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Titan is the largest satellite of Saturn. In its atmosphere, Skhe most abundant neutral after nitrogen. In
this paper, the complex doublet potential-energy surface related to the reaction betweérahtCAH, is
investigated at the B3LYP/6-311G(d,p), CCSD(T)/6-311:&3df,2pd)(single-point), and QCISD/6-311G-
(d,p) computational levels. A total of seven products are located on the PES. The initial associationtof HCN
with CH, is found to be a prereaction compléx(HCNHCH;") without barrier. Starting froni, the most
feasible pathway is the direct H-abstraction process (the interabl ®bnd dissociation) leading to the product

P; (HCNH"™+CHs). By C—C addition, prereaction complek can form intermediat® (HNCHCHs™) and

then lead to the produ®, (CHsCNH*+H). The rate-controlling step of this process is only 25.6 kcal/mol.

It makes the PathP, (1) R — 1 — TS1/2— 2 — TS2/P, — P, another possible way for the reaction.

P; (HCNCH;™ + H), Ps (c(NCHCH,* + H,), andPs (NCCH;™ + Hy) are exothermic products, but they
have higher barriers (more than 40.0 kcal/mét);(H + HCN + CHz") and P; (H + H, + HCCNHY)

are endothermic products. They should be discovered under different experimental or interstellar
conditions. The present study may be helpful for investigating the analogoumialecule reaction in Titan’s
atmosphere.

1. Introduction CH3!® and N' ions with ethylené&? As one of the important
] ) ] . ) ions in Titan's ionosphere, HCN has drawn considerable
Titan, the largest satellite of Saturn, is of considerable interest 5tention, and many ieamolecule reactions relevant to HEN
since its atmosphere is so various and it is one of the placeshaye been investigated experimentally. In 2004, Anicich et al.
where the most complex atmosphere organic chemistry takesperformed an experiment on HENvith CH,, CHa, and GH;17

place in the solar system. A number of investigations have beenaccording to their experimental results, the products and
carried out to provide an understanding of the structure and gjstributions are

composition of this atmosphete? It has been established that

the most abundant species in Titan's atmosphere is molecular HCN™ + CH, — HCNH™ + CH. 0.90
nitrogen, followed by neutral methane. Solar radiation and 4 3

energetic plasma from Saturn’s magnetosphere ionizes the — CH4+ +HCN 0.04
neutral molecules, creating an ionosphere at altitudes above 800

km5712 The ion—molecule reactions that occur about the —CH,CNH" +H 0.03
primary ions of N and N* with CHj initiate the ion process

and product ions of Ck, CHs™, CH,*, and HCN. Then the — CH," + HCN+H 0.02
ions react further with ClHand also with other hydrocarbons

that are present in some abundance in Titan’s atmosphere such —HCCNH" +H,+H 0.01

as GHa, CoHa, CoHg, etc. In this way, a complex matrix of

reactions is quickly established with a wide range of products. However, to the best of our knowledge, there is no theoretical
Capone et al. suggested that simple organitrogen com- study on these reactions. In the present paper, we investigate a
pounds such as HCN are formed by cosmic ray bombardmentdetailed theoretical study on the reaction mechanism of HCN

in lower Titan’s atmosphere (1650 km)!3and a mechanism  with CHa.

of C;H, with HCNH* has also been proposed by Capone et
al14 2. Computational Methods

The ions and molecules chemistry in Titan's atmosphere are  All calculations were performed using the Gaussian 98
complex, which attracts chemists’ and astronomers’ attention. program packag#. The geometries of all the reactants, products,
Several laboratory experimental techniques have been used tantermediates, and transition states are optimized using the
simulate the chemistry occurring in Titan’s atmosphere. For popular density functional theory B3LY¥Pfunctions in con-
example, McEwan, Anicich, and co-workers performed a lot junction with the d,p-polarized 6-311G(d,p) basis set. Frequency
of reactions using SIFT and ICR laboratory measureménts. calculations were performed at the same level to check the
Some theoretical investigations have also been done on theobtained species is an isomer (with all real frequencies) or a
reactions of Titan’s atmosphere, such as reactions of NH with transition state (with one and only one imaginary frequency).
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Figure 1. Optimized structures of the reactants and products at the B3LYP/6-311G(d,p) level. Distances are given in Angstroms and angles in
degrees; the values in parentheses are at the QCISD/6-311G(d,p) level.

Intrinsic reaction coordinate (IR&) calculations were per-  The symbol TSm/n is used to denote the transition state
formed at the B3LYP/6-311G(d,p) level to confirm that the connecting intermediatan andn. The energy of the reactant
transition state connects the designated intermediates. To obtair?HCN* + 1CH,) is set to zero for reference. Unless stated
more reliable energetic data, single-point energy calculations otherwise, the relative energies mentioned hereafter refer to the
were carried out at the CCSD(T)/6-311G-(3df,2pdf* level CCSD(T)/6-311G-+(3df,2pd)//B3LYP/6-311G(d,pyZPVE
using the B3LYP/6-311G(d,p)-optimized geometries. For the (zero-point vibrational energy) level. The relative energies
favorite channels, the structures and energies were calculatedncluding ZPVE corrections of all the species are listed in Table
at the CCSD(T)/6-311&+(3df,2pd)//QCISD/6-311G(d, p) 1, and the CCSD(T)/6-3116+(3df,2pd)/QCISD/6-311G-

level. (d,pHZPVE energetic values for some critical species are
] ] shown in Table 2. In addition, a schematic of the potential-
3. Results and Discussion energy surface (PES) of the HEN- CH, reaction is depicted

The optimized structures of reactants and products are shownn Figure 4.
in Figure 1, and the optimized structures of the intermediates 3.1. Reactant Channel AnalysisThe reactant HCN is a
and transition states are shown in Figures 2 and 3, respectively2X electronic state. Both of its single-electron and positive
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Figure 2. Optimized structures of the intermediates at the B3LYP/6-311G(d,p) level. Distances are given in Angstroms and angles in degrees. For
the structures on the optimal channels, the values in parentheses are at the QCISD/6-311G(d,p) level.

electrical charge are focused on the terminal N atom, so the N |. P; *HCNH ™42CH3). Path P;: R — 1 — P;. The product
atom is the active point of HCN In Figure 4, the channels  P; (*HCNH™' + 2CH,) is 64.4 65.4 kcal/mol lower than the
have been marked and the products listed. From Figure 4, wereactant, and it can be obtained via dissociation of prereaction
can see that the attack of the N atom on one H atom of the complex 1 directly. The Italic value in parentheses is at the
CH,4 molecule leads to a prereaction compleHCNHCH;™). CCSD(T)//QCISD+ZPVE level. The internal €H bond of
The prereaction compled is 75.5 kcal/mol more stable prereaction complegis 1.754 A, 60% longer than other-&
than the reactant, and all the pathways start from it; we also bonds (about 1.08 A) and easy to be broken. At the B3LYP/
see that seven products are obtained. Among all the pro-6-311G(d,p) level, no transition state is found during this
ducts,P, and P; are 16.4 and 46.4 kcal/mol higher than the process, and the corresponding scan for differenHGlistance
reactant, respectively, whilB,, P,, P3, Ps, and Ps are 64.4, shows no sign of barrier at this level (as shown in Figure 5).
76.3, 65.5, 29.4, and 27.4 kcal/mol lower than the reactant, Thus, we confirm that the proce$s— P; is a direct H-extraction
respectively. process without energy barrier.
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Figure 3. Optimized structures of the transition states at the B3LYP/6-311G(d,p) level. Distances are given in Angstroms and angles in degrees.

J. Phys. Chem. A, Vol. 112, No. 12, 2008697

@

[4.068
179.89  100.79]
1

®l.1?2

TS10/P6

126.69 108.81

1.092

y W,
@

120.33 104.49

1.140

TSP3/P2

For the structures on the optimal channels, the values in parentheses are at the QCISD/6-311G(d,p) level.

Il. P2(CH3CNH™ + H). P, (CHCNH*' + H) is the lowest
lying product, which is 76.376.9 kcal/mol lower than the

lll. P 3 (HCNCH 3™+H). ProductP; is 65.5 66.1) kcal/mol
more stable than the reactant. There are three possible pathways

reactant. We find three possible reaction pathways as to generate it.

follows
PathP,(1): R—1—TS1/2—2—TS2/P,— P,

Path P, (2): R—1—TS1/2—2—TS2/5—5—
TS5/P,— P,

Path P, (3): P;— TSPy/P,— P,

The productP, can be obtained from dissociation of the-8
and N-H bond of intermediate2 and5, respectively. Inter-
mediate2 can be produced by compléxvia an internal G-H
bond being broken and a-€C bond being formed. Since the

Path P, (1) R— 1—TS1/4— 4— TS4/6— 6 — P,

Path P, (2): R—1— TS1/3—3— TS3/4— 4 —
TS4/6—6— P,

Path P; (3): P, — TSPy/P,— P,

The productP; can be obtained from intermediadevia a
C—H bond elongatation to form intermedig€the C-H bond
lengthens to 2.993 A) and then an H-elimination process.
Intermediate4 can be viewed as the interna-E& bond of
complex1 cleaves and the €N bond is formed; at the same
time, the internal H atom transfers from the N to the C atom.

high-energy barrier step controls the reaction rate in a pathway, This is the rate-controlling step &fath P; (1), and the barrier

the step?2 — TS2/P, can be viewed as the rate-controlling step
of this path given that the barrier (2526.0kcal/mol) of it is
higher than the other step (8.80.5kcal/mol for 1 — TS1/2).
Intermediateb can be obtained from intermedie2evia a 2,3 H
shift (from the C atom to the N atom) and then an H-elimination
process leading t®,. Obviously,2 — TS2/5 can be seen as
the rate-controlling step foPath P, (2), and the activation
energy of2 — TS2/5is 41.1 kcal/mol. The third way to form
P, is a secondary reaction, and it can be obtained fieyn
(HCNCH;* + H) via an isomerization process. The transition
stateTSPs/P; is 1.6 kcal/mol higher than the reactant, and the
barrier of P3 — TSPs/P; is 67.1 kcal/mol. Among the three
channels, the optimal one Bath P, (1) with an activation
energy of 25.6 26.0 kcal/mol.

of 1 — TS1/4is 53.8 kcal/mol. There is another waydth P;
(2)) to form intermediatet. From prereaction complek, the
internal C-H bond is broken and the €N bond formed to
generate intermediat&é After that, the internal H atom shifts
from the N atom to the C atom. IRath Ps (2), the rate-
controlling step i3 — TS3/4, which is 44.8 kcal/mol and more
likely to be followed tharPath Ps (1). The third way to obtain
Ps is P, isomerization toPs. The barrier ofP, — TSP4/P; is
high to 77.9 kcal/mol. Thus, the optimal channel to generate
Ps is Path P; (2).

IV. P4 (H+HCN+CHg3"). ProductPy is 16.4 kcal/mol higher
than the reactant. The only way to generate it is

Path P, P;,—P,
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TABLE 1: Energies of the Reactants, Products, Intermediatesm and Transition States at the B3LYP/6-311G(d,p) and
CCSD(T)/6-311G++(3df,2pd)//B3LYP/6-311G(d,p) Levels (in au; the values in parentheses and total column are relative

energies in kcal/mol)

species B3LYP ZPVE CCSD//B3LYP total
R (PHCN' + CHy) —133.48904 37.20152 (0.0) —133.21720 (0.0) 0.0
P1(HCNH* + CHy) —133.58692 36.05638+1.1) —133.31804 {-63.3) —64.4
Po(CH:CNH* + H) —133.60562 35.03538+2.2) —133.33533¢74.1) —76.3
P3 (HCNCHz" + H) —133.58713 35.487361.7) —133.31878¢63.7) —65.5
P4 (CHs™ + HCN + H) —133.44554 29.89384+7.3) —133.17937 (23.7) 16.4
Ps (CNCHCH,™ + Hy) —133.52996 32.98985+4.2) —133.25741(25.2) —29.4
Ps(NCCH;™ + Hy) —133.53279 31.18823+6.0) —133.25136 {-21.4) —27.4
Pz(HCCNH" + H,+ H) —133.39966 24.7384212.5) —133.12336 (58.9) 46.4
CT(HCN + CH,") —133.51926 32.95958+4.2) —133.24107 £15.0) —19.2
1 —133.60842 36.93844-0.3) —133.33702 ¢ 75.2) —75.5
2 —133.64958 40.80096+3.6) —133.37281{-97.6) —94.0
3 —133.64045 42.67504-5.5) —133.36732{94.2) —88.7
4 —133.65211 40.67285+3.5) —133.37348{-98.1) —94.6
5 —133.66751 42.22524-5.0) —133.39005 {-108.5) —103.4
6 —133.58766 35.81411H1.4) —133.31947 {-64.2) —65.6
7 —133.64978 40.64680-3.4) —133.37288+(97.7) —94.2
8 —133.55260 35.53261H1.7) —133.27194{34.3) —36.0
9 —133.53820 37.61322-0.4) —133.26491 {29.9) —29.5
10 —133.43658 26.1142111.1) —133.16279 (34.1) 23.1
TS1/2 —133.59192 36.94376-0.3) —133.32391 {-67.0) —67.2
TS1/3 —133.59177 37.21345 (0.0) —133.31516 £ 61.5) —61.5
TS1/4 —133.50951 33.96213+3.2) —133.23073{-8.5) -11.7
TS1/8 —133.55246 34.99873+2.2) —133.27220{34.5) —36.7
TS2/P, —133.59832 35.966541.2) —133.32425{-67.2) —68.4
TS2/5 —133.57874 37.351170.1) —133.30174 {53.0) —52.9
TS2/7 —133.64785 39.75929+2.6) —133.37069 {-96.3) —93.8
TS3/4 —133.56318 37.8612210.7) —133.28817 - 44.5) —43.9
TS4/6 —133.58508 35.97926+1.2) —133.31247 {59.8) —-61.0
TS5/P, —133.59481 35.786931.4) —133.31692 {-62.6) —64.0
TS7/Ps —133.53084 36.097521.1) —133.25465{-23.5) —24.6
TS8/9 —133.53595 36.907860.3) —133.26029 {-27.0) —-27.3
TS9/Ps —133.51592 33.38434+3.8) —133.23872{13.5) -17.3
TS10/” —133.27987 21.09764-16.1) —133.00992 (130.1) 114.0
TSPy/P, —133.48453 32.46125+4.7) —133.21219¢3.1) -1.6
TSPs/Ps —133.44830 30.86210-6.3) —133.17984 (23.4) 17.1
TS10/R —133.44318 26.38106+(10.8) —133.16335 (33.8) 23.0

TABLE 2: Energies of the Structures on the Optimal

Channels at the CCSD(T)/6-311G-+(3df,2pd)//B3LYP/
6-311G(d,pp-ZPVE and CCSD(T)/6-311G++ (3df,2pd)//
QCISD/6-311G(d,pXZPVE Levels (in au; the values in

V. Ps (cNCHCH,™+H5). The productPs is 29.4 kcal/mol

parentheses and total columns are relative energies in

more stable than the reactant. The way to form pro@gcs as
follows

kcal/mol) PathP;; R—1—TS1/8—8—TS8/9—9—

species CCSD(T)/B3LYP total1 CCSD(T)/QCISD total 2 TS9/P; — Py

R —133.21720 (0.0) 0.0 —133.21722 (0.0) 0.0 _ ) )

1 —133.33702¢75.2) —75.5 —133.33730{75.3) —75.9 As it can be seen from the schematic of PES¢an be obtained
2 —133.37281{97.6) —94.0 —133.37283¢97.6) —94.3 from intermediated via the G-N bond formed incorporating
3 —133.36732(94.2) —88.7 —133.36739(94.2) —89.1 with two H atoms eliminated as an,hholecule. On the PES,
4 —133.37348¢98.1) —94.6 —133.37364{98.2) —94.8 that int dic transformm to int diat
6 —133.31947¢64.2) —65.6 —133.31947¢64.2) —66.4 We can see that Intermediaaecan transtorm {o intermedia

7 —133.37288{97.7) —94.2 —133.37289{97.7) —94.5 via breaking one of the internal-H bonds and forming the
8 —133.27194¢34.3) —36.0 —133.27237{34.6) —36.4 CC bond. Since the transition stai&1/8 lies lower thansg,

g *gg-g?ggi%g-g) *22-2 *gg-gigggfgg-g) 7(232'471 intermediate8 may be not a stationary point and the prereaction
P; _133'33533((:74'13 763 _133'33552{(:74'2; _76.9 complex 1 can generate intermediat directly. The rate-
P, ~133.31878(63.7) —65.5 —133.31888{63.8) —66.1 controlling step may b& — TS8/9, and the barrier is 48.2 kcal/
Ps —133.25741¢25.2) —29.4 —133.25765¢25.4) —30.4 mol.

'Fr)681/2 :iggggég?g%gg :g;-g :igg-ggiggg%-g; :ég-? VL. Ps (NCCH3" + Hy). The productPs lies 27.4 kcal/mol
TSI/3 —133.315164615) —615 —133.31198¢59.5 —59.6 lower than the reactant. It can be generated via the following
TS1/8 —133.27220434.5) —36.7 —133.27279{34.9) —37.2 steps

TS2/P, —133.32425{67.2) —68.4 —133.32335¢66.6) —68.3

TS2/7 —133.37069{96.3) —93.8 —133.37069¢96.3) —94.1 Path P; (1) R—1—TS1/2—2—TS2/7—7—

TS3/4 —133.28817{44.5) —43.9 —133.28818(44.5) —44.3 TS7/P. — P
TS4/6 —133.31247¢59.8) —61.0 —133.31098¢58.8) —60.5 6 6
TS7/Ps —133.25465¢23.5) —24.6 —133.25591{24.3) —25.2

TS8/9  —133.26029 {27.0)

—27.3 —133.26058 {27.2)

The channel to form produ®s has been discussed in Ill, and
the NC bond of B being broken directly leads t8,.

~275  Path P, (2): Py— TS PyP;— P,

In the first channel, intermediacan be produced by complex
1 via an internal G-H bond being broken and a-€C bond
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Figure 4. Sketch map of the potential-energy surface (PES).
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Figure 5. Dissociation curve of 1_P1 computed at the B3LYP/6-311G(d,p) level. The horizontal line denotes theRdnergy
being formed. The transformation 8f— 7 is a N—H rotation VII. P7 (H + H; + HCCNH ™). ProductP; is 46.4 kcal/mol

process (around NC bond), and then the H atom bonded higher than the reactant. It can be formed via prodR4dh the

to N transfers to the internal C atom and is eliminated as a following way

H, molecule with the H on the C to generd®s. We can see

from the schematic of the PES that the pathway must over- Path P,: P, — TSP/10— 10— TS10/R, — P,

come a high barrier of 69.6 kcal/mof (—~ TS7/Ps) to form

Ps. The second way is a cyclic opening and an H-shift process Pg is NCCH* + H,, and the way to generate it has been
from Ps. Although the energy barrier iRath Ps (2) is lower discussed in VI. Its H-elimination process forms intermediate
thanPath Ps (1), the transition stat& SPs/Pg is 17.1 kcal/mol 10 and then via rearrangement yielBs. The energy barriers
higher than the reactant, so we viewPdth Ps (1) as the of the two processes are 50.5 and 90.9 kcal/mol, respectively.
main channel to fornPs with an activation energy of 69.6 kcal/  Thus, the rate-controlling step 0 — TS10/P with an
mol. activation energy of 90.9 kcal/mol.
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3.2. Charge-Transfer Channel.According to the experi-

Li et al.

and CCSD(T)//QCISB-ZPVE are close to each other with the

mental investigation of Anicich et al., a charge-transfer product largest deviation 1.9 kcal/mol ofS1/3 Thus, the present

(CT) CHst + HCN has been detected. In our calculation, this

computational method is expected to provide reliable mecha-

channel has not been found. However, we can see in Table 1nistic information for HCN + CHj, reaction.

that this CT product is 19.2 kcal/mol lower than the reactant

and that this exothermic reaction may be generated via long- 5. Conclusion

range collisions, and therefore, it should be a competitive

channel.
3.3. Product Analysis.Comparing every optimal channel of

forming possible products, we found that the energy barrier orderf

of the rate-controlling step increases as follow&ath P; —
Path P, (1) (25.6)— Path P; (2) (44.8)— Path P, (44.8)—
Path Ps (48.2)— Path Ps (1) (69.6)— Path P; (90.9). Since

the energy of the barrier determines the reaction rate of the

product, the rate order should B (HCNH* + CH3) > P,
(CHsCNH* + H) > P3 (HCNCHgst + H) > P4 (CHs™ + HCN

+ H) > Ps (cNCHCH," + H,) > Pg (NCCHst + Hy) > P;
(HCCNH" + H; + H). Considering thaP, (CHs™ + HCN +
H) is the second-order product B and P; (HCCNH" + H,

+ H) is the second-order product B andPs, P; may dissociate
to P4 (CHs™ + HCN + H) whereasPs and P may dissociate
to P; (HCCNH"™ + H, + H) at high-temperature experimental
conditions, so the final products may Bg (HCNH' + CHs)

> P, (CHsCNH" + H) > P4 (CHs" + HCN + H) > Py
(HCCNH" + H, + H), while at low-temperature experimental
conditions the exothermic producks, Ps, and Pg should be
found in the experimental process insteadPpandP7, and the
final products may bé; (HCNH' + CHz) > P, (CH;CNH™

+ H) > P3 (HCNCHs™ + H) > Ps (cNCHCH," + Hy) > Pg
(NCCHs™ + Hy). In addition, it should be mentioned that the
charge-transfer produc€T (HCN + CH;") should be a
competitive product too.

In 2004, Anicich et al. performed experimental studies on
the reaction HCN + CH, using the flowing afterglow-selected
ion flow tube (FA-SIFT) at room temperature. The experimental
results show the products and distributions as HCNHCH;3
(0.90)> CH4* + HCN (0.04)> CH3CNH" + H (0.03)> CHg*

+ HCN + H (0.02) > HCCNH" + H, + H (0.01). Among the
products, HCNH + CHjs corresponds t@; in our result and
the distribution is much higher than other productssCNH*
+ H corresponds td; in our study. CH" + HCN + H and
HCCNH' + H, + H correspond tdP4 and P, respectively.

This result is in good agreement with our calculations. However,
the low temperature in Titan’s atmosphere is about 170 K, and

its surface temperature is 96K so in our opinion, the products
P3 (HCNCHs™ + H), Ps (c(NCHCH:" + Hy), andPs (NCCHs*™
+ Hy) should also exist in interstellar space.

A detailed theoretical investigation has been carried out on
the reaction of HCN + CHj; the result can be summarized as
follows: starting from the reactant, a prereaction comgléx
ormed, 1 can undergo H transfer leading By (HCNH" +
CHs), which is a direct process. Besideg there are other six
productsP; (CHCNH* + H), P3 (HCNCHs* + H), P4 (HCN
+ CHs" + H), Ps (cNCHCH;" + Hp), Ps (NCCHs™ + Hp),
and P; (HCCNH" + H, + H). The energies of the rate-
controlling steps are increased in turn. At high-temperature
experimental conditions, the final products mayragHCNH™*

+ CHs) > P, (CHsCNH" + H) > P4 (HCN + CHzt + H) >

P; (HCCNH" + H, + H); at low-temperature experimental
conditions, the final products may g (HCNH*™ + CHs) >

P, (CHsCNH™ + H) > P3 (HCNCH;™ + H) > Ps (cNCHCH,™

+ H,) > Pg (NCCHs™ + H,). The conclusions are in good
agreement with the experimental investigation, and we hope
the results may provide useful information for understanding
the ion—molecule reaction in Titan’s atmosphere.
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