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ABSTRACT 

 We present results of the first study of the reaction BrHgO• + CO → BrHg• + CO2, 

which constitutes a potentially important mercury reduction reaction in the atmosphere. We 

characterized the potential energy surface with CCSD(T)/CBS energies (with corrections for 

relativistic effects) at MP2 geometries. Master Equation simulations were used to reveal the 

factors controlling the overall rate constant. Much of the potential energy surface mimics that for 

the ubiquitous OH + CO → H + CO2 reaction, including the entrance channel and binding 

energies of intermediates. However, the BrHgOCO intermediate is much less stable than HOCO 

with respect to loss of CO2. This leads to ultrafast dissociation of BrHgOCO and prevents its 

stabilization in air (unlike HOCO). Because of the relatively high rate constant for BrHgO• + CO 

and the high abundance of CO throughout the troposphere, this reaction could dominate the 

atmospheric fate of BrHgO•. The BrHg• product of this reaction can dissociate to form Hg(0), 

and Hg(0) is transferred to ecosystems much more slowly than Hg(II) compounds. Therefore, 

this reaction could significantly slow the transfer of neurotoxic mercury from the atmosphere to 

ecosystems.   
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1. INTRODUCTION 

  Mercury is a neurotoxin which is transported globally by the atmosphere.1 Mercury deposits 

from the atmosphere to ecosystems most efficiently when it is in the form of Hg(II) 

compounds.2,3 Unfortunately, we are still uncovering major aspects of the redox chemistry of 

atmospheric mercury.4–11 This complicates efforts to predict the impact of emissions reductions 

on the spatial distribution of mercury entry into ecosystems.6,12  

  It is believed that atomic bromine is the major agent initiating oxidation of Hg(0).13,10,11,15 

Horowitz et al. updated a global model of atmospheric mercury to incorporate recent 

advancements in the mechanism and kinetics of Hg(0) oxidation by gas-phase Br.13 They found 

oxidation to proceed so rapidly as to under-predict [Hg(0)], which inspired a search for reduction 

pathways to add to models. While recent work suggested fast photo-reduction pathways for 

Hg(I) and Hg(II) compounds,7,16,17 the present work suggests a thermal reaction that could 

efficiently reduce Hg(II) to Hg(I), namely, the reaction of BrHgO• with CO to produce BrHg• + 

CO2. 

 The Br-initiated oxidation of Hg(0) proceeds via the reversible addition of Br to Hg:13,18 

 Br• + Hg + M    BrHg• + M      (1) 

where M is a third body. BrHg• reacts with other radicals (•Y) in the atmosphere to form Hg(II) 

compounds:19,20 

 BrHg• + •Y + M   → BrHgY + M (2) 

Because NO2 is the most abundant radical in the atmosphere, BrHg• mostly reacts with NO2, and 

the major product of this reaction is BrHgONO.11,13,21 Calculations by Francés-Monerris et al.7 

and Lam et al.22 indicate that BrHgONO can absorb light at  > 300 nm. As the flux of such light 

is relatively intense in the lowermost atmosphere, these groups argued that BrHgONO undergoes 

fast photolysis. Lam et al.22 and Francés-Monerris et al.7 presented evidence that BrHgONO 

photolysis will mostly produce BrHgO• via: 

 BrHgONO + h   → BrHgO• + NO (3) 

 BrHgO• is stable with respect to thermal dissociation.23 Lam et al.22,24 further showed that the 

reactivity of BrHgO• in the atmosphere mimics that of the ubiquitous OH radical. Specifically, 

they found that, like OH, BrHgO• efficiently abstracts hydrogen atoms from alkanes, adds to sp2-

hybridized carbon atoms of alkenes, and forms bonds with NO and NO2. Inspired by these 

similarities and the importance of the reaction OH + CO in the chemistry of the terrestrial25,26 

and Martial atmospheres,27 combustion,28–30 and the interstellar medium,31 we decided to 

investigate the reaction of BrHgO• with CO: 

 BrHgO• + CO   → BrHg• + CO2 (4) 

Immediately below we discuss the methods used to characterize this reaction. Next, we 

discuss the structures and energetics of reaction intermediates and products. We find that 

reaction (4), like OH + CO, proceeds via XO + CO XO--CO → XOCO →  X + CO2 where 

X= BrHg or H. We then investigate the kinetics of this reaction. Next, we compare and contrast 
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the energetics and kinetics of BrHgO• + CO with the frequently studied OH + CO system. 

Finally, we consider the implications of this reaction to mercury redox chemistry in the 

atmosphere. 

 

2. COMPUTATIONAL METHODS 

 Dunning’s aug-cc-pVTZ basis sets were used for C and O atoms.32 33 To account for scalar 

relativistic effects in Hg and Br, we used the Stuttgart/Cologne scalar pseudopotentials for the 60 

innermost electrons of Hg (ECP60MDF) and the 10 innermost electrons of Br 

(ECP10MDF).34,35,36 Structures and harmonic vibrational frequencies of all species were 

computed using second-order Møller-Plesset perturbation theory (MP2) in Gaussian16.37 These 

calculations used the spin-unrestricted formalism. We used the corresponding aug-cc-pVTZ(-PP) 

basis sets of Peterson and co-workers for electrons treated explicitly.3,36,38 The combination is 

henceforth denoted aVTZ. The frozen-core approximation correlated only the 5d and 6s 

electrons of Hg, the 4s and 4p electrons of Br, and the valence electrons of C and O. Vibrational 

frequencies were scaled by 0.953 for computing zero-point energies (ZPE).39 Vibrational 

frequencies were inspected to verify that minima and transition states had the correct number of 

imaginary vibrational frequencies. Intrinsic reaction coordinate calculations were carried out to 

verify the identity of transition states. 

Single-point CCSD(T) energies were computed in MOLPRO.40 Calculations on radicals used 

UCCSD(T) with ROHF wavefunctions.41,42 We used the aug-cc-pwCVnZ (n = D, T, Q, 5) basis 

sets for C and O atoms.43 Br and Hg atoms were treated by the corresponding aug-cc-pwCVnZ-

PP (n = D, T, Q, 5) basis sets of Peterson and co-workers.38,44 This basis set is denoted awCVnZ 

throughout this paper. CCSD(T) energies were extrapolated to the basis set limit using the 

average of two extrapolations: a two-point extrapolation of the energies at awCVQZ and 

awCV5Z,45 and a three-point extrapolation of the energies at awCVTZ, awCVQZ, and 

awCV5Z.46 The difference between these two extrapolations was less than 1 kJ/mole in relative 

energy. Corrections for effects of residual core-valence correlation on relative energies (CV) 

were computed at CCSD(T) using the aug-cc-pwCVTZ(-PP) basis set. The core-valence 

contribution is taken as the difference energy between the valence electron correlation 

calculation and that with the nearest core electrons included (1s2 for C and O atoms, 3s2 3p6 3d10 

for Br atom, and 5s2 5p6 for Hg atom. 

Pseudo-potential correction (PP) using the CCSD(T)/aug-cc-pwCVTZ-DK result and the 

following formula: EPP = Eaug-cc-pwCVTZ-DK – (Eaug-cc-pwCVTZ(-PP) + ESR). Spin-orbit corrections 

(SO) were computed with the RASSCF/CASPT2/RASSI47,48,49 approach using the ANO-RCC-

VTZP basis set.50,51 For complexes and transition states the active space comprised 15 electrons 

in 13 orbitals: 11 electrons in 12 orbitals for BrHgO and 7 electrons in 8 orbitals for BrHg. The 

RASSI calculation treated the interaction of all states within 6 eV of the ground state: 18 for 

BrHgO, 12 for HgBr and 10 for the transition states and molecular complexes. The 23/2-21/2 

splitting we compute for BrHgO (520 cm-1) closely matches that computed previously by 

Balabanov and Peterson (~500 cm-1).52  
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The final level of theory is denoted as CCSD(T)/CBS + CV + SO + EPP + ZPE. We 

have applied this approach previously in a series of papers on atmospheric reactivity of halo-

hydrocarbons53–55 and a similar approach in previous work on mercury compounds.56 The 

counterpoise correction for the estimation of the basis set superposition error was not taken into 

account because several previous works showed that it could lead to discrepancies in the 

energetic results.57–59 

 RRKM/Master Equation calculations were carried out in MultiWell60–62 using the rigid-

rotor/harmonic oscillator approximation. To approximate the effects of conservation of angular 

momentum on calculations of microcanonical rate constants, k(E), we used the separable rotors 

approximation. In this treatment, the near-symmetric 2-D rotor was treated as inactive while the 

1-D K-rotor contributed to the sums and densities of states. For collisional energy transfer, the 

bath gas was treated using Lennard-Jones parameters for N2. The value of the Lennard-Jones  

and  for HgBrCO2 species was estimated following the guidance from Gilbert and Smith.; 

specifically, we used the boiling points of HgCl2 and HgBr2
63 to estimate /kB = 700 K and 

volume additivity considerations64,65 to estimate  = 5.0 Ångstroms. 

 

3. RESULTS AND DISCUSSION 

3.1  Quantum Chemistry Results Here we summarize the mechanism of the reaction of 

BrHgO with CO. These molecules first form a pair of van der Waals complexes, which we label 

BrHgO—CO and BrHgO—OC. In the former, the radical center of BrHgO• interacts with the 

carbon atom of CO, while in the latter it is the oxygen atom of CO that interacts with the radical 

center. BrHgO—CO can react over a submerged barrier to form trans-BrHgOCO. Trans-

BrHgOCO can isomerize to cis-BrHgOCO over a low barrier. Both isomers of BrHgOCO easily 

rearrange to form a T-shaped BrHg—CO2 complex. This complex will dissociate to BrHg• + 

CO2. 

 Figure 1 depicts the geometries of all potential energy minima, while Figure 2 displays the 

structures of all transition states. The difference in structure between the two van der Waals 

complexes accounts for the absence of a saddle point linking BrHgO—OC to BrHgOCO. All 

species and transition states possess Cs symmetry, except for the transition state linking cis- and 

trans-BrHgOCO. In going from BrHgOCO conformers to the transition states for their 

dissociation, the Hg-O distance only increases by 0.10 Ångstroms. 

 Relative energies are displayed in Figure 3 at the CCSD(T)/CBS + CV + SO + EPP + 

ZPE level of theory. Unless otherwise specified, all relative energies are at this level of theory. 

Note that, because of the wide range of energies, the energy axis in Figure 3 is not to scale. To 

enable the reader to compare the accuracy of different theoretical approaches, Table 1 lists 

energies at this level of theory along with MP2/aVTZ and CCSD(T)/CBS results. We can see 

from Table 1 that the MP2 results provide a reliable semi-quantitative guide to the potential 

energy profile. The CCSD(T)/CBS results fall very close to the final results: the many correction 

terms change the relative energies by no more than 5 kJ mol-1. While we did not carry out 

CCSDT or CCSDT(Q) calculations, a study of the analogous OH + CO system found the effect 
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of correcting CCSD(T)/CBS energies for these terms altered relative energies by less than 2 kJ 

mol-1.66 Values of the T1 diagnostic lie below 0.030 except for BrHg• and one transition state 

(discussed below). All these facts support the high accuracy of the relative energies we report 

here. 

 BrHgO• and CO come together without a barrier (at MP2/aVTZ) to form BrHgO—CO and 

BrHgO—OC. BrHgO—CO corresponds to a pre-reactive complex. The saddle point connecting 

it to trans-BrHgOCO lies only 1.8 kJ mol-1 above the complex, so the saddle point lies 

submerged by 6.2 kJ mol-1 with respect to separated reactants. The two BrHgOCO isomers lies 

119 kJ mol-1 (trans) and 138 kJ mol-1 (cis) below BrHgO• + CO. The transition state connecting 

them lies only 16 kJ mol-1 above trans-BrHgOCO. The barrier for trans-BrHgOCO dissociating 

to BrHg—CO2 is quite low (5.8 kJ mol-1). This low barrier is consistent with the very early 

structure of the transition state. BrHg—CO2 possesses a bond energy of only 1 kJ mol-1, so it will 

fall apart quickly under all atmospheric conditions. 

 As seen in Table 1, we compute the transition state for cis-BrHgOCO dissociating to BrHg—

CO2 to lie below the reactant by 8 kJ mol-1 – a non-physical result. The T1 diagnostic for this 

transition is 0.039, which is high enough to begin to worry about effects of strong electron 

correlation. We suspected that the geometry computed at MP2 might be the cause of this issue, 

so we re-optimized the geometry of both cis-BrHgOCO and this transition state at CCSD. The 

CCSD geometries closely mimicked those at MP2 (see Figures 1 and 2), so it does not appear 

that the MP2 geometry is unusually distorted. Efforts to optimize the structure of the transition 

state at CCSD(T)/aVTZ were unsuccessful, and we found two negative eigenvalues of the 

Hessian matrix. It remains unclear whether cis-BrHgOCO is a minimum on the potential energy 

surface. 
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Figure 1. Geometries of all minima (distances in Å, bond angles and dihedral angles in degrees) 

at MP2/aVTZ (CCSD/aVTZ in italics for one species). 

 

Figure 2. Geometries of all transition states (distances in Å, bond angles and dihedral angles in 

degrees) at MP2/aVTZ (CCSD/aVTZ in italics for one species). 
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Figure 3. Potential energy profile (kJ mol-1) for BrHgO• + CO at CCSD(T)/CBS + CV + PP 

+ SO + ZPE level of theory.   

 

 

Table 1. Relative energies (kJ mol-1, including zero-point energy) of reactants, 

intermediates, products, and transitions states in the BrHgO + CO reaction. 

a)  CCSD(T)/CBS + CV + PP + SO at MP2/AVTZ geometry 

 

 

Species MP2/aVTZ CCSD(T)/CBS Final a 

BrHgO• + CO 0.0 0.0 0.0 

BrHgO—CO -12.0 -9.5 -8.0 

TS [BrHgO—CO → trans-BrHgOCO] (TS1) -8.4 -9.9 -6.2 

BrHgO—OC -6.0 -4.8 -4.7 

trans-BrHgOCO  -149.3 -121.7 -118.9 

cis-BrHgOCO -157.8 -141.6 -138.2 

TS [trans → cis]  (TSiso) -128.7 -105.6 -102.5  

TS [trans-BrHgOCO → BrHg—CO2]  (trans-TS2) -143.5 -116.8 -113.1 

TS [cis-BrHgOCO →  BrHg—CO2]    (cis-TS2) -159.1 -146.0 -146.2 

BrHg—CO2 -317.9 -283.9 -279.3 

BrHg• + CO2 -314.0 -282.0 -278.2 
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3.2  Master Equation Simulations The potential energy surface is very flat in the 

region of the entrance channel for formation of BrHgO—CO, and our MP2 calculations found 

extra imaginary frequencies. This probably arises from coupling of translational and/or rotational 

modes to low-frequency vibrational modes.67,68 This precludes using standard variational 

transition state theory (VTST) to determine the kinetics of the reaction BrHgO• + CO → 

BrHgO—CO. A variable reaction coordinate VTST approach69 would be necessary, but that 

effort is outside the scope of this study. Here we treated the kinetics of the association reaction 

using the Inverse LaPlace transform (ILT), and counted BrHgO—CO as a potential energy 

minimum (“well”) in the Master Equation simulations. 

To use the ILT method, one must assume a value for A, the Arrhenius pre-exponential factor 

in the high-pressure limit for dissociation of BrHgO—CO to reactants. We considered values of 

1013 and 1014 s-1 to see their impact on predicted rate constants. Master Equation simulations 

neglected BrHgO—OC, as it does not appear to play a role in the reaction. We also neglected the 

exit channel complex BrHg—CO2. 

 Simulations started with population in the BrHgO—CO well, and ran for ~20 ps at a total 

pressure of N2 bath gas of 0.01, 0.1, and 1.0 atm. At the end of the simulation, all the population 

had been transferred from BrHgO—CO to either separated BrHgO + CO or BrHg + CO2. We 

estimated the effective 2nd-order rate constants, k(P,T), from: 

 k(P,T) =  f(P,T) × kcollision (5) 

where f(P,T) corresponds to the fraction of collisions leading to BrHg• + CO2 and kcollision is the 

collision rate constant. We carried out 107 Monte Carlo trials to obtain better than 1% precision 

in f(P,T). We used a value of kcollision of 2 × 1010 cm3 molecule-1 s-1. Table 2 shows the values of f 

at 200 and 298 K as a function of A.  

Table 2. Fraction, f, of BrHgO—CO going on to form BrHg• + CO2, and overall rate constant, 

k(P,T), for BrHgO• + CO  → BrHg• + CO2, at 200 and 298 K and a pressure of 1 atm. 

T (K) A (s-1) f k (cm3 molecule-1 s-1) 

200 1013 0.143 2.9 × 10-11 

1014 0.019 3.8 × 10-12 

298 1013 0.262 5.2 × 10-11 

1014 0.047 9.4 × 10-12 

 

 As can be seen from Table 2, the fraction reacting, and, consequently, the overall rate 

constant, k(T), depends rather sensitively on the assumed value of A. This resulting uncertainty 

in k(T) makes it pointless to worry about the temperature dependence of, or uncertainty in, 

kcollision. The fraction reacting varies by less than 5% when the simulated pressure rises from 0.01 

atm to 1 atm. The dissociation of cis-BrHgOCO was assumed to have a barrier of 1 kJ mol-1; a 

value as high as 40 kJ mol-1 changed the fraction reacting by no more than 3%. A second set of 

simulations was carried out while initially populating trans-BrHgOCO with internal energy 

equivalent to being formed from separated BrHgO• + CO. Dissociation of BrHgOCO to BrHg• + 
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CO2 was 90% complete in 1 ps, and even when BrHgOCO was given 30 kJ mol-1 of energy 

above that of reactants, only 0.2% back-reacted to BrHgO• + CO. 

3.3  Comparison to OH + CO It is interesting to compare the potential energy profiles and 

kinetics of BrHgO• + CO to those of OH + CO. Figure 4 displays the potential energy profile for 

OH + CO based on the HEAT-345(Q) energies reported by Lam and co-workers.66 This method 

provides CCSDT(Q) energies based on geometries computed at CCSD(T)/cc-pVQZ. Both 

systems possess XO•—CO and XO•—OC van der Waals complexes where the XO—CO 

complex is more strongly bound than XO•—OC. The barrier from BrHgO—CO to trans-

BrHgOCO lies 6 kJ mol-1 below separated reactants, whereas the barrier from HO—CO to trans-

HOCO lies 4 kJ mol-1 above the reactants. BrHgOCO is more strongly bound than HOCO by 

~15 kJ mol-1 for the trans isomer and ~40 kJ mol-1 for the cis isomer. The major difference 

between the two systems is that the reaction BrHgO• + CO → BrHg• + CO2 is exothermic by 

280 kJ mol-1, while OH + CO →  H + CO2 is only exothermic by 103 kJ mol-1. 

 The first consequence of the large stability of BrHg• + CO2 with respect to BrHgO• + CO is 

that the barriers for BrHgOCO → BrHg• + CO2 are very low, while that for HOCO →  H• + CO2 

is substantial (~120 kJ mol-1). Note that the barriers to for the reverse reactions (X + CO2 → 

XOCO) are large for both X = H and X = BrHg (~120 and ~170 kJ mol-1). The second 

consequence is that the BrHgCO2 analogue of the HCO2 molecule is a van der Waals complex, 

rather than a molecule with an activation barrier of ~50 kJ mol-1 with respect to dissociation.  

 A consequence of the high barrier separating HOCO from H + CO2 is that cis- and trans-

HOCO can be stabilized under atmospheric conditions.26,70 In fact, these intermediates have been 

observed in the gas phase.70,71 By contrast, our RRKM/ME simulations indicate that BrHgOCO 

dissociates before it could even undergo one stabilizing collision with bath gas.  

Figure 4. Potential energy profile (kJ mol-1) for BrHgO• + CO at the HEAT composite level of 

theory.66 
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We note, in passing, the major difference between the reactions of BrHgO• and OH with CO 

and the reaction CH3O• + CO. Reaction of CH3O• with CO to make CH3 + CO2 (rH° = 158 kJ 

mol-1)72,73 is somewhat more exothermic than OH + CO → H + CO2, but has a much larger 

entrance channel barrier than its analogs (25 kJ/mole).74  

3.4  Implications for Mercury Redox Cycling in the Atmosphere 

 BrHg• produced in the reaction BrHgO• + CO → BrHg• + CO2 can dissociate in competition 

with bimolecular reactions to make Hg(II) compounds.19,20 The larger the fraction of BrHgO• 

reacting with CO, the longer the residence time of mercury in the atmosphere and the greater the 

extent of mercury deposition as Hg(0) rather than Hg(II) compounds. Previous work by Lam et 

al. mapped out most competing types of reactions of BrHgO•.22,24 Scheme 1 depicts their results 

together with the findings of this work. BrHgO• is very effective at abstracting hydrogen atoms 

from sp3-hybridized carbon atoms, and this reaction dominated the fate of BrHgO• in the 

analysis of Lam et al. The model reaction: 

 BrHgO• + CH4  →BrHgOH  + •CH3 (6) 

was computed to proceed with a pseudo-1st order rate constant (at [CH4] = 1.85 ppmv) of 11 s-1 

at 298 K and 1 atm. Given typical values of [CO] of 60-120 ppbv, the corresponding pseudo-1st 

order rate constant for reaction of BrHgO• with CO would range from 14 – 150 s-1, depending 

largely on the assumed value of A in Table 2. 

 

Scheme 1.    Reactions forming BrHgO via BrHg + NO2 and removing BrHgO•. 
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 The analysis above applies near ground level. Concentrations of both mercury and CO tend 

to be higher in the Northern Hemisphere than the Southern Hemisphere, which tends to increase 

the potential importance of the BrHgO• + CO reaction. In fact, the IAGOS-CARABIC 

observatory finds the peaks of [CO] and the concentration of total gaseous mercury in the 

troposphere to be nearly co-located in space and time.75 The analysis in the previous paragraph 

also neglects other potential molecules from which BrHgO• can abstract hydrogen atoms. 

Unfortunately, rate constants for hydrogen abstraction by BrHgO• are not available for a wide 

range of potential reactants. However, reaction with CO is a significant fate of OH radical in 

much of the atmosphere,76–78 so it seems reasonable to suppose that this is also true of BrHgO•.  

 

4. CONCLUSIONS AND FURTHER WORK 

 We have mapped out the potential energy surface for BrHgO• reacting with CO. This 

reaction corresponds to reducing Hg(II) to Hg(I). The rate of this reaction may outcompete all 

other reactions of BrHgO• in the atmosphere at 298 K and 1 atm, and likely contributes 

significantly to the loss rate of BrHgO• in much of the global troposphere. The major fate of 

BrHg is to react with NO2, and the product of this reaction mostly undergoes photolysis to make 

BrHgO•. Consequently, the title reaction could have a large impact on mercury redox chemistry 

in the atmosphere. The factor of ~10 uncertainty in the computed rate constant for this reaction 

could propagate to significant uncertainties in our understanding of atmospheric mercury 

chemistry.  

 The rate-limiting step in the title reaction appears to be the rearrangement of the pre-reactive 

complex to trans-BrHgOCO. The formation and fate of this pre-reactive complex requires 

further study in order to determine the overall rate constant for reaction. While ordinarily one 

would prefer to rely on experimentally measured rate constants, the complete absence of 

experimental data on BrHgO• dims the prospects for such measurements.  

 As can be seen from Figure 3, the BrHgO• + CO → BrHg• + CO2 reaction is exothermic by 

282 kJ mol-1. The bond energy of BrHg is only 65 kJ mol-1,79,80 so some fraction of chemically 

activated BrHg• formed in this reaction may possess sufficient energy to promptly dissociate to 

Br + Hg. To investigate this phenomenon would require carrying out molecular dynamics 

simulations using either a reactive potential energy surface or computing internuclear forces on 

the fly. 

 It is conceivable that BrHgOCO could be stabilized in cryogenic matrices. To aid the 

detection of BrHgOCO, we have reported vibrational frequencies and intensities in the 

Supporting Information. 

 

■ ASSOCIATED CONTENT 

Supporting Information 



12 
 

The Supporting Information is available free of charge on the ACS Publications website at 

DOI: ___. Absolute energies of all species at all levels of theory along with zero-point energies, 

Cartesian coordinates, rotational constants, and vibrational frequencies; values of the T1 

diagnostic; images of orbitals used in RASSCF/CASPT2/RASSI calculations of SO (XLS). 
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