensity. More detailed
description of process (V11-196) may be the lollowing. By absorption of light
near 1600 A the C,0, molecule is excited to a Rydberg state (838)

C,0, % c,0% (VII-197)

where C;0% signifies the Rydberg state. Let us assume that the molecule
(';04% initially formed in the Rydberg state with an average energy of 7.85 eV
mternally converts to the ground state with high vibrational energy C;0}
irom which it dissociates into C,O + CO only after many vibrations so that
Jatistical equilibrium is established among all available vibrational degrees
»f freedom in the molecule prior to dissociation. Then the available energy
lor fragments after dissociation is roughly the difference between the photon
rnergy (7.85eV) and the bond energy Dy(OC,—CO)=33eV, that is,
155 eV. The fraction of the available energy that the fragment C,O can
arry as vibration is 4.55 eV times the ratio of the number of vibrational
degrees of freedom for C,0 to C;0,. This ratio is 0.4 assuming both C;0}
md C,0 are linear molecules. Hence, C,0O has only 1.8 eV in vibrational
‘nergy on the basis of a simple statistical model that all vibrational degrees of
ivedom are in equilibrium on the entire potential energy surface. Since the
hond energy Do(C—CO) is about 2.2 eV, it is highly unlikely that all C,O
lissociates into C(*P) + CO, which is found experimentally. One possible

rsplanation of the results is the two-step photolysis, that is, process (VII-197)
lnllowed by

C,0% - C,0 (singlet) + CO(X'E) . (VII-198a)
C,O0 (singlet) hy C(P)+ CO (VII-198b)

wnce the excited C,0 formed by light absorption is most likely a singlet it
must cross over to a triplet repulsive C,0O for (VII-198b) to occur. The
wcurrence of a two-photon process is found by Herzberg and Johns (467)

w the near ultravwlet hsh photod The absorpuon spectia
due to CH are found with photon encip - sovwhicient to break CH, N, into
CH + H + N, (6.17 ¢V is required for the process). Hence, the production
of CH must be .
CH,.N,™ CH, + N,
CH,™ CH + H
The reactions of C atoms with C;0, may produce C, and CO (978)
C(*P)+ C,0, - C, +2CO {VII-199)
C('D) + C,0, - C, + 2CO (VII-200)
The C,; molecules may then react further with C;0,
C, + C;0, — polymer
Tu the photobysis of CO0 CH mintes at H2O 1 OO0 C O and O,
are main products | Tschuikow-Roun et al (978), Stief and DeCarlo 920
The results are explained by the following processes

C,0,™cC +2c0 (VII-201)
C + CH, - C,H} (VII-202)
C,H Mc,H, (VI1-203)
C,H} - C,H, + H, (VI1-204)

where C,H] signifies internally excited C,;H, and M is a third body.

The photolysis of C30, in the presence of CH,F at 1470 A has been
studied by Tschuikow-Roux and Kodama (977).

VII-26. CHLORINE NITRATE (CIONO,)

The ground state is either a planar [Miller et al. (705)] or a nonplanar struc-
ture with the ClO group perpendicular to the NO, group [Shamir et al.
(867)]). D(CIO-—NO,) = 1.15 + 0.01 eV, Do(CI—ONQO,) = 1.8 + 0.2 eV.
The absorption coefficients in the ultraviolet have been measured by Row-
land et al. (844) and are shown in Fig. V1I-24,

Chlorine nitrate may be formed in the stratosphere by the combination of
ClO and NO,

CIO + NO, M CIONO, (VII-205)

where M signifies a third body. When M = N, the rate constant is 1.5 x
1073! cm® molec™ 2 sec™ ! at 298"K (844).

The primary process has not been well established. In analogy with the
photolysis of HNO; and on the basis of the bond energy, the most likely
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o e chlorine nitrate in the near ultraviolet; o is
L ‘e, in uvnits of cm? molec™!, base e, room
0.01 .. temperature. Reprinted with permission
" * from F. S. Rowland, J. E. Spencer, and
I | l M. J. Molina, J. Phys. Chem. 80, 2711
2000 3000 (1976). Copyright by the American Chemi-
R cal Society.

process in the near ultraviolet photolysis is

CIONO, % C10 + NO, (VII-206)

Very recent results by Smith et al. (916a) indicate that the main primary
process at 3025 A is CIONO, ™5 CIONO + O rather than (VII-206).

The reaction of O(*P) atoms with CIONO, has recently been studied by
Molina et al. (712):

O + CIONOQO, —+ CIO + NO, AH = —23 kcal mol™! (VII-207)

The rate constant is 3.4 x 10”2 exp (—840/T) cm® molec™ ' sec™!.

chapter V111

Various Topics Related
to Photochemistry

Three topics related to photochemistry are treated in this chaptgr. Isotopr:
enrichment takes advantage of the monochromatic nature of a light soune
in exact coincidence with an absorption line of a desired isotopic specics
mixtures of other species. The recent advancement of tunable laser.s m th
visible and ultraviolet regions has extended the possibility of isotopu
enrichment not only in the atomic system, but also in the molecular system

Photochemical air pollution of the earth’s troposphere and stratosphct:
involves a series of complex reactions initiated by sunlight. Thgnks to th
large body of information accumulated in recent years, the main procest.c .
leading to the formation of photochemical smog are well understoo!
although the details of some reactions are still unknown. .

The recent space probes have stimulated the laboratory experiments .
the photochemistry of the constituent gases present in the atmospherces of
Mars, Venus, and Jupiter. Based on these experiments and on the result- .
recent space probes a number of atmospheric models have been prescntc.!

Vili-1. ISOTOPE ENRICHMENT

If the isotopic shift of a spectral line in an atom or in a molecu!e is more than
the Doppler width, it is in principle possible to selectively excite a parti 1l
isotopic species from isotopic mixtures by monochrpmaug hght'of W

length in coincidence with the absorption of the particular isotopic spec :
In a typical example, 2°2Hg atoms in natural Hg vapor containing 204. "0

201, 200, 199, and 198 isotopes are preferentially excited by the 2517\
resonance line of 2°2Hg atoms. It has recently been demonstrated tli
235 atoms are enriched in the photoionization processes of **°U1 ..
238(J mixtures by using tunable lasers. The isotopic enrichment of the carl-n
monoxide and hydrogen products has been demonstrated in the near ult s
violet photolysis of isotopic mixtures of formaldehyde using a tunalixh e
laser. Following the selective excitation of the desired isotopic specic.. th
electronically excited isotopic species must be removed from.tl.me systen 1+
physical or chemical means. The efficiency of this second step is import.i




determining the final isotope enrichment yield. In many cases the efliciency
1s considerably less than unity.

Other isotopic species, such as boron, carbon, sulfur, and silicon, have
been found to be enriched by illumination of isotopic mixtures of respective
polyatomic molecules with intense focused CO, laser pulses at 10.6 um

(375, 438, 655).

VIII-1.1. The Atomic System

nrichment of 2°2Hg Atoms. As is discussed in Section I- 6.2, under certain
conditions the emission line profile of the Hg 2537 A lamp may be repre-
wented by that of the Doppler line modified by self-absorption. Figure
I 9 shows such a line profile. The width of the line is about 0.08 cm™'.
I'igure VIII-1 shows the emission intensities of hyperfine components in
natural mercury at 2537 A. The separations of the 2°?Hg component from
adjacent ones, that is, from '°“Hg, 2°°Hg, ?°'Hg, and 2°*Hg are more than
0.1 em ™!, which is larger than the line width of 2°2Hg. Hence, in principle,
L is possible to excite only the 2°2Hg isotope in natural mercury provided a
lamp containing only the 2°2Hg isotope is used as a light source.

Gunning and his coworkers (429a) have in fact succeeded in enriching
the reaction product of 2°2Hg preferentially excited with a lamp containing
'"2Hg operated in a microwave discharge. Upon illumination of mixtures
of natural mercury and HCI by the 2°?Hg lamp, the maximum fractional
wotopic abundance of 2°2HgCl (calomel) obtained is 0.45 with intermittent
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lig. VIII-1. Relative emission intensities I, of hyperfine components of the 2537 A line
of natural mercury. There are 10 hyperfine lines, 5 from even mass isotopes, 2 from
*9Hg, and 3 from 2°'Hg. From Gunning and Strausz (429a), reprinted by permission of
John Wiley & Sons.

Hlumination in comparison with andance of 0.296. The se-
quence of reactions to give this yicia

Hg ™ 200 g (VIII-1)
202hu% 4 HCl— 292HgCl + H (VIII-2a)
202h,% 4 HCl - 2°2Hg + Cl + H (VIIL-2b)
Cl+ Hg + M - HgCl + M (VI11-3)

H + HCl = H, + Cl (VIII-4)
JH+M-H, +M (VIII-5)

Reaction (VI11-2b) explains why the quantum yield of isotopically specific
202HgCl formation is much less than unity, although process (VIIi-1), the
selective production of ?°?Hg* from the isotopic mixtures, is near unity.
Reactions (VIII-3) and (VI111-4) increase the nonspecific formation of HgCl
and consequently decrease enrichment, The addition of butadience is found
to increase enrichment by scavenging H atoms

H + C,H, - C,H; — polymer (VI1II-6)

Isotopic enrichment has also been found by monoisotopic photosensiti-
zation for mixtures of natural mercury and alkyl chlorides and vinyl chloride
by similar processes. Isotopic enrichment is dependent on such factors as
lamp temperatures, flow rates, and substrate pressures. Enrichment in-
creases with decreasing lamp temperature and increasing flow rate, since
process (VIII-1) is more efficient at low temperatures and Cl atoms react
with natural mercury containing higher fractions of 2°?Hg in (VIII-3) at
higher flow rates of HCI or under intermittent illumination. The intermittent
illumination results in higher enrichment than the steady illumination.

Enrichment of 2**U Atoms. As much as 50° enrichment of 2>*U (1:1 for
2351J/238U) out of the initial 1:140 2*3U/2*8U mixtures has recently been
achieved by Janes et al. (527) using a two-photon ionization process of
uranium by lasers.

The process involves two steps: an atomic beam of uranium vapor pro-
duced by electron-beam evaporation is excited by light of wavelength
4266.266 A from a pulsed laser and is subsequently ionized by light of
wavelength 3609 A from a second laser. The ions produced are detected by a
mass spectrometer. To achieve selectivity for the excitation process the
incident wavelength must coincide exactly with one of many absorption
lines of 233U atoms. The isotope shift of the absorption lines between 233U
and 238U near 4266 A is about 0.06 A or about 0.32 cm ~'. Hence, the width

of the laser line must be less than 0.32 cm ™!,
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J=4 s IONIZED
1.R =6.18T7eV
A<37778 Fig. VIII-2. Energy level diagram for 25U
o «16'Tem? atoms. The first laser pulse atl, = 4266..275 A
Jes EXCITED . Te 16 Tsec preferentially excites 2*3U atoms, which are

subsequently ionized within 10”7 sec by the
A »4266.275 second laser pulse at A, < 3777 A. o signifies

14 : absorption cross section. From Janes et al.
o =10 em? (527), reprinted by permission of the Institute
of Electrical and Electronics Engineers, Inc.
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Figure VI11-2 shows the principle of isotope enrichment by two-photon
ionization of 2**U atoms. The excitation wavelength is 4266.275 + 0.02 A.
A band width of 0.1 cm™' is much narrower than an isotope shift of
0.32cm ™', Since the preferentially excited *?*U atoms decay in 1077 sec
the second laser source to ionize the excited atoms must be pulsed within
1077 sec. The wavelength of the second laser must be shorter than 3777 A,
as the combined photon energy must exceed the ionization potential,
6.187 eV, of U atoms. If the first laser is set at 4266.325 A in coincidence with
an absorption line of 23U atoms, an isotopic yield ratio of 3000:1 for
2381J/233U is obtained in comparison with 140:1 for the same ratio in the
starting material.

VHI-1.2. The Molecular System

Isotopic enrichment in the molecular system can in principle be achieved by
a two-step process, namely, the selective excitation of a specific isotopic
species by monochromatic light and the removal of the specific isotopic
product from other isotopic species by physical or chemical means.

As in the atomic system the first step involves a transition to a discrete
upper state by light absorption. The wavelength of exciting light is chosen
to coincide with an absorption band of a specific isotope species. Absorption
bands of other isotope species must be sufficicntly separated from the ex-
citing line so that only a desired isotopic species is excited.

The ultraviolet absorption spectrum of formaldehyde consists of many
sharp discrete bands of Doppler width. The isotopic shifts due to C and
O atoms are sometimes 5 to 10cm ™" in the 3000 to 3100 A region [see
Moore (715)]. Hence, it is possible to selectively excite a specific carbon or
oxygen isotopic species in mixtures of other isotopic species.

Clark et al. (217) have found that the photolysis of H, '?CO-H, '*CO
mixtures near 3032 A has produced more '2CO than was present in the orig-
inal mixtures.

Enrichment of ' 2CO can be explained on the basis of Fig. VIII- 3, which
shows the fluorescence excitation spectra of H,'?CO and H,'*CO near
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Fig. VIII-3. Fluorescence excitation spectrum of
formaldehyde near 3032 A (32,980 cm™'). (-~ )
H,'2CO; (——) H,"*CO. In this region H,'*CO
is preferentially excited by laser. The width of the
laser line is close to the Doppler widths of the
absorption bands, ~ 0.1 cm~'. From Clark et al
(217), reprinted by permission of North-Hotland
Publishing Company.

"'CT"“.\. 7 (cm')

3032 A. In this region absorption by H,'*CO is prominent. Hence, a luses
line with a width of 0.1 cm ™! coincident with a peak of an H,'*CO absorp
tion band should preferentially excite H,'2CO species in H,'2CO-H,'*C0O
mixtures. The estimated selectivity by absorption is more than 40:1 fo
H,'2CO/H,"*CO in a 1:1 mixture of H,'2CO and H,'*CO. However, th:
actual ratio of '2CO to '3CO was 6.5:1. The proposed mechanism of th
photolysis is

hy

H,CO — H,'*CO* (VII- &
H,'?CO* - H, + '*CO (V1%
H,'2CO* - H + H'*CO (VHI-9)
H,'2CO* - H,'2CO + hv' (VIHI-10)

H,'?CO* + H,CO - H,CO + H,CO (VILE-11
H,'*CO* + H,CO - H,CO + H, + CO (or H + HCO) (VIH-1.)
"H,'*CO* + H,CO - H,COH + HCO (VIH-1 %
' H + H,CO - H, + HCO (VIIE-1h)

2HCO - H, + 2CO (VHI-1

where H,CO* signifies the electronically excited formaldehyde T4,.

Processes (V111-9) and (V1I11-11) to (VI11-15) reduce the 12CO enrichment
achieved by the initial act of light absorption. The lifetime of H,CO* becon.
shorter at shorter wavelengths and, accordingly, dissociation processc.
(VI11-8) and (VIII-9) become more important than quenching process:-
(VI11-11) through (VIII-13). Hence, isotopic abundance at first sight coul:!
be improved at shorter wavelengths. However, this effect is counterbalanced
by the increased occurrence of (VIII-9) followed by (VIII-14) and (VIII-1")
and much more cxtensive overlapping of absorption bands of isotopr
formaldehydes. Thus, no advantage is expected at the shorter waveleng(h
photolysis.
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A similar technique was used by Yeung and Moore (1075) for D, enrich-
ment by the photolysis of H,CO-D,CO mixtures. Marling (660a) has
succeeded in enriching carbon monoxide photoproducts C'80, C'’0, and
3CO by illuminating formaldehyde with a Ne ion laser at 3323.74 A (for
C'®0) and at 3323.71 A (for C'70, '3CO) in exact coincidence with the
absorption bands of corresponding formaldehyde isotope species. Deuterium
photoproducts also are found enriched when a proper incident wavelength
is chosen.

A somewhat different approach was made by Lamotte et al. (597) for
photochemical enrichment of chlorine isotope species. They have used laser
lines at 4657 and 4706 A that coincide with vibrational bands of SC37CI37Cl
and SC?*CI?*Cl, respectively. The absorption of a laser line by isotopically
mixed thiophosgene induces selective excitation of a particular isotopic
species. The width of the laser line must be much narrower than isotope
shifts of vibrational bands in thiophosgene ranging up to 7cm ™! (2 A). The
cxcited isotopically pure thiophosgene is removed from the system by forming
an addition product with added diethoxyethylene. After irradiation the
abundance of the particular isotopic thiophosgene that is excited by the laser
line has decreased, while those of other isotopic species have not changed.
At these wavelengths photodissociation of thiophosgene does not take place
[see Section V1I-12, p. 291].

A similar technique has been used by Zare et al. (261, 643) for chlorine
isotope separation. Isotopic mixtures of iodine monochloride (1**Cl, 1°7Cl)
are irradiated in the presence of dibromoethylene by a laser line at 6053 A
which selectively excites 1°7CL. An adjacent vibrational band of 1°5Cl is
about 15 A away. The excited I37Cl reacts with added 1,2-dibromoethylene
to form the product trans-CIHC=CHCl enriched in *’CI. At this wavelength
no photodissociation of ICI takes place. See p. 191.

Koren et al. (582) have used an intense focused pulse of CO, laser to
photodissociate HDCO (formaldehyde). The 944.18 cm ™! laser line nearly
coincides with an absorption line of HDCO, however, there is no absorption
hand of H,CO in the region of the laser line. Thus, the authors found an
cenrichment factor of 40 (the ratio of HD to H, after illumination to that in
the original material).

VIII-2. PHOTOCHEMISTRY OF AIR POLLUTION
VIII-2.1, The Earth’s Atmosphere

It has been known since 1900 that the earth’s temperature varies with
altitude in a complicated manner. It decreases first at a rate of about
6"Ckm™! to a minimum of about 200°K at a height of about 10 to 15 km
depending on latitude. This region of temperature decrease is called the
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troposphere. Above the tropospr..  .ne temperature starts to increase
gradually with altitude to a maximum of about 280°K at about 50 km. This
region of temperature increase is designated the stratosphere and the
boundary between the troposphere and the stratosphere is called the tropo-
pause. With increasing height above the stratosphere the temperature again
decreases rapidly to a minimum of about 140°K. The region of the second
temperature decrease is named the mesosphere and the region of the maxi-
mum temperature at about 50 km is called the stratopause. Figure VIII-4
shows the temperature profile of the earth’s atmosphere with nomenclatures
for various regions. The stratosphere is an inversion layer where the tem-
perature increases with altitude. Since dense cold air is at the bottom of the
layer, the stratosphere is stable against vertical mixing. This slow vertical
mixing becomes important in determining the atmospheric distribution of
minor constituents in the region where the photochemical equilibrium is
extremely slow.
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Fig. VIII-4. Nomenclature of the earth’s atmosphere based on a temperature classifica-
tion. The stratosphere is the region of temperature inversion, that is, the temperature

increases with height and is stable against vertical mixing since dense cold air is at the
bottom of the layer.
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VIII-2.2. Atmospheric Air Pollution

Photochemical air pollution in the troposphere results from a complex
interplay between sunlight and primary air pollutants emitted in ambient

air that leads to the formation of ozone and other oxidizing and eye-irritating

agents. On the other hand, pollutants injected into the stratosphere by such
human activities as supersonic transports (SST's) and release of chlorofiuoro-
methanes in air by their use as aerosol propellants and refrigerants may
eventually reduce the protective layer of ozone from harsh solar ultraviolet
radiation. Although the full impact of injected air pollutants in the stratos-
phere is not apparent at present, various model calculations show con-
clusively that the continuous future release of chlorofluoromethanes and
NO, (NO and NO,) would result in substantial reduction of ozone in the
stratosphere.

Photochemical air pollution in the troposphere was first recognized in
the Los Angeles Basin in 1944 when crop damage occurred. Since then the
nature of air pollutants and the mechanism of their formation have been
studied extensively. Tropospheric air pollution has turned out to be a com-
plex phenomenon arising from the interaction of sunlight with emission
gases from automobiles and power plants. It involves hundreds of chemical
reactions and hundreds of chemical species. Although the detailed mechanism
is still unknown, at least the main reactions responsible for photochemical
air pollution have been well established. The time history of air pollutants
observed in simulated smog chamber experiments can be reproduced
reasonably well by computer calculations based on known rate constants of
various reactions.

VIII-2.3. Photochemical Air Pollution in the Troposphere

Photochemical air pollution in the troposphere is induced by the action of
solar ultraviolet radiation upon mixtures of NO, (NO and NO,), SO,
(SO, and sulfates), and reactive hydrocarbons (mostly olefins) emitted in
the atmosphere by automobiles and power plants.

Photochemical air pollution is characterized by the formation of a
so-called “photochemical oxidant™ and the reduction of visibility due to the
simultaneous production of aerosol particles or particulates. This type of
air pollution is commonly known as “photochemical smog.”

Photochemical smog generally occurs at low relative humidities and
high ambient temperatures with the aid of sunlight, while London type smog
occurs at high relative humidities and low temperatures. Photochemical
smog is oxidizing (mainly ozone) and London smog is reducing (mainly
sulfur dioxide). The adverse effects of photochemical smog include eye
irritation, plant damage, and reduced visibility. For detailed discussions of
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the subject the reader is referred to review articles by'Berry and Lahmaq (101
and Finlayson and Pitts (357, 811) and books by Leighton (18) and Heicklen
12). ‘
( )Figure VIII-5 shows the diurnal vaniations of NO, and photochemng;nl
oxidant observed in Pasadena, California. A photochemical oxidant consist
mainly of ozone and small amounts of other species, such as perox‘yacclﬂ
nitrate (PAN), capable of oxidizing aqueous iodide ions. The fgrmatxon of a
photochemical oxidant is commonly accompanied by the sngn'lﬁcant forma
tion of an aerosol. Figure VIII-5 indicates a rapid conversion of NO to
NO, prior to the buildup of oxidant.

Mechanism of Smofq Formation. A mechanism initially proposed to
explain the time history of air pollutants was the dissociation of NO, b
solar radiation since other primary pollutants NO and hydrocarbons do

048
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Fig. VI11-5, Diurnal variation of some pollutants in Pasadena, Califorflia on July 25
1973. Concentrations of NO are small while those of photochemical oxidant are lary:

From Finlayson and Pitts (357), reprinted by permission. Copyright 1976 by the American
Association for the Advancement of Science.



not absorb solar radiation of wavelengths above 2900 A
A>2900A

NO,~~———5NO + O(’P) Jno, (VIill-16)

followed by M
O+Oz—"03 kl7 (Vlll']7)
NO + O; - NO; + O, kig (VIL-18)

(kg = 1.5 x 107 ** cm> molec ™' sec™ ' at 298"K)

where M is air molecules and Jyo, is the photodissociation coelficient of
NO, defined in Section VIII-2.4. The spectral distribution of sunlight in

the troposphere is shown in Fig. VIII-6 by the broken line. The active solar
“wavelengths are above 2900 A.

Reaction (VI1i1-16) is brought about by absorption of sunlight in the
region 2900 to 4300 A [see Section VI-9]. From (VI1I-16) to (VIII-18) we
obtain the relationship

[lo‘z.]_J,l"Qg
[NOJky4

where the bracket signifies concentrations. The level of ozone expected

[0,] = (VIII:18a)

hefore sunrise is below 0.01 ppm using typical values of [NO,J/[NO] =

|lI4J0°||Ile°OII

2000

kig. VIII-6. Mean intensities of solar radiation as a function of wavelength with band-
widths of 100 A. The solar intensity I, above the atmosphere is given by the solid line in
units of number of photons cm™2 sec™! 100 A™'. The dashed line represents the solar
flux in the troposphere. The radiation below 2900 A is absorbed by the ozone layer. The
curve is drawn using the data of Leighton (18), p. 29 and Nicolet (740).

1 1

0.3 and Jyo, =8 x 1073 sec™!, kyg =15 107" cm? molec”
0.38 ppm ™! sec ™! [Calvert and McQuigg (184)].

It is apparent from (VIII-18a) that a rapid conversion of NO to NO, is
needed for the buildup of O, concentration levels. It was recognized that
the conversion rate of NO to NO,, observed in the real atmosphere, was
several hundred times as fast as the rate of the reaction 2NO + O, - 2NO,
in the range of NO concentrations of 0.05 to 0.5 ppm. Furthermore, in
simulated smog chamber experiments it was found that the rate of butene
consumption by illumination of a NO-NO,-H,0-butene mixture in air
was much faster than that calculated on the basis of reactions of O(*P) atoms
and O, with butene. Apparently a new mechanism based on radical chain
reactions was needed to explain these observations. Two groups of scientists,
Heicklen and coworkers and Weinstock and coworkers, were the first to
propose independently the following sequence of reactions in 1970.

sec” ' or

OH + CO - CO, + H (VIII-19)
M

H + 0, -» HO, (VIII-20)

HO, + NO - OH + NO, (VIII-21)

The reactions of OH radicals with various hydrocarbons have recently been
studied extensively. The reaction rates are in general fast (0.01 to 0.1 of the
gas kinetic collision rate) and hence, it is reasonable to consider another
similar chain mechanism involving aldehyde and hydrocarbon to convert
NO to NO,, for example,

HO + CH,0 - H,0 + HCO (VIII-19a)
HCO + O, - HO, + CO (VII1-20a)
HO,; + NO - OH + NO, (VII1-21a)
and in general
OH + RH—-H,0+ R (VII1-22)
R + O, - RO, (VIII-23)
RO, + NO - RO + NO, (VI1-24)
RO + O, - R'CHO + HO, (VIII-25)
HO, + NO - OH + NO, (VIII-26)

where RH signifies hydrocarbons. In summary, the following three reactions
are most important in oxidizing NO to NO,.

0, + NO - NO, + O, (VIII-18)
HO, + NO - OH + NO, (VIII-21a)
RO, + NO — RO + NO, (VIII-24)
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The reaction intermediates of OH with paraffins and olefins in air are not
well known, but in general, one may write

OH + RH (paraffin, olefin) —» xHO, + RO, (or RCOO,) + other products

where o and f} are some unknown numbers.

Likewise, O; reacts with hydrocarbons to produce unknown numbers
of HO, and RO, (or RCOO,) [see below]. From the computer analysis of
simulated smog formation involving the hypothetical illumination of
NO-NO,-H,0 -butene-aldehydes—CO-CH, mixtures in air, Calvert
and McQuigg (184) estimate that HO, and RO, radicals, formed mainly by
the addition of OH to butene, account for 70%, of NO to NO, conversion.
The HO, and RO, radicals formed from the photolysis of aldehydes and
OH reactions with aldehydes are responsible for 25%, of the conversion.
Carbon monoxide is only 5% effective for the NO to NO, conversion. The
effect of paraffins on the NO to NO, conversion rate is very small.

Calvert and McQuigg have also suggested that the rate of decay of
trans-2-butene in the initial stage is mainly determined by the reaction of
OH with the hydrocarbon. In the later stage of smog formation OH and O,
attacks on the hydrocarbon must be cqually important.

Sources of OH and HO, Radicals. 1t has been suggested recently that
OH radicals are the most important intermediate in promoting the formation
of a photochemical oxidant, the oxidation of NO, and the consumption of
olefins in the atmosphere especially at the early stage of smog formation.
The OH radicals are probably produced mainly from the photolysis of
nitrous acid since it absorbs light of wavelengths below 4000 A [see Section
VII- 9]. The bond energy Do(HO-NO) = 2.09 ¢V corresponds to 5930 A.
Hence, the photolysis should occur in the region of solar wavelengths 3000
to 4000 A

HONO ™ OH + NO (VIII-27)

Another minor source of OH radicals may be the photolysis of nitric acid
since it absorbs light of wavelengths below 3300 A [see Section VI1-23].

hv

HNO, = OH + NO, (VIII-28)
Nitrous and nitric acid are probably formed by the reactions
OH + NO % HONO (VI11-29)
NO, + NO + H,0 < 2HONO (VIII-30)
OH + NO, X HNO, (VIII-31)
NO, + NO, + H,0 = 2HNO, (VIII-32)
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Both acids are detected in the atmosphere. Hydrogen peroxide dissociates
into OH radicals by absorption of light below 3200 A [see Section VII-6|

hv
H,0, > 20H (VIII-33)
and may contribute to OH. Its presence in air has been confirmed recently
The OH radicals may also be produced by the photolysis of ozone

A<3190A
0, =250,('A) + O('D) (VHI-34)
followed by

O('D) + H,0 - 20H (VIII-35)

Major destruction routes of OH radicals are the addition to olefins, the H
atom abstraction from olefins and aldehydes, and the reaction with CO
Another radical, hydroperoxyl (HO,), has been considered as a majo
oxidizing agent for NO and to a lesser extent for hydrocarbons. The HO .

radicals are probably formed by the photolysis of formaldehyde [see Section
VII-4, p. 277]

HCHO =2 1 4 cHo (VIII-30)
followed by M
H + O, - HO, (VIII-3 4
CHO + O, - HO, + CO (VII-3x
and hydrogen atom abstraction from alkoxy radicals by O,
RCH,0 + O, - RCHO + HO, (VIII- 34

Major lqss processes of HO, are probably the oxidation of NO (VIII-21.
the reaction 2HO,; — H,0, + O,, and the reactions with NO, and olefin-

Ambient Concentrations of O, OH, and HO,. The O atoms are produccd
from'the photolysis of NO, and are lost by the combination with O, to
form O;. The peak value of O atom concentration is calculated by Graedc!
et al. (415) to be 7.5 x 10* molec cm ™ 3. The OH radical peak concentration
is estimated to be about 2 x 10% molec cm ™2 by Graedel et al. (415) and hy
Calvert and McQuigg (184). On the other hand, the HO, radical peak valu.
must be about 10° molec cm ™3, which is about 1000 times as large as OH
radical concentration. The large difference of concentration is due to th
much slower reaction rate of HO, with NO than that of OH with olefin.

The ambient concentration of OH radicals has recently been measusc
by Davis et al. (267) and by Perner et al. (805).

Davis et al. have used laser induced fluorescence of OH radicals excitc
at 2820.6 A. The OH radical concentrations are in the range 10° to 107 molc.
cm~3, Perner et al, on the other hand, used the absorption of OH .«
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3079.95 A with a path length of 7.8 km. They obtained OH concentrations
of 10° to 107 molec cm ™3,

Wang et al. (1058) have recently measured OH radical concentrations in
a simulated smog chamber by the laser induced fluorescence of OH. The OH
concentrations in the chamber range from 0.5 to 1.5 x 107 molec cm ™2, In
view of the difficulties involved in the absolute determination of OH radicals
at such low levels, the uncertainty must be larger than + 50%,. Table VIII-1A
summarizes the ambient concentrations of reactive species and their rate

constants with hydrocarbons and NO in polluted air.

Table VIII-1A Concentrations and Rate Constants of Reactive Species
in Polluted Air

Rate Constant”

Reactive Concentration in (cm?® molec™! sec™ ')

Species  Ambient Air (molec cm™~?) Olefin Paraffin NO

(0] 104* 1071010712 107"t 1075 [ x 1073

(0 10'! to 102 10" to 107'% <1072° 1.5 x 10714

OH 3 x 1072 x 105/, 107%t0 1072 107210107 '3 3 x 1073%
105 — 107°¢

HO, 5x 10°9 5 x 1087 107"t 107 1072°101072% 1.7 x 107"

CH,0, [2x 107/} [10"“]" [6 x 10-137

° From Anderson (1).

b Estimated by Johnston (543).

< Davis et al. (267), Perner et al. (805), observed values.
4 Peak values, estimated by Calvert and McQuigg (184).
¢ N, as a third body, units of cm® molec™ ? sec™".

/ Estimated by Graedel et al. (415), peak values.

¢ The brackets signify estimated values.

The comparison of the reaction rates of O,, HO,, and CH,0, with
olefin, paraffin, and NO reveals that the predominant reactions of these
reactive species are the oxidations of NO [(VIII-18), (VIII-2la), and
(VI11-24)]. The major destruction processes of olefin are the reactions with
O, and with OH. (The rate of olefin destruction is proportional to the rate
constant times the concentration of the active species.) The destruction
process of olefins by HO, is less important and those by O atoms and CH;0,
radicals are also minor.

Reactions of OH and O+ with Hydrocarbons. The initial reactions of OH
with olefins are mainly the addition to the double bond and partially H
atom abstraction. The final stable products are the corresponding aldehydes
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and ketones. For example, the reactions of OH with propylene produce
C2H5CHQ and CH;COCH;. However, the detailed mechanism of their
formation is not known. In a polluted atmosphere the OH addition product

to propylene may oxidize NO
OH + CH;CHCH, - CH,CHCH,OH
CH3CHCH,0H + O, - CH,;CH(OO)CH,OH
CH;CH(OO)CH,0H + NO - NO, + CH,CHOCH,0OH
CH,0H + O, -» HO, + HCHO
The reaptions of OH with paraflins and aldehydes proceed by H atom
abstraction to produce alkyl (R) and carbonyl (RCO) radicals, respectively.
In a polluted atmosphere R and RCO radicals react with O, to give RO,
and RC(0O)O,, which further oxidize NO to NO,
RO, + NO - NO, + RO
RC(O)O, + NO - NO, + RCO,

RC(O)O, may combine with NO,
RC(O)O,; + NO, - RC(O)OONO, (PAN, if R = CH;) (VIII-40)

Ozgne reacts slowly with olefins. The reaction of O, with propylene is
believed to yield the so-called zwitterions and aldehydes in liquid. In the
gas phase zwitterions (HC*HOO ~,CH,;C*HOO ~) are probably biradicals
O, + CH3CH==CH, - HCHOO" + CH,CHO
O; + CH;CH=CH, - CH,CHOO- + HCHO.
The HCHOO species has recently been identified as dioxirane, Hz(f—O—(), by
Lovas and Suenram (649a) in the low temperature reaction of ozone with
olefins. Zwitterions react with O, to yield oxidizing radicals in polluted air
HCHOO: + 0, » OH + HC(0)0,
CH,CHOO: + 0, » OH + CH,C(0)0,
HC(O0)O; + NO - NO, + HC(O)O
CH;C(0)0O — CO, + CH,
CH_; + Oz - CH3OO
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Various oxidation products, including PAN (peroxyacetyl nitrate), are
formed by the radical termination reactions

CH,C(0)0, + NO, - CH,C(0)0,NO, (PAN)
CH,C(0)0, + HO, —» CH,C(0)OOH + O,
CH,00 + HO, — CH,O0H + O,
CH,0 + NO - CH,0ONO
CH,0 + NO, - CH,0ONO,

Aerasol Formation. The following is the composition of aerosol particles
associated with the formation of a photochemical oxidant:

1. Trace metals (Pb, Na, Mg, Al, V, and Zn)

2. Sulfates, water, nitrates and ammonium compounds

3. Organic nitrates, carboxylic acids and their esters, carbonyl com-
pounds, and alcohols. :

The formation of sulfates by photooxidation of SO, is slow in pure air
(see Section VI-12). However, in the presence of hydrocarbons and NO,
the photooxidation of SO, becomes 50 to 100 times more rapid. Undoubted-
ly, the oxidation mechanism is complex, involving many radicals such as
OH, HO,, O, NO,, RO,, and RO, as well as O,. Various homogeneous
and heterogeneous processes are proposed to explain aerosol formation.

Calvert and McQuigg suggest that yet unknown radicals, such as OCH,0O
or those derived from it, formed in the O;-olefin—-air mixtures may oxidize
SO, in the homogeneous reaction. It is known that OH and HO, radicals
combine rapidly with SO,. The addition products may eventually be
transformed into sulfuric acid, peroxysulfuric acid, sulfates, and nitrates in a
polluted atmosphere probably in a liquid phase of aerosol particles, although
the detailed steps are still unknown. Finlayson and Pitts (357) believe that
the oxidation of aromatic compounds by such species as OH, HO,, O;,
and O(*P) may also be significant for the formation of organic aerosol.

VI1I-2.4. Air Pollution in the Stratosphere

In the preceding section it was indicated that sunlight is the primary initiator
for the buildup of ozone and other oxidants as a result of a rapid conversion
of NO to NO, by catalytic cycles involving HO, and RO, radicals.
Pollution in the stratosphere may induce the reduction of ozone without
participation of sunlight in the case of NO, injected directly into the strato-
sphere by SST's, while in the case of chlorofluoromethanes, their photo-
dissociation by sunlight to produce Cl atoms is required for the reduction
of ozone by a catalytic cycle involving Cl and ClO. The time scale required
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for the buildup of tropospheric air poilution is of the order of hours, while
the full impact of stratospheric air pollution would manifest itself in years.

The pollutants that have been considered to be potentially effective in
reducing ozone in the stratosphere are NO, (NO,NO,,HNO;) and CIO,
(Cl,CIO, HCI). The reduction of the ozone layer leads to the increased
penetration of solar ultraviolet radiation below 3100 A, damaging biological
systems. The adverse effects of the ultraviolet radiation in the range 2800 to
3200 A include the possible increase in skin cancer and other yet unknown
genetic damage to plants and plankton. Detailed discussions of the problem
are given in several recent reviews by Johnston (542, 543), Turco and Whitten
(981), Rowland and Molina (843), and Nicolet. (740)

O:zone Balance in the Natural Stratosphere. Typical temperatures and
concentrations of air and ozone at vartous altitudes in the stratosphere an
given in Table VIII-1B. The ozone concentration first increases with
increasing height to a maximum at about 25 km and then decreases .t
higher altitudes, while the temperature increases with an increase of altitu«l.
to a maximum at about 45 km.

For the discussion of the formation and destruction of ozone in th
stratosphere it is convenient to define the photodissociation coefficicn
generally denoted by J (in units of sec™*). J is the probability of dissociation
of a molecule per second by light absorption.

Photodissociation coefficient. The photodissociation coefficient may I«
defined as

J= fo"" bl dv

where ¢, is the quantum yield of dissociation of the molecule at a w.+
number ¥, I is the intensity of sunlight in quanta cm™? -1

(VI A0

sec at a4 wane

Table VIII-1B. Typical Temperature and Concentration of
Air and Ozone in the Stratosphere®

Altitude Temperature Total Concentration Ozone
(km) ('K) {molec cm -3) (molec cm -?)
15 211 3.9 x 10'8 1.0 x 10'?
20 219 1.9 x 108 29 x 102
25 227 7.7 x 10'7 3.2 x 10'?
30 235 3.6 x 107 29 x 10!
35 252 1.7 x 107 20 x 10"
40 268 8.1 x 10'¢ 1.0 x 10"
45 274 4.3 x 10'¢ 32 x 10"
50 274 2.3 x 10'¢ 1.0 x 10"

“ From Nicolet (739)

T TTITT
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sumber ¥ and at a given altitude, and oy is the absorption cross section in
‘m? molec™! of the molecule at a wave number ¥. I, depends on the solar
senith angle 3 and the absorption by O; and Oy in the atmosphere. When
the sun is overhead y is zero and at horizon x = 90°. I, is larger for smaller
/. since the loss by absorption, scattering, particulate diffusion, and so forth
s smaller. The absorption by O (A < 3200 A) and O, (4 < 2400 A) is most
important in attenuating the sun’s radiation in the stratosphere.

The photodissociation coefficients of O, H,0, N,0, CF,Cl,, and H,0,
calculated by various authors are given in Fig. VIII-7. Values of J are those
for an overhead sun (y = 0) and are given at various altitudes. If a molecule
disappears solely by photodissociation, its lifetime is given by J~'. For

|
80|
0,
60
H,0
km—d
4Q ]
— N, O
CF,Cly
2Q]
H02
° I 1 I | I 1
K0 16° - 0 6t
J, sec

Iig. VIII-7. Photodissociation coefficients, J (sec™ ') of O,, H,0, N,O, CF,Cl,, and
H,0, as a function of altitude (km) for an overhead sun. Q,, from Kockarts (579a),
p. 174; H,0, from Park (795); N,O, from Nicolet (740); CF,Cl,, from Rowland and
Molina (843); and H,O,; from Nicolet (739).
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example, CF,Cl, molecules, which are chemically inert in the troposphere,
would diffuse into the stratosphere and would eventually be lost mainly by
photodissociation. The photodissociation lifetime at 20 km is about 108 sec
or 3 years. Since the lifetimes at other solar zenith angles are much longer,
the average lifetime over all zenith angles would be about 66 years [Rowland
and Molina (843)]. The production of O by the photodissociation of O,
is negligible below 20 km.

The photodissociation coefficients of O; and NO, are given in Fig.
VI11-8. The' photodissociation coefficient of NO, is nearly independent of
altitude and is 8.6 x 1073 and 9.2 x 10~ * sec™ !, respectively, at 20 and
50 km with = 45" [Shimazaki and Whitten (872b)]. Above 50 km O,
dissociates into O('D) + O('A) with J = 10”2 sec™ ! predominantly by the
absorption in the Hartley band, while below 50 km the contribution from
the Chappuis (4000 to 10,000 A) and Huggins bands (3100 to 3600 A)
increases successively with a decrease of altitude. The absorption in the
Chappuis band results in the production of O(*P) + O,(X>%X") and that in
the Huggins band yields O(*P) and electronically excited O,('A,'Z™). As
a result the fraction of O('D) production decrcases at lower altitudes as
shown. The fraction of O,('A) production in the lower stratosphere is not
well established since O, may dissociate either into O(*P) + O,('T*) or
O¢P) + O,('A).

The Chapman mechanism. The mechanism of ozone formation and
destruction in the stratosphere was first formulated by Chapman (205) in
1930. He did not consider the effects of minor constituents and physical
transport processes that have since been recognized as important factors to
explain the discrepancy between the calculated results and the actual
observation. According to his mechanism, ozone is formed by the photolysis

Fig. VII-8. Photodissociation coeffi-
cients J of ozone and NO, in sec™! as a
function of altitude for an overhead sun
and y = 45°, respectively. Above 50 km O,
dissociates predominantly into O('D) +
0,('A) by photolysis in the Hartley band.
Below 50 km the photolysis in the Chap-
puis and Huggins bands becomes progres-
sively more important, producing o¢h,),
0,(X*L7), and O,('A). The extent of
0,('A) production is uncertain below 50
km. From Nicolet (738) for O, and
Shimazaki and Whitten (872b) for NO,,
reprinted by permission of Reidel and the
J, (sec") American Geophysical Union.
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of O, below 2420 A of solar radiation followed by the three body combination
of ground state O atoms with O, molecules to form O,

0,320 5 (VIII-41)
0+0, M 0, ki (VI11-42)

2 -1

kyp = 6 x 1073* cm® molec™* sec

where J signifies the photodissociation coefficient. Ozone so formed is
destructued by visible and ultraviolet sunlight and by O atoms

0,%0,+0 Jo, (V111-43)
03 + O g Oz + 02 k44 (VIII’44)
koo =19 x 1071 exp (—2300/T) cm?® molec™! sec™!

Note that reaction (VIII-44) is a slow process with a high activation energy
(4.6 kcal mol™'). At 220°K (stratospheric temperature) ka4 is only 5.5 x
1076 cm?® molec™ ! sec™ .

The combination of O atoms by a third body
o+o0Yo,

is much slower than (V1II-42) in the stratosphere and can be omitted in
later discussion. The rate of formation of ozone decreases with a decrease of
altitude because of the rapid attenuation of sunlight by O, below 2420 A
and is negligible below 20 km (see Fig. VIII-7). On the other hand, the
photolysis of ozone takes place throughout the atmosphere by visible and
ultraviolet sunlight with a near uniform rate. (See Fig. VII1-8)

Equations (VI11-41) to (VIII-44) give the steady state concentrations of
ozone molecules as a function of altitude as follows. The rate of ozone change,
d[O3]/dt, is

d[ﬁ 3 _ 1, [01[0,1IM] = Jo,[05] — kes[0][05]  (VIII-d4a)

where the concentration is denoted by a bracket, [M] is the concentration
of air, and the rate of O atom production is

1O _ 76,0051 - kualOT[O][M] + 10,[05] ~ k[ O][O1]

(V111-44b)

The steady state conditions may be assumed for O atoms since their concen-
tration is extremely low

2J0,[0.] + Jo,[0s] = k42[O1[0,1[M] + kua[O][Os] (VI11-44c)
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From (VIII-44a) and (V1I1-44c), we obtain
d[O
“[(173]‘ = 2J6,[0,] — 2kss[O][O5] (V1I1-44d)

At an altitude of 30 km it can be seen (Figs. VIII-7 and VIII-8, Table VIII-
1B) that

Jo;[oa] > Jo;[oz]

ka2[O][0,][M] » kqs[O][Os]
Hence from (VI11-44c)

and

Jo,[03] = k42[O][0,][M] (VII1-44e)
Combining (VII1-44d) and (V11i-44¢), we obtain
d[0,] 2k44d0,[ 03]
=2J0,[0.]) - —~S5eA (VIII-44
dt o] [ 2] k42[02][M] f)

and at equilibrium the O, concentration is

[0s]., = [0:1Vka2J0,[MT/kaado, (VIII-44g)

To obtain the concentration profiles in an atmosphere, it is important to
know the time required to attain the equilibrium concentration. If the equili-
brium time scale is more than a year, physical transport processes become
appreciable and a large departure from the equilibrium profile is expected.
The equilibrium time scale 1., may be obtained {from

T = [03]pq
4 2J6,[0.]

(V111-44h)

From Table VIII-1B and Jo, of Fig. VIII-7, 1,,(O,) is calculated as a func-
tion of altitude. This relationship is shown in Fig. VIII-9. The equilibrium
time scale near the top of the stratosphere is about a day, while below 15 km
1,,(O;) is more than a year and downward physical transport processes of
O, become important.

Physical transport processes and mixing ratio. The concentration profile
of a minor constituent in an atmosphere is often expressed as a mixing ratio
by volume or a mole fraction rather than the concentration by atmospheric
modelers. Physical transport processes involve vertical and horizontal
mixing by turbulence and molecular diffusion. The molecular diffusion

process can be ignored in the stratosphere since it is important only above
about 40 km.
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The simplest approach to treat the physical transport in the stratosphere
is one dimensional vertical mixing by eddy diffusion that is, by turbulent
mixing.

In this case (V111-44d) may be replaced by [see McElroy et al. (679)],

5 o .
[M] fs—g‘-:e - <[M]K, 75%—) = 2J0,[0;] — 2kas[OJ[0,] (VILI-44i)

~ assuming no thermal gradient, where fo, = [0,]/[M]. K, is a constant at'a

given height z and is called the eddy diffusion coeflicient in units ofcm?sec™ .

The quantity [M]K.5fo,/6z has units of molec cm~ % sec” ! and signifies
the flux of ozone through unit area (cm?) per second. The eddy diffusion
coefficient is a parameter adjusted to give the observed profile of the mixing
ratio of a minor constituent in air. A typical value of K at the ground level is
of the order of 10° cm? sec™ ! and about 10° to 10* cm? sec™ ' at the tropo-
pause. With an eddy diffusion coefficient of 10* cm? sec™ !, it will take about
a year for a minor constituent to attain an equilibrium profile. (The time
required to reach an equilibrium profile is approximately given by H?/K,
where H is the scale height defined by H = RT/Mg and is typically 6.5 km
(740). R is the gas constant, T is the absolute temperature, M is the molecular
weight, and ¢ is the acceleration due to gravity [see McEwan and Phillips
(20), p. 67}.)

In the real atmosphere horizontal motions along latitude and longitude
must also be taken into consideration. Thus, the ozone concentration profile
should show a significant derivation near the tropopause due to the down-
ward transport of O, from the expected profile without vertical eddy
diffusion.
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Fig. VIII-10. Concentrations of O, OH, and 0, as
a function of altitude in kilometers. Model calcula-
tions by Turco and Whitten (981); (A and x )
measured values; (——-) results of the computation of
0,’] JO"I |] > T fo"l —’[0I3 ozone profile without NO,_ and HO, . From McElroy
et al. (679), reprinted by permission of Pergamon
Press and the American Meteorological Society.

Molecules/cm3

Deviation from the Chapman mechanism. 1t was recognized by Nicolet
(740) that the observed O, concentrations were much less than the calculated
valugs even near the stratopause where the physical transport processes are
not important (see Fig. VIT1-10). He suggested that to explain the observed
ozone cgncentration, the effective value of k,,, the rate constant for the
destruction of O,, must be much larger than that given in (V1I1-44g) for a
pure O,--N, atmosphere.

Johnston, Crutzen, and others have also recognized that the natural
ozone balance in the stratosphere cannot be explained on the basis of the
Chapman mechanism and air motions. Johnston (542) has concluded that
the calculated ozone destruction rate based on the Chapman reactions and
alr motions can explain only 20%, of the natural destruction rate. About
807, of ozone produced by sunlight must be destroyed by a mechanism
other than (VII1-43) and (VI11-44),

Minor species observed in the stratosphere are shown in Fig. VIII-11,
Of these it is now believed that nitric oxide is the most effective agent to
destroy ozone by a catalytic cycle

NO‘*‘OJ—-»NOZ_*_OZ k45
NO, + 0> NO + O__z_ kg

(VIII-45)
(VI11-46)

O + 0, — 20,
ke =9 x 1072 cm?® molec™! sec™!

Only a small fraction of nitrogen dioxide formed in (VI11-45) is destroyed by
(Vlll-46),.and the major fraction of NO, is photodissociated into NO + O,
regenerating ozone (Jyo, = 1072 sec™ ! and k46[O] = 107 * sec™ 1)

hv

NOZ—*NO+O JNO;

" (VII-47)
O + OZ—’OJ k42

(VII1-42)
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Fig. VII1-11. Observed concentrations of trace species in the stratosphere. From Johnston
(543). Data on CCI,F and CCL,F, are from Heidt et al. (460). ¥/ V is the volume mixing
ratio. Reprinted by permission of Annual Reviews, Inc. and the American Geophysical
Union.

Hence, (VI11-46) is the rate determining step of ozone destruction. From
(V11I-45) to (VI11-47) we obtain the following steady state relation for NO
and NO,

kss[O3][NO] = Jno,[NO,] + k4s[O][NO,] (VII1-47a)

The rate of ozone change is

d[O;]

22— ,[0][0:1[M] - Jo,[03] - ke[O1[05] - kas[NOJ[O:]

(VII1-47b)

Assuming as before the steady state conditions for O atoms

Ino,[NO;] + 2J0,[0,] + Jo,[03] = k42[O][0,][M]
+ k4a[O][O3] + kss[O][NO,]

(VIII-47¢)
From (VIII-47a) to (VI1I-47¢) we have for the rate of ozone change
d[O5] , .
=722 = 206,[0,] — 2k4,[O][05] ~ 2kg[O][NO,]  (VIII-47d)
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At 20 km, kye/ksa = 16,600 and [O,]/[NO,] =~ 1000. Hence, k,;6[O][NO» |
1s more than 10 times as large as k4,[ O][ O,], that is, an atmosphere cont.
ing NO, is much more effective in destroying O, than one without NO,

Nitrogen dioxide is partially removed from the system by formn,
HNOj; by combination with OH

NO, + OH ¥ HNO, (VI §

A portion of HNOj is removed from the system by rainout when it diflu
to the troposphere and the remaining portion re-forms NO, by the photoly

h
HNO; = OH + NO, (VI 1y

The ratio of ozone destruction rate with and without NO, is somctin.
called the catalytic ratio p,

kqs[NO,]
k44[ O3]

Thu;, a large fraction of ozone must be destroyed by NO,. The sourc «f
NOin the.natural stratosphere is probably the photolysis of N, O (see S« t1in
VI-8) which is formed by bacteria in the soil followed by the reaction ..
O('D) with N,0 [McElroy and McConnell (676)].
/<2300 A
N,O0=222AN, + O(D) (VI )

O('D) + N,0 2NO (VI =

The destruction of ozone by another catalytic cycle (an HO, cycle) is « 15
mated to be about 109 of the NO, cycle

HO+03—’H02+02 (Vl“ h
HO, + O - HO + O, VI

Photochemistry of the Polluted Stratosphere. The intensity of solar i
tion reaching the stratosphere is attenuated by oxygen and ozone, Since 1,
is transparent to radiation of wavelengths above 1800 A, while O, absoil-:
light weakly in the region 1900 to 2100 A [see Figs. VI-12b and 12¢]. 1l
effective wavelengths of solar radiation for photodissociation are 1800 1.
2200 and above 2900 A in the stratosphere (843).

Two cases have been considered as a possible threat to human health .-
a result of the partial destruction of ozone in the stratosphere: (1) injecticn-
of NO;, into the stratosphere by SST’s (supersonic transports) and of 11¢ |
by the space shuttle and (2) release of chlorofluoromethanes into the 1.
posphere.

Both will result in the possible partial destruction of the ozone lity . s
although the effect of NO, injection into the Oy, layer will become appar« 1

=1+ (VI oy




wuch sooner than the latter. The former involves the removal of O, by
ain reactions (V111-45) and (VIi11-46), while the latter comprises a slow
liffusion process of chlorofluoromethanes through the tropopause to the
‘ratosphere, the photodissociation producing Cl atoms and the removal
Al ozone by a catalytic cycle involving Cl and CIO.

Injection of NO, by SST's. Johnston (543) and others have calculated
ihat 500 Boeing SST's would at least double the rate of injection of NO, into
ihe stratosphere over the natural rate of coming from the photolysis of N, O.
If one assumes that the NO, concentration at 20 km becomes 3 x 10'°
nolec cm 3 [corresponding to 68 ppb (parts per billion by votume) of NO, ]
4 a result of 500 Boeing SST's, the rate of ozone destruction is 2k46[O]
[NO,] = 5.4 x 10° molec sec-! from (VIII-47d) and [O] = 10° molec
.m-3. On the other hand, in the natural stratosphere the rate of ozone
lestruction is 9 x 10° molec sec™! using [NO,] =5 x 108 molec cm ~? in
Iig. VIII-11. Since the ozone concentration at 20 km is about 3 x 10'2
molec cm ™3, ozone would be destroyed in about 65 days in a poliyted
stmosphere in comparison with about 10 years in the natural stratosphere.
I'he more detailed calculations including eddy diffusion (vertical mixing by
jiurbulence), NO, distributions, and ozone photochemistry indicate the
3 hossible reduction of ozone concentration by 2 to 60%, depending on the
.ssumed rates of NO, emissions at 20 km from SST fleets. The ozone re-
.overy time is 10 to 15 years after the SST fleets are stopped.

Release of chlorofluoromethanes. Chlorofluoromethanes (CClF Freon-
11, CCl,F, Freon-12) are released into air as a result of their use as aerosol
propellants and refrigerants.

Molina and Rowland (711, 843) were the first to predict the possible
! lestruction of the stratospheric ozone by a catalytic cycle involving Cl atoms

released from the photolysis of chlorofluoromethanes by sunlight. Since
hloroftuoromethanes are unreactive with atoms and radicals in the tropo-
sphere, they eventually reach the stratosphere where they are photodis-
«ociated into Cl atoms by solar radiation below 2300 A.

CClF 220 ACCLF + Cl (V11I-55)
CCLF, 2<8%W A caIF, + I (VI11-56)

he Cl atoms formed start chain reactions to consume 0zone
ClO + 0O -Cl+ 0O, kog (V111-58)

1 1

kg =5 x 107" cm? molec™ ! sec”

The rate constant kg is much larger than that for the NO, + O reaction
(kye =9 x 1072 cm? molec™ ! sec™!). Hence, the catalytic effect by the

ClO-Cl cycle is even more pronounced than that by the NO,-NO cycle,
if [NO,] x [ClO].

Because of the slow diffusion process of chlorofiuoromethanes through
the tropopause into the stratosphere and a slow photodissociation process
of chlorofluoromethanes by sunlight in the stratosphere the maximum
reduction of O, is estimated to occur 10 years after the release of chloro-
fluoromethanes at ground level [Rowland and Molina (843)].

The CIO radicals produced also react with NO to form NO,, which
eventually regenerates ozone by the sequence discussed before [(VIII-47)
and (VI11-42)]

ClO + NO - Cl + NO, (VIII-59)

Hence, (VI11-58) is the rate-determining step for the CIO-CI catalytic cycle.
The chain-terminating step is the reaction with methane to form HCl

Cl 4 CH, - HCl + CH, (VIII-60)

Hydrochloric acid would partially be removed by rainout after it diffuses
to the troposphere, but it would also react with OH to regenerate Cl atoms

HCl + OH - H,0 + Cl (VILI-61)
The chain processes (V111-57) and (VI11I-58) are similar to (VIl1-45) and
(VI111-46) for NO,. ’
The ratio of the rate constants of the two rate-determining steps (VII11-58)
and (V111-46) (CIO + O - Cl + O,,NO, + O - NO + O,) is
,'\5—8- =6 (VII-62)
Kao '
Nitrogen dioxide is about 20 to 50%;, of the total nitrogen oxides NO, (NO,
NO,, HNOj, N,0q), while CIO represents about 10 to 15%, of the total
chlorine species ClO, (Cl, C1O, HCl) at 25 to 30 km. Hence, the rate of ozone
removal by ClO, is about equal to that by NO, if the amounts of NO, are
equal to those of Cl1O,. According to a calculation by Turco and Whitten
(981), the reduction of ozone in the stratosphere in the year 2022 with a
continuous use of chlorofluoromethanes at present levels would be 7%
Rowland and Molina (843) conclude that the ozone depletion level at present
is about 1%, but it would increase up to 15 to 20% if the chlorofluoromethane
injection were to continue indefinitely at the present rates. Even if release of
chloroftuorocarbons were stopped after a large reduction of ozone were
found, it would take 100 or more years for full recovery, since diffusion of
chlorofluorocarbons to the stratosphere from the troposphere is a slow
process. The only loss mechanism of chlorofluorocarbons is the photolysis

in the stratosphere, production of HCI, diffusion back to the troposphere,
and rainout.
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VIII-3. PHOTOCHEMISTRY OF THE ATMOSPHERES
OF OTHER PLANETS

The atmospheric composition of the terrestrial group (Mercury, Venus,
Earth, and Mars) is radically different from that of the Jovian group (Jupiter,
Saturn, Uranus, and Neptune). The former is oxidizing (CO,, O;) and the
latter is reducing (H,, CH,, NH,). The difference comes from the size and
hence the strength of the gravitational field. The giant planets are capable of
retaining light gases, He and H,, which are abundant in the sun and in the
other stars of our galaxy, while in the terrestrial group light gases must have
escaped into space [ Huntress (492)]. Among the terrestrial group, Earth has
a unique atmospheric composition (N,,O,) because of the presence of
oceans and biological activities. Venus has lost its water on account of its
much higher temperature than that of Earth. Without water on the surface
much of the CO, outgassed from the interior has remained in the atmosphere
of Venus. Mars must have contained large quantities of water and hydrogen
in its primordial atmosphere. Hydrogen has escaped into space because of the
weak gravitational field of Mars. The water content in the Mars atmosphere
at present is very low, however, because of the low atmospheric pressure and
temperature. The Jovian planets have retained all the primitive stellar gases,
since these gases cannot escape from the strong gravitational fields of the
planets. Their atmospheric composition closely represents that of the cosmic
abundance, that is, hydrogen and helium in a ratio of 10:1. In addition to
hydrogen, methane and ammonia have been detected.

Tables VIII-2 through VIII-4 show the major and minor constituents
detected in the atmospheres of Mars, Venus, and Jupiter.

VIII-3.1. Photochemistry of the Mars Atmosphere

Mars is almost free of clouds and the surface can be seen from the earth
through a telescope. The results of the recent space probes (1073a) reveal
that the surface temperature ranges from 188 to 243"K and the Martian
poles are composed of substantial amounts of water ice, seasonally covered
by CO, frost. The rusty-red color of the surface is caused by the presence of
substantial amounts of iron oxides. The mean surface atmospheric pressure
is 7.65 £+ 0.1 mbar. The temperature profile of the Mars atmosphere is given
in Fig. VIII-12.

The high quantum yield of photolysis of CO, suggests the rapid des-
truction of CO, and the formation of CO and O, by sunlight of wavelengths
below about 2200 A (see Section VI-5). According to an estimate by McElroy
and McConnell (675), the column abundance of CO, in the atmosphere is
2 x 10%* molec cm ™~ 2. With a dissociation rate of 2.5 x 10'2 cm™2 sec™!
the entire CO, may be destroyed in less than 10,000 years.

’

1able VII1-2. Chemical Composition of the
Atmosphere” of Mars (20, 510, 788)

Major
Component Abundance
CO, 80-100
Ar <20, 1.5
N, <6, 6
Minor Mixing Ratio
Component Relative to CO,
0, 1.3 x 1073, 3 x 1073°
CO 0.9 x 1073¢
H,0 04to2x107*
0, <02 x 1077
C,0, <02 x 10~®
Cos <0.6 x 107¢
NO - <07 x 107¢
N,O <18 x10°%
HCN <5x107%
C,H, <5x10°%
C,H,, C,H, <6 x107%

“ Pressure, 7.3 mbars (surface) corresponding to a temper-
ature of 241°K on the surface; from Ref. 742.

® Results by Viking space flight 1976; from Ref. 742.

‘ From Ref. 190.

Table VIII-3. Chemical Composition of the Atmosphere®
of Venus (20, 403a, 510, 788)

Mojor Relative
Component Abundance
Co, 97
H,0 04to1l
N, 2

Minor Mixing Ratio

Component Relative to CO,
CO 46 x 107
HCl 6 x 1077
HF 1.5 x 107°
0o, <107¢
H,0, above clouds ~1074
H,O0, lower atmosphere 5-10x 1073
C,0, 1073
O, 1078
NH, <5x 1078

“ Pressure, 100 bars (surface), 100-200 mbars {cloud top). The
surface temperature is about 750"K.



Table VIII-4. Chemical Composition of the
Atmosphere* of Jupiter (735, 788, 943)

Major
Component Abundance (",)
He ~10
H, ~90
Minor Mixing Ratio
Component Relative to H,
CH, 7x 1074
NH, 2x107*103x 1077
CZHZ <5 x 10_7
C,H, <2x107°
C,H, <3Ix 10 % 107%1010°7
PH, <5x 1077
H,S <3 x l()‘:’
HCN <6 x 10"
H,0 <6x 107
CcO 107°°®
“ Pressure 2 bars (cloud top).
* Rel. 91.
150 | 10
10Q_| 12
50 | 14
| 16
Q
| | T 1
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Iig. VIH-12. Temperature profile of the Mars atmosphere. The surface temperature
innges from 170 to 243°K and the mean atmospheric pressure is 7.65 mbar at the. surface
(1073a) (M) is the number of molecules per cm®. From McElroy (674c), reprinted by
permission. Copyright by the American Geophysical Union.
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;o< 2200 A
Co, 2hco+0 (VI11-63)
The O atoms produced combine to form 0O,
o+0%o0, (VIl1-64a)
rather than CO, M
O+ CO - CO, (VIII-64b)

since (VIII-64b) is 1000 times slower than (VII1-64a) (1).

From Table VIII-2 one can see that this is not the case. The mixing
ratios of CO and O, are only about 0.1%, of the amount of CO, that would
be produced in only 2 years. Considerable efforts have been devoted to
explain this unusual stability of CO, in Mars [see Hunten (491)]. Based on
the abundant water vapor and HO, (H,HO, HO,) in the Martian atmos-
phere, McElroy et al. (675, 677) present a mechanism involving an HO,
cycle for the catalytic oxidation of CO to CO, similar to the one proposed
for NO oxidation in the troposphere [see Section (VI11-2.3), p. 333].

CO+OH-CO, +H ks (VIII-65)
H+ 0, Y HO, ke (VIII-66)

net CO+ O =CO,

The rate constant k.5 is well established and is about 1.6 x 10 '3 cm3
molec™ " sec™' at 298 K (1), kyq is S x 10732 cm® molec™ 2 sec™ !, and kg,
is estimated to be about 107 !! cm? molec™ ! sec™ .
The hydroxyl radicals are supplied by the photolysis of water
hy
H,0 S H + OH (VII-682)
or by the reaction of O('D) from the photolysis of O, with H,
O('D)+ H, -OH +H (VIII-68b)

To explain the observed O atom concentrations, which are much lower than
those expected from the photochemistry, large vertical mixing is assumed.

Parkinson and Hunten (798), on the other hand, have assumed the same
HO, catalytic cycle for CO oxidation but proposed another mechanism
involving the H,0, photolysis to explain the observed low abundances of
O, and CO in the atmosphere:

HO, + HO; = H,0, + 0, (VIII-69)
H,0, ™ OH + OH (VIII-70)

CO + OH - CO, + H (VII-T1)
H+ 0,4 HO, (VIIL-72)
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It is not known, however, whether sufficient amounts of H,0, are present
to support the hypothesis based on the H,0O, photolysis.

VIII-3.2. Photochemistry of the Venus Atmosphere

Venus is completely covered with dense clouds. The composition of the
clouds has been the subject of much speculation for many years. It includes
ice, carbon suboxide, sulfuric acid, hydrocarbons, mercuric chloride,
ammonium chloride, and hydrated ferrous chloride. Recently, Young
(1066a) has proposed, based on refractive index measurement, that the clouds
are composed most probably of droplets of 75% H,SO,.

The temperature profile of the Venus atmosphere is shown in Fig.
VIII-13. The surface temperature and pressure have recently been deter-
mined by space probes to be 747 + 20°K and 88 + 15 bars, respectively.

The atmospheric composition of Venus is similar to that of Mars (see
Table VIII-3). Carbon dioxide is the main constituent. The CO mixing
ratio is about 5 x 1073, but the O, mixing ratio is less than 10~¢. Minor
constituents that are present in the Venus atmosphere but not in the Martian
atmosphere are HC! and HF in mixing ratios of 6 x 1077 and 1.5 x 107°,
respectively.

Prinn (819) has proposed the ClO, (Cl, CIO, ClO,) cycle for the catalytic
oxidation of CO to CO, in addition to the HO, (H,OH, HO,) cycle des-
cribed in the preceding section [reactions (VIII-65) to (VIII-67)].

1 8
200
15Q_| -0
H{km) :',i |
0Q_| Cie 10g(M)
"8
5Q_J -
| 20
0

13 B W S
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Fig. VIII-13. Temperature profile of the atmosphere of Venus. The surface corresponds
to 6055 km from the center of Venus. (M) is the number of molecules per cm®. The
surface pressure is 88 bars and the temperature is 750°K. Venus is covered with dense
clouds (probably sulfuric acid droplets). After McEwan and Phillips (20), reprinted by
permission of Edward Arnold Ltd.
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hv

HCl- H + Cl
Cl + 0, clo00 (VIN 7
ClOO + CO - CO, + CIO (VI 71,
ClIO + CO - Cl + CO, (VI o

net 2CO + O, — 2CO,

Because of the very low concentrations of O, observed in the Venus atn.
phere, the proposed ClO, cycle may be important in the Venus atmosphui
However, very little information is available on the rate constants involviny
ClO, and the ClO, cycle remains a hypothesis. Abundances of H,0, amt
Oj; in the Venus atmosphere must be exceedingly small. McElroy ct .l

(678) considered the photolysis of HCl as another source of H atoms
addition to the photolysis of H,O

HCI™H + Q1 (VI 7o
Cl+H, > HCl + H (VI 1)

The photochemistry of the Mars and Venus atmospheres may be bette
understood if the minor constituents, such as H,0,, O,, and H,, can I
measured and if the rate constants involving HO, and CIOO radicals « .
be measured more accurately in the laboratory. McElroy et al. (678) belics.
tha; CO and H,0 are converted to CO, and H, in the hot region near t
surface

CO"" H20—>C02 + H2

VIII-3.3. Photochemistry of the Jovian Atmosphere

Jupite'r is a huge planet with a volume 1312 times that of Earth, but the
average density is only 1.3 gcm ™2 It is covered by clouds marked witl
golored bands running parallel to the equator. The clouds also contim
light and dark spots, including the famous Red Spot. Jupiter radiates mor.
than twice as much heat as it absorbs from the sun, which indicates a con
vective interior all the way to the center. There is no evidence of a solsl
surf?ce to which height can be referred. The temperature profile of (h.
Jupiter atmosphere is shown in Fig. VIII-14 where the height above il
tropopause is given [Hunten (490a, 490b)]. It appears that the bound:,
between stratosphere and mesosphere is not distinct with a uniform ten
perature of about 100°K. The observed cloud deck is probably ammoni.
ice.

The atmospheric composition of Jupiter is much different from tho-
of Mars and Venus. It is similar to the primitive stellar atmospheres. Th:
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main constituents are H, and He and the minor constituents are CH, and
NH,. The composition is given in Table VIII-4. .

Concentration profiles of H,, He, CH,, and NH; at 150"K and with the
cddy diffusion coefficient K = 3 x 10% cm? sec™! have been calculated‘ by
Strobel (943) and are given in Fig. VI11-15. Because of the presence of CH,
above the layer of NH,, solar radiation of wavelengths only above about
1600 A is effective in photodissociating NH .

500

- Hy
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3004 He

CHa
| NHs
10Q |
T T, T Tl T, 1 T T 1.7

i0 100G e /g:n3 St o

Iig. VIH-15. Concentration profiles of main constituents in the Jovian atmosphere.
T'=150°K, K = 3 x 10° cm? sec™!. The height refers to the cloud top. From Strobel
(943), reprinted by permission of Reidel.
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Jupiter is much further away from the sun compared with the terrestrial
planets and is colder with a mean temperature of about 100°K. Hence, any
chemical reaction that requires an activation energy cannotl occur in the
Jovian atmosphere.

The stability of methane and ammonia against the photolysis by solar
radiation has been discussed by McNesby (685) and Strobel (442, 944-946).

The photochemistry of CH, is ‘predominantly the dissociation into
CH; + H, CH, + H,, and CH + H + H, by Lyman o radiation [see the
methane photolysis Section VII-17, p. 298]

hv

CH,™CH, + H (VIII-78)
CH, S CH, + H, (VIII-79)
CH,"CH+H + H, (VIII-80)
followed by
CH, + H, »CH, + H (VIII-81)
CH, + CH, — 2CH, (VIII-82)
CH + CH, > C,H, + H (VIII-83)
CH + H, ¥ CH, (VIII-84)
CH; + H¥ CH, (VIII-85)
2cH, M, H, (VIII-86)

Thus, the main photolysis products are C,H, and C,H. Acetylene, a minor
observed product, may be formed from the photolysis of ethylene and ethane.

The stability of CH, against solar radiation has been explained on the
basis of electronically excited CHj radicals (CH%) formed by absorption of
sunlight [McNesby (685)]. The CH* radicals may be able to abstract H atoms
from H,, while the abstraction by ground state CH, radicals requires a high
activation energy and hence does not occur.

CHY +H,>CH,+H (VIII-87)

Strobel (942), on the other hand, has proposed the sequence that higher
hydrocarbons are transported downward into the hotter regions where they
decompose thermally to produce methane, which in turn is transported
upward to supplement methane lost by photolysis.

According to Strobel (945, 946) the upper atmosphere ( > 100 km) photo-
chemistry is dominated by the photolysis of methane. Only below 100 km
the atmosphere contains suflicient ammonia to be photochemically impor-
tant. The photochemically effective wavelengths for NH; photolysis are in
the range from 1600 A, the onset of CH, absorption, to 2300 A, the onset of
NHj, absorption. The photolysis of NH; has already been discussed (see
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Section VII-1) and may be summarized as follows

NH, 221004 Ny 4 H (VIII-88)
NH, + NH, M N,H, (VIII-89)
NH, + HM NH, (VIII-90)

The combination of NH, to form N,H, is a more {avorable path than the
reformation of NH,, (VII1-90), and NH; is photochemically destructed.
The N,H, formed is partially converted into N, and H,

N,H, S N, + 2H, (VIII-91)
H + N,H, » N,H, + H, (VI11-92)
H + N,H, » N, + 2H, (VIII-93)

To explain the stability of ammonia, Strobel (945) further suggests a slow
downward transport of N,H, to the hotter dense regions of the deep atmo-
sphere where it decomposes thermally to NH, radicals which react with
H, to re-form NH,.

On the other hand, McNesby (685) has proposed a mechanism to re-
generate NH, by assuming the reaction of electronically excited NH,(NH})
produced by absorption of sunlight in the visible region

NH, (X2B,) 8 NH,(A%4,) (VI11-94)

The NH?% radicals produced may be capable of abstracting H atoms from H,
NH3% + H, - NH; + H (VIII-95)

The probability of NH, disappearance by (VIII-89) is about 1073 sec™!
using kgo = 10~ cm® molec™ ! sec™ ! and [NH,] = 10" molec cm ™3, while
that of NH,(A2A,) production (VIII-94) is 10~ sec ™! on the basis of a solar
intensity of 10'® photons cm~2 sec™* and an absorption cross section of
10729 cm? of NH, (625a) in the region 4300 to 9000 A. Thus, (VIII-95) may
not be significant in the lower stratosphere but may be important in the
upper stratosphere. Strobel (945) believes that the NH; density profile in
the stratosphere deviates significantly from a mixing ratio of 7.6 x 1077
because of photochemical destruction and slow mixing.
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Table A-3. Conversion Factors for Absorption Coefficients C))

Table A 2. (continued)

The absorption coeflicient a is defined by the equation
% oM RELFTTTS v =1l or I, = 1,107
= where [, and [, are the transmitted and incident light intensities, b dene
cither pressure or concentration, and / is the path length in centimeters b
o' pending on whether b is given in pressure units (torr or atm) or in concentr.it. ...
20y é o units (mol dm™3), « is designated as & or €. If k (pressure "' cm™') is used, w
. +l % E &8 necessary to specifly the temperature to which the pressure is referred. At '
8 = g kis 9", less than that at ¢ C,
- Sometimes the absorption cross section o, defined as ¢ = k (atm ™' ¢ ' .
0 C)/ny = k/2.687 x 10'® cm? molec ™! is used instead of k or €, where n, 1. 11
o Loshmidt number. Th? absorption cross spction is somclimcs expressed
T _3 _ % N megabarns; | Mb = 107 '¥ ¢m?. The absorption cross section is nearly temp 1 .
g ~ = = g ture independent between 0°C and room temperature, but may change at mu. 1.
- ~ne higher and lower temperatures.
’é _
et To Convert From Base to Base Multiply 11,
k(atm, 298°K) 'cm~! ¢ a (cm? molec ™) e 4.06 x 1
k(atm, 298 K)™' ¢cm ! e k(atm, 273'K)"'em™! e 1.09
~ k(atm, 298 K) ' cm ™! e e(dm?mol ' em-Y) 10 106
= k(atm, 298 K)"'em ™! 10 o e 9.35 x 10
v k(atm, 298'K)" ' ¢cm ™! 10 k(@am, 273K) tem! e 2.5]
5 k(atm, 298°K) " 'cm ! 10 € 10 244
£ = - o 2IFH A(mm Hg 298°K) 'em™! 10 o ¢ 711 % 10
o 4] Reda k(mmHg 298°K)"'em™ 10 k(@m,273K) 'em ' e 191 x 10"
= - -~ k{mm Hg, 298 K)""em™! 10 € 10 1.86 % 11
=z k(atm, 273 K) 'cem ! e a ¢ 372 « 1o
k(atm, 273 K) ' e¢m ™! ¢ € 10 9.73
_ B = k(atm,273'K) ' e¢m™! 10 a e 8.57 x 1o
=5 E&FE L ! k (atm, 273°K) "t em ™! 10 k(atm, 273°K) ' em™ ! o 2.303
A . é ) 4 k(atm, 273°K) 'e¢m~! 10 € 10 224
c 33 CTes $9E e(dm’* mol ' cm™ ) 10 a e 382 % o
2 5;3; AR $3 3 ¢(dm*mol™ ' cm™¥) 10 k(atm,273K)"'ecm™!' 0.103
é NI NN g g3 o(cmi molcci‘) e k(atm, 273°K)"'ecm™' ¢ 269 x 10
2 Qv aaad $E2 o {cm? molec ™) e € 10 26 x 10"
o . T
. £ 2
o 53 &
Ry 225
- oty 5§52
Lu“" o Y i e T
R MmNt
L e
¢ & & g
- R
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Table A-4. Conversion Factors for Second Order Rate Constants (9)

To Convert From

to

Muttiply By

1 cm
I cm
| cm® molec
I (mm Hg) ™! sec
{ (mm Hg) ™! sec”

molec™!
-1

sec

-1
1

 atm™!sec™!
latm™!sec”!
{atm™ ' sec”!
1 atm™ ! sec™!
I ppm~ ! min~!
1 ppm~! min~'
| ppm~! min~!

sec”

-1
1

dm? mol "'sec™!

cm? molec™ ! sec”
(mm Hg)" ' sec™!
c¢m® mol™ ! sec™!
cm? molec™!
(mm Hg)™ ' sec”
cm® mol ™! sec”
dm? mol ™! sec”
(mm Hg) ' sec”
cm’ mol ™! sec”
dm?® mol ! sec”
cm? molec™!
cm® mo!l ™! sec”
dm?® mol "' sec”
cm?® molec™ ! sec
(mm Hg) ! sec™!
cm?® mol ! sec™!
dm? mol™ ! sec™’
cm?® molec™!

1
1

3
1
1

1

1
1

sec”

sec”

sec”

1

1

1

-1

1

1073

0.166 x 10~ 2?
1603 x 1078 K™!
10°

0.166 x 102¢
1603 x 1073 K™!
6.023 x 103

6.023 x 10%°

96.53 x 10'7 K~!
6240 x 10° K
6240 K

1036 x 1072 K
82.10K

8210 x 107° K
1363 x 1072 K
1.316 x 1073

4.11 x 10* (300°KY
4.11 x 10% (300K)*
681 x 107 '® (300°K)*

Table A-5B. Conversion from Pressure to Concentration Units

Unit

Equivalent

1 atm (0°C)
I atm (0°C)
I atm (0°C)
Iatm (0°C)
I atm (0°C)

! torr (mm Hg, 0°C)
I torr (mm Hg, 0-C)
I torr (mm Hg, 0-C)
1 torr (mm Hg, 0°C)

2.6867 x 10'” molec cm ™3
4.4615 x 1073 mol cm ™3
44615 x 10" moldm ™3
1.013250 x 10° newton m~ 2 (Nm~ 2, pascal)
760 torr (mm Hg, 0°C)
3.5351 x 10'* moleccm™?
58704 x 10" ¥ molcm ™3
5.8704 x 10" * mol dm ™2
1.3332 x 10> Nm~?
2.6515 x 10'* molec cm ™3
44032 x 107" mol ¢m 3
4.4032 x 10" " mol dm ~?
7.5006 mtorr

1.0000 x 10° Nm "2

750.06 torr

" Calculated by the author.

Table A-SA. Conversion Factors for Third Order Rate Constants (9)

To Convert From

to

Multiply By

1 cm® mol ™2 sec™
1 cm® mol~? sec”
1 cm® mol~? sec™
1 dm® mol ™2 sec”
1 dm® mol~ 2 sec”

1
1
1
2
2
1 dm® mol™ 2 sec™?

-2 -

1 em® molec™ 2 sec
1 cm® molec™?
1 cm® molec™?
1 {mm Hg) % sec™!
1 (mm Hg) 2 sec™’
{ (mm Hg) 2 sec™!
{atm™%sec!

1 atm™ % sec™!

1 atm™2 sec™!
| ppm~2 min~
1 ppm~Z min”~
1 ppm~ 2 min~

1
1
1

sec”
sec”

1
1
1

dm® mol 2 sec™!

cm® molec™?
(mm Hg)™ % sec™!
cm® mol ™% sec™!
¢m® molec™?
(mm Hg) 2 sec™!
cm® mol~ 2 sec™!
dm® mol~ % sec™!
(mm Hg) 2sec™!
c¢m® mol ™% sec™!
dm® mol~ % sec™!
cm® molec™?
cm® mol ™% sec”
dm® mol~? sec”

1
1

cm® molec™ 2 sec™

c¢m® mol ™% sec™!
dm® mol~2 sec™!
cm® molec ™2

sec”

sec”

sec”

sec”

1

1

1

10°¢

276 x 10748

257 x 107'°K"?
10°

2.76 x 10742

257 x 1074 K2
36.28 x 10*°

36.28 x 10*°

93.18 x 10°° K2
3894 x 10* K2
3894 x 10* K?

1.07 x 1073 K?
6.740 x 10 K?
6.740 x 1073 K?
.86 x 10744 K?
1.01 x 10'? (300°K)"
1.01 x 102 (300°K )
2.79 x 1072% (300"K)°

" Calculated by the author.

Table A—6. Enthalpies of

Formation of Atoms at 1 atm
and 0K in the Ideal Gas State

Atom

AHf (keal mol ™ ") Ref.

cznzx

~zAwvTm
=

51.634 + 0.001
169.58 + 0.45
1125 +1
58.983 + 0.024
18.36 + 0.40
79.18 £ 0.05
65.75 + 0.01
28.587 + 0.002
28.183 + 0.029
25613 + 0.010

[
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Table A-7. Enthalpies of Formation
of Diatomic Radicals at 1 atm and 0 K

in the 1deal Gas State

Radical AHf (keal mol ™) Ref.”
CH 141.2 + 0.1
NH 82.6 + 1.5" 666, 762
OH 9.290 + 03
PH 604 + 8
SH 344 + 4
C, 1982 % 0.9
CN 101 + 1 264
CS 6496 + 0.4 769
CF 60.1 + 2
CCl 119.1 + 5
CBr 123 + 15
FO 2245 220, 628
Clo 24211 + 0.05
BrO 320+ 06 327
10 4315 327
SO 1.64 + 0.3
1.17. 4+ 0.03 5, 768
SCi [15F 100

a Taken from Ref 28 unless otherwisc noted.
® From the threshold energy of NH, - NH
(¢'TH) + H; (762) and the cnergy. difference of
NH(a'A-X3Z7) (666).
< Estimated value.

Table A--8. Enthalpies of Formation of Triatomic Radicals at

1 atm and 0 K in the ldeal Gas State

Radical AHfS (keal mol ™ ') Ref.”
CH, 9225+ 10

NH, 408 +3

PH, 331 +2 672
C,H 127 +1 771
HCO —3 + 3(Ref. 28), 10.3 + 2 (Ref. 5), 3.7 + 1.5°

HCF [29.9 +7F

HCCl  [799 ¥ 10]

N,H [61] 1049
HNO 24.5

HO, 6+ 2

HSO <149 859a
C, 199.2 + 0.4 999
C,0 67.5 + 15 (Ref. 28), 93 + S (Ref. 1047)

NCN 1129+ 5 5, 764
NCO 37+ 3 765
FCO {—41115]

CF, —43.6 + 1.5

CCl, 56.7+5

CiCoO -4 3
CiCS 43 +1 774
N, 997+ S 5
NF, 10.7 £ 2.0

5,0 —1275+0.25 100

® From Ref. 28 unless otherwise noted.

* Author's estimate from the breaking-off of H,CO emission bands. See
Section VI11-4, p. 277,

¢ Estimated values are indicated by brackets.



Table A-9. Enthalpies of Formation of
Four-atomic Radicals at 1 atm and 0'K
in the Ideal Gas State

Radical AHf (keal mol ") Ref.
CH 3562 + 0.2

CH;CI 30.0 (2987K) 270
CH,Br 38.9 (298°K) 270
CH,l 52.4(298°K) 270
HCOO —36 + 4(298°K) 3
COOH —51 + 3(298°K) 3
CHCI 220

CHI, ’ 79.8 (298°K) mn
CF —-117+1

CF;CI —64.3 + 2 (2987K) 630
CF,Br ?

CFCl, —-21°

CCl, 19.15+ 2

CBr, 47 29
NO, 18545

SO, —-93.22 4 0.17
Polyatomic
Radical

C,H 59.6 647
Cil,aCO —54 1(298°K) 404
CH,O 35 3

Table A—10. Enthalpies of
Formation of Diatomic
Molecules at 1 atm and 0K
in the Ideal Gas State®

+ Estimated from Dy(Cl —CCl;), Do(C1——CH,Cl),

and AH%(CHCl,). ‘
b Eslimat:d from Dy{Cl-—CCly), Do(Cl—CF,Cl),

and AHfHCFCl,).

378

Table A-11. Enthalpies of
Formation of Triatomic
Molecules at 1 atm and 0°K
in the Ideal Gas State*

Molecule AHS (keal mol ™)
HF —~65.13+0.2
HCI —22.019 + 0.05
HBr —6.84 £ 0.13
HI 6.82 + 0.05
CcO —2720 4+ 004
NO 21.46 + 0.04
S, 30.80 + 0.2
CIF — 12,12+ 06
BrF —12.1+04
1F -22.192 + 09
Br, 10922 + 0.030
BrCi 5.28 + 0.30
I, 15.66 + 0.01

ICl 4.574 + 0.025
IBr 11.91 + 0.02

* From Ref. 28.

Molecule Allfy (kcal mol™ ")
H,0 - 57.103

H,S —-4.18+0.15
HCN 3239+ 2
HFO —228 +1°
CO, -93.965 + 0.011
OCs —33.11 +0.25
CS, 27.79 + 0.19
FCN 84+ 1

CICN 328

BrCN 46.1 + 1.5

ICN 541 + 1.5
N,O 20.43 + 0.1
NO, 8.59 + 0.2
ONF —151+04
ONCI 12.83 + 0.2
ONI [27.6 + 5]

0, 348 + 04
Clo, 256+ 1.5
ChLO 204 106

F,O 6.40 + 0.38
SO, —70.341 + 0.05

“From Ref. 28 unless otherwise

noted.

® From Ref. 6.

“ Calculated from DyF —CN) and
enthalpies of formation of H and
CN. See Rel. 264.
4 Estimated value.

Table A-12. Enthalpies of Formation of
Four-Atom Molecules at 1 atm and 0 'K
in the Ideal Gas State

Molecule AHS S (keal mol ') Ref.*

NH, -930+0.1

PH, 7.0 + 04

C,H, 5433 £ 0.19

N,H, 36 +2 1049
H,0, —31.025

HCHO —268+1.5

HN, 7172+ 0.3 29
HNO,, cis —16.85 +0.32

HNO,, trans ~17.37 +£0.32

HNCO —-24+3 765
FC,H {30 773
CIC,H [52] 773
BrC,H 642+ 1.5 773
IC,H [77] 773
HCFO [-90]

C,N, 73.428 + 043

F,CO ~1520+04

CIFCO —101 + 8

OCCl, —522+4+08

sccl, 792 + 1 774
FNO, —246+ 5
CINO, 420 + 04

NF, —30.06 + 03

PF,: —224.0+ 09
OSCl, -50.07 29
S,Cl, —-4.18 29

* From Ref. 28 unless otherwise noted.

* Estimated values are indicated by brackets.
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Table A—13. Enthalpies of Formation of Five-Atom Molecules at
1 atm and 0°K in the Ideal Gas State

Molecule AHS (keal mol™") Ref.®
CH, —-15.99 + 0.08
CH,F —54 +8
CH,C! —181+05 5
CH,Br —4.72 29
CH,! 5.38 29
CH,N, (diazomethane) =513 605
CH, N, (diazirinc) >60.6 607
CH,CO — 114 + 04 (298 K) 751
HCOOH —90.48 (29%8 'K) 29
CH,F, —1059 + 04
CH,FCl [—-609 + 37
CH,CY, —21.19+ 03
CH,Br, —1 270
CH,I, 29.26 29
CHF, —-1649 + 03
CHF,Cl —~1136+3
CHFCl, [-66.36 + 3]
CHC(l, —2349 £ 03
CHI, 59.8 (298"K) 377
HNO, ~29.76 + 0.10
C,HCN 85+ 1 771
N,CN . 108 +5 764
C,0, ~23.14 + 044
CF, —221.61 £ 0.3
CF,Cl —168.0+ 0.8
CF,Br ~1522407
CF;,l —-1394 + 08
CF,Cl, —~116.5 +2
CECl, —6824 + 15
CCl, —-2242 + 05
CCl,Br - 8.81 29
CBr, 38 (Ref. 377), 26.10 (Ref. 29)
N,O, 19.80 + 0.2 (298 K)
CIONO, 6.29 + 0.08 (293 K) 578
SO,F, —1793 +2 5
SO,Cl, —833+05 5
Six-Atom
Molecule
N,O, 447+ 04
N,O, 2.7 4+ 0.3(298°K)

° From Rel. 28 unless otherwise noted.
* Estimated values arc indicated by brackets.
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a 5, absorption coefficient (cm™) at wave
number 77, 25, 28, 28F
&g, absorption coefficient at peak, 26
relationship with f, 26, 37
ay, ay, az, angles between molecule fixed
X, ¥,z axes and space fixed X axis,
51, 54
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apf, optical depth, 28
tables of, 34T
a, absorption coefficient, 41
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a axis, 14
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A, rotational constant, 14
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lamp, 36
é, angstrom, wavelength unit, 3
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A,, A,, symmetry specics of Cov 17
Al AL AL, A7, symmetry species of Dy,
75T, 79, 80
A', A", symmetry species of Cg, 75
Amn, Einstein transition probability of
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Ar atom, energy levels and transition
probabilities, 363T
°P,, 'P,, sensitized reactions, 148
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As atom, energy levels and transition prob
abilities, 369T
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34T
integrated, relationship of, with Dopples
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conversion factors for, 373T
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temperature effect of, 44, 46F
absorption cross section (o), 28, 42
of atoms, tables of, 34T
absorption intensity, of atoms, 24-25. See
also absorption coefficient
measurement by resonance lamp, 35-
37
absorption line, broadening of, see broaden
ing





