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Abstract 

 

The mechanism and dynamics of the reaction of C2(X1Σg
+) with NH(X3Σ-) have been 

investigated using electronic structure methods.  The CASPT2 calculations show that C2 can 

add to NH without a barrier.  Several intermediates involved in the reaction on the lowest 

triplet potential energy surface were optimized at the B3LYP level and then the potential 

energy diagram was refined at more accurate levels of theory.  In order to understand the 

reaction dynamics more quantitatively, direct dynamics calculations have been performed at 

the B3LYP level.  It has been found that the HNC molecule is efficiently produced from the 

C2 + NH reaction. 
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1. Introduction 

 

 It is widely known that the abundance ratio of HNC/HCN in many interstellar 

sources is observed to be of the order of 1-1/100 [1-5].  Since HNC is thermochemically less 

stable than HCN by 14 kcal/mol [6], the observed abundance ratio cannot totally be explained 

by thermal equilibrium and this finding has attracted much attention for recent years.  In 

order to explain such thermochemically unrealistic abundances in the interstellar clouds, 

several chemical reactions have been suggested that are capable of forming HNC/HCN 

products.  Among them, it has been widely accepted that the HCNH+ cation, which has been 

detected in the interstellar space by spectroscopic techniques, is the major precursor of the 

HCN/HNC production since this cation recombines with an electron to reach both the H + 

HCN and H + HNC channels with the branching ratio being nearly unity [7-10].  In addition 

to this dissociative recombination of HCNH+, it has been suggested that the neutral-neutral 

reaction, C(3P) + NH2(2B1), may also play a role in the HNC production [11-14]. 

 In this paper, we study the HNC production dynamics through the C2(X1Σg
+) + 

NH(X3Σ-) reaction from a theoretical point of view.  It is well known that the dicarbon 

molecule, C2, in its ground electronic state has high reactivity and is playing an important role 

in high-temperature hydrocarbon flames as well as chemical vapor deposition of diamond 

[15-18].  In addition, the C2 molecule has been detected in the interstellar medium [19,20] in 

carbon stars like IRC + 10216.  Therefore, understanding the mechanism and dynamics of 

reactions of C2 with various molecules is very important from a viewpoint of interstellar 

chemistry.  For example, Kaiser and his co-workers have extensively studied the reactions of 

C2 with unsaturated hydrocarbons [21,22] and H2S [23] using a sophisticated crossed 

molecular beam method combined with electronic structure calculations.  They have 

succeeded in identifying reaction products using mass spectroscopic techniques.  In addition, 

rate constants for reactions of C2 with simple molecules have been measured in a very 

low-temperature region and those rate constants are employed to understand the importance in 

the interstellar clouds [24].  As far as we are aware, the C2(X1Σg
+) + NH(X3Σ-) reaction has 

not yet been studied from the experimental side or theoretical side.  This is presumably 

because the C2(X1Σg
+) + NH(X3Σ-) reaction is a radical-radical type reaction, which is 
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relatively difficult to be studied experimentally.  However, it should be mentioned that 

theoretical studies based on electronic structure calculations and reaction dynamics 

calculations would be quite useful especially for such chemical reactions.  In the following 

sections we will theoretically show that the C2(X1Σg
+) + NH(X3Σ-) reaction effectively 

produces the HNC molecule.  We hope that the present study stimulate future experimental 

studies for understanding the HNC production mechanism in the dense interstellar clouds. 

 

2. Computational Method 

 

 Geometries of reactants, products, intermediates, and transition-states on the lowest 

triplet potential energy surface for the C2(X1Σg
+) + NH(X3Σ-) reaction have been optimized 

using the hybrid density-functional B3LYP method [25,26] with the 6-311++G(d, p) basis set.  

Harmonic vibrational frequencies were calculated at the same level of theory in order to 

characterize the optimized geometries as potential minima or saddle points as well as to 

obtain zero-point energy corrections.  Relative energies were then refined by single-point 

energy calculations at the CCSD(T)/6-311++G(3df,3pd) and full-valence 

CASPT2/aug-cc-pVTZ levels of theory so the overall levels can be written as 

CCSD(T)/6-311++G(3df,3pd)//B3LYP/6-311++G(d, p) or CASPT2/aug-cc-pVTZ 

//B3LYP/6-311++G(d, p).  All calculations were carried out using the Gaussian 03 [27] and 

Molpro 2002 [28] package programs. 

 Although the reaction energy diagram is quite useful for understanding the overall 

reaction mechanism, it is still insufficient for understanding reaction dynamics from a 

microscopic point of view.  Of course, one can also obtain statistical information from the 

RRKM theory; however, dynamical aspects including product energy distributions cannot 

easily be uncovered when the reaction does not proceed statistically.  In order to overcome 

this difficulty, we have performed direct trajectory calculations on the lowest triplet potential 

energy surface for C2 + NH.  The direct trajectory calculations were carried out at the 

B3LYP/6-311++G(d, p) level, which was determined by compromise of computational costs 

and the accuracy.  We employed the BOMD (Born-Oppenheimer molecular dynamics) 

method implemented in the GAUSSIAN 03 package [27].  This method uses a fifth-order 
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polynomial fitted to the energy, gradient, and Hessian at each time step, and then the step size 

is taken to be much larger than the step size used in the normal method employing only the 

gradient information [29].  As will be shown later, B3LYP/6-311++G(d, p)-level potential 

energy curves along appropriate internal coordinates were systematically compared to the 

potential curves obtained at a more accurate level of theory: CASPT2(8e,10o)/cc-pVTZ.  

Notice that the active space as well as basis set are somewhat reduced from the full-valence 

calculations used in the single-point energy calculations to save computational time. 

 

3. Results and discussion 

 

 Fig. 1 displays the energy diagram of the lowest potential energy surface involved in 

the reaction of C2(X1Σg
+) with NH(X3Σ-).  In this energy diagram, the energy level of the 

HNC(X1Σ) + C(3P) products are defined as zero.  It is found that the C2 + NH reactants have 

a relatively large energy indicating that both the HNC/HCN + C product channels have large 

available energies.  The reaction of C2 with NH firstly leads to the HNCC intermediate 

without an entrance barrier (shown later).  This HNCC intermediate can directly dissociate 

into the HNC + C channel; however, it is seen that the isomerization process leading to the 

NCCH intermediate through TS1 has a somewhat low energy barrier.  The NCCH 

intermediate can further isomerize into the CNCH intermediate through TS2 and TS3 and 

finally dissociate into C(3P) + HCN(X1Σ) having the lowest product channel in energy.  A 

part of this energy diagram has previously been obtained at a somewhat lower 

CCSD(T)/6-311+G(d, p)//B3LYP/6-311+G(d, p) level of theory by Goldberg et al. [30] in 

their mass spectrometric study on the ionic [H,C2,N] system.  However, it should be 

emphasized that they did not consider any dissociation channels at all.  We found that the 

present result at the CASPT2 level is in reasonably good agreement with their result within ca 

5 kcal/mol. 

 Before presenting direct dynamics BOMD results, it should be important to 

demonstrate the feasibility to use the B3LYP/6-311++(d, p) level of theory in the dynamics 

calculations.  Fig. 2(a) shows the potential energy curves as a function of the C-N distance 

obtained by the B3LYP and CASPT2 methods.  In this plot, other internal coordinates were 
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fully optimized with respect to energy at the B3LYP level of theory.  It is seen that there is 

no entrance barrier for the C2 + NH reaction and that agreement between the two results is 

quite good.  Figs. 2(b) and (c) show similar comparisons but for potential energy curves as a 

function of a different coordinate.  Again, agreement between the B3LYP and CASPT2 

results is seen to be good.  It is interesting to notice that both the CCNH and CNCH 

intermediates can finally dissociate into the C + HNC and C + HCN product channels, 

respectively, without exit barriers. 

 In the present BOMD calculations, the initial distance between C2 and NH was set to 

4 Å and the initial geometries of C2 and NH were set to the equilibrium distances.  The 

vibrational energies of C2 and NH were completely ignored for computational simplicity.  

This is somewhat unrealistic but its effect is expected to be small due to a very large available 

energy for the reaction.  The relative translational energy was fixed to 10-3 kcal/mol (nearly 

zero).  The initial orientation between C2 and NH molecule was randomly generated and the 

impact parameter was also randomly chosen in the range of 0-4 Å.  We have generated 277 

initial conditions and then run the GAUSSIAN program for each condition.  A typical 

integration time was found to be in the range of 150-300 fs depending on the nature of the 

trajectory.  About 300 trajectories obviously do not allow good quality statistical sampling 

but it must be kept in mind that the computational cost of the direct trajectory calculations is 

high even at the B3LYP/6-311++G(d, p) level.  In spite of this limitation, we believe that the 

present direct classical trajectory calculations give important information on the reaction 

dynamics. 

 Typical snapshots along the BOMD trajectory and the corresponding time-evolution 

of the potential energy are presented in Fig. 3.  It is seen that the HNCC intermediate is 

readily formed in this trajectory, but its lifetime is found to be quite short (~ 30 fs).  Since 

the C-N bond is firstly produced, it is reasonable that a large part of energy is partitioned into 

the C-N stretch vibration in an early stage.  However, since the C-C-N geometry is nearly 

collinear and mass difference between N and C atoms is quite small, momentum transfer can 

easily occur between N and C.  Therefore, the C-C bond rapture readily occurs and HNC + 

C is produced within very short time.  This suggests that, when the initially formed HNCC 

intermediate has nearly its equilibrium structure, it is difficult that an available energy is 
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partitioned into the kinetic energy of the hydrogen atom.  In other words, the isomerization 

process from the HNCC intermediate to HCCN via TS1 does not occur easily. 

 Table 1 summarizes the statistical result of our BOMD calculations.  It was found 

that 342 trajectories lead to HNC + C implying that the branching fraction of this channel is 

about 97 %.  Our simulations also show that 7 trajectories lead to the CNCH or CCNH 

intermediate, which did not dissociate into any products within 300 fs.  From the present 

BOMD simulation, it is therefore concluded that the C2(X1Σg
+) + NH(X3Σ-) reaction quite 

effectively produces the HNC molecule.  We have further analyzed the relative translational 

energy distribution between C + HNC as well as the internal (vibrational + rotational) energy 

distribution of HNC in order to understand the overall reaction dynamics more quantitatively.  

The result of this analysis is presented in Fig. 4 along with the average energy.  The 

distribution of the relative translational energy has a peak at ~ 0 kcal/mol, showing a typical 

distribution for reactions with no exit barrier.  From the energy conservation, this distribution 

gives that the internal energy distribution has a peak at a large value of ~ 64 kcal/mol.  This 

indicates that a large part of the available energy for the HNC + C channel is partitioned into 

the internal energy of the HNC molecule.  It should be emphasized that, since the 

isomerization barrier height from HNC to HCN is 33 kcal/mol, many trajectories lead to the 

fact that the product HNC molecule has an internal energy larger than this barrier.  However, 

we found no trajectories for which further isomerization from HNC to HCN occurs within our 

simulation time.  This indicates that the internal energy in HNC is mainly distributed in the 

CN stretch mode not in the kinetic energy of the H atom.  Thus, only a small energy is 

partitioned into the CH stretch and bending mode although our analysis is fully based on a 

classical mechanics picture. 

 Finally, we would like to finally emphasize that theoretical studies such as quantum 

chemical calculations as well as reaction dynamics calculations play a very important role for 

understanding reactions for which modern experimental techniques are difficult to apply.  

Chemical reactions occurring in the interstellar clouds are definitely such cases because 

reactions take place at extremely low temperatures and under extremely low pressure 

conditions.  Nevertheless, experimental investigation should be done in order to evaluate the 

accuracy of theoretical calculations.  In particular, information on product branching is still 
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insufficient for many reaction systems and it should be important that experimental methods 

are developed that enable product branching ratios to be determined at very low temperatures.  

We believe that this kind of theoretical studies stimulate further development of new 

experimental techniques. 

 

4. Conclusion and future direction 

 

 The present electronic structure calculations as well as direct dynamics calculations 

provide information on the efficient HNC production from the C2(X1Σg
+) and NH(X3Σ-) 

reaction.  Our accurate ab initio calculations at the CASPT2 level show that there is no 

entrance barrier for the C2(X1Σg
+) + NH(X3Σ-) approach and no exit barrier for the 

dissociation process of HNCC → C + HNC on the lowest triplet potential energy surface.  

Since we have found that the B3LYP-level calculations give reasonable agreement with the 

CASPT2 potential energy surface, we have carried out direct dynamics BOMD calculations 

for understanding the reaction dynamics.  It has been found that the HNC molecule is 

produced from the C2 and NH reactants with very high efficiency.  This should be the result 

of reaction dynamics on the potential energy surface, where the initially-formed HNCC 

intermediate has a nearly linear N-C-C structure; the initial available energy is largely 

partitioned into the newly-formed N-C stretch and then the energy is readily transferred into 

the C-C stretch. 

 In this work, we have studied the reaction dynamics only on the lowest triplet 

potential energy surface.  However, previous ab initio calculations [30] show that the energy 

level of the lowest singlet potential energy surface is very close to that of the lowest triplet 

surface.  This suggests that nonadiabatic transitions through spin-orbit couplings may play 

some roles in the C2(X1Σg
+) + NH(X3Σ-) reaction dynamics.  The importance of the lowest 

singlet potential energy surface can also be predicted from the fact that the electronically 

excited C2(a3Πu) state is lying only 718 cm-1 above the C2(X1Σg
+) ground state [24].  Further 

theoretical studies along this line and the determination of interstellar implication of these 

reactions are currently in progress in our laboratory. 
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Table 1 

Results of direct trajectory calculations for the C2 + NH reaction at the B3LYP/6-311++G(d, 

p) level of theory 

_______________________________________________ 

Product channel  # of trajectories Fraction (%) 

_______________________________________________ 

HNC + C  333  97.4 

CCNH   5  1.5 

CNCH   2  0.6 

CNC + H  1  0.3 

CCN + H  1  0.3 

Sum   342  100 

_______________________________________________ 
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Figure Captions 

 

Fig. 1 Potential energy diagram for the C2(X1Σg
+) + NH(X3Σ-) reaction obtained from the 

present electronic structure calculations.  The relative energies include zero-point corrections 

obtained from the B3LYP/6-311++G(d, p)-level calculations. 

 

Fig. 2 CASPT2 and B3LYP potential energy curves as a function of the CN distance or CC 

distance for dissociation processes of CCNH → C2 + NH (a), CCNH→ C + CNH (b), and 

CNCH → C + NCH. 

 

Fig. 3 Typical snapshots of molecular structure along a trajectory resulting HNC + C from 

the C2 + NH reaction (a) and its corresponding time-evolution of the potential energy (b). 

 

Fig. 4 Distributions of relative translational energy between HNC + C (a) and internal 

energy (vibrational + rotational) of the HNC product (b).  Average energies are also shown. 
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