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Abstract

This paper is a review dealing with the photochemistry of Titan’s atmosphere and its sources of uncertainties. It presents current knowledge
on the active photochemistry occurring in Titan’s atmosphere. A brief discussion of major dissociation paths and essential chemical reactions is
given, which allows us to emphasize on the photochemical processes that are still not well represented in the models and might thus be contributing
mostly to the overall imprecision of theoretical results. We present a method to evaluate uncertainty factors of the chemical rate constants at
temperatures representative of Titan’s atmosphere. This compilation can be used as a reference for future uncertainty propagation analysis in
Titan’s photochemical models developed in the frame of the Cassini-Huygens mission.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Further enlightened by the recent findings of the international
space mission Cassini—-Huygens, photochemistry of Titan’s
atmosphere has been arising in recent years an ever-increasing
interest explained by the manifold importance of its most abun-
dant minor constituent and most important photochemically
active species, methane (CHy). Driven by its photodissociation at
Lyman o generating highly reactive radical species associated to
a dense background N, atmosphere, a complex and multiphasic
organic chemistry is indeed flourishing, possibly even remind-
ing of some processes of our prebiotic Earth’s environment [1].
Despite the quality of numerous investigations dedicated to this
issue [2—7], theoretical models of Titan’s atmosphere have how-
ever been unable to simultaneously fit the various observations.
Although many microphysical and hydrodynamical models have
been developed ever since [8,9] to apprehend the physical behav-
ior of Titan’s extensive haze, its chemical sources are still quite
unknown [10,11] and the study of the important heterogeneous
reactions it may induce in the atmosphere are only premises [12].
For that matter, Lebonnois [11] pointed out that the origin of the
current discrepancies between computations and observations
may lie in the adopted photochemical kinetic data itself.

Theoretical models of Titan’s atmosphere require indeed a
detailed, accurate description of all important reactions, photo-
chemical processes, transport and constituents, relevant to its
photochemistry. In order to build their photochemical schemes,
underpinning of photochemical calculations, modelers base their
arguments on photochemical reactions studied in the laboratory,
amenable to experimental uncertainties, over a range of temper-
atures and pressures that are often not representative of Titan’s
atmospheric conditions. A major limitation in constructing accu-
rate atmospheric models of the outer planets and their moons
is especially the availability of low-temperature, low-pressure
kinetic data, such as absorption cross sections, quantum yields
and reaction rates. Indeed, most of the relevant experimental
research has been motivated by the importance of hydrocar-
bon chemistry in combustion studies. The majority of published
results describes therefore chemical systems different from the
ones that can be found in the stratosphere of Titan, where appro-
priate conditions are T = 71-175K, P < 0.2 Torr and N; as
background atmosphere. Most photochemical reaction rate coef-
ficients have scarcely been determined in a temperature range
representative of Titan’s atmosphere, and their extrapolation to
such low temperatures is therefore uncertain. For many recombi-
nation reactions moreover, only the high pressure limiting rate
constants are available and the buffer gas is almost never Ny
as it should be for simulating Titan’s chemistry. The identities
of product species are finally rarely determined along with the
measurements of kinetic rate constants nor are quantum yields
for formation of neutral product species often reported when
photodissociation cross sections are published. Literature, when
available, sometimes offer estimates based on various chemical
arguments but it is important however to keep in mind the nat-
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ural tendency to use photochemical rate constants allowing the
model to best match the data.

Every model can only be as good as the input data. The
current accuracy of overall laboratory rate coefficients is esti-
mated to be ~20% [13]. However, for such strongly non-linear,
heavily coupled systems as these photochemical models are,
more precision than this may be required to produce accurate
results. Many inquiries have already been devoted to estimate
this overall precision in photochemical models of different
planetary atmospheres [14—17] but none reported was how-
ever based on an extensive kinetic database representative of
Titan’s atmospheric conditions. They were rather based on
already existing databases, however optimized for studying the
Earth’s atmospheric chemistry [18,19], combustion chemistry
[20] or even astrochemistry [21]. Because of this lack of spe-
cific databases, studies dedicated to Titan’s atmosphere have
thus been inevitably restricted in their use.

In the following section of this paper, we therefore pro-
pose to review the photochemical reactions that are supposed
to be the most important in Titan’s atmosphere with a special
emphasis on the processes that are still not well represented
in the models. Enclosed qualifying statements are reported as
a way of testifying to some extent the overall uncertainties in
a reaction model representative of Titan’s atmospheric photo-
chemistry, while paying a particular attention to rely on the latest
and/or more reliable experimental data available in the literature,
insofar as conflicting conclusions had been raised previously.
Following this comprehensive cross-examination of extensive
databases, we propose afterwards some clues as for quantify-
ing these photochemical sources of uncertainties and evaluating
them for conditions representative of Titan’s atmosphere, in
order to enclose them easily in future calculations.

2. Photochemical sources of uncertainties in Titan’s
atmosphere modeling

Yung et al. [2] model provided the first major review of the
laboratory, and theoretical, kinetics and photochemistry litera-
ture available at that time representing the largest compilation
to date of chemical processes occurring in reducing planetary
atmosphere. The chemical scheme displayed in Tables 1 and
2 reflects our own review of the laboratory measurements that
have become available since Yung et al. [2] model. Several key
reviews/compilations of laboratory photolysis and kinetic mea-
surements provided useful information on reactions that may
have been extensively updated, including Okabe [22], Tsang
and Hampson [23], Tsang [24]; Baulch et al. [25,26]; these
works are referenced in these tables where appropriate. Tables 1
and 2 consist of several types of chemical reactions whose rate
constants may have been extensively updated: (a) photodissoci-
ation (AB + hv — A + B), (b) insertion/H-atom substraction
(A+BH — AB +H), (¢c) H-atom abstraction (A +BH —
AH + B), (d) combination (A + B — AB) and disproportiona-
tion (A + A — B 4 C), (e) exchange and transfer (A + BC —
AB + C), and (f) cracking and/or H-atom scavenging (A +
H — AH, followed by AH+ H — C 4 Dand/or AH+ H —
A + Hj). Yung et al. [2] model and subsequent models of outer

planets hydrocarbon photochemistry we founded part of our
investigation on [3,4,27,6,10,7,11] present an extensive discus-
sion of these reaction categories and their importance in the
hydrocarbon chemistry of Titan’s atmosphere, which will not
be repeated here. In the following, we rather propose to review
the photochemical sources of uncertainties among these reac-
tions, whose knowledge may be an important prerequisite when
modeling Titan’s atmosphere.

2.1. Photochemistry of hydrocarbons

2.1.1. Direct dissociation of methane and its subsequent
chemistry

Photochemistry of hydrocarbons in Titan’s atmosphere is
principally driven by methane (CHy4) photodissociation, occur-
ring in the high atmosphere at VUV wavelengths for A <
145 nm, even though only 4.5eV are needed to break it apart.
Approximately 75% of methane absorption of radiation above
700km is due to the intense solar Lyman « line at 121.6 nm.
The primary dissociation channels energetically accessible at
this wavelength are (adapted from [28]):

CH4 + hv (Lyman«o) — CH3 + H (J1a)
— CH, + H, (J1b)
—3CH,+H+H (J1c)
— CH, +H+H J1d)
— CH+Hy+H (Jle)

In spite of having been extensively studied, the accurate
yields of the different CH4 photodissociation pathways, partic-
ularly at Lyman o, are still unresolved. To illustrate the full
extent of this argument, as critically reviewed in Romanzin
et al. [29], Table 1 displays different methane photodissoci-
ation pathways at Lyman « both experimentally investigated
and implemented in previous Titan’s photochemical models.
Such significative incidence on the hydrocarbon chemistry of
Titan’s atmosphere was somewhat sensitivity-tested in Wilson
and Atreya [7]. While the abundances of simple hydrocarbons
such as acetylene (C2H;) and ethylene (C2Hy) were not sensitive
to the choice of methane photolysis scheme, minor C3molecules
abundances showed substantial sensitivity in their abundances,
especially propylene (C3Hg) and propyne (methylacetylene)
(CH3C,H) whose variations are even surpassing observational
uncertainties. This confirms the obvious role performed by the
primary radicals produced from methane (CH4) photodissoci-
ation (CH3, ICH,, 3CH, and CH) in the formation of heavier
hydrocarbons. Concerning Lyman « photolysis, future models
may follow the recommendations of the most recent and fore-
front experiment performed by Wang et al. [30] who, by means
of multiple experiments, succeeded in drawing up a whole and
coherent set of branching ratios.

Methane (CHy4) temperature-dependent photoabsorption
cross sections from their absorption thresholds to 120 nm and
at Titan’s atmospheric temperatures, either are poorly known
or not measured at all. The existing data were mainly reported
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Relative contributions of the CHy dissociation product channels after photoexcitation in the Lyman- o wavelength region (adapted from [29])

J3a J3p J3e J3d J3e

Experimental determinations

Mordaunt et al. [155]*(scenario 1) 0.51 0.24 0.05+0.20 0.00 4+ 0.00

Mordaunt et al. [155]*(scenario 2) 0.49 0.00 ~0+~0 0.28 + 0.23

Heck et al. [156] 0.66 0.22 ~0 0.11

Brownsword et al. [157] 0.38 0.52 0.01 0.08

Wang et al. [30] 0.291 0.584 - 0.055 0.07
Photochemical models

Yung et al. [2] 0.00 0.41 0.51 0.00 0.08

Toublanc et al. [3] (scenario 1) 0.51 0.24 0.25 0.00 0.00

Toublanc et al. [3] (scenario 2) 0.49 0.00 0.00 0.00 0.51

Lara et al. [4] 0.49 0.00 0.00 0.00 0.51

Romani [158] 0.41 0.28 0.21 0.00 0.10

Dire [5] 0.67 0.22 0.00 0.00 0.11

Smith and Raulin [159] 0.41 0.53 0.00 0.00 0.06

Lebonnois et al. [6] (scenario 1) 0.49 0.00 0.00 0.00 0.51

Lebonnois et al. [6] (scenario 2) 0.41 0.53 0.00 0.00 0.06

Wilson and Atreya [7] 041 0.28 0.21 0.00 0.10

Hébrard et al. [17] 0.291 0.584 0.00 0.055 0.07

2 The figures in italic correspond to CHy 4+ hv — CH3* + H — 3!CH, 4 2H for (J3.) and (J3q) and CHy + hv — CH} +H — CH + H; + H for (J3¢). These

sequential contributions must be added to the direct contributions.

in the 1950-1970 decades and are almost exclusively available
only at room temperature. Limited low-temperature CH4 pho-
toabsorption cross-section data were first reported by Mount and
Moos [31] in the 138—160 nm region at 200 K. Most recently,
Lee et al. [32] reported room temperature cross-section data of
several methane (CHy) isotopomers in the 105-145 nm region,
with extreme care about the purification of impurities in the
gaseous samples. Using synchrotron radiation as a continuum
light source, Chen and Wu [33] measured methane (CH4) abso-
lute photoabsorption cross sections in the VUV-UV region at
three different temperatures, i.e., 370, 295, and 150 K. Their
methane (CHy) cross-section values in the 120-142.5 nm region
at 295 K agree well with previously reported values [34,35,32]
with only +10% evaluated experimental errors in absolute
cross section values. Under these low-temperature conditions,
Chen and Wu [33] found that methane CH4 cross-section val-
ues increase in the short wavelength region and decrease in
magnitude in the long wavelength region. In contrast to this
behavior, the cross-section data obtained at high temperature
show a relative decrease in the short wavelength region and
a relative increase in the long wavelength region. The trends
exhibited appear to be quite reasonable with Mount and Moos
[31] reported results at 200 K. However, further measurements at
temperatures between 295 and 150 K would be needed so that the
temperature-dependent cross-section values can be theoretically
modeled.

The lifetime of the excited state of methylene (!CHy) is
very short since it is efficiently quenched down to the ground
state methylene (*CHy) by collision with another atmospheric
molecule [36]:

ICH, +M — 3CH, +M (M = N, or CHy) (H1)

Excited methylene (1CH2), as well as methylidine radicals
(CH), can also react with methane (CH4) to form methyl radicals
(CH3) and ethylene (C2Hy), respectively.

!CH, + CH4 — CHj3 + CHj3 (H2)

CH+CHy — CoHs +H (H3)

The rate coefficients of reactions concerning the methylidine
radical (CH), such as CH + CH4, CH + C,H,, CH + C,Hy and
CH + C4Hg reactions, were measured by Canosa et al. [37] in a
temperature range of 23-295 K using the CRESU apparatus cou-
pled with a pulsed laser photolysis-laser induced fluorescence
(PLP-LIF) technique. This study confirmed the previous results
of Berman [38,39], broadening them to temperatures more rel-
evant for Titan’s atmosphere without however giving any clear
identification of the resulting products. Yet, their thermochem-
ical and kinetic analysis advocated accordingly for the same
H-atom abstraction process, which has experimentally been con-
firmed later by Fleurat-Lessard et al. [40] for the CH + CHy
reaction and by McKee et al. [41] for the CH 4+ C,H, and
CH + CyHy reactions. Concerning the CH + CyHg reaction,
McKee et al. [41] conclusions are consistent with a compe-
tition between H-abstraction and CHj3-abstraction processes.
Considering for the first time these formation mechanisms for
methylacetylene (CH3C,;H) and allene (CH,CCHb») in a pho-
tochemical model, Wilson and Atreya [7] assumed them to be
both equally plausible quite satisfyingly even if Galland et al.
[42] determined by VUV resonance fluorescence an absolute
H-atom production equal to 22% using as reference the H pro-
duction from the CH + CHy reaction. Wilson and Atreya [7]
assumed also the same branching ratio for both C3H,4 isomers,
methylacetylene (CH3C,H) and allene (CH,CCHy), issued from
the CH + C,Hy reaction.
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Ground state methylene (*CH») and methyl (CH3) mainly
react together to form ethylene (CoHy):

3CH, + CH3 — CoHs + H (H4)

Ethane is mostly created in the atmosphere through methyl
(CHj3) recombination.

CHj3 + CH3(+M) — CHg (+M) (HS)

Planetary emissions of the methyl radical (CH3) were first
observed in 1998 [43,44] by the infrared space observatory (ISO)
in the upper atmospheres of Saturn and Neptune. Methyl radical
(CHj3) is produced by VUV photolysis of methane (CH4) and
is a key photochemical intermediate leading to complex organic
molecules in outer planetary atmospheres. Indeed, the methyl

recombination reaction CH3 + CH3M>C2H6 is of prime impor-
tance in photochemical modeling of Titan’s atmosphere since it
is the main source of ethane production. Until recently, its rate
constant has been mostly measured as low as room tempera-
ture, and at high pressure in non-representative bath gases. The
most widely adopted Slagle et al. [45] rate expressions for low-
pressure, three-body limiting rate constant ko and high-pressure,
two-body limiting rate constant k, had to be extrapolated down
to lower temperatures according to their own Arrhenius law,
for use in atmospheric models of outer planets’ atmospheres.
Methyl (CH3) abundance observed by ISO was however unex-
pectedly lower than predicted by photochemical models using
this specific chemical rate value, specially in Saturn’s atmo-
sphere. An underestimation of the loss of methyl (CHz) has thus
been suggested in these models [43,44,46,27,47], which was
thought to be mostly due to the poorly extrapolated rate con-
stant at the low temperatures and pressures of these atmospheric
systems. A prevailing remedy was then to increase the methyl
(CH3) recombination reaction measured at room temperature in
rare gases by at least one order of magnitude, but within the
range of disagreeing theoretical expressions when extrapolated
to low temperature [48,45,49]. Cody recently reported studies at
T = 155,202 and 298 K and P = 0.6, 1.0 and 2.0 Torr He, using
adischarge-flow reactor apparatus coupled to a quadrupole mass
spectrometer (DF-MS), providing the first measurements of the
methyl (CH3) recombination rate constant in the fall-off region
at T < 296 K [50,51]. Their conclusions were in agreement with
the calculations by Klippenstein and Harding [52] on the pres-
sure dependence of the methyl (CH3) recombination reaction
at T = 200K when converted from M = Ar to M = He. The
latest Wang et al. [53] experimental and theoretical investiga-
tions with He bath gas using time-resolved time-of-flight mass
spectrometry (TOF-MS) and transition state theory (TST) are in
very good agreement with Cody experimental data points at low-
temperature and high-pressure limit [50,51]. In spite of these
recent measurements, conducted with He as bath gas, Wilson
and Atreya [7] still used a modified recombination rate that is
ten times the Slagle et al. [45] expression, considering in addition
that the reaction may proceed faster with Titan’s N, background
atmosphere as exhibited by the hydrogen atom recombination
reaction ko. However, merely the low-pressure, three-body lim-
iting rate constant kg is proportional to the collision frequency

and thus could be derived by using the appropriate reduced col-
lision masses, Lennard—Jones collision cross sections as well
as estimated values for the average energy transferred per col-
lision AE. Following Smith [54] calculations, methyl (CHz)
recombination rate would proceed roughly 70% faster at low
pressures in Titan’s atmosphere. As Cody et al. [51] pointed out
on the basis of these latest laboratory data, the remaining excess
CHj3 predicted in the models relatively to the ISO observations
may be explained to a large extent elsewhere in the CH3 pho-
tochemistry and/or transport rather than in the CH3 + CHj3 rate
value. The exact reconciliation of this problem is beyond the
scope of this paper but though, we preferred to stick to our gen-
eral approach and to rely on the latest and most representative
experimental data [53] rather than embrace the natural tendency
to use chemical rate constants that allow the calculations to best
fit the data.

Once ethylene (CoHy) is formed, it serves as a major source
of acetylene through photolysis in the high atmosphere:

CyHy + hv - CHp + Hy (J2a)

—- CH; +H+H J2b)

Absorption cross sections of ethylene (CoHy) in the VUV
region were first reported by Zelikoff and Watanabe [55], using
a spectral bandwidth of ~0.1 nm. More recently, Cooper et al.
[56] have reported the absolute photoabsorption cross-section of
ethylene from 6 to 200 eV utilizing a high-resolution dipole (e,
e) spectroscopy. Holland et al. [57] have measured the abso-
lute photoabsorption, photoionization, and photodissociation
cross sections of ethylene and deuterated ethylene from their
ionization thresholds to 50 nm using a double ionization cham-
ber technique and also include Zelikoff and Watanabe [55]
and Cooper et al. [56] results in their compiled cross-section
data. Before Wu et al. [58], there was no apparent temperature-
dependent cross section measurements of ethylene available in
the literature. Using synchrotron radiation as a continuum light
source, Wu et al. [58] have measured temperature-dependent
cross-sections of ethylene in the VUV 118-192 nm region at five
different sample temperatures (370, 330, 295, 200, and 140 K).
Their cross-section values measured at 295 K agree reasonably
well with the Zelikoff and Watanabe [55] previously reported
data except for larger cross-section values in the ~160-174 nm
region, both at the absorption peaks and at the valleys, by as
much as 15-20%. While it appears that these larger cross-section
values at the absorption peaks result from the higher resolution
used in Wu et al. [58] experiments, the reason for the positive
discrepancy observed with Zelikoff and Watanabe [55] values
at the absorption valleys still remains unclear. Because of the
varying resolution inherent in the (e, e) spectroscopy technique
adopted by Cooper et al. [56], it is harder to compare their data
with Wu et al. [58] results without line shape convolution. Yet,
it appears that the trend of their data is in good agreement with
Wau et al. [58] results despite their bad contrast between peaks
and valleys. Significant temperature effects were observed in
the region between 170 and 192 nm, especially in the positions
of the known hot bands, which appear to be enhanced at 370 K
and significantly reduced at 140 K. The magnitude of temper-
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ature effects on absorption cross sections of CoHy decreases
as a function of decreasing wavelength in the studied spectral
range.

2.1.2. Dissociation of methane photocatalysed by acetylene
Laboratory experiments of irradiation at 185 nm of a mixture
composed of CHs and CyH; in catalytic proportion confirmed
that the dissociation of methane could be catalysed by the pho-
tolysis of acetylene at lower altitudes [59]. Since the solar
flux increases rapidly from 100 to 230 nm, this photocatalysed
destruction of methane CHyin the stratosphere can be signifi-
cantly more important than its direct photolysis at high altitude:

CyHy + hv(< 235nm) - CH+ H (J3a)

> C+H (J3b)

Diatomic carbon (C;) and ethynil (CoH) radicals can then
destroy methane (CH4) to form CHjradicals and regenerate
acetylene (CoHj):

C» + CHy — C>H + CH; (H6)

C,H + CHy — CyH; + CHj3 H7)

Existing data were mainly reported in the 1960—1980 decades
but were almost exclusively available at room temperature.
The first photochemical models of Titan’s atmosphere have
inevitably used some of these data: Nakayama and Watanabe
[60] data in the 106—180 nm region by using a spectral band-
width of ~0.1 nm, Suto and Lee [61] data in the 106—180 nm
region using a 0.04 nm bandwidth, and Seki and Okabe [62]
data above 205 nm but at rather low resolution (1 nm band-
width). Limited low-temperature acetylene (CoH») cross section
data were first reported by Wu et al. [63] in the 154—193 nm
region and later extended by Chen et al. [64] to 215nm at
155K, by Smith et al. [65] in the 147-201 nm region at 195K
and by Bénilan et al. [66] in the 185-235 nm region at 173 K.
Wu et al. [63], Chen et al. [64] and Smith et al. [65] argued
for the presence of hot bands whose intensities decrease when
the temperature decreases. From spectroscopic measurements
and thermodynamic studies, these earlier data were however
shown to be contaminated with the acetone absorption features
at 190 and 195 nm [67]—commercially used as a chemical sta-
bilizer. As its absorption bands are 100 times more intense than
those of acetylene in the same wavelength range, the presence
of less than 1% acetone in the samples was enough to explain
the observed variations. The acetone contamination was effec-
tively eliminated in Wu et al. [68] data at 155K and [66] data
at 173 K by employing standard purifying procedures since the
melting point of acetone is 180 K. As Wu et al. [68] pointed out
that the absorption spectra in this spectral region often exhibit
very sharp features, they advocated that high-resolution and low-
temperature cross-sections measurements would be needed in
order to provide spectral identification and cross-section data
for the accurate determination of abundances and temperature
profile of planetary atmospheres. Bénilan et al. [66] observed
no decrease of the photodissociation coefficient with the spec-
tral resolution (less than 1% between 0.02 and 2 nm resolutions),

thus demonstrating that there should be no need for high reso-
lution absorption cross-sections to calculate photodissociation
coefficients in photochemical models.

A number of experiments were performed in order to
determine primary quantum Yyields for product formation
following acetylene (CoH;) photodissociation at various wave-
lengths (193.3nm [69,70,62], 184.9nm [71], 147.0nm [72]
and 123.6nm [73]). The results of these studies, which were
mainly performed employing static sample photolysis along
with stable end-product analysis [62,71,72], indicated that the
quantum yield for the simple C—H bond fission channel H + C,H
is only 0.1-0.3 (see Table 1 in [62]) and it was tentatively
suggested that the major primary photochemical process was
the formation of an electronically excited metastable acetylene
(CoH*) [62,74] and/or vinylidene (H,CC*) [75]. As further
state-resolved dynamics studies performed to investigate the
primary photofragmentation dynamics of this H + C,H prod-
uct channel in the ground-state could not find any indication
for the formation of these metastable states [76,77], serious
doubts concerning the validity of these low values reported in
the literature so far were raised. Acetylene (C,H») dissociation
dynamics after photoexcitation at 193.3 nm and at the Lyman- o
wavelength (121.6 nm) were then studied under collision free
conditions by Lauter et al. [78] who, by obtaining absolute
quantum yields for H atom formation close to unity, proposed
that ethynyl (CoH) radicals may indeed dominate the acetylene
(CyH») primary dissociation for both photolysis wavelengths
rather than any “nonreactive” electronically excited metastable
state of acetylene (CoH%) and/or vinylidene (H,CC*).

2.1.3. Formation of higher hydrocarbons

Methane (CH4) and acetylene (CaH») photolysis lead to a
large panel of radicals reacting among themselves to produce
heavier species. Titan’s photochemistry can be thus considered
as a succession of initiation, propagation and termination reac-
tions.

The initial step is the formation of radicals by photodissoci-
ation of stable molecules or by additions of hydrogen atoms on
unsaturated compounds in the presence of a third body (combi-
nation):

CH4 +hv—- CH+H, +H J1e%)
CHy + hv— C;H+H J3a’)
C2Hy + HHM) — CoHs (+M) (H8)

The second step is the propagation of the chain by the attack
of aradical on a stable molecule by H-abstraction or insertion/H-
substraction. In the last case, the molecule is necessarily an
unsaturated one:

C,H + CoHg — CoHj + CyH5 (H9)

CH+CH; - CiHy +H (H10)

Finally, the chain ends when a radical reacts with another
radical or with a stable molecule in a disproportionation or a
combination reaction. The latter always involves a third body
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and is therefore favored at high pressure:

CH + CoHy — CH3C,H + H (H11)
CH + C,Hs — CH,CCH, + H (H12)
CHj + CoHs(+M) — C3Hg (+M) (H13)

Ethynyl radical, CH, is an abundant polyatomic species in
interstellar space and is known to be important in Titan’s atmo-
sphere, where it is one of the important species responsible
for the synthesis of higher hydrocarbons [2—4]. Produced by
direct photolysis of acetylene (CaH>), the ethynyl radical (CoH)
indeed initiates the production of saturated hydrocarbons (C, Hg,
C3Hs,. . ., C,Hy,) through the indirect UV photolysis of methane
(CHy).

Until recently, reactions involving ethynyl radicals and
several hydrocarbons have been studied down to 150K
using a cryogenically cooled flow cell combined with tran-
sient IR laser absorption spectroscopy (PLP-IrAbs(C,H))
[79-82]. Low-temperature kinetics measurements lower than
150K were recently reported, carried out with a CRESU
apparatus or a pulsed Laval nozzle apparatus employing a
pulsed laser photolysis-chemoluminescence technique (PLP-
CL(CH*)) [83-87]. Murphy et al. [87] computed activation
energies are in quite good agreement with Ceursters et al. [88]
ab initio calculations, advocating for a direct H-atom abstrac-
tion mechanism for ethynyl C,H + alkane reactions. Concern-
ing ethynyl(Co,H) + acetylene (C;H,) and ethynyl(CoH) +
alkene reactions, Chastaing et al. [83] measurements and ther-
mochemical considerations point towards an overall indirect
H-atom substitution process via an initial formation of an ener-
gized complex. Reaction CoH + C,Hy is thought to significantly
contribute to the ethene (C,Hy) destruction rate. There have been
however obvious difficulties in reproducing the observed ethene
abundance in Titan’s atmosphere despite these latest labora-
tory data. Toublanc et al. [3] model significantly underestimates
the ethene abundance compared to the Voyager IRIS observa-
tion data by using a rate constant underestimated by almost an
order of magnitude (2.5 x 10~ ¢m3 molecule ! s~!, based on
Tsang and Hampson [23] estimation). But Lebonnois et al. [6]
and Wilson and Atreya [7] models underestimate it too, even
by using Opansky and Leone [82] rate constant whereas Lara et
al. [4] calculations reproduce well the ethene (C,H4) abundance
without even including the reaction in their chemical scheme
but rather by assuming synthetically a flux from the surface,
resulting from some surface processes. Wilson and Atreya [7]
advocated for a possible irradiation of hydrocarbon conden-

sates on Titan’s surface as a source of ethene (CpHjy) in the
stratosphere. It seems however that these unique inconsisten-
cies exhibited by ethene (CoH4) abundance may be the direct
consequences of a peculiar coupling between its chemistry and
its vertical transport (Lebonnois, personal communication).

2.1.4. Formation of polyynes

Polymerization of acetylene (CpH,) through polyyne for-
mation has been postulated for the formation of solid organic
material and thus for the creation of haze particles in the atmo-
sphere of Titan [89]. As ethynyl radicals (C,H) proceed to react
with subsequently formed molecules, the process may continue,
forming everincreasingly large successive polyacetylene poly-
mers: triacetylene (CgHy), tetraacetylene (CgHj), etc. While
triacetylene (CgH») has not yet been identified in the atmo-
sphere of Titan, laboratory simulations in Titan-like conditions
(100-150 K) have however detected it [90]:

Cy,Hy + hv - C,H+ H (J3an)

CyH + CypHy — C2(n+m)H2 +H (H10n)

Polyynes chemistry remains however poorly understood as
our current knowledge on the building of complex long-chain
carbon compounds from simpler hydrocarbons comes only from
pyrolysis processes at high temperatures and soot production
[91,92]. As there is unfortunately little published on the rate
coefficients involving polyyne species larger than C,Hjeither
under the conditions of Titan or even at ambient temperature (see
Table 2), the only way for modelers to include these reactions
in their chemical scheme is to evaluate their rate coefficients
from similar reactions rates available in the literature. Assum-
ing that larger polyacetylene radicals may be less reactive than
ethynyl radical (C,,H), Yung et al. [2] adjusted arbitrarily their
rate coefficient according to k(Cy,H) = 31=1k(C,H). Wilson
and Atreya [10] adopted preferably the assumption that all H-
atom abstraction reactions forming C,,Hy from C,,H and all
reactions leading to C,,H; had rate constants equal to the com-
parable reactions where n = 1.

Diacetylene (C4H>) absolute photoabsorption cross sections
values determined recently between 120 and 180 nm by Okabe
[72] were found to suffer from saturated experimental con-
ditions which could have strongly influenced the subsequent
published coefficients. Future modelers would be wise to adopt
Kloster-Jensen et al. [93] cross sections instead, whose rela-
tive intensities can be easily fitted from Fahr and Nayak [94]
absolute photoabsorption coefficients at 1645 A. As this higher
photoabsorption cross section leads to a lower stability towards

Table 2

Review of available experimental parameters relevant to polyynes chemistry (adapted from [98])

Parameter Reaction Available data Improvements

Absorption coefficient Cy,Hy + hv n=1,2,3200K) Low temperature and low pressure

n =4 (300K)

Quantum yield Co,Hy + hv n=172 Dependence on wavelength

Kinetic rate constant Co,H + Cy,,Ho n=m=1 Low temperature and low pressure
CZnHZ* + CZm H»

Radiative lifetime Cy,Hy* n=1,2 Low temperature
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photochemical loss, diacetylene (C4H>) would have a shorter
lifetime in Titan’s atmosphere than indicated by previous mod-
els which have underestimated its photolysis rate. Most of these
models have consequently tended to predict larger amounts of
diacetylene (C4H3) than observed. An improved photolysis of
diacetylene (C4H3) may also increase the predicted abundances
of the heavier polyynes in photochemical models.

Along with polyacetylenic radicals (Cp,H), metastable
diacetylene (C4H*) may also contribute to the long-chain
polyynes species chemistry in Titan’s atmosphere [95,96].
Resulting from diacetylene (C4H;) absorption of ultraviolet
radiation at wavelengths well below the dissociation threshold,
its relaxation can occur not only through intrinsic radiative and
non-radiative decays but through collisions with other molecules
as well. Determining precisely the lifetime of C4Hy* is capital
since a longer lifetime would give more time to C4H,™ to react
with other hydrocarbons to produce heavy compounds. Before
any experimental data for the radiative lifetime of C4Hy* was
available, previous models assigned to it arbitrarily the lowest
limit value determined for excited acetylene (CoH*) (1 ms) cal-
culated by Lisy and Klemperer [97]. Lebonnois et al. [6] however
had to lower this arbitrary relaxation rate by a factor of 5000 to
reach agreement with Voyager observations. Using a low tem-
perature matrix isolation technique, Vuitton et al. [98] recently
performed the first direct measurement of the intrinsic lifetime
of C4H,™ and determined it to be of the order of 100 ms.

Photodissociation quantum yields of polyynes higher than
diacteylene (C4H>) have never been determined, and neither
have the photoabsorption cross sections of those higher than
tetraacetylene (CgH»), at least in gas phase. Semi-empirical cal-
culations performed in order to obtain absorption cross sections
of higher polyynes tend to prove that the dissociation coefficient
of any polyynes increases with its size [99].

The major production pathway for benzene formation
appears to be propargyl (C3Hz) radicals recombination:
C3H3 +C3H3 + M — CegHg + M (H14)

The determination of this reaction rate and its associated
branching ratios under various experimental conditions is also
expected to be significant in evaluating the role of this radi-
cal in the formation of polyaromatic hydrocarbons in Titan’s
atmosphere. Fahr and Nayak [100] have determined the product
yields and rate constants for propargyl radical (CzH3) combina-
tion reactions at 298 K by employing excimer laser photolysis in
conjunction with GC-MS product analysis methods. Their rate
constant is in relatively good agreement with the one derived
from Alkemade and Homann [101] studies in the 623-673 K
temperature range by using a low-pressure flow reactor and
nozzle beam mass spectrometric product detection and analy-
sis method. Using real-time infrared absorption spectroscopy,
Morter et al. [102] however measured a significantly faster rate
constant for propargyl (C3Hz) self-reaction at 295 K. At this
time, nothing is certain about the source or sources of discrepan-
cies between the rate constant values reported by these different
studies, and there is still no way to validate Fahr and Nayak
[100] isomeric yields.

Lebonnois [11] has conducted sensitivity studies of benzene
and PAHs formation both for Titan and Jupiter, testing these
experimental data in different photochemical schemes, for which
the modeled composition fairly agrees with observational con-
straints. Their results show that the uncertainties discussed above
for several key reactions in benzene’s production scheme are not
of first order significance and that benzene abundance is mainly
sensitive to some other reactions that may affect the propargyl
(C3Hj3) radical.

2.2. Photochemistry of nitriles

Nitrile compounds formation is initiated in Titan’s reduc-
ing atmosphere by N» dissociation, proceeding mostly through
direct EUV photolysis and galactic cosmic ray (GCR) absorp-
tion [4]. With their refined treatment of UV (80-100nm),
EUV (<80nm), soft X-rays (<5nm) and photoelectrons
(<80 nm)-induced Nydissociation based on several experimen-
tal references, Lara et al. [103] found the N(2D) and N(*S) total
production rates to be very similar at all altitudes, although the
partial contributions from solar radiation (>80 nm) and photo-
electrons (<80nm) are somewhat different. Nitrogen N; also
undergoes electron-impact dissociation, with quantum yields
determined by Zipf and Gorman [104] and Itakawa et al.
[105]. At lower altitudes, the main source of atomic nitrogen
is provided by cosmic ray-induced dissociation, treated with
or without neglecting the entire cascading energy deposition
developed by Capone et al. [106]. Effect of magnetospheric elec-
trons, magnetospheric protons and interplanetary electrons was
proposed too as potential source for dissociating N>[107] but
appeared recently to be negligible as supported by Toublanc et
al. [3] theoretical calculations.

Subsequently formed atomic nitrogen species (N(2D),N(*S),
N*) combine then with hydrocarbons to form an assortment
of nitrile neutrals and ions in the upper atmosphere. Hydro-
gen cyanide HCN, the basis of nitrile chemistry, is thus formed
through photodissociation, electron impact processes and pho-
toionization.

Since the quenching of N(D) by N> is not efficient, N(?D)
reacts mostly with methane (CH4) and ethylene (CaHy):

N(D) 4+ CH4 — CH,NH + H — NH + CH; (N1)

N(*D) + C,H4 — CH3CN + H (N2)

The recommended N(ZD) + C,Hy4 reaction rate constant val-
ues at 298 K and its associated temperature coefficients [108]
are based on previously reported values [109-111]. Umemoto
etal. [112] recently reported the yields of NH and Hto be 0.3 and
0.8, respectively, confirming the insertion mechanism previously
advocated for from ab initio calculations [113,114].

Sato et al. [115] measured N(°D) + C,Hy reaction rate down
to 230 K and obtained a rate value 20 times over what was pre-
viously estimated by Lellouch et al. [116] and Lara et al. [4] on
the basis of N(°?D) quenching coefficients measured by Black
et al. [117]. Furthermore, crossed-beam experiments conducted
by Balucani et al. [118] indicated acetonitrile (CH3CN) to be
indeed the likely product.
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Dissociation of hydrogen cyanide (HCN) and all other nitriles
yield the cyano CN radical, which can react with various hydro-
carbons to maintain the CN bond.

HCN + hv — CN+ H J4)

Jolly et al. [119] review showed a critical lack of data
concerning the photoabsorption coefficient available in the vac-
uum ultraviolet domain (110-210 nm) for N-organic molecules
present or expected to be present in Titan’s atmosphere. In partic-
ular, many absorption cross-sections have never been measured
at low temperature. This lack is even greater for molecules
not commercially available since, even at room temperature,
absolute absorption coefficients are not available or erroneous.
Therefore, they designed a new specific technique using syn-
chrotron facility to measure the absorption cross sections in
the VUV range at the low temperature range characteristic of
Titan’s atmosphere and adopted it first to study hydrogen cyanide
(HCN), cyanoacetylene (HC3N) and cyanodiacetylene (HC5N):

CN + CH4 — HCN + CH3 (N3)
CN + CH, - HC3N +H (N4)
CN + CoHy —» CoH3CN +H (N5)

Lara et al. [4] suggested a source provided by CN + CHy
and CN + C,Hg in order to explain the CH3CN observations
announced by Bézard et al. [120]. Previous low-temperature
studies [121-123] give however no indication of an acetoni-
trile channel. Although Balla and Casleton [124] pointed out
that though the acetonitrile (CH3CN) channel may be thermo-
dynamically possible, their measurements only indicate traces
of it.

Sims et al. [123] studied the reactions of the cyano CN rad-
ical with methane (CHy4), acetylene (CaHj), ethylene (CoHy),
ethane (C,Hg) and propene (C3Hg) at low and ultra-low tem-
peratures using a pulsed laser-photolysis (RLP), time-resolved
laser-induced fluorescence (LIF) technique coupled to a CRESU
apparatus. Reactions of the cyano CN radical with methane
(CH4) and ethane (C,Hg) were expected to occur directly and
to involve exothermic abstraction of an H atom as supported by
Copelandetal.[125] and Arunan et al. [126] infrared chemilumi-
nescence observations of vibrationally excited HCN and Balla
and Casleton [124] HCN observations through time-resolved
diode laser absorption spectroscopy. Reactions between cyano
CN radicals and simple unsaturated hydrocarbons, CoHy, CoHy,
and C3Hg have rate constants close to simple collision theory
values, showing a mild negative temperature dependence, and
exhibiting no dependence on total pressure. The only rational
explanation suggested by Sims et al. [123] for these observations
is that reaction involves an addition-elimination mechanism
resulting in exothermic displacement of an H atom by a CN
radical. Sims et al. [123] results were the first kinetic data to
be obtained for these reactions at temperatures typical of those
of outer planetary atmospheres. Although these reactions may
not have previously been thought of as important in such envi-
ronment, their still fast reaction rates down to low temperatures
gave Sims et al. [123] observations significant consequences for

planetary atmospheres and interstellar clouds chemical model-
ing.

Knowledge of the nitriles chemistry is still to be improved.
Cyanoethynyl radicals (C3N) may behave in the same way
as ethynyl radicals (CoH), and their insertion in HCy,+ N
molecules could be similar to the insertion on the Cy,,N,. Some
preliminary studies showed that the reactivity of the excited state
HC3N* could be high, and that it could react in a similar way to
C4Ho* [127].

2.3. Photochemistry of CO and CO;

Stratospheric measurements of carbon monoxide CO
[128-130], carbon dioxide (CO,) [131-133] and water (H,O)
[132] have indicated the presence of an oxygen chemistry in
Titan’s atmosphere. An external water (H,O) flux of 3-50 x
10% cm™2 s~1[134] is usually adopted to account for the water
influx arising most probably from micrometeorites ablation and
initiating such chemistry. Water (H,O) photodissociation by
solar radiation occurs then essentially in the mesosphere and
thermosphere from the first absorption band (140nm < A <
190nm) and from the solar Lyman « line at 1216 nm, yield-
ing OH radicals, ground state oxygen atoms O(°P) and excited
oxygen atoms O('D):

H>O + hv(Lymana) — OH + H (J5a)
— O('D) + H, (J5b)
— OCP)+H+H (J5¢)

Excited oxygen atoms O(' D) quickly relax in the ground state
0(P) by collision with molecular nitrogen (N7) and methane
(CHy), or by spontaneous relaxation. Thus, only OH and O(3P)
have to be considered in order to explain the presence of carbon
monoxide (CO) and carbon dioxide (CO;) in Titan’s atmo-
sphere.

Three pathways were used in the models to explain the for-
mation of CO from this external source of water (H,O):

OCP) +3CH, — CO +2H (O1)
OH+°CH, - CO+H, + H (02)
OH + CH3 — CO + 2H, (03)

These mechanisms were first suggested by Samuelson et al.
[135] as sources for carbon monoxide (CO) from an external
water influx. However, no further laboratory studies [136,137]
have detected it as a product of these reactions to confirm Fen-
imore [138] first measurements and validate such mechanisms.
Laraet al. [4] suggested that carbon monoxide (CO) may be pro-
vided directly from influx of micrometeorites, although a typical
cometary inventory would not provide enough influx to achieve
equilibrium. Primordial CO still remains therefore the most
likely source. Wilson and Atreya [7] nominal model calculated
an upward CO flux of 3.9 x 10° cm? s~! necessary to maintain
photochemical equilibrium. They suggested that some surficial
processes concerning carbon dioxide (CO;) and/or formalde-
hyde (H,CO), such as outgassing from the interior or irradiation
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Fig. 1. Number of reactions considered in our chemical scheme of Titan’s atmo-
sphere plotted as a function of the number of carbon atoms in the considered
species. The line shows the probable exponential law governing the number of
reactions involving the smallest species.

of condensates, may provide another source for carbon monox-
ide CO. Following Wong et al. [139] postulate according which
carbon monoxide (CO) may have been as much as 14 times more
abundant after the initial escape stage in Titan’s early evolution,
Wilson and Atreya [7] pointed out the possibility that it may not
be nowadays in equilibrium and was more abundant in Titan’s
past.

The formation of CO, is simply explained by the reaction of
CO and OH:

CO+ OH — CO, + H (04)

CO s also engaged in chemical reactions mainly in the lower
atmosphere, where it produces other oxygenated compounds
through pressure-dependent reactions:

CO +3CH, — CH,CO (05)
and
2(CO + H — HCO) (06)
HCO + HCO — H,CO + CO

+ — H» + (O7)

CO +2H — H,CO

2.4. Incompletion of chemical schemes

Furthermore, it is possible that critical reactions have never
been studied and thus are not incorporated at all into the models,
such omission of an important reaction may lead to misin-
terpretation of the results. Many more species and reactions
may indeed exist than are explicitly considered in the chemi-
cal schemes, and that is already a source of systematic errors.
These errors can tentatively be estimated by simply enumerating
the different reactions according to the number of carbons in the
parent compound, as described as crosses in Fig. 1. Despite the
fairly limited number of species implemented in our chemical
scheme, the total number of reactions generated to describe the
full set of photochemical processes on Titan can be extremely
large. According to Aumont et al. [140], this total number of

reactions may follow an exponential distribution, with a growth
factor depending on the different functionalities considered in
our reacting species. Fig. 1 states that even if our reactions
involving the smallest species may be governed by such kind
of exponential law (continuous line), there is however an obvi-
ous and deep lack of information regarding the larger species.
Even so, Vuitton etal. [141] recently showed that the photochem-
istry of the larger species has a preponderant role in determining
the concentrations of the lighter species and that considering
that these species are simply lost from the system could not be
a valid assumption in future photochemical models of Titan’s
atmosphere.

3. Quantifying uncertainties on Kinetics parameters

In general, a measurement procedure, either theoretical or
experimental, has imperfections that give rise to a certain mea-
surement error. Errors may be random or systematic. Random
errors arise from unpredictable variations in measurements.
Systematic errors, often called biases in measurements, are intro-
duced by an imperfect knowledge of the values for known
parameters, a faulty calibration or an intrinsic uncertainty
attached to the technique used. Even if modern techniques are
capable of measuring rate coefficients with an appreciable preci-
sion, data obtained in different laboratories on the same reaction
using often the same technique are indeed rarely concordant
to the extent that might be expected from the precision of the
measurements. Besides, even if the spread in results among dif-
ferent techniques for a given reaction may provide some basis
for evaluating an uncertainty, the possibility of the same, or com-
pensating, systematic errors in all the studies must be however
recognized and make them particularly difficult to detect and to
quantify (Fig. 2).

In addition to the above detailed investigation of the photo-
chemical sources of uncertainties in theoretical modeling, our
goal was to provide a better evaluation of these uncertainties at
temperatures representative of Titan’s atmospheric conditions.
Assigned uncertainties represent our own subjective assessment.
Their determination does not result from a rigorous, statistical
analysis of the database, which generally is too limited to per-
mit such an analysis, but is rather based on an estimation of
the difficulties of the experiments as well as their potential for
systematic errors, seeking to identify the strengths and limita-
tions of the different techniques with respect to their use at low
temperatures.

Reaction process —L—y Kinetic parar Yes  precision — &5 Complete
known 2 available 2 known 2 description
No No No l

Random errors

Not taken info account Analogy with other processes

Estimated dependencies (T, P, )

Systematic emors Exirapolation errors

Fig. 2. Flow diagram of the main sources of uncertainties found in photochem-
ical models.
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3.1. Photodissociation rates uncertainty

Photodissociation rates J;(z) (s~!) at the altitude z of the dif-
ferent absorbing species i included in the model can be computed
in the range of wavelength [1{, A2] as

s
Ji) =Y < / i T TYFG, 2) dx) (1

: A
j 1

which requires beforehand the determination of their absorp-
tion cross-sections o;(A, T), their different photodissociation
pathways j characterized by quantum yields ¢g; j(A, T) and the
actinic flux at every level in the atmosphere F(A, z) as well.
Specific inaccuracies in both photoabsorption cross-sections
and quantum yields determination as well as imprecision car-
ried by incident solar flux calculations result then inevitably in
uncertainties in photolysis rates J;(z). The whole set of adopted
nominal photodissociation parameters is displayed along with
their uncertainty parameters in Table 1.

Uncertainties in both quantum yields and absorption cross
sections are mostly due to a lack of accurate experimental deter-
mination. Photoabsorption cross-sections and quantum yields
have indeed been investigated only at a few specific wavelengths
and may thus be systematically underestimated. Different labo-
ratory measurements could even diverge significantly and could
consequently affect the results of photochemical models. To
illustrate the full extent of these issues, we can refer to the still
unresolved argument on methane photodissociation pathways
at Lyman « critically reviewed in Romanzin et al. [29] or our
foregoing comments on C4H; absorption.

Due to this important lack of reliable data in the literature, sev-
eral quantum yields have thus to be estimated along with their
dependencies in wavelength as well as in temperature, while
experimental uncertainties quoted in the literature are often con-
sidered already equal to 10%. The uncertainty factor F attached
to the quantum yield g; j(A, T') cannot therefore be estimated
to a high level of precision neither, and we classified them in
our evaluation in only three categories of precision: within 10%
(Fy =1.1),25% (F; = 1.25) and 50% (F, = 1.50).

Even if our knowledge of low-temperature UV pho-
toabsorption cross sections for relevant hydrocarbons has
improved greatly thanks to many available measurements
[68,58,33,142,66,143,94,144,65], their temperature-
dependency remain highly uncertain. Temperature-dependence
of the UV photoabsorption cross sections may indeed vary
significantly in many different ways according to the compound
and the wavelength considered, and could differ by many orders
of magnitude compared to room temperature values, a typical
temperature for the measurements supplying the majority of
cross-sections data. To illustrate the importance of this issue,
acetylene (CoH») and diacetylene (C4H») cross-sections values
were found to decrease respectively by as much as 40% between
295 and 150 K in the 120-240 nm region [58] and 50% between
293 and 193 K in the 195-265 nm region [143]. Fahr and Nayak
[144] established moreover that methylacetylene (CH3C,H)
cross section values remain nearly independent of temperature
near the absorption peak at 172.4nm, whereas they increase

with increasing temperature at longer wavelengths. It would
seem ideal to develop a theoretical model to allow modelers
to interpolate and extrapolate the cross-section values over a
desired temperature range, for example, down to about 100 K
for application in the atmospheric conditions of Titan. However,
Wau et al. [58] pointed out that these temperature effects could
be more complicated than simple variations in the population
distribution functions would imply. It is indeed not uncommon
to find different electronic transitions, involving absorption
from different vibrational modes of the ground electronic state,
complicated by potential energy surface crossing, perturbation,
predissociation and rovibronic coupling occurring in these
molecular systems. According to Wu et al. [58], if feasible,
such theoretical model could therefore be applied only over a
certain spectral region, but not the whole spectral range.

According to the authors concerned, the mere evaluation of
uncertainties in cross-sections from laboratory measurements is
adifficult task and the value of the standard deviation is therefore
not systematically given. Values however available in the litera-
ture are usually of the order of 10-25% [145,146,142,68,33,58].
In this review, we paid of course a particulate attention to rely
on the photoabsorption cross sections at the lowest temperature
available in a given wavelength range to evaluate their intrinsic
uncertainties at temperatures and wavelengths representative of
Titan’s environment. For this evaluation, we took into account
their absolute experimental uncertainties, when available, as
well as our subjective estimation of their overall dependencies
in temperature, their consistencies with other available data in
their same limited spectral range and over the whole spectrum.
In this way, the uncertainty factors F, we estimated range from
1.15 to 1.65, i.e., within 15-65% precision.

Finally, the actinic flux at every level in the atmosphere
F(A, z) is usually calculated by a radiative transfer program
which includes, among others, absorption and scattering by
atmospheric species. The contribution of this calculation to
the total imprecision carried by the incident flux is difficult to
evaluate as it comes from model assumptions themselves, uncer-
tainties in absorption and scattering cross-sections, uncertainties
in quantum yields and uncertainties in compound distribu-
tions. Each of these factors taken alone should already modify
significantly the calculation of J(z); their combination would
obviously worsen it a lot more. However, because of the
feedback between the abundances and the photodissociation pro-
cesses in the actinic flux calculation, these uncertainties would
be difficult to evaluate without an extensive theoretical inves-
tigation beyond the frame of the present review. While usually
extrapolated from values measured at maximum and minimum
solar activity, photolysis rates should nevertheless be calcu-
lated in further publications for a solar activity corresponding to
the time of the observations used for validating the theoretical
results.

If we assume a standard deviation of 50% for quantum yields,
65% for absorption cross-sections and without considering any
contribution from the radiative transfer model’s own assump-
tions, we obtain a maximum standard deviation of about 250%
for J;i(z). NASA JPL (2003) recommended to use global uncer-
tainty factors F; in the range [1.3-3] which correspond to
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standard deviations of photolysis rates in the range [30-300%].
The lower limit of 30% corresponds to combined uncertainties
for cross-sections and quantum yields of well known terrestrial
species like molecular ozone (O3), hydrogen chloride (HCI) and
principal chloro-(CCs) and chlorofluoro-carbon (CFCs) species.
Compared to this Earth-based database, and taking into account
the peculiarity of Titan’s conditions and species, we consider
that our adopted uncertainty estimations are well within what
could be expected for such an environment.

3.2. Bimolecular and termolecular reaction rates

The rate coefficients for the three-body pressure dependent
reactions (cm®s~!) are usually interpolated between the low-
pressure, three-body limiting rate values ko (cm®s~!) and the
high-pressure, two-body limiting rate values ks, (cm® s~!) with
the semi-empirical Lindemann—Hinshelwood equation:

Ky = KO Dkoc(TIIM] o
ko(T)[M] + koo(T)
where [M] is the total atmospheric density (cm—3). More refined
treatments of pressure effects in the falloff region have been sug-
gested [147,148]; however introducing the additional parameters
required by these more complicated expressions may enhance
the overall chemical uncertainty of the model. Moreover, Glad-
stone et al. [149] have already demonstrated their minimal
effects on the resulting concentrations of the major hydrocarbon
compounds in their own model of Jupiter’s atmosphere.
Modelers carefully choose their updated chemical rate coef-
ficients according to their relevance to Titan’s atmosphere
conditions; thus by focusing their attention on the tempera-
ture, but also on the pressure and the bath gas used during
the determination. Laufer et al. [150] and Yung et al. [2]
discussed the application of theoretical and semiempirical tech-
niques to estimate recombination reaction rate constants not
otherwise measured in laboratory experiments. On the basis of
considerations concerning transitory excited reaction interme-
diates and fast rate coefficients, Laufer et al. [150] suggested a
scaling between the rate constants for several hydrocarbon reac-
tions. However, merely the low-pressure, three-body limiting
rate constant ko is proportional to the collision frequency and
thus could be derived by using the appropriate computational
technique involving reduced collision masses, Lennard—Jones
collision cross sections as well as estimated values for the aver-
age energy transferred per collision A E. The different available
approaches are semi-empirical in essence, in that parameters are
adjusted within reasonable values to best match the data. Even
the recommended rate constant derived from one of the most
sophisticated and most reliable method, the Microcanonical
variational transition state theory (MCVTST)/master equation,
exhibit uncertainties in relative values likely up to 25-35% [54].
Moreover, reaction rates and their attached uncertainties are
supposed to be constrained within the temperature range of their
experimental and/or theoretical determination, which is often
not representative of Titan’s altitude-dependent temperatures.

The UMIST99 database for astrochemistry![21] provides such
information, but for conditions representative of the interstellar
medium and with a lower level of precision, as rate coeffi-
cients are classified in only four categories of precision: within
25%, 50%, 100% and 900%. NASA JPL panel data evaluation
[18] or the International Union of Pure and Applied Chemistry
(IUPAC) evaluation [19] are restricted to the 200400 K tem-
perature range, optimized as they are indeed for Earth chemistry
(conditions, species). Baulch et al. [20] latest critical evaluation
of kinetic data is restricted for combustion modeling and thus
only for temperature above 298 K. Extrapolating these uncer-
tainties at temperatures representative of Titan’s atmospheric
conditions constitutes however another source of uncertainty.

Stewart and Thompson [151] detailed study of temperature-
dependent uncertainties on reaction rates allowed them to
estimate the magnitude of the uncertainty factor at a temperature
different from the one used in the experiment. Their study was
based on various rate compilations [152,153] providing some
Arrhenius coefficients, activation temperatures, and their asso-
ciated errors at a given temperature. Following DeMore et al.
[153], Stewart and Thompson [151] were then able to calculate
the propagation of the errors at different temperatures, especially
at low temperatures. In their critical review, Baulch et al. [20]
emphasize however the difficulty of estimating these uncertain-
ties on reaction rates and support the fact that many of them, if
known, might be underestimated. Hence, the importance of the
kind of experimental studies providing rates at low temperature,
useful as they are to reduce the amount of uncertainty in some
reactions.

An estimate of the uncertainty of the reaction rate k; at any
given temperature, F;(7"), may be obtained from the following
expression adapted from Sander et al. [18]:

Fi(T) = F;(300K) e8i((1/T)=(1/300) 3)

where F;(300K) is the uncertainty in the rate constant k; at
T =300K. F; = 1.25 means a precision of k; within 25%,
F; = 1.5 within 50%, F; = 2 within 100%, etc. The coefficient
gi has been defined in this evaluation for use with F;(300K) in
the above expression to obtain the rate constant uncertainty at
different temperatures. Both uncertainty factors, F;(300 K) and
gi, donot necessarily result from a rigorous statistical analysis of
the available data. Rather, they have been evaluated to construct
the appropriate uncertainty factor, F;(T), following an approach
based on the fact that rate constants are almost always known
with a minimum uncertainty at room temperature, supposedly
constant within the temperature range of experiments but not
within the temperature range of interest to the study of plan-
etary atmospheres. Recent measurements of the rate constant
for the reaction of the methylidine radical (CH) with hydrocar-
bons at very low temperatures show indeed that the behavior
of rate coefficients may be different from that expected by the
extrapolation of high temperature experiments to low temper-
atures [37]. The overall uncertainty then normally increases at
lowest temperatures, usually because of this lack of experimen-

! http://www.udfa.net.
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tal data. In addition, data obtained at temperatures far distant
from 300 K may be less accurate than at room temperature due
to various experimental difficulties. g;, called from this point the
“uncertainty-extrapolating” coefficient, should therefore not be
interpreted as the uncertainty in the Arrhenius activation temper-
ature (E;/R). Both F;(300K) and g; additional parameters thus
quantify the temperature-dependent uncertainties carried by the
standard set of coefficients k; for bi- and trimolecular reactions in
a temperature range adapted for exhaustively describing Titan’s
atmosphere. The uncertainty represented by F;(7) is normally
symmetric; i.e., the rate constant may be greater or smaller than
the recommended value, k;(T), by the factor F;(T). No cases of
asymmetric uncertainties have been given in this evaluation.
We based this evaluation in a fraction of the reactions rates on
previous compilations where their uncertainty factors at room
temperature F;(300 K) have been previously evaluated with val-
ues included between 1.05 and 10 [25,26,23,24]. Some of our
choices may seem arbitrary but were motivated by several argu-
ments. For reactions whose uncertainty factors F;(300 K) were
not available, either not considered by these compilations or
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not estimated because of a lack of experimental set of data, we
assumed F;(300K) = 2.0 and g; = 100. As there is no obvious
reason to assume that these reactions are affected, on aver-
age, by a larger uncertainty than the others, we therefore chose
to assign them the precision that dominates the above com-
piled reactions set and/or their own review (more than 25% of
the reactions have F;(300K) = 2.0 and more than 50% have
gi = 100). Besides, a lack of laboratory or theoretical measure-
ments usually enforces modelers to estimate some chemical
rate coefficients for several reactions, based on analogies in
molecular structures and exothermicities. We assumed for these
reactions F;(300 K) = 10.0, the highest imprecision that can be
found in the compilations, but still associated with g; = 100.
By assuming a higher uncertainty on reactions without known
F;(300K) factor and/or on estimated reactions, any selection
method to identify the key reactions responsible for the greatest
imprecision in theoretical models would tend to point inevitably
to them, even if their rate coefficients are already known to be
considered with priority in order to have their uncertainty better
constrained.
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Fig. 3. Examples of rate coefficients and their 1 o-attached uncertainties, as a function of temperature, as reviewed and implemented in our Monte-Carlo study. (a)
CH3 + CH3 high-pressure, two-body limiting reaction rate—nominal rate coefficient used to generate our nominal 1D profiles taken from Wang et al. [53](solid
line), Klippenstein and Harding [52](open circles), Cody et al. [50,51](filled squares), Slagle et al. [45](dashed line), Baulch et al. [26](open squares), Tsang and
Hampson [23](open diamond), Tsang [24](filled triangle). (b) CoH + C,Hy reaction rate—nominal rate coefficient used to generate our nominal 1D profiles taken
from Opansky and Leone [82](solid line with its associated experimental uncertainties), Chastaing et al. [83](open circles), Vakhtin et al. [85](filled squares), Laufer
and Fahr [160](open squares). (¢) CoH 4+ CH,CCH, reaction rate—nominal rate coefficient used to generate our nominal 1D profiles taken from Carty et al. [84],
Laufer and Fahr [160](open circles), Vakhtin et al. [86](filled squares), Hoobler and Leone [80](dashed line). (d) OH + C,H; low-pressure, three-body limiting
reaction rate—nominal rate coefficient used to generate our nominal 1D profiles taken from Atkinson et al. [161], DeMore et al. [162](dashed line with its associated
experimental uncertainties). kp, the absolute limit rate in pure Ny, is also considered.
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Some examples of such adopted uncertainty limits, as a func-
tion of temperature, as inferred from our estimations, are shown
on (see Fig. 3 a—d). The whole set of adopted nominal reac-
tion rates is displayed along with their uncertainty parameters
in Table 2; the adopted uncertainty factors at room temperature
F;(300K) range from 1.1 to 12 and their attached “uncertainty-
extrapolating” coefficients g; from 30 to 600.

4. Implications for planetary atmospheres modeling

As we have seen in this review of the main chemical reac-
tions used in the latest models, many uncertainties still remain
concerning rate constants, absorption cross sections and quan-
tum yields as well as the role of potential excited states. Our
adopted uncertainty factors at room temperature F;(300 K) range
from 1.1 to 12 and their attached “uncertainty-extrapolating”
coefficients g; from 30 to 600. These assigned uncertainties
represent our own subjective assessment but these range seems
reasonable when confronted to Earth-based, higher temperature
kinetic databases. Extensive experimental studies are necessary
to improve our knowledge of photochemical parameters, espe-
cially at low temperature. They are important in order to evaluate
precisely the uncertainty factors of these rates and to lower these
uncertainties at low temperatures and represent an important pre-
requisite before to allow modelers to specifically pinpoint the
photochemical parameters that are responsible for inducing the
largest uncertainties in a more representative way (using photo-
chemical models or other techniques such as the one developed
by Dobrijevic et al. [154]). It would allow eventually a more
efficient use of photochemical modeling in orientating future
laboratory investigations and confronting their computed results
to the insights provided by the observations.

Very recently, studies have been performed in order to
evaluate the effect of imprecisions in photochemical rates on
computed concentrations of hydrocarbons obtained with pho-
tochemical models of Titan’s atmosphere [15,17]. Although
restricted to OD box approximations, these calculations
exhibit quite startling results: considering realistic uncertainties
regarding photochemical parameters, imprecision in computed
hydrocarbon concentrations in the low atmosphere may extend
over a few orders of magnitude. Hébrard et al. [17] thus asserted
that intrinsic imprecision in photochemical models may be
as significant as to question indeed any comparisons between
theoretical models with observations and that any potential con-
clusions subsequently inferred.

The evaluation of uncertainties in photochemical parameters
in conditions representative of Titan’s atmosphere, following
our investigation of their photochemical sources as detailed
above, is also a fruitful requirement for improving Hébrard et
al. [17] calculations. These improvements concern its exten-
sion to a 1D model including transport processes and a detailed
study of the effects of radiative transfer calculation on pho-
todissociation rates. Any further work should also be extended
to nitrogen and oxygen photochemistry for a better discussion
on the mechanisms involved in heavy compounds formation in
Titan’s atmosphere. Our better determination of uncertainties in
photolysis and reaction rates as a function of temperature is an
essential tool to study Titan’s atmosphere this way. More gen-
erally, such an exhaustive database would be essential for all
studies related to planetary atmospheres. Unfortunately, to our
knowledge, such databases do not exist except now specifically
for Titan’s atmosphere.
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Appendix A
Table 1: Chemical reactions scheme and their associated uncertainties

Reactions Rate coefficients F(300 K) g References

R1 H+H M H, 1.5 x 10—29 7—1.3 1.70  100* Tsang and Hampson [1986]

R2 H+ CH — C + Hy 1.31 x 1010 (—80/T 10.00  100* Harding et al. [1993]

R3 H 4 'CHy — CH + Hy 2.71 x 10710 2.00%* 100 Tsang and Hampson [1986]

R4 H+ 3CHy, — CH + Hy 3.54 x 10— 11 10.32 10.00* 600 Fulle and Hippler [1997]

R5 H + 3CHy M, CHy kg = 3.1 x 10730 ¢457/T 2.00 100 Gladstone [1996]
koo = 1.5 x 1010 2.00 100

R6 H 4 CHz — 3CHy + Hg 1.0 x 10710 =7600/T 10.00* 100 Baulch et al. [1992]

R7 H+ CHz M, cHy ko = 6.33 x 1021 T—2.98 . —635/T 2.60 400 Forst et al. [1991]
koo = 3.5 x 10710 1.40  100* Baulch et al. [1994]

R8 H +4 CHy — CHg + Ho 2.18 x 10720 73 —4045/T 1.58 100 Baulch et al. [1992]

RO  H + CoH M, coH, ko = 1.26 x 10718 p=3.1 (—721/T 2.00 100 Tsang and Hampson [1986]
koo = 3.0 x 10— 10 1.50 100

R10 H +4 CoHo — CoH + Hg 1.0 x 10710 —11200/T 5.00 100 Tsang and Hampson [1986]

R11 H + CoHy M, cyHg ko = 3.3 x 10730 ¢=740/T 3.16  100* Baulch et al. [1994]
koo = 1.4 x 10— 11 ¢—1300/T 8.00  100*

R12 H 4 CgH3 — CpHgy + Hg 7.6 x 10~ 11 4.00  100* Monks et al. [1995]

R13 H + CoHg M. CoHy ko = 5.76 x 10—24 7—1.3 2.00 100 Monks et al. [1995]
koo = 8.0 x 10711 2.00 100

R14 H + CoHy M. CoHg kg = 7.69 x 10730 ¢—383/T 2.40 150 Baulch et al. [1994]
koo = 6.6 x 10~ 15 11.28 —650/T 2.00* 170

R15 H + CoHs — CHjy + CHjy 1.25 x 10710 2.20  100* Sillesen et al. [1993]

R16 H + CoHy — CoHy + Ho 3.0 x 10712 3.00 100 Tsang and Hampson [1986]

R17 H + CoHy M. CyHg kg = 5.5 x 10723 7=2 ¢—1040/T 2.00 100 Teng and Jones [1972]
koo = 1.66 x 1010 1.20  100* Sillesen et al. [1993]

R18 H 4 CsHg — CoHy + Ho 2.35 x 10715 T1.5 (—3725/T 2.00* 100 Baulch et al. [1992]

R19 H + C3Hy M, CgHg kg = 1.7 x 1026 2.00 100 Laufer et al. [1983]
koo = 1.0 x 10— 11 2.00 100 Homann and Wellmann [1983]

R20 H + CzHg M. CH3C,H ko = 1.7 x 1026 2.00 100 Laufer et al. [1983]
koo = 2.5 x 10710 1.90 100* Atkinson and Hudgens [1999]

R21 H + CgHg . CH5CCHy ko = 1.7 x 10726 2.00 100 Laufer et al. [1983]
koo = 2.5 x 1010 1.90  100* Atkinson and Hudgens [1999]

R22 H + CH3CoH M, CHy + CoHy ko = 8.0 x 10724 ©—2 —1225/T 2.00 100 Wagner and Zellner [1972a]
koo = 9.7 x 10~13 ¢—1550/T 2.00 100

R23 H + CH3CoH M, caHy ko = 8.0 x 10724 p=2 ¢—1225/T 2.00 100 Whytock et al. [1976]
koo = 6.0 x 10711 —1233/T 2.00 100

R24 H +4 CHyCCHy — CH3CoH + H 1.29 x 10~ 11 ¢—1156/7T 2.00 100 Alexetrov el al. [1980]

R25 H + CHpCCHy M. CHy + CoHy ko = 8.0 x 10724 7—2 —1225/7T 2.00 100 Wagner and Zellner [1972b]
koo = 9.7 x 1013 ¢—1550/T 2.00 100

R26 H + CHyCCHy M. cyHg ko = 8.0 x 10724 7—2 ¢—1225/T 2.00 100 Whytock et al. [1976]
koo = 6.6 x 1012 ¢—1360/T 2.00 100

R27 H + CgHy — CoHg 4 CHg 6.0 x 10— 11 10.00 100 Estimated from R34

R28 H + CgHy — CH3CoH + Hg 3.3 x 10710 3.00  100* Tsang [1991]

R29 H + CgHy — CHoCCHg + Ho 3.0 x 1011 3.00  100* Tsang [1991]

R30 H + C3Hz M CzHg ko = 1.0 x 10724 2.00 100 Hanning-Lee and Pilling [1992]
koo = 2.84 x 10— 10 1.60  100*

R31 H + CgHg — CHg 4 CgHy 1.2 x 10—11 ¢—655/T 2.00* 100 Tsang [1991]

R32 H + CgHg — C3Hg + Ho 2.87 x 10719 72.5 (—1254/T 2.00* 100 Tsang [1991]

R33 H + CgHg L C3H7 ko = 1.5 x 10729 2.00 100 Laufer et al. [1983]
koo = 3.7 x 1011 ¢—1040/T 2.00* 100*

R34 H + CgH; — CoHg 4 CHg 6.0 x 1011 2.00 100 Tsang [1988]

R35 H + CgH; — CgHg + Ho 3.0 x 10712 2.00* 100 Tsang [1988]

R36 H + C3Hy; M, CgHg ko = 5.5 x 10723 7—2 —1040/T 10.00 100 Estimated from R17(kq)
koo = 2.49 x 10— 10 2.00* 100* Munk et al. [1986]

R37 H + CgHg — CgHy + Hg 2.2 x 10718 72.54 ,—3400/T 3.00 100 Tsang [1988]

R38 H + C4H M, cyH, kg = 1.26 x 10718 p=3.1 =721/ 10.00 100 Estimated from R9(kg)
koo = 3.0 x 10710 10.00 100 Estimated from R9(kno)

R39 H + Cy4Hy M. C4Hg ko = 3.3 x 10730 ¢=740/T 10.00 100 Estimated from R11(kg)
koo = 1.39 x 1010 o—1184/T 2.00 100 Nava et al. [1986]

R40 H + C4H3z — CgHg + CgHy 3.3 x 10712 2.00 100 Schwanebeck and Warnatz [1975]

R41 H + C4Hz — CyHg + Hg 1.2 x 10711 2.00 100 Schwanebeck and Warnatz [1975]

R42 H + Cy4Hg M. cyHy kg = 5.76 x 10724 7—1.3 2.00 100 Estimated from R13(kg)
koo = 8.56 x 1010 ¢—405/T 2.00 100 Duran el al. [1988]

R43 H + C4Hy M oyH5 ko = 8.76 x 10708 ©—=7.03 o —1390/T 2.00 100 Schwanebeck and Warnatz [1975]
koo = 3.3 x 10712 2.00 100

R44 H 4 C4Hg — CyHg + Hg 1.05 x 10713 0.7 (—3019/7T 2.00 100 Weissman and Benson [1988]

R45 H + CgH M. CgHy ko = 1.26 x 10718 p=3.1 ¢—721/T 2.00 100 Kiefer and von Drasek [1990]
koo = 3.0 x 10710 2.00 100

R46 H + CgHy M CgHp ko = 1.96 x 10133 p—18.35 . —6694/T 2.00 100 Wang and Frenklach [1994]
koo = 1.06 x 10— 14 pl.11 (—705/T 2.00 100

R47 H + CgHy M CgHg ko = 1.82 x 1028 ©—16.3 (—3526/T 2.00 100 Wang and Frenklach [1997]
koo = 1.66 x 10710 2.00 100

R48 H + CgHg — CgHs + Hg 4.15 x 10—10 (—8052/7T 2.00 100 Wang and Frenklach [1997]

R49 H + CgHg L CgHy ko = 3.3 x 10730 —740/7T 10.00 100 Estimated from R11(kg)
Koo = 5.27 x 10— 11 ¢—1605/T 2.00 100 Mebel et al. [1997]

R50 C + Hp M. 3CH, kg = 7.0 x 10732 1.30  100* Husain et al. [1975]
koo = 2.06 x 10— 11 —55.4/T 2.00 100 Harding et al. [1993]

rR51 C +c M ¢, ko = 4.87 x 10727 p—1.6 2.00 100 Slack et al. [1976]
koo = 2.16 x 10— 11 2.00 100 Martinotti et al. [1968]

R53 C + CHy — CgHy 2.0 x 10715 3.00 100 Husain et al. [1971] - Upper limit

R54 C + CgHo — CgHg 4.6 x 10— 10 7—0.08 2.00* 50 Chastaing et al. [1999]

R55 C + CoHy — CHoCCHgy 4.6 x 1010 p—0.07 1.80 50 Chastaing et al. [1999]

R56 C + CHgCoH — CyHy 8.0 x 1010 2.20  100* Husain et al. [1997]
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Appendix B. Supplementary data

Supplementary  data  associated with  this  arti-
cle can be found, in the online version, at
doi:10.1016/j.jphotochemrev.2006.12.004.
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