Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

The influence of a single water molecule on the
reaction of BrO + HO,

Lu Ma
Mianyang Normal University: Mianyang Teachers' College
Bing He
Chengdu Normal University
Meilian Zhao
Chengdu University of Traditional Chinese Medicine Wenjiang Campus: Chengdu University of
Traditional Chinese Medicine

Yongguo Liu
Beijing Technology and Business University
Ruojing Song
Mianyang Normal University: Mianyang Teachers' College

Huaming Du

Mianyang Normal University: Mianyang Teachers' College
Huirong Li

Mianyang Normal University: Mianyang Teachers' College

Yunju Zhang (&% zhangyj010@nenu.edu.cn)
Mianyang Normal University: Mianyang Teachers' College

Research Article

Keywords: HO2, BrO, H20, Reaction mechanism, Rate constant
Posted Date: April 4th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1476016/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/17


https://doi.org/10.21203/rs.3.rs-1476016/v1
mailto:zhangyj010@nenu.edu.cn
https://doi.org/10.21203/rs.3.rs-1476016/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

The influence of a single water molecule on the BrO + HO, hydrogen extraction reaction has been

explored by taking advantage of CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G(d,p) method. The reaction in
the absence of water have two distinct kinds of H-extraction channels to generate HOBr + O, and HBr +

O, and the channel of generation of HOBr + O, occupied the BrO + HO, reaction. The rate coefficient of
the most feasible channel for the BrO + HO, reaction in the absence of water is estimated to be 1.44 " 10
1 cm?® molecule™ s at 298.15 K, which is consistent with the experiment. The introduction of water
made the reaction more complex, but the products are unchanged. Four distinct channels, beginning with
HO,H,0 with BrO, H,0-HO, with BrO, BrO--H,0 with HO,, H,0~BrO with HO, are researched. The most
feasible channels, stemming from H,0-~HO, with BrO, and BrO-H,0 with HO,, are much slower than the
reaction of BrO + HO, without water, respectively. Thus, the existence of water molecule takes a negative
catalytic role for BrO + HO, reaction.

1. Introduction

Methyl bromide stems from nature and humanity. It is the main precursor of active bromine involved in
stratospheric ozone chemistry[1, 2]. Bromine, especially bromine oxide species are known to play a
significant role in stratospheric ozone destruction and polar ozone hole chemistry[3, 4], in spite of its
concentration being much lower than that of chlorine. Such destruction takes place passing through
catalytic circles, in which the active substances are regenerated. In order to comprehend and simulate
atmospheric ozone concentration, it is necessary to obtain the parameters describing the kinetics and
photochemistry including such cycles.

Because the reaction of BrO + HO, is of great significance in evaluating the influence of bromine on the
damage of O, it has attracted great interest of many research groups[3-10]. Yung et al [5]. researched
that the reaction of BrO + HO, could induce ozone destruction cycle through synergistic coupling, and
result in the generation of HOBr. The photolysis of HOBr could produce OH, and then OH reacts with

ozone to finish the cycle (1-4). Interestingly, this cycle does not require the participation of oxygen
atoms. Thus, the cycle of HO, + BrO is of special importance in the lower stratosphere[3, 5].
BrO+HO, —= HOBr+0, (D)
HOBr + v —= OH+Br @
OH+0; —» HO;+0; (3
Br+0; —= BrO+0; (4

Net: 203 — = 30, (5)
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The mechanism and kinetics for the reaction of HO, + BrO have been researched within a certain

temperature and pressure range in experimentally and theoretically. In the point of view of experiment,

Cox and Sheppard [6] measured the kinetics of the BrO + HO, by means of the modulated photolysis and

molecular modulation/UV-visible absorption resulting in the data of O.SI)(_);;,S x 107! cm3 molecule™ " 57

at 303 K, 760 Torr. Bridier et al. [7] and Poulet et al. [3] respective obtained the higher datas of (3.4 1.0) -
10" and (3.3 0.5) - 10" cm?® molecule™ ! s~ taking advantaging of the flash photolysis/UVvisible
absorption method and the discharge flow reactor and mass spectrometry techniques. The HO, + BrO
reaction was discussed again by the Larichev et al [4] at 233-344 K, with the Arrhenius formula of

k= (4.8 +0.3) x 10~ Mexp[(580 + 100) / T] cm® molecule ' s~ 1. In 1996, Elrod et al [8] and in
1997, Li, et al [11] also implemented in a discharge flow reactor with a mass spectrometer, demonstrate
the negative dependence on temperature. Despite the activation energies consistent well, the reported
datas of the reaction rate at 298 K were significantly lower in these studies. Finally, Results from the three
most recent research of Cronkhite et al. [12], Bloss et al [9] and Ward et al[13] where the HO, + BrO
reaction was investigated by means of the laser flash photolysis/UV absorption/IR tunable diode laser
absorption, resulting in the rate constants at 296 K ((2.0 = 0.6) x 10~ 1em3 molecule™ ' s™7), flash
photolysis/time resolved UV absorption spectroscopy with the obtained rate constants at 298 K 760 Torr (
(2.35 + 0.82) x 10 ~tcm3 molecule™ s~ 1), and by means of flash photolysis/Vis-UV absorption at
246-314 K with the Arrhenius formula of Kk = (9.28 + 5.61) x 10~ 12exp[(2.63 + 1.31) /RT]ecm?
molecule™ ! s™ 7. In theory, Guha and Francisco [14] researched the geometries and relative energies of the
HOOBrO and HOOOBr generated from the BrO + HO, reaction, and then HOOBrO and HOOOBTr dissociated
to HOBr+ 0, and HBr+ O3 with the barrier of 2.8 and 26.40 kcal/mol, respectively, which is consistent
with the computed results in this work.

As we all know, there are a great quantity of water and water clusters in the atmosphere. Water could act
as acceptor and donor of hydrogen bond, and could generate hydrogen bond with active radicals and
polar molecules. Hence, it could easily generate stable cyclic compounds with other species[15]. In recent
years, more and more attention was paid to the influence of water on the gas-phase reaction.[16—23]
Numerous theoretical and experimental studies have found that water molecules could decrease the
reaction energy barrier.[23-32] Moreover, some researches revealed that water dimer could also take an
significant catalytic role in H-abstraction reaction at 298 K under the atmospheric concentration of 9.0 x
10" molecular cm3[33-36). Thus, to fully comprehend this atmospheric process, it is necessary to
further study the influence of water on BrO + HO, reaction. High temperature reduces the stability of weak
bond complexes in the lower troposphere, so it is difficult for the empirical study. Quantum chemical
calculation can provide theoretical guidance for the study of such species. Unfortunately, no theoretical
and experimental investigation on the reaction of HO, + BrO to investigate the influence of water.

In this work, the detailed channels of BrO + HO, reaction without water and containing water are

researched in theory to expound the reaction mechanism and the influence of water according to the
detailed potential energy surface (PES).
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2. Computational Method

Gaussian 09 program package[37] was used to obtain all the results of the quantum chemical
computations. B3LYP[38, 39] method combined with the 6-311 ++ G(d,p) basis set were employed to
optimize and characterize all the species on the PESs. Harmonic vibrational frequencies were also gained
at the same level to testify that transition states only possesses one imaginary frequency and other
speices possess no imaginary frequencies, and the thermodynamic dedication to the free energy and
enthalpy and the value of the zero-point energy (ZPE) at the identical level. Intrinsic reaction coordinate
(IRC) computations[40, 41] was used to guarantee the linkage of the transition state between reactants
and expected products. CCSD(T)[42]/aug-cc-pVTZ method was used to gained more accurate energy on
account of the geometric configuration at B3LYP method. The rate coefficients of the BrO + HO, reaction
were employed by the KisThelP program[43], which is based on the Transition State Theory (TST) with
Wigner tunneling correction. According to the study of Shiroudi [44], the detailed calculation process of
rate coefficient is in the supporting information.

3. Results And Discussion

3.1 The H-abstraction of the BrO + HO, reaction with water-
free

Similar to the previous investigations on the H-extraction reaction of BrO + HO, [14], two distinct products
channels of the generation of HBr+ 05 and HOBr + O, were simulated located for the anhydrous BrO +
HO, reaction (see Fig. 1). Complex intermediate will be generated at the entrance and exit of these two
pathways. As for the pathway of generation of HOBr and O,, Channel 1 results in the generation of pre-
reactive complex COMR1, and subsequently proceeds via TS1 with the forecasted energy of 2.80
kcal/mol (see Table 1) below BrO + HO,, to generate post-reactive complex COMP1. The barrier of
COMR1—->TS1—-COMP1 is 3.68 kcal/mol, which is consistent with the results obtained by Guha and
Francisco (2.80 kcal/mol)[14]. The energy of COMP1 with respect to the reactant are - 20.72 kcal/mol. In
the channel of generation of HBr+ O3 (Channel 2), pre-reactive complex COMR2 will be generated with no
barrier from the combination of BrO with HO,. With respect to COMR?2, the barrier of the generation of
HBr+ 05 is 24.85 kcal/mol, which is consistent with the results obtained by Guha and Francisco (26.40

kcal/mol). Stemming from COMR?2, the reaction goes through TS2 to generate post-reactive complex
COMP2 before generating the final products HBr and O;. COMP2 is steadied through the interaction of

the hydrogen bond with the binding energy of 7.92 kcal/mol below BrO + HO,. The Channel 1 is superior
to the Channel 2 owning to the higher barrier height.
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Table 1

Relative energies (A E), enthalpies (A H) and
Gibbs free energies (A G) for the BrO + HO,

reaction. All energies are computed with
respect to the energy of BrO + HO,, (units:

kcal/mol)
Species AEygk AHpggk  AGaggk
BrO+HO, 0.00 0.00 0.00
COMR1 -6.48 -7.11 3.23
TS1 -2.80 -3.93 7.58
COMP1 -20.72 -20.51 -14.19

COMR2 -17.71 -18.58 -7.65
TS2 7.14 6.02 17.18
COMP2 -7.92 -7.74 -1.07
HBr + O3 -6.35 -6.36 -4.98

HOBr+0, -18.65 -18.62 -17.36

3.2 The H-abstraction of the BrO + HO, reaction with a water
molecule

To assess the influence of a single water molecule on the H-extraction for the BrO + HO, reaction in the

atmosphere, distinct pathways have been investigated. Analogue to the aforementioned naked reaction, a
pre-reactive complex will be generated at the beginning of each reaction channel with water. It should be
mentioned that since it is impossible for the collision of three isolated molecules (including HO,, BrO and

H,0) simultaneously, they will firstly generate a two-body complex, and then generate a three-body

complex by the collision between the third specie and the two-body complex. Hence, in the existence of
one water molecule, both BrO and HO, could combine with the water molecule through hydrogen bond to

firstly generate corresponding binary complexes before combining with the third species. Four hydrogen
bonded complexes have been located, namely as BrO--H,0, H,0~BrO, H,0--HO, and HO,~H,0. The water
moiety in BrO~H,0 and HO,H,0 serve as a hydrogen bond donor, and water acts as both the H-bond
acceptor and donor in H,0~HO,, as well as there exist one halogen bonded complex in H,0BrO. The
complex H,0-HO, with a binding energy of -6.79 kcal/mol, presents a five-membered-ring structure by
generating two hydrogen bonds (2.641 A and 1.773 A), which are more stable than HO,H,0, BrO--H,0
and H,0-BrO by 4.84, 3.95 and 3.05 kcal/mol, respectively. Subsequently, these four binary complexes
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could further combine with the third species to generate three body complexes, and generate post-reactive
complexes by surmounting corresponding transition state and then released to the final products. When a
water molecule participates in the reaction, we found that, the reaction products are the same compared
with anhydrous reaction, but the potential energy surface (PES) is complicated. In this paper, four
pathways in the existence of water are employed to describe the influence of water molecule on the
generation of HBr+ O3 and HOBr + O, from the reaction of BrO + HO, under atmospheric conditions.

3.2.1 The reactions of BrO + HO,H,0 and BrO + H,0-HO,

In the existence of water, the channels on the PES for the generation of HOBr+ O, and HBr + O3 taking
place by through the reactions of H,0--HO, + BrO (Channel TW1) and HO,-H,0 + BrO (Channel TW2) are

displayed in Fig. 2. The H,0--HO, + BrO reaction starts from the generation of the pre-reactive complex
COMRW1, and the stable energy with respect to the separate molecules is -17.21 kcal/mol (see Table 2).
Considering the geometry, complex COMRW1 is a seven-membered-ring consisted of two parts, which are
bound together through two hydrogen bonds (1.731 A and 1.916 A). Beginning with the complex
COMRWT1, the reaction proceeds through the transition state TSTW1 involving the O atom of the BrO part
extracting the H atom of HO, to generate the post-reactive complex COMPW?1, and then COMPW1 quickly
decomposes into HOBr + O, + H,0. the energy of COMRW1 and TSTW1 in the existence of water
decreased by 10.73 and 2.07 kcal/mol, respectively. The barrier of COMRW1—-TS1W1—-COMPW1 is
12.34 kcal/mol with respect to COMRW1. From the perspective of the generated product, water hardly
takes part in Channel TW1, because its presence increases the potential barriers of the Channel 1 by 8.66
kcal/mol. This shows that water molecule creates adverse effect on the generation of HOBr + O, for the
BrO + HO, reaction.
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Table 2

Relative energies (A E), enthalpies (A H), and Gibbs
free energies (A G) for the BrO + HO, + H,0 reaction

taking place via HO,~H,0 + BrO, H,0~HO, + BrQ,
BrO...H,0 + HO, and H,0...BrO + HO,. All energies

are computed with respect to the energy of BrO +
HO, + H,0 (units: kcal/mol)

Species AEygk AHpggk  AGrogk

HO,+BrO+H,0  0.00 0.00 0.00

HO,H,0+Br0 195  -1.98 3.6

H,0-HO,+Br0 679 746 040
BrO..H,0+HO, 284 294 242

H,0.BrO+HO, 374  -366  2.48

COMRWI1 -17.21 -18.70 1.60
TSIW1 -4.87 -5.86 12.54
COMPW1 -26.18 -26.96 -8.76
COMRW2 -24.05 -25.16 -6.56
TSTW2 4.33 3.61 20.80
COMPW2 -11.65 -12.46 5.22
COMRW3 -17.04 -18.46 1.64
TS2W1 -4.86 -5.86 12.55
COMPW3 -25.97 -26.72 -8.56
COMRW4 -24.34 -25.39 -7.09
TS2W2 5.62 4.83 22.68
COMPW4 -25.37 -25.93 -8.67

HBr+0;+H,0  -6.35  -6.36 -4.98

HOBr+0,+H,0 -18.65 -18.62  -17.36

As for the route initiating the HO,...H,0 + BrO, the reaction primitively generates hydrogen bond complex
COMRW?2, whose structure is analogue to the above-mentioned COMRW?1. According to the relative
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energy, the generation of three-body complexes COMRW?2 through between BrO and HO,~H,0 is superior
to the generation of COMRW1 through combination between BrO and H,0--HO,. Similar to TSTW1, water
molecule acts as the role of bystander for TSTW2. The barrier of generating of HBr+ O5 through TSTW2

in the existence of water is 3.53 kcal/mol higher than that without water. Similar to the way of generating
HOBr + 0,, the existence of water molecules raises the barrier height, resulting in a negative effect on the

whole reaction.

3.2.2 The reactions of BrO--H,0 + HO, and H,0~BrO + HO,

Expect for the above described reaction channels with water, the other two channels were located to
generate HOBr + O, from the reactions of BrO~H,0 + HO, (Channel TW3) and H,0--BrO + HO, (Channel
1W4), which are displayed in Fig. 3. The energy of the halogen bonded complex H,0-BrO is stable than
the hydrogen bond complex BrO--H,0 by 0.90 kcal/mol. Two distinct reaction channels starting from the

complexes BrOH,0 and H,0~BrO were located.

The complex BrO...H,0 with HO, reaction starts with the generation of the COMRW3 complex possess a
lower barrier (12.18 kcal/mol). With respect to BrO...H,0 + HO,, the binding energy of complex COMRW3,
which have two hydrogen bond structure, is 17.04 kcal/mol below the reactants. Stemming from
COMRWS3, the O atom in the moiety of BrO in BrO~H,0 extracts the H atom of HO, through TS1W3 (-4.86

kcal/mol) to generate post-reactive complex COMPW3 (-25.97 kcal/mol). In addition, the channel
beginning with the generation of COMRW4 proceeds via TSTW4 surmounting a higher barrier (29.96
kcal/mol), which is 17.78 kcal/mol higher than the Channel TW3. Thus, the H-extraction of Channel TW4
is much more difficult than that of Channel TW3. Although Channel TW3 is the most feasible channel
among the BrO + HO, + H,0 reaction. the barrier of COMRW3—-TS1W3—COMPW3 in Channel TW3 is

8.50 kcal/mol higher than the analogous channel without water, which manifested that the introduction
of water molecule inhibited the reaction through raising the barrier. In order to validly understand the
influence of water, it is necessary to further research the kinetics of BrO + HO, reaction with and without
water molecule.

3.3 Kinetics Computations

The above-mentioned mechanism manifested that the existence of a water molecule takes a negative
catalytic influence on the BrO + HO, reaction. Water restrains the generation of HOBr+ O, and also raises
the barrier when the reaction occurs via generation of a transition state. In this work, we execute rate
coefficient computations to research the influence of water molecule on the BrO + HO, reaction. The rate
coefficients and the effective rate coefficients for the representative channel of the BrO + HO, reaction

both with and without water are listed in Table 3 and Table 4, respectively. Table 3 listed the computed
data of the rate coefficient for the channel of generation of HOBr+ O, and HBr + O for the BrO + HO,

reaction by employing the KisThelP program. The computed rate coefficients for the Channel 1 and
Channel 2 in the temperature region of 216.69-298.15K are 7.16 x10™ '-1.44 x10™ "1 cm® molecule™ ' s~
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Tand 2.05x10723-2.62 x107 2" cm® molecule™ ' s™7, respectively. For the BrO + HO, reaction, the datas of
7.16 x10711-1.44 x10™ " cm® molecule™ ! s~ in the researched temperature region are agreement with
the previous experimental results[4, 10—13]. Larichev et al, Li et al, Bedjanian et al and Ward and Rowley
[4,10, 11, 13] measured the rate coefficients at 300 K are 3.29 x10™'1,1.86 x10™'1,2.97 x10™ " and 2.66
x10™ 11 cm® molecule™ ' s™7, and Cronkhite et al [12] measured the rate coefficient at 296 K is 2.01 x10™ 1"

1571, Our computed results indicated that the rate coefficients of generating of HOBr + 0,

cm? molecule”
is 12K9 orders of magnitude faster than that of generation of HBr + O3, manifesting that the channel of

generating of HOBr + O, occupied the BrO + HO, reaction under researched conditions.

Table 3

Rate coefficient (in cm® molecule™! s™1) for the BrO + HO ,, reaction without and with one water molecule.

T (K) kCOMR1 kCOMR2 kCOMRW1 kCOMRW2 kCOMRW3 kCOMRW4
Channel 1 Channel 2 Channel Channel Channel Channel

TW1 1W2 1W3 1W4

29815 1.44x10° 2.62x10" 1.29x10" 17 1.99x107 2 3.83x707 16 1.98x10~ 21
11 21

28819  1.66x10" 1.67x10" 1.12x10°177  1.33x107 2" 416x10°16 1.11x10"21
11 21

27521 2.03x10" 8.90x10" 9.12x10° 18  7.61x10°22  4.72x10° 16 4.89x10" 22
11 22

262.23  955%x10" 4.42x10" 730x10° 718 411x10722  538x10°'6  2.00x10" 22
11 22

24925  328x10" 2.06x10" 573x10718  2.09x10°22  6.26x10° 16  7.47x10"23
11 23

236.27  236x10" 8.84x10" 440x10718  987x10°2%3  7.45x10°'6  2.51x10°23
11 23

22329  3.60x10° 3.46x10" 3.27x10718  428x10°23  9.00x10° 16  7.44x10" 24
11 23

216.69  716x10" 2.05x10" 2.79x10° 18 2.30x10°23 1.01x10° 15  3.80x10" 24
11 23
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Table 4

Effective rate coefficients for the BrO + HO, + H,0 reaction at216.69-298.15 K (cm? molecule™ ' s™ 1)

T IH,0l Kcomra Kcomrz KcoMRs Kcomma
298.15 7.79x10"7 8.52x107 21 7.55x10727 8.14x107 21 3.90x10726
288.19 4.34x10"7 6.12x10~21 3.15x10"27 5.99x10 21 1.51x10"26
275.21 1.89x10"7 3.79x107 2 9.22x70" 28 3.74x10°2 3.96x10" %7
262.23 7.43x1016 2.21x10" 2 2.33x1028 2.17x10" 21 8.92x10728
249.25 2.64x1016 1.21x10~21 5.13x10" 29 1.19x10~ 21 1.72x10728
236.27 8.15x10"5 6.10x10" 22 9.25x107 30 5.99x10" 22 2.70x1072°
223.29 2.15x10"° 2.78x10 22 1.34x10730 2.71x10°22 3.36x10730
21669 1.01x10"° 1.77x107 22 3.90x1073 1.74x10" 22 1.04x1073°
k(éOMRZ, k(,ZOMRl' kéOMRB and kéOMR4 are the effective rate coefficients of Channel TW1, Channel
TW2, Channel TW3 and Channel 1W4, respectively.

With the introduction of water, the rate coefficients for the Channel 1TW1, Channel TW2 and Channel 1W4
reveal positive temperature dependence, and the rate coefficients for the Channel TW3 displays negative
temperature dependence. The rate coefficients for the Channel TW2 and Channel 1TW4 are lower than that
of Channel TW1 and Channel TW3. Moreover, Table 3 indicates that the rate coefficients for Channel TW1
and Channel TW3 are much smaller than that for the generation of HOBr + O, in the absence of water at
216.69-298.15 K.

Taking the concentration of the binary complexes HO,~H,0, H,0-HO,, BrO-"H,0 and H,0~BrO into
account, it is necessary to compare the effective rate coefficients of the BrO + HO, reaction in the

existence of water with that of in the absence water to fully comprehend the influence of water on the
BrO + HO, reaction. The rate coefficients for the BrO + HO, reaction in the absence of water could be
written as

PCOMR1 (or 2) = KcoMR1 (or2) [BTO] [Hoz]

whereas the rate coefficients for the generation of HOBr + O, of the BrO + HO, reaction in the existence of
water can be written as
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Veormim = keonm [H10---HO, | [BrO] :’i‘?r::onmwl [HO, |[BrO]
Veormiwt = Keonmwa [H 0, 'HJD] [BID] :’iQr:mmm [Hﬂi][BID]
Veonmiwt = Keonmmws [E rO--- Hzn] [Hc}z] =’i§;omw3 [H Dz] [B IE}]

Veonmum = Keongws [H,0---BrO][HO, | :’i‘{:mmm [HO, |[BrO]

kCOMRw3=kCOMRW3Keq3 [HZO]and 'kCOMRW4=kCOMRW4Keq4 [HZO ] eql’ Kqu'Keannd
K¢ q4 are the rate coefficients for the generation of the complexes H,0~HO,, HO,~H,0, BrO-H,0 and
K

H,0-BrO, respectively. K eq2

eqls Keqzand K4 are listed in Table S1. The effective rate coefficients of

kCOMRWl' kCOMRWZ, kCOMRWS and kCOMRW4 are decided by the concentration of water to compare

the rate coefficient in the absence of water (kcgpmr1and kcompa), Which are given in Table 4. The

effective rate coefficients of kCOMRWl' kCOMRWZ, kCOMRWB and kCOMRW4 at 216.69-298.15 K are

1.77x10722-8.52x10" 2" cm? molecule™ ' s77,3.90x10731-7.55x10 27 cm® molecule™ ' 571, 1.74x10722-
8.14x1072" cm® molecule™ " s™ " and 1.04x10730-3.90x10~ 2% cm3 molecule™ ' s™7, respectively. The
computed results reveal that the BrO + HO, reaction in the existence of water are much slower with
respect to the feasible channels of the BrO + HO, reaction. In a word, under atmospheric conditions, the
above findings manifest that a single water molecule possesses negative influence on the BrO + HO,
reaction.

4. Conclusion

HOBr is generated through the atmospheric reaction of BrO + HO,, which is the temporary storage of BrOx
substances. It is great interest to research the influence of water molecule on the mechanism and kinetics
of the BrO + HO, reaction. In the present work, the probable catalytic influence of water molecule on the

reaction BrO + HO, was researched from the perspective of mechanism and kinetics taking advantage of
quantum chemical calculation. The rate coefficients at 216.69-298.15 K were obtained by employing the
KisThelP program based on the Transition State Theory (TST) with Wigner tunneling correction for the
BrO + HO, reaction in the absence and existence water. There exist two distinct channels for the BrO +
HO, reaction in the absence water, and the channel of generation of HOBr + O, dominant the reaction.
With the introduction of water, the influence of a single water was researched through taking into account
four distinct types of reactions: HO,~H,0 with BrO, H,0~HO, with BrO, BrO~H,0 with HO,, H,O-BrO with
HO,. Owning to the higher barrier height, the channel taking place by BrO-H,0 with HO, may be

significant with respect to other channels. The effective rate coefficients of Channel TW2 and Channel
TW4 are much lower than the reaction in te absence of water. These results come to the conclusion that
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water molecule inhibits the BrO + HO, reaction through increasing the stability of the pre-reactive complex
and raising the barrier. In a word, the present work might contribute to a better comprehending of the
influence of water on radical- radical reaction in troposphere.

Declarations

Funding This work was supported by the Natural Science Foundations of China (No. 21707062),
Scientific Research Starting Foundation of Mianyang Normal University (No. QD2016A007). Supported by
the Open Project Program of Beijing Key Laboratory of Flavor ChemistryliBeijing Technology and
Business University (BTBU), Beijing 100048, China

Conflict of interest The authors declare no competing interests.
Availability of data and material: (data transparency) Not applicable
Code availability: (software application or custom code) Yes.

Author contribution Ma Lu contributed to the conception of the study, performed the computations and
wrote the manuscript; Bing He, Meilian Zhao, Yongguo Liu, Ruojing Song, Huaming Du and Huirong Li
contributed to the execution and analysis of calculations. Yunju Zhang contributed significantly to
analysis and wrote the manuscript; All authors have reviewed the manuscript.

References

1. Anderson JG, Toohey DW, Brune WH (1991) Free Radicals Within the Antarctic Vortex: The Role of
CFCs in Antarctic Ozone Loss. Science 251:39-46

2. Salawitch RJ, McElroy MB, Yatteau JH et al (1990) Loss of ozone in the Arctic vortex for the winter of
1989. Geophys Res Lett 17:561-579

3. Poulet G, Pirre M, Maguin F, Ramaroson R, Bras GL (1992) Role of the BRO + HO, reaction in the
stratospheric chemistry of bromine. Geophys Res Lett 19:2305-2308

4. Larichev M, Maguin F, Bras GL, Poulet G (1995) Kinetics and Mechanism of the BrO + HO, Reaction.
J Phys Chem 99:15911-15918

5. Yung YL, Pinto JP, Watson RT, Sander SP (1980) Atmospheric Bromine and Ozone Perturbations in
the Lower Stratosphere. J Atmos Sci 37:339-353

6. Cox RA, Sheppard DW (1982) Rate coefficient for the reaction of BrO with HO, at 303 K. J Chem Soc
Faraday Trans 2:78:1383-1389

7. Bridier |, Veyret B, Lesclaux R (1993) Flash photolysis kinetic study of reactions of the BrO radical
with BrO and HO,. Chem Phys Lett 201:563-568

8. Elrod MJ, Meads RF, Lipson JB, Seeley JV, Molina MJ (1996) Temperatured ependencoef the rate
conaantf or the HO, + BrO reaction. J Phys Chem 100:5808—-5812

Page 12/17



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Bloss WJ, Rowley DM, Cox RA, Jones RL (2002) Rate coefficient for the BrO + HO, reaction at 298 K.

Phys Chem Chem Phys 4:3639-3647

Bedjanian Y, Riffault V, Poulet G (2001) Kinetic Study of the Reactions of BrO Radicals with HO, and
DO,. J Phys Chem A 105:3167-3175

Li Z, Friedl RR, Sander SP (1997) Kinetics of the reaction over the temperature range HO, + BrO 233-
348 K. J Chem Soc Faraday Trans 93:2683-2691

Cronkhite JM, Stickel RE, Nicovich JM, Wine PH (1998) Laser Flash Photolysis Studies of Radical -
Radical Reaction Kinetics: The HO, + BrO Reaction. J Phys Chem A 102:6651

Ward MKM, Rowley DM (2017) Kinetics of the BrO + HO, reaction over the temperature range T =
246-314 K. Phys Chem Chem Phys 19:23345-23356

Guha S, Francisco JS (1999) An Examination of the Reaction Pathways for the HOOOBr and HOOBrO
Complexes Formed from the HO, + BrO Reaction. J Phys Chem A 103:8000-8007

Buszek RJ, Francisco JS, Anglada JM (2011) Water effects on atmospheric reactions. Int Rev Phys
Chem 30:335-369

Aloisio S, Francisco JS (2000) Radical-water complexes in Earth’s atmosphere. Acc Chem Res
33:825-830

English AM, Hansen JC, Szente JJ, Maricq MM (2008) The effects of water vapor on the CH30, self-
reaction and reaction with HO,. J Phys Chem A 112:9220-9228

Long B, Tan XF, Long ZW, Wang YB, Ren DS, Zhang WJ (2011) Theoretical Studies on Reactions of
the Stabilized H,COO with HO, and the HO,~ H,0 Complex. J Phys Chem A 115:6559-6567

Buszek RJ, Barker JR, Francisco JS (2012) Water effect on the OH + HCl reaction. J Phys Chem A
116:4712-4719

Vohringer-Martinez E, Hansmann B, Hernandez H, Francisco JS, Troe J, Abel B (2007) Water
Catalysis of a Radical-Molecule Gas-Phase Reaction. Science 315:497-501

Jorgensen S, Kjaergaard HG (2010) Effect of Hydration on the Hydrogen Abstraction Reaction by HO
in DMS and its Oxidation Products. J Phys Chem A 114:4857-4863

Buszek RJ, Torrent-Sucarrat M, Anglada JM, Francisco JS (2012) Effects of a single water molecule
on the OH + H,0, reaction. J Phys Chem A 116:5821-5829

Luo Y, Maeda S, Ohno K (2009) Water-catalyzed gas-phase reaction of formic acid with hydroxyl
radical: A computational investigation. Chem Phys Lett 469:57-61

Chen HT, Chang JG, Chen HL (2008) A Computational Study on the Decomposition of Formic Acid
Catalyzed by (H,0)x, x = 0—3: Comparison of the Gas-Phase and Aqueous-Phase Results. J Phys
Chem A 112:8093-8099

Buszek RJ, Francisco JS (2009) The Gas-Phase Decomposition of CF30H with Water: A Radical-
Catalyzed Mechanism. J Phys Chem A 113:5333-5337

Smith | (2007) Single-Molecule Catalysis. Science 315:470-471

Page 13/17



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zhang WC, Du BN, Qin ZL (2014) Catalytic Effect of Water, Formic Acid, or Sulfuric Acid on the
Reaction of Formaldehyde with OH Radicals. J Phys Chem A 118:4797-4807

luga C, Alvarez-ldaboy JR, Vivier-Bunge A (2010) Single water-molecule catalysis in the glyoxal + OH
reaction under tropospheric conditions: Fact or fiction? A quantum chemistry and pseudo-second
order computational kinetic study. Chem Phys Lett 501:11-15

luga C, Alvarez-ldaboy JR, Vivier-Bunge A (2011) On the possible catalytic role of a single water
molecule in the acetone + OH gas phase reaction: A theoretical pseudo-second-order kinetics study.
Theor Chem Acc 129:209-217

luga C, Alvarez-ldaboy JR, Reyes L, Vivier-Bunge A (2010) Can a Single Water Molecule Really
Catalyze the Acetaldehyde + OH Reaction in Tropospheric Conditions? J Phys Chem Lett 1:3112-
3115

Zhao N, Zhang Q, Wang W (2016) Atmospheric oxidation of phenanthrene initiated by OH radicals in
the presence of O, and NOx—A theoretical study. Sci Total Environ 1:563-564

Du BN, Zhang WC (2013) Theoretical Study on theWater-Assisted Reaction of NCO with HCHO. J
Phys Chem A 117:6883-6892

Du BN, Zhang WC (2014) Catalytic effect of water, water dimer, or formic acid on the tautomerization
of nitroguanidine. Comput Theor Chem 1049:90-96

Viegas LP, Varandas AJC (2016) Role of (H,0), (n = 2—3) Clusters on the HO, + O3 Reaction: A
Theoretical Study. J Phys Chem B 120:1560—-1568

Dunn ME, Pokon EK, Shields GC (2004) Thermodynamics of FormingWater Clusters at Various
Temperatures and Pressures by Gaussian-2, Gaussian-3, Complete Basis Set-QB3, and Complete
Basis Set-APNO Model Chemistries; Implications for Atmospheric Chemistry. J Am Chem Soc
126:2647-2653

Du BN, Zhang WC (2015) The effect of (H,0),, (n = 1-2) or H,S on the hydrogen abstraction reaction
of H,S by OH radicals in the atmosphere. Comput Theor Chem 1069:77-85

Frisch MJ, Trucks GW, Schlegel HB, Gill PWM, Johnson BG, Robb MA, Cheeseman JR, Keith TA,
Petersson GA, Montgomery JA, Raghavachari K, Allaham MA, Zakrzewski VG, Ortiz JV, Foresman JB,
Cioslowski J, Stefanov BB, Nanayakkara A, Challacombe M, Peng CY, Ayala PY, Chen W, Wong MW,
Andres JL, Replogle ES, Gomperts R, Martin RL, Fox DJ, Binkley JS, Defrees DJ, Baker J, Stewart JP,
Head-Gordon M, Gonzales C, Pople JA (2009) Gaussian 09. Gaussian, Inc., Wallingford, CT

Becke AD (1993) Density-functional thermochemistry. Ill. The role of exact exchange. J Chem Phys
98:5648

Lee C, Yang W, Parr RG (1988) Development of the Colle-Salvetti correlation-energy formula into a
functional of the electron density. Phys Rev B: 37:785-789

Gonzalez C, Schlegel HB (1989) An improved algorithm for reaction path following. J Chem Phys
90:2154-2161

Page 14/17



41. Gonzalez C, Schlegel HB (1990) Reaction path following in mass-weighted internal coordinates. J
Phys Chem 94:5523-5527

42. Raghavachari K, Trucks GW, Pople JA, Head-Gordon M (1989) A Fifth-Order Perturbation Comparison
of Electron Correlation Theories. Chem Phys Lett 157:479-483

43. Canneaux S, Bohr F, Henon E (2014) KiSThelP: a program to predict thermodynamic properties and
rate constants from quantum chemistry results. J Comput Chem 35:82-93

44. Shiroudi A, Deleuze MS (2014) Theoretical study of the oxidation mechanisms of naphthalene
initiated by hydroxyl radicals: the H abstraction pathway. J Phys Chem A 118:4593-4610

Figures
10 -
TS2 '
ETR
5 : 5
HO +BrO ’
— DW\ . " Channel 2
[=] 3 ey
= - ‘ -
= L @ 20
2 77 vogs T a? @ . _HBro,
% COMR1 L o o A il
: @ COMP?2
10
15 e
i " 47 _”;' Channel 1 "
& : Hgaco
220 P 2072 -18.65
Q/. x. COMP1

Figure 1

The potential energy surface for the HO, and BrO reaction in the absence of water

Page 15/17



o 2
g’ o,

5 TSIW?
’ LANRT
. HG‘—-BI'O"'H;_DJ.J” | .: l»t Channe 1W?2
— DT, ; I-
0.00 %~~~ HOxHi0+Br0 ! ) i
e ]. 957 i i o i
= ¥ : ’ L : AW e "
E o %@ 4 T @ Foeaao
£ : P da | @@ B35
= I-Ile HOZBIO" | @ . d
= i : ‘ ~:‘ ; v halgs
‘ )@ \  COMPW2
15 - o ./.’ SO
L 21721 o :
N Ch d 1W1 i
‘COMERW 1! s Hoﬂ o
204 L e . /1865
: -24.05 05 ] g
35 COMRW? 126.18."
’-0. COMPW1
2 A
Figure 2

The potential energy surface for the HO, and BrO reaction in the existence of water taking place via H,O0~
HO, + BrO and HO,H,0 + BrO pathways
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Figure 3

The potential energy surface for the HO, and BrO reaction in the existence of water taking place via BrO~
H,0 + HO, and H,0~BrO + HO, pathway
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