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ABSTRACT

Aims. Following the first detection of hydrogen isocyanide (HN@)Titan's atmosphere, we have devised a new neutral chemical
scheme for hydrogen cyanide (HCN) and HNC in the upper athergpof Titan.

Methods. Our updated chemical scheme contains 137 compounds (with O,and N elements) and 788 reactions (including 91
photolysis processes). To improve the chemistry of HNC a@idNHa careful review of the literature has been performeetoave
critical reaction rates and to evaluate their uncertaiattdrs. We have also estimated the reaction rates of 48 remstiors using
simple capture theory.

Results. Our photochemical model gives abundances of HNC and HCNasoreable agreement with observations. An uncertainty
propagation study shows large uncertainties for HNC aratively moderate uncertainties for HCN. A global sendiyianalysis
pinpoints some key reactions to study as a priority to imeritne predictivity of the model.

Conclusions. In particular, our knowledge of the isomerization of HNC tha reaction H- HNC — HCN + H and the chemistry of
H>CN needs to be improved. This study of the neutral chemisking place in the upper atmosphere of Titan is a preregufisit
future ionospheric models since ion-neutral reactions atsy contribute significantly to HNC and HCN production.

Key words. Planets and satellites: individual: Titan - Planets anelkts: atmospheres - Planets and satellites: compaositio
Astrochemistry

1. Introduction carefully the production of neutral species productiondidia
_ _ tion to loss processes for HNC and HCN, since HCN is strongly

Based on the fact that HCNHwas considered as an imporrelated to HNC. Since HNC was not considered in previous
tant ionospheric species in Titan’s atmosphere (Banasitde photochemical models, it is necessary to build a new chdmica
et al. 2000), Petrie (2001) made the hypothesis that hydroggheme devoted to HNC chemistry and its putative interastio
isocyanide (HNC) could be formed by the dissociative recemtwith other species. The chemistry of nitrogen compoundsvat |
nation of HCNH in Titan's upper atmosphere where it might bgemperatures (between 100 and 200 K), either in cold plane-
detectable and might also play a part in the formation of moggry atmospheres or in protoplanetary disks, is not welvkno
complex nitriles found on Titan. Recently, observation3itdn (Hébrard et al. 2006; Vasyunin et al. 2008; Héebrard et@D9.
performed with the HIFI heterodyne submillimeter instrurhe Therefore, it is also critical to evaluate the uncertamittached
aboard the Herschel Space Observatory (as part of the guakgnihe reviewed reaction rates.
teed time key programme "Water and related chemistry in the |n the present paper, we investigate the production of HNC
Solar System” (HssO), Hartogh et al. (2009)), allowed thet firyia neutral reactions. A careful investigation of neutraiguc-
detection of HNC in Titan's atmosphere through the measufigsn and loss processes for both HNC and HCN has been carried
ment of its emission line from thesJ6 — 5 rotational transition out. A1D photochemica' modelis used to infer the abundahce o
at 543.897 GHz (Moreno et al. 2010). Their preliminary assly HNC as a function of altitude. Our study includes an uncetyai
suggests that the bulk of this emission must originate #idés propagation study and a sensitivity analysis to deternfiadcey
above 300 km. However, the observations cannot strictBbest reactions of our chemical scheme. We briefly present ourghot
lish a HNC vertical profile (Moreno et al. 2011). Petrie (2D01chemical model in section 2. The methodology we have adopted
argued that HNC was likely to be formed almost entirely by a@ build the chemical scheme for HNC and HCN is presented
ion-molecule mechanism and that neutral formation patisway detail in section 3. In section 4, we compare the computed
were not viable. As a consequence, Petrie (2001) suggésted fhundance profiles of HNC and HCN with the available obser-
the concentration prOflle for HNC as a function of altitudeweb vations. We present the main reactions for the neutral F[mmj‘u
follow the typical profile for a polyatomic ion rather than@wn  and |oss of these compounds in the current model. A local-sens
tral molecule. So, according to Petrie (2001), HNC mightdse |l tjvity study is carried out in section 5 to highlight the inrtance
cated mainly in the ionosphere with a peak of abundance @rowf the HNC isomerization reaction. An uncertainty propamat
1200 km. study is presented in section 6 and a global sensitivityyasisl

Since the neutral composition of the atmosphere is a prerégperformed subsequently in section 7 to determine the &ey r
uisite for ionospheric models, it is of prime importancetiedy actions which are important to study in priority to improvet
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predictivity of our model. The main conclusions of our work a

summarized in section 8. Some selected reactions (readtian e :r 23;‘;';:918:92 ‘ A ]
are important for the production of HNC or HCN and reactions [— Toublanc etal, 1995 3 , 1
that contribute significantly to the uncertainties on thebun- 1000 [~ —evoee Lara etal, 1996 § AN 7
dances) are commented in section A. Lo - Wilson and Atreya, 2004 3 Y g

Vinatier et al., 2007 i | ’/"
|~ Lawvasetal, 2008 : {
[ ----- Horst et al., 2008

600 k Krasnopolsky, 2009

2. Photochemical model

tude (km)

The photochemical model is derived from the Hébrard et &.

(2007) model with a modification of the numerical solver pre-

sented in Dobrijevic et al. (2010a). Instead of using a &lass

cal Crank-Nicholson method, we now use the ODEPACK li- I

brary, which implements Hindmarsh'’s solvers for ordinaify d 200 1 _

ferential equations (Hindmarsh 1983). Our photochemi&al 1 S L {
Il

model uses a constant background atmosphere with constant o Ll fowcn i i v v v ol
10? 10 104 10° 100 107 108 10° 10"

Diffusion coefficient (cm2.s™)

400

boundary conditions. Atmospheric parameter inpats R, n)
were taken from Yelle et al. (1997) recommended engineering
model. We use a non-uniform grid of altitude with 125 level6ig. 1. Eddy difusion profiles from various photochemical models
from the ground to 1300 km. Two consecutive levels are segdLng et al. 1984; Strobel et al. 1992; Toublanc et al. 199&alet al.
rated by a distance smaller th&h(z)/5, whereH(2) is the at- 19"96; Wilson & Atreya 2004; Vinatier et al. 2007; Lavvas et2008;
mospheric scale height at altitudeA zero flux was assumed HOrst etal- 2008; Krasnopolsky 2009).

as an upper boundary condition for most of the species, &xcep

for atomic hydrogen H and molecular hydroges Which were
allowed to escape with velocities following Jean’s thermesd
cape mechanism, and for wates®, which exhibits an external
influx equal to 5x 10° cm2.s? to account for the water in-
flux arising from micrometeorites initiating oxygen chetryjs
in Titan's atmosphere (Feuchtgruber et al. 1997). At theelow
boundary, methane CHabundances was set to its tropopau

models were checked and updated, by including in addition
new reactions found in the literature. For all these reastio
we investigated theirficiency to produce HNC. In a second
step, we completed the HNC scheme by introducing all neutral
reactions producing of destroying HNC that we could find

) the literature. Then, based on the relative abundance of
abundance 1.4% 10°2. The abundance of carbon monoxide C : : R :
at the surface was assumed to be % P0°° on the basis of the e various chemical species computed by our photochemical

- model, we estimated what reactions currently missing in

evaluating the cross-reactions involving HCN or HNC betwee

3 X
was assumed to be equal to x110°° following (Samuelson the main species of Titan's atmosphere: C, H*®J( NED),

et al. 1997). Calculations are performed with a solar zesith CH. CHs, CHs, CoHz, CoHa, NH. CN, CH,NH, H,CN, etc.

gle of 50' to account for diurnally averaged conditions at thg 5 e also estimated what reactions might be relevant
equator. The eddy filision codficientK(2) is a free para}mete\r/\}o improve the chemical scheme, in particular to avoid the
of ll?hphotcl)ch%m|_caldmt())d(|e_:§ Wth'cth IIS ngé(\;\éell constrained. é%ificial formation of important sink species (speciesathare

use the value derived by Horst et al. (2008) as a mean prolilg ;o ntiy produced but not destroyed in the model). At the end,
among all the dferent profiles that have been published so felll'ﬂe chemical scheme consists of 56 reactions with HCN and 22
(see Figure 1). reactions with HNC (including photolysis processes). Agion
these reactions, we have estimated in the present work the ra
constants of 12 reactions for HCN and of 14 reactions for HNC.
This illustrates the lack of information regarding HNC rigty

The basis of the chemical scheme is presented in Hebratd eirathe literature.
(2006) and Hébrard et al. (2009). In the present work, matey r
constants have been updated and numerous reactions have bee
added. Our new chemical scheme includes 137 compounds
788 reactions (91 photodissocation processes, 2 disgotia
processes of Nby cosmic rays, 694 bimolecular reactions anwhen introducing reactions with unknown reaction ratestfiwi
94 termolecular reactions). The complete list of the reamsti out experimental measurements ardheoretical calculations
is available upon request or can be downloaded from tkerely upon)in the temperature range of inter@se([100-200]
Kinetic Database for Astrochemsity (KIDA, htffkida.obs.u- K), one major concern is to make a reasonble estimation af the
bordeaux1.fr). In the present paper, we only present i@ati reaction rates. In the following, we explain how we have-esti
which are essential for the study of HCN and HNC, eithenated the rate constants and branching ratios for variarcs re
because they are important for their neutral production@ndtions. For the evaluation of chemical rate constants bet&@
loss or because they contribute significantly to the unteg® K and 200 K the presence of an energetic barrier is criticiledV
on their abundances. no information was available, the presence and the valuasyof
energetic barriers to the entrance valley for the imponteat-
The methodology we have adopted to build a chemictbns (in terms of production ayak loss rate) were calculated
scheme for HNC and HNC is the following. As a first step, atht the M06-2Xcc-pVTZ level using theGaussian09 software
the reactions related to HCN found in the chemical schempackage (Frisch et al. 2009) except for the-HH,CN, N(*S) +
published by Hébrard et al. (2006) and other photochemi¢#dCN and N¢D) + HCN reactions for which calculations were

3. Chemical scheme

t%r}i Estimation of reaction rates for new processes
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performed also at MRGIQ/vqgz level using thélolpro software HIFI instrument on the HerscheSpace Observatory. The col-
package (Werner et al. 2010). For the other reactions, iftezht umn density of HNC inferred from these observations is in the
as being less important, the presence or the absence ofierbarange (06— 1.5)x 103 cm~2 for altitudes between 400 and 1000
was deduced from general considerations. When a reactisn \en, but the authors noticed that it was not possible to cairstr
thought to proceed through direct abstraction, its ratestzomt the vertical profile of HNC from these data. Several congiemt

has been estimated by comparison with known similar reastiofiles of HNC give a satisfactory agreement with the obseovesti
When a reaction was thought to proceed through additiors(aglepending on the mixing ratio and the altitude ctit-Ghese

the case with most of the radical-radical reactions), inahe profiles are presented in Figure 2 and are compared with our
sence of theoretical calculations, we have considereditea® model. The column density we obtain i3 10* cm™2 above

was no barrier when the ground state of the adduct arises fr680 km whereas the value derived by Moreno et al. (2011) st thi
pairing up electrons on the two radicals reactants, wheteas altitude is 12 x 10" cm2 (about 3 times lower). We will see in
surface was likely be repulsive if all the electrons remain uthe following that this discrepancy can be simply explaibgd
paired. Therefore, doublet doublet reactions were considereaur poor knowledge of some key reactions.

to have no barrier for the singlet surface but a barrier fer th
triplet surfaces (which is in good agreement with experitaen
and theoretical results for H alkyl or alkyl + alkyl reactions for

1300 [T T T

Georgievskii & Klippenstein 2005), and by taking into acnbu
the electronic degeneragy . The electronic degeneracy factor
were calculated by applying the spin and orbital corretatides
to the potential energy surfaces that correlate the segzhrasc-
tants with the separated products. Using a capture kaiure,
generally overestimates the rate constant by a uncert@ictiyr
Fcapture = 3 at most (Georgievskii & Klippenstein 2005) except s
for specific mechanisms for which the potential coexistenfce
a van der Waals complex and a submerged barrier could play 500 5 -l il oo
an important role and lead to low rate constant values at 300 K Mixing ratio
(like for QH + alkenes or CNr alkgnes reactions). AccordeIY'Fig. 2. Mixing ratio of HNC in the upper atmosphere of Titan. Nominal
the nominal rate constant used in the model for such reactiQRyge| (solid line) and the dierent acceptable profiles derived from re-
is kK = ya X Keapwre/ y/Feapure t0 Which is associated an un-cent Herschel observations (Moreno et al. 2011) (grey ddites).
certainty factorF = 1/Fcapture. As a result, the minimum and Local sensitivity analysis for the isomerization reactidnr HNC —
maximum values expected for thisfective rate constant areHCN + H is also illustrated by changing its rate by a factor of 10 or
Kmin = ve X Keapture/ Feapture @N0Knax = ye X Keapture, respec- 100
tively. Values for the ffective uncertainty factoF were esti-
mated mainly by comparison with similar reactions and algo b
taking into account the uncertainties on electronic degmye
when no ab-initio calculations were available. Branchiat .
were estimated from ab-initio calculations except for thgﬁ 4.1.2. HCN observations
+ H>CN reaction for which we performed statistical calculationThe neutral composition of Titan’s upper atmosphere betwee
of the microcanonical rate constants of the various steseof 1000 and 1100 km has been inferred from the interpretation
mechanism (Bergeat et al. 2009). of Cassini lon and Neutral Mass Spectrometer (INMS) mea-

surements by Magee et al. (2009). In particular, the global

, average mixing ratio of HCN at 1050 km is.42+ 0.10)x 1074,
3.2. Photolysis processes Previous interpretation of INMS data from Vuitton et al. (Z0
ave a similar abundance of HCN of02x 10™* at 1100 km,

In our model we consider tha.t the ph_otolysis of HNC i.S SimilEf)\llith an uncertainty factor of 2-3. Geballe et al. (2003) d&gd
to the photolysis of HCN (using the identical absorptionssro -\ emission features in a high resolution spectrum ngan3

sections,,dissociative thresholds and quantum yieldspiaoed acquired at the Keck Il telescope. These data were re-agthlyz

to the Hebrarq et al. (2009) mo_del, we add several phols)lyﬂy Yelle & Griffith (2003) with a model for fluorescence of

processes which are presented in Table 1. sunlight in thev3 band of HCN and by Kim et al. (2005) with
an updated model. Their results were in agreement in theruppe
atmosphere. The HCN mixing ratio is from«{B)x 103 around
1000 km. The density of HCN between 600 and 1000 km has

T T T T, T
example (Harding et al. 2005; Klippenstein et al. 2006)). 1200 |- K X100 L o NG
nnnnnn X010 =meee | | | [
When no energetic barrier was found to be present, the oo L Morenoetal, 2012 =~ S R |
value of the rate constant was estimated using long-rangesp S ¥ 1/‘
mainly through dispersion interactions (Stoecklin & Clagg2; wo bl IR Ay i
| | .
i 7

900_7777777777777777-77i;,_-;f:7v:,: -

Altitd@e (km)

80| e et T -

700 | e et B

1=}

0 e i

4. Photochemical model results been also inferred by Shemansky et al. (2005) from observati
. . . of stellar occultations by the atmosphere of Titan using the
4.1. Comparison with observations Cassini Ultraviolet Imaging Spectrometer (UVIS). The HCN

. . . 3 T
4.1.1. HNC observations mixing ratio at 1000 km is about # 10°°. Recently, Adriani

S ! Herschel is an ESA space observatory with science instrtepeo-
Very recently, Moreno et al. (2011) reported the first idécaF  vided by European-led Principal Investigator consortia aith impor-
tion of HNC in Titan’s atmosphere from observations using thant participation from NASA.
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Table 1. New photodissociation processes included in the modelafepof Hebrard et al. (2009)).

Reaction Quantum yield References
number
CH,NH +hy - HCN+H +H g=0.3,2 €[200,250] nm Bruna et al. (1985),

CH,NH + hy — H,CN + H g= 0.7, € [200, 250] nm Sumathi (1996),
g= 10,2 ¢€[251,320] nm Chestnut (2001)

CH,NH + hy — HCN + H, g=0.3,1¢€[321328] nm

CHyNH + hy - HNC + H; g=0.7,1¢€[321,328] nm
NoHz + hy — NoHz + H g=10 Vaghjiani (1993)

CH3NH, + hy - CH,NH + H + H g=10,2¢€[139164] nm Hubin-Franskin et al. (2002)
= 0.55,1 € [165,247] nm
CHsNH, + hy 5 HCN+H, + H+H g =0.198,1 € [165,247] nm
CH3NH, + hv - CN+H, + H + H g =0.252,14 € [165,247] nm

C,H3CN + hy — C,H, + HCN g=0.15 Eden et al. (2003),
C,H3CN + hy — HC3N + H» g=0.59 Lavvas et al. (2008)
CoH3CN + hy — Co,H; + CN q= 0.01

H,CN + hy - HCN + H g= 10,2 €[280,288] nm Nizamov & Dagdigian (2003)

Teslja et al. (2006)

et al. (2011) used the limb observations of the Visual and [ por T T T
Infrared Mapping Spectrometer (VIMS) onboard the Cassini |, | o ! v
spacecraft to retrieve vertical profiles of HCN from itsufh YN B

non-LTE emission in the region from 600 to 1100 km altitude at 110 |- S"§mens2005 = .
daytime. The mixing ratio of HCN is about &+ 1.5) x 103
at 1050 km. This result is in agreement with the upper value of ™ -
the HCN profile derived by Yelle & Gfiith (2003) and Kim
et al. (2005). HCN has been also detected in Titan's uppgr
atmosphere in the ultraviolet by the UltraViolet Spectrtene = |
(UVS) instrument aboartfoyager 1 (Vervack et al. 2004). The
mixing ratio of HCN is around 1@ at 500 km (about 20 times 700 |-
lower than other observations) and then increases wittuddti
leading to a value in agreement with all the other obsermatio
(but with large uncertainties).

e (km

107 10°¢ 10° 10+ 10° 102
Mixing ratio

Itis difficult to compare all these observations takenfiédi
enttimes, using dierent techniques and corresponding teti ~ Fig. 3. Mixing ratio of HCN in the upper atmosphere of Titan. Model
ent spatial resolutions. In addition, these observatioasrere (S0lid line) and main observations in the upper atmosplere {ext for
or less model-dependent and a direct comparison with oui-noff§€rences)-
nal profile is not straightforward. Due to the inconsisteotthe
published observational data (error bars do not overlap);an
conclude that our nominal neutral model, which does notitel
ions, is roughly consistent with these observations.

4.1.3. Sensitivity to eddy diffusion that the HNGHCN ratio is not sensitive t&(z) down to 700 km
. . _ . but is diferent by a factor of 100 at 500 km. At 500 km, the
If restricted above 1000 km, the mixing ratio of HNC de”Ve‘éiiscrepancy between our model using @) of Strobel et al.

from observation of Moreno et al. (2011) is abgumﬁrf’ andthe (1992) and observations is more pronounced since the ’tio i
mixing ratio of HCN is in the range (2—6)x10° according the only 3x 10°7.

various observations. This leads to a HMNCN ratio of about o ) ]
0.01-0.3. In our current model, the HXCN ratio is about 0.1.  HNC and HCN mixing ratios for the two eddy profiles are
At 500 km, the HNGHCN ratio from the various observations?lso presented in Figure 4. Their abundancégudby a factor

above 500 km). In our model, the ratio is210~>, more than HNC and HCN are mainly produced from the reaction o€,
100 times lower. which is produced by the reaction betweerf$)(and CH. So,

these diferences are directly linked to the mixing ratio of €H
which depends on the photolysis and the moleculfiusiion of
CH,4 above the homopause.

Since the eddy diusion codicient is not well constrained in
the atmosphere of Titan, we have tested ol@) profiles in or-
der to test the sensitivity of this ratio to transport. F@tance, in
the case of the eddyftiision profileK(2) derived by Horst et al.
(2008), the methane homopause is located ar@yrd800 km Consequently, the sensitivity of HNC and HCN kd2) is
andK;, = 3x10’ cn’s™2. In the case of the eddyffiision profile lower than the uncertainties on the model (see also Figuaes 8
K(2) obtained by Strobel et al. (1992), the methane homopal®eand can not be used to constrain the eddiusgion codicient
is aroundz, = 1100 km andK,, = 10° cnPs™L. Figure 4 shows profile in the upper atmosphere of Titan.
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CHsNH; + hy — CHNH + H + H (37%)
N(2D) + CHs — CH,NH + H (30%)
N(2D) + CoHg — CH,NH + CHs (21%)
NH + CHz — CHoNH + H (11%)

As a conclusion, BICN and CHNH are key species in the
production of HNC in the upper atmosphere of Titan.

4.2.2. Loss

At 1300 km, HNC is mainly destroyed by its reaction with

N(°D):

At 1000 km, the isomerization of HNC into HCN begins to con-

N(2D) + HNC — CN, + H (41%)
N(2D) + HNC — CH + N (41%)

Fig. 4. Mixing ratios of HNC and HCN and HN/EICN ratio as a func- ripute to the HNC loss as well:

tion of altitude for two eddy dfusion codicients.

4.2. Main production and loss processes for HNC

rent chemical scheme) are presented in Figure 5 and are iliste
Table 2. Here we summarize the main processes leading to the

production and loss of HNC from the primary radicals.

4.2.1. Production
At 1300 km, HNC is produced from:

H,CN + H — HNC + H; (64%)
N(*S) + 3CH, — HNC + H (34%)

At 1000 km, HNC comes mainly from the reaction:
H2CN + H — HNC + H; (98%)
H,CN is mainly produced by two reactions:

N(4S) + CH3z - H,CN+H (90%)
CHoNH + hy = H,CN + H (9%)

while CH,NH comes from:

N(2D) + CHs — CH,NH + H (60%)
NH + CHs — CHoNH + H (35%)

and NH comes from:
N(°D) + CH; — NH + CHs (64%)

N(*S) + H,CN — NH + HCN (21%)
N(®D) + H, — NH + H (11%)

Altitude (km)

Altitude (km)

At 600 km, the scheme for the production of HNC is a little bit

different; HNC comes fully from the reaction:
H2CN + H — HNC + H; (100%)
but H,CN is produced from:

CHaNH + hy — HCN + H (74%)
CHoNH + H — HyCN + H, (22%)

and CHNH comes from:

Fig. 5. Reaction rate profiles for most important reactions leattirtge

N(2D) + HNC — CN, + H (25%)
N(2D) + HNC — CH + N (25%)
HNC + H — HCN + H (24%)

HNC + H —» HCN + H (99%)

At 600 km, HNC is fully destroyed through its isomerizatioid

The main production and loss processes for HNC (for the cijr-

1300
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T T I T T
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H,CN+H — HNC+H,
N(*S) +°CH, = HNC + H

o o o i i
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HNC +CH = CHCN + H
HNC+CH = CN+H,
HNC +N(°D) = CN, +H
HNC +N(D) = CH+N
HNC+CN—=CN,+H -
HNC+CH— HCN+H - - -
HNC+hv = CN+H
HNC+H — HCN + H

500

0% 10°
Loss rates (cm'3 5'1)

production and loss of HNC (see Table 2 for reactions).

102 10" 10° 10" 107 10°
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Table 2. Main reactions for the production (top) and loss (bottomHdIC. Reaction rates are expressedkasa x (T/300¥ x exp(y/T) cne
molecule® s71. Uncertainties are expressedd) = Fo x exp@ x |1/T — 1/30Q) (T in K).

Reaction Arrhenius cdgcients Uncertainty Reference
@ B Y Fo g
NH +3CH, > HNC+H, 50x107%? 0.0 0.0 4.0 0 This work
H,CN + H — HNC + H, 1.2x 101 0.0 0.0 3.0 14 This work
N(“*S)+3CH, - HNC+H 30x10% 0.17 0.0 3.0 0 This work
HNC+H — HCN+H 40x10H 0.0 1200 10.0 100 This work
HNC+CH— CHCN+H 14x10%° -017 00 3.0 7  Estimated from HCNCH
HNC + CH — C,N + H, 14x10% -0.17 0.0 3.0 7 Estimated from HCNCH
N(D) + HNC—- CN,+H 80x10% 0.0 0.0 10.0 0 This work
N(D) + HNC—» CH+N, 80x10% 0.0 0.0 10.0 0 This work
CN+ HNC — C,N, + H 20x 1010 0.0 0.0 4.0 0 This work
HNC+ CH - HCN+H 1.75x101° 0.0 0.0 4.0 0 This work
HNC + C3N — C4N, + H 20x 1010 0.0 0.0 4.0 0 This work

4.3. Main production and loss processes for HCN 4.3.2. Loss

The main production and loss processes for HCN are presentgéd 300 km, HCN is mainly destroyed by its reaction witi?R)j
in Figure 6 and are listed in Table 3. Here we summarize thed by its photolysis:

main processes leading to the production and loss of HCN from 5
the primary radicals. N(“D) + HCN — CH + N3 (88%)

HCN + hy — CN + H (7%)

4.3.1. Production At 1000 km, the situation is quite similar:
At 1300 km, several reactions contribute to the productibn o N(2D) + HCN — CH + N, (72%)
HCN: HCN + hy — CN + H (14%)
H,CN + H — HCN + H; (52%) HCN + CH — CHCN + H (6%)
N(*S) + CHz — HCN + H + H (19%) HCN + CH — C2N + H2 (6%)
4 3 0
N|E| 2SC) I\Jlr +Ch|:2—> —>H|-c|:CNN++HI-|( 7(509@ ?) ét Soodkm,l.HCN is partly destroyed through its reaction with
N(*S) + H,CN — HCN + NH (6%) sl radical.
At 1000 km, the situation is simpler, HCN comes from: HCN + hy — CN + H (62%)
H,CN + H — HCN + H, (78%) HCN + C3N — C4N4 + H (208%)
N(*S) + CHs — HCN + H + H (9%) HCN + C; — C3N + H (6%)

CoN + H — HCN + C (7%)

In a similar manner to HNC, the production of HCN is K Whil dvina the relative i f the individ
strongly related to the production obBN. Again, the reaction Remar lle studying the relative importance of the individ-

Ezgvﬁzrr]]stSC)Nénd CH is important since it produces bOthofagiven compound, it is important to keep in mind the foHow

ing fact: Due to the large current uncertainties in reactaies,
the relative importance of each reaction might change idedist
as we go along in the improvement of reaction rates accuitacy a
low temperature. As a consequence, the set of reactiona give

At 600 km, several reactions contribute equally to the potida
of HCN. Many of them involve CN radicals.

CN + CHg — HCN + CoHs (25%) here for our current nominal model might not be the set ofreac
C2H3CN + hy — CoHz + HCN (24%) tions that would dominate had some of the initial rate cartsta
HNC + H — HCN + H (16%) been diferent in the production or loss of HNC and HCN (see
CN + CgHg — HCN + C3H7 (14%) section 6 for an illustration of the impact of uncertaintiesre-
C2Nz + H — HCN + CN (9%) action rates in model outputs).

CN + CH4 — HCN + CH3 (6%)
H>CN + H — HCN + H; (5%)

Where GHsCN comes from: 5. Local sensitivity analysis: a critical reaction
CN + CyHa — CoHsCN + H (99%) study
And CN comes from: Figure 5 shows that the most important loss reaction for HNC

around 500 km is the isomerization reaction-HHNC — HCN
HCN + hy — CN + H (23%0) + H (see also Table 3). The reaction rate of this process is not
HC3N + hy — CN + CoH (55%) very well known at low temperature-(150 K) with an uncer-
CaN2 + hv — CN + CN (15%) tainty factor that we estimate to be about 10 (see section A).
As a conclusion, BHCN (z > 1000 km) and CNZ < 1000 So, this reaction is clearly critical for the abundance of GIN
km) are important intermediate compounds for the produactién our model. In order to pinpoint the importance of this reac
of HCN in the upper atmosphere of Titan. tion, we performed a local sensitivity analysis, which dstssof
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Table 3. Main reactions for the production (top) and loss (bottomHGMN. Reaction rates are expressekasa x (T/300¥ x exp(y/T) cne
molecule® s71. Uncertainties are expressedd) = Fo x exp@ x |1/T — 1/30Q) (T in K).

1300
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900

Altitude (km)

800

700

600

500

1300

1200

1100

1000

900

Altitude (km)

800

700

600

Reaction Arrhenius cdgcients Uncertainty Reference
@ B Y Fo g
C2H3CN +hy — C2H2 + HCN
N(*S)+ CH; - HCN+H+H 60x10%* 0.0 00 20 7 This work
CN + CH; — HCN + CHs 60x10% 0.0 721 16 0 Yangetal (1992); Sims etal. (1993)
CN + C,Hg — HCN + C,Hs 208x 10t  0.22 -58 1.4 0 Sims et al. (1993)
CN+ CgHg —» HCN + CzH;  214x10% 119 -378 14 0 Yang et al. (1992)
HNC+H - HCN+H 40x 101! 0.0 1200 10.0 100 This work
C,N, + H— HCN + CN 859x 10716 0.0 0.0 2.0 100 Dunn et al. (1971)
H,CN + H - HCN + H, 6.0x 10 0.0 0.0 4.0 7 This work
N(*S)+ 3CH, — HCN + H 5010 017 00 3.0 00 This work
HCN+hy—-CN+H
HCN+ CH—- CHCN+H 14x100 -0.17 0.0 3.0 7 This work
HCN + CH — C;N + H; 14x10° -0.17 0.0 3.0 7 This work
HCN + N(®D) - CH + N, 16x1010 0.0 0.0 10.0 0 This work
HCN+C; - CN+H 20x10%0  0.17 0.0 3.0 0 This work
HCN + C3N — C4N, + H 20x 100 0.0 0.0 4.0 21 This work
o T T R R e ™ gented in Figure 2. Whilst there is only a factor of 2 betweénen t
| GOy Gy HON oo, | extreme HNC mole fractions at 1300 km, thé&elience reaches
N+CH,~HON+ R, a factor of 10 at 500 km. As a consequence, the poor knowl-
ORONEH ROV R o 1 edge of the rate of this reaction limits strongly the accyraic
NES) 4 CH, = HON + H 4 H == SN photochemical models.
- N(*S)+°CH, = HCN +H E— -
B 7 6. Uncertainty propagation study
B 1 6.1. Method
N 1 The methodology used to study the propagation of unceigaint
in the model is described in Hébrard et al. (2007) and Hebra
i 1 etal. (2009). There are many sources of uncertainty in a 1D ph
T d i il il tochemical model. In the present study, we focus exclugivel
O emesesy " on its chemical sources through the uncertainties of the pho
ey tOOiSSOCIAtioN and reaction rates. These uncertaintigiate
Lo+ = CN 4+ H N in their experimental or theoretical determination, ang gen-
" RN o= i hY 1 erally quantified by a standard deviation or a relative utadety.
| RN e T o AN | Because of the profoundly non-linear nature of the photache
HCN+NCD) = CHAN, = = = % ical model and the potentially large uncertainties dispthy
B 1 many parameters, a linear uncertainty propagation is net ex
¥ pected to produce valid results. Propagation of distridmgiby
i ' 71 Monte Carlo sampling is better adapted to such problems\(BIP
L ; | etal. 2008, 2006). Due to the positivity constraint on thersg-
! erties, their distributions are modeled by lognormal pilolits
N 1 density functions :
- o . (Inx —u)z)
L n n n d “-.4 f’ L n " o p(X) \/ZXO' exp( 0—2 (1)
e e e Lzs,at:f(cm-slg) O yith u = Ink(T), the logarithm of the nominal value of the

Fig. 6. Reaction rate profiles for most important reactions leattrtge
production and loss of HCN (see Table 3 for reactions).

reaction rate at temperatuiie and o InF(T), the loga-
rithm of the geometric standard uncertairiyT) of the log-
normal distribution. With these notations, the 67% confaen
interval for a reaction rate at a given temperature is given a
[K(T)/F(T), k(T) x F(T)].

Estimation of the uncertainty facté¥(T) of a reaction rate

changing the rate of this reaction by a factor of 10 whilstrkeek(T) at any given temperature follows an expression adapted
ing all other rates unchanged. It is important to note thet thfrom KIDA (Wakelam et al. 2012):

kind of study gives only incomplete information about the im

portance of this reaction. A global sensitivity analysisiguired F(T) = F(300K) exp{g(% - %0)'

)

to study how the uncertainty of this reaction rate propagate
the model through the set of strongly coupled and non-lineahere F(300K) is the uncertainty in the rate const&(T) at
differential equations (Dobrijevic et al. 2010b). Results aee p T = 300 K andg is the "uncertainty-extrapolating” céiecient
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defined for use withF(300K) in the above expression to ob-or log-normal. In this case, quantiles are useful measore=p:
tain the rate constant uncertairityT) at different temperatures. resent the distributions. Figures 8 and 9 show the 5th arddif5t
These assigned uncertainty facté(800K) andg are evaluated the 20-quantiles and the 1st and 19th of the 20-quantilestwhi
to construct the appropriate uncertainty factfT), following give the intervals containing respectively 50% and 90% ef th
an approach based on the fact that rate constants are alnposfiles.
always known with a minimum uncertainty at room tempera- The HCN and HNC profiles obtained from the uncertainty
ture. The knowledge of both(300K) andg parameters allows propagation study are presented in Figure 8. We obtain large
to quantify the temperature-dependent uncertaintiesechlty uncertainties for HNC, especially below 900 km, whereas un-
each reaction rate present in the standard sets of reaat®sin certainties are quite reasonable for HCN throughout theeupp
a temperature range adequate for Titan’s atmosphere. atmosphere. At 1300 km, the mean value of the HNC mole frac-
Most of the reaction rate céiicients and their associated untion is 104 and 50% of the profiles lie betweer85 10> and
certainty factors used in the present study are extractad fr2.0 x 107, For HCN, the mean mole fraction is2Ix 10~2 and
our previous reviews (Hébrard et al. 2006; Hébrard et@09). 50% of the profiles lie between®x 10~* and 16 x 1073,
Reaction rates and uncertainties for new processes aneatstl
according to the methodology introduced in section 3. The un
certainty factor is set to 1.2 for all the photodissociatiates for
simplicity (see Peng et al. (2012) for a valuable discusalmout 1200
uncertainties on photodissociation rates). We perforndt0@s
to have statistically significant results. The integratiiome for
each run is set to I8s for simplicity and to limit the compu-
tation time. This time is sficient to reach a steady state in the. 9%

HNC -

upper atmosphere. For instance, the most important re hairi-
ation of the HNC mole fractions is lower thar0 102 for all
the runs with very few exceptions.

Figure 7 presents an example of a rate constant histogram
generated by our Monte-Carlo procedure for a reaction i@te ¢
stant estimated by capture theory. As explained in sectitims3
kind of rate constant is in practice

K=1vyq X kcapture/ 2Y Feapture

and its uncertainty factof = /Fcapre. Our simulation is in
good agreement with what was expected and we see that only
a limited fraction of runs € 15%) give rates greater than the 1200

kcapture Value.

Alti

800~

107" 107" 1078 107 107 1072 10°
Mole fraction
LI

HCN -

1000~

Altitude (km)

800

600 —

Frequency

L L L 1 L

1078 1078 10 1072 10°
Mole fraction

Fig. 8. Abundance profiles of HNC and HCN obtained after 1000 runs.

Black solid line: initial profile. Black dotted line: medigmrofile ob-

tained from the uncertainty propagation study. Black ddstwted

lines: 5th and 15th 20-quantiles of the distribution. Blémkg-dashed

lines: 1st and 19th 20-quantiles of the distribution.

-11.2 -10.94 -10.68 -10.42 -10.16 9.9

Log, ok [cm35'1])

Fig. 7. Histograms of reaction rates obtained after 1000 runs &mtien
N(*S) + C,H — C,;N + H. The reaction rate estimated for this reaction

is kenpeure = 6.0 x 10-1 and its uncertainty factor Begaure = 16. The HNGHCN ratio as a function of altitude is given in

Figure 9. The determination of this ratio is important widk r
spect to the detection of HCN by the Cassini lon Neutral Mass
Spectrometer (INMS) (Magee et al. 2009). Since HNC and HCN
have the same mass, it is likely that both species contulsite
nificantly to the same peak in this instrument. We see in igur
9 that the ratio HNZHCN can statistically reach a value as high
The type of abundance distribution depends on the compowasl0.5. More precisely, 90% of the HRHCN profiles are within
and can vary with altitude: distributions are not alwaysmalr the range [0.015, 0.5] and 50% in the range [0.04, 0.17]. By-co

6.2. Results: HCN and HNC profiles
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parison with observations, Moreno et al. (2011) estimaled t not too high. Here we show that a purely neutral sourcdtis e
this ratio is about 0.3 (based on the abundance of HCN retlie\cient enough to produce HNC and HCN in the upper atmosphere
by INMS). of Titan in agreement with current observations. Our stuaysd
not mean that ion-molecule mechanisms are not relevanbto pr
duce HNC but it shows that neutral reactions are competitive
{ processes in the upper atmosphere and in the middle atnresphe
- as well.
1 The aim of the present work is to investigate as exhaustively
1 as possible the neutral chemistry of HNC and HCN in order to
/ 1 construct a chemical scheme as complete as possible, to-eval
1000 ﬂ - 7| ate the uncertainties on the results that originate fronoties
/ attached to the neutral reactions and to determine the le&y re
tions that should be studied in priority to improve the médel
precision regarding neutral chemistry. We show that theipre
sion on the HCN abundance predicted by photochemical models
is currently strongly limited by the poor knowledge of soree r
action rates, especially the isomerization reactiom HNC —
HCN + H. Further studies of the reactivity of&N with H and
the reactivity of N¢D) with HNC and HCN are also very impor-
/ s - I tant.
10 O e traction 10° Our results are a basis for studying the production and loss
) ] ) ) of HNC and HCN in the ionosphere of Titan. For instance,
Fig.9. Abundance profiles of HNEICN ratios obtained after 1000  rasnopolsky (2009) stated that 24% of the production of HCN
L%?Zini??lr(o?noltlﬂél?Jizcg]rltt;%t@rcg:loebaigggndcs):L?jo)l/llg?eigﬁlggszggz comes from ion reactions, while ion reactions account ooty f
lines: 5th and 15th 20-quantiles of the distribution. Blémkg-dashed 17% of the loss of HCN' More recently, Plessis et al. (2012)
lines: 1st and 19th 20-quantiles of the distribution. found that the production of HCN and HNC are aboit52.5
molecule cm® s™* and that 65% of this production comes from
the dissociative recombination reaction HCNH e”. So, we
) ) ) can expect that the production of HCN and HNC should be
The main conclusion of these results is that the current-acgiyeater than the production we find in the present study gakin
racy of photochemical models for HNC is very poor, espegialintg account only neutral chemistry. However, we can alss pr
below 800 km. Theoretical and experimental studies areretiu gjct that uncertainties in ion-reaction rates might inseethe un-
to improve the situation. We see in the next section that badlo certainty on HNC and HCN mole fractions obtained by the mod-
sensitivity analysis can pinpoint the key reactions thatm@ g5 |n conclusion, a coupled neutral and ion model is reguir
sponsible for these huge uncertainties. to investigate the impact of ion chemistry on these compsund
to determine the uncertainties on the computed abundandes a

7. Global sensitivity analysis: determination of key  to pinpoint the key reactions involving ions.
reactions

1200 HNC/HCN

Altitude (km)

) ) ) Acknowledgements. The authors acknowledge partial fidrstipport from
The technique we use is based on the computation of the RatkObservatoire Aquitain des Sciences de I'Univers (OAStd)n the CNRS

Correlation Cofficients (RCCs) between rate constants anfrogramme National de Planétologie” and from the CNRrfisciplinary
abundances at fierent altitudes. It has been previously usegf°9"am "Environnements Planétaires et Origines de I{EROV)'"
and described in Carrasco et al. (2007); Dobrijevic et &I08);
Hébrard et al. (2009). The greater the absolute value of @ RC . .
is, the more important the contribution a given reactioe tas APPendix A: Comments on selected reactions
on the abundanqe unc_ertainty for a given species. As a conger N(*S) + CHs
quence, all reactions with a high absolute value of RCC ghoul
be studied in priority to improve the accuracy of the model-coWe have shown that the reaction 48} + CHs — products
cerning HNC and HCN in the upper atmosphere of Titan. The of prime importance in the production of,EN, which ap-
power of this technique, based on the uncertainty propaigatpears to be a key compound for initiating both HCN and HNC
study and the knowledge of RCCs, to improve photochemiagiemistries in Titan's upper atmosphere. For this reasergive
models has been demonstrated for Titan by Hébrard et #9(20in the following details our recommendation for the ratestant
and for Neptune by Dobrijevic et al. (2010a). and the branching ratios.

Among the few key reactions we give here @GN + H, HNC The N¢S) + CHz reaction has been studied experimen-
+ H and N@D) + HNC/HCN are clearly the most importanttally down to 200K (Marston et al. 1989a) showing a high
ones for HNC and HCN in the upper atmosphere of Titan. Walue for the rate constant at 300 K.§8 2.0) x 101 cm®
Appendix A, we discuss in more details our current knowledgrolecule® s with a complex negative temperature depen-
about these reactions. dence. The authors propose two expressions for the gloteal ra
constantk(200-423K) = 6.2x1071% + 2.2x10° exp(-1250/T)
cm® molecule?! st or k(T) = 4.3 x 10 Pexp(420/T) cm®
molecule! s™1. The second one deviates from the experimental
Following the prediction of Petrie (2001), Moreno et al. 12) results at low temperature and may underestimate the rate co
concluded that a purely ionospheric source may be quantisiant at temperatures representative of Titan’s atmosphi&ie
tively viable for HNC, provided that the protonation rateg a possible exothermic exit channels are:

8. Conclusions
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Table 4. Key reactions responsible for HNC (top) and HCN (bottom)redance uncertainties at 1000 km and 600 km. Only reactiotisRCCs
greater than 0.15 are given.

Reaction F g RCC
at 1300 km at 1000 km  at 600 km
HNC+H — HCN+H 10.0 100 0.25 -0.41 -0.95
H,CN+H — HCN + H, 2.0 14 0.39 -0.40 -0.12
H,CN+H — HNC + H, 3.0 14 0.77 0.71 0.18
N(?D) + HNC — CN, + H 10.0 0 -0.18 -0.12 -
N(°D) + HNC — CH + N, 10.0 0 -0.16 -0.11 -
N, + hy — N(?D) + N(*S) - - 0.20
N(D) + CH; > CH,NH+H 1.6 7 - 0.12 0.17
HCN + CH — CyN + H, 3.0 7 - - -0.15
H,CN+H — HCN + H, 2.0 14 0.28 0.29 0.16
H,CN+H — HNC + H, 3.0 14 -0.17 -0.19 -
N(?D) + HCN — CH + N, 10.0 0 -0.85 -0.83 -0.78

be distributed among the translational and vibrationétional

N(*S)+%CH;  — inCN +22H L AH(298) = -153 kJ.molTl modes of both products, a fraction of HBANC molecules will
_> ﬂg“ N 1: o ﬁnfggﬁg - _jgﬁjmn%ﬂ possess enough internal energy to overcome the isomerizati
- T ' - . barrier. To a first approximation we assumed roughly stesikt
— *HNC + *H, AH,(298K) = —431 kJ.mot PP ghly stedi

distribution of energy in the fragments and consider thiabfal

) , ) the HCN or HNC produced above the isomerization barrier will
Product branching ratios have been obtained for tSN( jgaq to equal amounts of HCN and HNC (Herbst et al. 2000).

+ CHsz and N('S) + CDs reactions (Marston et al. 1989b) lead-  The HNC + H — HCN + H reaction (AH,(298K) =

ing mainly to HCN + H formation (85-100%) with some HCN .53 k3 mot?) has been calculated to possess a low bar-

formation (0-15%). These authors suggest that HCN formatiger The first estimation of the barrier was performed by

is associated with b however HCN+ H, production is spin- Ta|nj & Ellinger (1996) at a relatively high level of theory

forbidden and needs intersystem crossing to occur. Aditip . - i N
recent ab-initio calculations (Cimas & Largo 2006) founuast ;Mgﬁfé}&;gﬁ;f Fg/li/lan/i ?(‘1]1r+nz(r31(dspa)mv;1tr:1l g R(;S[}yZﬁ

100% of HCN production in good agreement with previous cal: .
culations (Nguyen et al. 1996). As,BN may have enough in- (1998) found a barrier equal to 13.8 kJ. okt the CCSD(T)B-

ternal energy (153 kJ.mdl) to overcome the dissociation barrier -1+ +(3df,3pd)/CCSD(T)6-311++G(d,p) level and more re-

: e tly Petrie (2002) found a value equal to 8.0 kJrmlat
for C-H dissociation (130 kJ.mol), some HCN+ H + H may be cen
produced (Nguyen et al. 1996). The HCN obtained by Marstdh€ CBIRAD or B3LYP/6-311G* level and 12.9 kJ.mot at
etal. (1989a) may also come from reaction of# with atomic 1€ QCISDE-311G level. With estimated values between 8.0
nitrogen (used in excess in their experiment) througEM +  kJ.mof™* (960K) and 18.0 kJ.mot (2160K), the rate will be

4 : 4 low, but not negligible, for relaxed HNC. Moreover, as HNC is
N('S)— HCN + NH or more likely through HCN + N('S) - produced mainly with high internal energy there is a pofigibi

CH, + N, followed by N('S)+ CH; — HCN I’lH' We chooselto of rate enhancement. For relaxed HNC we recommend the rate
recommend a rate constant value i 10~ cm® molecule®  constant calculated by Sumathi & Nguyen (1998) with an av-
s~ between 150K and 200K with a branching ratio equal to 90%age value of the various calculations for the barrieniditlg

for H2CN + H formation and 10% for HCN- H + H. Thus : Petrie (2002):
Reaction k (crhmolecule'sh) F g Reaction k (chmolecule® s F g
N(*S)+ CHz —» H,CN + H 56x 1011 16 7 H+HNC—-HCN+H 4.03x101xexp-1200T) 10.0 100
N(*S)+ CH; - HCN+H+H 06x10% 2 7

A.3. N®D) + CH,

The N@D) + CHjy reaction has been studied experimentally
A specific problem in HCHNC formation is the possibility of (Takayanagi et al. 1999; Umemoto et al. 1998) and theoreti-
isomerization. The HCN»> HNC isomerization barrier is calcu- cally (Ouk et al. 2011; Takayanagi & Kurosaki 1999; Takaygina
lated equal to 186 kJ.mdh, and the HNG— HCN isomerization et al. 1999) and a review has been performed by Herron (1999).
barrier is calculated equal to 124 kJ.moat the RCCST(Tkc- Theoretical calculations suggest two pathways for thix+ea
pVTZ level (DePrince Il & Mazziotti 2008). Some reactiongion, direct H atom abstraction and A0 insertion in one C-H
producing HCN and all reactions producing HNC are highllgond, both mechanism presenting a barrier in the entraree va
exothermic. In Titan’s atmosphere, relaxation occursuflo ley (Ouk et al. 2011; Takayanagi & Kurosaki 1999; Takayanagi
collisional stabilization. The collisional stabilizatidime may et al. 1999). It should be noted that ab-initio calculatioith

be estimated (Forst 2003) as equagﬁ%}o—x[w ~ 107 satl DFT and CCSD methods lead to the absence of a barrier for
Torr, much greater than the interconversion time-scalmeséd the insertion (Balucani et al. 2009). The’®) + CH, reaction
as< 1013 s (Herbst et al. 2000). Thus, as relaxation slowlfas been studied experimentally in detail by Takayanagi.et a
occurs, isomerization leads to equilibrated isomeric danses (1999) leading tdk(223-292K)= 7.13 x 107 x exp(-755/T)

at each internal energy. The final balance is determined ataon® molecule® s7t,

near the #ective barrier for isomerization. As the available en- N2p) 1 1CH, - I1CH,NH + 2H  AH,(298K) = -318 kJ.mot*

ergy of the exothermic reactions producing HCN and HNC can 5 2CHs + 3NH AH,(298K) = -126 kJ.mot!

A.2. HCN — HNC isomerization

10
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Umemoto et al. (1998) found a ratio betweesMH + H/ HNC and CNH — D, + HNC dissociation rate constants, and
NH + CHs equal to 0.#0.3. Balucani et al. (2009) studied thisalso from the fact that HCN and HNC will be produced partly
reaction in a crossed beam experiment at high collisionggnembove the HCN= HNC isomerization barrier. Considering a
(above 22 kJ.mat which corresponds td > 2600K) suggest- roughly statistical energy distribution in HNC and HCN, w& e
ing an increasing NH branching ratio with the temperatuie atimate 20% of total HNC production. For the global rate con-
also HCNH and CHN production. As their results are ambigustant, we chose the experimental one even if itis only a minim
ous and correspond to high collisional energies, we prefeo  value.
use the Herron (1999) average value for the global rate annst

. . . . 1 11
(there is a typographical error in the Herron paper: it stidne Eef‘:'%”N e 6")(((;'22?0'80”'6 s) g %4
— 115 12; i i 2 — H2
A =4.8x10instead of 48x 10"-<in table 3) associated with H+ HsON  Hy + HNC  12x 1011 3 1

Umemoto et al. (1998) branching ratios :

Reaction k (crimolecule! s7%) F g A.5.N(*S) + H,CN
N(zD) +CH; > CHNH+H 35X 1011 xexp759T) 1.6 7 There is one experimental determination of the rate cohbn
N(“D) + CH; > CHz + NH  1.3x 10" xexp(-755T) 1.6 7 tween 200 K and 363 K (Nesbitt et al. 1990) and one indirect

branching ratio determination (Marston et al. 1989b). Tas-p
sible exit channels are:

A4. H+ H,CN

. . . 2H,CN + N(*S 3CH; + N AH,(298K) = -331 kJ.mot?
The H + H,CN reaction is a key reaction for both HCN 2CN+N(S) :3NH2++1H(§N AHTEZQSK;:-ZZQ KkJ.mot?
and HNC production. The rate constant for this reaction has — H, + 3CNN AH:(298K): -150 kJ.mot*

been measured to be greater thax 10~*' cm® molecule?

s (Nesbhitt et al. 1990) and the authors also determinédmas & Largo (2006) performed ab-initio calculations and
HD/(HCN+HNC) branching ratios for the H D,CN reaction, found a small barrier for direct H atom abstraction, locatéd
leading to H(HCN+HNC) = 5 + 3. This reaction has two 11 kJ.mot*! at the CCS[p-vtz level but at -13 kJ.mot at the

exothermic bimolecular exit channels: G2 level. This negative barrier is due to the ZPE variatioe. W
2H,CN+2H  — 'Hp + 'HNC  AH,(298K) = -276 kJ.mot® performed calculations at the UHF-M06-2AXTZ level and also
—>1H, + IHCN  AH,(298K) = -331 kJ.mot! found a barrier for direct abstractior.4 kJ.mot! without

ZPE and -3.6kJ.mot including ZPE). No barrier was found for
Previous theoretical calcglatipns (Nguyen et al. 1996sbar H,CNN adduct formation quickly leading to GH N, forma-
et al. 2006) show no barrier in the entrance valley foCNH  tion. The good agreement between the calculated reaction en
formation. We performed new ab-initio calculations at thghalpy and the value derived from thermochemical data at298
DFT/M06-2X/vtz and MRCKQ/vgz levels (Loison et al. in (Baulch et al. 2005) gives us confidence in the calculatioms a
preparation) showing unambiguously tha3iNH formation oc- in our conclusion that Ch+ N is an open exit channel. There is
curs in addition to the direct H atom abstraction without-bag |arge uncertainty about N#|HCN production however which
riers in the entrance valley. The only possible evolutiorthef s Jikely to be a minor but non negligible exit channel betwee
H2>CNH molecule is back-dissociation orH HNC formation, 150 and 200K.
the H, + HCN exit channel involving a high energy exit bar-  Marston et al. (1989b) found that HCN (god HNC) for-
rier located well above the reactant energy and therefoledo mation is the main product in the #§) + CH3 system, HCN
den at 150-200 K. K+ HNC production also involves a highpeing attributed to the result of the reaction sequend@SN¢
exit barrier calculated close to the energy level of theta#s. CH; — H + H,CN followed by N¢S) + H,CN — NH + HCN.
The position of the transition state TS varies with the dalton  However in their experiment, ¥8) was in excess and the HCN
level and has been found to range betwed kJ.mot! and could have been the result of the reaction sequent8)N(CHs
-9 kJ.mot?! by comparison with the reactants energy (Zhou &, H + H,CN followed by N¢S) + H,CN — CH, + N, and
Schlegel 2009; Nguyen et al. 1996). As this energy is clitwa N(*S) + CH, — H + HCN/HNC. The experimental rate con-
estimate HNC production, we calculate it at the MRQIVGZ  stant k(T) = 1.0 x 1072° x exp(=200/T) cm® molecule?® st
+ ZPE(DFTMO06-2X/vtz) level leading to a TS energy equal tdn the 200-363 K range) has large uncertainties (Nesbitt.et a
-9 kJ.mot* below the reactants energy. To estimate the amourgo0) and cannot be extrapolated to low temperature as it may
of HNC formed, we performed RRKM calculations (Loison epe the result of the two reaction channels including theotiib-
al, in preparation) with a TS energy given by the MRQ/vaz  straction with a barrier. We point out that a simple captate r
calculations and the geometry and vibrational frequeneies model, with the dispersion term only, leads to a rate comstan
tained at the DFAM06-2X/vtz level. The main exit channel of equal tok(N(*S)+H,CN) = 4.5 x 10710 x (T /300017 x (3/8) =
the HLCNH adduct is found to be back-dissociation with a yield 7 x 10710 x (T/300P17 cm® molecule! s71, 4 times higher
greater than 90% except at high pressure when the three bgehh the experimental rate constant equal #>410% cm?

stabilisation plays a role. This corresponds to pressutesea molecule® st at 300 K. Considering the uncertainties in the
those relevant for Titan's upper atmosphere whef€Mlis sup-  experimental results we propose:

posed to be present at high altitude. For the B,CN results of

Nesbitt et al. (1990) we attribute tme/e = 3 signal, due to the  Reaction k (cimolecules™®) F g
HD molecule, to direct D atom abstraction, and thge = 27 N(*S)+ H,CN—- NH+HCN 10x10% 4 0
signal, due to HNC (and also HCN coming from HNC isomer- N(*S)+ H,CN— N, + CH, ~ 3.0x10* 3 0

ization), to the H+ H,CN — H,CNH — H, + HNC pathway.

Our RRKM calculations are then in reasonable agreement W/I&h6 HCN + CH

experimental results considering the various uncergsnpar- =~

ticularly regarding the TS energy value. However additiema  The total rate constant for this reaction has been measwured b
certainties arise from theffierence between the;BNH — H, +  tween 296 and 674 K equal to.(B+ 0.4) x 107! x exp((500+
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30)/T) cm® molecule® s (Zabarnick et al. 1991). This ex-value and the higher capture rate value may be due to several
pression cannot be extrapolated to low temperature asldsyiereasons such as a bottleneck in the entrance valley (the inte
unrealistically large values. The measui€d96K) is equal to action potential is attractive mainly around linear atdeakdor
2.7x10°*°cm?® molecule® s1. A simple capture treatment leadseventually to a possible relaxation @) — N(*S)). The cap-

to a high rate constant (close t006< 1071° cm® molecule! ture rate constant is a maximum value and therefore, tha@kctu
s! at 298K) due to the strong dipole-dipole interaction. Weate constant is likely to be smaller, around<(8) x 1011 cm®
propose to scale the capture rate constant to the value it ranolecule® s™* by comparison with ND) + H,O and N¢D) +

temperature and to conserve the temperature dependenceNd; reactions.

propriate for the dipole-dipole interaction, leadingk@) =

2.7 x 10719x (T/300) %" cm?® molecule* s™. Theoretical cal-
culations (Du & Zhang 2006) show no barrier fop€ICN for-

mation through CH+ HCN — HCC(H)N — H,CCN. H,CCN

can lead subsequently to

'HCN+2CH —S3HCCN+2H AH,(298K)= -23 kJ.mot*
—1H, +2CCN  AH,(298K) = -42 kJ.mot*!

Osamura & Petrie (2004) have determined that HCCN
production has no barrier in the exit channel and that+ HCCN
production exhibits a tight TS located only 6 kJ.moabove
this exit channel. These two exit channels should therdfave
similar branching ratios to a first approximation, even ifkdR
calculations are necessary to estimate more precisehmdleie.

Reaction k (crhmolecule's?) F g
HCN+CH—-HCCN+H 1410 x(T/300y% 3.0 7
HCN + CH — H, + CCN 14101°x (T/300y%7 30 7

A.7. N#D) + HCN

The first electronically excited state of atomic nitrogert?Iy

Reaction
N(®D) + HCN — CH + N,

k (crd molecule? s1)
50x 101

F 9
30
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