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A global potential energy surface (PES) for th¢ ground state of HgBrhas been constructed in order to
determine the rate constants for atmospherically important reactions involving mercury and bromine. The
total energy of HgBr was calculated by the multireference configuration interaction level of theory with
series of correlation consistent basis sets up to quadiugpledity with subsequent extrapolation to the complete
basis set limit. An additive correction for spiorbit 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 .88t cm®(mol-s) for the abstraction
reaction HgBr+ Br — Hg + Bry, 2.98 x 107! cm®/(mol-s) for the recombination reaction Br HgBr —

HgBr,, and 3.97x 10! cm®(mol-s) for the exchange reaction Br HgBr — BrHg + Br. The insertion
reaction Hg+ Br, — HgBr, was found to have a high barrier of 27.2 kcal/mol and a very small rate constant

of just 2.74x 1073 cm?/(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 might deposit on the surface. Of course, the bimolecular reaction

The contamination of remote polar regions, which are 3 might also be accompanied by abstraction of a bromine atom

generally thought to be ecologically safe, has been of growing HgBr + Br — Hg + Br, 4)
concern due to the recent discovery of mercury depletion events
(MDEsSs). These periodic rapid depletions of atmospheric gaseous
mercury (predominantly in elemental Ffiprm) were observed HgBr(1) + Br(2) — Br(1) + HgBr(2) (5)

) 112 24 411 o
in both the Arctié-? and Antarctié* during polar springtime. Theoretically the RGM species HgBcan also be produced
The periods of nearly complete removal of mercury from the _. . ; . . '

via a direct insertion reaction of the mercury atom into thg Br

atmosphere is always accompanied by an increase in concentrab

. . ond

tion of mercury compounds on snow and ice surfaceslt

was also observédhat MDEs mimic the analogous depletions Hg + Br, — HgBr, (6)
of ozon€ occurring at the polar regions in this same period of . . .
time. Since there is strong evidence that ozone depletions are The main focus of the present paper is on the high level

due to its reaction with halogen radicals generated photochemi-gfrotrﬁits'cahfe;iremlazaggguc;;ttge;stﬁ] i('iic()) nsfggzj ogiii%gﬁgr
cally from sea salts after polar sunrisehe oxidation of purp 9 P 9y

elemental mercury by halogen radicals is also considered to besurface (PES) of HgBrwas constructed and the reaction rate

one of the major mechanisms for MDES10The reactions constants were then evaluated with use of quasiclassical

frajector CT) calculations or by variational transition state
of elemental gaseous mercury and halogens probably produce,[hejOry (3\//'(I%T).) Reaction 2 whi)éh is the prerequisite for

wh r lled r iV mercury (RGM i h : . . . )
at are called reactive gaseous mercury (RGM) species t atreactlons 35, will be carefully examined in another publica-

. : : 910
apg?]reer(l)tflytr?eu I;Igitd"ek%?; 'tr : ; cﬁgr?;vtﬁgs C';?] F()féigr during the tion.1 The.details of th.e ab initio electronic structure calculations
MDEs is oxidation of elemental mercury by bromine radicals. are de.scrlbed in section I, those c.)f con_structlo.n of the global
This might be described by a set of elemental reactions such agooten_tla_l surface of Hg_Br are given in section lll, the
description of the calculations of the rate constants can be found
Br, + hv — 2Br (1) in section 1V, and the comparison of the obtained results with
known experiment&t and previous theoreticdldata on the rate
Hg + Br — HgBr (2) constants of reactions 3 and 6 and the discussion of their
HgBr + Br — HgBr ®) a_tmospheric implications is presented in section V Th_e conc_lu-
2 sions drawn from the present work are summarized in section

VI.
where HgBs is one of the most probable RGM species that

or by the exchange of the bromine atom

Il. Details of the Ab Initio Calculations
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pseudopotentials of the Stuttgartdkidypel*1>The remaining

Br (3s3p3d4s4p) and Hg (5s5p5d6s) electrons were explicitly
treated with series of augmented correlation consistent basis sets,
aug-cc-p\Z-PP, constructed for use with these pseudopoten-
tials1416 The quality of basis sets ranged from doublée
quadrupleg (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

HgBr, system consisted of 118 for doukie198 for triple€,
and 313 for the quadruplé<€alculations. All calculations were
performed inCs effective symmetry.

The total energies of the HgBground electronic state were

calculated by the internally contracted multireference configu-

ration interaction (singles and doubles) methdd with the

multireference Davidson correction for an approximate treatment

of the effect of higher excitatiots 2! (icMRCI+Q). The orbitals

for the icMRCH-Q calculations were determined by the state-
averaged complete active space self-consistent field (CASSCF)

method by averaging four lowesA’ 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, 6p6p,, 6p, and Br 4R, 4p, AOs
(assuming HgBris lying in thexz plane). The Hg 5d and Br
4s, 4 were always kept doubly occupied in the CASSC

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

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

state was found with the same method, but without the SO
interaction. Both these calculations were carried out with the
COLUMBUS packagé®—3! 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 spiorbit calculations the effective
spin—orbit potentials that are part of the relativistic core

F potentials on BY* and Hg® were used, and the wave function

was constructed with the inclusion of both singlet and triplet
CSFs.

of states included in the averaging procedure allowed us to lll. Construction of an Analytical PES

obtain well-defined molecular orbitals over different regions of

the HgB#k potential energy surface.

A. Sampling. The potential energy surface of HgBwas

In the icMRCH-Q calculations, the active space consisted of divided into three regions corresponding to the abstraction
orbitals arising from Hg 5d, 6s, and 6p and Br 4p AOs. The réaction HgBr+ Br — Hg + Bry, insertion reaction Hg-Br,
CSFs in the reference space were generated with the restrictions~ HgBr2, and recombination reaction Bf HgBr — HgBr.

that the Hg 5d and Br 4jorbitals were doubly occupied and
the Hg 6, 6p, and 6p orbitals had a maximum occupation of

Each of these sections was sampled by a regular three-
dimensional grid in its natural internal coordinates. The defini-

a single electron in any one CSF. When used with the aug-cc-tion of the internal coordinateR;, Ry, Rs, h, o, 5, andy are
pVQZ-PP basis, the largest basis set employed in this work, shown in Figure 1; i.e R andR; are the two HgBr distances,

the icMRCI wave function consisted of about 8.5 million

Rs is the BrBr distanceh is the distance from the Hg atom to

variational parameters, which effectively took into account more the center of mass (CM) of Bro is the valence angle Br
than 327 million uncontracted CSFs. All CASSCF and Hg—Br, g is the larger of the two HgBr—Br valence angles,
icMRCI+Q calculations described above were carried out with andy is the smaller of the two BFCM—Hg angles.

the MOLPRO suit& of quantum chemistry programs.
After calculating the icMRCHQ energy with each basis set
(Dz, TZ, QZ), the complete basis set limits of the icMRIK)

For the recombination reaction part of the surface, the internal
coordinates wer&;, Ry, anda. A grid of 1296 configurations
was generated by choosifgg andR; to be{3.5, 3.7, 3.9, 4.05,

total energies were then obtained by averaging the CBS limits 4 2 435, 4.50, 4.65, 4.8, 4.95, 5.15, 5.4, 6.0, 7.0, 8.5, 10.0,
found by two extrapolations: a mixed exponential and Gaussian 15 0, and 30.pa,, anda to be{179.9, 160, 140, and 128

form?3

E,= Ecgst Ae "V 4+ Be ™V ©)
usingn = 2 (DZ), 3 (TZ), and 4 (QZ) and a 2-point~3
formula?4—26

A

E,=Ecgst n_3 (8)

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

Finally, corrections for the spin-obit interactiohEso, were
added to the icMRCHQ/CBS energiesAEspo was obtained as
the difference in energy of the lowest spiarbit state and the
energy of the lowest singlet state of HgBhe spir-orbit
energy was obtained by the spiorbit MRCI method” taking

However the icMRCHQ/CBS+ ASO energies were calculated
only for the 420 symmetry unique points with bd& and R,

> 4.2a,. The energies for shorter distances were explicitly
determined only at the icMR@&Q/aug-cc-pVTZ-PP level of
theory and only for = 179.9. The final energieE€(X1, Xz,

o) for the points with X(=Ry) or X5(=Ry) < 4.05, were then
estimated by first calculating the fact®rwhich is independent
of a

_ E' (X X)) — E' (R;’RZ)
~E”(R.R) — EZ(RiR)

(9a)

where R;,Ry) is a point on the edge of the rectangle [4.2:30.0]
x [4.2:30.0] closest toX1,X;) and R, R;) is the analogous
point on the edge of the rectangle [4.35:30:0]4.35:30.0],

into account only single electron excitations (SO-MRCIS) with each atr = 179.9. The value ofE(X;,Xz, o) was then obtained
the aug-cc-pVTZ-PP basis sets. The energy of the lowest singletby
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E(X1. X500 = E(Ry,R3,00) + E[E(R,R,,00) — E(R},R;,00)]
(9b)
It should be stressed that this particular extrapolation procedurey 4, — min(xx) andx- = maxx).
mainly accounted for the basis set dependence of these short 1,4 regular grids of three-body energies for abstraction,

range data p‘?‘”ts since all of the collinear points were eXP"C“'V recombination, and insertion on the global PES were interpolated
calculated with the aug-cc-pVTZ-PP basis set. In particular, separately with the multidimensional RKHS formitfla
these points had relatively high energies and were only necessary

N L -7, TX
q(xx) = 4% {1 9X>} (12)

to include in the final fit to improve the behavior of the RKHS nyN.n3 _ _
interpolation at short range. : . ViehorSu$»S) = Z Cith(SuSA(SHA(S,S)  (13)
For the abstraction reaction, the natural internal coordinates =1

areRy, R, andj. TheR; distance ran over the arrdy.2, 4.4,

4.6,4.8,5.0,5.3,6.0,7.5,9.0, 13.0, and 28/R; distances ~ WhereS andq (i = 1, 2, 3) are fitting coordinates and one-
were chosen frorfi4.1, 4.3, 4.5, 4.7, 5.0, 5.3, 6.0, 7.5, 9.0, 13.0, dimensional reproducing kernels, respectively, that are appropri-
and 25.0ao, andp = {179.9, 160, 140, and 126, which gave ate for each region. For the recombination and abstraction

484 geometries. regions, kernelg; andgy in eq 13 were distancelike reproducing
The points for the insertion reaction region were sampled in kernels given by eq 12, whiles was an anglelike reproducing

Jacobi coordinatel, Rs;, andy. The values for the mediam kernef?

were chosen fror{3.0, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 10.0, x

and 15.9ap, the Rs distance ran ovef4.0, 5.0, 5.5, 6.0, 6.5, qOoX) = 1+ xx +2x. 41— 2= (14)

7.0, 8.0, 9.5, 13.0, and 2Q.&, and the angler was selected 3X.

from {45, 60, 75, 99°, which resulted in 400 symmetry-unique

points. The fitting coordinates for the recombination piece were chosen
To describe the two-body interaction of the Hg and Br atoms, to be

calculations were carried out for the HgBnolecule with one

of the Hg—Br distances always kept at &) The values of the S =1-exp(-aR)
other Hg—Br distance were chosen frof3.2, 3.4, 3.6, 3.8, 4.0, _1_ =
4.1,4.2,4.4,45, 4.6, 4.7, 48, 4.9,50,5.2, 5.7, 6.3, 7.0, 8.0, S =1-expaR)

9.0, 10.0, 11.0, 13.0, 15.0, and}3@. The points corresponding
to distances 4.0ay were explicitly calculated at the icMRERQ/
CBS + ASO level, while the remaining points in the short
distance region were obtained by extrapolation via the expo- and for the abstraction piece, the corresponding coordinates were
nential functionA + B exp(—R) + C exp(—2R). The coefficients

S, = %(1 + cosa) (15)

in the latter equation were obtained by fitting to the shortest S =1-exp(-aRy)

three data points. Similar calculations were performed to obtain S,=1- exp(aR)

energies of the BrBr diatom interaction. The BfBr distance

was sampled fron{2.9, 3.1, 3.3, 3.5, 3.7, 3.9, 4.0, 4.1, 4.2, 1

43,4.4,45, 46, 4.7, 4.9, 5.3, 6.0, 7.0, 8.5, 10.0, 13.0, and Ss=§(1+ cosp) (16)
30.Gap. The energies for the five shortest distances were

obtained by exponential extrapolation as in-+Hgy. wherea > 0 was a parameter0.1). It was found that the use

Finally, a small grid was also sampled around the near- of exponential coordinateS; and S, of form (15) and (16)
equilibrium geometry of HgBr to improve the analytical  jnstead of the originaRy, R,, andRs distances in the RKHS

(14 symmetry unique) were sampled iRi( R,, a) internal For the insertion reaction piece, thekernel in eq 13 was a
coordinates in the range 4.44.81a, for distances and 160 Taylor spline reproducing kerriél

18 for the valence angle.

B. Fitting. The data of regular grids for the recombination, ) 1 X<
abstraction, and insertion reaction regions were first decomposed qxx) = 2X-X.{ 1 — 3% (7)
using the general many-body expansiéng. -

- A 2) 2) 2) g2 was a distancelike kernel (eq 12), aggwas an anglelike
V(RuRyR) = VI + ViZlg, (R) + Vige, (R) + Vg, (Ry) + kernel (eq 14). The fitting coordinates for the insertion region

VO([R,R,R,) (10)  were chosen as

whereV® is the sum of energies of two separated Br atoms S, = cosh ™ (bh)

and the Hg atomy® is the energy of the two-body interaction = 1- exp(-aR)

of the corresponding pair of atoms, awtd is the three-body S PCaRs

interaction energy. S, = sin? y (18)

Diatomic interaction term¥@ were interpolated via the one-

dimensional reproducing kernel Hilbert space metf(@KHS) where b was a parameter~0.25). The use of the inverse

n hyperbolic cosine function for the description of the median
\/(2)(R) — Ciq(RR) (11) is dictated by the properties of the three-body potential of
£ HgBr,: it is an even function relative to thke coordinate,
vanishes wherh — o, and has a minimum or maximum at
whereq is a distancelike reproducing ker#el h=0.
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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

VO = 3 (RLRyR)IQ (B8 k )V + Q_(B:B' ) x

abs
{Q (o k VD + Q (00 ko )V} (19)

Ins

where

Q.(¢i9'x) = L + tanhk(p — )} (20)
is a pair of functions for a smooth swif®tbetween the intervals
(—,¢'] and [¢',). It is worthwhile to note thaf2, + Q_ =

1 and parameter controls the strength of the switch. The values
for the parameters were accepted as follows= 115, ' =
115, ko = 0.3, andks = 0.3. They function in eq 19 is designed
to vanish at long range and is described in terms of switch
functions (eq 20) as

3
X(RyRoRe) = [ | Q21(RsR, xg) (21)

whereR = 15.0a0 andxg = 0.5. They 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 HgBr, was fitted with a polynomial function of the form

VedQuQ,,Q)) = Z Ci(Q(QQQ)* (22
Ll
where the coordinate®; were
Q=R — Ry
Q=R — R,
Q;=o0 — 180 (23)

The SURFIT prograff was used to obtain the equilibrium
distancesRie, Roe) and theCix coefficients in eq 22.

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

V(R,R:Rs) = Q. (030" e ) )Ve(Ri R Rg) + )
Q (pip' i JV(RR,Ry) (24)

where

p=y(R —RY)*+ (R, — Ry)>+ (. — 180 + A (25)

In eq 25,4 is a small parameter (0.001) introduced to avoid a
discontinuity in the analytical first derivatives at the equilibrium
geometry of HgBy. The values for the parameters of the switch
function were chosen gs = 1 andk,= 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-36 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 unigue) 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-

Balabanov et al.
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Figure 2. Relaxed triangle equipotential contour plot of the HgBr
PES given relative to the B+ Hg+Br energy in kcal/mol. Contours
are equally spaced by 2 starting-a®0 and finishing at-15. The plot
is shown in the coordinatg® = +/3 (R2 — R?)/Q andy* = (2R —
Ri2 — RAIQ, whereQ = R;? + R2 + R is varied to minimize the
potential energy at the given point*(y*), where (5*)?+(y*)2 < 1.
Notations of the coordinatd®;, R;, R; are found in Figure 1. At the
transition statgg* = 0 andy* = —0.135.

-0.8 -0.4

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-e10 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 HgBtential
energy and its gradient was interfaced to the POLYRZEad
VENUS96* dynamics programs using the POTLIB20®uatility
package and is available upon request from the authors.

C. Characteristics of the Analytical PES.Figure 2 presents
a relaxed triangle plét of the HgBp potential energy surface
using hyperspherical-like symmetrical coordingtesMore
detailed plots of the insertion, abstraction, and recombination
reactions in their natural coordinates are shown in Figures; 3
respectively. In general the surface features two symmetrical
valleys corresponding to the HgB+ Br — Hg + Br, 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 BHg—Br insertion complex, and
a saddle point corresponding to the barrier for the insertion
reaction Hg+ Br, — HgBr,. The geometrical configuration of
the saddle point is symmetrical witk(Hg—Br) = Ry(Hg—Br)
= 2.853 A anda(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 H@r, reactants. Both reaction
4 for abstraction of the bromine atom from HgBr and the
recombination reaction 3 to linear BHg—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 & (Hg—Br) = 3.138 A andRs-
(Br—Br) = 2.307 A with a binding energy for the HeBr»
adduct of 1.97 kcal/mol. Additional calibration calculations at
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Figure 3. Equipotential contour plot of the HgBPES for fixedy =

90° in (h,Ry,y) Jacobi coordinates (Hgr Br, insertion 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 HgBPES for fixeda =

180 in (Ry,R;,0) valence coordinates (HgB# Br recombination
reaction). The contours are equally spaced by 3 kcal/mol; the total
energy is relative to completely separated ground-state atoms.

N | L TABLE 1: Equilibrium Structures ( R, A) and Harmonic
i Frequencies (;, cm™1) at Stationary Points and Asymptotes
1.0 on the IcMRCI+Q/CBS+SO Potential Energy Surface of
HgBr,
10.0 point parameter current surface best estimate
—_ Hg + Br; Re(BrBr) 2.288 2.281
S 907 we 325.0 325.31
~ HgBr + Br Re(HgBr) 2.544 2.527
R 80 We 185.8 188.25
HgBr, (min) R«(HgBr) 2.404 2.37%
2o w1 (1) 231.6 226.9
‘ w> (1) 71.6 69.6
w3 () 302.5 297.8
60 Hg—Br» (TS) R«(HgBr) 2.853
o(BrHgBr) 55.74
5.0 w1 (A;[) 152.6
32 (Al) 189.4i
40 w3 (Bz) 55.7
aReference 62° Reference 445 Reference 63¢ Reference 45.

"4o 50 6o 70 80 90 100 1o 120 TABLE 2: Heats of Reactions AH,(0K), Kcal/Mol
R3 (ap) current  best previous
. . . . reaction surface theoretical result experiment
Figure 4. Equipotential contour plot of the HgBPES for fixeds =
180 in (Ry,Rs,3) valence coordinates (H# Br, abstraction reaction). ~ HgBr+Br—Hg+Br, —28.9 —30.6 —29.91+ 0.37
The contours are equally spaced by 2 kcal/mol; the total energy is HgBr + Br—HgBr; 734 —72.4 —72.33+£234
relative to completely separated ground-state atoms. Hg + Bro— HgBr, —44.4 —42.4 —42.42+2.05

2 Reference 44 Using AH{OK) = 15.42+ 0.01 kcal/mol for Hg,
the CCSD(T)/CBS level of theory using DZ through QZ basis AH{(0K) = 28.18+ 0.01 kcal/mol for Br,AH{OK) = 10.92+ 0.03
sets indicate that this binding energy is too small at this level kcal/mol for B, and AH{(OK) = —16.08=+ 2.01 kcal/mol for HgBy
of theory by only about 0.6 kcal/mol. The van der Waals from JANAF data* An experlmgntaAHf(OK) = 28.07+ 0.34 kcal/
interaction energy of Hg and Bis comparable to the value of mo: ']ior Hngr g‘éas calculated using this(HgBr) = 15.53:0.32 keal/
1.34 kcal/mol for the Herl, complex determined in a crossed molrom retss.

beam study of the rainbow scattering of Hg bybly Wilcomb current surface accurately reproduces the equilibrium BrBr
et al*3 distance and harmonic frequency of,Band the harmonic
To evaluate the accuracy of the constructed Hgigobal frequencies in the HgBr and HgBmolecules. The equilibrium

potential surface, we performed an analysis of the stationary HgBr distances in both HgBr and HgBrhowever, are
points and asymptotes with the POLYRATE program in order somewhat longer by-0.03 A than those obtained previoui§e

to compare their structures and energies to the results of ourby the CCSD(T) method. These differences cannot be explained
previous accurate ab initio calculatidfé® of the thermochem- by just the neglect of core-valence correlation effects in the
istry and structures of mercury bromides and/or available present study, since according to our previous work the core-
experimental data. The results are given in Tables 1 and 2. Thevalence effect on the HgBr distance in HgBonsists of just
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0.009 A. Therefore, the reason for the discrepancies is mostly TABLE 3: Definition of Trajectory Termination Criteria for

due to differences in the treatment of electron correlation by
the icMRCH-Q method used in the present study compared to
the CCSD(T) method used previoudh/®> Apparently, the

icMRCI+Q method of this work does not recover as much

electron correlation around the single determinant dominated 3

regions of the HgBr 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.* The icMRCH-Q/CBS+SO enthalpies for abstraction and

recombination are in very good agreement with the experimental

HgBr + Br
no. product criterid
1 BrHg+Br R; <3.5andR; > 12.0and-16.0<V < —-1.0
2 Hg+Br; Rs; <3.5andh > 12.0 and-46.0<V < -1.0
Br+ HgBr R, > 12.0 andR; < 3.5and-16.0<V < —-1.0
4  Br+Hg+Br Ry, R, Rs>12.0andv> —1.0
5 BrHgBr V < —50.0 andime > 107!'s

aChannel No. 1 corresponds to a nonreactive trajectory while channel
No. 3 describes the exchange reactibBistancesR;, R, Rs, andh
are in A; see Figure 1 and text for the notation of coordinates. Potential
energyV is in kcal/mol, given relative to the B+ Hg + Br separated
energy. The test for termination started after 2.5.071? s. See text
for more details.

enthalpies and differ by less than 1 kcal/mol from the accurate with a probability of 95%, the statistical error of the rate

theoretical values obtained in our previous stétiGgenerally,
the global potential energy surface of HgBBonstructed in the

present work reproduces the best estimates for the energies and (N—
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 @.

IV. Details of Rate Constant Calculations
The thermal rate constants of the reactions HgBBr —

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

(2 + 1) ex —E,/ksT}
Q.(T)

whereQ,, is the rovibrational partition function arfg,; is the
HgBr rovibrational energy for vibrational and rotational quantum
numbersy andj found by the standard formula

kM =3 KM

vy

(26)

Eyj=we(v+%)—wexe(u+%)2+Bej(j+l)—

afv+3Ji6 + 1)~ DhG + 1P @7)

where the spectroscopic constants of the HgBr moleculeare
= 186.6 cnTl, wexe = 0.75 cnvl, Be = 0.045925 cm?, o =
0.00032 cm?, andDe = 1.10 x 108 cm™?! calculated from
the two-body HgBr potential of the current work.
The reaction ratek’(T) for each ¢, j) rovibrational energy
level were found by
)1/2 )
o"

wherege is the electronic degeneracy numbgy ;= /g for the

recombination reaction 3 and abstraction reaction 4qarre 1

for the exchange reaction 5. In additidg, is the Boltzmann
constantungsr+sr is the reduced mass, amd is the reaction
Cross section

. 8k, T
ki) = ge(—kB

(28)
T HgBr-+Br

vj
N;

= ﬂbmaxW

o (29)
In eq 29 bmax is the maximum impact parameteh:lr”j is the
number of reactive trajectories for a given reactant jj

rovibrational level, andN is the total number of trajectories.

constantk does not exceed

_ _ Nz/j) 112
AKY = 21— (30)

NN/
The sum of theAk” values analogous to eq 26 gives then the
estimate to the total errakk(T) of the rate constark(T).

The QCT calculations were carried out with the VENUS96
program3® The initial translational energies were generated by
sampling a Maxwelt-Boltzmann distribution, and the maximum
impact parametenmax = 9.0 A was found in trial calculations
for the (® = 0, j = 0) rovibrational level of HgBr. We have
verified that larger values dinax did not significantly alter the
reaction cross sections for the higheaind] 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 BFrHg—Br complex well for the recombination
reaction (see Table 3). The test for termination criteria was
always initiated after 2.5 10712 s after the start of a trajectory.
The trajectory calculations were performed for HgBr vibrational
quantum numbers = 0, 1, 2, ..., 5 and rotational quantum
numberg = 0, 10, 20, ..., 200. The total number of trajectories,
N, was chosen to be 10 000 for the runs with vibrational
quantum numberg = 0, 1, and 2, andN = 6000 for the
remainder of the calculations. The full setlsf(j =0, 1, 2, ...,
200) was obtained by fitting the functid®i = exp(—aj?) x
53 cji~1 to the partial data weighted by Ak’ in the least
squares procedure. Similarly, the full set of errdvki was
obtained by interpolation of known errorsjat 0, 10, 20, ...,
200 by natural cubic splines.

Because of the high barrier for the insertion HgBr, —
HgBr,, one could expect a very small reaction probability for
this channel aff = 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{VT) variational transition state thedry >3
with use of the POLYRATE prograiff. 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
k. for the reverse reactions of reactions 3, 4, and 6 were
estimated from the detailed balance princiglg = ki'k;, where
Keq is the corresponding equilibrium constant found using the
harmonic approximation with the POLYRATE program dad
is the calculated forward rate constant for reaction 3, 4, or 6.
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TABLE 4: Thermal (298 K) Reaction Rate Constants of the Present Work

reactior? QCT CVvT ICVT uvT

A HgBr + Br — Hg + Br, 3.89+ 0.17 (-11) 6.15 (11) 5.30 (11) 4.52 11)
B HgBr + Br — HgBr, 2.98+ 0.14 (-11) 1.27 (10) 1.22 £10) 1.05 ¢10)
C Hg+ Br,— HgBr, 2.76 (—31) 2.76 (-31) 2.74 (31)
D BrHg + Br — Br +HgBr 3.97+0.35 (-11)

E Hg+ Bro— HgBr + Br 3.4+ 0.15 (-31) 5.4 (-31) 4.6 (-31) 3.9 (31)
F HgBr,— HgBr + Br 5.5+ 0.26 (—39) 2.4 (38) 2.3(38) 2.0 (38)
G HgBr— Hg + Br2 5.9 (—39) 5.9 (-39) 5.8 (-39)

aThe rate constants of reactions-& have units of crifi(mol-s), while those of the unimolecular reactions F and G have units’oNsimbers
in parentheses denote powers of 1The rate constants for the reactions & were calculated from the detailed balance principle using equilibrium
constants oK = 1.146839x 10% for reaction A,K = 5.407325x 10% for reaction B, anK = 4.71417x 10’ for reaction C.

V. Results and Discussion The reaction of Hg with Brwas previously examined in the
) experimental kinetics study of Ariya et Hlthat utilized cold-
The results of the calculations of rate constants at a temper-yapor atomic absorption spectroscopy and mass spectroscopic
ature ofT = 298.15 K are summarized in Table 4. As expected, getection techniques. The measurements of the reaction kinetics

the thermal rate constant for the insertion #igBr, — HgBr. in that work was complicated, however, due to strong surface
is very small. Three variants of variational transition state theory catqlysis effects on the walls of the reaction chamber, and nearly
yielded essentially the same resultlof= 2.74 x 103! cm¥ all the elemental mercury disappeared before it could be detected

(mol-s). The ICVT transition state for this reaction is located i, the mass spectrometer. Therefore, the authors of that'gtudy
slightly toward the reactants side from the insertion saddle point yere only able to predict an upper limit for the Hg Br»

on the HgBs PES at the minimum energy path coordinate reaction ratek < (0.9 %+ 0.2) x 1016 cm3/(mol-s). According

—0.178%, (by definition,s = —c at the reactants =0 atthe g our theoretical calculations, the gas-phase reactions of both
saddle point, and = c at the products), which corresponds to g + Br, — HgBr, and Hg+ Br, — HgBr + Br have much

valence coordinates 6%j(HgBr) = Ry(HgBr) = 2.857 A, and  smaller rate constants &f= 2.7 x 10-3% cn¥/(mol-s) andk =

af(Br—Hg—Br) = 56.4. 3.4 x 10731 cm¥(mol-s), respectively.
In the case of the abstraction reaction HgBBr — Hg + Goodsite et al® has carried out a theoretical study of a
Brs, the ICVT collinear transition state is found Iai(HgBr) = number of reactions involving Hg with Br, I, and OH with use

2.561 A antﬂg(BrBr) = 3.803 A. The microcanonical VTST  of Rice—Ramsberg-Kasset-Marcus (RRKM) theory* The
rate constant for this reaction is just slightly higher than that RRKM model utilized in ref 13 effectively accounted for
obtained via the QCT calculations. The ICVT collinear transition pressure by including the collision of reagents with Mol-
state for the recombination reaction Br HgBr — HgBr; is ecules. At a temperature of 298 K and a pressure of 1 atm of
located atR{(HgBr) = 2.539 andRj(HgBr) = 4.567 A. N2, the RRKM rate coefficient for the recombination reaction
Energetically the transition state for the recombination reaction Br + HgBr — HgBr, was found to bé = 2.5 x 10710 cm?/

lies ~0.5 kcal/mol higher, i.e., closer to the BrHgBr reactants, (mol-s), which is higher than predicted in our VTST calculations
than the transition state for the abstraction reaction. Correspond-(high-pressure limitk = 1.05+0.14 x 1071 cm®¥(mol-s). The
ingly, all forms of VTST theory applied in the current study possible reason for this inconsistency is that the RRKM
predict that the rate constant for recombination is about a factor calculations of ref 13 were based on equilibrium distances,
of 2 faster than that for abstraction. vibrational frequencies, and a bond energy of Hg&stimated

Unlike VTST, the QCT calculations predict the rate constant at @ relatively low level of theory (the B3LYP method and
for the recombination reaction to be slightly slower than that double< basis sets), which has quite large errors compared to
for the abstraction reaction. The QCT rate constant for the highlevel ab initio resulté*>and/or experimental data (see
recombination is also 4 times less than the corresponaiiy refs 44 and 45) that cquld lead to an inaccurate density of states
value. To explain this larger difference in the QCT and VTST N the RRKM calculations.
rate constants, one should take into account that the two Since the observation of mercury depletion evénthe
competing channels, the recombination-BHgBr — HgBr» mechanism of these phenomena, specifically the chemistry of
and exchange B+ HgBr — BrHg + Br, both pass through the ~ gas-phase mercury, has been addressed in a number of
same variational transition state and are indistinguishable by publications®10.1213.55%8 Most of the researchers agree that
VTST. In the QCT calculations, however, these two channels conversion of elemental gaseous mercury to its reactive form
have been counted separately. Also, while the VTST theory is mainly due to reaction with active halogen species. One of
predicts a high-pressure limit for the rate constant, the QCT the possible reaction paths for creation of RGM is successive
rate constant corresponds to a low-pressure limit. A proper oxidation of mercury by halogen atoms, predominately bromine,
accounting for pressure in the QCT calculations could be carried by reactions 2 and 3. The results of the present study strongly
out via introduction of a collision partner. A nonreactive support this mechanism. The reaction of HgBr with Br to form
interaction with a collider (Ar, ) would release the excess the RGM species HgBi's fast, while dissociation of the HgBr
energy of trajectories in highly excited rovibrational states of complex to either Hg- Brz or back to HgBr+ Br is extremely
HgBr, and thus increase the number of reactive trajectories Slow. However it should be noted that the recombination reaction
trapped inside the well of the HgBrcomplex. This would has two competitive channels with comparable rate coefficients,
decrease the number of trajectories leading to the exchangd.€., abstraction of bromine atom that reintroduces mercury and
reaction of the bromine atom. Consequently, after the pressuremolecular bromine in the atmosphere, and the exchange reaction
is taken into account, the rate constant will be higher for of the bromine atom. These channels should be considered in
recombination, Be- HgBr — HgBr,, and lower for exchange,  kinetic simulations.

Br + HgBr — BrHg + Br. We hope to address this issue in a Another popular choice in explaining and modeling MDE
future publicationt! mechanisms is the reaction of Hg with BrO radicai$?:6°BrO
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radicals have been shown to be produced via the ozoneone of the main initiating steps for atmospheric oxidation of

destruction reaction B+ O; — BrO + O, in the same locations
as the observation of MDEsThere is a strong anti-correlation
between the concentrations of mercury and Bi@.a kinetic
study by Raofie and Aryi&? the rate constant of the reaction
Hg + BrO was estimated to be 1&® < k < 1072 cm?®(mol-

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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by 50.2 and 39.5 kcal/mol, respectively, and these reactions are

likely to have small rates just like the Hg Br, — HgBr + Br
reaction. The insertion reaction, H¢g BrO — BrHgO, is
exothermié* by —20.2 kcal/mol; however, our preliminary
calculations at the icMRCGHQ level with triple< correlation

consistent basis sets also shows the presence of a large barriei‘

(~40 kcal/mol) like in HgBg, which implies a very low reaction
probability. These factors indicate that reaction of Hg with BrO
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