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A Theoretical Study on the Reactions of Hg with Halogens: Atmospheric Implications
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Electronic structure calculations were performed using DFT and high-level ab initio methods to understand
the role of atomic halogens in the transformation of gaseous mercury in the Arctic atmosphere. The latter
methods were found to be superior in reproducing the reaction enthalpies as well as the geometrical parameters
and vibrational frequencies, and therefore they were employed to calculate the energy potentials for the capture
deactivation approach to study the kinetics of halegexrcury atomic recombination. Using the calculated

rate constants and inferred concentrations of halogen atoms in the Arctic troposphere, we found that atomic
bromine might be responsible for the mercury depletion episodes.

1. Introduction To our knowledge, there is no data on the reactions of
mercury with halogen oxides. An evaluation performed using
the experimental formation enthalpies shows that the formation
of mercury oxide, HgO, and halogen atom, X, in reaction 4 is
a thermo-neutral or even moderately exothermic process (from
+0.5 to —48.9 kJ mot?, depending on the nature of X).
However, our theoretical computatidhsharacterize the above
reaction as endothermic to the extent of more than 200 kJ'mol
due to much lower calculated bonding energy in HgO as
compared to experiment. Indeed, in a recent study, using large-
scale multireference configuration interaction and coupled
cluster calculations on HgO, Shelper and Petéisooncluded

Mercury is mainly present in the atmosphere in its elemental
form (Hg)1?2 Its lifetime is of the order of 42 years, which
provides sufficient time for long-range transpdetnd explains
the observation of nearly uniform mixing ratios of Hg within
the Earth’s atmosphefeHigh-temporal-resolution measure-
ments of total gaseous mercury (TGM) in surface air at Alert,
Canada, show that TGM concentrations exhibit a large vari-
ability in the spring upon the polar sunrise, with frequent
episodes of exceedingly low valugshich is most unexpected
for a species with such a long lifetime. The variability of the

mercury concerjtration is similar in fqrm to the_ annual pattern that gaseous HgO is significantly less stable than currently
of ozone depletion events that oceurin the Arptlc after the polar accepted, and hence it is unlikely that it can be formed directly
sunrise* Moreover, a good positive correlation between the from the bxidation of Hg by BrO

measured concentrations of gaseous mercury and ozone has been While the interaction with halogen atoms seems to be the

observed aF this site. . 0 only plausible process accounting for the fast mercury depletion
The reactions of Hg with ozohe’ and molecular halogehis in the atmosphere, the kinetic data on the reaction of mercury

are too slow to be a sink of tropospheri_c Hg. Moreover, these ith atomic halogens is scaré@!®In the present work, using
reactions cannot account for the depletion events, as the 'atterhigh-level DFT and ab initio computations, we performed an
are photoghemlcal in na.ture, belng only obserV?d _dunng the axtensive study on the structures, vibrational frequencies, and
polar sunrise and not during the W|nter..Photoexc[tatlon'of both (glative energies of the reactants and products involved in the
mercury and ozone can be ruled out since only light wiith  ap0ve reactions. Ab initio data were employed in evaluating
300 nm penetrates the lower troposphere. At the same time,iha reaction rate constants to assess the direct contribution of

molecular halogens are readily photolyzed at these wavelengthsyigmic halogens to the depletion of mercury in the Arctic
producing halogen atoms, which play an important role in the troposphere.

depletion of ozone in the Arcti£.~16 Hence, it is very likely
that mercury depletion events, having temporal concentration 2. Electronic Structure Calculations

rofil imilar to th f ozon r through imilar . . .
prolres simiiar fo those ot ozone, occu ough a simiia 2.1. Computational Methods.Calculations were carried out

mechanism: using the Gaussian 98 (revision A.7) suite of progré®@wing
X. 4 hy — 2X 1) to the large number of electrons and to account for relativistic
2 effects, basis sets with inner electrons substituted by effective
X+ 0,—~X0+0, ) core potentials (ECP) were employed for Hg. The first basis
set was LanL2DZ, which uses an all-electron description for
Hg + X — products (3)  the first-row elements (D95), and an ECP for inner electrons
Hg + XO — products (4) and doublez quality valence functions for the heavier

elementg1-23 The second basis set employs the ECP60MWB
) pseudopotential of the Stuttgart/Bonn grétiwith the MP2-
dre*sé‘:‘“ﬂﬁglitzoo\‘l’vé‘)g?ibg?grf\fvgﬁgﬁggizSho“'d be addressed. E-mail ad- optimized large uncontracted (9s9p6d4f) Gaussian-type (GTO)
T McGill University. valence basis set of Schwerdtfeger and WesentTis yields
* Concordia University. LanL2DZ and ECP60MWB(9s9p6d4f) basis sets for Hg,
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TABLE 1: Calculated Equilibrium Geometries (re, A, degrees) and Harmonic Vibrational Frequencies (cm?) of HgX and HgX»
Molecules

method/basis set experimerftor
species property B3LYP/L2 B3LYP/E60&AQZ QCISD/L2&G6 QCISD/E60&G6  previous calculatiors
HgF r (Hg—F) 2.173 2.076 2.048 2.019 2.06-2.1ZF*
We 390.3 4147 486.2 493.2 490.8
HgR r (Hg—F) 2.045 1.932 1.957 1.93
1.90-2.08¢91
o 488.2 564.9 547.7 5676
3, 557.6 639.2 619.6 640
I, 82.2 173.8 144.4 170
HgCl r (Hg—Cl) 2.612 2.455 2.433 2.398 2.36-2.50"¢!
We 228.9 240.0 278.2 278.3 292.6
HgCl, r (Hg—Cl) 2.442 2.285 2.311 2.382.252"
2.25-2.44¢gilo
A 287.7 338.2 328.0 3118360
3, 345.1 391.9 376.8 376413
11, 66.3 98.2 89.3 100
HgBr r (Hg—Br) 2.781 2.607 2.580 2.560 2.6C
We 141.3 152.7 180.1 173.4 186.5
HgBr; r (Hg—Br) 2.583 2.423 2.450 2.452.41P
2.42-2.559
poA 177.8 208.0 201.9 1952251
2 243.8 276.3 265.9 27M293
11, 48.1 65.5 60.5 90

a Experimental frequencies are fundamental, radii are average,. ® Results of theoretical calculations are giveritalic. © Ref 31.9 Ref 32.
¢Ref 33.7Ref 40.9 Ref 30." Ref 34.' Ref 35.] Ref 36.X Ref 56.! Ref 37.™ Ref 57." Ref 39.° Ref 38.P Ref 58.9 Ref 59.

denoted as L2 and E60, respectively. For elements O, F, Cl, set for mercury and halogens overestimated the bond lengths
and Br, we used LanL2DZ, 6-311G(2df), and (aug)-cd\aVv by 0.1 to 0.2 A and underestimated the vibrational frequencies
(N=T, Q, 5, 66 2% basis sets denoted as L2, G6, and (A)NZ, by 40 to 100 cm™. Employing larger basis sets, ECP60MWB-
respectively. Geometry optimizations and frequency calculations (9s9p6d4f) for mercury and aug-cc-pVQZ for halogens, resulted
were performed at the B3LYP and QCISD levels of theory. In in significantly more accurate bond lengths. Frequencies were
the former case, the same basis set was used as for the desiredell reproduced for closed-shell molecules while for open-shell
energy calculation; in the latter case, L2&G6 or E60&G6 basis species they were underestimated by 35 to 75'crRurther

sets were employed for geometry optimization, and then, single- extending the basis set for halogens up to aug-cc-pV5Z did not
point energy was calculated at the CCSD(T) level using the lead to a noticeable change in bond lengths.

desired basis set. In correlated ab initio calculations involving  Calculations at the QCISD level of theory using either the

bromine, the 3d orbital space was kept frozen. LanL2DZ or the ECP60MWB(9s9p6d4f) basis set for mercury
2.2. Results and DiscussionThe reaction of mercury with resulted in quite accurate bond lengths and vibrational frequen-
atomic halogens is known to form HgX intermediateghich cies (Table 1); however, for the closed-shell molecules, the latter

may self-react or interact with other atmospheric species. Underwere better reproduced at the B3LYP level with extended basis
atmospheric conditions the self-reaction is too slow to be set. Using a more extended basis set rather than the moderate
significant due to the low concentration of HgX. Hence, only 6-311G(2df) in QCISD calculations could have improved the
reactions with other species, e.g., halogen atoms, were considtesults, but it was too computationally expensive.
ered in this study: Calculated reaction enthalpiesHqq2%® are presented in
Table 2 as deviations from “experimental” valu@sHex?%,

Hg + X = HgX @) the latter were derived from the tabulated experimental enthal-

HgX + X — HgX, (5) pies .of formation, AtHex2%, of thg corresponding gaseous
species$40 Calculated total energies of halogen atoms were

For consistency, the reaction of mercury with molecular corrected to account for spirorbit (SO) coupling using

halogens was also included: experimental spectroscopic ddfa;-1.61, —3.52, and—14.70
kJ moi, for fluorine, chlorine, and bromine atoms, respectively.
Hg + X, — HgX, (6) In the case of the diatomic radicals HgX, represented by the

nondegenerate X state, the SO effect is zefdthe SO effect

The optimized geometries and vibrational frequencies for the is also zero for HgX molecules because they are closed shell
HgX and HgX species are presented in Table 1; inter-bond systems. Results of previous theoretical calculafibffs?é-38
angles are not included because the molecules’ equilibrium are also presented in Table 2 for comparison purposes. These
geometries are always linear. Experimental geometries arecalculations have been performed at different levels of theory
available only for mercury dihalides HgCand HgBg; in the ranging from DFT to high-level correlated ab initio, however,
case of Hgk, the bond length is an estimation made by in most cases moderate basis sets were employed that led to
Cundar?® using covalent atomic radii and electronegativities. very high deviation of calculated energies from experiment.
There are no experimental bond lengths for HgX; however, the Similarly, in our calculations, B3LYP with the moderate
vibrational frequencies are available. At the same time, a numberLanL2DZ basis set reproduced reactions 3 and 6 enthalpies with
of theoretical studies report both the geometries and vibrationala maximum error of~26 kJ mott, while for recombination of
frequencies of HgX and HgXspecies calculated at different HgX and X a deviation as large as 83 kJ molvas observed.
levels of theon?%—38 Table 1 shows, where experimental data Apparently, the employed method was unable to recover the
exist, that in our calculations B3LYP with small LanL2DZ basis change in correlation energy for a nonisog§figprocess
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TABLE 2: Reaction Enthalpies (kJ mol~1) Calculated at Different Levels of Theory; Spin—Orbit Correction for Halogen
Atoms Is Included

deviation from experiment;H?%%qc— AH%,)

previous B3LYP/ B3LYP/ CCSD(T)/IL2&G6// ~ CCSD(T)/E60&A5Z//
reaction experiment calculations L2 E60&AQZ QCISD/L2&G6 QCISD/E60&G6
Hg + F— HgF —137.84 —64.9°46.0¢ -16.9 0.2 30.1 1.0 (9%
—65.2
HgF + F— HgR —375.97 61.2 4.9 -1.1
Hg +F, — HgR —355.03 12.1-5.7® 1.1 —-3.8 12.8
Hg + Cl— HgCl —104.23 —25.2b33.9" -5.6 15.0 24.9 6.940.6°)
46.3¢ —24.7F
HgCl + Cl— HgCl, —346.05 85.4 325 15.3
Hg + Cl,— HgCl, —207.67 42.775.4 —21.5 27.2 14.4
Hg + Br — HgBr —69.06 —30.4 —28.9 9.2 20.1 6.3 (0B
HgBr + Br — HgBr» —301.50 61.0 31.1 18.4
Hg + Br, — HgBr» —177.74 —-1.1 27.1 14.7

aRef 40.° LDF.** ¢QRPP-MP222 ¢LDA.32 ¢Calculated using extrapolation formulL) = A + B exp(-CL).*?> "BDF—R.3 9QRPP-
CCSD(T)%* "CClI3 I CCl3®

represented by reaction 5, leading to poor results. The dissocia-
tion energies of molecular halogens were also significantly
underestimated. Modifying eq 5 to conserve spin, i.e.,
HgX + X, — HgX, + X @) -10 1
and using the experimental atomization energy 9f68.78,
242.60, and 192.81 kJ md for F,, Clp, and Bg),* reduced
the enthalpy deviations te-17.1, 25.0, and-23.4 kJ mot1,
for the reactions involving F, Cl, and Br, respectively. Using
B3LYP with the ECP60MWB(9s9p6d4f) basis set for mercury
and aug-cc-pVQZ for halogens significantly reduced the error
in reaction 5 enthalpies, but had little effect on the enthalpies
of reactions 3 and 6. Extending the basis set for halogens to
aug-cc-pV5Z did not lead to a noticeable improvement in the
reaction enthalpies, indicating that basis set convergence limit
at this level of theory has been reached. Uneven performance
of B3LYP has been reported in a recent sttidyn Hg/HO Figure 1. Basis set convergence of CCSD(T) atomization energies
complexes where the quality of the results depended on whetherAE) for HgX; the ECP6OMWB(9s9p6daf) basis set was employed for
the complex was neutral or cationic as well as on the geometry mereury.

of the co_mplex. A_uthor‘§ mention that, in some cases, BSLYP_ example, to ECP60MWB(11s10p9d4f)is expected to lead to
geometries were intermediate between MP2 and QCISD, beingqre ‘accurate results, but it would also make the calculation

closer to QCISD while in other cases they rather agreed with 1, 5re computationally expensive. Extrapolation of the (e
MP2 results. Thus, overall, the B3LYP method cannot be judged — 5 1 g exp(CL), whereL = 3, 4, 5, 6*2led t0 9.7, 0.3, and

to be performing well, though it might be considered as an 1 g k3 mot! deviations at the infinite basis set limit in

alternative to high-level ab initio methods in certain cases. atomization energies for HgF, HgCl, and HgBr, respectively.
‘As Table 2 shows, high-level CCSD(T)//QCISD calculations  1hg resylts of these high-level ab initio calculations were then
with moderate LanL2DZ and 6-311G(2df) basis sets for mercury ,seq in the evaluation of rate constants for the reaction of

and helogens, respectively, only slightly improved the reaction mercury with halogen atoms (vide infra).
energies, suggesting that a more extended basis set needs to be
used. Therefore, we investigated how the deviation in reaction 3. Kinetics of Halogen-Mercury Atomic Recombination

3 energy depends on the quality of the basis set employing . .
ECP60MWB(9s9p6d4f) for mercury and (aug)-cchiX/(N = 3.1. Theoretical Modele.Rete constant calculatllonslwere
3 to 6) for halogens. Extending the basis set for halogens, while Performed for the recombination of Hg end X considering the
keeping LanL2DZ for Hg, diverged the bonding energy away following sequence of elementary steps:
from experimental value. At the same time, as Figure 1 shows, . "
using the ECP60MWB(9s9p6d4f) basis set for Hg in a similar Hg + X == HgX ®)
calcul_ation converged the bondi_ng energy to a value close to HgX* + M — HgX + M (9)
experiment. As can be seen, using a basis set for halogens as

large as aug-cc-pV5Z is necessary to reproduce the atomizationThe first step (reaction 8) accounts for the formation of the
energy of HgX to an absolute error less than 10 kJThoA diatomic molecule HgX* from the separated atomic reactants.

-20 1

Deviation in AE, kJ mol™!

-30 A

—e— HgF
——A—— HgCI

—-——- HgBr

AQZ

52

A5Z

6Z

Basis set for halogen

combination of E60 with A5Z is reasonably well balanced: 5.6
electrons per primitive for Hg and 12.4 electrons per primitive
for Br, while in a similar combination of L2 with A5Z there
are only 2.5 electrons per primitive for Hg and the resulting
basis set is unbalanced. Extending the basis set for Hg, for

This molecule is primarily formed in an unbound excited
vibrational state and may either be stabilized by a collision with
a molecule of the bath gas (M) or dissociate back to the atomic
reactants. If the pressure is high, the deactivation mechanism
(reaction 9) is extremely fast and the overall rate constant for
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recombination equals the rate constant for the first step. TABLE 3: Atomic and Molecular Parameters Used in the
Conversely, if the bath gas pressure is low, the collisional Rate Constant Calculations

deactivation mechanism may play an important role. atom Fvaw®, A
First, the high-pressure limit rate constants for the recombina- F 147
tion of Hg and X were evaluated using collision thedtyhen cl 1.75
they were compared to the results of the Canonical Variational Br 1.85
Transition State Theory (CVTSTS. N 1.55
The collision theory, based on the Langevin capture mtdeél, O 152
defines the transition state (TS) at a given endtgyith respect Hg 1.55
to the bottom of the reactant channel, by the position of the top molecule fo, A d A
of the centrifugal barrier. This effective potential barrier, created H
. h . gF 2.048 5.068
by an exact compensation of the centrifugal repulsive force and HgCl 2433 5733
the attractive interaction force, is characterized¥jts position HgBr 2.580 5.980
along the reaction coordinate, abglax, the maximum value of N2 11 4.2
the angular momentum compatible with the energy, through the Oz 12 4.2
two following conditions: aRef 60.
L2 for which HgX* is considered as a molecular entity able to be
V(I L) = s + V() = E stabilized. Forr > r¥, Hg and X are considered as separated
r (10) atoms. The average lifetime for a given eneEjig then given
aV(r,La) by
—F— =0
ar r¥ 1 L
where u is the diatomic molecule reduced massjs the “® LmaxfO WEL)d (15)

interatomic distance, and(r) is the potential describing the o .
interaction between the two atoms. The capture cross section The collision frequencyZ of HgX* with the bath gas

o(E) is then calculated by molecules (here Nand Q) is approximated by
where bmas the maximal impact parameter, is relatedLiquy whereZy, or Zo, are, respectively, the collision frequencies of

HgX* with N, and Q. This average takes into account the

b
Y chemical composition of the bath gas. For a given presBure

Limax and temperaturel, Zo, and Zy, are estimated, within the
Brnax = JonE (12) framework of the hard-sphere collision mo#In this calcula-
2uE tion, the overall siz&l of each molecule, determined by adding

the bond lengttre and the van der Waals radijq, Of each

The high-pressure limit canonical rate constant is recovered atom formina the molecule. is considered. The parameters used
by averaging the energy-resolved capture cross section over the 9 ’ ’ P

. ?S, AN ; are summarized in Table 3.
relative kinetic energy distribution at a given temperaflire Thus, for a given energf, the deactivation probability

P(E) for an excited diatomic molecule HgX* is given by

P(E) = Zz(E) a7)

kint(T) = k.%T(WSKBT)m [TEo(E)eTdE  (13)

wherekg is the Boltzmann constant. In this simple model, each collision leads to deactivation and
For the calculation of the CVTST rate constant, the equilib- the maximum value oP(E) is one. Then, the capture cross

rium constantkeq and the high-pressure limit for the rate of section taking into account deactivatian,(E), at energ\E is

unimolecular decompositiok®VT(T) were first evaluated and  now given by

then the rate constant for recombination was evaluated. The

unimolecular rate constank®VT(T), is calculated at a fixed 04{E) = b,,,,P(E) (18)

temperature by minimizing the generalized rate consk&h(T,

r), with respect ta, which defines the dividing surfadé. The corresponding pressure-dependent thermal rate constant
The deactivation process (reaction 9) was treated by a simplekp(T) is recovered by averaging the previous capture cross

model similar to the one developed by Bunk&wyithin the sectionogdE) over the relative kinetic energy distribution, i.e.,

framework of the capture model. The vibrationally excited using eq 13 withog(E) instead ofo(E).

diatomic molecule, HgX*, is supposed to be stabilized if it 3.2. Calculated Rate Constants and Their Implications.
collides with a bath gas molecule during its lifetime. At given Table 4 presents the calculated high-pressure limit rate constants
energyE and angular momentuty this lifetime is approximated  kint(T) and the pressure-dependent thermal rate consta(its

by one period of vibration, which is defined by for the recombination of atomic halogens with mercury. The
) Morse function was used in the collision theory and VTST

]2 L2 w12 calculations to describe the Hg interaction potential. The

(BL) = Zﬁ—{;(E - 2urz - V(r))} dr (14) function parameters were obtained by fitting eq 19 to the-Mg

energies at different separations calculated at the CCSD(T)/

wherer* is the position of the transition TS (see eq 10), and ~ E60&AQZ level of theory:
is determined by the integrand condition of existence. The range )
betweenr* andr~ defines arbitrarily the configuration domain V(r) =D{ 1 — exp(4(r —ro)} (19)
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TABLE 4: Comparison of Calculated and Experimental
Dissociation Energies (kJ mot?) for HgX

De D¢o°
species thiswork this wofk Gaydo® Huber and Herzbefg
HgF 136.65 133.74 133.89 173.61
HgCl 96.45 94.79 96.23 96.45
HgBr 61.62 60.53 67.52 68.48

2Dy = D, — ZPE(HgX).? Ref 51.¢ Ref 52.

140

2.0 25 3.0 35 4.0
r,A

Figure 2. HgX energy potentials calculated at the CCSD(T)/
MWBG60ECP&AVS5Z theory level. Lines were plotted by fitting Morse
function to the ab initio data; a spitorbit correction was applied to
the dissociation energy.

where D, is the dissociation energy (kJ md), re is the
equilibrium bond distance (&), and paramegtas (A~1). Figure

Khalizov et al.

0.4 eV higher and listed as having high uncertainty. It should
be noted, however, that changing the dissociation energy slightly
would not substantially affect the kinetic data. The high-pressure
rate constant depends only on the part of the potential between
infinity and the top of the centrifugal barrier. This part is not
expected to change significantly with a slight change in the
dissociation energy; it would only affect the lifetime calculated
by eq 14, but not in a radical way.

Using two different approaches, CVTST and the capture
model, resulted in consistent values of the high-pressure-limit
rate constants, though, for a givénthe CVTST rate constant
was greater than the rate constant calculated using the capture
model. This is not surprising since in the transition state theory,
the better the TS is defined, the lower is the calculated rate
constan®? In the former theory the TS is defined as the best
canonical average dividing surface, whereas in the latter it is
defined in a more rigorous way, for each energy.

Table 5 shows that the calculated pressure-dependent rate
constantk, for the reaction of mercury with chlorine atoms is
below the available experimental values, k510! and 1.0
x 107 cm3 molecule ! s71, within factors of 5.3 and 3.6. The
experimental data were obtained using time-resdfeahd
relative raté® techniques, respectively. At the same tirkgfor
the reaction of mercury with atomic bromine is very close to
the recent experimental value, 3<210-12 cm?® molecule! s71.10
Sincek, revealed a weak negative temperature dependence, quite
typical for a simple atomic recombination, one may expect the
reaction to accelerate slightly in the Arctic troposphere, where
the temperature is known to drop to about 2830 K in the
springtime.

The results of the present model for deactivation, where each

2 displays the calculated fits to the high-level ab initio data as collision is supposed to deactivate the unbound excited vibra-
well as the corresponding Morse parameters. The proceduretional state, could certainly be improved by incorporating a
involved keeping:)e constant while Varyinge andﬂ to obtain collision EfﬁCiency factoP? Nevertheless, such an improve-
the best fit to the ab initio data. One can see that at intermediatement is not expected to change the calculated rate constants
separations between Hg and X, explicit treatment of spirbit significantly. As a consequence, the simple model proposed
coupling for each point on the ab initio interaction potential here captures the main features of diatomic recombination
would be necessary. Indeed, upon complete dissociation, thekinetics and leads to a consistent comparison with experi-

HgX radical, having X=* electronic state, is transformed into
atoms Hg and Br represented 1§ and?Ps/, terms, respectively.

ments.
One can see that the reactions of Hg with atomic halogens

Correspondingly, the SO contribution to the interaction potential are considerably fast, and it is very likely that they, with the
due to the Hg...X complex changes from zero at equilibrium, exception of the reaction with atomic fluorine whose concentra-

since HgX (X2=*) is nondegeneratg,to —1.61, —3.52, or
—14.70 kJ mot! for halogen atom, at infinite separation
between Hg and X. Around the equilibrium geometryrair.|

tion in the troposphere is negligibly low, may contribute to the
chemistry of mercury in the gas phase. We evaluated the lifetime
of Hg due to loss reactions with chlorine and bromine atoms to

< 0.5 A, the Hg...X collision complex resembles the HgX be almost two years and half a day respectively, assuming Cl
moiety rather than the separate atoms Hg and X. Thus, onlyand Br steady-state concentrations to bé a6d 10 atom

the energies at moderate separations were used in the fittingcm=31155Hence, despite the fast rate coefficient of the Cl-atom-
procedure when it was safe to assume that tR&Xelectronic initiated reaction of mercury, the inferred concentration of
state for the Hg...X complex is preserved and the SO effect is chlorine atoms is far too low to play a significant role. Atomic
zero. At the same time, the dissociation energies of HgX were bromine, however, is present in a high enough concentration to
corrected for the spinorbit coupling due to halogen atoms. completely destroy mercury within a short period of time, as
Table 4 compares the calculated dissociation energies used irobserved in the Arctic. Nevertheless, further research is needed
eq 19 with the available experimental values from Gayélon to assess the contribution from other active species such as
and Huber and Herzbef§.These experimental data are very halogen oxides to draw a complete picture of the mercury
close to each other except for HgF where Herzberg's vaige chemistry in the troposphere.

TABLE 5: Calculated Kinetic Parameters for Recombination of Halogen Atoms with Mercury
VTST
kinf(298 K) x 1010,

collision theory
ko(1 atm, 298 K)

Z(1 atm, 298K)  kini(298 K) x 10%, ko(1 atm,T),

reaction cm® molecule st x1079, st cm® molecule st x 10, cm® molecule st cm® molecule st
Hg + F — HgF 4.69 8.24 4.29 1.86 0.92 1012 exp(206.81T)
Hg + Cl— HgCl 432 9.41 3.93 2.81 1.38 102 exp(208.02T)
Hg + Br — HgBr 2.75 9.52 2.33 2.07 1.0¢ 10712exp(209.031)
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