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We present reaction rates for the conversion of HOCI by HCI and HBr intoca@dl BrCl, respectively,
supported by1 =0, 1, 2, and 3 water molecules. The reaction rates were determined using canonical, variational
transition-state theory including tunneling corrections for motion along the reaction coordinate. Whereas the
potential energy surface between reactants, transition state, and products was generated with the hybrid density
functional theory B3LYP/6-3+G(d), the reaction barrier was determined with the recently developed MPW1K/
6-31+G(d,p) hybrid density functional theory, a method that was especially designed to evaluate reaction
barriers. Within the used density functional theory framework, the reaction rates of HOCI with HBr are several
orders of magnitude higher than the reaction rates with HCI. On ice-like clusters, both types of reactions
proceed faster by several orders of magnitude than in the gas phase or when supported by only one or two
water molecules. Knowledge of the reaction rates is important in estimating which reaction will occur under
stratospheric conditions in the course of ozone depletion.

1. Introduction Kroes and Clar{f determined adsorption energies for HCI and
HOCI on ice with trajectory methods whereas Geiger &t al.
determined the adsorption energies by using water clusters and
ab initio methods. An extended study of the HOCI adsorption
on model ice was performed by Brown and Dd¥eusing a
cluster of 26 water molecules. Liu et al. performed ab initio

Ozone depletion in the stratosphere over Antarctica and
Arctica is caused to a great extent by catalytic reactions of ozone
with chlorine radicals and to a smaller extent by reactions with
bromine radicald-® Halogen atoms are stored in nearly inert
reservoir species (CIONQHCI, and HBr) and released into ) . . .
more active forms through several reactions that occur mainly moIecm_JIar dynamlcs_smulatlons of th_e reaction &BHOCl.
on polar stratospheric clouds (PSGPne of the main reactions on an ice surface using p'ar.‘e waves In the_lr den_slty functional
is the hydrolysis of CION@that produces HOCI. There are theory approach Ir) a deta}lled study, X |nvesf[|gated the
two common ways in which HOCI can react further. First, if re_actlon_o_f .HOCI with HCl in water clusters of dlf_ferent SIZes
HOCI is desorbed from the PSC, it will be quickly photolyzed with ab initio methods. Xu_repor_ts that t_he reaction barrier is
by sunlight where reactive spe(;ies such as the dad Ct !owered sysj[ematlca}lly py |n<_:lud|ng ‘active” water molecules
radicals are formed. Second, in the presence of HCl or HBr, it in the reaction. Active in this respect means that the water

is very likely that HOCI reacts with one of these moleculés. molecules take part a_ct|vely in the reaction serving as a proton
donor and acceptor in a proton-transfer mechanism and that

HOCI+ HCl = Cl, + H,0 (1) water molecules do not serve only as spectators. In the course
of an uncatalyzed reaction & 0), the barrier is 55.3 kcal mot
HOCI + HBr = BrCl + H,0O (2) whereas for the water-catalyzed reactions it decreases to 48.1

kcal molt (n = 1), 16.1 kcal mot! (n = 2), and 14.4 kcal

Both reactions 1 and 2 are known to occur mainly heteroge- mol™* (n = 3) at the MP2//HF/6-31G(d) level of theory. A
neously in the stratosphere whereas the homogeneous gas-phaggoposed mechanism involving four water molecules has a
reactions are considered to be more or less unimpottaht. ~ barrier of 45 kcal moi?, which reflects the fact that a simple
Reactions 1 and 2 are crucial steps for the final release of increase in the number of active water molecules is not sufficient
reactive halogen species in the stratosphere. to obtain an almost barrierless reaction, as would be expected

Because of the great importance of both reactions, there arein solution. Xu also showed that inclusion of so-called structural
not only experimental but also several theoretical studies on Or spectator water molecules lowers the barrier significantly,
the reaction of HOCI with HC215 Apart from studies  down to an almost barrierless situatitn.
investigating the reaction, there are also studies on the interac- To the best of our knowledge, there has been no theoretical
tions of HCE6-21 gand HOCHS:2:-24 with water/ice clusters,  study on the reaction of HOCF HBr, and thus no comparison
respectively. Most of the theoretical studies have concentratedbetween the reactions HO€ HCl and HOCH HBr has been
on the influence of (a) water molecules on the adsorption performed. In this study, we address both reactions and make
behavior of single specié§,23 (b) water molecules on the a comparison between them using ab initio methods and
reaction barriet#15and (c) an anio¥ on the reaction barrier.  variational transition-state theory to calculate reaction rates.
Calculating reaction rates makes it possible to quantify the
* Corresponding author. E-mail: Klaus.Liedl@uibk.ac.at. Tek43- reaction rate difference between the gas-phase reaction and the
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2. Methods 2.2. Reaction PathBy starting from the transition state, the
reaction path was created as the steepest descent path in mass-
scaled coordinates where the scaling mass of 1 amu was used.
To create this so-called minimum-energy path (MEP) or intrinsic
reaction coordinate (IRC), the Pag®iclver local quadratic
approximation algorithi¥ and B3LYP/6-3%G(d) were used

at a step size of 0.050 Bohr (0.026 A). Distances on the potential
energy surface from the transition state are denetecheres

is positive on the product side and negative on the educt side.
Every third point along the potential energy surface’s second
d derivatives and partition functions was calculated. The path was
calculated on both sides of the transition state until stable

purpose of determining reaction barriers to be applied to reactionMNiMum structures were reached (i.e., when the gradient had
rate constant calculations. MPW1K uses a modified Perdew &/most vanished). B3LYP in general desc.rlbes geometngs and
Wang gradient-corrected correlation functidiéts33 and a energy hyperlsurfaces well .but undergshmates the height of
42.8% Hartree-Fock exchange. Within a test set of 40 reaction 'éaction barriers (as mentioned previously). Therefore, we
barriers, MPW1K has mean signed, mean unsigned, and root-interpolated the B3LYP/6-3&G(d) hypersurface to the energy
mean-square errors 6f1.2, 1.6, and 2.1 kcal mot, respec- values of the stationary points determined at the MPW1K/6-
tively, compared to experiment; therefore, this method is 31+G(d,p) level of theory. Calculating the reaction path and
significantly better than the more commonly used BH&HLYP, thus the reaction rates on the basis of two different levels of
B3LYP, or MPW1PW9%634 methods. However, this test set theory is termed dual-level direct dynamics, and the interpolation
contains mainly hydrocarbon reactions, only four reactions procedure is called variational transition-state theory with
containing Cl species, and no reactions containing Br species.interpolated corrections. The shorthand notation for this pro-
Because MPW1K has not been optimized to one of the title cedure is MPW1K/6-31G(d,p)///B3LYP/6-31#G(d), and the
reactions or at least a very similar reaction, we have to considerinterpolation procedure is based on a logarithmic pro-
the fact that the results might deviate from the experimental ceduret*

2.1. Stationary Points.Stationary points were calculated with
two different hybrid density functional theory (DFT) methods,
namely, B3LYP/6-3%+G(d}® and MPW1K/6-3%G(d,p)? The
nature of these stationary points was confirmed by vibrational
analysis. For optimization of the saddle point, we employed
the three-structure quadratic synchronous transit-guided ap-
proach?’ Because classical DFT and hybrid DFT methods such
as B3LYP tend to underestimate reaction barrfers;3° we
employed the recently developed modified Perd&Wang
1-parameter model for kinetics (MPW1K) hybrid DFT metho
of Lynch et al?® This method was especially designed for the

results by a few kcal mok. MPW1K was optimized using the 2.3. Reaction Rates and Quantum Mechanical Tunneling.
6-31+G(d,p) basis set; therefore, the same basis set will be usedreaction rates were obtained using transition-state theory
throughout this study. (TSTY® as implemented in Polyrate, version 8.%47 Theoreti-

Additionally, we employed high-level methods to evaluate cal details and equations can be found elsewhet&54 here
more accurate reaction barriers. To describe reaction rates bywe give just a short description of some of the details. A
transition-state theory, it is necessary to evaluate precise re-yariational approach for TST with a canonical ensemble was
action barriers because of the exponential relationship betweenysed to obtain a rate const&f¥T (CVT = canonical variational
the reaction barrier and reaction rate. Therefore, we usedTsT) that was minimized with respect to barrier crossings. When
Gaussian-2 theory [G2(MPZj]** and Gaussian-3 theory [G3 gl pound degrees of freedom are described quantum mechani-
and G3(MP2)j"for some of the systems studied. Both the caly, motion along the reaction coordinate cannot be treated
Gaussian-2 and Gaussian-3 theories employ quadratic config-q,antum mechanically. Therefore, quantum mechanical effects
urat_|on_ interaction with smgle_, dOL_JbIe, and pe_rturbat|onal triple (mainly tunneling effects) along the reaction coordinate are well
excitations [QClSD(T)] but with dl_fferent ba_3|s ;ets. G2(MP2) approximated by semiclassical methods to evaluate transmission
uses the triplés 6-311G(d,p) basis set, which IS remarkably probabilities. Inclusion of the quantum mechanical effects on
larger tha}n the doublg-6-31G(d) ba3|§ set used in G3(MP2). the reaction rate constant is carried out by multiplying the rate
The quality of the QCISD(T) calculation in G3 and G3(MP2) constank®VT by a ground-state transmission coefficienThe

[Ssef'gpg';?:gg;?:(;efrotrﬁndgtﬁZe(g/lgri)j' GDgf;ﬁfng'eva tlg ;hgabsai‘:':ettransmission coefficient is evaluated by different methods that
y consider that in the course of the reaction the system tunnels

extrapolation method employing MP2 and MP4, respectively, along shorter paths that are more demanding in terms of ener
which is explained in detail in the original work by Pople and 9 P - gin 19y
The methods we consider are the crude Wigner tunneling

R 5—38 i i i
co-workers: Briefly, in G2(MP2), one adds the difference correction, the small curvature tunneling (SCT) approach, and

between MP2/6-31tG(3df,2p) and MP2/6-311G(d,p) to the . .
QCISD(T)/6-311G(d,p) calculation and gets a good approxima- the large curvature tunneling (LCT) approach. The Wigner

tion for QCISD(T)/6-31%G(3df,2p). G3(MP2) uses the dif- correction, which was developed in 1932is based only on
ference between the energy calculations on the MP2/G3MP2largell® imaginary frequency determined at the transition state and
and MP2(full)/6-31G(d) levels of theory (the G3MP2large basis d0€s not include information about the reaction path. SCT is
set is a modified 6-31£G(3df,2p) basis set; for details, see considered by means of the centrifugal dominant small-curvature
Curtiss et ab”3. In a given test set (G2/97), G3(MP2) performs semiclassical adiabatic ground-state tunneling method aqcordlng
slightly better than G2(MP2) and is computationally less O the concept of Marcus and Coltrif->® The LCT correction
expensivé®® We wanted to compare the methods to calculate @ssumes that tunneling occurs through a series of straight line
reaction barriers and reaction energies. As another high-levelconnections between the educt and the product valley. Polyrate
method, we used coupled cluster theory with single, double, employs the large curvature ground-state approximation version
and perturbational triple excitations [CCSD(T)/aug-cc-pvBz] 4 (LCG4f®for LCT. Depending on the curvature of the reaction
on the geometries we obtained at the MP2/aug-cc-p¥BYz path and the temperature, either SCT or LCT becomes pre-
level of theory [CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ]. dominant; thus, one uses the maximum of these methods to
To test for an appropriate choice of the HF reference wave evaluate the tunneling corrections and multiplies ikBY'. This
function, the performance of CCSD(T)/aug-cc-pVDZ was tested approach is termed microcanonical optimized multidimensional
by the 771 diagnostic?? tunneling (OMT).
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TABLE 1: Selected Reaction Barriers for the Reactions TABLE 3: Reaction Energies for the Reactions HOCI+
HOCI + HCI and HOCI + HBr Catalyzed by n Water HCI and HOCI + HBr Catalyzed by n Water Molecules at
Molecules at Different Levels of Theory Different Levels of Theory?

reaction barrier (kcal mot) reaction energy (kcal mot)

HOCI+ HCI  MP2 CcC G2(MP2) G3(MP2) G3 B3LYP/ MPW1K/ MP2/HF/
n=0 51.9 445 (0.075) 353 352 64.1 HOCI + HCI 6-31+G(d) 6-31+G(d,p) 6-31G(d)[14]
n=1(a) 54.3 47.3(0.059) 62.1 50.5 n=0 -12.3 -10.8 —-12.7 7.9
n=2 13.6 12.6 n=1(a) —-8.74 —7.3% —8.92

n=1() -17.8 -152 —-17.8 -9.8

HOCI + Her n=2 ~166 -14.8  -155 —12.7
n=0 441 32.6(0.079) 48.0 n=3 —15.4 —-13.2 —15.6 —16.2
n=14a) 461 HOCI + HBr
aCC is our shorthand notation for CCSD(T)/aug-cc-pVDZ/IMP2/ n=o0 2260 —24.1 273

aug-cc-pvVDZ, and MP2 stands for MP2/aug-cc-pVDZ. Numbers in n=1 2300 -27.9 306
parentheses beside the coupled-cluster values areZihealues n=2 275 —25% —286
determined for the transition state. Using the aug-cc-pVTZ instead of |, =3 253 —o4p —25.0

the DZ basis set did not improve; significantly. Note that we did _ _
not calculate all systems at the different levels of theory because of @ Energies determined at the MP2//HF/6-31G(d) level are taken from
the unsuccessful description of the multideterminant character, asXu.**  Corrected for zero-point energy (ZPE).

mentioned in the text. .
TABLE 4: Change of CI-CIl and CI—Br Distance,

TABLE 2: Reaction Barriers for the Reactions HOCI + Respectively, between the Reactant and Transition State
HCI and HOCI + HBr Catalyzed by n Water Molecules at Determined at Different Levels of Theory?
Different Levels of Theory? Abond length C+CI/Br (A)
reaction barrier (kcal mof) HOCI+HCl  B3LYP  MPWIK MP2 G2(MP2)
B3LYP/ MPW1K/ MP2//HF/ _
n=0 —1.447 (40.7)—1.580 (54.7)—1.305 (51.9)—1.353 (35.3)
HOCI + HCl 6-31+G(d) 6-31+G(d,p)  6-31G(d}* n=1(a) -1519(41.7)—1.703 (54.7)—1.277 (54.3)—1.294 (62.1)
n=0 40.7 42.9 54.7 55.3 n=1(b) —0.717(25.7)-0.902 (33.1)
n=1(@) 41.7 426 54.7 n=2 —0.660 (6.51)—0.900 (9.74) —0.791 (13.6)
n=1(b) 25.7 27.4 33.1 48.3 n=3 —0.455 (4.10)—0.303 (3.28)
n=2 6.53  6.68 9.74 16.2 HOCI + HBr
n=3 4.13 4.12 3.28 14.4
n=0 —1.342 (31.6)—1.530 (44.4)—1.209 (44.1)—1.235 (48.0)
HOCI + HBr n=1(a) -1.017(32.6)—1.372 (44.6)—1.163 (46.1)
n=0 31.6 338 44 .4 n=2 —0.225 (0.86)—0.208 (0.76)
n=1 32.6 34.8 44.6 n=3 —0.063 (0.15)—0.010 (0.75)
n=2 0.89 0.57 0.76 s : ] .
n=3 015 —0.36 0.75 disat;/xggm each row, the barrier decreases with decreasingGUBr
aEnergies determined at tht_e MP2/IHF/6-31G(d) level are taken from
Xu.* ® Corrected for zero-point energy (ZPE). of theory (see Table 4). A slight trend of an increasing barrier
] ) with an increasing change in ateratom distances could be
3. Results and Discussion observed both within a given set of reactions (i.e., rows of Table

3.1. Evaluation of the Methods.We determined most of 4) and within a given method (i.e., columns of Table 4). This
the reaction barriers for the title reactions at several levels of trend holds, at least generally, between the B3LYP and MPW1K
theory (Table 1 and Table 2 give a brief summary). Unfortu- "esults, mostly between the DFT and G2(MP2) results, but not
nately, there are large differences between most of the methodsWith MP2. Thus, the barrier height is very sensitive to the
G2(MP2), G3(MP2), and G3 differ by up to almost 30 kcal ge.zometry.of the stuplled reactions, so a bad choice qf geometry
mol~1, clearly indicating that these methods fail to reproduce within a given reaction yields bad results for the barrier height.
reaction barriers for the described systems within chemical ~Because B3LYP underestimates reaction barriers, we used
accuracy. We used the; diagnostic on the coupled-cluster the MPW1K/6-3%-G(d,p) barriers that are larger than the
[CCSD(T)/aug-cc-pVDZ//MP2/aug-pVDZ] calculations and evalu- B3LYP barriers for most cases (except for HCI ang 3 and
ated 77 values for transition states that were clearly larger than HBr andn = 2, 3). The MPW1K method was optimized by
0.04 and sometimes as large as (#9087 values of that size ~ Lynch et al¥%34to predict reaction barriers for kinetic purposes.
indicate that the reference wave function does not describe theThe values determined with MPW1K were chosen because
system satisfactorily and that a multideterminant approach is coupled-cluster and Gaussian methods failed to predict the
needed. Because both the coupled-cluster and the Gaussiafeaction barriers and are so computationally expensive that all
approaches are based on single-determinant HF wave functionsf the systems could not be studied. Additionally, the MPW1K
they suffer from the same error. Therefore, accurate multi- results are very encouraging because they are in much better
determinant methods should be employed, which, consideringagreement with the MP2/aug-cc-pVDZ values than with values
the number of different reactions studied, would be too time- from other approaches. Possibly, the perturbational and the
consuming* We did not evaluate all of the reaction barriers at MPW1K approachs are better choices for this system than the
the higher levels because these calculations would also be togther methods that actually seem plausible because both methods
time-consuming, and results of high quality cannot be expecteduse a different approach than the other post HartFeeek
for the larger clusters. methods we used:®

We investigated the change in ateratom distances between Reaction barriers are crucial for predicting kinetic properties;
the Cl atom of HOCI, the Cl atom of HCI, and the Br atom of therefore, one has to be aware that within the accuracy of
HBr between the reactant and transition states at different levelsMPW1K the error limit is a few kcal mol. Considering a
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reports a complex where the<I bond is parallel to the HCI
bond. Zhou and LitP report a complex that is more similar to

50 the one determined in this study, where a hydrogen bond is
] formed between the oxygen atom and-@l. (Geometrical

] details and a comparison with previous studies are given as
=0 Supporting Information).

il il 3.2.2. HOCI+ HCI + 1H,0. We found two different local
minimum structures for the HOGHCI-H,O complex that we
termed (a) and (b) (see Figure 2). Complex (a) is the lower-
lying minimum compared to (b), with an energy difference of
5.0 kcal mofl. At 200 K, the ratio of complex (a) to (b) is
approximately 18 The reaction barriers for the two processes
: are 54.7 (a) and 33.1 (b) kcal mdé) respectively. Assuming
N B B P that both complexes are present, reaction channel (b) would be
faster by about 15 to 20 orders of magnitude in the temperature
sob S Js0 range from 200 to 300 K. The reaction complex determined by
"""" R T 1 Xu*resembles our (b) mechanism but is still slightly different.
pa— The barrier is higher than in channel (b), and the reaction energy
is lower (see Tables 2 and 3) (the geometries are compared in

0 _/\ Jo
; ! m Supporting Information).

oo b In both channel (a) and channel (b), the water molecule acts

as a proton shuttle that is responsible for so-called water-

mediated proton transfer. Because the barrier of channel (a) is

as high as the reaction without an additional water molecule,

this mechanism will play no role in the gas phase because it is

—’_\ AN more likely that a complex of two molecules rather than a

T R N P T T b complex of three molecules will form.

6 3 0 3 6 96 28 0 3 6 9 3.2.3. HOCI+ HCI + 2H,0. In the course of the reaction
s [Bohr] HOCI + HCI with two catalytic water molecules, we can also

observe a proton-shuttle mechanism. Both water molecules are

Figure 1. Classical potential energy curve (or minimum-energy path; directly involved in the reaction. HCI protonates a neighboring

—) and vibrationally adiabatic ground-state potential energy curve water molecule, and this molecule in turn transfers one of its

(- - ) as a function of the reaction coordinatealculated at the B3LYP/ -
6-314G(d) level of theory interpolated to MPWI1K/6-35(d.p) own protons to the second water molecule, which donates one

energies. Left: HOCH HCI + nH,O starting fromn = 0 (top) ton of its protons to HOCI. Finally, this results in a net separation
= 3 (bottom); right: HOCH HBr + nH,0. of CI~ and HOCI" at the transition state that is similar to that

in the uncatalyzed reaction. The catalytic effect of the two water

deviation of only between 1 and 2 kcal m&l we have to molecules is enormous because the barrier is lowered from 54.7
assume that the error in terms of reaction rates is about 1 to 2to 9.7 kcal mot™. Xu'*found barriers that were approximately
orders of magnitude between 200 and 300 K. The reaction rates9-5 and 6.4 kcal mof higher than the barriers we found even
determined in this study will therefore provide primarily a though the structures are very similar.
qualitative picture whereas quantitative properties should be 3.2.4. HOCI| + HCI + 3H,0. Finally, we investigated a
considered to bear an error of a few orders of magnitude. mechanism for the reaction of HOCI with HCI involving three
Because our goals are to estimate which of the two reactions iswater molecules. As shown in Figure 2, the reaction mechanism
faster and to approximate the difference between the gas-phasés very similar to the mechanism occurring on a hexagonal ice
and the surface-catalyzed reactions, our results will give a very surface (see Figure 3). By also taking into account the fact that
good picture of which reaction will happen under different this reaction is almost barrierless (3.3 kcal Ml we can
conditions. assume that this reaction is representative of the surface reaction

3.2. Stationary Points and Reaction Mechanisms. on ice. Even though on a real ice surface there would be more
3.2.1. HOCI + HCI. We determined stationary points for the ~Water molecules surrounding the reaction complex, we think
reaction of HOCH HClwith n= 0, 1, 2, and 3 water molecules  from a mechanistic point of view that the reaction is described
(see Figure 2). The structure of the pure HOTI complex, sufficiently. As demonstrated by Xd%,the mechanisms found
representing the gas-phase reaction, is characterized by &0 far involving more than three active water molecules do not
hydrogen bond, where HCI serves as a proton donor and HOCI,occur. Other water molecules only stabilize the complex but

as a proton acceptor. In the course of the reaction, HCI do not participate during the reaction. The reaction takes place
protonizes HOCI and forms agCI-ClI- -like complex at the on a surface; therefore, solvation effects influence the water

transition state that in the following step forms the products molecules involved in the reaction. Yet, HOCI and HCI, which

[$)]
o

-1

Potential [kcal mol ]

PRI A B

(6]
o

50

o

LN L B L B

vl Ly

Cl, and HO. The reaction barrier is 54.7 kcal mélat the are located at the surfaé&are not influenced very much by
MPW1K/6-31+G(d,p) level of theory, which is in excellent ~ the solvation effect of other water molecules.
agreement with 55.3 kcal ndl (with zero-point energy, ZPE) The mechanism for the reaction involving three water

as reported by Xt (barriers and reaction energies are summed molecules proceeds similarly to the above-mentioned mecha-
up in Tables 1, 2, and 3), yet the geometries of the reactantnisms where the HCI proton is transferred to the first water
complex determined in this study differ from the ones deter- molecule, which shuttles one of its own protons to the next water
mined previously*13 Whereas Liu et al® report a van der  molecule and so forth. Even though the bond length of HCl in
Waals complex where the two chlorine atoms are closest! Xu the clusters of different size increases with the number of water
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Figure 2. Qualitative representation of the stationary points of the reaction HOBLCI supported byn = 0, 1, 2, and 3 water molecules. The
reactions HOCH HBr with n = 0, 1, 2, and 3 water molecules are analogous except for mechanism (1b), which could not be found for HBr
because of the nonconvergence of the transition state.

because they employed a different model for the ice catalyzation,
the different result is not surprising.

3.2.5. HOCI+ HBr + nH»0. Qualitatively, the picture for
HOCI + HBr is almost the same as for the reactions involving
HCI. All mechanisms were found to be identical except for
mechanism (1b), where the geometry of the transition state did
not converge. Because of the different size of the bromine atom
compared to the chlorine atom, bond lengths and angles differ
a little (see Supporting Information). Quantitatively, the result
Figure 3. Schematic representation of the reaction complex of HOCI is different from the HCI| cases because the reaction barriers
and HCl on a hexagonal ice surface. HCI adsorbs perpendicularly on gre significantly lower (see Table 2). The mechanisms involving
the ice surface with its hydrogen bond oriented toward a surface oxygen yg, obey a trend of significantly lower reaction barriers than

atom. HOCI adsorbs on the ice surface forming a hydrogen bridge . . : .
between the oxygen atom and a dangling hydrogen of the ice surface.those mechanisms involving HCI. The caserior 2 is almost

This is the most likely complex on a hexagonal ice surface. The formed Parrierless, with an energy difference between the educt and
complex of HOCIHCI-ice is almost identical to the mechanism shown  transition state of only 0.76 kcal mdl A third catalytic water
in Figure 2 for the mechanism with three water molecules. molecule = 3) does not lower the reaction barrier (0.75 kcal
mol™Y); therefore, we assume that there are two important
molecules involved, we find no Clion in the reactant state. = mechanisms for this reaction on an ice surface. The ZPE-
This is in agreement with the study of Xtiwhich also reported corrected barrier fon = 3 is slightly negative at the B3LYP/
no dissociation of HCI in clusters of that size. Similar to the  6-31+G(d) level, yet when inspecting the potential energy curve
= 2 case, the reaction barrier reported by Xu is much higher (see Figure 1), we find that even though the barrier is negative
(10 kcal molY) than our barrier even though the geometries at the transition state there is a maximum in the potential energy
are not significantly different (see Supporting Information). The curve off the classical transition state. The maximum\Gf is
barrier reported by Zhou and Uiuis higher than ours, but  temperature-dependent and is crucial to the determination of
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between two reactions is not sufficient for the estimation of
differences in reaction rates even if we are interested only in a
qualitative and not a quantitative picture. An accurate calculation
of rate constants for reactions involving hydrogen atom transfer
requires a quantum mechanical treatment of the motion along
the reaction coordinate. This in turn requires more knowledge
of the potential energy surface than just the barrier height. It
turns out that tunneling can increase the reaction rate by many
orders of magnitudé-67 if there is at least one proton transfer

] ) ) ] involved. Therefore, we determined the tunneling contributions
Figure 4. Schematic representation of the reaction complex of HOCI

: . ' _on the reaction rates for the described reactions.
and HBr on a hexagonal ice surface. The mechanism for the case with ) . ] )
three active water molecules is identical to the mechanism for HOCI ~ Figure 5 shows all reaction rates in the series HGGHCI/
+ HCI (see Figure 3). Additionally, a mechanism with two active water HBr supported by different numbers of water molecules. What
molecules might occur, which is shown schematically in the lower right we can observe is that the reactions involving HBr are in general
corner. This mechanism is likely to be important for conditions with a much faster than the reactions involving HCI. In Figure 5B,
high surface coverage with different molecules. the mechanism for HOCH HBr + H,O corresponds to the

the reaction rate. We found, however, thds* at the general- ~ S&me mechanism as for HOEIHCI + H:0 (a), but we were
ized transition staf® is positive for any reaction at any unable to determine the mechanism corresponding to HOCI

temperature and thatG* is >RT (even though only by 300 HQI =+ H0 (b). Figure 5D repre§ents the cases for t'he reactiqns
cal molX for n = 3 andT = 100 K, thus the VTST approach with three water molecules, Whlch are representatlvg of an ice
is still applicable although the result should be used with care). SUrface. Because both reactions are almost barrierless, the
When following the MEP from the transition state, we found (€mperature dependence is smalie HBr reaction is almost
no stable intermediates in any of the reactions even though thelndependent of temperature changes, and the HCI reaction
gradient of the reaction is very small. In both the HCI and HBr changes only by a factor of 10 in the temperature range 190 to

reactions, the protons are transferred asynchronously but300 K. At 190 K, we observed reaction rates of110° s™*
concertedly. and 4x 10" s7* for HOCI + HCl and HOCI+ HBr (n = 3),

From the mechanistic point of view, the reactions with respectively. Therefore, the reaction-rate difference between the

2 and 3 might occur on hexagonal ice (see Figure 2). In Figure tWO reactions is approximately 4000.

4, we show schematically how the reactions of HOCI with HBr ~ Table 5 summarizes the transmission coefficients at 190 K.

might occur on an ice surface. Mostly, the small-curvature tunneling approach is predominant
3.3. Reaction Rates and Quantum Mechanical Tunneling. over the other forms of tunneling, with some exceptions. For

Previous studies on the HOGt HCI system have described the reaction HOCH# 1HCI + 1H,0 (b) and also for the surface-

only reaction barriers but not reaction rates. However, the barrier like reaction of HOCI with HCI, LCT clearly predominates over

A B

10400 r T T T 1e+00 T T T T

16-20 1e-20

Kk(s")

1e-80

1e-109 1e-109 5
TIK] TK
1e+15 T T T T 1e+14 T T T T
F HOCI +HBr +2H,0 q
16410 : = fe+12|~ HOCI +HBr +3H,0 .
10405 L — 1e+10— -
L . _
B e ] B e
<~ L e ] < e
tesof LT - teso8|- e —
1e0sE e . 16406 _ocu\“o\ L 3 _
--------- o)
“HoC + HOL + 27 i
oL . 1 . 1 1 1 1
1e-195 200 300 %400 200 300
TIK) TIK]

Figure 5. Reaction rates for the reactions of HOCI with HBr. (A), (B), (C), and (D) represent the reactions wi€h 1, 2, and 3 water molecules,
respectively. Shown are reactions with HBf)(and HCI ¢ - +) . In (B), reaction channels (a) and (b) are shown for the HCI reaction, as outlined
in the text and in Figure 2.
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TABLE 5: Transmission Coefficients (Tunneling
Corrections) for the HOCI + HCI, HBr Reactions?

transmission coefficient at 190 K

Voegele et al.

on the surface up to about 88%. A direct comparison between

the HCI and HBr reactions shows that the HBr reactions on the

surface tend to be 3 to 4 orders of magnitude faster.
Considering polar stratospheric clouds of type Il, we find that

HOCI + HCI Wigner LCT SCT . . . g
5 1208 1701 L 7al the reaction of HOCI with HBr is the more important one as
n= ‘ ) ) long as the ratio of HBr to HCI is>1:4000. At present
n=1(a) 1.086 1.178 1.182 . - .
n=1(b) 1.482 1134 23.71 stratospheric HCl and HBr concentrations, the HBr mechanisms
n=2 1.502 1.685 1.723 are clearly more important. Also, because the HBr reaction can
n=3 1.104 1.882 1.788 occur via a mechanism involving a smaller reaction cluster, the
HOCI + HBr reaction happens under conditions where not enough water
molecules are accessible for direct participation in the reaction.
=0 1.116 1.345 1.385 : e
2: 1(a) 1.044 1.270 1.660 After HBr_ls consumed and the_ ratio $1:4000, the HOCH-
n=2 1.056 1.376 1.579 HCI reactions become predominant.
n=3 1.079 1.142 1.170
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aMost important form of tunnelingeOMT). T = 190 K.

all other tunneling approaches. In most cases, the Wigner

correction is not sufficient to describe tunneling. The highest

tunneling contribution happens in reactions HOEIHCI +

1H,0 (b) (representative of a gas-phase reaction) and HOCI

HCI + 3H,0 (representative of a surface-catalyzed reaction)

with «'s of 113 and 1.88, respectively. Thus, we can observe

reaction-rate enhancements of 113-fold and 88%, respectively,

due to tunneling. The much higher tunneling contripution fpr References and Notes
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