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ABSTRACT

Hydrogen cyanide (HCN) is a critical reactive source of nitrogen for building key biomolecules rel-
evant for the origin of life. Still, many HCN reactions remain uncharacterized by experiments and
theory, and the complete picture of HCN production in planetary atmospheres is not fully understood.
To improve this situation, we develop a novel technique making use of computational quantum chem-
istry, experimental data, and atmospheric numerical simulations. First, we use quantum chemistry
simulations to explore the entire field of possible reactions for a list of primary species in No-, CHy-,
and Hso-dominated atmospheres. In this process, we discover 33 new reactions with no previously
known rate coefficients. From here, we develop a consistent reduced atmospheric hybrid chemical net-
work (CRAHCN) containing experimental values when available, and our calculated rate coefficients
otherwise. Next, we couple CRAHCN to a 1D chemical kinetic model (ChemKM) to compute the
HCN abundance as a function of atmospheric depth on Titan. Our simulated atmospheric HCN pro-
file agrees very well with the Cassini observations. CRAHCN contains 104 reactions however nearly
all of the simulated atmospheric HCN profile can be obtained using a scaled down network of only 19
dominant reactions. From here, we form a complete picture of HCN chemistry in Titan’s atmosphere,
from the dissociation of the main atmospheric species, down to the direct production of HCN along 4
major channels. One of these channels was first discovered and characterized in Pearce et al. (2019)
and this work.

Keywords: Titan HCN — atmospheric modeling — quantum chemistry — reaction network — astro-

biology

1. INTRODUCTION

Hydrogen cyanide (HCN) is a fundamental molecule in
the origins of life. Both nucleobases, the building blocks
of DNA/RNA, and amino acids, the building blocks of
proteins form in HCN reactions (Oré 1961; Miller 1957).
Consequently, a terrestrial atmosphere rich in HCN may
be a distinct feature of what we term a biogenic planet,
i.e. a planet capable of producing key biomolecules with-
out requiring exogenous sources (e.g. meteorites).

In atmospheres, HCN generally forms out of the reac-
tive radicals left over from methane (CHy4) and nitrogen
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(N2) dissociation (Catling & Kasting 2007; Pearce et al.
2019; Horst 2017). These radicals are ‘N, 2N, CHs,
3CH,, 'CH,, CH, H, and H, where the leading super-
scripts signify the singlet, doublet, triplet, and quartet
spin states (Shi et al. 2017; Gans et al. 2011). There are
various energy sources capable of dissociating CH, and
Ny in an atmosphere, including ultraviolet (UV) light,
galactic cosmic rays (GCRs), and lightning.

The most HCN-rich atmosphere in the Solar System
belongs to Saturn’s moon Titan. From 2004-2009, 4 in-
struments aboard the Cassini spacecraft measured the
HCN molar mixing ratios! in Titan’s atmosphere to be

1 Molar mixing ratios are the molar abundances of species divided

by that of the entire atmospheric composition.
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~0.1-10ppm (parts-per-million) in the lower atmosphere
(<600 km), and ~0.1-5%0 (parts-per-thousand) in the
upper atmosphere (> 700 km) (Vinatier et al. 2010;
Adriani et al. 2011; Koskinen et al. 2011; Magee et al.
2009). Titan has a surface temperature of ~94 K, and
an atmospheric composition of approximately 1.5 bars
of Ny (~94.2%), CHy (~5.7%) and Hy (~0.1%) with
relatively low abundances of oxygen species (CO: 40—
50 ppm, COs: 10-20 ppb, HyO: 0.5-8 ppb) (Catling
2015; Horst 2017). UV light and GCRs are responsible
for dissociating N9 and CHy4 to produce radical species
in Titan’s upper and lower atmospheres, respectively
(Vuitton et al. 2019; Gronoff et al. 2011, 2009). Nu-
merical simulations of No-rich exoplanet atmospheres
suggest Titan’s high atmospheric HCN composition is
caused by its high atmospheric C/O ratio (> 1) (Rim-
mer & Rugheimer 2019).

HCN has also been detected in the atmospheres of
Pluto and Neptune with concentrations of ~40 ppm
and ~1 ppb (parts-per-billion), respectively (Lellouch
et al. 2017; Marten et al. 1993). Observations have
also been used to put an upper bound of 0.1 ppb on
the HCN concentration in Uranus’s atmosphere (Marten
et al. 1993). Finally, HCN has been tentatively detected
in the exoplanet atmospheres of 55 Cancri e (Tsiaras
et al. 2016) and WASP-63b (MacDonald & Madhusud-
han 2017), and may have been present in the early Earth
atmosphere prior to the origin of life (Catling & Kasting
2007).

Given the abundance of HCN in Titan’s atmosphere,
and the availability of the Cassini data, Titan is the
perfect testbed for validating theoretical chemical net-
works for HCN production in atmospheres. In the
past, large-scale networks containing 800-3000+ reac-
tions have been paired with 1D chemical kinetic codes
to calculate the HCN profile as well as other chemi-
cal profiles in Titan’s atmosphere (Vuitton et al. 2019;
Willacy et al. 2016; Loison et al. 2015; Li et al. 2014;
Hébrard et al. 2012; Krasnopolsky 2009; Lavvas et al.
2008; Hébrard et al. 2007). Past simulations provide
a reasonable agreement with the Cassini atmospheric
HCN measurements, and agree on the importance of
H>;CN + H — HCN + Hj; as a pathway for HCN pro-
duction, and HCN photolysis (HCN + hy — CN +
H) as a destruction process (Hébrard et al. 2012; Loi-
son et al. 2015; Willacy et al. 2016; Vuitton et al. 2019).
Rate coefficients in these networks are typically gath-
ered from a variety of sources with differing accuracies
(e.g. experiments, theoretical simulations, similar re-
actions, thermodynamics). Quantum chemistry meth-
ods are also occasionally used to introduce new reaction

rate coeflicients (e.g. Hébrard et al. (2012); Loison et al.
(2015); Vuitton et al. (2019)).

Up until this point, there have been gaps in the HCN
chemical data, preventing simulations from obtaining a
complete picture of HCN production and destruction
in Titan’s atmosphere. There is a particular absence
of rate coeflicient data for reactions involving excited
species such as doublet nitrogen atoms (?N) and sin-
glet methylene ('CH,): two species that are directly
produced from ultraviolet (UV) and galactic cosmic ray
(GCR) dissociation in Titan’s upper and lower atmo-
sphere, respectively (Vuitton et al. 2019).

We take the next step in simulating HCN chemistry in
Titan’s atmosphere, by finding, calculating, and includ-
ing all the missing reactions relevant to the production
and destruction of HCN in this environment and any di-
rect competing reactions. Furthermore, given the com-
plexity and computational cost of analyzing large-scale
networks, we take a different approach from past Ti-
tan simulations by building and implementing a reduced
network. What we have discovered, is that HCN chem-
istry can really be understood with a highly reduced set
of chemical reactions, and that this approach is invalu-
able to obtaining physical insights from the results. A
reduced network approach has been taken in the past
for modeling warm to hot hydrogen-dominated atmo-
spheres, and has similarly been found to conserve most
of the information and insight into the dominant pro-
duction and destruction pathways of observable species
(Venot et al. 2019). Moreover, shifting the focus to
the development of smaller chemical networks that are
less computationally demanding would make them im-
plementable in 3D atmosphere models (e.g., Lebonnois
et al. (2012)), which are the only ones that are able to
reproduce seasonal effects.

To summarize our method, we develop a “bottom
up” theoretical approach to analyze the main formation
and destruction channels of HCN in Titan’s atmosphere.
We start by using computational quantum chemistry
simulations to scan all possible reactions between a
small set of primary species. The primary species are
the main reactive constituents of Titan’s atmosphere
(CHy4, Ny, Ho, HCN), their dissociation products, and a
few key intermediates (see Table 1 for list of primary
species). We then use canonical variational transition
state theory (Truhlar & Garrett 1984; Pearce et al. 2019)
and Rice-Ramsperger—Kassel-Marcus/master equation
(RRKM/ME) theory (Forst 2003) to calculate the rate
coefficients for all these reactions. Many of these reac-
tions are discovered here for the first time. We validate
these calculations by comparing with experimental val-
ues in the 32% of cases that are available.
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From this, we combine our calculated rate coefficients
with available experimental values to obtain a consistent
and complete chemical network for the reduced set of
primary species. We call this network CRAHCN (Con-
sistent Reduced Atmospheric Hybrid Chemical Net-
work). We then couple CRAHCN with a 1D chemical
kinetic model (ChemKM) (Molaverdikhani et al. 2019)
in order to simulate the production and destruction of
HCN in Titan’s atmosphere.

This approach is beneficial in that it allows us to a) ac-
cept or reject previously reported reactions, b) discover
previously unknown and potentially very important re-
actions, and c) develop a very fast, accurate, and consis-
tent code to compute HCN chemistry in atmospheres.

We began this effort in Pearce et al. (2019), where we
developed a feasible and accurate method to calculate a
small network of 41 unique reaction rate coefficients that
are directly involved with or in competition with the pro-
duction of HCN in atmospheres. We focused mainly on
validating the method using reactions previously studied
by theory or experiment; However 15 of the calculated
rate coefficients in that work had no previously known
values.

In this work, we expand the network to include CN
as a primary reacting species. We also explore more
deeply into the unknown territory of HCN chemistry by
simulating all the possible efficient interactions between
the primary molecular species in the network. In this
expansion, we also include three-body reactions, where
an atmospheric molecule collisionally deexcites a vibra-
tionally excited intermediate. Next, we modify some
of the reactions from Pearce et al. (2019) due to new
knowledge about vibrationally excited and unstable in-
termediates (see theoretical case studies in Appendix
materials). Finally, we include two experimental spin-
forbidden collisionally induced intersystem crossing re-
actions (Douglas et al. 2018; Suzuki et al. 1993) whose
rate coefficients cannot be calculated using our theo-
retical method. We direct the reader to the Appendix
Tables for the CRAHCN rate coefficient data.

In this process, we discover 33 brand new reactions,
the majority of which are based on HoCN, CN, CH, and
electronically excited molecules (*N and 'CHs). Ulti-
mately, we finish with a consistent reduced network con-
taining 104 reactions, which is complete for the 14 pri-
mary species in this work. In the end, we discover that
only 19 reactions are at the heart of HCN production
and destruction in Titan’s atmosphere.

This paper proceeds as follows: in Section 2 we
describe the theoretical and computational quantum
chemistry methods used to calculate the reaction rate
coefficients in CRAHCN, and we outline the model pa-

rameters for our atmospheric numerical simulations of
Titan. Then, in Section 3 we describe the results of the
rate coefficient calculations, and their conformance to
any experimentally measured values. We also perform
a methods comparison to compare the accuracies of our
chosen computational quantum chemistry method and
two other widely used methods. Next, in Section 4 we
analyze the results of our four numerical models of Ti-
tan’s atmosphere: our fiducial model, a model with only
19 dominant reactions, a model with no GCRs, and
a model with a different input for eddy diffusion. We
then compare our results to the three most recent Titan
models in the literature (Vuitton et al. 2019; Willacy
et al. 2016; Loison et al. 2015). In this section, we also
describe the two sensitivity analyses which allow us to
identify the dominant pathways to HCN production and
destruction on Titan. Sensitivity analyses involve run-
ning simulations where reactions from the network are
excluded I) one at a time, and II) multiple at a time.
Then, in Section 5 we present a step-by-step guide to
the production of HCN in Titan’s atmosphere, and we
discuss how CRAHCN can be used for other atmospheric
models. Finally, we summarize our main conclusions in
Section 6.

The Appendix materials contains a) three tables com-
paring calculated rate coefficients at 298 K with exper-
imental values, b) two tables containing the CRAHCN
reaction rate coefficients, expressed as their Lindemann
and Arrhenius parameters for temperatures from 50—
400 K, ¢) any experimental data for the reactions calcu-
lated in this work, d) a breakdown of the calculations for
some of the non-standard reactions in CRAHCN, and e)
the raw computational quantum chemistry data used for
rate coefficient calculations.

2. METHODS

Our atmospheric model can be roughly divided into
two components, a) the chemical network, which is the
collection of reactions and their experimental or calcu-
lated rate coefficients, and b) the chemical kinetic code,
which handles radiative transfer, molecular and eddy
diffusion, molecular influx and escape, photodissocia-
tion, and GCR dissociation.

2.1. Rate Coefficient Calculations

There are 104 reactions in our reduced network, rep-
resenting all efficient reactions between the 14 primary
species in our network (see Table 1). Our strategy for
building up the network is as follows.

Firstly, if experimental data is available, we use it in
this network. This accounts for 42 of the 104 reactions.

Second, we use a standard, fast, and accu-
rate computational quantum chemistry method com-
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Table 1. List of primary molecular species in this network
and their spin states.

Species Spin state Ground/Excited state

HCN singlet ground
H2CN doublet ground
N» singlet ground
CN doublet ground
N doublet excited
4N quartet ground
CH4 singlet ground
CHs; doublet ground
'CH, singlet excited
3CH, triplet ground
CH doublet ground
Ho singlet ground
H doublet ground
NH triplet ground

bined with standard theoretical methods to compute
all possible rate coefficients and compare our re-
sults with any experimental values. This compu-
tational method is the Becke-Half-and-Half-Lee-Yang-
Parr? (BHandHLYP) density functional and the aug-
mented correlation-consistent polarized valence double-
¢ (aug-cc-pVDZ) basis set® (Becke 1993; Lee et al. 1988;
Dunning, Jr. 1989; Kendall & Dunning, Jr. 1992; Woon
& Dunning, Jr. 1993). We call this method BH/d for
short. We show that there is a good agreement between
experimental and calculated rate coefficients when using
this computational method, with the majority of calcu-
lations (64%) landing within a factor of 2 of experimen-
tal values and all values landing within about an order
of magnitude of experimental values.

Typical uncertainties for rate coefficients—assigned in
large-scale experimental data evaluations—range from a
factor of 2 to an order of magnitude (Baulch et al. 1992;
Tsang & Hampson 1986). As examples in our network,
Baulch et al. (1992) assign factor of 2-3 uncertainties
to the rate coefficients of H+ H + M —— Hy + M and
CHs; + H+ M —— CH4 + M, and order of magnitude

2 Hartree-Fock (HF) methods tend to over-estimate energy barri-
ers, and density functional theory (DFT) methods tend to under-
estimate energy barriers. BHandHLYP offers a reasonable so-
lution by using 50% Hartree-Fock and 50% density functional
theory for the exchange energy calculation.

3 The basis set is the defined space for the problem, in our case
it represents the atomic orbitals. The aug-cc-pVDZ basis set
includes all atomic orbitals within the electron shell that is 1
above the atom’s valence shell.

uncertainties to the rate coefficients of CHy + CH —
products and CN + ‘N — N, + C.

Third, we compare the accuracy of our BH/d calcu-

lations with A) a second DFT method, and B) an ab
inito method. The DFT method we use for compari-
son is the fairly recently developed asymptotically cor-
rected wB97XD functional (Chai & Head-Gordon 2008).
We again use the aug-cc-pVDZ basis set, and call this
method wB/d for short. The ab inito method is coupled-
cluster singles and doubles * (CCSD) with the aug-cc-
pVTZ basis set (Ramabhadran & Raghavachari 2013).
For convenience, we designate this as CC/t. We will
show below that wB/d and CC/t do not necessarily im-
prove the accuracy of our calculations in terms of agree-
ment with experimental rate coefficients. In 8 out of 12
cases, BH/d gives the best, or equal to the best agree-
ment with experiment in comparison with the other two
methods. The other two methods give the best, or
equal to the best agreement in 7 out of 12 and 6 out
of 12 cases, respectively. We summarize these results
in detail in Section 3.1. For recent detailed reviews of
DFT and coupled-cluster theory, we refer the reader to
Mardirossian & Head-Gordon (2017), and Bartlett &
Musial (2007), respectively.

We have also compared the accuracy of a variety of dif-

ferent methods on a benchmark reaction (BHandHLYP,
CCSD, HF, M06-2x, CAM-B3LYP and B3LYP) in past
work, and found the BH/d computational method pro-
vided the best accuracy (Pearce et al. 2019). We note
that the CAM-B3LYP/aug-cc-pVDZ method provided
comparable accuracy to BH/d, and would be an inter-
esting method to explore for future network calculations.

Finally, we compare the difference in accuracy for our

benchmark method when increasing the size of the basis
set from double-( to triple-(. We will show that there is
no measurable improvement in accuracy for the 12 cases
chosen in this work when increasing the basis set size by
this level.

The theoretical methods we use to calculate rate

coefficients are variational transition state theory
(CVT) (Truhlar & Garrett 1984; Truhlar 1985;
Pearce et al. 2019) and Rice-Ramsperger—Kassel-

4 The major benefit of coupled-cluster theory over DFT tends to
come into play for systems with strong electron correlation ef-
fects. Coupled-cluster methods are able to describe the quantum
many-body effects of the electronic wave function at a computa-
tional cost is significantly more expensive than DFT. Coupled-
cluster methods are size-extensive, and thus provide a correct
scaling for the correlation energy with respect to the number of
electrons (Bartlett 1989; Cohen et al. 2012; Zhang & Griineis
2019).
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Marcus/master equation (RRKM/ME) theory (Forst
2003). These theoretical methods are described below.

2.1.1. One- and Two-Body Reactions

One- and two-body reaction rate coefficients are cal-
culated using CVT. This method involves varying the
reaction coordinate (e.g. a bond distance) along a min-
imum energy path in order to find the minimum rate
coefficient. This is expressed as: (Truhlar 1985)

kovr(T,s) = msin {kar(T,s)}. (1)

where kg (T, s) is the generalized transition state the-
ory rate coefficient, T is the temperature, and s is the
reaction coordinate (e.g. bond distance).

Neglecting effects due to tunneling, the generalized
transition state theory (GT) reaction rate coefficient is
given by: (Eyring 1935; Truhlar 1985)

kgT QYT s) ¢—Fo(s)/RT
h T, Qr(T)

where o is the reaction path multiplicity, kp is the Boltz-
mann constant (1.38x10723 J K=1), T is temperature
(K), his the Planck constant (6.63x1073% J-s), Q* is the
partition function of the transition state per unit volume
(ecm™3), with its zero of energy at the saddle point, Q; is
the partition function of species ¢ per unit volume, with
its zero of energy at the equilibrium position of species
1, n; is the stoichiometric coefficient of species i, N is
the number of reactant species, Ey is the difference in
zero-point energies between the generalized transition
state and the reactants (kJ mol~!) (0 for barrierless re-
actions), and R is the gas constant (8.314x1073 kJ K1
mol 1),

To find the location along the minimum energy path
where the GT rate coefficient is smallest, we use the
maximum Gibbs free energy criterion, which offers a
compromise of energetic and entropic effects (Truhlar
1985; Truhlar & Garrett 1980).

The partition functions per unit volume have four
components,

ker(T,s) =0 (2)

Q= %QeQU(]r- (3)

where V is the volume (cm™3) and the t, e, v, and r sub-
scripts stand for translational, electronic, vibrational,
and rotational, respectively.

The zero-point energies, Gibbs free energies, and par-
tition functions are calculated for each reaction along
its minimum energy path using the Gaussian 09 soft-
ware package (Frisch et al. 2009).

This accurate yet inexpensive method was developed
in Pearce et al. (2019) and typically provides rate coef-
ficients within an order of magnitude of their published
experimental values. In this work, in order to improve
accuracy by a factor of 2 on average, we modify the
location of the zero of energy for the vibrational parti-
tion function in Equation 2. Now, instead of being at
the bottom of the internuclear potential energy well, we
place it at the first vibrational level, i.e., the zero-point
level. This gives the vibrational partition function the
form:

1
Qv = H 1_e-0./T’ (4)

where N is the number of vibrational modes, ©,, is the
vibrational temperature of the n** mode (0,, = ﬁk“;jl),
and T is temperature.

Barrierless reaction rate coefficients do not typically
vary by more than a factor of a few for temperatures
between 50 and 400 K (Clary 1990; Li et al. 2008; Hase
et al. 1987; Jasper et al. 2007; Daranlot et al. 2013),
thus temperature dependences are only calculated for
the reactions with barriers. This is done by calculating
the rate coefficients at 50, 100, 200, 298.15, and 400 K
and then fitting the results to the modified Arrhenius
expression

T\ _r
KT)=a=—) e 5
1) =a(55) <" 9
where k(T) is the temperature-dependent second-order
34—1

rate coefficient (cm”s™'), , 3, and v are fit parameters,
and T is temperature (in K).

2.1.2. Three-Body Reactions

When two reactants combine to form a single product,
a third body is generally required to take away some of
the excess vibrational energy from the reaction product,
otherwise it will dissociate (Vallance 2017). The mech-
anism of these three-body reactions is expressed as

A+B— C(,,) (6)
Coy % C. (7)

In other words, reactants A and B combine to form a
vibrationally excited product C(,). This product is then
collisionally deexcited by species M.

The pressure-dependent rate law for this reaction is

d[C]

g = FMDIANBL (®)
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where k([M]) is the pressure-dependent second-order
rate coefficient (cm3s~1).

In the high atmospheric pressure regime, the collision
rate approaches 100%, and since it cannot exceed this
value, the reaction rate becomes pressure independent.
Conversely, in the low atmospheric pressure regime, em-
pirical data show that the reaction rate is linear with
pressure. For this reason, the pressure dependent rate
coefficient is expressed as a function of the Lindemann

parameters, i.e., the high-pressure limit (koo [cm®s™1])
and low-pressure limit (ko [cm®s™!]) rate coefficients

(Carstensen & Dean 2007).

=T koM ke ©)

It can be shown by taking the pressure limits of this
equation that in the high-pressure limit, k¥ = k., and in
the low-pressure limit, k& = ko[M].

We calculate the high-pressure limit rate coefficients
in the same way as we calculate two-body rate coeffi-
cients, using CVT, however in this case we make use of
the ktools code of the Mulitwell Program Suite (Barker
et al. 2020; Barker 2001, 2009). This method employed
in ktools is equivalent to our method of calculating two
body rate coefficients; However, we choose to use ktools
as it is convenient to building the input files required for
calculating low-pressure limit rate coefficients. We find
deviations of < 5% between our manual CVT calcula-
tions and those performed by ktools.

To calculate the low-pressure limit rate coefficients, we
make use of the Multiwell Master Equation (ME) code,
which employs RRKM theory. The ME describes the
interaction between collisional energy transfer (with the
atmospheric “bath” gas) and chemical reaction (Pilling
& Robertson 2003). In the case of our three-body reac-
tions, the ME contains the probabilities that our vibra-
tionally excited product will collisionally stabilize for a
given atmospheric pressure and temperature. The Mul-
tiwell ME code employs Monte Carlo sampling of the
ME to build a statistical average of the possible out-
comes of the reaction.

The low-pressure limit rate coefficients are then cal-
culated using the output from these stochastic trials:
(Barker 2001; Akbar Ali & Barker 2015)

koo fprod
ko((M)) = " (10)
where ko is the high-pressure limit rate coefficient, fp,0q
is the fractional yield of the collisionally deexcited prod-
uct calculated by the Multiwell ME code, and [M] is the
simulated concentration (cm~3), which is low enough for
ko to converge.

We used N, as a bath gas, as it is the primary con-
stituent of Titan’s atmosphere. The energy transfer was
treated with a standard exponential-down model with
< AE >goun = 0.8 T K1 em™! (Gong et al. 2015;
Zhao et al. 2012). The Lennard-Jones parameters® for
N, and all the products were taken from the literature
(Reid et al. 1977; Welty et al. 2008; Wang et al. 2010)
and can be found in Table A7.

In the diffuse, upper regions of atmospheres, vibra-
tionally excited species produced from the combina-
tion of two reactants will typically dissociate back into
the original reactants. In these cases, the three-body
reactions completely describe the chemistry occurring
in both diffuse and dense regions of the atmosphere.
However in some cases, the favourable vibrational de-
cay products are not the original reactants (e.g. CN +
N — CNa(,y- — Nz + C). In these cases, we also
include the two-body reactions to these favourable decay
pathways.

We would expect these two-body reactions to be less
efficient in the lower, denser regions of atmospheres
where the vibrationally excited intermediates can be col-
lisionally deexcited. Regardless, we allow these reaction
rate coefficients to be independent of pressure. Since
radicals are typically not very abundant in the denser
regions of the atmosphere, this treatment should not
produce significant error.

We verify the most efficient decay pathway of vibra-
tionally excited molecules from previous experimental
studies. For more details, we refer the reader to the
theoretical case studies in the Appendix materials.

2.2. Atmospheric Model Parameters

Atmospheric numerical simulations are performed us-
ing a 1D chemical kinetic model (ChemKM). Radia-
tive transfer in this code is calculated using the plane-
parallel two-stream approximation. Photo-absorption
and Rayleigh scattering are also included. ChemKM has
been benchmarked with several other chemical kinetic
codes® including Agtindez model (Agiindez, M. et al.
2012, 2014), ARGO (Rimmer & Helling 2016), ATMO
(Tremblin et al. 2015; Drummond, B. et al. 2016; Trem-
blin et al. 2017), Kasting model (Kopparapu et al. 2011;
Miguel & Kaltenegger 2013), KINETICS (Moses et al.
2011, 2013, 2016), Venot model (Venot, O. et al. 2012,
2015), and VULCAN (Tsai et al. 2017). Models agree
within the numerical precision, when using the same in-
put and setup. For complete details on this atmospheric

5 The Lennard-Jones potential is used by the ME to model the

collision between a molecule and the bath gas.
6 https://www.issibern.ch/teams/1dchemkinetics/
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code, we refer the reader to Molaverdikhani et al. (2019);
Molaverdikhani, K. et al. (2020).

The setup parameters for our fiducial Titan atmo-
spheric model mostly match those in Hébrard et al.
(2012). This includes the atmospheric temperature,
pressure, and initial molar mixing ratios of No, CHy,
H,, and CO, the eddy diffusion profile, the influx of
HO from micrometeorites (5x10° cm=2s71), and 21 of
the photochemical reactions and cross-sections. We use
the solar mean for the top-of-atmosphere radiation (with
solar zenith angle of 50°) (Thuillier et al. 2004). We also
initially included the Jean’s thermal escape of H and Hs,
but found it did not significantly affect our results.

Eddy diffusion describes the turbulent mixing of
molecules in an atmosphere. Its form in Hébrard et al.
(2012), which was originally developed by Horst et al.
(2008), is

KO(pO/p)A/Koo
Ko(po/p)? + Koo

where K, is the surface eddy coefficient (400 cm?s™1),
K. is the top-of-atmosphere eddy coefficient (3x107
ecm?s™1), p is the pressure (Pa), p, = 1.77x10% Pa and
v =2.

In Figure 1, we plot our fiducial eddy diffusion profile
along with the profiles of the three most recent Titan
models in the literature (Vuitton et al. 2019; Willacy
et al. 2016; Loison et al. 2015).

K(z)=

(11)

— Fiducial (Hérst+2008)
1200, === Vuitton+2019

—-= Willacy+2016 (Li+2014)
44444 Loison+2015

1000

e

800

600

Altitude (km)

200

b v Eldot:y Diffusion Coi?;clent K. (cm? ?—Jf, w o
Figure 1. Eddy Diffusion profile used in our fiducial model
compared with the profiles used in the three most recent
Titan models in the literature (Vuitton et al. 2019; Willacy
et al. 2016; Loison et al. 2015).

Our grid is 100 uniform layers from 0 to 1300 km.

To handle the galactic cosmic ray (GCR) dissociation
of Ny and CHy, we use the most recent GCR models by
Gronoff et al. (2011, 2009). However, we only include

the GCR reactions which produce neutral species, as our
network does not contain ions. These reactions are,

N5 + GCR — 2N + “N,
Ny + GCR — ‘N + ‘N,
CH4 + GCR — CH3 + H,
CH, + GCR — *CH, + Hj.

We do not include condensation in our models, as we
are primarily interested in the gas phase chemistry lead-
ing to the production of HCN. In addition, CRAHCN
does not include the heavy hydrocarbons which produce
the majority of hazes, therefore we do not include haze
production/destruction.

3. RESULTS - RATE COEFFICIENTS

In Pearce et al. (2019), we calculated 42 reaction rate
coefficients involved with or in competition with the pro-
duction of HCN in early Earth and Titan atmospheres.
In this work, we improve on the original network by in-
cluding pressure dependence on addition reactions, by
modifying the vibrational partition function to improve
the accuracy of our calculations (by factor of ~2 on aver-
age), and by removing the 2 H,CN — HCN + H,CNH
abstraction reaction, which our recalculations show has
a large barrier. We also expand the original network to
104 reactions, which is the result of exploring the entire
field of possible reactions for the list of primary species
in Table 1.

In Table A1, we display the 34 pressure-independent
rate coefficients from Pearce et al. (2019), recalculated
with a modified vibrational partition function described
in Section 2. The only pressure-independent reaction
not carried over from Pearce et al. (2019) is 2HoCN —
HCN + H>;CNH. Our recalculations show that this ab-
straction reaction actually has a large barrier and is
therefore too inefficient to consider (k(298 K) ~ 104!
em3s™1).

20 of these 34 reactions have experimentally measured
rate coefficients, and all our calculations land within an
order of magnitude of these experimental values. The
majority (70%) land within a factor of 2 of the experi-
mental values. This level of accuracy is consistent with
the uncertainties assigned in large-scale experimental
data evaluations (Baulch et al. 1992; Tsang & Hamp-
son 1986).

We note however that in two cases, our chosen compu-
tational method (BH/d) predicted barriers for reactions
that did not have barriers. Moreover, in two other cases,
this method predicted barrierless reactions for reactions
with small experimental barriers. These are limitations
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of our chosen method, and in these few cases, we ar-
tificially remove the barriers from these calculations, or
introduce experimental barriers to these calculations, re-
spectively.

As a result of exploring the entire field of possible re-
actions for the primary species in this work, we calculate
the rate coefficients of 36 new two-body reactions, and
32 new three-body reactions (68 total). 33 of these new
reactions have no previously known rate coefficient.

In Table A2, we display the 36 new two-body reac-
tions, along with our calculated rate coefficients at 298
K and any experimentally measured values. Seven of
these reactions have experimental values, and the ma-
jority (71%) of our calculated rate coefficients are within
a factor of 4 of these values. All our calculated values are
within one order of magnitude of experimental values.
However, in two cases our chosen computational method
predicted no barrier for reactions that have small exper-
imental barriers. As before, we artificially introduce the
experimental barriers to these calculations.

In Table A3, we display the 32 calculated low pressure
(ko) and high pressure (ko) limit rate coefficients at
298 K for the three-body reactions in this work, as well
as any experimentally measured values. 16 of the high
pressure limit rate coefficients have experimental values,
and the majority of cases (69%) are within a factor of
4 of these experimental values. Again, all calculations
are within about an order of magnitude of experimental
values.

Our calculated third-order, low pressure limit rate co-
efficients are within a factor of 2 of experimental val-
ues 67% of the time, and nearly within an order of
magnitude in all cases. Only in the case of CN +
N+ M —s CNsy + M is our calculated rate coefficient
slightly less accurate, differing from the one experimen-
tally measured value (Provencher & McKenney 1972) by
a factor of 36. This reaction is not well studied, there-
fore it is possible that we are not as far off from the
exact value as this discrepancy implies. Calculations at
the CC/t level of theory only bring this third-order rate
coefficient to within a factor of 28 of the experimental
value. This reaction turns out not to be important in
the story of HCN in Titan’s atmosphere.

In Tables A4 and A5, we display the 104 pressure-
and temperature-dependent rate coefficients for the fidu-
cial chemical network used in this study. Experimen-
tally measured rate coefficients are used when available,
which is the case for 42 reactions. Sometimes exper-
imental values are only available for one of either the
high-pressure or low-pressure limit rate coefficient, in
which case we use a combination of experimental and

calculated values. Our calculated values are used in the
majority of the network (68%).

3.1. Methods Comparison on Dominant Reactions

In a past computational methods comparison, our cal-
culated rate coefficient for CHy + H —— CH3 + H5 at
the CCSD/aug-cc-pVDZ level of theory was a factor of
8 smaller than the experimental values (Pearce et al.
2019). Conversely, our calculated the rate coefficient at
the BH/d level of theory was within the experimental
range. This, along with speed, were major motivating
factors for choosing BH/d for our large-scale theoretical
chemical reaction rate study.

In our sensitivity analysis in Section 4.6, we find 19
reactions dominate the production and destruction of
HCN in Titan’s atmosphere. 11 of these 19 reactions
have experimental rate coefficients. In the case of CHg +
H+ M —— CHy4 + M, both the high- and low-pressure
rate coefficients are experimentally measured.

In Table 2, we compare the accuracy of the BH/d,
wB/d, and CC/t for calculating the rate coefficients of
these 11 dominant reactions. Based on general agree-
ment to the experimental values, and a correct diag-
nosis of the reaction barrier, each method is found to
have variable accuracy. In the following paragraphs, we
move down through the reactions in Table 2, comment-
ing on some of the most important results for selected
reactions.

The results of this methods comparison shows a simi-
lar level of consistency in accuracy across all three meth-
ods. For the 12 coefficients, BH/d was the most accurate
or tied for the most accurate method 8 times, wB/d was
the most accurate or tied for the most accurate method
7 times, and CC/t was the most accurate or tied for the
most accurate method 6 times. When comparing only
the DFT methods, BH/d was more accurate than wB/d
3 times, less accurate 2 times, and similarly accurate 7
times.

In some cases, one or more methods would miss a bar-
rier, or find one when one should not be present. In these
cases, a method that correctly diagnosed the barrier was
considered more accurate than one that incorrectly di-
agnosed the barrier, regardless of the calculated error
factor. Also, all methods that incorrectly diagnosed the
barrier were considered equally accurate. CC/t incor-
rectly diagnosed barriers five times, BH/d incorrectly
diagnosed barriers four times, and wB/d incorrectly di-
agnosed barriers twice.

In the case of HoCN + *N —— HCN + NH, the BH/d,
wB/d, and CC/t methods compute barriers of heights
Eo ~ 15, 2, and 23 kJ mol~!, respectively. The one
experimental measurement suggests little or no barrier
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Table 2. A comparison of the accuracy of three methods for calculating rate coefficeints for the dominant reactions in this study.
The methods are BHandHLYP /aug-cc-pVDZ (BH/d), wB97XD/aug-cc-pVDZ (wB/d), and CCSD/aug-cc-pVTZ (CC/t). Only
11 of the 19 dominant reactions have experimentally measured values and can be calculated using our theoretical methods. The
error factor is the multiplicative or divisional factor from the nearest experimental or suggested value. For three-body reactions,
the displayed rate coefficients are either the high-pressure limit (ko) or low-pressure limit (ko). The aug-cc-pVDZ basis set is

used for all calculations. Second-order rate coefficients have units cm

357!, Third-order rate coefficients have units cm®s™!.

Reaction equation k(298) experiment k(298) BH/d Error k(298) wB/d Error k(298) CC/t Error Winner(s)
H,CN + *N — HCN + NH 4.4x1071 4. 7%x10712 9 3.4x10712 13 @5.1x10712 9 wB
CN+N — CNy- — 1.0-3.0x1071° 4.3x107 1 2 4.2x107 1 2 2.6x107 11 4 BH, wB
Ny +C

CN + CH; — HCN + CH; 5.6-11x10713 b7.7x10713 1 ®1.3x10712 4.5x10713 CcC
NH+ ‘N — N, H- — 2.5-2.6x107 11 5.5%x107 11 2 5.6x1071* 2 2.7x107 11 CcC
Ny +H

N+ CH3 — 3H3CN.- — 5.0-7.7x10~ 11 6.2x107 11 1 8.7x107 1! 1 €1.2x107 1 4 BH, wB
HoCN + H

N+ CHy — H3CNH. — 2.4-4.5%x10712 deq.7x10™ 1 4 7.9x10712 2 492.9%107 1! 6 tie
'H,CNH- + H- — HoCN + Hy

CH4 + 'CHz — CoHg() - — 0.2-7.3x10™ " 2.1x107 1 5.5%x107H 1 1.3x10™ " 1 tie
CHs + CHjs

CH4+CH — CH;-CH.- — 0.02-3x1071° 91.8%x1071° 1 9.2x107 12 1 91.0x107° 3 wB
CoHs - — CoHs +H

3CHy + H — CHs() - — 0.8-2.7x1071° 3.7x1071° 1 7.8x1071° 3 2.6x1071° 1 BH, CC
CH + Hs

CH; + H — CHy (koo) 1.5-4.7x107%° 1.4x1071° 1 5.4x1071! 3 h2.6x1071° 1 BH
CH; +H+M — CHs +M (ko)  0.2-5.5x10728 2.6x10728 1 3.3x10728 1 h1.0x107% 2 BH, wB
H+H+M — Ha + M (ko) 4-250x 10733 1.7x107%3 2 4.4x1073 12 1.8x107%3 2 BH, CC

% We remove the barrier from this calculation as experiments predict this reaction to be barrierless or nearly barrierless (Nesbitt et al. 1990).

See Appendix materials for more details.

b We introduce an experimental barrier of 8.3 kJ mol~! (Bullock & Cooper 1972) to this calculation as no barrier is found at this level of theory.

¢ We remove the barrier from this calculation as experiments and theory predict this reaction to be barrierless

(Miller & Bowman 1989; Marston et al. 1989).

4 We introduce an experimental barrier of 6.3 kJ mol~! (Takayanagi et al. 1999) to this calculation as no barrier is found at this level of theory.

¢ Simulations had sporadic convergence beyond a C-N bond distance of 2.76A. The rate coefficient is calculated with the variational

transition state at this location, which has the highest AG.

I Simulations had sporadic convergence beyond a C-N bond distance of 2.60A. The rate coefficient is calculated with the variational

transition state at this location, which has the highest AG.

9 We remove the barrier from the rate limiting step of this calculation, i.e. CH4—CH. —— C2Hs - as experiments predict this reaction

to be barrierless (Berman & Lin 1983; Blitz et al. 1997; Thiesemann et al. 1997).

P We remove the barrier from this calculation as experiments and theory predict this reaction to be barrierless (Brouard et al. 1989).

is present (Nesbitt et al. 1990) (see Appendix materi-
als for more details). wB/d computes the smallest bar-
rier; However the rate coefficient calculated using this
method is a factor of 13 smaller than the experimental
value, removing the barrier brings the calculated rate
coefficient to within a factor of 6 of experiment. Given
these discrepancies, and the lack of theoretical studies on
this reaction, we recommend both a thorough theoret-

ical follow-up study and additional experimental mea-
surements.

Both the BH/d and CC/t methods find the
CHy;-CH- —— CyHs- step of the CHy + CH ——
CoHy + H reaction to have a barrier with a height above
the reactants. This differs from our wB/d calculation,
the results of experiment, and other theoretical stud-
ies, which suggest this reaction is barrierless (Ribeiro &
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Mebel 2015; Wang et al. 1997; Berman & Lin 1983) (see
Appendix materials for further details).

All three methods find no barrier for the N +
CH; —— H3CNH - reaction step. This step is expected
to have a small barrier of Eg = 6.3 kJ mol~! (Takayanagi
et al. 1999). Similarly, Balucani et al. (2009) did not find
a barrier for this reaction using the CCSD(T)/aug-cc-
pVTZ level of theory.

CC/t misdiagnoses the barrier for the three-body re-
action CH3 + H+ M —— CHy4 + M. This reaction is
barrierless (Brouard et al. 1989), however CC/t calcu-
lations estimate a barrier of Eg ~ 62 kJ mol~!. Simi-
larly, CC/t misdiagnoses the barrier for N+ CH3; —
SH3CN -, which is also barrierless (Miller & Bowman
1989; Marston et al. 1989). The barrier height for this
reaction at the CC/t level of theory is 17 kJ mol~!.
BH/d and wB/d correctly calculate no barriers for these
two reactions. Conversely, BH/d and wB/d do not cal-
culate barriers for CN + CH; —— HCN + CHjs, which is
expected to have a barrier of Eg = 8.3 kJ mol~! (Bullock
& Cooper 1972). Our CC/t calculations find a barrier
for this reaction of 6.7 kJ mol 1.

Lastly, the BH/d and CC/t methods compute rate co-
efficients for H+ H+ M —— Hy + M that are factors
of 2 from the nearest experimental value, whereas the
wBI97XD method computes a rate coefficient for this re-
action that is a factor of 12 smaller than the nearest
experimental value.

Overall, BH/d seems to be a reasonable choice for
moving forward with a large scale atmospheric study
such as ours, with typical deviations from experiment
of a factor of < 2. wB/d would also have been a rea-
sonable choice moving forward, as this method correctly
diagnoses barriers more frequently than BH/d and CC/t
for this sample size, while maintaining accuracy nearly
within an order of magnitude of experimental values.
CC/t was the stand alone most accurate method in a
two cases, but it was the least accurate method in six
cases. Given this, and the much higher computational
cost, we do not recommend CC/t for performing rate co-
efficient calculations for large scale atmospheric studies
such as ours. For more comprehensive reaction investi-
gations, we recommend using multiple methods, includ-
ing CCSD, wB97XD, and BHandHLYP, to verify the
presence or absence of reaction barriers.

3.2. Basis Set Comparison on Dominant Reactions

In Table 3, we compare the accuracy of the aug-
cc-pVDZ and aug-cc-pVTZ basis sets, paired with the
BHandHLYP method, on the dominant reactions in this
study that have experimental rate coefficients. The in-
tent is to see, for our chosen method, if increasing the

basis set size from double-C to triple-¢ leads to an im-
provement in accuracy with respect to agreement with
experimental values.

What we find, is that rate coefficients calculated at
the double-( level are generally very close to the values
calculated at the triple-C level. Typical differences are
less than 15%. In two out of twelve cases, the rate coeffi-
cients at the double-( level differ from the triple-{ values
by a factor of ~2. However, in none of these twelve cases
is the rate coefficient triple-¢ level more accurate than
the rate coefficient at the double-( level with respect to
experimental agreement. For this reason, and consider-
ing the added computational cost, we do not upgrade to
the triple-( level for our large scale atmospheric study.

4. RESULTS - HCN IN TITAN'S ATMOSPHERE

In Figure 2A, we display our 4 modeled atmospheric
HCN profiles for Titan, as well as the HCN observations
made in Titan’s atmosphere by the Cassini spacecraft.
Each model is discussed in detail in the subsections be-
low. In Figure 2B, we compare our fiducial HCN profile
to those of the three most recent Titan models in the lit-
erature (Vuitton et al. 2019; Willacy et al. 2016; Loison
et al. 2015).

4.1. CRAHCN model (fiducial)

For our fiducial model, we use the CRAHCN network
and the fiducial model parameters as described in Sec-
tion 2.2. In Figure 2A, we see that the HCN profile from
our fiducial model agrees very well with the HCN obser-
vations in Titan’s lower atmosphere, landing right in the
middle of the Cassini CIRS measurements. Our fiducial
profile also nails the single Cassini INMS data point at
1050 km, which is the only in situ HCN measurement
of Titan’s atmosphere. The trade-off in agreeing so well
with the INMS measurement, is that we do not agree
as well with the VIMS limb measurements, or the UVIS
stellar occultation measurements. This, as can be seen
in Figure 2B, is standard for current state-of-the-art Ti-
tan models.

4.2. CRAHCN19 model

Our sensitivity analyses of the CRAHCN network
(discussed in Section 4.6 below) revealed that 19 re-
actions are predominantly involved in the production
and destruction of HCN in Titan’s atmosphere. For the
CRAHCN19 model, we use the fiducial model param-
eters, and a network containing only the 19 dominant
reactions out of the 104 total reactions in CRAHCN. In
Figure 2A, we see the HCN profile from the CRAHCN19
model almost perfectly aligns with the profile from the
CRAHCN model. Maximum deviations between these
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Table 3. A comparison of the accuracy of BHandHLYP/aug-cc-pVDZ, and BHandHLYP /aug-cc-pVTZ for calculating rate
coefficeints for the difficult dominant reactions in this study. For three-body reactions, the displayed rate coefficients are either

the high-pressure limit (ko) or low-pressure limit (ko). Second-order rate coefficients have units cm

coefficients have units cm®s™!.

Reaction equation

k(298 K) experiment k(298 K) BH/d Error k(298 K) BH/t Error

3s™!. Third-order rate

% Difference

H,CN + *N — HCN + NH 4.4x1071
CN+ N — CNy- — 1.0-3.0x1071°
Nz, +C

CN + CHy — HCN + CH; 5.6-11x10713
NH + ‘N — N,H- — 2.5-2.6x107 "
Ny +H

4N+ CHs — ®HsCN- — 5.0-7.7x107 11
H>CN +H

>N+ CHy — HsCNH. — 2.4-4.5x10712
'H,CNH:- +H- — HoCN + Hy

CH4 + 'CHy — CoHg() - — 0.2-7.3x107**
CH3 + CHs

CH4+CH — CH;~CH- — 0.02-3x1071°
CoHs- — CoHy +H

3CHz + H — CHs() - — 0.8-2.7x1071°
CH + H»

CH; + H — CHy (koo) 1.5-4.7x1071°
CH; +H4+M — CHy + M (ko) 0.2-5.5x107 28
H+H+M — Hy +M (ko) 4-250x10733

24.7x10712 9 24.8x10712 9 2
4.3x10711 2 4.1x1071 2 5
b7 7x10713 1 b5.6x10713 27
5.5x107 11 2 5.2x10711 5
6.2x107 11 1 6.2x10~11 1 0
ed] 7x107 1 4 c€3.3x10~ ! 7 94
2.1x1011 1 2.4x10~11 1 14
f1.8x1071° 1 fq.1x10710 1 128
3.7x1071° 1 3.7x1071° 1 0
1.4x10710 1 1.4x1071° 1 0
2.6x1028 1 2.7x10728 1 4
1.7x10733 2 1.6x10733 2 6

% We remove the barrier from this calculation as experiments predict this reaction to be barrierless or nearly barrierless.

b We introduce an experimental barrier of 8.3 kJ mol~! (Bullock & Cooper 1972) to this calculation as no barrier is found at this

level of theory.

¢ We introduce an experimental barrier of 6.3 kJ mol™! (Takayanagi et al. 1999) to this calculation as no barrier is found at this

level of theory.

4 Simulations had sporadic convergence beyond a C-N bond distance of 2.76A. The rate coefficient is calculated with the variational

transition state at this location, which has the highest AG.

¢ Simulations had sporadic convergence beyond a C-N bond distance of 2.73A4. The rate coefficient is calculated with the variational

transition state at this location, which has the highest AG.

I We remove the barrier from the rate limiting step of this calculation, i.e. CH4—CH. — CoHs - as experiments predict this
reaction to be barrierless (Berman & Lin 1983; Blitz et al. 1997; Thiesemann et al. 1997).

model curves in the upper atmosphere are ~10%. The
total HCN produced in the CRAHCN19 model is only
6% more than the HCN produced in the fiducial model.
This is mainly due to slight deviations in the lower at-
mosphere between models. This result suggests that the
CRAHCN19 network contains nearly all that is neces-
sary to simulate the production of HCN in Titan-like
atmospheres.

4.3. CRAHCN no GCRs model

The aim of the CRAHCN no GCRs model is to ex-
amine the sensitivity of HCN production in the lower
atmosphere to GCR flux. Thus, this model is similar

to our fiducial model, except that all GCR reactions are
removed. In Figure 2A, we see the HCN profile from
the CRAHCN no GCRs model overlaps with the fidu-
cial model in the upper atmosphere, where no GCR re-
actions occur. The HCN profile in the mid-lower atmo-
sphere is only reduced by a factor of ~2 compared to the
fiducial model. Overall, the CRAHCN no GCRs model
produces about one-third as much HCN in Titan’s at-
mosphere as the fiducial model. This result suggests
that GCRs are not critical for the production of HCN
in Titan’s atmosphere, however they boost total HCN
production by about a factor of ~3.



12 PEARCE ET AL.
A) B) ’i
= CRAHCN model (fiducial) CRAHCN Models = CRAHCN model (fiducial) Literature Comparison |
1200 == CRAHCN19 model 1200] —— Vuitton et al. (2019) It
= CRAHCN no GCRs = = Willacy et al. (2016) I"
----- CRAHCN Li Kzz = = Loison et al. (2015) ! [
= Cassini VIMS = Cassini VIMS ’ /
- Cassini UVIS +  Cassini UVIS
1000 Cassini CIRS 1000 Cassini CIRS ,/ //
+ Cassini INMS . — <+ Cassini INMS . —
- -
—— A———
800 - -
—a —

o
=3
S

Altitude (km)

10-° 1074
HCN Mixing Ratio

10-°

10-° 107 103 102

Figure 2. Numerical simulations of the HCN molar mixing ratio in Titan’s atmosphere compared with observations taken by
Cassini. A) CRAHCN model: our fiducial model, which uses the CRAHCN network (Tables A4 and A5) and fiducial model
parameters. CRAHCN19 model: fiducial model parameters, and a chemical network containing only the dominant 19 reactions.
CRAHCN no GCRs: fiducial model parameters and the CRAHCN chemical network, but all GCR reactions are turned off.
CRAHCN Li Kzz: same as the CRAHCN no GCRs model, except we use the eddy diffusion profile from Li et al. (2014) instead
of the fiducial one from Horst et al. (2008). The data points represent observations taken by the Cassini spacecraft. The
spread in the Cassini CIRS data is due to measurements taken at various latitudes (Vinatier et al. 2010). B) CRAHCN Model
comparison with the three most recent Titan atmospheric chemistry models in the literature (Vuitton et al. 2019; Willacy et al.
2016; Loison et al. 2015). For the literature model parameters, see Table 4.

4.4. CRAHCN Li Kzz model

To investigate the effects of eddy diffusivity in the
distribution of atmospheric HCN, we present a model
in which we modify the eddy diffusion profile to match
that of Li et al. (2014) (see Figure 1). This profile differs
from the Horst et al. (2008) profile used in all other
models in that the profile inverts at 350 km, creating a
low eddy diffusion zone near 550 km. This is also the
profile used in the Willacy et al. (2016) Titan model. In
Figure 2A, we see that using this eddy diffusion profile
reduces the HCN abundance in the lower atmosphere
by a factor of ~3, and increases the HCN abundance in
the mid atmosphere by a factor of ~4 with respect to
our fiducial model. Overall, the HCN profile from this
model does not agree with the Cassini CIRS data as well
as our fiducial model, as the former misses the range of
CIRS measurements from 200-300 km by about a factor
of 3.

4.5. Comparison to Other Recent Titan Models

In Figure 2B, we plot HCN profiles from the three
most recent Titan models (Vuitton et al. 2019; Willacy
et al. 2016; Loison et al. 2015) to compare with our fidu-
cial HCN profile. It is important to emphasize that the
three models from the literature focused on reproduc-
ing the observed profiles of many chemical species, only
one of which was HCN. The differences in parameters

and chemistry between these models is summarized in
Table 4 and Figure 1.

Differences between all four model curves are within
a factor of ~3 in the lower atmosphere, a factor of ~8
in the mid atmosphere, and a factor of ~2 in the up-
per atmosphere. Given the differences in eddy diffu-
sion profiles, condensation/sedimentation, photochem-
istry, GCR chemistry, and reaction networks, a complete
explanation on the variations between these curves is not
possible, however, we note a few things below.

The HCN profile from Willacy et al. (2016) varies the
most from our fiducial model. However, comparing the
HCN model profile from Willacy et al. (2016) to our
CRAHCN Li Kzz model in Figure 2A, we can see that
the curves have a very similar form in the lower and mid
atmosphere. Therefore, we suspect the major differences
between our fiducial HCN profile and the HCN profile
in Willacy et al. (2016) to be due to differences in eddy
diffusion.

The HCN model from Vuitton et al. (2019) varies from
our fiducial HCN model by <2. Vuitton et al. (2019)
parameterized eddy diffusion in the same way we do,
however we use a slightly higher surface eddy coeffi-
cient (K, = 400 cm?s™! versus 100 cm?s~!, see Fig-
ure 1). Vuitton et al. (2019) analyzed how changes to
their surface eddy coefficient affected their HCN pro-
file, and found that shifting K, = 100 cm?s~! to 1000
cm?s~! decreased their HCN content in the lower atmo-
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Table 4. Summary of the major differences in model parameters and chemistry between our fiducial model and the three
most recent Titan models in the literature (Vuitton et al. 2019; Willacy et al. 2016; Loison et al. 2015). There are multiple
Titan models in Vuitton et al. (2019) and Willacy et al. (2016): we choose the models that best agree with the Cassini HCN

measurements.
Model Reaction Network Photolytic processes Eddy diffusion GCR processes
Fiducial (this work) 104 21 Figure 1 No and CHy
Vuitton et al. (2019) (K,=100) > 3000 reactions 116 ” N2 and CHy
Willacy et al. (2016) (Model A/B) not listed not listed 7 none
Loison et al. (2015) 969 171 7 N only

sphere. This suggests that the major differences between
our fiducial HCN profile and the HCN profile in Vuitton
et al. (2019) are due to differences in chemical networks
and photochemistry, rather than eddy diffusion.

Differences between our fiducial HCN profile and the
HCN profile in Loison et al. (2015) also vary by <2.
However, due to lack of data, we cannot comment on a
major source of the discrepancies.

Other differences between our model and those
in the literature include treatments for condensa-
tion/sedimentation and haze formation. We do not in-
clude condensation/sedimentation in our fiducial model,
as we are mainly interested in the gas phase chem-
istry leading to the production of HCN. In addition,
CRAHCN does not include the heavy hydrocarbons that
produce the majority of hazes. Willacy et al. (2016) find
that condensation/sedimentation only affects the HCN
profile below ~100 km, which is below any Cassini mea-
surement. Willacy et al. (2016) also included the per-
manent removal of HCN via haze production in one of
their models (Model C), which resulted in a reduction
of HCN below ~500 km of approximately a factor of 4
compared to their models without hazes (Models A and
B). Their haze model, however, does not agree with the
Cassini CIRS HCN data as well as their models without
haze production.

Overall, our fiducial HCN model is in general agree-
ment with the most recent Titan models in the litera-
ture.

4.6. Sensitivity Analyses

Not every reaction in an atmospheric chemical net-
work contributes significantly to the production and de-
struction of a given species. To discover which reactions
in CRAHCN contributes to the fiducial HCN profile we
perform two types of sensitivity analyses on our fiducial
model.

4.6.1. Sensitivity Analysis I

The first sensitivity analysis involves running 104 ad-
ditional numerical simulations of Titan’s atmosphere. In

each simulation, one of the 104 reactions in CRAHCN is
removed, and the resultant HCN profile compared with
the fiducial HCN profile. We also perform this sensitiv-
ity analysis on the CRAHCN /no GCRs model.

This first sensitivity analysis revealed 17 of the 19
dominant reactions. In Figure 3A we display the changes
to the HCN profiles that occur when each of these 17 re-
actions are removed. The removal of all other reactions
did not significantly effect the fiducial HCN profile.

4.6.2. Sensitivity Analysis IT

The second sensitivity analysis involves running a
much larger number of simulations. Starting with all
104 reactions, as was done in sensitivity analysis I, each
reaction is excluded in a simulation to see how it effects
the HCN profile. The reaction whose removal affects the
HCN profile the least is then removed, and the process is
repeated with 103 reactions. The least important reac-
tion is removed at each stage, until the exclusion of any
of the remaining reactions leads to a 210% deviation
from the fiducial HCN profile.

The second sensitivity analysis revealed 2 additional
dominant reactions, CHz + CH — Cy;Hs + H + H and
3CHy + CH — CyH + H + H, bringing the total to 19
dominant reactions. In Figure 4A we display the changes
to the HCN profiles that occur when each of these 19
reactions are removed from a network containing only
these 19 reactions (CRAHCN19).

4.6.3. 19 Dominant Reactions

The 19 dominant reactions are listed in Table 5 be-
low. Five reactions dominate the production of HCN,
four are critical for increasing the feedstock of precur-
sor molecules that react to produce HCN, one reaction
dominates the destruction of HCN, seven reactions re-
duce the key precursor molecules that produce HCN,
one reaction attenuates the precursor sinks by reducing
H abundance, and one reaction acts as both a precursor
source and sink.

The biggest impact to the fiducial HCN profile is the
removal of CN + CHy —— HCN + CHj3. This is the
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Figure 3. Sensitivity analysis I revealing 17 of the dominant 19 reactions in Titan’s atmosphere. Each reaction curve shows
the difference in HCN molar mixing ratio when excluding that reaction from A) the fiducial model, and B) the CRAHCN /no
GCRs model. All of the other reactions in CRAHCN did not greatly affect the HCN profile upon their exclusion; for both

models.

key reaction that recycles CN—primarily from HCN
photodissociation—back into HCN. This reaction ac-
counts for ~36-46%" of the total HCN in Titan’s at-
mosphere, and is dominant primarily because of Titan’s
high atmospheric CH4 abundance.

The next most important channel is N + CH;, —
HQCN + HQ, followed by HQCN + H —— HCN + HQ.
Again, due primarily to the high atmospheric CH4 con-
centrations, this multi-step reaction is responsible for
~32-38% of the total HCN in Titan’s atmosphere.

7 Percent contributions for the four main HCN channels are cal-
culated by dividing the difference in the total HCN abundance
(integrated over all altitudes) when removing that reaction, by
the summed up total differences in HCN abundances when re-
moving each of the four main reactions. Calculations differ when
using the fiducial and CRAHCN19 models, therefore we express
the values as a range.

The next leading reaction for HCN production is ‘N +
CH3; —— HsCN + H —— HCN + Hs, which accounts
for ~20-25% of the total HCN in Titan’s atmosphere.

Finally, the final dominant reaction for HCN produc-
tion in Titan’s atmosphere, is 2N + CH; — H,CN +
H —— HCN + Hs. This reaction was discovered by
Pearce et al. (2019), and had no known rate coefficient
prior to that work. It accounts for ~2% of the total
HCN in Titan’s atmosphere.

It is worth noting that the leading reaction, CN +
CHy —— HCN + CHs, only produces HCN if CN is
present. CN primarily comes from the photodestruc-
tion of HCN, therefore this reaction is not responsible
for starting HCN synthesis in Titan’s atmosphere, but
rather, maintaining it. Given that we ignore this main-
tenance reaction, the other three leading channels pro-
duce approximately 59%, 37%, and 4% of the total ini-
tial HCN in Titan’s atmosphere, respectively.
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Figure 4. Sensitivity analysis II revealing all 19 dominant reactions in Titan’s atmosphere. Each reaction curve shows the
difference in HCN molar mixing ratio when excluding that reaction from A) the CRAHCN19 model, and B) the CRAHCN19/no
GCRs model. All of the other reactions in CRAHCN did not greatly affect the HCN profile upon their exclusion; for both models.

There are four reactions that play an important role
in processing radical species to produce the precursors
for HCN production reactions. The main one in the up-
per atmosphere is CH, 4+ 'CHy; — CHs + CHg, which
provides CHj for reactions 69 and 74. Although this
reaction removes a CH4 molecule, which is also a reac-
tant for HCN production via reactions 54 and 73, the
rate coefficients for these CHy-based reactions are 2-5
orders of magnitude smaller than those for reactions 69
and 74, and thus producing more CHjs leads to more ef-
ficient HCN production. The other upper atmospheric
precursor source is CH + H — C + Hy followed by
the photolysis of Hs to form two H atoms to be used by
reaction 43.

The other two processing reactions, which were only
revealed by the second sensitivity analysis, produce the
H atoms necessary for HHCN+H —— HCN+Hs. These
reactions dominate in the lower atmosphere, where UV
light does not reach and thus Hy photodissociation does
not occur.

The dominant sink for HCN is HCN + 2N —— N, +
CH and accounts for nearly 100% of total HCN re-
moval. Although the photodissociation reaction HCN +
hy —— CN+ H destroys HCN efficiently, the removal of
this reaction does not significantly affect the total HCN
abundance in Titan’s atmosphere. This is because CN
efficiently reacts with CH4 to recycle back into HCN.

Several reactions reduce HCN production by acting as
sinks to important HCN precursors, i.e., CH3, CN, CHy,
1CH,, 3CH,, *N, and H. One of these precursor sink re-
actions (no. 37) ironically produces HCN. However,
since this reaction also produces NH, the dominant ef-
fect is the removal of *N from the atmosphere via NH +
N —— Ny + H. One reaction, CHy + CH — CoHy +
H, seems to act as a precursor sink in the lower atmo-
sphere, and a precursor source in the mid-upper atmo-
sphere. However, this changes when switching from the
fiducial to the CRAHCN19 models, and therefore the
true role of this reaction is uncertain.
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Table 5. The 19 reactions responsible for the production and destruction of HCN in Titan’s atmosphere, labelled with their
dominant role. For simplicity, reaction intermediates are not listed here. See Tables A4 and A5 for full details of reaction
intermediates. Reactions are considered “well studied” if they have more than one experimental measurement or theoretical

study at room temperature

Role No. Reaction equation Well studied?
HCN sources 54. CN+ CH4 —— HCN + CHj; Yes
73. 2N+ CHy — H2CN + Hp Yes
69. N+ CH; — HoCN +H Yes
74. °®N+CH; — H:CN+H No
43. H3CN+H —— HCN + Hs No
Precursor 82. CHy4 + 'CHy — CH;3 + CH; Yes
sources 89. CH3+CH —CyH+H+H No
95. S3CH;+CH — CoH+H4+H No
104. CH+H — C+ Hy No
HCN sink 46. HCN 42N — Ny +CH No
Precursor 81. CH;+ CH3 — 3CHz + CH, No
sinks 34. 'CHy+ Ny — 3CH, + Ny Yes
52. CN+*N — Ny +C Yes
96. S3CHy+H — CH+H, Yes
37. HyCN+ *N — HCN + NH No
22. CHs3+H+ Ny —— CHy4 + No Yes
61. NH+'N— Ny+H Yes
Precursor sink 32. H-+H-+ Ny — Hs + N» Yes
attenuation
Precursor
source/sink 83. CHy4+CH — CH4s+H Yes

Finally, one reaction is key to attenuating the effect
of a precursor sink in the lower atmosphere. H 4+ H +
Ny —— Hs + N5 reduces the H-atom abundance to at-
tenuate the effects of CHz + H+ Ny —— CHy4 + No.

4.7. The Case of No GCRs

In Figures 3B and 4B, we display the changes to the
HCN profiles that occur when each the 19 dominant
reactions are removed from the CRAHCN/no GCRs
and CRAHCN19/no GCRs models, respectively. As
a reminder, the 19 dominant reactions are the reac-
tions which upon their removal, have the greatest ef-
fect the HCN profile. Interestingly, only 15 reactions,
upon their removal, affected the no GCR HCN profiles.
The removal of CHz + CH — CoH, +H + H, *CH, +
CH — CoH+H+H, CH3 + H+ Ny —— CH4 + Ny
and H+ H+ Ny —— Hs + N5 did not significantly effect

the CRAHCN/no GCRs or CRAHCN19/n0GCRs HCN
profiles.

These four particular reactions require high abun-
dances of CHg, 3CH,, and H produced by the GCR
destruction of CHy in the lower atmosphere in order to
become important for HCN production and destruction.
It can be seen in Figures 3A and 4A that these four re-
actions have no affect on the HCN profiles in the upper
atmosphere, where GCR reactions do not occur.

In the upper atmospheres, the HCN difference profiles
in Figures 3B and 4B look nearly identical to the like-
colored profiles in Figure 3A. Differences between any
two like-colored curves are more drastic in the lower
atmospheres, where GCR reactions occur. Removing
GCR reactions changes the feedstock of methane and
nitrogen radicals, and therefore adjusts the relative im-
portance of each of the dominant reactions that use these
radicals.
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The dominant pathways to HCN formation in the
CRAHCN/no GCRs models are the same as those in
the fiducial model, however their percent contributions
differ by up to 20% from the fiducial model values. CN +
CH4; —— HCN + CHj3 in the no GCRs case contributes
~42-52% to the total HCN in Titan’s atmosphere. The
other three channels, i.e. N+ CH, + H — H,CN +
H, + H — HCN + 2H,, *N + CH; — H,CN +
H — HCN + H,, and >N + CH; — H,CN +
H —— HCN + Ha, contribute ~16-18%, ~22-36%, and
~6-8%, respectively.

Overall, these results suggest that GCR reactions do
not significantly control which reactions dominate at
producing and destroying HCN in Titan’s atmosphere,
but they do affect the relative amount that they con-
tribute to the overall HCN abundance.

5. DISCUSSION
5.1. How HCN is Produced in Titan’s Atmosphere

Out of the 104 chemical reactions in CRAHCN, we
find only 19 reactions significantly contribute to the pro-
duction and destruction of HCN in Titan’s atmosphere.
Most of these reactions are direct sources and sinks for
HCN and sources and sinks for the precursors to HCN
(e.g. CHs,*N). In the only other case, a reaction has
the role of attenuating the effects of a precursor sink.

In Figure 5, we describe the step-by-step process of
HCN production in Titan’s atmosphere. First, UV ra-
diation in the upper atmosphere, and GCRs in the lower
atmosphere, break apart CHy, Ny, and Hs into reactive
high-energy radical species. Second, these radicals get
processed via chemical reactions to form HCN precur-
sors (e.g. CH3 and H). These processing reactions differ
in the upper and lower atmosphere. For example, CH, +
!CH, — CH3 + CHj is only a key processing reaction
in the upper atmosphere where the reactant 'CH is
produced from the UV dissociation of CHy. Conversely,
CH3 + CH — C3Hy + H + H is only important in the
lower atmosphere where a key alternate H-atom source
(UV dissociation of Hy) does not occur.

Somewhat unintuitively, too much H in the lower at-
mosphere can lead to less HCN, as it is a reactant in the
precursor sink reaction CHs + H + Ny —— CHy4 + No.
For this reason, the precusor sink attenuation reaction
H+H+N; — Hs + Nj is also important for increasing
HCN production in the lower atmosphere.

Next, HCN production occurs through 3 main chan-
nels, with the total initial percent contributions labeled
in parentheses

Channel A:
N+CHy4+H — Hy,CN+Hy+H — HCN+2H,(59%),

Channel B:
N+ CH; — HyCN+H — HCN 4+ Hy  (37%),

Channel C:
’N 4+ CH3 — HyCN +H — HCN + Hy  (4%).

In the upper atmosphere, where partial pressures are
low, UV radiation is the main dissociating agent; it gen-
erates reactants for Channels A—C. Channel B domi-
nates the HCN production in this region, due to its
comparatively high rate coefficient. Here, UV radia-
tion is also responsible for breaking apart HCN into
CN + H. Eddy diffusion mixes species including CN
from the upper atmosphere into the lower atmosphere,
where Channels A and D mainly take over HCN pro-
duction. In the lower atmosphere, high partial pressures
screen out UV radiation and increase the probability for
GCR collisions, therefore GCRs become the main dis-
sociating agent here. In this region, concentrations of
CHy4 are high enough that the relative reaction rate of
Channel A surpasses that of Channel B. These high con-
centrations of CHy also drastically increase the reaction
rate of Channel D, which recycles CN back into HCN.
This recycling process is the overall dominant channel
to HCN, accounting for 36-46% of the total HCN in Ti-
tan’s atmosphere. Channel C remains the fourth most
important HCN source in both areas of the atmosphere,
as although the rate coefficient of 2N reacting with CHg
is higher than that of ?N reacting with CHy, there is a
much higher concentration of CH4 compared with CHg
in all areas of the atmosphere.

5.2. Using CRAHCN

Due to the exceptional alignment of the HCN pro-
files from the CRAHCN19 and CRAHCN models, we
suggest the CRAHCN19 network provides a lean, ac-
curate, fast, and intuitively clear code to calculate the
HCN abundance in Titan-like atmospheres. Without
data from higher pressure and temperature planetary
atmospheres, we cannot be certain that these same 19
reactions would suffice for other planetary environments
of Titan-like composition. For this reason, we advo-
cate using the full (104 reaction) CRAHCN network to
simulate the production of HCN in Ns-, CHy-, and Hs-
dominated atmospheres.
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Figure 5. Summary of how HCN is produced in Titan’s atmosphere. Stage 1: Destruction of methane, nitrogen and hydrogen
by ultraviolet light in the upper atmosphere and galactic cosmic rays (GCRs) in the lower atmosphere. Stage 2: Increasing the
abundance of HCN precursors and attenuating the effects of HCN precursor sinks. Stage 3: Production of HCN from methane
and nitrogen fragments. Stage 4: HCN photodestruction to produce CN, and recycling of CN back into HCN via reaction with
CH4. Bold percentages include all HCN reaction routes, including CN recombination after photodestruction. Percentages in
parentheses represent initial HCN production and do not include CN recombination.

We emphasize that this is a reduced network to accu-
rately model HCN chemistry, rather than an extended
network to cover the chemistry of a large range of
species. For this reason, CRAHCN should only be used
to simulate the production HCN.

6. CONCLUSIONS

In this paper, we calculate the production of HCN
in Titan’s atmosphere using a novel quantum chemistry
and atmospheric modeling strategy. This strategy has

two components: 1) we use quantum chemistry simula-
tions to scan the entire field of possible reactions for a
list of primary species relevant to No-, CHy-, and Hs-
dominated atmospheres. We then calculate the rate
coefficients for the uncovered reactions and construct
a consistent reduced atmospheric hybrid chemical net-
work (CRAHCN). This network contains experimental
rate coeflicients when available (32% of cases), but is
predominantly composed of our calculated values using
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a consistent computational and theoretical method. 2)
We pair CRAHCN with a chemical kinetic code called
ChemKM to model the atmosphere of Titan. HCN has
been observed at a range of altitudes in Titan’s atmo-
sphere by the Cassini spacecraft, making it an excellent
testbed for validating chemical networks for HCN pro-
duction in atmospheres.

We list the major conclusions of this work in bullet
form below.

e CRAHCN contains 104 reactions, 33 of which are
newly discovered in this work.

e Our calculated rate coefficients are accurate to
within about an order of magnitude of experimen-
tal values, which is consistent with the uncertain-
ties assigned in large-scale experimental data eval-
uations.

e In comparison with other widely used compu-
tational quantum methods, BHandHLYP /aug-cc-
pVDZ is found to provide a reasonable balance of
speed and acceptable accuracy for our large scale
atmospheric study. Increasing the basis set to aug-
cc-pVTZ did not improve the accuracy of calcula-
tions with respect to agreement with experimental
values.

e The HCN profile from our fiducial model of Titan’s
atmosphere agrees very well with the Cassini ob-
servations, and is well in line with the three most
recent Titan models in the literature.

e Only 19 reactions are responsible for the produc-
tion and destruction of HCN in Titan’s atmo-
sphere. These reactions are sources and sinks of
HCN, sources and sinks of the precursors to HCN,
and a presursor sink attenuation reaction.

e There are 4 main channels to HCN production:

— CN + CH4 —— HCN + CH3 (N36*46%),

- 2N+CH; +H — H,CN +Hy + H —
HCN + 2H, (~32-38%),

— 4N+ CH; — H,CN +H — HCN + H,
(~20-25%),

— 2N + CH; — H,CN + H — HCN + H,
(~2%).

e The first and second reactions dominate in the
lower atmosphere, whereas the second, third, and
fourth reactions dominate in the upper atmo-
sphere. In the upper atmosphere, where partial
pressures are low, relatively high rate coefficients

tend to dictate the dominant reactions. In the
lower atmosphere, the high CHy partial pressure
increases the reaction rates for the first two re-
actions, which is the reason for their dominance
here.

e The fourth dominant source of HCN in Titan’s at-
mosphere is a reaction first discovered in our recent
work (Pearce et al. 2019).

e HCN + 2N —— N, + CH is the main sink for
HCN. Conversely, HCN + hv —— CN + H is not
an effective HCN sink, because it produces a CN

molecule that reacts with CHy to form back into
HCN.

e GCRs triple the total production of HCN in Ti-
tan’s atmosphere, however they do not affect
which reactions dominate HCN production and
destruction.

Our work suggests that chemical networks of hundreds
or thousands of reactions are not necessary to accurately
simulate the production of HCN in Ns-, CHy-, and Hs-
dominated atmospheres. Instead, using our novel strat-
egy of exploring the entire field of possible reactions for
a short list of primary atmospheric species has proven to
be valuable at uncovering the dominant chemical path-
ways to producing HCN in Titan’s atmosphere.

In upcoming work, we will use this strategy to ex-
pand CRAHCN to explore the production of HCN in the
early Earth atmosphere, which, along with Ny, CHy4, and
Hs, is expected to have contained oxygen-based primary
species such as CO5 and H5O, as well as their dissocia-
tion fragments.
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APPENDIX MATERIALS

PEARCE ET AL.

RATE COEFFICIENT CALCULATIONS

In Table Al, we display the recalculated two-body reaction rate coefficients from Pearce et al. (2019), with the
modified vibrational partition function described in Section 2.

Table Al. Re-calculated two-body reaction rate coefficients at 298 K from Pearce et al. (2019) with new vibrational partition
function model. For these calculations, the vibrational partition functions are adjusted so that the zero of energy is at the first
vibrational level, i.e., the zero-point level. Calculations are performed at the BHandHLYP /aug-cc-pVDZ level of theory. The
presence or absence of an energy barrier in the rate-limiting step of the reaction is specified. The error factor is the multiplicative
or divisional factor from the nearest experimental or suggested value.

Reaction equation Forw./Rev. Barrier? k(298) calculated k(298) experimental Error factor
H,CN + *N — HCN + NH F Y 4. 7x10712 4.4%x107 1 9
H,CN+H — HCN + H, F Y 2.2x107 11 8.3x107 1 4
H,CN — HCN+H F Y 2.2x10715

NH+ N — N;H- — Ny +H F N 5.5x10711 2.5-2.6x107 2
NH+ 2N — NyH- — Ny +H F N 8.8x10~11

NH+H — H, + N F Y 7.1x10712 3.2x1071? 2
N+ CH; — *HsCN- — Ho,CN+H F N 6.2x10~11 5-7.7x10~11 1
N+ ?CHy — H2CN(,)- — HCN+H F N 1.0x107"°

N+ 'CHy — “H,CN — *HCN- +H. — F N 1.9x10710

CN+H+H

“N+CH— *HCN.- — CN+H F N 1.5x10710 0.2-1.6x1071° 1
°N+ CHy — HsCNH.- — 'H,CNH:- +H.- — F N ¥X1 7x10” 2.4-4.5%x10712 4
H,CN + H,

°N 4+ CH; — 3'H3CN. — 3'H,CNH- F N 2.3x1071°

H>CN +H

°N + 3CHy — HoCN(,y - — HCN +H F N 2.1x107"°

N +3%CH; — *H,CN- — ®HCN- +H. — F N 3.5x1071°

CN+H+H

°N+ 'CHy — HoCN(,y- —» HCN +H F N 2.4x107"°

°N+CH — *HCN- — CN+H F N 3.5x1071°

°N+H; — NHa(,)- —> NH+H F N °3.3x107 " 1.7-5.0x107 "2 7
CH4 + %CH, — CH3 + CH3 F Y 5.7x10718 <3-500000x 10~ 1
CH4 + %CH, +— CH;3 + CH3 R N 5.3x107 1

CH4 + 'CHy; — CaHg(y) - — CHs + CHs F N 2.1x107 " 0.2-7.3x10~ ' 1
CH;+CH — CH;~-CH.- — CoH; - — F N 41.8x10710 0.02-3x1071° 1
CoHs +H

CH4s+H — CHs + Hy F Y 8.9x1071° 8.2-350x1071° 1
CH4+H +— CH; + H, R Y 3.3x1072° 9.6-13x10~2 3
CHs3 4 3CHy — CyHs - —— CoHy + H F N 5.9x10711 5-21x10~1* 1
CHs 4+ 'CH; — CyHs - — CoHy + H F N 1.3x1071° 3.0x107 1 2
CHs + H — 3CHs + Ho F Y 8.1x10~2

CHs + H +— 3CH;y + H, R Y 5.9%x10716 <5-50%x10715 1
3CHs + *CHy — CaHy(yy - — CoHa + Ho F N 3.6x107 " 5.3x107 ! 1
3CHy + 'CHy — 3CoHy- —— CoHs- +H — F N 2.1x1071° 3.0x10~ 11 7
CoH, +H+H

'CHy + '"CHy — C2Hy(yy - — CoHa + Ho F N 7.1x107" 5.0x107 " 1
'CHz + Hy — CHy(,y- — CHs +H F N 1.0x107"° 0.07-1.3x107"° 1
CH+CH — 3CyHy- — CoH+H F N 1.4x10710
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CH +H; — CHs(,)- — *CH2+H F N 5.4x107 ! 0.1-16x107 " 1
CH+H — *CHy(,)- — C+Hs F N 6.9x10~"°

@ We remove the barrier from this calculation as experiments predict this reaction to be barrierless or nearly barrierless (Nesbitt et al. 1990).
See case study 1 for more details.

b The existence of a barrier for this reaction is dependent on computational method. We introduce an experimental barrier of 6.3 kJ mol~!
(Takayanagi et al. 1999) to this calculation as at the BHandHLYP /aug-cc-pVDZ level of theory, we find this reaction to be barrierless.

X Simulations had sporadic convergence beyond a C-N bond distance of 2.76A. The rate coefficient is calculated with the variational
transition state at this location, which has the highest AG.

¢ The existence of a barrier for this reaction is dependent on computational method. We introduce an experimental barrier of 7.3 kJ mol~!
(Suzuki et al. 1993) to this calculation as at the BHandHLYP /aug-cc-pVDZ level of theory, we find this reaction to be barrierless.

4 We remove the barrier from the rate limiting step of this calculation, i.e. CHy—~CH.- —— C3Hs - as experiments predict this reaction

to be barrierless (Berman & Lin 1983; Blitz et al. 1997; Thiesemann et al. 1997).

In Table A2, we list the new two-body reaction rate coefficients calculated in this work at 298 K, along with any
experimental values.

Table A2. New two-body reaction rate coefficients calculated in this work at 298 K. Calculations are performed at the
BHandHLYP /aug-cc-pVDZ level of theory. Reactions with rate coefficients slower than k = 1072! e¢m®s™" are not included in
this network. The presence or absence of an energy barrier in the rate-limiting step of the reaction is specified. The error factor
is the multiplicative or divisional factor from the nearest experimental or suggested value.

Reaction equation Forw./Rev. Barrier? k(298) calculated k(298) experimental Error factor
H,CN + NH — HCN + NH, F Y 1.4x10713

H,CN + *N — *H,CNN. —— Ny + 2CH, F N 4.3x10712

H,CN + 2N — *H,CNN- —— Ny + 2CH, F N 3.2x107 11

H,CN + 2N — 'H,CNN. — Ny + 'CH, F N 6.4x10712

H,CN + CH — 'H,CNCH- — F Y 1.4x10~ 1

H,CNC,- +H- — H,CNC,- +H- —

CH,CN +H

H>CN + CH — 3H,CNCH.- —— HCN + 3CH, F N 2.2x10711

H>CN + CH — 'H,CNCH- —— HCN + 'CH, F Y 3.3x10711

HCN 4+ CN — HNCCN- — NCCN +H F N 3.7x10712 0.2-4.1x10713 9
HCN + 2N — Ny + CH F N 6.8x1011

HCN + 'CH, — CHHCN. — F N 3.7x10713

CH3NC,- +H- — CH3NCy- +H- ——

CH,CN +H

HCN+H — HCNH. — HNC+H F Y 2.7x102°

HCN + H +— HCNH. +—— HNC+H R Y 1.0x107 1!

CN + NH — HCN + *N F Y 1.9x10~

CN +NH — HNNC. — CHNy, - — F Y 1.9x10712

CHNyp, - — CH+ Ny

CN + "N — CNy(,y - —+ N2+ C F N 4.3x1071 1.0-3.0x107"° 2
CN +*N — CNy(,)- — N2+ C F N 1.6x107 "

CN + CHy — HCN + CH3 F Y a7 7x107 18 5.6-11x107 % 1
CN + CHs — HCN + 3CH, F N 6.7x10712

CN+CH — HCN+C F N 1.4x107 %

CN+ CH — HNC+C F N ®5.4%x10713

CN+H; — HCN+H F Y €1.3x10715 1.2-4.9x107* 9
NH+NH — NoHy- —s NoH- +H- — F N 4.1x10712 3.5x10712 1
No+H+H

NH + NH — NH; + *N F Y 6.8x10718
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NH + CH; — HsCNH.- — F N 2.0x10711
'Ho,CNH- + H- — HoCN + H,

NH + 3CH, — 'H,CNH.- — H,CN+H F N 1.9x10~

NH + !CH, — *H,CNH. — H,CN+H F N 4.6x107 1

NH+ CH — HNCH- — HCN +H F N 44.5%107 11

NH + CH — HNCH- — HNC+H F Y 43.9%1071°

CH3 4+ CH — 'CH3CH- — CyH3- +H. — F N 5.5x10711

CoHy

CH3 4+ CH — 3CH3CH- — CyH3- +H. — F N 2.4x1071°

CoH, +H+H

3CHy; + CH — CyH3 - — CoHy +H F N 6.3x1011

3CHy; + CH — “CyH3- — 3CoHy- +H- — F N 1.1x10710

CoH+H+H

*CHz + H — CHs(,) - — CH+ Ha F N 3.7x107"° 0.8-2.7x107"° 1
'CHy + CH — CyHz - — CoHy, + H F N 1.6x10710

'CHz + H — CHs(,)- — CH+H, F N 1.8x107"° 5.0x10~ " 4

'CH; + H — CHs(,)- — °CHy +H F N 4.6x107""

@ The existence of a barrier for this reaction is dependent on computational method. We introduce an experimental barrier of 8.3 kJ mol~!
(Bullock & Cooper 1972) to this calculation as at the BHandHLYP /aug-cc-pVDZ level of theory, we find this reaction to be barrierless.

b Simulations had sporadic convergence beyond a H-N bond distance of 1.45A. The rate coefficient is calculated with the variational
transition state at this location, which has the highest AG.

¢ The existence of a barrier for this reaction is dependent on computational method. We introduce an experimental barrier of 13.4 kJ mol~1
(ter Horst et al. 1996) to this calculation as at the BHandHLYP /aug-cc-pVDZ level of theory, we find this reaction to be barrierless.

d Simulations did not converge beyond a N-C bond distance of 3.334. The rate coefficient is calculated with the variational transition

state at this location, which has the highest AG.

In Table A3, we display the reduced Lindemann parameters for the three-body reactions calculated in this work,
along with any experimental values.

Table A3. Lindemann coefficients for the three-body reactions calculated in this work at 298 K. Calculations are performed at
the BHandHLYP /aug-cc-pVDZ level of theory, and are valid within the 50-400 K temperature range. koo is the second-order
rate coefficient in the high pressure limit with units cm®s™. ko is the third-order rate coefficient in the low pressure limit with
units cm®s™!. These values fit into the pressure-dependent rate coefficient equation k = %kw. Reactions with rate
coefficients slower than koo = 1072 ¢cm®s™! are not included in this network. The error factor is the multiplicative or divisional
factor from the nearest experimental or suggested value.

Reaction equation koo (298) calc. koo (298) exp. Errorss  ko(298) calc. ko(298) exp. Errorg
HCN+CH+M — HCNCH,- + M- — 7.1x10711 2.7x1071° 4 3.3x1072°

HCNCH; - + M- — CHoNC- + M- —

CH,CN + M

CN+CN+M — NCCN+M 1.6x1071? 1.0-9.4x10712 1 5.3x1072°  4.7-4900x1073? 1
CN+CN+M — CNCN+M 6.3x10712 2.2x1073°

CN+NH+M —s HNCN + M 2.3x107 5.9%x1072°

CN+4N+M— CNy+M 4.3x1071 1.0-3.0x107 2 1.0x1073° 2.8x10732 36
CN+2N+M— CNy+M 1.6x1071° 1.1x1072°

CN + CHs + M — CH3CN +M 1.3x10~ % 3.8x10726

CN +3CHy + M — CH2CN + M 2.9x107 11 8.5%x10727

CN + !CH; + M — CH2CN + M 6.3x10~ 11 3.5x10726

CN+CH+M — 3HCCN + M 1.1x10~ % 6.5%x10728

CN+CH+M — 'HCCN+M — 2.9x10711 1.2x10728

'HCoN+ M
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CN+H+M — HCN +M 4.5%x107 1 1.7x107 10 4 1.7x1073° 1.3-1.6x1073°
‘N+3CH; +M — HoCN+ M 1.0x1071° 1.2x10728
IN+IN+M— N+ M 1.4x107 11 42x1073*  2.2-130x1073%
‘N+H+M — NH+M 4.3x10710 3.2x10733 1.4-64x10733
N+3CH;+M — HoCN+ M 2.1x1071° 6.2x10728

N+ 1CH;+M — H,CN+ M 2.4%x1071° 1.5x10727

N+2N+M— Ny +M 5.7x10711 1.7x10732

N+ H+M — NH+M 7.7x10710 7.0x10732

CHy + 'CHy + M — CoHg + M 2.1x10~11 0.2-7.3x107 11 1 7.2x107%4

CHsz + CH3 + M — CoHg + M 5.9x10712 3.5-6.5x107 11 6 1.7x1072¢ 1.7-3.3x10726
CH3;+H+M — CH; +M 1.4x1071° 1.5-4.7x1071° 1 2.6x10728 1.5-55x10~2°
3CHy +3CHs +M — CoHy + M 3.5x10711 5.3x10711 2 2.6x102%

S3CH+H+M — CH3 + M 4.6x1071° 8.3-27x10~ ! 2 4.8x1072%°

'CHy + 'CHy + M — CoHs + M 7.1x10~11 5.0x10711 1 5.4x102°

'CHy+Hy +M — CH, + M 1.0x1071° 7-130x10~12 1 1.4x10727

CH,+H+M — CH3 + M 2.3x1071° 5.0x107 5 3.7x10728

CH+CH+M — CHs + M 1.2x10~ 1 1.7-2.0x1071° 14 3.5x10728

CH+Hs+M — CH3;+ M 2.7x107'°  6.3-2000x107*3 1 7.8x1072° 9.0x1073°
CH+H+M — 3CH,+ M 6.9x1071° 1.4-5.0x10~ 1! 14 2.0x10728

CH+H+M — 'CH,+ M 2.1x1071° 1.4x107 1! 15 4.4x10731

H+H+M — Hy +M 1.9x1071° 1.7x107%%  4.0-250x107%3

CRAHCN

In Table A4, we display the Lindemann coefficients for the three-body reactions in CRAHCN, along with their sources.
When available, rate coefficients in CRAHCN are experimental values; However, the majority of rate coefficients have
not been experimentally measured, and thus we use the consistently calculated values from this work. These three-body

reactions, along with the one- and two-body reactions in Table A5, make up CRAHCN.

Table A4. Lindemann coefficients for the three-body reactions in the consistent reduced atmospheric hybrid chemical network
(CRAHCN), valid within the 50400 K temperature range. Experimental values are used when available, and calculated rate
coefficients from this work are used otherwise. koo is the second-order rate coefficient in the high pressure limit with units cm3s™*.
ko is the third-order rate coefficient in the low pressure limit with units cm®s™!. These values fit into the pressure-dependent

rate coefficient equation k = ko[ M] /Koo koo

THko[M]/koo
No. Reaction equation koo (298) ko (298) Source(s)
*]. HCN+CH+M — HCNCH,- + M- — 2.7x107*% 3.3x107% This work, Zabarnick et al. (1991)
HCNCH;- + M- — CHoNC- + M- —
CH;CN +M
2. CN+CN+4+M — NCCN+M 1.0x10712  4.7x1032 Basco et al. (1963)
*3, CN+CN+M — CNCN+M 6.3x10712  2.2x1073° This work
*4, CN+NH+M — HNCN + M 2.3x107  5.9x107%° This work
5. CN+*N+M — CNy+M 1.1x10710  2.8x10732 Atakan et al. (1992), Whyte & Phillips (1983)
Provencher & McKenney (1972)
*¥6. CN+*N+M— CNy+M 1.6x1071°% 1.1x107%° This work
*7. CN+CHz; +M — CH3CN + M 1.3x1071  3.8x107% This work
*8. CN+3CH; + M — CH,CN 4+ M 2.9x1071  85%x10727 This work
*9. CN+!'CHs +M — CH,CN 4+ M 6.3x107  3.5x10726 This work
*10. CN+CH+M — *HCCN + M 1.1x1071  6.5%x10728 This work
*11. CN+CH+M — 'HCCN+M — 29x1071 1.2x107%8 This work

"HC,N + M



28 PEARCE ET AL.

122 CN+H+M — HCN+M 4.5x107 1.7x107%° This work

*13. N+ 3CHz + M — HoCN 4+ M 1.0x1071  1.2x10728 This work

14. *“N+*N+M-—N;+M 1.4x10711  1.9x10732 This work, Average of experimental

15. ‘N4+H4+M — NH+M 4.3x10710  4.8x107%2 This work, Brown (1973)

*16. 2N+ 3CHg + M — H2CN 4+ M 2.1x1071°  6.2x107%8 This work

*17. N+ !CH,4+M — HoCN 4+ M 2.4x1071°  1.5x107%7 This work

*18. N4+N4+M — N+ M 5.7x1071 1.7x10733 This work

*19. *N+H+M — NH+M 7.7x1071%  7.0x10732 This work

*20. CHy+ 'CHy + M — CoHg + M 7.1x1071 7.2x107* Tsang & Hampson (1986), This work

21. CH3+CH3+M — CyHg + M 6.0x1071  2.5x1072 Baulch et al. (1992), Slagle et al. (1988b),
MacPherson et al. (1983)

22. CH;+H+M — CHs+M 3.5x1071%  1.4x107%® Baulch et al. (1992)

*23. SCHy +3CH: 4+ M — CoHs + M 5.3x1071  2.6x1072° Baulch et al. (1992), This work

24. 3CHy+H+M — CHz + M 2.0x10710  4.8x107%° Baulch et al. (1992), This work

*25. 1CHy + 'CH2 4+ M — CoHs + M 7.1x1071"  54x107%° This work

#26. 'CHp+Has +M — CHy + M 1.2x1071%  1.4x10727 Baulch et al. (1992), This work

*27. CHy+H+M — CH3z + M 2.3x1071% 3.7x10728 This work

*28. CH+CH+M — CoHa + M 1.9x1071% 3.5x1072®  Braun et al. (1967), Braun et al. (1966), This work

29. CH+H;+M— CHs;+M 9.6x107*  9.0x107*°  Average of experimental values, Becker et al. (1991)

*30. CH4+H+M — 3CHy,+ M 3.2x107" 2.0x10728 Average of experimental values, This work

*31. CH4+H+M — 'CH, + M 1.4x107"  4.4x107% Becker et al. (1989), This work

32. H+H+M —Ho+M 1.9x1070  7.4x10733 This work, Baulch et al. (1992)

* Reactions with no previously known rate coefficients.

In Table A5, we display the temperature-dependent Arrhenius parameters calculated for the one- and two-body
reactions in CRAHCN.

Table A5. Arrhenius coefficients for the one- and two-body reactions in the consistent reduced atmospheric hybrid chemical
network (CRAHCN). Experimental values are used when available, and calculated rate coefficients from this work are used

otherwise. For the reactions with barriers from this work, rate coefficients are calculated at 50, 100, 200, 298, and 400 K, and

are fit to the modified Arrhenius expression k(T') = « (3%)[3 e~7/T. Barrierless reaction rate coefficients do not typically vary

by more than a factor of 1-3 for temperatures between 50 and 400 K (Clary 1990; Li et al. 2008; Hase et al. 1987; Jasper et al.
2007; Daranlot et al. 2013). Intermediate molecules are labelled with a bullet, and are included to describe the precise reaction

pathway for multi-step reactions. First- and second-order reactions with rate coefficients slower than k = 10~2* cm®s~! are not
included in this network. First-order rate coefficients have units s™!. Second-order rate coefficients have units cm®s™!.
No. Reaction equation Forw./Rev. « B % Source
33, N2+3N — Np +°N F 54x107'2 0 1620 Suzuki et al. (1993)
34. N2+ 'CHy — Ny 4 3CH, F 2.3x107"% 215 74 Douglas et al. (2018)
35. HyCN 4+ NH — HCN + NH, F 4.3x1071 205 331 This work
36. HyCN+*N — 3H,CNN. —— Ny + 3CH, F 4.3x10712 0 0 This work
37.  HyCN+ *N — HCN 4 NH F 1.0x107'° 0 200 Nesbitt et al. (1990)
*38.  HCN 4+ °N — 3H,CNN - —— Ny + 3CH, F 3.2x107 0 0 This work
*39.  HCN + 2N — 'H,CNN. —— Ny + 'CH, F 6.4x10712 0 0 This work
*40. HyCN 4+ CH — 'H,CNCH- — F 2.6x1071 -1.66 119 This work
H>CNC,- +H- — HsCNCy- +H- —
CH2:CN +H
*41. HyCN + CH — *H,CNCH. — HCN + 3CH, F 2.2x1071 0 0 This work
*42.  HyCN + CH — 'H,CNCH. — HCN + 'CH, F 6.4x1071° 2,04 904 This work
43. HyCN+H — HCN + Hy F 2.2x1071 0 0 This work
44. H;CN — HCN +H F 1.3x10™3  1.74 19060  Pearce et al. (2019) +

This work
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HCN + CN — HNCCN. — NCCN +H
HCN + 2N — Ny + CH

HCN + !CH, — CH,HCN. —
CH3NC,- +H- — CHoNC, - +H- —
CH,CN +H

HCN+H — HCNH. — HNC +H
HCN +H +— HCNH: +— HNC +H
CN + NH — HCN + *N

CN +NH — HNNC- — CHNg, - ——
CHNjj - — CH+ N,

ON + *N — CNg(,) - — Na +C

ON + *N — CNg(,) - — Na +C
CN + CH; — HCN + CH3

CN + CHs — HCN + 3CH,
CN+CH — HCN +C

CN +CH — HNC + C

CN+H, — HCN+ H
NH+NH — NoHy- — NoH:- +H- ——
N.+H+H

NH + NH — NH, + *N
NH+*N — NoH- — Ny +H
NH+ 2N — No,H- — Ny +H

NH + CH3 — H3CNH- — "H,CNH- +H- —

H>CN + H»

NH + 2CH; — 'H,CNH.- — H,CN +H
NH + !CH; — *H,CNH.- — H,CN+H
NH+ CH — HNCH- — HCN +H

NH + CH — HNCH- — HNC +H
NH+H — H, + N

4N+ CHs — 3H3sCN.- — H,CN+H

N+ ®CHy — H2CN(,)- — HCN+H

N+ 'CHy — “H,CN — *HCN- +H. —

CN+H+H
AN+ CH—*HCN- — CN+H

°N+CH; —s HsCNH- — 'H,CNH- +H- —

H2CN + Ho
N+ CH3 — *'H3CN. — *'H,CNH-
H,CN +H
’N + °CHy — HoCN(,)- — HCN+H

°N +3CH; — *H,CN- —» 3HCN- +H- ——

CN+H+H
’N+ 'CHy — HoCN(,)- — HCN+H

°N+CH — 3HCN. —s CN+H

°N+Hz — NHz(,)- —> NH+H

)

Moo

23 leo Mlle Mlle Mileo Mileo Mileo Mileo

o

1.5x10713
6.8x10711
3.7x10713

9.0x107 11
8.9x10~11
1.1x10713
4.6x10712

1.1x1071°
1.6x1071°
1.5x107 1!
6.7x10712
1.4x10~ 1!
5.4x10713
4.1x1071?
3.5x10712

1.9x10712
2.5x1071!
8.8x107 11
2.0x1011
1.9x107 4
4.6x1071
4.5%x107 1
5.2x10711
2.2x10712
7.7x10711
1.0x1071°

1.9x1071°

1.1x1071°
4.8x107 1

2.3x1071°

2.1x1071°0

3.5x10710

2.4x10710

3.5x10710

4.2x107 1

1.20
0.80
0.15
1.22

,_.
O M O OO0 O o o

0.47

1.04
1.55

6249
649
528
263

2551
103

880
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Avg. of exper. vals
This work
This work

This work
This work
This work
This work

Avg. of exper. vals
This work
Baulch et al. (1992)
This work
This work
This work
Tsang (1992)
Nicholas et al. (1986)

This work
Hack et al. (1994)
Pearce et al. (2019) +
This work
This work

This work
This work
This work
This work
Adam et al. (2005)
Marston et al. (1989) +
Stief et al. (1988)
Pearce et al. (2019) +
This work
Pearce et al. (2019) +
This work
Avg. of exper. vals
Herron (1999)

Pearce et al. (2019) +
This work
Pearce et al. (2019) +
This work
Pearce et al. (2019) +
This work
Pearce et al. (2019) +
This work
Pearce et al. (2019) +
This work
Herron (1999)
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80. CH4+ *CH, — CH; + CH; F 5.4x107* 745 3401 Pearce et al. (2019) +
This work
81. CHy+ *CHz <— CH3 + CH; R 53x107" 0 0 Pearce et al. (2019) +
This work
82. CH4 + 'CH, — C2Hg(,) - — CH3 + CH3 F 7.1x107 0 0 Tsang & Hampson (1986)
83. CHy+CH — CH;-CH- — CoHs- — F 9.8x107'" 0 0 Baulch et al. (1992)
CoHy +H
84. CHs4+H — CH; +Ha F 59x107'% 3.0 4045 Baulch et al. (1992)
85. CHs+H +— CH3 + H» R 7.0x107" 2,74 4740 Baulch et al. (1992)
86. CHj + *CHy — CoHs- —— CoHy +H F 7.0x107" 0 0 Baulch et al. (1992)
87. CHz+ 'CH, — CoH5- — CoHy + H F 1.3x107° 0 0 Pearce et al. (2019) +
This work
88. CH3;+CH — 'CH3CH- — CoHs- +H. — F 55x107" 0 0 This work
CoHy
89. CHz+CH — ®CH3CH- — CoHz- +H- — F 2.4x107'% 0 0 This work
CoH: +H+H
90. CHz+H — 3CH, +H, F 2.6x107"  1.15 6529 Pearce et al. (2019) +
This work
91. CHz+H<+— 3CH, +H, R 8.1x107*  9.04 1450 Pearce et al. (2019) +
This work
92.  *CHa + *CHy — C2Ha() - — CoHz + Ho F 5.3x107" 0 0 Baulch et al. (1992)
93.  S3CH» +'CH, — 3CoHy- — CoHz- +H — F 2.1x107% 0 0 Pearce et al. (2019) +
CoH, +H+H This work
94.  S3CH; +CH — CoHz- — CoHa + H F 6.3x107 0 0 This work
*95.  *CHp + CH — “CoHs- — 3CoHa- +H- — F 1.1x107% 0 0 This work
CoH+H+H
96. CHz+H — CHs(,)- — CH+ Hy F 2.0x107" 0 0 Baulch et al. (1992)
97.  'CHz + 'CHz — CaHy(,)- — CaHy + Ha F 71x107% 0 0 Pearce et al. (2019) +
This work
*98.  'CHz + CH — CoHz - — CoHa + H F 1.6x107 0 0 This work
99. 'CHz+H; — CHy(,)- —> CHz+H F 1.2x107° 0 0 Baulch et al. (1992)
100. 'CHz +H — CHs(,)- — CH+ Hy F 1.8x107'% 0 0 This work +
Gonzalez et al. (2011)
*101. 'CH2 +H — CHs(,)- — *CH2 + H F 4.6x107" 0 0 This work +
Gonzalez et al. (2011)
102. CH+ CH — 3CoHy- — CoH+H F 1.4x107° 0 0 Pearce et al. (2019) +
This work
103. CH+H; — CHs(,)- — *CHy + H F 3.1x107' 0 1650 Brownsword et al. (1997)
104. CH+H — *CHs(,)- — C+Hs F 6.9x107'% 0 0 Pearce et al. (2019) +

This work

* Reactions with no previously known rate coefficients.

Vibrationally excited molecules are labeled with a (,y subscript.

EXPERIMENTAL DATA

In Table A6, we list all experimental rate coefficients for the reactions calculated in this work.

Table A6. Available experimental or recommended reaction rate coefficients for the new reactions in this paper. For brevity,

only the 10 most recent measurements are included; for a complete listing, we refer the reader to the NIST Chemical Kinetics
Database (Manion et al. 2015). First-order rate coefficients have units s~*. Second-order rate coefficients have units cm®s™*.

Third-order rate coefficients have units cm®s™!.
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Reference(s)

k(298K) Technique  Temp. (K) Pressure (Torr)
H,CN + *N — HCN + NH
4.4x107 1 M 208 1
H,CN +H — HCN + H,
8.3x10711 Z independent
HCN 4+ CN — NCCN +H
4.1x10713 M 208 20
3.2x10714 M 298 100-600
1.8x10~ M 300 5-25
3.2x10714 S 298
HCN 4+ CH — products
2.7x1071° M 298 100
CN+4+CN+M — NCCN +M
4.7x10732 M 208 1-27
3.3-4.9x107%° S 298
CN + CN — NCCN
1.0x1071? M 298 1-27
9.4x10712 S 298
CN+*N — Ny +C
1.2x10710 M 298 7
1.0x1071° M 300 2
3.0x1071° S 298
CN+*N+M— CNy +M
2.8x10732 M 298 1-10
CN + CHy — HCN + CH;
1.1x10712 M 298
1.1x10712 M 295 53
9.2x10713 M 298 4-38
7.8x10713 M 298 1-200
7.5x10713 M 297 20
7.4%x10713 M 208
7.4%x10713 M 208
5.8x10713 M 208 47-490
5.6x10713 M 294 5-30
6.4x10713 S 298
CN+H, — HCN+H
4.9x10~ 1 M 204 52
2.5-2.9x107 1 M 298 50
2.5-2.7x107 1 M 204 3-6
2.7x10714 M 298 50-500
2.7x10714 M 298 50
2.2-2.6x107 1 M 208 1-200
2.5x10714 M 295 10-30
1.4x1071 M 298 3-50
1.2x107 1 M 298 4-21
2.6x10714 S 298
CN+H+M — HCN+ M
1.3-1.6x10730 S 298
NH + NH — N2Hs - —— products
3.5x10712 M 298 3-10

Nesbitt et al. (1990)
Tomeczek & Gradon (2003)

Zabarnick & Lin (1989)
Yang et al. (1992)
Li et al. (1984)
Tsang (1992)

Zabarnick et al. (1991)

Basco et al. (1963)
Tsang (1992)

Basco et al. (1963)
Tsang (1992)

Atakan et al. (1992)
Whyte & Phillips (1983)
Baulch et al. (1992)
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Adam et al. (2005)

Emel’kin & Marusin (1978a)
Brennen & Shane (1971)
Emel’kin & Marusin (1978b)
Evenson & Burch (1966)
Harteck et al. (1958)
Clyne & Stedman (1967)
Campbell & Thrush (1966)
Campbell & Thrush (1967)
Lambert et al. (1968)
Kretschmer & Petersen (1963)

Marston et al. (1989),
Stief et al. (1988)

Marston et al. (1989),
Stief et al. (1988)
Miller & Bowman (1989)

Brownsword et al. (1996)
Daranlot et al. (2013)
Messing et al. (1981)

Brown (1973)
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Takayanagi et al. (1999),
Umemoto et al. (1998c)
Fell et al. (1981),
Umemoto et al. (1998c¢)
Umemoto et al. (1998a),
Umemoto et al. (1998c¢)
Black et al. (1969),
Umemoto et al. (1998c¢)
Herron (1999),
Umemoto et al. (1998c¢)

Black et al. (1969)
Fell et al. (1981)
Black et al. (1975)
Suzuki et al. (1993)
Umemoto et al. (1998b)
Piper et al. (1987)
Husain et al. (1974)
Whitefield & Hovis (1987)
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Husain et al. (1972)
Herron (1999)

Braun et al. (1970)
Bohland et al. (1985)
Tsang & Hampson (1986)

Ashfold et al. (1981)
Langford et al. (1983)
Braun et al. (1970)
Tsang & Hampson (1986)

Butler et al. (1979)
Butler et al. (1981)
Berman & Lin (1983)
Blitz et al. (1997)
Canosa et al. (1997)
Thiesemann et al. (1997)
Bosnali & Perner (1971)
Braun et al. (1967)
Braun et al. (1966)
Baulch et al. (1992)

Lawrence, Jr. & Firestone (1966)

Jones & Ma (1986)
Baulch et al. (1992)

Slagle et al. (1988b)
MacPherson et al. (1983)

Walter et al. (1991)
Macpherson et al. (1985)
Du et al. (1996)
Slagle et al. (1988a)
Sangwan et al. (2015)
Pagsberg et al. (1988)
Hippler et al. (1984)
Fahr et al. (1991)
Wang & Fockenberg (2001)
Arthur (1986)
Anastasi & Arthur (1987)
Baulch et al. (1992)
Tsang (1989)

Wang & Fockenberg (2001)
Deters et al. (1998)
Laufer & Bass (1975)
Pilling & Robertson (1975)
Baulch et al. (1992)
Tsang & Hampson (1986)
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Tsang & Hampson (1986)

Kobrinsky & Pacey (1974)
Tsang & Hampson (1986)
Baulch et al. (1992)

Pratt & Veltman (1974)
Pratt & Wood (1984)
Baulch et al. (1992)

Brouard et al. (1989)
Cheng & Yeh (1977)
Cheng et al. (1977)
Sworski et al. (1980
Patrick et al. (1980
Michael et al. (1973
Cobos & Troe (1990
Baulch et al. (1992)
Tsang (1989)
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Braun et al. (1970)
Baulch et al. (1992)

Tsang & Hampson (1986)

Braun et al. (1970)
Darwin & Moore (1995)
Pilling & Robertson (1977)

Boullart & Peeters (1992)
Bohland & Temps (1984)
Devriendt et al. (1995)
Bohland et al. (1987)
Zabarnick et al. (1986)
Grebe & Homann (1982a)
Baulch et al. (1992)
Tsang & Hampson (1986)

Tsang & Hampson (1986)
Langford et al. (1983)
Ashfold et al. (1981)

Braun et al. (1970)

Tsang & Hampson (1986)

Baulch et al. (1992)

Tsang & Hampson (1986)

Braun et al. (1967)
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Braun et al. (1966)
Becker et al. (1991)

Brownsword et al. (1997)
Fulle & Hippler (1997)
Becker et al. (1991)
Berman & Lin (1984)
Mcllroy & Tully (1993)
Butler et al. (1979)
Bosnali & Perner (1971)
Braun et al. (1967)

Zabarnick et al. (1986)
Brownsword et al. (1997)
Becker et al. (1991)

Grebe & Homann (1982b)
Becker et al. (1989)

Eberius et al. (1969)
Walkauskas & Kaufman (1975)
Lynch et al. (1976)
Bennett & Blackmore (1971)
Trainor et al. (1973)
Mitchell & LeRoy (1977)
Teng & Winkler (1973)
Cohen & Westberg (1983)
Tsang & Hampson (1986)
Baulch et al. (1992)

M: Monitoring decay of reactants and/or production of products.

Z: Zero activation energy value. Calculated by numerical modeling using the chemical compositions of the flames of CH4 + air.

S: Suggested value based on experiments and/or evaluations at a range of temperatures.

Table A7. Lennard-Jones force constants used in this study. Values are obtained from viscosity data when possible.

Molecule o (A) €/ky (K) Source

NCCN 4.38 339 Welty et al. (2008)
CNCN “4.38 “339 Welty et al. (2008)
CH3CN  °4.418  ®230  Welty et al. (2008)
CH,CN  ©4.232 205  Welty et al. (2008)
HCNCH, ©4.232  °205  Welty et al. (2008)
HNCN 93.996 4190  Welty et al. (2008)
CN» 43.996 4190  Welty et al. (2008)
SHCCN  ©°4.221  ©185  Welty et al. (2008)
'THCCN  ©°4.221 €185  Welty et al. (2008)
H,CN f3.63  7569.1  Reid et al. (1977)
HCN 3.63 569.1  Reid et al. (1977)
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N 3681 915  Welty et al. (2008)
NH 92.75 980 Wang et al. (2010)
CyHg 4418 230 Welty et al. (2008)
CoH,y 4.232 205  Welty et al. (2008)
CoH, 4.221 185  Welty et al. (2008)
CH,4 3.822 1365  Welty et al. (2008)
CHs 3.8 144 Wang et al. (2010)
3CH, 3.8 144 Wang et al. (2010)
'CH, 3.8 144 Wang et al. (2010)
Ho 2.968 33.3 Welty et al. (2008)

@ L-J parameters based on those for NCCN
b1-J parameters based on those for CoHg

¢ L-J parameters based on those for CoHy

d 1,-J parameters based on those for CO2

¢ L-J parameters based on those for CoHa

f L-J parameters based on those for HCN

9 L-J parameters based on those for OH and CH

THEORETICAL CASE STUDIES

The following theoretical case studies provide additional details for some of the non-standard reactions in CRAHCN.
For example, these reactions might have an excited intermediate, or may have a barrier that isn’t detected by our
chosen computational method.

CASE STUDY 1: H,CN +*N — HCN + NH

One experiment has measured the rate coefficient for this reaction to have a value of k(298 K) = 4.4x10~ ! cm3s~!

(Nesbitt et al. 1990). No isotope effect was observed, which is consistent with a barrierless reaction. Using three tem-
perature data points (200K, 298K, 363K), the authors suggest Arrhenius parameters indicative of a very small barrier.
However, with the small number of data points, and the data uncertainties, complete temperature independence of
this reaction would also fit these data points (Nesbitt et al. 1990).

Nesbitt et al. (1990) suggest this reaction either proceeds through the N—CH3N complex, or via direct abstraction.
We find the addition reaction forming the N—CH:N complex to have a large barrier at the BH/d level of theory (82
kJ mol~1).

Furthermore, we find the addition reaction forming *HoCNN to efficiently decay into the Ny and 3CH, products.
3H,CNN isomerization barriers proceeding to HCN + NH decay are too large to consider this pathway.

At the BH/d and CC/t levels of theory, we find the direct abstraction reaction to have barriers of 15.4 and 23.0 kJ
mol~!, respectively. On the other hand, at the B3LYP /aug-cc-pVDZ and wB/d levels of theory, we find the abstraction
reaction to be barrierless and nearly barrierless (Eg = 1.9 kJ mol~1), respectively.

Including the barriers, the rate coefficients for HoCN + *N —— HCN 4 NH at the BH/d and CC/t levels of theory are
9.5x1071% and 7.1x107'* ecm3s ™!, respectively. These are several orders of magnitude lower than the experimentally
measured value.

We find it likely that BH/d and CC/t calculate barriers when there should not be any. When removing the barriers
from the calculation, the rate coefficients at the BH/d and CC/t levels of theory are 4.7x10712 and 5.1x 10712 cm?®s~!,
respectively. This reduces the discrepancy between experiment and calculation to factors of 9.

The rate coefficients at the wB/d and B3LYP /aug-cc-pVDZ levels of theory are 3.4 and 9.4x107!2 ecm3s~—!, which
are factors of 13 and 5 smaller than the experimental value. Given all these discrepancies, we recommend further
experimental and theoretical analyses be carried out for this reaction.

CASE STUDY 2: CN + N — CNa,) - — N3 + C

Experimental measurements of this reaction near 298 K range from 1.0 to 1.2x 10719 cm®s~! (Whyte & Phillips 1983;

Atakan et al. 1992). Baulch et al. (1992) reviewed both high- and low-temperature measurements and recommended

a value of k = 3.0x10710 cm3s~1.
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The mechanism of the reaction is not previously well understood, however authors have suggested this reaction may
pass through the CNjy - intermediate (Atakan et al. 1992; Baulch et al. 1992). Our theoretical simulations suggest this
is indeed the correct mechanism.

We calculate the rate coefficient of CN + N — CNy at 298 K using the BH/d level of theory to be 3.4x10~!!
cm3s~!. We find the decay of CNz(y—g) into N + C to be slow (~10~4 s71). This suggests that this reaction likely
proceeds through vibrationally excited CNs, as is to be expected when two reactants combine to form a single product
(Vallance 2017).

Our calculated rate coefficient for CN 4+ N —— CNy(,)- — Ny + C (4.3x107'* em3s™!) is only a factor of 2
smaller than the experimentally measured values.

CASE STUDY 3: CN + CH; — HCN + CH3

The experimental rate coefficient for this reaction at 298 K ranges from 5.6x107* to 1.1x10712 em3s™! (Sims et al.
1993; Herbert et al. 1992; Copeland et al. 1992; Atakan & Wolfrum 1991; Sayah et al. 1988; Anastasi & Hancock 1988;
Balla & Pasternack 1987; Lichtin & Lin 1985).

The experimental barrier for this reaction is about 8.3 kJ mol~! (Bullock & Cooper 1972). This matches well with
the MP4 theoretical barriers calculated by Yang et al. (1993) which range from 7.5-8.8 kJ mol~!. We calculate a
barrier for this reaction at the CC/t level of theory to be 6.7 kJ mol 1.

We do not calculate a barrier for this reaction at the BH/d or wB/d levels of theory. We calculate a barrierless rate
coefficients at 298 K at to be 2.2 and 3.7 x10~!! em3s~!, respectively, which are over an order of magnitude greater
than the nearest experimental value. This disagreement with experiment is due to the lack of barriers calculated at
these levels of theory. For this reason, we introduce the experimental barrier of 8.3 kJ mol=! (Bullock & Cooper
1972) to our BH/d calculation. This produces a rate coefficient at 298 K of 7.7x10713 ¢cm®s™!, which is within the
experimental range.

CASE STUDY 4: CN + Hy — HCN + H

Experiments measure the rate coefficient for this reaction to be between 1.2 and 4.9x107'4 ecm3s~! (Balla & Paster-
nack 1987; Lichtin & Lin 1985; Choi et al. 2004; He et al. 1998; Sun et al. 1990; Jacobs et al. 1989; Atakan et al. 1989;
Sims & Smith 1988; De Juan et al. 1987).

Experiments generally agree on a barrier for this reaction of ~16.7 kJ mol=! (Che & Liu 1995). However, an ab
initio theoretical study suggests a barrier of 13.4 kJ mol~! provides a much better agreement between theory and
experiment (ter Horst et al. 1996).

We calculate no barrier for this reaction at the BH/d level of theory. The barrierless rate coefficient we calculate at
298 K is 8.7x107 13 cm3s~!, which is a factor of 18 larger than the nearest experimental value. This discrepancy is
due to the lack of barrier in our calculation when one should be present.

Similarly to ter Horst et al. (1996), when including a barrier of ~16.7 kJ mol~!, the calculated rate coefficient at 298
K is too low with respect to experimental values. Therefore, we include an experimental barrier of 13.4 kJ mol~! in
our calculation and obtain a rate coefficient of k(298 K) = 3.9x107® cm?®s~!. This value is only a factor of 3 smaller
than the nearest experimental value.

CASE STUDY 5: CH; + 'CHy — CyHg(,y- — CHs + CHs

!CH, insterts into the C-H bond of CH, to produce the CoHg intermediate, and subsequently dissociates into CHs +
CHj; (Langford et al. 1983; Ashfold et al. 1981; Tsang & Hampson 1986).

We calculate the decay of CyHg in the ground vibrational state into CHz + CHj to be slow (< 10737 s71), which
suggests this reaction proceeds through an excited vibrational state.

In previous work we only included the reaction CHy4 + 1CH2 —— CyHg in the network (Pearce et al. 2019); However
this is only valid in high atmospheric pressures. We therefore include calculations of both the high pressure (CH4 +
'CH; + M — CyHg + M and low pressure reactions (CH4 + 'CHy — CoHg(y) - — CHz + CH3), with BH/d rate
coefficients at 298 K of 7.2x1072* emfs~! and 2.1x107 " cm3s™!, respectively.

CASE STUDY 6: CH, + CH — CH,~CH- —> CoHs- — CoH, + H

Experimentally measured rate coefficients for this reaction range from £(298) = 0.02-3x1071% cm3s~! (Butler et al.
1979, 1981; Berman & Lin 1983; Blitz et al. 1997; Canosa et al. 1997; Thiesemann et al. 1997; Bosnali & Perner 1971;
Braun et al. 1967, 1966). Experiment suggests this reaction proceeds without a barrier (Berman & Lin 1983).
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Previous theoretical studies find this reaction proceeds through three steps, first forming a CH4;—CH complex,
then CyHs, and finally, decay into CoHy + H (Ribeiro & Mebel 2015; Wang et al. 1997). At the CCSD(T)-
F12/CBS//B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G(d,p)) level of theory, Ribeiro & Mebel (2015) found the first
step of this reaction to be barrierless, and the second step to have a barrier 2.3 kJ mol~! lower than the reactants. At the
UMP2/6-31G(d,p) and UMP4/6-311++(2d,p)//UMP2/6-31G(d,p) levels of theory, Wang et al. (1997) found similar
results, with a barrierless first step, and second step barriers 0.3 and 0.2 kJ mol~! below the reactants, respectively.

At the BH/d level of theory, we also find the first step to be barrierless; However, we find the CHy—CH. —— CoHj -
step to have a barrier 11.5 kJ mol~! above the reactants. This is similar to our result at the CC/t level of theory,
where we find this step to have a barrier 7.7 kJ mol~! above the reactants.

At the wB/d and B3LYP /aug-cc-pvDZ levels of theory, we find the CHy—CH- —— CyHj - step to be barrierless.

Because theory and experiment suggest the CHy—CH - —— CyHjs - step is not rate-limiting, we remove the barrier
from this calculation. This adjustment leads to a BH/d calculated rate coefficient of 1.8x1071% ecm3s~!, which is
within the experimental range.

CASE STUDY 7: ?CHy + H <— CHs(,y - +— CH + H

Reactions of 3CHy + H and CH + H, are suggested to produce vibrationally excited CH3(,) (Devriendt et al.
1995). This is what is to be expected when two reactants combine to form a single product (Vallance 2017). In high
atmospheric pressure, CHz(, collisionally deexcites CHz(,) +M —— CHz + M (Devriendt et al. 1995; Fulle & Hippler
1997). In low atmospheric pressure, CHs(,) dissociates into CH + Hy approximately 80% of the time, and 3CH, + H
approximately 20% of the time (Gonzélez et al. 2011).

In previous work, we only included reactions *CH; + H — CHs and CH + H, — CHg in the network (Pearce
et al. 2019). These are only valid for high atmospheric pressures; Therefore, we modify the network to include the
three-body reactions,

3CH, + H+ M — CH;3 + M,
CH + H, + M — CHj3 + M.

We calculate these rate coefficients at the BH/d level of theory to be k = 4.8 and 7.8x1072% cm%s™!, respectively.
We also include the two-body reactions,

*CHy + H — CHj(,)- — CH + Ha,

CH + Hy — CHs(,y - — *CH, + H,

with adjusted calculated rate coefficients & = 3.7x1071% and 5.4x107!! cm3s~!, respectively.

The rate coefficients for *CHy + H — CHs(,)- — CH + Hy and CH + Hy — CHgz(,)- — 3CH, + H are
reduced by 80% and 20% based on the CH3(,) dissociation probabilities calculated by Gonzdlez et al. (2011).

The same treatment is applied to the reaction of excited state 'CHy with H. We calculate the reaction rate coefficient
for 'CHy + H+ M — CHjz + M to be 3.7x10728 ¢cmSs~!. We also adjust our previously calculated reaction rate
coefficient for 'CHy + H — CHjy (Pearce et al. 2019) to dissociate along the channels CH + Hy and *CH, + H with

the same branching ratios as above. These new rate coefficients are 1.8x107!% and 4.6x107 ' cm3s™!, respectively.

CASE STUDY 8: 'CHy + H, — CHy(,y- — CHs + H

The reaction of 'CHy + Hy proceeds through an excited methane molecule before most commonly decaying into
CHs + H (Langford et al. 1983; Braun et al. 1970).

In previous work, we only included the reaction 'CHy +Hy —— CHy in the network (Pearce et al. 2019). This is only
valid for high pressure environments; Therefore we now include the three-body reaction 1CHy +Hy +M — CH, + M,
and we apply our previously calculated rate coefficient to the two-body reaction *CHgy 4+ Hy — CHy() - — CHz +
H, by assuming vibrational decay into CHz +H. These reactions have calculated rate coefficients k(298 K) = 1.4x10~27
embs~! and 1.0x1071% cm®s™!, at the BH/d level of theory, respectively.

CASE STUDY 9: CH+ H — SCHQ(V) - —— C+ Hy

The reaction of CH + H proceeds through *CH, before decaying into C + Hy (Harding et al. 1993). It is expected
that the intermediate would be vibrationally exited (Vallance 2017).
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In previous work, we only included CH + H — 3CH, in the network (Pearce et al. 2019); However, this is only
valid in the high-pressure limit. We now include both the three-body reaction CH + H + M — 3CH, + M and the
low-pressure vibrational decay reaction CH+H — 3CH2(,,) - —— C+ Hy with calculated rate coefficients £(298) =
2.0x1072% cm®s~!, and 6.9x1071Y cm3s™!, at the BH/d level of theory, respectively.

We also adjust our previously calculated reaction CH+H — 'CHj to be a three-body reaction with a low pressure
rate coefficient of 4.4x1073! cm®s~!. We assume that in low pressures the 'CHa(,) molecule vibrationally decays back
into CH + H.

QUANTUM CHEMISTRY DATA

Table A8. Quantum Chemistry Data at the BHandHLYP /aug-cc-pVDZ level of theory. Cartesian coordinates are in angstroms.

Energies are in kJ mol~!. E. is the electronic energy, ZPE is the zero point energy, and ¢, are the partition functions.

Reac. Species Geometry (Atom, X, Y, Z) E. + ZPE E. + Gibbs q:/V(m™)  qe Qo

qr

1 HCN N, 0.00000, 0.00000, 0.64811  -245122.398339 -245173.207015 1.36E+32 1 1.05E+00
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
CH C, 0.00000, 0.00000, 0.16040  -100985.100094 -101029.197992 4.54E+31 2  1.00E+00
H, 0.00000, 0.00000, -0.96239
TS N, -0.76358, 0.08731, -0.00001  -346112.801943 -346186.778031 2.45E+32 2 4.55E+01
C, -1.89773, -0.05651, 0.00000
H, -2.95631, -0.19091, 0.00001
C, 2.94136, -0.10639, 0.00000
H, 2.03961, 0.55715, 0.00001
HCNCH, N, 0.00148, 0.00058, -0.00133  -346294.121599 -346357.474914 2.45E+32 2 1.61E+00
C, 1.20814, 0.11819, -0.07762
H, 2.02209, -0.40519, 0.40294
C, -1.23930, -0.16654, -0.03274
H, -1.84556, 0.69126, 0.26850
2 CN N, 0.00000, 0.00000, 0.53434  -243282.319290 -243333.949747 1.28E+32 2 1.00E+00
C, 0.00000, 0.00000, -0.62339
TS N, 0.00000, 0.00000, 2.70742  -486566.187624 -486639.801393 3.63E+32 1 3.31E+02
C, 0.00000, 0.00000, 1.55000
C, 0.00000, 0.00000, -1.55000
N, 0.00000, 0.00000, -2.70742
NCCN N, 0.00000, 0.00000, 1.83954  -487158.907377 -487217.912864 3.63E+32 1 2.26E+00
N, 0.00000, 0.00000, -1.83954
C, 0.00000, 0.00000, 0.69244
C, 0.00000, 0.00000, -0.69244
3 CN N, 0.00000, 0.00000, 0.53434  -243282.319290 -243333.949747 1.28E+32 2 1.00E+00
C, 0.00000, 0.00000, -0.62339
TS N, 0.00000, 0.00000, 1.70471  -486570.094368 -486647.097658 3.63E+32 1 6.14E+02
C, 0.00000, 0.00000, 2.86117
C, 0.00000, 0.00000, -1.61529
N, 0.00000, 0.00000, -2.77261
CNCN N, -0.69198, 0.00006, 0.00136  -487073.896312 -487118.521936 3.63E+32 1 1.87E+00
C, -1.86610, -0.00005, 0.00367
C, 0.61572, 0.00003, -0.00121
N, 1.76373, -0.00003, -0.00347
4 CN N, 0.00000, 0.00000, 0.53434  -243282.319290 -243333.949747 1.28E+32 2 1.00E+00
C, 0.00000, 0.00000, -0.62339

1.38E4-02

1.44E4-01

1.36E4-04

6.51E+03

1.06E+02

1.62E+03

6.53E+02

1.06E+02

3.42E+03

2.38E+00

1.06E4-02
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CN

3CH,

PEARCE ET AL.

N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, 0.58197, -1.89103, 0.00000
C, 0.00000, -0.89073, 0.00000
N, -0.61583, 2.24945, 0.00000
H , 0.23703, 2.83539, 0.00000
N, -1.29395, 0.02090, -0.00000
C, -0.11079, 0.00123, 0.00000
N, 1.15517, -0.13112, -0.00000
H, 1.63619, 0.76421, -0.00000
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -1.93885
C, 0.00000, 0.00000, -0.78139
N, 0.00000, 0.00000, 2.60861
N, 0.00000, 0.00000, 1.22410
C, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -1.22410
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -2.06487
C, 0.00000, 0.00000, -0.90738
N, 0.00000, 0.00000, 2.84262
N, 0.00000, 0.00000, 1.22410
C, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -1.22410
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
C, 0.00000, -0.00018, 0.00042

H, -0.93570, -0.53955, -0.00085

H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
N, -2.45144, 0.00112, -0.16220
C, -1.29638, 0.00061, -0.08579
C, 2.76473, -0.00127, 0.18294
H, 2.85301, 0.23880, -0.86645
H, 2.76179, -1.03319, 0.50199
H, 2.73516, 0.79055, 0.91698

N, -1.42840, 0.00000, -0.00000
C, -0.28170, -0.00000, 0.00000
C, 1.17541, 0.00000, -0.00000
H, 1.54550, 0.89417, -0.50003
H, 1.54550, -0.88012, -0.52436
H, 1.54550, -0.01404, 1.02439
N, 0.00000, 0.00000, 0.53434

C, 0.00000, 0.00000, -0.62339
C, 0.00000, 0.00000, 0.10395

H, 0.00000, -0.99689, -0.31186

-144933.050538

-388221.594888

-388694.203267

-243282.319290

-143303.088167

-386587.890641

-387063.565603

-243282.319290

-143024.189856

-386310.656219

-387063.565603

-243282.319290

-104455.380974

-347740.911250

-348246.291120

-243282.319290

-102701.224038

-144978.308907

-388295.536845

-388756.367230

-243333.949747

-143303.088167

-386657.474267

-387120.620344

-243333.949747

-143024.189856

-386381.794142

-387120.620344

-243333.949747

-104507.305488

-347818.279484

-348309.282116

-243333.949747

-102749.428218

5.63E+31

2.54E+32

2.54E+32

1.28E+32

5.07E+31

2.45E4-32

2.45E4-32

1.28E+32

5.07E+31

2.45E+32

2.45E+32

1.28E4-32

5.63E+31

2.54E+432

2.54E4-32

1.28E+32

5.08E+31

1.00E4-00

3.07E+01

1.23E4-00

1.00E+-00

1.00E+-00

2.72E401

1.29E4-00

1.00E+00

1.00E4-00

4.33E4-01

1.29E4-00

1.00E4-00

1.08E4-00

1.10E4-02

1.42E+00

1.00E+00

1.01E4-00

1.24E4-01

1.42E+4-04

3.07TE+03

1.06E+02

1.00E+-00

1.91E+03

2.58E+02

1.06E+02

1.00E4-00

2.25E+03

2.58E+02

1.06E4-02

2.53E+02

3.16E+04

7.40E4-03

1.06E+02

8.96E+01
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H, 0.00000, 0.99689, -0.31186
N, 0.16423, 2.27874, 0.00000
C, 0.00000, 1.13295, 0.00000
C, -0.24132, -2.80967, 0.00000
H, 0.14913, -2.94544, 0.99804
H, 0.14913, -2.94544, -0.99804
N, 1.35314, 0.00000, 0.00000
C, 0.19060, -0.00001, 0.00000
C, -1.19240, 0.00000, 0.00000
H, -1.73057, 0.93601, 0.00000
H, -1.73058, -0.93600, 0.00000
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
N, -2.46797, -0.00002, -0.00001
C, -1.31059, 0.00003, 0.00002
C, 2.96941, -0.00001, -0.00001
H, 3.66148, -0.86593, 0.00001
H, 3.66141, 0.86596, 0.00001
N, 1.35314, 0.00000, 0.00000
C, 0.19060, -0.00001, 0.00000
C, -1.19240, 0.00000, 0.00000
H, -1.73057, 0.93601, 0.00000
H, -1.73058, -0.93600, 0.00000
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
N, 1.88160, 0.04989, -0.00002
C, 0.72976, -0.05904, 0.00004
C, -2.36024, -0.06187, -0.00002
H, -3.38833, 0.37626, 0.00004
N, -1.28160, 0.01171, 0.00000
C, -0.08625, 0.01570, -0.00000
C, 1.21490, -0.08477, 0.00000
H, 2.19935, 0.33243, 0.00000
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
N, 2.07842, 0.11628, -0.00002
C, 0.95421, -0.15892, 0.00002
C, -2.83567, -0.12840, -0.00001
H, -3.26013, 0.90992, 0.00003
N, -1.26348, 0.01994, 0.00000
C, -0.09808, 0.00643, -0.00000
C, 1.27584, -0.16493, 0.00000
H, 1.77782, 0.81150, 0.00000

-345986.730684

-346564.991808

-243282.319290

-102649.483309

-345935.788108

-346564.991808

-243282.319290

-100985.100094

-344283.545205

-344845.446838

-243282.319290

-100985.100094

-344272.746523

-344766.495428

-346064.133050

-346628.628677

-243333.949747

-102697.613975

-346015.033574

-346628.628677

-243333.949747

-101029.197992

-344354.543975

-344907.174969

-243333.949747

-101029.197992

-344346.063611

-344827.396526

2.45E+32

2.45E+32

1.28E+32

5.08E+31

2.45E4-32

2.45E+32

1.28E4-32

4.54E+-31

2.36E+32

2.36E+32

1.28E+32

4.54E+31

2.36E+32

2.36E+32
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7.76E+01

1.40E4-00

1.00E+-00

1.00E+-00

1.72E+02

1.40E4-00

1.00E4-00

1.00E4-00

1.87E4-01

1.50E4-00

1.00E+-00

1.00E+-00

4.43E+01

1.45E+00

2.35E+04

5.05E+03

1.06E+02

1.31E+02

2.24E4-04

5.056E+03

1.06E4-02

1.44E4-01

5.12E+03

1.51E+03

1.06E+02

1.44E+01

1.65E4-04

3.36E+03
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N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
H, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -0.81946
C, 0.00000, 0.00000, 0.33803
H, 0.00000, 0.00000, 3.70803
N, 0.00000, 0.00000, 0.64811
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
C, 1.57889, 0.00000, -0.09079
N, -1.86978, 0.00000, 0.00484
H, 1.80756, -0.99713, 0.25544
H, 1.80757, 0.99713, 0.25544
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, 1.92000
N, 0.00000, 0.00000, -1.92000
N, 0.00000, 0.00000, 0.54524
N, 0.00000, 0.00000, -0.54524
N, 0.00000, 0.00000, 0.00000
H, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, 0.46625
H, 0.00000, 0.00000, -3.26375
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
C, 1.62503, -0.00000, -0.09502
N, -1.91358, 0.00001, 0.00430
H, 1.82238, -0.99717, 0.26999
H, 1.82250, 0.99714, 0.27000
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, 1.58160, 0.00000, -0.12834
N, -1.90566, 0.00000, 0.00986

-243282.319290

-1307.704984

-244592.147108

-245122.398339

-143303.088167
-102701.224038

-246006.522337

-246571.579821

-143303.088167
-286606.695105

-287431.443420

-143303.088167

-1307.704984

-144611.321768

-144933.050538

-143024.189856

-102701.224038

-245898.876837

-246571.579821

-143024.189856

-102649.483309

-245876.60472

-243333.949747

-1307.704984

-244650.346567

-245173.207015

-143303.088167
-102749.428218

-246074.837847

-246629.894802

-143303.088167
-286661.308131

-287479.813007

-143303.088167

-1307.704984

-144662.936473

-144978.308907

-143024.189856

-102749.428218

-245967.284239

-246629.894802

-143024.189856

-102697.613975

-245943.520839

1.28E4-32

9.79E+29

1.36E+-32

1.36E+32

5.07E+31
5.08E+31

1.43E+32

1.43E+32

5.07E+31
1.43E4-32

1.43E4-32
5.07E+31
9.79E+29
5.63E+31
5.63E+31
5.07E+31

5.08E+431

1.43E+32

1.43E+32

5.07TE+31

5.08E+31

1.43E4-32

1.00E4-00

1.00E4-00

9.60E+00

1.05E4-00

1.00E+-00
1.01E+00

8.15E+00

1.02E+00

1.00E4-00
1.00E4-00

1.00E4-00
1.00E4-00
1.00E4-00
1.00E4-00
1.00E4-00
1.00E4-00

1.01E4-00

8.02E+400

1.02E+00

1.00E+-00

1.00E+00

4.58E+00

1.06E4-02

1.00E4-00

2.97TE+02

1.38E+4-02

1.00E+-00
8.96E+01

9.79E+03

1.39E+03

1.00E4-00
6.35E+02

5.12E+01
1.00E4-00
1.00E4-00
1.61E4-02
1.24E4-01
1.00E4-00

8.96E+01

1.03E404

1.39E+-03

1.00E+-00

1.31E+402

9.89E+03
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H, 1.92501, -0.92282, 0.35051
H, 1.92501, 0.92282, 0.35051
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, 1.95000
N, 0.00000, 0.00000, -1.95000
N, 0.00000, 0.00000, 0.54524
N, 0.00000, 0.00000, -0.54524
N, 0.00000, 0.00000, 0.00000
H, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, 0.44250
H, 0.00000, 0.00000, -3.0975f0
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, -0.00806, 0.00802, 0.00701
H, 0.07029, -0.02310, 1.11147
H, 1.05259, 0.00169, -0.31133
C, 0.32334, 2.72536, 0.35891
H, 0.20227, 3.51229, -0.38377
H, -0.17412, 2.99764, 1.28722
1.37962, 2.53981, 0.53629
-0.18449, 1.82949, -0.06140
-0.76053, 0.00001, -0.00000
0.76053, -0.00001, 0.00000
-1.15654, 0.65419, 0.77923
-1.15654, 0.34777, -0.95614
-1.15657, -1.00190, 0.17691
1.15654, -0.34777, 0.95614
1.15657, 1.00190, -0.17691
1.15654, -0.65419, -0.77923
0.00000, -0.00018, 0.00042
-0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 1.62000, 0.00063, -0.00005
C, -1.62000, -0.00063, 0.00005
H, 1.65102, -0.73297, 0.79158
H, 1.65081, -0.31812, -1.03119
H, 1.65031, 1.05301, 0.23946

T o@mnI@ZE@DoDIZQo@m=E

-246571.579821

-143024.189856
-286391.952835

-287431.443420

-143024.189856
-1307.704984
-144332.302007

-144933.050538

-106174.920693

-102649.483309

-208827.940551

-209247.484949

-104455.380974

-208914.219732

-246629.894802

-143024.189856
-286446.642000

-287479.813007

-143024.189856
-1307.704984
-144383.656787

-144978.308907

-106226.540649

-102697.613975

-208896.563244

-209308.094616

-104507.305488

-208987.229636

1.43E4-32

5.07E+31
1.43E+32

1.43E+32

5.07E+4+31
9.79E+29
5.63E+31

5.63E+31

6.21E+31

5.08E+31

1.59E4-32

1.59E+-32

5.63E+31

1.59E+32

1

2

1
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1.02E4-00

1.00E4-00
1.00E+00

1.00E+-00

1.00E+-00
1.00E+-00
1.00E+-00

1.00E+-00

1.01E+00

1.00E4-00

1.48E4-01

1.34E4-00

1.08E4-00

5.67E+01

1.39E4-03

1.00E+-00
6.55E+02

5.12E4-01

1.00E+00
1.00E+00
1.45E+02

1.24E+01

4.36E+02

1.31E4-02

1.10E4-04

4.80E+03

2.53E+02

1.68E+-04



44

22

23/92

24/96

C2Hs

CHs

TS

CHy

3CH,

TS

C2Hy

3CH,

TS

CHs

PEARCE ET AL.

H, -1.65081, 0.31794, 1.03124

H, -1.65031, -1.05297, -0.23966

H, -1.65102, 0.73311, -0.79144

C, -0.76053, 0.00001, -0.00000  -209247.484949
0.76053, -0.00001, 0.00000

-1.15654, 0.65419, 0.77923

-1.15654, 0.34777, -0.95614

-1.15657, -1.00190, 0.17691

1.15654, -0.34777, 0.95614

1.15657, 1.00190, -0.17691

1.15654, -0.65419, -0.77923

0.00000, -0.00018, 0.00042  -104455.380974
H, -0.93570, -0.53955, -0.00085

H, 0.93580, -0.53939, -0.00085

H, -0.00010, 1.08002, -0.00085

H, 0.00000, 0.00000, 0.00000 -1307.704984
C, -0.33871, -0.00000, 0.00000  -105765.011880
H, -0.34637, 1.04082, 0.28812

H, 3.07129, 0.00002, 0.00000

H, -0.34630, -0.76993, 0.75732

H, -0.34632, -0.27089, -1.04544

C, 0.00006, -0.00000, -0.00001  -106174.920693
H, -1.07741, 0.05086, 0.15637

H, 0.23679, -0.86565, -0.61803

H, 0.33754, 0.90709, -0.50065

H, 0.50273, -0.09229, 0.96235

C, 0.00000, 0.00000, 0.10395  -102701.224038
H, 0.00000, -0.99689, -0.31186

H, 0.00000, 0.99689, -0.31186

C, 1.67392, 0.00000, 0.06012  -205407.969502
C, -1.67392, 0.00000, -0.06012

H, 2.03581, -0.99563, -0.14828

H, 2.03581, 0.99563, -0.14829

-2.03580, 0.99563, 0.14831

-2.03580, -0.99563, 0.14829

0.66260, 0.00000, -0.00001  -206070.742845
-0.66260, 0.00000, -0.00004

1.23042, -0.92259, 0.00004

1.23042, 0.92259, 0.00004

-1.23042, 0.92259, 0.00010

-1.23042, -0.92259, 0.00010

C, 0.00000, 0.00000, 0.10395  -102701.224038
H, 0.00000, -0.99689, -0.31186

H, 0.00000, 0.99689, -0.31186

H, 0.00000, 0.00000, 0.00000 -1307.704984
C, 0.00000, 0.34834, 0.00000  -104010.854944
H, -0.81124, -2.96376, 0.00000

H, 0.40562, 0.43686, -0.99709

H, 0.40562, 0.43686, 0.99709

C, 0.00000, -0.00018, 0.00042  -104455.380974

QEEEDEEO

ZIEEE QDT

-209308.094616

-104507.305488

-1307.704984
-105824.642236

-106226.540649

-102749.428218

-205484.135257

-206128.939678

-102749.428218

-1307.704984
-104071.422603

-104507.305488

1.59E+-32

5.63E+31

9.79E+29
6.21E4-31

6.21E+31

5.08E+31

1.44E4-32

1.44E+32

5.08E+31

9.79E+29
5.63E+31

5.63E+31

1

1.34E4-00

1.08E4-00

1.00E+-00
6.06E+00

1.01E4-00

1.01E4-00

2.82E+02

1.04E+00

1.01E+00

1.00E+-00
6.37E+00

1.08E4-00

4.80E+03

2.53E+02

1.00E+-00
1.83E+03

4.36E4-02

8.96E+01

1.34E4-04

2.59E+03

8.96E+01

1.00E+-00
1.40E+03

2.53E+02



25/97

26/99

27/
100/
101

28

1CH,

TS

CoHy

1CH,

H,

TS

CHy

1CH,

TS

CHs

CH

TS

HCN PRODUCTION IN TITAN’S ATMOSPHERE

H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, -1.78750, 0.00000, 0.03805
C, 1.99685, -0.00000, -0.16889
-2.46075, 0.86666, -0.11561
-2.46074, -0.86666, -0.11562
1.83269, -0.86243, 0.50817
1.83269, 0.86244, 0.50814
0.66260, 0.00000, -0.00001
-0.66260, 0.00000, -0.00004
1.23042, -0.92259, 0.00004
1.23042, 0.92259, 0.00004
, -1.23042, 0.92259, 0.00010
-1.23042, -0.92259, 0.00010
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
H, 0.00000, 0.00000, 0.37683
H, 0.00000, 0.00000, -0.37683
C, -0.00943, 0.04730, -0.00739
H, -0.00350, -0.06982, 1.09563
H, 1.06280, -0.06982, -0.26629
H, -0.19002, -2.61283, -0.14879
H, 0.38560, -2.41667, 0.30191
C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
H, 0.00000, 0.00000, 0.00000
C, 0.28767, 0.00000, -0.17522
H, -2.36569, -0.00001, 0.01259
H, 0.31985, -0.86451, 0.51937
H, 0.31981, 0.86451, 0.51937
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, -2.55027, 0.00002, -0.00002
C, 2.22973, -0.00003, 0.00002
H, -1.42820, -0.00008, -0.00003

aefia=iiaiiie=RQ N @ Q=== s an

-102649.483309

-205303.566494

-206070.742845

-102649.483309

-3031.139750

-105680.780589

-106174.920693

-102649.483309

-1307.704984

-103959.594682

-104455.380974

-100985.100094

-201971.024595

-102697.613975

-205376.203577

-206128.939678

-102697.613975

-3061.369757

-105738.279039

-106226.540649

-102697.613975

-1307.704984

-104016.688805

-104507.305488

-101029.197992

-202018.204830

5.08E+31

1.44E4-32

1.44E+32

5.08E+31

2.77TE+30

6.21E+31

6.21E+31

5.08E+431

9.79E+29

5.63E+4+31

5.63E+31

4.54E+31

1.28E+32

45

1.00E4-00

5.68E+01

1.04E+00

1.00E+00

1.00E4-00

3.00E+00

1.01E4-00

1.00E4-00

1.00E+-00

2.41E+00

1.08E4-00

1.00E+00

1.46E+01

1.31E4-02

1.60E+-04

2.59E+03

1.31E402

3.52E+00

1.57E4-03

4.36E+402

1.31E4-02

1.00E4-00

9.13E+02

2.53E+02

1.44E+01

1.86E+03



46

29/
103

30/
104

31

32

35

CoHo

CH
Ha

TS

CHs

CH

TS

3CH,

CH

TS

1CH,

TS

H>

H>CN

NH

TS

PEARCE ET AL.

H, 3.35142, 0.00016, 0.00003

C, 0.00000, 0.00000, 0.59918  -202839.521617
C, 0.00000, 0.00000, -0.59918

H, 0.00000, 0.00000, 1.66311

H, 0.00000, 0.00000, -1.66311

C, 0.00000, 0.00000, 0.16040  -100985.100094
H, 0.00000, 0.00000, -0.96239

H, 0.00000, 0.00000, 0.37683 -3031.139750
H, 0.00000, 0.00000, -0.37683

H, 0.26436, 2.18183, 0.00000  -104017.536841
H, 0.80634, 1.65234, 0.00000

C, 0.00000, -0.59561, 0.00000

H, -1.07069, -0.26050, 0.00000

C, 0.00000, -0.00018, 0.00042  -104455.380974
H, -0.93570, -0.53955, -0.00085

H, 0.93580, -0.53939, -0.00085

H, -0.00010, 1.08002, -0.00085

C, 0.00000, 0.00000, 0.16040  -100985.100094
H, 0.00000, 0.00000, -0.96239

H, 0.00000, 0.00000, 0.00000 -1307.704984
C, 0.00000, 0.36913, 0.00000  -102294.045744
H, 1.11986, 0.42442, 0.00000

H, -1.11986, -2.63919, 0.00000

C, 0.00000, 0.00000, 0.10395  -102701.224038
H, 0.00000, -0.99689, -0.31186

H, 0.00000, 0.99689, -0.31186

C, 0.00000, 0.00000, 0.16040  -100985.100094
H, 0.00000, 0.00000, -0.96239

H, 0.00000, 0.00000, 0.00000 -1307.704984
C, 0.00000, 0.38237, 0.00000  -102294.106131
H, 1.11054, 0.22839, 0.00000

H, -1.11054, -2.52259, 0.00000

C, 0.00000, 0.17399, 0.00000  -102649.483309
H, 0.86403, -0.52196, 0.00000

H, -0.86403, -0.52196, 0.00000

H, 0.00000, 0.00000, 0.00000 -1307.704984
H, 0.00000, 0.00000, 1.85000 -2615.974686
H, 0.00000, 0.00000, -1.85000

H, 0.00000, 0.00000, 0.37683 -3031.139750

H, 0.00000, 0.00000, -0.37683

C, -0.50346, 0.00000, 0.00005  -246571.579821
N, 0.73653, 0.00000, -0.00006

H, -1.06749, 0.93849, 0.00008

H, -1.06748, -0.93850, 0.00008

N, 0.00000, 0.00000, -0.00325  -144933.050538
H, 0.00000, 0.00000, 1.03180

C, 0.73737, 0.44137, 0.00000 -391498.426303
N, 1.53028, -0.48839, 0.00000

H, 1.01092, 1.50049, 0.00000

H, -0.40710, 0.25487, 0.00000

-202889.287969

-101029.197992

-3061.369757

-104075.229578

-104507.305488

-101029.197992

-1307.704984

-102351.525816

-102749.428218

-101029.197992

-1307.704984

-102348.593133

-102697.613975

-1307.704984

-2654.096946

-3061.369757

-246629.894802

-144978.308907

-391570.816589

1.28E4-32

4.54E+31

2.77E4+30

5.63E+31

5.63E+31

4.54E+31

9.79E+29

5.08E+31

5.08E+31

4.54E+-31

9.79E+29

5.08E+31

5.08E+31

9.79E+29

2.77E+30

2.77E+30

1.43E+32

5.63E+31

2.73E+32

1.15E4-00

1.00E4-00

1.00E+00

2.55E+00

1.08E+-00

1.00E+00

1.00E+00

2.43E+00

1.01E4-00

1.00E4-00

1.00E4-00

2.19E+00

1.00E4-00

1.00E+00

1.00E4-00

1.00E+-00

1.02E+00

1.00E+-00

9.19E+00

1.74E4-02

1.44E4-01

3.52E+00

1.09E+-03

2.53E+02

1.44E+01

1.00E+00

7.78E+02

8.96E+01

1.44E4-01

1.00E4-00

7.78E+02

1.31E4-02

1.00E+-00

4.24E+01

3.52E+00

1.39E+4-03

1.24E+01

2.36E+04



36

37

38

39

40/42

H2CN

AN
TS

H>CN

4N
TS

H2CN

°N
TS

H2CN

°N
TS

H>CN

CH

TS('H.CNCH)

HCN PRODUCTION IN TITAN’S ATMOSPHERE

N, -1.97746, 0.00575, -0.00000
H, -1.89782, -1.02503, 0.00001
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000

C, 1.11018, 0.34835, 0.00000

N, 0.40694, -0.67793, 0.00000
H, 0.68665, 1.35455, 0.00000

H, 2.19962, 0.24787, 0.00000

N, -1.77085, 0.15042, 0.00000
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000

C, -0.61856, 0.42372, 0.00000
N, -1.44713, -0.45229, 0.00000
H, -0.73203, 1.50778, 0.00000
H, 0.56977, 0.09565, 0.00000

N, 2.00050, -0.13995, 0.00000
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000

C, 1.25249, 0.37783, 0.00000

N, 0.61439, -0.68665, 0.00000
H, 0.74820, 1.34797, 0.00000

H, 2.34722, 0.36706, 0.00000

N, -2.13015, 0.11779, 0.00000
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
N, 0.00000, 0.00000, 0.00000

C, -1.19854, 0.36771, 0.00000
N, -0.53772, -0.68350, 0.00000
H, -0.71929, 1.34994, 0.00000
H, -2.29249, 0.32844, 0.00000
N, 1.99529, 0.12855, 0.00000

C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
C, 0.00000, 0.00000, 0.16040

H, 0.00000, 0.00000, -0.96239
C, 1.62012, -0.17355, 0.00173
N, 0.49776, 0.35177, -0.00095

-246571.579821

-143303.088167
-389877.025148

-246571.579821

-143303.088167
-389859.274143

-246571.579821

-143024.189856
-389770.217183

-246571.579821

-143024.189856
-389770.983829

-246571.579821

-100985.100094

-347566.780214

-246629.894802

-143303.088167
-389945.857882

-246629.894802

-143303.088167
-389928.353673

-246629.894802

-143024.189856
-389842.310787

-246629.894802

-143024.189856
-389839.118179

-246629.894802

-101029.197992

-347646.204214

1.43E4-32

5.07E+31
2.64E4-32

1.43E+32

5.07E+31
2.64E+32

1.43E4-32

5.07E+31
2.64E+32

1.43E4-32

5.07E+31
2.64E4-32

1.43E+32

4.54E+31

2.54E+32

47

1.02E4-00

1.00E4-00
2.08E+00

1.02E+00

1.00E+-00
1.99E+00

1.02E4-00

1.00E4-00
5.48E+00

1.02E4-00

1.00E+-00
3.77E4+00

1.02E+00

1.00E+00

3.53E+02

1.39E4-03

1.00E+-00
1.72E+04

1.39E+4-03

1.00E+-00
1.98E+-04

1.39E4-03

1.00E4-00
2.43E+04

1.39E4-03

1.00E+00
2.14E+4-04

1.39E+-03

1.44E+01

2.26E+04



48

41

43

44

'H,CNCH

TS(H,CNC,+H)

TS(HCN+'CHa,)

H2CN

CH

TS

H>CN

TS

H>CN

TS

PEARCE ET AL.

1.73068, -1.26022, 0.07476
2.52757, 0.43434, -0.06889
-2.50370, -0.24358, -0.02051
-2.44110, 0.86624, 0.11346
1.16896, 0.00000, 0.01860
-0.09646, 0.00000, 0.00311
1.70259, -0.94062, 0.02575
1.70260, 0.94062, 0.02575
-1.30535, 0.00000, -0.15653
,-1.91163, 0.00000, 0.75431
N, 0.10662, -0.11917, 0.00000
C, 1.26337, -0.35599, 0.00000
H, 2.32639, 1.86247, 0.00000
C, -1.20365, 0.11552, 0.00000
H, -1.71552, 0.20726, 0.94564
H, -1.71552, 0.20726, -0.94564
C, 2.49373, -0.00000, -0.18807
N, -0.75428, 0.00000, 0.09126
H, 2.29824, 0.86180, 0.48121
H, 2.29823, -0.86179, 0.48123
C, -1.88857, -0.00000, -0.04875
H, -2.94745, -0.00001, -0.18034
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, 1.44461, 0.29188, 0.00000
N, 0.56154, -0.57774, -0.00000
H, 1.18242, 1.35434, 0.00000
H, 2.50423, 0.01776, 0.00001
C, -2.29014, 0.28729, -0.00000
H, -2.54428, -0.80292, 0.00002
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
H, 0.00000, 0.00000, 0.00000
C, -0.24004, 0.30788, 0.00000
N, 0.82681, -0.31274, 0.00000
H, -1.21126, -0.23198, -0.00000
H, -2.85683, -0.82746, 0.00000
H, -0.27931, 1.40138, 0.00000
C, -0.50346, 0.00000, 0.00005
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
C, -0.16571, -0.00012, 0.13198
N, 0.18272, 0.00008, 1.23364

ZTAODN T ZQZ QDT

-348011.303619

-347782.680330

-347778.272115

-246571.579821

-100985.100094

-347567.541609

-246571.579821

-1307.704984
-247881.510034

-246571.579821

-246412.093824

-348073.756387

-347849.620078

-347851.295147

-246629.894802

-101029.197992

-347645.022739

-246629.894802

-1307.704984
-247942.915228

-246629.894802

-246471.474757

2.54E+32

2.54E+32

2.54E+32

1.43E4-32

4.54E+-31

2.54E+32

1.43E+32

9.79E+29
1.51E+32

1.43E+32

1.43E4-32

1.44E4-00

4.99E+00

3.41E4-01

1.02E4-00

1.00E4-00

4.74E4-01

1.02E4-00

1.00E+-00
2.50E+00

1.02E+00

1.15E4-00

5.89E+03

1.03E404

1.76E+4-04

1.39E4-03

1.44E4-01

2.55E+04

1.39E+4-03

1.00E+-00
3.73E+03

1.39E+-03

1.89E4-03



45

46

47

48/49

HCN

CN

TS

HCN
2N

TS

HCN

1CH;

TS

HCN

TS(HCNH)

HCNH

TS(HNC + H)

HNC

HCN PRODUCTION IN TITAN’S ATMOSPHERE

H, 1.40834, -0.00002, -0.89602
H, -0.75247, -0.00036, -0.76206
N, 0.00000, 0.00000, 0.64811
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
N, -0.69373, 1.67036, 0.00000
C, 0.39976, 1.28833, 0.00000
H, 1.46398, 1.16961, 0.00000
C, 0.00000, -0.96651, 0.00000
N, 0.14194, -2.11329, 0.00000
N, 0.00000, 0.00000, 0.64811
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, 0.79665
C, 0.00000, 0.00000, 1.94046
H, 0.00000, 0.00000, 3.00752
N, 0.00000, 0.00000, -2.88955
N, 0.00000, 0.00000, 0.64811
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
N, 0.75428, 0.00001, 0.09125
C, 1.88857, -0.00000, -0.04874
H, 2.94745, -0.00002, -0.18031
C, -2.49373, -0.00001, -0.18807
H, -2.29824, 0.86180, 0.48121
H, -2.29821, -0.86179, 0.48124
N, 0.00000, 0.00000, 0.64811
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
H, 0.00000, 0.00000, 0.00000
N, 0.04557, 0.00005, 0.03268
H, -0.18267, 0.00002, 1.58600
C, 1.12876, -0.00012, -0.38119
H, 2.17966, -0.00030, -0.57483
N, 0.11148, 0.58631, 0.00000
H, -0.77382, 1.09266, 0.00000
C, 0.11148, -0.63322, 0.00000
H, -0.67543, -1.39750, 0.00000
N, 0.28317, 0.00001, 0.20866
H, -0.35446, 0.00004, 0.97119
C, 1.08224, -0.00005, -0.63973
H, 3.00889, -0.00063, -0.18318
C, 0.00000, 0.00000, 0.73583
N, 0.00000, 0.00000, -0.42762

-245122.398339

-243282.319290

-488406.854785

-245122.398339

-143024.189856
-388150.409707

-245122.398339

-102649.483309

-347778.272115

-245122.398339

-1307.704984

-246399.433663

-246509.347595

-246374.698827

-245073.122955

-245173.207015

-243333.949747

-488481.681535

-245173.207015

-143024.189856
-388218.578189

-245173.207015

-102697.613975

-347851.295147

-245173.207015

-1307.704984

-246458.061077

-246567.284503

-246434.883163

-245124.317580

1.36E+-32

1.28E4-32

3.73E+32

1.36E+32

5.07E+31
2.54E4-32

1.36E4-32

5.08E+31

2.54E+32

1.36E+-32

9.79E+29

1.43E+32

1.43E+32

1.43E+32

1.36E4-32

49

1.05E4-00

1.00E4-00

1.26E+01

1.05E4-00

1.00E+00
1.92E+01

1.05E4-00

1.00E4-00

3.41E+01

1.05E4-00

1.00E4-00

1.15E+00

1.03E4-00

1.70E+-00

1.24E4-00

1.38E4-02

1.06E+4-02

3.35E+04

1.38E+02

1.00E+-00
2.21E+03

1.38E+4-02

1.31E4-02

1.76E+4-04

1.38E4-02

1.00E+-00

1.39E4-03

1.17E+4-03

1.76E+03

1.35E4-02



50

50

51

54

55

56

CN

NH

TS

CN

NH

TS

CN

CHy

TS

CN

CHs

TS

CN

CH

TS

PEARCE ET AL.

H, 0.00000, 0.00000, -1.42168
H, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, -1.92509, -0.00172, 0.00000
C, -0.76797, 0.00267, 0.00000
H, 1.33920, 0.00133, 0.00000
N, 2.39203, -0.00076, 0.00000
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, 1.80919, -0.20050, 0.00000
N, -0.62679, 0.26469, 0.00000
H, 1.84969, 0.83173, -0.00001

C, -1.68775, -0.21351, -0.00000

N, 0.00000, 0.00000, 0.53434

C, 0.00000, 0.00000, -0.62339
C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
N, -0.00600, 0.01583, -0.18485
C, -0.00345, 0.00994, 0.97100
C, 0.00299, -0.00529, 3.94989
H, 0.94069, -0.45114, 4.27433
H, 0.00063, 0.00046, 2.83097

H, -0.08016, 1.02657, 4.28407
H, -0.84949, -0.59637, 4.27736
N, 0.00000, 0.00000, 0.53434

C, 0.00000, 0.00000, -0.62339
C, 0.00000, -0.00018, 0.00042

H, -0.93570, -0.53955, -0.00085

H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
N, -0.00032, -0.00008, 0.03799
C, 0.00010, 0.00001, 1.19345
C, 0.00117, 0.00023, 4.08597
H, -0.95019, 0.00027, 4.59569
H, 0.00076, 0.00015, 2.97345
H, 0.95292, 0.00027, 4.59497
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
N, 0.00572, -0.00001, 0.00211
C, -0.01046, 0.00001, 1.15963

-1307.704984
-243282.319290

-144933.050538

-388211.993435

-243282.319290

-144933.050538

-388212.232355

-243282.319290

-106174.920693

-349461.950130

-243282.319290

-104455.380974

-347737.484973

-243282.319290

-100985.100094

-344267.815834

-1307.704984
-243333.949747

-144978.308907

-388271.552902

-243333.949747

-144978.308907

-388283.044716

-243333.949747

-106226.540649

-349538.570096

-243333.949747

-104507.305488

-347812.198826

-243333.949747

-101029.197992

-344339.237311

9.79E+29
1.28E+-32

5.63E+31

2.54E+4-32

1.28E+32

5.63E+31

2.54E+32

1.28E+32

6.21E+31

2.64E+32

1.28E+-32

5.63E+31

2.54E+32

1.28E+32

4.54E+31

2.36E+32

1.00E4-00
1.00E4-00

1.00E4-00

5.24E400

1.00E+-00

1.00E+-00

1.08E+01

1.00E+00

1.01E4-00

6.42E+01

1.00E4-00

1.08E4-00

2.99E+01

1.00E+-00

1.00E+00

3.92E+01

1.00E4-00
1.06E4-02

1.24E4-01

1.26E4-02

1.06E+02

1.24E+01

1.14E+04

1.06E+02

4.36E4-02

1.93E4-04

1.06E4-02

2.53E+02

1.33E4-04

1.06E+02

1.44E+01

2.89E+03



57

58

59

60

61

62

63

CN

CH

TS

CN

Ho

TS

NH

TS

NH

TS

NH

N

TS

NH

°N

TS

NH

CH3

TS

HCN PRODUCTION IN TITAN’S ATMOSPHERE

H, 0.29200, 0.00000, 3.68156
C, 0.23351, 0.00007, 4.80927
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, -1.72171, -0.02308, 0.00000
N, -0.55194, 0.02741, -0.00002
H, 0.89797, 0.01069, 0.00024
C, 2.21598, -0.01069, -0.00002
N, 0.00000, 0.00000, 0.53434
C, 0.00000, 0.00000, -0.62339
H, 0.00000, 0.00000, 0.37683
H, 0.00000, 0.00000, -0.37683
N, -0.00096, 0.00000, 0.01749
C, 0.00120, 0.00000, 1.17136
H, 0.00867, 0.00000, 2.78134
H, 0.01468, 0.00000, 3.59742
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, 0.00000, 1.48000, -0.00001
H, 1.01877, 1.30347, 0.00003
N, 0.00000, -1.48000, -0.00001
H, -1.01877, -1.30347, 0.00003
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
1.17657, -0.12837, 0.00000
-0.13327, -0.10756, 0.00000
1.36132, 0.88573, 0.00000
-1.35200, 0.01721, 0.00000
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, 0.00000, 0.00000, 0.00000
N, 0.06792, -1.51015, 0.00000
N, 0.06792, 1.69985, 0.00000
H, -0.95083, -1.32792, 0.00000
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -1.67637
N, 0.00000, 0.00000, 2.06363
H, 0.00000, 0.00000, -2.71077
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 1.52138, 0.01677, 0.00000
H, 1.64444, -0.50939, 0.93538

N,
H,
H,
N,

-243282.319290

-100985.100094

-344297.536494

-243282.319290

-3031.139750

-246318.639151

-144933.050538

-289872.872241

-144933.050538

-289832.730971

-144933.050538

-143303.088167

-288237.960263

-144933.050538

-143024.189856

-287959.567996

-144933.050538

-104455.380974

-249391.521726

-243333.949747

-101029.197992

-344360.913439

-243333.949747

-3061.369757

-246366.583407

-144978.308907

-289936.031269

-144978.308907

-289896.296952

-144978.308907

-143303.088167

-288301.780917

-144978.308907

-143024.189856

-288022.858299

-144978.308907

-104507.305488

-249465.319280

1.28E+-32

4.54E+31

2.36E+32

1.28E+32

2.77E+30

1.43E+32

5.63E+31

1.59E+-32

5.63E+31

1.59E4-32

5.63E+31

5.07E+31

1.51E+4-32

5.63E+4+31

5.07E+31

1.51E+32

5.63E+31

5.63E+31

1.59E4-32
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1.00E4-00

1.00E4-00

4.28E+00

1.00E+-00

1.00E+-00

2.06E+00

1.00E+00

5.07E+00

1.00E4-00

1.18E4-00

1.00E4-00

1.00E4-00

2.19E+00

1.00E4-00

1.00E+-00

7.64E+00

1.00E+-00

1.08E+-00

4.99E4-01

1.06E4-02

1.44E4-01

1.03E+4-03

1.06E+02

3.52E+00

1.04E+01

1.24E+01

3.54E+03

1.24E4-01

3.59E+03

1.24E4-01

1.00E4-00

5.65E+03

1.24E+01

1.00E+-00

1.30E+-03

1.24E+01

2.53E+02

1.32E+4-04



52

64

65

66/67

68

NH

3CH,

TS

NH

1CH,

TS

NH

CH

TS(HNCH)

HNCH

TS(HCN + H)

TS(HNC + H)

NH

TS

PEARCE ET AL.

1.33617, 1.08031, -0.00011
1.64447, -0.50958, -0.93527
-1.74740, 0.10590, 0.00000
-1.52156, -0.90330, 0.00000
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
, 1.52801, 0.00871, -0.08755
, -1.60694, -0.10144, 0.05236
, 1.59932, -1.05868, 0.05643
, -1.42283, 0.84043, -0.33262
, 1.90405, 0.87604, 0.43497
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, 1.74213, 0.00000, -0.16933
-1.57191, -0.00000, 0.02953
1.56518, -0.86259, 0.50456
-2.57979, 0.00001, -0.19981
1.56517, 0.86258, 0.50457
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
N, -1.60713, 0.10784, 0.00485
H, -1.08487, -0.78310, -0.04454
C, 1.71301, -0.14820, 0.00755
H, 2.05673, 0.91741, -0.03469
N, 0.11148, 0.58631, 0.00000
H, -0.77382, 1.09266, 0.00000
C, 0.11148, -0.63322, 0.00000
H, -0.67543, -1.39750, 0.00000
N, 0.04557, 0.00005, 0.03268
H, -0.18267, 0.00002, 1.58600
C, 1.12876, -0.00012, -0.38119
H, 2.17966, -0.00030, -0.57483
N, 0.28317, 0.00001, 0.20866
H, -0.35446, 0.00004, 0.97119
C, 1.08224, -0.00005, -0.63973
H, 3.00889, -0.00063, -0.18318
N, 0.00000, 0.00000, -0.00325
H, 0.00000, 0.00000, 1.03180
H, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.38654, 0.00000
H, 0.04830, -0.67963, 0.00000
H, -0.04830, -2.02617, 0.00000

H,
H,
N,
H,

oo 220

N,
H,
H,
H,

-144933.050538

-102701.224038

-247639.478316

-144933.050538

-102649.483309

-247586.138659

-144933.050538

-100985.100094

-245923.393756

-246509.347595

-246399.433663

-246374.698827

-144933.050538

-1307.704984
-146239.402195

-144978.308907

-102749.428218

-247709.429513

-144978.308907

-102697.613975

-247656.439047

-144978.308907

-101029.197992

-245991.346947

-246567.284503

-246458.061078

-246434.883164

-144978.308907

-1307.704984
-146288.023829

5.63E+31

5.08E+31

1.51E4-32

5.63E+4+31

5.08E+31

1.51E+32

5.63E+31

4.54E+-31

1.43E4-32

1.43E+4-32

1.43E+32

1.43E+32

5.63E+31

9.79E+29
6.20E+31

1.00E4-00

1.01E+00

2.93E+01

1.00E+-00

1.00E+-00

1.15E+01

1.00E4-00

1.00E4-00

8.64E+00

1.03E4-00

1.15E+00

1.70E+-00

1.00E+-00

1.00E+00
1.08E+00

1.24E4-01

8.96E+01

9.99E+03

1.24E+01

1.31E+02

9.79E+03

1.24E4-01

1.44E4-01

7.97TE+03

1.17E4-03

1.39E4-03

1.76E+4-03

1.24E+01

1.00E+00
3.02E+01



69 4N
CH;

TS

71 AN

1CH,

TS

72 4N
CH
TS
73 2N

CHy

TS

74 °N
CH;

TS

76 N
3CH,

HCN PRODUCTION IN TITAN’S ATMOSPHERE

N, 0.00000, 0.00000, 0.00000
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, -1.46781, -0.00001, 0.00000
N, 1.89219, 0.00001, -0.00000
H, -1.47960, 0.53361, -0.93883
H, -1.47934, -1.07988, 0.00729
H, -1.47954, 0.54624, 0.93155
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, -0.00811, -0.01553, -0.01855
N, 0.00309, 0.00565, 3.32137
H, 1.03789, 0.00441, -0.34143
H, -0.60563, 0.84353, -0.34065
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, 0.07893, 1.74410, 0.00000
H, -1.02612, 1.54676, 0.00000
N, 0.07893, -1.71590, 0.00000
N, 0.00000, 0.00000, 0.00000
C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
C, 1.14429, -0.00636, -0.00000
H, 1.71615, 0.91947, -0.00022
H, 1.33095, -0.59070, -0.89664
H, 1.33107, -0.59035, 0.89684
H, 0.06604, 0.31038, 0.00002
N, -1.61571, -0.00152, 0.00000
N, 0.00000, 0.00000, 0.00000
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, -1.54714, 0.00001, 0.00000
N, 1.99286, -0.00001, -0.00000
H, -1.55590, -1.04208, 0.28340
H, -1.55559, 0.76648, 0.76078
H, -1.55575, 0.27563, -1.04417
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186

-143303.088167
-104455.380974

-247760.994333

-143303.088167

-102649.483309

-245983.906280

-143303.088167

-100985.100094

-244290.028198

-143024.189856

-106174.920693

-249220.457273

-143024.189856
-104455.380974

-247653.309451

-143024.189856
-102701.224038

-143303.088167
-104507.305488

-247830.052860

-143303.088167

-102697.613975

-246051.959240

-143303.088167

-101029.197992

-244355.179980

-143024.189856

-106226.540649

-249286.105275

-143024.189856
-104507.305488

-247723.213388

-143024.189856
-102749.428218

5.07E+31
5.63E+31

1.51E+4-32

5.07E+31

5.08E+431

1.43E+32

5.07E+31

4.54E+31

1.36E+4-32

5.07E+31

6.21E+31

1.59E+-32

5.07E+4+31
5.63E+31

1.51E+32

5.07E+31
5.08E+31
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1.00E4-00
1.08E4-00

5.67E-+00

1.00E+-00

1.00E+-00

3.95E+00

1.00E+00

1.00E+00

2.38E+00

1.00E4-00

1.01E4-00

2.96E+00

1.00E4-00
1.08E4-00

7.19E+00

1.00E+00
1.01E+00

1.00E4-00
2.53E+02

1.20E+4-04

1.00E+-00

1.31E+02

9.09E+03

1.00E+00

1.44E+01

6.59E+03

1.00E4-00

4.36E402

8.26E+03

1.00E4-00
2.53E+02

1.33E4-04

1.00E+00
8.96E-+01



54

78

79

80/81

83

TS

2N
CH
TS
°N
H-

TS

CHy4

3CH,

TS

CHs

CHy4

CH

TS

PEARCE ET AL.

C, 1.61238, 0.00000, -0.09634
N, -1.89618, 0.00000, 0.00418
H, 1.79951, -0.99701, 0.27439
H, 1.79950, 0.99701, 0.27439
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, 0.07870, 1.80034, 0.00000
H, -1.02309, 1.58561, 0.00000
N, 0.07870, -1.76966, 0.00000
N, 0.00000, 0.00000, 0.00000
H, 0.00000, 0.00000, 0.37683
H, 0.00000, 0.00000, -0.37683
N, 0.00000, 0.00000, 0.70391
H, 0.00000, 0.37736, -2.46369
H, 0.00000, -0.37736, -2.46369
C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
C, -1.39525, -0.00000, -0.00045
H, -1.90508, -0.95551, 0.00152
H, -1.90536, 0.95536, 0.00152
C, 1.26201, -0.00001, 0.00031
H, -0.03525, 0.00010, -0.00152
H, 1.54808, 0.92030, -0.50162
H, 1.54820, -0.89399, -0.54706
H , 1.54883, -0.02617, 1.04796
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, 1.81516, -0.14846, 0.00000
H, 1.61965, 0.95566, 0.00000
C, -1.25136, -0.00240, 0.00000
H, -1.27232, 0.62160, 0.89187
H, -0.34695, -0.62257, -0.00001
H, -1.27232, 0.62162, -0.89186
H, -2.11089, -0.67118, -0.00001

-245899.134136

-143024.189856

-100985.100094

-244182.737140

-143024.189856

-3031.139750

-146056.549247

-106174.920693

-102701.224038

-208835.110791

-104455.380974

-106174.920693

-100985.100094

-207162.118562

-245968.780774

-143024.189856

-101029.197992

-244248.251242

-143024.189856

-3061.369757

-146111.395942

-106226.540649

-102749.428218

-208909.055373

-104507.305488

-106226.540649

-101029.197992

-207233.700194

1.43E4-32

5.07E+31

4.54E+31

1.36E+32

5.07E+31

2.77E+30

6.20E+4+31

6.21E4-31

5.08E+31

1.59E4-32

5.63E+31

6.21E431

4.54E+31

1.51E+32

6.71E+00

1.00E4-00

1.00E4-00

2.59E+00

1.00E+-00

1.00E+-00

2.21E+00

1.01E+00

1.01E4-00

4.49E4-01

1.08E4-00

1.01E+00

1.00E+-00

2.51E+01

1.02E4-04

1.00E4-00

1.44E4-01

6.99E+03

1.00E+-00

3.52E+00

3.65E+02

4.36E+02

8.96E+01

1.03E+4-04

2.53E+02

4.36E+02

1.44E+01

1.13E4-04



84/85

86

87

88

CHy

TS

CHs

Ho

CHs

3CH,

TS

CHs

1CH,

TS

CHs

HCN PRODUCTION IN TITAN’S ATMOSPHERE

C, 0.00006, -0.00000, -0.00001
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
H, 0.00000, 0.00000, 0.00000
C, 0.00001, 0.00005, -0.00795
H, -0.00002, 0.00039, 1.43205
H, 1.05971, 0.00002, -0.23722
H, -0.52983, -0.91775, -0.23699
H, -0.52987, 0.91772, -0.23740
H, -0.00003, 0.00060, 2.30674
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
H, 0.00000, 0.00000, 0.37683
H, 0.00000, 0.00000, -0.37683
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
C, 0.00350, 0.00625, -0.00618
C, -0.01035, -0.01727, 3.28371
H, 1.05266, -0.00454, 3.54575
H, -0.55110, 0.89815, 3.54524
H, -1.07591, -0.00955, 0.00033
H, 0.55415, -0.92229, 0.00019
H, 0.52969, 0.94596, -0.09010
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, 1.61336, 0.00000, -0.02267
C, -1.82444, 0.00000, -0.14565
H, -1.80710, -0.86362, 0.55004
H, -1.80710, 0.86362, 0.55004
H, 1.08601, 0.00000, -0.96631
H, 1.89731, -0.93483, 0.43808
H, 1.89731, 0.93483, 0.43808
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085

-106174.920693

-1307.704984
-107436.827886

-104455.380974

-3031.139750

-104455.380974

-102701.224038

-207138.171376

-104455.380974

-102649.483309

-207107.145843

-104455.380974

-106226.540649

-1307.704984
-107493.404785

-104507.305488

-3061.369757

-104507.305488

-102749.428218

-207213.139903

-104507.305488

-102697.613975

-207182.277151

-104507.305488

6.21E+31

9.79E+29
6.80E+31

5.63E+31

2.77TE+30

5.63E+31

5.08E+31

1.51E4-32

5.63E+31

5.08E+4+31

1.51E+32

5.63E+31

95

1.01E4-00

1.00E4-00
1.19E4-00

1.08E+-00

1.00E+-00

1.08E+00

1.01E4-00

7.26E+01

1.08E4-00

1.00E+-00

7.49E+01

1.08E+00

4.36E+4-02

1.00E4-00
1.24E403

2.53E+02

3.52E+00

2.53E+02

8.96E+01

1.52E4-04

2.53E+02

1.31E+02

1.58E404

2.53E+02



56

89

90/91

93

94

CH

TS

CHs

CH

TS

CHs

TS

3CH,

H2

3CH,

1CH,

TS

3CH,

PEARCE ET AL.

C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, -1.45731, 0.01166, 0.00000
H, -1.53611, -0.52414, 0.93461
H, -1.36355, 1.08695, 0.00051
H, -1.53612, -0.52326, -0.93511
C, 1.91016, 0.14225, -0.00000
H, 1.71868, -0.96306, -0.00001
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, -1.57040, 0.01311, 0.00000
H, -1.73272, -0.50245, -0.93528
H, -1.73272, -0.50240, 0.93531
H, -1.29159, 1.05660, -0.00003
C, 2.02731, 0.14158, 0.00000
H, 2.01556, -0.97988, 0.00000
C, 0.00000, -0.00018, 0.00042
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
H, 0.00000, 0.00000, 0.00000
C, -0.29794, 0.00000, -0.00000
-0.76224, -0.97668, 0.00000
-0.76221, 0.97670, 0.00000
1.24206, -0.00001, -0.00000
2.07002, -0.00001, 0.00000
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
H, 0.00000, 0.00000, 0.37683
H, 0.00000, 0.00000, -0.37683
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, 0.00867, 0.03565, 0.00649
C, -0.00827, -0.03474, 3.52574
H, 1.07099, 0.01842, -0.25941
H, -0.52864, -0.88948, -0.22749
H, -0.89196, 0.56774, 3.37789
H, 1.02821, 0.17657, 3.74430
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186

H,
H,
H,
H,

-100985.100094

-205441.667794

-104455.380974

-100985.100094

-205442.820389

-104455.380974

-1307.704984

-105706.192804

-102701.224038

-3031.139750

-102701.224038

-102649.483309

-205381.966550

-102701.224038

-101029.197992

-205512.362007

-104507.305488

-101029.197992

-205519.902443

-104507.305488

-1307.704984

-105763.239668

-102749.428218

-3061.369757

-102749.428218

-102697.613975

-205458.996094

-102749.428218

4.54E+-31

1.44E4-32

5.63E+31

4.54E+31

1.44E+32

5.63E+31

9.79E+29

6.21E+31

5.08E+31

2.77E+30

5.08E+431

5.08E+31

1.44E+32

5.08E+31

1.00E4-00

3.13E+01

1.08E4-00

1.00E+-00

1.21E+02

1.08E4-00

1.00E4-00

1.40E4-00

1.01E4-00

1.00E4-00

1.01E+00

1.00E+-00

1.22E+02

1.01E+00

1.44E4-01

1.33E+4-04

2.53E+02

1.44E+01

1.51E404

2.53E+02

1.00E4-00

9.35E+02

8.96E+01

3.52E+00

8.96E+01

1.31E+02

1.47E4-04

8.96E+01



95

98

102

3

1

CH

TS

CH,

CH

TS

CH:

CH

TS

CH

TS

HCN PRODUCTION IN TITAN’S ATMOSPHERE

C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, 1.88315, -0.13675, 0.00771
H, 1.63700, 0.95598, -0.04343
C, -1.51417, -0.00238, -0.00581
H, -1.78611, -1.04696, -0.00916
H, -2.06481, 0.92572, 0.04122
C, 0.00000, 0.00000, 0.10395
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, -1.75776, -0.00000, 0.16620
H, -1.90010, 0.00001, -0.94536
C, 1.54076, 0.00000, -0.10920
H, 1.60103, -0.99725, 0.30169
H, 1.60103, 0.99724, 0.30170
C, 0.00000, 0.17399, 0.00000
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, 1.90269, 0.00071, -0.15554
H, 1.70188, -0.00445, 0.94656
C, -1.47200, -0.00014, 0.03382
H, -2.14324, -0.86876, -0.11101
H, -2.14277, 0.86978, -0.10524
C, 0.00000, 0.00000, 0.16040
H, 0.00000, 0.00000, -0.96239
C, -1.85115, 0.01891, 0.00000
C, 2.11689, -0.10583, 0.00000
H, 1.35696, 0.71798, -0.00000
H, -2.95140, -0.19649, -0.00000

-100985.100094 -101029.197992

-203690.485549 -203762.235213

-102701.224038 -102749.428218

-100985.100094 -101029.197992

-203690.910880 -203763.907657

-102649.483309 -102697.613975

-100985.100094 -101029.197992

-203645.565870 -203717.864263

-100985.100094 -101029.197992

-201973.243143  -202042.842522

o7

4.54E+31 2 1.00E4-00 1.44E+01

1.36E+32 2 3.08E4+01 1.09E+404

5.08E431 3 1.01E4+00 8.96E+01

4.54E+31 2 1.00E+00 1.44E+01

1.36E+32 4 2.57E401 1.08E404

5.08E+31 1 1.00E+00 1.31E+02

4.54E4+31 2 1.00E400 1.44E+01

1.36E4+32 2 4.05E4+01 1.04E404

4.54E+31 2 1.00E400 1.44E+01

1.28E+32 3 1.51E4+01 6.59E+03

Table A9. Quantum Chemistry Data at the wB97XD/aug-cc-pVDZ level of theory. Cartesian coordinates are in angstroms.
Energies are in kJ mol .

Reac.

Species

Geometry (Atom, X, Y, Z)

E. + ZPE Ee + Gibbs

q:/V (m~%)

Qv

qr

22

CHs

TS

CH4

C, 0.00000, -0.00000, 0.00000
H, -0.88473, -0.63289, 0.00000
H, -0.10575, 1.08262, 0.00000
H, 0.99047, -0.44973, 0.00000
H, 0.00000, 0.00000, 0.00000

C, -0.31271, 0.00005, -0.00001
H, -0.32638, 0.84037, 0.69066
H, 2.85729, -0.00052, 0.00013
H, -0.32805, -1.01825, 0.38233
H, -0.32660, 0.17809, -1.07307
C, 0.00000, -0.00000, -0.00000

-104483.836143 -104535.821043

-1318.707191 -1318.707191

-105801.789884 -105859.858068

-106226.692928 -106278.357517

5.63E+31

9.79E+29

6.21E431

6.21E+31

—_

s

1.08E+4-00

1.00E+-00

3.62E+00

1.01E4-00

2.58E4-02

1.00E+00

1.63E+03

4.43E+02



58

32

37

52

54

61

69

TS

H»

H>CN

AN
TS

CN

N

TS

CN

CH4

TS

NH
AN

TS

AN
CHs

PEARCE ET AL.

H, -0.01988, 0.27551, 1.06089
H, -0.31766, -1.04317, -0.11265
H, -0.68099, 0.65183, -0.55962
H, 1.01851, 0.11585, -0.38860

H, 0.00000, 0.00000, 0.00000 -1318.707191
H, 0.00000, 0.00000, 1.60500 -2634.082760
H, 0.00000, 0.00000, -1.60500

H, 0.00000, 0.00000, 0.37904 -3050.376789

H, 0.00000, 0.00000, -0.37904

C, -0.50550, 0.00000, 0.00004  -246620.091185
N, 0.74091, 0.00000, -0.00006

H, -1.07671, 0.94468, 0.00009

H, -1.07669, -0.94470, 0.00009

N, 0.00000, 0.00000, 0.00000  -143290.704826
C, -0.64933, 0.42046, 0.00000  -389908.932850
N, -1.50824, -0.45980, 0.00000

H, -0.85287, 1.50344, 0.00000

H, 0.47125, 0.13507, 0.00000

N, 2.11933, -0.13466, 0.00000

N, 0.00000, 0.00000, 0.54016  -243328.585851
C, 0.00000, 0.00000, -0.63018

N, 0.00000, 0.00000, 0.00000  -143290.704826
N, 0.00000, 0.00000, -2.01713  -386621.297503
C, 0.00000, 0.00000, -0.84693

N, 0.00000, 0.00000, 2.74307

N, 0.00000, 0.00000, 0.54016  -243328.585851
C, 0.00000, 0.00000, -0.63018

C, 0.00000, -0.00000, -0.00000  -106226.692928
H, -0.01988, 0.27551, 1.06089

H, -0.31766, -1.04317, -0.11265

H, -0.68099, 0.65183, -0.55962

H, 1.01851, 0.11585, -0.38860

N, 2.14215, 0.00029, -0.00086  -349564.625558
C, 0.97393, -0.00047, 0.00138

C, -2.09537, 0.00010, -0.00029

H, -2.43300, -0.99002, 0.32279

H, -0.97607, -0.00162, 0.00479

H, -2.43201, 0.77702, 0.69381

H, -2.42529, 0.21481, -1.02194

N, 0.00000, 0.00000, 0.13067  -144934.956651
H, 0.00000, 0.00000, -0.91471

N, 0.00000, 0.00000, 0.00000  -143290.704826
N, 0.06765,-1.67340, 0.00000  -288226.371306
N, 0.06765, 1.87660, 0.00000

H, -0.94709, -1.42245, 0.00000

N, 0.00000, 0.00000, 0.00000  -143290.704826
C, 0.00000, -0.00000, 0.00000  -104483.836143
H, -0.88473, -0.63289, 0.00000

H, -0.10575, 1.08262, 0.00000

-1318.707191

-2673.667423

-3080.635676

-246678.461301

-143290.704826
-389979.128218

-243380.271444

-143290.704826

-386690.873253

-243380.271444

-106278.357517

-349642.621287

-144980.264905
-143290.704826

-288290.302231

-143290.704826
-104535.821043

9.79E+29

2.77TE+30

2.77TE+30

1.43E432

5.07E+31
2.64E432

1.28E+32

5.07TE+31

2.45E+32

1.28E4-32

6.21E+31

2.64E+32

5.63E+31
5.07E+31

1.51E+32

5.07E+31
5.63E+31

1.00E+4-00

2.40E+00

1.00E+-00

1.02E4-00

1.00E4-00
2.82E4-00

1.00E+4-00

1.00E+4-00

2.46E+01

1.00E+-00

1.01E4-00

1.06E+4-02

1.00E+-00
1.00E4-00

1.88E4-00

1.00E4-00
1.08E4-00

1.00E+-00

3.19E4-01

1.78E+-00

1.41E4-03

1.00E+00
2.19E+4-04

1.09E4-02

1.00E4-00

2.10E+03

1.09E4-02

4.43E+02

2.04E+04

1.26E4-01
1.00E+00

6.87E+03

1.00E+00
2.58E+4-02



73

82

83

96

TS

°N
CH,

TS

CH4

1CH,

TS

CH4

CH

TS

3CH,

HCN PRODUCTION IN TITAN’S ATMOSPHERE

H, 0.99047, -0.44973, 0.00000
C, -1.61826, -0.00003, -0.00001
N, 2.08174, 0.00003, 0.00001
H, -1.62082, 0.36668, -1.02414
H, -1.62041, -1.07030, 0.19448
H, -1.62135, 0.70356, 0.82962
N, 0.00000, 0.00000, 0.00000
C, 0.00000, -0.00000, -0.00000
,-0.01988, 0.27551, 1.06089
,-0.31766, -1.04317, -0.11265
,-0.68099, 0.65183, -0.55962
, 1.01851, 0.11585, -0.38860
1.08852, -0.01027, 0.00000
1.56418, 0.97496, -0.00003
, 1.27316, -0.58308, -0.91072
, 1.27318, -0.58302, 0.91075
,-0.06139, 0.28190, 0.00000
, -1.51147, -0.00416, 0.00000
0.00000, -0.00000, -0.00000
H, -0.01988, 0.27551, 1.06089
H, -0.31766, -1.04317, -0.11265
H, -0.68099, 0.65183, -0.55962
H, 1.01851, 0.11585, -0.38860
C, 0.00000, 0.17714, 0.00000
H, 0.86764, -0.53143, 0.00000
H, -0.86764, -0.53142, 0.00000
C, -1.66483, 0.00133, -0.17126
H, -1.57125, 0.86815, 0.53125
H, -1.60543, -0.86699, 0.53291
C, 1.32010, -0.00047, 0.00279
H, 2.05688, -0.40874, -0.69746
H, 1.56709, 1.03615, 0.25428
H, 1.28430, -0.61253, 0.91001
H, 0.33674, -0.02125, -0.52016
C, 0.00000, -0.00000, -0.00000
H, -0.01988, 0.27551, 1.06089
H, -0.31766, -1.04317, -0.11265
H, -0.68099, 0.65183, -0.55962
H, 1.01851, 0.11585, -0.38860
C, 0.00000, 0.00000, 0.16209
H, 0.00000, 0.00000, -0.97256
C,-1.25221, -0.13624, 0.01306
H, -1.19737, 0.97470, -0.05598
C, 0.88157, 0.02666, 0.00504
H, 1.54551, -0.84752, -0.00036
H, 1.07437, 0.68338, -0.84468
H, 0.92124, 0.53760, 0.96776
H, -0.11991, -0.69068, -0.17533
C, 0.00000, 0.00000, 0.10496
H, 0.00000, -1.00530, -0.31487

QzZzrm@DmzZo@mD T ET

-247776.303624

-143005.449147
-106226.692928

-249283.290739

-106226.692928

-102670.419046

-208905.440060

-106226.692928

-100984.504106

-207229.735689

-102716.893022

-247846.294203

-143005.449147
-106278.357517

-249347.150776

-106278.357517

-102718.628477

-208976.556978

-106278.357517

-101028.651888

-207294.068315

-102765.165465

1.51E4-032

5.07E+31
6.21E+431

1.59E+32

6.21E+31

5.08E+31

1.59E4-32

6.21E+431

4.54E+31

1.51E+32

5.08E+31

6.79E-+00

1.00E+-00
1.01E4-00

1.59E+-00

1.01E4-00

1.00E+4-00

3.47TE401

1.01E4-00

1.00E+-00

2.50E+00

1.01E4-00

59

1.46E+4-04

1.00E+-00
4.43E402

7.48E4-03

4.43E+02

1.35E4-02

1.28E4-04

4.43E+02

1.47E+01

6.07E+03

4.60E4-01



60

TS

H, 0.00000, 1.00530, -0.31487
H, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.26757, 0.00000
H, 0.14497, -2.96918, 0.00000
H, -0.07248, 0.68188, 1.00490
H, -0.07248, 0.68188, -1.00490

PEARCE ET AL.

-1318.707191
-104035.195954

-1318.707191
-104096.349100

9.79E+29
5.63E+31

2
2

1.00E+4-00
8.99E+00

1.00E+4-00
1.26E+4-03

Table A10. Quantum Chemistry Data at the CCSD/aug-cc-pV'TZ level of theory. Cartesian coordinates are in angstroms.
Energies are in kJ mol .

Reac.

Species

Geometry (Atom, X, Y, Z)

E. + ZPE

Ee + Gibbs

q:/V (m~%)

Je

Qv

qr

22

32

37

52

54

CHs

TS

CHy

TS

H2CN

N
TS

CN

AN

TS

CN

CHy

C, 0.00000, 0.00000, 0.00000
H, -0.90220, 0.59027, 0.00000
H, 0.96228, 0.48619, 0.00000
H, -0.06009, -1.07646, 0.00000
H, 0.00000, 0.00000, 0.00000
C, -0.39600, 0.00000, 0.00000
H, -0.42269, -0.52471, -0.94049
H, 3.64400, -0.00002, 0.00001
H, -0.42262, 1.07685, 0.01583
H, -0.42271, -0.55213, 0.92466
C, 0.00000, 0.00000, -0.00000
H, 0.02570, -0.06702, 1.08609
H, 0.82927, -0.56756, -0.41826
H, -0.94024, -0.40787, -0.36653
H, 0.08527, 1.04245, -0.30130
H, 0.00000, 0.00000, 0.00000
H, 0.00000, 0.00000, 1.84500
H, 0.00000, 0.00000, -1.84500
H, 0.00000, 0.00000, 0.37149
H, 0.00000, 0.00000, -0.37149
C, -0.50667, -0.00000, 0.00006
N, 0.74043, -0.00000, -0.00009
H, -1.07150, 0.93594, 0.00012
H, -1.07152, -0.93592, 0.00013
N, 0.00000, 0.00000, 0.00000
C, 0.61985, 0.42511, 0.00001
N, 1.45723, -0.45248, -0.00000
H, 0.72822, 1.50790, -0.00002
H, -0.55289, 0.09713, 0.00000
N,-2.01358, -0.14119, -0.00000
N, 0.00000, 0.00000, 0.53871
C, 0.00000, 0.00000, -0.62849
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -1.82602
C, 0.00000, 0.00000, -0.65907
N, 0.00000, 0.00000, 2.39093
N, 0.00000, 0.00000, 0.53871
C, 0.00000, 0.00000, -0.62849
C, 0.00000, 0.00000, -0.00000

-104308.024787

-1312.280561
-105558.117229

-106042.088772

-1312.280561
-2625.069418

-3052.429930

-246242.260731

-143127.472659
-389346.779168

-242982.169504

-143127.472659

-386113.573062

-242982.169504

-106042.088772

-104359.991308

-1312.280561
-105619.286128

-106093.698225

-1312.280561
-2663.175925

-3082.591674

-246300.599341

-143127.472659
-389416.058237

-243033.839344

-143127.472659

-386181.925329

-243033.839344

-106093.698225

5.63E+31

9.79E+29
6.21E431

6.21E+31

9.79E+29
2.77TE+30

2.77TE+30

1.43E4-32

5.07E+31
2.64E+32

1.28E+32

5.07E+31

2.45E432

1.28E+32

6.21E+31

2

1.10E+-00

1.00E+-00
8.38E-+00

1.01E4-00

1.00E+4-00
1.00E+4-00

1.00E+4-00

1.02E4-00

1.00E+-00
2.13E+00

1.00E+-00

1.00E+-00

1.95E4-01

1.00E4-00

1.01E4-00

2.52E4-02

1.00E+00
2.46E+03

4.34E+02

1.00E4-00
4.22E4-01

1.71E4-00

1.40E+4-03

1.00E+-00
2.01E4+-04

1.08E4-02

1.00E+00

1.62E4-03

1.08E+02

4.34E-+02



61

69

73

82

TS

NH

AN
TS

AN

CHs

TS

°N
CH,4

TS

CHy4

1CH,

TS

HCN PRODUCTION IN TITAN’S ATMOSPHERE

H, 0.02570, -0.06702, 1.08609
H, 0.82927, -0.56756, -0.41826
H, -0.94024, -0.40787, -0.36653
H, 0.08527, 1.04245, -0.30130
N, 2.01206, -0.00001, 0.00000
C, 0.84801, 0.00002, -0.00000
C, -1.93747, -0.00001, 0.00000
H, -2.25189, -1.00852, 0.25504
H, -0.79199, 0.00001, -0.00000
H, -2.25190, 0.72512, 0.74587
H, -2.25189, 0.28338, -1.00091
N, 0.00000, 0.00000, 0.12966
H, 0.00000, 0.00000, -0.90761
N, 0.00000, 0.00000, 0.00000
N, 0.06867, -1.31490, 0.00000
N, 0.06867, 1.48510, 0.00000
H, -0.96130, -1.19134, 0.00000
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.00000
H, -0.90220, 0.59027, 0.00000
H, 0.96228, 0.48619, 0.00000
H, -0.06009, -1.07646, 0.00000
C, 1.13028, 0.00000, 0.00000
N, -1.48972, 0.00000, 0.00000
H, 1.21543, -0.64819, 0.85777
H, 1.21544, -0.41876, -0.99023
H, 1.21543, 1.06695, 0.13246
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, -0.00000
H, 0.02570, -0.06702, 1.08609
H, 0.82927, -0.56756, -0.41826
H, -0.94024, -0.40787, -0.36653
H, 0.08527, 1.04245, -0.30130
N, -1.61616, -0.00057, 0.00000
C, 1.13384, -0.00564, 0.00000
H, 0.21628, 0.60447, 0.00002
H, 1.97187, 0.68933, -0.00002
H, 1.16093, -0.62797, -0.89080
H, 1.16097, -0.62797, 0.89080
C, 0.00000, 0.00000, -0.00000
H, 0.02570, -0.06702, 1.08609
H, 0.82927, -0.56756, -0.41826
H, -0.94024, -0.40787, -0.36653
H, 0.08527, 1.04245, -0.30130
C, 0.00000, 0.17470, 0.00000
H, 0.86117, -0.52409, 0.00000
H, -0.86117, -0.52409, 0.00000
C, -1.43389, 0.00000, -0.16650
H, -1.37683, 0.86404, 0.52337
H, -1.37687, -0.86403, 0.52337

-349017.589506

-144752.762704

-143127.472659
-287882.646097

-143127.472659

-104308.024787

-247418.437472

-142851.180004
-106042.088772

-248898.699623

-106042.088772

-102506.779508

-208550.721882

-349091.313546

-144798.034201

-143127.472659
-287944.744423

-143127.472659

-104359.991308

-247483.51574

-142851.180004
-106093.698225

-248965.712885

-106093.698225

-102554.912799

-208618.121093

2.64E+32

5.63E+31

5.07E+31
1.51E+32

5.07E+31

5.63E+31

1.51E432

5.07E+31
6.21E+31

1.59E+-32

6.21E431

5.08E+31

1.59E+32

2.20E+01

1.00E+-00

1.00E+-00
1.41E4-00

1.00E4-00

1.10E4-00

1.83E4-00

1.00E+4-00
1.01E4-00

5.18E4-00

1.01E4-00

1.00E4-00

1.02E4-01
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1.75E+4+-04

1.24E+01

1.00E+00
4.36E+03

1.00E+00

2.52E+4-02

7.45E+03

1.00E4-00
4.34E+02

8.20E+03

4.34E4-02

1.31E+02

9.70E+4-03



62

83

96

CHa4

CH

TS

3CH,

TS

C, 1.14027, -0.00000, 0.00690
H, 1.67885, -0.89603, -0.20272
H, 1.67886, 0.89599, -0.29281
H, 0.97417, 0.00005, 1.07944
H, 0.18355, -0.00002, -0.58307
C, 0.00000, 0.00000, -0.00000
H, 0.02570, -0.06702, 1.08609
H, 0.82927, -0.56756, -0.41826
H, -0.94024, -0.40787, -0.36653
H, 0.08527, 1.04245, -0.30130
C, 0.00000, 0.00000, 0.16003
H, 0.00000, 0.00000, -0.96019
C, 2.66373, 0.00006, -0.00020
H, 3.78376, -0.00030, 0.00097
C, -1.97627, -0.00002, 0.00004
H, -2.34183, 0.30009, -0.98056
H, -0.88755, 0.00124, -0.00121
H, -2.33888, -1.00030, 0.23070
H, -2.34029, 0.69901, 0.75110
C, 0.00000, 0.10622, 0.00000
H, 0.99043, -0.31866, 0.00000
H, -0.99043, -0.31866, 0.00000
H, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.31994, 0.00000
H, -0.83836, -2.69569, 0.00000
H, 0.41918, 0.38802, -0.99054
H, 0.41918, 0.38802, 0.99054

PEARCE ET

-106042.088772

-100826.548775

-206868.561407

-102549.727437

-1312.280561
-103864.317912

AL.

-106093.698225

-100870.633545

-206947.208259

-102599.680200

-1312.280561
-103923.964021

6.21E+31

4.54E+31

1.51E+32

5.08E+31

9.79E+29
5.63E+31

1.01E4-00

1.00E+-00

2.17E4-02

1.00E4-00

1.00E+4-00
5.14E+00

4.34E+02

1.43E+01

2.25E4-04

9.07E+4-01

1.00E4-00
1.20E4-03

Table All.

Quantum Chemistry Data at the

angstroms. Energies are in kJ mol ™.

Reac.

Species

Geometry (Atom, X, Y, Z)

BHandHLYP/aug-cc-pVTZ level of theory. Cartesian coordinates are in

E. + ZPE

E. + Gibbs

q:/V (m~?)

e

Qv

qr

22

32

CHs3

TS

CH4

TS

C, 0.00000, 0.00000, 0.00001
H, -0.81893, -0.68980, -0.00001
H, -0.18792, 1.05411, -0.00001
H, 1.00685, -0.36432, -0.00001
H, 0.00000, 0.00000, 0.00000
C, -0.10146, -0.14251, -0.28723
H, -0.97597, 0.47519, -0.29533
H, 0.92130, 1.29402, 2.60801
H, -0.12812, -1.10176, 0.18765
H, 0.79158, 0.18763, -0.77697
C, -0.00000, 0.00000, 0.00000
H, -1.04973, -0.22330, 0.13147
H, 0.55571, -0.36530, 0.85253
H, 0.36102, -0.48101, -0.89853
H, 0.13299, 1.06961, -0.08546
H, 0.00000, 0.00000, 0.00000
H, 0.00000, 0.00000, 1.84500

-104491.954189

-1309.084906

-105803.026495

-106217.466921

-1309.084906
-2618.744589

-104543.826193

-1309.084906

-105862.572835

-106269.026490

-1309.084906
-2656.853721

5.63E+31

9.79E+29

6.21E+31

6.21E+431

9.79E+29
2.77TE+30

2

1.08E4-00

1.00E+4-00

5.99E+00

1.00E+-00

1.00E+-00
1.00E+-00

2.46E-+02

1.00E+-00

1.79E+4-03

4.25E+02

1.00E4-00
4.22E401



37

52

54

61

69

73

H»

H.CN

4N
TS

CN
AN

TS

CN

CHy

TS

NH
4N

TS

AN
CHs

TS

2N

HCN PRODUCTION IN TITAN’S ATMOSPHERE

H, 0.00000, 0.00000, -1.84500
H, 0.00000, 0.00000, 0.36852
H, 0.00000, 0.00000, -0.36852
C, -0.49924, 0.00000, 0.00004
N, 0.73117, 0.00000, -0.00006
H, -1.06139, 0.93012, 0.00008
H, -1.06139, -0.93012, 0.00008
N, 0.00000, 0.00000, 0.00000
C, -0.61857, 0.41903, 0.00000
N, -1.44321, -0.44846, 0.00000
H, -0.73336, 1.49492, 0.00000
H, 0.55767, 0.09757, 0.00000
N, 1.99851, -0.13821, 0.00000
N, 0.00000, 0.00000, 0.52910
C, 0.00000, 0.00000, -0.61728
N, 0.00000, 0.00000, 0.00000
N, 0.00000, 0.00000, -1.91401
C, 0.00000, 0.00000, -0.76784
N, 0.00000, 0.00000, 2.57216
N, 0.00000, 0.00000, 0.52910
C, 0.00000, 0.00000, -0.61728
C, -0.00000, 0.00000, 0.00000
H, -1.04973, -0.22330, 0.13147
H, 0.55571, -0.36530, 0.85253
H, 0.36102, -0.48101, -0.89853
H, 0.13299, 1.06961, -0.08546
N, -2.07017, -0.00000, -0.00000
C, -0.92556, 0.00000, 0.00000
C, 2.01836, 0.00000, 0.00000
H, 2.34335, 0.68550, -0.76808
H, 0.90443, 0.00001, 0.00001
H, 2.34335, 0.32242, 0.97769
H, 2.34334, -1.00792, -0.20963
N, 0.00000, 0.00000, 0.12847
H, 0.00000, 0.00000, -0.89930
N, 0.00000, 0.00000, 0.00000
N, 0.06765, -1.50415, 0.00000
N, 0.06765, 1.69585, 0.00000
H, -0.94715, -1.34197, 0.00000
N, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.00000, 0.00001
H, -0.81893, -0.68980, -0.00001
H, -0.18792, 1.05411, -0.00001
H, 1.00685, -0.36432, -0.00001
C, -1.45890, -0.00000, -0.00001
N, 1.88110, 0.00000, 0.00001
H, -1.47142, 1.02753, -0.30062
H, -1.47131, -0.77411, -0.73957
H, -1.47158, -0.25343, 1.04017
N, 0.00000, 0.00000, 0.00000

-3045.136291

-246632.323389

-143324.598878
-389940.528117

-243337.071467
-143324.598878

-386664.316320

-243337.071467

-106217.466921

-349557.678485

-144963.020621
-143324.598878

-288289.336047

-143324.598878
-104491.954189

-247818.986377

-143049.628589

-3075.258652

-246690.575358

-143324.598878
-390009.615524

-243388.652040
-143324.598878

-386733.726664

-243388.652040

-106269.026490

-349633.411033

-145008.244858
-143324.598878

-288352.986044

-143324.598878
-104543.826193

-247888.016023

-143049.628589

2.77TE+30

1.43E+4-32

5.07E+31
2.64E+32

1.28E+32
5.07E+31

2.45E4-32

1.28E+32

6.21E+31

2.64E+32

5.63E+31
5.07E+31

1.51E+32

5.07E+31
5.63E+31

1.51E4-032

5.07TE+31

1.00E+4-00

1.02E4-00

1.00E+-00
2.02E4-00

1.00E+-00
1.00E4-00

2.61E4-01

1.00E4-00

1.00E+4-00

4.62E4-01

1.00E+-00
1.00E4-00

2.06E+00

1.00E+-00
1.08E+-00

5.72E4-00

1.00E+4-00

63

1.68E+4-00

1.36E+4-03

1.00E+-00
1.95E4-04

1.04E+02
1.00E+00

1.86E+03

1.04E+02

4.25E+02

1.87E4-04

1.22E+4-01
1.00E4-00

5.60E4-03

1.00E4-00
2.46E4-02

1.18E+04

1.00E4-00



64

82

83

96

CH4

TS

CH4

1CH,

TS

CH4

CH

TS

3CH,

TS

C, -0.00000, 0.00000, 0.00000
H, -1.04973, -0.22330, 0.13147
H, 0.55571, -0.36530, 0.85253
H, 0.36102, -0.48101, -0.89853
H, 0.13299, 1.06961, -0.08546
C, 1.13172, -0.00650, 0.00000
H, 1.71292, 0.90391, 0.00003
H, 1.30981, -0.58891, -0.88952
H, 1.30980, -0.58896, 0.88950
H, 0.06514, 0.32394, -0.00000
N, -1.59828, -0.00156, 0.00000
C, -0.00000, 0.00000, 0.00000
H, -1.04973, -0.22330, 0.13147
H, 0.55571, -0.36530, 0.85253
H, 0.36102, -0.48101, -0.89853
H, 0.13299, 1.06961, -0.08546
C, 0.00000, 0.00000, 0.17124
H, 0.00000, 0.85853, -0.51372
H, 0.00000, -0.85853, -0.51372
C, -1.44245, 0.00000, -0.16418
H, -1.40679, 0.86112, 0.51234
H, -1.40679, -0.86112, 0.51234
C, 1.15186, 0.00000, 0.00780
H, 1.67906, -0.88998, -0.30274
H, 1.67905, 0.89000, -0.30271
H, 1.01109, -0.00002, 1.07597
H, 0.18790, 0.00000, -0.55688
C, -0.00000, 0.00000, 0.00000
H, -1.04973, -0.22330, 0.13147
H, 0.55571, -0.36530, 0.85253
H, 0.36102, -0.48101, -0.89853
H, 0.13299, 1.06961, -0.08546
C, 0.00000, 0.00000, 0.15856
H, 0.00000, 0.00000, -0.95139
C, -1.84378, -0.14809, -0.00100
H, -1.66479, 0.94632, 0.00490
C, 1.27284, -0.00286, -0.00027
H, 2.05489, -0.68549, -0.30162
H, 1.04706, 0.66729, -0.81788
H, 1.59341, 0.56559, 0.86110
H, 0.39510, -0.58801, 0.26113
C, 0.00000, 0.10344, 0.00000
H, 0.98672, -0.31032, 0.00000
H, -0.98672, -0.31032, 0.00000
H, 0.00000, 0.00000, 0.00000
C, 0.00000, 0.34749, 0.00000
H, 0.80805, -2.95509, 0.00000
H, -0.40402, 0.43507, 0.98676
H, -0.40402, 0.43507, -0.98676

PEARCE ET

-106217.466921

-249288.898807

-106217.466921

-102677.641797

-208897.836612

-106217.466921

-101005.214050

-207224.017350

-102730.073032

-1309.084906
-104041.111206

AL.

-106269.026490

-249356.190372

-106269.026490

-102723.976621

-208964.889256

-106269.026490

-101049.254187

-207297.512971

-102779.933902

-1309.084906
-104101.558092

6.21E+31

1.59E+-32

6.21E+431

5.08E+31

1.59E+32

6.21E+31

4.54E+-31

1.51E+432

5.08E+31

9.79E+29
5.63E+31

1.00E+4-00

5.92E+00

1.00E+-00

1.00E4-00

8.83E-+00

1.00E+4-00

1.00E+-00

5.30E4-01

1.00E4-00

1.00E4-00
6.17E-+00

4.25E+02

8.03E+03

4.25E+02

6.35E-+01

9.77TE+4-03

4.25E+02

1.41E4-01

1.15E4-04

8.74E4-01

1.00E+-00
1.38E+03
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