Production of HNC from the CH(X?TI) + NH(XY) reaction: Direct dynamics study
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Abstract

The production mechanism and dynamics of the HNC molecule from the radical-radical CH +
NH reaction on the lowest doublet potential energy surface has been theoretically studied
using electronic structure calculations. We have applied a direct dynamics simulation
technique at the B3LYP/6-311++G (d, p) level of theory. The accuracy of the B3LYP-level
potential energy surface was systematically confirmed from the comparison to more accurate
MRCI-level and CCSD(T)-level calculations. More than 250 classical trajectories were
integrated and we have found that the CH + NH reaction somewhat favors the HNC + H
production channel over the HCN + H production despite that the energy level of HCN + H is
lower than that of HNC + H.  Detailed reaction mechanisms will be discussed on the basis of

the trajectory results.
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1. Introduction

Despite its thermochemical instability, hydrogen isocyanide (HNC) has been
frequently detected in many interstellar clouds and understanding of the anomalous
abundance ratio of HNC/HCN observed in astrophysical environments has been an important
issue from a viewpoint of astrochemistry as well as physical chemistry [1-5]. So far, it has
been generally accepted that the HCNH" cation is the major precursor of the HCN/HNC
production since it is known that this cation recombines with an electron to reach both H +
HCN and H + HNC channels with the branching ratio being nearly unity [6-10].

Very recently, we have started a research project studying neutral-neutral chemical
reactions that finally produce the HCN/HCN molecules from a theoretical point of view. We
have reported that the CCP) + NH(°B1) [11] and Cy(X'Zs") + NH(XT) [12] reactions
proceed without barriers and produce the HNC molecule with relatively large yields. It
should be emphasized that these two reactions are radical-radical type reactions, which are
generally difficult to be studied experimentally due to the difficulty in producing enough
radical concentrations under gas phase experimental conditions. It is then difficult to
determine product branching ratio for such radical-radical reactions from an experimental side.
On the other hand, it should be mentioned that theoretical studies based on modern electronic
structure calculations and reaction dynamics calculations would be quite useful especially for
such chemical reactions.

In our previous studies on the C(*P) + NH(*By) and C»(X"Z,") + NH(X?L") reactions
[11,12], we have employed direct dynamics methods combined with the density-functional
formalism, where classical trajectories are directly calculated using derivatives obtained from
electronic structure calculations. In order to simulate interstellar chemical reactions,
collision energies were set to nearly zero since interstellar reactions generally occur under
extremely low temperature conditions. We have found that features of the potential energy
surface in entrance regions play a very important role in determining collisional orientations
for such low-energy collision conditions. Another important conclusion derived from our
previous studies is that reaction dynamics itself plays an significant role in determining

product branching ratios because the system has a large excess energy above final product



energy levels. Notice that radical-radical type reaction systems generally have a large excess
energy due to chemical bond formation. In this case, the lifetime of reaction intermediates
on the potential energy surface becomes relatively short. We have found that the CZ(X129+)
+ NH(X3%") reaction is exactly the case and leads to the C + HNC product channel with a very
high efficiency. This result implies that statistical approximations such as RRKM cannot be
used to obtain product branching ratios at least for this kind of chemical reactions.

In this paper, we extend our previous studies and apply the reaction dynamics method
to the CHOXII) + NH(X®Y) reaction. As far as we are aware, the contribution of the
CH(X?II) + NH(X®%) reaction to the HNC production has not yet been studied from the
experimental side nor theoretical side although the potential energy surface for the [H2,C,N]
system has been previously studied using various electronic structure methods [11,13-16].
As will be shown later, the energy level of the CH(X?IT) + NH(X?%) reactants is much larger
than those of reaction intermediates on the lowest doublet potential energy surface. This
also suggests that dynamics calculations should be performed for understanding an overall

mechanism of this reaction.

2. Computational method

Geometries of reactants, products, intermediates, and transition-states on the lowest
doublet potential energy surface for the CH(X?IT) + NH(X®Y") reaction have been optimized
using the hybrid density-functional B3LYP method [17,18] 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 transition states as well as to
obtain zero-point energy corrections. In order to obtain more accurate relative energies, we
have performed single-point energy calculations at the CCSD(T)/6-311++G(3df,3pd) and
full-valence MRCl/cc-pVTZ levels of theory. The molecular orbitals used in the MRCI
calculation were obtained from the CASSCF calculation where 11 electrons were distributed
among 10 active orbitals. All calculations were carried out using the Gaussian 03 [19] and

Molpro 2002 [20] package programs.



We have performed on-the-fly direct trajectory calculations on the lowest doublet
potential energy surface for the CH + NH reaction. 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 [19]. This
method uses a fifth-order 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 [21]. As will be shown below,
B3LYP/6-311++G(d, p)-level potential energy curves as a function of an appropriate internal
coordinate were compared to the potential curves obtained at the MRClI/cc-pVTZ level of
theory in order to confirm the validity to use the B3LYP potential energy surface for dynamics

calculations.

3. Results and discussion

Fig. 1 shows the overall potential energy diagram for the CH(X?II) + NH(XY)
reaction on the lowest doublet potential energy obtained at the B3LYP/6-311++G(d, p) level
of theory. In this figure, the energy level for the HNC + H channel is defined to be zero.
Table 1 summarizes relative energies of reactants, products, intermediates and transition states
used in Fig. 1. The accuracy of the energy levels of the present electronic structure
calculations was checked by comparing those to thermochemical data [22] for the CH + NH,
C(P) + NH,(®B1), N(*S) + CH,(°By), and H + HCN channels. It was found that the present
B3LYP calculations are in agreement with the corresponding experimental data within £ 5
kcal/mol.  The most important point found from Fig. 1 is that the CH(’IT) + NH(*%) reactant
energy level is quite high on the potential energy surface. This indicates that the system has
a large excess energy, thus leading to short lifetime of reaction intermediates.

Fig. 2 displays potential energy curves in the entrance region for the CH + NH
approaches calculated at the MRCI level of theory. Three types of geometrical approaches

were examined. Fig. 2a shows the potential curve as a function of the CN internuclear



distance with other internal coordinates being optimized with respect to energy. It is seen
that the reaction of CH with NH leads to the trans-HCNH intermediate without an entrance
barrier. This is a very important point from a viewpoint of interstellar chemistry. We have
also found that CH + NH leads to cis-HCNH without a barrier though the corresponding
potential energy curve is not shown. Fig. 2b and 2c display the potential energy curves for
two collinear approaches of CH + NH as a function of the NH and CH distances, respectively.
The result indicates that there exist shallow hydrogen-bonding potential wells in the entrance
regions. The MRCI calculation has given a somewhat deeper well for NH---CH compared to
the potential well for CH---NH. Fig. 2 also includes potential energy curves calculated at the
B3LYP/6-311++G(d, p) level of theory in order to demonstrate the validity to use the B3LYP
potential energy surface in dynamics calculations. The agreement between the MRCI and
B3LYP results is found to be reasonable.

Fig. 3 shows potential energy curves similar to Fig. 2 but for two exit channels:
trans-HNCH — H + HCN and trans-HCNH — H + HNC. It is interesting to note that the
HNCH — H + HCN process has a small exit barrier due to production of a triple bond in the
HCN molecule. It is seen that the HNCH — H + HNC dissociation process also has a very
low exit barrier. We can see that the B3LYP method slightly underestimates these exit
barriers compared to the MRCI result; however, since the CH + NH collision system has a
large excess energy, it is expected that these differences do not largely affect dynamics results.

It should be important to give a comment on the reasonable agreement between the
MRCI and B3LYP potential energy curve since the B3LYP method is a single reference
method. The agreement may be somewhat fortuitous; however, notice that the spin state of
the lowest potential energy surface of the CH + NH reaction system is doublet and then the
spin-unrestricted method (UB3LYP) was employed in this study. It is generally known that
the spin-unrestricted method sometimes can describe properly the asymptotic region of the
potential energy surface although the so-called spin-contamination may be large in such
regions. In fact, we have noticed that the spin-contamination is somewhat significant
especially in the CH(’TI) + NH(®Z) asymptotic region. We have also confirmed that the
spin-contamination is not so important in the H + HCN/HNC asymptotic regions. In any

case, it should be emphasized that the detailed comparison of the low-level potential surface



to accurate high-level results should be performed prior to dynamics calculations.

Now, let us present results of BOMD calculations for the CH + NH reaction. In the
BOMD calculations, the initial distance between CH and NH was set 4-5 A and the initial
internuclear distances of CH and NH were set to their equilibrium distances. The vibrational
energies of CH and NH were completely ignored for computational simplicity. It should be
emphasized that this condition is somewhat unrealistic but its effect is expected to be small
due to a very large available energy for this reaction system. The relative translational
energy was fixed to nearly zero (~ 10 kcal/mol) in order to simulate chemical reactions
under interstellar conditions. The initial orientation between CH and NH was randomly
chosen. We have generated 257 initial conditions and then run the GAUSSIAN program for
each condition. About 250 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 of the CH + NH reaction.

Fig. 4 displays typical snapshots showing the HNC production along the BOMD
trajectory. First, the CN bond is formed due to a strong attraction (see Fig. 2a) and then the
trans-HCNH intermediate is immediately produced. Since this intermediate has a very large
internal energy, we can say that this intermediate is in highly vibrational state. ~After several
periods of CN vibrations, it is seen that the cis-HCNH intermediate is then produced via
bending motion. However, the HNC + H products are readily formed after this. The
overall reaction time of this trajectory is about 500 fs. This reaction pathway presented in
Fig. 4 can easily be understood from the energy diagram of Fig. 1.

Interestingly, we have found that the HCN + H production dynamics is different from
the mechanism of the HNC + H production presented in Fig. 4.  The typical snapshots for
the HCN + H production dynamics are shown in Fig. 5. In an early stage of this trajectory,
the HCNH intermediate (trans- and cis-) is formed but it isomerizes into the H,CN
intermediate through the corresponding transition state (TS6 in Fig. 1). Once the H,CN
intermediate is formed, it dissociates into the HCN + H channel within ~ 100 fs. This is

simply because the H,CN intermediate cannot dissociate into the HNC + H channel.



Fig. 6 shows the snapshots of the CN + H, production dynamics although its overall
contribution was found to be very small. In the trajectory of Fig. 6a, H, + CN is formed
from the cis-HCNH intermediate via a H; elimination mechanism, while in Fig. 6b the
dissociating hydrogen atom abstracts the other hydrogen atom in the HCN molecule. These
unusual mechanisms presumably come from the fact that the reaction system has a very large
excess energy. However, at the same time, the present dynamics calculations suggest that, if
the reaction system has a large energy, the overall reaction mechanism and dynamics cannot
be predicted only from the information on the potential energy diagram showing
minimum-energy pathways.

Table 1 summarizes the statistical result of the present BOMD calculations for the
CH + NH reaction. It was found that 152 trajectories lead to HNC + H implying that the
branching fraction of this channel is 59%, while the branching fraction of the HCN + H
channel was calculated to be 40 %. From the present BOMD simulation, it is therefore
concluded that the HNC molecule is the main product of the CH + NH reaction. We have
further analyzed the energy distributions for both HNC + H and HCN + H channels in order
to understand the reaction dynamics more quantitatively. Fig. 7a displays the relative
translational energy distributions for the HNC + H and HCN + H channels. The
distributions has peaks at ~ 0 kcal/mol, showing a typical distribution for reactions with no
exit barrier. However, it is seen that the distribution of HNC + H shows larger population
for low transitional energy compared to the result of the HCN + H channel. This is
reasonable since the HCN + H products are mainly formed in the dissociation of the H,CN
intermediate. Notice that the H,CN — H + HCN dissociation process has a small exit
barrier of ~ 4 kcal/mol.  Fig. 7b displays the vibrational energy distributions of the HCN and
HNC molecules produced in the CH + NH reaction. It is seen that a large part of the
available energy is partitioned into the vibrational energies of HCN and HNC. This
indicates that the produced HCN/HNC molecules are in highly vibrational states.

It should be emphasized that the calculated HCN/HNC branching fraction is only
qualitative since the branching fraction was obtained from classical mechanical calculations
[11]. As shown in Fig. 7, it is seen that HCN/HNC molecules have an enough vibrational

energy for the HCN <> HNC isomerization since the corresponding isomerization barrier



height from HNC to HCN is 33 kcal/mol [23]. In the present BOMD calculations, we have
further integrated the trajectories for 0.5-1.0 ps even after the H + HCN/HNC production. In
fact, we have seen a few trajectories showing the HCN <> HNC isomerization within the
present simulation time.  Of course, it would be possible to perform long-time simulations in
order to understand the energy partitioning into vibrational modes of HCN/HCN. This is an
important issue which should be addressed in the near future; however, notice that the
dynamics is still based on classical mechanics. Presumably, state-to-state quantum dynamics
methods including vibrational quantization in HCN/HNC should be performed in order to
obtain reliable branching fractions. This point has been previously discussed in somewhat
detail in our previous studies on the C + NH; [11] and C, + NH [12] reactions. In spite of
these limitations, we believe that the present BOMD simulations give an important insight
into the HCN/HNC production mechanism and dynamics in the radical-radical CH + NH

reaction.

4. Conclusions

In this work we have applied the direct dynamics simulation method to the
radical-radical CH(X?IT) + NH(X®%) reaction to understand the importance of the HNC
production. In order to save computational time, we have employed the hybrid
density-functional method at the B3LYP level of theory in the direct dynamics calculations.
In spite of less computational time for the B3LYP method, we have shown that the B3LYP
potential energy surface is accurate enough to be used in the on-the-fly dynamics calculations
by comparing it with more accurate MRCI potential energy surface. We think that this
comparison is a very important step for direct dynamics simulations for obtaining reliable
computational results. It was found that the HNC + H channel is the main product channel
of the CH + NH reaction although a large amount of the available energy is partitioned into
vibrations of the product HNC molecule. Notice that the calculated HCN/HNC branching
fraction is only qualitative since the dynamics is based on purely classical mechanics.

We have demonstrated that the direct dynamics simulation technique is quite useful



for understanding the product branching in simple chemical reactions. In particular, in the
case of radical-radical chemical reaction, the reaction system generally has a large excess
energy on the potential energy surface. Therefore, this tentatively leads to relatively short
lifetimes of reaction intermediates and thus the application of the direct dynamics method
would make more practical. As mentioned in Introduction, radical-radical reactions are
generally difficult to be studied experimentally since the concentration of the reactant radicals
should be high enough for spectroscopic detection. In addition, it is generally accepted that
the determination of product branching in chemical reactions is more difficult than rate
coefficient (cross section) measurements. It should be emphasized that the understanding of
the mechanism and dynamics of various radical-radical reactions is very important in the
fields of interstellar chemistry as well as combustion chemistry. We hope that the present

theoretical study stimulates further experimental developments.
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Table 1 Relative energies of reactants, products, intermediates, and transition states for the
CH + NH reaction system.

B3LYP? CCSD(T)" Exp.° ZPE?
Reactants or Products
CH(IT) + NHEY) 123.45 124.86 130.19 8.68
H(®S) + HNC('%) 0.0 0.0 0.0 9.85
H(®S) + HCN('%) -13.99 -14.11 -17.4 10.27
Ho(*S) + CN(T) 9.19 8.19 2.20 9.38
NH,(°B1) + C(’P) 112.53 113.24 114.98 11.86
CH,(®B;) + N(*S) 105.68 102.48 103.52 10.75
Intermediate
trans-HCNH -25.59 -30.98 16.14
cis-HCNH -31.15 -26.49 15.51
H,CN -44.84 -39.14 15.72
H.NC -13.88 -9.07 16.45
HN.-HC 122.93 123.99 9.13
HC---HN 122.17 123.55 9.74
Transition State
TS1 123.80 124.87 10.00
TS2 122.56 124.26 9.83
TS3 0.64 1.91 10.07
TS4 -8.71 -4.58 10.63
TS5 23.40 28.01 11.48
TS6 2.42 5.69 12.36
TS7 -21.60 -15.71 14.46
TS8 -22.27 -16.56 14.37
TS9 9.46 13.63 10.89
TS10 0.64 1.91 10.07
TS11 -8.71 -4.59 10.62
TS12 -10.22 -7.98 10.83

All geometries were optimized at B3LYP/6-311++G(d, p) level of theory.

®Single-point  energies were calculated at the CCSD(T)/6-311++G(3df, 3pd)//
B3LYP/6-311++G(d,p) level.

‘Experimental data are taken from Ref. 22

9Zero-point energies were obtained from harmonic frequency analyses at the
B3LYP/6-311++G(d, p) level of theory.
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Table 2 Result of the BOMD calculations
B3LYP/6-311++G(d, p) level of theory.

for the CH + NH

Product channel # of Trajectory Fraction (%)
HNC + H 152 59.1

HCN + H 102 39.7

CN + H; 3 1.2

Sum 257 100.0

13
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Figure Captions

Fig. 1 Potential energy diagram for the CH(X?IT) + NH(X®%) 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 Comparison of the B3LYP and MRCI potential energy curves as a function of the

internal distance for the CH + NH approaches.

Fig. 3 Comparison of the B3LYP and MRCI potential energy curves for (a) trans-HCNH —
H + HCN and (b) trans-HCNH — H + HNC dissociation processes.

Fig. 4 Typical snapshots of molecular structure along a trajectory showing the HNC + H

production from the CH + NH reaction.

Fig. 5 Typical snapshots of molecular structure along a trajectory showing the HCN + H

production from the CH + NH reaction.

Fig. 6 Typical snapshots of molecular structure along a trajectory showing the H, + CN

production from the CH + NH reaction.
Fig. 7 Product energy distributions for the CH + NH — HCN/HNC + H reaction: (a)

relative translational energy between HCN/HNC and H, (b) internal vibrational energies for

the product HCN/HCN molecules. The averaged energy values are also shown.
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