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Ab Initio Study on Mechanisms and Kinetics for Reaction of NCS with NO
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The mechanisms and kinetics of the reaction of a thiocyanato radical (NCS) with NO were investigated by
a high-level ab initio molecular orbital method in conjunction with variational RRKM calculations. The species
involved were optimized at the B3LYP/6-3114++G(3df,2p) level, and their single-point energies were refined
by the CCSD(T)/aug-cc-PVQZ//B3LYP/6-311+G(3df,2p) method. Our calculated results indicate favorable
pathways for the formation of several isomers of an NCSNO complex. Formation of OCS + N, also is
possible, although this pathway involves a substantial energy barrier. The predicted total rate constants, kiotal,
at a 2 torr He pressure can be represented by the following equations: ki = 9.74 x 10771388 exp(—6.53
(kcal mol™")/RT) at T = 298—950 K and 1.17 x 1072*7%>2 exp(—6.86 (kcal mol™')/RT) at T = 960—3000 K,
in units of cm? molecule ™! s™!, and the predicted values are in good agreement with the experimental results
in the temperature range of 298—468 K. The calculated results clearly indicate that the branching ratio for
Ry in the temperature range of 298—950 K has the largest value (Ry; accounts for 0.53—0.39). However,
in the higher temperature range (960—3000 K), the formation of OCS + N, (P5) with branching ratio Rps
(0.40—0.79) becomes dominant. The rate constants for key individual product channels are provided for
different temperature and pressure conditions.

1. Introduction

Since its first discovery in 1957 by Holland et al.,'? the
thiocyanato radical (NCS), as an isoelectronic species of the
isocyanate radical (NCO), has been of interest to experimental-
ists and theorists. In 1968, Dixon and Ramsay?® analyzed the
absorption bands of NCS at 330 and 400 nm and assigned them
to the AZII-X?I1-X? transitions. In 1984, the laser-induced
fluorescence (LIF) spectrum of NCS was observed and discussed
by Ohtoshi et al.,* and they found the Fermi interaction between
the 001 and 020 levels in the ground X?IT state. In addition,
the NCS radical has been the topic of numerous spectroscopic
studies,> and the spectrum is complex due to the presence of
Renner—Teller and spin—orbit interactions. This radical may
be a key intermediate in the combustion of sulfur-containing
fuels and may play an important role in the RAPRENOX (rapid
reduction of nitrogen oxides) process.!%!!

Hershberger and Baren'? carried out the first timed kinetic
study of the NCS radical in 1999. They proposed some possible
reaction channels and presented the following thermochemical
information:

NCS+NO—N,0+CS AH=-7.7%1.4kcal/mol (a)
—N,+O0OCS AH=-127.440.8 kcal/mol (b)

—NCSNO (c)
They also performed kinetics experiments on the NCS + NO
reaction over the temperature range of 298—468 K. The rate

constants at low total pressures of around 2 He are repre-
sented by
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kncs+no =
4.1+1.4%10"" exp(1.561 £+ 116/T) (cm’ molecule ' s™")

However, the diversity and complexity of such a reaction
mechanism still could not be defined accurately. Hence, a
detailed theoretical construction on the potential energy surface
(PES) and the kinetic prediction of the NCS + NO reaction are
very crucial. In this study, we carried out variational RRKM
calculations based on energies and structures predicted by a
high-level molecular orbital method.

2. Computational Methods

With the Gaussian 03 suite of programs'? we performed
molecular orbital calculations involving density-functional
theory (DFT) with Becke’s three-parameter (B3) exchange
functional and the Lee—Yang—Parr (LYP) correlation functional
(B3LYP)!*15 with a 6-311+-+G(3df,2p) basis set. The calculated
equilibrium structures (local minima and saddle points) were
characterized with calculations of harmonic vibrational wave-
numbers at the same level of theory, with calculations of intrinsic
reaction coordinates (IRC)!® to establish the link between
transition structure and intermediates. To obtain reliable ener-
gies, we performed single-point calculations employing a
coupled-cluster technique with single and double excitations and
evaluations by perturbation theory of triple contributions
CCSD(T)!-!8 based on the geometries optimized at the B3LYP/
6-311++G(3df,2p) level. The highest level of theory attained
in this work is thus denoted CCSD(T)/aug-cc-PVQZ//B3LYP/
6-311++G(3df,2p). Unless otherwise specified, CCSD(T) single-
point energies were used. The rate constants for key product
channels were computed with the variational transition-state
theory (VTST) and microcanonical RRKM theory!®-2? using the
VariFlex?® program.
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TABLE 1: Geometries (Bond Lengths and Angles), EA of
NCS Molecule Calculated at Various Levels of Theory, and
Some Experimental Data from the Literature

level of N-C C-S EA¢
theory A) A) (eV)
MP2/6-31++G(d,p) 1.15 1.68
MP2/6-311++G(3df,2p) 1.15 1.66
B3LYP/6-31++G(d,p) 1.19 1.64
B3LYP/6-311++G(3df,2p) 1.17 1.63 3.46
CCSD(T)/aug-cc- 3.45
PVTZ//B3LYP/6-311++G(3df,2p)
CCSD(T)/aug-cc- 3.52
PVQZ//B3LYP/6-311++G(3df,2p)
CCSD(T)/aug-cc- 3.54
PV5Z//B3LYP/6-311++G(3df,2p)

experiment 1.16° 1.63% 3.51¢

@ Energy difference between anion NCS™ and neutral NCS. ” Refs
3 and 24. ¢ Ref 25.

3. Results and Discussion

3.1. Computational Condition Tests. In Table 1, we present
data for the electron affinities (EA) and geometrical parameters
of the NCS molecule calculated at various levels of theory with
pertinent experimental data from the literature. The N—C and
C—S bond lengths predicted by the hybrid density functional
B3LYP method with a 6-311++G(3df,2p) basis set were 1.17
and 1.63 A, which are in satisfactory agreement with experi-
mental values (1.16 and 1.63 A, respectively),?* whereas the
calculated B3LYP energy for the electron affinity of NCS, 3.46
eV, substantially underestimated the experimental value (3.51,
shown in Table 1).% In this regard, we performed a single-
point energy calculation at the CCSD(T)/aug-cc-PVQZ level,
based on the geometries obtained from B3LYP/6-
311++G(3df,2p) and derived a satisfactory result, 3.52 eV,
which is much closer to the experimental value. In addition,
we also employed the same method to calculate the ionization
energy of the NO molecule, and the calculated value, IEno) =
9.23 eV, is in good agreement with the experimental data (9.263
=+ 0.011 eV).20 For this reason, we therefore chose CCSD(T)/
aug-cc-PVQZ//B3LYP/6-311++G(3df,2p) as the method for an
energetic calculation of all feasible processes in the reaction
system NCS + NO.

3.2. PES for NCS + NO Reaction. As depicted in Scheme
1, we classified the examined reaction into five paths, A—E,
corresponding to five possible product channels. The intermedi-
ates are correspondingly numbered IM1—IMS, and the products
in these five channels, CS + NON, CS + ONS, CS + ¢c-NNO,
CS + N0, and OCS + N,, are labeled in the same order of
P1—P5. TS1—TS8 denotes a transition-state species connecting
two intermediates located at local minima.

The computed geometric structures of the local minima and
transition-state structures at the B3LYP/6-311++G(3df,2p) level
are shown in Figure 1. The profiles of the PES calculated at
the CCSD(T)/aug-cc-PVQZ//B3LYP/6-311++G(3df,2p) level
are shown in Figure 2.

All the calculated energetics for reactants, intermediates,
transition states, and products are listed in Table 2, among which
the zero-point vibrational energy (ZPE) correction is considered,
and the energies with respect to the reactant (NCS + NO)
calculated at the CCSD(T) level are denoted as CRE.

As shown in Figure 2, our calculated results for channels
A and B are R — IM1 — TS2 — P1 and R — IM1 — P2,
respectively. The energy barrier in the former path via TS2
is 108.5 kcal/mol with respect to the reactants (NCS + NO),
with an overall endothermicity of 107.5 kcal/mol, forming
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the products of CS + NON (P1). IM1 and IM2 can directly
produce the final products CN + ONS (P2) via two
variational transition states with an endothermicity of 59.0
kcal/mol. Besides, it was found that there exist two possible
orientations for N—N bond addition, and these two separated
adducts, IM3 and IM4, lead to completely different follow-
up reaction mechanisms and different product formations.
First, with regard to channel C, R — IM3 — TS4 — P3, the
first step is the barrierless formation of IM3, a long-lived
intermediate with an exothermicity of 17.0 kcal/mol. It may
go through a dissociative transition state, TS4, lying 67.1
kcal/mol above the reactants, and form the products of CS
+ ¢-NNO (P3), with an overall endothermicity of 58.7 kcal/
mol. Second, for the other possible route to generate P4, R
— IM4 — TS6 — P4, the formation of the IM4 conformer
is barrierless with an exothermicity of 14.1 kcal/mol. It then
takes 22.5 kcal/mol, via TS6, to form eventual products (CS
+ N0, P4) by the breaking of the C—N bond (the C—N
bond length in TS6 is 1.773 A), and this process is
exothermic by 4.0 kcal/mol. Third, in contrast to the
formation of P4, the IM4 adduct will proceed by another
pathway, via TS7 (E, = 10.3 kcal/mol with respect to the
reactants), to form a four-membered ring intermediate, IMS5,
and then go further by passing a small barrier (TS8, 2.1 kcal/
mol) to open the ring by breaking two C—N and O—N bonds
simultaneously and forming the products of OCS + N, (P5),
with an overall exothermicity of 124.8 kcal/mol. Conse-
quently, our calculated results thus show the major possible
reaction pathway in NCS + NO to be channel E, R — IM4
— TS7 — IMS — TS8 — P5, which is also the thermo-
chemically most favorable.

In addition, we also attempted to evaluate the accuracy of
the calculated relative energies since there is some discrep-
ancy between calculated and experimental exothermicities
for CS + N,O (P4) and OCS + N; (P5) of ~3 to ~4 kcal/
mol. Further calculations were performed to extrapolate the
CCSD(T) results to the complete basis set limit. By fitting
results obtained from basis sets with different n values, aug-
cc-PVnZ, an extrapolation to n — o can be achieved. For
this purpose, the cardinal number X is introduced, where X
=2,3,4,and 5 for n = D, T, Q, and 5, respectively. For
extrapolations to the complete basis set limit, we used the
two-parameter exponential model?® E = a + bX ™3 to fit the
data points. As shown in Table 2, the result is quite
consistent; the discrepancy between CCSD(T)/aug-cc-PVQZ
and CCSD(T)/aug-cc-PVnZ (n — o) is less than 0.7 kcal/
mol. Moreover, a number of different composite methods
were employed for comparison, including G3B3,> CBS-
QB3.%% and W1U,3! which are listed in Table S1. Interest-
ingly, similar to the CCSD(T)/aug-cc-PVQZ results, the
computed relative energies for the products of CS + N,O
(P4) and OCS + N, (P5) at these levels are all up-shifted
by ~2 to ~4 kcal/mol as compared to experimental values.
Therefore, the deviation might come from the experimental
results. Checking the experimental data,” one can see that
AH; (NCS) has an ~4.0 kcal/mol difference based on
different measurements. We used the authors’ recommended
upper limit value (AH; < 72.7 £ 0.8)° for comparison in
this work, which may lead to the overestimation of experi-
mental exothermicities for the products of CS + N,O (P4)
and OCS + N, (P5).

3.3. Fukui Function Analysis. From the aforementioned
results, it was found that the NCS + NO reaction may first
form the four primary adducts—IM1, IM2, IM3, and
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SCHEME 1: Schematic Diagram of Proposed Paths for NCS + NO Reaction
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Path B: R—IM1—P2

Path C: R—IM3—TS4—P3

Path D: R—IM4—TS6—P4

Path E: R—>IM4—TS7—>IM5—TS8§—P5

IM4—which are energetically more stable than the reactants
by 24.5, 22.7, 17.0, and 14.1 kcal/mol, respectively. Obvi-
ously, the former two adducts, IM1 and IM2, possess a much
higher stability than that of IM3 and IM4. Concerning this
phenomenon, we calculated the Fukui functions3>33 and
applied the theory of hard-and-soft acid-and-base (HSAB)
to seek the possible explanation. The extrapolation of the
general behavior “soft likes soft” and “hard likes hard”
locally, together with the idea that the larger the value of
the Fukui function, the greater the reactivity, is also a very
useful approach to explain the chemical reactivity of many
chemical systems.’*3% Clearly, the determination of the
specific sites at which the interaction between two chemical
species is going to occur is of fundamental importance to
the determination of the path and the products of a given
reaction. Gdzquez and Meridez* also stated that the largest
value of the Fukui function is, in general, associated with
the most reactive site. In our calculation for N electrons in
a system, independent calculations are made for the corre-
sponding (N — 1), N, and (N + 1) electron systems with the
same geometry. A natural population analysis yields gi(N —
1), gi(N), and gi(N +1) for the predicted possible sites of
reaction of NCS and NO molecules, and the Fukui function
is calculated as a difference of population between N and N
+ 1 or N and N — 1 electron systems. We choose the f°
value for comparison because the NCS + NO reaction is
more characteristic of a radical reaction.?? According to our
calculated data in Table 3, it was found that the largest Fukui
function (f°, 0.676) is on the S atom in the NCS radical and
that of the other reactant NO is on the N atom (0.628), which
accounts for the formation of the complexes (IM1 and IM2)
being more effective than other complexes (such as IM3 and
IM4). In addition, applying the HSAB theory, we find also

\

CN + ONS

TS4
— > CS+c-NNO

P3

CS+ NZO
T /

—N
|| LN 0OCS +N,

O—N P5
IM5

that the largest values for the local softness s for both
reactants are on the S atom of NCS and the N atom of NO
(2.201 and 1.949), which also accounts for the favorable
formation of the adducts of IM1 and IM2. In contrast, the
Fukui function was calculated to be smallest (f° = 0.372),
and the local softness (s° = 1.155) of the O atom in NO was
found, indicating an unfavorable addition through its O-
terminus site, which readily was explained.

3.4. Rate Constant Calculation. Variational TST and
RRKM calculations carried out for this reaction with the
VariFlex code including the more favorable reaction channels
are shown as the following Scheme 2:

. kit ks
IM1 (+M) ~—— IM1* IM3* —— IM3 (+M)

NS
SN

v4r Erige g +N,0 P4

M4 (+M)

) ki
M2 (+M) ~—2 o

kps
OCS+N, P5

The reverse dissociation of the energized intermediates
IM1—IM4 back to the reactants was included in our kinetic
calculations. The energies used in the calculation are plotted
in Figure 2, and the vibrational frequencies and moments of
inertia are listed in Table S2. The Lennard-Jones (LJ)
parameters employed for the NCS + NO reaction are as
follows: for He,*! ¢ = 2.55 A and &/k = 10.0 K and for
NCSNO, ¢ = 390 A and ek = 205.0 K, which are
approximated to be the same as the analogous study of the
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Figure 1. Optimized geometries of relevant reactants, intermediates, transition states, and products on PESs of NCS + NO reactions, calculated

at the B3LYP/6-311++G(3df,2p) level. Bond lengths are in angstroms and angles in degrees.

NCO + NO system.*? For the variational rate constant partition functions was performed variationally. The number
calculations using the VariFlex code, a statistical treatment of states was evaluated according to the variable reaction
of the transitional mode contributions to the transition-state coordinate flexible transition-state theory; an energy grain
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Figure 2. Calculated profiles of PES for possible paths in NCS + NO reaction at the CCSD(T)/aug-cc-PVQZ//B3LYP/6-311++G(3df,2p) level;

labels represent the same species as those in Scheme 1.

TABLE 2: ZPE (Hartree), Total Energy (TE, Hartree), and Relative Energies (RE, kcal/mol) of Reactant, Intermediates,
Transition States, and Products, Calculated at the B3LYP/6-311++G(3df,2p) (BTE) and CCSD(T)/aug-cc-PVQZ//B3LYP/
6-311++G(3df,2p) (CTE and CRE) Levels for Reaction of NCS + NO

species ZPE¢ BTE + ZPE’ CTE + ZPE’ CRE* experiment?
R (NCS + NO) 0.012608 —620.979513 —620.168119 0.0
IM1 0.015641 —621.013655 —620.207120 —24.5
M2 0.015472 —621.011424 —620.204309 —22.7
M3 0.015858 —621.009552 —620.195180 —17.0
M4 0.015667 —621.003388 —620.190505 —14.1
IM5 0.016813 —620.972816 —620.174196 —3.8
TS1 0.009919 —620.737139 —619.981808 116.9
TS2 0.013453 —620.788709 —619.995179 108.5
TS3 0.014238 —620.933158 —620.119895 30.3
TS4 0.011207 —620.857954 —620.061219 67.1
TS5 0.015495 —621.002036 —620.190242 —13.9
TS6 0.014882 —620.934973 —620.132238 22.5
TS7 0.015687 —620.956496 —620.151670 10.3
TS8 0.015264 —620.972154 —620.170752 —-1.7
P1 (CS + NON) 0.012555 —620.793083 —619.996832 107.5
P2 (CN + ONS) 0.011688 —620.884416 —620.074101 59.0
P3 (CS + ¢-NNO) 0.009947 —620.867358 —620.074654 58.7
P4 (CS + N,0) 0.014184 —620.976600 —620.174478 —4.0 (—4.4)° >(=7.7+£14)
P5 (OCS + N») 0.014818 —621.168315 —620.366936 —124.8 (—125.5)° =(—1274+0.8)

@ZPE (au) at the B3LYP/6-311++G(3df,2p) level. » Unit of energy is hartree. ¢ Relative energy (kcal/mol) with respect to reactants.
4 Thermochemical information is obtained from standard tables (ref 27), except for NCS, where the value of AH; < 72.7 + 0.8 kcal/mol (ref 9)
is used. ¢ Relative energy with respect to reactants at CCSD(T)/aug-cc-PVnZ//B3LYP/6-311++G(3df,2p) level with an extrapolation to n — co.

size of 1.00 cm~! was used for the convolution of the

conserved mode vibrations, and a grain size of 80.00 cm™!
was used for the generation of the transitional mode numbers
of states. The estimate of the transitional mode contribution
to the transition-state number of states for a given energy
was evaluated via Monte Carlo integration with 10 000
configuration numbers. The energy-transfer process was

computed on the basis of the exponential down model with
an [AE[d,wn value (the mean energy transferred per collision)
of 100 cm™! for He. To achieve convergence in the
integration over the energy range, an energy grain size of
120 cm™~! was used. The total angular momentum J covered
the range from 1 to 250 in steps of 10 for the E,J-resolved
calculation.
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TABLE 3: Condensed Fukui Functions for N, C, and S Atoms in NCS; N and O Atoms in NO; and Global and Local Softness

of Molecules Calculated at the B3LYP/6-311++G(3df,2p) Level

Sfoe local softness (s")?
molecule N (0] C S global softness ()¢ N (0] C S
NO 0.628 0.372 3.104 1.949 1.155
NCS 0.378 0.054 0.676 3.256 1.231 0.176 2.201

@ Atomic charges according to natural population analysis. * S® = f0S. ¢S = 1/(IE — EA); energy unit is hartrees.
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Figure 3. Predicted rate constants of kmi, kv, kw3, kma, kps, and kps
(a) and comparison of total rate constants (ki = kmi + ko + kmz +

kma + kps + kps) with experimental values at He pressures of 2 torr in
the temperature range of 298—3000 K. A: Ref 12.

In the RRKM calculations, we neglected the pathways of
P1—P3 formation since their energy barriers are much higher
than TS7, in which TS7 is the rate-controlling step of our
proposed most predominant channel. The predicted values for
ki, kma, ks, kma, kpa, and kps and the comparison of the total
rate constants (ki = kvi + kvz + kvis + kva + kps + kps)
with the experimental values at He pressures of 2 torr in the
temperature range of 298—3000 K are shown in Figure 3a,b,
respectively. It can be seen that the values of kmi, kmo, kms3,
and kyi4 substantially decrease when the temperature increases
from 700 to 3000 K. However, the values of kps and kps have
a positive temperature dependence in the whole temperature
range. In addition, it can be seen from Figure 3b that our
predicted values (solid line) are in good agreement with
experimental results (measured by Hershberger and Baren'?)
in the temperature range of 298—468 K, although there is some
discrepancy at higher temperatures. The branching ratios for
the six primary reaction channels (Rwmi, Rm2, Rm3, Rva, Rpa, and
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Figure 4. Predicted branching ratios for primary reaction channels of
NCS + NO at 2 torr of He pressure in the temperature range of
298—3000 K.

Rps) at a He pressure of 2 torr in the temperature range of
298—3000 K are shown in Figure 4. It clearly shows that the
branching ratio for Ry in the temperature range of 298—950
K possess the largest values (Ry accounts for 0.53—0.39).
However, in the higher temperature range (960—3000 K), the
branching ratio for Rps (0.40—0.79), which forms OCS + N,
(PS), becomes the most significant product. Moreover, it was
found also that the formation of CS + N,O (P4) turned
somewhat competitive when the temperature went higher than
1400 K. Therefore, the calculated results demonstrate that the
formation of the OCS + N, (P5) product from the NCS + NO
reaction is the dominant reaction channel under the circumstance
of higher temperature.

We summarized the rate expressions (kmi, k2, km3s, kv, kpa,
and kps) at five specific pressures between 2 torr and 50 atm in
the temperature range of 298—3000 K, which are listed in Table
4. As we can see, in this temperature range, the values of ky,
kw2, kniz, and kys have a strong pressure dependence; however,
there is pressure independence for values of kps and kps. The
predicted total rate constants, ki, at a 2 torr of He pressure
can be represented as ko = 9.74 x 1020771388 exp(—6.53 (kcal
mol™")/RT) at T=298—950 K and 1.17 x 107227232 exp(—6.86
(kcal mol™")/RT) at T = 960—3000 K, respectively, in units of
cm® molecule™ s™!. At present, no comparison can be made
for the experimental data when the temperatures are higher than
468 K. For this newly identified, potentially important, prompt
NO precursor reaction, our results are recommended for high-
temperature combustion modeling applications.

4. Conclusion

The mechanisms and kinetics for the NCS + NO reaction
were studied with a high-level CCSD(T) method. The total and
individual rate constants for the primary channels of the
aforementioned reactions in the temperature range of 298—3000
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TABLE 4: Predicted Rate Expressions® of kyy, kniz, knis,
ki, kps, and kps at He pressures of 2, 380, and 760 torr and
10 and 50 atm in the Temperature Range of 298—3000 K

reaction P A n B
ki 2 torr 1.21 x 10% —17.68 —9.13
380 torr 1.03 x 10% —17.84 —9.76
760 torr 3.11 x 10% —17.89 —9.97
10 atm 2.17 x 10*? —18.11 —10.93
50 atm 6.33 x 104 —18.31 —11.88
kno 2 torr 7.45 x 10% —17.10 —8.11
380 torr 6.64 x 10%7 —17.26 —8.73
760 torr 2.09 x 103 —17.32 —8.93
10 atm 1.60 x 10% —17.55 —9.88
50 atm 5.37 x 104 —17.77 —10.83
kns 2 torr 1.41 x 10% —14.51 —5.00
380 torr 8.49 x 1077 —14.63 —5.38
760 torr 2.30 x 1078 —14.66 —5.51
10 atm 9.12 x 10¥ —14.82 —6.06
50 atm 2.04 x 103! —15.00 —6.67
kma 2 torr 3.98 x 10* —13.19 —3.24
380 torr 1.32 x 10% —13.24 —3.38
760 torr 3.36 x 105 —13.27 —3.46
10 atm 1.45 x 10%» —13.44 —4.00
50 atm 3.64 x 10% —13.63 —4.61
kpy 2 torr 572 x 10720 1.85 —=21.11
380 torr 572 x 10720 1.85 —21.11
760 torr 572 x 10720 1.85 —21.11
10 atm 572 x 10720 1.85 —21.11
50 atm 572 x 10720 1.85 —21.11
kps 2 torr 7.43 x 10720 1.72 —8.73
380 torr 7.43 x 10720 1.72 —8.73
760 torr 7.43 x 10720 1.72 —8.73
10 atm 7.43 x 10720 1.72 —8.73
50 atm 7.43 x 10720 1.72 —8.73

“Rate constants are represented by k = AT" exp(B (kcal mol™')/
RT) in units of cm® molecule™ s™!.

K were predicted. The four association adducts, IM1—IM4, are
dominant in the low-temperature range (7 = 298—950 K); over
950 K, the formation of OCS + N, (PS) is the primary channel
through the PESs of the NCS + NO reaction. Our predicted
total and individual rate constants and product branching ratios
for this critical reaction may be employed for combustion kinetic
modeling applications.
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