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The effects of aqueous solvation on the thermochemistry of reactions between mercury and small halogen
molecules has been investigated by the microsolvation approach using ab initio and density functional theory
(DFT) calculations. The structures, vibrational frequencies, and binding energies of 1, 2, and 3 water molecules
with mercury-halide (HgBr2, HgBrCl, HgCl2, HgBr, and HgCl) and related mercury and halogen species
(Br2, BrCl, Cl2, Cl, Hg, and Br) have been computed with second order Møller-Plesset perturbation theory
(MP2) and the B3LYP density functional method. Accurate incremental water binding energies have been
obtained at the complete basis set (CBS) limit using sequences of correlation consistent basis sets, including
higher order correlation effects estimated from coupled cluster calculations. The resulting energetics were
used to calculate the influence of water molecules on the thermochemistry of a number of reactions between
mercury and small halogen-containing molecules. In general, the presence of water favors the formation of
oxidized mercury halide species.

I. Introduction

Unusual behavior has recently been observed in the polar
tropospheric chemistry of mercury. Throughout the dark winter
months, the concentration of mercury in the polar troposphere
remains near its global background concentration of 1-2 ng/
m3.1 However, following polar sunrise, the mercury concentra-
tion fluctuates drastically and tends toward lower concentra-
tions, often dropping as low as 0.1 ng/m3.2-6 These fluctuations,
which have been called mercury depletion events (MDEs),
closely resemble ozone depletion events that are known to be
caused by reactions with small reactive halogen species such
as Br and BrO.7-11 This has led to the proposal that the MDEs
are a result of the oxidation of gaseous elemental mercury (the
dominant form of mercury in the atmosphere) by reactions with
the same halogen species.2-5,12-14 These oxidized mercury
species are then thought to be deposited on the snowpack.3,13,14

This hypothesis has led to numerous experimental15,16 and
theoretical17-25 studies on the gas-phase kinetics and thermo-
chemistry of possible mercury-halogen reactions that may
be involved. In addition to gas-phase reactions, it is likely
that water plays an important role in MDEs. The deposition
of the oxidized mercury species on snow and ice surfaces
obviously involves water. It is also possible that clouds, water
droplets, and ice surfaces may catalyze the mercury oxidation
process.14

Because of the potential importance of water in MDEs, an
ab initio study has been carried out to investigate the effects of
aqueous solvation on a number of mercury- and halogen-
containing species. Those that have been studied are HgBr2,
HgCl2, HgBrCl, HgBr, HgCl, Br2, Cl2, BrCl, Hg atom, Br atom,
and Cl atom. The binding energies and structures of these
species with one, two, and three water molecules have been
determined. The effects on the gas-phase thermochemistry due
to these numbers of water molecules have also been examined
for the following reactions:

The interaction of the Hg atom with a single water molecule
has been reported previously,26 but the microsolvation of the
other mercury species in this study have not previously appeared
in the literature. There have been a number of previous
investigations, however, into water complexes involving halogen
atoms27-29 and diatomic halogen molecules.30-37

II. Methodology

Geometry optimizations were carried out for 11 species
(HgBr2, HgCl2, HgBrCl, HgBr, HgCl, Br2, Cl2, BrCl, Hg, Br,
and Cl) with one, two, and three water molecules. For each
complex, the optimizations employed second order Møller-
Plesset perturbation theory (MP2).38 For the open shell mol-
ecules, unrestricted Hatree-Fock (UHF) calculations were used
to determine the reference wave functions, and the unrestricted
MP2 method (UMP2) was used for the electron correlation. In
all calculations, the frozen-core approximation was employed,
and in these cases, the Br 3d electrons were included in the
core. The basis sets used throughout this work corresponded to
cc-pVnZ-PP for Hg39 and Br,40 and aug-cc-pVnZ41,42for H, O,
and Cl (n ) D, T, Q). In the cases of the weakly bound Hg+
(H2O)m complexes, however, diffuse-augmented basis sets (aug-
cc-pVnZ-PP) were also used on Hg. In any event, these basis
set combinations will henceforth be denoted by simply aVDZ,
aVTZ, and aVQZ forn ) D, T, and Q, respectively. It should
be noted that the use of an aug-cc-pVDZ-PP basis set on Hg† Part of the “Thom H. Dunning, Jr., Festschrift”.

Atom-Atom Recombination
Hg + X f HgX (X ) Br, Cl) (1)

Atom-Diatom Recombination
HgX + Y f HgXY (X, Y ) Br, Cl) (2)

Abstraction
HgX + Y f Hg + XY (X, Y ) Br, Cl) (3)

Insertion
Hg + XY f HgXY (X, Y ) Br, Cl) (4)
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was tested for the HgBr2-(H2O)2 complex at the MP2 level of
theory. The resulting counterpoise corrected binding energy (see
below) was within 0.01 kcal/mol of the value calculated without
the additional diffuse functions on Hg. Energy consistent
relativistic pseudopotentials (PPs) of the Stuttgart-Köln variety
were used on the Hg43 and Br40 atoms. The Hg PP leaves the
5s25p65d106s2 electrons to be explicitly treated, and the Br PP
replaces all but the 3s23p63d104s24p5 electrons. The aVDZ basis
sets were used in the geometry optimizations. Geometries were
also optimized with the B3LYP44,45 hybrid density functional
method, again employing the aVDZ basis sets. However, the
latter calculations did not include the Hg-atom complexes
because the B3LYP method did not adequately describe this
weak van der Waals interaction. Both the MP2 and B3LYP
geometry optimizations were followed by frequency calculations
at the same levels of theory. All geometry optimizations and
frequency calculations were carried out with the Gaussian0346

program.
At the optimized geometries, the standard counterpoise (CP)

correction47 was applied to the binding energies in order to
correct for basis set superposition error (BSSE). The counter-
poise corrected interaction energies, designated∆ECP, were
calculated as follows

where the subscripts denote which 1-particle basis functions
were utilized, and the asterisk indicates that the geometry of
the complex was used. A deformation energy was also included
to account for the geometrical distortion of the monomers from
their equilibrium structures in the formation of the complex.
These deformation corrections were calculated as the difference
in energy between each monomer at its equilibrium geometry
and its geometry in the complex, using only the monomer basis
sets, that is,

for monomer N. The binding energy was then obtained by
subtracting the deformation energy of each monomer from the
counterpoise corrected interaction energy of eq 5.

The B3LYP counterpoise corrections and deformation energy
calculations were carried out with Gaussian03, whereas the MP2
values were calculated with the MOLPRO48 suite of ab initio
programs. For the open shell molecules, the restricted open shell
Hartree-Fock (ROHF) method was used to determine the
reference wave functions, and the restricted MP2 (RMP2)
method was used to compute the correlation energy contribu-
tions. The zero point vibrational energy corrections to the
binding energies, denoted∆EZPE, were calculated from one-
half the sums of the harmonic vibrational frequencies calculated
at the same levels of theory as those of the geometry optimiza-
tions.

In each case, a correction was included to account for basis
set incompleteness. To this end,∆ECPwas computed at the MP2/
aVTZ and MP2/aVQZ levels of theory using the MP2/aVDZ
geometries. The three MP2∆ECP interaction energies (aVDZ,
aVTZ, and aVQZ) were then extrapolated with a mixed
Gaussian exponential formula:49,50

to obtain an estimate of the MP2 complete basis set (CBS) limit.
In eq 8,n is the basis set cardinal number (i.e, 2 for DZ, 3 for
TZ...), whereasf1 andf2 are fitting parameters. For the four open
shell complexes HgX-(H2O)3 and X-(H2O)3 (X ) Cl, Br),
MP2/aVQZ calculations were not carried out. For these
complexes,∆ECP(CBS) was estimated using the following
formula51,52

where the scale factorR is given by

and was calculated using the HgX-(H2O)2 and X-(H2O)2
complexes.

An additional correction to the MP2∆ECP was also included
to estimate the effects of higher order electron correlation. In
these calculations, the coupled cluster singles and doubles
method with a perturbative estimate of connected triple excita-
tions [CCSD(T)]53-55 was used to determine∆ECP using the
aVDZ basis sets at the MP2/aVDZ optimized geometries. For
the open shell species, the R/UCCSD(T)55-57 method was used,
that is, reference wave functions were determined from ROHF
calculations, but the spin restriction was relaxed in the coupled
cluster calculations. The correlation correction∆ECC was then
defined as the difference between the∆ECP values calculated
at the CCSD(T)/aVDZ and MP2/aVDZ levels of theory.58,59

It should be noted that geometry optimizations and frequency
calculations were not carried out using the larger basis sets or
with the CCSD(T) method. Therefore, the MP2/aVDZ∆E(N)DEF

values of eq 6 were used in those cases. The final best estimate
binding energies were then obtained as follows:

III. Results and Discussion

A. Structures. The optimized geometries of HgBr2, HgBr,
Br2, Br atom, and Hg atom with one, two, and three waters are
shown in Figures 1-5, respectively. The geometries shown
correspond to those optimized at the MP2/aVDZ level of theory.
The structures for the other mercury/halogen species not shown
in Figures 1-5 are qualitatively similar to those shown and are
given in the Supporting Information. Specifically, the optimized
geometries of the HgCl2 and HgBrCl complexes closely
resemble the structures for HgBr2, with the water molecules in
the HgBrCl case preferring configurations where they are more
strongly interacting with the Cl atom. The HgCl geometries
closely resemble those of HgBr, Cl atom structures resemble
those of the Br atom, and the Cl2 and BrCl cases resemble those
of Br2. The lowest energy BrCl conformers, however, are those
in which the water molecules are closest to the Br atom.

In almost every complex, numerous local minima were found
on the potential energy surfaces, but only the lowest energy
structures are depicted. For many of the complexes, local
minima were found that were only tenths of kcal/mol higher in
energy than that of the structures shown. This is especially true
for the three-water complexes. The HgBr2-(H2O)3 complexes
pictured in Figures 1c and 6a are excellent examples of this.
The conformer pictured in Figure 1c is 0.7 kcal/mol lower in
energy than the conformer pictured in Figure 6a when the MP2/
aVDZ level of theory was used in the geometry optimizations.
However, when the geometries were optimized at the B3LYP/
aVDZ level, the relative energetics switch, with the conformer
in Figure 6a instead calculated to be 0.7 kcal/mol lower in
energy.

∆ECP ) E*(complex)ab...n- E*(A) ab...n- E*(B)ab...n... -
E*(N)ab...n (5)

∆E(N)DEF ) E*(N)n - E(N)n (6)

∆EBE ) ∆ECP - ∆E(A)DEF - ∆E(B)DEF ... - ∆E(N)DEF
(7)

∆ECP(n) ) ∆ECP(CBS) + f1e
-(n-1) + f2e

-(n-1)2 (8)

∆ECP(CBS) ) ∆ECP(TZ) + R[∆ECP(TZ) - ∆ECP(DZ)] (9)

R ) [∆ECP(CBS) - ∆ECP(TZ)]/[∆ECP(TZ) - ∆ECP(DZ)] (10)

∆EBE(best)) ∆ECP(CBS)- Σ∆E(N)DEF + ∆ECC (11)
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For the most part, however, both the B3LYP and MP2 levels
of theory predicted the same conformers to be global minima,
which is similar to previous results published on pure water
clusters; for example, see ref 60.

There have been a number of previous theoretical and
experimental investigations in which the structures of some of
the complexes considered in this study have been reported.
Soldán et al.26 optimized the geometry of the Hg-H2O complex
with a variety of methods and basis sets. Their largest basis
set, (10s8p7d4f), was used with a relativistic small-core ECP,
and the geometry optimizations were carried out with B3LYP,
MP2, and quadratic configuration interaction with single and
double excitations (QCISD). The current results are in good
qualitative agreement with their larger basis set calculations.
Both studies found theCs symmetry conformer shown in Figure
4a to be the global minimum. The MP2/aVDZ Hg-H bond
length of the current study was calculated to be 2.81 Å, which
is slightly longer than the result of 2.77 Å of Solda´n et al.
Similarly, the B3LYP Hg-H bond length of the current study
was found to be 3.12 Å and is also longer than their B3LYP
value of 3.01 Å. In addition, their QCISD bond length of 3.02
Å suggests that MP2 slightly underestimates this quantity. Of
course, the structures of the present work could be improved
by using larger basis sets and increased levels of electron
correlation, but these calculations are outside the scope of this
study.

Sevilla et al.29 have previously reported MP2 structures using
small double-ú basis sets for Cl-H2O and Cl-(H2O)3. Roe-
selováand co-workers27,28have reported studies involving Cl-
H2O and Br-H2O using the Fock space coupled cluster singles
and doubles method (FSCC) with double-ú basis sets. In the
case of the single water molecule complexes, the previous
calculations and the current results predict a minimum withCS

symmetry, whereby the oxygen of the water is directed toward
the halogen atom. This structure is shown in Figure 4a for Br-
H2O. The FSCC method yielded a Br-O bond length of 2.8
Å,28 which is identical within their reported precision to the

Figure 1. Optimized MP2/aVDZ geometries for HgBr2 with (a) one,
(b) two, and (c) three water molecules.

Figure 2. Optimized MP2/aVDZ geometries for HgBr with (a) one,
(b) two, and (c) three water molecules.

Figure 3. Optimized MP2/aVDZ geometries for Br2 with (a) one, (b)
two, and (c) three water molecules.
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current MP2 value of 2.80 Å. The MP2 Cl-O bond length in
Cl-H2O from ref 29 was reported to be 2.70 Å, whereas the
FSCC calculations yielded a value of 2.65 Å,27 both of which
agree well with the current MP2 result of 2.70 Å. The present
MP2 Cl-O-H1-H2 dihedral angle of 109° is also in qualitative
agreement with the FSCC value,27 105°. The optimized structure
in the present work for the Cl-(H2O)3 complex did not
correspond to the same conformer that had been reported
previously in ref 29, and this latter conformer is shown in Figure
6b. The conformer pictured in Figure 4c was calculated to be
2.3 kcal/mol lower in energy than that of the confomer in Figure
6b when both were optimized at the MP2/aVDZ level of theory.

The complexes of Br2, Cl2, and BrCl with a single water
molecule have been previously studied by both experiment and
theory. Both the previous studies32,34-37 and present results
indicate that the equilibrium geometries haveCs symmetry with
the oxygen atom lying nearly on the X-X bond axis with an
obtuse X-O-H-H dihedral angle. The optimized structure of
Br2-H2O from this work is shown in Figure 3a. The experi-
mental X-O bond lengths of Legon and co-workers35,37 for
Cl2-H2O and Br2-H2O were determined by pure rotational
spectroscopy and reported as 2.848 and 2.851 Å, respectively.
The present MP2/aVDZ values of 2.755 and 2.759 Å are shorter
by about 0.09 Å. Previously reported ab initio structures32,34-37

for Br2 and Cl2 complexed with a single water molecule were
determined using levels of theory similar to that of the present
study, that is, either the MP2 or MP3 method with approximately
double- or triple-ú quality basis sets. Thus not suprisingly these
are in good qualitative agreement with the structures calculated
here. The Br-O bond length in BrCl-H2O has not been
determined experimentally, but the MP2/aug-cc-pVDZ value
of Davey and Legon36 of 2.72 Å is only slightly longer than

the present value of 2.68 Å. The difference between the present
MP2 result and that of ref 36 is likely due to the inclusion of
scalar relativistic effects via the PPs in the present work.

There has been one previous report of a multiwater-
dihalogen complex, and this was for Br2 with up to seven water
molecules.34 As part of this study, the authors optimized a
conformer of Br2-(H2O)2 at the MP2/6-311+G(d,p) level of
theory in which the two water molecules were interacting with
Br2 in a relatively independent manner. This structure is shown
in Figure 6c. At the MP2/aVDZ level of theory, however, this
conformer was found to lie 5.1 kcal/mol above the one pictured
in Figure 3b, in which the water molecules are interacting with
each other together with the Br2 molecule.

Other than the conformers just discussed, it appears that
structures for the other complexes included in the present study
have not been reported previously. With regards to the isolated
monomer species, the best estimates of the gas-phase structures
of the mercury halide species should be taken from previous
ab initio calculations [HgBr, HgCl (ref 25); HgBr2, HgCl2, and
HgBrCl (ref 20)], whereas there exist high resolution experi-
mental data for the bond lengths of the dihalogens.61-64 As
shown in Figure 1a-c, addition of water slightly distorts the
mercury dihalide molecule from linearity. In addition, as
expected, the water interacts most strongly by directing its lone
pairs toward the oxidized mercury atom. The mercury halide
structures shown in Figure 2a-c also follow this trend with
multiple waters forming typical hydrogen-bonding networks.

Figure 4. Optimized MP2/aVDZ geometries for the Br atom with (a)
one, (b) two, and (c) three water molecules.

Figure 5. Optimized MP2/aVDZ geometries for the Hg atom with
(a) one, (b) two, and (c) three water molecules.

Mercury Halide Species J. Phys. Chem. A, Vol. 111, No. 44, 200711345



B. Incremental Binding Energies.The incremental binding
energies are shown in Tables 1-4, with the HgXY complexes
contained in Table 1, the HgX and XY complexes contained in
Tables 2 and 3, and the atom-water complexes contained in
Table 4. As described in section II, the B3LYP binding energies
include ∆ECP, ∆E(N)DEF, and ∆EZPE, all calculated at the
B3LYP/aVDZ level of theory. Similarly, the MP2/aVDZ

binding energies include the same quantities but calculated at
the MP2 level of theory. The CCSD(T)/aVDZ and MP2/CBS
limit values, however, utilized the MP2/aVDZ results for
∆E(N)DEF and∆EZPE. Finally, the best estimates of the binding
energies shown in these tables are defined as the MP2/CBS
binding energy plus the difference between the MP2/aVDZ and
CCSD(T)/aVDZ∆ECP values.

A few trends in the binding energies are apparent from Tables
1-4. With the exception of the Br-(H2O)n and Cl-(H2O)n
complexes, all of the MP2/aVDZ binding energies are larger
than the CCSD(T)/aVDZ values. The MP2 results are typically
about 0.5 kcal/mol higher in energy, but for the HgBr and HgCl
complexes, they can be nearly 1 kcal/mol higher than that of
their CCSD(T) counterparts. The MP2/CBS binding energies
in all cases represent an increase with respect to the MP2/aVDZ
values. The differences between the MP2/CBS and aVDZ results
are generally larger than the CCSD(T) corrections, with values

Figure 6. Low-lying alternative conformers for (a) HgBr2(H2O)3, (b)
Cl(H2O)3 and (c) Br2(H2O)2.

TABLE 1: Equilibrium Incremental Binding Energies ( De)
for HgXY + nH2O (kcal/mol)

species theory basis set n ) 1 n ) 2 n ) 3

HgBr2 B3LYP aVDZ 4.18 6.98 9.60
CCSD(T) aVDZ 5.00 8.04 7.32
MP2 aVDZ 5.49 8.44 7.68

aVTZ 6.16 9.54 8.76
aVQZ 6.71 10.06 9.27
CBS 7.06 10.38 9.58

best estimatea 6.57
(5.45)

9.97
(7.34)

9.22
(7.57)

HgBrCl B3LYP aVDZ 4.58 8.97 8.25
CCSD(T) aVDZ 5.39 8.53 7.18
MP2 aVDZ 5.89 8.96 7.52

aVTZ 6.59 10.01 8.61
aVQZ 7.14 10.53 9.13
CBS 7.49 10.85 9.44

best estimatea 6.99
(5.76)

10.42
(7.83)

9.10
(7.55)

HgCl2 B3LYP aVDZ 4.81 8.87 8.35
CCSD(T) aVDZ 5.56 8.51 7.72
MP2 aVDZ 6.06 8.92 8.09

aVTZ 6.73 9.98 9.15
aVQZ 6.89 10.88 9.68
CBS 6.98 11.45 10.00

best estimatea 6.47
(5.30)

11.03
(8.41)

9.63
(8.08)

a MP2/CBS + [CCSD(T)/aVDZ - MP2/aVDZ]. The zero-point-
corrected values (D0) are given in parentheses.

TABLE 2: Equilibrium Incremental Binding Energies ( De)
for HgX + nH2O (kcal/mol)

species method basis n ) 1 n ) 2 n ) 3

HgBr B3LYP aVDZ 3.42 9.30 8.40
CCSD(T) aVDZ 3.83 8.11 7.22
MP2 aVDZ 4.44 9.06 7.59

aVTZ 5.13 9.95 8.35
aVQZ 5.55 10.52
CBS 5.82 10.87 9.12

best estimatea 5.21
(4.10)

9.92
(7.29)

8.75
(6.28)

HgCl B3LYP aVDZ 4.14 9.98 8.60
CCSD(T) aVDZ 4.49 8.69 7.42
MP2 aVDZ 5.35 9.65 7.73

aVTZ 6.08 10.64 8.51
aVQZ 6.57 11.20
CBS 6.87 11.55 9.27

best estimatea 6.01
(4.68)

10.59
(8.02)

8.96
(7.06)

a MP2/CBS + [CCSD(T)/aVDZ - MP2/aVDZ]. The zero-point-
corrected values (D0) are given in parentheses.

TABLE 3: Equilibrium Incremental Binding Energies ( De)
for XY + nH2O (kcal/mol)

species method basis n ) 1 n ) 2 n ) 3

Br2 B3LYP aVDZ 3.89 6.81 7.69
CCSD(T) aVDZ 3.32 5.96 8.10
MP2 aVDZ 3.82 6.31 8.19

aVTZ 4.00 7.05 8.93
aVQZ 4.26 7.42 9.20
CBS 4.42 7.65 9.36

best estimatea 3.92
(2.92)

7.30
(4.97)

9.27
(6.59)

BrCl B3LYP aVDZ 5.06 7.24 7.50
CCSD(T) aVDZ 4.12 6.19 7.98
MP2 aVDZ 4.76 6.62 8.05

aVTZ 5.00 7.40 8.77
aVQZ 5.31 7.79 9.03
CBS 5.51 8.03 9.18

best estimatea 4.87
(4.06)

7.60
(4.90)

9.11
(6.48)

Cl2 B3LYP aVDZ 2.71 6.16 8.11
CCSD(T) aVDZ 2.47 5.55 8.44
MP2 aVDZ 2.81 5.78 8.57

aVTZ 2.96 6.41 9.37
aVQZ 3.07 6.83 9.65
CBS 3.14 7.10 9.81

best estimatea 2.80
(2.11)

6.87
(4.34)

9.68
(6.94)

a MP2/CBS + [CCSD(T)/aVDZ - MP2/aVDZ]. The zero-point-
corrected values (D0) are given in parentheses.
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between 1 and 2 kcal/mol. The largest basis set effect is
exhibited by the HgBrCl-(H2O)2 complex, where the MP2/
CBS binding energy is larger than the aVDZ value by 2.5 kcal/
mol.

It is likely that the best estimates given in Tables 1-4
underestimate the actual binding energies. The CCSD(T)∆ECP

interaction energies were not computed at the CCSD(T)
minimum geometry and are thus probably somewhat too small.
Since the MP2∆ECPvalues are larger than the CCSD(T) results,
the CCSD(T) correction will be too negative. This will therefore
likely lead to an underestimation of the actual binding energy.
To help quantify this error, CCSD(T)/aVDZ optimizations have
been carried out for HgBr2, HgBr, and Br2 with one water
molecule. The∆ECP values calculated at these CCSD(T)
geometries are 0.4, 0.2, and 0.1 kcal/mol larger than those
calculated at the MP2 geometries.

There does not appear to be any systematic relationship
between the B3LYP/aVDZ binding energies and those computed
with MP2/aVDZ or CCSD(T)/aVDZ. However, for the most,
part all three methods agree to within∼1.5 kcal/mol or better.
The two exceptions to this trend are the Cl and Br complexes,
where the B3LYP binding energies are significantly higher
(1.5-3.5 kcal/mol) than those of the other two methods.

The Hg-H2O binding energies of the current study are in
excellent agreement with the previous calculations of Solda´n
et al.26 They reported binding energies without a ZPE correction
of 0.92 kcal/mol from MP2 calculations and 0.61 kcal/mol using
the CCSD(T) method, both employing a large (11s10p8d5f4g)
basis set on Hg and aug-cc-pVQZ basis sets on H and O. The
currentDe values shown in Table 4, 1.04 kcal/mol with MP2/
CBS and a best estimate of 0.64 kcal/mol, agree very well with
the values of Solda´n et al.

There have also been previous calculations on the binding
energies of Br2, BrCl, and Cl2 with a single water molecule. In
the case of Cl2-H2O, Dahl and Røeggen32 reported aDe of
2.99 kcal/mol from MP3 calculations using approximately
triple-ú basis sets, whereas Davey et al.35 determined an MP2/

aug-cc-pVDZDe of 2.82 kcal/mol. These compare well with
the presentDe obtained with MP2/aVDZ of 2.81 kcal/mol. Due
to a near cancellation of the CCSD(T) and CBS corrections, all
of these values also agree well with the best estimate forDe of
2.80 kcal/mol. The MP2/aug-cc-pVDZ equilibrium binding
energy for BrCl-H2O was previously calculated to be 4.45 kcal/
mol,36 which is slightly lower, but still very close to the present
MP2/aVDZ De of 4.76 kcal/mol and the current best estimate
of 4.87 kcal/mol. Ramondo et al.34 conducted ab initio calcula-
tions on Br2-H2O with the B3LYP and MP2 methods. Their
B3LYP/6-311+G(d,p)De was calculated to be 4.06 kcal/mol,
which is slightly higher than the 3.89 kcal/mol value computed
with the B3LYP/aVDZ method in this study (Table 3). Similarly,
their MP2/6-311+G(d,p) De of 3.59 kcal/mol is in good
agreement with the current MP2/aVDZ value of 3.82 kcal/mol.
Again, because of a cancellation of basis set effects and higher
order electron correlation effects, all values for theDe of Br2-
H2O are in good agreement with the present best estimate of
3.92 kcal/mol.

C. Effects of Microsolvation on Reaction Enthalpies.Table
5 contains the 0 K gas-phase enthalpies for a number of
mercury-halogen reactions that were taken from earlier ab initio
investigations,19,25 together with the effects of microsolvation
from the present study. The gas-phase enthalpies were computed
at the CCSD(T)/CBS level of theory using relativistic PPs on
Hg and Br and included corrections for core-valence correlation,
spin-orbit coupling, scalar relativity, and the pseudopotential
approximation. They are expected to be accurate to within(1
kcal/mol. The effects on the reaction energetics from including
water molecules were determined by including 1, 2, or 3 waters
with one of the reactants and one of the products. When there
were two species in either the reactants or products, all of the
water molecules were kept with the species that had the largest
binding energies. The microsolvation effects were then calcu-
lated as:

where theD0 is the total binding energy for removing all waters.
For the two- and three-water complexes,D0 was obtained by
adding the incremental binding energies found in Tables 1-4.

TABLE 4: Equilibrium Incremental Binding Energies ( De)
for Atoms + nH2O (kcal/mol)

species theory basis set n ) 1 n ) 2 n ) 3

Hg B3LYP aVDZ
CCSD(T) aVDZ 0.19 4.83 8.41
MP2 aVDZ 0.59 5.17 8.40

aVTZ 0.85 5.62 9.53
aVQZ 0.97 5.93 9.83
CBS 1.04 6.12 10.00

best estimatea 0.64
(0.29)

5.78
(3.70)

10.00
(6.93)

Br B3LYP aVDZ 5.06 7.90 9.36
CCSD(T) aVDZ 2.66 6.38 7.97
MP2 aVDZ 2.47 6.38 8.08

aVTZ 2.73 7.08 9.15
aVQZ 3.01 7.47
CBS 3.19 7.72 10.38

best estimatea 3.38
(2.65)

7.72
(5.28)

10.27
(7.67)

Cl B3LYP aVDZ 6.46 8.47 9.72
CCSD(T) aVDZ 2.56 6.63 8.00
MP2 aVDZ 2.34 6.26 8.09

aVTZ 2.59 7.18 9.24
aVQZ 2.89 7.60
CBS 3.09 7.85 10.42

best estimatea 3.32
(2.68)

8.23
(5.51)

10.33
(7.64)

a MP2/CBS + [CCSD(T)/aVDZ - MP2/aVDZ]. The zero-point-
corrected values (D0) are given in parentheses.

TABLE 5: Effects of Microsolvation on Gas-Phase 0 K
Reaction Enthalpies (kcal/mol)a

reaction
∆Hr

gas phaseb
∆∆Hr

n ) 1
∆∆Hr

n ) 2
∆∆Hr

n ) 3

atom-atom recombination
Hg + Br f HgBr -16.3 -1.5 -3.5 -2.1
Hg + Cl f HgCl -22.9 -2.0 -4.5 -4.0

atom-diatom recombination
HgBr + Br f HgBr2 -73.0 -1.4 -1.4 -2.7
HgBr + Cl f HgBrCl -81.8 -1.7 -2.2 -3.5
HgCl + Br f HgBrCl -75.0 -1.1 -0.9 -1.4
HgCl + Cl f HgCl2 -83.8 -0.6 -1.0 -2.0

abstraction
HgBr + Br f Hg + Br2 -30.6 1.2 3.5 3.2
HgBr + Cl f Hg + BrCl -36.5 0.0 2.4 2.2
HgCl + Br f Hg + BrCl -29.7 0.6 3.7 4.3
HgCl + Cl f Hg + Cl2 -35.1 2.6 6.3 6.4

insertion
Hg + Br2 f HgBr2 -42.4 -2.5 -4.9 -5.9
Hg + BrCl f HgBrCl -45.3 -1.7 -4.6 -5.7
Hg + Cl2 f HgCl2 -48.7 -3.2 -7.3 -8.4

a n designates the number of water molecules present.b Gas phase
atom-atom recombination enthalpies were taken from ref 25 with other
enthalpies taken from ref 19.

∆∆Hr ) D0(solvated reactant)- D0(solvated product) (12)
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The best estimate binding energies were used in all cases to
calculate∆∆Hr.

The atom-atom recombination reactions between Hg and Br
or Cl are a likely initiation step in the oxidation of mercury
during mercury depletion events (MDEs). The gas-phase
recombination of these atoms proceeds without a barrier and is
exothermic by 16.3 kcal/mol for HgBr and 22.9 kcal/mol for
HgCl.25 Inclusion of water molecules on the Br or Cl reactants,
together with the HgBr or HgCl products, slightly increases the
exothermicity of the reactions. A single water molecule yields
∆∆Hr values of-1.5 and-2.0 kcal/mol for HgBr and HgCl,
respectively, whereas a second water molecule more than
doubles the effects to-3.5 and-4.5 kcal/mol, respectively.
This trend does not continue with the addition of a third water,
where slightly smaller∆∆Hr values of-2.1 and-4.0 kcal/
mol are calculated, respectively.

It has been proposed that the major species being produced
during MDEs are Hg(II) species, and three likely possibilities
are HgBr2, HgBrCl, and HgCl2. If the formation of HgBr and
HgCl is the first step in the oxidation, then one way to form
these Hg(II) species would be the atom-diatom recombination
reactions given in Table 5, that is, HgX+ Y f XHgY. These
reactions are also known to proceed without a barrier24 and are
all strongly exothermic by 73-83 kcal/mol. The addition of
water molecules also yields an increase in exothermicity, and
with three water molecules, the effects are similar in magnitude
to the atom-atom recombination reactions.

A set of reactions that can compete with Hg(II) formation
arising from atom-diatom recombination are abstraction reac-
tions, HgX + Y f Hg + XY. As shown in Table 4, these
reactions are also exothermic, but at about-30 kcal/mol, they
are significantly smaller in magnitude than the enthalpies of
the atom-diatom recombination reactions. This series of
reactions are actually madelessexothermic by the inclusion of
water molecules, and there is a significant increase in the
solvation effect between one and two water molecules. This is
due primarily to HgX having more ionic character than the XY
species. Thus the presence of water would seem to favor the
atom-diatom recombination reactions over the abstraction
reactions, yielding an increased production of the Hg(II) species.

The final set of reactions to be considered are insertion
processes of the type Hg+ XY f XHgY. This single step
oxidation of Hg(0) to Hg(II) is exothermic by about 45 kcal/
mol for Br2, BrCl, and Cl2. These reactions, however, are
unlikely to occur directly in the gas phase because of large
barriers along the reaction path. Multireference configuration
interaction (MRCI) calculations have shown that the Hg+ Br2

f HgBr2 reaction has a barrier of about 27 kcal/mol.24 As might
be expected, the inclusion of water molecules also results in
these reactions being more exothermic, and the effects are
slightly larger than those of the other series of reactions.
Presence of a single water molecule increases exothermicity by
2.5, 1.7, and 3.2 kcal/mol for Br2, BrCl, and Cl2, respectively,
and a second water molecule more than doubles the effect to
4.9, 4.6, and 7.3 kcal/mol, respectively. Addition of a third water
further increases the exothermicity. Since the transition state
of this insertion reaction arises from a ionic-covalent curve
crossing, it is highly likely that the presence of water will also
stabilize the transition state with respect to the reactants. If the
stabilization of the transition state is significant, it is possible
that these reactions would be sufficiently catalyzed by the
presence of ice surfaces and water droplets to play a strong role
in tropospheric mercury depletion events.

IV. Conclusions

Ab initio calculations have been carried out to determine the
structures and binding energies of one, two, and three water
molecules with a series of small mercury- and halogen-
containing species (HgBr2, HgBrCl, HgCl2, HgBr, HgCl, Br2,
BrCl, Cl2, Hg, Br, and Cl). These calculations were undertaken
to help understand the effects that water vapor, snow, and ice
surfaces may have in reactions between mercury and halogen
species, which are likely to play an important role in polar
tropospheric mercury depletion events. Geometry optimizations
were carried out with both the MP2 and B3LYP methods using
double-ú basis sets augmented with diffuse functions. Additional
calculations were performed with a series of larger correlation
consistent basis sets to estimate binding energies at the complete
basis set limit. A further correction for higher order electron
correlation effects was calculated using the CCSD(T) method.
The counterpoise correction was applied to all binding energies
to account for BSSE.

Theoretical structures and binding energies have been reported
previously for Hg and halogen atoms as well as dihalogen
molecules with one water molecule and for the halogen atoms
with multiple water molecules. For these complexes, the binding
energies of this study are believed to be among the most accurate
currently available. For the other complexes in this work, this
is the first time the structures or binding energies have been
reported.

The effects of solvation on four series of reactions have been
investigated. The atom-atom abstraction reactions, that is, Hg
+ X f HgX (X ) Br, Cl), which have been proposed as a first
step in mercury depletion events, were found to increase in
exothermicity because of the presence of water. Likewise, the
atom-diatom recombination reactions of the form HgX+ Y
f XHgY (X, Y ) Br, Cl) were also found to increase in
exothermicity with the inclusion of water molecules. HgX+
Y f Hg + XY abstraction reactions, which may compete with
atom-diatom recombination, were found to be less exothermic
when water was present. Finally, the insertion reactions Hg+
XY f XHgY were found to be significantly more exothermic
when microsolvation was included.
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