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Abstract

We present a summary of the information available from laboratory studies of ion-molecule
reactions that is relevant to the chemistry occurring in Titan’ sionosphere. React ion information from the
literature has been collated and we have measured many ncw reactions, including some ion-atom react ions.
The sequences of ion-neutral reactions can lead to arapid increase in ion size. How this increase may lead
to aerosol production at the base of the ionosphere is briefly discussed. Laboratory observations of
extremely rapid termolecular ion-neutral association reactions indicate that these association reactions arc

viable contributors to the ion chemistry at the base of Titan's ionosphere.




introduction

Eight of the nine planetsin our solar system have significant atmospheres. Of these four have been
investigated by planetary probes and/or rockets equipped with mass spectrometers. Mass spectrometric
analysis has given the atmospheric composition of the outer atmospheres of Venus, Earth, Mars and
Jupiter down to below the one bar level. Of the more than 40 moons that orbit the planets of the solar
system, only three (Titan, 10, and Triton) have enough atmosphere for mass spectrometric analysis during
a flyby. Titan, orbiting Saturn, has by far the largest atmosphere and is a significant focus of the
NASA/ESA Cassini-Huygens mission to Saturn. The expected pressure at Tian's surface is ~1000 bars.
Titan with its unique blend of nitrogen and methane promises a rich chemistry with the likelihood of a
number of new and interesting molecules being discovered.

The planned arrival date for the Cassini spacecraft is July 2004 and the mission has a nominal
termination date of July 2008. During the tour of Saturn and its satellites the Cassini space craft will use
Titan flyby’s for gravity-assisted navigation, There may be up to 50 of these Titan flybys in the planned
schedule. “I”he majority of the flybys will be down to atitudes of 950 km above the Titan surface and at
least five of the flybys will be dedicated toinsitu mass spectrometric sampling of Titan’s lonosphere.
Once of the twelve scientific instruments on board the space craft is the ion-Neutral Mass Spectrometer
(INMYS). Its objectives are to measure the ion and neutral species composition and structure in the upper
atmosphere of Titan; to stud y Titan atmospheric chemistry; to invest igate the interaction of Titan’supper
atmosphere with the magnetosphere and solar wind and to measure the mass of ions and neutral species
encountered during ring plane crossings and icy satellite flybys (Cassini Mission AO).

Of particular interest to the Cassini mission and the scientific world is the descent of the Huygen’s
probe into “I'it an’s atmosphere. A GC-MS (Gas chromatograph-mass spectrometer) is one of severa
instraments on the Huygen’s probe and it will aso perform in st sampling of Titan’s atmosphere from
about 20 km down to the surface. Both the Cassini and Huygen instruments will produce, detailed mass
spectrometric measurements of both the ions and the neutrals in Titan’s atmosphere. To interpret these

measurements, it is essential to have a detailed knowledge of the ion chemistry occuring in Titan’s



atmosphere. ‘I’ his review of Titan's ion chemistry is therefore particular] y time] y in view of the upcoming

Cassini-1luygens mission.

Interpretation of the Titan In Situ MS Data
A proper treatment of inSitu mass spectrometric data of Titan’s atmosphere requires more than just

a knowledge of the chemical mix and density of the gas sampled, It aso requires an understanding of the

sequential ion chemistry that occurs in the atmosphere and that may occur at densities above. 3 x ] 0"

moleculescm™ within the ion source of the mass spectrometer. in addition, a model of the atmospheric

chemistry is required to tie the observations together. Preliminary models of the photochemical
atmospheric dynamics of Titan have been presented by Yung et al, 1984, 1987; Coustenis et al, 1993,
1995 and Tourblanc et al, 1995. Preliminary models of the ionic atmospheric dynamics have been
presented by 1p (1990) and Keller et al, 1992. ‘I”he initial ion mass spectrum and the mass spectrum
produced by electron impact ionization of neutrals in Titan's atmosphere including overlapping mass
peaks, must be unraveled using a set of ion chemistry data. It is the purpose of this review to present the

data relevant to Titan's ion chemistry and to point out any deficiencies in the existing data base.

Matrix of Possible Reactions

The mixing ratios of neutral species in order of increasing mass anticipated in Titan’s atmosphere at
1000 km altitude are shown in Table 1. These anticipated neutral species are interpolated from the model
calculations of Toublanc et al, (1995). We note that fragmentation of the neutral species by the electron
impact source will produce the primary ions and several fragment ions in the mass spectrometer ion
source. in addition, these same ions will be produced in the ionizing radiation field of Titan's ionosphere.
Possible reactions between the ions generated from the neutrals listed in Table 1 as primary ions, with
known neutral reactants gives rise to the matrix of ion-neutral chemistry shown in Table 2.. In this table,
the ionic reactants are listed in the first column in some increasing order of complexity. The first row

contains the major neutral components of Titan's atmosphere in order of their decreasing mixing ratios.



The cells of this matrix contain the major ionic product of the ion-neutral reaction. Where no laboratory
reaction has been detected the notation NR is used in the cells. In several casesit is possible to disallow a
react ion from thermochemical calculations, In these cases the cell contains the notation NR(T). Several of
the cells have been filled with educated guesses, these are noted by the lighter font.

Several conclusions can be drawn about the ions generated in Titan’s ionosphere from this matrix.

Almost al of the ions in the first column are unreactive with the. major neutral component of Titan,

molecular nitrogen. The exceptions are }12*, I'I; and NI 1" These threeions will be in very small steady

state abundances at all altitudes. They will rapidly be converted to N2H+, which has as its principal loss

process, arapid proton transfer reaction with the neutral hydrocarbons.

After N,, the next most abundant neutrals are the hydrocarbons Ct 1,, C,112 and C,} 1,. It is quite
apparent from the columns in Table 2 corresponding to these three neutrals, that the mgjority of ions
generated in the Titan ionosphere are reactive with them, Each reactive collision increases the number of
carbons in the product ion by either one or two. There are thus efficient pathways via ion molecule
reactions to generate complex molecular ions containing many atoms. The processes opposing the
progress to increasing molecular complexity by an ion-molecule mechanism are electron recombination,
photodissociation and their ultimate removal via aerosol formation followed by “rain-out”.

ions that are unreactive in Titan's atmosphere will accumulate in abundance until they achieve

equilibrium with their major loss process which may be electron ion recombination. Table 2 shows

unreactive ions in this category to include c-C3H3*, and to a lesser extent, }']30+ and HCNH'. c-C3t1]is
known to undergo reaction with diacetylene, C4H,, but additional loss processes may be uncover-cd once
more laboratory measurements have been made. Although H3O* undergoes only a slow endothermic
proton transfer reaction with C,H,, it does undergo rapid exothermic proton transfer with HICN and
HC3N. The HCNH" jon dots not exhibit rapid bimolecular reactions with N,or the more abundant

hydrocarbons but it does exhibit fast reactions with H,0 and HC3N. Each of these ions however, may




undergo efficient termolecular association reactions at higher pressures and very few of these termolecular
processes have been evaluated in the laboratory.
From a survey of the cellsin Table 2 it can be seen that there are many other ions that will be

generated in Titan’s ionosphere besides the ions listed in the first column of Table 2. The additional ions

anticipated in Titan’s ionosphere that are not represented as reactant ions in Table 2 include: C2H7*,
Cillg', Callg', CH,Y, CHy', CeHy', CeHy', CeHy'Y, gL', Gl CeHs™, Celly, Collyy,',
CyHs", CoH,", NH3', CoNY, HO,NT, H,CoNY, HuCoNY, H C3NY, H LGN, HCNY, HRCaN',
HsCsN', H3CoN", cO+, HCO', CH,0H*, HNC', HNO" and NCO". Further, the following ions are
formed as secondary ions from the reactions of the primary ions with the atmospheric neutrals on Titan’s
atmosphere. These ions are also not included as reactants in Table 2. They are: C., C3}Ig+,(2411*,
CaHg', CaHg', CsHY, CsH,', CsHy', Cglls?, Cglly', Cells', Cglly”, Cells®, Cyllg, Cgll;, Colly',
Colly", Colly', CyoHg', CioHo's Cyoll; 1%, CpyHg', NH,', CHNH,', CH,NH,', CH,CNH,
CH,CHNH,", CH3NCH', C;N*, GH3CN, C,H,CNH", 11 sC3N', C,H.CNH', C4N', HCN,
HCsN', HCsNH', CsHy N, CHsNY, C,N,*, HCN,', CaNo'y CuN,Y, HCsN,', (CH3CN),',

(C,11,CN),H", HCgN, ", H,CgN, ', H,CO", CH;30", CH,CO’, CH CCO', NO' and HNCO'.

Table of lon-molecule Reactions

The atmospheres of both Titan and Earth are N,-based and they make for some interesting

comparisons. It is the presence of hydrocarbons in Titan’s atmosphere that leads to an extensive and
complex ion chemistry that is absent from terrestrial atmospheric ion chemistry. Table 3, attached to this
paper, includes all of the ion-molecule reactions measured thus far that have some relevance to Titanion
chemistry. ‘I’able 3 lists the reactant ion and neutral along with the identified product channels, branching

rat ios, rate coefficients and a reference to where the work was published, The rate coefficients are “best”



values, many of which were taken from reference b at the end of the Table. Where a new reaction (not in
reference b) has several new measurements, the data cited represents new “best” values. “I’ he reference
numbers used in Table 3 are attached at the end of the Table with a citation to the published research and
are the same numbers used in a data base that is presently being maintained by one of the authors (VGA).
The authors have also taken the liberty to include in Table 3, several reactions that may be deduced
to show no reaction cm the basis of thermochemical considerate ions. 1'hese non-react ions have been noted

as reference numbers ¢ and f

Termolecular Reactions
Up to this point we have tacitly assumed that bimolecular ion-molecule reactions are the main

cent ributors to Titan’s ion chemistry. In the terrestrial ionospheric chemistry, this assumption is generall y

valid, with the main exception being electron attachment to 0,in the D region which is a termolecular

process and is the process corresponding to transfer of the negative ion charge carrier from electronsto O,

(IFerguson et al. 1979). In contrast to Earth’s atmosphere which is mainly composed of diatomic and to a
lesser extent triatomic gases, Titan’s atmosphere has significant contributions from pol yatomic neutrals.
The presence of polyatomic molecules means that termolecular ion-molecule processes become more.
important than in the earth’s ionosphere as there are now more energy modes in the initial ion-molecule
complex in which the reaction energy may be redistributed. The increased number of degrees of freedom

in ion molecule collision complexes result in collision complex lifetimes that are long enough for

collisional stabilization to occur viaacollision with the bath N, molecules,

There is now a substantial body of laboratory evidence supporting the case for considering

termolecular ion-molecule reactions in models at the base of Titan's ionosphere, i.e. from about 850 km

down to the surface. lons that are unreactive with N,via bimolecular reactions can form adducts via
termolecular channels. Table 3 shows that candidate ions in this category include CH,", CH;*, N', N, ",

N, and I120+. (The termolecular processes in Table 3 are noted by an M over the reaction arrow.) In




these cases, the reaction rate coefficients listed are for the termolecular process and have units of cm®s™.
In severa cases there are no measured termolecular reaction rate coefficients, but we have listed the
effective bimolecular reaction rate coefficient for the saturated termolecular reaction. It is expected that

other ions will have the same behaviour, but they have not as yet been tested in the laboratory. Studiesin

our laboratory have found termolecular ion-molecule association reactions (with N, as the stabilizing gas)

at room temperature having reaction rate coefficients which are greater than 10'23 em® S (McEwan et a.

(1989) and Smith et al. (1993)). Association rate coefficients this large can compete effectively with fast

bimolecular chemical reactions at number densities as low as 3 x 1011 molecules cm®(i .e. up to the 850

km altitude region of Titan). The lower temperatures of Titan's atmosphere will further enhance

termolecular association reactions over bimolecular.

Ton-molecule Reaction Sequences in Titan's lonosphere

A reaction sequence flow chart can be developed showing the processing of the ionic species
through their ion-molecule reaction pathways. A flow chart showing the major ion-molecule reaction
sequences from the reactant ions used in Table 2 is given in Figure 1. *he only ions not included in this
flow chart are the minor ions: C;H,*, C,H,*, C,}1,*, and NH1,'. The ionic species are enclosed by ellipses.
‘I"he major pathways are indicated by solid arrows and minor channels by dashed arrows, The reactant
neutrals arc printed near the tail of the arrows. No matter how an ion is produced, it will react by the

reaction sequence. shown. The mgor channels are the result of reactions with the major neutral components
of Titan’s atmosphere, viz N,, CHy, C,,112 or C2Ha. |’he reaction pathways can be followed and the

ions: CH,*, ¢-C;11,", and C,H," are found to be have rapid pathways of formation and slow pathways of

reactive loss. These three ions are expected to be bottle necks and have the major concentrationsin Titan's

ionosphere. }]2CN+ is unreactive with the major neutrals of the atmosphere and its reaction with 11 C\N

has been included as a minor sequence only. It is surprising that so much HzCN1 is projected to be present

in the lower ionosphere. The ion chemistry presented shows that the major production channel for thision



is through the di ssociat ivel y ionized nitrogen, the N”ion reacts with Ct1, to produce both HCN” and
112CN* from this reaction in a collective 439% of the collisions. The principle source of ions is the

photoionization of N, producing N," and N'in aratio of about 6 to 1. Once the H,CN" is formed there

are only very slow loss processes. 1t will be very important to discover any unknown reaction pathways of
the H,CN" ion.

The reaction channels given in Figure 1 represent the most reactive channels at the time of this
publication. We note that many reactions of relevance to ‘Titan’s ion chemistry have not yet been measured
and cannot therefore be included in Figure 1.  Further, no attempt has been made to distinguish between
isomeric structures of the ions. Several stable structures exist for almost all ions containing three or more
atoms and there has been little work done thus far in establishing these structures.

Figure 1 demonstrates the progression in molecular complexity anticipated after just a few
reactions. lons containing 1-3 atoms are efficiently converted into ions containing many atoms. Severa

flow sequences end in question marks, These have been included to signify the end of laboratory data

currentl y available. Although the chains arc shown ending with the ions CsH5", C;,H,", 11,C,N " and

11,CsN”, it is not anticipated that these ions are terminal ions. Rather they most probably will react

further.
The tranglation of the sequences shown in Figure 1 to the ionosphere of Titan is not the subject of
this paper. It is the domain of the modeller to convert the laboratory data and reaction rate coefficients

reported here into ionisation rates and ion densities.  Most current models of Titan's ionosphere. show

}IQCN* to be the major ion above 700 km (Keller et al. (1992)). We note however, that none of the

models thus far allow for termolecular association reactions as significant loss processes for relatively

unreactive ions such as HZCN4 at the base of the ionosphere. For an estimated neutral density at 700 km
of 10]2 molecules cn{3, any termolecular process with arate coefficient of k >10-23 cm6§1 would need

to be considered. No termolecular reactions of HCNH® with rate coefficients this large have yet been




identified in the laboratory. However slower termolecular associations of HCN} 1" with the hydrocarbons

C,11, and C,H, have been established (Herbst et al. (1989).

HCNH' + CHy, + M - H,GN' + M

k=1Sx 10%cm’s" at 210 K (M = He)

HCNH' + CHy + M — H¢C3N' -t M

k=18x10"ecm®s' at 21 OK; k >2x10%®cm® s at 80 K (M = He)

Unsaturated hydrocarbon ions also show a marked propensity for association, We have measured

room temperature rate coefficients as large ask = 2.9 x 10-23 cm6§1 M= N,) for the termolecular

association between C4H," and C,H, (Anicich et al. (1990)).
Cil,' -t CHy+ M 5 Cgll + M

It isthus possible that rapid association reaction sequences leading to complex molecular ion formation in
relatively few steps may lead to ions sufficiently large to act as nucleation centers for small droplets at the

base of Titan’sionosphere. Clearly further laboratory work needs to be dorm in this area.

Conclusion
It is anticipated that Titan’s lower ionosphere will be a bath of quite exotic ions and neutrals
compared to the ionosphere of Earth. The presence of these exotic species is a consequence of the

unreactivity of almost all ions formed in the primary ionization processes, with the major component of

Titan’s atmosphere, molecular nitrogen. The hydrocarbons CHy,, C,H,, and C,Hy, athough comprising

only about 7% of the bulk atmospheric constituents (compared to 20% for 0,on Earth), exert an influence

on the outcome of ion chemistry processing that far out weighs their numerical number densities. These
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hydrocarbon neutrals are reactive with most of the expected primary ions with the exception of three ions:

Cls*, ¢c-C315%, and C3Hs'. These three ions, because of their low reactivity, along with H,CN" and
1130+, arc expected to become the prominent ions of the ionosphere.

At the bottom of the ionosphere (ie around the 850 km level) termolecular ion reactions are
expected to become increasingly prominent in the ion neutral rection sequence. Both bimolecular and
termolecular reactions therefore occur together. At these lower atitudes, many reactions occur before the
ionisfinal] y removed by neutralisation by ion electron recombination. In this region of the atmosphere,

thereis a rapid progression in molecular complexity as a result of the ion chemistry. The laboratory studies

summarised in this review show that likely complex ions in the intermediate region will include Cs}],,

Cy,g, 11,C,N* and H3CsN*. However we note that the laboratory studies of these ions with the major

at mospheric congtituents on Titan have not yet been made. Further studies are needed to establish the next

sequences of ion - molecule complexity before the onset of aerosol formation.
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Table 1

Mass peaks anticipated in Titan's atmosphere at 1000 km altitude
interpolated from the model atmosphere of Toublanc et al. (1995)

Mass Species Mixing Ratio @ 1000 km
! H TE-4
2 H, 4E-3
14 ‘o, 1E-8
14 ‘cH, TE-6
15 CH, 4E-4
16 CH, 6E-2
18 H,0 1E-5
26 C,H, 4E-3
27 HCN AL-4
28 N, 9.4E-1
28 C,H, 4E-3
28 H,CN 2F-6
28 0 3E-6
30 C,H, 1E5
30 CH,0 207
32 CH,OH 27
38 C,H, 3L-5
39 HC,N 2F-5
40 C3H, 1E-5
41 CH,CN 8E-9
42 CaHg 1E-6
42 CH,CO 3E-13
44 CsHg TE-6
44 CO, 61 11
50 C4H, 3E-6
50 C3N 3E-8
51 HC,N 1E5
52 H,C3N 1E-16
52 C,N, 2K-7
74 Cel, 157
76 C4N, 3E-5
08 CqH, 21:-8
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Table 2. Maior lonic Products of the Ions and Neutrals in Titan's Atmosphere

N2 CH4 CH2 CpHe H2 N H CHz HCN C3Hy CaNy HCIN CHe C3He H20 HCaN (2 C3Hg Ci2 co HyCN  C3Hg
u* NR(D)  CH3* CpHp* CoHe* R NR(T)  NR HCN* CaH5* H,0*
Hy* N;H*  CHy* CaHz* CpHa* Ha* H* CoHg* H3;0* HCO*
Hy* | NH' CHs* CHy* CHzt SR MY NR(MD HaCN* CHs* HaO*  HaCaN* CaH3* HCO’
c+ NR CsHa* C3H* CaHz* CH+ YR NRMD CoN* C3Ha* HCO*  C3H* CaH3* R
CH* YR CoHy* Cax* Cc3Hz* CHp ON ot HaCN* H30* Hco+*
CHy* |MR(D CyHg* CaHz* C3Hs*  CHy* HON* HzCpN* CH;0H* H;CaN* R
CH3* NR CzHs* C3H3* C3Hs* DR H,CN+ MR HyCoN* C2Hs* R CaH3* caHys R
cugt [NR CHs* CH2* CyH4* CHs* R H,CN* CaHg* H30*  HaCaN* HCO+
cust  [NRM SR cpHy* CHst YR NR O gt CoH7* H30*  HaCaN* HCO*
ot MR caHzt CaHat CpHyt CHzt CH* HC3N* HaCa™
CpHpy* MR C3Hs* CgH3* CaHa* CpHz* HCN+ MR H,CN* CaHs* HiO*  HiCsN* CaHp*
CoHg* | MR CaHs* CH3* CoHs* R HON® CoHp* HyCN* CoHs* HiO*  HaCaN*
CoHa* NR(T) NR C3H3* CaHs* NR CoHa* NR CaH7* NR H,C3N*
CoHst |NR C3Hy* CeHs* CaHg* SR NR O copy H,CN* CaHo* Hi0*  HC3N* CaH7*
CHg* | MR AR CaHs* CpHy+ MR C2Hs* HaCN* CaHo* H;O*
ca* MR CHa* CsHz* CaHaz* CaHiy* AR HaCaN* CqHa* HCO*  HpCeN* CsHp*
CaHp* NR CsH3+ NR CcaH+ CqHa*
cCitiz* [Nk MR MR NR NR MR NR NR NR MR R CsHa* MR
Calig* | R CsHs* R CaH3* AR CeH7*
cast |NR MR cgHst CsHpt YR CpHgt CoHat HeCaN* NR HyCaN* CeHyz*
CaHs* NR CsHT* NR NR CaHg*
CqHy* | R CeHa* NR \R CrHs* HaGyN* Cez* MR
CaHa* NR CeHs* NR CsHa* NR CsHs* Ce¢Hs* NR
CqHs* | MR CeH7* NR C7H7* CeHs*
CsH7* NR CeHT* NR NR
CsHs*  |MR CoH7* R CeH7* C7Hs*
N* R CHz* CHz* CpHgt NH* SR AR HCN* CoHs* H20*  HCN* co+
NH* | NzH* HON* CoHg+  NH2* Hy0* Nco+
NHz"  [NR NH3* CaHg* NHa* Hi0* NR
Na* NR  cHy NH'  CpHyt NpHT MR AR HCN* CzHs* H20*  HCyN* co+
NHY MR CcHs* CoHat  CoHs* H3t NR HCN* CaHs* H30"  HaCaN* CeHa* HCO*
H0t  |NR O Hyo* CzHs* H30* HNO* H30* H30* H30* HCO*
ot |NR(M NRM NRD)  cHst NRNR NR(T) H,CN* NR(T) NR H2CaN* NR(T) C4Ha* NR(D) NR(T)
cN+ |MR O cHp* CpHz* CpHet HON* N2t W HCN* CoHa* HCN*  HCaN* CsH2* co’
HCN* | SR HCN+ CoHz* HaCN* H* H,CN* HzO+  HzCaN* HNC*
H,CN* NR NR NR NR NR NR NR AR \R H20* HaCaN+ C4H3
HyCaN* | R H3CsN* HsCsN+ MR AR MR NR
N2 CH4 C2H2 CpHa H2 N H CHz HCN  C3H 2 Cing HO)N CpHlg  C3Hz  Ha0 HC3S CH2 CaHg Calz  co  HzCN Calg
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Table3(cont)
lon-Molecale Rent.tiom Relavent to Titan' s Atmosphere

- Reactions Br. Ratio  Rate Cocfficien®  Reference

H+ + Ha2 -~ No Reaction <1.00x10-12 7107
-M, Adduct 3.00x10-29 8632
M =11)
n+ + HD ) Dt + H2 1.00 1.70x10-101209 8109
1+ + Dy S 04 + 1D 1.00 3.60x10-10420% b
D + Hy - » Ht + HD 1.00 1.4 OX10-9 *20% b
Dt + 1D I 8 + Dy 1.00 9.50x10™"* 2090 8109
n + Iy My Adduct 3.00x 10-29 8632
(M= Dy)
ht + CHy - » CHs* + Hp 0.82 415X10-9110% b
CHyt +H 0.18
Dt + ciy ) CHat + HD 0.57 350x109 *10% 8421
CHaD* + Hp 0.21
CHy* +D 0.21
H+ + Callg — 3 Calls* + H2 -1l 3.90X10-9120% 8117
CoHg? +H +1
Colls* + Ha
Ht +N -»  No Reaction <1.00x10-11 [
Ht +N; ) No Reaction <1.00x10-11 c
H+ + 1,0 ) H0* +H 1.00 8.20X10-9%+10% 7401
H+ + HCN »  HCN? +H 1.00 |.lox 10-8 $20% b
Hyt +11 - 5 Ht + H2 1.00 6.40x10-101 209 7901
Dyt +D - D + Dy 1.00 5.00x10-104 |0% 7901
Hpt + H2 - > N3t + H 1.00 2.00 X10-9 110% b
| i2* + Dy - » HaDt +D 3.20X10-9420% 7212
HDy* +H
Dyt + Hz - > HpDht +D 3. O0X10-9 *20% 7212
HDy+ +H
Dyt + Dy - Dst + D 1.00 1.60x 10-9 15% 7212
Hapt + CHy - » CHs* +Hy +11 0.60 3.80X10-9110% 7503
Cilg* + 0.37
CHs* 4+ H <0.03
ot + Colly Callpt + 2 0.91 5.3 OX10-9 *10% 7503
Call3t + H 0.09
Hyt + CHg4 CoHy? +H2 4y 0.18 4.90X10-9110% 7503
CoHs? +Hy +H 0.37
CoHat + H2 0.45
Hat + Collg - ) Calp* + H2  +Hz + 112004 4.90 x109410% 7503
CaH3t + l+l24n 014
CoHat +H2 H2 0.48
CaHis* +H2  +H 0.28
CaHgt + Hz 0.06
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Table 3 (cont.)
Ton-Molecule Reactions Relavent to Titan's Atmosphere

- Reactions _ __ BrRatio RateCocfficient®  Reference
Hapt + N2 > NaH* +1 1.00 2.00 X10-9 +10% b
Dyt + N2 5 NaDht +D 1.00 1.61x 10-9+10% 6907
Hat + H0 - ) H0* + M 0.53 7.30X10-9210% 7503

H30+ + H 0.47
Ha* 4+ 00 - » HCot 411 0.77 2.90x | O-9 4+ 10% b
COot 4+ Ha 0.23
Hit 4+ H » No Reaction <1.00x10-11 c
Hj* + Hy M Adduct 9. 00X10-30 8632
(M=11)
Hit 4+ HD -, HD* + Hp 1.00 1.10X10-9 120% 8105
Haht + Hz - ) Hst -1 HD 1.00 5.60x10-10420% 8105
HI» + HD > HDt + 1.00 2.60x10-103109, 7611
HDy* + HD - ) HpDt + Dy 1.00 3.50x10°10:+10% 7611
Dyt + H2 »  Products 1.00 4.00x10-10:20% 7615
Dyt 4+ Dy M, Adduct 1.47x 10-28 8632
M= 1),
Ha? 4 CHy > Clist + H2 1.00 2.40x 109 120% b
I3t + CHy > ClgD? + Dy >0.98 2.40x10-9 125% 7501
I3+ -1 Cally »  Callat + M2 1.00 3.20X10-9425% b
Ha* + Colly - CoHgzt +Hy +H2 0,70 2.90X10-9120% b
CaHst + H2 0.30
Hit + Caollg ) Colls* +H2 4 H2 1.00 2.90X10-9125% b
Hat + Callz »  Cqllat + H 1.00 2.6 0X10-930% 8645
Hat + N -5  NHp? +11 1.00  -I. OOX10-9 e, 7714
13t + Na > NaH* + H2 1.00 1.86x 10-9210% b
st + N2 - 5 NoDt + Dy 1.00 7.49 X1 0-10*10% 6907
Hj* +}120 ~ 5 H30% + H 1.00 530X10-9125% b
Hat + QO > HCO* -1 0.94 1,85x 10-9 425% b
HOCY + H2 0.06
H3t + HCN - - HCNHt + H 1.00 750 x10-9410% b
Hit + CHsCN - » CHsCNH* + Hp 1.00 8.90x 10-9 *25% b
Hit + HC3N —— CHCCNH* + Hp 1.00 9.80x 10-9130% b
Ha* + CoNa - » HCNpt + Ha 1.00 2.80x 10:9425% b

& + H » No Reaction <1.00x10-11 c




Ct

CH

Ct

ct

(@]

Ct

ct

CcH

CH*

+ H;

+ HD

+ Chy

+ Collz

+C2114

+ Callg

t 3118

+ C4l2

+ N

+ Nz

+ H20

°r HICN
+ CH3CN

+ CaN2

+ HC3N

-r'H

+ Hs

Table 3 (cont.)

lIon-Molecule Reactions Relavent to Titan’s Atmosphere

_ Rea
- CH?

M

Products

» CH?

Chrt

»
»  Products

5 Collp?

Callst

- 5 Callt

» CaHa?
Collat
Cant
CaHat
CaHs*

y  Callpt
Collz*
CyHgyt
Catlst
Callp*
C3Hat

. Callg?
Callsg*
i- Catlgt
Cillgt
Cqlis?

) Csit
Cqlizt
Cali+

» NoReaction

» No Reaction

H,0t
HCO*

» CoN4

Products

N CCN+
CNCt

, C3t
CiH+
CoN*
CaN+t

»  No Reaction

> CHa*

+ H

+D
+H

+D

+ Ha

CH

C

Hy +y11
Ha

H

A+ o+ o+ o+

+ CHy
+ CH3
+ CHz
-r Cil
Hy -1H2
Hy +11

+ o+

CoHs
Cily + 1)
cl Iz
C
Hy +y11

+ + o+ 4+ o+

+11
+ C
+ Cl1

+ C
+11

+CN
+CN

+ HCN
+CN
+ Coll
+H

+ H2

+ H
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__.Br. Ratio __Raie Cocfficient®

1.00

0.17
0.83

1.00

0.28
0.72

1.00

0.08
0.15
0.05
0.29
0.42

0.05
0.30
0.07
0.14
0.01
0.43

0.35
0.20
0.30
0.10
0.05

0.50

0.45
0.05

0.10
0.90

1.00

1.00

0.11
0.89

0.05
0.70

0.02
0.23

1.00

1.00

1.20x10-16+75%
2.10x10-29

(M = He)
1.20x10-16i 75%
2.30x10-17475%

2.00x10-29
(M = He)

130X 09 +10%

2.63x 09 £10%

1.50X 09 130%

1.65x10-9 +30%

1.85x109430%

2,90x 109430%

<1.00x10-11
<2.00x10-14

2.4 0X10-9415%

295X 0-9 *15%
5.60x 09 120%

190X 09 $30%

5.50X10-9420%

<5.00X 10-13

750X 0-10430%

1.20X 09 115%

_Reference
b

8607

8309, 8207

8645

9015

8403

b



CH*

CH+

CH*

CH+

CH+

cll+

CH*

CHy*

CHy*

CHa*

CH,*

CHy*

CHj?
ClI*
al!

cliz?

CHa*

Cila?

CHs?

Cllz*

cli

c} 1Dg?

+ CHy

CaHy

+ Hy0

+ HCN

+ ClHy

+ Collp

-1H

+ Hp

+ HD
+ Iy

+ Hp

+ Hj

Table 3 (rent)
Ton-Molecule Reactions Relavent to Titan’s Atmosphere
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__Reactions - ... ___Br.Ratio_ Rate Coefficient* Reference
—»  CoHp* +Hy +H 0.11 130X10-9*20% b
CyHat + H 0.84
CaHag* +H 0.05
- ) GCalpt +H 1.00 240x109e IO% 8624
. CNY + H 1.00 1.90x10-101509% b
H* + CN 0.00
-» No Reaction <1.00x10-11 c
M, Adduct 5.30x10-29 8632
M = lig)
- » H30* +C >0.50 2.90X10-9220% 7705
HCO* + Hy
H,COt + H
> HCNH* +C 0.75 2.80x 10-94¢15% b
CoN* 4+ 0.15
CHCN* + H 0.10
» HCO* +C 1.00 ~7.00x10-12450% 7705
- 5> CHa* + H 1.00 1.16x 10% 154% b
~y Collgt + 0.70 1.30x109 £15% b
Calis* +11 0.30
N o -1H 1.00 250X10-9110% 8624
» ON+ + H 22 OX10-1%50% 8008
HCN* + H
- » No Reaction <1.00 x10-11 c
M, Adduat |.40x10-28 8632
M =Mgc)
- ) CHOHt ot H 1.00 2. O5X10-9 160% b
) CH,CN+ +11 1.00 1.80x 10-9410% 8624
- ) CHCCNH*  +CH 1.00  4.10x109130% 7911
v NO Reaction <5.00X10-12 7705
-M, Adduct 2.00x10-27 8632
(M = He)
> NO Reaction <1.00x10-11 7901
- > CHs* + hv 1.00 <5. 00x10-13130% b
M, Adduct 1.10x10-28 8632
(M = He)
- » Products 1.00 8.10x 10103209 b
- Products 1.00 6.80x10-10420% 8202
-My o Addwt 4.8 0X10-28 8632
(M =He)
M, Adduat 1.00x 10-28 8632
(M = He)



Cha?

Ciiat

CHa*

CHj*

CH3?

CHa*

CHzt

CHj*

CiHia*

cl I3

Chs*

CHat

CHat

CHst

c} Ist

c) 13

Cliz?

Table 3 (cont.)

Jon-Molecule Reactions Relavent to Titan's Atmospheie

Br.Ratio Rate Cocfficient® . Reference

Reac
+ Hz - » Products 1.00
M, Adduat
+ HD - »  Products 1.00
+ Cly - Collst + 2 1.00
4+ Caly -~ CsHst 4 1.00
4+ Colly - Caligt + CHy 0.46
Cql 13+ +Hy 4 H2 0.04
C3Hs* + M2 0.51
+ Calg - »  Cyst + CHy 0.85
Cialist +Hy 4 H2 0.09
Calig* + My 0,06
+ C4llz — > CsHst + Callz 0.90
CslHiyt + Ha 0.10
4+ N — » HCN* + 2
HCNH+ +11
+ Nz M, Addwt
+ H0 » No Reaction
M, Adduct
+ HCN ) CHsNCH* + hv 1.00
-M,  cHaNCH* + M 1.00
+ HCN -M,  CcDsNCHY + M
+C1H13CN > Collst + HCN 0.37
HCNH* +Col Iy 0.58
ColIsCNH* 4 hv 0.05
M, CH3NCCH3t + M 1.00
+ CH13CN - ) CH3NCH* + CaHa 0.80
CaHs* + CH3CN 0.10
CoH3CNHY  +c} 2 0.05
Cslist + HCN 0.05
M, eCalgt + HCN 4+H2+4M 0.15
CalN+ + Cly + M 0.30
C4HN* o tM 0.55
4+ CH3NC »  CH3CNH* + CHa 1.00
+ HCN »  CaMs* + HCN >0.95
CallgN+ +hv <0.05
M, cangt 4 HCN 0.40
C3HaNg* 0.60
+ CoNa »  CHaCN* + HCN -0.80
C3HgN* ~0.20
M =3 Adduct
+ CO » No Reaction
M Adduct
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5.1 OX10-10*10%
1.20,10-27

(M = He)
4.00x10-10125%
1. 10X10-9 415%

115X10-9410%

1.06x 10-9+10%

1.74X10-9 110%

1.3 OX10-9 *30%

6.70x10-11120%

5.40x 10-29
(M = He)

<1.00x10-11
6.00x10-25

(M= 110)
2. 00X10-10*10%
1.07x10-23

(M= HCN)

2.20x10-23
(M= HCN)

1.8 0X10-9 120%

1.9x10-22 120%
(M= CH1CN)

5.4 X1 O-9 *20%

~5.00x10-24
(M = GH,CN)
1.10x10°9 $30%

15X10-91420%

-3.80 x10-23
(M= HC3N)

4.4X10-11 420%

-8.00x10-24
(M = CQNz)

<1.00x10-11
2.30x10-27
(M = He)

b
8632

8202

b

b

b

7712

8645

8632

8632

8632

8929

8929

9601

9601

8510

9601

9601

9601

9601

7701
8632




Table 3 (cont.)
inn-Molecule Reactions Relavent to Titan’s Atmosphere

U Reactions Br. Ratio _ Rate Cocfficient”  Reference
ClHg* + H - » No Reaction <1.00x10-1! 7901
CHgt + H2 - » CHst +11 1.00 3.50x10-111159 b
Chg* + Hz - > CHDt +HD <1. O0X10-12 7506
CHgt + CHy - > CHs? + CHs 1.00 1.14X10-9115% b
Cchyt + CHy ~ » * CHgD? + CIx 0.28 1.20 X10-9 120% 8913

CH3D* + CHD, 0,36
CHDa+ + CHaD 0.24
cligt + CH3 0.12
CHg* + Collz - clp? + ChHlg 0.53 2.72x10.9 110% b
Collat + CH3 0.41
C3Hat + H2 ot H 0.06
CHg* +C2314 — 5 Collg* + CHy 0.85 2.00x10.9 +30% b
Colls* + CH3 0.13
Calligt +MH2 41 0.03
CHgt + Callg - Calig?* + CHy + H2 1.00 1.91 X1 0-9 *10% 7712
CHg? + N2 - » No Reaction <5.00x10-13 7705
Cllg? + H20 - 00 + CHs 1.00 2.50x 10-91 10% b
cligt + HCN - » HCNH+ + CH3 0.98 3.30X10-9210% b
Cil3CNH +H 0.02
Cllg? + HC3N — > CHCCNH* + CHj 1.00 2.50X10-9130% 7911
CHg4* + CO - » HCO* + CHj 0.96 1.08x 10-9 +40% b
CH;C0* + H 0.04
CHs* +H -- CHg* + Hp 1.00 1.50X10-10*50% b
Chst + 2 --—» No Reaction <5.00X 10-13 7506
CHs* 4+ CHy - » No Reaction <l.00x10-12 b
*Chig? + CHy —-3  Products 1.00 3.00x10-11130% b
My Adduct 8.00x10-30 8632
(M = He)
CHs* + CD4 - - Products 1.00 2.90x10-10425% 8206
CHst + Colly - > CoHst 4+ CHly 1.00 1.48x 10-9120% b
cl Igt + Cally - ) Collst + CHy 1.00 1.50X10-9 420% 7426
CHs* + Callg - Colig* + CHy + 2 0.15 1.35X10-9+15% b
CoHyt + CHyq 0.85
Ciis* + N -~ NoReaction <1.00x10-11 b
CHst + N2 -—» NnReaction <1.00x10-18 f
CHs* + H0 - » Hs30¢ + CHy 1.00 3.70x 10-9125% 7510
CHs* + HCaN - » CHCCNNY + Chig 1.00 4.50X10-9130% 7911
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Table 3 (cm!)
Ton-Molecule Reactions Relavent to Titan's Atmosphere

- __Reactions . —————_ Br.Ratio Rate Cocfficient” _ Reference
CHs* + CO —-» HCOt + CHy 1.00 9.90x10-10+20% 8006
CoM+ + Ha ——»  CoHapt +11 1.00 1.24x 10-9150% b
Coht + Dy - Gyt +D 0.80 1.10X10-9 *20% 9021
Calst 0.20
Collt + CHy ) Ccal2? +cliz 0.34 1.10X10-9 120 % 7705
Cal3* + H2 0.34
C31iy4t +H 0.12
Cslist 0.20
Col + Callp CqHy* + H 1.00 1.85x 10-9130% b
Cali+ + C2314 - Products 1.00 1.71X10-9 *10% 7012
Coll* + N ) CH* + CN 1.00 9.50x10-11220% b
Collt + HCN y  Collpt + CN 0.20 2.70X10-9110% b
HCNH* +C2 0.35
CHCCN+ +H 0.45
Collt + HC3aN -y CHl+ + HCN 0.20 3.80X10-9125% b
Callp? +CN 0.12
CHCCNHY + ¢ 0.37
HCsN+ + 1 0.31
Callpt +D —  CHIY +H 1.00 2.00x10-10420% 8916
Caly? + Ha —3  CaHs* +H 1.00 1.00x10-11430% b
-M, Adduct 1.30x1 0-27 8632
(M = He)

Collyt 4+ HD -~ Conpd + Hy 1.00 9.00x10-11320% 8713
Coligt + Iy - Gl +D -0.30 1.40x10-10120% 8916
CotID4 + HD -0.70
Ca + Hp ) Caligt +HD 1.00  2.00x10-11120% 8713
Coyt + Iy ) Cohnt +D 1.00 4.00x10-11425% 9029

Capl2? + CHy > CaHg* + H2 0.21 8.90x10-10410% b
Calig* + H 0.79
Collat 4 Chy »  CalaDyt + Dy 0.07 8931
CaHDs+ + HD 0.12
CaHaDy+ +D 0.40
C3HDgt +}11 0.41
Adduct 0.02
Cally? + CoH3 »  CgHyt + Hp 0.32 1.40x10915% b
CqH3* +11 0.68
M. Adduct 1.60x10-26 8632
(M=COy)
Cyiizt +C2,314 - Collg* + Coliz 0.30 1.38x 10-9415% b
CaHa* + CHj 0.48
CqHst + H 0.23
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Table 3 (cent)
Inn-Molecule Reactions Relavent to Titan’s Atmosphere

Reactions - Br. Ratio RateCoefficicnl’  Reference
Catl2! + Colls - » Cyg* +C2114 0.18 1.38x10% #10% b
Colist + Cal3 0.09
Calis* +CH; + H2 0.06
CsHg* + CHy 0.01
Calis* + CHj 0.54
Cyllst +H2 411 0.05
CaH7* +H 0.09
Callpt + CaHlz »  Callp? + Callp 0.90 140 x109430% 8645
Cgllz* + H 0.10
Cal2? + N > CH* + HCN 0.05 2.50% 10-10420% e, b
CoNt + Ha 0.35
CHCN? +}1 0.60
Collpt + Ny - » NoReaction <2.0x10-11 d
Callp? + Hp0 --»  H30* + Gl 1.00 220X 10-10410% 7714
calat + HCN —>» HCNHY + CH 0.66 3.90x10-10125% 8002
CHCCNHY  + H 0.34
M, Adduat 3.60x 10-9 9026
(in 0.44 Torr of He)
Callgt + CH3CN »  CH3CNiIt + CoH 0.22 3.80X10-9425% 9026
Csllg* + HCN 0.28
Catig* +CN 0.28
Adduct 0.23
Calig* + HCaN — » Gallp? + HCN 0.45 3.45 X1 0-9i20% b
H3CsN+ 0.55
Caligt + CoN2 - » NoReaction <1.0x10-11 9501
Colizt +11 - Gyt + H2 1.00 6.8 OX10-11*20% 9603, b
Collz* + Hz — » No Reaction <1.00x10-12 b
M. Adduct 2.00x10-29 8632
(M = He)
CoHat + Chy --» CaHs* + H2 1.00 1.90x10-10120% b
*Collgt + Call2 »  CaHat +e C12 -0.70 7.20x10-10410%, 8624
CqH3? + Ha -0.30
Callst + Cally y Cqt I3t + Hj 1.00 2.40x10-10+30% b
-M,  Adduct 2.98x 10-25 8632
M=11)
Collz* +C2314 - Collg? + Cally 1,00  8.20x10-1011p09 b
Caollat + Collg — ) CoHgt +C2114 0.47 6.20x10-10310% b
C3Hs* + Cllg 0.40
Catirt + H2 0.13
Cotlat + N —» C}ient + 2 1.00 2.40x10-11 e, 8613
Collgt + N2 - » No Reaction <1. 00X10-20 f
Collat + H0 »  Hi0t + Callp 1.00 1.11X10-9110% 7714
CyH3? + HCN »  HCNH* + CoH 1.00 2.30X10-9440% b
Colist + HC3N »  CHCCNHY + Calla 1,00 3.80X10-9+20% b
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Table 3 (cont.)

Ton-Molecule Reactions Relavent t0 Titan’s Atmosphere

_ Reactions Br.Ratic _Raie Coefficient®  _ Reference
CpHiz+ + C2N2 ~ » HCPNg* + Cally 1.00 5.50x 10-101409% b
-M, Adduct 1.40x10-10 8412
(in 0.33 Torr of He)
Cotig? +11 - 5 Clst + H2 1.00 3.00x10-10420% b
CoHygt + H » No Reaction <4.00%1014 b
M. NO Reaction <1. 00X10-30 8632
(M = He)
Cpligt + CHy -> No Reaction <1.00x10-13 b
Collg? + C2112 — 5 CiH3* + CHs 0.77 8.40x10-10+199, b
CqHst + H 0.23
Collg? +C2314 »  CaHs* 4+ CHs 0.91 8.30x10-10110% b
CaHqt +}1 0.09
M, Adduat 6.30x10-26 8632
(M= CO)
CoHgt + Callg » Cal l¢* + Cllg 0.07 5.15x10°121109 b
CaHqt 4+ CHj 0.93
Collg* + N2 » No Reaction <1.00x10-11 c
Collgt + H0 > NO Reaction <1.00x10-12 7714
Callgt + HCN - -»  NoReaction <2.00x10-11 b
-M,  Adduct 8.70x10-11 8011
(in 0.45 Torr of He)
Collgt + HC3N - s HaCaN? + Colls 0.85 1.4X10-9420% d, 7911
H4CsN* + 1 0.15
Collg? + CaN2 ) No Reaction <1.0x10-11 9501
Collst +H T > Callgt 4 H2 1.00 -l. O0X10-11*30% b
Colls? + H2 -—» No Reaction <4.00%10-14 b
M. NoReaction <. 00X10-30 8632
(M =He)
Collst + CHg »  Callqyt + Ha 1.00 9. O0X10-14*15% b
-M, Adduct 1.40X10-30 b
(M= CHy)
o C2115+ + Coll2 — > Colis* + Call2 0.79 9.00x10-104209 b
C3Hat + CHy 0.08
CqHst + H2 0.13
-M, o Adduct 1.34x10-25 8632
(M = He)
Collst +Col1y > Calist + Clly 1.00 3.55x10-103159, b
M. Adduct b
Callgt 4+ Collg » Calyt + CHy 0.14 3.90x10-113 0% b
Callg* + W 0.86
Calls* +  Callg - pCallyt + Callg 1.00 6.30x10-103 5% 7630
Calist 4+ N -» No Reaction <1.40x10-11 e
CoHst + N2 —-» No Reaction <1.0x10-11 d
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Table 3 (cont.)
Ion-Molecule Reactions Relavent to Titan's Atmosphere

Reactions o __ . Br.Ratic Rate Coeflicient®_____ Reference
Cylist + H0 > H30* + Callg 1.00 1.86x10-9 465% b
Colls* ot HICN - ) HCNHY + Colly 100  2.70x10-9%20% 8011
Coligt + CH3CN > CHiCNHY  + Cplly 1.00 3.80x 109 *20% 8929
Cills? + CaNz » 1 CoNpt +C2114 100  8.00x 10-11450% b
M, Adduct 1.2 OX10-10 b
(in 0.30 Torr of le)
Collst + HCaN - 5 CHCCNHY  + Callg 1.00 355 x109120% b
cyile? 111 - . Cogt + H2 1.00 1.00x10-10420% b
Caligt + Ha » No Reaction <l.00x10-11 7701
Colls? + CHy - » No Reaction <l.00x10-12 7712
Collgt + Callp -3 Colst + Cally 0.19 1.30X10-9 110% b
CaHs* + c113 0.70
Caliy* + H 0.11
Collgt 4+ Colly »  Callg? + Callg 1.00 1.15X10-9410% 7712
Cylls? + Collg ) CsHg* + Cllg 0.42 1.90x10-11410% b
C3Hgt 4+ CHs 0.58
Collst + H0 > H30* t CoHs 1.00 2.95x 10-9110% 7701
Collg? 4+ HCN )  HCNH* + Colls 0.95 1.2x1 0-9 110% d
HgC3N* + 1 0.05
CaH* + Ha - > cCallgt +H -0.04 2.60x10-11130% b
1-Catigt + H -0.16
c-Callst -0.52
1-C3Hj? -0.28
-M,  Addut 2.30x 10-27 8632
(M = He)
CsH+ + Cilg -y Collg? + Colly 0.70 5.50x10-10130% 8304
Cslis* 4+ cl12 0.20
CaHiat + Hp 0.10
CsHt + Collp - . CsHp? +H 1.00 8.40x10-10150% b
C3H* +Cal 14 - C3H3zt + Collp 0.95 9.5 OX10-W30% 8304
CsHt + Hp 0.05
Catd + CHaCCHy - )  Cgllat + Calp 1.00 1.40 x10-9420% 8429
Gt + CHiCCHI - » CgHat + Callz 1.00 1.40 x10-9 *20% 8429
Call+ + CgHp - 5 sl +Cal | 0.85 1.20 X10-9 +30% 8645
CsH* + Gl 0.10
Calipt +Csl | 0.05
CyHt + NHs -, NHs3¥ + C3H 0,20 1.65x 102 430% b
NHg* +C3 0.45
HCNH4 + Callp 0.25
CHCHCN? 4 H 0.10
Csllt 4+ N2 - » No Reaction <1.00x10-13 8304
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Table 3(cont.)
lon-Molecule Reactions Relavent to Titan's Atmosphere

Reactions

C3H* + HO - » CpH3 + CO
HCO+ + Gl
CcHCCOo* +H

Catlt ot HCN - » HCNH* -1C3
HyCyN* 4 hv

Mo Adduct

Calt + CiI3CN - » Cyllzt + HC3N
CH3CNH+ +Cs
CHCCNH* + Call2
HaCsNt

Calt + CNj - >  HCsN3t

CsH* + HC3N - » HaCeNt

Call+ + 00 -M, Adduct

1-Calit +D » LGt + H

1-Catlt + H2 - o) eCatlpt +H

1-C3H* + Dy > e Catnt +D
c-Cahyt + H

Gl + Iy - 5> Cahyt +D

C3Hgt + Hz - » No Reaction

-M,  NoReaction

Callpt + Cola - »  Csllgt + H

CsHy? + CHaCCH, - , Cslg? -t CaHly
CsH3t + CaHj
Cqllg? -t Calla
CsHjt + CH3
Cglis? +H

Csligt +  CHsccH ) Calg? + Callg
C4Hat + Coll3
CaHgq? + Callz
CsHat + CH3
Cglls* 4+ H

C3Hat + HCN »  Products

o2t + H + No Reaction

c-CsHpt +D — > cCalliyt + H
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0.40
0.55
0.05

0.09
0.91

0.20
0.15
0,33
0.30

1.00

1.00

1.00
1.00

0.50
0.50

1.00

1.00

0.04
0.14
0.50
0.09
0.21

0.09
0.12
0.41
0.18
0.20

1.00

1.00

4.50x10-10130%

4.00x10-11130%

1. O0X10-9

__ DBr.Ratio Rate Coefficient”  Reference

8304

8311

(in 0.35 Torr 01 he)

3.00x10-% 1£30%

>4.40X10-10*30%
1.25x 10-9 420%

2.90x 0-27
(M = He)

5.00X10-10120%
6.00x10-12430%

6.00x 10-12330%

2.70x10-11120%

<5.00x10-14
<1.00x10-30

(M = He)
8.50x10-10125%

1.40 x10-9420%

1.30x10-9420%

1.60x10-103 109

<7.00x10-12

1. OOXI0-10*20%

8304

8632

8916
8916

8916

8726

b

8632

8805, 8712
8624, 7105

8429

8429

8624

8916

8916




Table 3 (cont.)

lon-Molecule Reactions Relavent t0 Titan's Atmosphere

- Br. ient”  Reference
cCalipt + Dy - No Reaction <|. 00X10-12 8916
¢-Call2? + Colly — 5 CsHat + H 1.00 9.00x 1010:20% 8712
1-C3Hot +H > 1CaHY + H2 1.00 6.00x10-11420% 8916
1-CaHpt +D —5 oC3HDt + H 0.50 1. O0OX10-9 420% 8916

1-CsHDt + H 0.50
1-C3Hot + Dy , No Reaction <l.00x10-12 8916
1-Csllpt + Callp -, CsHst +} 1.00 1.10x109 *20% b
C3Hat + H2 » No Reaction <1.00x10-13 8309
-M, " NoReaction <1.00x10-30 8632
(M = He)
CiHst + Cally ~-» No Reaction <1.00x10-11 8624
CsHyt + CH2CCH2 — 5 NoReaction <1.00x10-11 8429, 8440
Calty? + CHaCCE | - > NoReaction <1.00x10-11 8429, 8440
Caligt + CsHz -,  No Reaction <1. OOX10-13 8645
-M,  Adduct -1. 00X10-9 8645
(in 0.32 Torr of He)

anf + N -3 CHCCNHY +H 1.00 1.30x10-104 209, 8613

| canst 4+ N »  CHCCN* + 12 1.00  2.30x10-11 e
C3Hst + HCN - » NoReaction <2.00x10-11 8624
c-Callst + H - 5> No Reaction <4, 00X10-11 9602
¢-CsHiat 4+ 2 -M,  NoResction <5.00X10-28 9401

(M = He)
c-Caliat + CHy -» No Reaction <2.00x10-11 9401
¢-Callzt + Collp » NO Reaction <8. O0X10-13 9401, b
M. NoReaction <5.00x10-28 9401
(M = He)
c-Cslist + Cally »  NoReaction <1.00x10-11 9401, 8209
¢-CaHgt + Collg - 5 No Reaction <2.00x10-11 9401
c-CsHa? + NH3 » No Reaclion <2.00x10-11 9401
-M, " NoReaction s5.00x10-28 9401
(M = He)
C-C3}13+ + N2 -~ » No Reaction <2.00X 10-11 9401
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Table 3 (conl.)

Ton-Molecule Reactions Relavent to Titan's Atmosphere

Reactions Br. Ratio _Rate Coefficient® Reference
cCstlat + 10 -M,  No Reaction $5.00x1 0-28 9401
(M = he)
C-C3Ha* + 0y -» No Reaction <2.00X 10-11 9401
c-Csllat + HCN -3 No Reaction <2.00x10-11 8624
M. No Reaction £5.00X10-28 9401
(M = He)
¢ Catist + CHaCN - - No Reaction <2.00X 10-11 9401
M, Adduat 7.00X10-10 9401
(in 0.30 Torr of e)
cCallat + HC3N - » NoReaction <2. 00X10-11 9401
C- Csllgt + CO » NO Reaction <2.00x10-1! 9401
c-Catia* + CHsOH - ) No Reaction <2.00X 10-11 9401
M, No Reaction £5.00X10-28 9401
(M = He)
1-CsHat + H - > NoReaction C4.00X10-11 9602
1-C3lls + 1 M, No Reaction £5.00X10-28 9401
(M = He)
1- Csliy? 4 CoHy - 5 oCsHat + Callz 1.00 2.10x10-10*42% 9401,
-M,  Adduct 1.00 -2.50x10-24 9401
(M= Cz2112)
1-C3H3* + Caly - Cslist + M 1.1 OX10-9 150% 8209
CsHy*
1-Caliat + CqH - c-CaHgt -t Cahl2 0.24 1.4 OX10-9 150% b
CsHst + Call 0.76
1-C3H3? 4 Nl »  NHg* + Cals 0.60 3.00x10-10420% 9401
HCNH* + Callg 0.40
M, Addut 1.00  <s. 00,1 0-24 9401
(M= Nil3)
1-Calls* + Ha0 M, Addut 1.00  8.00x10-12 9401
(in 0.3 Torr of He)
I- Call* + HCN M Adduct 1.00  4.80x10-10 9401
(in 0.3 Torr of He)
1-CsHg? + CHiCN »  Products 1.00  1.60x10-1°120% 9401
-M,  Adduct 1.00 3.3 0X10-9 9401
(in 0.3 Torr of He)
1-CsHig? + HCaN --»  Products 1.00  9.0X10-10 9401
1-Cstlat + CH3O0H - > CH30* + C3Hyq 1.00 3.4x10-10 9401
-M, Adduct 1.00  <5.00x10-24 9401
(M= CH30H)
Calig? + Ha - -> No Reaction <l.00x10-13 8309
- M. No Reaction <l .00x10-30 8632
(M = He)
CaHg? + Calla — 5 Csllst + H 1.00 49 OX10-1%109% 8624
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Table 3 (cont )
Ton-Molecule Reactions Relavent to Titan’s Atmosphere

Ratio Cocefficient ference

Calig* + HCN No Reaction <1.00x30-11 8624
CHCCHl2*  + H —»  CsH3t + Ha 1.00 17 OX10-11 9602
CH,CCHyt  + CHaCCH2 Callg? +C2114 0.05 1.1 0X10-9 420% b
CgHgt + Colly 0.01
CsHst + CHj 0.01
Celis* + M2 +31 0.07
Cetiyt 4 H 0.61
ac-CgHyt +11 0.26
CHaCCH*  + H - > CaHat + H2 1.00 3.00x10-11 9602
CHaCCHY  + CHaCCH - > Cslg* + C3H3 0.18 |.10X10-9 £20% b
ca11gt + Cotly 0.02
Callgt + Caollz 0.02
Cslls? + CH3 0.02
CgHlst + Ha 41 0.08
cCgHly? +H 0.30
ac-Cgll7+ +11 0.38
Cillst + B Cot 2t + CHy 0.05 1.00x10-11 9602
CoHa* +CH13 0.95
Cslis* + Ha - » NoReaction <2.00X10-11 d
-M,  No Reaction <1. 00X10-30 8632
(M = He)
Cslst + cl14 -~ » No Reaction <35 0X10-11 d
Cstist 4 Calla - » CsHst + H2 1.00 3.80x10-101 109 d
C3Ds? + Gl - » CsDs* 1Dy 1.00 2.70x10-10410% d
Calist +C2,314 ~ 5 CsHypt + H2 0.70 1.70x10-10410% d
Csllg* 0.30
My Adduct 5.40x 10-26 8632
(M = Hy)
Calst + Collg —~—  No Reaction <5.00x10-11 d
C3tst + C3Mlg -M,  Adduat 6.4 0X10-26 8632
M = COy)
Calist + N - 5 Collgt + HCN 0.88 1.25x10-10120% 8613
clhCHCNY  + H2 0.12
Calst + N2 - .» No Reaction <1.00X10-20 f
Cslis? + HCN - > Adduct + hv ~5.00x10-11 d
M, Adduat
Cslist 4+ CH3CN - >  CollsaCNH+  +C3114 1.00 d
M, Adduet
Calist + HCaN ——»  HaC3N+ + C3114 1.00 ~1.00x10-10 d
M, Adduct <1.00x10-23 d
Csllst + CaN2 —  No Reaction <1.00x10-11 9501
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Table 3 (cont.)
Ton-Molecule Reactions Relavent to Titan’s Atmosphere

Br. Ratio Rate Cocfficient® _ Reference

Reactions
CaHg* + Callg ) CaHyt + CsHs 0.15
Cglip* + Colls 0.20
CaHgt + CoHyg 0.35
CsHg* + CHjy 0.30
calle! + HCN - ) Products
c-Callgt ot HCN - » CHCNHY + Caoly 0.40
HgC4N* +H 0.60
Callpt +11 ) CsHg' + 1.00
Csllqt + Ha » No Reaction
Csliy? + N » No Reaction
Csllz* + H20 » No Reaction
Cqlip? + H2 — + NO Reaction
Call2* o1 Cala - |, Cglat +11 0.05
Cellg* + hv 0.95
M, Addwt
caiz? 4 Coy - Cqt + CHID 0.52
Adduct + hv 0.48
Cqllpt + CH3CCH - ) Cstigt + Call 0.10
CyHs+ +11 0.90
Callpt + CsHy — Cé}lz* + Callz 0.83
CgHayt + Hz 0.17
Cgllat +11 0.01
M. Adduct
Cytlpt +Cq114 - ) Catigt + Cqllz 0.13
Cellg? + Collz 0.80
Cgllg? + Ha 0.06
Csllgt + hv <0.01
Callp* + HCN - » NoReaction
Cqtig? + HCaN - > H3ON? 1.00
CqHig? + C3Np - > Products 1.00
Catlg? + €O -M,  Adduat 1.00

3

1.4 0x10-9110%

3.00x 10-10+1 09,

4.00x 10-101 109

3.70X10-11

<1.00x10-11420%

<l.ooxlo-16

<1.00x10-13130%

2.8 0x 10-10165%

2.30x10-26
(M =C0Op

5.90x10-10:20%

14 OX10-9 120%

I.20x10.9

d

9603
8632

8613

8645

8632

9033

8429

8429

8645

(in 0.32 Torr of He)

1.40X10.9220%

<2,00x10-11

1.70 x109420%

2.00x10-10:10%

2.30x10-27420%
(M = He)

8429

8624

8518

9501

8914




Table 3 (rent)
lon-Molecule Reactions Relavent LO Titan's Atmosphere

- Reactions . Br.Ratio RateCoefficient® _ Reference
Cqllz* + CHa - ) Cgllst 4+ hv 1.00 2.20x10-104 10% b
M Adduct 1.50x 10-26 8632
(M= COy)
CqH3? + Cap - CqHpD? + CplID 0.30 3.00x10-10420% 9033
Adduct + hv 0.70
CqHz? 4+ CIHI3CCH — 5 CsHst + Call2 >0.96 8429
Celist + CH; <0.04
(AN + G2 -, cgHa? + Callz 1.00 7.40x10-103209% 8429
-M,  Adduct -9, 00X10-10 8645
(in 0.32 Torr of He)
CqHat + Cqllg > Cqtlst + CaqHl 0.25 1.10X10-9420% 8429
CeHst + Cally 0.65
Cgtlg? +H 0.10
Cglist + ©Cellg -->» Cgllyt + C4H2 1.00 8702
Cqligt + N2 > NO Reaction <l. 00X10-20 f
C4qH3* + H20 » No Reaction <l.00x10-16 f
Cqllz* + HCN -» No Reaction <5, 00X10-11 8624
Cqtla* + CaN2 »  Products 1.00 1.90x10-10:10% 9501
caist + OO0 . Adduct 1.00 ~1.00x10-28420% 8914
(M = He)
Cqllst + CH3CCH - » Cglgt 4 Clly 0.40 8429
CyH51 + Hy 0.60
catlst + CH2 -, cgist + Callp 1.00 8429
Cqlls + Catly - ) Cellyt ot Collz 1.00 8429
CqHyt + N » No Reaction <1.00x10-11320% 8613
Csligt +  Cily -, CgHgt + hv 100  310x1011:40% 8708
Cstist + CH3CCH - » Cellst + Colly 0.56 8429
Cslly? + Ha 0.44
Cstigt 4+ GHe - coHg? + Callz 2.20x10-101409% 8708
C7H7t + Cp
Colly? + hv
Cellgt +H »  Cellst 1.00 330x10-11 9602, 9201
Cglls? + Call ) CgHy? >0.98 4.00x10-10+20% 8709
CgHgt +H <0.02
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Table 3 (cont.)
lon-Molecule Reactions Relavent t0 Titan’s Atmosphere
Reactions Br. Ratio _Rate Cocfficient” ___ Reference
Cellst “ 4+ CsqH2 - , CgHst + Callp 1.00 8429
Cellst + CqHly ,  CgHypt + Collz 1.00 8429
ac-Cel 15 + H > No Reaction <5.00x10-12 9201
ac-Cellst + Ha ) CgHy*t + hv 1.00 5.00x10-11120% 9201, b
ac-Cgl Ist -t CO »  Adduct 1.00 2.00x10-10420% 8914
c-Cgligt +}11 - > NO Reaction <1.00x10-11 9602, 9201
e-Cglls? + H2 » No Reaction <5, 00X10-13 b
c-Cglist + CHy - CyHpt + H2 1.00 7.50x10-11330% 8920
¢c-Cglls? + G2 -, Cgllgt +11 0.60 1.30x10-10130% 8920
Cglly* + hv 0.40
c-Celyg + Cilly - » Cgyt + Callz 0.50 1.70x10-104309 8920
CgHyt 4+ 2 0.50
c-Cellst + Cllg - » Cgllt + CaHy 0.97 1.3 0X10-1%305-G 8920
Gyt + Cly 0.03
c-Cd Is* + CHCCHz - ) qllpt + CaH2 0.30 5.2 OX10-1%30% 8920
CoHyt 4+ H2 0.70
c-Cgllst + CH3CCH - ) gl + Coll2 0.18 2.30x10-10430% b
Collst + Hy 0.78
Collg? + H 0.05
c-CegHst + CH3CHCHz— » CqH* 4+ Callg 1.00 3.40x10-10430% 8920
e Cellst + CaHs »  Cogt +C3114 0.35 3.30x10-10430% 8920
Collyt + CHy 0.10
Coligt 4+ CHj 0.20
Ciotlg? +H2 +y 0.20
CyoHygt + H2 0.10
c-CgHist + CO » No Reaction <5. 00X10-13 8914
c-Cgtlgt + H ,  Cglipt >0.70 2.1 0X10"10 9602, 9201
Cgllst + Hz <0.30
c-Cgligt + Ha > No Reaction <l.00x10-12 9201
c-Cgliy? + H —-» No Reaction <1.00x10-11 9201
c-Cglly* + Hz - > NoO Reaction <1.00x10-12 9201
Celi* + CoHa - » No Reaclion <l. 00X10-13 8709
CeHyt + CH3CCH - » CHypt +Cgl14 1.00 8429
Cellyt + Catlz -» No Reaction <2.00X 10-11 8702
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Table 3 (cont)
len-Molecule Reactions Relavent to Titen'’s Atmosphere

E— -—-... Reactions . -——. Br.Ralio__Rate Cocfficient® - Reference
Cyligt +  Colla - » CoHgt + hv 1.00 8708
c-Cqllpt t CH3CCH - , CoHgt +c113 0.10 8429

Cyoligt + H2 0.42
CyoH it + hv 0.48
(&)1l ot Catl —-»  CyHgt + hv 1.00 8708
N+ + Ha — » NH* +}1 1.00 5.00x10-10:209; b
Nt + pil - Nut + 1 1.00 3.00X10-10*30% 8821
N* 4+ HD - NH* +D 0.25 3.10x10-19: 209, b
ND* +}1 0.75
N+ + Dy - N +D 100  1.50x10-10:20% b
Nt + Clly - ) CHat + NH 0.53 1.15x109415% d, b
ClH4* + N 0.05
HCN+ +H2 + 11 0.10
HCNH+ + H2 0.33
Nt + Caty - Collgt + N 0.70 150X10-9 120%  d
CNC? + 0.15
CHNC* + H 0.15
N+ +c2,114 »  Collp* + NHp 0,10 1.45 x109420%  d, 8007
Callst + Nfl 0.28
Collg? 4+ N 0.30
HCN+ + CHs 0.13
HCNf+ + cl12 0.13
CHNC+ + Ha4+ H 0.08
Nt + Callg »  CaHs* + NH 0,10 d
Colyt + NH2 0.55
Collst + N3 0,25
HCNH* + Chig 0.10
N + Np --» Nt + N2 1.00  2.55x10-10340% b
-M,  Adduct -4.00x10-29 8632
(M= Nyp)
N+ + H0 - o H0t + N 1.00 2.70x 10-9120% b
N* + HCN - » HCN? + N 0.65 3.70x 10-9 £20% d, 9015
CH+ + N2 0.35
N+ 4+ CH3iCN ) CH3CN* + N 0.50 d
CHLCN* +NHI 0.30
[Cotig* + Na+H 1 0,20
LoNt + CHoNH J
N* +  ClaCN - » CHaCN* + N 0.35 d
H,C3aN+ + NH 0.15
[cHCNt + CHNz 1 0.25
Le-Catiz? + Ny J
[cN+ + CHCN ) 0.25
Loyt +N2+ch J
N+ + CoNa -5 O\ +N; 0.20 1.7 0X10-9130% 9501, 8515
CoNgt 4+ N 0.80
N+ + HC3N - » CaH* + Ny 0.38 4.20x10-9 +20%  d, 8518
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Table 3 (cont.)
Jon-Molecule Reactions Relavent to Titan's Atmosphere

Reactions _Br.Ratic  Rate Coefficient®  Reference
CHCCN* + N 0.63
N* + €0 , o +NO 0.01  5.60x10-10125% b
COt + N 0.88
NO* 4+ C 0.11
NH* + H2 - > Hz* + N 0.15 1.23x1 0-9 130% b
NHj* + H 0.85
NH* + CHy — CH st + N 0.10 9.60x10-101 209, 8010
NHy* + CH3 0.20
HCNH+ +Hy + 1 0.70
NH? +C114 ) CaHa? + NHj 0.10 1.5 0X10-9 +20% 8007
Callat t NH, 0.25
CoHgt + NH 0.25
HCNH+ 4+ Cil3 0.20
CHNH2! + CH, 0.10
CH,CNHY + M2 0.10
NH* + N2 »  NpH* + N 1.00 6.50x10-103209, b
NH* + 10 - » NHp* + 011 0.25 3.50X10-9220% 8010
NH3t + 0 0.05
H04 + NH 0.30
HA0* + N 0.30
HNO* + H2 0.10
NI+ + CO . HCO* + N 0.45 9.80x10-10120% 8010
NCO* + H 0.55
Niipt + -»  NH3* +H 1.00 1.95x10-10450% b
Nip* + CHy - ) NH3* + CH3 1.00 9.2 0X10.10*20% b
NHpt + Cally — Ca} lag* + NHz 0.30 1.50X10-9 420% 8007
Colis* +NI 0.20
CHNH* + CHy 0.30
CH,CHNH* + 11 0.20
NH* + Np > NO Reaction <5. 00X10-13 b
N + Y0 . NH3* +011 0.03 2.90X10.9420% b
NEHIg* +0 0.04
H30+ + NH 0.94
NH3* + CO > No Reaction <1.00x10-11 8018
Ng? + 1 » No Reaction <1.00 x10-11 9102
Na* + H2 »  NpH* + H 1.00 2.00x10-9 115% b
Na* + Iy — NoD? +D 1.00  1.25x10-9 220% b
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Table 3 (rent)
lon-Molecule Reactions Relavent to Titan's Atmosphere

tions _Rat Coofli _ Refer
Nyt + CHy » CHa* + N2 + H2 0.05 114X10-9415% d, b
CHa* 4+ Nz + H 0.80
NoH+ + CHs 0.15
Nz* + Collz - > Callpt + N2 0.37  4.00x10-10125% d
HCN* + HCN 0.03
N+ + Gl 0.60
N+ + Callg 5 Cyllyt 4+ N2+ H 0.50 1.30x 10-9125% d
CyHl2? + Nz + Hp 0.20
HNC* +HCN+ 11, 0.10
HCNH?* + HON+H 0.10
N+ -1Catls 0.10
N2t + Callg -~ » Colgt + N2 -1.30X10-9 425% d
CoHst + N+ H
CaHlg* + N2 + H2
Colla* + N2+ Hp+ H
HCNH* + CHNH;
Nt + N —-  No Reaction <1.00x10-11 6804
Ny + Na ) N2* +o N2 1.00  5.80x10-10425% b
M, Adduct 6.30x10-293259% 8632
M =N,
Na* + Hy0 »  H0* + N2 0.79 2.40X10-9120% b
NoH* -1011 0.21
Np* + HCN - -» HCNt + Ny 1.00  3.90x10-101109 d, 8101
Na? + CHsCN - » C}ICN* + N2+ 0.20  2.10x109430% 8804
Cl1,CNt + N2 4+ H 0.65
CHCNH + N2 0.15
Nat + CoHaCN - »  Collgt + N2+ CN 0.10 d
Collp* +N24 HCN 0.30
HoCaN* 4+ N2+ H 0.35
HC3N+ + N + H2 0.05
NaH* + HaCsN -0.20
Not + CN» < CoNpt + Ny 1.00  9.30x10-10:259, 9501, 8515
Nt + HCaN - » HCaN* +Np 0.70  350X10-9125% d, b
NI+ +C3N 0.30
Ny? + 0 , Cot + N2 1.00  7.30x10-11320% b
NoD* 431 » NoH* +D 1.00  2.50x10-11320% 8503
NoH* +D ) NaDt 41 1.00  8.00x10-11420% 8503
Nl + Hy > Hat 4+ N2 1.00 5 10X10-18*80% b
M Addua 4,00 x10-30 8632
M =H,)
Noli* + Cl - Chst + Ny 1.00  8.90x 10-10+30% 7005
NoH+ +  Clly - > Collgt + N 1.00 1.41x 10.9125% 7713
NoII* t Callg »  Collst + N2 4 H2 0.87 130X10-9 435% 8117
Callg* + Ny 0.13
NoH* + Cqllz y  Calls* + Ny 1.00 110X10-9 +30% 8645
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Table 3 (cont)
Jon-Molecule Reactions Relavent to Titan's Atmosphere

Reactions Br. Ratic  Rate Coefficient®  _ Reference
o Nz31+ + N2 - 5 NoH* +o Nz 1.00 4.10x 0-9 120% b
M, Adduct
NoH+ + 10 -, Hi0 + N2 1.00 260x 09 110% p
NoH+ + HON -5 HCNH? + N, 1.00  320x 09 420% 7605
Nol* 4+ CNy - » HCyNg* + N2 1.00 1.20x 09 430% 8412
Nal* + HC3N — > CHCCNH* + Nz 1.00 4.20x109220% b
NoH+ + CO »  HCOt* 4+ N2 1.00 8.80x10-104259, 8006
11,0t + H »  Ha0* +H .00  7.60x10-10315% b
H,0* + CHg - - Hi0* 4 cl13 .00 1.12 X10-9 #10% b
1,0+ +  Callg - 5 Collgt + H0 .60x 109430% 8009
Cylist +011
[120¢ + Cllg - » Hz0t +Calls 0.83 60x10-9 120% 8117
Coligt + Hy0 + 2 0.12
Calst + H0 + 1 0.01
Callg? + H0 0.04
HL0* + N »  NO* + Hy 1.90x10-10150% 8008
HNO* +H
HpOt ot N2 -» No Reaction <1.00x10-11 7806
-M,  Adduct I.13x10-28 8632
M=11)

Hy0t + Hy0 - H30¢ 4011 1.00 1.85x 109 *15% b
H,0* + HCN - » H,0% + CN <0.50 2.10,1 0-9210% 8101
HCNH+ + 0oH >0.50
Hy07 4+ CNy ) HCNap* 4011 1.00 |.OOX10-9 $30% 8412

H0t el ) HCO* + OH 1.00 4.25x10-10+20% b
H30+ + H2 »  No Reaction <5. 00X10-15 7711
1130+ + Dy > No Reaction <1. 00X10-12 7506
11304 + Clly > No Reaction <l. 00X10-20 f
H30* + Callp No Reaction <1.00x10-16 f
M Adduct 8.00x 10-28 8935
(M =He)
1130¢ -1Caly ) Calls* + 1120 1.00 2. 00X10"12 f
M Adduct 2.00,10-27 8935
(M = He)
H30* + Callg »  NoReaction <1. 00X10-20 f
1150t + Cilig -- > No Reaction <1.00x10-18 f
1150 4 Cqlly > CqMat + H0 1.00 110X10-9 #30% 8645
H30t o N — ) NoReaction <1.00x10-11 c
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Table 3 (cont.)

Ion-Molecule Reactions Relavent to Titan's Atmosphere
-—_Br. Ratic__ Rate Coefficient”

Reactions _—
1130* + N2 » No Reaction
1130* + H0 - » No Reaction
H30* + H0 M, Adduct
Ha04 -t D0 - » Products
H30* + HCN »  HCNH1Y 11,0
H30* + CI13CN - » CHaCNH* + H0
30t + HC3N - » CHCCNH# + H0
H430* + 00 » No Reaction
CN* + H - ut 4+CN
CN+ + Ha —-» HCNt +11
HNCH +H
CN+ + Iy »  DCNt +D
CN+ + CHy - > CHs* + HCN
Clig* + CN
HCN* + CHs
HCNH+ -t CHp
CH,CN+ + Ha
CN+ + CaHa - Clt + CN
CHCCN+ +H
CN+ + Co>y - Copt + CN
CDCCN+ oD
CN+ 4+ Colly - 5 Collg? + CN
HCN+ + Colly
CHCCNHt  + II2
CN* + Callg . Calizt + HCN + Ha2
Caollyt + HCN + H
Colist + HCN
CN* + GsH2 ) Calint + CN
HCsN* +11
CN* + N > Ngt +C
CN* + N2 ) No Reaction
CN+ + H0 - » M0t + CN
HCN* + OH
HCNH' +0
HCO* + NH
HNCO* +H
CN+ + D0 - » DOt + CN
DCN+ + 0D
DCND+ +0
DNCO+ +D
CN+ + HCN - ) HCN+ ot CN
CoNapt + H
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1.00

1.00

1.00

1.00

1.00

0.50
0.50

1.00

0.50
0.15
0.15
0.10
0.10

0.90
0.10

0.70
0.30

0.70
0.25
0.05

0.15
0.65
0.20

0.75
0.25

1.00

0.10
0.50
0.15
0.05
0.20

0.40
0.40
0.10
0.10

0.83
0.17

<1. 00X10-20
<1.00x10-1!

3.40x 10-27
(M =Ny)

2..20,10-9 120%
3.80x 10:9115%
450 x109+15%

3.9 OX10-9 *30%
<1. 00X10-11

6.40x10-lo

11 0X10-9 430%

9.10x10-10120%

1.00x109115%

-1.50x10-9420%

5.4 0OX10-10*30%

1.30 x10-9430%

1.90X10.9420%

9.7 0x10-10 *30%

6.50x10-10
<4.30x10-12130%

3.20X10-9120%

2.10 X109 %30%

2.70X10-9420%

_Reference

8632

8019

9603

8301

8404

8301

8645

8301

8404



Table 3 (rent.)
lon-Molecule Reactions Relavent 10 Titan’s Atmosphere

Reactions . Br.Ratio  Rate Coefficient® _____Reference
CN+ 4 CI3CN .- v Chyt + CaN3 0.20 3.4 OX10-9 *30% 8404
Cahat + CNp 0.10
CD,CN+ + DCN 0.20
CIL,CNDH +CN 0.50
CN? + CoN2 - > CoNt 4+ CNy 0.03 1.75x 10-9 130% b
CoNg? + CN 0.93
CaN* + N2 0.05
CN+ + HC3N » CaNt + HCN 0.20 4.60x 109420% b
C}ICCN* +CN 0.80
CN* + CO - Cot +CN 1.00 4.40x 10-10460% b
-M Adduct 2.50x10-lo 8404

(in 0.34 Torr of He)

HCN* +D » D + HCN 1.00 3.70x10-11450% 7901
HCN+ + H -.» HCNH* +H 1.00 8.80x10-10120% b
HCN? + CHy ) Callz* + NH 0.10 1.27x 109115% b
HCNH+ +C113 0.90
HCN* + Colly »  CaHa* + HCN >0.85 1.35X10-9 145% b
Collat +CN <0.15
CHCCNEH +H <0.10
HCN+ + N2 — > NoReaction <1.00x10-11 8101
HCN* + H0 -~  HOt + HCN -0.50 3.6 0X10.9110% 8101
H30* + CN -0.50
HCNHA +011 <0.05
HCN+ + HCN »  HCNHA + CN 1.00 1.45X10-9 145% b
HCNY + HC3N - CHCCN' + HCN 0.52 4.6 0X10-9120% b
CHCCNHY  +CN 0.48
HCN+ + CaN2 »  HCaNp+ +CN 1.1x 10-9 *10% 9501
HCNY + CO »  Hcot +CN 0.30 4.60x10-10420% b
HNCH + 00 0.70
HNCH + Hz - » HCNH* +H 1.00 7.00x10-10430% 9116
HNCH 4+ CHy ) HCNH* +cl 13 1.00 1.1 0X10-9 130% 9116
HNCH + Gl - 5 Ccaht + HCN -0.40 1.50 x10-9130% 9116
CHCCNHY  +11 -0.60
HNC? + CO > No Reaction <1.00x10-12 b
HCNH? +H » No Reaction <2.0x10-11 c
HCNH4 + Ha -» No Reaction <4, 00X10-13 7711
HCNIH + Dy —>» No Reaction <2.50x10-12 7701
HCNH* + CHy - » N O Reaction <1.0x10-20 f
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HCNH*

HCNH*

HCNH*

HCNH
HCNH*
HCNH*

HCNH+

HCNH

HCNH

CNCH

CNC*

CNCH

CNCH

CNCH

CNC?

CNCH

CNCH

CNC*

CNCH
CNCt
CNCH

CNC*

+

+

+

CaHa

Cally

Colg

+ C4112

+

+

+

+

N2
1120

HCN

CH3CN

HC3N

H2

Cllg

CyH>

Callg

Cale

Cs4H2

N2

H0

HCN

CHaCN

CoN2

HC3N

Table 3 (WIN)

loivMolcculc Reactions Relavent to Titan's Atmosphere

- » No Reaction

Moy Adduct

> No Reaction
M Adduct

-» No Reaction

- Gt

— » No Reaction
»  H30%

» No Reaction
M, Adduct

»  CHaCNH*

»  CHCCNHY

> NO Reaction

- > Colla*
CHCCNH+

> CsHt
HCNH*
HC4N*

- Callgt
C3H3t
CHCN
HaCgN*

-, Coligt
Collst
Csligt
Cilst
CH2CN

y  Csll?t
CqHa*
Adduct

» No Reaction

-»> CHCNt
HCO

- » N o Reaction
-M. Adduct

- CoHat
> No Reaction
- CaHt

— > NO Reaction

_Reaclions

+ HCN

+ HCN

+ HCN

+ HCN

+ HCN
+ H2

+ MICN
+ C3
411

+ 2N
+ HCN
1 Call2
+ Hy

+ CH3CN

+ HCoN

+ HCN + H2
+ HCN

+ Colly

+ HICN
+CNC

+011
+ HCN

+ CaN2

+ CaN2
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Br.Ratio  Rate Coefficient” ___ .-.. Reference
<1. 0X10-20 f
5.00x 10-29 8935
(M = He)
<1. OX10-15 f
7.00x 10-27 8935
(M =Hc)
<2.0x10-1 d
1.00 1.60x10-9430% 9118, 8645
<1. 0X10-20 f
1.00 8.8 OX10-13*40% 7809
<2, 0X10-11 c
1. 00X10-9 ?
(in 0.30 7Torr of He)
1.00 3.80x 10-9 120% 8929
1.00 3.40 x10-9430% 7911
<1,00x10-13 b
4.20x10-12420% b
0.92 8.00x30-10140% b
0.08
?
0.10 1.3 OX10-9 *20% 8301
0.30
0.50
0.10
0.10 1.20 X10-9 120% 8301
0.25
0.30
0.10
0.25
0.60 1.30 x10-9430% 8645
0.20
0.20
<1.00x10-13 b
0.25 7.00x10-11340% b
0.7s
<3.00X 10-11 b
4.2 0X10-10 8802
(in 0.30 Torr of He)
1.00 4.1 OX10-9 *20% 8012
<1.00x10-11 8301
1.00 3.30x 109420% b

<1.00x10-11 8301



Table 3 (cont.)
lon-Molecule Reactions Relavent to Titan's Atmosphere

Reactions Br. Ratio _Rate Cocfficient” _ Reference

CCN+ + Hp »  HCNH* + H 0.90 9. 00X10"10*40% 8802
CH,CN+ 0.10

CCNt + Clly -+ CoHat +}ICN 0.60 7. 00X10.10*40% 8802
HCNH+ + CoHp 0.10
CHCCNHt  + 2 0.30

CCN* +  Cillz - » Catlt + HCN 0.92 1.60x 10 140% 8802
HCNH* +C3 0.08

CCN+ + N2 — » NO Reaction <1. OOX10-13 8802

CCN + H0 »  HCNHt + CO 0.08 1.63x 10-9 440% 8802
Hcot t HCN 0.92

CCN+ + HCN M Adduct 1.00  4.20x10-lo 8802

(in 0.30 7Torr of He)

C3N* 4+ 2 > CHCCN* + H 0.90 9.10x10-10420% 8518
C} ICCNHY 0.10
C}iceNt + H »  CoHat + HCN 0.37 4.45x10-12180% b
CHCCNHY  + H 0.63
CHCCNA + CHy »  Callg* + HCN 0.10 590X 0-10330% 8616
CH,CNH* 4 Colly 0.50
CHCCNHY  + CHs 0.30
CHCCN* + CaHp »  Calpt + HC3N 0.20 6.40x 0-10330% 8616
CaHpt + HCN 0.80
CHCCNY + C2114 y  Callg* + HC3N 0.80 6.70x 0-10330% 8616
CHCCNHY 4 Call3 0.20
CHCCN* + Cally »  Cala? + HCaN 1.00 8.90x 0-101309% 8616
CHCCN* + N2 » NO Reaction <1.00 x10-11 c
CHCCN* + H0 >  CHCCNHY 4011 1,00 6.70x10-10130% 8616
CHCCN+ + HCN y  Adduct 1.00 8.90x10-104309% 8616
CHCCN+ + HC3N - » HCsN? + HCN 0.90 1.30 x10-9120% 9115
HCgN? + H 0.05
HaCgNa+ 4 hv 0.05
M. Adduct 1.2 0X10-22 9115
(M= HC3N)
CHCCN+ + CO M, Adduct 1.00 3.4 0X10-11 8616
(in 0.31 Torr of He)
CHCCNHY  +11 » NO Reaction <1.00x10-11 c
CHCCNHt  + H2 > NO Reaction <1. O0X10-13 8616
CIHCCNHY  + Cally —»  HsCsN* +11 <1.3 0X10-9 d
CHicennt 4+ N2 - » No Reaction <1. 0X10-20 f
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Table 3 (rent.)
Ton-Molecule Reactions Relavent to Titan's Atmosphese

Reactions Br. Ratio___Rate Coefficient* Reference
CHCCNHY  + HCaN -» No Reaction <1.00%10-11 c
CHCCNII* + €O —» No Reaction <1. 00x10-12 b
CalI3CN°  + CaHlaCN - - » CHsCNH*  + C2112CN 0.95 1.9 OX10-9 *10% d
HsCaN* + HCN 0.05
(CoH3CN)p*
ColI3CNH* + C3H3CN M (cotiaeNy 1.25x10-23120%  d
(M= C2113CN)
(C2313CN)211+ 1.55x10-24120% d
(M = le)
HCsN*+ +Col[4 HaCsN+ + Collz 0.75 1,20 X10-9 110% d
H3C9N+ + Ha2 0.05
HsCoN+ 0.20
Nt + H - » HNC? + CN 0.80  6.2x10-10 9603
- C1+ + N2 0.20
CNgt 4+ Hy —.»  HCH* +H 1.00 9.0x10-10 9603
CoNat + CoHy - >  CaHyt + CoNp 0.50 2. 00X10-1%I10%  d
HCgN* +H 0.35
CaNg* + 11, 0.15
CaNo* + Calla A A M 4+ CoNa 0.90 1.20 X10-9 #30% 8645
HCsN+ + HNC 0.10
CoNo* + HCN ) Products 2.40x 10-9210% d
CaNa* + CoN2 »  NoO Reaction <1.00x10-1! 9501
My CaNgt 1.70x10-23410% 9501
(M = C2Ny)
CaNgt 2.20x10-24310% 9501
M =N,
co? + 1 — 0 H+ + €O 1.00 330X 10-10 8635
co+ +}1 .M 4+ CO 1.00  7.50x10-101309% 8403
cot +D > Dt + 0O 1.00  9.00x10-11120% 7901
oo+ + Hy »  HOO* + H 0.52 1.40 x10-9115% b
HoCH +11 0.48
ool + D2 »  DCO* +D 1.00 9.60x10-104109g, 7901
co+ + Clg > CHyt + 00 0.67 1.34x l0-9 *10% b
HCO* + CHs 0.28
CH3CO+ + N 0.05
oot + Cilly —  Callp?* + 00 1.00 4.10x10-10 7209
co? + N -y No' +C 1.00  ~1.00x10-11 e, 7201
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ot

oot

ot

Ot

ot

HCO*

HCOt

Hco+

HCO*

HCO+

Hco!

HCo*

1ICO*

HCO+

Hco*

HCO*

o 11ICO*

HCO+

DCO*

110CY

noct

Hoct

HOCH

noct

+

N2 M, Addut
H20 -, Hy0t
HCO*
HCN » HCOt
HCN*
Cl I3CN - > CHCN*
c112CN1 14
HC3N - > C}ICCNt
(6.0] M Adduct
D »  DCOt
1353 > N o Reaction
-My o Adduat
D »  DOO?
Cilg »  NoReaction
Collp »  Callgt
Cals Cplly*
N2 - » No Reaction
H20 H30*
HCN -~ » HCNHH
c113CN -~ » CH3CNH?
HC3N - » CHCCNH*
co -5 Hco?
tCo ~-» No Reaction
-M, Adduat
H »  HCO*
Hy > Hat
Hcot
Hy - 5 Hohrt
ncot
CHa - -» Chst
N2 > NoH*Y
(6.0} - ) Hcot

Table 3 (cont )
Ton-Molecule Reactions Relavent tO Titan's Atmosphere

e _____Br.Ralio RatgCoefficient® _ Reference

+ CO
ot 011

+ CN
+ CO

+
jos)

+ HD

+D

+ CO
+ Ha

o tCi3
+ HD

+ CO
+ CO

+ CO
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0.65
0.35

<0.10
>0.90

0.25
0.75

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.57
0.43

0.57
0.43

1.00

1.00

2.10,10-29
(M = He)

24 0X10-9410%

3.4 0X10-9410%

3.00 x109130%

3.10x109425%

1.40x10-28
(M=CO)

4.25x10°11420%
<2.00 ,10.14
8.3 0X10-31
M = He)
1.80x10-11450%
<1.00x10-13
1.36x10-9 125%
1.20X10-10* 2090
<4. 00X10.14
2.60x109 +30%
350X10-9415%
4.10x109125%
3.80x 109420%
2.60x10-10+20%
<4. O0OX10-14

2.40x10-3°
(M= CO)

1.50x10-11130%

4.7 0x10-10120%

6.20x10-10120%

1.10X10"9420%
6.7 OX 10-10*20%

6.00x10-10420%

8632

8101

8804

8632

8632

7701

7713
8117

7805, f

7605

8005

7805
8632

8711

8711
8505

8711



Table 3 (cont )
Jon-Molecule Reactions Relavent to Titan’s Atmosphere

Reactions

CH,OH*
CH011*
C112011+
CHL0H*
CHL0I*
CHZ0H*

CH0H*

No+

+ Ha
+ CHy
+ C4H2
+ N2
+ H0
+ HCN

+ QO

+ HCN

__Br.Ratio Rate Cocfficient® _ _ Reference

—» No Reaction <2,00,10-14 b
» No Reaction <4.00x10-14 7805
- o Cqllgt + HCO 1.00  9.30x10-10120% 8702
- » No Reaction <4. 00X10-14 7805
5 Hi0t + H2C0 1.00 2.30x10-10+1p09, b
» HCNH? + H2CO 1.00 1.3 OX10-9 *30% b
» N O Reaction <4.00x10-14 7711
» No Reaction <8.00x10-11 d




—oao

6504
6907
7005
7107
7201

7209
721?
7401

7426
7501
7503
7506
7510
7605
7611
761S
7701

7705
7711

7112
7713
7/14
7805
7806
7809
7901
7911
8002
8005
8007
8008
8009
8010
8011
8012

8018
8019
8101
8105
8109

8117
8202
8706

8709
8301
8304
8309
8311
$403

8404
8412
8421
8429
8503
8505
8510
8518

8607
8613
8616
8674
8632
8635
8702
8708

8709
8711
8712
8713
8726
8802
8804
8821
8913
8914

Table 3 (conL.)
Inn-Molecule ReactionsRelavent to Titan's Atmosphere

References Used in the Table of Reactions

The units of the reaction rate coefficients are cm’s™ for the bimolecular reactions. The termolecular reactions are noted by a reaction arrow with an M over it, in th is case the
unitsarcem®”. Many of the termolecular reaction rate coefficients are given as saturated bimolecutar rates, these are noted by she additional pressure information discribing the
saturat jon condition.

V. G. Anicich, J. Phys, Chem. Ref. Data, 22, 1469 (1993), Evaluated citation, see reference for original citations.

No reaction channel that is thermodynamically allowed

Unpublished work of V. G. Anicich and M. J. McEwan 1995,

Preliminary nitrogen atom work of Graham and M. J. McEwan

Calculated reactions rate coefficients for the proton transfer reaction. These were calculated from using the reverse proton transfer reactions rate coefficient and the
endothennisity of the reaction.

Yerguson, X2, Adv. Electron. Electron Phys., 24,1 (1%8).’

Rowers, M.T. and Elleman, D.D., J. Chem. Phys., S1, 4606 (1969),

Burt, J. A., Dunn, 1.1.., McEwan, M ],, Sutton, M. M., Roche, A.E., Schiff, .1, J. Chem. Phys., 52, 6062 (1970).

Holliday, M.G., Muckerman, J.T., and Friedman, L., J. Chem. Phys., 54, 1058 (1971).

Fehsenfeld, F.C. and Ferguson, &, 7. Tnem."Fys., 56,3066 (1972),

Warncech, V.P., Berichte Der Bunsen-Gesellschaft, 76,413 (1972).

Clow, R. I'. and Futrell, J.H.,Int. J. Mass Spectrom. [on Phys., 8, 119 (1972).

Huntress, W.T., Kim, J. K., and Theard, |., P., Chem. Phys. Le11., 29, 189 (1974); Huntress, W. T., Planet. Space Sci., 23, 377 (1975).

Fiaux, A., Smith, D.1.., arrd Futrell, .H., Int. J. Mass Spectrom. [on Phys., 1S,9(1974).

Smith, D.1.. and Yutrell, J.H., J. Phys. B, 8, 803 (1975).

Kim, J.K.and Huntress, W. T., J. Chem. Phys., 62, 2820 (1975),

Kim, J, K., Theard,1..P., and Huntress, W.T., J. Chem. Phys., 62,45 (1975).

Betowski, D., Payzant, J. D., Mackay, G, |., and Bohme, D.K.,Chem. Phys. Lett., 31, 321 (1975).

Mackay, G, I., Betowski, D., Payzant, J.D., Schiff, HL.1., and Bohme, D.K., J. Phys.Chem., 80, 2919 (1976).

McMahon, T.B., Miasek, P.G., and Beauchamp, JI.., Int. J. Mass Spectrom. lon Phys., 21,63 (1976).

Smith, I.1.. and Futrell, ). 1., Chem. Phys. Leu., 40, 229 (1976),

Huntress, W. T, Astrophys. J. Suppl. Ser., 33, 495 (1977). (References as Huntress, W.T., 1976, Unpublished results.)

Smith, D. and Adams, N.G., Int.J. Mass Spectrom. Jon Phys., 23, 123 (1977), Smith, D. and Adams, N.G., Chem. Phys. Lett., 47,383 (1977).

Smith, D. and Adams, N. G., Astrophys. J., 217, 741 (1977),

Kim, JK., Anicich,V. G., arrd Huntress, W. T., J. Phys. Chem., 81, 1798 (1977).

Mackay, G. |., Tanaka, K., Bohme, D.K., Int.J. Mar. Spectrom.lon Phys., 2A, 125 (1977).

Huntress, W. T., Unpublished results.

Adams, N. G., Smith, D., and Grief, D., Int. J. Mass Spectrom. |lon Phys., 26,405 (1978).

Karpas, 7. and Huntress, W. T., Chem. Phys. Lett., S9, 87 (1978).

Tanaka, K., Mackay, G.1., and Bohme,D.K., Can. J. Chem., 56, 193 (1978).

Karpas, 7., Anicich, V. G., Huntress, W. T., J. Chem. Phys., 70, 2877 (1979).

YFreeman, C. G., Harland, PW., and McEwan, M,J., Mon. Not. R, Astro. Sot., 187,441 (1979),

McEwan, M.J,, Anicich, V.G, and Huntress, W. T., IAU Symposium #87, 1979, "Intersellar Molec.”, B.H. Andrews, ed , p.299 (1980).

Smith, 1). and Adams, N. G., Astrophys. J., 242,424 (1980).

Smiith, D. and Adams, N. G., Chem. Phys. Lett., 76,418 (1980).

Viggiano, A.A, Howarka, F,, Albritton, D.I.., Fehsenfeld, F.C., Adams, N.G., and Smith, D., Astrophys. J., 236,492 (1980).

Dotan, |., Lindinger, W., Rowe, R., Fahey, D.W., Fehsenfeld, F.C., and Albritton, D.1., Chem. Phys. Leu., 72,67 (1980).

Adams, N. G., Smith, D., and Paulson, J.F., J. Chem. Phys., 72,288 (1980); Smith,D., Adams, N. G., and Miller, T.M., J. Chem. Phys.., 69, 308 (1978),

Mackay, G., Vlachos, G., Bohme, D., and Schiff, L1, Ins. J. Mass Spectrom.lon Phys., 36,259 (1980).

Schiff, .1, Mackay, G. I., Vlachos, G. D., and Bohme, D.K., JAU Symposium #87, 1979, "Intersellar Molec.”, BH. Andrews, cd., p. 307 (1980); Schiff, }.1. and

Bohme, DK., Astrophys. J., 232,740 (1979),

McEwan, M ]., Anicich, V. G., and Huntress, W.'f’., Unpublished work.

Smith, D., Adams, N.G., and Henchman, M. J., J. Chem. Phys., 72, 4951 (1980).
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Adams, N, G., Smith, D., and Henchman, M.J., Int.J. Mass Spectrom.lon Phys., 42, 11 (1982); Henchman, M. J,, Smith, ID., and Adams, N, G., Int. J. Mass Specirom.

/on Phys., 109, 105 (1991)
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