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Theoretical investigations are performed on mechanism and kinetics of the reactions of ethyl radical C2H5 with NCO radical. The
electronic structure information of the PES is obtained at the B3LYP/6-311++G(d,p) level of theory, and the single-point energies
are refined by the CCSD(T)/6-311+G(3df,2p) level of theory. The rate constants for various product channels of the reaction in the
temperature range of 200–2000K are predicted by performingVTST and RRKMcalculations.The calculated results show that both
the N and O atoms of the NCO radical can attack the C atom of C

2H5 via a barrierless addition mechanism to form two energy-
rich intermediates IM1 C2H5NCO (89.1 kcal/mol) and IM2C2H5OCN (64.7 kcal/mol) on the singlet PES.Then they both dissociate
to produce bimolecular products P1 C2H4 + HOCN and P2 C2H4 + HNCO. At high temperatures or low pressures, the reaction
channel leading to bimolecular product P2 is dominant and the channel leading to P1 is the secondary, while, at low temperatures
and high pressures, the collisional stabilization of the intermediate plays an important role and as a result IM2 becomes the primary
product. The present results will enrich our understanding of the chemistry of the NCO radical in combustion processes.

1. Introduction

Isocyanate free radical (NCO) is an important intermediate
of combustion process [1]. It is an important species in
NOx compound generation from two completely different
combustion sources: instant generation of NOx or Feni-
more mechanism [2, 3] and NOx generation from fixed
fuels of nitrogen-containing compound. NCO also plays an
important role in eliminating RaReNOx and NOxOUT of
NOx pollutant in smoke. All of these processes depend on
adding cyanic acid ((HONC)3) and urea ((NH2)2CO) into
exhaust gases of combustion. The generation of HNCO is
the basis of following NOx elimination by NCO. Due to
considerable amounts of C, N, and O in interstellar space,
people believe that NCO may exist in interstellar space and
plays an important role in interstellar chemistry. Through a
computation study, Chen andHo [4] reported that NCOmay
have important application value in synthetic chemistry. It

can generate pentabasic 1,3-oxazole which is an important
compound in both synthetic chemistry [5] and biochemistry
[6–9] through [3 + 2] ring addition reaction with alkyne.
Considering the important significance of NCO free radical
in combustion, biochemistry, synthetic chemistry, and inter-
stellar chemistry, NCO has attracted wide research attention
from chemists. NCO free radical can be generated through
many important chemical reactions, such as HCN + O, CN
+OH, and CN +O2. Many experimental researches reported
the reaction between NCO and different elements, including
Cl, NO,NO2, C2H2, C2H4, CH3OH,CH3CH2OH,CH4−𝑛Cl𝑛,
CCl2F2, CH3NO2, and so on [10–18]. Besides, there are many
theoretical researches on the reaction between NCO and F,
3O, OH, C2H2, NO, NO2, and so on [19–24].

Alkane radical is another important free radical in
combustion and atmospheric and environmental chemistry.
Ethyl radical (C2H5) is the simplest alkane radical and can
reflect oxidation characteristics of many big alkane radicals,
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including alkane radicals generated by olefins. As a result, the
C2H5 + NCO reaction drew our attention.

Only Macdonald [25] has reported an experimental
research on the kinetics of the C2H5 + NCO reaction so far.
He concluded possible reaction channels:

C2H5 + NCO → HNCO + C2H4 (1a)

C2H5 + NCO → HOCN + C2H4 (1b)

C2H5 + NCO → HCN + C2H4O (1c)

C2H5 + NCO → C2H5NCO/C2H5OCN. (1d)

Reaction rate constants and product outputs of the C2H5
+ NCO reaction at the temperature range 293 ± 2K and
the pressure range 2.1∼2.5 Torr have been calculated in the
experiment. Variation of total reaction rate constant against
pressure is expressed as 𝑘1 = (1.25 ± 0.16) × 10

−10 +
(4.22 ± 0.35) × 10−10 P cm3molecule−1s−1. Rate constants
of other reaction channels are 𝑘1𝑎 = (1.1 ± 0.16) ×
10−10 cm3molecule−1s−1, 𝑘1𝑏 = (2.9 ± 1.3) × 10

−11, 𝑘1𝑐 =
(8.7 ± 1.5) × 10−13 cm3molecule−1s−1 and 𝑘1𝑑 = (0.09 ± 1.3) ×
10−11 + (3.91 ± 0.27) × 10−10 P cm3molecule−1s−1. However,
this experimental research did not study rate constant and
product distribution of the C2H5 + NCO reaction at wider
temperature and pressure ranges. Mechanism of the C2H5 +
NCO reaction, pressure and temperature dependence of its
products within a widermeasuring range, and product distri-
bution still remain unknown.As far aswe know, no associated
theoretical researches have been reported yet. In this paper,
we carried out a comprehensive theoretical study on the
C2H5 + NCO reaction. Its potential energy surfaces were
calculated through quantum chemical calculation and its
kinetics were computed using the Rice-Ramsperger-Kassel-
Marcus (RRKM) unimolecular reaction rate constant theory
of microcanonical ensemble. Possible isomerization and dis-
sociation channels of products were identified, thus enabling
us to get comprehensive potential energy surface informa-
tion. Based on quantum chemical calculation and kinetic
calculation, we got reaction rate constants and branching
ratios of different reaction channels at different temperatures
200∼2000K and pressures 1–7600 Torr.

2. Calculation Methods

In this work, we employed hybrid density functional B3LYP
[30, 31] method in conjunction with 6-311++G(d,p) to
perform the optimization calculations of all the stationary
points (including reactants, products, intermediates, and
transition states) involved inC2H5 +NCOreaction. To obtain
more reliable energetic data, single-point energy calculations
were performed at the CCSD(T)/6-311+G(3df,2p) level using
the B3LYP/6-311++G(d,p) optimized geometries of all the
species. To characterize the nature of each stationary point,
harmonic vibrational frequency calculations were performed
at the same level. The local minima possess all real fre-
quencies, whereas the transition state has one and only one
imaginary frequency. The reaction path was calculated by
means of intrinsic reaction coordinate (IRC) [26, 32–34] to

confirm that the transition states connect designated inter-
mediates. Unless noted, the CCSD(T) energies with inclusion
of B3LYP zero-point vibrational energies (ZPE) were used
throughout. All the calculations were carried out via the
Gaussian 03 program packages [35].

According to the variational transition state theory
(VTST) and RRKM [36] theory, the kinetic calculations for
this multichannel andmultiwell reaction were carried out via
the MultiWell 2011 [27, 37] program on the basis of the PES
obtained above in order to identify the likely mechanism and
the branching ratios of various product channels.

3. Results and Discussion

3.1. Potential Energy Surface and Reaction Mechanism. The
optimized geometries of the reactants, products, interme-
diates, and transition states for C2H5 + NCO reaction are
shown in Figure 1, respectively, along with the available
experimental data from the literature. It is found that when
comparison is available, the agreement between theoretical
and experimental results is good, with the largest discrepancy
within a factor of 1.9%. The schematic profile of the PES is
depicted in Figure 2.The total energy of the reactant R[C2H5
+ NCO] is set to be zero for reference.

3.1.1. Initialize Connection. There are two possible initialize
channels of the C2H5 + NCO reaction (Figures 1 and 2).
N and O atoms in NCO attack C atoms in C2H5 to form
entrance intermediates IM1 C2H5NCO (−89.1 kcal/mol) and
IM2C2H5OCN(−64.7 kcal/mol) through energy barrier-free
addition reaction. Such typical initialize connection of free
radicals will release abundant heat, thus making IM1 and
IM2 have high chemical activity. This lays foundations for
the following isomerization or dissociation. IM1 and IM2 can
transformmutually through a four-membered ring transition
state TS5 (−6.1 kcal/mol).

3.1.2. Dissociation Channel. Two available dissociation chan-
nels were found from IM1 C2H5NCO. In Figure 2, IM1
produces P2 HNCO + C2H4 (−72.9 kcal/mol) through 1,3-
H-transfer via a four-membered ring transition state TS1
(−17.9 kcal/mol). Alternatively, IM1 produces P1 HOCN +
C2H4 (−47.9 kcal/mol) through 1,5-H-transfer via a six-
membered ring transition state TS2 (−31.4 kcal/mol).

Figure 2 shows that there are three feasible dissociation
channels from the energy-rich intermediate IM2 C2H5OCN:
(1) 1,3-H-transfer produces P1 through a four-membered
ring transition state TS3 (−8.7 kcal/mol); (2) synergetic 1,3-
H-transfer is accompanied with C-O bond breakage and
produces P3 HCN + CH3CHO (−66.7 kcal/mol) through a
six-membered ring transition state TS6 (13.4 kcal/mol); (3)
1,5-H-transfer produces P2 through a four-membered ring
transition state TS4 (−31.9 kcal/mol).

To sum up, important theoretical dissociation chan-
nels of the C2H5 + NCO reaction on the CCSD(T)/6-
311+G(3df,2p)//B3LYP/6-311++G(d,p) level of theory are

R C2H5 +NCO → IM1 C2H5NCO → P1 HOCN + C2H4 (2)

R C2H5 +NCO → IM1 C2H5NCO → P2 HNCO + C2H4 (3)
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Figure 1: B3LYP/6-311++G(d,p) optimized geometries for the reactants, products, intermediates (IM), and the corresponding transition states
(TS) of C2H5 +NCO reaction.The values in parentheses are the pertinent experimental data from the literature and a–e represent [26, 26–29],
respectively. Bond lengths are in Å and bond angles are in degree.
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Figure 2: Schematic singlet potential energy surface of the C2H5 + NCO reaction at the CCSD(T)/6-311+G(3df,2p)//B3LYP/6-
311++G(d,p)+ZPE level.

R C2H5 + NCO → IM2 C2H5OCN → P1 HOCN + C2H4 (4)

R C2H5 + NCO → IM2 C2H5OCN → P2 HNCO + C2H4 (5)

R C2H5 + NCO → IM2 C2H5OCN → P3 HCN + CH3CHO . (6)

Apparently, the rate-limiting transition state TS4
(13.4 kcal/mol) in channel (6) has far higher energy than TS2
(−31.4 kcal/mol), TS1 (−17.9 kcal/mol), TS3 (−8.7 kcal/mol),
and TS6 (−31.9 kcal/mol) in previous four reaction channels.
Therefore, channel (6) could not compete with the rest
of the four channels and is neglected in the following
kinetic calculation. Channel (5) has the lowest energy
barrier (32.8 kcal/mol) and the lowest energy of P2HNCO
+ C2H4 (−72.9 kcal/mol). It is the most feasible one in both
thermodynamics and kinetics. Although channel (3) has
the highest thermodynamics stability of product energy,
it has to overcome a higher energy barrier (71.2 kcal/mol)
than channels (2) (57.7 kcal/mol) and (4) (56.0 kcal/mol).
Therefore, channel (3) could not compete with channels (2)
and (4) in kinetics. Since channels (2) and (4) have the same
product (P1HOCN+C2H4) and similar energy barriers, they
compete with each other. Moreover, intermediates IM1 and
IM2 can transform mutually through high energy barriers.
However, further kinetic calculation of the C2H5 + NCO
reaction is needed to determine its product distribution and
temperature and pressure dependence of its reaction rate
constant at wider measuring ranges. The following text uses

RRKM calculation to calculate rate constants and branching
ratios of all reaction channels.

3.2. Kinetic Calculations. Based on acquired potential energy
surface information of C2H5 + NCO reaction, rate constants
of the overall reaction and multiple reaction channels as well
as branching ratio of various products at the temperature
range 200∼2000K and pressure range 1∼7600 Torr were
calculated with MultiWell 2011 program [27, 37]. Kinetic
bottleneck of energy barrier-free reaction channels, for
example, entrance channels of IM1 C2H5NCO and IM2
C2H5OCN with chemical activity, was identified using vari-
ational transition state theory (VTST) [38, 39]. Therefore,
we carried out restricted optimization calculation by fixing
length of C-N bond in IM1 C2H5NCO or C-O bond in
IM2 C2H5OCN. Total single-point energy along the reac-
tion coordinates was corrected. Energies and molecular
parameters (reaction energy barrier, rotational inertia, and
vibration frequency) of reactants, products, intermediates,
and transition states which were calculated from ab initio
were used in kinetic calculation. The total reaction rate
constant (𝑘tot) is the sum of rate constants of correspond-
ing reaction channels. At 293K and 4Torr, the calculated
reaction rate constant of P2HNCO + C2H4(𝑘P2) and reac-
tion rate constant of P1HOCN + C2H4(𝑘P1) are 2.47 ×
10−10 cm3molecule−1s−1 and 2.50 × 10−11 cm3molecule−1s−1,
which agrees well withMacdonald’s [25] experimental results
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Figure 3: (a) Rate constants of total and various reaction channels at 293K in a pressure range from 1 Torr to 7600 Torr. (b) Branching ratios
of various reaction channels at 293K in a pressure range from 1 Torr to 7600 Torr.
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Figure 4: (a) Rate constants of total and various reaction channels at 1 Torr in a temperature range from 200K to 2000K. (b) Branching ratios
of various reaction channels at 1 Torr in a temperature range from 200K to 2000K.

((1.1 ± 0.16) × 10−10 cm3molecule−1s−1 and (2.9 ± 1.3) ×
10−11 cm3molecule−1s−1, resp.). However, the experimental
prediction of rate constant of HCN + C2H4O is (8.7 ± 1.5)
× 10−13 cm3molecule−1s−1, while the theoretical prediction is
very small.

The relationship of reaction rate constants and branching
ratios of reaction channels with pressure 1∼7600 Torr at 293K
are shown in Figures 3(a) and 3(b). At 293K, 𝑘tot is inde-
pendent of pressure.Within the whole testing pressure range,
bimolecular dissociation product P2 is themajor product and
𝑘P2 is negatively correlatedwith pressure.The branching ratio
of P2 decreases from 0.91 to 0.60. When pressure < 29 Torr,
P1 becomes the secondary product and the order of rate
constants of different reaction channels is 𝑘P2 ≫ 𝑘P1 > 𝑘IM1 >
𝑘IM2. With the increase of pressure, unimolecular product
IM1 becomes the secondary product and the order of rate
constants of different reaction channels is 𝑘P2 ≫ 𝑘IM1 > 𝑘P1 >
𝑘IM2.When pressure≧ 3,211 Torr, IM2 becomes the secondary
product and the order of rate constants of different reaction

channels is 𝑘P2 > 𝑘IM2 > 𝑘IM1 > 𝑘P1. When pressure <
600Torr, IM2 decomposed into bimolecular products P1 and
P2 completely. The output of IM2 is almost zero. As pressure
increases from 1 to 600 Torr, output of IM1 increases from
0 to 0.09, while output of P2 decreases quickly from 0.10
to 0.01. When pressure > 600Torr, output of IM2 increases
dramatically and reaches the peak 0.31 at 7600 Torr, but IM1
remains basically unchanged, close to 0.09. P2 varies similarly
to IM1 and its output remains smaller than 0.01.

The relationship of reaction rate constants and branching
ratios of reaction channels with temperature 200∼2000K at
1 Torr are presented in Figures 4(a) and 4(b). When pressure
= 1 Torr, impact stabilization effect of intermediates can be
neglected completely. Both IM1 and IM2 transform into
bimolecular product fragments P1 and P2 completely. 𝑘tot is
contributed by P1 and P2. In Figure 4(a), 𝑘tot, 𝑘P1, and 𝑘P2
decrease continuously before 600K and then remain basically
the same with the continuous increase of temperature. In
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Figure 5: (a) Rate constants of total and various reaction channels at 760 Torr in a temperature range from 200K to 2000K. (b) Branching
ratios of various reaction channels at 760 Torr in a temperature range from 200K to 2000K.
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Figure 6: (a) Rate constants of total and various reaction channels at 7600 Torr in a temperature range from 200K to 2000K. (b) Branching
ratios of various reaction channels at 7600 Torr in a temperature range from 200K to 2000K.

Figure 4(b), output of P1 decreases from 0.22 to 0.02 as
temperature increases from 200K to 900K, while output of
P2 increases from 0.78 to 0.98. When temperature increases
from 900K to 2000K, output of P1 begins to increase from
0.02 to 0.13, while output of P2 decreases from 0.98 to 0.87.

The relationship of reaction rate constants and branching
ratios of reaction channels with temperature 200∼2000K at
760 Torr are presented in Figures 5(a) and 5(b). Similarly to
that in Figures 4(a) and 4(b), 𝑘tot, 𝑘P1, 𝑘P2, 𝑘IM1, and 𝑘IM2 all
decrease continuously before 600K and then become stable.
P2 is the main product within the studied temperature. The
output of P2 increases continuously with the temperature
growth and reaches the peak 0.98 at 900K. Later, it decreases
to 0.87 at 2000K. When temperature < 600K, IM1 is the
secondary product and its output decreases from 0.22 to
0.02 as temperature increases. The output of IM1 approaches
zero as temperature increases continuously. On the contrary,
output of P1 is zero at early reaction but increases quickly
since 600K, from 0.02 at 600K to 0.13 at 2000K. Within

this temperature range, IM2 can be neglected, because its
branching ratio is smaller than 0.01.

The relationship of reaction rate constants and branching
ratios of reaction channels with temperature 200∼2000K at
7600 Torr are presented in Figures 6(a) and 6(b). Combining
Figures 4(a), 5(a), and 6(a), it is easy to discover that at all
pressures, 𝑘tot, 𝑘P1, 𝑘P2, 𝑘I1, and 𝑘I2, are inversely proportional
to temperature before 600K and become independent of
temperature after 600K. In Figure 6(b), outputs of unimolec-
ular products IM1 and IM2 decrease with the increase of
temperature, while output of bimolecular product P1 shows
the opposite. Output of P2 increases with the increase of
temperature and reaches the peak 0.98 at 900K. When
temperature < 229K, branching ratios of different products
are IM2 > P2 > IM1 > P1 and their branching ratios are
0.45, 0.32, 0.22, and ≈0 at 200K. When temperature >910K,
branching ratios of different products are P2 > P1 > IM2 ≈
IM1, and their branching ratios are 0.87, 0.13, ≈0, and ≈0,
respectively, at 2000K.
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4. Conclusions

In this paper, singlet potential energy surface of the
C2H5 + NCO reaction is calculated on the CCSD(T)/6-
311+G(3df,2p)//B3LYP/6-311++G(d,p) level of theory. Rate
constants and branching ratios of its main reaction chan-
nels at 200∼2000K and 1∼7600Torr are predicted. Results
demonstrate that, on singlet potential energy surface, N and
O atoms in NCO can attack C atoms in C2H5 without
energy barrier to produce energy-rich entrance interme-
diates IM1 C2H5NCO (89.1 kcal/mol) and IM2 C2H5OCN
(64.7 kcal/mol). IM1 and IM2 can be further decomposed
into P1C2H4 + HOCN and P2C2H4 + HNCO through H-
transfer. According to the kinetic calculation, we find that,
within the whole studied pressure range, 𝑘tot, 𝑘P1, 𝑘P2, 𝑘I1,
and 𝑘I2, all present negative temperature dependence before
600K but then become independent from temperature. At
low pressure or high temperature, impact stabilization effect
of intermediates can be neglected, and bimolecular product
P2 is the major product (the maximum branching ratio is
0.98), while P1 is the secondary product (the maximum
branching ratio is 0.22). At high pressure and low temper-
ature, stabilization effect of intermediate is important and
IM2 is the major product (the maximum branching ratio is
0.45). At 293K, 𝑘tot shows no obvious pressure dependence.
Within thewhole testing pressure range, bimolecular product
P2 is the major product, which agrees with experimental
results. Furthermore, output of P2 is negatively correlated
with pressure, decreasing from 0.91 at 1 Torr to 0.60 at
7600 Torr. These research results not only have important
significance to get a deeper understanding of mechanism and
kinetics of the C2H5 + NCO reaction but also can provide
references for future associated theoretical and experimental
studies.
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