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dy of the gas-phase reactions of
propadiene with NO3: mechanism, kinetics and
insights†

Haomin Wang,a Meilian Zhao,b Qiwen Zuo,a Mingxing Liu,a Xinyu He,a Zhiguo Wang,a

Yuxi Sun,a Ruojing Songa and Yunju Zhang *a

In this study, the conversion mechanisms and kinetics of propadiene (CH2]C]CH2) induced by NO3 were

researched using density functional theory (DFT) and transition state theory (TST) measurements. The NO3-

addition pathways to generate IM1 (CH2ONO2CCH2) and IM2 (CH2CONO2CH2) play a significant role. P3

(CH2CONOCHO + H) was the dominant addition/elimination product. Moreover, the results manifested

that one H atom from the –CH2– group has to be abstracted by NO3 radicals, leading to the final

product h-P1 (CH2CCH + HNO3). Due to the high barrier, the H-abstraction pathway is not important for

the propadiene + NO3 reaction. In addition, the computed ktot value of propadiene reacting with NO3 at

298 K is 3.34 × 10−15 cm3 per molecule per s, which is in accordance with the experimental value. The

computed lifetime of propadiene oxidized by NO3 radicals was assessed to be 130.16–6.08 days at 200–

298 K and an altitude of 0–12 km. This study provides insights into the transformation of propadiene in

a complex environment.
1. Introduction

During daytime, the main oxidants in the troposphere are OH
radicals; at night, because there is no photochemical reaction in
the troposphere, the concentration of OH radicals decreases
sharply, NO3 radicals and O3 become the main oxidants,1–3 and
nocturnal chemistry develops with NO3 and N2O5 as the center.
NO3 can react with a series of volatile organic compounds to
degrade them.4 However, NO3 can be directly converted into
nitrate via a heterogeneous reaction or converted into N2H5 and
then reacted with water or aerosol to be removed from the
atmosphere, resulting in the removal of NOx.5 Propadiene
(CH2]C]CH2) has been measured in planetary atmospheres
and in combustion.6,7 In recent years, the reactions of NO3 with
unsaturated hydrocarbons have been a subject of many exper-
imental investigations.8–16 The reactions of NO3 withmany other
small hydrocarbons have been poorly characterized. For
instance, propadiene (C3H4) was generated as an intermediate
during the combustion of saturated17,18 and unsaturated19–23

hydrocarbons. Much less information has been published for
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the reaction of NO3 with propadiene. However, Grosjean et al.24

measured the rate coefficients at 298 K for the reaction of NO3

with C3H4 (3.39 × 10−15 cm3 per molecule per s in air). More-
over, Arrhenius exponential factor, activation energy and
product distribution have not yet been identied for the reac-
tion of NO3 with C3H4. Previous investigations of the reactions
of NO3 with saturated hydrocarbons have indicated that the H-
abstraction pathways dominate the reaction,25 and the addition/
elimination pathways dominate the reactions of NO3 with
unsaturated hydrocarbons at room temperature.26–29 According
to similar size and structure, the reaction of NO3 with prop-
adiene could be estimated to be similar to those of ethylene and
propylene based on their similar size and structure. To date, no
theoretical work has been reported on the reaction of NO3 with
propadiene. Thus, we decided to employ a theoretical investi-
gation of the reaction of NO3 with propadiene for two purposes:
(i) to rationalize the reported experimental data and (ii) to put
forward a point of mechanistic view for exhaustive NO3-oxida-
tion processes.
2. Computational methods

Gaussian09 (ref. 30) procedure was applied for the electronic
structure investigation, which consist of the optimization of the
structure and calculation of vibration frequency by employing
the density functional theory (DFT) method B3LYP31,32 with the
6-311++G(d,p) basis set for the species referring to the CH2]

C]CH2 + NO3 reaction. Intrinsic reaction coordinate (IRC)
theory33,34 computation was implemented to ensure that the
RSC Adv., 2023, 13, 21383–21392 | 21383
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related products and reactants are glossy linked to the transi-
tion states along the reaction path. The dynamics studies have
indicated that DFT with the B3LYP functional supplies the most
favorable compromise scheme for gaining precise barrier
height. It could also precisely forecast low-level PES information
of all the species reliably. Furthermore, the high-level energy
correction was implemented at the CCSD(T)35/cc-pVTZ level to
determine the precision of the DFT results and compute the
thermodynamic properties of barrier height (DE), enthalpy (DH)
and Gibbs free energy (DG) at room temperature and standard
atmospheric pressure. In this work, the total and individual rate
coefficients of the CH2]C]CH2 + NO3 reaction are computed
in the temperature range of 200–3000 K by employing the RRKM
theory.36–39 The detailed calculated process is given in the ESI.†
3. Results and discussion

The geometric congurations of all the intermediates and
transition states are depicted in Fig. 1. Fig. 2 displays the
congurations for all the reactants and products. The potential
energy surface (PES) for the CH2]C]CH2 + NO3 reaction is
described in Fig. 3. The zero-point correction energy (ZPE), and
the relative energy, enthalpy, Gibbs free energy and the data of
the T1-diagnosis obtained at the CCSD(T)//B3LYP level are listed
in Table 1. The moment of inertia and the harmonic vibrational
frequencies, and the Cartesian coordinates for intermediates
and transition states obtained at the B3LYP/6-311++G(d,p) level
are summarized in Tables S1 and S4.†
Fig. 1 Optimized geometries including all intermediates and transition
states on the PESs computed at the B3LYP/6-311++G(d, p) level for the
CH2]C]CH2 (propadiene) + NO3 system. The bond lengths are given
in angstroms.
3.1 Mechanism of the propadiene + NO3 reaction

There exist two identical C]C bonds and one type of C–H bond
in CH2]C]CH2 molecules. Here, we will research the path-
ways of NO3-addition to the C]C bond and the H-extraction
from the C–H bonds in detail.

As revealed in Fig. 1, the NO3-association could react via two
unequal reaction channels owing to the difference of the carbon
atom in the C]C bond of CH2]C]CH2 molecules. The NO3–

C3H4 adduct isomers can be generated via NO3 addition to a-C
atom and b-C atom of CH2]C]CH2 via TS1 and TS2, respec-
tively, as depicted in Fig. 1. The corresponding intermediates
are denoted as IM1 (CH2ONO2CCH2) and IM2 (CH2CONO2CH2).
In TS1 and TS2, the reactive C–O bonds are 2.046 and 2.108 Å,
respectively. The energy of TS1 is 0.71 kcal mol−1 lower than
that of TS2, suggesting that the a-C-association is superior to
the b-C-association. In addition, IM1 could rearrange as IM2
needing to overcome 27.04 kcal mol−1 barrier via an annular
transition state TS3, which is 5.01 kcal mol−1 higher than TS1,
indicating that this interconversion process might contribute
less to the CH2]C]CH2 + NO3 reaction. IM1 and IM2 are
activated C-centered radicals, which are 17.37 and
42.38 kcal mol−1 more stable than NO3 + CH2CCH2. IM1 and
IM2 in the atmosphere are possibly subject to unimolecular
isomerization/elimination and decomposition processes to
generate nal products, and will be explicated in the following
discussion.
21384 | RSC Adv., 2023, 13, 21383–21392
As shown in Fig. 3, IM1 (CH2ONO2CCH2) is subject to two
decomposition and addition/elimination pathways. TS4
involves the direct cleavage of the C–H bond to generate P1
(CHONO2CCH2 + H), and TS5 refers to the 1,2-H shi associated
with the scission of the O–N bond to generate P2 [propio-
naldehyde (CH2]CHCHO) + NO2]. This pathway of IM1 / TS4
/ P1 is endothermic by 20.82 kcal mol−1 and IM1/ TS5/ P2
is exothermic by 72.81 kcal mol−1, and the barriers for these two
processes are as high as 46.62 and 46.34 kcal mol−1, which may
be excluded.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized geometries of all reactants and products on the PESs computed at the B3LYP/6-311++G(d, p) level for the CH2]C]CH2

(propadiene) + NO3 system. The bond lengths are given in angstroms.
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The adding of the O atom to the center-C atom of IM1 via TS6
or to the terminal-C atom of IM2 via TS7 could generate the ve-
center ring intermediate IM3, which lies 45.34 kcal mol−1 below
the initial reactants. This cyclic association channel through
TS6 and TS7 needs to surmount 21.91 or 34.24 kcal mol−1

barriers. Subsequently, the open-chain adducts IM4 and IM5
from IM3 are generated via TS8 and TS9, which lie 39.25 and
11.64 kcal mol−1 below the reactants CH2]C]CH2 + NO3. The
barriers of IM3 / TS8 / IM4 or IM3 / TS9 / IM5 processes
are 6.09 and 33.70 kcal mol−1, respectively, and these two
Fig. 3 Energy profile of the CH2]C]CH2 + NO3 reaction at the CCSD

© 2023 The Author(s). Published by the Royal Society of Chemistry
processes are exothermic by 36.57 and 72.87 kcal mol−1. IM4
and IM5 with internal energies of 38.36 and 77.37 kcal mol−1

could experience one decomposition channel for IM4 and three
decomposition channels for IM5. A simple C–H bond in IM4
could be easily cracked to generate P3 (CH2CONOCHO + H) via
TS10 surmounting to 10.66 kcal mol−1 barrier. The IM4 / P3
(CH2CONOCHO + H) rearrangement is exothermic by
3.75 kcal mol−1.

Starting from IM5, there are three probable decomposition
pathways resulting in three different products. The dissociation
(T)/cc-pVTZ//B3LYP/6-311++G(d,p) level.

RSC Adv., 2023, 13, 21383–21392 | 21385

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02523c


Table 1 Zero Point Energies (ZPE) without scaling factor, T1 diagnostic values, relative Energies (DE), relative enthalpies (DH) and Gibbs free
energy (DG) for the species involved in the CH2]C]CH2 + NO3 reaction (energies in kcal mol−1)

Species ZPE T1 DE DH DG
Gibbs activation
enegries

CH2]C]CH2+NO3 41.17 0.012 0.00 0.00 0.00
0.023

IM1 45.68 0.028 −17.37 −17.02 −6.36
IM2 45.19 0.025 −42.38 −40.52 −29.40
IM3 46.57 0.028 −45.34 −43.60 −31.43
IM4 45.16 0.326 −38.36 −36.57 −25.71
IM5 45.14 0.026 −77.37 −72.87 −62.52
IM6 45.30 0.028 −16.93 −16.57 −5.64
TS1 43.69 0.033 4.66 3.68 13.68 13.68
TS2 43.23 0.038 5.37 4.47 14.53 14.53
TS3 43.98 0.029 9.67 8.04 18.94 25.30
TS4 39.82 0.033 29.25 26.69 37.29 43.65
TS5 42.20 0.026 28.97 26.16 37.12 43.48
TS6 44.77 0.044 4.54 2.92 15.14 21.50
TS7 44.86 0.045 −8.14 −9.11 3.72 33.12
TS8 45.52 0.032 −39.25 −38.10 −25.54 5.89
TS9 43.00 0.038 −11.64 −11.41 −1.16 30.27
TS10 39.28 0.026 −27.70 −26.24 −15.88 9.83
TS11 42.25 0.028 −40.02 −37.57 −27.94 34.58
TS12 40.64 0.025 −27.02 −25.70 −15.47 47.05
TS13 41.70 0.027 −21.52 −20.85 −10.00 52.52
TS14 41.89 0.031 25.14 22.38 33.88 62.28
TS15 43.32 0.047 −4.36 −4.53 5.16 10.80
TS16 41.11 0.043 30.33 28.46 37.00 42.64
TS17 39.63 0.036 10.25 9.24 18.20 18.20
P1: (CH2CCHONO2 + H) 39.09 0.018 20.41 20.82 24.27
P2: (CH2CHCHO + NO2) 43.84 0.015 −72.60 −72.81 −73.17
P3: (CH2CONOCHO + H) 38.63 0.020 −33.39 −32.82 −29.28
P4: (CH2CO + CH2O + NO) 39.23 0.016 −84.51 −83.24 −94.46

0.015
0.025

P5: (CH3COCHO + NO) 43.25 0.015 −105.69 −105.37 −106.24
0.025

P6: (CH2COHCHO + NO) 43.70 0.015 −99.42 −99.31 −99.18
0.015

P7: (CH3COCH + NO2) 41.46 0.016 −5.39 −4.91 −6.60
0.024

P8: (CH3+HCCO + NO2) 35.83 0.008 16.95 18.72 6.39
0.024
0.024

h-P1: (CH2CCH + HNO3) 42.20 0.035 −11.90 −11.93 −12.42
0.018

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 2
:4

3:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.
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of IM5 via a simple transition state TS11 directly fracturing C–C
and O–N bonds at the same time generates P4 (CH2CO + CH2O +
NO) by surmounting 37.35 kcal mol−1 barrier (Fig. 3). This IM5
/ TS11 / P4 is exothermic by 83.24 kcal mol−1. The second
pathway begins with a 1,3-H shi from the C atom in the –

CH2ONO group to the other terminal-C atom in IM5, accom-
panied by the –NO group leaving away to generate P5 (CH3-
COCHO + NO). This stepwise channel goes through a HCCC
four-centered ring structure TS12 with 50.35 kcal mol−1 barrier
height. The third channel is to generate the P6 (CH2COHCHO +
NO) via a HCCO four-centered ring structure TS13 overcoming
a barrier of 55.85 kcal mol−1. The order of the barrier heights for
the above-mentioned three decomposition pathways is TS11
(37.35 kcal mol−1) < TS12 (50.35 kcal mol−1) < TS13
21386 | RSC Adv., 2023, 13, 21383–21392
(55.85 kcal mol−1). Therefore, the most signicant pathway
from IM5 is generating P4 (CH2CO + CH2O + NO).

The pathways from IM2 (CH2CONOCH2) begin with one of
the H atom in the –CH2 group shiing to the other C atom in the
–CH2 group via an HCCC four-center transition state TS14
leading to the intermediate IM6 surmounting a barrier of
67.52 kcal mol−1. In TS14, the length of the fracturing and
generating C–H bonds are 1.410 and 1.427 Å, respectively. The
internal energy of IM6 will be at least 16.93 kcal mol−1, which
will quickly dissociate through TS15 by cleavage of the O–N
bond to generate P7 (CH3COCH + NO2), or through TS16 by
cleavage of the C–C and O–N bonds simultaneously to generate
P8 (CH3 + HCCO + NO2). The length of the fracturing O–N bond
in TS15 is 1.988 Å, and that of the fracturing C–C and O–N
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bonds in TS16 is 2.335 and 1.650 Å. The barrier heights of IM6
/ TS15 / P7 and IM6 / TS16 / P8 are 12.57 and
47.26 kcal mol−1, respectively. Therefore, the pathway of
generation of P7 (CH3COCH + NO2) from IM6may be signicant
to the NO3 + CH2]C]CH2 reaction. However, the high isom-
erization barrier of IM2/ TS14/ IM6 prevents the generation
of the P7 pathway from taking place.

Only one H-extraction channel is discovered for the CH2]

C]CH2 + NO3 reaction. The oxygen atom of NO3 could extract
the H atom in the –CH2 group of CH2]C]CH2 through TS17 to
generate h-P1 (CH2CCH + HNO3), and the H-extraction is
exothermic by 11.93 kcal mol−1. The barrier of the H-extraction
is 10.25 kcal mol−1, which is 5.59 and 4.88 kcal mol−1 higher
than that of TS1 and TS2, respectively. Thus, the H-extraction
pathway is less competitive than the addition/elimination
pathway for the CH2]C]CH2 + NO3 reaction.
Fig. 4 Temperature dependence of the total and individual rate
constants for the CH2]C]CH2 + NO3 reaction at 760 Torr N2.
3.2 Dynamic calculation

The rate coefficient of the cardinal addition/elimination path-
ways was computed within the temperature scope of 200–3000 K
(see Table 2). The corresponding data of the rate coefficients for
IM1 (kIM1), IM2(kIM2), IM3(kIM3), IM4(kIM4), P3(kP3) and total rate
coefficients (ktot = kIM1+ kIM2+ kIM3+ kIM4+ kP3) are described in
Fig. 4. Fig. 5 draws the branching ratio for the generation of
IM1-IM4, and P3, respectively. As represented in Fig. 4, our
computed total rate constant at 298 K is 3.34 × 10−15 cm3 per
molecule per s for the CH2]C]CH2 + NO3 reaction, which
matches well with the experimental data of 3.39 × 10−15 cm3

per molecule per s, implying that our computations are cred-
ible. kIM1, kIM2, kIM3 and kIM4 rst increase and then decrease
along with the increasing temperature. kP3 and ktot have positive
temperature dependence. Fig. 5 reveals that the pathway of
Table 2 The total and individual rate constants for generation of IM1, IM2
title reaction

T/K kIM1 kIM2 kIM3 k

200 1.48 × 10−16 7.93 × 10−18 9.77 × 10−27 5
250 8.63 × 10−16 8.30 × 10−17 5.44 × 10−25 3
298 2.93 × 10−15 4.12 × 10−16 1.19 × 10−23 7
300 3.06 × 10−15 4.36 × 10−16 1.34 × 10−23 8
400 1.76 × 10−14 4.11 × 10−15 1.51 × 10−21 9
500 5.82 × 10−14 1.83 × 10−14 4.17 × 10−20 2
600 1.42 × 10−13 5.46 × 10−14 4.91 × 10−19 2
700 2.87 × 10−13 1.28 × 10−13 3.31 × 10−18 1
800 5.06 × 10−13 2.55 × 10−13 1.48 × 10−17 6
900 7.99 × 10−13 4.53 × 10−13 4.85 × 10−17 1
1000 1.14 × 10−12 7.36 × 10−13 1.24 × 10−16 4
1200 1.80 × 10−12 1.58 × 10−12 4.71 × 10−16 1
1400 2.13 × 10−12 2.72 × 10−12 1.10 × 10−15 2
1600 2.07 × 10−12 3.86 × 10−12 1.93 × 10−15 4
1800 1.8 × 10−12 4.70 × 10−12 2.85 × 10−15 5
2000 1.48 × 10−12 5.09 × 10−12 3.76 × 10−15 6
2200 1.20 × 10−12 5.04 × 10−12 4.57 × 10−15 7
2400 9.63 × 10−13 4.69 × 10−12 5.14 × 10−15 7
2600 7.73 × 10−13 4.13 × 10−12 5.35 × 10−15 7
2800 6.15 × 10−13 3.49 × 10−12 5.19 × 10−15 6
3000 4.8 × 10−13 2.83 × 10−12 4.71 × 10−15 5

© 2023 The Author(s). Published by the Royal Society of Chemistry
passing through the complex IM1 is more preponderant to the
CH2]C]CH2 + NO3 reaction between 200 and 1200 K, while
the generation of P3 controls the entire reaction at T > 1200 K. In
the entire temperature range, kIM3 and kIM4 have less weight to
the CH2]C]CH2 + NO3 reaction.

The high-pressure limit rate coefficients denoted as kinf are
computed at P = 1010 Torr, as depicted in Fig. 6. kinf(IM1),
kinf(IM2), kinf(IM3) and kinf(IM4) for the pathway through IM1-IM4
and kinf(P3) for the dissociation of IM4 reveal with positive
temperature dependence. The pathway through IM1 takes over
the CH2]C]CH2 + NO3 reaction, and the pathway through
IM2 contributes to the title reaction, while the generation of
other product channels could be ruled out. The tting of the
, IM3, IM4, and P3 at 200–3000 K, as well as experimental value for the

IM4 kP3 ktot krefexp

.01 × 10−27 4.02 × 10−26 1.56 × 10−16

.14 × 10−25 5.94 × 10−24 9.46 × 10−16

.35 × 10−24 2.7 × 10−22 3.34 × 10−15 3.39 × 10−15

.25 × 10−24 3.11 × 10−22 3.50 × 10−15

.7 × 10−22 1.07 × 10−19 2.17 × 10−14

.58 × 10−20 6.61 × 10−18 7.65 × 10−14

.78 × 10−19 1.43 × 10−16 1.97 × 10−13

.68 × 10−18 1.53 × 10−15 4.17 × 10−13

.72 × 10−18 1.00 × 10−14 7.71 × 10−13

.98 × 10−17 4.48 × 10−14 1.30 × 10−12

.58 × 10−17 1.50 × 10−13 2.03 × 10−12

.46 × 10−16 8.77 × 10−13 4.26 × 10−12

.88 × 10−16 2.94 × 10−12 7.79 × 10−12

.35 × 10−16 7.03 × 10−12 1.30 × 10−11

.58 × 10−16 1.36 × 10−11 2.01 × 10−11

.51 × 10−16 2.29 × 10−11 2.95 × 10−11

.08 × 10−16 3.45 × 10−11 4.07 × 10−11

.27 × 10−16 4.67 × 10−11 5.24 × 10−11

.07 × 10−16 5.72 × 10−11 6.21 × 10−11

.50 × 10−16 6.40 × 10−11 6.81 × 10−11

.65 × 10−16 6.58 × 10−11 6.91 × 10−11

RSC Adv., 2023, 13, 21383–21392 | 21387
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Fig. 5 Branching ratios of the important product channels for the
CH2]C]CH2 + NO3 reaction in the temperature range of 200–3000
K.

Fig. 6 High-pressure limit rate constants for the CH2]C]CH2 + NO3

reaction in the temperature range of 200–3000 K at 1010 Torr N2.
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total high-pressure limit rate coefficients is represented as
follows:

kinf(tot)/(cm
3 per molecule per s) = 2.02 × 10−7T−0.70

exp(−6908.55/T) (200 # T # 3000 K)

Signicantly, the tunneling effect was not taken into account
in the above-mentioned dynamic computations. Due to the
signicant energy barriers in each reaction channel and the
good separation of the addition and abstraction energy barriers,
the rate constant mainly decided by the individual barrier
height. Furthermore, there are several difficulties that prevent
us from correcting the tunneling effect. Most of all, no suitable
method was used to deal with the tunneling effect in our
multichannel RRKM calculation. The one-dimensional
tunneling effect method is oen certicated to be qualitatively
21388 | RSC Adv., 2023, 13, 21383–21392
incorrect.40 Other semi-classical approximations, for example,
the small curvature tunnel (SCT) and large curvature tunnel
(LCT) exploited by Truhlar et al.,41,42 might be appropriate.
Unfortunately, these methods are too complex to be used in our
multi-channel RRKM program.

To check the reliability of such a simplication, we estimated
the tunneling effect qualitatively. An asymmetric Eckart poten-
tial43 was used to calculate the tunneling factor k(T). For the
addition mechanism, k(T) was always in the range 1.2–1.0 from
200 to 3000 K. Therefore, the tunneling effect cannot inuence
our kinetic calculations signicantly.
3.3 Subsequent reaction of IM1 and IM2 with O2 and NO

As a kind of high activity and open shell radical, IM1 and IM2
could react quickly with O2 to generate organic peroxy adducts
IM1A and IM2A, which are barrier-free with exothermicity of
94.93 and 93.92 kcal mol−1, respectively (see Fig. 7, 8 and Table
S2†). IM1A and IM2A will react instantly with omnipresent NO
to generate IM1B and IM2B, which released 120.46 and
118.29 kcal mol−1 of heat. IM1B and IM2B could directly
decompose to P9 (CH2COONOCHO + HONO) and P10 (CH2-
CONO2CHO + HONO) through IM1B-TS1 and IM2B-TS1 with
the barrier of 41.43 and 26.24 kcal mol−1. In addition, IM1B and
IM2B could also experience unimolecular splitting through the
direct scission of the O–O bond resulting in IM1C + NO2

through IM1B-TS2 for IM1B, and leading to IM2C + NO2 with no
barrier for IM2B, respectively. IM1C could generate P11 (CH2CO
+ CH2O + NO2) and P12 (CH2COCHO + HONO) through IM1C-
TS1 and IM1C-TS1 with barriers of 37.51 and
40.73 kcal mol−1. IM2C are activated radicals, and their further
reactions are ineluctable. There exist one rearrangement and
three decomposition channels for IM2C. IM2C could isomerize
to IM2D via the 1,2-H shi transition state IM2C-TS1 sur-
mounting a barrier of 26.77 kcal mol−1. IM2D, with an internal
energy of 126.52 kcal mol−1, could decompose to nal products
P13 (cy-CH2COCHOH + NO2) via IM2D-TS1 with a barrier of
17.28 kcal mol−1. Moreover, IM2C could also directly decom-
pose to products P11 (CH2CO + CH2O + NO2), P14 (CH2-
CONO2CHO + H) and P12 (CH2COCHO + HONO) via IM2C-TS2,
IM2C-TS3 and IM2C-TS4 with barriers of 25.90, 24.06 and
30.14 kcal mol−1, respectively.
3.4 Atmospheric effects

The obtained dynamics results were used to estimate the
atmospheric lifetime of propadiene in the troposphere. The
tropospheric lifetime (s) of propadiene can be assessed by
hypothesizing that its elimination from the troposphere takes
place via the reaction with NO3 radicals. The gained rate
constant data are helpful to better dene the tropospheric
lifetime.44 Natural and man-made pollutants in the atmosphere
may cause environmental hazards such as acid rain, photo-
chemical smog and ozone layer degradation.45 Thus, it is
signicant to understand the residence time of these species in
the atmosphere and their degradation mechanism in the
tropospheric lifetime of propadiene with NO3 radicals. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schemes for IM1 with O2 and NO reaction.
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atmospheric lifetime was estimated using the following
formula:

sNO3
¼ 1

kNO3
½NO3�

where kNO3
is the rate coefficient of the reaction of propadiene

with NO3 radicals at 298 K as 3.34 × 10−15 cm3 per molecule
per s. The lifetime of propadiene at CCSD(T)/cc-pVTZ//B3LYP/6-
311++G(d,p) level of theory was estimated to be sNO3

z 6.08 days
at 298 K using the average atmospheric concentration of NO3

(5.70 × 108 molecule per cm3).46 In the altitude range of 0–12
km and temperature range of 200–298 K, the estimated atmo-
spheric lifetimes of propadiene were 130.16–6.08 days. As
Fig. 8 Schemes for IM2 with O2 and NO reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 9 and Table S3,† the lifetime increased with the
increase in altitude under the requirement of a constant NO3

concentration (5.70 × 108 molecule per cm3). Therefore, it
degraded approaching the source of emission and the long-
range transportation of propadiene was of non-ignorable
importance.

The global warming potentials (GWPs)47,48 of propadiene to
carbon dioxide (CO2) were computed for further evaluation
atmospheric implications. On account of the global lifetime (s),
intensities of the corresponding vibrational mode k (Ak) and the
vibrational frequencies (vk), we executed the following formula
to compute the GWPs for propadiene:
RSC Adv., 2023, 13, 21383–21392 | 21389
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Fig. 9 Atmospheric lifetime of CH2]C]CH2 at 217–298 K and an altitude of 0–12 km.
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GWP ¼
P

k

AkFðVkÞ
Ð TH
0

e
�t
s dt

AGWPCO2

P

k
AkFðVkÞ is the radiative efficiency, and it is 0.0458Wm−2 ppb−1

for propadiene. AGWP represents the absolute global warming
potential for CO2.49 The global warming potential (GWP) for
propadiene (when the time horizon is 100 years) relative to CO2

was predicted to be only 0.23 at 298 K, suggesting that the
contribution of propadiene to the greenhouse effect is not
signicant.
4. Conclusion

The conversion mechanisms and environmental fate for the
NO3-initiated degradation of propadiene have been studied by
the quantum chemistry method. Some concrete conclusions are
summarized as follows:

(1) in the NO3-induced oxidation procedure of propadiene,
the NO3-addition/elimination pathways are dominant rather
than the H-abstraction pathway. The NO3 radicals are more
probable to attack the terminal-C atom than the central-C atom
of propadiene. The primary product generated is P3 (CH2-
CONOCHO + H).

(2) The computed ktot value of propadiene reacting with NO3

radicals is 3.34× 10−15 cm3 per molecule per s under 298 K. The
NO3-addition/elimination channels occupy more predominate
during the OH-induced procedure, of which the branching ratio
accounts for 85.90%.

(3) At 298 K, the lifetime of propadiene degradation was
assessed to be 6.08 days. The lifetime increased with the
21390 | RSC Adv., 2023, 13, 21383–21392
increase in altitude under the requirement of a constant NO3

concentration.
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