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Abstract. In the current work, kinetic and dynamic parameters in reactive and non-
reactive collisions between CN and OH radicals were investigated upon an interpolated
potential energy surface using MP2/6-311G++(d,p) ab-initio method. The total and
individual reaction probabilities and cross-sections for all reactions were obtained and
applied to calculate the rate constant and rate expression. In non-reactive trajectories,
the effect of the impact parameter and relative translational energy of particles on the
deflection angle was also studied. To investigate the kinetic isotopic effect, the deuterium

was used instead of hydrogen atom to illustrate the effect of mass of attacking radical and

target molecules on physical observables including reaction probability and cross-section.

(© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Despite the significant deal of effort made in recent
years to clean up the environment, pollution remains
the main problem and poses continuing risks to human
health. These problems are undoubtedly the largest
in the developing world, where traditional sources of
pollution like industrial emissions, poor sanitation,
inadequate waste management, and contaminated wa-
ter supplies consumed by a large number of human
beings, even in developed countries, are affected by air
pollution produced from biomass fuels, although envi-
ronmental pollution is supposed to exert the highest
impact on the poor sections of society [1,2]. Because
of severe environmental contamination caused by the
ignition of nitrogenous compounds, the dynamics of
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these compounds in combustion have been the subject
of intense experimental and theoretical research.

The empty space between stars is full of particles
such as Hy, NH, OH, HNO, CO, and CN. Despite the
simplicity of the structure of these molecules, the issue
of chemical understanding and physical conditions of
these particles in Interstellar Medium (ISM) remains
to be solved. The temperature ranges of ISM are very
extensive, from 10 K (cold temperature) to 106 K (high
temperature). Many of these particles are combustion
systems that have attracted much attention by astro-
physics as a subfield of combustion. Therefore, combus-
tion systems are very important all around the world.

Therefore, the presence of reactive radicals and
different particles in the combustion and atmosphere
processes gives rise to the complexity of their
chemistry [3-6].

It is important to note that chemical kinetic
calculations play an important role in obtaining
information about the combustion process in
chemistry. Moreover, these types of calculations are
critical to predicting astrochemical models. From a
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chemical point of view, various factors such as rate
constant and the effect of quantum numbers on the
primary and final states are important for a clear
understanding of the collision [7,8]. However, the
study of the chemistry of nitrogen molecules in the
interstellar environment is very important.

Nowadays, there is a great deal of interest in
reducing NOx emissions from combustion sources like
fixed power generation stations. Therefore, to perform
this reduction, many strategies such as combustion
modification, re-burn technologies, and selective non-
catalytic reduction of NO (SNCR processes) have been
suggested [9]. In order to chemically remove NO x in the
SNCR technologies, three main SNCR strategies can be
used: thermal De-NOx process (NH;), RAPRENOx
process (HOCN)3, and NOxOUT process (NH),CO,
all of which are implemented with the addition of
different species to the post combustion gases. The
important point is that in these cases, a deeper un-
derstanding of the reactions leading to NO x reduction
is not complete [10].

For production of NOx in the combustion
systems, three main mechanisms have been reported
up to now. The first is the Zeldovich mechanism,
which started at high temperatures by the O(*P)+Ny
reaction. The second is the Fennimore or prompt
NO x mechanism, initiated from the reaction between
N, gas and simple radicals like CH and CH,, and
fuel fixed nitrogen sources, started with the HCN
oxidation [9]. Moreover, the last mechanism to
produce NOx involves many reactions and chemical
reagents. Therefore, for this reason, it is much more
complex and has been more difficult to explain [11].
The gas-phase reactions including cyano radical,
CN(X?2%H), happen in different media like flames, gas
lasers, and planetary atmospheres [12-14].

One of the most significant species in the chem-
istry of both NOx generation and reduction processes
is CN radical. As pointed earlier, the CN radical is
obtained directly by the Fenimore mechanism [9] and
fuel-fixed nitrogen oxidation chemistry; therefore, it
plays a significant role in the chemistry of SNCR. Up

to now, the High-Temperature Shock Tube (HTST)
investigation carried out by Wooldridge et al. [15] is
only the direct empirical results of this reaction.

Moreover, one of the first radicals detected in
cometary comae is the CN radical and it has one of
the strongest spectral signatures after OH. The cyano
radical was shown in 1P /Halley for the first time, thus
illustrating the possibility of original gas in cometary
comae environment [16]. However, the source of the
CN radical in comets is still not completely clear and
there are multiple potential parent species.

The results demonstrate that there are many
significant rate-controlling reactions happening in the
second-stage ignition regime, where the total conver-
sion of HCN into N» occurs via primary reactions
with OH and H [15]. To investigate the chemistry
of CN radical, the CN+OH reaction is an important
reaction. This reaction could produce different types
of products including a terminating reaction, leading
to the reduction of the pool of radicals. This can
cause NCO or NH regents for reduction or production
of NOx [15]. Therefore, the HCN reactions lead to CN
production, followed by a fast radical-radical reaction:

CN + OH — Products.

The ground-state reaction of the titled reaction (cyano
radical, CN(X?2Y)) with the hydroxyl radical, OH(?II),
has five exothermic product channels shown in Box I,
where AH}(Q(O)’S, in kJ.mol ™!, of these species are taken
as follows: CN = 432 +4 [17], OH = 36.9 + 0.4 [18],
HNC = 195.4 + 4.2 [19], NH(a!'A) = 508.3 & 1.3 [20],
NH(X3Z) = 356.9 & 1.3 [21], NCO = 129.5 + 2.5 [17].

So far, only two studies have been reported on the
kinetics of CN+OH reaction.

First, in 1996, Wooldridge et al. [15] used the
narrow-line laser absorption measurements to deter-
mine the rate constant for CN+ OH — Products in the
nominal temperature range of 1000-1900 K. The values
of rate constants that the researchers reported for titled
reaction are in the range of 4—5x 1073 cm3 . mol =1 .51,

The rate constant for the reaction of the
cyano radical, CN(X?2Z), with the hydroxyl radical,

CN(X?%) + OH(X?M) — HCN(X'Z) + O(*P);
— NH(a'A) + CO(X'Y);
— HON(X'Z) + O(*P);
— NCO(X'II) 4+ H(3S);

— NH(X?’Y) + CO(X'S);

AHY(0) = —26.5+10.4 kJ.mol™",
AHP(0) = —74.4+1.3 kJ.mol ™!
AH(0) = —88.7+6.2 kJ.mol ',
AHJ(0) = —129.5+ 6.5 kJ.mol ™",

AH(0) = —225.8 +1.3 kJ.mol .

Box I
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OH(X?2II), has been measured to be (1.4 £ 0.48) x
1071% cm3.molecule1.s7! at a temperature of 29242 K
by Decker et al. [22].

The main objectives of the current work are
the kinetics investigation of CN+OH reaction and
calculation of the probability of reaction and rate
coefficient. Hydrogen is also a substitute for the
heavier isotope (deuterium) to understand the
effect of the mass of attacker and target species
on the observable properties (reaction probability,
cross-section, and rate constant). At the end of this
manuscript, the importance of rotationally inelastic
collisions for those systems is examined.

CN + OH — Products (R1)
. CNOH (R2)
— HON + C (R3)
— ONC+H (R4)
— HOCN (R5)
— HOC+N (R6)
— OCN+H (RT)
— OCNH (R8)
L CNH+O (R9)
— CO+NH (R10)
CN + OD — Products (R11)
. CNOD (R12)
—DON+C (R13)
— ONC+D (R14)
— DOCN (R15)
— DOC+N (R16)
— OCN+D (R17T)
— . OCND (R18)
—~ CND+0 (R19)
— CO+ND (R20)
2. Method

2.1. Computational details
In this research, the electronic structure calculations

were carried out using GAUSSIAN 03 package [23].
All stable species and transition states on the PES
were optimized by using second-order Mgller-Plesset
perturbation theory (MP2) level of theory with a
6-311++G(d,p) standard basis set. Calculations of
harmonic vibrational frequencies of the relaxed con-
figurations are performed using the same method for
correction of energies of molecules being necessary
for kinetic calculations. Frequencies were also used
to determine the saddle points from local minima.
In the MP2/6-3114++4+G(d,p) optimized geometries,
single-point energy calculations at the CCSD(T)/6-
3114++4G(d,p) levels of theory were carried out.

Figure 1 shows the values for the bond length (in
angstrom) and angles (degree) of some configurations
including the reactants, products, intermediates, and
transition state structures at the MP2/6-3114++4G(d,
p) level of ab-initio calculations.

The relative energies of the stationary points
placed on the potential energy surface of the reaction
CN+OH at the CCSD(T)/6-311++G(d,p) levels of
theory are shown in Figure 2. As shown in this figure,
there are several reactive channels depending on the
orientation of the species.

The collision between cyano radical and OH rad-
ical leads to two intermediates including HOCN and
HONC. If the OH radical comes close to the carbon
side of CN, HOCN molecule is produced. The HOCN
form is converted into OCNH through TS1. This
intermediate via two different channels is changed into
HOC+N and OCN+H with relative energies of 447.8
and —1209.8 kJ.mol~!, respectively. These steps are
performed without any barrier. Another intermediate
(HONC) can be formed from the reactants directly.
Moreover, the HONC intermediate through two dif-
ferent channels is changed to HON+C and ONC+H
with relative energies of 652.2 and 138.0 kJ.mol™?!,
respectively. These steps are performed without any
barrier.

The HOCN intermediate is 248.2 kJ.mol~! more
stable than other intermediates. As presented in Fig-
ure 2, some products including HOC+N, HON+C,
ONC+H, OC+NH, and O+CNH have higher relative
energies than other species on the potential energy
surface justifying their low production. The minimum
stationary point of this potential energy surface is
1200 kJ.mol~! under CN+OH.

As was reported in Table 1, relative energies of
stationary points at the level of CCSD(T) are compared
with this value at the MP2 level of theory. Of note, all
values were modified with zero-point energies.

2.2. Form of the potential energy surface

Construction of a potential energy surface for a reactive
or nonreactive chemical reaction is an important issue
in molecular dynamics. The nature of the PES can
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Figure 1. Optimized structures of the stationary points at the MP2/6-311++G™* level. Angles are in degrees and bond
lengths are in angstroms.
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Figure 2. Relative energies of stationary points at the
CCSD (T)/6-311+4G™* //MP2/6-3114++G™" level of

theory in kJ.mol™'. All values were corrected with

zero-point energies.

Table 1. Relative energies of all products at different

OCN+H

levels of theory (kJ.mol™!).

R CCSD(T) MP2 ZPE
OH+CN 0.00 0.00  30.89
HOCN -465.92  -628.87 55.77
HOC+HN  447.82 385.76  35.95
OCN+H  -1209.81  -380.29  20.80
TS1 -135.31  -225.63  46.80
OCNH -561.30  -T30.27  56.77
ONCH+H 13804  -376.70  24.40
HONC 217.75  -358.73  55.49
HON+C 65223 608.02  37.67

be formed either experimentally or through theoretical
calculations [24-27].

In the current work, the modified Shepard in-
terpolation method over a set of data points of ab
initio calculation was applied to construct the PES
using Grow methodology. This method was explained
elsewhere completely [24,28]; therefore, only a brief
description of it is given here. For reactions of up
to four atoms, we can utilize all the bond lengths as
internal coordinates.

Therefore, here, we will be considering a PES
for a four-atom system, in particular the CN+OH
reaction. As demonstrated in Schematic 1, the PES
for titled reaction is formed utilizing the six interatomic
distances, R = {Rl,RQ,Rg, R4,R5, R6}

The potential energy of a data point, R, in
the vicinity of a reference data point, R(i), can
be expanded as a Taylor expansion, 7;, at these
interatomic distances. However, a more physically
reasonable asymptotic behavior is achieved when this
Taylor expansion is expressed in inverse length coor-
dinates, Z, rather than interatomic distances (where
Z =1/R,):

N Rs H (1)

Schematic 1. Representation of all internal coordinates.



A. Sabah and Sh. Ramazani/Scientia Iranica, Transactions C: Chemistry and ... 29 (2022) 3151-3165 3155

3N—-6

av
T/(Z) = V[Z(i Zk = Zk()) 57~
(2) [ ()]+k2::1[ k= Zi(i)] 9Zk | 7= 7(:)
| BN=63N—6
+o S 312 - ()
k=1 j=1
oV
2, -z, 2V L
X[ ()] 8ZkaZ] Z:Z(i)+ ( )

where V[Z(i)] is potential energy at Z(i), and the
derivatives are taken with respect to inverse distances
at Z(i). Here, the Taylor expansions are truncated to
second order. The utility of higher-order expansions
has already been investigated [29].

A modified Shepard interpolation method [30,31]
gives the value of total potential energy at any
configuration, R, as a weighted average of the Taylor
series about all starting data points, Ny, and their
symmetry equivalents.

N
V(R) = Z ngzl(R)ngi(Z)7 (2)

geG i=1
where:
V; R)
wi(R) = — B (3)
> 2 v (R)
g€eG k=1

The normalized weight function, w;, weights the contri-
bution of the Taylor expansion about each of R(i) data
points to the total potential energy at configuration
R. Data points “spatially close” to R will have higher
weights than those at high distances. This is obtained
by utilizing the un-normalized weight function, v;:

1

W) = R RGP <4)

v(R) converges to the exact potential in the limit Ny —

oo when the power p is sufficiently large (p =9 — 12).

The weight function in Eq. (2) changes faster close

to Z(i) than that for the Potential Energy Surface

(PES) to be an interpolation of the data at Z(i) which

made unphysically sharp features in the PES. This
problem was solved using the following equation:

S

N(N—1)

S

n=1

ok

N(N-1)

s EEY e

Z(5)

EZ 112(5) = Z2(0)|°

where p > 3N — 3 and ¢ > 2, but ¢ << p. In Eq. (5),
d, (i) is defined as a confidence length.

3. Results

3.1. Classical dynamics calculation

In this paper, calculations of reaction cross-sections,
reaction probability, and scattering angle via the clas-
sical dynamic simulations and construction of PES
were carried out. The PES was evaluated through
interpolation of some initial ab-initio data points. To
study the trajectories, the velocity-Verlet integration
algorithm was employed at a time step of 1.0 x 10717s,
the starting value of impact parameter of 0, and the
initial center of mass distance separation from the CN
radical to the OH fragment of 5.0 Bohr.

The maximum impact parameter by, is 4.0 Bohr
compared with ron + 7o, which is about 3.97 Bohr.
The reactant radicals were given random orientation,
zero rotational angular momentum, and vibrational
energies in accordance to their ZPVE level. To create a
microcanonical distribution of initial atomic positions
and velocities for the classical trajectories, a Markov
walk was applied. The number of Markov chain steps
per trajectory and Markov step length for all fragments
were set at 500 and 0.15 A, respectively.

The relative translational energies between
the reactant’s fragments ranged between 9.19-
23.63 kJ.mol~! which corresponded to T' = 1105.30 —
2842.05 K. A total of 2400 data points were produced
from interpolation of 110 initial points. The final PES
was interpolated over a batch of 2400 points.

Finally, a set of 1500 trajectories for the reactions
between reactants were run at several sizes of the inter-
polation data set in order to determine the stability and
convergence of the reaction probability due to the size
of the data set. Next, these batches of 1500 trajectories
were applied for the final data set of 2400 points in
order to determine the physical observable properties
such as reaction probability, cross sections, and rate
constant for reactive collisions.

The distribution of the energy values for the data
points is depicted with a histogram in Figure 3 at
MP2/6-3114++G(d,p).

The maximum area of the curve (—200 to
—570 kJ.mol™!) corresponds approximately to the
energies of the HOCN, HONC, and OCNH, which
are intermediate on this potential energy surface. A
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Figure 4.

As shown in this figure with the addition of
the points to the PES data set, the probability of
reaction does not change significantly; therefore, the
data point in the POT file is enough to calculate the
dynamics of reaction. This result is in accordance
with our previous study on H+HCN and NH+OH
reactions [6,32,33].

The reaction probability as a function of impact

0.3 T T T T

Reaction probability
=)
¥

0.1 1 1 1 1 1
1600 1800 2000 2200 2400

Number of data points

Figure 4. The calculated reaction probability with
respect to the number of date point.

Impact parameter (Bohr)
(b)
Figure 5. (a) Reaction probability as a function of
impact parameter with a relative translation energy of
23.62 kJ.mol!. (b) The reaction probability plotted as a
function of impact parameter for R2 to R10 reactions at
23.69 kJ.mol ™"

parameter from 1500 trajectories, in which the relative
kinetic energy is 23.62 kJ.mol™!, is plotted in Fig-
ure 5(a). This parameter was calculated for R1 and
R11 as the main reactions in this article.

According to Figure 5(a) and (b), the reaction
rates of channels and reaction probability of prod-
ucts depend on the mass of fragment particles and
the energy path of each trajectory. As indicated
in Figure 5(a), upon increasing the value of impact
parameter, the reaction probability converged to small
values (close to zero). Figure 5(a) shows that fragments
would not interact at interval distance more than 4.5
Bohr such that no reaction occurred and there were
only non-reactive collisions.

To perform the reaction, the impact parameter
should be small enough for OH and OD to hit the CN
effectively. This is more evident for the lighter particle
(H) than the heavier one (D). The reaction between CN
and OH (R1, including light atom (H)) has a higher
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reaction probability than the reaction between CN and
OD (R11, including heavy atom (D)).

The effect of reaction probability on impact pa-
rameter at various energies is illustrated in Figure 6
for R1 reaction at three different relative translation
energies. As seen in this figure and Figure 7, as the rel-
ative translational energy (or temperature) increases,
the probability of reaction increases, too.

Because of the increasing number of collisions
between OH and OD with CN at a higher translational
energy, the probability of reaction increased. The
relative kinetic energy of the fragments ranged from
9.19 to 23.63 kJ.mol !.

Figure 8 shows the total cross-section for hydro-
gen and its isotopic exchange with respect to energy
in the collection of 1500 trajectories and several rel-
ative translational energies over a range of 9.19 to
23.63 kJ.mol~!. Cross-section similar to the reaction
probability increased as the translational energy in-
creased.

0-61 A = 0.19
0 \\\.” e 13.13
0.5 \xx l —A— 23.63| 4
= 0.4
2 [ ] ., A B
z —
2 0.3 m|
a \|
2 0.2
5] \
2 )
9 \i
~ 0.14 \ u
0.0+ N
T T T T T
0 1 2 3 4 5

Impact parameter (Bohr)

Figure 6. Reaction probability represented as a function
of impact parameter for R1 reaction at 9.19, 13.13, and
23.62 kJ.mol ™ relative translation energies.
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Figure 7. The total reactive reaction probability as a
function of relative translation energy.
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Figure 8. The total reaction cross-section as a function
of relative translation energy.

3.2. Mass effects on observables data of main

reactions
It was noticed that the reactions rate and reaction
probability depended on the mass of particles and the
translation energy of the molecules [34]. In the current
part, some of reactions and their deuterated analogs
were selected to study the effects of mass of target
molecule and incident molecule on the kinetic and
dynamic of reaction [35]. R11 reaction represents the
reactions where hydrogen of reactant was substituted
by deuterium. Here, (R2)—(R12) and (R7)—(R17) reac-
tions were the subsets of (R1) and (R11), respectively.
The results of classical dynamics simulations indicate
that because of different masses of incident molecules
(OH and OD), there were differences in the kinetics
data such as reaction probability, cross-section, and
rate coefficient (Figure 8).

The comparison of the reaction probability is
shown below in which HOCN and ONC are the original
products in Channels 1 and 2, respectively.

P.nocx > Procn > Prone > Prronc > PrNE
> Pronc > Pruoc > Procena > Pruon,
and:
P, onc > Prpocn > Prpoc > Prpon > Prponc
> P.xp > Procnp > Pronp > Proon.

As shown earlier, the process of comparing reaction
probability in channel one (hydrogen branch) differs
from that in channel two (deuterium branch); this
indicates the effect of mass on the reaction rate. For
this purpose, we compare the reactions (R1 — R10)
with reactions (R11 — R20), respectively. As reported
in Figure 5(b) and Table 2, HOCN, HOC, OCN, and
CNH are the main products in channel one and DOCN
and DOC are the main products in channel two.
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Table 2. The ratio of the reaction probability of reactions of branch one (H transfer) to R1 and branch two (D transfer)

to R11.

E (kJ.mol™t') P>/Pi(Pi2/P11) Ps3/Pi(Pi3/Pi1) Pai/Pi(Pi1a/Pi1)
9.15 0.068 (0.041) 0.058 (0.088) 0.026 (0.047)
9.98 0.069 (0.045) 0.069 (0.051) 0.042 (0.068)
10.80 0.060 (0.063) 0.050 (0.099) 0.040 (0.034)
13.30 0.042 (0.064) 0.046 (0.068) 0.063 (0.057)
14.10 0.086 (0.048) 0.049 (0.080) 0.038 (0.040)
16.63 0.079 (0.069) 0.044 (0.055) 0.040 (0.062)
19.12 0.077 (0.040) 0.046 (0.098) 0.042 (0.030)
19.95 0.068 (0.054) 0.090 (0.089) 0.036 (0.047)
21.00 0.086 (0.051) 0.048 (0.083) 0.057 (0.033)
23.63 0.087 (0.083) 0.066 (0.074) 0.062 (0.043)

E (kJ.mol™') Ps/Pi(Pis/P11) Ps/Pi(Pis/P11) Pr/Pi(Pi7/Pi1)
9.15 0.179 (0.147) 0.211 (0.259) 0.221 (0.194)
9.98 0.176 (0.220) 0.152 (0.203) 0.194 (0.169)
10.80 0.189 (0.146) 0.129 (0.234) 0.229 (0.208)
13.30 0.228 (0.167) 0.188 (0.194) 0.208 (0.190)
14.10 0.169 (0.160) 0.189 (0.214) 0.235 (0.187)
16.63 0.163 (0.118) 0.190 (0.241) 0.198 (0.189)
19.12 0.192 (0.150) 0.165 (0.250) 0.173 (0.185)
19.95 0.158 (0.155) 0.203 (0.209) 0.173 (0.206)
21.00 0.188 (0.127) 0.143 (0.210) 0.191 (0.188)
23.63 0.217 (0.185) 0.196 (0.166) 0.168 (0.200)

E (kJ.mol™') Ps/Pi(Pis/P11) Py/Pi(Pi9/P11) Pio/Pi(Pz0/P11)
9.15 0.021 (0.018) 0.189 (0.153) 0.037 (0.059)
9.98 0.023 (0.012) 0.203 (0.175) 0.069 (0.051)
10.80 0.015 (0.023) 0.224 (0.125) 0.065 (0.063)
13.30 0.021 (0.027) 0.208 (0.174) 0.054 (0.057)
14.10 0.022 (0.016) 0.144 (0.176) 0.058 (0.079)
16.63 0.016 (0.027) 0.187 (0.163) 0.056 (0.069)
19.12 0.038 (0.028) 0.158 (0.150) 0.065 (0.050)
19.95 0.023 (0.020) 0.162 (0.163) 0.083 (0.054)
21.00 0.040 (0.037) 0.170 (0.220) 0.075 (0.044)
23.63 0.028 (0.034) 0.101 (0.143) 0.077 (0.074)

Figure 8 also presents the variation of cross-
section as a function of relative translation energy of
reactants that exhibited a similar behavior as reaction
probability. As expected, the cross-section and reaction
probability increase with an increase in the tempera-
ture in all reactions.

3.3. Inelastic scattering calculations

Having information about the rotationally and vi-
brationally inelastic collisions is very significant for
understanding energy transfer between molecules and

atoms. When the scattering is not elastic (new particles
are produced), the energy and direction of the scattered
atoms are independent variables, unlike the elastic scat-
tering situation. As drawn in Figure 5, the maximum
reactive reaction probability, even in the case of low-
impact parameters, is less than 0.34, implying about
70% of the trajectories. Therefore, it is important to
study the non-reactive reaction and inelastic scattering
calculations. In inelastic collisions, some of the inner
energies of CN and OH radicals are exchanged between
the particles or are coupled into translation energy. If
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the collision between the incident or lighter particle
(OH), whose kinetic energy is T, and the target or
heavier molecule (CN) is head-on, the distance of the
closest approach D can be calculated by equating the
starting kinetic energy to the Coulomb energy in the
closest approach, i.e.:

276>
T= 2% 7
dre, D’ (7)
or:
276>
D=— 8
dre, T’ (8)

at which point the a-particle would come back com-
pletely, i.e., the scattering angle 8 would be equal to 7.
In other words, when the line of OH radical is distance
b from the CN particle, then the scattering angle will be
smaller. The b and @ are related to each other through
the following equation [36]:

tan (g) - (;) | (9)

This equation is derived from Newton’s Second Law
of Motion, Coulomb’s law for the force between the
OH and CN particles, and conservation of angular
momentum. Of note, if § = 7, then b = 0 as mentioned
above. When b increases, OH particle partially collides
with CN radical, thus decreasing the scattering angle.
For CN---OH collision, the long-range potential is
smooth such that no generalization can be made about
the interaction area. In this research, the behavior
of the scattering angles with the impact parameters
differed from the ones mentioned above in the case of
low-impact parameters.

In the current work, the alteration of scattering
angle at different energies with respect to impact
parameter was studied. As shown in Figure 9, at

2.04

1.5

1.0

Scattering angle (degree)

0.54

0 2 4 6 8 10 12 14 16
Impact parameter (Bohr)

Figure 9. Scattering angle as a function of impact
parameter for non-reactive R1 reaction.

non-reactive trajectories, refracted particles were found
in the scattering angle range of 0.4 to 1.15°. This
angle is dependent on the energy of the particles
and decreases following an increase in energy. It is
clear that in the case of small-impact parameters, the
scattering angle of CN radical indirectly depends on
the impact parameter and relative translational energy,
while at higher b, this dependence is weaker. The graph
shows that the variation of scattering angle with an
approximation includes three impact parameter zones
for 16.5 kJ.mol ! as translational energy:

i. Lower than 6;
ii. Between 6 and 9;

iii. Larger than 10.

In the case of other energies, there are also three
areas, the size of which varies only. At distances
less than dap (dap = 1/2(don + dnu), calculated by
ab-initio calculations, the value of scattering angle is
reduced greatly upon increase in the value of the impact
parameter.

In this section, there is a reverse relationship
between the impact parameter and the scattering
angle. In case of a head-on collision, the scattering
function was the same as a hard-sphere collision. In
a region where b > dap, the scattering angle is not
very sensitive to the variation of impact parameter. At
distances between 6 and 9, there is an inverse relation-
ship between scattering angle and impact parameter,
which is derived from the difference orientation of
OH and NH in the same impact parameter. When
two molecules belonging to electric spheres approach
each other with different orientations, they collide with
different sizes and their scattering angle varies. At
23.62 kJ.mol™!, out of 1500 trajectories in total, there
were 235 trajectories with 6 < b < 9. At some of these
trajectories, particles with the same b were aggregated
at different orientations and were scattered at various
angles.

In conclusion, small separation distance (6 <
b < 9) happened between two molecules, leading to
different interactions and therefore different scattering
angles. For this reason, this study reports the average
of scattering angle for every b. Considering some
energies of this region (6 to 9) and in the case of
impact parameter value being more than 9, the curve
shows that variation of impact parameter does not
affect the scattering angle and then, the curve becomes
flat. In addition, at larger b (b > 10) values, there
were trajectories with no collision. Therefore, there
was a weaker affinity between the scattering angle
and impact parameter, making these particles hardly
scattered given that the attractive part of the Lennard-
Jones potential rapidly fell to zero in this area. Another
important point to gain from this figure is that upon
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Table 3. Scattering angle expressions at different relative translational energies.

E (kJ.mol™") b < don-cn b > dou-cn
015 0 = 5.6390 —2.9961b 0 = 14.7563 — 11.0460b
o (1<b<4) (8 <b<12)
10.80 0 =1.4224 — 3.1520b 0 = 0.7595 — 23.1529b

' (1<b<T) (8 <b< 14)
13.30 0 = 5.2477 — 2.3402b 0 = 5.5382 — 8.0659b
' (1<b<6) (8 < b< 10)
16.63 0 =9.4120 — 6.9805b 6 = 0.0195 — 19.5323b
' (1<b<T) (11 < b < 13)
19.12 0 =6.2030 — 2.5899b 6 = 5.6390 — 2.9961b
' (1<b<T) (8 <b<12)
51,00 0 =7.9709 — 5.9070b 6 = 0.0579 — 19.8493b
' (1<b<T) (8 <b< 14)
— _ — 4 _
53.63 0 =7.1758 —3.9887b 0 = 1.5560 — 17.6491b

(1<b<7)

(8 <b<14)

increasing the amount of energy, the scattering angle
converges faster and better to zero at large b. For
this relation, it was observed that a fitting was used to
evaluate the scattering angle expressions, as reported
in Table 3. If the OH radical with various relative
translation energies come close to the CN particle at a
constant b, the dispersed molecules would be found at
different scattering angles.

As mentioned earlier, the scattering angle is
dependent on the impact parameter. Moreover, it
depends on relative energy at a constant impact pa-
rameter. In addition, mean dispersed particles with
special energy are seen at a particular diffraction angle.
The impact parameter and relative energy are two
important factors that have many different effects on
the scattering angle values. Scattering angle as a
function of relative energy in several impact parameters
is drawn in Figure 10. Depending on the relative
kinetic energy of reactant molecules, the variation of
energy is of different impact on €. With increase
in the values of impact parameters, the nonreactive
reaction probability is reduced. From the investigation
of angular momentum in different impact parameters,
it can be concluded that energy is transferred between
two reactants. Although the CN particle was irrota-
tional, it was found after non-reactive collisions that
CN molecule obtained energy, rotationally excited.

As illustrated in Figure 11, as the impact param-
eter increased in value, the average rotational angular

1.2

1.1

1.0 A

0.9 4

0.8 4

0.7 4

0.6 -

Scattering angle (degree)

0.5 -

0.4 ]

T T T T T T
0.003 0.004 0.005 0.006 0.007 0.008 0.009

Energy (kJ/mol)

Figure 10. Scattering angle plotted as a function of
relative translational energy for non-reactive R1 reaction.

momentum for the products of nonreactive collisions
was reduced. Such a trend was also observed in
previous studies [6]. As seen in this figure, because
of the collision between particles even at b > 16 Bohr,
the final average angular momentum of CN remains
nonzero. However, these collisions are nonreactive and
the energy is transmitted solely between two reactant
molecules.

The obtained cross-sections for angular momen-
tum transfer to the initially irrotational CN and OH
particles with respect to size of data point are given
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Figure 12. Total rotationally inelastic cross-sections
reported with respect to the data set size at a different
value of J(CN). The initial relative translational energies
were 23.63 kJ.mol ™.

in Figure 12. Initial relative translational energy is
23.63 kJ.mol~!. The classical final angular momentum
was converted into J level and binned into integer .J

levels for obtaining cross-sections. In CN and OH
species and in the final J = 1, J = 2, and J > 2,
the obtained cross-sections converged to a constant
number when the numbers of data points increased. As
expected, the non-reactive cross-sections in Figure 12
exceed those in reactive collisions, as illustrated in
Figure 8.

3.4. Rate coefficient calculations

The reaction cross-section or and the reaction prob-
ability can be calculated from the classical mechan-
ics. According to the collision theory and physically
reasonable assumptions, a simple expression for the
rate coefficient can be written as a function of reaction
cross-section o(E) at temperature T. Therefore, the
relationship among the quantities of rate constant
k(T), cross-section o, and the probability of reaction
P and different approaches to the description of the
nuclear dynamics are given below:

8

M=y

} E/EU(E) exp(—E/kpT)dE,
0 (10)

where i is the reduced mass of reactants and kg is
Boltzmann’s constant. o¢(FE) is the reactive cross-
section (m(b2,,.)P) and P, = N/N,, where N and N,
are the total number of all trajectories and the number
of trajectories leading to the product, respectively. The
reaction cross-sections are also expressed as a power
law: o(E) = AEY (with v > —2).

The calculated total reactive cross-section is given
in Figure 8, jointly with the data of fitting based on
o(E) = AE7. The total QCT reactive cross-section
illustrated in Figure 8 for the MP2 surface could be
approximately fitted to the following expression in unit
of A2, After integration, the integral is easily solved to
obtain the rate constant:

rolm

HT)=a [ﬂi] T(y + 2)(kpT) /2, (1)

in which T'(z) is the Gamma function.

The fitting parameters (including a and v) calcu-
lated from non-linear least square method for Ri_q¢ to
Ri1_o9 reactions are reported in Table 4.

These parameters were employed to calculate
the total reactive cross-section. Finally, the fitted
rate coefficient expressions were calculated. The rate
expressions combine two parts: pre-temperature factor
and temperature-dependent parts. To investigate the
impact of temperature on the calculated rate coeffi-
cient, the Arrhenius plot as a function of temperature is
drawn in Figure 13. Asindicated in this figure, increase
in temperature (or relative translational energy of re-
actants) increases the value of calculated rate constant.

As shown in the reaction schematic in the in-
troduction section, reactions in the current work are
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Table 4. The fitted parameters using o(£) = aE” in
which £ = 0.26 — 52.51 kJ.mol "

k(T)
Roa v T +2) (cm®.molecule™t.s7 1)
1 259 0.40 1.24 3.14 x 10710 x 709
2 328 0.96 1.93 4.7 x 10710 x 7146
3 3.90 0.60 1.43 4.47 x 10710 x 71!
4 18.8 0.93 1.88 6.63 x 1072 x 7142

1.85 x 10710 x 70-98
1.49 x 10712 x 707!
1.40 0.14 1.06 1.91 x 10711 x 70-64
23.6 1.10 2.19 1.14 x 1078 x 7€

0.60 0.29 1.16 5.42 x 10713 x 708
10 70.6 1.10 2.19 3.40 x 1078 x 716

11 18.2 0.36 1.20 1.62 x 10711 x 77086
12 1.30 0.20 1.10 3.01 x 10712 x 7°7
13 0.90 0.30 1.17 4.72 x 1071 x 798
14 0.13 0.57 1.39 2.01 x 10712 x 7497
15 2.80 0.37 1.20 8.32 x 10712 x 7087
16 0.60 0.005 1.00 1.53 x 1071 x 7°°
17 2.30 0.28 1.15 1.02 x 10712 x 7078
18 8.20 0.90 1.83 6.96 x 10710 x 714
19 2.40 0.30 1.16 1.25 x 10710 x 798
20 0.90 0.30 1.16 4.48 x 1071 x 708

7.80 048 1.30
1.90 0.21 1.11
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Figure 13. Arrhenius plot of the calculated rate
constants drawn for R1 and R11 reactions.

classified into two types of reaction including hydrogen
branch (R1) and deuterium branch (R11).

However, according to these results, it can be seen
that the ratio between the rate coefficients R1 and R11
depends on the mass of the reactants.

As seen in Figure 13 and Table 4, rate constant
and reaction probability forR1 reaction are more than
R1lreaction. Based on the rate expressions and Figure
13, the rate of hydrogen attacking reaction is greater

29 (2022) 3151-3165

than the deuterium attacking reaction (R1 > RI11).
The rate constant of other important trajectories is
reported in Table 4. As reported in the previous
paper [35] and explained elsewhere [37], given the
differences in the vibrational, rotational, tunneling,
and translational parameters of the reactions, when a
hydrogen atom is substituted by an deuterium isotope
atom, the reaction will have a different rate.

(kH/kD) = Ntun X Nrot X Nvib X Ntrans, (12)
Qreactan t1 % Qreactwn t2

Nrot = TOt H/ :Zi’cl—tlan t1 ::zctan t27 (13)

Tot D/Qrot,D X Qrot
me H Zisc]}antl % QTTeactant?

Mvib = Q reactantl reactant2 ’ (14)
vib, D vib, D vib, D
(mTS /mreactan tl % mreactan t2)3/2

Ntrans = 1 (15)

(mTS /mreactan tl « mreactan 152)ZZ)/2 ’

where @ and m are the partition function and mass of
species, respectively.

In Table 5, ki /kq1 is reported to determine the
kinetics isotope effects. In this part, the impact of
the mass of the species was determined on 74ans (and
eventually on the rate of each reaction). Eq. (15) was
used to obtain the translational section, 7¢rqns, i which
the mass of transition state was equal to the sum of the
mags of reactants. 1.4, value is 1.049 for (R1 > R11).

Table 6 reports the kinetics isotope effects
on the rate constant at all trajectories in sev-
eral translational energies in which ki /ki1, ko/kio,
ks/kis, ka/k1a, ks /K15, ke /K16, kv /kir, ks/kis, ko /K19,
kio/koo were the ratio of rate constant of reac-
tion of hydrogen branch with the deuterium branch
(CNOH/CNOD HON+C/HON+D, ONC+H/ONC+
D, HOCN/DOCN, HOC + N/HOD + N, OCN +
H/OCN+D, OCNH/OCND, CNH + O/CND + O and
CO + NH/CO + ND).

Table 5. Primary KIE on the calculation of rate constant.

E (kdmol™) () (2%) nyp., (1)
9.15 25.649 1111 1.0486
9.98 25738 1.186 1.0486
10.80 25.821  1.047 1.0486
13.30 26.036  1.262 1.0486
14.10 26100 1.298 1.0486
16.63 26,270 1.266 1.0486
19.12 26417 1.264 1.0486
20.78 26.505  1.035 1.0486
21.00 26516 1.278 1.0486
23.63 26,642 1.182 1.0486
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Table 6. Primary KIE on the calculation of reaction probability for the Ry and Ri1 reactions subsets. P; is the reaction
probability of product .

E (kJomol™') P,/Pi; Ps/Pis Pi/Pia Ps/Pis Ps/Pic Pr/Pi; Ps/Pis Ps/Pis Pio/Pao
9.15 1.857  0.733 0.625 1.360 0.909 1.273 1.333 1.385 0.700
9.98 1.875 1667  0.750 0974 0917 1.400 2.381 1.419 1.667
10.80 1.000 0.526 1.231 1357 0.578 1.150 0.682 1.875 1.083
13.30 0.813 0.840 1.385 1.719 1.218 1.374 0.980 1.493 1.182
14.10 2.360 0.800 1.243 1.367 1.150 1.629 1.767 1.061 0.946
16.63 0.136 0.940 0.758 1.640 0.941 1.250 0.690 1.362 0.952
19.12 2.500 0.600 1.833 1667  0.860 1.216 1.786 1.367 1.700
19.95 1.286 1.043 0.800 1.050 1.000 0.868 1.176 1.024 1571
21.00 2.343 0.812 2.418 2.069 0.949 1.418 1.533 1.078 2.394
23.63 1.292 1111 1.780 1.452 1.458 1.037 1.026 0.879 1.287

Another effect of the mass of a particle is to
determine the type of products. Products in various
branches were compared to the main reaction in that
branch to illustrate this effect. Table 2 reports the
ratio of every channel to the reaction probability of
R1 and RI11 in some different energies. Moreover,
the mass of the particles is effective in the type of
product produced. As shown earlier, the masses of
heavier molecules in Reactions 13 and 16, compared to
Reactions 3 and 6, respectively, increase the percentage
of product production.

4. Conclusions

This study demonstrated that quantum dynamics and
classical study could be convenient to study the kinetics
and dynamics of the reaction. The dynamics, kinetics,
and mechanism of the reaction of CN radical with OH
and deuterated analogs on the interpolated ground-
state potential energy surface in a wide range of tem-
peratures or translational energies were investigated.
This surface was used to determine reaction prob-
abilities and reaction cross-sections as a function of
translation energy of fragments in various channels.
OCNH and HOCN were two molecules located in
potential energy surface valleys that appeared as in-
termediaries and had a significant reaction probability.
Therefore, the total reaction probability and cross-
section for all reactions were obtained and applied to
calculate the rate constant and rate expression. There-
fore, it was shown that the calculated rate constant
was in good agreement with the reported values. The
primary kinetics isotope effects also demonstrated the
effects of mass of fragment on the physical observable
properties such as reaction probability, rate constant,
and cross-section. In non-reactive reactions, scattering
angle and effective effects were investigated. In these
collisions, the effects of the impact parameter and

relative energy of particles on the scattering angle were
demonstrated.
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