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We presented a theoretical study on the detailed reaction mechanism and kinetics of the HNCS molecule with the OH". The
barrierless minimum energy path and the most favorable entrance channel have been determined by study the thermodynamic and

kinetic characters of the channel with low energy barrier. The B3LYP/6-311++G** method was employed for all the geometrical

optimizations and a multi-level extrapolation method based on the G3 energies was employed for further energy refinements. In
addition, the analysis of the combining interaction between hydroxide ion and HNCS was performed by natural bond orbitals (NBO)
analysis. The calculation results indicated that the reaction of OH- with HNCS had four channels, and the channel of H-atom in
HNCS direct extraction to OH (OH+HNCS—IM1—-TS3—IM4—P2(SCN-+H,0)) in singlet state was the main channel with the
low potential energy and high equilibrium constant and reaction rate constant. SCN- and H,O were main products.
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INTRODUCTION

The problem of the severe air pollution in developing countries
has caused wide public concern over the recent years, heavy power
plant smoke and car emissions, mainly in the form of sulfate,
organic, nitric acid and particles, have always been a threat to the
global public health. In the meanwhile, as important intermediates
of sulfur-containing fuel combustion process, HNCS and its derived
free radical NCS can participate in the process of removal the toxic
NO, compounds from rapid combustion exhaust gas t00."* Due to
its important role, the theoretical study on the reaction mechanism of
HNCS with small molecules by quantum chemistry calculation also
become the focus of the chemical workers’ research.”"

Because its oxidation ability is very strong, hydroxide ion (OH")
is one of the key intermediates in the interstellar environment and
a large number of combustion reaction, not only represents a very
important role that OH" can oxidized volatile organic compounds in
the troposphere gas,? but also plays an important role in atmospheric
chemistry where it is the primary process responsible for removal
of the H,CO pollutant.?"> Molecular anions play an important role
in the chemistry of the interstellar medium, of carbon stars , and the
Earth’ s ionosphere. One such species is the hydroxide ion. Madura
and Jorgensen applied ab initio calculation to discuss the addition of
hydroxyl anion to the aldehydic carbon atom.?® Herein, we used the
density functional theory (DFT) to explore the reaction mechanism
of OH~ with HNCS, We hope our work might provide theoretical
guidance to control NO, substance-related air pollution effectively.

CALCULATION METHODS

All calculations were performed with the Gaussian 03 package.”’
The geometries of reactants, intermediates, transition states and
products were optimized at the DFT-B3LYP/6-31 1++G** level 8!
The harmonic vibration frequencies obtained at the corresponding
level were used to characterize the stationary points and first-order
saddle points. The intrinsic reaction coordinate (IRC) calculation
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was used to track minimum energy paths from transition structures
to stationary points. To obtain more precise energy results, stationary
point energies were calculated at the G3 level. The thermodynamic
and kinetic characters of the channel with low energy barrier were
calculated by the statistical thermodynamics and Eyring transition
state theory with Winger correction at different temperatures.

RESULTS AND DISCUSSION
Channels of singlet state OH- with HNCS

Calculations showed the reaction of singlet state OH" with HNCS
had four channels. NBO calculation results indicated that precursor
complex IM1 formed when the lone electron pair of O-atom in
OH- interacted with 6°(C-S) and 6"(N-H) in HNCS, respectively.*?
The abstraction reactions of S-atom and H-atom in HNCS transfer
occurred by using IM1 as starting intermediate. The lone electron pair
of O-atom in OH" and N-atom in HNCS interacted with the 6"(C-S)
and 6" (C-N) of HNCS to form IM1 intermediate. This interaction
leaded to the reduction of O—C and N-H bond strength, and prompted
H-atom in OH- transfer. Therefore, the reaction of singlet state OH-
with HNCS was complicated and multichannel.

HI-atom in HNCS transfer to OH- channel

HNCS collided with the singlet state OH™ to form an intermediate
IM1, and then IM1 generated intermediate IM4 via transition state
TS3. After that, IM4 dissociated to generate product P2 (SCN+H,0).
As shown in Figure 1, the bond length of H1-N in HNCS increased
from IM1 (0.1022 nm) to TS3 (0.1207 nm) to IM4 (0.2078 nm) and
the bond length of HI-O was gradually decreased from 0.2062 nm
(IM1) to 0.1223 nm (TS3). This result indicated that HI-N bond
cleaved and H1-O bond formed gradually in this process. The H-atom
of HNCO directly bonded with O-atom in OH~, and the reaction of
H1-atom in HNCS transfer to OH- performed. As shown in Figure 2,
the energy barrier of the reaction step from IM1 to IM4 via TS3 was
285.3 kJ mol!, which was lower and advantageous in kinetics. The
whole reaction was exothermic, and the heat generated in reaction
was 616.0 kJ mol”!, which was thermodynamically favorable to
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this reaction process. As could be see from Table 1, the rate and
equilibrium constants of reaction were large at the temperature range
of 700 to 2000 K. Therefore, the channel of HI-atom in HNCS transfer
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to OH" was the major reaction channel.

‘U,IOI]
@y

%

%>

sy T B
19930.1166 - 3 %

00993 s B Yy *‘

@ . °+ Pr— 1458

0.1014
0.1146
0.1818
). 160,

0.14 43"1 19

0.1016
0.11
.12 07 00985 —P Lp

\wb 01628

U 0974
654

TS1

”/ 5
0126922 ﬁu S

G
IM5

0.102
9. Iﬂ
ISI(J

J

107.0
I 1563 ‘

IM6 P3

Figure 1. Optimized geometries of various species in reaction in singlet state
(bond lengths in nm and bond angles in degree)

S-atom abstraction channel

In Figure 1, the S atom combined with O atom of IM1 to form
stable intermediate IM2 through transition state TS1. In IM2,
G (C-S) interacted with 6" (C-N) and the lone electrons pairs of
S-atom and N-atom in HNCS, leading to the weakening of C—S bond.
From IM1 to IM2, the C-S bond length increased to 0.1566 from
0.1513 nm, the O-S bond length decreased to 0.1654 nm in IM2
from 0.2540 nm in TS1, which indicated that the strength of C-S
bond gradually weakened and the strength of O—S bond gradually
enhanced. Subsequently, IM2 generated IM3 through transition state
TS2, and then IM3 dissociated to generate product P1 (HSO+CNH),
and S-atom abstraction was completed. The energy barrier was 340.4
kJ mol! from IM1 to IM2, and that of the reaction step from IM3 to
IM2 was 317.3 kJ mol! (Table 3). The whole reaction was exothermic
reaction with 518.3 kJ mol™! of heat liberated. Moreover, the reaction
equilibrium and rate constants were small in the temperature range

from 100 to 1600 K (Table 2). Therefore, this reaction process was
a minor reaction channel.

H2-atom in OH" transfer to NH channel

IM1 through TS4 and TS5 form intermediate IM5 and IM6 with
the reaction energy barrier of 271.3 and 223.2 kJ mol-1 respectively.
In this step, the length of C-O bond changed from 0.1441nm in
TS4 and 0.1456 nm in TSS to 0.0977 nm in IM6(Figure 1)which
indicated that C—O bond gradually enhanced until their formation.
It is worth mentioning that IM5 and IM6 is cis-trans isomer. From
IMS5 and IM6 to TS6, the lengths of C—N bond increased to 0.2684
nm from 0.1265 nm. These results indicated that N—C bond gradually
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Figure 2. Schematic map of energy levels in singlet state (relative energies
in kJ mol”)

weakened and fracture until IM7 generated in this reaction process.

Afterwards, IM7 dissociated to product P3(NH, +COS). The whole
reaction was exothermic with the total liberated heat of 531.9 kJ mol !,
and the energy barrier from IMS5 and IM6 to IM7 through TS6 was
470.5 kJ mol! which was higher than that of the major reaction
channel. As listed in Table 2, the reaction rate constants of H2-atom
in OH transfer to NH channel was large, but the equilibrium constants
were small at the temperature range from 100 to 1200 K. Therefore
these two channels were not the major reaction pathway.

Channels of triplet state OH- with HNCS

Calculation results indicated that triplet state OH™ could also react
with HNCS. This reaction had two channels including absorption of
3OH- and H1-atom in HNCS transfer to OH" channel. The NBO results
showed the lone electron pair of O-atom in *OH anions interacted
with 6"(C-N) of HNCS in *IM1 which was used as the precursor
complex to accomplish absorption OH- reaction. *IM2 formed due
to the interaction between 6" (N-H) of HNCS with the lone electron

pair of O-atom in *OH, which leaded to the weakening of N-H bond
and the occurring of H1-atom transfer to OH- reaction

OH~ abstraction channel

The lone electron pair of O-atom in *OH- interacted with
G°(C-N) of HNCS to form *IM1, which could generated product
SP1(PCHNCSOH)) through *TS1. As shown in Figure 3, the length of
C-0O bond decreased to 0.1300 nm (*(IM1) from 0.1210 nm (°P1). In
this process, the strength of C-O bond formed gradually. Finally,
OH- combined with C, and the direct extraction OH™ reaction
was accomplished. As shown in Figure 4, the energy barrier was

144.8 kJ mol™ in the reaction step from 3IM1 to 3Pl through 3TS1
The whole reaction released 446.3 kJ mol™!.

H1I-atom in HNCS transfer to OH" channel

In Figure 4, ’IM2 formed *IM3 through transition state *TS2 with
the energy barrier of 308.5 kJ mol™, and the length of HI-N bond
increased to 0.1257 nm (°TS2) from 0.1532 nm (*IM2). The length


http://dict.cnki.net/dict_result.aspx?searchword=%e7%bb%93%e5%90%88&tjType=sentence&style=&t=combined+with

Vol. 40, No. 10

Theoretical research on the multi-channel reaction mechanism and kinetics of HNCS with OH- 1139

Table 1. In temperature range of from 100 t02000 K, the equilibrium constant (K) and rate constant (k(s)) of the reaction in singlet state with low energy barrier

at 1.0 atm
y IM1—P1 IM1—-P2 IM1-P3 IM1-TS3—IM4 IM1->TS4—IM5 IM1->TS5—IM5 IM5—>TS6—>IM7 IM6—>TS6—IM7
T/K
K K K k/s! k/s™! k/s! k/s! k/s!
100 3.92x107%2  8.68x10""  5.68x10%! 4.30x10% 2.30x10? 4.65%101! 6.49x10-24 6.41x102*
200 3.89x10%  1.78x10%>  8.57x10* 3.09x10% 3.11x104 1.40x10+ 3.21x10% 3.19x10%°
300 5.56x104  1.61x10*° 1.23x10'¢ 1.21x10% 7.56x10% 9.56x10% 1.02x10-8 1.01x108
400 2.28x10%  5.46x10%  1.59x10'* 2.44x10"2 3.90x10"* 2.63x101® 2.32x10% 2.31x104°
500 2.14x10%"  4.70x10*  7.44x10'® 2.42x107 6.86x10° 1.26x101° 2.68x10% 2.67x10%
600 9.44x10"7  1.99x10  2.06x10% 5.31x10* 2.21x107 7.95x107 6.72x10% 6.69x10%
700 1.93x10"  3.99x10"™  1.56x10™ 0.13 7.23%x107 4.20x10* 1.34x101® 1.33x101®
800 57910 1.18x10'  6.96x10% 8.45 0.56 4.69x107? 1.28x10"2 1.28x10"2
900 4.81x10? 9.81x10° 2.20x10%° 217.07 16.81 1.86 1.62x10”° 1.61x10°
1000 1.63x107  3.33x107 1.36x10°* 2.95x10° 256.29 35.40 4.95x107 4.93x107
1200 3.12x10°  6.41x10°  2.03x10%* 1.50x10° 1.54x10* 2.99x10° 2.67x1073 2.66x107
1400 1.28 x10°  2.67x10° 5.00x10% 2.54x10° 2.91x10° 7.17x10* 1.25 1.25
1600  2.03x10?%  4.27x10*>  3.02x10% 2.14x107 2.65%x10° 7.83x10° 126.54 126.09x10°
1800 0.17 872.9 1.54x10% 1.14x108 1.48x107 5.05x10° 5.05x10° 4.59x10°
2000 0.92 0.36 3.51x10%® 4.33x10°% 5.90x107 2.25%x107 8.195%x10* 8.16x10*
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Figure 3. Optimized geometries of various species in reaction in triplet state
(bond lengths in nm and bond angles in degree)

of HI-O bond varied from 0.1532 nm (*IM2) to 0.1185 nm (°TS2) to
0.0972 nm (’IM3). In this step, HI-O bond formed and HI-N bond
dissociated gradually. The formation of *IM3 from *IM2 through
transition state *TS2 had the energy barrier of 309.5 kJ mol ™. Finally,
3IM3 dissociated into generate product *P2 (SCN-+H,0).

Comparing the two pathways, the direct extraction OH™ channel
had the lowest energy barrier. Therefore, the direct extraction OH~
channel was the major reaction channel in the reaction of triplet state
OH- with HNCS.

CONCLUSIONS

In this study, the B3LYP method of density functional theory was
employed to research the reaction mechanism of OH- and HNCS.
The calculation results showed that the reaction of singlet state had
four feasible pathways and that of triplet state was two. The H1-
atom in HNCS transfer to OH™ channel in singlet state reaction was
the main reaction channel with the lowest energy barrier. The rate
constant and equilibrium constant of the H1-atom in HNCS transfer

Figure 4. Schematic map of energy levels in triplet state (relative energies
in kJ mol”)

to OH™ channel in singlet state were higher than other channels in
the temperature range of 100 to 2000 K. This study might provide
theoretical clue to control environment pollution. By comparing
with the main channel of singlet state reaction, the energy barrier of
this pathway was higher. So, the reaction of triplet state was not the
predominant way of OH- with HNCS reaction.

SUPPLEMENTARY MATERIAL

A table with the energies, relative energies and frequencies of
the reaction can be found at http://quimicanova.sbq.org.br in pdf
format, with free access.
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