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tigation on degradation of
CH^CCH2OH by NO3 radicals in the atmosphere†

Jikang Gao,a Meilian Zhao,b Yaru Wang,a Junchao Liaoa and Yunju Zhang *a

A detailed computational investigation is executed on the reaction between NO3 and CH^CCH2OH at the

CCSD(T)/cc-pVTZ//B3LYP/6-311++G(d,p) level. Addition/elimination and H-abstraction mechanisms are

found for the NO3 + CH^CCH2OH reaction, and they could compete with each other. The most

feasible addition/elimination pathway through a series of central-C addition, 1,4-H migration to generate

intermediates IM1 (CHCONO2CH2OH) and IM3 (CH2CONO2CH2O), and then IM3 directly decompose

into product P2 (CH2CONO2CHO + H). The dominant H-abstraction pathway is abstracting the H atom

of the –CH2– group to generate h-P1 (CHCCHOH + HNO3). RRKM-TST theory was used to compute

the kinetics and product branching ratios of the NO3 + CH^CCH2OH reaction at 200–3000 K. The rate

constants at 298 K are consistent with the experimental values. The lifetime of CH^CCH2OH is

estimated to be 59.72 days at 298 K. The implicit solvent model was used to examine the solvent effect

on the total reaction. Based on the quantitative structure–activity relationship (QSAR) model, the toxicity

during the degradation process is increased towards fish, and decreased towards daphnia and green algae.
1. Introduction

In recent years, environmental pollution caused by organic
pollutants has been of wide concern from all sectors of society. It
has a complex origin and diverse formation mechanisms, and is
widely present in the atmosphere, soil, and water.1 In the past
few decades, air pollution caused by solid particulatematter (PM)
and volatile organic compounds (VOCs) has become a serious
environmental problem threatening human health.2 Volatile
organic compounds have the characteristics of toxicity, persis-
tence, or difficult degradation, which have a certain impact on
human health and the growth of animals and plants, and have
become important organic pollutants in the environment.3–5

Research has shown that volatile organic compounds are
important substances that affect atmospheric environmental
pollution and are also important precursors of secondary organic
aerosols (SOA).6 VOCs not only damage the central nervous
system, but also carry the risk of carcinogenesis and mutagen-
esis.7 Thus, the degradation of VOCs is urgent. The most
common oxidants in the atmosphere are mainly reactive free
radicals, such as OH and NO3 radicals and Cl atoms.8 Nitrate
(NO3) radicals are the main oxidants at night and play an
important role in the chemistry of the lower troposphere.9 The
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study of its reaction mechanism and reaction kinetics with
pollutants in the atmospheric environment is helpful to better
understand the atmospheric chemical process and improve the
atmospheric environment. At present, the mechanism and
kinetics for the reaction of olens and saturated alcohols
induced with OH and NO3 radicals and Cl atoms have been
extensively studied.10 In 2011, Thanh Lam Nguyen et al.11 studied
the reaction mechanism and kinetics of C2H4 + NO3, and
calculated that the thermal rate constant and experimental data
were the total reaction rate constant. In 2020, Inmaculada Col-
menar et al.12 studied the reaction mechanism and kinetic
properties of 2-ethoxyethanol with OH and NO3 radicals and Cl
atoms, and determined the reaction rate constants of OH and
NO3 radicals and Cl under specic conditions, and calculated the
atmospheric life of 2-ethoxy ethanol and proposed the degrada-
tion mechanism as well. In 2021, Inmaculada Aranda et al.13

explored the reaction of 3-ethoxy-1-propanol with Cl, OH and
NO3 in the atmosphere. However, this type of oxidation of
alkynes has not been reported. CH^CCH2OH, also known as 2-
propylene-1-alcohol, is a compound with both alkynyl and
hydroxyl functional groups. CH^CCH2OH has been widely used
as corrosion inhibitors in industry.14–16 As an important unsatu-
rated VOC, it has a certain impact on the atmospheric environ-
ment and endangers human health. Therefore, the degradation
of such air pollutants has become an ongoing concern, although
they are widely used as monomers and intermediates in indus-
trial chemicals synthesis. To the best of our knowledge, there
have been no theoretical studies concerning the reaction of
CH^CCH2OH with NO3 radicals up to now. According to the
current research status of CH^CCH2OH, the reaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanisms and the potential energy surface (PES) of the radical
with NO3 are studied by quantum chemistry calculations at the
CCSD(T)17/cc-pVTZ//B3LYP18,19/6-311++G(d,p)20,21 level of theory,
the main contents are as follows: the intermediate substances,
transition states and products are identied, and the potential
barriers of each reaction step are obtained to evaluate the
favorable reaction path. In addition, we have obtained the rate
constant of CH^CCH2OH + NO3 at 200–2000 K, including the
most important product branches, the values of the calculated
rate constants reproduce remarkably well the available experi-
ment data. Meanwhile, the atmospheric fate of CH^CCH2OH
are also researched using the same level of theory.22,23

2. Quantum chemical methods

The B3LYP method with the 6-311++g(d,p) basis set was applied
to optimize the geometries of reactants, products, intermedi-
ates and products. Moreover, vibration frequency computations
were also implemented to make sure of the presence of inter-
mediates with no imaginary frequency, and transition states
with one and only one imaginary frequency. To make sure that
the transition states linked with designated intermediate, the
intrinsic reaction coordinate (IRC) computations24,25 were also
executed at the same level. The polarizable continuum model
(PCM) has been successfully applied to simulate aqueous-phase
reactions.26–28 For the reaction of CH^CCH2OH with the NO3

radical, the aqueous structures were optimized directly at the
B3LYP/6-311++g(d,p) level using the solvent PCM. CCSD(T)/cc-
pVTZ method to used to gain more trustworthy relative ener-
gies of all the species involved in the NO3 with CH^CCH2OH
reaction in gaseous and aqueous phase reactions. All compu-
tations were executed with Gaussian 09 package of program.29

Rice–Ramsperger–Kassel–Marcus theory and transition-state
theory was used to compute the rate constants of the NO3

with CH^CCH2OH reaction.30 The eco-toxicity of important
intermediates and products are appraised employing the
program of ECOSAR developed by USEPA.31

3. Results and discussion

The schematic illustration of the reaction starting from IM1 and
IM2 are displayed in Fig. 1 and 2. The schematic illustration of
the hydrogen abstraction reaction is displayed in Fig. 3. The
optimized geometric conguration of all the intermediates,
transition states, reactants and all products involved in the
CH^CCH2OH with NO3 reaction are presented in Fig. S1 and
S2,† respectively. The potential energy surface (PES) of the
CH^CCH2OH with NO3 reaction are presented in Fig. 4. The
gaseous and aqueous structures are highly similar. The Zero
Point Energies (ZPE), T1 diagnostics values, relative energies
(DE), relative enthalpies (DH) and Gibbs free energy (DG) in gas
and aqueous phase reactions are summarized in Tables S1 and
S2.† The harmonic vibrational frequencies, moment of inertia,
rotational constants, and numbers of the number of imaginary
frequencies involved in this reaction are shown in Table S3.†
The Z-matrix Cartesian coordinates of all species found on the
PESs are shown in Table S4.† Unless otherwise stated, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
geometric parameters and energies used in this work are
respective obtained at the B3LYP/6-311++G(d,p) and CCSD(T)//
B3LYP levels.
3.1. The addition/elimination mechanisms

The NO3-initial reaction of CH^CCH2OH generate the rich
energy intermediates IM1 (CHCONO2CH2OH) and IM2
(CHONO2CCH2OH) when the O atom in NO3 addition to the
central-C and the terminal-C atom of CH^CCH2OH, respec-
tively. The involved corresponding transition states are labeled
as TS1 and TS2, which are displayed in Fig. 1 and 2. The new
generation C–O bonds in TS1 and TS2 are 2.002 Å and 2.047 Å.
The energy of TS1 and TS2 are 4.76 and 8.22 kcal mol−1 higher
than the reactants (CH^CCH2OH + NO3). The exothermicity of
IM1 (CHCONO2CH2OH) and IM2 (CHONO2CCH2OH) genera-
tion at the addition processes are estimated to be 16.77 and
16.45 kcal mol−1. IM1 and IM2 could transform into each other
through annular transition state TS3. The free energy barrier of
IM1 / TS3 / IM2 and IM2 / TS3 / IM1 are 24.26 and
24.90 kcal mol−1. This conversion process is unimportant owing
to the high barrier heights. The internal energies of IM1 and
IM2 are 16.05 and 15.85 kcal mol−1, which could generate
corresponding products through subsequent unimolecular
decomposition and isomerization processes.

IM1 could further directly dissociate to products P1 (CH2OH
+ HCCO + NO2) through TS4, which involves the simultaneous
breakage of C–C and N–O bonds. The breaking C–C and N–O
bonds in TS4 are 2.200 and 1.518 Å. The free energy barrier of
IM1 / TS4 / P1 is 35.95 kcal mol−1, which prohibited the
occurrence of the reaction. In addition, two internal rear-
rangement channels have been located for IM1. One is the H
atom in –OH group shiing to the C atom of –CH group,
generating IM3 (CH2CONO2CH2O) through a ve-membered-
ring TS5. The other isomerization channel of IM1 involves the
H atom in –CH2OH group shiing to the C atom of –CH group,
generating IM4 (CH2CONO2CHOH) through a four-membered-
ring TS6. In TS5 and TS6, the breaking O–H and C–H bonds
are 1.205 and 1.392 Å, and the generating C–H bonds are 1.336
and 1.475 Å, respectively. The free energy barriers of IM1/ TS5
/ IM3 and IM1/ TS6/ IM4 are 17.60 and 31.80 kcal mol−1.
Thus, the isomerization of IM1 to IM3 is better than the isom-
erization of IM1 to IM4. IM3, with the energy of
26.38 kcal mol−1, could dissociate to products P2 (CH2-
CONO2CHO + H) by cleavage the C–H bond through TS7 sur-
mounting the free energy barrier of 22.55 kcal mol−1. Beginning
with IM4, two probable reaction scenarios are located. IM4
could respective dissociate N–O bond and C–H bond through
TS8 and TS9 to generate products P3 (CH2COHCHO + NO2) and
P2. The free energy barrier of IM4 / TS8 / P3 is
8.50 kcal mol−1, which are 37.59 and 14.05 kcal mol−1 lower
than that of IM4 / TS9 / P2 and IM3 / TS7 / P2, respec-
tively. However, due to the higher free energy barrier of the
isomerization of IM1 to IM4 (31.80 kcal mol−1), the most
feasible channel from IM1 is IM1 / IM3 / P2.

As for IM2 (CHONO2CCH2OH), it could directly dissociate
the N–O bond to generate P4 (CHOCCH2OH + NO2) through
RSC Adv., 2024, 14, 25472–25480 | 25473
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Fig. 1 The schematic illustration of the reaction starting from IM1 in the atmosphere, which obtained at the CCSD//B3LYP level.

Fig. 2 The schematic illustration of the reaction starting from IM2 in the atmosphere, which obtained at the CCSD//B3LYP level.
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TS10 surmounting a free energy barrier of 11.64 kcal mol−1, and
this dissociation process is exothermic by 2.84 kcal mol−1.
Moreover, P5 (CHOCHCHOH + NO2) could be generated from
IM2 through TS11 involving one of the H atom bonded the C
atom of –CH2OH group shiing to the central-C atom accom-
panied by breaking the N–O bond. The breaking C–H bond and
N–O bond are 1.330 and 1.475 Å, and the new generating C–H
25474 | RSC Adv., 2024, 14, 25472–25480
bond is 1.326 Å. However, owning to the higher dissociation free
energy barrier height (36.72 kcal mol−1), the channel of gener-
ating P5 from IM2 is dynamically prohibited. In addition, IM2
could isomerizate to intermediate IM5 (CHONO2CHCH2O)
through TS12 with the alcohol hydrogen shiing to the central-
C atom overcoming the free energy barrier of 32.06 kcal mol−1.
Subsequently, IM5 undergo simply C–H bond rupture
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The schematic illustration of the hydrogen abstraction reaction in the atmosphere, which obtained at the CCSD//B3LYP level.

Fig. 4 The potential energy surface (PES) for the NO3 with CH^CCH2OH reaction in the gas-phase at 298 K.
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generating the nal products P6 (CHONO2CHCHO +H) through
transition state TS13. In TS13, the rupturing C–H bond is 1.828
Å. The free energy barrier of IM5 / TS13 / P6 is
21.22 kcal mol−1. Thus, the pathway of generation of P6 from
IM2 contributes less to the reaction.
3.2. The H-abstraction mechanisms

As revealed in Fig. 3 and 4, CH^CCH2OH possesses three
different types of H atoms: namely, the H atoms in –CH2–, –CH
and –OH group, respectively. OH radical could abstract the H
atom from the –CH and –CH2– group to generate h-P1
© 2024 The Author(s). Published by the Royal Society of Chemistry
(CHCCHOH + HNO3) and h-P2 (CCCH2OH + HNO3). The cor-
responding transition states are presented as h-TS1 and h-TS2
in Fig. S1,† respectively. In h-TS1 and h-TS2, the breaking
C–H bond are 1.174 and 1.518 Å; and the generating O–H bond
are 1.580 and 1.094 Å, respectively. In addition, the OH radical
could also abstract the H atom in –OH group through h-TS3. In
h-TS3, the breaking and generating O–H bonds are 1.181 and
1.207 Å, respectively. The free energy barrier heights for the
above three hydrogen abstraction channels are 15.66, 36.12 and
20.66 kcal mol−1, respectively. Therefore, the most feasible H-
abstraction pathway is generation h-P1. Moreover, the free
RSC Adv., 2024, 14, 25472–25480 | 25475
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barrier of generation h-P1 is only 0.14 kcal mol−1 higher than
that of the NO3 addition to the center-C atom of CH^CCH2OH.
Hence, the pathway of H-abstraction and addition/elimination
could compete with each other.
3.3. The inuence of the water environment

The reaction mechanism and advantageous channels of the
CH^CCH2OH with NO3 radical in aqueous solution are the
Fig. 5 The dominant reaction pathways using for the dynamic computa

Fig. 6 Temperature dependence of the total and individual rate constan

25476 | RSC Adv., 2024, 14, 25472–25480
same as those of gaseous reactions under the implicit water
model (PCM). It is worth mentioning that, despite our
tremendous efforts, transition states TS2 and TS4 were not
found. Moreover, the free energy barriers in the gaseous phase
are usually lower than those of aqueous reactions except for the
processes of IM4 / TS9 / P2, IM2 / TS11 / P5 and IM5 /

TS13 / P6. The free energy barriers of IM4 / TS9 / P2,
IM2 / TS11 / P5 and IM5 / TS13 / P6 in the aqueous
phase are 0.37, 2.39 and 1.18 kcal mol−1 lower than those in the
tions.

ts for the NO3 + CH^CCH2OH reaction at 1 Torr of He, 200–2000 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Branching ratios of the significant product pathways for the
NO3 + CH^CCH2OH reaction at 200–2000 K.
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gaseous phase. In addition, the free energy barriers in the
gaseous phase for the advantageous channels (R/ TS1/ IM1
/ TS5/ IM3/ TS7/ P2) are 0.24, 1.12 and 0.12 kcal mol−1

lower than those in the aqueous phase, respectively. This result
manifested that the water environment has a negative inuence
on the CH^CCH2OH with NO3 reaction. Similar phenomena
have also been found in some reactions.32,33

3.4. The dynamic calculations

To preferably comprehend the fate of CH^CCH2OH in the
atmosphere, we used the Fortran program and RRKM theory to
Fig. 8 Acute and chronic toxicity of CH^CCH2OH and its products of

© 2024 The Author(s). Published by the Royal Society of Chemistry
compute the rate coefficient of key element reactions (path-
ways 1–4) at 10 Torr and 298 K. The specics of the computa-
tion process are given in ESI.† The dominant reaction
pathways using for the dynamic computations were displayed
in Fig. 5.

The computed rate coefficient of the NO3-initiated reaction
of CH^CCH2OH are listed in Table S5.† The temperature
dependence of the branching rate coefficients and overall rate
coefficients at 200–2000 K are displayed in Fig. 6. Fig. 6 reveals
that the rate coefficients for the H-abstraction pathways (kh-TS1
and kh-TS3) and the pathways of generating P2 and P4 (kP2 and
kP4) present positive temperature dependence. However, the
rate coefficients of IM1 (CHCONO2CH2OH), IM2 (CHONO2-
CCH2OH) and IM3 (CH2CONO2CH2O) collisional stabilization
channels increase rstly, and then decrease quickly with rising
temperatures. The rate constants at 298 K is 3.48 × 10−16 cm3

per molecule per s. Fig. 7 displayed the branching ratios at the
same temperature range and pressure. The low-temperature
decomposition is occupied by the generation of IM1
(CHCONO2CH2OH) at 200–500 K. The channel of generating h-
P1 (CHCCHOH + HNO3) through H-abstracting is contribute to
the reaction at T > 500 K. The generation of the P4
(CHOCCH2OH + NO2) contribute to the reaction within a certain
temperature range. The contribution of other channels to the
reaction can be negligible.

3.5. Atmospheric implications of CH^CCH2OH

The tropospheric lifetimes (s) of CH^CCH2OH could be
assessed by reacting with NO3 radicals. The atmospheric life-
times could be written as:
the degradation in water to aquatic organisms (mg L−1).

RSC Adv., 2024, 14, 25472–25480 | 25477
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Fig. 9 Oral rate LD50 for CH^CCH2OH and its products of the
degradation in water.
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sNO3
¼ 1

kNO3
½NO3�

where kNO3
is the rate coefficient of the CH^CCH2OH with NO3

reaction at 298 K as 3.48 × 10−16 cm3 per molecule per s. The
lifetime of CH^CCH2OH is estimated to be 58.35 days at 298 K
using the average atmospheric concentration of NO3 (5.70× 108

molecule per cm3).34
3.6. Ecological implications

3.6.1. Acute toxicity and chronic toxicity to aquatic organ-
isms. The computed acute toxicity log LC50 of propargyl alcohol
to sh and daphnia and the log EC50 to green algae were 0.73,
1.27 and −0.11 mg L−1, respectively, manifesting that propargyl
alcohol is toxic to the three aquatic organisms. As seen from
Fig. 8, for sh, the values of log LC50 and log Chv are negative,
manifesting that the toxicity of propargyl alcohol is increased
Fig. 10 Oral rate LD50 for CH^CCH2OH and its products of the degrad

25478 | RSC Adv., 2024, 14, 25472–25480
aer degradation. For daphnia and green algae, the values of
log LC50, log EC50 and log Chv are larger than of propargyl
alcohol, manifesting that the toxicity of propargyl alcohol is
diminished aer degradation. Furthermore, the order of acute
toxicity for the products of the degradation in water (CHOCH-
CHOH, CHONO2CHCHO, CH2COHCHO and CH2CONO2CHO)
were identical to chronic toxicity.

3.6.2. Acute toxicity to rats. The rat (oral) LD50 values for
propargyl alcohol and its products of the degradation in water
are presented in Fig. 9. Obviously, propargyl alcohol, CH2-
CONO2CHO and CHONO2CHCHO belong to the category of
moderately toxic compounds (50 # LD50 < 500 mg L−1). CH2-
COHCHO and CHOCHCHOH classify as slightly toxic
compounds (500# LD50 < 5000 mg L−1). As seen from Fig. 9, the
toxicity to rats of degradation products of propargyl alcohol are
reduced.
3.7. Ecological implications

Apart from researching the toxicity of aquatic organisms and
rats of propargyl alcohol and its products of the degradation in
water, the evaluation results of developmental toxicity, muta-
genicity, and bioaccumulation were forecasted taking advan-
taging of QSAR method (see Fig. 10). The value of
developmental toxicity for propargyl alcohol (CHCCH2OH) is
0.72, which is higher than 0.50. Therefore, CHONO2CHCHO is
developmental toxicant. Similarly, the value of its degradation
products in water CH2CONO2CHO, CH2COHCHO and
CHOCHCHOH are 0.65, 0.62 and 0.71, and also are develop-
mental toxicants. While the value of degradation products
CHONO2CHCHO is 0.40, which is less than 0.5. Thus,
CHONO2CHCHO is developmental non-toxicant. Meanwhile,
CHCCH2OH, CH2CONO2CHO, CHONO2CHCHO are Ames-
positive compound (Ames mutagenicity > 0.50: mutagenicity
positive). CH2COHCHO and CHOCHCHOH are Ames-negative
compound (Ames mutagenicity < 0.50: mutagenicity negative).
ation in water.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Thus, except CH2COHCHO and CHOCHCHOH, the degrada-
tion products of propargyl alcohol are harmful to the genes of
organisms.
4. Conclusion

The potential energy surface (PES) and mechanism of the NO3

with CH^CCH2OH reaction has been researched at the CCSD(T)/
cc-pVTZ//B3LYP/6-311++G(d,p) level. The rate constants contain-
ing the most signicant product branches starting from NO3 +
CH^CCH2OH have been gained at 200–2000 K using RRKM-TST
theory. The useable experimental dynamic data could be quan-
titatively reproduced through computations. Addition/
elimination and H-abstraction mechanisms have been discov-
ered in the title reaction. IM1 (CHCONO2CH2OH) are the primary
products below 500 K. A signicant portion of the NO3 with
CH^CCH2OH reaction produces CH^CCHOH and H2O at T >
500 K. The total rate constants reveal positive temperature
dependence at 200–2000 K. Moreover, the calculated rate
constants are consistent with the experimental value. The lifetime
of CH^CCH2OH is estimated to be 58.35 days at 298 K. Finally,
the acute and chronic toxicity of CH^CCH2OH during the
degradation process was increased to sh, and decreased to
daphnia and green algae based on the QSAR model.
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