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ABSTRACT

The photochemistry of simple molecules containing carbon, hydrogen, nitrogen, and oxygen atoms in the
atmosphere of Titan has been investigated using updated chemical schemes and our own estimates of a number
of key rate coefficients. Proper exospheric boundary conditions, vertical transport, and condensation processes at
the tropopause have been incorporated into the model. It is argued that the composition, climatology, and
evolution of Titan’s atmosphere are controlled by five major processes: (a) photolysis and photosensitized
dissociation of CH,; (b) conversion of H to H, and escape of hydrogen; (c¢) synthesis of higher hydrocarbons;
(d) coupling between nitrogen and hydrocarbons; () coupling between oxygen and hydrocarbons. Starting with
N,, CH,, and H,0, and invoking interactions with ultraviolet sunlight, energetic electrons, and cosmic rays, the
model satisfactorily accounts for the concentrations of minor species observed by the Voyager IRIS and UVS
instruments. Photochemistry is responsible for converting the simpler atmospheric species into more complex
organic compounds, which are subsequently condensed at the tropopause and deposited on the surface. Titan
might have lost 5.6 X10%, 1.8 X107, and 4.0 g cm ™2, or the equivalent of 8,0.25, and 5x10~* bars of CH,, N,
and CO, respectively, over geologic time. Implications of abiotic organic synthesis on Titan for the origin of life

on Earth are briefly discussed.

Subject headings: planets: abundances — planets: atmospheres — planets: satellites — planets: Saturn

I. INTRODUCTION

Titan, a satellite with a massive atmosphere, has attracted
considerable attention in recent years. Early work on observa-
tions and modeling of Titan was discussed and summarized in
two NASA workshop reports (Hunten 19744, 1978) and in
several articles by Hunten (1972, 19745, 1977), Caldwell (1977,
1978), and Trafton (1981). Notable progress was made in
understanding Titan’s geochemistry (Lewis 1971; Lewis and
Prinn 1973), atmospheric radiation (Danielson, Caldwell, and
Larach 1973), atmospheric dynamics (Leovy and Pollack 1973),.
and evolution (Hunten 1973; Atreya, Donahue, and Kuhn
1978). The early studies were aware of the fact that the
CH ,-to-H, ratio on Titan must be large, rendering the atmo-
sphere ideally suited for the synthesis of organic compounds.
However, ground-based observations were unable to identify
nitrogen as the major atmospheric constituent; instead, they
indicated that methane was dominant. Because of this, the
theoretical work by Strobel (1974) and Allen, Pinto, and Yung
(1980) was restricted to hydrocarbon chemistry. It was in the
laboratory where bold and imaginative experiments were per-
formed with varying mixtures of hydrocarbons, nitrogen,
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sulfur, and water vapor, on the supposition that gases other
than methane were present (Khare and Sagan 1973; Sagan
1974; Scattergood and Owen 1977; Chang ez al. 1979). These
experiments yielded a host of interesting compounds such as
alkanes, nitriles, and aldehydes, and anticipated the subse-
quent detection or inference of some of these compounds by
the Voyager missions.

The recent Voyager missions to Saturn resulted in major
advances in our knowledge of Titan and its immediate en-
vironment. It has now been established that the principal
constituent of the atmosphere of Titan is nitrogen. The minor
constituents that have been identified to date include CH,,
H,, C,H,, C,H,, C,H,, CH,C,H, C;H;, C,H,, HCN,
HC;N, C,N,, CH;D, CO, and CO,. In addition observations
of several haze layers at high altitude in the atmosphere and
an extensive hydrogen torus in the vicinity of Titan’s orbit
have been reported. Table 1A summarizes the most important
recent measurements relevant to our modeling effort. Most of
the data are derived from the UVS (ultraviolet spectrometer),
IRIS (infrared interferometer spectrometer), and radio occul-
tation experiments on Voyager 1 and 2, as reported in the
special issues, Science, 212 (1981), Nature, 292 (1981), and J.
Geophys. Res., 87 (1982). The detection of CH;D and CO are
based on post-Voyager ground-based observations. See Table
1A for detailed listing of appropriate references.
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TABLE 1A
PHYSICAL PARAMETERS AND CHEMICAL COMPOSITION MEASUREMENTS FOR PHOTOCHEMICAL MODEL

Physical or Chemical Data

Reference and Remarks

At the Surface (altitude z = 0):
ry = distance to center = 2575 km
go = gravity =135 cm s 72
P, = total pressure = 1.50 bar
T, = temperature = 94 K
n, = number density =1.2x102°cm ™3

Composition of the Troposphere (volume mixing ratio):

N, > 0.97
CH,<0.03
H, = 0.002

At the Tropopause (z = 45 km):
P =130 mbar

Composition of the Stratosphere (volume mixing ratio):

CH,=1-3x10"?
H,=20x10"3
C,H,=2x10">
C,H,=2x10"°
C,H,=4x107"7
CyH; =2-4x107°
CH,C,H=3x10"¢%
C,H,=10"%-10"7
HCN=2x10""
HC,N=10"%-10""
C,N, =10"%-10"7
CO=6x10"7

C0,=15%x10"°
H,0<1x107°
CH ;D detected, abundance not available

Composition of Mesoszphere and Thermosphere:
N, =27Xx108cm ™3 at z =1280 km
CH,=12%10%cm™? at z =1140 km

(mixing ratio = 0.08)
C,H, mixing ratio 1%-2% at z = 840 km
H atoms: disk-averaged Lya airglow ~ 500 R®

Haze Layers:
optical haze z =300 km
UV haze z =400 km

Lindal er al. 1983
Lindal er al. 1983
Lindal ez al. 1983
Lindal er al. 1983
Lindal er al. 1983

Lindal er al. 1983
Lindal er al. 1983
Samuelson et al. 1981

Lindal er al. 1983
Lindal et al. 1983
Lindal er al. 1983

Hanel et al. 1981; see text
Samuelson et al. 1981

Hanel er al. 1981

Hanel et al. 1981

Kunde et al. 1982

Maguire et al. 1981

Maguire ez al. 1981

Kunde et al. 1981

Hanel et al. 1981

Kunde et al. 1981

Kunde ef al. 1981

Lutz, de Bergh, and Owen 1983;
Muhleman, Berge, and Clancy 1984
Samuelson et al. 1983

Kunde (1982, private communication)
de Bergh et al. 1981

Smith et al. 1982a
Smith et al. 19824
Smith et al. 1982a
Strobel and Shemansky 1982

Smith et al. 1982b
Smith ez al. 19824

2The observed airglow on the dayside is ~1 kR. However, based on our knowledge of the Lya
nightglow and other emissions, we conclude that the dayglow consists of roughly equal contributions
from resonance scattering of solar radiation and excitation by electron impact. The value quoted here
refers to the component of Lya airglow arising from resonance scattering (Shemansky 1982, private

communication).

In bulk chemical composition, Titan’s atmosphere is reduc-

ing, with an oxidation state intermediate between that of the -

terrestrial planets and that of the Jovian planets. The abun-
dance of organic compounds in the stratosphere offers an
important clue to the type of chemistry that prevails on Titan.
Table 1B presents an estimate of the maximum concentrations
of select compounds consistent with saturation at the
tropopause and the surface. Comparison of Tables 1A and 1B
suggests that the abundances of most minor species exceed
their saturated vapor pressures and should condense at the
tropopause, or even at the surface. Thus, the lower atmosphere

cannot be the source of complex molecules to the upper
atmosphere, even though some molecules such as HCN might
be abundant on the surface and in the interior of Titan (Prinn
and Fegley 1981). It is generally accepted that most of the
observed compounds are derived from a few parent molecules
via photochemical processes. In this sense the atmosphere of
Titan is conceptually simple like the Martian atmosphere,
whose present composition and past evolution can be ade-
quately explained by photochemistry (McElroy and Donahue
1972; McElroy 1972; Nier, McElroy, and Yung 1976). In
contrast, the atmospheres of Venus and the Jovian planets are
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more complex, and require for a complete description the
interaction between photochemistry in the upper atmosphere
and thermochemistry in the lower atmosphere (Prinn 1975;
Lewis and Kreimendahl 1980; Yung and DeMore 1982;
Strobel 1973; Barshay and Lewis 1978). The terrestrial atmo-
sphere is further complicated by interaction with the bio-
sphere (Lovelock and Margulis 1974; Holland 1978). All
existing evidence suggests that the atmosphere of Titan is like
that of Mars in the sense that we expect photochemistry to
provide a fundamental understanding of the present atmo-
sphere and possibly its past evolution.

The purpose of this paper is to explore and develop this
theme. We assume, without further inquiry, that the atmo-
sphere contains the primitive parent molecules N,, CH,, and
H,O0. The origin of N, and CH, can probably be traced to the

TABLE 1B*

MAXIMUM MIXING RATIOS OF SELECTED SPECIES AT TROPOPAUSE

AND SURFACE OF TITAN

Molecule Tropopause Surface
CHy oo 3.0x1072 12%x107!
CHg oo 51x1077 40x107°
CHy oo 41x107° 1.9%107¢
CH,y oo, 6.9%x10710 8.0x1077
CH;C,H........... 3.8x107!! 43x107%
CH,CCH, ......... 1.8x10712 53x107°
CHg ooovovveennnn. 6.8x10710 3‘3><10-;
CiHy oo, 13%x107° 48x1077
CH, ... 7410718 1.2Xx10712
CiHy oo 26x1070 54x10" 1
1-C,Hg oo 3.5%10713 6.2x107 !
1.2-CHg...oone... 32x107 1 51x1071
1,3-C4Hg. oo 6.0x10713 1.9><10':
CyHpgooooovneennne 3.0%x10713 12x107°%
HCN................ 23x107Y 1.7x10712
CO oo, 15 2.1
COyvieii 56x10" ! é.gx%g-jo
HyO oo 0 5x1072
H,CO ... 41x107 1 20x107°

2Temperature and number density of the ambient atmosphere at
the tropopause assumed in the computations are 70 K and 1.1 x 10"
em™3, respectively; at the surface, 95 K and 1.2x10% cm~?,
respectively. Vapor pressure data are taken from Schlessinger 1970,
and should be regarded as order of magnitude estimates.
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initial endowment of volatiles acquired by Titan at the time of
its formation (Owen 1982). H,O is probably continuously
replenished by a small but steady meteoritic source (Samuelson
etal. 1983). Interaction between the parent molecules and
ultraviolet radiation, energetic electrons, and cosmic rays leads
to the production of reactive radicals, which can combine to
form more complex molecules. The aim of the photochemical
model is to invoke known reaction pathways to quantitatively
explain the abundances of minor constituents listed in Table
1A. Unfortunately, the task is handicapped by the lack of
appropriate laboratory kinetics data and uncertainties in de-
fining the vertical mixing parameters of the atmosphere. The
totality of currently available information is not sufficient for
building a definitive photochemical model of Titan. This work
must be considered as a preliminary attempt to provide a
framework for integrating the extensive (but incomplete) set
of observations, and the fragmentary (and often inconsistent)
chemical kinetics data.

II. OVERVIEW

While the complete chemical model is somewhat elaborate,
we must emphasize its underlying simplicity. It is possible to
understand the overall photochemistry on Titan in terms of a
small number of chemical cycles or schemes, which are similar
in principle to the ones that operate in the atmospheres of the
terrestrial planets. The discussion in this section, with empha-
sis on concepts and atmospheric processes, should be regarded
as parallel to that in § III, which emphasizes the mechanistic
details of photolytic and chemical reactions.

It is convenient, for purposes of discussion, to divide the
photochemistry of Titan’s atmosphere into two regions, char-
acterized by primary and photosensitized processes, respec-
tively. In the thermosphere and mesosphere, dissociation of
N,, H,0, and CH, occurs by direct photolysis or electron
impact. This, as we shall show, leads to the production of the
important species HCN, CO, CO,, C,H,, C,H,, and
CH,C,H. With the subsequent downward transport of these
species, some of the molecules, notably C,H,, can now act as
precursors of stratospheric chemistry by catalyzing the dissoci-
ation of CH,. It will be shown that photosensitized processes
in the stratosphere are responsible for producing C,H¢ and

TABLE 1C

CoMPARISON OF C, Hg AND C, H, AND OTHER STRATOSPHERIC PARAMETERS ON TITAN, JUPITER, AND SATURN

Parameter Titan® Jupiter® Saturn®
Mixing ratio of C;Hg ................. 2X1073 5%107° 48x107°
Mixing ratio of C,H, ................. 2x10°¢ 2x1078 1.1x1077
Mixing ratioof CH, .................. 1-3x1072 1.75%1073 1.76 X103
Tropopause pressure (mb) ............ 130 113 100
Tropopause temperature (K) ......... 71 128 85
C,Hg(max) ... 5%1077 1.1x107} 6.2X1073
CoHy(max)® ... 6.9x10710 1.7x1072 51%x1077

3Taken from Table 1A.

bKunde er al. 1982, Gautier et al. 1982, Maguire (1983, private communication); Kostiuk et al. 1983 reported
a much lower C,H abundance of 1.2 X107 ¢ in the South Polar Region.

“Hanel et al. 1981; Courtin 1982.

dMaximum mixing ratio consistent with saturation vapor pressure at the tropopause.
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C,H;. Stratospheric chemistry can also successfully account
for the presence of C,H,, HC;N, and C,N,. While the
primary processes in the thermosphere and mesosphere are
relatively well-defined in the photochemical model, the sec-
ondary photochemical processes in the stratosphere are cur-
rently rather ill-defined. So the first important problem
addressed in this work is an assessment of the importance of
stratospheric chemistry relative to mesospheric chemistry.

The second important problem in the photochemical model
is related to the stability of unsaturated carbon compounds.
Table 1A includes seven carbon species with unsaturated
bonds, C,H,, C,H,, CH;C,H, C,H,, HCN, HC;N, and
C,N,, all extremely reactive toward H atoms. With the possi-
ble exception of C,H, and HCN, most of these compounds
can be destroyed by reactions with H. Since CH, is the
ultimate source of all carbon atoms, the production of the
more complex carbon species must be accompanied by com-
parable quantities of H or H,. One way to guarantee the
survival of the unsaturated species in the stratosphere is to
convert H into H, by some hitherto unknown catalytic
processes.

To what extent can the composition of Titan’s atmosphere
be explained by thermospheric and mesospheric chemistry
alone? What is the compelling evidence for the existence of an
active stratospheric chemistry? How are hydrogen atoms re-
moved in the stratosphere? What are the consequences if the
hydrogen atoms are not removed? These and related questions
will be raised and examined in the following subsections. The
models of Strobel (1974) and Allen, Pinto, and Yung (1980)
provide a convenient starting point of our inquiry. Where the
old ideas are useful, they will be appraised and incorporated
into the new model. Where the old concepts prove inadequate,
we shall advance new hypotheses, which are necessarily more
speculative. It is hoped that this discussion serves to focus our
attention on the critical issues of photochemistry on Titan,
and that some of the new ideas proposed here are useful at
least for guiding future laboratory investigations or for plan-
ning missions and observations.

a) Primary Processes in the Thermosphere and
Mesosphere

The observations of extensive airglow associated with N,,
N, and N* emissions led Strobel and Shemansky (1982) to
conclude that dissociation of N, occurs readily in the thermo-
sphere as the result of interactions with energetic electrons of
magnetospheric origin (reaction number n in Rn refers to
identifying reaction index in Tables 3A-3C and 7):

N, +e—>N+N(*D)+e,

N, +e— N+N(*D), (R1)
where N and N(2D), respectively, denote the ground (S) and
excited (*D) states of the nitrogen atom, and the products
have been deduced on the basis of Oran, Julienne, and Strobel
(1975), and Yung et al. (1977). Since the quenching of N(?D)
by N, is not efficient, N(*D) most probably reacts with CH,:

N(*D)+CH, - NH+CH,. (R72)

Vol. 55

The probability of inserting the N(2D) atom into CH, with
subsequent formation of the CN bond is not ruled out, but
considered unlikely. The fate of NH in the thermosphere
depends on the relative importance of the reactions

NH+H - N+H,, (R75)

NH+N- N, +H. (R76)
Since R76 is more important than R75, most of N, dissocia-
tion leads back to combination. Only a small fraction of N
atoms will react with hydrocarbons. Based on analogy with
the reaction N+ CH (Messing eral 1981), M. Lin (1982,
private communication) suggested that an N atom attacks a
CH, radical with the formation of HCN:

N+CH,; - HCN+H,. (R74)
The overall nitrogen chemistry in the thermosphere can be
summarized by two schemes (scheme number n refers to
identifying scheme index in Table 2B):

N, +e—>N+N(D)+e (R1)
N(*D)+CH, » NH+CH, (R72)
N+NH- N, +H (R76)

net CH, - CH, +H 6y

2[N, +e—> N+N(D)+e] (R1)
2[N(*D)+CH, » NH+CH,] (R72)
N+NH- N, +H (R76)
NH+H - N+H, (R75)
2(N+CH, » HCN+H,) (R74)

net N, +2CH, — 2HCN + 3H, (2)

Scheme (1) is a catalytic cycle for dissociating CH,. The CH,

radicals produced can further react with N, OH, or other
hydrocarbon radicals. Scheme (2) is the major source of HCN
on Titan and is much more important than a similar scheme
driven by the absorption of cosmic rays in the lower stra-
tosphere. HCN formed in the thermosphere is ultimately
removed by transport to the stratosphere followed by con-
densation at the tropopause.

The influx of micrometeoroids into Titan’s atmosphere pro-
vides a net source of oxygen to this reducing atmosphere. On
Earth, the ablation of meteoroids occurs in the mesosphere
with subsequent release of metallic atoms (Hunten, Turco, and
Toon 1980). On Titan the incoming material is probably of
more icy nature and would sublimate in the thermosphere,
delivering a source of H,0 molecules. H,O is destroyed by
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photolysis:
H,O0+ hv - H+OH. (R21a)
The OH radical can react with CHj:
OH+CH; - CO+2H, (R95)
(Fenimore 1969), or further react with CO:
OH+CO- CO,+H (R96)

(DeMore et al. 1982). Thus, the fate of meteoritic H,O can be
summarized by two schemes:

H,0+ hv > H+OH (R21a)
OH+CH, — CO+2H, (R95)
CH,- CH,+H (1)

net H,0+CH, - CO+2H+2H, (3a)
H,0+ hv —» H+OH (R21a)
OH+CO - CO, +H (R96)

net H,0+CO - CO, +2H (3b)

where in scheme (3a) the critical step CH, > CH, +H is
driven by scheme (1). Scheme (3a) produces CO; scheme (3b)
converts CO into CO,. The two schemes offer a simple
mechanism for regulating the abundances of CO and CO, on
Titan. In steady state, the production and destruction of CO
by schemes (3a) and (3b), respectively, must nearly balance.
We have :

fo " kos[OH][CH, ] dz = fo " kos [OH][CO] d.

Since H,O influx and condensation of CO, are, respectively,
the major source and sink of oxygen, we have

¢(H,0) =2¢(CO,),

where ¢(H,O) is the meteoritic H,O flux and ¢(CO,) is the
downward flux of CO, into the troposphere. It is clear that
these two expressions uniquely determine the abundances of
CO and CO, in the atmosphere. It is of interest to note that to
first order, abundances of CO and CO, are not related to each
other. CO is proportional to CH;, CO, to the flux of H,O.
The bulk of CH, photolysis takes place in the mesosphere.
The absorption cross sections for CH, reported in early work
(Watanabe, Zelikoff, and Inn 1953) were shown to be in error
at long wavelengths by Mount, Warden, and Moos (1977).
The latter experiment demonstrated that the molecule does
not absorb beyond 1450 A. The products of CH, photolysis

PHOTOCHEMISTRY OF TITAN 469

were studied by McNesby and Okabe (1964), Laufer and
McNesby (1968), Gorden and Ausloos (1967), Rebbert and
Ausloos (1972), and Slanger (1982), with good agreement, in
general, between the results of the various experiments. The
principal branches and their quantum yields (g) at Lya are

CH, + hv »!CH, +H, g =041, (R5a)
- CH, +2H 4> =0.51, (R5b)
—»CH+H+H, g¢5=0.08, (R5¢)

where 'CH, and CH, refer to the excited (singlet) and ground
(triplet) states of methylene, respectively The branch CH, +
hv — CH, + H is considered unimportant, and Slanger (1982)
has placed an upper limit ¢ < 0.1. At longer wavelengths, the
only one of the above branches allowed by energy and spin
conservation is

CH,+hv—>'CH, +H,, (R5a)
to which a quantum yield of unity is usually assigned. 'CH, is
efficiently quenched to the ground state by N,:

!CH, +N, > CH, +N, (R28)
(Ashfold er al. 1980; Laufer 1981a). The CH, and CH radi-

cals are removed by reactions leading to the formation of
C,H, and C,H,:

2CH, - C,H, +H,, (R32)
CH, +CH,; - C,H,+H, (R34)
CH+CH,- C,H, +H, (R27)

(Banyard eral 1980; Laufer 1981a; Gorden and Ausloos
1967; Butler et al. 1981). The net results of CH, photolysis
can be summarized by the following schemes:

2(CH, + hv - 'CH, +H,) (R5a)
'CH, +N, -» CH, +N, (R28)
2CH, -» C,H, +H, (R32)

net 2CH, - C,H, +3H, (4a)
2(CH, + hv — CH, +2H) (R5b)
2CH, - C,H, +H, (R32)

net 2CH, —» C,H, +4H+H, (4b)
CH,+hv— CH+H+H, (R5c¢)
CH+CH,—-»C,H,+H (R27)
net 2CH, -» C,H, +2H+H, (5a)
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CH, + hv —» CH, +2H (R5b) CH, + hv »'CH, +H, (R5a)

CH, - CH, +H (1) ICH, +CH, — 2CH, (R30b)

CH,+CH, - C,H, +H (R34) 2CH, +M - C,H, +M (R35)

net 2CH, — C,H, +4H (5b) net 2CH, —» C,H, +H, (7b)

where in scheme (5b) the CH, radical is derived from scheme
(1). Further reaction between CH, and C,H, leads to the
formation of methylacetylene

CH, +C,H, +M - CH,C,H+M (R31a)
(Laufer 1981a), and we have the scheme
CH, + hv - CH, +2H (R5b)
CH,+C,H,+M - CH,C,H+M (R31a)
net CH, +C,H, » CH,C,H+2H (6)

The chemistry summarized by schemes (4)—(6) is essentially
what was proposed by Strobel (1974). It successfully accounts

for the production of the observed species C,H,, C,H,, and -

CH,C,H. But the beautifully simple theory fails to explain
the high abundance of C,H¢ on Titan.

b) C,Hg and Photosensitized Dissociation of CH,

Our understanding of the hydrocarbon photochemistry on
Titan is closely related to that on Jupiter and Saturn. Table
1C presents a comparison of C,Hy and C,H,, and other
relevant atmospheric parameters for Titan, Jupiter, and Saturn.
The abundance of C,H; in the stratosphere of Titan is high
relative to C,H,, and when compared with C,H¢ abundance
in the stratosphere of Jupiter or Saturn. Comparison of the
physical parameters of the atmospheres in Table 1C reveals no
obvious explanation by simple physical processes such as
condensation. We shall argue that this is an indication of a

fundamental difficulty with the photochemical model of CH,,’

as described by Strobel (1974).

Although no (or few) methyl radicals axe produced in the
direct photolysis of CH,, the reactions of 'CH, with H, and
CH, produce CH;:

ICH, +H, - CH,+H, (R29b)

1CH, +CH, — 2CH, (R30b)

(Laufer 19814). This gives rise to two schemes for converting
CH, into C,Hg:

2(CH, + hv »!CH, +H,) (R5a)
2(*CH, +H, - CH, +H) (R29b)
2CH, +M - C,H¢ +M (R35)
net 2CH, —» C,H, +2H (7a)

Scheme (7a) is primarily responsible for producing C,Hg on
Jupiter and Saturn, where H, is abundant (Strobel 1973;
Yung and Strobel 1980). Strobel (1974) invoked schemes (7a)
and (7b) to produce C,H, on Titan under the assumption that
the atmosphere was either pure CH, or 50% CH, and 50%
H,. In view of the Voyager discovery that N, is the dominant
constituent of the atmosphere of Titan, we face a dilemma.
Ninety-five percent of *CH, produced in CH, photolysis is
quenched by N,; only 5% leads to production of CH;. Indi-
rect processes involving energetic electrons or cosmic rays
such as scheme (1) provide a relatively small rate of produc-
tion of CH; compared with the overall rate of CH, photolysis
(see Table 2A for quantitative comparison). Thus, on the basis
of primary photolysis of CH, we would not expect the abun-
dance of C,H, on Titan to exceed that of C,H,, or that there
should be more C,Hg on Titan than on Jupiter and Saturn, in
conflict with the observations summarized in Table 1C. We
accept this as sufficient evidence for additional processes for
driving CH, photochemistry on Titan.

Although the CH;-H bond is only 102 kcal mole™, and
photons with wavelengths shortward of 2768 A are energetl-
cally capable of dissociating CH,, the observed absorption
threshold is at 1600 A, and the absorption cross section does
not become appreciable until A <1450 A (Mount Warden,
and Moos 1977; Mount and Moos 1978). What is the fate of
the soft ultraviolet photons longward of 1600 A in the atmo-
spheres of the outer planets and satellites? Recent observa-
tions of Jupiter and Saturn show that the ultraviolet albedos
of these planets between 1500 and 2000 A are dominated by
acetylene absorption (Owen et al. 1980; Clarke, Moos, and
Feldman 1982; McClintock eral 1982; Moos and Clarke
1979; Gladstone and Yung 1983). Albedo measurements in
this spectral range for Titan are not available, but C,H,
absorption is expected to be even more important because of
the higher mixing ratio of C,H, on Titan compared with that
on Jupiter or Saturn (see Table 1C). Since most of the photons
around 2000 A are energetically capable of dissociating CH,,
molecular absorption could lead to an indirect path for de-
stroying CH,. Following the laboratory work by Payne and
Stief (1976) and Laufer and Bass (1979), Allen, Pinto, and
Yung (1980) proposed that the photolysis of C,H, could lead
to additional dissociation of CH, on Titan:

C,H,+hv—> C,H+H (R6a)
C,H+CH,— C,H,+CH, (R55)
net CH, - CH, + H. (8a)

An extensive laboratory study by Okabe (1981, 19834) has
definitively established the existence of two important branches
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of C,H, photolysis:

CH,+mv—->CH+H g, (R6a)

-C,+H, 92> (R6b)
with quantum yields ¢; = 0.3 and 0.06 at 1470 and 1849 A,
respectively, and ¢, = 0.1 at both wavelengths. The first branch
is crucial for scheme (8a). The second branch can give rise to
another scheme for dissociating CH,:

C,H, + hv—>C, +H, (R6b)
C,+CH, - C,H+CH, (R53)
C,H+CH, - C,H, + CH, (R55)
net 2CH, —» 2CH, +H,, (8b)

where the products in the reaction C, + CH, are based on the
analysis of Pitts, Pasternack, and McDonald (1982). Note that
two CH, molecules are destroyed for each C, radical pro-
duced.

There are obviously other possibilities. Diacetylene (C,H,),
hydrogen cyanide (HCN), cyanoacetylene (HC;N), and
cyanogen (C,N,) have been detected on Titan. We shall first
discuss C,H,. This molecule has an absorption spectrum that
extends beyond that of C,H, (Georgieff and Richard 1958).
The products of photolysis include C,H and C,H (Graham,
Dismuke, and Weltner 1974), but no quantitative study has
been made. The primary processes are most probably
A <2300 A,

C,H,+hy—> C,H+H (R14a)

-2C,H A<2013A, (R14b)
where the threshold wavelengths (A) have been estimated
using heats of formation. The reactivity of C,H toward CH, is
not known. We postulate that it attacks CH, like C,H.

Photolysis of C,H, gives rise to two schemes:

C,H,+hv— C,H+H (R14a)
C,H+CH, - C,H, + CH, (R61)
net CH, » CH,+H (8¢)
C,H, + hv - 2C,H (R14b)
C,H+CH, - C,H, +CH, (R55)
C,H+C,H, > C,H, +H (R58)
net CH, —» CH, + H. (8d)

The schemes (8a)—(8d) share one common feature: they are
catalytic cycles for decomposing CH, into CH, and hydrogen.
The compounds C,H, and C,H,, act as catalysts for collecting
the solar energy needed for breaking CH, apart. The CH,
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radicals can now readily combine to form C,H, as in

2CH, +M - C,H, + M (R35)
2(CH, - CH, + H) (8a)
net 2CH, —» C,H¢ +2H, (9a)

where the source of CH is scheme (8a). Making similar use of
schemes (8b)-(8d), we obtain the following schemes for con-
verting CH, into C, H;

2CH, - C,H, +H,, (9b)
2CH, - C,H, +2H, (9¢)
2CH, - C,H, +2H. (9d)

The efficiency of the new schemes is ultimately limited by the
availability of photons. An estimate of the flux of photons that
can be used to drive schemes (92)—(9d) is given in Table 2A.
Since the solar flux increases rapidly from 1000 to 2300 A, it is
clear that photosensitized dissociation of CH, could be signifi-
cantly more important than direct photolysis and could pro-
vide a simple explanation for the high C,H, /C,H, ratio on
Titan.

The new chemistry is not expected to produce significant
amounts of C,H, on Jupiter and Saturn as a result of the
scavenging of the reactive radicals by H,. On the basis of
Laufer and Bass (1979), Okabe (1981), and Pasternack and
McDonald (1979), it is most likely that photolysis of C,H,
and C,H, in a predominantly H, atmosphere results in the
following schemes:

C2H2+hv—>C2+H2 (R6b)
C,+H,- C,H+H (R52)
C,H+H, - C,H,+H (R54)
net H, —» 2H (10a)
HX+hv->H+X
X+H, > HX+H
net H, - 2H (10b)

where X=C,H or C,H. In this case H, but not CH, is
decomposed. Thus, the lower abundance of C,H, on Jupiter
and Saturn relative to that on Titan appears as a natural
consequence of the predominance of H, on these planets.
The photochemistry of the observed nitrile compounds
HCN, HC;N, and C, N, is similar to that of C,H, and C,H,.
Photolysis leads to the production of the reactive CN radical:

HCN + hv - H+CN A<2200A, (R17)
HC,N+hv—» C,H+CN  A<1924 A, (R18)
C,N, + hv - 2CN A<2132A (R19)
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TABLE 2A

ESTIMATED MAXIMUM RATES OF DISSOCIATION OF SIMPLE MOLECULES IN
ATMOSPHERE OF TITAN BY INTERACTION WITH ULTRAVIOLET SUNLIGHT,
ENERGETIC ELECTRONS, AND COSMIC RAYS

Maximum
Wavelength 7F? Potential Quantum Dissociation Rate®
(A) (em™2s71) Absorber Yield (em™2s7 Y
Solar flux

Lya (1216) ......... 5.6x10! CH, 1 22x10°
1250-1600 ......... 6.0x10! CH, 1 2.7x10°
1600-2000 ......... 1.1x10% C,H, 0.16° 8.0x10°
2000-2300 ......... 1.2x10% C,H, 0.3¢ 1.6x10!
Energetic electrons® ....................... N, 1 1x10°
Cosmicrays’...........cccoevviiiiiiinn. N, 1 4x10’

20verhead Sun at 1 a.u. (Mount and Rottman 1981).

SnF X g X f; X f, X f3, where q=quantum yield, f, = attenuation due to distance from
Sun = 0.011, f, = global averaging factor = 0.25, and f; = sphericity correction factor =1.6.

“Sum of C,H and C, branches at 1849 A (Okabe 1983a).

dEstimated: see text.
¢Strobel and Shemansky 1982.
fCapone er al. 1980.

TABLE 2B
SUMMARY OF IMPORTANT CHEMICAL CYCLES AND SCHEMES IN PHOTOCHEMICAL MODEL
Scheme Net Chemical Reaction Region of Importance Remarks
1o CH, - CH;+H thermosphere catalyzed by N,
2 N, +CH, - 2HCN +3H, thermosphere { driven by energetic
electrons
3a .ol H,0+CH, - CO+2H+2H, thermosphere and mesosphere major source of CO
3b ... H,0+CO - CO, +2H thermosphere and mesosphere major source of CO,
da ......... 2CH, - C,H, +3H, mesosphere photolysis of CH,
3b o 2CH, - C,H, +4H+H, mesosphere photolysis of CH,
58 ... 2CH, - C,H,+2H+H, mesosphere photolysis of CH,
5b.l 2CH, - C,H, +4H mesosphere photolysis of CH,
6. CH, +C,H, - CH;C,H+2H mesosphere photolysis of CH,
Ta ......... 2CH, - C,Hq +2H {importa.nt on Jupiter but
not on Titan
To ......... 2CH, - C,H,+H, important in Strobel
{ 1974 model but not
in current model
8a, 8c-8h CH, - CH;+H stratosphere catalyzed by C,H,, C,H,,
{ HCN, HC;N, C;N,
8b ......... 2CH,— 2CH; +H, stratosphere catalyzed by C, H,
9a, 9c-9d 2CH, - C,H, +2H stratosphere catalyzed by C,H,, C,H,
9 ...l 2CH, - C,Hy +H, stratosphere catalyzed by C, H,
10a, 10b H,->2H quenching of C,, C,H, C,.H
{ by H,; important on Jupiter
but not on Titan
1la-11c C,Hy—» C,Hs+H stratosphere catalyzed by C,H,, C4H,
12 . CH,+C,H¢— C;Hg +2H stratosphere driven by photosensitized
{ dissociation of CH, and
C,Hq
13 ... 2C,H, - C4H, +2H stratosphere major source of C4H,
14 ......... C,H, +HCN —» HC;N +2H stratosphere major source of HC3N
15 .. 2HCN - C,N, +2H stratosphere major source of C,N,
16a-16¢ 2H—-H, stratosphere catalyzed by C,H, and HCN
17a ........ C,H,+2H - C,H{ stratosphere destruction of C,H, by H
176 ........ 2CH;C,H+2H - C,H4 +2C,H, stratosphere cracking of CH;C,H by H
17c ........ C,H,+2H - 2C,H, stratosphere cracking of C4H, by H
17d........ C,N, +2H - 2HCN stratosphere cracking of C,N, by H
17e ........ HC;N+2H - C,H, + HCN stratosphere cracking of HC;N by H
18 ..., 2H-H, stratosphere catalyzed by C4H,
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(Lee 1980; Connors, Roebber, and Weiss 1974). The following
schemes are obvious analogs of schemes (8a)—(8d)

HCN+ hy - H+CN (R17)
CN+CH, —» HCN +CH, (R78)
net CH, » CH, +H (8e)
HC,N+ hy > C,H+CN (R183)
C,H+HCN - HC,N+H (R81)
CN+CH, —» HCN + CH, (R78)
net CH, » CH; +H (8f)

_ HC,N+hv—> C,H+CN (R18)
CN+C,H, » HC,;N+H (R80)
C,H+CH, » C,H, + CH, (R55)
net CH, » CH; +H (8g)
C,N, + hv = 2CN (R19)
CN+HCN - C,N, +H (R82)
CN+CH, » HCN+ CH, (R78)
net CH, » CH; +H. (8h)

The overall additional contribution to the photosensitized
dissociation of CH, is, however, small, because of the overlap
of the spectral regions of absorption by C,H, and C,H, and
the lower abundances of the nitrile compounds.

It should be pointed out that the importance of photosensi-
tized dissociation in atmospheric chemistry is the rule rather
than the exception. A notable example is the generation of
hydroxyl radicals in the terrestrial troposphere by

O;+hv— 0,+0(*D)

o('D)+H,0 - 20H

net O; +H,0 — O, +20H

(Levy 1971; McConnell, McElroy, and Wofsy 1971). Direct
photolysis of H,0

H,O+ hv » H+OH

requires photons with wavelengths A < 2420 A and is negligi-
ble except in the mesosphere and thermosphere (see Allen,
Yung, and Waters 1981). The photosensitized dissociation of

H,0 is initiated by absorption of photons with wavelength
A <3100 A and is the major source of the important OH
radical in the troposphere (see Logan ef al. 1978).

Pursuing the analogy with the terrestrial atmosphere, we
note that Strobel (1974) had only mesospheric chemistry; the
stratosphere in his model is an inert reservoir. The Voyager
observations provide compelling evidence for the existence of
stratospheric photochemistry, initiated by photosensitized
processes. Acetylene plays a role in the stratosphere of Titan
similar to that of ozone in the terrestrial troposphere. The
similarity can be extended even further. The reactive radicals
C,H and C,H are like O(*D) and OH, and are capable of
abstracting H from C,Hg:

C,H, + hv - C,H+H (R6a)
C,H+C,H, - C,H, +C,H, (R56)
net C,H, —» C,H, +H (11a)
C,H,+hv—> C,H+H (R14a)
C,H+C,H, - C,H, +C,H, (R62)
net C,H,—> C,H;+H (11b)
C,H, + hv > 2C,H (R14b)
C,H+C,H, - C,H, +H (R58)
C,H+C,H, - C,H, +C,H, (R56)
net C,H, - C,H; +H (11¢)

Note that the photosensitized dissociation of C,H, ([11a]-
[11c)) differs from the direct photolysis, which proceeds pref-
erentially by molecular elimination:

C,H¢+hv—> C,H,+H, (R8a)

The production of the ethyl radical by schemes (11a)-(11c)
opens a number of pathways for producing propane in the
atmosphere. Combining the schemes (8a) and (11a) we have

2(C,H, + hv —» C,H+H) (R6a)
C,H+CH,— C,H, +CH, (R55)
C,H+C,H - C,H, +C,H; (R56)
CH,+C,H; +M— C;Hg +M (R40b)
net CH, +C,H, - C;Hg +2H. (12)

Obviously the combination of any one of the schemes (8a)—(8h)
with any one of the schemes (11a)—(11c) results in the forma-
tion of C;Hjg. It is satisfying to note that the high abundance
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of propane on Titan, as observed by the Voyager, is an
inexorable consequence of the photosensitized processes in the
stratosphere, but otherwise has no simple explanation.

¢) Unsaturated Carbon Compounds and Scavenging of
H Atoms

The production of the unsaturated carbon compounds listed
in Table 1A poses no difficulty for the photochemical model.
HCN, C,H,, C,H,, and CH;C,H are readily produced in
the thermosphere and mesosphere by schemes (2), (4a)—(4b),
(5a)—(5b), and (6), respectively. Production of C,;H,, HC;N,
and C,N, appears to be a natural consequence of strato-
spheric chemistry described in the previous subsection using
C,H, and HCN originally formed in the upper atmosphere, as
illustrated by the following schemes:

C,H, +hv—>C,H+H (R6a)
C,H+C,H, » C,H, +H (R58)

net 2C,H, - C,H, +2H (13)
C,H,+hv—>C,H+H (R6a)
C,H+HCN - HC,N+H (R81)

net C,H, + HCN - HC,N+2H (14)
HCN+ hy » H+CN (R17)
CN+HCN - C,N, +H (R82)

net 2HCN — C,N, +2H. (15)

The kinetics for schemes (13)—(15) has been fairly well estab-
lished by recent studies (Laufer 19815; Okabe 1981; Schacke,
Wagner, and Wolfrum 1977; Becker and Hong 1983).

To explain the high abundances of the unsaturated com-
pounds on Titan, it is, of course, not sufficient that the
molecules are easily produced. It is essential also that the
destructive processes are somehow rendered impotent. Shield-
ing against photolysis is provided to a large extent by C,H,
and C,H,. Most of the absorbed photons are converted into
thermal energy. The small fraction that leads to dissociation of
C,H,, C,H,, HCN, HG)N, and C,N, ultimately results in
photosensitizing  the dissociation of CH,, as in schemes
(8a)-(8h). Another way to view these schemes is that the
unstable compounds that are photolyzed are restored at the
expense of CH,. Thus, the impact of ultraviolet radiation on
the unsaturated compounds in the stratosphere is greatly
mitigated. Unfortunately, the schemes (8a) and (8c)—(8h) pro-
duce a hydrogen atom for each photolysis event. Since carbon
species with unsaturated bonds are extremely reactive toward
H atoms, the stability of these compounds is not insured until
the hydrogen atoms are removed.

Since hydrogen atoms cannot easily escape from the strato-
sphere, they must react with other stratospheric species. We
shall first discuss the interaction between H and the most
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abundant unsaturated species C,H,. The reaction produces
C,H, (Payne and Stief 1976):
C,H,+H+M—- C,H;+M. (R25)

The vinyl radical can react again with H, or undergo dispro-
portionation:

C,H,+H- C,H, +H,, (R36)

2C,H, - C,H, +C,H,. (R38)

The ultimate fate of the hydrogen atoms tied up by C,H,
depends on the pathway of C,H, photolysis:

C,H,+hv—>C,H,+H, (R7a)
- C,H, +2H. (R7b)

Only the first branch leads to net destruction of H. The results
can be summarized in two schemes: '

C,H, +H+M - C,H; +M (R25)
C,H,+H- C,H, +H, (R36)

net 2H - H, (16a)

2(C,H, +H+M - C,H; + M) (R25)
2C,H, - C,H, +C,H, (R38)

C,H, + hv - C,H, +H, (R7a)

net 2H — H,. (16b)

Schemes (16a) and (16b) convert hydrogen atoms into molecu-
lar hydrogen. Once it is formed, H, is practically inert in the
atmosphere, and it eventually escapes from the exosphere.

The rate limiting step in the catalytic cycles (16a) and (16b)
for removing H atoms is the reaction forming the vinyl
radical. From the experiments of Payne and Stief (1976) we
deduce the low and high pressure limit for the rate coefficient
to be ky=9.5x10"* cm® s™* and k,, =3.1x107"° cm® s}
at 150 K. This is a slow reaction, and the catalytic cycles (16a)
and (16b) are not capable of rapidly removing the copious
amounts of H atoms produced by schemes (8a) and (8c)—(8h).
Reaction between HCN and H has not been studied, but we
can invoke an analogy with C,H, and propose the following
scheme for removing hydrogen atoms:

H+HCN+M - H,CN+M (R83)
H+H,CN - H, + HCN (R84)
net 2H -» H, (16¢)

We do not expect cycle (16¢) to be more important than cycles
(16a) or (16b).
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The reaction of ethylene with H has been extensively studied
(see Kurylo, Peterson, and Braun 1970; Lee et al. 1978) and
can be summarized by

CH,+H+M- C,H,+M, (R26)

C,H, +H - 2CH,. (R39)

The branch restoring C,H,:

is considered unlikely with a maximum branching ratio of 5%
relative to the cracking branch (Camilleri, Marshall, and
Purnell 1974). Hence, the net result of H on C,H, is the
scheme:

C,H,+H+M- C,H;+M (R26)
C,H +H— 2CH, (R39)
2CH; +M - C,H, +M (R35)

net C,H, +2H — C,H;. (17a)

Once it is formed, C,H, is fairly stable and represents a
nearly permanent sink for C,H,. Laboratory studies have
demonstrated that H atoms can destroy CH;C, H (von Wagner
and Zellner 1972 a; Whytock, Payne, and Stief 1976; Niedziel-
ski, Gawlowski, and Gierczak 1983), C,H, (Schwanebeck and
Warnatz 1975), and C,N, (Phillips 1978), as in the following
schemes:

2(CH,C,H+H - CH, +C,H,)  (R45a)
2CH; +M->C,H,+M (R35)

net 2CH,C,H+2H - C,H, +2C,H,  (17b)
C,H,+tH+M->C,H;+M (R68)
CH; +H-2C,H, (R69a)

net C,H, +2H - 2C,H, (17¢)
C,N, +H+M - HG,N, +M (R87)
HC,N, +H — 2HCN (R88)

net C,N, +2H — 2HCN. (179)

The reaction between H and HC;N has not been studied, but
we expect the result to be similar to that of H on C,H, or
C,N,, and we have the following analogous scheme:

HC,N+H+M - H,C,N+M (R85)
H,C,N+H - C,H, + HCN (R86)
net HC,N+2H — C,H, +HCN. (17¢)
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It is of interest to note that the net results of schemes (17¢),
(17d), and (17¢) are exactly the reverse of that of schemes (13),
(15), and (14), respectively.

We have arrived at a fundamental difficulty that is largely
independent of the details of the model. The production of
hydrogen is an inevitable consequence of using CH,, a hydro-
gen-rich molecule, as the ultimate source of carbon in the
synthesis of the more complex compounds, C,;H,, C;Hq,
C,H,, HC;N, and C,N,, that are deficient in hydrogen. A
similar situation was encountered in Strobel’s (1974) model.
But the bulk of Strobel’s chemistry takes place in the meso-
sphere, and the problem is alleviated by the escape of hydro-
gen. Unfortunately, stratospheric chemistry occurs much too
deep in the atmosphere for escape of H atoms to occur. It is
conceivable to find the equivalents of schemes (9a), (9¢)—(9d),
and (12)-(15) which all produce H, but not H. But this is
forsaking a large body of known laboratory results in favor of
the unknown. Instead we shall take a more conservative
position of postulating just one catalytic scheme for removing
H atoms:

CH,+H+M - C,H,+M (R68)
C,H;+H-C,H,+H, (R69b)
net 2H - H,. (18)

Scheme (18) is based on obvious analogy with (16a). Accord-
ing to H. Okabe (1983, private communication), the radical
C,H; is analogous to C,H;, and consequently scheme (18)
could be several times more important than (17c). Postulating
a kinetic rate coefficient for (R69b) equal to 1.2x10!!
cm® s~! would be sufficient to resolve the hydrogen problem.
For comparison, we note that the analogous reaction

C,H,+H-C,H, +H,

was measured by Keil ez al (1976) to have a rate coefficient
between 1 and 2X 107 cm? s~!. Scheme (18) is supposed to
include minor variations of the scheme, such as the following:

C,H,+H+M—-CH,;+M (R68)
C,H,+H+M - C,H,+M (R69¢)
C,H,+hv—CH,+H, (R103b)

net 2H - H,.

In an experiment studying the impact of H on C,H,, the
intermediate species, vinyl acetylene (C,H,), has actually
been observed (Schwanebeck and Warnatz 1975). It should be
noted that scheme (18) is the simplest and the most plausible
that we can think of. Any other process, such as recombina-
tion of H on the surface of aerosol grains, would serve the
same purpose, and would be consistent with all the existing
observations.

d) Outline of Approach

We have briefly discussed the photochemistry of Titan’s
atmosphere in terms of 18 major chemical cycles and schemes
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F16. 1.—Schematic diagram showing how the observed species are related to the parent molecules N,, H,0, and CH,, and to each other. Numbers
refer to the chemical cycles or schemes discussed in § II and summarized in Table 2B.

summarized in Table 2B. A schematic diagram showing how
the observed species relate to the parent molecules and to each
other via the chemical schemes is presented in Figure 1. Table
2B and Figure 1 together provide a broad perspective of the
chemistry of the Titanian atmosphere. This simple picture
probably contains the essential ingredients of a successful
model, although many details remain to be defined or refined.
Our discussion reveals a number of deficiencies in our under-
standing of the reactions of N(?D), N(“S), and NH with
hydrocarbons and their radicals, the photochemistry of C,H,,
the chemical kinetics of the radicals C, and C,H, and the
interaction between H atoms and the unsaturated carbon
species. These will be elaborated in the following section,
which consists of an updated treatment of the photochemistry
and chemical kinetics of hydrocarbons, nitrogen, and oxygen
compounds. A photochemical model will be presented, along
with comparisons between theory and observations. The im-
plications of the model for the composition of the tropo-
sphere, the origin and evolution of Titan’s atmosphere, Titan’s
geochemistry, and chemical evolution in the primitive ter-
restrial atmosphere will be discussed. The emphasis of this
work is neutral chemistry. Ion chemistry, aerosol chemistry,
and the strong coupling between thermal structure and chem-
istry will be explored in separate papers. Our work focuses on
detailed photochemical modeling and should be regarded as
complementary to recent work which addresses the formation
of Titan (Prinn and Fegley 1981), the origin of its atmosphere
(Owen 1982), airglow (Strobel and Shemansky 1982), thermal

structure (Friedson and Yung 1983), and general aecronomy
(Strobel 1982; Hunten et al. 1983).

III. PHOTOCHEMISTRY AND CHEMICAL KINETICS

The photochemistry of hydrocarbons containing one or two
carbon atoms has been studied in previous work (see Strobel
1974) and will not be discussed in detail here, except where
revision or updating is needed. The photochemistry of poly-
acetylenes (these compounds are also known as polyynes; the
nomenclature here follows that of combustion literature) has
been briefly discussed by Allen, Pinto, and Yung (1980). The
photochemistry of nitrogen compounds in a reducing atmo-
sphere has not been investigated, except for a qualitative
discussion by Strobel (1982). The photochemistry of oxygen
compounds in a mildly reducing atmosphere has been in-
vestigated by Pinto, Gladstone, and Yung (1980). Tables
3A-3C list the essential reactions, related to dissociations,
hydrocarbons, and nitrogen and oxygen, respectively. Specula-
tive reactions involving the more complex hydrocarbons are
discussed in the Appendix. Our tables include most of the
reactions considered in previous work, as well as new reac-
tions. Most of the material in this section has been assembled,
with critical evaluation, from previous papers on related sub-
Jjects and the extensive compilations or reviews by Calvert and
Pitts (1966), Johnston, Cuff, and Price (1977), Okabe (1978),
Allara and Shaw (1980), Laufer (1981a), Ashihara (1983),
Brown and Winkler (1970), Safrany (1971), and DeMore et al.
(1982).
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MOLECULAR DISSOCIATION REACTIONS

Quantum Yield Photodissociation
Reaction® Ly a Coefficient (J) Reference
R1 Ny + e N+N(°D) +e see text Strobel and Shemansky 1982
R2 N, + CR -> N+ N(?p) ' - Capone et al. 1980
R3a CO+e -> C+0+e ' - Lee and McKay 1982;
b -y c+o(lp) +e e — See text
R4 CHy + bv -> lcH, + B 1.0 1.0 x 107° Parkes et al. 1973
R5a cHy + bv -> . lem, + By 0.41 1.0 2.2 x 1078 Watanabe et al. 1953;
b -> CBZ + 2H 0.51 0 2.0 x 10“8 Strobel 1973; Mount
c -> CH+ H+H 0.08 0 3.2 x 1072 and Moos 1978
R6a CyHy + bV => CH + H 0.3 0.06 4.5 x 1078 Nakayama and Watanabe 1964;
b - ¢y + K, 0.10 0.10 2.5 x 1078 Okabe 1981, 1983a
R7a C2H4 + hy - C2H2 + HZ 0.51 1.4 x 10_7 Zelikoff and Watanabe 1953;
b ~> CyH, + 28 0.49 1.2 x 1077 Back and Griffiths 1967
R8a CHg + BV —> CoH, + Hy 0.13  0.56 1.1 x 1078 Akimoto et al. 1965;
=> C2H4 + 2H 0.30 0.14 9.1 x 1079 Hampson and McNesby 1965;
c -> C,H, + 2H, 0.25 0.27 9.9 x 107 Lias et al. 1970;
-> cH, + lcn, 0.25 0.02 6.1 x 10:3 Mount and Moos 1978
e -> 2CH, 0.08 0.01 3.5 x 10
R9 C3H3 + hy —> C3H2 + R 1.0 1.2 x 10.7 Poole and Anderson 1959;
Ramsay and Thistlewaithe
1966; Jacox and Milligan
1974
R10a  CH3C,H + hv ~> CgHg + H 0.40 9.0 x 1078 Stief et al. 1971;
b - CSHZ + Ez 0.15 2.4 x 10_8 Hamai and Hirayama 1979;
c => CHy + C,il 0.02 4.5 x 1072 Heller and Milne 1978
Rlla CH2CCH2 + by =) C3H3 + H 0.40 3.2 x 10"7 Sutcliffe and Walsh 1952;
b => CgH, + H, 0.15 1.2 x 10:; Rabalais et al. 1971;
c -> C2H2 + CH, 0.06 4.9 x 10 Heller and Milne 1978
R12a C4Hg + by => CHyCCH, + H, 0.57 3.5 x 1077 Calvert and Pitts 1966;
b -> C,B, + CH, 0.02 1.2 x 1078 Borrell et al. 1971;
¢ -> C,H, + CHy + H 0.34 2.0 x 1077 Collin et al. 1979
a => C,H + CHy + B 0.05 3.0 x 1078
R13a CgHg + by -> CiHg + H, 0.33 0.94 4.6 x 1078 Calvert and Pitts 1966
b -5 CyHg + lCH, 0.09 0.0 7.6 x 10:2
c -> CyHg + CHy 0.39 0.0 3.3 x 10
d -> Cyly + CH, 0.20 0.06 1.8 x 10:3
R14a C4H2 + hy > C4H + 1 0.30 2.6 x 10_7 Georgieff and Richard 1958;
b -> 2C2H : 0.30 1.7 x 10 Okabe 1981; Heller and
Milne 1978
R15a C6H2 + hy - CGH + H 0.30 2.6 x 10-7 Kloster-Jensen et al. 1974;
b => C4B + CyH 0.30 1.7 x 1077 estimated, based on Cy4H, + hv
R168 CgHy + by => C¢H + C,H 0.30 2.6 x 1077 Kloster-Jenson et al. 1974;
b = 2C,H 0.30 1.7 x 1077 estimated, based on CyH, + hv
R17 HCN + hv -> H + CN 1.0 1.1 x 1077 West 1975; Lee 1980
R1S BC;N + hv =) C,H + CN 0.3 4.0 x 1077 Connors et al. 1974
R19 CNy + By => 20N 0.3 2.7 x 1077 Connors et al. 1974; Nuth
and Glicker 1982
R20a €O, + hv -> CO + 0 c 7.4 x 10711 Shemansky 1972;
b -> co + o(lp) c 5.5 x 1077 DeMore and Patapoff 1972
R21a E,0 + hv -> H + OH c 5.1 x 1078 Allen et al. 1981
b -> Hy + o(lp) c 2.0 x 1078
R22a HyCO + hv -> H, + CO 0.60 2.5 x 1077 Pinto et al. 1980
b -> H + BCO 0.40 1.8 x 1077
R23 HCO + hy -> H + CO 1 1.0 x 1074 Pinto et al. 1980
R24 CH,CO + bV -> CHy + CO 1 1.3 x 1076 Okabe 1978

2Excited atom or molecule: N(2D), O(*D), :CH, = CH,(a'4,); CR = cosmic rays.
°The values for diurnally averaged dissociation coefficient refer to the top of the atmosphere in units of s~ 1.
“See Allen, Yung, and Waters 1981; quantum yields wavelength dependent.
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ESSENTIAL HYDROCARBON REACTIONS

Reaction Rate Coefficient?® (k) Reference
k, = 6.4 x 10725 172 (71200/T Payne and Stief 1976; b
R25 H+CH +M -> CHy + M
22 23 {km = 9.2 x 10712 o71200/T
k, =1.1x 10723 172 e-1040/T Michael et al. 1973; Lee et al.
R26 H+ CH, +M -> ClHg+M 1978; ¢
k_ = 3.7 x 10711 (~1040/T
R27 CH + CHy -> CyHy +H 1.0 x 10710 Butler et al. 1981; products assumed
R28 lemy, + N, -> CHy + N, 7.9 x 10712 Ashfold et al. 1980
R29a lem, + B, -> CH, + H, 1.0 x 10712 Laufer 1981a
b , -> CHy + H 7.0 x 10712
R30a CH, + CH, -> CH, + CH, 1.6 x 10_12 X
b -> 2CH, 1.9 x 10
k, = 3.8 x 1072 Laufer et al. 1983;
R3la  CH, + CoH, + M —> CHyCoH + M { Laufer 1981a
k, = 2.2 x 10712
k, = 3.8 x 10725
b -> CHyCCH, + M : 1
k, =3.7x10
R32 2CH, -> C,H, + B, 5.3 x 10711 Banyard et al. 1980; Laufer 1981a
k, = 1.7 x 10727 Laufer et al. 1983;
R33 CHy + H+ M -> CH, + M l Patrick et al. 1980
k, = 1.5 x 10710
R34 CHy + CH, -> C,H, +H 7.0 x 10711 Lanfer 1981a
k, = 1.3 x 10723 Laufer et al. 1983;
R35 2CHy + M =) CyHg + M { u
k, = 5.5 x 10 Callear and Metcalfe 1976
R36 CHy + B => C,H, +H, 1.5 x 10711 Keil et al. 1976; d
R37a C2H3 + CHa -> C2H2 + CH4 9.1 x 10:;2 estimated from Takita et al. 1968
k0 =1.3 x 10 Laufer et al. 1983
b (+ M) -> C3Hg + M {
k, = 9.1 x 10712
R38 2C,H; -> C,H, + CyH, 5.3 x 10:13 —ado)T MacFadden and Currie 1973
R39 Cig + H - 2CHg 1.9 x 10_12 e-200/T Teng and Jones 1972
R40a CyHs + CHg => CyHy + CH4 1.7 x 10_22 e Teng and Jones 1972
ko =5.6 x 10 Laufer et al. 1983
b (+ M) -> CgHg + M {
k, = 4.2 x 10711 ¢7200/T
Rdla CHs + CyHy —-> C,Hg + C,H, 6.0 x 10:12 Laufer et al. 1983
b -> 2C,H, 3.0x 1077
R42a 2C2H5 -> CyHg + C2H4 1.7 x 10_21 e Teng and Jones 1972
ko =2.9 x 10 Laufer et al. 1983
b (+ M) -> CyHyy + M
40 ‘ks = 1.3 x 10711 ¢795/T
R43 x, = 1.7 x 10726 Laufer et al. 1983 based on
C3H, + H+ M -> CgH3 + M ’ 10 analogy with CH; + H
k, = 1.5 x 10
R44a k, = 1.7 x 10726 o
C3Hy + B+ M > CHyCoH { 10
k, = 1.5 x 10
b -> CHZCSHZ + M same as btancgzéa)_z 1225/T !
R45a  CHyC,H + H + M -> (C3Hg + M) : k= 8.0 x 107270172 ¢ 2 Whytock et al. 1976; e
-> CHy + CyHy + M k, = 9.7 x 10 e Wagner and Zellner 1972a
b -> C3H5.+ M same as brancgzia)_z —1225/T
R46a  CH)CCH, + H+ M - (C3Hg + M) { k, = 8.0x 10_13 T—lS;O/T Based on analogy with CH3C,H + H;
-> CH3 + C)H, + M k, = 9.7 x 10 e Wagner and Zellner 1972b
K, - 8.0 x 10-24 72 (-1225/T
b > Cals + M {x - 1.4 x 10-11 (~1000/T
= 1.
R47a CgHg + H -> CHyCR + Hy 1.5 x 10711 Based on analogy with CyH; + H and
estimates based on Wagner and
Zellner 1972a,b
b -> CHpCCHy + Hy 1.5 x 10711

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984ApJS...55..465Y

>
0

5L 055046

3]

31
(={]
<
0
]|
L

PHOTOCHEMISTRY OF TITAN 479

TABLE 3B— Continued

Reaction Rate Coefficient® (k) Reference
k, = 1.0 x 10728
c (+ M) -> CgHg + M
k, = 1.0 x 10711
d -> CH, + C,H 1.5 x 10711
4 + Ol 29
ko =1.5x 10 Laufer et al., 1983
R48 CaB, + H+ M > CoH, + M
376 377 -11 -1040/T
k, = 3.7 x 10 e Based on analogy with C2H4 + H
R49 CH; + B -> C,H, + CHy 1.9 x 10710 ~440/T Based on analogy with C,H + H
R50a C3Hg + CHy -> CHC,H + CH, 4.5 x 10712 Based on analogy with CoHy + CH,
b -> CH,CCH, + CH 4.5 x 10712
2772 4 -12 _-200/T
R51a C3Hy + CH; -> CiHg + CHy 2.5 x 10 e Based on analogy with CZHS + CHy
k, = 2.5 x 10719 Laufer et al. 1983
b (+ M) = CyHljo + M
ko = 4.2 x 10711 ¢7200/T
RS2 C, +Ey =5 CH+H 1.4 x 10712 Pasternack and McDonald 1979
R53 C, + CH, -> C.,H + CH 1.9 x 10711 '
2 4 2 3 -11 _-1450/T
R54 C2H + H2 -> C2H2 + H 1.9 x 10 e Laufer 1981b; Brown and Laufer 1981
RSS C,H + CH, -> CyH, + CHy 2.8 x 10712 (7250/T o
RS56 C,H + C,E, -> C,H, + C,E 6.5 x 10712 X
2 256 2Hy + CyFs 11
RS7 CH + C3Bg —> CyH, + C3Hy 1.4 x 10 Okabe 1983b
R58 CE + CuHy > C4R, + H 3.1 x 10711 Laufer 1981b; Brown and Laufer 1981
RS9 C,E + C4B, —-> CgHy + H 3.1 x 10711 Estimated, see text
R60 C,H + CiR, -> CgoH, + H 3.1 x 10711 iz
2 62 82 -13 _-250/
R61 C4H + CHy —-> C4H, + Chy 9.3 x 10713 ¢ T "
R62 C,H + CH, -> C,H, + CoH 2.2 x 10712 X
4 286 4Hy + CyHg 11
R63 C,B + CoH, -> CgH, + 1.0 x 10 v
4 ) 6B 1
R64 C,H + C4H, -> CgH, + H 1.0 x 10 iy
4 42 8 2 -13 _-250/
R65 CeH + CH, -> CcH, + CH, 3.1 x 10013 ¢ T X
R66 C.H + C,H, -> C.H, + C,H 6.5 x 10712 X
6 2Hg ¢y + CyHg 12
R67 C.H + C,H, -> CgR, + 3.3 x 10 "
6 2Hy gHy 28
ko =1.0 x 10
R68 H + C4H2 + M = C4H3 + M Schwanebeck and Warnatz 1975
k, = 2.0 x 10712
R69a K+ C,H, -> 2C,H 3.3 x 10712 o
483 20y 11
b -> C4H2 + H2 1.2 x 10 See text; branch ¢ is not considered
separately
¢ (+ M) => CuH, + M
R70 I + CRyCCH, -> CHyCoH + R 1.0 x 10711 ¢~1000/T See text

2Units for two-body and three-body rate coefficients are cm® s ™! and cm® s~ !, respectively; the effective two-body rate coefficient for a three-body
reaction is given by k = kok  M/(ko+ kM), where kg, k., and M are, respectively, the rate coefficients in the low pressure and high pressure
limits, and the number density of ambient atmosphere in molecules cm =3,

%k, is obtained by fitting the data of Payne and Stief 1976 between 10 and 700 torr; the temperature dependence 72 is assumed.

‘k, is obtained using the data of Michael, Osborne, and Suess 1973 between 3 and 300 torr; products assumed.

9Based on Keil ez al.’s 1976 conclusion that this rate coefficient must be between 1 and 2x10 7! cm® 571,

T2 temperature dependence assumed.

In general, the chemistry of compounds containing two or
less carbon atoms is fairly well established (see Strobel 1973,
1974); that of the more complex compounds is poorly under-
stood. Fortunately, most of the reactions in Tables 3A-3C
belong to certain recognizable types, and their behavior can be
at least qualitatively predicted by semiempirical theories or by
analogy with known reactions (Laufer ez al. 1983). In § II we
emphasize the conceptual similarity between the chemistry of
the Titanian and the terrestrial atmospheres. It will become
clear in the following discussion that this similarity is deeply

rooted at the more fundamental level of chemical kinetics. The
radicals CH, 'CH,, CH,, C,H and CN are remarkably simi-
lar in character to the radicals O(*D), O, OH, and Cl. Since
the chemistry of the latter species is well defined because of
their importance in the terrestrial atmosphere (see Hudson,
Reed, and Bojkov 1982; DeMore et al. 1982), it serves as a
useful comparison. The discussion in this section is organized
according to reaction types and should be regarded as a
supplement to § II. Some subjects, such as CH, photolysis,
have been addressed in the previous section. Others, such as
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TABLE 3
C.
NITROGEN AND OXYGEN COMPOUND REACTION
Reaction Rate Coefficient® (k) Reference
R71a N(2D) -> N+ hv 2.3 x 1075 Okabe 1978
b NZD) + N, > N+N, <6 x 10715 Black et al. 1969
RT2 N(?D) + CH, -> NH + CH, 3.0 x 10712 "
R73 N+ CH -> HCN +E 5.0 x 10711 ¢7250/T Estimated, see text
R74 N+ CHy -> HCN + H, 5.0 x 10711 =250 X
R75 NE +H -> N+ 8 1.7 x 10712 10-68 =950/T  yoper et a1. 1966
R76 NE+N -> Ny +H 1.1 x 10711 /7 Westley 1980
R77 2NH + M -> N2 + HZ + M 1.0 x 10°33 Estimated, see text
R78 CN + CH, -> HON + CH, 1.0 x 10711 ¢857/T Schacke et al. 1977
R79 CN + CpHg -> HCN + C,Hq 2.0 x 10711 Estimated
R8O CN + C,Hy, -> HC3N + H 5.0 x 10711 Schacke et al. 1977
R81 HCN + C,H -> HCN + H 2.2 x 10712 Becker and Hong 1983; b
R82 CN + HCN => C,N, + B 3.1 x 10711 Estimated by analogy with CoH + C,H,
'ko = 6.4 x 10725 T2 S1200/T
R83 HCN + H+ M -> H,CN + M Estimated by analogy with H + CyH,
]xm = 9.2 x 10712 ¢71200/T
R84 HyCN + B -> HCN + H, 1.5 x 19711 "
Jko - 6.4 x 10°25 T2 (-1200/T
R85 HCZN + H+ M —> HyCaN + M "
lkm - 9.2 x 10712 ¢-1200/T
R86 ByCsN + H => C,H, + HCN 1.5 x 10:;; s 1200/ "
ik, = 6.4 x1025 172 ¢ o
R87 CNy + H+ M —> HC,N, + M s
k, = 1.5 x 10 Phillips 1978
R88 HC,N, + H - 2HCN 1.7 x 10713 ¢"110/T Albers 1969
R89a olp) -> 0+ nv 6.7 x 1073 Okabe 1978
b olD) + Ny -> 0+ M 1.8 x 10711 (107/T DeMore et al. 1982
RS0 olp) + cE, -> oH + chy 1.4 x 10710 o
b -> HyCO + H, 1.4 x 10711
R91 0+ CH -> CO+2H 8.3 x 10711 Homann and Schweinfurth 1981
R92 0+ CH; -> HyCO + H 1.3 x 10710 Hampson 1980
R93 OH + CH, -> Hy0 + CHy 2.4 x 10712 1710/T Baulch et al. 1980
R94 OH + CH, -> CO + Hy + H 5.0 x 10712 Estimated, based on analogy with
OH + CHy
R9S O + CHy -> CO + 2H, 6.7 x 10712 Fenimore 1969
R96 OB + 0 -> €0y + B 1.4 x 10713 DeMore et al. 1982
k, = 5.8 x 10731 (1258/T Perry and Williamson 1982
R97 OH + CyH, + M —> CH,CO + H + M {
k, = 1.4 x 10712 (388/T
R9S CHy + CO, -> €O + H,CO 3.9 x 10714 Laufer 1981a
R99 H+CO+M -> HCO + M 2.0 x 10733 (~850/T Pinto et al. 1980
R100 H+ HCO -> Hy + CO 3.0 x 10710 x
R101 2HC0 > H,C0 + CO 6.3 x 10711 X
k, = 1.0 x 10728 estimated
R102 CHy + CO + M -> CHyCO + M l s _
k_=1.0 x 10 Laufer 1981a

2Units for unimolecular reactions are s~ '; for bimolecular and termolecular reactions, see note (a) of Table 3B.
®On the basis of Becker and Hong 1983, we obtained the ratio kg, /ksg = 0.07.
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H,0 and CO, photochemistry, are well understood from our
experience with the terrestrial planets. These subjects will not
be further discussed.

a) Dissociation

The molecules N, and CO are sufficiently stable (bond
energy = 226, 257 kcal mole ™, respectively) that photolysis is
negligible. As discussed in § Ila, dissociation of these mole-
cules can occur as a result of impact by energetic electrons of
magnetospheric origin. The analysis of Strobel and Sheman-
sky (1982) suggested an integrated dissociation rate of N,
equal to 1x10° cm ™2 s~ 1. (Unless otherwise stated, all fluxes
refer to the surface.) The product is an even mixture of N and
N(?D). A small fraction of the nitrogen atoms will react with
hydrocarbons to form CN compounds (see § IIIb). Most
recombine to restore N, (see § IIIe). Based on the similarity
in the molecular properties of CO and N,, Samuelson et al.
(1983) inferred an integrated dissociation rate of CO equal to
1.2X10° foo cm™2 571, where fcq is the mixing ratio of CO.
The destruction of CO by this mechanism is not important in
the present atmosphere, but could be important if CO were
more abundant in the past. Dissociation of N, can also occur
in the stratosphere by absorption of cosmic rays, but the
integrated rate is much smaller ~4x10” cm™? s~* (Capone
et al. 1980). The impact of cosmic rays on CO is negligible and
is not considered.

Four absorption bands of CH; are listed in Okabe (1978).

Of these, the B — X band at 2160 A is the most important for
dissociating CH ;:
D)+H(’S, ). (R4)
We assume that the quantum yield is unity. The products have
been deduced by the present authors, on the basis of spin
conservation. Photolysis of CH; is marginally important com-
pared with removal by chemical reactions. Photolysis of CH,
(Okabe 1978) and C,Hjs (Adachi, Basco, and James 1979) is
relatively unimportant.

As discussed in § IIb, the photoly51s of C2H2 provides a
source of the important radicals C,H and C, in the strato-
sphere. Okabe’s study at 1470 and 1849 A has been extended
to 1933 A by Irion and Kompa (1982), with generally con-
sistent results. Three important questions remain unanswered
regarding the photochemistry of C,H,: (a) What is the fate of
the major fraction of the excited C,H, molecules which do
not dissociate? (b) Are they related to vinylidene radicals
(Laufer 1982; Laufer and Yung 1983)? (¢) Why is the quan-
tum yield (q) for C,H, disappearance at 1470 A so high
(Okabe 1981)? Question (¢) is profoundly disturbing. Okabe
reported a quantum yield ¢ = —1.5. For comparison, g = —0.4
due to direct photolysis, and ¢ = —0.8 if we assume, in
addition, complete removal of C,H and C, by C,H,. Okabe’s
puzzling result is consistent Wlth that of Zelikoff and
Aschenbrand (1956) at 1849 A at low pressure. The latter
work gave g = —2 and further showed that the loss of C,H,
cannot be explained by converting it into the species C,H,,
C,H,, C,H,, and C;H, which were measured in the experi-
ment. So there is the intriguing possibility that a hitherto
unknown mechanism can photosensitize the destruction of

CH,(X%4,)+ hv —> CH,(a'4

C,H, at low pressure, perhaps by converting it into a poly-
mer. This may offer a simple explanation for the low abun-
dances of C,H, on Jupiter and Saturn and the existence of
Axel-Danielson dust (Axel 1972) on these planets (see Table
1C and Gladstone 1983). However, in this work the interesting
possibilities regarding excited C,H,, vinylidene, and C,H,
polymerization will not be pursued.

We have little information on the photofragmentation pat-
tern of some of the higher hydrocarbons. There is, however, a
close relation between fragmentation processes due to photons
and those due to energetic electrons of comparable energies
(Brion et al. 1979; Hitchcock, Brion, and van der Wiel 1980;
Trajmar 19804, b). Excitation of a molecule by a photon or
an energetic electron can be described by a dipole transition.
The decay of the excited state into the allowed product
channels is essentially a statistical phenomenon. This implies
some limited usefulness of the mass spectral data based on
electron impact for suggesting the pattern of photodissocia-
tion. The photolysis branches of C,H,, CH,C,H, and
CH,CCH, are estimated on the basis of the electron mass
spectroscopy data taken from Heller and Milne (1978).

The absorption cross sections for C,H, have been measured
by Georgieff and Richard (1958) and Okabe (1981). Although
the observed absorption spectrum extends as far as 2700 A.
we note that the processes

CH,+hv—CH+H ¢,=03, (Rlda)

- 2C,H q,=0.3, (R14b)
are energetically possible only with the absorption of photons
with wavelengths below 2300 and 2013 A, respectively. The
quantum yields for dissociation have not been measured.
Based on analogy with C,H, dissociation, and discussion in
the previous paragraph, we estimate quantum yields of 0.30
for the above two branches. Pontrelli (1966) suggested that
photolysis of C;H, at 2537 A can proceed by molecular
elimination of C, from a bent excited molecule. However, no
quantitative information is available. Okabe (1983, private
communication) did not consider this branch to be important.
Until further experiments are performed, the results of
Pontrelli will be ignored. Inspection of the relative spectra of
higher polyacetylenes obtained by Kloster-Jensen, Haink, and
Christen (1974) suggests that the cross sections for C;H, and
C3H, are similar to those of C,;H,.

The absorption cross sections of methylacetylene are taken
from Hamai and Hirayama (1979). The quantum yields at
1470 A for the branches

CH,;C,H+ hv— C;H;+H

g1 =040, (R10a)

- CH, +H, 4, =0.15, (R10b)
were measured by Stief, DeCarlo, and Payne (1971). Note that
these two branches do not result in a net loss of C; com-
pounds. The branch

CH,C,H+ hv - CH,+C,H  ¢;=0.02, (R10c)

which destroys C; compounds, has not been measured, and we
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estimate a conservative quantum yield of 0.02 by analogy with
its fragmentation pattern by electron impact (Heller and Milne
1978). The absorption spectrum for allene was measured by
Sutcliffe and Walsh (1952). However, this reference contains
only a photographic plate and a qualitative description of the
major absorption features. The actual cross sections used in
our model are taken from Rabalais etal (1971), who ap-
parently had access to Sutcliffe and Walsh’s original data. The
computed photolysis rate for allene is only 3 times higher than
that for methylacetylene. Thus, photolysis alone may not
account for the absence of allene on Titan. Photoisomerization
of allene into cyclopropene and methylacetylene has been
suggested by Steinmetz, Mayes, and Yang (1982), but no
quantitative data are available, and we do not include this
reaction in our model. A preferred mechanism for converting
allene to methylacetylene is proposed in § IIle. A recent
investigation by Collin, Deslauriers, and Deschenes (1979)
suggested that allene is readily produced by photolysis of
propene
C;Hg + hv - CH,CCH, +H,. (R12a)
The primary source of C;H, in the atmosphere of Titan is the
reaction
C,H;+CH;+M - C;H, + M. (R37b)
This provides a source of C; compounds in the stratosphere
(see § I11d). .
Photodissociation of HCN shortward of 1500 A has been
studied by Lee (1980). But the absorption continuum certainly
extends as far as 1950 A (West 1975). Photolysis of HCN
leads to the production of the important CN radical
HCN+ hvy - H+CN. (R17)
On the basis of the absence of fluorescence following the
absorption of a photon by HCN, L. Lee (1981, private com-
munication) concluded that the quantum yield for dissociation
is unity. The absorption cross sections for HC;N and C,N,
are taken from Connors, Roebber, and Weiss (1974). Esti-
mates for the quantum yields are based on analogy with that
for C,H,.

b) Insertion
Methylacetylene and allene are formed by insertion of
methylene into acetylene, as first suggested by Strobel (1974):

CH,+C,H, +M - CH,C,H+M, (R31a)

- CH,CCH,+M.  (R31b)

At room temperature, in the two-body limit, Laufer and Bass
(1974) obtained ky = kqy, + k3, =7.5X1072 e’ 57, a
value which should be compared with 4.0X10™'? cm® 571, as
reported by Pilling and Robertson (1977). Laufer (1981a)
proposed an average value for ky; =5.8+1.8X107 "2 cm® s,
The ratio of the two channels ks, /k;, is 0.50 and 0.59,
according to Laufer and Bass (1974) and Pilling and Robertson

(1977), respectively, in marked contrast to the value 1.5 re-
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ported by Terao, Sakai, and Shida (1963). The difference
could be attributed to the presence of !CH, in the experiment
by Terao et al. (Laufer 1981a). Recent work (Banyard et al.
1980) claimed that k5 could be 15 times smaller than the
value obtained by Laufer and Bass (1974). However, since
these authors did not publish a detailed account of their work,
we do not include their results in this paper. Homann and
Schweinfurth (1981) argued that C;H, (methylacetylene or
allene) is actually produced in two steps:

CH2 +C2H2 - C3H3 +H,
C,H, +H+M— C;H, + M.

The new mechanism leads to the same result as (R31), since
the propargyl radical C;H; most likely reacts with atomic
hydrogen in our model.

The rate coefficients for the insertion reactions leading to
the formation of higher polyacetylenes (n > 2)

C,H+C,,H, » C,, 1 oH, +H,

have not been measured, but in view of the simple insertion
mechanism it is reasonable to assume that these reactions have
rate coefficients similar to

C,H+C,H, - C,H,+H. (R58)
The higher polyacetylene radicals are probably less reactive
than C,H, and their rate coefficients have been adjusted
according to

k(can) = 31_"k(C2H),

where n=1,2,3 (see Table 3B).

The mechanism for polymerization of acetylene on Titan
proposed by Allen, Pinto, and Yung (1980) is a crucial part of
our hydrocarbon theory. The experimental and theoretical
basis of this mechanism will be briefly discussed. The ex-
istence of long-chain cyanopolyacetylenes in the interstellar
medium is well established (see Watson 1976; Green 1981),
and a scheme for producing long-chain carbon compounds
using ion-neutral reactions has been proposed by Mitchell and
Huntress (1979). This mechanism bears striking resemblance
to ours. The only difference is in the use of ions rather than
radicals to drive polymerization. The ion scheme has probably
limited applications to planetary atmospheres, except perhaps
in the auroral zones of Jupiter (Gladstone 1983).

The problem of building complex long-chain carbon com-
pounds from simpler hydrocarbons is an outstanding one in
the theory of combustion. It is now known that polyacetylenes
are produced in the combustion of acetylene-rich fuel, and it
has been further suggested that polyacetylenes are precursors
of soot (Bonne, Homann, and Wagner 1965; Homann 1967;
Homann and Wagner 1968; Homann, Warnatz, and Well-
mann 1976). A number of schemes for producing poly-
acetylenes from acetylene have been suggested. All these
schemes must address a crucial issue, described in the words
of Homann, Warnatz, and Wellmann (1976): “For poly-
acetylenes to form from C,H,, the molecule must gain carbon
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in some form and release hydrogen atoms, if one excludes the
addition of free carbon... However, after the first addition of
C,H or CH to C,H, a comparatively inert H;-species is
formed and further rapid addition of C,H, is blocked if the
radical cannot release some of its hydrogen by action of O
atoms.” Our scheme is modeled after Homann et a/., but with
the important modification that we use ultraviolet radiation
instead of O atoms to produce active radicals and ensure the
buildup of long chains by a series of insertion reactions. We
can now see that the long-chain carbon chemistry in three
diversely different systems—interstellar medium, combustion,
and Titan’s atmosphere—are complementary, and much of
our theory is based on empirical combustion data.

A small fraction of odd nitrogen derived from the thermo-
sphere survives self-destruction to react with hydrocarbon
radicals. Formation of HCN in our model occurs primarily via
the insertion reactions:

N+CH, > HCN+H, (R73)

N+CH, -» HCN+H,. (R74)

Based on the discussion by Safrany (1971) and the experiment
by Froben (1974), reaction (R74) is probably the net result of
two reactions

N+CH, - H,CN+H
H+H,CN - HCN+H,

net N+ CH,; - HCN+H,.

The overall rate coefficient k,, has been estimated by
Armstrong and Winkler (1955) to lie between (5.0x107 '
5.0x10"*)e~2%/T We have chosen a high value for Table
3C. Reaction (R73) was suggested by Safrany (1971). We
assume that its rate coefficient is the same as that for (R74).
For comparison, we note that the reaction CH+ N has been
measured by Messing et al. (1981) to be fast, with rate coeffi-
cient k=21x10"" cm® s'. According to M. Lin (1982,
private communication), the most likely products are CN + H,
and the reactions CH, + N and CH; + N should behave like
CH+ N in rates and products.

Following the arguments of Michael (1980), we reject the
results of all previous work on the formation of HCN by
direct insertion of N atoms into alkanes, alkenes, and alkynes
(Miyazaki and Takahashi 1968; Solomon, Homann, and
Warnatz 1970; Sato, Suguwara, and Ishikawa 1979), since the
results might have been due to contamination by trace quanti-
ties of excited states of nitrogen, N,(4°L; ) and N(?D). Nor
do we include possible new channels for the formation of
HCN by

CH, +N, » HCN+NH,
CH+N, » HCN+N,

since the results of the experiments of Braun, McNesby, and
Bass (1967) and Laufer and Bass (1978) cannot be simply
interpreted in terms of the above endothermic reactions. A
recent high temperature study by Berman, Fleming, and Lin
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(1982) showed that the reaction CH+N, - HCN +N has an
activation energy of 11 kcal mole !, making it totally unim-
portant for Titan. Direct reaction between NH and hydro-
carbons in solution leads to the formation of HCN (Kitamura,
Tsunashima, and Sato 1981), but there is no basis for putting
together even a speculative scheme for similar processes in the
gas phase.

The major pathway for reactions involving CN and C,H
with compounds containing unsaturated bonds is probably
insertion, followed by ejection of a hydrogen atom. This can
lead to the production of new nitrile compounds, cyanoacety-
lene (HC;N) and cyanogen (C,N,):

CN+C,H, » HC;N+H, (R80)
C,H+HCN - HC;N+H, (R81)
CN+HCN - C,N, +H. (R82)

The alternative pathway, abstraction of a hydrogen atom,
most probably has a high activation energy. Some of the
products in reactions (R80)-(R82) have been identified in
experiments by Herron, Franklin, and Bradt (1959) and
Schacke, Wagner, and Wolfrum (1977). The appropriate rate
coefficients listed in Table 3C have been estimated using
Schacke, Wagner, and Wolfrum (1977), Becker and Hong
(1983), and analogy with similar reactions involving the ethynyl
radical.

We have excluded from one discussion the possibility of
insertion of CN into alkanes such as

CH,+CN - CH,CN+H.

This reaction is exothermic by 12 kcal mole ! and could have
been responsible for the production of CH;CN in the experi-
ments of Haggart and Winkler (1960) and Gupta, Ochiai, and
Ponnamperuma (1981). However, unless further experimental
data demonstrate the contrary, we consider the insertion of
CN into an alkane as slow when compared with abstraction,
consistent with the absence of CH;CN in the atmosphere of
Titan.

Given a source of oxygen in the forms of O and OH, CO
can be readily produced by the insertion reactions with the
radicals CH, and CH:

0+CH, - CO+2H, (R91)
0+CH, - H,CO+H, (R92)
OH+CH, » CO+H, +H, (R94)
OH+CH, —» CO+2H,. (R95)

Since H,CO rapidly dissociates via (R22a), (R22b), and R23,
the end product is CO. Reaction (R91) has been postulated by
Shaub and Lin (1980) and Shaub et al. (1981) to be a major
laser pumping reaction. The authors concluded that the other
branch:

0+CH, —» CO+H,,

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984ApJS...55..465Y

>
0

S C.B5I 4B

pJ

=4
<
0
&

484 YUNG, ALLEN, AND PINTO

is also possible, but the difference is immaterial for our model.
The rate coefficient for (R91) has not been measured in an
isolated experiment. The value quoted in Table 3C, ko = 8.3
X 10~ was inferred indirectly by Homann and Schweinfurth
(1981). This choice is consistent with the rate coefficient of a
similar reaction that was recently studied by Messing et al.
(1981):

O+CH- CO+H k=9.5x10"",

where the products have been assumed. Reaction (R92) has
been extensively studied, with good agreement between the
various experiments (Morris and Niki 1972; Washida and
Bayes 1976). Reaction (R95) has been studied only once by
Fenimore (1969), but the result appears to be reliable. Reac-
tion (R94) has not been studied, and its rate coefficient and
products are based on analogy with (R95).

Insertion reactions between O and OH and the unsaturated
hydrocarbons can ‘occur such as in the followmg (umts for
two-body and three-body reactions are cm® s~ and cm® s,
respectively):

0+C,H, > CO+CH,,
k=20Xx10" e~ 240/T; (a)

O+C2H4—’CH3 +HCOy
k=53%10" 2= 640/T, (b)

- CH,CO+H,

k= 28x10" g6/,

OH+C,H, +M - CH,CO+H+M,
k0_71><10—31 —164 T
k, =12x10" 12 164/7

OH+C,H,+M - C,H,OH+M,

ko =58x1071!2¥/T, (©)
k., =14x10" i, e¥/7;

(R97)

where references for (a) are Herron- and Huie (1973); Shaub
and Lin (1980); for (b), Hampson (1980); for (c) Prather,
Logan, and McElroy (1978). These reactions are generally
unimportant, since the bulk of oxygen chemistry occurs in the
mesosphere and thermosphere under conditions of low tem-
perature and low pressure.

¢) Hydrogen Abstraction

The most important abstraction reactions in the atmosphere
of Titan are the ones involving the C,, C,H, and C,H radicals
(see § I1b). The rate coefficients for the key reactions with
ethynyl radicals have been measured by Lange and Wagner
(1975), Laufer and Bass (1979), Laufer (19815), Okabe (1981),
and Renlund eral (1981) at room temperature. The last
reference reported rate coefficients for C,H+CH, and C,H+
H, that are significantly faster than those obtained by the
previous workers. The discrepancy is attributed to the ex-
istence of excited C,H radicals in the experiments of Renlund
et al. (1982, private communication). Consequently, the results
of Renlund ez al. (1981) are not used. Extrapolation of the rate
coefficients for ethynyl radicals to the lower temperatures
appropriate for Titan can be made using estimates of activa-
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tion energies by Brown and Laufer (1981), whose expressions
we adopt:

k =19%x10" 11 —1450/T
kss=2.8 X107 12~ 250/T

The activation energies have been estimated by comparing the
measured values for ks, and kss at room temperature with
the preexponential factors in the rate coefficients calculated by
the BEBO (bond-energy-bond-order) method. Laufer (1982,
private communication) stated that his estimate for the activa-
tion energies for C,H reactions is accurate to 1 kcal mole™ %,
The rate coefficients between C,H and C,H,, and C;H; are
close to the gas kinetic rate (Laufer 19815; Okabe 19835), and
no temperature dependence is assumed. C, can readily react
with a large number of hydrocarbons (Pasternack and -
McDonald 1979; Reisler, Mangir, and Wittig 1980). Accord-
ing to Pitts, Pasternack, and McDonald (1982), the pnmary
path for the reaction of C, with CH, is

C,+CH, - C,H+CH;. (R53)
The initial step may actually be an insertion, but the product
will dissociate:

C,+CH, - CH,C,H*
- C,H+CH;.

e net result result is equivalent to the abstraction reaction.
The abstraction reactions involving C,H are based on analogy
with C,H reactions.

The most abundant radicals in the model H, CH,, CH;,
C,H;, and C,H; do not appreciably abstract hydrogen from
the alkanes. The reason is the high activation energies associ-
ated with these reactions, as can be seen from the following
examples (units for k are cm® s7'):

H+CH,—-»CH,;+H,,
k=3x1071065¢0/T, (a)
H+C,H¢— C,Hs+H,,
k=22x10"10g=4760/T (b)
CH, + CH, — products,
k<3x1071%; ©
C,H,+C,H, > C,H +C ,Hs,
k= 9.3% 10" g (d)
C,H,+CH,~C, H4+CH3,
k=13x10~ 250/, (©
C,H;+CH, - C,H, + CH,;,
k=29x10" 13 —5030/T ’ (f)

where references for (a) are Sepehrad, Marshall, and Purnell
(1979); for (b), Camilleri, Marshall, and Purnell (1974); for
(c), Lee, Russell, and Rowland (1970); for (d), Kerr and
Parsonage (1972); (e) was estimated using reverse reaction
(Holt and Kerr 1977) and equilibrium constant; (f) was esti-

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984ApJS...55..465Y

S o 55 T465Y!

pJ

(={]
<
0,
&

No. 3, 1984

mated using reverse reaction (Snow 1966) and equilibrium
constant. The reactions between oxygen atoms and alkanes:

O+RH - OH+R,

have activation energies of 6-10 kcal mole ! (Andresen and
Luntz 1980; Luntz and Andresen 1980) and are consequently
not important for Titan. It is difficult, if not impossible, for
NH to abstract a hydrogen atom from the hydrocarbons to
form NH,. The reaction

NH+CH, — NH, + CH,,

suggested by Capone et al. (1980) is endothermic by ~ 5 kcal
mole ! for NH in the ground state. It is conceivable that the
difficulty could be overcome by using the excited states of
NH, but then we must postulate a large source of excited NH
and a slow rate coefficient for quenching the excited states. In
this work such remote possibilities are not considered.

The radicals in their excited states 'CH, and O('D) readily
abstract H from CH,:

'CH, + CH, —» 2CH,, (R30b)
o('D)+CH, -» OH+ CH;. (R90a)
The major quenching reactions are
'CH, +N, » CH, +N,, (R28)
O('D)+N, > O+N,. (R89b)

The ratios kg, /kog and kg, /kgqp, are 0.24 and 4.1, respec-
tively. Since the ratio CH, /N, is ~ 0.1 in the thermosphere
(Table 1A), it is clear that (R30b) is not important in our
model (see § IIb). Reaction (R90a) represents a major sink of
O(*D). While not important in the present atmosphere be-
cause of the small source of O(*D), reaction (R90a) could be
important if the abundance of CO were higher in the past. The
scheme

CO+e—>C+0O('D)+e
o(*D)+CH, —» OH+CH,
OH+CO - CO, +H

net 2CO+CH, —» CO, +C+CH; +H

could be an efficient process for removing primordial CO.
The rate coefficient for the reaction N(*D) with CH, has
been measured by Black ez al. (1969) to be 3x10712 cm’ s}
at room temperature. The products are unknown. T. Slanger
(1983, private communication) favored abstraction:
N(*D)+CH, » NH+CH;,, (R72)
for at least two reasons. First, (R72) is too fast to be a
straightforward quenching reaction, which is typically much
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slower:
N(D)+N, » N+N,,
ko, <6Xx107 % cm’ s74
N(2D)+Ar(He) - N+ Ar(He),

k<2x10" % cem’ s

Second, the analogous reaction

N(’D)+H,—»NH+H, k=5x10"2cm’s™};

was considered to be an H abstraction reaction by Donovan
and Husain (1970) on the basis of adiabatic correlation be-
tween the states of N and H, and NH+ H. Note that the rate
coefficients for N(2D) with CH, and H, are within a factor of
2 of each other. The production of NH by this reaction has
major impact on the odd nitrogen budget of the atmosphere
(see §§ Ila and IIIe).

d) Combination and Disproportionation

Interesting compounds are synthesized in Titan’s atmo-
sphere by radical-radical combination under conditions which
are usually described as the low-pressure limit in the labora-
tory. The efficiency of such reactions will now be discussed.
There is a fundamental difference between association reac-
tions involving simple systems such as

O0+0+M—-0,+M,

k=48x10"%, (@)
H+H+M->H, +M,
k=81x10"%; (b)

and reactions involving more complex molecules such as

CH,+H+M —CH,+M,
k=56x10"%; (©)
CH, +CH, +M - C,H, + M,
k=1.8%10"2; @

where the references are (a) Baulch ez al. (1980); (b) Trainor,
Ham, and Kaufman (1973); (¢) Cheng and Yeh (1977); (d)
MacPherson, Pilling, and Smith (1983). The rate coefficients
have been evaluated in the low-pressure limit at room temper-
ature in units of cm® s™!. We note that the experimentally
determined rate coefficients for these two classes of reactions
differ by many orders of magnitude at room temperature. The
reason is quite simple in the framework of RRKM theory
(Rice-Ramsperger-Kassel-Marcus; see text book on the sub-
ject by Robinson and Holbrook 1972). Three-body association
reactions involving the reactants A and B, and the product AB
may be described as

A+B— AB* Kgs
AB*—>A+B Kk,
AB*+M - AB+M £k,
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where AB* is an excited complex, and k,, k,, and k. are the
appropriate rate coefficients for association, dissociation, and
stabilization, respectively. The overall reaction can be sum-
marized as

A+B+M— AB+M kg,

with an effective three-body rate given by

k —_— kakc
eff = kb + kc M’
which, in the low-pressure limit, reduces to

kakc
kb ’

M]i_ﬂ}okeffgko=

Hence, a critical parameter in determining the value of kg is
the lifetime k,' of the activated complex AB*, which is
unstable and tends to dissociate. Excited molecules like O%
and H% have only one vibrational mode, and all the excess
energy in the activated complex is available for breaking the
bond. On the other hand, excited molecules like CH% and
C,H} have eight and 18 degrees of vibrational freedom,
respectively. It takes many thousands of vibrations before the
excess energy (which is most likely widely distributed among
all possible modes) can be all concentrated into one particular
bond that breaks. Consequently, CH} and C,H? have life-
times many orders of magnitude longer than those for O% and
H¥%. The rate coefficients are accordingly larger.

Of all three-body reactions in Table 3B, only the following
have been measured in the low-pressure or falloff region:

H+C,H,+M - C,H, +M, (R25)
H+C,H, +M - C,H, + M, (R26)
H+CH,+H- CH,+M, (R33)
CH, +CH, +M — C,H, + M, (R35)
H+CH,C,H+M - C,;H, + M. (R45b)

Estimates for other important three-body reactions have been
made using Williams (1971) and Troe (1977a, b) by Laufer
etal. (1983). The computed three-body rate coefficients are
about a factor of 10 different from the available measurements
of a number of reactions at 300 K. For simplicity and self-
consistency, in our model we use calculated rate coefficients at
200 K for most of the three-body synthesis reactions.

The consequence of such high values for the three-body rate
coefficients is that the formation of higher hydrocarbons is
extremely efficient and proceeds like two-body reactions even
in the mesosphere. In the two-body limit, the most important
parameter that characterizes these reactions is the dispro-
portionation-to-combination ratio. This ratio seems to fit a
simple pattern for the entire class of alkyl-alkyl reactions and
has been extrapolated to cases involving alkyl-vinyl and
alkyl-propargyl reactions by Laufer ez al. (1983). It is largely a
consequence of the smallness of this ratio that combination of
radicals is so efficient on Titan, leading to the production of
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more complex compounds. Hydrocarbons containing four
carbon atoms (besides diacetylene) are readily synthesized by
radical-radical combination, as shown in the Appendix.

e) Exchange and Transfer

Conversion of CH,CCH, to CH;C, H in the presence of H
atoms was reported by von Wagner and Zellner (19725), but
no detailed mechanism was suggested. Since the heat of for-
mation for allene is 1.3 kcal mole™! higher than that for
methylacetylene, R. K. Sparks (1981, private communication)
suggested an interesting exchange reaction:

H+CH,CCH, -» CH,C,H+H. (R70)
This reaction, however, involves converting a pair of double
bonds into a single bond and a triple bond. The activation
energy could be high, but is expected to be about equal to that
required for breaking the double bond of C,H, by H in (R26)
(Laufer 1982, private communication). We estimate k,, to be
1X107 e 10%/T" based on kys(00) = 3.7 X107 1~ 1040/T
Since the two principal reactions that produce C;H, ([R31],
[R12a]) both favor CH,CCH, over CH,C,H, it is difficult to
explain the detection of CH;C,H and the absence of
CH,CCH, on Titan. Preferential destruction of CH,CCH, by
photolysis does not appear to be the answer (see § Illa).
Reaction (R70) provides a satisfactory resolution of the ap-
parent difficulty in our model. Needless to say, laboratory
work is needed to establish the validity of this reaction.

As shown in § Ila, a critical reaction that destroys odd
nitrogen is the transfer reaction

NH+N- N, +H, (R76)

and this reaction must compete with another transfer reaction

NH+H-N+H, (R75)
which restores N. Neither k¢ nor k5 has been measured. Our
estimate for k-4 is based on Westley’s (1980) compilation and
the reaction
N+NO—-N,+0, k=82x10"1e 47T,

(Hampson and Garvin 1978). Our estimate for k-5 is based on
a theoretical calculation by Mayer, Schieler, and Johnston
(1966) for high temperatures. Strobel (1982) suggested the
probable importance of the reaction

2NH - N, +2H.

Meaburn and Gordon (1968) reported a nearly useless upper
limit of 2.3X107° cm® s™* for the rate coefficient of this
reaction. In Back and Salahub’s (1967) experiment using 4N
and NH;, only NN was produced, and the authors
concluded that the above reaction is unlikely. There is another
pathway for self-reaction of NH:

NH+NH+M- N,H, +M
N,H, + hv - N, +H,

net 2NH— N, + H,.
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The intrinsic instability of N,H, toward photolysis (Okabe
1978) suggests that the association reaction is the rate limiting
step in the above scheme. Even if the three-body rate coeffi-
cient were as low as 1X10733 cm® s, this would imply an
effective two-body rate coefficient of order 1x10™ ' cm® s7*
in the lower stratosphere. In this work we adopt an overall
reaction:

NH+NH+M—->N,+H, +M, (R77)
with a conservative estimate for the rate coefficient k,; =1X
107 ¥ cm® s~

Our knowledge of the reactions (R75), (R76), and (R77) is
extremely poor. In the thermosphere only (R75) and (R76) are
important, and our choice of the rate coefficients (Table 3C)
implies k¢ / k45 = 620. Thus, most of the dissociation of N,
leads back to recombination. A small fraction (~10%) of
dissociation results in irreversible formation of nitrile com-
pounds. We should regard the ill-defined ratio k4 /k-s as an
additional assumption of the model that remains to be estab-
lished by future laboratory studies.

f) Cracking and Hydrogen Scavenging

Since scheme (18) employing C,H, as a scavenger for H
atoms in the stratosphere is crucial for the model (see § Ilc¢),
we will now briefly examine the circumstantial evidence in
support of this scheme, based on reactions related to CH;C, H.
In its reaction toward H atoms, C,H, (H—C=C—C=C—H)
is remarkably similar to CH,C,H (CH;—C=C—H). The
first hydrogen atom can insert into the triple C=C bond:

C,H,+H+M—- CH;+M, (R68)

CH,C,H+H+M - C;H; + M. (R45b)

This leaves the single C—C bond vulnerable to cracking by
the second hydrogen atom: ‘
C,H;+H-2C,H,, (R69a)

C,H;+H-CH,+C,H,. (R474)

However, there are other possibilities. The second hydrogen
atom can strip off the first hydrogen atom:

C,H,+H- C,H, +H,, (R69b)
C,H,+H - CH,C,H+H, (R47a)
- CH,CCH, +H,. (R47b)

The net result in this case is scavenging of H atoms; the
molecules C,H, and CH,C,H are not cracked. The second
hydrogen can also be added to the system:
C,H;+H+M->CH, +M, (R69¢)
CH; +tH+M - C;H, +M. (R47¢)

But the products C,H, and C;H, are readily destroyed by
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photolysis, with the most probable branches being

C,H,+hv > C,H,+H,, (R103b)

C;H¢ + hv - CH,CCH, + H,. (R12a)
The result in this case is equivalent to scavenging of H atoms.

von Wagner and Zellner (19724, b) and Niedzielski, Janusz,
and Gierczak (1983) have studied the interaction between H
atoms and CH;C,H and its isomer CH,CCH,. It is of
interest to note that the experiments yielded comparable
amounts of C,H,, C;Hg, and H, at low pressure. In terms of
the simple reaction pathways we have discussed, this implies
that (R47d), (R47a), (R47b), and (R47c) are comparable in
importance. Drawing on the analogy between C,H, and
CH,C, H, we deduce that reactions (R69a), (R69b), and (R69c)
are comparable in rates. Indeed, in the experiment studying -
H+C,H, performed by Schwanebeck and Warnatz (1975),
nearly equal amounts of C,H, and C,H, were produced at
low pressure, implying kg, = k¢o.. Unfortunately, the yield of
H, was not reported in the experiment, and we could not
obtain a quantitative assessment of k4. In our model, we
assume that kgg, + k¢o. equals a few times ko,, a most
reasonable conclusion in view of this discussion. It is unfor-
tunate that (R47a) and (R47b), which have been studied in the
laboratory, are not important for removing hydrogen atoms,
because the rate limiting reaction (R45b) is too slow in the
three-body limit. This puts almost all the burden of H removal
in the stratosphere on C,H,.

IV. MODEL ASSUMPTIONS

A model atmosphere for Titan, consistent with the informa-
tion given in Table 1A, has been constructed by solving the
hydrostatic equation in spherical coordinates. The altitude
profiles for total number density n(z) and temperature 7(z)
are shown in Figure 2a. For simplicity, a pure N, atmosphere
is assumed. The choice of the thermal profile 7(z) presents a
difficult problem. The temperatures in the thermosphere above
800 km, in the stratosphere below 1 mb, and in the tropo-
sphere can be inferred from the ultraviolet, infrared, and radio
occultation experiments on the Voyager mission. However, the
upper stratosphere and mesosphere constitute a “most in-
accessible region” for which there are no data. Comparison
with the terrestrial atmosphere may be illuminating. The most
significant radiative processes in the terrestrial thermosphere,
mesosphere, and stratosphere are absorption of EUV radia-
tion by O,, cooling by CO,, and absorption of near-ultra-
violet sunlight by ozone, respectively. On Titan analogous
roles are played by EUV and electron impact heating in the
thermosphere, cooling by C,H, in the mesosphere, and ab-
sorption of solar radiation by Axel-Danielson dust in the
stratosphere. As in the case of the Earth, cooling in the
mesosphere of Titan must be significant, since the mixing ratio
of C,H, on Titan is much higher than that of CO, on Earth,
and the band intensity for the 13.6 pm band of C,H,
responsible for cooling off the mesosphereis ~ 4 times stronger
than that for the 15 pm band of CO,. Modeling of the
thermal structure of the atmosphere of Titan suggests that the
mesopause temperature could be as low as 100 K (Friedson
and Yung 1984). Since the exosphere is ~190 K, one conse-
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FIG. 2.—(a) Altitude profile for total number density n(z) and temperature T(z). T(z)=174 K for z > 200 km. () Eddy diffusivity profile, K(z) cm?
s~ 1. Molecular diffusivity profile for CH, in N,, D(z) cm® s™%, is given for comparison (dotted line).

quence of the cold mesopause is the existence of a positive
temperature gradient, which could inhibit vertical mixing. For
simplicity, in our model we assume a constant temperature for
the entire upper stratosphere and mesosphere.

The choice of the eddy diffusion coefficient is based on the
analysis of Smith ez al. (1982a) and by our own effort to refine
their results. We adopt the expression

1x10%cm?s™ 1,
n<1x10*?cm™3;

2.5%10%/Vn em? s,
1x10Y> n>1x10"? cm™3;

3x102cm? 571,
1X10"°>n>1x10" cm™3;

K(z)=

where n is the number density of ambient atmosphere in
molecules per cm®. The quantity K(z) is shown in Figure 25,
along with D(z), the molecular diffusion coefficient for CH,
in N,. It is clear that molecular diffusion is more important
above n=1x10' cm~2 level; eddy diffusion dominates be-
neath this level. The profile for K(z) exhibits two regions of
stagnancy, in the lower thermosphere and the lower strato-
sphere, due to thermal inversion (Friedson and Yung 1984,
Lindal ez al. 1983). Our choice of the somewhat artificial K(z)
is partially motivated by the work of Allen, Yung, and Waters
(1981) on deriving the eddy transport in the terrestrial upper
atmosphere. The magnitudes of the eddy diffusion coefficient
in the stagnant regions have been adjusted so that the model
provides satisfactory simulation of the Voyager UVS and IRIS
observations. In the bulk of the stratosphere our K(z) profile

is based on the result of Fricke ez al. (1982), who first pointed
out the remarkable similarity for the magnitude of the eddy
diffusion coefficient in the Jovian stratosphere with that in the
atmospheres of the terrestrial planets, as summarized by the
simple expression:

K(z)=A/Vnem? s 1,

where 4=1-3x10" cm'/? s™!. Molecular diffusion coeffi-
cients are taken from the standard references Mason and
Marrero (1970) and Banks and Kockarts (1973).

The solar flux below 2000 A is taken from Mount and
Rottman (1981). Above 2000 A we use Ackerman (1971).
Diurnally averaged values for photodissociation appropriate
for a plane parallel atmosphere at 30° latitude are adopted.
(For optically thick absorption, this is equivalent to global
averaging.) In the lower stratosphere the solar radiation field is
attenuated by aerosol absorption in addition to molecular
absorption. This is roughly accounted for by reducing the
incident solar flux at all wavelengths below 3000 A by a
transmission factor defined as

Tm(z)=e ?0~9/Ha  45< ;<240 km

Tm(z)=1 z> 240 km,

where the scale height Ha for aerosol absorption equals 50
km. This particular choice of Tm(z) is consistent with Caldwell
et al.’s (1981) measurement of 0.03 for the geometric albedo of
Titan between 2000 and 2500 A, and Pollack et al.’s (1980)
aerosol model for Titan (Rages 1981, private communication).
The adoption of the transmission factor is obviously a crude
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approximation. Self-consistent calculations involving aerosol
scattering and photochemical modeling will be deferred to a
future publication.

In the lower stratosphere near the tropopause, the calcu-
lated number density of some species, n, often exceeds its
saturated number density, ;. In this case condensation must
occur to keep the model 7 close to n,. A somewhat arbitrary
scheme is devised as follows. Let S be the fractional super-
saturation;

n>ng

. {(()n—ns)/ns

n<n,

The removal rate is then parameterized as

loss rate =1 x10~° n(ecm 3s71).

S
1+ S
In our model condensation removal is important for all species
except C,H,, H,, CO, and the extremely short-lived radicals.
Fortunately, the integrated rate of removal is limited primarily
by the small eddy diffusion coefficient in the lower strato-
sphere and is consequently not sensitive to the particular
choice of parameterization for the loss rate.

The one-dimensional continuity equations in spherical co-
ordinates are solved for all major species with appropriate
boundary conditions. Photochemical equilibrium (flux = 0) is
assumed for all short-lived species. For long-lived species we
assume loss by diffusion through the lower boundary with
maximum deposition velocity given by

where H, is the atmospheric scale height and K, is the eddy
diffusion coefficient at the tropopause. Molecular hydrogen
has no known sink in the troposphere, and hence its deposi-
tion velocity is zero. At the upper boundary, most species
cannot escape, and zero flux is assumed. Escape of H and H,
can readily occur, and we set the escape velocities equal to the
Jeans escape velocities at 190 K. The species N(?D), C,,
C,H;, H,CN, H,C;N, and HC, N, are not explicitly solved,
but their effects on the model are implicitly taken into account.
The effect of CO dissociation by energetic electron is simu-
lated by a flux of OH at the upper boundary. Table 4 provides
a summary of the essential assumptions and boundary condi-
tions in the model.

The complete set of continuity equations is solved using a
finite-difference iterative algorithm with a resolution of three
vertical steps for every scale height (Allen, Yung, and Waters
1981). The large number of species in the model is divided
into groups. The first group consists of C; and C, compounds,
hydrogen, and polyacetylenes and is the most important. The
other groups are composed separately of C; and nitrogen and
oxygen species. Each group, which is usually strongly coupled
internally, is solved rigorously. Convergence is considered
established when successive iterations yield solutions differing
by less than one part in 10*. The different groups are solved in
succession and are allowed to interact with each other until a
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TABLE 4

BoUNDARY CONDITIONS? FOR SELECTED SPECIES IN
PHOTOCHEMICAL MODEL

Species  Lower Boundary® Upper Boundary*®
H.... =0 v=25x10*
H,...... =0 v="61x10°
CH, . f=20x10"2 $=1.0x10%
N.... =0 ¢=-10x10°
NH . ¢=0 ¢=-1.0x10°
CH, . ¢=0 ¢=-10x10°
OH...... ¢=0 ¢ =3.3x10*
H,0 v=20x10"* ¢ =—61x10°
Co...... ¢=0 ¢ =88x10*

2For species not given here, their boundary condi-
tions are stated in § IV. The symbols f, ¢, and v
refer to mixing ratio, flux (cm™~2 s™?!), and velocity
(cm s~ 1), respectively. The sign convention for ¢ and
v is positive for upward flow.

PAt tropopause z =45 km (n=1.1x10"cm ).

‘At z=1160 km (n=12%10° cm™3) for all
species except H and H,, for which the upper
boundary is at 1425 km (n = 4.9x107cm™3).

9All fluxes refer to the surface.

final self-consistent solution is obtained. The overall accuracy
for species in the first group is ~10%, for species in the other
groups, about a factor of 2, adequate for present purposes.

V. MODEL RESULTS

The results of the photochemical model will now be dis-
cussed in some detail. The discussion deals separately with C;
and C, hydrocarbons, H and H,, polyacetylenes, C; hydro-
carbons, and nitrogen and oxygen compounds. The discussion
of C, compounds and long-chain polymers is deferred to the
Appendix. The emphasis is on the more abundant species that
have been observed and the major processes which control
their abundances. As we will show, the model is successful in
accounting for the abundances of most of the minor species
listed in Table 1A.

Figure 3 presents altitude profiles for the major diurnally
averaged photodissociation coefficients in the chemical model.
More detailed information on photodissociation is listed in
Table 3A. The major absorber in the atmosphere below 1450
A is CH,. Beyond 1600 A, absorption by C,H,, C,H,,
polyacetylenes, and HCN become important. Aerosol opacity
provides significant attenuation of solar radiation below 240
km.

a) C, and C, Family
The mixing ratios of H, and the major hydrocarbon species
CH,, C,H,, C,H,, and C,H, are given in Figure 4a. To
facilitate comparison between model and observation, we de-
fine the column-averaged mixing ratio for species i by

;o L:okm[i] e

J f:o [n]dz’

5km
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FIG. 4.—(a) Altitude profiles for the mixing ratios of CH,, C,H,, C,H,, C,Hg, and H,. (b) Altitude profiles for the number densities of H, CH,
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where [i] and [n], respectively, denote the number density of
the species i and the ambient atmosphere. Comparison with
the observed mixing ratios by IRIS, as listed in Table 1A,
indicates that, except for C,H,, the model successfully
accounts for all the major C, and C, species and H,. The
number densities of the important radicals H, CH, 'CH,,
CH,, CH,, C,H,, C,H,, C,H, C,H, and C¢H are shown in
Figures 4b and 4c¢. The concentrations of the radical species
except H are, in general, too small to be detected by spacecraft
or ground-based detectors. A schematic diagram showing the
pathways for the interconversion of major C, and C, species is
given in Figure 44.

The mixing ratio of CH, at the tropopause is fixed to be
2.0X1072 The computed mixing ratio of CH, at 1140 km is
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8.1%, in good agreement with the value 8 + 3% deduced by the
Voyager UVS experiment (Table 1A). The driving force for
hydrocarbon photochemistry is destruction of CH,. The rates
for major reactions destroying CH,, viz., (R5) = (R5a)+(R5b)
+(R5¢) CH, + hv; (R55) CH, +C,H—- CH, + C,H,; (R61)
CH,+C,H—-CH;+C,H,; and (R65) CH,+CH—- CH,
+C¢H,, and the most important reaction reforming CH,,
viz., (R33) CH; + H - CH,, are shown in Figure 5a. Primary
photolysis of CH, occurs at an altitude ~ 800 km, but the
bulk of CH, destruction occurs via secondary processes in the
stratosphere ~ 250 km. Few hydrogen atoms recombine with
methyl radicals by (R33). Consequently, the efficiency for
converting CH, into higher hydrocarbons (per dissociation) is
96%, a value similar to the corresponding value of 95% in
Strobel (1974). The column integrated rates for (R5), (R53),
(R55), (R61), (R65), and (R33) are 2.9x10°, 3.0x10°% 5.1X
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FIG. 5.—(a) Reaction rates for major reactions destroying and producing CH,: (R5) CH, + hv — products; (R55) CH, + C,H —» CH; + C, H,; (R61)
CH, +C,H - CH; +C,H,; (R65) CH, + CgH —» CH; + C¢H,; and (R33) CH; +H — CH,. (b) Reaction rates for important synthesis reactions: (R31)
CH, +C,H, -» CH;C,H and CH,CCH, (the sum is shown here); (R32) 2CH, - C,H, + H,; (R34) CH, + CH,; —» C,H, + H; (R35) 2CH; - C,Hy;
and (R40b) CH; + C, Hs — C3Hg. (¢) Reaction rates for major reactions that produce H,: (R5a) CH, + hv — 'CH, + H,; (R6b) C,H, + hv — C, + Hy;

(R7a) C,H, + hv - C,H, +H,; and (R69b) C,H, +H — C,H, + H,.
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10°, 1.7x10° 1.0x10°, and 4.0 X107 cm™?s?, respectively.
The net destruction rate of CH,, which must be balanced by
an ezqui\;alent upward flux at the tropopause, is 1.5x10'°
cm s

The character of CH, destruction in the upper atmosphere
is somewhat different from that in the lower atmosphere. In
the upper atmosphere, primary photolysis breaks CH, into
the radicals CH, !CH,, and CH,. CH} is produced indirectly
by (R72) N(D)+CH,— CH;+NH. In the lower atmo-
sphere the net result of photosensitized dissociation is break-
ing CH, into CH; and hydrogen. CH, is now produced by
(R4) CH; + hv —»'CH, + H, followed by quenching of 'CH,
by N,. As illustrated in Figure 45, the concentration of CH,
is comparable with that of CH; at 850 km, whereas CH;
completely dominates aver CH, elsewhere. Figure 50 sum-
marizes the reaction rates for the major synthesis reactions:
(R31) CH, +C,H, - CH,C,H (and CH,CCH,); (R32)
2CH, - C,H, +H,; (R34) CH, +CH,; - C,H, +H; (R35)
2CH,; - C,H,; and (R40b) CH; +C,Hs — C;H;. It is clear
that synthesis of alkenes and alkynes (except polyacetylenes)
occurs mainly in the mesosphere, where CH, is abundant.
Synthesis of alkanes occurs preferentially in the stratosphere,
where alkyl radicals are readily produced by photosensitized
dissociation (see also Figs. 4b and 4c).

¢) C,Hq

Ethane is produced primarily by the association reaction
(R35) 2CH; +M — C,H, +M, as shown in Figure 5b. As
discussed in § IIb, most of C,H¢ production occurs in the
lower stratosphere as a result of the photosensitized dissocia-
tion of CH,. Ethane can be destroyed by photolysis (R8)
C,H¢ + hv — products and by abstraction reactions such as
(R56) C,Hs+C,H— C,H;+C,H,. However, the rate of
photolytic destruction is small, as a result of effective shielding
by CH, and C,H,. Most of the abstraction reactions do not
lead to a net destruction of ethane, as illustrated by the
following sequence of reactions

C,H, +C,H - C,H, +C,H,

(R56)
C,H,+H - 2CH, (R39)
2CH, +M - C,Hy +M (R35)

net C,H+H-C,H,.

Ethane condenses near the tropopause and is ultimately de-
posited on the surface. The equivalent downward flux at the
tropopause is 5.8 X 10° molecules cm ™2 s ™! and represents the
principal loss of atmospheric C,H. The chemical losses are
about an order of magnitude less efficient. The column aver-
aged abundance 1.7X107° is in good agreement with the
observed value of 2x 1075, The vertical mixing ratio profile
shown in Figure 4a is nearly constant in the upper atmo-
sphere, but falls off in the lower stratosphere, so that the
abundance of C,Hy does not exceed that allowed by the
saturated vapor pressure. Thus, the condensation removal
mechanism postulated in this model is crucial for predicting a
C,H, profile that satisfies both constraints of IRIS observa-

Vol. 55

tions and saturation vapor pressure.

d) C,H,

In the upper atmosphere, the major reactions producing
ethylene are (R27) CH+CH, —» C,H, +H and (R34) CH, +
CH, — C,H, +H, with minor contributions from photolysis
of C,Hy, i.e., (R8a) and (R8b). The altitude profile for (R34)
is given in Figure 5b. The column integrated production rate
by (R34)is 2.1 X10°cm ™% s~ . The corresponding rates due to
(R27), (R8a), and (R8b) (not shown in Fig. 5b) are 1.8 X103,
6.4x107, and 2.4x10"cm ™2 s, respectively. Ethylene in the
upper atmosphere is destroyed by photolysis ([R7a], [R7b]),
which is apparently so efficient that few molecules survive to
the lower altitudes. Figure 4a shows the drastic decrease in
the mixing ratio of C,H, with decreasing altitude. The sec-
ondary peak in C,H, mixing ratio near 200 km is produced
by disproportionation and exchange reactions:

2C,H, > C,H, + C,H,, (R38)

C,H; +CH, - C,H, + CH,, (R40a)
C,H, +C,H, - 2C,H,, (R41b)
2C,H; - C,H, +C,H,. (R42a)

The ultimate source of C,H, in these reactions is C,H, and
C,Hg. Although the total production rates due to the above
reactions are comparable to that of (R34), ethylene in the
stratosphere is rapidly removed by

C,H,+H+M- C,H;+M, (R26)

followed by
C,H;+H—2CH,;, (R39)
2CH;+M - C,H,+M (R35)

Consequently, the abundance of C,H, in the stratosphere
remains rather low. The column-averaged mixing ratio for
C,H,, 33x1078, is much lower than the observed value
40x107. The ratios of appropriate column abundance
[C,H,]/[C,H¢] and [C,H,]/[C,H,] are 1.9X10? and 8.3 X
1073, respectively. The corresponding observed values are
2.0x1072 and 2.0 X107, respectively. Thus, the model pre-
diction for ethylene is too low by an order of magnitude. A
resolution of this difficulty is not easy. We can suggest three
possibilities: (a) the quantum yield for photolysis ([R7a],
[R7b]) might have been overestimated, (b) the abundance of
hydrogen atoms in the stratosphere is too high, and (¢) the
IRIS observation of C,H, has not been correctly analyzed.

e) GH,

The primary sources of acetylene are (R7) C,H,+ hv —
C,H,+H, (or 2H) and (R32) 2CH, —» C,H, +H,, with
minor contributions from (R8) C,H + Av— C,H, +2H,.
Altitude profile for (R32) is shown in Figure 5b. The column
integrated production rates due to (R7), (R32), and (R8c) are
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1.4X10°, 4.6 x10%, and 3.6 x107cm ™2 s, respectively. Once
it is formed, acetylene is extremely stable against chemical
destruction. Photolysis of C,H,:

C,H,+hv > C,H+H,

is usually followed by hydrogen abstraction reactions that
restore C,H,;

C,H+CH, - C,H, + CH,, (R55)

C,H+C,H, - C,H, +C,H;. (R56)
The vinyl radical disproportionation reaction, (R38) 2C,H;
- C,H, +C,H,, does not result in a net loss of C,H,, since
C,H, readily dissociates to yield C,H, again. Even addition
reactions such as

C,H, +CH, +M — CH,C,H+M (R31a)
- CH,CCH, +M,  (R31b)
C,H, +CH,+M - C,H, +M, (R37b)

only transform C,H, temporarily into CH,C,H, CH,CCH,,
and C;Hg, since these molecules are not stable and easily
break up into fragments from which C,H, can be retrieved.
The only significant mechanism for destroying C,H, appears
to be condensation at the tropopause, with a column in-
tegrated rate of 1.2X10° cm™2 s™1. The profile of acetylene
shown in Figure 44 is consistent with IRIS. The column-aver-
aged mixing ratio, 4X107°, is somewhat higher than the
observed value of 2xX107¢, but is probably within the limits
of uncertainties of the observations. However, in the meso-
sphere the calculated concentrations of C,H, are in serious
conflict with observations. UVS deduced a mixing ratio 1%—2%
for C,H, a 840 km, where our model predicts a mixing ratio
of 2.7x1073. This discrepancy of a factor of 10 is somewhat
disturbing since our column-averaged abundance (which is
heavily weighted by the lower stratosphere) is close to the
abundance reported by IRIS. We propose an alternative inter-
pretation of the UVS observation. We argue that the ultra-
violet opacity attributed to C,H, in the UVS experiment was
actually caused by absorption due to other molecules. Con-
sider the opacity at 1550 A along a straight line tangent to
Titan at a radial distance of R = 3300 km. The optical depth
due to species [i] can be approximately computed by

,=V27RH o;n;,

where o; and n; denote cross section and number density,
respectively, and H is atmospheric scale height ( ~ 63 km at
this altitude). Using relevant data from our model we estimate
optical depths of 0.02, 0.01, 0.02, 0.01, 0.60, 0.60, and 0.60 for
C,H,, HCN, HC;N, C,H,, C,H,, C,H,, and CgH,, respec-
tively. Unfortunately, the combined opacity now exceeds that
observed by Smith eral. (1982a). Condensation of the poly-
acetylenes near the mesopause could resolve the difficulty.

(R6a)
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fHH

Hydrogen atoms are produced in the upper atmosphere
mainly by (R5b) CH,+ hv - CH, +2H, (R7b) C,H, + h»
- C,H, +2H, and (R34) CH,+CH;— C,H,+H, and in
the lower atmosphere by photolysis of acetylene and poly-
acetylenes, i.e., (R6a), (R14a), and (R15a). The combined
production rate is 1.1xX10'° cm~2 s™%. All hydrogen atoms
produced below 600 km are effectively scavenged by the C,H,
catalytic cycle. However, hydrogen atoms produced above this
level readily escape from the atmosphere. The escape flux
calculated in our model is 5.5X10° cm ™2 s~!. This is some-
what larger than the value of 1-3X10°cm ™2 s~ ! deduced by
Smyth’s (1981) modeling of Pioneer 11 and IUE observations
of the Saturnian system. But a quantitative comparison is not
possible until Smyth’s model has been updated to simulate the
Voyager observations.

There is another observational constraint on the concentra-
tion of hydrogen atoms in the upper atmosphere. The UVS
instrument reported a disk-averaged Lya emission of 1 kR, of
which about half may be attributed to resonance scattering of
solar radiation (see discussion in footnote of Table 1A). The
column abundance of hydrogen above 750 km (where absorp-
tion of Lya by CH, starts to dominate) is 3 X 10" cm™2.
Radiative calculations, similar to those described in Yung and
Strobel (1980), using the profiles of H and CH, presented in,
Figures 4b and 4a, yield an airglow of 600 R. Within limits of
the uncertainties of the observations, these results are con-
sistent. In the Lya calculations we used a solar flux of
5.6x10" photons cm~2 s"'A~! at 1 a.u. (Mount and Rott-
man 1981), close to the value 5.1 X 10! photons cm ™2 s 'A~!
used by Yung and Strobel (1980).

g H;

The most important reactions for producing H, in the
model are shown in Figure 5c¢. The column integrated rates
for (RSa) CH, + hv -»'CH, + H,, (R7a) C,H, + hv » C,H,
+H,, (R6b) C,H, + hv - C,+H,, and (R6%b) C,H;+H
- C,H, +H, are 1.4x10° 1.2x10° 1.8 x10° and 2.7 x10°
cm™? s7! respectively. The reaction (R36) C,H;+H—
C,H, +H, is relatively unimportant, with an integrated pro-
duction rate of 7X10” cm~? s™!. Once it is formed, H, is
chemically very stable. The fate of more than 99% of H,
produced in our model is escape from the exosphere. The flux
is 7.2x10° cm™? s~ 1. The predicted H, abundance 2.1 X103
is in good agreement with the IRIS observation of 2+1x107>.
The H, abundance in the model depends on the rate of
production and the rate of escape from the exosphere. Since
the temperature of the exosphere is known, the rate of produc-
tion of H, must be close to that computed in our model. This
result, which is independent of the uncertainties in the choice
of the eddy diffusivity profile (as long as the eddy diffusion
coefficient at the homopause exceeds a certain critical value)
and the details of the atmospheric chemistry, suggests that the
minimum rate of CH, destruction is many times larger than
the primary photolysis rate. This provides the most direct
confirmation of the importance of photosensitized processes in
the stratosphere.
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F1G. 6.—(a) Altitude profiles for the mixing ratios of C4H,, C¢H,, and CgH,. (b) Reaction rates for selected important reactions producing,
destroying, and recycling C,H,: (R58) C,H, + C,H— C,H, + H; (R14a) C,H, + hv » C;H+H; and (R62) C;H+C,H¢ —» C,H, + C, H.

h) Polyacetylenes

Altitude profiles for the mixing ratios of polyacetylenes

C,H,, CsH,, and CgH, are presented in Figure 64. Only
C,H, has been observed by IRIS. The reported column-aver-
aged, 1078-1077, is higher than our model value of 7.8 X
107 '°. The polyacetylenes are an order of magnitude less than
acetylene in the mesosphere, but since their cross sections are
~10 times higher than that of -acetylene, they contribute to
the observed atmospheric opacity in the vacuum ultraviolet
(see discussion in § Ve on UVS observations). The poly-
acetylenes are produced by the insertion reactions (R58) C,H
+C,H, - CH, +H; (R63) C.H+C,H, - CH, +H;
R67) CCH+C,H, » C;H, + H; R59) C,H+C,H, - C,H,
+H; (R60) C,H+C¢H, » CgH, +H; and (R64) C,H+
C,H, » CgH, +H, with column-integrated production rates
equal to 1.7x10°% 1.2 X10°, 8.4x107,1.5%x 108 1.9x 108, and
1.7x10% cm~2 s, respectively. The polyacetylenes undergo
rapid photolysis and recycling in the atmosphere, resulting in
the photosensitized dissociation of CH, and other alkanes. As
an illustration of this discussion, Figure 65 presents a selected
set of reactions involving C,H,. Diacetylene is produced by
(R58) C,H, +C,H —» C,H, +H, recycled by (R14a) C,H, +
hv— C,H+H and (R62) C;H+C,H;— C,H, +C,H; (the
net result of this cycle is breaking C,H, into C,Hs+ H).
Another recycling reaction, (R61) C;H+CH, - C,H, + CH;,
has been shown in Figure 5a.

The predicted concentrations of polyacetylenes in the pres-
ent model are less than those in our previous study (Allen,
Pinto, and Yung 1980). There are at least three differences
between these models. First, we have now adopted Brown and
Laufer’s (1981) high rate coefficient for (R55) C,H+CH, —
C,H, +CHj, k55 =2.5%X10712¢~7%7 whereas Allen, Pinto,
and Yung used kss=3.0X10""! ¢ 2%/7 Since (R55) tends
to suppress the formation of long-chain compounds by
quenching the C,H radical, we might expect less C,,H,.
Second, we have included the new scheme (17a) for cracking

C,H, by H. Lately, we have revised the dissociation pathways
for C,,H,. The dominant dissociation of C,,H, is by C,,H,
+ hv — C,,H+H, and does not lead to a loss of C,, com-
pounds. The net result of all these changes is a decrease in the
abundances of polyacetylenes in the present model. Note that
we can drastically increase C,H, in the stratosphere by pos-
tulating a faster (R69b) or by invoking another mechanism for
removal of H atoms.

In our model we do not deal with polyacetylenes beyond
CsH,. It is mildly embarrassing that the calculated abun-
dances of the polyacetylenes, C,H, = 7.8 X107, C;H, = 3.6
X107 and C4H, =1.5%x107'%, do not fall off rapidly with
increasing carbon atoms. Thus, our cutoff of the long-chain
compounds appears somewhat arbitrary. However, we do not
regard this as a fundamental weakness of the model. The cross
sections and quantum yields for dissociation for the higher
polyacetylenes could be larger than our estimates, and the rate
of condensation could increase with molecular weight. Inclu-
sion of any of these considerations would result in lower
concentrations for the higher polyacetylenes, but unfor-
tunately at the expense of more model parameters. Alterna-
tively, the high abundance of the long-chain compounds may
be real. The early experiments of Lasaga, Holland, and Dwyer
(1971) and more recent ones by Sagan and Thompson (1983)
all produce considerable amounts of organic compounds of
high molecular weights. A small fraction of the polyacetylenes
produced can be irreversibly removed as long-chain polymers.
This ultimately represents a net loss of acetylene from the
atmosphere (see Appendix).

i) C; Hydrocarbons

Altitude profiles for the major C; species CH;C,H,
CH,CCH,, C;H,, and C;Hjg, and their associated radicals
C;H,, C,H;, C;H;, and C;H, are shown in Figures 7a and
7b, respectively. A schematic diagram showing the major
pathways connecting the important C; species is presented in
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F16. 7.—(a) Altitude profiles for the mixing ratios of CH;C,H,
CH,CCH,, C3H;, and C;Hg. (b) Altitude profiles for the number
densities of C3H,, C;H;, C3Hs, and C3H;. (¢) Schematic diagram
showing the major pathways connecting C; compounds.

Figure 7¢. The computed column-averaged mixing ratio for
CH,C,H is 1.8 X107 7, a value higher than the IRIS observa-
tion of 3x107®. The concentrations of CH;C,H and the
radicals C;H; and CyH, are unrealistically high in the model.
One reason is that we have omitted the speculative reactions
that convert C, into C,, viz.,, (R111a) CH; +C;H; -1, 2-
C,H,or 1-C,Hg, and (R112) CH; + C;H, — C,H;. Inclusion
of these reactions (see Appendix) brings the model abundance
for CH,C,H to 3x107%, and the number densities of C;H;
and C;H, to below 10° cm™? in the lower stratosphere. The
major reactions producing CH,C,H and CH,CCH, are
(R31a) CH, +C,H, -» CH;C,H, (R31b) CH,+C,H, -
CH,CCH,, and (R12a) C;H + h» - CH,CCH, + H,, with
integrated column rates equal to 4.0x10%, 4.9Xx10% and
8.5x107 cm~? s, respectively. CH,CCH, is rapidly con-

sult in a net loss of CH;C,H are photolysis and the cracking
by H, viz., (R45a) CH,C,H+H —» CH, + C, H,.

The column-averaged mixing ratio of propane in the model
is 791077, in fair agreement with the observed abundance
of 2-4x107°, C,Hj is formed almost entirely by the associa-
tion reaction (R40b) CH, +C,Hs — C;Hg, as shown in Fig-
ure 5b. The high three-body rate coefficient, derived on the
basis of Troe’s theory, is essential for predicting a high C;H,
abundance in the model. C;Hj is destroyed by photolysis R13
and abstraction by C,H, R57. Like ethane, propane is suffi-
ciently stable against chemical destruction that most of the
C;H, produced in the model is lost by condensation in the
lower stratosphere. The net downward flux of C;Hgis 1.4 X108

cm 2§l

J) Nitrogen Compounds

Figure 8a summarizes the altitude profiles of the important
nitrile compounds HCN, HC;N, and C,N,. The concentra-
tions of odd nitrogen radicals N, NH, and CN are shown in
Figure 8b. A schematic diagram showing the relation between
the nitrogen compounds is given in Figure 8c¢. The predicted
column averaged abundances for HCN, HC;N, and C,N, are
5.6x1077,5.6x107%, and 1.9x 10~#, respectively. The corre-
sponding observations reported by IRIS are 2.0x1077,
1078-10"7, and 1078107, respectively. So the theory agrees
well with observation. The major source of odd nitrogen is
downward flow from the thermosphere, with a flux of 2x10°
cm™? 57! for the sum of N and NH. Cosmic-ray dissociation
of N, contributes an additional flux of N+NH equal to
7.4x107cm~? 57! in the lower stratosphere. The lifetime of
odd nitrogen in the atmosphere is sufficiently short, so that the
vertical profiles of the radicals N and NH exhibit large
gradients in the vicinity of the sources. As shown in Figure 94,
most of odd nitrogen is destroyed by (R76) NH+N — N, + H.
Only ~10% of the total odd nitrogen produced is converted
into HCN by reactions (R73) N+ CH, - HCN + H and (R74)
N+CH; - HCN+H,. The column production rates for
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and C,N,. (b) Altitude profiles for the number densities of N, NH, and
CN. (c¢) Schematic diagram showing the major pathways connecting the
nitrogen compounds.

(R73) and (R74) are 4.6x10° and 2.6X10® cm™? 5%, re-
spectively. The formation of the extremely stable CN bond
represents a net sink of atmospheric nitrogen ~ 2x108
N cm~? s71, as the ultimate sink of nitrile compounds is
condensation. Recycling of the CN radical between HCN,
HC;N, and C,N, determines their relative abundances. A
sampling of the important recycling reactions are shown in
Figure 9b: (R17) HCN + hy —» H+CN; (R79) CN+C,H¢ —
HCN+C,H,; (R81) HCN+C,H - HC;N+H; (R82) HCN
+CN- C,N, +H; and (R87) C,N, +2H — 2HCN. Another
important recycling reaction is (R78) CH,+CN—- HCN+
CH,, but this reaction is not as important as (R87). As shown
in Figure 9b, the reaction (R87) C,N, +2H — 2HCN, first
postulated in this work, is an important sink for C,N, in the
lower stratosphere, comparable in magnitude to photolysis
(R19). This suggests that a low concentration of H in the
lower stratosphere is required to be consistent with the con-
centration of C,N,.
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k) Oxygen Compounds

Altitude profiles for the mixing ratios of CO, CO,, H,O,
H,CO, and CH,CO, and the number densities of O(*D), O,
OH, and HCO are presented in Figures 10a and 105, respec-
tively. A schematic diagram showing the relation between the
oxygen compounds is given in Figure 10¢. The computations
have been performed with a downward flux of H,O equal to
6.1x10°cm~2 57!, a value that has been chosen to reproduce
the observed CO, abundance of 1.5x107°. The predicted
abundance of CO is 1.8X107 %, somewhat higher than the
value 6 X 10~ > deduced from radio observations by Muhleman,
Berge, and Clancy (1984), and infrared observations by Lutz,
de Bergh, and Owen (1983).

As shown in Figure 114, the chemical reactions that destroy
CO, are (R20a) CO, + hv —» CO+ 0O, (R20b) CO, + v = CO
+O(*D), and (R98) CO, + CH, —» CO+ H,CO. The integrate
rates for (R20a), (R20b), and (R98) are 4.3 X104, 1.0x10°,
and 2.1X10* cm™? s~!. Downward transport through the
tropopause introduces an additional loss of 2.8 X 10°
cm % 57!, respectively. In the absence of chemical sources, it
would take only 2 X10 yr to deplete the stratosphere of CO,.
The only reaction that acts to restore CO, is (R96) CO+ OH
— CO, +H, as shown in Figure 11a. The integrated rate for
(R96) is 4.4x10° cm™2 s~ 1. As shown in Figure 116, CO is -
mainly formed in the thermosphere by (R95) OH+ CH; —
CO+2H,. The other interesting compounds such as H,CO
and CH,CO are formed primarily in the stratosphere. How-
ever, because of the instability of these compounds toward
photolysis, they are all below current detection levels (see Fig.
104).

1) Summary of Model

An overall comparison of the model results and observa-
tions is given in Table SA. It can be seen that the model
correctly accounts for the order of magnitude of most of the

- observations. It is possible to obtain better agreement between

model and observation by adjusting the model parameters.
But in view of the uncertainties of the observations and
laboratory data such exercise is probably not meaningful. The
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TABLE 5A
SUMMARY OF IMPORTANT MODEL RESULTS AND COMPARISON WITH OBSERVATIONS IN TABLE 1A
Model? Observed?®
Species Abundance Abundance ‘Remarks

CHy oo 2.0x1072 1-3X1072 { model value imposed as
boundary condition at 45 km

Hy oo 21%x1073 2+1x1073

C,Hg oooonnnn. 1.7x107° 2X1073

CHy oo 3.3%1078 4x1077

CH, i 40x107° 2X1076

CH,C,H ....... 1.8x1077 3x1078 b.e

‘ (3x10~%

CH,CCH,...... 50x10° .. { searched for but not observed
by IRIS

CiHg oo 7.9%x1077 2-4x107¢

CH, .o 7.8x10710 1078-1077 b

HCN............ 56x1077 2 x1077-1077 b

HCyN........... 56x1078 1073-1077 b

CoNy oo 19x1078 1078-1077 b

CO .oveii, 1.8x1074 6x107° d

COpureen. 1.5x107° 1.5%107° flux of meteoritic H,O has

{been adjusted to yield the

correct CO, abundance

2Unless otherwise stated concentrations are given in column-averaged mixing ratios above 45
km. To convert mixing ratios into column integrated abundances above 45 km, multiply the
appropriate mixing ratios by 1.9 X102 molecules cm 2.

bStrong latitudinal asymmetry; more abundant at the north pole to which the observations
refer.

¢The value of CH,C,H in parenthesis refers to the case when speculative reactions in Table 7
are included (see Appendix).

dThe observed abundance for CO quoted here is from Lutz, de Bergh, and Owen 1983 and
Muhleman, Berge, and Clancy 1984.
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TABLE 5B
BUDGET FOR PARENT MOLECULES CH,4, N,, aND H,0?
Reaction Flux Reaction Flux

Destruction of CH, (sum total = 1.5x1010) Destruction of N,:

R72 NCD)+CH,.oooiveinenn 1.0x10° Nyt € i 1.0x10°
RS CHy+hv...................... 2.9x10° N, + COSMIC TAYS ....ov'vveeeninnnns, 3.7x10’
RS3 CH +Cy.ooviiiiiiiin, 3.0x10° €SCAPES. ..\t 1.6x10%
RS5 CH,+C,H ................... 51x10°

R61 CH,+C/H ................... 1.7x10° Production of N,:

R65 CH,+CH ................... 1.0x10° R76 N+NH ..........cooooiiiinn. 8.9x10"
R78 CH,+CN..................... 40x10’

) P Downward Flux of Nitrile Compounds:

Production of CH,4 (sum total = 5.9%x10°%): HON oo 2.0%10°%
R33 CHy+H ..o 3.5%10% HCN Lo 1.7x107
R37a CH;+CoHs ... 21x10° 2XCoNy i 1.2x107

Es Fl f H and H,:

oo s5x100  Influx of meteoritic H,0: 61x10°
- Hy oot 72x10° Escape of O:¢ 3.3x10°

Downward Fluxes of Hydrocarbons:® 2 X downward flux of CO,:" 5.7x103
CoHg oo 5.8%x10°
CHy 1.2x10° Net loss of parent molecules from atmosphere:
CH;CH oo 5.7%107 CHy oo 1.5x10%
CiHg oo 1.4x10% Ny oo 2.8x10%
CaHyg oo 2.3x107 HoO oo 6.1x10°

3Integrated reaction rates and fluxes (normalized to the surface) are in units of cm =2 s

-1

PAt the tropopause; the species transported downward are assumed to be irreversibly lost.

“Taken from Strobel and Shemansky 1982.

most important implication of Table 5A is that the composi-
tion of minor constituents of Titan’s atmosphere can be
understood in terms of a simple photochemical model. A
summary of the important reactions and processes that affect
the global budget of atmospheric carbon, hydrogen, nitrogen,
and oxygen is given in Table 5B. As pointed out in § II, the
most significant processes are photosensitized destruction of
CH,, hydrogen escape, and organic synthesis. The atmosphere
is not in equilibrium, but continuously evolving and losing
material at rates listed in Table 5B.

How realistic are these computations? The model has
achieved a moderate degree of success in accounting for most
of the observations. However, caution must be exercised in
intepreting our results for nitrogen and oxygen species, since
we are now compounding the uncertainties of hydrocarbon
chemistry with that of nitrogen and oxygen. We are least
confident about the mechanism that regulates the abundance
of CO in the atmosphere. The time constant for photochemi-
cal adjustment under current conditions is ~10° yr. Over
such a long time scale other processes, such as planetary
degassing, could be more important than photochemical
processes. Thus, the apparent agreement between the observed
and predicted CO abundance may be fortuitous. We have no
illusions that the quantitative details of the model are all
correct. We only hope that the model has been useful for
identifying the problems of Titan chemistry, providing a
framework to digest recent observations and suggesting guide-
lines for future work. As an overview, our present knowledge
of atmospheric chemistry in the outer solar system is probably
at the stage of the terrestrial atmosphere three decades ago
(Bates and Nicolet 1950), or the Cytherean and Martian
atmospheres more than a decade ago (Jastrow and Rasool
1969; McElroy and Hunten 1970).

VI. IMPLICATIONS OF THE MODEL

The atmosphere can be simply viewed as a chemical system
that processes the simpler molecules into more complex ones.
At the upper boundary of the model, the exobase, H and H,
escape from Titan to become part of the extensive torus
around Saturn. The ultimate source of the starting material
such as CH, and N, is the surface or the interior of Titan. The
complex molecules produced in the model affect the composi-
tion of the troposphere and the geochemistry of the surface, as
well as planetary climatology and evolution. In our modeling
effort, we have so far focused on the chemistry of the atmo-
sphere. The model results presented in the previous section
now provide a basis for discussing a number of important
problems related to the upper and lower boundaries, and the
past history of the satellite and the Earth.

a) Hydrogen Torus

Both H and H, can readily escape from Titan at the present
exospheric temperature of 190 K. The significance of hydro-
gen escape for atmospheric stability and evolution was recog-
nized by Kuiper (1944). Subsequently, the question of stability
(or instability) of light gases on Titan led to the development
of such fundamental concepts as the limiting flux (Hunten
1973) and the gaseous toroidal ring (McDonough and Brice
19734, b). Both ideas transcended their original applications
to Titan and are extremely useful for studying a wide class of
planetary problems (Hunten and Strobel 1974; Liu and
Donahue 1974; Carlson and Judge 1974; Fang, Smyth, and
McElroy 1976).

We can now regard the escape of hydrogen from Titan as
established on the basis of Lya observations of the torus
associated with Titan by Pioneer 11 (Judge, Wu, and Carlson
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1980) and Voyager | and 2 (Broadfoot eral 1981; Sandel
et al. 1982). The torus is estimated to contain 7.3 X10%* atoms
of H. Assuming that all the hydrogen atoms originate from
Titan at the rate of 5.5x10° cm~™2 s~ !, we obtain a mean
lifetime of 210 s for H atoms in the torus. This value is not
unreasonable when compared with the lifetime of 5x107 s
against charge transfer with protons (Bridge er al. 1982). Since
the cross sections of H and H, toward charge transfer are
similar (Allison 1958), we would expect the lifetime for H, in
the torus to be close to that of H. Since the escape rates of H,
and H are comparable according to our model, there should
be nearly equal amounts of H and H, in the torus. Unfor-
tunately, direct observation of H,, a molecule without a
convenient spectroscopic signature, is difficult.

b) Troposphere

Titan’s troposphere, with column density of 2.5X10%cm ™2,

or ~10 times as massive as Earth’s troposphere, is more like a
shallow terrestrial ocean than an atmosphere. The radiative
lifetime is ~140 yr (Flasar, Samuelson, and Conrath 1981).
The time constant for troposphere-stratosphere exchange is,
according to our model, ~ 600 yr. The order of magnitude of
these time constants is characteristic of our oceans, but not of
the atmospheres of terrestrial planets. In our model we have
chosen the tropopause to be at 45 km, where the temperature
is 70 K. Across this boundary CH, and N, are supplied to the
stratosphere, and photochemical products are returned to the
troposphere. The heavy hydrocarbons will probably sink to
the surface. The more volatile compounds can reevaporate
near the surface, where the temperature is much higher ~ 94
K. Thus, except for CO, the lower troposphere could acquire a
composition close to the saturation composition described by
Table 1B under the heading “surface.” For example, the
mixing ratios for C,H,, C,H,, C;Hg, and CO, near the
ground would be ~ 4x1073 8x1077,5X10"7, and 1 X107,
respectively, and the atmosphere should arrive at steady state
for these species in less than 6x10%, 5x10°, 3x10% and
3X10° yr, respectively. The presence of these molecules in the
troposphere with abundances indicated here may contribute to
the greenhouse effect, since they all have strong absorption
bands in the infrared (Wang ez al. 1976).

¢) Climatology

How does the atmosphere arrive at the current state? Start-
ing from a pure N, and CH, atmosphere, we can envision the
following sequence of events:

1. Photolysis of CH, in the mesosphere leads to production
of C,H, and C,H,.

2. C,H, abundance builds up in the stratosphere.

3. Photosensitized dissociation of CH, becomes important,
producing C,Hg, polymers, and aerosols.

4. Absorption of sunlight by aerosols leads to thermal
inversion and dynamical stability.

5. Stratosphere becomes more stable, resulting in a further
increase of the abundances of higher hydrocarbons and lead-
ing back to step 3.

Steps 3, 4, and 5 constitute a cycle with positive feedback and
can, in principle, be catastrophic. In practice, the cycle is
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limited by the availability of ultraviolet photons. It is clear
that the smoggy atmosphere solution which prevails at present
“hangs together” by a delicate coupling between photochem-
istry, radiation, and dynamics. There is no a priori reason to
believe that this is the only or even the most stable solution. A
clear atmosphere solution is perfectly viable from the theoreti-
cal point of view. In fact, Strobel’s (1974) model with K, =10°
cm’ s™! is representative of the clear atmosphere solution,
characterized by low hydrocarbon content and absence of
aerosols. That the atmosphere can have two fundamentally
different states is perhaps a manifestation of the beauty and
subtlety of a coupled geochemical and geophysical system.
For comparison, we note the Earth’s climate also has two
states: clement like the present, and frigid in an ice age. Our
experience in modeling Titan’s atmosphere suggests that the
fundamental challenge is to understand the complex polymer
chemistry that leads to the formation of photochemical aero-
sols. Aerosol chemistry provides a linkage between ultraviolet
radiation, photochemistry, and climatic change. The
solar-planetary climate effect, which has proved so elusive to
document on Earth (Eddy 1982), may be more amenable to
verification on Titan (Suess and Lockwood 1980; Allen, Pinto,
and Yung 1980; Sromovsky eral 1981). More laboratory
experiments, continued ground-based and spacecraft observa-
tions, and new theoretical insights are needed in this direction.

d) Evolution

There is evidence based on photochemical and isotopic
studies that the atmospheres of the terrestrial planets have
undergone extensive evolution (McElroy 1972; Nier, McElroy,
and Yung 1976; McElroy, Prather, and Rodriguez 1982;
Donahue et al. 1982; Craig and Lupton 1976; Pollack and
Yung 1980). On Titan the tempo of evolution is much faster;
the action, more vivid. Destruction of the atmosphere occurs
by escape of gases, including nitrogen, from the exosphere and
by conversion into condensable organic compounds which are
then deposited on the surface. No other object in the solar
system, with perhaps the exception of comets, offers such a
dramatic demonstration of photochemistry as a driving force
of atmospheric evolution. Hydrogen, extracted from methane,
escapes and forms a torus around Saturn. The hydrogen-poor
organic compounds form extensive aerosol layers that contrib-
ute to the remarkable visual appearance of Titan.

The column abundances of CH,, N,, and CO in the
present atmosphere are, according to our model, 1.4X10?%
1.2X10%, and 2.2 g cm™ 2, respectively. If the loss rates given
in Table 5B were constant over the age of the solar system (4.5
billion yr), we would estimate accumulated losses of 5.6 X10%,
1.8 10°, and 4.0 g cm ™2, respectively, for CH,, N,, and CO.
Note that the total amount of CH, destroyed is ~ 400 times
that in the atmosphere today and must be supplied from the
surface. Since carbon does not escape from the exosphere at
an appreciable rate, the surface must have acquired the equiv-
alent of a kilometer of photochemical products. On the basis
of our model, the composition of this material is 77% C,H,,
16% C,H,, with the rest composed of heavy hydrocarbons,
polymers, and nitriles. Many questions about the impact of
the photochemical products on Titan’s geology and geochem-
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istry may be quite interesting, such as: (a) How do they
interact with a possible CH, or N, ocean on the surface? (b)
How do they affect the noble gas contents of the atmosphere?
(¢) How do they interact with the interior of the satellite if
Titan is tectonically active? Some of these issues were dis-
cussed by Lunine, Stevenson, and Yung (1983). The total
amount of N, destroyed is ~17% of the present atmosphere,
with roughly equal losses to space and to the ground. The
total destruction of CO computed here is probably a lower
limit. The rate of destruction in the past might have been
much higher, in principle, as high as that for N, if the
abundance of CO were comparable to that of N, (Samuelson
et al. 1983). As pointed out by Samuleson et al. (1983), the
abundance of CO in the atmosphere today is photochemically
controlled and is consequently not diagnostic of its primordial
origin.

The presence of large quantities of CH, on Titan is ex-
pected on the basis of Lewis’ (1971) model. The theory of
Prinn and Fegley (1981) allows for a primordial origin of N,
and CO. But then to understand the low abundance of CO on
Titan today, we have to invoke efficient destruction of CO in
the past. The detailed photochemical model remains to be
worked out. The alternative hypothesis that N, is derived
from the photochemistry of ammonia (Atreya, Donahue, and
Kuhn 1978) rests on the postulate of a prolonged period of
warm climate on the satellite in the past (Strobel 1982). There
is no compelling evidence or theoretical arguments in its favor.
The photochemistry of NH; in the presence of CH, is proba-
bly more complicated than the description given by Atreya,
Donahue, and Kuhn (1978) and should be further investi-
gated.

e) Organic Synthesis

The modern era in prebiotic organic synthesis began with
the experiments by Miller (1953, 1955, 1957) and Miller and
Urey (1959) demonstrating the synthesis of complex organic
compounds from mixtures of simple gases of reducing com-
position using electric discharges. The subject has recently
been reviewed in depth by Chang et al. (1983), with emphasis
on geochemistry and laboratory studies. For applications to
planetary atmospheres, the Miller-Urey experiments suffer
from a serious deficiency. The experiments are mainly con-
cerned with analyzing the bulk composition of the reaction
products. Without an understanding of the mechanisms and
intermediate products, it is difficult to extrapolate from the
laboratory to geophysical situations. Our modeling of Titan,
based on chemical kinetics and a realistic atmosphere, pro-
vides a remedy and an extension of Miller-Urey type of work.

In our model, synthesis of organic compounds consists of
two steps: dissociation of the more stable parent molecules
into radicals by absorption of ultraviolet radiation, energetic
electrons, or cosmic rays, followed by radical-radical or radi-
cal-molecule reactions producing organic compounds. The
quantities of hydrocarbons, nitrogen, and oxygen compounds
generated by the atmosphere over the age of the solar system
are of order of 10°, 10%, and 1 g cm ™2, respectively, sufficient
to be of biological interest (Margulis et al. 1977). For possible
extrapolations to other systems, quantum yields are sometimes
more useful. About 96% of CH, dissociation (mostly by
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photosensitized processes) leads to production of higher hy-
drocarbons, ~10% of N, dissociation (mostly by electron
impact) results in nitrile production. Since Titan is a specially
favored place in the solar system for organic synthesis, it is
unlikely that these quantum yields can be exceeded on primi-
tive Earth.

Miller and Urey (1959) postulated a highly reducing prebi-
otic terrestrial atmosphere composed mainly of H,, CH,,
NH;, and H,0, a viewpoint later followed by Sagan and
Mullen (1972) for different reasons. Holland’s (1962) work
provides a framework for the possible successive evolution of
the atmosphere from a highly reduced state to a more oxidized
state. However, the stability of CH, and NH; in the primitive
atmosphere, and indeed the very existence of this hypothetical
reducing atmosphere, has been questioned (Abelson 1966;
Kuhn and Atreya 1979; Kasting 1982; Walker 1977; Chang
et al. 1982). Based on our own experience with modeling the
early terrestrial atmosphere (Yung and McElroy 1979; Pinto,
Gladstone, and Yung 1980) and the atmosphere of Titan, we
favor a mildly reducing primitive terrestrial atmosphere com-
posed primarily of N,, CO,, H,0, and H,. The major source
of reduced carbon in this system is formaldehyde, and odd
nitrogen is mainly derived from dissociation of N,, as on
Titan. CH, and perhaps NH; can be supplied in small
quantities by nonequilibrium processes initiated in the planet’s
interior (Welhan and Craig 1979). Before the widespread
appearance of oxygen producing organisms, the concentration
of O, in the atmosphere must have been much lower than
today’s. The presence of ferrous ions in the early oceans
indicates that they were much more highly reducing than
today (Walker 1977). The synthesis of organic compounds
followed by their accumulation in stable environments are
necessary steps for the origin of life. The details of the
scenario described above remain to be worked out, but it is
clear that the hypothesis of a primitive atmosphere inter-
mediate in composition between the present atmospheres of
Mars and Titan is simple, attractive, and consistent with
existing knowledge of the solar system.

VII. CONCLUSION

We have identified and extensively discussed the chemical
cycles and schemes that are essential for photochemical mod-
eling of Titan (see Table 2B for summary). A comprehensive
set of chemical reactions relevant for photochemical studies of
Titan and the outer solar system has been compiled in Tables
3A-3C and 7 (see Appendix). Using these reactions, together
with a minimal number of other parameters, such as eddy
diffusion coefficient, condensation loss rates, and flux of
meteoritic material, we have constructed a photochemical
model that can successfully account for the chemical composi-
tion of the atmopshere of Titan, within the uncertainties of
observations and laboratory chemical kinetics. The compari-
son between model and observations is presented in Table 5A.
The major processes that lead to the destruction of the simple
parent molecules and the production of more complex species
are given in Table 5B. Methane photochemistry is driven by
photolysis and interaction between methane and active radi-
cals derived from acetylene photochemistry. Electron impact
dissociation of N, in the thermosphere provides the major
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TABLE 6

RECOMMENDED LiST OF FUTURE CHEMICAL KINETICS EXPERIMENTS
RELEVANT TO TITAN AND JOVIAN STUDY

Reaction Remarks

Photolysis

R10 CH,C,H+ hv
R14 C,H,+hr
RIS CoH,+hv
R16 CgH, + hv
R18 HC,N+ hv
R19 C,N,+ hv

need cross sections, quantum yields and
branch ratios, especially at long
wavelength A ~2000 A

Synthesis Reactions

R31 CH,+C,H,
R37b CH, +C,H,
R40b C,H;+CH,
R42b C,Hs+C,H;
R51b CH, +C,H,
R109 C,H, +C,H,
R111 CH,+C,H,
R112 CH,+C,H;

anew class of experiments needs to be
developed to study these reactions under
conditions of low pressure ~1072 torr
and low temperature ~150 K

Insertion Reactions

R59 C,H+C,H,
R63 C,H+C,H,
R73 N+CH,
R74 N+CH,
R80 CN+C,H,
R81 C,H+HCN
R82 CN+HCN
R91 O+CH,
R92 O+CH,

need low temperature studies

Miscellaneous Reactions

R69 C,H,+H
R75 NH+H
R76 NH+N
R77 NH+NH

NH reactions with hydrocarbons

source of odd nitrogen and nitrile compounds. A small flux of
H,O0 released by sublimation of micrometeoroids in the upper
atmosphere may be important for determining the abundances
of CO and CO, in the bulk atmosphere. A major obstacle to
further progress in photochemical studies of Titan and the
outer solar system is the lack of high-quality kinetics data.
Table 6 identifies a list of reactions that most urgently need to
be studied. Future missions and observations, using both
ground-based and Earth-orbiting instrumentation, are ex-
pected to improve and extend our model. We strongly recom-
mend observations refining our knowledge of the composition
of Titan’s atmosphere and the nature of Titan’s surface,
documentation of the variability of Titan’s albedo and its
possible correlation with solar activity, and the Lya torus, and
synoptic studies of the photometric asymmetry between the
northern and southern hemispheres. The model presented here
suffers from the restriction of being one-dimensional and
time-independent. A two-dimensional model with realistic
simulation of the seasonal cycle is required to interpret the
wealth of IRIS data.
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Three of the most outstanding problems concerning the
Earth’s atmosphere are as follows: (a¢) What is’ the impact of
man-made chemical pollutants on ozone? (b) What is the
climatic consequence of a doubling of atmospheric CO,? (¢)
What are the conditions on primitive Earth leading to sponta-
neous generation of life? We note what appears to be three
separate problems on Earth concerning chemistry, climate,
and chemical evolution, is really only one on Titan. Photo-
chemistry is the unified force that determines the composition
of Titan’s atmosphere, its evolution, climatology, and organic
synthesis. The principles, concepts, and techniques we employ
for modeling the atmosphere of Titan are the same as those
used for Earth’s atmosphere (Nicolet 1971; Logan et al. 1978,
1981). Our faith in this class of models, and indeed in this
entire approach, is predicated upon its success in explaining a
wide range of observations. We can now assert that this
program has been fruitfully applied to Earth (Hudson, Reed,
and Bojkov 1982), Mars (McElroy and Donahue 1972), Venus
(Yung and DeMore 1982), Jupiter (Strobel 1973), and Titan.
Photochemical aerosols in Titan’s stratosphere, with positive
feedback mechanisms, play a role similar to that of ice cover
on Earth and dust on Mars, and provide insights into chem-
istry as a force for controlling and modulating climate. Fi-
nally, abiotic organic synthesis in the atmosphere of Titan
offers a planetary scale demonstration of how the Miller-Urey
synthesis works under favorable conditions. Even though Titan
may not be a preserved record of pristine Earth, it serves as an
idealization, inspiration, and yardstick for future studies of
photochemical processes in the primitive Earth’s atmosphere.

The chemical species and their interactions in the planetary
atmospheres exhibit bewildering richness and variety. How-
ever, it is satisfying to note that beneath this apparent diver-
sity there is a pattern of simplicity, order, and unity. Our work
reveals and exploits the intimate connections, many hitherto
unsuspected, between the chemistry of Titan’s atmosphere and
that of other planets. The fundamental concepts of pho-
tochemistry, such as catalytic cycle, photosensitized dissocia-
tion, photochemical regulation of atmospheric composition,
climatology, and evolution, were originally developed to un-
derstand the atmospheres of the terrestrial planets. The suc-
cessful application of these concepts to Titan reveals the
deeper significance and the universal character of these ideas.
It is as though the poetic glimpses that illuminated some past
but now classic riddles were recaptured and recreated, and
there emerged a vision more profound, an insight more
penetrating, and a beauty more enduring than before. In the
end we are rewarded with a new perspective of the terrestrial
atmosphere that is more mature and complete because of its
cosmic connections. No words can better describe the intel-
lectual excitement and practical importance of the planetary
experience than those of McElroy (1976): “It has become
clear in recent years that we cannot expect to develop a
detailed appreciation for the Earth in isolation. Earth is a
planet and we can hope to understand it fully only by viewing
it in context.”
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APPENDIX

C, HYDROCARBONS AND LONG CHAIN POLYMERS

The C, hydrocarbons C,H,, 1-C,Hy, 1, 2-C,Hq, 1, 3-C,H,, C,Hj;, and C,H,, can be synthesized using the reactions shown in
Table 7. The column-averaged mixing ratio estimated with our model for the above species is, respectively, 2.5X107 1%, 5.8 x10°,
3.3x1071,3.8x10713,6.3x107° and 2.3xX10~". None of these compounds have been detected to date. It is of interest to note
the high abundance predicted for butane. This is a consequence of the same set of circumstances that bring about a high

TABLE 7
LIST OF SPECULATIVE REACTIONS RELATED TO MORE COMPLEX HYDROCARBONS

Reaction Rate Coefficient Reference
R103a C4Hy + v -> 2C,H, 2.6 x 107° Braude 1945;
b -> C4H, + H, 1.0 x 1073 Heller and Milne 1978
R104a 1,2—C4H6 + hv -> 1,3—C4H6 2.0 x 10_7 Calvert and Pitts 1966;
b = CuH, + B, 4.1 x 1077 Doepker and Hill 1969
c -> C4Hy + CHy 2.8 x 1077
d -> CoH, + CyH, 1.4 x 1077
R105a 1,3-C4Bg + by -> 1,2-C4H 5.3 x 1078 Calvert and Pitts 1966;
b -> C4H, + H, 1.3 x 1076 Doepker 1968
c -> CgHy + CHy 2.8 x 1076
d => CyHy + CyHy 9.5 x 1076
R106a 1-CyHg + bv => 1,2-C,Hg 1.3 x 1078 Calvert and Pitts 1966;
b -> C4H, + H, 2.3 x 1078 Deslauriers et al. 1980
c -> CgHy + CHy 4.0 x 10':
d -> C,H, + C,H 1.2 x 107
28y + Gy _
R107a CyHg + bV -> CyHg + CHy 3.4 x 1077 Calvert and Pitts 1966;
b -> CH,yCCH, + CH, 2.4 x 1078 Borrell and Cashmore 1968;
c -> CyHg + CyH, 4.7 x 10‘§ Collin 1973
d -> 2C,H 4.3 x 10”
20y _
R108a C4H10 + hy -> C4H8 + Hy 8.5 x 10 9 Calvert and Pitts 1966
b -> CgHy + CHy 5.1x10°8
c -> C3Hg + CHy + W 1.6 x 1078
d => CyHg + CyH, + Hy 1.6 x 1078
e - 2C,Hs 1.4 x 1078
£ -> 2C,H, + 2H 2.5 x 1078
k, = 1.3 x 10722 Christianson et al. 1975;
R109 2C,Hy + M -> 1,3-CyHg + M .
k, = 1.5 x 10712 Laufer et al. 1983
k) =1.3 x 10722 Estimated by analogy with CHy + C,Hj;
R110  CyHy + Cig + M —> C,Hg + M bt o2 . .
k, = 9.1 x aufer et al.
k, = 1.3 x 10722 Estimated by analogy with CH3 + CHj
Rilla  CHy + C3Hz + M => 1,2-CjHg + ¥
k, = 5.5 x 10711
b => 1-C4Hg + M same as branch (a)
k, = 1.3 z 10722 Estimated based on analogy with C,Hj
R112  Cglig + CHy + M -> C,Hg + M ) + CH,
k, = 9.1 x 10712
R113 C,R + CgHy ~-> polymer 1.0 x 10712 Estimated
R114 C4B + Cg, -> polymer 3.0 x 10713 Estimated
R115 C4E + CgH, -> polymer 3.0 x 10713 Estimated
R116 Ch + C4; -> polymer 1.0 x 10714 Estimated
R117 CeH + CgHy -> polymer 1.0 x 10714 Estimated
R118 Cell + CgH, =-> polymer 1.0 x 10714 Estimated
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concentration of C;Hg (see § Vi). However, the reader should be cautioned that our C, photochemistry is very incomplete, and the
results presented here probably represent order of magnitude estimates. Photolysis is the primary loss process for all C, compounds
except C,H,,, a major fraction of which is lost by condensation followed by transport through the tropopause.

Long-chain compounds beyond C¢{H, can be produced by reactions (R113)—(R118), as shown in Table 7. The most likely fate of
these compounds is probably condensation and could provide a source of material for Axel-Danielson dust. The integrated column
production rate for the sum of (R113) to (R118) is estimated to be of order 1 X10®cm ™% s~*. The peak production occurs at ~ 800
km, and this material could contribute to the high-altitude haze layers observed by UVS and IRIS.

REFERENCES

Abelson, P. H. 1966, Proc. Nat. Acad. Sci., 55, 1365.

Ackerman, M. 1971, in Proc. 4th ESRIN-ESLAB Symposium on Meso-
spheric Modeling and Related Experiments, ed. G. Fiocco (Dordrecht:
Reidel), p. 149.

Adachi, H., Basco, N., and James, D. G. L. 1979, Internat. J. Chem.
Kinetics, 11, 995.

Akimoto, H., Obi, K., and Tanaka, 1. 1965, J. Chem. Phys., 42, 3864.

Albers, E. A. 1969, Ph.D. thesis, University of Gottingen.

Allara, D. L., and Shaw, R. 1980, J. Phys. Chem. Ref. Data, 9, 523.

Allen, M., Pinto, J. P., and Yung, Y. L. 1980, Ap. J. (Letters), 242, L125.

Allen, M., Yung, Y. L., and Waters, J. W. 1981, J. Geophys. Res., 86,
3717.

Allison, S. K. 1958, Rev. Mod. Phys., 30, 1137.

Andresen, P., and Luntz, A. C. 1980, J. Chem. Phys., 72, 5842.

Armstrong, D. A., and Winkler, C. A. 1955, Canadian J. Chem., 33, 1649.

Ashfold, M. N. R. Hancock, G., Ketley, G. W., and Minshull-Beech, J. P.
1980, J. Photochem., 12, 75.

Ashihara, Q. 1983, Inst. Space Astronautical Sci. Rep., No. 602.

Atreya, S. K., Donahue, T. M., and Kuhn, W. R. 1978, Science, 201, 611.

Axel, L. 1972, Ap. J., 173, 451.

Back, R. A, and Griffiths, D. W. L. 1967, J. Chem. Phys., 46, 4839.

Back, R. A., and Salahub, D. R. 1967, Canadian J. Chem., 45, 851.

Banks, P. M., and Kockarts, G. 1973, Aeronomy, Part B (New York:
Academic).

Banyard, S. A., Canosa-Mas, C. E., Ellis, M. D., Frey, H. M., and Walsh,
R. 1980, J. Chem. Soc. Chem. Comm., 1980, 1156.

Barshay, S. S., and Lewis, J. S. 1978, Icarus, 33, 593.

Bates, D. R., and Nicolet, M. 1950, J. Geophys. Res., S5, 301.

Baulch, D. L., Cox, R. A, Hampson, R. F., Jr.,, Kerr, J. A,, Troe, J., and
Watson, R. T. 1980, J. Phys. Chem. Ref. Data, 9, 295.

Becker, R. S., and Hong, J. H. 1983, J. Phys. Chem., 87, 163.

Berman, M. R., DiGiuseppe, T. G., Fleming, J. W., Hudgens, J. W., and
Lin, M. C. 1982a, Abstracts 4th Ann. Meeting of Planetary Atmospheres
Principal Investigators, p. 145.

Berman, M. R, Fleming, J. W., and Lin, M. C. 1982, unpublished.

Black, G., Slanger, T. G., St. John, G. A., and Young, R. A. 1969, J.
Chem. Phys., 51, 116.

Bonne, U., Homann, K. H., and Wagner, H. G. 1965, Symp. Comb., 10,
503. .

Borrell, P., and Cashmore, P. 1968, Ber. Bunsen. Phys. Chem., 72, 182.

Borrell, P., Cervenka, A., and Turner, J. W. 1971, J. Chem. Soc. B, 2,

2293.

Braude, E. A. 1945, Ann. Rept. Progr. Chem. (Chem. Soc. London), 42,
105.

Braun, W., McNesby, J. R., and Bass, A. M. 1967, J. Chem. Phys., 16,
2071.

Bridge, H. S., eral. 1982, Science, 215, 563.

Brion, C. E., Tan, K. H., van der Wiel, M. J., and Van der Leeuw, Ph.E.
1979, J. Elec. Spectrosc. Related Phenomenon, 17, 101.

Broadfoot, A. L., eral. 1981, Science, 212, 206.

Brown, R. L., and Laufer, A. H. 1981, J. Phys. Chem., 85, 3826.

Brown, R., and Winkler, C. A. 1970, Angewandte Chemie, 9, 181.

Butler, J. E., Fleming, J. W., Goss, L. P., and Lin, M. C. 1981, Chem.
Phys., 56, 355.

Caldwell, J. 1977, in Planetary Satellites, ed. J. A. Burns (Tucson:
University of Arizona Press), p. 438.

. 1978, in The Saturn System, ed. D. M. Hunten (NASA Conf.
Pub. No. 2068), p. 113.

Caldwell, J., Owen, T., Rivolo, A. R., Moore, V., Hunt, G. E., and
Butterworth, P. S. 1981, A.J., 86, 298.

Callear, A. B., and Metcalfe, M. P. 1976, Chem. Phys., 14, 275.

Calvert, J. G., and Pitts, J.'N., Jr. 1966, Photochemistry (New York:
Wiley).

Camilleyl?i, P., Marshall, R. M., and Purnell, J. H. 1974, J. Chem. Soc. I,
70, 1434.

Capone, L. A., Dubach, J., Whitten, R. C,, Prasad, S. S., and Santhanam,
K. 1980, Icarus, 44, 72.

Carlson, R. W., and Judge, D. L. 1974, J. Geophys. Res., 79, 3623.

Chang, S., DesMarais, D. J., Mack, R., Miller, S. L., and Strathearn, G.
1983, in Earth’s Earliest Biosphere, ed. J. W. Schopf (Princeton:
Princeton University Press), p. 53.

Chang, S., Scattergood, T., Aronowitz, S., and Flores, J. 1979, Rev.
Geophys. Space Phys., 17, 1923.

Cheng, J.-T., and Yeh, C-T. 1977, J. Phys. Chem., 81, 1982.

Christianson, M., Price, D., and Whitehead, R. 1975, J. Organometallic
Chem., 102, 273.

Clarke, J. T., Moos, H. W, and Feldman, P. D. 1982, Ap. J., 255, 806.

Collin, G. J. 1973, Canadian J. Chem., 51, 2853.

CosllinéC(}). J., Deslauriers, H., and Deschenes, J. 1979, Canadian J. Chem.,

7, 870.
Cos%nors, R. E., Roebber, J. L., and Weiss, K. 1974, J. Chem. Phys., 60,
11.

Courtin, R. 1982, Ph.D. thesis, University of Paris.

Craig, H., and Lupton, J. E. 1976, Earth Planet. Sci. Letters, 31, 369.

Danielson, R. E., Caldwell, J. J., and Larach, D. R. 1973, Icarus, 20, 437.

de Bergh, C,, Lutz, B. L., Lockwood, G. W., Owen, T., Brault, J., Buriez,
J. C. 1981, Bull. Am. Astr. Soc., 13, 703.

DeMore, W. B., and Patapoff, M. 1972, J. Geophys. Res., 77, 6291.

DeMore, W. B., Watson, R. T., Golden, D. M., Hampson, R. F., Jr,,
Kurylo, M., Howard, C. J., Molina, M. J., and Ravishankara, A. R.
1982, JPL Pub. No. 82-57.

Desséaudgg, H., Deschenes, J., and Collin, G. J. 1980, Canadian J. Chem.,

, 2100.

Doepker, R. D. 1968, J. Phys. Chem., 72, 4037.

Doepker, R. D., and Hill, K. L. 1969, J. Phys. Chem., 73, 1313.

Donahue, T. M., Hoffman, J. H., Hodges, R. R., Jr., and Watson, A. J.
1982, Science, 216, 630.

Donovan, R. J., and Husain, D. 1970, Chem. Rev., 70, 489.

Eddy, J. A, ed. 1982, Solar Variability, Weather and Climate (Washing-
ton, DC: National Research Council).

Fail‘%, ;I"M, Smyth, W. H., and McElroy, M. B. 1976, Planet. Space Sci.,

, 577.

Fenimore, C. P. 1969, 12th Internat. Symposium on Combustion (Pitts-
burgh: Combustion Institute), p. 463.

Flzgsagr, F. M., Samuelson, R. E., and Conrath, B. J. 1981, Nature, 292,
93.

Fricke, K. H., von Zahn, U., Combes, M., and Encrenaz, Th. 1982 Proc.
3rd European IUE Conf. (ESA SP176), p. 455.

Friedson, A. J., and Yung, Y. L. 1984, J. Geophys. Res., 89, 85.

Froben, F. W. 1974, Ber. Bunsenges Phys. Chem., 78, 184.

Gautier, D., Bezard, B., Marten, A., Baluteau, J. P., Scott, N., Chedin, A.,
Kunde, V., and Hanel, R. 1982, Ap. J., 257, 901. :

Georgieff, K. K., and Richard, Y. 1958, Canadian J. Chem., 36, 1280.

Gladstone, G. R. 1983, Ph.D. thesis, California Institute of Technology.

Gladstone, G. R., and Yung, Y. L. 1983, Ap. J., 266, 415.

Gorden, R, Jr., and Ausloos, P. 1967, J. Chem. Phys., 46, 4823.

Graham, W. R. M., Dismuke, K. 1., and Weltner, W., Jr. 1974, J. Chem.
Phys., 60, 3817.

Green, S. 1981, Ann. Rev. Phys. Chem., 32, 103.

Gupta, S., Ochiai, E., and Ponnamperuma, C. 1981, Nature, 293, 725.

Haggart, C., and Winkler, C. A. 1960, Canadian J. Chem., 38, 329.

Hamai, S., and Hiryama, F. 1979, J. Chem. Phys., 71, 2934."

Haémpson, R. F,, Jr. 1980, US Dept. Transportation, Rept. No. FAA-EE-
0-17.

Hampson, R. F., Jr.,and Garvin, D. 1978, NBS Spec. Pub. No. 513. -

Hampson, R. F., Jr.,and McNesby, J. R. 1965, J. Chem. Phys., 42, 2200.

Hanel, R., eral. 1981, Science, 212, 192.

Heller, S. R., and Milne, G. W. A. 1978, EPA/NIH Mass Spectral Data
Base, Vol. 1, Molecular Weights 30-186 (NSRDS-NBS 63).

Hesr;gn, J. T., Franklin, J. L., and Bradt, P. 1959, Canadian J. Chem., 37,

Herron, J. T., and Huie, R. E. 1973, J. Phys. Chem. Ref. Data, 2, 467.

Hitchcock, A. P., Brion, C. E., and van der Wiel, M. J. 1980, Chem. Phys.,

45, 461.
Holland, H. D. 1962, in Petrologic Studies: A Volume in Honor of A. F.
Buddington, ed. A. E. Engle (Pittsburgh: Geol. Soc. of America), p. 447.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984ApJS...55..465Y

No. 3, 1984

Holland, H. D. 1978, The Chemistry of the Atmosphere and Oceans (New
York: Wiley).

Holt, P. M., and Kerr, J. A. 1977, Internat. J. Chem. Kinetics, 9, 185.

Homann, K. H. 1967, Combustion and Flame, 11, 265.

H%maglélg, K. H., and Schweinfurth, H. 1981, Ber. Bunsenges Phys. Chem.,

S, 569.
H%r(r]l7ann‘ilK. H., and Wagner, H. G. 1968, Proc. Royal Soc. London, A,
, 141,

Homann, K. H., Warantz, J., and Wellmann, C. 1976, 16th Internat.
Symposium on Combustion (Pittsburgh: Combustion Institute), p. 853.

Hudson, R. D., Reed, E. 1, and Bojkov, R. D., eds. 1982, The Strato-
sphere 1981, Theory and Measurements (WMO Global Ozone Res.
Monitoring Project No. 11).

Hunten, D. M. 1972, Comments Ap. Space Phys., 4, 149.

. 1973, J. Atmos. Sci., 30, 726.

. ed. 1974a, The Atmosphere of Titan (NASA SP-340).

. 19745, Icarus, 22, 111.

. 1977, in Planetary Satellites, ed. J. A. Burns (Tucson: University
of Arizona Press), p. 27.

. ed. 1978, The Saturn System (NASA Conf. Pub. No. 2068).

Hunten, D. M., Flasar, F. M., Samuelson, R. E., Tomasko, M. G., Strobel,
D. F,, and Stevenson, D. J. 1983, in Saturn, ed. T. Gehrels (Tucson:
University of Arizona Press), in press.

Hunten, D. M., and Strobel, D. F. 1974, J. Atmos. Sci., 31, 305.

Hur;fzn, D. M., Turco, R. P., and Toon, O. B. 1980, J. Atmos. Sci., 37,
1342.

Huntress, W. T., Jr., and Mitchell, G. F. 1979, Ap. J., 231, 456.

Irion, M. P, and Kompa, K. L. 1982, Appl. Phys., B27, 183.

Jacox, M. E., and Milligan, D. E. 1974, Chem. Phys., 4, 45.

Jastrow, R., and Rasool, S. I, eds. 1969, The Venus Atmosphere (New
York: Gordon & Breach).

Johnston, G. R., Cuff, D. R. A, and Price, D. 1977, Progr. React.
Kinetics, 8, 231.

Judge, D. L., Wu, F.-M., and Carlson, R. W. 1980, Science, 204, 431.

Kasting, J. F. 1982, J. Geophys. Res., 87, 3091.

Keil, D. G, Lynch, K. P., Cowfer, J. A., and Michael, J. V. 1976,
Internat. J. Chem. Kinetics, 8, 825.

Kerr, J. A., and Parsonage, M. J. 1972, Evaluated Kinetic Data on Gas
Phase Addition Reactions: Reactions of Atoms and Radicals with Alkenes,
Alkynes and Aromatic Compounds (London: Butterworths).

Khare, B. N., and Sagan, C. 1973, Icarus, 20, 311.

Kitamura, T., Tsunashima, S., and Sato, S. 1981, Bull. Chem. Soc. Japan,
54, 55.

Klostelr—.;ensen, E., Haink, H-J., and Christen, H. 1974, Hel. Chem. Acta,
57, 1731.

Kostiuk, T., Mumma, M. J., Espenak, F., Deming, D., Jennings, D. E.,
and Maguire, W. 1983, Ap. J., 265, 564.

Kuhn, W. R., and Atreya, SPK 1979, Icarus, 37, 207.

Kuiper, G. P. 1944, Ap. J., 100, 378.

Kunde, V. G,, Aikin, A. C, Hanel, R. A, Jennings, D. E., Maguire,
W. C., and Samuelson, R. E. 1981, Nature, 292, 636.

Kunde, V., eral 1982, Ap. J., 263, 443. )

Kurylg, M. J., Peterson, N. C., and Braun, W. 1970, J. Chem. Phys., 53,
2776.

Lange, W, and Wagner, H. Gg. 1975, Radikalen. Ber. Bunsenges. Phys.
Chem., 79, 165.

Lasaga, A. C., Holland, H. D., and Dwyer, M. J. 1971, Science, 174, 53.

Laufer, A. H. 1980, J. Chem. Phys., 73, 49.

. 1981a, Rev. Chem. Intermed., 4, 225.

.1981b, J. Phys. Chem., 85, 3828."

. 1982, J. Chem. Phys., 76, 945.

Laufer, A. H,, and Bass, A. M. 1974, J. Phys. Chem., T8, 1344.

. 1978, Combustion and Flame, 32, 215.
. 1979, J. Phys. Chem., 83, 310.

Laufer, A. H., Gardner, E. P., Kwok, T. L., and Yung, Y. L. 1983, Icarus,
56, 560.

Laufer, A. H., and McNesby, J. R. 1968, J. Chem. Phys., 49, 2272.

Laufer, A. H,, and Yung, Y. L. 1983, J. Chem. Phys., 87, 181.

Lee, J. H., Michael, J. V., Payne, W. A,, and Stief, L. J. 1978, J. Chem.
Phys., 68d, 1817.

Lee, L. C. 1980, J. Chem. Phys., 72, 6414,

Lee, M.-T., and McKoy, V. 1982, J. Phys. B., 15, 3971.

Lee, P. S. T., Russell, R. L., and Rowland, R. S. 1970, J. Chem. Soc.
Comm., 1970, 18.

Leovy, C. B, and Pollack, J. B. 1973, Icarus, 19, 195.

Levy, H,, I1. 1971, Science, 173, 141.

Lewis, J. S. 1971, Icarus, 15, 174.

Lewis, J. S., and Kreimendahl, F. A. 1980, Icarus, 42, 330.

Lewis, J. S, and Prinn, R. G. 1973, Comments Ap. Space Phys., S, 1.

Lias, S. G,, Collin, G. J., Rebbert, R. E., and Ausloos, P. 1970, J. Chem.
Phys., 52,1841.

PHOTOCHEMISTRY OF TITAN 505

Lindal, G. F., Wood, G. E., Hotz, H. B., Sweetnam, D. N., Eshelman,
V. R, and Tyler, G. L. 1983, Icarus, 53, 348.

Liu, S. C,, and Donahue, T. M. 1974, J. Atmos. Sci., 31, 1118.

Logan, J. A, Prather, M. J., Wofsy, S. C., and McElroy, M. B. 1978, Phil.
Trans. Roy. Soc. London A, 290, 189.

. 1981, J. Geophys. Res., 86, 7210.

Lovelock, J. E., and Margulis, L. 1974, Tellus, 26, 1.

Lunine, J. L., Stevenson, D. J., and Yung, Y. L. 1983, Science, 222, 1229.

Luntz, A. C., and Andresen, P. 1980, J. Chem. Phys., 72, 4851.

Lutz, B. L., de Bergh, C., and Owen, T. 1983, Science, 220, 1374,

MacFadden, K. O., and Currie, C. L. 1973, J. Chem. Phys., 58, 1213.

MacPherson, M. T. Pilling, M. J., and Smith, M. J. C. 1983, Chem. Phys.
Letters, 94, 430.

Maguire, W. C., Hanel, R. A, Jennings, D. E., Kunde, V. G., and
Samuelson, R. E. 1981, Nature, 292, 683.

Margulis, L., Halvorson, H. O., Lewis, J. S., and Cameron, A. G. W. 1977,
Icarus, 30, 793.

Mason, E. A., and Marrero, T. R. 1970, Adv. Atom. Molec. Phys., 6,155.

Mz;)égr, S. W., Schieler, L., and Johnston, H. S. 1966, J. Chem. Phys., 45,

McClintock, W. E., Barth, C. A,, Steele, R. E., Lawrence, G. M., and
Timothy, J. G. 1982, Appl. Optics, 21, 3071.

Mi%)nnell, J. C., McElroy, M. B,, and Wofsy, S. C. 1971, Nature, 233,

McDonough, T. R., and Brice, N. M. 1973a, Nature, 242, 513.

. 1973b, Icarus, 20, 136.

McElroy, M. B. 1972, Science, 175, 443.

. 1976, Internat. Rev. Sci. Phys. Chem., 9, 127.

McElroy, M. B, and Donahue, T. M. 1972, Science, 177, 986.

McElroy, M. B, and Hunten, D. M. 1970, J. Geophys. Res., 75, 1188.

Milg{r‘?y, M. B., Prather, M. J., and Rodriguez, J. M. 1982, Science, 215,

Mcl‘%roy, M. B, Sze, N. D, and Yung, Y. L. 1973, J. Atmos. Sci., 30,
1437.

McNesby, J. R., and Okabe, H. 1964, Adv. Photochem., 3, 157.

Meaburn, G. M., and Gordon, S. 1968, J. Phys. Chem., 72, 1592.

Messing, 1., Filseth, S. V., Sadowski, C. M., and Carrington, T. 1981, J.
Chem. Phys., 74, 3874.

Michael J. V. 1980, Chem. Phys. Letters, 76, 129.

M‘g:glazeébé. V., Osborne, D. T., and Suess, G. N. 1973, J. Chem. Phys.,

Miller, S. L. 1953, Science, 117, 528.

___.1955, J. Am. Chem. Soc., 77, 2351.

___ . 1957, Biochim. Biophys. Acta, 23, 480.

Miller, S. L., and Urey, H. C. 1959, Science, 130, 245.

Mitchell, G. F., and Huntress, W. T. 1979, Nature, 278, 722.

Miyazaki, S., and Takahashi, S. 1968, Bull. Chem. Soc. Japan, 41, 1456.

MiLm}ta.né, SB, Mikuni, H., Takahasi, M., and Noda, H. 1975, Origins of

ife, 6, 513.

Moos, H. W., and Clarke, J. T. 1979, Ap. J. (Letters), 229, L107.

Morris, E. D., Jr,, and Niki, H. 1972, Internat. J. Chem. Kinetics, 5, 47.

Mount, G. M., and Moos, H. W. 1978, Ap. J., 224, 135.

Mount, G. H,, and Rottman, G. J. 1981, J. Geophys. Res., 86, 9193.

M(Z)lllgt’Lg? H., Warden, E. S, and Moos, H. W. 1977, Ap. J. (Letters),

Ml;];éeman, D. O, Berge, G. L., and Clancy, R. T. 1984, Science, 223,

Nakayama, T., and Watanabe, K. 1964, J. Chem. Phys., 40, 558. )

Nicolet, M. 1971, in Mesospheric Models and Related Experiments, ed. G.
Fiocco (Dordrecht: Reidel), p. 1.

Nier, A. O., McElroy, M. B, and Yung, Y. L. 1976, Science, 194, 68.

Nieggielski, J., Gawlowski, J., and Gierczak, T. 1983, J. Photochem., 21,
206.

N%t2h3’ J. A, and Glicker, S. 1982, J. Quant. Spectrosc. Rad. Trans., 28,

Okabe, H. 1978, Photochemistry of Small Molecules (New York: Wiley).
. 1981, J. Chem. Phys., 75, 2772.
. 1983a, J. Chem. Phys., 78, 1312.

. 1983b, Canadian J. Chem., 61, 850.
Or??.éléSE. S., Julienne, P. S., and Strobel, D. F. 1975, J. Geophys. Res., 80,
Owen, T. 1982, Planet. Space Sci., 30, 833.

Owen, T., Caldwell, J., Rivolo, A. R., Moore, V., Lane, A. L., Sagan, C.,
Hunt, G., and Ponnamperuma, C. 1980, Ap. J. (Letters), 236, L39.
Parkes, D. A., Paul, D. M., Quinn, C. P., and Robson, R. C. 1973, Chem.

Phys. Letters, 23, 425.
Pasternack, L., and McDonald, J. R. 1979, Chem. Phys., 43, 173.
Patrick, R., Pilling, M. J., and Rogers, G. J. 1980, Chem. Phys., 53, 279.
Payne, W. A,, and Stief, L. J. 1976, J. Chem. Phys., 64, 1150.
Perry, R. A, and Williamson, D. 1982, Chem. Phys. Letters, 93, 331.
Phillips, L. F. 1978, Internat. J. Chem. Kinetics, 10, 899.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984ApJS...55..465Y

>
i

S C.B5I 4B

pJ

(54
<
0,
&

506 YUNG, ALLEN, AND PINTO

Pilling, M. J., and Robertson, J. A. 1977, J. Chem. Soc. Faraday Trans. 1,
73, 968.
Pinto, J. P. Gladstone, G. R., and Yung, Y. L. 1980, Science, 210, 183.

" Pitts, W. M, Pasternack, L., and McDonald, J. R. 1982, Chem. Phys., 68,

417.

Pollack, J. B., Rages, K., Toon, O. B., and Yung, Y. L. 1980, Geophys.
Res.. Letters, 7T, 829.

Pollack, J. B., and Yung, Y. L. 1980, Ann. Rev. Earth Planet. Sci., 8, 425.

Pontrelli, G. J. 1966, J. Chem. Phys., 43, 2571.

Poole, C. P., Jr., and Anderson, R. S. 1959, J. Chem. Phys., 31, 346.

Prather, M. J., Logan, J. A., and McElroy, M. B. 1978, 4p. J., 223, 1072.

Prinn, R. G. 1975, J. Atmos. Sci., 32, 1237.

___ . 1982, Planet. Space Sci., 30, 741.

Prinn, R. G., and Fegley, B., Jr. 1981, Ap. J., 249, 308.

Rabalais, J. W., McDonald, J. M., Scherr, V., and McGlynn, S. P. 1971,
Chem. Rev., 71, 73.

Ramsay, D. A., and Thistlethwaite, P. 1966, Canadian J. Phys., 44, 1381.

Rebbert, R. E., and Ausloos, P. 1972, J. Photochem., 1, 171.

Reisler, H., Mangir, M. S., and Wittig, C. 1980, J. Chem. Phys., 73, 2280.

Renlund, A. M., Shokoohi, F., Reisler, H., and Wittig, C. 1981, Chem.
Phys. Letters, 44, 293.

Robinson, P. J., and Holbrook, K. A. 1972, Unimolecular Reactions (New
York: Wiley).

Safrany, D. R. 1971, Progr. React. Kinetics, 6, 1.

Sagan, C. 1974, in The Atmosphere of Titan, ed. D. M. Hunten (NASA
SP-340), p. 134.

Sagan, C., and Mullen, G. 1972, Science, 177, 42.

Sagan, C., and Thompson, W. R. 1983, preprint.

Samuelson, R. E., Hanel, R. A. Kunde, V. G., and Maguire, W. C. 1981,
Nature, 292, 688.

Samuelson, R. E., Maguire, W. C., Hanel, R. A., Kunde, V. G., Jennings,
D. E, Yung, Y. L., and Aikin, A. C. 1983, J. Geophys. Res., 88, 8709.

Sandel, B. R., et al. 1982, Science, 215, 548.

Sagcg,7 S., Suguwara, K., and Ishikawa, Y. 1979, Chem. Phys. Letters, 68,

Scattergood, T., and Owen, T. 1977, Icarus, 30, 780.

Schacke, H., Wagner, H. Gg., and Wolfrum, J. 1977, Ber. Bunsenges.
Phys. Chem., 81, 670.

Schlessinger, G. G. 1970, Handbook of Chemistry and Physics (Cleveland:
Chemical Rubber Co.).

Sch;va.negeck, W., and Warnatz, J. 1975, Ber. Bunsenges. Phys. Chem.,
79, 530.

Sepehrad. A., Marshall, R. M., and Purnell, H. 1979, J. Chem. Soc.
Faraday Trans. 1, 75, 835.

Shaub, W. M., Hsu, D. S. Y., Burks, T. L., and Lin, M. C. 1981, in /8th
Intgrnat. Symposium on Combustion (Pittsburgh: Combustion Institute),

. 811.

Shgub, W. M., and Lin, M. C. 1980, in Laser Probes for Combustion
Chemistry, ACS Symposium Series 134, ed. D. R. Crosley (Washing-
ton: American Chemical Society), p. 405.

Shemansky, D. E. 1972, J. Chem. Phys., 56, 1582.

Sla.ni r, T. G. 1982, J. Chem. Phys., 77, 2432.

Smith, B. A,, eral 1982b, Science, 215, 504.

Smith, G. R., Strobel, D. F., Broadfoot, A. L., Sandel, B. R., Shemansky,
D. E, and Holberg, J. B. 1982a, J. Geophys. Res., 87, 1351.

Smyth, W. H. 1981, Ap. J., 246, 344.

Snow, R. H. 1966, J. Phys. Chem., 70, 2780.

Solomon, W. C., Homann, K. H.,, and Warnatz, J. H. 1970, Intern. J.
Chem. Kinetics, 2, 457.

Sromovsky, L. A., Suomi, V. E., Pollack, J. B., Krauss, R. J., Limaye,
2985 Owen, T., Revercomb, H. E., and Sagan, C. 1981, Nature, 292,

Steinmetz, M. G., Mayes, R. T., and Yang, J.-C. 1982, J. Am. Chem.
Soc., 104, 3518.

Stiesf), —l; J., DeCarlo, V. 1., and Payne, W. A. 1971, J. Chem. Phys., 54,
1913.

Strobel, D. F. 1969, J. Atmos. Sci., 26, 906.

. 1971, J. Geophys. Res., 76, 8384.

. 1973, J. Atmos. Sci., 30, 489.

. 1974, Icarus, 21, 466.

. 1982, Planet. Space Sci., 30, 839.

Strobel, D. F., and Shemansky, D. E. 1982, J. Geophys. Res., 87, 1361.

Strobel, D. F., and Yung, Y. L. 1979, Icarus, 37, 256.

Suess, S. T., and Lockwood, G. W. 1980, Solar Phys., 68, 393.

Sutcliffe, L. H., and Walsh, A. D. 1952, J. Chem. Soc., 1952, 899.

Takita, S., Mori, Y., and Tanaka, I. 1968, J. Phys. Chem., 72, 4360.

Ten2g67L., and Jones, W. E. 1972, J. Chem. Soc. Faraday Trans. 1, 68,
1

Terao, T., Sakai, N., and Shida, S. 1963, J. Am. Chem. Soc., 85, 3919.

Trafton, L. 1981, Rev. Geophys. Space Phys., 19, 43.

Trai5119%r, D. W,, Ham, D. O., and Kaufman, F. 1973, J. Chem. Phys., 58,
4599.

Trajmar, S. 1980a, Acc. Chem. Res., 13, 14.

. 19805, Science, 208, 247.

Troe, J. 1977a, J. Chem. Phys., 66, 4745.

.1977b, J. Chem. Phys., 66, 4758.

van den Bergh, H. E. 1976, Chem. Phys. Letters, 43, 201.

von Wagner, H. Gg., and Zellner, R. 1972a, Ber. Bunsenges. Phys.
Chem., 76, 518.

.1972b, Ber. Bunsenges. Phys. Chem., 76, 667.

Walker, J. C. G. 1977, Evolution of the Atmosphere (New York: Macmil-

lan).

Wang, W. C, Yung, Y. L., Lacis, A. A,, Mo, T., and Hansen, J. E. 1976,
Science, 194, 685.

Washida, N., and Bayes, K. D. 1976, Internat. J. Chem. Kinetics, 8, 777.

Watanabe, K., Zelikoff, M., and Inn, E.C.Y. 1953, Air Force Cambridge
Res. Center Tech. Rept., No. 53-73.

Watson, W. D. 1976, Rev. Mod. Phys., 48, 513.

Welhan, J. A., and Craig, H. 1979, Geophys. Res. Letters, 6, 829.

West, G. A. 1975, Ph.D. thesis, University of Wisconsin at Madison.

Westley, F. 1980, NBS Pub. NSRDS-NBS67.

Whytock, D. A., Payne, W. A, and Stief, L. J. 1976, J. Chem. Phys., 65,
191.

Williams, D. A. 1971, Ap. Letters, 10, 17.

Yung, Y. L., and DeMore, W. B. 1982, Icarus, 51, 199.

Yung, Y. L., and McElroy, M. B. 1979, Science, 203, 1002.

Yung, Y. L., and Strobel, D. F. 1980, Ap. J., 239, 395.

Yung, Y. L., Strobel, D. F., Kong, T. Y., and McElroy, M. B. 1977,
Icarus, 30, 26.

Zelikoff, M., and Aschenbrand, L. M. 1956, J. Chem. Phys., 24, 1034.

Zelikoff, M., and Watanabe, K. 1953, J. Opt. Soc. Am., 43, 756.

Note added in proof.—There is an inconsistency on p. 1366 of Strobel and Shemansky (1982) for the loss of nitrogen from Titan.
The corrected sentence should read: “This is equivalent to the loss of 0./ of the present N, atmosphere over the age of the solar
system” (Strobel 1984, private communication). The numbers used in this paper are consistent with this correction.
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