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ABSTRACT: The effect of a single water molecule on the OH +
HOCI reaction has been investigated. The naked reaction, the
reaction without water, has two elementary reaction paths,
depending on how the hydroxyl radical approaches the HOCI
molecule. In both cases, the reaction begins with the formation of

prereactive hydrogen bond complexes before the abstraction of
the hydrogen by the hydroxyl radical. When water is added, the
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products of the reaction do not change, and the reaction becomes quite complex yielding six different reaction paths. Interestingly, a
geometrical rearrangement occurs in the prereactive hydrogen bonded region, which prepares the HOCI moiety to react with the

hydroxyl radical. The rate constant for the reaction without water is computed to be 2.2 X 10

13 3 =1 =i
cm’ molecule” ~ s ° at room

temperature, which is in good agreement with experimental values. The reaction between CIOH - - H,0 and OH is estimated to be
slower than the naked reaction by 4—5 orders of magnitude. Although, the reaction between CIOH and the H,O - - -HO complex is
also predicted to be slower, it is up to 2.2 times faster than the naked reaction at altitudes below 6 km. Another intriguing finding of this
work is an interesting three-body interchange reaction that can occur, that is HOCI + HO- - -H,O — HOCI- - -H,0 + OH.

1. INTRODUCTION

Hypochlorous acid, HOC], is a temporary reservoir for ClO,,
(ie, Cl or CIO) species in the atmosphere, particularly the
stratosphere."* The photolysis of HOCl is a key reaction in the
catalytic depletion of ozone, a cycle that couples both the HO,
and the ClO,, cycles. For example, Soloman et al.® proposed that
the dominant catalytic ozone loss involving HO, and CIO,
radicals is as follows:

Cl4+ 0; — ClO + O,
OH+O3 _’HOZ—FOZ
HO, + CIO — HOCI + O,

HOCI + hv — Cl+ OH
Net : 203 — 30,

This cycle is thou%ht to be responsible for 30% of the loss of
ozone by chlorine.” HOCI is readily photolyzed at wavelengths
shorter than 420 nm to regenerate Cl and OH radicals. The
photolysis of HOCI also plays an integral role in a more recent
proposal of ozone destruction involving CIO dimer:”*

ClO + CIO +M — CIOOCI +M

OH + CIOOCI — HOCI + CIOO

v ACS Publications ©2011 American chemical Society

CIOO+M —Cl+ 0, +M
HOCl + hv — OH + Cl

Net : 203 — 30,

Photolysis of HOCl is present in these catalytic cycles because
it quickly reactivates Cl, which is then free to destroy ozone. An
alternate reaction for HOCl is the reactivation of ClO radicals via
reaction with OH radicals:

OH + HOCI — CIO + H,0

However, this reaction is known to be slow. Ennis and Birks’
reported the rate constant to be 1.7 x 107 "* — 9.5 x 10~ " em®
molecule ' s~ ' at room temperature. Atkinson et al.'’ recom-
mended the following rate for the OH + HOCI reaction, k(OH +
HOCI) = 301 x 10 " exp (—4.16/RT) cm® molecule ' s .
The theoretical study of Wang et al.'' and Xu et al.'* also support
a slow rate for the OH 4 HOCI reaction.

In some of the recent literature, water has been shown to drastically
change the potential energy surfaces of radical—molecule reactions.
Véhringer—Martinez et al.' is one of the first studies to demonstrate
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Figure 1. Schematic energy diagram for the reaction between HOCI and OH.

how a single water molecule can catalyze a radical—molecule reaction
involving OH radical. New studies are showing how reactions of
formic acid"*'® and trifluoromethanol'® are impacted by water.
The present work investigates the possible role of water as a
catalyst, via altering the energetic reaction barriers and therefore
the kinetics, for the OH + HOCl reaction and its relevance in the
atmosphere. In particular, this study focuses on the effect of a
single water on the OH + HOCI reaction.

2. COMPUTATIONAL DETAILS

All calculations have been carried out employing the aug-cc-pVTZ basis
set.'”!® All stationary points in the potential energy surface have been fully
optimized with the hybrid density functional B3LYP method."® Harmonic
vibrational frequencies have also been calculated using B3LYP to verify the
nature of the corresponding stationary point (minima or transition state),
to provide the zero point vibrational energy (ZPE) and the thermodyna-
mic contributions to the enthalpy and free energy. Moreover, intrinsic
reaction coordinate (IRC)***! calculations have been done to ensure that
a given transition state connects with the desired minima. The final energ-
ies are obtained by performing CCSD(T)**>* single-point energy cal-
culations at the geometries optimized with the B3LYP approach. For the
reaction without water, all stationary points have been optimized using the
CASSCF method, along with single-point energy calculations at CASPT2
to account for the dynamical correlation energy. The active space for these
calculations consists of 13 electrons over 13 orbitals; this is chosen
according the fractional occupation of the natural orbitals obtained from
a multireference configuration interaction wave function considering all
valence electrons.*®

For several stationary points of interest, the bonding features are also
calculated using the atoms in molecules (AIM) theory by Bader.*
Finally, the kinetic properties of the system are calculated employing
conventional transition state theory (TST). These calculations make use
of the energies obtained at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-
cc-pVTZ level and the partition functions computed at the B3LYP/aug-
cc-pVTZ level of theory. The tunnelling correction to the rate constants

have been considered and computed by the zero-order approximation to
the vibrationally adiabatic PES with zero curvature. In this case, the
unsymmetrical Eckart potential energy barrier is used to approximate the
potential energy curve.”’”

The geometry optimizations at B3LYP level of theory and the
CCSD(T) single-point energy calculations have been done with the
Gaussian03 suite of programs.”® The CASSCF and CASPT?2 calculations
have been carried out using the MOLCAS 7.4 program.”® TST rate
constants and tunnelling corrections have been computed using the
Polyrate program.* The topological properties of the wave function are
obtained with the AIMPAC program package.*" The Molden program>>
is also used to visualize the geometrical and electronic features of the
different stationary points.

3. RESULTS AND DISCUSSION

The different transition states are named by the prefix TS
followed by a number; a letter a is added to distinguish those
transitions states that are conformers of one other and therefore
having the same features. The prereactive and postreactive
complexes of a given elementary reaction are named by adding
the prefixes CR and CP, respectively. The most relevant geome-
trical parameters of all stationary points described in this work
have been drawn in Figure S1 of the Supporting Information.

3.1. Potential Energy Surfaces of the OH -+ HOCI Reaction
without and with Water. Two theoretical studies have been
reported recently for the reaction without water.'"'* In this
study, we have found two elementary reaction paths depending
on how the hydroxyl radical approaches HOCI, corresponding to
the cis and trans orientation of the two HOCI and OH moieties.
A schematic representation of the corresponding potential en-
ergy surfaces (PES) can be seen in Figure 1; Table 1 contains the
zero point energy (ZPE), relative energies, enthalpies, and free
energies at 298 K for the corresponding stationary points.
As usual in many atmospheric gas-phase reactions involving
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hydroxyl radicals, each elementary reaction begins with the
formation of prereactive hydrogen bonded complexes (CR1
and CRla) before the transition states and the formation of
the products. Both prereactive complexes are held by a hydrogen
bond interaction between the hydrogen atom of the HOCI and
the oxygen atom of the hydroxyl radical. CR1 and CR1a have a
planar structure and lie in electronic state X”A’’; the unpaired
electron is primarily localized over the oxygen atom of the
hydroxyl radical moiety, perpendicular to the molecular symme-
try plane. Table 1 and Figure 1 shows a binding energy of 4.24
and 3.83 kcal mol™" for CR1 and CRla, respectively. The
reaction proceeds through transition states TS1 and TSla
forming the postreactive complex CP1, before the release of
the products, CIO and H,O. CP1 also has a planar structure (*A”’
electronic state) and is stabilized by a hydrogen bond interaction
between the oxygen atom of the ClO radical and one hydrogen
atom of water. The analysis of the wave function at the two
transition states indicates that the reaction involves the concerted
breaking and forming of the (CI)O—H and H—O(H) bond.

Table 1. Zero Point Energy (ZPE, in kcal mol '), Entropies
(S in e.u.), and Relative Energies (AE and A(E+ZPE) in
kcal mol '), Enthalpies (AH(298) in kcal mol '), and Free
Energies (AG(298) in kcal mol ') for the HOCI + HO
Reaction”

system ZPE AE A (E+ZPE)’® AH(298) AG(298)
HOCI + HO 135 0.00 0.00 0.00 0.00
Crl 148 =552 —4.24 —4.48 1.70
TS1 132 230 2.00 0.94 9.46
Crla 147  —5.00 —3.83 —4.06 233
TSla 13.7 1.25 1.40 0.35 8.83
Cpl 156  —25.70 —23.58 —2368  —1801
ClO +H,0 1455 —22.55 —21.52 —21.55  —21.20

“ZPE and S values obtained at BALYP/aug-cc-pVTZ level of theory. The
energy values are obtained at CCSD(T)/ aug-cc-pVTZ//B3LYP/aug-
cc-pVTZ level of theory whereas the H and G corrections are taken from
the B3LYP/aug-cc-pVTZ values. ®The computed CASPT2/ aug-cc-pVIZ
//CASSCF(13,13) /aug-cc-pVIZ relative energies (A(E+ZPE) values in
kcal/mol) are: —5.36 for Cr1; —4.88 for Crla; 0.90 for TS1; 1.07 for TS1a;
and —22.43 for the reaction energy (ClO 4+ H,0).

This process has been indicated in part a of Scheme 1 and
corresponds to the conventional hydrogen abstraction radical type
mechanism  (HAT). Thus, starting from the pre-
reactive complexes (having a 77 electronic structure) the hydroxyl
radical moiety must rotate along the reaction path to allow the
unpaired electron to interact with the (C1)O—H bond and ab-
stract the hydrogen.

From an energetic point of view, Figure 1 and Table 1 show
that the two transition states TS1 and TS1a are predicted to lie at
2.00 and 1.40 kcal mol ™" at 0 K respectively above the energy of
the separate reactants, whereas CP1 is predicted to lie 23.58 keal mol '
below the reactants. The energetic values for CR1, TS1, and CP1
compare quite well with results from the literature.''* At 0 K
the reaction energy is computed to be —21.52 kcal mol ™' and the
AH{ is predicted to be —21.55 kcal mol ', compared with
the experimental estimates of —24.9 kcal mol~".**73° To check
the reliability of our calculations, CASSCF geometry optimiza-
tions and CASPT2 single-point energy calculations are carried out
for the reactants, products, prereactive complexes, and transition
states and the results are contained in footnote b of Table 1.
The results show that the energy barriers of the transition
states, relative to the prereactive complexes, agree with those ob-
tained at CCSD(T) level of theory, with differences between
0.02 and 0.72 keal mol ', whereas the reaction energy differs by
091 keal mol " with the value predicted at CCSD(T) level of theory.

The influence of a single water molecular on the HOCI + OH
reaction has been investigated by taking into account that (a) HOCI
forms a hydrogen bonded complex with water and subsequently
reacts with OH radical and (b) HOCI reacts with a previously
formed HO - - - H,O complex. For the HOCI- - - H,O reactant two
different complexes are found (cis- and trans- HOCI: + - H,O) that
have been previously reported in the literature, the findings here
predict them to have a binding energy of 5.91 and 5.63 kcal mol '
respectively, which is in good agreement with previously reported
values.>” For the HO- - +H,O complex, the computed binding
energy is 3.82 kcal mol ! also in good agreement with results from
the literature.>* ™ *'

Starting from both the (a) and (b) reactant channels, the same
products as the naked reaction are obtained, but the potential
energy surface appears to be much more complex and the
reaction becomes more versatile. Figure 2 shows a schematic

Scheme 1. Pictorial Representation of the Electronic Features of the CIOH + OH Reaction without and with Water
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Figure 2. Schematic energy diagram for the water-assisted reaction between HOCI and OH.

potential energy surface, pointing out the existence of six differ-
ent reaction paths. Table 2 contains the zero point energy (ZPE),
relative energies, enthalpies, and free energies at 298 K for the
corresponding stationary points. These six different reaction
paths are labeled as TS3; TS3a; TS4; TS4a; TSS; and TSSa.
The suffix a is added to distinguish between those stationary points
being conformers of each other, differing only in the orientation of
the one of the hydrogen atoms of the water molecule.

Similar to the naked reaction described above, each reaction
begins with the formation of a prereactive hydrogen bond com-
plex, but now the prereactive region is much more complex and
changes in this region can potentially change the reactivity. Figure 2
shows that, beginning with the CIOH- - -+ H,O + OH reactants,
the first step of the reaction involves the formation of the CR2
hydrogen bond complex, in which the hydroxyl radical interacts
with the lone pair of the water molecule of the CIOH: - -H,0O
reactant. Thus, the CR2 complex is formed by three moieties, which
are held together by two hydrogen bonds (CIOH - - H,O- - - HO)
with a computed binding energy of 2.17 kcal mol . After the transi-
tion state, TS2, which has an energy barrier of only 0.28 kcal mol ",
relative to CR2, lying below the energy of the reactants, the seven-
member ring CRTS3 hydrogen bonded complex is formed,
with a binding energy of 5.19 kcal mol . Figure 2 shows that
CRTS3 has three hydrogen bonds, the first between the hydrogen
atom of the HOCI moiety and the oxygen atom of the hydroxyl
radical moiety; the second one between the hydrogen atom of
the OH moiety and the oxygen atom of water and the third one
between one hydrogen atom of water and the chlorine atom. Please
note that an important structural change has occurred in this step. In
CR2, and in the CIOH - - - H,O reactant, the hydrogen atom of the
hypochlorous acid moiety interacts with the oxygen of water,
which hampers the ability for hydrogen to be abstracted by the
hydroxyl radical. However, in CR3 the hydrogen atom of the
HOCI moiety interacts with the oxygen of the hydroxyl radical
so that it is able to react. Although not shown in Figure 2, CRTS3

is connected to the CRTS4 complex through the transmon state
TS68S, having a very low energy barrier, 0.11 kcal mol ™~ relative
to CRTS3, as seen in Table 2 and in the Supporting Information.
CRTS4 has a six-member ring structure differing from CRTS3
in the third hydrogen bond, which is now formed between
one hydrogen atom of water and the oxygen atom of the HOCI
moiety and has a computed binding energy of 4.94 kcal mol .
The low energy barrier connecting these hydrogen bond com-
plexes assures that both will be populated. CRTS3a and CRTS4a
have the same features as CRTS3 and CRTS4, respectively
(Figure 2, Table 2, and the Supporting Informatlon) and their
binding energies differ by at most in 0.37 kcal mol ™ relative to the
discussed complexes.

After these prereactive complexes the reaction goes on
through four different elementary reactions (TS3, TS3a, TS4,
and TS4a) and these transition states lay 1.65, 2.46, 1.68, and
2.02 kcal mol ™" respectively above the reactants. All of these
elementary processes involve a conventional hydrogen abstraction
radical type mechanism similar to the reaction without water, as
described above (part b of Scheme 1). These transition states
differentiate from one another in the relative orientation of the
OH- - -H,0 and HOCl moieties as described for the prereactive
complexes. TS3, for instance, is stabilized by two hydrogen
bonds; the first one between the hydrogen of the hydroxyl
radical moiety and the oxygen of water and the second one
between one hydrogen atom from water and the chlorine atom;
whereas in TS4 the second hydrogen bond occurs between on
hydrogen of water and the oxygen atom of the CIO moiety. In the
exit channel, postreactive complexes (CPTS3, CPTS4,
CPTS4a) are formed for each elementary reaction whose bind-
ing energies lie between 19.61 and 20.77 keal mol ' below the
reactants.

Beyond the reaction paths described above, two additional ele-
mentary reactions are found. Beginning with the prereactive com-
plexes CRS and CRSa, and going through transition states TSS and
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Table 2. Zero Point Energy (ZPE, in kcal mol '), Entropies
(S in e.u.), and Relative Energies (AE and A(E+ZPE)

in kcal mol '), Enthalpies (AH(298) in kcalmol '), and Free
Energies (AG(298) in kcal mol ') for the Reaction with

a Single Water Molecule”

A- AH- AG-
compound ZPE S AE (E+ZPE) (298) (298)
HOCI- - -H,0 + HO 289 1204 0.00 0.00 0.00 0.00

HOCI + H,0---HO 289 1232 2.09 2.09 1.77 0.95
HOCI + HO- - -H,0 282 126.6 4.31 3.62 3.68 1.84

CR2 30.54 97.04 —3.80 —217 —2.53 4.43
TS2 29.83 9299 —2.82 —1.89 —249 5.69
CRTS3 30.84 900 —7.12 =519 —6.02 3.05
TS3 27.96 88.1 2.59 1.65 0.52 10.16
CRTS3a 30.78 91.8 —7.01 —S§13 —S§.89 2.63
TS3a 27.86 89.3 3.50 2.46 142  10.68
CPTS3 30.63 1032 —21.74 —20.01 —19.80 —14.67
CRTS4 310 899 —7.03 —494 —S81 3.28
TS4 28.16 89.1 242 1.68 0.61 9.93
CPTS4 30.64 1034 —22.50 —20.77 —20.56 —15.50
CRTS4a 309 914 —728 —S531 —6.10 2.54
TS4a 27.98 93.9 2.95 2.02 115 9.33
CPTS4a 30.63 1034 —21.34 —19.61 —19.40 —14.34
CRTSS 31.66 848 —S19 —243 —3.69 691
TSS 28.48 78.0 10.05 9.62 739  20.03
CPTSS 31.12 979 —23.88 —21.66 —21.85 —15.15
CRTSSa 31.62 849 —472 —201 —324 7.33
TSS5a 2849 77.8 10.81 10.40 8.15 20.84
CPTSS5a 31.12 979 —23.83 —21.61 —21.80 —15.10
TS6S 30.55 886 —6.72 —S5.07 —6.16 3.32
ClO + (H,0), 30.0 122.5 —19.80 —18.70 —18.84 —19.45
ClO + 2H,0 279 1430 —14.58 —15.61 —1526 —22.00

“ZPE and S values obtained at the B3LYP/aug-cc-pVTZ level of theory.
The energy values are obtained at the CCSD(T) /aug-cc-pVTZ//B3LYP/
aug-cc-pVTZ level of theory, whereas the H and G corrections are taken
from the B3LYP/aug-cc-pVTZ values. HO- + +HO is the global mini-
mum of the water hydroxyl radical complex. HO- - -H,O is a local
minimum of the water hydroxyl radical complex.

TS5a to form post reactive complexes CPS and CP3a, respectively.
The transition states for these elementary reactions have very high
energy barriers (TSS and TSSa are computed to lie 9.62 and
1040 keal mol " above the HOCI- - - H,O + OH reactants). Hence,
neither of these reactions will be of any atmospheric relevance.
These processes are only noted as they have very interesting electro-
nic features, involving the transfer of an electron from the chlorine
atom to the oxygen atom of the hydroxyl radical and, simulta-
neously, a double-proton transfer, from the HOCl to water and from
water to the OH moiety. This corresponds to a proton coupled
electron transfer mechanism (also part b of Scheme 1) and points out
that the chlorine atom can also participate in similar mechanisms as
the oxygen atom.'>****Figure 2 also shows that, starting from the
HOCI + H,O- - - HO reactants, the reaction can proceed through
all the same elementary reactions as described above, although in
this case, the entrance channel lies 2.09 kcal mol™' above the
HOCI: - -H,0O + OH channel.

Finally, it is of interest to know how additional water mole-
cules will effect the reaction and therefore the reaction between
HOCI and the (H,0),- - -HO cluster is also investigated. The

corresponding schematic potential energy surface is drawn in
Figure 3, which shows the existence of seven different elementary
reaction paths. The transition states labeled as TS6, TS6a, TS6b,
TS7, TS7a, TS8, and TS9; once again, those having a small letter
as a suffix are isomers that differentiate to each other only in the
relative orientation of the dangling hydrogen atoms, however only
the most stable conformer will be discussed. The Supporting Infor-
mation contains the most relevant geometrical parameters and the
relative energies, ZPE values, relative enthalpies, and free energies.
The reaction path having the lowest energy occurs through TS6. It
begins with the formation of the prereactive complex CRTS6,
which has an eight-membered ring structure. Figure 3 shows that
CR6 has a binding energy close to 10 kcal mol ' relative to the
HOCI + (H,0),- - -HO reactants and the transition state lies
3.03 kcal mol ™" below the energy of the separate reactants. Com-
paring this result with those reported above for the reaction be-
tween HOCland H,O - - HO described above (Figure 2, Table 2),
we conclude that the inclusion of a second water molecule produces
a catalytic effect of 2.6 kcal mol . The reaction path occurring
through TS7 a involves the interaction of the hydrogen atom of the
HOCI with the oxygen atom of the radical complex. It begins with
the formation of a prereactive complex CRTS7 a having a bind-
ing energy of 520 kcal mol !, whereas the transition state lies
0.20 kcal mol " above the energy of the separate reactants. The
reaction paths occurring through TS8 and TS9 have higher energy
barriers and therefore should not play any role in the reaction.
Finally, it is worth mentioning that the reaction energy is computed
to be 21.78 kcal mol " and, in the exit channel, a postreactive
hydrogen bonded complex is formed for all elementary reactions
before the release of the products (Figure 3). The atmospheric
significance of this reaction should be very low because the atmo-
spheric concentration of the (H,O), + - HO cluster is predicted to
be very small, up to 3.48 X 10” molecules cm™>** However, the
study of this process is important as it brings further molecular
insight on how the reaction can take place at a water surface.**¢

3.2. Reaction Kinetics. Table 3 shows the rate constants
computed under different conditions for the reaction without
and with water, more detailed information regarding the different
values obtained for each elementary reaction, product distribution
for the CIOH + H,O- - - HO reaction and equilibrium constants
for the formation of the CIOH: - - H,O and H,O- - -HO com-
plexes can be found in the Supporting Information. The free energy
results displayed in Tables 1 and 2 suggest that the prereactive
complexes are, in part, shifted to the reactants, so that the rate
constant for each process is given by eq 1,

kI - keqk2 (1)
K. is the equilibrium constant given by eq 2,
Keq — & ef(ECR — Ex)/RT (2)
Qr1Qr2

where the various Q denote the partition functions of the
reactants and the prereactive complex and Er and Ecy are the
corresponding energies. k; is the unimolecular rate constant of
the elementary reaction going from the prereactive complex to
the products.

For the reaction without water, Table 3 shows that the compu-
ted value for the rate constant at room temperature is 2.26 X
10~ " em® molecule ''s™ ', which is in very good agreement with
the experimental values.” The computed expression of the rate
constant is k(OH + HOCI) = 2.4 x 10 "> exp (—5.78/RT) cm®
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Figure 3. Schematic energy diagram for the reaction between HOCI and the (H,0), - - - HO cluster.

Table 3. Rate Constants and Effective Rate Constants (in cm®

-s~ '~molecule ") for the CIOH + OH Reaction without and with

Water” and Water Concentration (molecule-cm ) at Different Heights in the Earth Atmosphere b

h(km) T (K)* ko1 ke ke
0 29815  226x10° % 191x10" 171 x10 '
0 28819 148 x10 %  159x 10 179 x 10 '°
2 27521 131x10°"% 120x10°" 195 x 10 '
4 26223 L1Sx 1078 894x107" 217x10°"
6 24925 993 x 10" 669x 107" 245x 10 '
8 23627 850 x 10" 495x 10"  281x10 '
10 22329  720x 10 370x 107" 333 x 10 '°
12 21669 661 x 10 320x 107" 3.65x 10 '

[HZO] k/vz k’vS k/vz/ kvl lav3/ kvl
259 x 107 120x 107 249 x10°"®  s31x107* 1.10
259 x 107 136x 107" 327x10°"% 919 x107* 221
L11 x 107 697 x10° "7 212x10 "2  s32x10* 1.62
538 x 10" s40x 1077 163x 10" 470 x 107* 142
L16 x 10" 424 x 1077 593 x 10" 427x107* 597 x 107"
3.50 X 10 506 x 107" 323 x 107" 595 x107° 380 x 10°
923 x 10" 205x 107"  167x 107"  285x107°  232x 10!
215 x 10 615x 107 567x 10  930x10°° 857 x 10 *

“ky1, kya, and k3 are the rate constant for the HOCl + OH, HOCI- - - H,0 + OH, and HOCl + H,O" - - OH reactions, respectively (eqs 4—6). K5,
and K ,; are the effective rate constants according eqs S and 6. " Water concentration taken from ref $4.  Taken from the NASA atmospheric simulator.

molecule " s, compared with the expression k(OH + HOCI) =
3.01 x 10 "% exp (—4.16/RT) cm® molecule ' s~ ' recommended
by Atkinson et al.'’

For the reaction with water, Figure 2 shows that the potential
energy surface is much more complex, especially in the prereac-
tive hydrogen bonded complex region. As pointed out in the
previous section, there are two different reactant channels, the
first one involving the interaction between the CIOH- - -H,0
and OH and the second one involving the reaction between
CIOH and the H,O- - -HO complex. In the CIOH: - -H,0 +
OH entrance channel, there is a geometrical rearrangement oc-
curring through CR2 and TS2, which prepares the HOCl moiety
to react with the hydroxyl radical moiety. The results displayed in
Table 2 show that, on the free energy potential energy surface,
both CR2 and TS2 lie above the reactants and therefore this step
is kinetically relevant. Therefore, in this case, k, has been cal-

culated according to the canonical unified statistical model
described by eq 3.77*

1 1 1

ko ke

- ()
TS
TS3, TS3a, T'S4, TS4a

Table 3 shows that the computed value for the rate constant at
room temperature is 1.91 x 10~ ** cm® molecule ' s ™', which is
almost 12 times smaller than the rate constant for the naked
reaction. Moreover, Table 3 also shows that at lower tempera-
tures the rate constant diminishes considerably so that at 223 K
the computed value is 3.70 x 10~ "> cm® molecule ' s~ ', which
is almost 20 times smaller than the rate constant for reaction
without water at the same temperature.

Starting from CIOH + H,O- + - HO entrance channel, the first
step of the reaction leads directly to the formation of the CRTS3
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(CRTS3a) and CRTS4 (CRTS4a) prereactive complexes and
then the reaction can either form CIO + 2H,O (through TS3 and
TS4) or CIOH- - -H,0 + OH (through TS2 and CR2). In this
case, the rate constant has been computed according to eq 1, in
which k, is the sum of the unimolecular rate constants through all of
the transition states. The results displayed in Table 3 show that the
computed rate constant varies from 3.65 x 10 *to 1.7 x 10" '°
cm® molecule ''s ™', in the range of temperatures between 217 and
298 K, respectively. It is interesting to note that the computed
branching ratio displayed in the Supporting Information reveals
that the CIOH + H,O- - -HO reaction produces the CIOH- - -
H,O + OH product set almost exclusively, at 99.5% (Table S6 of
the Supporting Information).

To obtain a more complete knowledge of the effect of water
vapor in the CIOH + OH reaction, it is necessary to compare the
rate of the naked and water-assisted reactions rather than com-
paring the rate constants of the individual reactions. The rate for
the naked reaction can be written as

whereas the rate for the water-assisted reactions can be written as

vy = ky[CIOH: - -H,0][OH] = K,,[CIOH][OH]  (5)
vy = ky3[OH- - -H,0][CIOH] = k,[CIOH|[OH]  (6)

where K, = ky, Keg2 [H,O] and K5 = kys Kegs [H,0]; Keqp and
Keq3 are the equilibrium constants for the formation of the
CIOH:- - -H,0 and H,O- - -OH complexes, respectively. The
computed values for K4, and K.g3 are given in Table S7 of the
Supporting Information. k', and K, are effective rate constants
that depend parametrically on the water concentration and can
be directly compared to, k,j, the rate constant of the naked
reaction. Table 3 shows the collected k,/kK\, and k,;/k 5 rates
under different atmospheric conditions. The results show that
the reaction beginning in the CIOH- - -H,O + OH entrance
channel is slower by 4 to S orders of magnitude than the reaction
without water, whereas the predicted rate of the reaction between
CIOH and H,O- - -OH is 8.57 x 10~ times smaller than the
naked reaction at higher altitudes, around 12 km, but almost two
times faster at lower altitudes.

To evaluate the atmospheric regions where the CIOH + OH +
H,O reaction will have significance, it is necessary to first esti-
mate the amount of CIOH that is complexed with water under
different atmospheric conditions. From the calculated equilibri-
um constant for CIOH- - -H,O, displayed in Table S7 of the
Supporting Information, and the water concentration at different
heights displayed in Table 3, it is estimated that, at ground level,
0.63% of CIOH is in form of the CIOH- - -H,O complex, and
this value can increase up to 3.5% in humid conditions (i.e., 75%
of relative humidity). This amount decreases rapidly with in-
creasing altitude, down to 0.06% at 10 km.

As discussed earlier, hypochlorous acid (HOCI) is of great
atmospheric interest as a reservoir of ClO,, and the role it plays in
the loss of stratospheric ozone. Recently, the atmospheric impor-
tance of HOCI has been stressed after measurements of its
atmospheric concentration. In the stratosphere, it is estimated
that the maximum contribution to the total Cl abundance from
HOCl is 0.192 ppbv at 35.5 km in the tropics, is 0.167 ppbv at
36.5 km in the midlatitudes, and is 0.098 ppbv at 37.5 km in the
high latitudes; there is also a secondary peak at 23—25 km of
0.14 ppbv it the Antartic.*~*" In the troposphere, HOCl has pre-

dicted peak concentrations ranging of a few ppt to several hun-
dred in the marine boundary layer.> Therefore, it is interesting at
this point to consider the possible atmospheric impact of the
HOCI + OH reaction with and without water, and also whether
the HOCI 4+ OH (+ H,O) reaction can be competitive with the
photolysis rate of HOCI, 3 x 10~ *s™".>® According to the results
displayed in Table 3, under optimal conditions at 10 km with a
[OH] = 2 x 10° molecules cm >, the lifetime of the HOCI +
OH reaction becomes 1.45 x 10~ " s ' and the lifetimes of the
CIOH: - -H,0 + OH and CIOH + H,O- - - OH reactions are
4.1 x 10" and 3.34 x 10" *s~ ' respectively, which suggest that
the photolysis reaction is still dominant but that the HOCI 4+ OH
reaction cannot be ignored at lower altitudes. With an increase in
altitude, into the stratosphere, there is both a decrease in the rate
constant as well as a decrease in the concentration of water
making the reaction with OH and H, O insignificant compared to
the photolysis rate at higher altitudes. In summary, these results
suggest that at the lower troposphere and marine boundary layer
there is a water effect on the CIOH + OH reaction.

4. SUMMARY AND CONCLUSIONS

Studying the effect that a single water molecule can have on
the potential energy surface of the OH + HOCI reaction has
revealed some interesting findings, particularly in the context of
the OH + HOCI reaction without water. The reaction without
water proceeds through two reaction channels, each one begin-
ning with a five-member ring prereactive complex overcoming a
transition-state barrier, which is effectively 2.0 and 1.4 kcal mol L
above the reactant level, before producing CIO and H,O.

‘When water is added to the reaction, the resulting products do
not change from that of the naked reaction forming ClO and
H,0. The formation of different products such as HCI are not
predicted. However, the water molecule does impact the reac-
tion. It can begin by collision of either HOCI- - - H,O with OH
or HO- + -H,0 with HOCL. The results from this study show
that in both cases the reaction can proceed through the same
elementary paths and that the potential energy surface is now
much more complex yielding up to six different elementary
reactions. In the HOCI - - H,O radical complex, the hydrogen
atom of the HOCI moiety hydrogen bonds with the oxy-
gen atom of the water molecule, hampering its ability to be
abstracted by the hydroxyl radical. Thus, the first step of the
reaction involves the formation of a three-body collision
complex HOCI: - -H,0- - -HO (CR2, with a binding energy
of 2.17 kcal mol™ ") occurring previous to the formation of a
three-body collision complex HOCI- - -HO" - -H,0O (CR3/
CR4), in which the hydroxyl radical moiety interacts directly
with the hydrogen atom of the HOCI to be abstracted. These
complexes are quite stable (about 5 kcal mol™ ") and have an
effective barrier of 1.65 kcal mol ™! above the HOCI- - - H,O +
OH reactants that must be overcome for the reaction to
proceed. Note that this barrier is similar to the effective barrier
of the reaction without water.

Another intriguing finding of this work is the three-body inter-
change reaction that can occur, that is HOCI + HO- - -H,O —
HOCI- - -H,0 + OH. This exchange reaction occurs through
three different three-body HOCI-H,O - HO collision complexes.

The rate constants computed for the reaction without water
are in good agreement with the experimental values at 1 atm,
between 200 and 350 K. The reaction between CIOH: - - H,O
and OH is predicted to be slower than the naked reaction by 4 to
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5 orders of magnitude, whereas the reaction between CIOH and
the H,O- - *HO complex is predicted to be up to 2.2 times faster
than the naked reaction at altitudes below 6 km. The branching
ratios suggest that the major channel of the reaction is the
formation of CIOH- - -H,O + OH with a 99.5% yield and that
the yield of ClO radicals at 0.5% is a small but contributing source
of reactive chlorine.

The inclusion of a second water molecule produces a catalytic
effect of 2.6 kcal mol ' on the reaction. However, its atmospheric
significance is very low because the atmospheric concentration of
the (H,0), + +HO cluster is very small.

B ASSOCIATED CONTENT

© Ssupporting Information. Figure showing the most
relevant geometrical parameters of the stationary points not
shown in the text; tables with detailed kinetic parameters; table
with relative energies for the reaction between HOCI and the
(H,0), + HO cluster; table with branching ratio for the reac-
tion between CIOH and H,O---HO; table containing the
equilibrium constants for the formation of the CIOH- - -H,O
and H,O::-HO complexes; tables containing the absolute
energies computed for all stationary points; tables containing
the corresponding Cartesian coordinates; and complete refs 6,
28, 30, 49, and 51. This material is available free of charge via the
Internet at http://pubs.acs.org.
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B NOTE ADDED AFTER ASAP PUBLICATION

The version of this article published ASAP February 14, 2011,
had a typographical error in the second set of equations shown

in the Introduction. The equation was corrected February 18,
2011.
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