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The HOBr + HO, reaction in the absence of water has three different channels for the abstraction of H to
generate the corresponding products. The dominant channel is the generation of BrO + H,O,. The
introduction of water molecules influences this dominant reaction via the way the reactants interact with
the water molecules. The addition of water molecules decreases the energy barrier and increases the
rate coefficient of the reaction. Interestingly, water works as a catalyst and we obtain BrO + H,O,, like in
the reaction without water, or the water works as a reactant and we obtain products other than BrO +
H,0O,. The rate coefficients of the HOBr + HO, reaction in the presence of water are calculated to be
faster than the reaction in the absence of water. However, other pathways in the presence of water are

Received 3rd October 2022 slower than the reaction in the absence of water. The water-assisted effective rate coefficients for the
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HOBr + HO, reaction are also larger than those for the reaction in the absence of water. The influence

DOI: 10.1039/d2ra06204f of a water dimer is not as important when compared with one water molecule. In summary, a single
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1. Introduction

Ozone is an important component gas in the Earth's atmo-
sphere which is mainly distributed in the stratosphere and
troposphere. The hole in the ozone layer is the area where the
ozone concentration in the stratosphere decreases greatly. Now,
more and more people have realized that the ozone loss caused
by halogen catalysis plays a significant role in the stratosphere
and troposphere. However, there is no quantitative model to
simulate the ozone budget in these regions,"* and it is evident
that this deficiency is mainly due to our comprehension of
atmospheric halogen chemistry.®* Obviously, halogens can
participate in many catalytic cycles of gas-phase ozone
destruction. Such cycles involve the generation and photolysis
of hypohalic acid (HOX):*

XO + HO, — HOX + 0, (X = CI, Br)
HOX + v — OH + X

OH+O3_’H02+02
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water molecule has a positive catalytic influence in enhancing the HOBr + HO, reaction.

X+O3—>XO+02

Net: 203 g 302

This cycle combines rare hydrogen (HO,) chemistry with
halogen chemistry in the atmosphere, which is particularly
significant for levels of chlorine in the lower stratosphere and
bromine in the troposphere.® Due to the disadvantageous effect
of HOX on stratospheric ozone, HOX makes a significant impact
on atmospheric chemistry. HOBr is considered to be a provi-
sional reservoir of BrO, substances in the stratosphere. More-
over, as a significant source of atmospheric bromine, the
reaction of HOBr with HO, NO, and HO, has a significant
impact on atmospheric chemistry.®® HO, also plays an impor-
tant role in the atmospheric oxidation of the volatile organic
compounds (VOCs),>*® particularly as the ratio of HO, to OH
radicals is high. In addition, the generation of many secondary
pollutants such as ozone, oxygenated organic compounds,
peroxyacetyl nitrates and secondary organic aerosols is closely
related to the presence of HO, in the atmosphere.**> Conse-
quently, the reaction between HO, and HOBr has a significant
impact on the process of atmospheric change and climate
change.

In 2012, Dixon-Lewis et al.*® investigated the HO, + HOBr —
H,0, + BrO reaction, and observed a rate coefficient of this
channel to be k = 1.037*"*° exp(—6590/T) cm® mol " s~ . So far,
there have not been any other experimental and theoretical
investigations on the HO, + HOBr reaction. However, these
previous investigations did not consider the effect of water

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vapor on the reaction of HO, + HOBr. Numerous investigations
have found that water vapors can combine with HO, O3, HO,,
BrO and HNO; in the atmosphere*™ to generate O;---H,0,
HO---H,0, ClO---H,0 HO, --H,0 and HNO;---H,0O complexes
which possess a cyclic structure and are extraordinarily stable.
At the same time, the participation of water in reactions could
improve the stability of intermediates and decrease the energy
barrier of transition states required to catalyze the reactions.”**
In the atmosphere, over 30% of HO, radicals could combine
with water.’” These circumstances aroused our attention for the
simulation of the ternary system H,O---HO, --HOBTt, in which
a water molecule serves as a catalyst.

In the present work, we analyzed the influence of a single
molecule of water on the reaction of HO, + HOBr via the
investigation of the reaction mechanism and rate coefficient for
the reaction in the absence and presence of water. The results

gained are helpful to comprehend the influence of water on
atmospheric reactions.

2. Computational methods

The B3LYP***” method and 6-311++G(d,p) basis set were used to
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GAUSSIAN 09 program package.** The rate coefficients of the
BrO + HO, reaction were employed by the KisThelP program,*
which is based on the Transition State Theory (TST) with Wigner
tunneling correction. The detailed process of calculating the
rate coefficient, according to a study by Shiroudi,® is in the
ESLt

3. Results and discussion

3.1 The mechanism of the reaction of HOBr with HO, in the
absence of water

The potential energy surface (PES) obtained at the CCSD(T)/cc-
pPVTZ//B3LYP/6-311++G(d,p) level of theory for the HOBr + HO,
reaction in the absence of a water molecule involves three
different channels (channel 1, channel 2 and channel 3), which
are presented in Fig. 1. The channel that generates H,0, and

Table 1 The relative energies including electronic energies (AEzgg k),
enthalpies AH,gg k., and Gibbs free energies AGygg ¢ for the HOBr +
HO, reaction in the absence of water, units: kcal mol™*

System AEy9s k AH,98 AGzos k
obtain the geometric parameters of all the stationary points.
Harmonic vibrational frequency calculations were performed at  HOBI * HO, 0.00 0.00 0.00
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corrections. The transition states were verified by intrinsic TS3 44.24 48.28 54.30
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Fig.1 The PES of the HOBr + HO, reaction in the absence of water at the CCSD(T)/cc-pVTZ//B3LYP/6-311++G(d.p) level of theory (energies

in kcal mol™).
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BrO starts from a pre-reactive complex (COMR1), which is
stabilized through a hydrogen bond (1.942 A). The energy of
COMR1 is —4.07 kcal mol™"' (see Table 1) and it can pass
through TS1 to generate a post-reactive complex (COMP1) and
then dissociate to H,O, and BrO surmounting a barrier of
23.95 kecal mol . The geometry of the transition state (TS1) for
the HO, + HOBr — H,0, + BrO reaction was studied at the
B3LYP/6-311+G(d,p) level of theory by Dixon-Lewis et al.*® The
dihedral angles and frequencies are very consistent with our
calculations. The dihedral angles HOOH, OOHO and OHOBr
are 126.8°, 84.5° and 79.4°, which are agreement with our
calculated results of 126.7°, 84.5° and 79.2°, respectively. The
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frequencies are 11944, 72, 81, 283, 332, 515, 674, 997, 1120, 1338,
1553, 3595 cm ™', which are in agreement with our calculated
results of 1232{, 73, 83, 292, 341, 533, 697, 1031, 1157, 1383,
1604, 3717 cm~'. Channel 2 involves the O atom in HOBr
extracting the H atom in HO, whilst breaking the O-Br bond to
generate Br + O, + H,O via TS2. The barrier of HOBr + HO, —
TS2 — Br + O, + H,0 is 29.43 kcal mol ', which is higher than
that of channel 1 by 5.48 kcal mol ™. In addition, the terminal O
atom of HO, can interact with the Br atom of HOBr resulting in
HOBrO + OH via TS3 and overcoming a rather high barrier of
44.24 kecal mol ', Subsequently, the OH radical can further
extract an H atom from HOBrO to form OBrO + H,O via TS4 with
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Fig. 2 The PESs of the HOBr + HO, reaction in the presence of water via the H,O---HO, + HOBr channel at the CCSD(T)/cc-pVTZ//B3LYP/6-
311++G(d.p) level of theory (energies in kcal mol ), (@) H,O---HO, + HOBr—COMRW1— products, (b) H,0---HO, + HOBr—COMRW2 —

products.
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a barrier of 2.22 kcal mol . Although channel 3 is exothermic
by 2.96 kcal mol™", this channel cannot take place quickly
owing to the high barrier of the HOBr + HO, — TS3 — OBroO +
H,O reaction. Thus, the three channels for abstraction are not
important for the HOBr + HO, reaction in the absence of a water
molecule due to their high barrier heights and unstable
products.

3.2 The mechanism of the reaction of HOBr with HO, in the
presence of one water molecule

To study the influence of one water molecule on the abstraction
of H in the HOBr + HO, reaction in the atmosphere, different
channels have been investigated. The participation of one water
molecule complicates the abstraction channels of the HOBr +
HO, reaction. Since it is impossible for the collision of three
isolated molecules (including HOBr, HO, and H,0) to occur
simultaneously, they will firstly generate a two-body complex,
and then generate a three-body complex by the collision
between the third species and the two-body complex. When one
water molecule participates, it can interact with HOBr and HO,
through hydrogen bonds to generate the corresponding three
dimer complexes, namely, H,0---HO,, H,0---HOBr and
HOBr:--H,0. The energies of these three dimer complexes are
—7.67, —6.13 and —3.08 kcal mol ™", respectively. These dimer
complexes can further react with the third species to generate
the corresponding three-body complexes (COMRW1, COMRW?2,
COMRW3, COMRW4 and COMRWS5). Hence, when a water
molecule is added into the channel for the generation of BrO +
H,O0, from the reaction of HOBr + HO,, the PESs seem to be
more complex resulting in five different bimolecular reactions
channels (marked as channel 1W1, channel 1W2, channel
1W3A, channel 1W3B, channel 1W4 and channel 1W5). There-
fore, to investigate the influence of a water molecule on the title
reaction under atmospheric conditions, five water auxiliary
channels were studied.

3.2.1 The channel for the H,O:--HO, + HOBr reaction. As
shown in Fig. 2a and b, the H,0---HO, + HOBr reaction starts
with the generation of pre-reactive complexes COMRW1 and
COMRW?2 where the binding energies with respect to the
separate reactants are —13.32 and —17.38 kcal mol ™", respec-
tively. Starting from COMRW1, the reaction takes place through
TS1IW1 to generate the postreactive complex COMPW1
(1.73 keal mol ') which then decomposes to COMP1 + H,O. The
barrier of COMRW1 — TS1W1 — COMPW1 is
23.42 kcal mol™'. Complex COMRW1 is more stable than
COMRT1 by 9.25 keal mol ™. During the process in channel 1W1,
the water just serves as a solvent and does not enter into the
reaction. As listed in Table 2, compared with the reaction in the
absence of a water molecule, the barrier is decreased by
0.53 kcal mol™!, which shows that the water molecule in
channel 1W1 has a small positive influence on the HO, + HOBr
reaction. In addition, starting from complex COMRW?2, the
reaction (channel 1W2) occurs via TSIW2 to generate the post-
reactive complex COMPW2 which decomposes to H,O---H,0, +
BrO. The energies of COMRW2 and COMPW?2 are 4.06 and
0.57 kecal mol™* lower than those of COMRW1 and COMPW]1,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The relative energies including electronic energies (AEzog k),
enthalpies AH,gg k. and Gibbs free energies AG,gg  for the reactions
stemming from H,O---HO, + HOBr, H,O---HOBr + HO, and HOBr---
H,O + HO,, units: kcal mol™*

System AE5g8 k AHj98 x AGyos
HOBr + HO, + H,O 0.00 0.00 0.00
H,O---HO, + HOBr ~7.67 ~3.47 ~0.50
H,O---HOBr + HO, ~6.13 —6.42 0.47
HOBr--H,0 + HO, ~3.08 311 411
H,0---H,0, + BrO 6.12 5.48 14.21
H,O--BrO + H,0, 9.16 8.97 15.08
BrO---H,0 + H,0, 7.81 7.36 15.63
COMRW1 —13.32 —8.82 1.10
TS1W1 10.10 13.94 26.46
COMPW1 1.73 6.02 17.46
COMRW2 —17.38 —13.78 0.14
TS1W2 12.22 15.83 29.89
COMPW2 1.16 5.58 16.66
COMRW3 —10.01 —5.43 3.77
TS1W3A 24.46 27.43 43.07
TS1W3B 28.02 31.11 46.17
COMPW3 1.14 5.54 16.84
COMRW4 —17.46 —13.89 0.16
TS1wW4 —5.47 —-3.11 13.90
COMRWS5 —6.58 —1.58 7.63
TS1W5 13.44 17.66 30.05
COMPW5 3.28 7.84 18.23
BrO + H,0, + H,0 11.74 11.65 12.41

respectively. The role of water in this reaction is also to act as
a solvent. The barrier of COMRW2 — TS1W2 — COMPW?2 is
29.60 kcal mol ", which is 6.18 and 5.65 kcal mol ™" higher than
those of channel 1W1 and the reaction in the absence of water,
respectively. Therefore, the presence of water in pathway 1W2
does not accelerate the HOBr + HO, reaction.

3.2.2 The channel for the H,0--- HOBr + HO, reaction.
Fig. 3(a) and (b) present the PESs for the reaction of H,O---HOBr
+ HO,. Compared with the direct hydrogen transfer extraction
mechanism (channel 1W1 and channel 1W2), channel 1W3A
and channel 1W3B refer to a synchronous doublet proton
transfer mechanism where the water molecule enters into the
reaction in both channels. The reactions in channel 1W3A and
channel 1W3B start from complex COMRW3 with a binding
energy of —10.01 kcal mol ', when compared with the indi-
vidual molecules. COMRW?3 is stabilized through two hydrogen
bonds (1.962 and 1.773 A). After the generation of COMRWS3,
the reaction proceeds via TSIW3A or TS1IW3B to generate post-
reactive complex COMPW3 and decompose to H,O---BrO +
H,0,, which is 11.15 kcal mol™" higher than COMRWS3. The
water in TSIW3A and TS1W3B serves as a bridge for hydrogen
transfer. The barriers of COMRW3 — TS1W3A — COMPW3
and COMRW3 — TSI1W3B — COMPW3 are 34.47 and
38.03 kecal mol ', respectively, which are 10.52 and
14.08 keal mol " higher than that of the channel absent of
a water molecule, respectively. These results show that the water
molecule serves as an inhibitor that increases the energy
barrier. Hence, channel 1W3A and channel 1W3B would be
unlikely to take place in a real atmosphere.

RSC Adv, 2022, 12, 36028-36037 | 36031
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Fig. 3 The PESs of the HOBr + HO, reaction in the presence of water via the H,O---HOBr + HO, channel at the CCSD(T)/cc-pVTZ//B3LYP/6-
311++G(d.p) level of theory (energles in kcal mol™), (a) H,O---HOBr + HOZHCOMRWBHproducts (b) H,O---HOBr + HO,—»COMRW4

— products.

Another fascinating discovery of this work is the finding of
a synchronous triplet-proton transfer mechanism. Water is also
involved in channel 1W4, which starts from one pre-reactive
complex COMRW4 with three hydrogen bonds (1.846, 1.831
and 1.655 A). The stabilization energy of COMRW4 is
—17.46 kecal mol !, which is lower than COMR1 by
13.39 kcal mol . Subsequently, COMRW4 can proceed through
a seven-membered-ring (O-H-O-O-H-O-H) transition state
TS1W4 to generate the products H,O---HO, and HOBr. TS1W4

36032 | RSC Adv, 2022, 12, 36028-36037

is a three hydrogen-atom transfer mechanism where the water
molecule serves as a bridge. The barrier of the COMRW4 —
TS1W4 — H,0---HO, + HOBr process is 11.99 kcal mol %,
which is 11.96 kecal mol " lower than the reaction in the absence
of water, demonstrating that channel 1W4 may be of signifi-
cance for the HO, + HOBr + H,O reaction by increasing the
stability of the complex and reducing the barrier height.

3.2.3 The channel for the HOBr---H,O + HO, reaction. The
products of the HOBr---H,0 + HO, reaction could be obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The PES of the HOBr + HO, reaction in the presence of water
via the HOBr---H,O + HO, channel at the CCSD(T)/cc-pVTZ//B3LYP/
6-311++G(d.p) level of theory (energies in kcal mol™).

through channel 1WS5 (see Fig. 4). The first step of channel 1W5
is the generation of a pre-reactive complex COMRW5. COMRW5
involves a hydrogen bond and halogen bond, with a binding
energy of —6.58 kcal mol '. Subsequently, the reaction
proceeds through TS1W5 to generate COMPWS5 and then
decompose to BrO---H,O + H,0,. The energy of COMPWS5 is
higher than the reactants by 3.28 kcal mol™', which is
9.86 kcal mol ™" higher than COMRWS5. The barrier of COMRW5
— TSIW5 — COMPWS5 is 20.02 kcal mol™, which is
3.93 kecal mol " lower than that of the channel absent of water.
This suggests that channel 1W5 might occur more easily than
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channel 1. Finally, BrO, H,0, and H,O were released to the gas
phase.

3.3 The mechanism in the presence of a water dimer

As shown in Fig. 5, when a water dimer is present in the
entrance channel, one cyclic three-body complex 2H,0---HO, is
formed. Subsequently, via the interaction of 2H,0---HO, with
HOBE, two pre-reaction complexes COMRWW1 and COMRWW?2
are generated with binding energies of —7.13 and
—10.23 keal mol ™', respectively. Starting from COMRWW1, the
reaction generates the corresponding product complex
COMPWW!1 through transition state TSIWW1 before releasing
the products H,0O, and BrO (channel 1WW1). In channel
1WW2, the reactants move from COMRWW?2 through transition
state TSIWW2 to generate 2H,0---HO, + HOBr which then
decomposes to the final products. channel 1IWW3 also starts
from COMRWW?2 and can also directly generate the final
products H,O, and BrO through transition state TSIWW3. The
energies of TSIWW1, TSIWW2 and TSIWW3 are 17.87, 5.29
and 34.14 kcal mol™' higher than the 2H,0---HO, + HOBr
reactants, which is similar to channel 1W1 and channel 1W3B
(17.77 and 34.15 kcal mol '). However, TSIWW2 is
5.29 kcal mol ! higher in energy relative to the 2H,0---HO, +
HOBr reactants, which is higher than that of channel 1W4
(—0.66 kcal mol™ ). In addition, the configurations of the core
complexes in COMRWW1 and TSIWW2 are similar to those in
COMRWH4 and TS1W4. The barrier height of channel 1WW?2 is
13.87 kecal mol™" with respect to the COMRWW?2, which is
11.99 keal mol ™" higher than the energy barrier of COMRW4 —
TS1W4 — H,0---HO, + HOBr. Thus, the effect of a water dimer
on the reaction is not significant when compared with the effect
of one water molecule.
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Fig. 5 The PES of the HOBr + HO, reaction in the presence of a water dimer via the 2H,0---HO, + HOBr channel at the CCSD(T)/cc-pVTZ//

B3LYP/6-311++G(d.p) level of theory (energies in kcal mol™).
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Table 3 Kinetic results for the formation of H,O, + BrO from the HO, + HOBr reaction in the absence of water, the presence of a single water
molecule and the presence of two water molecules over the temperature range of 216.7-298.2 K at different heights in the Earth's atmosphere

h (km) T krs1 krsiwi krsiwa krsiwaa krsiwss krsiwa krsiws krsiwwa

0 298.15 3.95x 10 °° 1.83x102® 559x10°" 621 x10* 3.28x10 % 150x10 ' 992 x10%® 8.32 x 10 **
0 288.19 1.20 x 10°° 623 x107*° 170 x 10*'  1.01 x 107*° 431 x 107" 140 x 107 3.64 x 107*®  5.90 x 107**
2 275.21 222 x 107" 138x10°* 315x 10 771 x10°*? 246 x 10°** 126 x 107 893 x 10°%° 3.64 x 10 **
4 262.23  3.50 x 1072 264 x 10" 494 x10* 463 x10* 1.07x10* 114 x10*® 191 x10%*° 2.16 x 10" **
6 249.25 4.56 x 10> 423 x 10" 644 x 1073 2.07 x10°* 334 x 107 1.01 x 10°*® 348 x107%°  1.20 x 107 **
8 236.27 478 x 107°° 559 x 10°% 672 x 107*°  6.59 x 10°*® 723 x107*° 888 x 10" 529 x 10" 6.34 x 107
10 223.29 3.85x10°° 585x10 % 542 x10°° 141 x10* 996 x 10" 774 x10° " 647 x10** 3.13 x 10" **
12 216.69 9.58 x 10°°  1.68 x 107*®  1.34 x 107%®  1.66 x 10°*® 925 x107°* 7.20x 10" 2.01 x 107** 2,10 x 107>

3.4 Kinetics

In addition to investigating the mechanism in the absence of
water and in the presence of one water molecule and water
dimer molecules, another principal purpose of the study was to
investigate the influence of water on the dynamics of the
generation of BrO + H,0, from the HOBr + HO, reaction. With
an increase in altitude, there is a decrease in the rate constants
(see Table 3). Table 3 reveals that the rate coefficients of channel
1W1 (krsiw1), channel 1W4 (krsiwa) and channel 1W5 (krsiws)
for the H,O---HO, + HOBr, H,O---HOBr + HO, and HOBr--H,0
+ HO, reactions are larger than for the generation of H,0, + BrO
in the absence of a water molecule (channel 1, kyg,) at between
216.7 and 298.2 K. The corresponding ratios of krsiwi/krs1,
Frsiwalkrs: and krsiws/krs; are in the range of 1.75 x 10° to 4.63
x 10%, 7.52 x 10 to 3.80 x 10" and 2.10 x 10? to 2.51 x 102
respectively. However, the rate coefficients of channel 1W2
(krsiwz), channel 1W3A (krsiwsa) and channel 1W3B (krsiwss)
for the reactions of H,O---HO, + HOBr and H,O:---HOBr + HO,
are smaller than for the reaction in the absence of water
(channel 1, krs;). The ratios of krsywa/krsi, krsiwsalkrs: and
krsiwan/krs: are 1.40 x 107 to 1.42 x 10™%, 1.73 x 10" to 1.57
x 107'° and 9.66 x 10~ to 8.30 x 10 '3, respectively. These
results show that the presence of water has a positive influence
on accelerating the rate of channel 1W1, channel 1W4 and
channel 1W5. Yet, other channels contribute less to the
enhancement of the title reaction. Moreover, the calculated rate
coefficients for channel 1W4 (krsiw4) are much larger than
those of the channel 1W2 (kw,) and channel 1W3 (kwsa and
kwsg), and the ratio of krsiwa/krsiwz, krsiwa/krsiwsa and krsiwa/
krsiwss are 5.37 x 107 to 2.68 x 10'%, 4.34 x 10*° to 2.42 x 10**
and 7.78 x 10°* to 4.57 x 10%*, respectively, which reveals that
channel 1W4 will occur more easily. With the addition of
a water dimer, as shown in Table 3, the rate constants of
channel 1WW2 are 12-8 orders of magnitude higher than the
reaction path without water, which is consistent with the HOBr
+ HCl reaction.?* However, these rate constants are 4-3 orders of
magnitude smaller than those of reactions in the presence of
one water molecule. Therefore, the reaction channels in the
presence of a water dimer are not as fast as the channels with
only one water molecule.

For the sake of a more thorough understanding of the effect
of water on the HOBr + HO, reaction, we compared the rate of
the reaction in the absence of water with the corresponding

36034 | RSC Adv, 2022, 12, 36028-36037

effective rates in the presence of water. The rate of the reaction
in the absence of water is computed according to the equation
Vr1 = kr1[HOBr][HO,], while the rates of channel 1W1, channel
1W2, channel 1W3A, channel 1W3B, channel 1W4 and channel
1WS5 in the presence of water are computed according to the
following equations, respectively.

Vw1 = kTSlWl [HOZ i Hzo} [HOBI‘} = k/TSIWI [HOBI’} [Hoﬂ

Vw2 = kTSlWZ [HOz . HzO} [HOBI‘} = leSlW2 [HOBI‘} [HOQ}

Yw3A = kT51w3A[H20"'HOBr] [Hoz] = k/TSlW3A [HOBT} [Hoz}

vwip = krsiwsp[H20---HOBI][HO,] = k'1s1w3s[HOBr][HO,

Vw4 = kTSlW4 [HOBI' . Hzo] [HOz] = leSlW4 [HOBI’} [HOQ]

Yws = kTSlWS [Hzo . HOBI‘} [HOz} = k’TSlW5 [HOBI‘} [Hoﬂ

Yww2 = kTSlWWZ [2H20 HOz] [HOBI’] = k/T5|sz[HOBI'] [HOz]

The effective rate constants k' rsiwi, k' tsiwa, & Tsiwaa, K TSIwas,
k/Ts1w4, K rsiws and K rsiwws are calculated utilizing the water
concentration at given temperatures. The amount of water vapor is
dependent on the temperature and in general reduces with alti-
tude. At 100% relative humidity, at 298.15 K, the calculated water
vapor concentration is 7.2 x 10'” molecules per cm>.% In the above
equations,

k/TSIWI = kTSlWl Keq (HZO : HOZ) [H20]7

k/TSIWZ = kTSlWZKeq (HZO : HOZ) [H20]7

k/T51W3A = krsiwiaKeq (H,O---HOBr)[H, O],

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effective rate coefficients for the HO, + HOBr + H,O and HO, + HOBr + 2H,0 reactions over the temperature range of 216.69-298.15
K (cm® per molecule per s) at different heights in the Earth's atmosphere

h (km) T [HZO] [ZHZO] k’TSlWl k’TSlWZ k/Ts1w3A leSlWSB k/T51w4 k’TSlWS k/Ts1ww2

0 298.15 7.79 x 10”7 3.1 x 10" 5.39 x 10" 1.65 x 107> 3.61 x 10°* 1.91 x 10°* 8.73 x 107 ** 1.25 x 10> 2.10 x 107
0 288.19 4.34 x 107 1.2 x 10" 1.60 x 103" 4.36 x 107>* 4.69 x 107** 2.00 x 107*® 6.50 x 107> 3.05 x 10>* 6.36 x 108
2 275.21 1.89 x 10" 2.8 x 10" 2.90 x 107** 6.61 x 107 2.58 x 10°*° 8.23 x 10°** 4.22 x 107> 4.20 x 10°** 1.05 x 108
4 262.23 7.43 x 10" 5.7 x 10"* 4.37 x 107> 8.19 x 107°® 1.06 x 107*® 2.45 x 107*° 2.61 x 107%*> 4.67 x 107°° 1.48 x 10>°
6 249.25 2.64 x 10'® 9.6 x 10" 5.36 x 10 ** 8.16 x 10°%" 3.11 x 10 *® 5.02 x 10°°" 1.52 x 10" ?* 4.12 x 10> 1.62 x 10 *°
8 236.27 8.15 x 10" 1.3 x 10" 5.10 x 107>° 6.13 x 10°* 6.02 x 107°° 6.60 x 107>® 8.11 x 107> 2.72 x 10°* 1.40 x 10~ **
10 223.29 2.15 x 10" 1.3 x 10"° 3.66 x 107°® 3.39 x 107%° 7.28 x 107°% 5.14 x 10°°>° 3.99 x 10°** 1.28 x 10 >° 8.46 x 10°*3
12 216.69 1.01 x 10" 3.7 x 10° 8.35 x 10°*7 6.66 x 107 *° 6.14 x 107> 3.42 x 107°® 2.66 x 107 ** 2.31 x 10°*° 1.81 x 10°*

K rsiwsp = krsiw3gKeq(H2O---HOBr)[H,0],

K'rstws = krsiwaKeq(H,O---HOBr)[H, 0],

kl'r51w5 = kT51w5Keq(HOBr'"HZO)[H2O]
and
leSlWWZ = kTSlWWZKeq(zHZO'"HOZ)[2H2O]7

Keg(H20--HO,), Keg(H,O---HOBr) and K.q(HOBr---H,0) are the
equilibrium constants for the generation of the complexes
H,0---HO,, H,0---HOBr and HOBr:--H,0, respectively. [H,O]
represents the concentration of water. K.q(2H,O---HO,) is the
equilibrium constant for the generation of the complex 2H,O- -+
HO,, and [2H,0] represents the concentration of the water
dimer. The values for K.q(H,O--*HO,), Kcq(H,O---HOBTI),
Keq(HOBr---H,0) and K.q(2H,0---HO,) are listed in Table S1 of
the ESL}

Table 4 reveals the effective rate coefficients of the reaction in
the presence of a water molecule and water dimer at different
altitudes in the Earth's atmosphere. With the increase in altitude,
there is a decrease in the rate constants as the concentrations of
water and the water dimer decrease. The concentration of the
water dimer is more sensitive to temperature, decreasing by five
orders of magnitude as the temperature drops from 298.15 K to
216.69 K. As revealed in Table 4, the effective rate coefficients for
channel 1W4 (K'rs;ws= 2.66 x 102 — 8.73 x 10722 em® per
molecule per s) are the largest in comparison to channel 1W1,
channel 1W2, channel 1W3A, channel 1W3B and channel 1W5.
The ratios of k,Ts1w4 / k,T81W17 leSlW4 / k,T51w27 k,TS1w4/ leSlW3A7
K rs1wa /K ts1wss and k' tsiws /K tstwa are in the range of 3.19 x 10*
t0 1.62 x 10°, 3.99 x 10'° to 5.29 x 10", 4.33 x 10*° to 2.42 x 10*!,
7.78 x 10*? to 4.57 x 10* and 1.15 x 10" to 6.98 x 10", respec-
tively, which demonstrates that channel 1W4 represents a water-
assisted reaction. Moreover, K 1stwa is larger than the rate coeffi-
cient of the corresponding channel for the reaction in the absence
of water by 12-8 orders of magnitude, suggesting that the water
molecule in the H,O---HOBr + HO, pathway has a positive effect
on accelerating the rate of the HOBr + HO, reaction. As seen in
Table 4, the effective rate constants for the reaction involving
a water dimer are smaller than both those of the dominant
channel, channel 1W4, for the reactions with a single water

© 2022 The Author(s). Published by the Royal Society of Chemistry

molecule and the reaction in the absence of water over the
temperature range of 216.69-298.15. Therefore, the effect of the
water dimer is negative over the investigated temperatures due to
the decreased reaction rate constants.

We also calculated the reverse rate constants for the bimo-
lecular addition reaction and unimolecular transformation for
HOBr + HO, in both the absence and presence of a water
molecule and in the presence of a water dimer. The calculated
results are presented in Tables S3-S6.f The reverse rate
constants and the effective reverse rate constants of the HO, +
HOBr reaction in the absence of water, in the presence of
a single water molecule and two water molecules are higher
than of the rate constants of the forward reaction. These are
mainly due to the barrier heights of the forward reactions are
higher than those of the reverse reactions. For example, the
barrier height of the forward reaction for channel 1W4 is
11.99 kecal mol™' and it is 9.79 kcal mol™' for the reverse
reaction.

3.5 Atmospheric implications of HOBr

The atmospheric lifetime (z) of HOBr can be deduced by means
1

kit10,)[HO,]
a mean atmospheric concentration of HO, of 4.2 x 10" mole-
cules per cm®,* kjyo) = 3.95 x 10°° cm® per molecule per s in
the absence of a water molecule and kjuo,; = 1.50 x 10 '* cm?®
per molecule per s in the presence of one water molecule. The
atmospheric lifetime of HOBr is approximately 1.90 x 10"
years in the absence of a water molecule, which is much higher
than that in the presence of one water molecule (503.3 years).
These results suggest that water molecules have a positive
catalytic influence on the HO, + HOBr reaction, and that the
HO,-initiated reaction of HOBr in the absence and presence of
a water molecule are very friendly to the environment.

of the following formula: t = . The values used were

4. Conclusions

A single water molecule has been demonstrated to take an effective
role in accelerating the HOBr + HO, reaction. Three kinds of
reaction pathways were discovered in the absence of a water
molecule. These pathways are determined by how HO, approaches
HOBr, and the channel that generates H,O, + BrO dominates the
whole reaction. In the presence of water, five entrance channels
were found. Based on the results, the channel for the reaction

RSC Adv, 2022, 12, 36028-36037 | 36035
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H,0O---HOBr + HO, — TS1W4 — H,0 + HOBr + HO, might be of
great advantage for atmospheric chemistry. The other pathways
studies may be ignored owing to their high barrier heights. The
rate coefficients and the effective rate coefficients of the reaction in
the presence of a water molecule are higher by 16-11 and 12-8
orders of magnitude than those in the absence of water over
a range of 216.69-298.15 K, respectively. The rate coefficients of
the reaction in the presence of a water dimer are higher than those
in the absence of water. Meanwhile, the effective rate coefficients
for the reaction in the presence of a water dimer are smaller than
those in the absence of water. Consequently, the current investi-
gations clearly show that a single water molecule has a positive
catalytic influence on the HOBr + HO, reaction.
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