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Abstract

The reactions of HOBr with HCI and HBr in the presence of n = 0, 1, 2 and 3 water molecules are investigated by
hybrid density functional theory methods in combination with canonical, variational transition state theory including
tunneling corrections. Compared to the reactions of HOCI with HCI and HBr [J. Phys. Chem. A 106 (2002) 7850], we
found that the barriers of the title reactions are significantly lower yielding much higher rate constants. Support of only
two water molecules makes the reaction of HOBr with HBr barrierless. Under stratospheric conditions the reactions of

HOBr with HBr are the most reactive ones.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Heterogeneous reactions on the surfaces of po-
lar stratospheric clouds (PSCs) play a key role in
the seasonally recurring ozone depletion observed
in the stratosphere of Antarctica. Particularly, re-
actions of the so-called halogen reservoir species
such as CIONO,, HCI, BrONO, and HBr on PSCs
are of great importance. These heterogeneous re-
actions lead to reactivation of the stored inactive
halogen atoms, which are in turn responsible for
ozone depletion [1,2]. The first step of activation of
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these reservoir species mostly involves hydrolysis
of chlorine and bromine nitrate [3,4]

CIONO, + H,0 2 HOCI + HNO; (1)

In the next step the reaction products of reactions
(1) and (2), HOCI and HOB}r, are activated by two
different mechanisms yielding more reactive spe-
cies, that participate directly in the ozone depletion
cycle. Either, these molecules are photolyzed in the
presence of sunlight, or they react with the hy-
drogen halides HCl and HBr heterogeneously
[5,6]. Reactions of HOCI have been well investi-
gated both experimentally [5,6] and theoretically
[7-10]. In an accompanying study [11] we have
investigated the reactions of HOCI with the hy-
drogen halides in model water clusters. In the
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present study we concentrate on the reactions of
HOBr with HCI and HBr

HOBr + HCl 2 BrCl 4+ H,0 (3)

HOBr + HBr 2 Br, 4+ H,0 (4)

Reactions of bromine species are of special impor-
tance for stratosphere and the ozone layer, since the
ozone depletion potential of bromine is estimated
to be up to two orders of magnitude higher than the
ozone depletion potential of chlorine [2,12]. Recent
studies have therefore investigated the effect of
bromine species on the ozone concentration [13,14].
Since reactions (3) and (4) are key reactions for
bromine activation, heterogeneous reactions of
HOBr have been investigated experimentally
[15,16]. Yet, up to now there are no theoretical
studies on the reactions of HOBr with HCI or HBr,
except for characterization of halogen anion-
HOBr complexes [17]. In this study we present de-
tailed mechanisms and reaction rate constants for
reactions (3) and (4) in model water clusters of
different size. These water clusters are a simple
model to mimick heterogeneous ice surfaces as
present in PSCs of type II. We compare our results
with a previous study on the reaction of HOCI with
HCI and with HBr in model water clusters [11].

2. Methods

In order to compare the title reactions with our
previous study, where we investigated the reac-
tions of HOCI with HCl and HBr, we used the
same methods as described before [11]. Thus, in
the following section we will only briefly summa-
rize the used methods.

Stationary points were determined with hybrid
density functional theory (DFT) at different levels
of theory — B3LYP/6-31+G(d), B3LYP/6-311++
G(d,p) [18], and MPW1K/6-31+G(d,p) [19] — using
the GaussiaN 98 program package [20]. Vibra-
tional analysis confirmed the nature of the sta-
tionary points.

The reaction path connecting the minima was
created as the minimum energy path (MEP)
starting from the transition state in mass scaled
coordinates (scaling mass 1 amu). The Page-
Mclver local quadratic approximation algorithm

[21] and B3LYP/6-31+G(d) were used at a step size
of 0.050 bohr. Distances on the potential energy
surface (PES) from the transition state are denoted
by s, with s being positive on the product side and
negative on the educt side. Every third point sec-
ond derivatives were determined. Since the B3LYP
method normally underestimates reaction barriers
[22], we interpolated the PES to energy values
determined by MPWI1K/6-31+G(d,p). MPWI1K
was optimized on a set of experimental reaction
barriers and is designed to calculate reaction rate
constants. The interpolation procedure is based on
a logarithmic procedure [23] and will be termed
MPW1K/6-31+G(d,p)///B3LYP/6-31+G(d).
Reaction rates were obtained using variational
transition state theory (VTST) as implemented in
Polyrate9.0 [24,25]. A brief outline of the concepts
of VTST is given below, yet for details we refer to
other papers [26-30]. A microcanonical ensemble
was used to obtain a rate constant & minimized
with respect to barrier crossings of a classical flux
of particles on the PES. Quantum mechanical ef-
fects along the reaction coordinate are treated by
semi-classical theory to evaluate transmission
probabilities. Inclusion of these quantum me-
chanical effects on the reaction rate constant is
carried out by multiplying £ by a ground state
transmission coefficient k. The methods we con-
sider for determining x are the small curvature
tunneling (SCT) and the large curvature tunneling
(LCT) approach. SCT is considered by means of
the centrifugal dominant small curvature semi-
classical adiabatic ground state tunneling method
[31]. For LCT we employed the large curvature
ground state approximation version 4 (LCG4) [32].
The maximum of the SCT and LCT transmission
coefficients was used for the tunneling correction
according to the microcanonical optimized multi-
dimensional tunneling (WOMT) approach.

3. Results and discussion

3.1. Stationary points, energetics, and reaction
mechanisms

We characterized stationary structures for the
reactions of HOBr with HCI in the presence of
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n=20, 1, 2 and 3 water molecules (see Fig. 1 for cordance with our previous findings [11] and is
schematic representation of the reactions and what we should expect since MPWIK was de-
Fig. 2 for the structures of the transition states). signed for determining barriers, whereas B3LYP is
Compared to the reactions HOCI + HCI + »nH,O known to underestimate reaction barriers [22] (see
(n=0, 1, 2 and 3), there are only little differences Table 1). If not indicated otherwise, the barriers in
in the stationary structures except for slightly al- the text refer to MPW1K/6-31+G(d,p) values. The
tered bond lengths as a result of substitution of Cl values determined with B3LYP/6-31+G(d) are
by Br. Mostly, the reaction barriers determined at very close to that ones determined with B3LYP/

the B3LYP levels of theory are smaller than those 6-311++G(d,p), justifying calculation of the PES
at the MPW1K/6-31+G(d,p) level. This is in ac- at the lower level of theory.
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Fig. 1. Qualitative representation of the stationary points of the reaction of HOBr + HCI supported by » =0, 1, 2 and 3 water
molecules. The reactions of HOBr + HBr with n = 0 and 1 water molecules yield analogous structures, whereas for n > 2 no transition
states could be found.
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Fig. 2. Structures of the transition states of the different mechanisms. (a) shows the transition states of the reactions HOBr + HCI +

nH,O (n =0,

1, 2 and 3), whereas (b) shows the transition states for the reactions of HOBr + HBr + nH,O (n = 0 and 1) according to

the mechanisms as introduced in Fig. 1. (Units are in A and degrees.)

Table 1
Reaction barriers for the reactions HOBr + HCI and HOBr +
HBr catalyzed by n water molecules at different levels of theory

B3LYP MPWI1K
6-31+G(d) 6-311++G(d,p)  6-31+G(d,p)
HOBr + HCI
n=20 32.3 322 41.6
n=1la 334 32.8 42.1
n=1b 26.1 27.9 33.1
n=2 2.57 3.87 2.88
n=73 0.349 0.421 0.095
HOBr + HBr
n=20 23.1 23.4 31.1
n=la 25.6 24.3 32.2
n=1b 20.4 19.7 20.3

3.1.1. HOBr + HCI

The reaction complex (RC) is characterized by a
hydrogen bond between the HCI hydrogen and
the HOBr oxygen. The proton is transfered along

the hydrogen bond forming a proton-shifted
HOHT'Br- Cl~ complex at the transition state (see
Fig. 2). Then the bromine moiety is released and
comes in contact with the chlorine forming a BrCl
molecule. The reaction barrier is 41.6 kcal mol™!
(see Table 1 for reaction barriers and Table 2 for
reaction energies) which is remarkably 13.1 kcal
mol~! lower than the reaction barrier of the anal-
ogous reaction HOCI + HCI [11].

3.1.2. HOBr + HCI + 1H,0

Two different local minimum structures for the
HOBr-HCI-H,0 complex termed (la) and (1b)
(see Fig. 1) were characterized. Reaction complex
(1a) is a lower lying local minimum compared to
(1b) differing by 1.11 kcal mol~'. At 200 K, which
is a stratospherically relevant temperature, (la)
would be approximately 16 times more populated.
Mechanistically, in both reaction channels com-
plexes are formed where the water molecule is
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Table 2
Reaction energies for the reactions HOBr + HCIl and HOBr +
HBr catalyzed by n water molecules at different levels of theory

B3LYP MPWIK
6-31+G(d)  6-311++G(d,p)  6-31+G(d,p)
HOBr + HCI
n=0 -19.1 -19.4 -20.3
n=la -18.2 -18.9 -18.9
n=1b -20.3 -20.0 -19.9
n=2 -21.6 -21.0 -22.0
n=73 -18.4 -19.3 -18.5
HOBr + HBr
n=0 -30.3 -29.9 -31.4*
n=la -27.8 -29.1 -29.5
n=1b -27.9 -30.2 -33.1

“Energy calculated with MPW1K/6-31+G(d,p) using the
geometries obtained at the B3LYP/6-311++G(d,p) level of
theory [shorthand notation: MPWI1K/6-31+G(d,p)//B3LYP/
6-311++G(d,p)].

inserted between HCl and HOBr. HCI is a hy-
drogen bond donor, HOBr is again the hydrogen
bond acceptor at the oxygen position, whereas the
water molecule is both hydrogen bond acceptor
(for HCI) and hydrogen bond donor (for HOBr).
The reaction proceeds via ‘water-mediated proton
transfer’ using the water molecule as proton
shuttle. In such water assisted proton transfer
mechanisms, the water molecule very often has a
strong catalytic effect [11,33]. However, the reac-
tion barrier of reaction channel (1b) is 33.1 kcal
mol~! whereas for channel (la) it is 42.1 kcal
mol~! making reaction channel (1b) much more
likely even though it starts from an energetically
slightly disfavored minimum. Yet, the barrier of
reaction channel (la) is almost identical to the
water-free reaction. Therefore, this mechanism is
more or less unimportant since it does not provide
any energetic advantage compared to the water
free reaction. In comparison to the HOCI reac-
tions, mechanism (la) has a 12.6 kcal mol~' lower
barrier, yet mechanism (1b) has exactly the same
barrier at the MPW1K/6-31+G(d,p) level of the-
ory and also at the B3LYP/6-31+G(d) level [11].

3.1.3. HOBr + HCIl + 2H,0
The mechanism of this reaction is similar to the
above mentioned ones. Yet, instead of a single

water molecule the mechanism now involves a
water dimer, since the second water molecule in
the RC is also located between HCl and HOBr and
it participates actively in the reaction. Water
molecule number 2 is both proton donor and ac-
ceptor, thus, both water molecules ‘shuttle’ a pro-
ton of the hydrogen bond donor HCI to the
oxygen of the hydrogen bond acceptor HOBr. The
catalytic influence of the two water molecules is
remarkable. The barrier is reduced to only 2.88
kcal mol~! which is 30 kcal mol~! lower than in
mechanism (1b). The analogous HOCI reaction
has a barrier of 9.74 kcal mol~' [11] which is al-
most 7 kcal mol~! higher than the reaction with
HOBr.

3.1.4. HOBr + HCI + 3H,0

Finally, we investigated the reaction of HOBr
with HCI involving three water molecules. As
outlined in Fig. 1 the mechanism is similar as for
the reaction with two water molecules now in-
volving a water trimer. In the RC, HCI has already
protonated the first neighboring water molecule
forming a H3;O"-Cl- complex. The following
steps are in analogy as before—the hydronium ion
protonates the second water molecule, which
protonates the third water molecule which finally
protonates HOBr. The third water molecule has an
additional catalytic effect since this reaction can be
considered to be almost barrierless because the
reaction barrier is only 0.1 kcal mol~!. (By calcu-
lation of the MEP we could confirm that the
identified transition state is connected with the
determined reactant and product.) This is 3 kcal
mol~! lower than the reaction of HOCI [11].
Considering the structure of the RC, the orienta-
tion of the water molecules is almost as it is on a
hexagonal ice surface. Thus, on ice-like PSCs the
reaction of HOBr with an adsorbed HCI molecule
should not be hindered by any reaction barrier.

3.1.5. HOBr + HBr + nH,0

Qualitatively the reactions of HOBr with HBr
are equivalent to the reactions involving HCI, at
least for the reactions with 0 and with 1 water
molecule. For the gas-phase reaction HOBr + HBr
the barrier is 31.1 kcal mol~' which is 10.5 kcal
mol~! lower than the HCI reaction and 13.3 kcal



574 A.F. Voegele et al. | Chemical Physics Letters 372 (2003) 569-576

mol~! lower than the HOCI + HBr reaction [11].
For the reactions with one catalytic water mole-
cule, the same mechanisms as mentioned above
have been found and the barriers are 32.2 and 20.3
kcal mol~!, respectively. Again, in mechanism (1a)
the water molecule has no catalytic effect, whereas
in mechanism (1b) the barrier is reduced by 10.8
kcal mol™' in comparison to the uncatalyzed re-
action. The preassociation complexes are similar in
energy differing by less than 0.1 kcal mol~!, so
both minima are almost equally populated. How-
ever, the reactions with more than one water
molecule could not be characterized, since they
seem to be barrierless at the levels of theory that
we employed. We were unable to characterize
transition states and the reaction complexes for
these systems. Compared to the HCI reaction but
most of all compared to the HOCI + HBr reac-
tions, this observation is not unexpected. The re-
action of HOCI + HBr + 2H,O has a barrier of
0.76 kcal mol~! and the reaction of HOCI + HBr +
3H,0 has a barrier of 0.75 kcal mol~! [11]. Con-
sidering that in all cases substitution of chlorine
atoms by bromine atoms lowered the reaction
barrier, the reaction of HOBr + HBr with two or
more catalytic water molecules can be expected to
be barrierless.

3.2. Reaction rates and quantum mechanical tun-
neling

Accurate calculations of rate constants for re-
actions involving hydrogen atom transfer require a
quantum mechanical treatment of the motion
along the reaction coordinate. This in turn re-
quires knowledge of the PES beyond the station-
ary points. In proton transfer reactions, tunneling
very often increases the reaction rate constant by
many orders of magnitude [34,35].

Fig. 3 shows unimolecular reaction rates in the
series HOBr + HCI supported by n =0, 1, and 2
water molecules and HOBr + HBr supported by
n=0 and 1 water molecules. No reaction rates
were determined for the reaction HOBr + HCI +
3H,O0 since the barrier is only 0.1 kcal mol~'. In
this case we are close to the diffusional limit that is
why we did not calculate reaction rate constants by
VTST. As expected from the reaction barriers the

HOBr + HCl + ZHZO
10—

1 J 1 I
100 200 300

TK]

Fig. 3. Reaction rates for the reactions of HOBr with HCI
(dotted line) and HBr (full line). The reactions HOBr + HBr
and HOBr + HBr + 1H,0 (a) are almost equally fast as are the
reactions HOBr + HCl and HOBr + HCl + 1H,O (a). The
reaction HOBr + HCI + 2H,O is the fastest reaction shown.
Reactions of HOBr + HCI with >2 water molecules and reac-
tions of HOBr + HBr with >2 water molecules are barrierless
and therefore not shown.

reactions involving HBr are generally faster than
the reactions involving HCI. The reaction rate
for the reaction HOBr + HCI with 2 water mole-
cules is only slightly temperature dependent. This
is reflected in the small change of the reaction
rate constant in the interval 190-300 K of a factor
of 15.

The transmission coefficients for quantum me-
chanical tunneling along the reaction coordinate
are summarized in Table 3 for 190 K. In general,
the small-curvature tunneling approach is
predominant over LCT. The highest tunneling
contributions were found for the reactions HOBr
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Table 3
Transmission coefficients x determined by small and LCT for
the HOBr + HCI, HBr reactions at 190 K

Transmission coefficient k at 190 K

LCT SCT
HOBr + HCI
n=0 1.47 1.49
n=la 1.13 1.21
n=1b 5.86 6.67
n=2 1.27 1.36
HOBr + HBr
n=20 1.31 1.35
n=1la 1.21 1.30
n=1b 1.72 2.00

SCT is the predominant form of tunneling as highlighted in
bold.

+ HCl + 1H,0 (1b) and HOBr + HBr + 1H,O (1b)
with x values of 6.67 and 2.00, respectively. Thus,
tunneling enhances the reaction rates by 567% and
100%, respectively. The higher tunneling contri-
bution for mechanisms (1b) in comparison to (la)
might be best explained by inspecting Fig. 4. The
barrier of channels (1b) is much narrower than for
the channels (la). Detailed inspection of the
mechanism showed that the mechanisms of (1a)
work as follows: First, the proton of HOBr flips
approximately 120° along the Br—O bond. Then,
the bromine and chlorine (or bromine) atoms
move approximately 1.24 A (for HOBr + HCI) or
1.40 A (for HOBr + HBr) towards each other at
the transition state.

Comparison of the gas-phase reaction HOBr +
HCI with the reaction involving n = 2 water mol-
ecules reveals that the reaction rate enhancement is
50 orders of magnitude at 190 K. To illustrate this
huge difference, the gas-phase reaction happens
within 2.4 x 10% years, whereas the catalyzed re-
action happens within picoseconds.

4. Conclusions

In this study we have investigated the compet-
ing reactions of HOBr + HCl and HOBr + HBr
either in the gas phase or on model water clusters
representative of hexagonal ice. Reaction rates
were determined using VTST including tunneling

HOBr + HCI + nH,O  HOBr + HBr + nH,O

60|~ 60
—40

—120

e b e b e e by D Dyana a1

Potential [kcal mol'1]

60| — 60
sof T —{40
201~ 20

10 5 0 5 10 -10 -5 0 5 10
s [bohr]

Fig. 4. Classical potential energy curve (or potential along the
MEP; full line), and vibrationally adiabatic ground-state po-
tential energy curve (dotted line) as a function of the reaction
coordinate s calculated at the B3LYP/6-31+G(d) level of theory
interpolated to MPW1K/6-31+G(d,p) energies. Left: HOBr +
HCI + nH,0 starting from n = 0 (top) down to n = 2 (bottom);
right: HOBr + HBr + nH,O (n = 0 and 1).

corrections. A trend of increasing reaction rate
constants by including catalytic water molecules in
the reaction could be observed. The uncatalyzed
HOBr + HCI reaction is 50 orders of magnitude
slower than the reaction occurring on a water
cluster composed of only two water molecules.
Reactions of HOBr + HBr are even barrierless in
the presence of two or more water molecules,
making these reactions very fast. The contribution
of tunneling enlarges the reaction rate constants at
190 K between 21% and 567%. A direct compari-
son of the analogous HCI and HBr reactions re-
flects that the HBr reactions with HOBr are in
general faster. A comparison with the analogous
reactions of HOCI with HX (X =Cl, Br) shows
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that reactions including more bromine atoms are
faster than reactions with chlorine. The reactions
of HOCl + HBr and HOBr + HCI proceed at
similar rates. Thus, considering polar stratospheric
conditions, the reactions of HOBr with HBr are
the most reactive ones.
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