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ABSTRACT 

Global models suggest BrHgONO to be the major Hg(II) species initially formed in atmospheric 

oxidation of Hg(0) in most of the atmosphere, but its atmospheric fate has not been previously 

investigated. In the present work, we use quantum chemistry to predict that BrHgONO photolysis to 

produce the thermally stable radical BrHgO•. Subsequently, BrHgO• may react with NO2 to form 

thermally stable BrHgONO2, or with NO to reform BrHgONO. Additionally, BrHgO• abstracts 

hydrogen atoms from CH4 and C2H6 with higher rate constants than does •OH, producing a stable 

BrHgOH molecule. Because BrHgO• can abstract hydrogen atoms from sp3-hybridized carbons on 

many organic compounds, we expect production of BrHgOH to dominate globally, although 

formation of BrHgONO and BrHgONO2 may compete in urban regions. In the absence of 

experimental data on the kinetics and fate of BrHgONO and BrHgO•, we aim to guide modelers and 

scientists in their search for Hg(II) compounds in the atmosphere.  
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INTRODUCTION 

Mercury (Hg)—a neurotoxic pollutant which damages both human health and ecosystems, globally—

exists in the atmosphere predominantly in its elemental form (Hg(0), GEM).1 Only a modest fraction 

of atmospheric mercury exists in the form of gaseous oxidized mercury compounds (GOM, mostly 

Hg(II)), because they readily undergo dry and wet deposition to soil and water.2,3 Upon entering 

ecosystems, these compounds can be transformed into organomercury compounds which 

subsequently bioaccumulate up the food chain and may ultimately be consumed by humans. There 

exists only operational definition for GOM compounds, and their chemical identities are not known. 

Laboratory experiments on gas-phase mercury chemistry are challenging, mainly due to the tendency 

for surfaces to catalyze reactions and trap relatively nonvolatile reaction products. As a result, the 

kinetics and mechanism of mercury oxidation in the gaseous atmosphere remain highly uncertain. This 

ignorance has created substantial uncertainties in global models of the fate and transport of mercury.4 

Atomic bromine (Br•) has been strongly suggested by modeling and field studies5,6 to initiate GEM 

oxidation in the marine boundary layer and in atmospheric mercury depletion events in the Polar 

Regions. Some modeling efforts5,7,8 further argue that the oxidation initiated by Br• alone can account 

for GEM oxidation, globally. Additionally, both experiments9 and computations10,11 support the 

kinetics and thermodynamics of the initiating step: 

 Hg + Br• + M ←
→ BrHg• + M (1) 

where M is another molecule in the gas phase. Despite its relatively weak bond (15.5 kcal mol-1),12 

BrHg• can react with other radical species in the atmosphere before dissociating. By contrast, no 

experimental evidence exists on the subsequent chemistry of BrHg•, however. Until recently, only two 

reactions have been included in atmospheric models: the barrierless reactions with Br• and •OH to 

form the stable gas-phase compounds HgBr2 and BrHgOH.10 

Dibble et al.13 argued that the barrierless additions of several radicals to BrHg•: 

 BrHg• + NO2 + M ←
→ syn-BrHgONO + M (2) 

 BrHg• + HO2 + M ←
→ syn-BrHgOOH + M (3) 

are much more relevant for BrHg• in the global atmosphere (than reaction with •OH and Br•), due to 

their much higher concentrations of NO2 and HO2. Coburn et al.14 used fieldwork and modeling to 

determine that inclusion of these reactions enormously increased the rate of GEM oxidation in the 

troposphere. Subsequently, Dibble and Jiao15 computed and confirmed their high rate constants as a 

function of temperature and pressure. More recently, using these rate constants, Ye et al.16 

demonstrated improvements in the performance of the CMAQ regional model, reproducing for the 

first time the distinct pattern of a GOM daytime maximum at their marine site. Horowitz et al.7 

incorporated these rate constants in the GEOS-CHEM global model, and improved previous 

predictions of latitudinal gradients of GOM deposition fluxes. They also confirmed that NO2 and 

HO2 dominate the oxidation of BrHg• globally. Computations by Dibble and Schwid ruled out 

reactions with most volatile organic compounds (VOCs) due to unfavorable thermodynamics. All in 

all, these results suggest syn-BrHgONO (and BrHgOOH) to be the major GOM species produced by 

GEM oxidation from Br•. 
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Saiz-Lopez et al.17 in a recent work computed ultraviolet absorption cross-section spectra for various 

postulated GOM species including syn-BrHgONO (and BrHgOOH) using the CASSCF/MS-

CASPT2/SO-RASSI level of theory. They demonstrated that syn-BrHgONO can undergo photolysis 

at fast timescales in the troposphere (annually and globally averaged lifetime of ~20 minutes assuming 

a quantum yield of unity). In their atmospheric modeling, BrHgONO photolysis was assumed, based 

on photodissociation pathways of HgBr2,
18,19 to produce BrHg• or to Hg(0). In the present work, we 

use computational chemistry to demonstrate that the photolysis of syn-BrHgONO occurs via a 

different route: 

 syn-BrHgONO + hν → BrHgO• + NO (4) 

and that this pathway occurs rapidly in lowermost atmosphere (~30 minutes under clear sky 

conditions). The fast timescale also suggests BrHgO• to be an important intermediate in GEM 

oxidation. No experimental data exists on BrHgO•, but Balabanov and Peterson20 used CCSD(T) 

calculations to determine that it possesses strong Br–Hg (60 kcal mol-1) and Hg–O bonds (70 kcal 

mol-1). We thereby infer that BrHgO• decomposes slowly in the gas phase, so that it exists long enough 

to react further with atmospheric trace gases. 

The present work explores two types of reactions of BrHgO•: hydrogen abstraction from two model 

alkanes (CH4 and C2H6) and addition to NO and NO2: 

 BrHgO• + CH4 → BrHgOH + •CH3 (5) 

 BrHgO• + C2H6 → BrHgOH + •C2H5 (6) 

 BrHgO• + NO → syn-BrHgONO (7) 

 BrHgO• + NO2 → BrHgONO2 (8) 

In particular, we report the potential energy profiles for all four reactions and the rate constants for 

the reactions with CH4 and C2H6. Additionally, we assess the likely fates of BrHgOH and BrHgONO2 

in the atmosphere, and provide directions for future research on the chemistry of BrHgO•. 

METHODS 

The standard Dunning correlation consistent basis sets aug-cc-pVXZ (X = D, T, Q)21,22 were used for 

hydrogen, carbon, oxygen, and nitrogen atoms. The small-core Stuttgart/Cologne scalar relativistic 

pseudopotentials for Br (10 electrons) and Hg (60 electrons)23,24 were used in conjunction with the 

corresponding aug-cc- pVXZ (X = D, T, Q) basis sets for the electrons treated explicitly. We refer to 

this combination of basis set as AVXZ (X = D, T, Q) hereafter. Although basis sets with 

pseudopotentials may not be sufficient in describing systems with strong spin-orbit couplings,25 no 

bonds to the Br or Hg are broken in the ground- or excited-state chemistry considered here. As a 

result, we expect spin-orbit contributions to the relative energies to be small. 

Time-dependent density functional theory (TD-DFT)26 was used as a starting point to characterize 

excited states of syn-BrHgONO using Gaussian 09 revision D.01.27 Results were refined using 

equations of motion (EOM) variant28 of the coupled cluster singles and doubles (CCSD) method29 

using CFOUR.30 Vertical excitation energies and oscillator strengths for the four lowest-lying excited 

states of A′ and A″ symmetry were at both PBE1PBE (PBE0)/AVTZ31 and CCSD/AVTZ from the 
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ground state geometries computed at the same level of theory. The structure and vibrational 

frequencies of the lowest-lying singlet excited state (S1) were computed at TD-PBE0/AVTZ and 

EOM-CCSD/AVTZ. 

Studies of the thermal reactions of BrHgO• were performed using Gaussian 09 revision D.01. 

Geometry optimizations were performed on all stationary points (reactants, products, and saddle 

points) at M06-2X/AVTZ.32 Harmonic frequencies were computed using analytical second derivatives 

to verify local minima (all real frequencies) or transition states (one imaginary frequency). Unscaled 

harmonic vibrational frequencies were used to compute zero-point vibrational energies (ZPE). The 

optimizations at the M06-2X level of theory used a pruned “ultrafine” grid of 99 radial shells with 590 

angular points per shell. Calculations for open-shell species were performed with the spin unrestricted 

formalism. Energies of all stationary points were refined using CCSD with perturbative triples 

(CCSD(T)) method33 in conjunction with the AVTZ basis set. CCSD(T) calculations were performed 

with the frozen core approximation, in which only the molecular orbitals of Hg (5d6s), Br (4s4p), C 

(2s2p), O (2s2p), N (2s2p), and H (1s) electrons were correlated; for Hg and Br, these definitions of 

the frozen core are not the defaults in Gaussian 09. Unless otherwise specified, all relative energies 

reported in the present work for reactions of BrHgO• were computed at CCSD(T)//M06-2X/AVTZ.  

Relative energies reported are at 0 K and corrected with ZPE, and therefore are equivalent to enthalpy 

changes at 0 K. Rate constants, kCTST(T), for reactions 5 and 6 were computed using canonical 

transition state theory (CTST), given by: 

 kCTST(T) = (T)(kBT/h) exp(-ΔG†(T)/RT) (9) 

where kB, h, and R are Boltzmann’s constant, Planck’s constant, and the ideal gas constant, 

respectively; ΔG†(T) is the molar Gibbs free energy of activation; and (T) is the tunneling coefficient. 

Changes in Gibbs free energies were computed using the rigid rotor and harmonic oscillator 

approximations. Rate constants were refined using variational transition state theory (VTST), in which 

canonical rate constants were calculated for multiple points along the minimum energy path (MEP). 

The minimum rate constant found along the MEP corresponds to the variational rate constant, 

kVTST(T). As rotational symmetry numbers were the default in the Gibbs free energy calculations and 

none of the reactants or saddle points possess optical isomers, equation 9 does not need a separate 

term for reaction path degeneracy. Tunneling was calculated using the asymmetric Eckart potential 

for reaction 5 only. The neglect of tunneling in reaction 6 is justified in the Results and Discussion. 

All rate constants were reported in the temperature range of 200 K ≤ T ≤ 2000 K, which covers both 

the lowest temperature typical of the troposphere and high temperatures relevant to mercury oxidation 

in coal combustion. 

The kinetics of the additions of BrHgO• to NO and NO2 was not computed in the present work. 

Treating the strong electron correlation of these bond-forming processes would require a 

multireference approach coupled with a large basis set. Given the absence of experimental data with 

which to evaluate the accuracy of these computationally demanding calculations, computed rate 

constants might not be more reliable than educated guesses; these guesses are provided in the Results 

and Discussion. 

RESULTS AND DISCUSSION 
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BrHgONO excited states. EOM-CCSD/AVTZ values of the vertical excitation energies of the four 

lowest singlet states of syn-BrHgONO are listed in Table 1, along with the adiabatic excitation energy. 

For comparison purposes, Table 1 includes the analogous results for the lowest energy (trans) isomer 

of HONO. The Supporting Information lists the same information at PBE0/AVTZ. From Table 1, 

one can see that BrHgONO, similar to HONO, possesses a first singlet excited (S1) state of A″ 

symmetry which absorbs at wavelengths that reach the lowermost atmosphere (λ > 300 nm, 

corresponding to energies less than ~4.1 eV). For HONO, the computed vertical excitation energy of 

this n→* transition of 3.57 eV (347 nm) at EOM-CCSD is in good agreement with experiment, 

although precise comparisons are difficult due to the strong vibrational structure of the spectrum.34,35 

For BrHgONO, the corresponding state possesses a vertical excitation energy of 3.95 eV (314 nm). 

The computed adiabatic excitation energies of BrHgONO and HONO are 3.49 eV and 3.36 eV, 

respectively. 

Table 1. EOM-CCSD/AVTZ vertical excitation energies (VEE, in eV, with adiabatic values in 

parentheses for the S1 state only) and oscillator strengths, f, for the lowest energy conformer of 

BrHgONO and HONO. 

State 
syn-BrHgONO trans-HONO 

VEE f VEE f 

1 A″ 
3.95 

(3.49) 
8.6 × 10-4 

3.57 
(3.36) 

1.0 × 10-3 

2 A′ 5.20 1.0 × 10-2 6.95 4.0 × 10-2 

2 A″ 5.22 1.3 × 10-2 7.63 5.4 × 10-4 

2 A′ 5.63 4.7 × 10-2 7.64 5.0 × 10-2 

 

Computations and experiments indicate that the S1 state of HONO dissociates via a modest- to no-

barrier process at ultrafast timescales.36–38 Using TD-DFT, we find two transition states for BrHgO–

NO bond fission, one each of syn and anti conformation with respect to the HgONO dihedral angle. 

Their structures, together with that of the ground and S1 state of syn-BrHgONO, are depicted in 

Figure 1. Computed barrier heights (without ZPE) are 1.2 kcal mol-1 (anti) and 2.7 kcal mol-1 (syn) at 

TD-PBE0/AVTZ. In the present work, barrier heights refer to the energy threshold to reaction 

without ZPE, whereas critical energies refer to the ZPE-included value. Using EOM-CCSD/AVTZ, 

a rigid scan of the BrHgO–NO coordinate suggests the near-absence of a barrier to dissociation. By 

comparison, CASPT2 calculations on HONO reported in the literature showed either no barrier (at 

CISD+Q) or a minuscule barrier (0.15 kcal mol-1 at CASPT2).37 Similarly low barriers have been 

reported for CH3ONO dissociation.39,40 Our TD-DFT calculations showed a barrier of 3.7 kcal mol-1 

for HONO and 1.2 kcal mol-1 for syn-BrHgONO. All these lines of evidence point to the conclusion 

that photoexcitation of BrHgONO to the S1 state results in dissociation with a quantum yield of unity 

to break the BrHgO–NO bond, analogous to the photodissociation of HONO. 
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Figure 1. Structures of the (a) ground and (b) first singlet excited state (S1) of BrHgONO, and 
structures of the transition states for dissociation of the (c) syn and (d) anti conformers of the S1 state. 
Distances are listed in Å and angles in degrees. Bold font indicates structural data at CCSD or EOM-
CCSD results while normal font indicates PBE0 or TD-PBE0 results. All structures were computed 
using the AVTZ basis set. 

Although it would be interesting to compute the structure of the absorption spectrum of BrHgONO 

in detail, it is clear that experiment and theory have yet to provide good agreement for the width of 

the vibrational structure in HONO.37,41 In addition, the heavy atoms present in BrHgONO would 

necessitate treatment of spin-forbidden transitions to the first triplet excited state. At this time, we 

choose a more heuristic approach: we approximate the spectrum of BrHgONO as the spectrum of 

HONO blue-shifted by the 33-nm difference in the vertical excitation energies of the two molecules. 

Given the similarity of the absorption spectrum of HONO with that of FNO and organic nitrites 

(RONO), we feel this approximation is quite reasonable. HONO has a photolysis lifetime of about 

13 minutes under clear sky conditions at a solar zenith angle of 40 degrees. Were its spectrum blue-

shifted by 33 nm, its photolysis lifetime under the same conditions would be roughly 22 minutes. The 

oscillator strength for HONO is about 20% larger than that for BrHgONO. Accounting these two 

factors, the photolysis lifetime of BrHgONO under these conditions may be crudely estimated as 30 

minutes. A recent paper by Saiz-Lopez et al.17 suggested a very similar photolysis lifetime for 

BrHgONO, but did not provide peak assignments. For excited state determinations, spin-orbit effects 

may be introduced due to multi-state mixing, however, the S0 → S1 transition of BrHgONO 

corresponds to a n → π*  transition of the N=O group,42 so the effect of spin-orbit coupling on the 

transition energy should be small. Note, however, that our photolysis lifetime neglects any intensity 

due to transitions from the ground to the first triplet state. Given that almost all non-radical trace 

gases in the atmosphere have lifetimes of hours to days with respect to reactions other than 

photolysis,43 we expect that photolysis dominates the fate of BrHgONO in the atmosphere. This 
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conclusion is insensitive to the uncertainties in the approach used here to compute the photolysis 

lifetime of BrHgONO. 

BrHgO• + CH4 reaction. To verify the accuracy of our computational approach in the absence of 

experimental data on BrHgO• kinetics, we examined the analogous reaction •OH + CH4 → HOH + 

•CH3. Our goal was to select a method for geometry optimizations and frequencies that obtains a 

good barrier height and reaction enthalpy. We considered M06-2X and PBE0 due to their excellent 

performance for organomercury compounds44 and in our previous research on inorganic mercury 

compounds.45 Additionally, we tested the higher level CCSD/AVTZ approach. Figure 2 compares 

relative energies for the •OH + CH4 system computed with few theoretical methods to various highly 

accurate results by Ellingson et al.46 M06-2X performed much better than PBE0 and CCSD with 

regard to both barrier height and reaction enthalpy at 0 K. Consequently, we performed geometry 

optimizations of all species at M06-2X/AVTZ and refined their energies at CCSD(T)/AVTZ. 

 

Figure 2. Barrier heights (without ZPE) for the •OH + CH4 reaction computed with few theoretical 
methods (green) using the AVTZ basis set compared to benchmark results from Ellingson et al.46 
(red). Values reported by Hashimoto et al.47 (blue, using the AVTZ basis set) display the benefit of 
refining energies using the CCSD(T) level of theory. 

Figure 3 displays the potential energy profile and Table 2 lists the relative energies of stationary 

points for the BrHgO• + CH4 reaction. BrHgO• abstracts a hydrogen atom from CH4 by overcoming 

a modest energy barrier of 2.6 kcal mol-1 at CCSD(T)//M06-2X/AVTZ. Figure 4 displays the 

structures of reactants, products, and saddle point of the BrHgO• + CH4 reaction and Table 3 lists 

the vibrational frequencies and IR intensities of BrHgOH at M06-2X/AVTZ. As depicted in Figure 

4, upon going from BrHgO• to the closed-shell BrHgOH, the BrHgO angle deviates from linearity 

by 3°, and the lengths of Br–Hg and Hg–O bonds only change by ~0.001 Å. At M06-2X/AVTZ, the 

BrHgO–H is only 0.001 Å longer than that of HO–H. Notably, the computed harmonic stretching 
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frequency of 249 cm-1 for the Br–Hg bond agrees with the experimental frequency of 238 cm-1 

reported by Clarke et al.48 

 

Figure 3. ZPE-corrected relative energies for the BrHgO• + CH4 and BrHgO• + C2H6 reactions at 
CCSD(T)//M06-2X/AVTZ. Energies are listed for both conformers of the saddle point for the 
BrHgO• + C2H6 reaction. The values in brackets are energies at M06-2X/AVTZ. 

Table 2. Reaction enthalpies at 0 K (ΔHr, in kcal mol-1) and critical energies (E0, in kcal mol-1) for the 
BrHgO• + CH4 and BrHgO• + C2H6 reactions using the AVTZ basis set. The two conformers of the 
saddle point for the BrHgO• + C2H6 reaction possess Φ[HgOCC] of 0° and 180°. CCSD(T) energies 
are obtained at the M06-2X/AVTZ geometries. 

 ΔHr (0 K) E0 

M06-2X CCSD(T) M06-2X CCSD(T) 

BrHgO• + CH4 → 
BrHgOH + •CH3 

-10.3 -10.8 3.6 2.6 

BrHgO• + C2H6 → 
BrHgOH + •C2H5 

-14.5 -14.2 
+0.5 (Φ = 0°) 

+0.8 (Φ = 180°) 
-0.6 (Φ = 0°) 

-0.7 (Φ = 180°) 

 



 

 9  

 

Figure 4. Reactants, products, and saddle point for the BrHgO• + CH4 reaction at M06-2X/AVTZ. 
Distances are listed in Å and angles in degrees. 

Table 3. Vibrational modes, symmetries, harmonic frequencies (ν~, in cm-1), and integrated absorption 

intensities (S, in km mol-1) of BrHgOH at M06-2X/AVTZ. 

Mode description Symmetry ν~ S 

BrHgO in-plane bend A′ 122 6.28 

BrHgO out-of-plane bend A″ 124 0.17 

BrHg stretch A′ 249 9.72 

HgO stretch A′ 595 90.0 

HgOH in-plane bend A′ 907 44.4 

OH stretch A′ 3890 88.5 

 

To determine the BrHgO–H bond dissociation energy, we considered these isodesmic reactions: 

 BrHgO• + H2O → BrHgOH + •OH (10) 

 BrHgO• + CH3OH → BrHgOH + CH3O• (11) 

Averaged over these two reactions, the BrHgO–H bond possesses a dissociation energy of 114.5 ± 

0.3 kcal mol-1 (at CCSD(T)//M06-2X/AVTZ, 0 K), only 2.8 kcal mol-1 lower than that of HO–H, but 

higher by a full 10.3 kcal mol-1 than that of CH3O–H. The Supporting Information provides the 

computed energies and literature data on enthalpies of formation used to calculate the bond 

dissociation energy. 
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Figure 5 displays the basis set effect on the CCSD(T) barrier heights for the •OH + CH4 and BrHgO• 

+ CH4 reactions. In both systems, increasing the basis set from AVDZ to AVTZ lowered the 

CCSD(T) barrier by less than 0.1 kcal mol-1. In hydrogen abstraction by •OH, extending the basis set 

from AVTZ to AVQZ lowered the barrier by only 0.08 kcal mol-1. The minimal change in barrier 

upon increasing from AVTZ to AVQZ in the •OH system, along with the similar trends of the 

BrHgO• and •OH systems, suggest that little benefit could be gained from computing the 

CCSD(T)/AVQZ energy of the saddle point for the BrHgO• + CH4 reaction. The CCSD(T) rate 

constants computed by Hashimoto et al.47 have, however, overestimated the experimental result by 

one order of magnitude at 298 K, consistent with their barrier height being 1.3 kcal mol-1 lower than 

the benchmark values reported by Ellingson et al.46 (see Figure 2). Consequently, one may reasonably 

expect our results for the BrHgO• + CH4 reaction to underestimate the barrier height by a similar 

amount, leading to an overestimate of rate constants. 

 

Figure 5. Critical energies (ZPE-corrected, in kcal mol-1) for the •OH + CH4 reaction adapted from 
Hashimoto et al.47 (red, at CCSD(T)//MP2) compared to those of the BrHgO• + CH4 reactions (blue, 
at CCSD(T)//M06-2X). 

Figure 6 displays the rate constants as a function of temperature for the BrHgO• + CH4 reaction and 

Table 4 lists the canonical rate constants along with corrections for the variational effect and Eckart 

tunneling correction. At 298 K, BrHgO• abstracts a hydrogen from CH4 at a rate constant of 2.3 × 

10-13 molecules cm-3 s-1, approximately 30 times faster than •OH + CH4. The variational effect 

significantly lowers the rate constants; kVTST/kCTST ranges from 0.63 to 0.89 at 200 K and 2000 K, 

respectively. The positions of the variational transition states, sVTST, were found on the reactant side at 

all temperatures, varying from -0.10 to -0.04 a0. 
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Figure 6. Variational rate constants (kVTST, in cm3 molecule-1 s-1) for the BrHgO• + CH4 (red circle) 

and BrHgO• + C2H6 (blue square) reactions at CCSD(T)//M06-2X/AVTZ. Rate constants for the 

BrHgO• + CH4 reaction include Eckart tunneling correction, whereas those for the BrHgO• + C2H6 

do not. 

Table 4. Temperature dependence of the variational transition state position (sVTST, in a0), canonical 

rate constants (kCTST, in cm3 molecule-1 s-1), variational (kVTST/kCTST) and Eckart tunneling (Eckart) 

corrections, and effective rate constants (kEckart + VTST) for the BrHgO• + CH4 reaction at 

CCSD(T)//M06-2X/AVTZ. Values in parentheses are exponents of 10. 

T (K) sVTST kCTST kVTST/kCTST Eckart kEckart + VTST 

200 -0.1048 6.3 (-15) 0.63 14.71 5.9 (-14) 

225 -0.0943 1.4 (-15) 0.69 9.03 8.8 (-14) 

250 -0.0838 2.7 (-14) 0.73 6.26 1.2 (-13) 

275 -0.0733 4.8 (-14) 0.76 4.73 1.7 (-13) 

298 -0.0733 7.5 (-14) 0.78 3.86 2.3 (-13) 

333 -0.0629 1.3 (-13) 0.81 3.04 3.3 (-13) 

500 -0.0524 9.3 (-13) 0.86 1.72 1.3 (-12) 

1000 -0.0419 1.6 (-11) 0.89 1.17 1.6 (-11) 

2000 -0.0419 2.0 (-10) 0.89 1.05 1.9 (-10) 

 

Tunneling effect significantly increases BrHgO• + CH4 canonical rate constants at low temperatures 

(by factors of 15 and 3 at 200 K and 333 K, respectively). The extent of Eckart tunneling varies largely 

on the magnitude of the imaginary frequency at the saddle point. For the •OH + CH4 system, the 

imaginary frequency magnitude depends largely on the level of theory (982i and 1422i cm-1 at M06-

2X/AVTZ and UCCSD(T)-F12a/AVTZ49, respectively), whereas that for the BrHgO• system 

remains reasonably method-independent (~1300i cm-1). It should be noted, however, that Eckart 

tunneling does not suffice compared to zero-curvature (ZCT)47,50 and small-curvature tunneling (SCT) 
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for the •OH + CH4 reaction.46,49,50 As a result, we do not expect Eckart tunneling to be sufficient in 

treating tunneling effect in the BrHgO• + CH4 reaction. 

BrHgO• + C2H6 reaction. Figure 3 displays the potential energy profile and Table 2 lists the relative 

energies of stationary points for the BrHgO• + C2H6 reaction. BrHgO• may abstract a hydrogen atom 

from C2H6 to form BrHgOH via two saddle points of Cs symmetry. Figure 7 depicts the structure of 

these saddle points along with that of C2H6 and C2H5•. One saddle point possesses a folded geometry 

(Φ[HgOCC] = 0°), whereas the other displays an extended geometry (Φ[HgOCC] = 180°). CCSD(T) 

barrier heights (without ZPE) for the saddle points are positive, as do those computed at the M06-2X 

level of theory. Their CCSD(T) critical energies (ZPE-included) are negative, however. Our kinetics 

calculations used the negative CCSD(T) barrier heights and neglected tunneling. Because the two 

saddle points lead to the same products, their variational rate constants were added to give an effective 

rate constant. 

 

Figure 7. Reactants, products, and both conformers of the saddle point for the BrHgO• + C2H6 

reaction at M06-2X/AVTZ. Distances are listed in Å and angles in degrees. 

Figure 6 displays the rate constants as a function of temperature for the BrHgO• + C2H6 reaction 

and Table 5 lists the rate constants along with the contributions and variational effects of both saddle 

points. The rate constant becomes nearly temperature independent at lower temperatures (200 to 333 

K), but exhibits positive curvature at higher temperatures. Rate constants for BrHgO• + C2H6 are 

significantly higher than those for BrHgO• + CH4 at almost all temperatures. Curiously, at 2000 K the 

computed rate constant for hydrogen abstraction from CH4 falsely exceeds that from C2H6 by ~15%. 

Despite the unphysical result at 2000 K (likely due to the breakdown of the harmonic oscillator 
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approximation), we are confident that rate constants computed at lower temperatures (T < 1000 K) 

are reasonable. 

Table 5. Rate constants (kVTST, in cm3 molecule-1 s-1) for the BrHgO• + C2H6 reaction, along with the 
position of the variational transition state (sVTST, in a0) and variational corrections for each conformer 
of the saddle point at CCSD(T)//M06-2X/AVTZ. Values in parentheses are exponents of 10. 

T (K) 
Φ[HgOCC] = 0° Φ[HgOCC] = 180° 

kVTST 
sVTST kCTST kVTST/kCTST sVTST kCTST kVTST/kCTST 

200 -0.0111 2.0 (-12) 0.99 -0.0242 4.7 (-12) 0.94 6.5 (-12) 

225 0.0000 1.9 (-12) 1.00 -0.0121 4.6 (-12) 0.98 6.4 (-12) 

250 0.0223 1.8 (-12) 0.98 -0.0121 4.6 (-12) 1.00 6.4 (-12) 

275 0.0335 1.8 (-12) 0.96 0.0000 4.7 (-12) 1.00 6.4 (-12) 

298 0.0335 1.8 (-12) 0.94 0.0121 4.9 (-12) 0.99 6.5 (-12) 

333 0.0447 1.9 (-12) 0.91 0.0242 5.2 (-12) 0.97 6.8 (-12) 

500 0.0671 2.7 (-12) 0.81 0.0727 8.2 (-12) 0.87 9.3 (-12) 

1000 0.0895 9.4 (-12) 0.71 0.1091 3.1 (-11) 0.74 3.0 (-11) 

2000 0.1007 5.3 (-11) 0.67 0.1212 1.8 (-10) 0.68 1.6 (-10) 

 

The position of the variational transition states, sVTST, varies systematically from -0.01 to +0.10 a0 for 

the folded saddle point as temperature increases from 200 K to 2000 K. Similarly, for the extended 

saddle point, sVTST varies from -0.02 to +0.12 a0 (over the same temperature range). We encountered 

a perplexing problem at large negative values of s. As depicted in Figure 8, there appear two maxima 

on the Gibbs free energy curve (G†
max): at +0.05 and -0.11 a0. Additionally, the G†

max at –0.11 a0 did 

not arise from SCF energy and enthalpy, but perhaps from the entropy terms, and in turn from the 

behavior of the vibrational modes along the reaction path. Table 6 lists the harmonic frequencies of 

the four lowest vibrational modes along the MEP. The frequency of the lowest-frequency mode 

changed from real to imaginary at approximately -0.07 a0. At s < -0.07 a0, this vibrational mode does 

not contribute to the entropy terms, and thereby gives rise to the G†
max at -0.11 a0. Similar behaviors 

have been reported for the analogous •OH + C2H6 reaction. As discussed by Hu et al.51 and Natanson 

et al.,52 low frequency modes computed along the MEP from the saddle point may at times become 

imaginary due to severely intermixed translational and rotational motion in the Cartesian coordinates. 

We have, however, decided to ignore the effect of G†
max at -0.11 a0 and only considered the variational 

rate constants determined near the saddle point. The variational corrections to the canonical rate 

constants were modest (< 10%) for both conformers at tropospherically relevant temperatures. 
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Figure 8. SCF energies without ZPE (SCF, red circle), ZPE (blue square), Gibbs free energies (G, 

green diamond), and enthalpy (H, black triangle) along the MEP relative to those at the saddle point 

(s = 0) for the BrHgO• + C2H6 reaction at M06-2X/AVTZ (298 K). We only display the folded 

conformer of the saddle point here, but the problem of low-lying and imaginary frequencies exists for 

both conformers. 

Table 6. Harmonic frequencies of the four lowest vibrational modes along the MEP for the BrHgO• 

+ C2H6 reaction at M06-2X/AVTZ. 

s (a0) ν~i (cm-1) ν~ (cm-1) ν~2 (cm-1) ν~3 (cm-1) 

-0.1674 531.451i 42.052i 40.608 100.403 

-0.1115 623.203i 28.694i 43.036 103.157 

-0.0895 669.067i 21.209i 44.130 104.221 

-0.0606 748.209i 8.448 45.502 105.719 

-0.0559 771.181i 12.694 46.064 106.067 

0.0000 997.392i 33.297 49.706 108.868 

 

BrHgO• + NO/NO2 reactions. Figure 9 displays the potential energy profiles for the BrHgO• + 

NO and BrHgO• + NO2 reactions along with the results adapted from Jiao and Dibble.15 For the 

barrierless addition to NO, BrHgO• reforms the O–N bond of 54.1 kcal mol-1 and produces its 

precursor BrHgONO, in either anti or syn conformer. Due to its stability however, syn-BrHgONO is 

most relevant regarding subsequent chemistry. The previous study has presented its structure and 

vibrational frequencies of BrHgONO at multiple levels of theory.15 As a result, they are not discussed 

in the present work. 
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Figure 9. ZPE-corrected MEP for the BrHgO• + NO reaction along with the results adapted from 
Jiao and Dibble15 at CCSD(T)//PBE0/AVTZ and the BrHgO• + NO2 reaction at M06-2X/AVTZ. 

Figure 10 displays the structures of all isomers in the BrHgO• + NO2 system and Table 7 lists the 

vibrational frequencies and IR intensities of BrHgONO2. BrHgO• reacts with NO2 to form 

BrHgONO2 with a reaction enthalpy of 57.8 kcal mol-1 (at M06-2X/AVTZ). There exist two 

additional peroxynitrite conformers of the product: syn-BrHgOONO and anti-BrHgOONO, both of 

which lie approximately 30 kcal mol-1 above the nitrate form (i.e. BrHgONO2). The syn, anti, and 

nitrate isomers in the BrHgO• + NO2 system are analogous to the cis-cis, trans-perp, and nitrate forms 

in the •OH + NO2
53 and RO• + NO2

54 system, respectively. For simplicity, we refer to the cis-cis and 

trans-perp conformers of HOONO and ROONO as cis- and trans- instead. Their relative energies to 

each other are also qualitatively comparable to their counterparts, in that the nitrate forms (i.e., 

BrHgONO2, HONO2, and RONO2) are the most stable (approximately -50 kcal mol-1 from reactants), 

whereas the syn/cis and anti/trans isomers are less stable but closer to each other (approximately -20 

and -16 kcal mol-1 from reactants). By analogy to HOONO and ROONO, syn- and anti-BrHgOONO 

are expected to either decompose or isomerize to the stable nitrate. There exist few structural 

differences between the BrHgOONO conformers and their counterparts: anti-BrHgOONO has a 

planar symmetry but syn-BrHgOONO does not, whereas in the •OH system, cis-HOONO has a planar 

symmetry, but the trans conformer does not.53 Note that, based on literature thermodynamics,12,20 the 

production of BrHgOO• + NO from BrHgO• + NO2 is endothermic by ~15 kcal mol-1, suggesting 

that this product set can be neglected. 
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Figure 10. Reactants and all isomers of the product of the BrHgO• + NO2 reaction at M06-

2X/AVTZ. BrHgONO2 and anti-BrHgOONO display Cs symmetry, whereas syn-BrHgOONO 

possesses C1 symmetry. Distances are listed in Å and angles in degrees. 

Table 7. Vibrational modes, symmetries, harmonic frequencies (ν~, in cm-1), and integrated absorption 

intensities (S, in km mol-1) of BrHgONO2 at M06-2X/AVTZ. 

Mode description Symmetry ν~ S 

BrHgO in-plane bend A′ 62.0 2.71 

BrHgO out-of-plane bend A″ 62.2 1.49 

HgON in-plane bend A′ 145.3 7.57 

HgON out-of-plane bend A″ 147.6 1.92 

BrHg stretch A′ 247.5 2.58 

HgO stretch A′ 344.5 51.7 

NO2 bend (scissoring) A′ 741.8 2.69 

NO2 bend (rocking) A′ 791.4 13.7 

NO3 out-of-plane bend A″ 846.5 11.9 

NO stretch A′ 1035.5 356 

NO2 symmetric stretch A′ 1350.3 301 

NO2 asymmetric stretch A′ 1691.8 636 

 

As mentioned in the Methods section, we decided not to compute the rate constants for the barrierless 

additions of NO and NO2 to BrHgO• as part of the present work. In addition to the expensive cost 

of the computation, there exists no method to evaluate the accuracy of our rate constants. For the 

purpose of modeling BrHgO• chemistry, one may find it much more efficient, and perhaps no less 

accurate, to assume that their rate constants are equivalent to those of the analogous reactions CH3O• 
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+ NO + M → CH3ONO + M and CH3O• + NO2 + M → CH3ONO2 + M (2.9 × 10-11 and 1.7 × 

10-11 molecules cm-3 s-1 at 298 K and 1 atm, respectively).55 

ATMOSPHERIC IMPLICATIONS 

Because BrHgO• can abstract hydrogen atoms from sp3-hybridized carbon atoms (e.g., CH4 and 

C2H6), one expects it to react with various VOCs in the atmosphere. Given a global average CH4 

concentration of 1.85 ppmv,56 BrHgO• reacts with CH4 with a pseudo-first order rate constant, k’, of 

10.5 s-1 at 298 K and 1 atm (k’ = k[CH4] where k is the second-order rate constant). By contrast, 

abstraction from C2H6 proceeds with a slower pseudo-first order rate constant, varying from 0.02 s-1 

up to only 0.3 s-1 at reasonable C2H6 concentrations of 0.2 ppbv and 3 ppbv,56 respectively (at 298 K 

and 1 atm). Due to its high global tropospheric concentration, BrHgO• + CH4 may dominate 

BrHgOH production via hydrogen abstraction from sp3-hybridized carbons. Rate constants for the 

BrHgO• + CH4 and BrHgO• + C2H6 at tropospheric temperatures (200 K ≤ T ≤ 333 K) can be fitted 

to the Arrhenius form as listed in Table 8. 

Table 8. Arrhenius parameters (A in cm3 molecule-1 s-1 and Ea in kcal mol-1) fitted to k(T) = A 
exp(-Ea/RT) for 200 K ≤ T ≤ 333 K. Rate constants are computed at CCSD(T)//M06-2X/AVTZ. 

 A/10-12 Ea 

BrHgO• + CH4 → BrHgOH + •CH3 4.1 1.7 

BrHgO• + C2H6 → BrHgOH + •C2H5 7.1 0.04 

 

Table 9. Contribution of four trace gases to the fate of BrHgO•. Concentrations of CH4 and C2H6 

are adapted from global averages, and NO and NO2 concentrations are seasonal averages from the 

2016 New York City Community Air Survey (NYCCAS).57 

 
k (298 K, 1 atm) 

(cm3 molecule-1 s-1) 
Concentration 
(summer, ppb) 

Concentration 
(winter, ppb) 

Summer (%) Winter (%) 

CH4 2.3 × 10-13 1850 1850 35 21 

C2H6 6.5 × 10-12 3 3 2 1 

NO 2.9 × 10-11 15 40 36 57 

NO2 1.7 × 10-11 20 25 28 21 

 

As global concentrations of NO and NO2 average less than ~1 ppbv, it seems that the global fate of 

BrHgO• might be dominated by hydrogen abstraction to form BrHgOH. That being said, studies on 

the kinetics of BrHgO• reactions with unsaturated hydrocarbons and oxygenated VOCs are needed 

to verify this suggestion. By contrast, in urban areas, reactions of BrHgO• with NO and NO2 may be 

competitive, as demonstrated here for New York City. Table 9 lists the contributions of CH4, C2H6, 

NO, and NO2 to the fate of BrHgO• using NO and NO2 seasonal averages from the 2016 New York 

City Community Air Survey (NYCCAS)57 (at 298 K and 1 atm). Our result suggests the extent of NO 

addition to BrHgO• may be comparable to (in summertime) or prevail over (in wintertime) hydrogen 

abstraction from CH4. Moreover, considering that our CCSD(T) barrier height for BrHgO• + CH4 

may underestimate the true value by ~1 kcal mol-1 (equivalent to a factor of 5 in the rate constant at 

298 K), we expect a much lower contribution for CH4 than presented here (down to 10% and 5% for 
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summer and winter, respectively). That being said, these estimates are limited by two assumptions in 

our analysis: 

(1) Only those four trace gases contribute to the overall fate of BrHgO•: the assumption most 

likely fails due to other unexplored reactions of BrHgO• with other VOCs. 

(2) Seasonal temperature changes have no effect on rate constants: as temperature decreases, rate 

constants of hydrogen abstractions from alkanes decrease, while those of additions to NO and 

NO2 increase. That being said, the temperature dependencies of these rate constants are not 

strong: assuming temperature of 275 K (for wintertime), the contributions remain mostly the 

same, however (15%, 1%, 60%, 24% for CH4, C2H6, NO, and NO2, respectively). 

Regarding the fates of thermally stable products, BrHgOH may subsequently undergo wet and dry 

deposition, assuming that, similar to other GOM species, it has low equilibrium vapor pressure and 

significant aqueous solubility. For the same reason, one may reasonably expect BrHgONO2 to 

undergo wet and dry deposition, similar to HONO2 and other studied GOM species. The photolysis 

lifetime of BrHgOH was computed to be ~1 day by Saiz-Lopez et al.17 However, this lifetime seems 

fast, considering that HgBr2, with which BrHgOH shares the same major chromophore, has a lifetime 

of 12 days. It should be noted, again, that Saiz-Lopez et al. assumed syn-BrHgONO photolysis to 

dissociate to BrHg• or Hg(0), which seems inconstant with our findings for the S1 state. Figure 11 

displays the overall mechanism of the Hg(0) oxidation initiated by Br•, including the photolysis of 

BrHgONO and the subsequent BrHgO• chemistry. The overall atmospheric fate of BrHgO• may not 

yet be evaluated without considering other possible reactions—including reactions with oxygenated 

VOCs and unsaturated hydrocarbons. Investigations on reactions of BrHgO• with alkenes, carbonyls, 

and aromatics are critically needed to understand the fate of BrHgO• and the identity of Hg(II) 

compounds initially formed in the atmosphere. 

 

Figure 11. Mechanism of the GEM oxidation initiated by Br•, including the photolysis of syn-

BrHgONO and the subsequent BrHgO• chemistry. 

SUPPORTING INFORMATION 

Tables of absolute energies, ZPEs, Cartesian coordinates, vibrational frequencies, and rotational 

constants for all species are available in the Supporting Information. In addition, Tables of SCF 

energies and Gibbs free energy as a function of temperature along the MEPs for the BrHgO• + CH4 

and BrHgO• + C2H6 reactions are included. 
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