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d HCOOH on the H2O2 + HO /
HO2 + H2O reaction in the troposphere:
competition between the one-step and stepwise
mechanisms†

Tianlei Zhang, *ac Mingjie Wen,‡ac Zhaopeng Zeng,‡a Yousong Lu,‡b Yan Wang,‡a

Wei Wang, a Xianzhao Shao,*a Zhiyin Wanga and Lily Makroni*b

The H2O2 + HO/HO2 +H2O reaction is an important reservoir for both radicals of HO and HO2 catalyzing

the destruction of O3. Here, this reaction assisted by NH3 and HCOOH catalysts was explored using the

CCSD(T)-F12a/cc-pVDZ-F12//M06-2X/aug-cc-pVTZ method and canonical variational transition state

theory with small curvature tunneling. Two possible sets of mechanisms, (i) one-step routes and (ii)

stepwise processes, are possible. Our results show that in the presence of both NH3 and HCOOH

catalysts under relevant atmospheric temperature, mechanism (i) is favored both energetically and

kinetically than the corresponding mechanism (ii). At 298 K, the relative rate for mechanism (i) in the

presence of NH3 (10, 2900 ppbv) and HCOOH (10 ppbv) is respectively 3–5 and 2–4 orders of

magnitude lower than that of the water-catalyzed reaction. This is due to a comparatively lower

concentration of NH3 and HCOOH than H2O which indicates the positive water effect under

atmospheric conditions. Although NH3 and HCOOH catalysts play a negligible role in the reservoir for

both radicals of HO and HO2 catalyzing the destruction of O3, the current study provides

a comprehensive example of how acidic and basic catalysts assisted the gas-phase reactions.
1. Introduction

Hydrogen peroxide (H2O2) is of great importance not only
because it is involved in various biological and atmospheric
processes,1 but it's also one of the major sources of hydroxyl
(HO) and hydroperoxyl (HO2) radicals which play an important
role in combustions and atmospheric chemical processes.1

Hydroxyl radical (HO) plays an important role in maintaining
the balance of atmospheric composition and forming reactive
peroxides.2,3 Also, from the standpoint of degradation ability,4,5

HO radicals can react with one ozone molecule to produce
molecular oxygen and the HO2 radicals in the upper atmo-
sphere. As an important reaction in HOx chemistry, the H2O2 +
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HO reaction shown in eqn (1) can determine the consumption
of HO radicals in HOx chain reactions. Meanwhile, this reaction
is also an important reservoir5,6 for both radicals of HO and HO2

catalyzing the destruction of ozone (O3).

H2O2 + HO / HO2 + H2O (1)

It is obvious from previous reports that the H2O2 + HO
reaction has been extensively studied both experimentally7–12

and theoretically.10,13–15 In terms of experiments, for the gas-
phase reaction of H2O2 + HO, Vakhtin et al.16 obtained its rate
coefficient (1.78� 0.19)� 10�12 cm3 per molecule per s at 296 K
through the laser-induced resonance uorescence technology.
Similar to the report of Vakhtin et al.,16 NASA/JPL17 evaluation
suggested the rate coefficient for the H2O2 + HO reaction
between 200 and 300 K was 1.8 � 10�12 cm3 per molecule per s.
In addition, the results obtained by the experimental group18,19

revealed that the rate coefficients for the H2O2 + HO reaction
have positive temperature dependence within different
temperature ranges. From the theoretical point of view, Fran-
cisco's group20 has studied the mechanism of H2O2 + HO
reaction at the CCSD(T)/CBS//MP2/aug-cc-pVDZ level, and their
calculated rate coefficient was 1.56 � 10�12 cm3 per molecule
per s at 298 K, which was in good agreement with the experi-
mental results reported by Vaghjiani and coworkers.10 Then,
RSC Adv., 2020, 10, 9093–9102 | 9093
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a water-assisted H2O2 + HO reaction has been reported by
Francisco's group. Their calculations show that the rate coeffi-
cient for the H2O2 + HO reaction with H2O was 4.09� 10�12 cm3

per molecule per s at 298 K, which was 2.6 times larger than the
value of the unassisted reaction. Subsequently, the reactions of
H2O2/(H2O)n (n¼ 1–3) + HO and H2O2 + HO/(H2O)n (n¼ 1–3)
have been investigated by our group,21 where the catalytic effect
of (H2O)n (n ¼ 1–3) is mainly taken from the contribution of
H2O, and in H2O-assisted reaction, one-step process occurring
through cage-like hydrogen bonding network complex and the
transition state is kinetically favorable. However, this effort has
focused only on the process of H2O2 + HO reaction without and
with water. As far as we know, the effect of NH3 and HCOOH on
H2O2 + HO / HO2 + H2O reaction has not been elucidated in
the literature yet.

As the most abundant of all alkaline gases, the concentration
of NH3 was found to be 10 ppm in dairy farms and 30 ppb in
a polluted ambient atmosphere.22–25 Meanwhile, NH3 has
similar efficiency as H2O in catalyzing many hydrogen abstrac-
tion reactions.26–30 Based on the fact that the possibility of the
NH3-catalytic effect on the H2O2 + HO / HO2 + H2O reaction
has been investigated theoretically in this work. Also, owing to
the signicant abundance of HCOOH in the atmosphere,
HCOOH can also be an effective catalyst like H2O and NH3. It
has been proved in previous investigations that HCOOH can
decrease the energy signicantly for several atmospheric
hydrogen abstraction reactions.31–37 Thus, it is also necessary to
study the possible catalytic effect of HCOOH on the H2O2 + HO
reaction.

In the present work, the effect of NH3 and HCOOH on the
H2O2 + HO / HO2 + H2O reaction has been investigated from
both energetic and kinetic aspects, which was organized in two
ways. Firstly, the roles of NH3 and HCOOH in the H2O2 + HO/

HO2 + H2O reaction have been studied by both stepwise
mechanism and one-step process. Then, the relative impacts of
NH3 and HCOOH and their competition with H2O have been
investigated by considering the dependence of rate coefficient
on temperature and catalyst concentrations. Through our
research, we expect to provide signicant theoretical guidance
for further revealing of the H2O2 + HO / HO2 + H2O reaction
assisted by acidic, neutral and basic catalysts in the actual
atmospheric environment.

2. Computational methods
2.1 Electronic structure calculation

The electronic structure calculations have been carried out by
the Gaussian 09 program.38 Geometries of all the species
including reactants, pre-reactive complexes, transition states,
post-reactive complexes, and products were optimized at the
M06-2X/aug-cc-pVTZ level. The corresponding frequencies of
the optimized geometries were computed at the same level to
prove the characteristics of the transition states with one
imaginary frequency and the stationary points possess all real
frequencies. The minimum energy paths (MEPs) were obtained
by intrinsic reaction coordinate (IRC)39–41 calculations at the
same level which conrms TSs, reactants, and products. IRC
9094 | RSC Adv., 2020, 10, 9093–9102
calculations also conrmed the presence of pre- and post-
reactive complexes at the entry and exit site of reaction path.

To improve the accuracy of the energetics, using M06-2X/aug-
cc-pVTZ optimized geometries, single-point energy was calculated
using ORCA42 at the CCSD(T)-F12a/cc-pVDZ-F12 level,43–45 and the
scaled ZPEs were added to them. The scaling factor employed to
adjust the ZPEs was 0.9490.46 The reliability of CCSD(T)-F12a/cc-
pVDZ-F12 method was further tested by the single point ener-
gies of H2O2 + HO/HO2 + H2O reaction at theW3X-L andW2X47

using MRCC48,49 program packages. It is noted that quantitative
barrier heights47,50–53 for complex atmospheric reactions can be
obtained usingW3X-L, where the accuracy ofW2X andW3X-L can
respectively reach for the all-electron scalar-relativistic CCSD(T)/
CBS and CCSD(Q)/CBS. Here, the calculated results showed that
the unsigned error of CCSD(T)-F12a/cc-pVDZ-F12 is less than
0.5 kcal mol�1 (Table S1†), when compared with W3X-L
results. Therefore, the affordable CCSD(T)-F12a/cc-pVDZ-F12
method is chosen to do single point energy calculations for
the H2O2 + HO / HO2 + H2O reaction assisted by NH3 and
HCOOH.
2.2 Chemical kinetics calculations

H2O2 + HO / HO2 + H2O reaction assisted by catalyst X (X ¼
NH3 and HCOOH) can be regarded as a sequential bimolecular
reaction shown in eqn (2).

HOþH2O2 þX ) *
k1

k�1
BCðX/H2O2 or HO/XÞ

þHOðor H2O2Þ ) *
k2

k�2
TCðHO/X/H2O2Þ ���!kuni

products

(2)

In eqn (2), the dimer H2O2/HO is assumed to be less important
than H2O2/X and HO/X, due to the small concentration of
H2O2 and HO radicals. So, the sequential bimolecular route
would rst occur through the formation of a bimolecular
complex BC (X/H2O2 or HO/X), and then bimolecular
complex combines with the other reactant (HO or H2O2) to form
the trimolecular complex TC (HO/X/H2O2). Subsequently,
the trimolecular complex undergoes a unimolecular reaction
via the corresponding TS to form the products. Assuming
a steady-state approximation, trimolecular complex TC is in
equilibrium with bimolecular complex BC and reactant (H2O2

or HO), the bimolecular rate coefficient (kb) for the reaction
between BC and reactant (H2O2 or HO) can be written as eqn (3)
and calculated by employing Polyrate 8.2 program54 coupled
with the steady-state approximation.

kb ¼ k2

k�2 þ kuni
kuni (3)

Here assuming k�2 is much larger than kuni, kb of eqn (3) can be
simplied as eqn (4).

kb ¼ Keq2 � kuni (4)

This kinetic model is reasonably correct at the high-pressure
limit. In eqn (4), the equilibrium constant Keq2 can be written in
This journal is © The Royal Society of Chemistry 2020
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eqn (5), while the rate coefficient constant (kuni) from trimo-
lecular complex to the products can be minimized by varying
the transition state dividing surface along the reaction coordi-
nate to get the CVT rate coefficients given by eqn (6) and (7):55–58

Keq2ðTÞ ¼ s
QTC

QRQBC

exp

�
ER þ EBC � ETC

RT

�
(5)

kGTðT ; sÞ ¼ GLs � kBT

h

Qs
TSðT ; sÞ
QTCðTÞ exp

�
� VMEPðsÞ

kBT

�
(6)

kCVT(T) ¼ minsk
GT(T, hsi) ¼ kGT[T,sCVT(T)] (7)

where QTC, QBC and QR in eqn (5) is respectively the total
partition function of the trimolecular complex TC, bimolecular
complex BC and reactant (HO or H2O2); ETC, EBC and ER is
respectively the energy of trimolecular complex TC, bimolecular
complex BC and reactant (HO or H2O2). k

GT(T,s) in eqn (6) and
kCVT(T) in eqn (7) is respectively the rate coefficient of general-
ized and canonical variational transition state theory. G is the
small curvature tunneling (SCT)59,60 correction, Ls is the reac-
tion path degeneracy, h is the Planck's constant, kB is the
Boltzmann constant, VMEP(s) is the classical barrier height and
Qs
TS is the total partition functions for the transition state. It

should be noted that Keq2 calculated here has been successfully
performed in calculating the complexes61–65 of H2O/VOC,
H2O/HCHO, H2O/CH3COCH3, H2O/CH2NH, H2O/HO2,
H2O/SO2, and H2O/NO2. In this work, we do not consider the
effects of partial pressure on the formation of these complexes
because there are no experimental data to show that the equi-
librium constants of these complexes are determined by
pressure.

The equilibrium constant for the formation of the bimolec-
ular complex (Keq1) can also be calculated using corresponding
partition functions and energies (obtained from electronic
structure calculations) as eqn (8)

Keq1ðTÞ ¼ s
QBC

QRQX

exp

�
ER þ EX � EBC

RT

�
(8)

where QBC and QR are the total partition functions of the
bimolecular complex and reactants, respectively; EBC and ER are
the energies of bimolecular complex and reactants, respectively.
From the above, the rate (v) of the sequential bimolecular
reaction can be written as:

v ¼ Keq1 � Keq2 � kuni � [X] � [HO] � [H2O2] (9)

Here, v is considered as a measure of the relative efficiencies of
the different catalysts under atmospheric conditions.

3. Results and discussions
3.1 Reactants

In the presence of catalyst X, the H2O2 + HO + X reaction going
through a termolecular reaction has a much lower probability
than the sequential bimolecular reaction. In this work, the
sequential bimolecular reaction is that, initially, the H2O2 + HO
+ X reaction goes through a two-body complex between catalyst
This journal is © The Royal Society of Chemistry 2020
X and one of the two reactants (H2O2 or HO) and then the two-
body complex will react with the other reactant. It should be
noted that, because of the small concentration of H2O2 and HO
radicals, the concentration of dimer H2O2/HO is much lower
as compared to the dimers of H2O2/X and HO/X. Thus,
H2O2/HO complex can be neglected and it is not taken into
account here. Such investigations have been studied in similar
investigations,52,66–70 where the dimer between the two reactants
has not been involved in X assisted reactions. Above step is
followed since it is very necessary to rst identify the stable
binary complexes of H2O2/X and HO/X. To achieve this aim,
we performed a stable global minimum searching of geomet-
rical congurations using Tsinghua Global Minimum (TGMin)
program71,72 to search out variety geometrical congurations of
H2O2/X and HO/X complexes rstly. Secondly initial struc-
tures obtained for these binary complexes were selected for
geometry optimization using the M06-2X/6-31+G(d,p) level.
Then, the structures within 5.0 kcal mol�1 of the global
minimum were re-optimized by M06-2X/aug-cc-pVTZ level. The
optimized structures for the most stable H2O2/X and HO/X
complexes have been shown in Fig. 1. As displayed in Fig. 1, the
stable binary H2O2/NH3 complex shows a ve-membered ring
with two hydrogen bonds (H4/N, 1.85 Å; H1/O2, 2.67 Å)
involved. Its stabilization energy is 6.6 kcal mol�1 relative to the
separate reactants of H2O2 and NH3, and is respectively stabi-
lized by 1.1 and 6.6 kcal mol�1 than the other two binary
complexes of HO/NH3 and NH3/HO. Binary complexes of
H2O2/HCOOH and HO/HCOOH were formed with stabiliza-
tion energies of 10.1 and 4.9 kcal mol�1, respectively. The
energy difference between these two complexes can be
explained in terms of ring size formed within their structures.
The former complex is formed with a seven-membered ring
structure, while the latter complex forms a six-membered ring
structure.
3.2 Mechanism and kinetic for NH3-assisted reaction

Depending on the type of the binary complex discussed above,
three different binary mechanisms, labelled as H2O2/NH3 +
HO, HO/NH3 + H2O2, and NH3/HO + H2O2, were obtained (as
illustrated in Fig. 2). Among the three NH3 assisted H2O2 + HO
/ HO2 + H2O reactions, one proceeds through both one-step
and stepwise mechanisms and the other two occur-only
through a one-step mechanism. The relative energies to the
separate reactants in the presence of NH3 are given in Table S5.†

As for Channel R_AM1, the reaction starting with H2O2/
NH3 + HO reactants leads to a termolecular hydrogen bond
complex IM_AM1 with a binding energy of 9.5 kcal mol�1

relatives to the separate H2O2/NH3 + HO reactants. Because of
the geometry, additional two hydrogen bonds (N/H5, 1.99 Å;
O3/H1, 2.14 Å) were formed in complex IM_AM1 as compared
to H2O2/NH3 complex. This leads to complex IM_WM1 shows
a quasi-planar cage-like hydrogen bonding network structure.
Starting from complex IM_AM1, Channel R_AM1 proceeds
through the transition state TS_AM1 where the O atom of HO
radical extracts one H atom of H2O2 moiety in H2O2/NH3

complex. As illustrated in Fig. 2(a), TS_AM1 has a computed
RSC Adv., 2020, 10, 9093–9102 | 9095
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Fig. 1 The optimized structures for the most stable complex of H2O2 (or HO) with catalyst X (X ¼ NH3 and HCOOH) at the CCSD(T)-F12a/cc-
pVDZ-F12//M06-2X/aug-cc-pVTZ level.
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barrier of 9.2 kcal mol�1 relatives to complex IM_AM1. This
barrier height is much lower than that for H2O2 + HO / HO2 +
H2O reaction without catalyst X, which has an energy barrier of
14.1 kcal mol�1 as compared to corresponding pre-reactive
complex IM1 (Table S5†). Similarity, compared with the reac-
tion without X, the computed free energy barrier (DG, 298 K) of
the transition state TS_AM1 to the complex IM_AM1 is reduced
to 9.6 kcal mol�1 from 14.1 kcal mol�1. Differently from
complex IM_AM1 and transition state TS_AM1, post-reactive
complex IMF_AM1 shows a planar structure with its stabiliza-
tion energy of 42.5 kcal mol�1 relatives to H2O2/NH3 + HO
reactants.

As for Channel R_AM2, when NH3 has introduced into the
H2O2 + HO / HO2 + H2O reaction, two kinds of entrance
channels, H2O2/NH3 + HO (Path R_AM2a) and HO/NH3 +
H2O2 (Path R_AM2b), have been displayed in Fig. 2(b). When
binary complex H2O2/NH3 and HO play as reactants, the
reaction occurs in stepwise route, which is similar to H2O
catalyzed reactions21,28,62,73,74 of HO2 + HO, HO2 + HS, H2O2 + HO,
HO2 + Cl, and HO2 + NH2, as well as NH3-catalyzed HO2 + Cl
reaction.28 The rst step begins with pre-reactive complex
IM_AM2, which transforms into seven-membered ring complex
IM_AM3 through transition state TS_AM2 by a ring enlarge-
ment. It is noted that complex IM_AM3 has a binding energy of
11.8 kcal mol�1, larger by 5.3 kcal mol�1 that of complex
IM_AM2. At the same time, the barrier height of the ring
enlargement is only 2.6 kcal mol�1, revealing that this
elementary step can occur easily both thermodynamically and
kinetically. In the second step, the IM_AM3 complex undergoes
a direct hydrogen abstraction by the O atom of HO moiety
abstracting one H atom of H2O2 moiety. This elementary step
overcomes a barrier height of 4.4 kcal mol�1, which is higher by
9096 | RSC Adv., 2020, 10, 9093–9102
1.8 kcal mol�1 than the corresponding barrier height for the
step of ring enlargement. This reveals that the second step is the
rate-determining step. When HO/NH3 and H2O2 act as reac-
tants, the reaction occurs in one elementary step, which is
similar to the H2O2 + HO/ HO2 + H2O reaction in the absence
of a catalyst. Starting from HO/NH3 + H2O2 reactants, Path
R_AM2b starts with pre-reactive complex IM_AM3 and proceeds
through the transition state TS_AM3 to from the post-reactive
complex IMF_AM3, which has been discussed above. To check
the competition between H2O2/NH3 + HO and HO/NH3 +
H2O2 in Channel R_AM2, the rate via the routes of H2O2/NH3 +
HO (Path R_AM2a) and HO/NH3 + H2O2 (Path R_AM2b) is
respectively given in eqn (10) and (11).

vR_AM2a ¼ d½HO2�
dt

¼ Keq1a � kR_AM2a � ½H2O2� � ½NH3� � ½HO�
(10)

vR_AM2b ¼ d½HO2�
dt

¼ Keq1b � kR_AM2b � ½H2O2� � ½NH3� � ½HO�
(11)

where Keq1a and Keq1b respectively denote the equilibrium
constant for the formation of H2O2/NH3 and HO/NH3;
kR_AM2a and kR_AM2b respectively denote the bimolecular rate
constant of Path R_AM2a and Path R_AM2b. The calculated rate
ratio for vR_AM2a/vR_AM2b reveals that the entrance of HO/NH3

and H2O2 is more important than that of H2O2/NH3 and HO
with the ratio of vR_AM2a/vR_AM2b is 5.99 � 10�6 to 2.36 � 10�5

between 280 and 320 K (Table 1). As a result, Channel R_AM2
occurs mainly through HO/NH3 + H2O2 reactants. Similarity,
the NH3/HO + H2O2 reaction (Path R_AM3b) only has been
taken into account in Channel R_AM3, and the reaction starting
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Schematic potential energy diagrams for NH3 catalyzed H2O2 + HO / HO2 + H2O reaction at the CCSD(T)-F12a/cc-pVDZ-F12//M06-
2X/aug-cc-pVTZ level.
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from H2O2/NH3 + HO reactants (Path R_AM3a) has been
neglected because the ratio of vR_AM3a/vR_AM3b listed in Table 1
is 3.45 � 10�3 to 7.24 � 10�3 between 280 and 320 K.

Regarding Channel R_AM3 starting from NH3/HO + H2O2

reactants, seven-membered ring complex IM_AM5 proceeded
through transition state TS_AM5 to from post-reactive complex
IMF_AM5 with the barrier height of 35.4 kcal mol�1. It is noted
This journal is © The Royal Society of Chemistry 2020
that the barrier height of Channel R_AM3 is 31.0 kcal mol�1

higher than the corresponding barrier height value involved in
Channel R_AM2, while the computed free energy barrier (DG,
298 K) of Channel R_AM3 is higher by 32.9 kcal mol�1 than that
of Channel R_AM2. Such energy difference between Channels
R_AM2 and R_AM3 is possibly due to that Channel R_AM2
involves a direct hydrogen abstraction, whereas double
RSC Adv., 2020, 10, 9093–9102 | 9097
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Table 1 The bimolecular rate coefficients (cm3 per molecules per s) and rate ratio for NH3 catalyzed H2O2 + HO/ HO2 + H2O reaction within
the temperature range of 280–320 K

T/K kR_AM1 kR_AM2a kR_AM2b vR_AM2a/vR_AM2b kR_AM3a kR_AM3b vR_AM3a/vR_AM3b vR_AM2b/vR_AM3b vR_AM1/vR_AM2b

280 1.35 � 10�10 2.06 � 10�16 5.91 � 10�11 5.99 � 10�6 2.49 � 10�34 3.54 � 10�28 3.45 � 10�3 4.75 � 1020 3.95
290 1.13 � 10�10 2.54 � 10�16 4.68 � 10�11 8.77 � 10�6 4.98 � 10�34 3.92 � 10�28 4.24 � 10�3 2.46 � 1020 3.91
298 9.95 � 10�11 2.98 � 10�16 3.93 � 10�11 1.17 � 10�5 8.84 � 10�34 4.47 � 10�28 4.93 � 10�3 1.42 � 1020 3.92
300 9.64 � 10�11 3.09 � 10�16 3.75 � 10�11 1.25 � 10�5 1.02 � 10�33 4.63 � 10�28 5.14 � 10�3 1.24 � 1020 3.91
310 8.39 � 10�11 3.70 � 10�16 3.06 � 10�11 1.74 � 10�5 2.14 � 10�33 5.81 � 10�28 6.14 � 10�3 6.09 � 1019 3.94
320 7.43 � 10�11 4.38 � 10�16 2.55 � 10�11 2.36 � 10�5 4.58 � 10�33 7.69 � 10�28 7.24 � 10�3 2.93 � 1019 4.01
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hydrogen transfers were involved in Channel R_AM3. This
mechanism discrepancy between Channels R_AM2 and R_AM3
is consistent with water-catalyzed H2O2 + HO / HO2 + H2O
reaction.21 Hence, double hydrogen transfers mechanisms are
considered to be much less probable than the direct hydrogen
abstraction mechanism with the mechanism from the IM_AM5
complex being the most unlikely due to the high energy barrier.
As a result, the double hydrogen transfer mechanism has not
been involved in the HCOOH-catalyzed reaction below.
Furthermore, the calculated rate ratio for vR_AM1/vR_AM2b reveals
that Channel R_AM1 is more important than that of Channel
R_AM2 with the ratio of vR_AM1/vR_AM2b is 3.95–4.01 between 280
and 320 K (Table 1).
3.3 Mechanism and kinetic for HCOOH-assisted reaction

The potential energy surfaces of the reaction channels in the
presence of HCOOH for H2O2 + H2O formations occurring
through Channels R_FA1 and R_FA2 have been displayed in
Fig. 3. As for Channel R_FA1 starting fromH2O2/HCOOH +HO
reactants, the route begins with the formation of the complex
IM_FA1. Complex IM_FA1 forms a hydrogen-bonded congu-
ration with a binding energy of 5.9 kcal mol�1 as compared to
H2O2/HCOOH + HO reactants. The structure of IM_FA1
resembles that of H2O2/HCOOH complex with additional two
hydrogen bonds (H3/O5, 1.98 Å; O1/H4, 1.99 Å) formed
between HO and H2O2/HCOOH complex. Starting from
IM_FA1 complex, the O atom of HO radical directly abstracts the
H4 of H2O2 moiety in H2O2/HCOOH complex, overcoming
transition state TS_FA1 with an energy of 0.6 kcal mol�1 with
respect to H2O2/HCOOH + HO reactants. The barrier height of
Channel R_FA1 is 6.5 kcal mol�1, which is lower by
7.6 kcal mol�1 than the similar route in the absence of a cata-
lyst. Meanwhile, the computed free energy barrier (DG, 298 K) is
reduced to 7.2 kcal mol�1 from 14.1 kcal mol�1 in the bare H2O2

+ HO reaction. This indicates that HCOOH in Channel R_FA1
plays a positive catalytic role in the H2O2 + HO / HO2 + H2O
reaction by reducing the energy barrier.

Because of relative energy, Channel R_FA2 occurring
through the H2O2/HCOOH + HO reactants is more favorable
than that starting from HO/HCOOH + H2O2 reactants. Given
the relative concentration, the concentration of binary complex
of H2O2/HCOOH (2.10 molecules per cm3) is much higher
than that of the binary complex of HO/HCOOH (4.17 � 10�5

molecules per cm3). However, as listed in Table 2, the ratio
9098 | RSC Adv., 2020, 10, 9093–9102
(vR_FA2a/vR_FA2b) between H2O2/HCOOH + HO (Path R_FA2a)
and HO/HCOOH + H2O2 reaction (Path R_FA2b) in Channel
R_FA2 is 0.02–0.03 between 280 and 320 K. The above facts
reveal that for Channel R_FA2, the interaction between HO/
HCOOH + H2O2 would be more favorable than the action via
H2O2/HCOOH + HO route. As for Path R_FA2b, beginning with
the HO/HCOOH + H2O2 reactants, the reaction involves the
formation of pre-reactive complex IM_FA3 with the binding
energy of 11.3 kcal mol�1 as compared to HO/HCOOH + H2O2

reactants. In the viewpoint of geometrical structure, IM_FA3
shows a nine-membered ring with three hydrogen bonds (H3/
O5, 1.84 Å; O4/H5, 1.79 Å; O2/H1, 1.75 Å) involved. Aer
complex IM_FA3, Path R_FA2 occurs through transition state
TS_FA3 where the O atom of HO radical abstracts the H atom of
H2O2 followed by the elongation of the H5/O4 and H1/O2
bonds respectively by 0.09 Å and 0.11 Å. TS_FA3, as illustrated in
Fig. 3, has a computed energy barrier of 8.9 kcal mol�1 relatives
to complex IM_FA3, lying at 7.3 kcal mol�1 below the separate
reactants of H2O2 + HO + HCOOH. This barrier height is much
lower than the H2O2 + HO/HO2 + H2O reaction, whose energy
barrier is determined to be 14.1 kcal mol�1. Similarity, the
computed free energy barrier (DG, 298 K) is reduced to
8.9 kcal mol�1 from 14.1 kcal mol�1 in the bare H2O2 + HO
reaction. This indicates that HCOOH in Channel R_FA2 also
plays a positive catalytic role in reducing the energy barrier of
the H2O2 + HO / HO2 + H2O reaction.

As a result of the above, HCOOH-assisted H2O2 + HO/HO2

+ H2O reaction mainly occurs through H2O2/HCOOH + HO
reaction (Path R_FA1) and HO/HCOOH + H2O2 reaction (Path
R_FA2b) by one-step route. Moreover, one-step route occurring
through HO/HCOOH + H2O2 reaction is more competitive
than H2O2/HCOOH + HO reaction with the ratio of vR_FA1/
vR_FA2b is 5.24–3.30 between 280 and 320 K (Table 2).
3.4 Relative impact of NH3 and HCOOH in troposphere

From the mechanism and kinetic discussed above, X-assisted
H2O2 + HO / HO2 + H2O reaction mainly proceeds through
the H2O2/X + HO reaction by one-step mechanism. Here, the
relative rates for NH3 and HCOOH to H2O have been calculated
to get a realistic diagram of the relative impact of the NH3 and
HCOOH in the troposphere. To achieve this aim, one-step
reaction mechanism of H2O2 + HO / HO2 + H2O reaction
assisted by H2O at the CCSD(T)-F12a/cc-pVDZ-F12//M06-2X/aug-
cc-pVTZ level has been shown in Fig. S1,† while its rate
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Schematic potential energy diagrams for favorable channels of HCOOH catalyzed H2O2 + HO / HO2 + H2O reaction at the CCSD(T)-
F12a/cc-pVDZ-F12//M06-2X/aug-cc-pVTZ level.
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coefficient within the temperature range of 213–320 K is listed
in Table S6.† Thus, the relative rate for NH3 to H2O as well as the
relative rate for HCOOH as compared to H2O is respectively
given in eqn (12) and (13).

vR_AM

vR_WM

¼ Keq1a � kR_AM1 � ½H2O2� � ½NH3� � ½HO�
Keq1f � kR_WM � ½H2O2� � ½H2O� � ½HO�

¼ Keq1a � kR_AM1 � ½NH3�
Keq1f � kR_WM � ½H2O� (12)

vR_FA

vR_WM

¼ Keq1d � kR_FA1 � ½H2O2� � ½HCOOH� � ½HO�
Keq1f � kR_WM � ½H2O2� � ½H2O� � ½HO�

¼ Keq1d � kR_FA1 � ½HCOOH�
Keq1f � kR_WM � ½H2O� (13)
Table 2 The bimolecular rate coefficients (cm3 per molecules per s) and
within the temperature range of 280–320 K

T/K kR_FA1 kR_FA2a

280 9.50 � 10�11 3.95 � 10�13

290 7.32 � 10�11 3.87 � 10�13

298 6.07 � 10�11 3.82 � 10�13

300 5.81 � 10�11 3.81 � 10�13

310 4.67 � 10�11 3.78 � 10�13

320 3.83 � 10�11 3.79 � 10�13

This journal is © The Royal Society of Chemistry 2020
where Keq1a, Keq1d, and Keq1f respectively denote the equilibrium
constant for the formation of H2O2/NH3, H2O2/HCOOH and
H2O2/H2O; kR_AM1, kR_FA1 and kR_WM respectively denote the
bimolecular rate coefficient for the favorable one-step mecha-
nism in H2O2 + HO / HO2 + H2O reaction assisted by NH3,
HCOOH and H2O. [NH3], [HCOOH] and [H2O] are the concen-
tration of NH3, HCOOH and H2O, which was obtained from
previous report values.55,64,65,70,75

The relative rates for vR_AM1/vR_WM and vR_FA1/vR_WM within
the temperature range of 280–320 K are given in Table 3. As seen
in Table 3, when the concentrations of H2O at 100% (2.60 �
1017 molecule per cm3 to 2.30 � 1018 molecule per cm3)76 RH
and NH3 at 10 ppbv (2.60 � 1011 molecule per cm3 to 2.30 �
1011 molecule per cm3),22–24 the calculated vR_AM1/vR_WM value is
below 2.47 � 10�3 to 9.40 � 10�5 within the temperature range
rate ratio for HCOOH catalyzed H2O2 + HO / HO2 + H2O reaction

kR_FA2b vR_FA2a/vR_FA2b vR_FA1/vR_FA2b

1.86 � 10�8 0.02 5.24
1.09 � 10�8 0.02 4.64
7.29 � 10�9 0.03 4.19
6.64 � 10�9 0.03 4.10
4.20 � 10�9 0.03 3.65
2.76 � 10�9 0.03 3.30

RSC Adv., 2020, 10, 9093–9102 | 9099
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Table 3 The pseudo-first-order rate coefficients (cm3 per molecules per s) for H2O, NH3 and HCOOH catalyzed H2O2 + HO / HO2 + H2O
reaction within the temperature range of 280–320 K

T/K k
0
tðR_WMÞ (100% RH) k

0
tðR_AM1Þ (10 ppbv) k

0
tðR_AM1Þ (2900 ppbv) k

0
tðR_FA1Þ (high 10 ppbv)

280 2.13 � 10�17 5.25 � 10�20 1.53 � 10�17 5.19 � 10�19

290 3.29 � 10�17 3.20 � 10�20 9.35 � 10�18 2.34 � 10�19

298 4.63 � 10�17 2.29 � 10�20 6.50 � 10�18 1.27 � 10�19

300 5.01 � 10�17 2.02 � 10�20 5.99 � 10�18 1.12 � 10�19

310 7.54 � 10�17 1.39 � 10�20 3.99 � 10�18 5.82 � 10�20

320 1.01 � 10�16 9.49 � 10�21 2.76 � 10�18 3.07 � 10�20

T/K
vR_AM1 (10 ppbv)/vR_WM

(100% RH)
vR_AM1 (2900 ppbv)/vR_WM

(100% RH)
vR_FA1 (high)/vR_WM

(100% RH)

280 2.47 � 10�3 0.72 2.44 � 10�2

290 9.73 � 10�4 0.28 7.13 � 10�3

298 4.94 � 10�4 0.14 2.75 � 10�3

300 4.04 � 10�4 0.12 2.23 � 10�3

310 1.84 � 10�4 5.29 � 10�2 7.72 � 10�4

320 9.40 � 10�5 2.74 � 10�2 3.05 � 10�4
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of 280–320 K. Moreover, when the concentration of NH3 at 2900
ppbv (7.60 � 1013 molecule per cm3 to 6.70 � 1013 molecule per
cm3),25 the calculated vR_AM1/vR_WM is still below 0.72–2.74 �
10�2. This reveals that the H2O2 + HO / HO2 + H2O reaction
with NH3 cannot compete with the reaction in the presence of
H2O. Similarity, when the concentration of HCOOH at 2.60 �
1011 molecule per cm3 to 2.30 � 1011 molecule per cm3,77 the
calculated vR_FA1/vR_WM value is 2.44 � 10�2 to 3.05 � 10�4

within the temperature range of 280–320 K, indicating that the
H2O2 + HO / HO2 + H2O reaction with HCOOH also cannot
compete with the corresponding reaction in the presence of
H2O.
4. Summary and conclusions

The effect of catalyst X (X¼NH3 andHCOOH) on the H2O2 + HO
/ HO2 + H2O reaction was investigated by using quantum
chemical calculations and canonical variational transition state
theory with small curvature tunneling correction. Two kinds of
acid–base catalyzed mechanism, namely one-step route and
stepwise processes, were found in the reaction assisted by
catalyst X. As for the one-step route, the reaction proceeded
through similar direct hydrogen abstraction with the reaction
without catalyst X. We found one-step mechanism that is
promoted by a low energy barrier, was respectively predicted to
take place at a bimolecular rate coefficient of 9.95 � 10�11 cm3

per molecule per s (NH3-assisted reaction) and 6.07� 10�11 cm3

per molecule per s (HCOOH-assisted reaction) at 298 K, and is
very closed to the rate coefficient for the reaction without
catalyst X. Stepwise processes here were explored by direct
hydrogen abstraction and double hydrogen abstraction transfer
mechanism, and were found to be kinetically more favorable via
direct hydrogen abstraction. However, this hydrogen abstrac-
tion in a stepwise route is essentially less important than the
hydrogen abstraction in a one-step mechanism.
9100 | RSC Adv., 2020, 10, 9093–9102
Within the temperature ranging from 280 K to 320 K, the
pseudo-rst-order rate coefficient for one-step mechanism in
the presence of NH3 (10 ppbv) and HCOOH (10 ppbv) is only
5.25 � 10�20 to 9.49 � 10�21 cm3 per molecule per s and 5.19 �
10�19 to 3.07 � 10�20 cm3 per molecule per s, respectively. This
was largely decreased by 3–5 and 2–4 orders of magnitude than
the reaction assisted by H2O in which the positive water effect is
signicant under atmospheric conditions. This catalytic differ-
ence between catalyst X and H2O is possibly due to a much
lower concentration of NH3 and HCOOH relative to H2O.
Despite the fact that H2O2 + HO / HO2 + H2O reaction with
catalyst X is not so efficient to shi the overall HO2 + H2O
formation rate, the present study provides a comprehensive
model of how acidic and basic catalysts assisted the gas-phase
reactions.
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Phys., 2014, 14, 12023–12030.
44 N. Myllys, J. Elm, R. Halonen, T. Kurtén and H. Vehkamäki, J.
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