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The acid ionization of HBr on ice is important in connection with the rapid springtime ozone depletion in the
Arctic tropospheric boundary layer. The interaction of HBr with an ice surface is studied theoretically via
electronic structure calculations on a semiconstrained (HB0©):; model cluster at the MP2 level of theory
using effective core potentials for all the heavy atoms. The heterolytic dissociation of HBr to fos@n" a8t~

contact ion pair is not found to occur atop this model ice lattice system, but it is found to be barrierless and

energetically spontaneous when assisted by a single extra-lattice water molecule.

1. Introduction for HBr. Important features here are that, despite the lower
concentration of bromine compared to chlorine compounds,
bromine has a higher capacity than chlorine, on a per atom basis,
to deplete ozon& and that bromine reservoir compounds,
compared to their chlorine analogues, have shorter life-
times!213.20.21Although HBr chemistryper seinvolving eq 1

has been invoked by some auth&tthe majority viev#® is

It is now well recognized that heterogeneous reactions
occurring on aerosol surfaces, including ice aerosols, play a
critical role in ozone depletion in the polar stratosphere and
elsewheré:? For example, the net reaction H&l CIONO, —

Cl, + HNOs! between the so-called “reservoir species”, i.e.,
g\ggt:glf:)nrg iﬁorr)i%flr):it?:tse %}gsl\g)oog‘rtozfu\gs\gh2%21;2;2"2 fe ?nstead that the reI(_evant het(_aroge_neous bromine chemistry
involves the hydrolysis of bromine nitrate, BrON& H,O —

chlorine is recognized as the key heterogeneous reaction in th . .
Antarctic stratosphere connected to extensive ozone depletiorel:_r'] OaBrSJirmmglroj’efiﬁlI?wefoﬁé;?:fté?ghw;giz gérsatuee:é?ggeﬁgus

there%’zl . . . bromine chemistry is likely to involve the mixed reaction HOBr
Considerable attention, both experimental and theoretical (for 2 24,95
e X + HCI — BrCl + H,0 rather than HB#224
a partial listing, see refs-38) has consequently been given to - . .

. MRS . In the mid-latitude stratosphere, away from the polar regions,
the issue of the acid ionization of HCI at or on an ice surface, : : -
since this is central to the question of the ionic or molecular where the relevant heterogeneous reaction media are highly

. q . . : acidic sulfate aerosols, the limited solubility of any halogen acid
character of the cited HCGF CIONGO;, reaction and its variants. A . ;
HX precludes their significant involvement, and again the

The corresponding question for hydrobromic acid HBr has | h bromi hemi ol o
received less attentidh!® particularly from a theoretical :gtﬁ\éﬁ; anetﬁg)?%eneous romine chemistry involves BroN

wewpomt.le ®In th|§ paper, we present electronic structure The overall situation is evidently generally similar in the upper
calculations to examine the possibility of the HBr acid ioniza- . . ) -
tion, proton-transfer reaction tropospher.e, where cirrus clouds are glomlnant. the higher
' concentration of HCI, compared to HBr, is thought to strongly
_ N favor the importance of chlorine-based heterogeneous chemis-
HBr + H,O0—Br + H;O 1) try.27
Evidently, by far, the most important role for HBr acid
atop a cluster model HB{H,0);3 of an ice surface. Although  ionization occurs in the springtime Arctic tropospheric boundary
the molecular level explication of reaction 1 is clearly of interest layer, where bromine is much more abundant than elsewhere,
in connection with the numerous experiments that addrés®it,  and where heterogeneous bromine chemistry is implicated in
it is also important to consider its relevance for ozone depletion extremely rapid ozone depletion near ground 1&%€1? Briefly,
in various atmospheric contexts. As now recounted, the sig- 0zone-destroying Br radicals can be rapidly converted to the
nificant atmospheric relevance of reaction 1 is likely to be reservoir species HBr via gas-phase reactions involving form-
confined to the Arctic tropospheric boundary layer. aldehyde and perhydrox$t.In view of this, the heterogeneous
In the polar (Antarctic and Arctic) stratosphere, heterogeneous reactions involving the reservoir species HBr
bromine chemistry has been implicated in ozone depléfion,

although this does not necessarily imply any significant role HBr + HOCI— BrCl + H,O 2)
T Part of the special issue “G. Wilse Robinson Festschrift”. HBr + HOBr— Brz + Hzo (3)
~ *Corresponding author. E-mail: hynes@spot.colorado.edu, hynes@
junieensfr. are believed to be crucial in maintaining the readily photolyzable
* Leiden University. ) . LS !
$ University of Colorado. bromine species BrCl and Breffective in gas-phase catalytic
I Ecole Normale Supeeure. ozone destructiof+28.2932The relevant surfaces here include
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ice aerosols, snowpack ice, and sulfuric acid aerosols. HBr acidfor an ice surface. As we will see, this is a relevant issue for

ionization would indicate ionic pathways involving the Bon much larger cluster models representative of an ice surface.

for the key reactions 2 and 3. In this paper, we present quantum chemical calculations of
Experimental investigation of the interaction of HBr with ice  larger cluster systems, HBH20)q(H20)13 n=0, 1, as a model

was initiated by Hanson and Ravishank&saho found un- of HBr on ice. These calculations address the HBr ionization

limited uptake of HBr, in contrast to the limited uptake of HCI, issue from a particular perspective. The= 0 calculation
under their experimental conditions. These authors pointed to€xplores the possibility that dissociation might occur atop a
the likelihood of acid ionization in this connection, noting the “dry” ice surface, an occurrence suggested not to be important
greater solution-phase acid strength of HBr compared to HCI, for the weaker acid HCI’ Then = 1 calculation examines a
an inference reinforced by the experimentally observed feeble Situation where HBr dissociation might occur spontaneously
uptake of the weaker acid HFIndeed, we believe that this with an additional extra-lattice water, a view consistent with a

acid strength perspective is an extremely valuable one, and wedynamic ice surfacé?3

will return to it. Our computational results for a “dry” surface= 0) portray
an endothermic HBr ionization. Conversely, we find that
hydrogen bonding of the incipient Banion by an extra-lattice
water moleculerf = 1) results into the quite facile formation
of a H;0™-Br~ contact ion pair.

The outline of the remainder of this paper is as follows. In
section 2, we describe and motivate the cluster model selected
for the investigation. The HBr reaction on a “dry” ice surface
via the HBF(H20);3 cluster is described in section 3, whereas
section 4 deals with the HB#,0-(H20)13 system. Concluding
remarks are offered in section 5, including some comments on
the comparison HCI case.

The more facile uptake of HBr compared to HCI has been
generally supported in subsequent experimé&hts,1> many of
which have explored the formation of various hydrates of HBr
under various experimental conditions. It appears, however, that
under the low HBr pressure conditions that are atmospherically
relevant, hydrate formation is unlikely1* In this case, the
viability of the proton transfer eq 1 becomes the central issue
for HBr, and we focus on it.

A number of more recent spectroscopic experimental results
point to HBr ionization. Fourier transform infrared spectroscopy
experiment¥* on thin ice films exposed to HBr at temperatures
(e.g., 140 K) considerably lower than those relevant in the Arctic 2. Choice of the Model System
boundary layer {230-250 K33) suggest that HBr dissociates

. b . The quantum chemical modeling of the interaction of HBr
to form H;O™ and Br ions. Just as it has been pointed out for

X ot : . with an ice surface must take into account the natural structural
the case with HC,where low-temperature infrared observation - ;ngiraints of the ice controlling the ability of lattice waters to

of HyO™ **is complicated by the existence of hydrates, hydrate pyqrogen-hond to HBr or its deriveds8*+Br- contact ion pair.
formation at low temperature may obscure the HBr ionization Ajihough a model ice lattice large enough to naturally enforce
issue in the higher temperature atmospherically relevant context.iese constraints, at least locally, would obviously be desirable,

It is also suggestéd that the number of water molecules s jmolementation from an ab initio perspective is not compu-
required for dissociation of HBr is smaller than that required ta4iona|ly viable. Therefore, guided by chemical intuition, one
for HCI. It is noteworthy that this would be in striking contrast st resort to a computationally tractable model system where
to what would be expected on the basis of small cluster y,o herceived natural constraints are artificially enforced via an
calculations, discussed below, Y\;f;gre four water molecules are,q pocselection of the internal coordinates (and their combina-
required for both HBr and HEH17:%(at 0 K). tions) used to describe the dissociation process.

On the theoretical side, there has been very limited activity  We choose as a model lattice a small section of the top bilayer
for HBr reactivity on ice for related systems. An examination of hexagonal ice, comprising thirteen water molecules arranged
of HBr (and HCI) acid ionization on ice due to Robertson and in three contiguous hydrogen-bonded rings, shown in Figure 1.
Clary'® utilized the quantum proton tunneling formulation of This lattice model and the initial configuration used in the
Borgis and Hyne¥ to conclude that acid ionization atop anice calculations are based on several considerations, such that the
surface was thermodynamically favorable for HBr (and HCI). top bilayer is not exactly that of ideal hexagonal #edn
However, as was pointed out already in ref 4, those calculations particular, the structure of the ice portion studied here was taken
have certain difficulties, such that the conclusion does not from a molecular dynamics study & 190 K) of the sticking
follow. of molecular HCI on icé9in which the ice surface was modeled

lonic dissociation has been investigated in very small by four dynamic bilayers superimposed on two bilayers of fixed
HBr-(H20):-4 water clusters via quantum chemical calcula- water molecules. (This same H&kte configuration was found
tions16:17The dissociated products Band HO™ are observed in ref 41.) In this way, the present modeling incorporates to a
to be stable compared to undissociated HBr when the clusterdegree the influence of bilayers below the water molecules
contains four waters. In contrast to a simple contact ion pair, explicitly included. The water molecules in the first (top)
this observed ion pair has an unusual structure: a cycle of threemonolayer are of two classé§:4° Each class contains three
water molecules separates the Bind HO™ ions, each triply possible orientations of the hydrogen atoms of the water
hydrogen-bonded above and below, respectively, the planemolecules. A class 1 water has one of its protons pointing
defined by the oxygens in the water cycle, in a trigonal- perpendicular and away from the surface (exhibiting a “dangling
bipyramidal geometry (cf. ref 16). This persists as the most bond”), while the second proton is pointing diagonally down-
stable structure among all possibilities for the HBRO), ward toward the bulk, forming a hydrogen bond with an oxygen
system up to about 180k (whereas the corresponding stability of a water molecule in the second monolayer. A class 2 water
for a similar CI+(H20)3-HsO" ion paif® has a more restricted  has its two protons pointing downward toward the bulk, forming
temperature range). But in any event, it is important to two hydrogen bonds with the neighboring waters in the second
emphasize that it is unclear exactly what degree of relevancemonolayer, and an electron lone pair pointing perpendicularly
such very small cluster studies have for the problem of acid away from the surface.
dissociation on ice; in small clusters, the water molecules are  The central water in the top monolayer of the model lattice
free to extensively rearrange, in ways that might not be possible in Figure 1 is of class 2 and is hydrogen-bonded to the HBr
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proton, in a configuration close to that found in the study of ref
40 for HCI on ice (as will be seen in section 3.1, where
geometric details are specified, this configuration is not far from
the final optimized HBr configuration). This same water is also
coordinated to three other waters in the second monolayer,
offering considerable solvation in the eventuality of the forma-
tion of an KO™ ion via proton transfer from HB#

In all our calculations, the general structure of the model
lattice is preserved throughout the proton-transfer reaction by
letting the nearest neighbor-@ distance (all initially set at
the same value) in the oxygen atoms’ framework vary simul-
taneously, while all the ©0—0 angles and the ©0—-0-0
dihedral angles are kept fixed; this “breathing” motion of the rigure 1. Optimized structure of HBr adsorbed on the basal plane
lattice framework preserves the symmetry of the O-framework face of a model hexagonal ice lattice comprising thirteen water
without, however, fixing the O atoms’ positions. At the same molecules R = 1.717 A;r = 1.487 A, andd = 169.3). See section
time, all the OH bonds are independently allowed to vary, as 3.1 for details.
are any angles involving H atoms; this improves the ability of
the lattice to hydrogen-bond to HBr by letting all the OH bonds ' is 1.487 A, whereas the €HBr distanceR is 1.717 A, and

polarize and reorient. 0, = 169.3 (cf. Table A, Supporting Information).

The three internal coordinates best suited to examine the Itis apparent that HBr dissociation atop the model ice lattice
dissociation of HBr on top of an ice surface are R) the is opposed by some significant barrier counter to the spontaneous
distance between the H atom of HBr and the O atom of the formation of a HO™-Br~ -(H,O):> contact ion pair via proton
proton-accepting central water molecule; (i) the H-Br transfer. Such a barrier can be probed by .forcmg the model
distance in HBr, and (iiip, the angle between the vectds  System to explore the region of the potential energy surface
andr, and we use these in our discussions. involving the proton transfer, via implementation of a strategy

We used the quantum chemistry package GAMESS*US. already used by two of us in studies of the mechanisms of the
All the calculations were carried out at the MP%vel using reactions of CION@with H,0 and HCl on ic€’*"4°We present

the —31-compatible SBKJC valence-only basis set (and its theS€ calculations in section 3.3. _
corresponding effective core potentials) for all the heavy _3-2- Adsorption Energy of HBr on Ice. We have estimated
atoms® All the O atom basis sets are complemented with a the adsorption energy of HBr on the 4B)1; model ice lattice
polarization function (exp. 0.8), whereas the Br atom bears both Orrected for basis set superposition error (BSS&gcording
polarization (exp. 0.389) and diffuse (exp. 0.0376) functions. t© the scheme HEP + (H;0)49 _'“H%r(g)'(HZO)(lS)(g)_’ HBr-

In addition, the basis sets of the oxygens in the HBr-bound (H20)s where the exponent *(g)” labels the monomers
lattice central water and its three nearest neighbor waters (theSeParately optimized, whereas the HB.0):s complex is the
latter meant to solvate the ensuing hydronium ion) is comple- ©N€ optimized in the previous section. _

mented with diffuse functions (exp. 0.0845). This selective The calculation has involved the following steps: (i) separate

assignment of basis functions for the H@t,0): core unit eases  OPtimization of HBIY and (HO){® (the model lattice was
the computational burden by limiting the size of the basis set optimized with the constraints described in section 3.1 above);

on lattice waters that have a merely solvating function (as (Ii) optimization of the HB{®-(H;0)15% complex with both

opposed to electronic participation in the possible HBr dis- HBr® and (H0)3® frozen into the optimized geometries
sociation), besides being consistent with recommendations inObtained in the previous step (only the six intermolecular internal

ref 46 for MP2 calculations on hydrogen-bonded systéns. coordinates are relaxed); (iii) cognterpoise (CP) correé’fioﬁ
Detailed structural data on the species examined are appended€ energy of HBE and (H0).5% in the presence of the entire

in the Supporting Information. basis set of the HEP-(H,0)149 complex in the optimized
geometry obtained in (ii); (iv) optimization of the HEH,0);3
3. HBr Atop a Model (H,0)13 Ice Lattice complex via relaxation of the gas-phase optimized geometries

of the monomers (performed in section 3.1 above). This scheme
3.1. Reactant ComplexWe first investigate the possible acid  only corrects for the BSSE involved in the initial formation of
dissociation of HBr atop an ice lattice by optimizing the structure the complex, without infringing upon the “natural” sharing of
of the HBr(H,0).3 reactant complex shown in Figure 1. HBr the dimer’'s whole basis set by the monomers to relax to their
is initially hydrogen-bonded to the accepting water at the center optimized geometries within the dimer. We find an adsorption
of the lattice, with an orientation almost perpendicular to the energy corrected for BSSE of9 kcal/mol (see Table 2).
plane of the top monolayer. Specifically, via a series of  3.3. Driven Heterolytic Dissociation of HBr in the Reactant

preliminary optimizations at the Hartre€&ock level with Complex. To explore the energy penalty opposing acid dis-
smaller basis sets, we have selected the initial values of thesociation, we have driven the optimized HBt,0);3 reactant
reaction pair coordinates as follows: —®IBr distanceR, = complex along a dissociation path by constraining theHBr

1.672 A, H-Br distanceR, = 1.495 A and the angle between distanceR at progressively smaller values in a stepwise fashion,
ro andRy, 6, = 168.4. The initial value off), is similar to that and optimizing all remaining coordinates (still within the degrees
found by Kroes and Claf§ in their molecular dynamics study  of freedom of the semiconstrained lattice described in section
of the sticking of molecular HCI on ice. Throughout the 2). This compression procedure results in the heterolytic
geometry optimization, the ice lattice is semiconstrained, as cleavage of the HBr bond and the production of gOHBr-
described in section 2. contact ion pair. Relevant parameters are reported in Table 1.
We have found that HBr does not dissociate in this model  The reportedR values span the range in which one would
system: molecular HBr is the stable species. In the optimized expect a proton transfer barrier to appear. The driven dissociation
reactant complex, displayed in Figure 1, the Bf bond length yields a monotonic, increasing energy profile ®decreasing
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TABLE 1: Driven Heterolytic Dissociation of HBr in
HBr ‘(H20)13

Re r 0 E(0 K) AE"  q(H3O%) q(Br)
1.71F 1.487 169.3 —235.361502 0.00 0.31/0.37-0.380.36
150 1.535 169.4—235.360586 0.57 0.36/0.40-0.43/0.42
1.40 1574 169.1-235.359550 1.22 0.40/0.42-0.47/-0.44
1.30 1.632 168.6—235.358250 2.04 0.45/0.45-0.53/-0.48
1.20 1.720 166.7—235.356801 2.95 0.51/0.52-0.59/-0.52
1.10 1.889 161.5—235.356154 3.36 0.60/0.66-0.65/0.57
1.05 1.969 160.0—235.355932 3.50 0.64/0.69-0.67/0.60

2R andr in angstroms,0 in degrees (see text for definitions),

E(0 K) in hartree, AE in kcal/mol, Lowdin/Mulliken atomic charges
g(HsO*%) andq(Br-) in e. ® Energy relative to th&(0 K) energy of the
optimized reactant complekFirst row: values corresponding to the
optimized reactant complex.

TABLE 2: Energetics of the Adsorption of HBr on (H>0)13

E(0 K)2 AEP
HBr© ¢ —13.844564
(H20)159 —221.496506
HBr@ + (H,0),59 —235.341070 12.8
HBI®-(H,0),49* d —13.847128
HBr@* +(H,0)49 —221.499716
HBr + (H20).3 (CP corrected) —235.346844 9.2
HBr+(H20)13 —235.361502

a Absolute energyE(0 K) in hartree® AE = E[HBr-(H,0)13] —
E[HBr + (H20)14] in kcal/mol (1 hartree= 627.51 kcal/mol)° The
exponentd) labels the monomer geometries separately optinflZée
exponent * labels the “ghost” nuclei in the CP correction calculation.

Figure 2. Structure of the Br-(H30)*+(H2O):, contact ion pairR =

1.05 A,r =1.969 A, andd = 160.0) obtained via driven dissociation

of HBr in the reactant complex shown in Figure 1. See section 3.3 for
details.

from 1.717 to 1.05 A, the latter value representative of the OH
bond length in hydronium ion in this model environment (see
Appendix A). The HO™ and Br charges reported in Table 1
are indicative of the transition from molecular pair to contact
ion pair, and resemble, f&® = 1.05 A those of independently
solvated HO™ and Br (see Appendix A).

The structure of the contact ion pair f& = 1.05 A is
displayed in Figure 2. The OH bonds in the centrgDi are
1.05 (pointing toward Br), 1.04 (pointing toward the observer),
and 1.01 A, respectively, whereas the HOH angles areg,112
1122, and 120 (the last between the OH bond pointing away
from the observer and the one pointing toward Br). The bromide
ion is solvated by three hydrogen bonds: one wigdH (1.969
A), and the others with two lattice waters (2.417 and 2.550 A,
the latter with the rightmost water). We note that one of these
two waters was initially hydrogen-bonded to the central water
(now HzO™). The formation of the hydronium ion has weakened
the original hydrogen bond and allowed the formation of a
hydrogen bond to the bromide ion, leaving the hydronium ion

Al-Halabi et al.

Although the energy values in Table 1 are calculated at 0 K,
their trend strongly indicates that the formation of the contact
ion pair is endothermic for the HBH,O),3 model system. We
could not calculate the zero point energy (ZPE) contribution to
the driven dissociation minimum energy path, since the presence
of lattice constraints yields several imaginary frequencies in the
diagonalization of the Hessian matrix along the constrained path.
However, the ZPE correction for the related case of acid
dissociation of HCI on ice is in favor of the contact ion pair,
and can account for at most 2 kcal/mol stabilization relative to
the neutral paif. Thus, even assuming a barrier decrease of 2
kcal/mol due to ZPE correction, the driven dissociation path
for HBr-(H20)13 remains endothermic.

This conclusion is not affected by the absence of further
waters in our model lattice. In fact, extra water layers attached
“underneath” the three-rings model lattice could only reduce
the ability of the OH bonds to reorient and solvate the Bn.
Thus, given the bia@ favor of HBr dissociation, the endo-
thermicity observed for the driven formation of;@G-Br-
without any extra water present (cf. Figure 2) ipwer estimate,
since extra waters would certainly impede the rotation of the
OH initially bound to the central water lone pair, and the
consequent lack of solvation for Bwould lead to an energy
for the contact ion paihigherthan the one currently reported
in Table 1. Similar remarks also apply to the rightmost, edge
water in Figure 2.

As an important concluding remark in this section, we note
that these studies of the “dry” HRH.0);3 case highlight the
role of lattice constraints in opposing acid dissociation: their
presence prevents the collapse of the cluster during geometry
optimization, an event conducive to structures representative
of gas-phase clusters known to promote dissocidfioout
extraneous to the present context.

4. The HBr-H,O Complex Atop a Model (H,0)13 Ice
Lattice

The “dry” HBr-(H20)13 model system studied in section 3
neglects the participation of further waters, extra-lattice, which
could assist in the dissociation. This general feature was invoked
by Gertner and Hynés in connection with HCI acid dissocia-
tion under polar stratospheric conditions190 K), in view of
the dynamic character of the ice surface under those condi-
tions 3853 This aspect should be even more important at the
higher temperature and humidity conditions in the Arctic
tropospheric boundary layét.

In this section, we probe the ability of HBr to ionize in the
presence of one extra water molecule, adsorbed on the lattice
and hydrogen-bonded to bromine. This scenario, in which HBr
is in a ring of water molecules, was viewed in the comparison
HCI casé* as leading to HCI incorporatioat the ice surface,
followed by dissociation. The question addressed in this section
for HBr is if this stronger acid can dissociate even at this stage,
without complete incorporation into the lattice.

The HBrH,0-(H20):3 model system chosen for the calcula-
tions is displayed in Figure 3. The initial-€HBr distance R,
= 1.672 A, and H-Br distanceyf, = 1.495 A, are those also
chosen for the initial configuration of the HBH,0),3 reactant
complex in section 3.1, with the extra water grafted on to the
lattice in a reasonable location. Again, the O-framework bears
the only structural constraints, similar to previous sections, while
both HBr and the extra water are unconstrained.

The geometry optimization of the HB#,0-(H20);3 complex

tricoordinated, a local arrangement previously discussed in refleads to heterolytic dissociation of HBr with formation of a

52.

H3;O*+Br—+(H20);3 contact ion pair, shown in Figure 4. The
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estimated 3.5 kcal/mol (without ZPE correction). However,
when an extra water molecule is added to the model system,
adsorbed on the ice lattice and hydrogen-bonded to bromine,
HBr is found to dissociate spontaneously to form #DH-Br~
contact ion pair, with the hydronium ion solvated by the waters
in the top bilayer and the bromide ion, the latter also solvated
by the extra wate?? The ion pair structure is not the one found

in small cluster calculation$;1” emphasizing the importance
of constraints imposed by an ice lattice.

The implications of these results for the Arctic boundary layer
reactions of HBr with HOCI and HOBr (egs 2 and 3) is that,
clearly, they will occur via ionic mechanisms. The reaction of
Cl= with HOCI has already been considered theoreticélly,
Figure 3. Initial configuration of HBFH,O adsorbed on the ()3 although the issue of any role o&8" in that reactioff (as for
model ice lattice. See section 4 for details. the reaction of HCI with CION@) remains to be examined.

The present HBr results call for a comparison with HCI. In
related calculation® we have found that the corresponding acid
ionization for HCI does not occur until two extra water
molecules are present atop the model ice lattice. These HCI
results will be placed in perspective with assorted literature
results connected with mechanisms of HCl ionization involving
HCI incorporation at a dynamic ice surface or ionization atop
a “dry” ice surfacé#83741L57in an extensive discussion else-
where®6 Here we restrict our discussion to why HBr would
require fewer waters than HCI to dissociate atop the ice. As
stressed in refs 3, 4, and 37, a crucial aspect is the necessary
solvation of an incipient Cl ion, essential for a favored
dissociatiof? (over and above the solvation requirements for
Figure 4. Structure of the Br-(HzO)*+(H,0):3 contact ion pair derived an incipient HO"). From this perspective, the more facile
from the HBrH,O-(H20),3 complex displayed in Figure 3 via simple  dissociation of HBr atop the surface would have to be driven
geometry optimizationR = 1.17 A,r = 1.773 A, andg = 173.2). by theincreased acid strengtbf HBr compared to that of HCI.
See section 4 for detalls, In the current understanding of hydrohalic acid HX relative acid
strength in solutiof258 the ordering HF< HCI < HBr < HI
traces to the decreasing homolytic-M{ bond strength in the
series. Since this ordering is opposite of the anion solvation

presence of D™ in the stable structure is signaled by the
strongly reduced ©HBr distanceR to a value of 1.166 A,
indicative of a polarized OH bond in the hydronium ion (see el )
Appendix A). This view is also supported by the final lengths €€ energies in watéf.e.g., Br is less well solvated than C|

of the other two OH bonds in the proton-accepting water, the solvat_|on of BT_ls IeSS|mp(_)rtant_ fqr HBr dissociation than
increased to 1.035 (pointing toward the observer) and 1.017 A the solvation of Ct is for HCI dissociation; only one extra water
from, respectively, 1.011 and 1.000 A in the starting structure. IS 'équired for HBr while HCl requires two. In this connection,
The HOH angles in this hydronium ion are 20202, and we also note that if the surface of ice doped with HCI were

10%. The H-Br distancer has increased to 1.773 from 1.672 Well described as a “liquid-like layefO which is not observed
A. The OHBr angle is 173 The extra water, forming a in assorted simulations at190 K 2#8there would presumably

hydrogen bond of 2.501 A with Br is also hydrogen-bonded be no distinction between the ease of acid dissociation of HBr
to two other waters of the lattice. and HCI, due to the leveling effect of strong acis.

The Lowdin/Mulliken atomic charges on4®* and Br are _ .
0.53/0.50 and-0.63/~0.55 e, respectively (cf. Appendix A). Acknowledgment. This work was supported in part by the
Similar to the driven dissociation case of Figure 2, although in NSF grants ATM-9613802, ATM-0000542, and CHE-9709195
a much less pronounced fashion, the hydrogen bond betweerfnd the CNRS. This work is part of the program of FOM that
the electron lone pair of the ensuing®t and the lattice water 1S financially supported by NWO. A.Al-H. thanks Drs. J. E.
in the second monolayer has noticeably weakériéds signaled ~ vVan Dierendonck for financial support and G. J. Kroes for a
by the changed orientation of the water OH bond relative to careful read_lng of t_he manuscript. J.T.H. thanks Prof. M. Tolbert
Figure 3, thus providing further support to the cationic nature for useful discussions.
of the central HO moiety.

Solvation for the incipient Bt ion is provided mostly by the ~ A. Reference Structural Parameters for the HO*+(H20)s
extra-lattice water, requiring a far milder reorientation of the and Br™+(Hz0)s lons

OH bond oriented toward the (weak) lone pair of the central, 4 identify reference features of solvateg®d* and Br ions

incipient HO™ (compare Figures 2 and 4). This is clearly a within the level of theory used, we have optimized the geometry
case where the presence of further water layers underneathys o HO™*-(H,0)s and Br -(H,0); model clusters, with kD"

would presur_nably_ h_ave little influence on the observed barri- o4 Br at the center of the clusters, hydrogen-bonded to the
erless HBr dissociation. surrounding waters. In both cases, to simulate the surface
environment, structural constraints have been enforced during
the optimization. In particular, the distances between the central

We have found that the HBr heterolytic dissociation on top heavy atom (O/Br) and the oxygens of the solvating waters have
of a semiconstrained model ice surface is endothermic by anbeen fixed at 2.81 A, whereas all the OXO £XO, Br) angles

5. Concluding Remarks
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have been kept near-tetrahedral (109)7Ih the O™+ (H,0)3

case, no other constraints were imposed, whereas for th

Br—-(H.0); case, the hydrogen bonds were kept collinear. In
both cases, the OH bonds were unconstrained.
For HiO* in the optimized HO*+(H,O); cluster, the OH

distance averages 1.031 A, whereas the HOH angles are°108.6

The Lowdin/Mulliken atomic charges of $#0* and Br in their
respective complexes are 0.84/0.93 ar@148/0.59¢, respec-
tively.

Supporting Information Available: Structures and energies
of the following clusters: optimized HB{H,O):3 reactant
complex; forcibly dissociated Br(H3O)"+(H20);2; HBr-H,0-
(H20)z1in its initial configuration; optimized Br-(Hz0)™(H20)13
contact ion pair; optimized 40+ (H,O)s; optimized Br+(H;0)s.

This material is available free of charge via the Internet at http://

pubs.acs.org.
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