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A global potential energy surface (PES) for the1A′ ground state of HgBr2 has been constructed in order to
determine the rate constants for atmospherically important reactions involving mercury and bromine. The
total energy of HgBr2 was calculated by the multireference configuration interaction level of theory with
series of correlation consistent basis sets up to quadruple-ú quality with subsequent extrapolation to the complete
basis set limit. An additive correction for spin-orbit coupling was also included. The global PES was
represented piecewise by interpolating three separate parts of the surface with the reproducing kernel Hilbert
space method and connecting them smoothly by switch functions. Quasiclassical trajectory calculations carried
out on the surface yielded 298 K thermal rate constants of 3.89× 10-11 cm3/(mol‚s) for the abstraction
reaction HgBr+ Br f Hg + Br2, 2.98× 10-11 cm3/(mol‚s) for the recombination reaction Br+ HgBr f
HgBr2, and 3.97× 10-11 cm3/(mol‚s) for the exchange reaction Br+ HgBr f BrHg + Br. The insertion
reaction Hg+ Br2 f HgBr2 was found to have a high barrier of 27.2 kcal/mol and a very small rate constant
of just 2.74× 10-31 cm3/(mol‚s) determined by the microcanonical variational transition state theory method.
The implications of the obtained results to the description of the mechanism of recently observed polar
tropospheric mercury depletion events are briefly discussed.

I. Introduction

The contamination of remote polar regions, which are
generally thought to be ecologically safe, has been of growing
concern due to the recent discovery of mercury depletion events1

(MDEs). These periodic rapid depletions of atmospheric gaseous
mercury (predominantly in elemental Hg0 form) were observed
in both the Arctic1,2 and Antarctic3,4 during polar springtime.
The periods of nearly complete removal of mercury from the
atmosphere is always accompanied by an increase in concentra-
tion of mercury compounds on snow and ice surfaces.2,5,6 It
was also observed1 that MDEs mimic the analogous depletions
of ozone7 occurring at the polar regions in this same period of
time. Since there is strong evidence that ozone depletions are
due to its reaction with halogen radicals generated photochemi-
cally from sea salts after polar sunrise,8 the oxidation of
elemental mercury by halogen radicals is also considered to be
one of the major mechanisms for MDEs.2,5,9,10 The reactions
of elemental gaseous mercury and halogens probably produce
what are called reactive gaseous mercury (RGM) species that
apparently quickly deposit on snow and ice packs.2,5,9,10

One of the most likely reactions that can occur during the
MDEs is oxidation of elemental mercury by bromine radicals.
This might be described by a set of elemental reactions such as

where HgBr2 is one of the most probable RGM species that

might deposit on the surface. Of course, the bimolecular reaction
3 might also be accompanied by abstraction of a bromine atom

or by the exchange of the bromine atom

Theoretically the RGM species HgBr2 can also be produced
via a direct insertion reaction of the mercury atom into the Br2

bond

The main focus of the present paper is on the high level
theoretical determination of the rate constants of reactions 3-6.
For this purpose an accurate ab initio global potential energy
surface (PES) of HgBr2 was constructed and the reaction rate
constants were then evaluated with use of quasiclassical
trajectory (QCT) calculations or by variational transition state
theory (VTST). Reaction 2, which is the prerequisite for
reactions 3-5, will be carefully examined in another publica-
tion.11 The details of the ab initio electronic structure calculations
are described in section II, those of construction of the global
potential surface of HgBr2 are given in section III, the
description of the calculations of the rate constants can be found
in section IV, and the comparison of the obtained results with
known experimental12 and previous theoretical13 data on the rate
constants of reactions 3 and 6 and the discussion of their
atmospheric implications is presented in section V. The conclu-
sions drawn from the present work are summarized in section
VI.

II. Details of the Ab Initio Calculations

In the electronic structure calculations the Br 1s-2p and Hg
1s-4f electrons were described by relativistic small core
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Br2 + hν f 2Br (1)

Hg + Br f HgBr (2)

HgBr + Br f HgBr2 (3)

HgBr + Br f Hg + Br2 (4)

HgBr(1) + Br(2) f Br(1) + HgBr(2) (5)

Hg + Br2 f HgBr2 (6)
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pseudopotentials of the Stuttgart-Ko¨ln type.14,15The remaining
Br (3s3p3d4s4p) and Hg (5s5p5d6s) electrons were explicitly
treated with series of augmented correlation consistent basis sets,
aug-cc-pVnZ-PP, constructed for use with these pseudopoten-
tials.14,16 The quality of basis sets ranged from double-ú to
quadruple-ú (n ) D, T, Q) and only the pure spherical d-, f-,
g-, and h-type angular momentum functions were employed in
the calculations. The total number of basis functions for the
HgBr2 system consisted of 118 for double-ú, 198 for triple-ú,
and 313 for the quadruple-ú calculations. All calculations were
performed inCs effective symmetry.

The total energies of the HgBr2 ground electronic state were
calculated by the internally contracted multireference configu-
ration interaction (singles and doubles) method17,18 with the
multireference Davidson correction for an approximate treatment
of the effect of higher excitations19-21 (icMRCI+Q). The orbitals
for the icMRCI+Q calculations were determined by the state-
averaged complete active space self-consistent field (CASSCF)
method by averaging four lowest1A′ and two lowest3A′
electronic states with equal weights. The active space in these
CASSCF calculations consisted of eight molecular orbitals
originating from the Hg 6s, 6px, 6py, 6pz and Br 4px, 4pz AOs
(assuming HgBr2 is lying in thexz plane). The Hg 5d and Br
4s, 4py were always kept doubly occupied in the CASSCF
procedure. The CASSCF wave function consisted of 980
configuration state functions (CSFs) for singlet states and 1176
CSFs for triplet states. This choice of active space and number
of states included in the averaging procedure allowed us to
obtain well-defined molecular orbitals over different regions of
the HgBr2 potential energy surface.

In the icMRCI+Q calculations, the active space consisted of
orbitals arising from Hg 5d, 6s, and 6p and Br 4p AOs. The
CSFs in the reference space were generated with the restrictions
that the Hg 5d and Br 4py orbitals were doubly occupied and
the Hg 6px, 6py, and 6pz orbitals had a maximum occupation of
a single electron in any one CSF. When used with the aug-cc-
pVQZ-PP basis, the largest basis set employed in this work,
the icMRCI wave function consisted of about 8.5 million
variational parameters, which effectively took into account more
than 327 million uncontracted CSFs. All CASSCF and
icMRCI+Q calculations described above were carried out with
the MOLPRO suite22 of quantum chemistry programs.

After calculating the icMRCI+Q energy with each basis set
(DZ, TZ, QZ), the complete basis set limits of the icMRCI+Q
total energies were then obtained by averaging the CBS limits
found by two extrapolations: a mixed exponential and Gaussian
form23

using n ) 2 (DZ), 3 (TZ), and 4 (QZ) and a 2-pointn-3

formula24-26

which utilized energies forn ) 3 (TZ) and 4 (QZ). Total
energies were used in both cases.

Finally, corrections for the spin-obit interaction,∆ESO, were
added to the icMRCI+Q/CBS energies.∆ESO was obtained as
the difference in energy of the lowest spin-orbit state and the
energy of the lowest singlet state of HgBr2. The spin-orbit
energy was obtained by the spin-orbit MRCI method27 taking
into account only single electron excitations (SO-MRCIS) with
the aug-cc-pVTZ-PP basis sets. The energy of the lowest singlet

state was found with the same method, but without the SO
interaction. Both these calculations were carried out with the
COLUMBUS package,28-31 but utilized the orbitals obtained
in the MOLPRO CASSCF calculations as described above. The
active space in the (SO-) MRCIS work consisted of the Hg 6s5d
and Br 4s4p orbitals. In the spin-orbit calculations the effective
spin-orbit potentials that are part of the relativistic core
potentials on Br14 and Hg15 were used, and the wave function
was constructed with the inclusion of both singlet and triplet
CSFs.

III. Construction of an Analytical PES

A. Sampling. The potential energy surface of HgBr2 was
divided into three regions corresponding to the abstraction
reaction HgBr+ Br f Hg + Br2, insertion reaction Hg+Br2

f HgBr2, and recombination reaction Br+ HgBr f HgBr2.
Each of these sections was sampled by a regular three-
dimensional grid in its natural internal coordinates. The defini-
tion of the internal coordinatesR1, R2, R3, h, R, â, andγ are
shown in Figure 1; i.e.,R1 andR2 are the two HgBr distances,
R3 is the BrBr distance,h is the distance from the Hg atom to
the center of mass (CM) of Br2, R is the valence angle Br-
Hg-Br, â is the larger of the two Hg-Br-Br valence angles,
andγ is the smaller of the two Br-CM-Hg angles.

For the recombination reaction part of the surface, the internal
coordinates wereR1, R2, andR. A grid of 1296 configurations
was generated by choosingR1 andR2 to be{3.5, 3.7, 3.9, 4.05,
4.2, 4.35, 4.50, 4.65, 4.8, 4.95, 5.15, 5.4, 6.0, 7.0, 8.5, 10.0,
15.0, and 30.0}a0, andR to be {179.9, 160, 140, and 120}°.
However the icMRCI+Q/CBS+ ∆SO energies were calculated
only for the 420 symmetry unique points with bothR1 andR2

g 4.2a0. The energies for shorter distances were explicitly
determined only at the icMRCI+Q/aug-cc-pVTZ-PP level of
theory and only forR ) 179.9°. The final energiesE(X1, X2,
R) for the points with X1()R1) or X2()R2) e 4.05a0 were then
estimated by first calculating the factorê, which is independent
of R

where (R1,R2) is a point on the edge of the rectangle [4.2:30.0]
× [4.2:30.0] closest to (X1,X2) and (R1

/, R2
/) is the analogous

point on the edge of the rectangle [4.35:30.0]× [4.35:30.0],
each atR ) 179.9°. The value ofE(X1,X2, R) was then obtained
by

En ) ECBS+ Ae-(n-1) + Be-(n-1)2 (7)

En ) ECBS+ A

n3
(8)

Figure 1. Notation of coordinates for HgBr2 used in sampling and
fitting the PES.

ê )
ETZ (X1,X2) - ETZ (R1

/,R2
/)

ETZ (R1,R2) - ETZ (R1
/,R2

/)
(9a)
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It should be stressed that this particular extrapolation procedure
mainly accounted for the basis set dependence of these short
range data points since all of the collinear points were explicitly
calculated with the aug-cc-pVTZ-PP basis set. In particular,
these points had relatively high energies and were only necessary
to include in the final fit to improve the behavior of the RKHS
interpolation at short range.

For the abstraction reaction, the natural internal coordinates
areR1, R3, andâ. TheR1 distance ran over the array{4.2, 4.4,
4.6, 4.8, 5.0, 5.3, 6.0, 7.5, 9.0, 13.0, and 25.0}a0, R3 distances
were chosen from{4.1, 4.3, 4.5, 4.7, 5.0, 5.3, 6.0, 7.5, 9.0, 13.0,
and 25.0}a0, andâ ) {179.9, 160, 140, and 120}°, which gave
484 geometries.

The points for the insertion reaction region were sampled in
Jacobi coordinatesh, R3, andγ. The values for the medianh
were chosen from{3.0, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 10.0,
and 15.0}a0, the R3 distance ran over{4.0, 5.0, 5.5, 6.0, 6.5,
7.0, 8.0, 9.5, 13.0, and 20.0}a0, and the angleγ was selected
from {45, 60, 75, 90}°, which resulted in 400 symmetry-unique
points.

To describe the two-body interaction of the Hg and Br atoms,
calculations were carried out for the HgBr2 molecule with one
of the Hg-Br distances always kept at 50a0. The values of the
other Hg-Br distance were chosen from{3.2, 3.4, 3.6, 3.8, 4.0,
4.1, 4.2, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 5.0, 5.2, 5.7, 6.3, 7.0, 8.0,
9.0, 10.0, 11.0, 13.0, 15.0, and 30}a0. The points corresponding
to distancesg4.0a0 were explicitly calculated at the icMRCI+Q/
CBS + ∆SO level, while the remaining points in the short
distance region were obtained by extrapolation via the expo-
nential functionA + B exp(-R) + C exp(-2R). The coefficients
in the latter equation were obtained by fitting to the shortest
three data points. Similar calculations were performed to obtain
energies of the Br-Br diatom interaction. The Br-Br distance
was sampled from{2.9, 3.1, 3.3, 3.5, 3.7, 3.9, 4.0, 4.1, 4.2,
4.3, 4.4, 4.5, 4.6, 4.7, 4.9, 5.3, 6.0, 7.0, 8.5, 10.0, 13.0, and
30.0}a0. The energies for the five shortest distances were
obtained by exponential extrapolation as in Hg-Br.

Finally, a small grid was also sampled around the near-
equilibrium geometry of HgBr2 to improve the analytical
representation of the PES in this region. A total of 22 points
(14 symmetry unique) were sampled in (R1, R2, R) internal
coordinates in the range 4.41-4.81a0 for distances and 160-
180° for the valence angleR.

B. Fitting. The data of regular grids for the recombination,
abstraction, and insertion reaction regions were first decomposed
using the general many-body expansion,32 i.e.

whereV(1) is the sum of energies of two separated Br atoms
and the Hg atom,V(2) is the energy of the two-body interaction
of the corresponding pair of atoms, andV(3) is the three-body
interaction energy.

Diatomic interaction termsV(2) were interpolated via the one-
dimensional reproducing kernel Hilbert space method33 (RKHS)

whereq is a distancelike reproducing kernel33

andx< ) min(x,x′) andx> ) max(x,x′).
The regular grids of three-body energies for abstraction,

recombination, and insertion on the global PES were interpolated
separately with the multidimensional RKHS formula33

whereSi and qi (i ) 1, 2, 3) are fitting coordinates and one-
dimensional reproducing kernels, respectively, that are appropri-
ate for each region. For the recombination and abstraction
regions, kernelsq1 andq2 in eq 13 were distancelike reproducing
kernels given by eq 12, whileq3 was an anglelike reproducing
kernel33

The fitting coordinates for the recombination piece were chosen
to be

and for the abstraction piece, the corresponding coordinates were

wherea > 0 was a parameter (∼0.1). It was found that the use
of exponential coordinatesS1 and S2 of form (15) and (16)
instead of the originalR1, R2, andR3 distances in the RKHS
formula (13) produced significantly smallerCijk coefficients.

For the insertion reaction piece, theq1 kernel in eq 13 was a
Taylor spline reproducing kernel34

q2 was a distancelike kernel (eq 12), andq3 was an anglelike
kernel (eq 14). The fitting coordinates for the insertion region
were chosen as

where b was a parameter (∼0.25). The use of the inverse
hyperbolic cosine function for the description of the medianh
is dictated by the properties of the three-body potential of
HgBr2: it is an even function relative to theh coordinate,
vanishes whenh f ∞, and has a minimum or maximum at
h)0.

E(X1,X2,R) ) E(R1
/,R2

/,R) + ê[E(R1,R2,R) - E(R1
/,R2

/,R)]

(9b)

Ṽ(R1,R2,R3) ) V(1) + VHgBr
(2) (R1) + VHgBr

(2) (R2) + VBrBr
(2) (R3) +

V(3)(R1,R2,R3) (10)

V(2)(R) ) ∑
i)1

n

Ciq(R,Ri) (11)

q(x,x′) ) 1
14

x>
-7{1 - 7

9

x<

x>
} (12)

Vregion
(3) (S1,S2,S3) ) ∑

i,j,k)1

n1,n2,n3

Cijkq1(S1,S1
i )q2(S2,S2

j )q3(S3,S3
k) (13)

q(x,x′) ) 1 + x<x> + 2x<
2x>{1 - 1

3

x<

x>
} (14)

S1 ) 1 - exp(-aR1)

S2 ) 1 - exp(-aR2)

S3 ) 1
2
(1 + cosR) (15)

S1 ) 1 - exp(-aR1)

S2 ) 1 - exp(-aR2)

S3 ) 1
2
(1 + cosâ) (16)

q(x,x′) ) 2x<
2x>{1 - 1

3

x<

x>
} (17)

S1 ) cosh-1 (bh)

S2 ) 1 - exp(-aR3)

S3 ) sin2 γ (18)
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The three functions of the form of eq 13 for the insertion,
abstraction, and recombination reaction regions were then
combined into one global surface via the relation

where

is a pair of functions for a smooth switch35 between the intervals
(-∞,φ′] and [φ′,∞). It is worthwhile to note thatΩ+ + Ω- ≡
1 and parameterκ controls the strength of the switch. The values
for the parameters were accepted as follows:R′ ) 115°, â′ )
115°, κR ) 0.3, andκâ ) 0.3. Theø function in eq 19 is designed
to vanish at long range and is described in terms of switch
functions (eq 20) as

whereR′i ) 15.0a0 andκR ) 0.5. Theø term is introduced in
order to equivalence the long distance parts of the three-body
terms obtained through interpolation of the three separate grids.

The small grid sampled around the near-equilibrium geometry
of HgBr2 was fitted with a polynomial function of the form

where the coordinatesQi were

The SURFIT program36 was used to obtain the equilibrium
distances (R1e, R2e) and theCijk coefficients in eq 22.

The final global HgBr2 potential energy surface was then
described by the formula

where

In eq 25,λ is a small parameter (0.001) introduced to avoid a
discontinuity in the analytical first derivatives at the equilibrium
geometry of HgBr2. The values for the parameters of the switch
function were chosen asF′ ) 1 andκF) 1.

It should be mentioned that after connecting different parts
into one global surface, the final analytical function does not
exactly interpolate all of the original data. However, nearly all
of the significant errors are located at very high energies on
the repulsive wall, and all the data around the minimum energy
paths for reactions 3-6 are accurately reproduced by the fit.
The overall root-mean-square error of the final fit relative to
the original data (2202 total points, 1069 symmetry unique) was
just 0.12 kcal/mol. It should also be noted that the RKHS
formula (eq 13) was never directly used to compute the three-

body potential energies in our calculations. Instead the fast
algorithm for evaluation of the RKHS surface as described in
ref 37 was employed. Switching to the fast summation technique
resulted in speeding up the evaluation of the potential energy
and its analytical partial derivatives by a factor of∼10 for the
insertion and abstraction regions and up to 17 times for the
recombination part. This significantly decreased the time for
running trajectories. The code that computes the HgBr2 potential
energy and its gradient was interfaced to the POLYRATE38 and
VENUS9639 dynamics programs using the POTLIB200140 utility
package and is available upon request from the authors.

C. Characteristics of the Analytical PES.Figure 2 presents
a relaxed triangle plot41 of the HgBr2 potential energy surface
using hyperspherical-like symmetrical coordinates.42 More
detailed plots of the insertion, abstraction, and recombination
reactions in their natural coordinates are shown in Figures 3-5,
respectively. In general the surface features two symmetrical
valleys corresponding to the HgBr+ Br f Hg + Br2 abstraction
reaction(s), a van der Waals well along the minimum energy
path (MEP) of the abstraction reaction, a global minimum
corresponding to the linear Br-Hg-Br insertion complex, and
a saddle point corresponding to the barrier for the insertion
reaction Hg+ Br2 f HgBr2. The geometrical configuration of
the saddle point is symmetrical withR1(Hg-Br) ) R2(Hg-Br)
) 2.853 Å andR(Br-Hg-Br) ) 55.74°. The barrier for the
insertion reaction 6 obtained from the present PES is 27.2 kcal/
mol relative to the energy of the Hg+Br2 reactants. Both reaction
4 for abstraction of the bromine atom from HgBr and the
recombination reaction 3 to linear Br-Hg-Br are barrierless,
and the corresponding MEPs go through linear geometrical
configurations. The van der Waals minimum along the abstrac-
tion reaction MEP is located atR1(Hg-Br) ) 3.138 Å andR3-
(Br-Br) ) 2.307 Å with a binding energy for the Hg-Br2

adduct of 1.97 kcal/mol. Additional calibration calculations at

Figure 2. Relaxed triangle equipotential contour plot of the HgBr2

PES given relative to the Br+ Hg+Br energy in kcal/mol. Contours
are equally spaced by 2 starting at-90 and finishing at-15. The plot
is shown in the coordinatesâ* ) x3 (R1

2 - R2
2)/Q andγ* ) (2R3

2 -
R1

2 - R2
2)/Q, whereQ ) R1

2 + R2
2 + R3

2 is varied to minimize the
potential energy at the given point (â*,γ*), where (â*) 2+(γ*) 2 e 1.
Notations of the coordinatesR1, R2, R3 are found in Figure 1. At the
transition stateâ* ) 0 andγ* ) -0.135.

V(3) ) ø(R1,R2,R3)[Ω+(â;â′,κâ)Vabs
(3) + Ω-(â;â′,κâ) ×

{Ω+(R;R′,κR)Vins
(3) + Ω-(R;R′,κR)Vrec

(3)}] (19)

Ω((φ;φ′,κ) ) 1
2
[1 ( tanh(κ(φ - φ′)}] (20)

ø(R1,R2,R3) ) ∏
i)1

3

Ω+(Ri;R′i, κR) (21)

Veq(Q1,Q2,Q3) ) ∑
i,j,k

Cijk(Q1)
i(Q2)

j(Q3)
k (22)

Q1 ) R1 - R1e

Q2 ) R2 - R2e

Q3 ) R - 180° (23)

V(R1,R2,R3) ) Ω+(F;F′,κF)Veq(R1,R2,R3) +
Ω-(F;F′,κF)Ṽ(R1,R2,R3) (24)

F ) x(R1 - R1e)
2 + (R2 - R2e)

2 + (R - 180)2 + λ (25)
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the CCSD(T)/CBS level of theory using DZ through QZ basis
sets indicate that this binding energy is too small at this level
of theory by only about 0.6 kcal/mol. The van der Waals
interaction energy of Hg and Br2 is comparable to the value of
1.34 kcal/mol for the Hg-I2 complex determined in a crossed
beam study of the rainbow scattering of Hg by I2 by Wilcomb
et al.43

To evaluate the accuracy of the constructed HgBr2 global
potential surface, we performed an analysis of the stationary
points and asymptotes with the POLYRATE program in order
to compare their structures and energies to the results of our
previous accurate ab initio calculations44,45of the thermochem-
istry and structures of mercury bromides and/or available
experimental data. The results are given in Tables 1 and 2. The

current surface accurately reproduces the equilibrium BrBr
distance and harmonic frequency of Br2 and the harmonic
frequencies in the HgBr and HgBr2 molecules. The equilibrium
HgBr distances in both HgBr and HgBr2, however, are
somewhat longer by∼0.03 Å than those obtained previously44,45

by the CCSD(T) method. These differences cannot be explained
by just the neglect of core-valence correlation effects in the
present study, since according to our previous work the core-
valence effect on the HgBr distance in HgBr2 consists of just

Figure 3. Equipotential contour plot of the HgBr2 PES for fixedγ )
90° in (h,R2,γ) Jacobi coordinates (Hg+ Br2 insertion reaction). The
contours are equally spaced by 2 kcal/mol; the total energy is relative
to completely separated ground-state atoms.

Figure 4. Equipotential contour plot of the HgBr2 PES for fixedâ )
180° in (R1,R3,â) valence coordinates (Hg+ Br2 abstraction reaction).
The contours are equally spaced by 2 kcal/mol; the total energy is
relative to completely separated ground-state atoms.

Figure 5. Equipotential contour plot of the HgBr2 PES for fixedR )
180° in (R1,R2,R) valence coordinates (HgBr+ Br recombination
reaction). The contours are equally spaced by 3 kcal/mol; the total
energy is relative to completely separated ground-state atoms.

TABLE 1: Equilibrium Structures ( R, Å) and Harmonic
Frequencies (ωi, cm-1) at Stationary Points and Asymptotes
on the IcMRCI +Q/CBS+SO Potential Energy Surface of
HgBr2

point parameter current surface best estimate

Hg + Br2 Re(BrBr) 2.288 2.281a

ωe 325.0 325.31a

HgBr + Br Re(HgBr) 2.544 2.527b

ωe 185.8 188.25c

HgBr2 (min) Re(HgBr) 2.404 2.377d

ω1 (Σ+) 231.6 226.9d

ω2 (Π) 71.6 69.6d

ω3 (Σ-) 302.5 297.8d

Hg-Br2 (TS) Re(HgBr) 2.853
R(BrHgBr) 55.74
ω1 (A1) 152.6
ω2 (A1) 189.4i
ω3 (B2) 55.7

a Reference 62.b Reference 44.c Reference 63.d Reference 45.

TABLE 2: Heats of Reactions∆Hr(0K), Kcal/Mol

reaction
current
surface

best previous
theoretical resulta experimentb

HgBr + Br f Hg + Br2 -28.9 -30.6 -29.91( 0.37
HgBr + Br f HgBr2 -73.4 -72.4 -72.33( 2.34
Hg + Br2 f HgBr2 -44.4 -42.4 -42.42( 2.05

a Reference 44.b Using ∆Hf(0K) ) 15.42( 0.01 kcal/mol for Hg,
∆Hf(0K) ) 28.18( 0.01 kcal/mol for Br,∆Hf(0K) ) 10.92( 0.03
kcal/mol for Br2, and∆Hf(0K) ) -16.08( 2.01 kcal/mol for HgBr2
from JANAF data.64 An experimental∆Hf(0K) ) 28.07( 0.34 kcal/
mol for HgBr was calculated using theD0(HgBr) ) 15.53(0.32 kcal/
mol from ref 65.
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0.009 Å. Therefore, the reason for the discrepancies is mostly
due to differences in the treatment of electron correlation by
the icMRCI+Q method used in the present study compared to
the CCSD(T) method used previously.44,45 Apparently, the
icMRCI+Q method of this work does not recover as much
electron correlation around the single determinant dominated
regions of the HgBr2 molecule as compared to the CCSD(T)
method.

The enthalpy of the insertion reaction calculated from the
current PES is at the lower end of the uncertainty interval of
the corresponding experimental value and 2.0 kcal/mol lower
than the accurate CCSD(T) value obtained in our previous
work.44 The icMRCI+Q/CBS+SO enthalpies for abstraction and
recombination are in very good agreement with the experimental
enthalpies and differ by less than 1 kcal/mol from the accurate
theoretical values obtained in our previous study.44 Generally,
the global potential energy surface of HgBr2 constructed in the
present work reproduces the best estimates for the energies and
spectroscopic parameters of the species involved in these
reactions, and we believe it to be very suitable for an accurate
investigation of the dynamics of reactions 3-6.

IV. Details of Rate Constant Calculations

The thermal rate constants of the reactions HgBr+ Br f
productswere determined by the QCT method. There are several
schemes for investigation of reaction rates using the QCT
approach and a general description of the QCT methodology
can be found in the literature (cf., ref 46). In the present study
the thermal rate constants were determined by

whereQVr is the rovibrational partition function andEVj is the
HgBr rovibrational energy for vibrational and rotational quantum
numbersV and j found by the standard formula

where the spectroscopic constants of the HgBr molecule areωe

) 186.6 cm-1, ωexe ) 0.75 cm-1, Be ) 0.045925 cm-1, Re )
0.00032 cm-1, and De ) 1.10 × 10-8 cm-1 calculated from
the two-body HgBr potential of the current work.

The reaction rateskVj(T) for each (V, j) rovibrational energy
level were found by

wherege is the electronic degeneracy number;ge ) 1/8 for the
recombination reaction 3 and abstraction reaction 4 andge ) 1
for the exchange reaction 5. In addition,kB is the Boltzmann
constant,µHgBr+Br is the reduced mass, andσVj is the reaction
cross section

In eq 29 bmax is the maximum impact parameter,Nr
Vj is the

number of reactive trajectories for a given reactant (V, j)
rovibrational level, andN is the total number of trajectories.

With a probability of 95%, the statistical error of the rate
constantskVj does not exceed

The sum of the∆kVj values analogous to eq 26 gives then the
estimate to the total error∆k(T) of the rate constantk(T).

The QCT calculations were carried out with the VENUS96
program.39 The initial translational energies were generated by
sampling a Maxwell-Boltzmann distribution, and the maximum
impact parameterbmax ) 9.0 Å was found in trial calculations
for the (V ) 0, j ) 0) rovibrational level of HgBr. We have
verified that larger values ofbmax did not significantly alter the
reaction cross sections for the higherV andj states investigated
in this study. The termination of trajectories was determined
by both geometrical and energy criteria for the abstraction and
exchange reaction channels, and a criterion based on the time
spent in the Br-Hg-Br complex well for the recombination
reaction (see Table 3). The test for termination criteria was
always initiated after 2.5× 10-12 s after the start of a trajectory.
The trajectory calculations were performed for HgBr vibrational
quantum numbersV ) 0, 1, 2, ..., 5 and rotational quantum
numbersj ) 0, 10, 20, ..., 200. The total number of trajectories,
N, was chosen to be 10 000 for the runs with vibrational
quantum numbersV ) 0, 1, and 2, andN ) 6000 for the
remainder of the calculations. The full set ofkVj (j ) 0, 1, 2, ...,
200) was obtained by fitting the functionkVj ) exp(-Rj2) ×
∑i)1

3 ciji-1 to the partial data weighted by 1/∆kVj in the least
squares procedure. Similarly, the full set of errors∆kVj was
obtained by interpolation of known errors atj ) 0, 10, 20, ...,
200 by natural cubic splines.

Because of the high barrier for the insertion Hg+ Br2 f
HgBr2, one could expect a very small reaction probability for
this channel atT ) 298 K. Hence the calculation of the rate
constant using the QCT method would demand very large
numbers of trajectories, which would be very computationally
intensive. Therefore, the rate constant for the insertion reaction
was calculated by canonical (CVT), improved canonical (ICVT),
and microcanonical (µVT) variational transition state theory47-53

with use of the POLYRATE program.38 The analogous VTST
calculations were also carried out for the abstraction and
recombination reactions in order to compare with the QCT
results.

Finally, assuming microscopic reversibility, the rate constants
kr for the reverse reactions of reactions 3, 4, and 6 were
estimated from the detailed balance principleKeq ) kf/kr, where
Keq is the corresponding equilibrium constant found using the
harmonic approximation with the POLYRATE program andkf

is the calculated forward rate constant for reaction 3, 4, or 6.

k(T) ) ∑
V,j

kVj(T)
(2j + 1) exp{-EVj/kBT}

QVr(T)
(26)

EVj ) ωe(V + 1
2) - ωexe(V + 1

2)2
+ Be j(j + 1) -

Re(V + 1
2)j(j + 1) - De[j(j + 1)]2 (27)

kVj(T) ) ge( 8kBT

πµHgBr+Br
)1/2

σVj (28)

σVj ) πbmax

Nr
Vj

N
(29)

TABLE 3: Definition of Trajectory Termination Criteria for
HgBr + Br

no. producta criteriab

1 BrHg + Br R1 < 3.5 andR2 > 12.0 and-16.0< V < -1.0
2 Hg + Br2 R3 < 3.5 andh > 12.0 and-46.0< V < -1.0
3 Br + HgBr R1 > 12.0 andR2 < 3.5 and-16.0< V < -1.0
4 Br + Hg+Br R1, R2, R3 > 12.0 andV > -1.0
5 BrHgBr V < -50.0 andtime> 10-11 s

a Channel No. 1 corresponds to a nonreactive trajectory while channel
No. 3 describes the exchange reaction.b DistancesR1, R2, R3, andh
are in Å; see Figure 1 and text for the notation of coordinates. Potential
energyV is in kcal/mol, given relative to the Br+ Hg + Br separated
energy. The test for termination started after 2.5× 10-12 s. See text
for more details.

∆kVj ) 2kVj[(N - Nr
Vj)

NNr
Vj ]1/2

(30)
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V. Results and Discussion

The results of the calculations of rate constants at a temper-
ature ofT ) 298.15 K are summarized in Table 4. As expected,
the thermal rate constant for the insertion Hg+ Br2 f HgBr2
is very small. Three variants of variational transition state theory
yielded essentially the same result ofk ) 2.74 × 10-31 cm3/
(mol‚s). The ICVT transition state for this reaction is located
slightly toward the reactants side from the insertion saddle point
on the HgBr2 PES at the minimum energy path coordinates )
-0.1787ao (by definition,s ) -∞ at the reactants,s ) 0 at the
saddle point, ands ) ∞ at the products), which corresponds to
valence coordinates ofR1

q(HgBr) ) R2
q(HgBr) ) 2.857 Å, and

Rq(Br-Hg-Br) ) 56.4°.
In the case of the abstraction reaction HgBr+Br f Hg +

Br2, the ICVT collinear transition state is found atR1
q(HgBr) )

2.561 Å andR3
q(BrBr) ) 3.803 Å. The microcanonical VTST

rate constant for this reaction is just slightly higher than that
obtained via the QCT calculations. The ICVT collinear transition
state for the recombination reaction Br+ HgBr f HgBr2 is
located at R1

q(HgBr) ) 2.539 andR2
q(HgBr) ) 4.567 Å.

Energetically the transition state for the recombination reaction
lies∼0.5 kcal/mol higher, i.e., closer to the Br+ HgBr reactants,
than the transition state for the abstraction reaction. Correspond-
ingly, all forms of VTST theory applied in the current study
predict that the rate constant for recombination is about a factor
of 2 faster than that for abstraction.

Unlike VTST, the QCT calculations predict the rate constant
for the recombination reaction to be slightly slower than that
for the abstraction reaction. The QCT rate constant for
recombination is also 4 times less than the correspondingµVT
value. To explain this larger difference in the QCT and VTST
rate constants, one should take into account that the two
competing channels, the recombination Br+ HgBr f HgBr2
and exchange Br+ HgBr f BrHg + Br, both pass through the
same variational transition state and are indistinguishable by
VTST. In the QCT calculations, however, these two channels
have been counted separately. Also, while the VTST theory
predicts a high-pressure limit for the rate constant, the QCT
rate constant corresponds to a low-pressure limit. A proper
accounting for pressure in the QCT calculations could be carried
out via introduction of a collision partner. A nonreactive
interaction with a collider (Ar, N2) would release the excess
energy of trajectories in highly excited rovibrational states of
HgBr2 and thus increase the number of reactive trajectories
trapped inside the well of the HgBr2 complex. This would
decrease the number of trajectories leading to the exchange
reaction of the bromine atom. Consequently, after the pressure
is taken into account, the rate constant will be higher for
recombination, Br+ HgBr f HgBr2, and lower for exchange,
Br + HgBr f BrHg + Br. We hope to address this issue in a
future publication.11

The reaction of Hg with Br2 was previously examined in the
experimental kinetics study of Ariya et al.12 that utilized cold-
vapor atomic absorption spectroscopy and mass spectroscopic
detection techniques. The measurements of the reaction kinetics
in that work was complicated, however, due to strong surface
catalysis effects on the walls of the reaction chamber, and nearly
all the elemental mercury disappeared before it could be detected
in the mass spectrometer. Therefore, the authors of that study12

were only able to predict an upper limit for the Hg+ Br2

reaction rate,k < (0.9 ( 0.2)× 10-16 cm3/(mol‚s). According
to our theoretical calculations, the gas-phase reactions of both
Hg + Br2 f HgBr2 and Hg+ Br2 f HgBr + Br have much
smaller rate constants ofk ) 2.7× 10-31 cm3/(mol‚s) andk )
3.4 × 10-31 cm3/(mol‚s), respectively.

Goodsite et al.13 has carried out a theoretical study of a
number of reactions involving Hg with Br, I, and OH with use
of Rice-Ramsberg-Kassel-Marcus (RRKM) theory.54 The
RRKM model utilized in ref 13 effectively accounted for
pressure by including the collision of reagents with N2 mol-
ecules. At a temperature of 298 K and a pressure of 1 atm of
N2, the RRKM rate coefficient for the recombination reaction
Br + HgBr f HgBr2 was found to bek ) 2.5 × 10-10 cm3/
(mol‚s), which is higher than predicted in our VTST calculations
(high-pressure limit)k ) 1.05(0.14× 10-10 cm3/(mol‚s). The
possible reason for this inconsistency is that the RRKM
calculations of ref 13 were based on equilibrium distances,
vibrational frequencies, and a bond energy of HgBr2 estimated
at a relatively low level of theory (the B3LYP method and
double-ú basis sets), which has quite large errors compared to
the high level ab initio results44,45and/or experimental data (see
refs 44 and 45) that could lead to an inaccurate density of states
in the RRKM calculations.

Since the observation of mercury depletion events,1 the
mechanism of these phenomena, specifically the chemistry of
gas-phase mercury, has been addressed in a number of
publications.2,9,10,12,13,55-58 Most of the researchers agree that
conversion of elemental gaseous mercury to its reactive form
is mainly due to reaction with active halogen species. One of
the possible reaction paths for creation of RGM is successive
oxidation of mercury by halogen atoms, predominately bromine,
by reactions 2 and 3. The results of the present study strongly
support this mechanism. The reaction of HgBr with Br to form
the RGM species HgBr2 is fast, while dissociation of the HgBr2

complex to either Hg+ Br2 or back to HgBr+ Br is extremely
slow. However it should be noted that the recombination reaction
has two competitive channels with comparable rate coefficients,
i.e., abstraction of bromine atom that reintroduces mercury and
molecular bromine in the atmosphere, and the exchange reaction
of the bromine atom. These channels should be considered in
kinetic simulations.

Another popular choice in explaining and modeling MDE
mechanisms is the reaction of Hg with BrO radicals.2,9,59,60BrO

TABLE 4: Thermal (298 K) Reaction Rate Constants of the Present Worka

reactionb QCT CVT ICVT µVT

A HgBr + Br f Hg + Br2 3.89( 0.17 (-11) 6.15 (-11) 5.30 (-11) 4.52 (-11)
B HgBr + Br f HgBr2 2.98( 0.14 (-11) 1.27 (-10) 1.22 (-10) 1.05 (-10)
C Hg + Br2 f HgBr2 2.76 (-31) 2.76 (-31) 2.74 (-31)
D BrHg + Br f Br +HgBr 3.97( 0.35 (-11)
E Hg + Br2 f HgBr + Br 3.4( 0.15 (-31) 5.4 (-31) 4.6 (-31) 3.9 (-31)
F HgBr2 f HgBr + Br 5.5( 0.26 (-39) 2.4 (-38) 2.3 (-38) 2.0 (-38)
G HgBr2 f Hg + Br2 5.9 (-39) 5.9 (-39) 5.8 (-39)

a The rate constants of reactions A-E have units of cm3/(mol‚s), while those of the unimolecular reactions F and G have units of s-1. Numbers
in parentheses denote powers of 10.b The rate constants for the reactions E-G were calculated from the detailed balance principle using equilibrium
constants ofK ) 1.146839× 1020 for reaction A,K ) 5.407325× 1027 for reaction B, andK ) 4.71417× 107 for reaction C.
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radicals have been shown to be produced via the ozone
destruction reaction Br+ O3 f BrO + O2 in the same locations
as the observation of MDEs.2 There is a strong anti-correlation
between the concentrations of mercury and BrO.2 In a kinetic
study by Raofie and Aryia,59 the rate constant of the reaction
Hg + BrO was estimated to be 10-15 < k < 10-13 cm3/(mol‚
s). Although in the current study we investigated the global PES
of HgBr2, preliminary calculations in our laboratory indicate
that the topology of the HgBrO PES is similar, and therefore,
general conclusions from the HgBr2 case should also be valid
for HgBrO. The two abstraction channels Hg+ BrO f HgO
+ Br and Hg+ BrO f HgBr + O are strongly endothermic44,61

by 50.2 and 39.5 kcal/mol, respectively, and these reactions are
likely to have small rates just like the Hg+ Br2 f HgBr + Br
reaction. The insertion reaction, Hg+ BrO f BrHgO, is
exothermic44 by -20.2 kcal/mol; however, our preliminary
calculations at the icMRCI+Q level with triple-ú correlation
consistent basis sets also shows the presence of a large barrier
(∼40 kcal/mol) like in HgBr2, which implies a very low reaction
probability. These factors indicate that reaction of Hg with BrO
might have a more complex mechanism in order to explain the
high reaction rate found in the experiments. There are also
alternatives for the BrO influence on mercury oxidation. For
example, Calvert and Lindberg56 suggested the following
reactions involving BrO:

Analogously, for Br2 one could consider

From the heat of formation of BrHgO (∆Hf(0K) ) 27.2 kcal/
mol) accurately calculated in our previous theoretical study44

together with experimental heats of formation∆Hf(0K) ) 28.18
kcal/mol for Br(g), ∆Hf(0K) ) 58.98 kcal/mol for O(g),
∆Hf(0K) ) 10.92 kcal/mol for Br2(g), ∆Hf(0K) ) 31.96 kcal/
mol BrO, and∆Hf(0K) ) -16.08 kcal/mol for HgBr2 (see ref
44 for references), the enthalpies of reactions 31-33 are-17.1,
-4.7, and-26.9 kcal/mol, respectively. Preliminary calculations
carried out in our group predict that reactions 31 and 33 are
barrierless. It should also be mentioned that the kinetics of the
reaction of Hg with Br2/BrO could be affected by the presence
of water aerosols57 and surfaces.12 The effects of microsolvation
on the thermochemistry and reaction dynamics of the interaction
of mercury with halogenated species XY (X) Br, Cl; Y ) Br,
Cl, O) are currently being investigated by theoretical methods
in our laboratory.

VI. Conclusions

An ab initio global potential energy surface for the ground
state of HgBr2 was constructed. The reference points are
calculated at the icMRCI+Q/CBS+SO level of theory and the
surface is represented by a smooth piecewise connection of three
sections interpolated by the RKHS method. The quasiclassical
trajectory calculations performed on the obtained global surface
show that reaction of HgBr with a Br atom has nearly the same
rate at 298 K{k ) (3.0-4.0)× 10-11 cm3/(mol‚s)} for all three
possible product channels: BrHgBr, Hg+ Br2 and Br+ HgBr.
The insertion reaction, Hg+ Br2 f BrHgBr, has a large barrier
and very small rate constant at 298 K ofk ) 2.74 × 10-31

cm3/(mol‚s). The results of the present study support a mech-
anism whereby the reaction of mercury with halogen atoms is

one of the main initiating steps for atmospheric oxidation of
mercury that leads to the observed depletion events in the polar
troposphere. The obtained kinetic data are expected to be
valuable for future kinetics studies and model simulations.
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