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NCCN and NCCCCN Formation in Titan’s Atmosphere: 2. HNC as a Viable Precursor
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Quantum chemical calculations, at the CCSD(T)/aug-cBZNB3-LYP/6-311G** (X = D, T) levels of theory,

have been used to characterize stationary points on thi®&£and GHN, potential energy surfaces. The
calculations permit evaluation of the reactions of CNZX) and GN (X 2=*) with the isomers HNC and
HCN, which have been proposed as possible sources of the dicyanopolyynes NCCN and NCCCCN within
Titan's upper atmosphere. In keeping with previous studies, we find that the reaction of N )Y ith

HCN is inhibited by a significant activation energy barrier for all feasible product channels, while CN (X
23*t) + HNC lacks an overall barrier to formation of NCCN H (°S) and to HCN+ CN (X 2=*) with the

NCCN product channel likely dominant. ThgKIN, surface, studied here for the first time, does not possess
overall barriers for the processesNC(X ?=") + HNC — NCCCCN+ H (3S), GN (X 2=*) + HNC — C3N

(X 2Z=%) + HCN, GN (X 2=*) + HCN — NCCCCN+ H (2S), and HGN + CN (X 2=*) — NCCCCN+ H

(®S). We discuss the implications of these results, and the implied high efficiency of dicyanopolyyne formation
in the reactions found to lack overall barriers, for the upper atmospheric chemistry of Titan.

Introduction The reaction set-24, of which only the initial process 2 has
received significant attention via experimental or theoretical
study*~14, has continued to be used in recent models of Titan’s
atmospheric chemistry (see, for example, the models of Tou-
Oblanc et al®> and Lara et al® as the principal path to
dicyanopolyyne generation. However, as noted in the preceding
Soaperl,7 the “cyanomethylene route” now appears to be very
dramatically less effective in producing Titanian NCCN and
NCCCCN than was previously thought.

Dicyanogen, NCCN, is one of the most distinctive larger
molecules to have been identified as a trace constituent within
the upper atmosphere of the large Saturnian moon Thatore
recently, a larger homologue NCCCCN has also been detecte
within this object3* The observation of these compounds, which
are the two smallest members of the dicyanopolyyne series, ha
engendered speculation on the methods by which they are
produced under the low-temperature conditioms~ 200 K) ;
that hold sway in Titan’s atmosphere. Following the Voyager id O?.? gglr;her possible route to NCCN has recently been
encounters with Titan in 1980, the first detailed model of ' entimed:

Titanian atmospheric photochemistryncorporated NCCN HNC + CN (X 22+) — NCCN+ H (25) (5)
formation by the reaction
et ) and an analogous process
HCN + CN (X “Z") — NCCN + H (“S) Q)
. : . HNC + C,N (X °Z") = NCCCCN+ H (°S 6
with an ascribed rate coefficient of 3410~ cm?® molecule™? N ) S ©
st However, experimental studfe$ of reaction 1 have  cap pe envisaged for NCCCCN production. While hydrogen
revealed that this process is inhibited by an activation energy isocyanide (HNC) has not yet been detected within Titan’s
barrier. At 200 K, the extrapolated rate coefficient expected is atmospheré? numerous studi%24 have identified HNC as a
~5 x 107%° cm® molecule™* 5,89 much too low to account  major product of dissociative recombination of HCNFhe
for the observed NCCN in Titan’s atmosphere. A subsequent ost abundant ion in Titan's ionosphéfe?? In recent worki8
revision to the chemical modélproposed a reaction sequence \ye have used the CBSRAD computational procedure, an ab
2 3n0 2 initio technique specifically developed to characterize open-
N (D) + CH, — HCCN (A") + H (°S) ) shell species to high accur&@yto show that reaction 5 lacks
. 5 an activation barrier and is therefore apparently feasible as a
HCCN (SA”) + N ("S)—~NCCN+ H (°S) (3 low-temperature pathway to NCCN. The efficiency of the
f f . dth reaction of CN (X 2=") with HNC takes on additional
or C2N; formation, and the process significance as a potential Titanian process since it transpires
. Y that most other radicals encountered at high altitudes (e.g., H
HCCN (A") + HCCN (A”) = NCCCCN+H, (4) (3S), CHs (A", N (#S)) arenot markedly reactive with HNG?
. The preceding papkr has explored competing reactions
for production of the then newly observed NCCCCN moleéule.  hich effectively act to minimize formation of dicyanopolyynes
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TABLE 1: Total and Relative Energies for Stationary Points on the GHN, Potential Energy Surface at the CCSD(T)/
aug-cc-pVTZ//B3-LYP/6-311G** Level of Theory

CCSD(T)/aug-cc-pVTZ//B3-LYP/6-311G** CBSRAD
Eea ZP EJ EOC Ereld Ereld'e

species label Hartree mHartree Hartree kJ mol? kJ moi?

HNC + CN (X 2=) Is —185.829868 20.618 —185.809250 0.0 0.0

HNC-CNf ints1f —185.835233 20.940 —185.814293 —13.2 —9.2

HNC-CN TS 1-2 —185.837037 20.680 —185.816357 —18.7 —18.0

HNCCN ints2 —185.912067 25.627 —185.886440 —202.7 —211.7

H-NCCN TS 2-A —185.854916 17.059 —185.837857 —75.1 —84.8

NCCN+ H (3S) BA —185.864406 16.543 —185.847863 —101.4 —108.9

N(H)CCN TS$2-3 —185.843577 20.286 —185.823291 —36.9 —40.2

NCHCN ins3 —185.917315 25.573 —185.891742 —216.6 —219.1

NC(-H)CN TS 3-A —185.854144 17.486 -185.836658 —72.0 —79.9

NC(H)-CN TS 3-B —185.851228 21.799 -185.829429 —52.9 —53.4

HCN + CN (X =) psB —185.853350 21.424 —185.831926 —59.5 —56.1

CN(H)-CN TSr-4 —185.813972 21.950 —185.792022 45.2 48.0

CNHCN ints4 —185.847546 25.792 —185.821754 —32.8 —30.0

CN(~H)CN TS 4-C —185.799253 17.357 —185.781896 71.8 72.4

CNCN+H (3S) pC —185.825287 15.829 —185.809458 -0.5 -85

C(H)NCN TS4-7 —185.785698 19.204 —185.766494 112.3

HCNCN ints7 —185.892407 25.349 —185.867059 —151.8

HCN-CN TS 7-B —185.846618 21.637 —185.824981 —41.3

H-~CNCN TS 7-C —185.823873 16.103 —185.807771 3.9

HNC-NC TSr-8 —185.822378 20.827 —185.801551 20.2

HNC(CN) TS 2-8 —185.841277 23.224 —185.818053 —23.1

HNCNC ins8 —185.880716 25.504 —185.855212 —120.7

H-NCNC TS 8-C —185.814647 16.339 —185.798308 28.7

N(H)CNC TS 8-5 —185.811543 19.402 —185.792141 44.9

NC(H)NC ints5 —185.884254 25.102 —185.859152 —131.0 —131.7

NC(H)"NC TS 5-B —185.833851 21.723 —185.812128 —7.6 —6.0

NC(-H)NC TS 5-C —185.814910 16.917 —185.797993 29.6 28.7

NC-HNC TSr-6 —185.809149 16.903 —185.792246 44.6 46.2

NCH-NC ints6 —185.858029 22.358 —185.835671 —69.4 —66.5

aTotal energy, excluding ZPE.Corrected zero-point energy, according to B3-LYP/6-311G** calculatibfistal energy (at zero Kelvin) including
ZPE. Y Energy relative to the reactants GNHNC, at zero K. From ref 18." This stationary point was not found at the B3-LYP/6-311G** level
of theory. The QCISD/6-31G* optimized geometry (ref 18) was employed instead.

product channels not encompassed in an earlier study of thisexperimental kinetic and dynamic resiits?® These compari-
surface'® We investigate also, for the first time, thedN, sons have established the general reliability of this computational
potential energy surface relevant to occurrence of reaction 6.approach, strengthening confidence in the validity of the present
The reliability of the quantum chemical techniques employed calculations concerned, at least in part with reactions of HNC
here is particularly important in the context of HNC reaction for which no comparison with experimental data is currently
chemistry, since the transient nature of hydrogen isocyanide possible.

under laboratory conditions effectively obstructs experminental

study of its reactions with other neutrals. Results and Discussion

1. The GHN, Potential Energy Surface.The stationary
Theoretical Methods points characterized on thel@N, potential energy surface
(PES), at the CCSD(T)/aug-cc-pVTZ//B3-LYP/6-311G** level
The hybrid density functional method combining Becke’s of theory, are summarized in Table 1, which details their
three-parameter exchange functidAalith the correlation calculated total energy as well as their energy relative to that
functional of Lee, Yang, and P&fr(B3-LYP) was used, with  of the reactant pair HNG- CN (X 2=*). A comment here is
the triple-split-valence 6-311G** Gaussian basis $etn pertinent to highlight the notation that we have employed to
geometry optimizations and vibrational frequency calculations distinguish GHN, stationary points (identified by a subscript
for all stationary points sought on the N, and GHN, ‘5”) from their analogues on the &N, surface (bearing a ‘6’
potential energy surfaces. These calculations were executedsubscript), which are also discussed in this work. The subscripts
using the GAUSSIAN98 program suite,while the MOL- indicate the relevance of a stationary point to either reaction 5
PRO2002 quantum chemical pack&#geas applied for the or reaction 6, while the use of ‘r', ‘p’, ‘int’, and ‘TS’ labels
subsequent coupled-cluster with single, double, and perturbativedenotes respectively the identity of the various species as
triple excitations (CCSD(T)) single-point calculations featuring reactants, products, intermediates, or transition states.
the augmented correlation-consistent basis sets of Dunning and For purposes of comparison, in Table 1 we have furnished
co-workers¥” The augmented triplé-(aug-cc-pVTZ) basis set  also the CBS-RAD relative energies for several of these
was used in calculations on theHN stationary points, while stationary points, as obtained in an earlier study of theNG
the smaller, analogous augmented doublaug-cc-pVDZ) basis  surface!® The portion of the PES that was not examined in the
set was used for the, 8N stationary points. earlier study® principally concerns stationary points relevant
The combination of B3-LYP optimized geometries and to CNCN formation, and optimized geometries for these “new”
CCSD(T) single-point total energies has been widely used in stationary points are provided in Figure 1.
several previous studies on radical-neutral reactions, in many The agreement between the CCSD(T)/aug-cc-pVTZ (this
instances providing opportunities for direct comparison with work) and CBS-RAD?8 relative energies, in Table 1, is good.
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Figure 1. Geometries of some stationary points obtained on #$iNg potential energy surface, at the B3-LYP/6-311G** level of theory. Bond
lengths are shown in A, while bond angles (in degrees) are only shown when they do not excedth& &ationary points shown are restricted
to those for which optimized geometries have not been reported previously (ref 18).

The largest discrepancy between the two methods is the 9.7 kHANC + CN—=int2 = TS, 2-3—

mol~1 difference in relative energies found for the transition NCC(H)N (int;3) = TS;3-A— NCCN+H
structure T§ 2-A, corresponding to the H-loss channel from

the reactive intermediate HNCCN (i2). Despite the different  and one to HCN+ CN:

approaches used for geometry optimization in the two levels of

theory (CBS-RAD uses geometries optimized at the QCISD/ HNC + CN— int;2 — TS, 2—3—

6-31G* level of theory), all portions of the surface common to int;3— TS, 3-B—HCN + CN

both studies show very similar featur@dlost importantly, both

CBS-RAD and CCSD(T)/aug-cc-pVTZ calculations "?d'cate with the first of these three processes being clearly the most
that the HNC+ CN — HNCCN entrance channel is not  girect a5 well as featuring the most deeply submerged interven-
impeded by an activation energy barrier, despite the 0cCUITencej, g parrier. In contrast, the only viable channel leading to HCN
of such a barrier (T$1-2) on the surface at the QCISD/6-  hrqqyction features significantly higher submerged barriers than
31G* level of theory. This barrier does not feature on the B3- (5 gijther of the above channels leading to NCCN formation.
LYP/6-311G** surface, so to substantiate its absence at the \ye therefore envisage that production of NCGNH will be

CCSD(T)/aug-cc-pVTZ level we have employed the QCISD/ the most efficient pathway of the HN& CN reaction at low
6-31G* optimized geometry for this putative stationary point temperatures.

in the present calculations. Both the CBBAD'® and the While a great many other possible reaction pathways can be
CCSD(T) calculations using this geometry find a total energy conjectured, our analysis of the PES indicates that all bimo-
for this structure that is lower than that of an apparent preceding |ecular pathways other than the three detailed above are hindered
weakly bound minimum (HNEN (ints1), also found at the by barriers that protrude above the total energy of reactants HNC
QCISD/6-31G* level but not at B3-LYP/6-311G**), therefore  + CN by a significant margin. These energetically disfavored
implying that the apparent entrance-channel transition structure pathways include all of the routes explored for formation of
TSs 1-2 is an artifact of the QCISD/6-31G* level of theory. CNCN + H, as well as the direct formation of HCiN CN by

The evaporation of this PES feature when a sufficiently high H-atom abstraction from HNC. Our calculations show a modest
level of theory is employed is very similar to the phenomenon barrier (of 6.6 kJ moi?) to conversion of HCN- CN reactants
that we have noted previously for the reactions gfiCX 2=) to NCCN+ H, in good agreement with laboratory studies which
with HNC (which possesses an entrance channel barrier at theshow this process to be very inefficient at low temperatéfes.
CISD/DZ+P*2 and QCISD/6-31G* levels of theory, but not It is also evident, from Figure 2, that there is no viable low-
at B3-LYP/6-31#G**,31 CBS—-RAD,3! or CCSD(T)/cc- temperature route for conversion of reactant CNENH to
pVTZ)*2and CN (X2=*) + HCCH (where, again, an entrance NCCN + H. Note, however, that our calculated barrier for the
channel barrier is obtained in CISD/B2 geometry optimiza- ~ reaction CNCN+- H— HCN + CN (which has not yet received

tions but is not substantiated in CCSD(T)/cc-pVTZ single-point €xperimental study) is only 4.4 kJ mdlin height. Therefore,
calculations)2 within the expected accuracy of our calculations, we cannot rule

out the viability of the latter process at Titanian atmospheric
temperatures, although CNCN has not been detected within
Titan’s atmosphere, nor has any scheme for its formation been
developed.

2. The GHN, Potential Energy Surface: Comparison with
the C,HN, Surface. Our CCSD(T)/aug-cc-pVDZ//B3-LYP/6-
311G** exploration of the GHN; PES is detailed in Table 2.
To the best of our knowledge, this is the first examination of
. this PES to have yet been undertaken. Note that the larger size
HNC + CN— HNCCN (in;2) —~ TS;2-A— NCCN+H of species on this PES has necessitated the use of a smaller

basis set (augmented douldethan that used in our £iN;

and analysis, and this limitation is likely to have reduced the

Interpretation of the gHN, PES features may be more easily
implemented by reference to the schematic diagram given in
Figure 2. It is apparent that, starting from reactants HINC
CN, only the additior-elimination processes leading to forma-
tion of NCCN+ H and to HCN+ CN are feasible in the sense
of lacking any protruding activation energy barriers. Two viable
pathways to NCCNt+ H have been identified:
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Figure 2. Pathways between stationary points on th&ll, potential energy surface, characterized at the CCSD(T)/aug-cc-pVTZ//B3-LYP/6-
311G** |evel of theory. The most direct (and most exothermic) reaction pathway, leading to NCBNs shown in bold. The pathway shown
as a dotted line features stationary points which exist at the QCISD/6-31G* level of theory, but not at B3-LYP/6-311G**.

accuracy of the relative energies thus obtained foHNG threshold than H migration. This phenomenon has the curious
stationary points. However, neither the CCSD(T) single-point consequence that, although we can determine barrierless path-
calculations nor the B3-LYP/6-311G** optimizations identify ways through sequences of intermediate stationary points for
any of the stationary points as possessing a total energy withinall of the reactant pairs 48l + HNC, GN + HCN, and HGN
+ 10 kJ mof? of the total energy of reactantz8 (X 2=+) + + CN leading to NCCCCNt- H formation, there is no apparent
HNC, suggesting that we can comment with reasonable conventional route leading from reactardNC+ HNC to the
confidence on the presence or absence of any absolute activatiofower-energy possible product HE + CN. We shall enlarge
energy barriers on product channels for this reaction. upon this aspect of the PES in the following sections.

Perusal of the potential energy diagram (Figure 3) for this 3. The C4HN Potential Energy Surface: Reaction of GN

surface reveals some obvious similarities with the B3-LYP/6- (X 2X*) with HNC. A cursory examination of Figure 3 suggests
311G** optimized potential energy surface fosdN,. On both

surfaces, the radicat HNC entrance channel for-©€C bond
formation lacks a barrier, and the direct process of H-atom loss
from this low-energy intermediate is impeded by a substantially C3N +HNC — NCCCCNH (ing1) —

lower barrier than exists for any of the less direct pathways to TS; 1-A— NCCCCN+ H
various products. Of the identified local minima (Figure 4),

several also have direct counterparts (with generally very similar CsN + HNC — intgl — TS 1-2—

geometric features) on the,@N, PES. The additional local NCCCCHN (ing2) — TS; 2-A— NCCCCN+ H
minima, including the cyclic species it and the branched

skeletal species igh and ing7, represent structural motifs that
are not geometrically attainable on theHDI, surface. However,
the increased number of intermediates on thelN surface
(compared to gHNy) is not accompanied by a commensurate

increase in the number of identifiable transition states (Figure However, such an analysis supposes that the reaction necessarily
5). Several of the transition structures that might reasonably be proceeds along the minimum energy pathway and terminates
expected for interconversion of the various intermediates, at the first opportunity to form products. While it is likely that
particularly by tautomerization, do not exist on the B3-LYP the product pairs NCCCCN H (2S) and GN (X 2=*) + HCN
optimized GHN, PES. With very few exceptions, it appears do indeed constitute the major product channels of the reaction
that H loss (yielding one or other;N; isomer) occurs ata lower — of C3N (X 2=%) with HNC, there is also apparently sufficient

that the only feasible barrierless processes commencing with
reactant @N + HNC are

and

C,N + HNC — int,1 — TS, 1-2 — int;2 — C,;N + HCN
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TABLE 2: Total and Relative Energies for Stationary Points on the GHN, Potential Energy Surface at the CCSD(T)/

aug-cc-pVDZ//B3-LYP/6-311G** Level of Theory

Eea ZPEJ EOc Ereld

species label Hartree mHartree Hartree kJ mofl*
HNC + CsN (X 2=H) re —261.61101 30.13 —261.58089 0.0
NCCCCNH ingl —261.71080 34.95 —261.67585 —249.3
NCCCCN-H TS 1-A —261.65760 27.41 —261.63019 —129.5
NCCCCN+ H (?S) A —261.66583 26.99 —261.63884 —152.2
NCCCC(H)N T$1-2 —261.64213 30.22 —261.61190 —81.4
NCCCCHN ing2 —261.71517 35.89 —261.67927 —258.3
NCCC-C(H)N TS 2-A —261.65435 27.84 —261.62651 —119.8
HCN + CsN (X 2=1) psB —261.63370 30.86 —261.60284 —57.6
NCCC(H)CN TS A-3 —261.65912 27.54 —261.63158 —133.1
NCCCHCN int3 —261.74059 36.05 —261.70454 —324.7
HC;3N + CN (X 2=) psC —261.64864 32.12 —261.61652 —93.6
NCCCH(CN) T$3-4 —261.68582 34.21 —261.65161 —185.7
¢c-NCC(CN)CH ing4 —261.68846 3541 —261.65305 —189.5
¢c-NCC(CN)CH TS 4-5 —261.68078 33.78 —261.64699 —173.6
HCC(CN) intg5 —261.72982 36.04 —261.69378 —296.4
HCC(-CN)CN TS5-C —261.64859 32.33 —261.61626 —92.9
NCCC-HNC TS r-6 —261.59853 29.67 —261.56885 31.6
NCCCHNC ints6 —261.65364 32.86 —261.62078 —104.7
HCCC(CN)N TS C-7 —261.64303 32.33 —261.61070 —78.3
HCCC(N)CN ing7 —261.70595 35.65 —261.67030 —234.8
HCC-C(N)CN TS 7-D —261.62216 31.15 —261.59101 —26.6
NCCN+ CH (X 2=%) psD —261.62420 30.66 —261.59354 —33.2
NCCC-NHC TSr-8 —261.60772 3191 —261.57582 13.3
NCCCNHC int8 —261.64635 36.16 —261.61020 —77.0
NCCCN(-H)C TS 8-E —261.59908 27.74 —261.57134 25.1
NCCCNC+ H (%S) RE —261.62667 26.15 —261.60052 —51.6
NCCCNCH in9 —261.68745 34.95 —261.65250 —188.0
CNCCCN-H TS 10-E —261.61790 26.57 —261.59132 —27.4
CNCCCNH int10 —261.66877 33.92 —261.63485 —141.7

2 Total energy, excluding ZPE.Corrected zero-point energy, according to B3-LYP/6-311G** calculatidfistal energy (at zero Kelvin) including

ZPE. 9 Energy relative to the reactantsNC+ HNC, at zero K.
internal energy to permit the isomerization process

NCCCCHN (in§2) <~ NCCCHCN (int3)

which suffers from protruding activation energy barriers on both
the entrance and exit channels.

The final exothermic product combination, NCCN C;H,
can in principle arise from the pathway

even though such a process does not possess a recognizable

transition structure in the face of competition from H loss. We

have confirmed, by a potential energy scan, that retention of

the H atom during in2 < ints3 isomerization can proceed

C,N+ HNC—intl = TS; 1-2— intg2 — — intg3 — —
TS; C-7—int;7 — TS; 7-D— NCCN + C,H

across a region of the PES, which is always submerged by atyowever, this convoluted route involves the avoidance of two

least 80 kJ mol' below the total energy of reactantgNC+
HNC at the CCSD(T)/aug-cc-pVDZ//B3-LYP/6-311G** level
of theory, and so the production of H€ + CN from GN +
HNC, via the overall pathway

C,N + HNC — int,1 — TS, 1-2— int,2 — —
int;3 — HC,N + CN

must be regarded as being at least mechanistically feasible.
Similar arguments might be offered for the pathway

CN + HNC— int,l — TS, 1-2— int,2 — —
NCCCNCH (int9) — NCCCNC+ H

although here the formation of NCCCNEH requires a skeletal
rearrangement from NCCCCHN which is likely to be quite
inefficient in competition with direct dissociation to forngBy

a channel which in any event is slightly more exothermic
according to our calculations. Nevertheless, this ‘fully sub-
merged’ pathway is evidently more accessible at low temper-
ature than the competing process

C,N + HNC — TS, -8 — NCCCNHC (int8) —
TS, 8-E— NCCCNC+ H

intervening product formation opportunities (NCCCCNH
from ints2, and HGN + CN from in%3), both of which are
substantially more exothermic than the NCGNC,H product
combination. We expect that production of NCGNC,H from
reactant N + HNC is therefore negligible.

To summarize the PES from the perspective of reactgNt C
(X Z=%) + HNC, it seems likely that NCCCCN- H (3S) is a
major product channel, and may well dominate, although a
straightforward route to the less exothermic producisl CX
23t) + HCN is also available. Production of HE + CN (X
231) is also feasible, though not (at low temperatures) by direct
H-atom abstraction, and if NCCCCN formation is the major
channel, then HEN + CN may (by virtue of its greater
exothermicity) compete effectively with thesl@ + HCN
channel. Other product combinations (NCCCNCH, NCCN
+ C;H) appear to be substantially disfavored in comparison
and likely do not contribute significantly.

4. The GHN; Potential Energy Surface: Other Reactions.
The GHN; PES also offers very useful insights into the low-
temperature reactivity of other combinations of reactants found
in significant concentration within Titan’s upper atmosphere.
First, our calculations establish that although several exothermic
product combinations (NCCCCM H, CsN + HCN, HGN +
CN, and NCCCNC+ H) exist for internally cold NCCN+
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Figure 3. Pathways between stationary points on thelll, potential energy surface, characterized at the CCSD(T)/aug-cc-pVDZ//B3-LYP/6-
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Figure 4. Geometries of local minima obtained on thgHBl, potential energy surface, at the B3-LYP/6-311G** level of theory. Bond lengths are
shown in A, while bond angles (in degrees) are only shown when they do not exceed 175

C,H (X Z=1) reactants, none of these products appear accessiblesystem apparently requires passage along the same channel
because of the 6.6 kJ mdlentrance channel barrier (7%-D). followed by a barrierless transition to ¥t and subsequent

This slight barrier

would be valuable, implies a limiting efficiency of only around
2% of collisions at 200 K for the process

height, for which experimental verification traversal of additional regions of the PES shown in Figure 3.

For reactant NCCCNG- H (2S), formation of GN + HCN
may be essentially quantitative since this process involves only

NCCN+ C,H—TS; 7-D —ints7 — the intermediate ig® with no intervening transition states on

TS, C-7— HCCCN+ CN either the entrance or exit channels. NCCCE&N production
is, however, a more exothermic subsequent process (see below)

Formation of either NCCCCN+ H or GN + HCN in this which may compete.
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TABLE 3: Loss Processes for HNC within Titan’s Upper Atmosphere

[X]/108 molecule cm?®2 %losd
intermediate reactant X z=3800 1000 1200 Kaod? product§ z=800 1000 1200
HNC CN (X2=1) 0.5 1 2.7 3.0x 107e NCCN+H (3S) 2.4 29 93
CsN (X 2=1) 15 0.4 0.005 3.6k 107  NCCCCN+ H (%S) 7 12 0.2
H (3S) 7.5E(4) 8000 800 7.5 1077 HCN-+H (3%S) 90 59 7
CHs; (?A") 6.5E(4) 2E(4) 4000 9.2 1020 CHCN+ H (%S) 0.001 0.002 <0.001

a Reactant concentrations in molecule @at altitudes of 800, 1000, and 1200 km, were obtained by graphical interpolation of data presented
in the modeling studies of Banaszkiewicz et al. (ref 29: HCMung (ref 10: CN), and Toublanc et al. (ref 15: CCCRRate coefficients in
cm® molecule! s71, at T = 200 K. ¢ Expected major product channel of the indicated combination of reactdfficiency of the indicated HNC
removal mechanism, expressed as a percentage of the total removal rate due to the processes listed here, at the indic&tadaibedieate
coefficient for an exothermic radical/unsaturated neutral reaction lacking an activation ba&eer.coefficient ascribed according to the Arrhenius
expression, with preexponential facter= 3.0 x 10~ cm® molecule® s~ and activation energf, as obtained in a recent CBRAD study of
the relevant potential energy surface (ref 31).

The reaction of @N (X 2=*) 4+ HCN is likely to result rate coefficient of 3.2x 107 cm® molecule® s71),89 is in
principally in NCCCCN+ H products, since this is both the agreement with our determination of an activation energy barrier

more direct to the HCN reaction, but not to the reaction involving $#C
. 5. Implications of These Results for Formation of Titanian
CN + HCN —intg2 — TS5 2-A— NCCCCN+ H NCCN and NCCCCN. A detailed and quantitative assessment
of these processes, in the context of Titanian atmospheric
and the more exothermic channel in competition withsNG- chemical evolution, must await their inclusion within rigorous
CN chemical modeling networks such as the coupled ion/neutral
model of Banaszkiewicz et &.For the present, we base our
CN +HCN—int2 —~ TS, 2-A —— assessment largely on a comparison of the loss processes for

TS 3-A—intgZ3— HC,;N + CN the key intermediates HCCNA'") (as featured in the preceding
paper}” and HNC (see Table 3). For HNC loss, we consider
Finally, HGsN + CN (X 2=*) can apparently give rise only ~ again the same altitude range of 800 to 1200 km identified as
to NCCCCN+ H, a process expected to be highly efficient by most effective for NCCN production by the cyanomethylene
virtue of the absence of an entrance channel barrier. The mostroute%°

elevated stationary point within the sequence In contrast to our comparison of triplet HCCN loss pro-
cessed! the data within Table 3 suggest that dicyanopolyyne
HC;N + CN— int;3— TS; 3-A— NCCCCN+ H formation is an important loss process for Titanian HNC, with

NCCN production apparently the dominant fate of HNC at an
has a relative energy (cf. reactant #8C+ CN) of —75.5 kJ altitude of 1200 km. The importance of the reactions of CN
mol~1. The reaction of HEN + CN has been studied using and, to a lesser extent, of CCCN, with HNC derives largely
flash photolysis, with a measured rate coefficient of 169  from the expected high efficiency of these processes, in contrast
1071 cm?® molecule® s™1 at 298 K# The much greater rate  to the very much lower efficiency ascribed to the barrier-
coefficient for this reaction, than for the analogous reaction of inhibitec?! reactions of the much more abundant H ands;CH
HCN + CN (for which recent studies have indicated a 298 K radicals.
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TABLE 4: Estimation of Formation Rates for NCCN and NCCCCN within Titan’s Upper Atmosphere

[X]/108molecule cm? 2 [Y]/108molecule cm? 2 formation rate/10°cm3s1¢
reactant X z=800 1000 1200 reactantY z=800 1000 1200 Kaod? z= 800 1000 1200
HCCN CA") 0.25 2 0.2) Nf{S) 1.3 8 10 1.0« 10712d 0.003 16 02
HNC 0.1 10 10 CN (=) 0.5 1 2.7 3.0x 10°11e 0.15 30 80
HCN 2.5E(5) 2.5E(4) 2000 CN (=) 0.5 1 2.7 4.6x 107151 6 1 0.25
HCCN CA") 0.25 2 0.2 HCCNFA")  0.25 2 02  5.0«101d 0.03 20 0.02
HNC 0.1 10 10 GN (X =) 1.5 0.4 0.005 3.x 10°1e 0.5 12 0.15
HCN 25E(5) 2.5E(4) 2000 4Bl (X2=Y) 15 04  0.005 3.x 10°'e 1E(6) 3E(4) 30
HC3N 5000 80 2.7 CN Xz 0.5 1 2.7 1.7< 10°1*9 4000 130 12

a Reactant concentrations in molecule épat altitudes of 800, 1000, and 1200 km, were obtained by graphical interpolation of data presented
in the modeling studies of Banaszkiewicz et al. (ref 29: HCNgNON), Yung (ref 10: CN), and Toublanc et al. (ref 15: HCCNNZ, but with
the [HCCN] value scaled downward by 2 orders of magnitude (see text; see also ref 17). The HNC estimate adopted here is the lowest of several
cases modeled in a preliminary study (ref 19) of HNC formation in Titan's atmosphBete coefficients in chmolecule® s, at T = 200 K.
¢ Calculated reaction rate for the specified process, at the indicated altitudiie recommended in ref 10 and adopted in the subsequent Titanian
models (refs 15, 16, 29y.Refs 8, 9.f Ascribed rate coefficient for an exothermic radical/unsaturated neutral reaction lacking an activation barrier.
9 Ref 43.

Does the efficiency of reactions 5 and 6 as HNC loss CN+ HC;N—NCCCCN+H ®)
processes also allow us to establish that these are, indeed, . . . . .
important sources of dicyanopolyynes? The Titanian atmos- with previous model|r.1g studies featyrmg only reactions 4'and
pheric abundance of HNC has not yet been adequately mod-8:12*>*°By analogy with the comparison of NCCN production
eled: a preliminary study has suggested a peak concentration/ates, we have also assessed reactions 4, 6, 7, and 8 as NCCCCN
at altitudez = 1100 km, of [HNC]~10*—1C° molecule cm?3, sources, as detailed in Table 4. In this case, the reaction
although this must be treated as a raw estimate at best. This ighvolving HNC (6) does not significantly impact on the apparent
also the approximate altitude of the triplet HCCN concentration ©verall dicyanopolyyne production rate at any altitude, with the
peak, according to a recent mod&iyith [HCCN] ~2.5 x 10° existing model reaction 8 always outweighing reaction 6 by_ at
molecule cm3: i.e., up to 25 times greater than this HNC least an order of magnitude. However, our other ‘new’ reaction

concentration estimate. However, existing models omit the (7) is apparently extremely effective as a source of NCCCCN,

(3S) and with CH (2A").17 In the discussion that follows, we  reactants involved. This process should be comparatively readily
assum# that the published model HCCRA'") concentratiof? susceptible to experimental study, and such a laboratory
is at least2 orders of magnitude too high. investigation is urged so as to determine its true low-temperature

A crude indication of the relative importance of the various rate coefficient. _ )
routes to NCCN (we reiterate that a detailed modeling study is €an the Huygens probe, scheduled to begin a detailed study
necessary to reliably assess these matters) is given in Table 40f Titan in late 2004, provide in situ verlflcat|on (or |nvaI|dat|9n)
which compares estimated production rates at our three choserf the proposed changes to Titan’s dicyanopolyyne chemistry?
altitude steps. The necessarily approximate values in this tableOne inference apparent from Table 4 is that NCCN arises mainly
suggest that the inefficient reaction of HCN with CN (reaction PY ionosphere-driven production and reaction of HNC, while
1) dominates at low altitude, while the corresponding reaction NCCCCN is largely formed through reaction of photochemically
of HNC (reaction 5) holds sway at 1000 km and above. This Produced HCN. Hence, the smaller dicyanopolyyne is formed
pattern reflects the expected production of HNC solely from Predominantly at 1000 km and above, while NCCCCN is
high-altitude ion/electron recombination reactidhahile HCN produced in greater quantity at 800 km than at higher altitudes.
is abundant at lower altitudes due to its production by various This altitudinal variation in the concentrations of the two
neutral/neutral processes. Note that while the kinetics of reactiondicyanopolyynes should be readily detectable by Huygens, even
1 are reasonably well established (as is the Titanian atmospheridf the reactive mtermedlgte HNC (which cannot be mass-
concentration of HCN), there is considerably more uncertainty SPectrometrically distinguished from the more abundant HCN)
regarding both the kinetics of reaction 5 and the true HNC IS notdirectly observable. Results from the Huygens probe will
concentration. Our assigned rate coefficient for this reaction is Pe keenly awaited, while laboratory study of the new reactions,
low in comparison to the 200 K values ofl—4 x 10710 cn? and their inclusion in detailed kinetic models of Titan's upper
moleculel s measured for several other reactions of unsatur- atmosphere, would also be very welcome developments.
ated radicals with unsaturated neutr#lé® Furthermore, with
the scope that the HNC concentration could realistiéale
an order of magnitude larger than the values ascribed here, there  CCSD(T)/aug-cc-pVTZ/B3-LYP/6-311G** calculations con-
is a clear prospect that the true NCCN formation rate from firm the results of an earlier CBSRAD study showing that
Titanian HNC+ CN may be much larger than the 1200 km  the reaction between CN (3*) and HNC leads most directly
peak value of 8« 10~* molecule cm® s~ shown in Table 4. to products NCCN+ H (2S) without any barriers protruding
Reaction 5 clearly shows considerable promise as the probableabove the total energy of reactants. In consequence, this process
dominant route to NCCN under the conditions applicable to is now identified as the probable major route to the NCCN that
Titan's outer atmosphere, a conclusion which may well apply has been detected within the upper atmosphere of the Saturnian

Conclusions

also to other outer-planetary_ atmospheres. satellite Titan. Our calculations on theHN, surface, using
What of NCCCCN production? Here there are four apparent the same level of theory for geometry optimizations and
production routes: reactions 4, 6, 7, and 8 frequency calculations but the more economical CCSD(T)/aug-

cc-pvVDZ method for determination of single-point total ener-
CsN +HCN—NCCCCN+ H (7) gies, similarly show that the previously unstudied reaction of
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C3N (X 2=+) and HNC leads to a variety of possible products,
with NCCCCN+ H (2S) likely dominant. While the N +

HNC reaction is also relevant to Titanian atmospheric chemistry,
it is apparently outweighed as a source of NCCCCN by other
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