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Abstract A detailed theoretical study is carried out at the

B3LYP/6-311G(d,p) and CCSD(T)/6-311??G(3df,2pd)

(single-point) levels as an attempt to investigate the

mechanism of the little understand ion–molecule reaction

between HCN? and NH3. Various possible reaction path-

ways are considered. It is shown that six dissociation

products P1(NH3
? ? HCN), P2(NH4

? ? CN), P3(NH3
? ?

HNC), P9(HCNH? ? NH2) P10(NCNH3
? ? H), and

P12(HNCNH2
? ? H) are both thermodynamically and

kinetically feasible. Among these products, P1 is the most

competitive product with predominant abundance. P3 and

P9 may be the second feasible products with comparable

yields. P12 may be the least possible product followed by

the almost negligible P2 and P10. Because the isomers and

transition states involved in the HCN? ? NH3 reaction all

lie below the reactant, the title reaction is expected to be

rapid, which is consistent with the measured large rate

constant in experiment. The title reaction may have a

potential relevance in Titan’s atmosphere, where the tem-

perature is very low. Furthermore, our calculated results

are compared with the previous experimental findings.

Keywords Reaction mechanism �
Potential energy surface (PES) � HCN? � NH3

1 Introduction

Titan, the largest satellite of Saturn, has received consid-

erable attention due to its unique atmosphere. The structure

and composition of Titan’s atmosphere has long been the

subject of extensive studies [1–6]. It is shown that Titan’s

dense and composed atmosphere is mainly made of nitro-

gen (N2) and methane (CH4), but also contains traces of

hydrogen, ethane (C2H6), ethylene (C2H4), acetylene

(C2H2), hydrogen cyanide (HCN), acetonitrile (CH3CN),

cyanoacetylene (HC3N) and cyanogen (C2N2) [7–11].

Solar radiation and magnetospheric electrons ionize Titan’s

major constitutes, N2 and CH4 to generate the primary ions

N?, N2
?, CH?, CH2

?, CH3
?, and CH4

? [12–16]. Subse-

quently, these ions can react further with other neutral

species that is present in Titan’s atmosphere. Such ion-

neutral reactions generally take place very fast and may

thus play a crucial role in depleting old molecules or ions

and synthesizing new molecule or ions. Until now, a large

number of investigations have been performed to model the

ion-neutral reactions which take place in Titan’s atmo-

sphere [17–24].

Among these studies, the reaction of HCN? with NH3

attracts our great interest. However, to the best of our

knowledge, only one experimental study has been carried

out. The measured rate constant at room temperature is 2.8 9

10-9 cm3 s-1 [17]. Moreover, McEwan et al. [17] proposed

three channels for the reaction of HCN? with NH3 as:

HCNþ þ NH3 ! NHþ3 þ HCN 0:6

! NHþ4 þ CN 0:05

! HCNHþ þ NH2 0:3

Unfortunately, no theoretical study has been reported

until now. Without detailed potential energy surface (PES)
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information, it is difficult to discuss the mechanism of the

title reaction. Therefore, in the present paper, we

performed a detailed theoretical study on the reaction of

HCN? with NH3. Our main goal is to provide elaborated

isomerization and dissociation pathways of the title

reaction and thereby to interpret previous experimental

observations.

2 Computational methods

All calculations are carried out using the GUASSIAN 98

program package [25]. The optimized geometries and

harmonic frequencies of the reactant, products, isomers and

transition states are calculated at the B3LYP/6-311G(d,p)

level. To confirm the connections of the transition states

between designated isomers, we performed intrinsic reac-

tion coordinate (IRC) calculations at the same level of

theory. Furthermore, to yield more reliable energetic data,

single-point calculations are performed at the CCSD(T)/

6-311??G(3df,2pd) level using the B3LYP/6-311G(d,p)-

optimized geometries. To test the reliability of the results,

we performed additional single-point energy calculations

for some critical species at the G3B3 level using the

B3LYP/6-311G(d,p)-optimized geometries and scaled

B3LYP/6-311G(d,p)-zero-point energies.

3 Results and discussion

The optimized structures of reactant and products are shown

in Fig. 1, while the optimized structures of isomers and

transition states are depicted in Figs. 2 and 3, respectively.

For simplicity, only the calculated4E,4H,4S, and4G of

the reactant, products, isomers and transition states are

shown in Table 1. The other informations are available in

supporting materials. For convenient discussion, the total

energy of the reactant R (HCN? ? NH3) is set as zero for

reference. The symbol TSm/n is used to denote the transition

state connecting isomers m and n. By means of the interre-

lationship among the reactant, products, isomers and tran-

sition states, the schematic potential energy surface (PES) of

the HCN? ? NH3 reaction is presented in Fig. 4. Unless

otherwise specified, the CCSD(T)/6-311??G(3df,2pd)//

B3LYP/6-311G(d,p) ? ZPVE energies are used throughout.

3.1 Initial association

HCN? has C?v symmetry and 2P electronic state. The

respective spin distribution of HCN? is -0.013712,

0.419415, and 0.594297e on H, C, and N. So, both C and N

can be viewed as the active site of HCN?. On the other hand,

at the B3LYP/6-311G(d,p) level, the HOMO and LUMO

energies of HCN? are -0.74452 and -0.62122 a.u.,

respectively, while those of NH3 are -0.25848 and

0.03901 a.u., respectively. The absolute energy difference

0.36274 a.u. between E(HOMONH3) and E(LUMOHCN
? ) is

smaller than 0.78353 a.u. between E(HOMOHCN
? ) and

E(LUMONH3). Therefore, according to frontier orbital the-

ory, the interaction should take place between HCN?’s

LUMO and NH3’s HOMO resulting in two initial adducts 1

HCNNH3
? (-86.9) and 2 NCHNH3

? (-110.1). Values in

parentheses are relative energies in kcal/mol with reference

to the reactant R (HCN? ? NH3)(0.0). The HOMO and

LUMO of HCN? and NH3 are shown in Fig. 5.

With the large heat released from the initial step, iso-

mers 1 and 2 can take further changes. For convenient

discussion, the evolution pathways of 1 are shown in

Fig. 4a while those of 2 are shown in Fig. 4b.

3.2 Reaction pathways

3.2.1 Reaction pathways of 1

Starting from 1, nine kinds of dissociation products

P1(NH3
? ? HCN), P2(NH4

? ? CN), P3(NH3
? ? HNC),

P4(HCNNH2
? ? H), P5(c-NHNCH2

? ? H), P6(c-CHN

NH2
? ? H), P7(HNNCH2

? ? H), P8(HCNNH? ? H2),

and P9(HCNH? ? NH2) can be obtained as shown in

Fig. 4a. In the following part, we will discuss the formation

pathways of these nine products.

P1 NHþ3 þHCN
� �

ð1Þ

From Fig. 4a, we find that two pathways are energetically

possible to form the charge-transfer product P1. They can

be written as:

Path P1 1ð Þ R! 1! 3! P1

Path P1 2ð Þ R! 1! 6a! 6b! 7! P1

1 HCNNH3
? can undergo N–N bond rupture to form

the weakly bound complex 3 HCN���NH3
? before the

final product P1 as in path P1(1). Alternatively, 1 can

take 2,3-H-shift to generate 6a HCNHNH2
?, which can

convert to 6b via internal C–N bond rotation. Then, 6b

undergoes concerted N–N bond rupture along with

H-shift to form the weakly bound complex 7

HCN���HNH2
?. Finally 7 can directly dissociate to P1

as in path P1(2). It should be noted that the step of

7?P1 is a barrierless process as confirmed by the

pointwise potential curve calculated at the B3LYP/

6-311G(d,p) level (shown in Fig. 6a).

Clearly, path P1(1) is simpler than path P1(2). Most

importantly, the energy barrier 0.2(1?3) kcal/mol

involved in path P1(1) is significantly lower than 54.6
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(1?6a), 7.0 (6a?6b) and 13.6 (6b?7) kcal/mol in path

P1(2). Thus, we expect that path P1(1) is the optimal

channel to form P1.

P2 NHþ4 þ CN
� �

and P3 NHþ3 þHNC
� �

ð2Þ

The formation pathway of 3 HCN���NH3
? is the same as

that in path P1(1). Then 3 can undergo either H-shift along

with N–N bond fission to yield P2 or 1,2-H-shift

accompanied by N–N bond fission to generate P3. The

barriers for 3?P2 and 3?P3 conversions are 43.7 and

54.3 kcal/mol, respectively. The formation pathway of P2

and P3 can be depicted as:

Path P2 R! 1! 3! P2

Path P3 R! 1! 3! P3

P4 ðHCNNHþ2 þHÞ ð3Þ

There are two pathways to form product P4 which can be

listed as:

Path P4 1ð ÞR! 1! P4
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Fig. 1 The optimized structures

of the reactant and products at

the B3LYP/6-311G(d,p) level.

Distances are given in

angstroms and angles in degrees
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Path P4 2ð ÞR! 1! 4! P4

1 HCNNH3
? can take either H-elimination to form P4 as in

path P4(1) or continuously 1,3-H-shift and C–H bond

cleavage to form 4 CH2NNH2
?, then to P4 as in path P4(2).

In path P4(1), only one barrier 50.3 kcal/mol is needed to

climbed from 1 to P4, while in path P4(2), two barriers are

needed to surmount, those are 46.7 and 54.3 kcal/mol for the

steps of 1?4 and 4?P4, respectively. Therefore, the optimal

channel to form P4 is path P4(1).
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Fig. 2 The optimized structures of the isomers at the B3LYP/6-311G(d,p) level. Distances are given in angstroms and angles in degrees
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P5 ðc-NHNCHþ2 þHÞ and P6ðc-CHNNHþ2 þHÞ ð4Þ

Only one feasible pathway is associated with formation of

either P5 or P6. They can be written as:

Path P5 R! 1! 4! 5! P5

Path P6 R! 1! 4! 5! P6

4 CH2NNH2
? undergoes a ring-closure process to generate

the three-membered cyclic isomer 5 c-CH2NNH2
?.

Subsequently, 5 can undergo either N–H bond rupture

lead to P5 or C–H bond cleavage lead to P6. The energy
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Fig. 3 The optimized structures of the transition states at the B3LYP/6-311G(d,p) level. Distances are given in angstroms and angles in degrees
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barriers for 4?5, 5?P5 and 5?P6 conversions are 48.1,

64.8 and 49.6 kcal/mol, respectively.

P7 ðHNNCHþ2 þHÞ ð5Þ

From Fig. 4a, we find that two pathways are energetically

possible to form P7 which can be presented as:

Path P7 1ð ÞR! 1! 6a! 8! P7

Path P7 2ð ÞR! 1! 6a! 6b! 8! P7

The formation of 6 (6a, 6b) HCNHNH2
? is the same as

that in path P1(2). Subsequently, both 6a and 6b can take

1,3-H-shift which gives rise to 8 HNNHCH2
?. Finally, 8

undergoes internal N–H bond rupture lead to P7.

Path P7(1) is slightly simple than path P7(2), thus we

expect path P7(1) is the favorite channel to generate P7.
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The energy barriers for 1?6a, 6a?8, and 8?P7 conver-

sions are 54.6, 36.3, and 66.1 kcal/mol, respectively.

P8 ðHCNNHþ þH2Þ ð6Þ

There are two feasible pathways to form P8 which can be

written as:

Path P8 1ð ÞR! 1! 6a! 8! 9! P8

Path P8 2ð ÞR! 1! 6a! 6b! 8! 9! P8

Besides dissociate to P7, 8 HNNHCH2
? can also

isomerizes to 9 HNNCH3
? via a 1,2-H-shift process.

Finally, 9 undergoes H2-elimination lead to P8 as in path

P8(1) and path P8(2). The energy barriers for the steps of

8?9 and 9?P8 are 54.5 and 72.1 kcal/mol, respectively.

By comparison, we expect path P8(1) is competitive than

path P8(2).

P9 ðHCNHþ þ NH2Þ ð7Þ

As seen from Fig. 4a, only one pathway is associated with

the formation of P9. It can be written as:

Path P9 R! 1! 6a! 6b! 7! P9

The formation pathway of 7 HCN���HNH2
? has been

discussed previously. Subsequently, 7 can directly

dissociate to P9 without any encounter barrier. To further

confirm 7?P9 is a barrierless process, we calculate the

pointwise potential curve at the B3LYP/6-311G(d,p) level.

The dissociation curve of 7 is shown in Fig. 6b.

As shown in Fig. 4a, two products P1(NH3
??HCN)

and P9(HCNH??NH2) can be formed via 7. However,

P9(-76.1) is much higher than P1(-91.9). Thus, P1 should

be the dominant product from 7, path P9 may have neg-

ligible contribution to the title reaction.

3.2.2 Reaction pathways of 2

Starting from 2, five kinds of dissociation products

P3(NH3
??HNC), P9(HCNH??NH2), P10(NCNH3

??H),

Table 1 Relative energies(E), enthalpies(H), Gibbs free energies (G)

in kcal/mol and entropies (S) in calmol- K-1 of the reactant, prod-

ucts, isomers and transition states for the HCN??NH3 reaction

Species E H S G

Reactant 0.0 0.0 0.0 0.0

P1(NH3
? ? HCN) -91.9 -91.9 -0.3 -91.8

P2(NH4
? ? CN) -88.8 -89.0 -3.1 -88.1

P3(NH3
? ? HNC) –77.9 –77.7 0.6 –77.9

P4(HCNNH2
? ? H) -49.4 -49.5 -8.0 -47.1

P5(c-NHNCH2
? ? H) -19.6 -20.1 -9.5 -17.3

P6(c-CHNNH2
? ? H) -33.2 -33.8 -9.4 -31.0

P7(HNNCH2
? ? H) -41.0 -41.4 -8.8 -38.8

P8(HCNNH? ? H2) -48.7 -48.4 -4.5 -47.0

P9(HCNH? ? NH2) -76.1 -76.1 -0.2 -76.0

P10(NCNH3
? ? H) -61.9 -62.2 -8.0 -59.8

P11(CNNH3
? ? H) -23.4 -23.4 -5.4 -21.8

P12(HNCNH2
? ? H) -87.5 -87.6 -7.4 -85.4

1 -86.9 -88.3 -30.9 -79.1

2 -110.1 -111.7 -31.8 -102.2

3 -110.9 -111.5 -24.8 -104.1

4 -100.9 -102.4 -31.9 -92.9

5 -79.5 -81.5 -34.9 -71.1

6a -75.9 -77.6 -32.9 -67.8

6b -75.5 -77.1 -32.6 -67.4

7 -115.9 -116.7 -26.4 -108.8

8 -95.3 -97.2 -34.1 -87.1

9 -96.5 -98.0 -31.7 -88.6

10 -110.9 -112.4 -31.4 -103.1

11 -118.8 -120.7 -34.3 -110.5

12 -121.0 -122.7 -33.1 -112.9

13 -102.5 -103.2 -26.1 -95.4

14 -128.4 -130.0 -32.5 -120.3

TS1/3 -86.7 -88.2 -30.8 -79.0

TS1/4 -40.2 -42.1 -34.1 -31.9

TS1/6a -32.3 -33.9 -31.7 -24.4

TS1/P4 -36.6 -37.9 -30.6 -28.7

TS2/10 -68.2 -69.4 -29.6 -60.6

TS2/12 -75.3 -77.3 -34.5 -67.0

TS2/P10 -58.4 -59.6 -29.2 -50.9

TS3/P2 -67.2 -68.2 -27.7 -60.0

TS3/P3 -56.6 -56.7 -16.7 -51.7

TS4/5 -52.8 -54.8 -34.4 -44.5

TS4/P4 -46.6 -47.5 -27.7 -39.2

TS5/P5 -14.7 -16.3 -32.6 -6.6

TS5/P6 -29.9 -31.5 -32.3 -21.9

TS6a/6b -68.9 -70.6 -32.9 -60.8

TS6a/8 -39.6 -41.4 -33.9 -31.4

TS6b/7 -61.9 -63.2 -29.4 -54.4

TS6b/8 -1.2 -2.9 -33.1 7.0

TS8/9 -40.8 -42.7 -34.2 -32.5

TS8/P7 -29.2 -49.6 -32.0 -21.2

Table 1 continued

Species E H S G

TS9/P8 -24.4 -25.9 -32.0 -16.3

TS10/11 -71.2 -73.1 -34.2 -62.9

TS10/12 -63.1 -64.7 -33.0 -54.9

TS10/P11 -14.7 -15.8 -27.4 -7.6

TS10/P12 -69.3 -70.9 -32.4 -61.2

TS11/12 -76.3 -78.0 -33.7 -68.0

TS12/13 -89.3 -90.1 -25.5 -82.5

TS12/14 -74.0 -75.5 -32.1 -65.9

TS12/P12 -80.7 -81.9 -30.2 -72.9

TS14/P12 -78.8 -71.5 -30.7 -62.4
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P11(CNNH3
??H), and P12(HNCNH2

??H) are obtained

via successive isomerization and dissociation pathways. In

the following discussion, we focus on the formation path-

ways of these five products.

P3 NHþ3 þHNC
� �

ð1Þ

From Fig. 4b, we find that three pathways are possible to

yield P3 which can be depicted as:

Path P3 1ð ÞR! 2! 12! 13! P3

Path P3 2ð ÞR! 2! 10! 12! 13! P3

Path P3 3ð ÞR! 2! 10! 11! 12! 13! P3

In path P3(1), the initial adduct 2 NCHNH3
? undergoes

1,3-H-shift to generate 12 HNCHNH2
? followed by

concerted C–N cleavage and 2,3-H-shift lead to the

weakly bound complex 13 HNC���HNH2
?. Finally 13 can

directly dissociate to P3. Alternatively, 2 can undergo

1,2-H-shift to yield 10 HNCNH3
?. Subsequently, 10 can

take either 2,3-H-shift to generate 12 as in path P3(2), or

successive 1,3-H and 1,2-H-shift to generate 11

v-NH2CNH2
?, then to 12 as in path P3(3). The fate of
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Fig. 4 The potential energy surface (PES) of the reaction channels for the HCN??NH3 reaction. Erel are the relative energies (kcal/mol)

416 Theor Chem Acc (2009) 124:409–420

123



Fig. 5 HOMO and LUMO

orbital pictures of reactant
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Fig. 6 a Dissociation curve of 7-P1 computed at the B3LYP/

6-311G(d,p) level. b Dissociation curve of 7-P9 computed at the

B3LYP/6-311G(d,p) level. c Dissociation curve of 13-P3 computed at

the B3LYP/6-311G(d,p) level. d Dissociation curve of 13-P9 com-

puted at the B3LYP/6-311G(d,p) level
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12 is the same as that in path P3(1). Note that 13?P3

conversion is a barrierless process, the dissociation curve

of 13 is plotted in Fig. 6c.

Clearly, path P3(1) is relatively simple than the latter

two paths, then we expect path P3(1) is competitive than

path P3(2–3). Now, let us compare the feasibility of path

P3(1) with path P3 (R?1?3?P3) which has been dis-

cussed previously. One high barrier 54.3 (3?P3) kcal/mol

is involved in path P3, while two moderate barriers are

involved in path P3(1), which are 34.8 and 31.7 kcal/mol

for 2?12 and 12?13 conversions, respectively. In addi-

tion, the transition state TS3/P3 (-56.6) in path P3 is much

higher than TS2/12 (-75.3) and TS12/13 (-89.3) in path

P3(1). In view of these factors, we expect path P3(1)

should be the favorite channel to form P3.

P9 ðHCNHþ þ NH2Þ ð2Þ

From Fig. 4b, we find that three pathways are associated

with the formation of P9. They can be written as:

Path P9 1ð ÞR! 2! 12! 13! P9

Path P9 2ð ÞR! 2! 10! 12! 13! P9

Path P9 3ð ÞR! 2! 10! 11! 12! 13! P9

The formation pathway of 13 HNC���HNH2
? has been

discussed previously. Then, 13 can directly dissociate to P9

without any encounter barrier. To confirm 13?P9 is a

barrierless process, we calculate the pointwise potential

curve at the B3LYP/6-311G(d,p) level. The dissociation

curve of 13 is shown in Fig. 6d.

Obviously, path P9(1) is simpler than path P9(2–3), thus

path P9(1) should be the most feasible channel to form P9.

P10 NCNHþ3 þH
� �

and P11 CNNHþ3 þH
� �

ð3Þ

Only one possible pathway is associated with the formation

of P10 (NCNH3
? ? H) and P11 (CNNH3

? ? H), they can

be written as:

Path P10 R! 2! P10

Path P11 R! 2! 10! P11

In path P10, 2 NCHNH3
? undergoes C–H bond rupture

to form P10 with the energy barrier of 51.7 kcal/mol. In

path P11, 2 takes 1,2-H-shift to form 10 HNCNH3
?. Then

10 undergoes a concerted C–N bond rupture, N–N bond

formation and H-elimination process lead to P11. The

energy barriers for 2?10 and 10?P11 conversions are

41.9 and 96.2 kcal/mol, respectively.

P12 HNNCHþ2 þH
� �

ð4Þ

For product P12, six pathways are energetically possible as

follows:

Path P2 1ð ÞR! 2! 12! P12

Path P12 2ð ÞR! 2! 10! 12! P12

Path P12 3ð ÞR! 2! 10! 11! 12! P12

Path P12 4ð ÞR! 2! 12! 14! P12

Path P12 5ð ÞR! 2! 10! 12! 14! P12

Path P12 6ð ÞR! 2! 10! 11! 12! 14! P12

The formation of 12 HNCHNH2
? is the same as that in

path P3(1). Subsequently, 12 undergoes either C–H bond

rupture to form P12 as in path P12 (1–3), or successive

1,2-H-shift and N–H bond dissociation to generate 14

p-NH2CNH2
?, then to P12 as in path P12 (4–6). The bar-

riers for the steps of 12?P12, 12?14, and 14?P12 are

40.3, 47.0 and 49.6 kcal/mol, respectively.

By comparison, we find that path P12 (1–3) are simpler

than path P12 (4–6), thus the former three pathways should

be competitive than the latter three pathways. With respect

to the former three pathways, path P12 (1) is the simplest

one, it should be the favorite path to form P12.

4 Reaction mechanism

In the previous section, we have obtained twelve kinds of

dissociation products P1(NH3
? ? HCN), P2(NH4

? ? CN),

P3(NH3
? ? HNC), P4(HCNNH2

? ? H), P5(c-NHNCH2
? ?

H), P6(c-CHNNH2
? ? H), P7(HNNCH2

? ? H),

P8(HCNNH? ? H2), P9 (HCNH? ? NH2), P10(NCNH3
?

? H), P11(CNNH3
? ? H), and P12(HNCNH2

? ? H). For

easier discussion, the most feasible formation pathways for

these twelve products are listed again.

Path P1 1ð ÞR! 1! 3! P1

Path P2 R! 1! 3! P2

Path P3 1ð ÞR! 2! 12! 13! P3

Path P4 1ð ÞR! 1! P4

Path P5 R! 1! 4! 5! P5

Path P6 R! 1! 4! 5! P6

Path P7 1ð ÞR! 1! 6a! 8! P7

Path P8 1ð ÞR! 1! 6a! 8! 9! P8

Path P9 1ð ÞR! 2! 12! 13! P9

Path P10 R! 2! P10

Path P11 R! 2! 10! P11

Path P12 1ð ÞR! 2! 12! P12

The rate-determining transition state TS1/P4(-36.6) in

path P4(1), TS5/P5(-14.7) in path P4, TS5/P6(-29.9) in

path P6, TS8/P7(-29.2) in path P7(1), and TS9/P8(-24.4)

in path P8(1) and TS10/P11(-14.7) in path P11 lies

significantly high, which makes them kinetically
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unfeasible. Therefore, products P4, P5, P6, P7, P8 and P11

may unlikely be detected in experiment.

Now, let us compare the feasibility of the remaining six

products P1, P2, P3, P9, P10, and P12. First, because TS2/

P10(-58.4) in path P10 lies much higher than TS1/

3(-86.7) in path P1(1), TS3/P2(-67.2) in path P2, and

TS2/12(-75.3) in path P3(1), path P9(1), and path P12(1).

Path P10 should be the least competitive channel. Second,

the relative energy of TS12/P12(-80.7) is higher than that

of TS12/13(-89.3) in both path P3(1) and path P9(2),

which makes path P12(1) less competitive than path P3(2)

and path P9(2). Path P3(2) and path P9(1) may compete

with each other since the relative energies of P3 and P9 are

very close within 1.8 kcal/mol. So, we expect that these

two paths may have comparable contribution to the title

reaction. Third, as shown in Fig. 4, P1 lie much lower than

TS3/P2 and P2 in path P2. This makes P1 the dominant

product from 3, and thus P2 may have undetected yield.

Reflected in the final products distributions, a total of six

kinds of products P1(NH3
? ? HCN), P2(NH4

? ? CN),

P3(NH3
? ? HNC), P9(HCNH? ? NH2), P10(NCNH3

? ?

H), and P12(HNCNH2
? ? H) may be observed. Among, P1

should be the dominant product with largest yield, P3 and P9

may be the second feasible products with comparable yields.

P12 may be the third feasible product. P2 and P10 may be the

least feasible products with almost negligible yields.

Of course, for the present reaction system, it is desirable

to make kinetic studies. However, such calculations are

beyond the scope of the present article, and not considered

further.

5 Comparison with experiments

For HCN? ? NH3 reaction, only one experimental study

has been carried out at room temperature [17]. The mea-

sured large rate constant of 2.8 9 10-9 cm3 s-1 at 300 K

can be explained by the fact that the title reaction is a

barrierless association, isomerization and dissociation

process. Furthermore, McEwan et al. [17] obtained three

products NH3
? ? HCN, NH4

? ? CN and HCNH? ? NH2

with the respective branching ratios of 0.6, 0.05 and 0.3.

NH3
? ? HCN corresponds to P1 in our theoretical studies,

and the distribution is the highest in all products.

HCNH? ? NH2 corresponds to P9 which also has an upper

branching ratio. NH4
? ? CN can be found as a negligible

product P2 in our results. In these aspects, our theoretical

results are in nice agreement with previous experimental

studies. On the other hand, we predict another product P3

(NH3
??HNC) which was completely ignored by McEwan

et al. Based on our results, P3 may have the same contri-

bution as P9(HCNH? ? NH2). Therefore, further experi-

mental reinvestigation of the title reaction is desirable.

6 Reliability assessment

For the species involved in the most feasible formation

pathways of each products, we performed additional sin-

gle-point energy calculations at the G3B3 level using the

B3LYP/6-311G(d,p)-optimized geometries and scaled

B3LYP/6-311G(d,p)-zero-point energies. The relative

energies of these 31 species at the CCSD(T)/

6-311??G(3df,2pd)//B3LYP/6-311G(d,p) ? ZPVE and

G3B3//B3LYP/6-311G(d,p) levels are very close to each

other with the largest deviation 2.8 kcal/mol of TS12/P12.

Thus, we expect that the CCSD(T)/6-311??G(3df,2pd)//

B3LYP/6-311G(d,p) ? ZPVE method can provide reliable

mechanistic information for the HCN? ? NH3 reaction.

7 Conclusion

The B3LYP and CCSD(T) methods are used to explore the

potential energy surface of the ion–molecule reaction of

HCN? with NH3, which has never been studied theoretically.

The association between HCN? and NH3 is found to be

barrierless process forming two adducts, 1 HCNNH3
?, and 2

NCHNH3
?. Subsequently, 1 and 2 can take further changes

which lead to various products. We predict that six kinds of

dissociation products may be observed. Among them,

P1(NH3
? ? HCN) is the most competitive product with

predominant abundance. P3 (NH3
? ? HNC) and P9

(HCNH? ? NH2) are the less feasible products with com-

parable quantities, followed by the least possible

P12(HNCNH2
? ? H). P2(NH4

? ? CN) and P10(NCNH3
? ? H)

may have negligible yields. The barrierless nature of the

title reaction indicates that title reaction may have a

potential relevance in Titan’s atmosphere.
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Molina-Cuberos GJ (2000) Icarus 147:386

15. Wahlund JE, Bostro MR, Gustafsson G, Gurnett DA, Kurth WS,

Pedersen A, Averkamp TF, Hospodarsky GB, Personn AM, Canu

P, Neubauer FM, Dougherty MK, Eriksson AI, Morooka MW,

Gill R, André M, Eliasson L, Müller-Wodarg I (2005) Science

308:986

16. Lilensten J, Simon C, Witasse O, Dutuit O, Thissen R, Alcaraz C

(2005) Icarus 174:285

17. McEwan MJ, Anicich VG, Huntress MT (1981) Int J Mass

Spectrom Ion Phys 37:273

18. Vacher JR, Le Duc E, Fitaire M (1997) Planet Space Sci 45:1407

19. Mcewan MJ, Scott GBI, Anicich VG (1998) Int J Mass Spectrom

Ion Proc 172:209

20. Vacher JR, Le Duc E, Fitaire M (2000) Planet Space Sci 48:237

21. Anicich VG, Milligan DB, Fairley DA, McEwan MJ (2000)

Icarus 146:118

22. Milligan DB, Freeman CG, Maclagan RGAR, McEwan MJ,

Wilson PF, Anicich VG (2001) J Am Soc Mass Spectrom 12:557

23. Anicich VG, McEwan MJ (2001) Icarus 154:522

24. Carrasco N, Dutuit O, Thissen R, Banaszkiewicz M, Pernot P

(2007) Planet Space Sci 55:141

25. Frisch MJ, Trucks GW, Schlegel HB, Scusera GE, Robb MA,

Cheeseman JR, Zakrzewski VG, Montgomery JA Jr, Stratmann

RE, Burant JC, Dapprich S, Millam JM, Daniels AD, Kudin KN,

Strain MC, Farkas O, Tomasi J, Barone V, Cossi M, Cammi R,

Mennucci B, Pomelli C, Adamo C, Clifford S, Ochterski J,

Petersson GA, Ayala PY, Cui Q, Morokuma K, Malick DK,

Rabuck AD, Raghavachari K, Foresman JB, Cioslowski J, Ortiz JV,

Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,

Gomperts R, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng

CY, Nanayakkara A, Gonzalez C, Challacombe M, Gill PMW,

Johnson B, Chen W, Wong MW, Andres JL, Gonzalez C, Head-

Gordon M, Replogle ES, Pople JA (1998) Gaussian 98, Revision

A.6. Gaussian Inc., Pittsburgh, PA

420 Theor Chem Acc (2009) 124:409–420

123


	Theoretical study on the ion-molecule reaction of HCN+ with NH3
	Abstract
	Introduction
	Computational methods
	Results and discussion
	Initial association
	Reaction pathways
	Reaction pathways of 1
	Reaction pathways of 2


	Reaction mechanism
	Comparison with experiments
	Reliability assessment
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


