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Abstract: Mercury is a contaminant of global concern that is 
transported throughout the atmosphere as elemental mercury Hg(0) 
and its oxidized forms Hg(I) and Hg(II). The efficient gas phase 
photolysis of Hg(II) and Hg(I) has recently been reported. However, 
whether the photolysis of Hg(II) leads to other stable Hg(II) species, 
to Hg(I), or to Hg(0) and its competition with thermal reactivity are 
unknown. In this Research article, we show that all oxidized forms of 
mercury rapidly revert directly and indirectly to Hg(0) via photolysis. 
Results are based on non-adiabatic dynamics simulations, in which 
the photoproduct ratios are determined with errors smaller than 3%. 
We construct for the first time a complete quantitative mechanism of 
the photochemical and thermal conversion between atmospheric 
Hg(II), Hg(I), and Hg(0) compounds. These results reveal new 
fundamental chemistry that has broad implications for the global 
atmospheric Hg cycle. Thus, photoreduction clearly compete with 
thermal oxidation being Hg(0) the ultimate fate of Hg in the 
atmosphere, which significantly increases the lifetime of this metal in 
the environment. 

Introduction 

Mercury is an environmental contaminant which once injected to 
the atmosphere has been found to be dispersed on a global 
planet-wide scale. It is released into the environment, mainly from 

present and past industrial activities, essentially in the elemental 
Hg(0) form. The low chemical reactivity and water solubility of the 
metal lead to a large atmospheric lifetime (> 6 months) and 
mobility. Eventually atmospheric mercury is oxidized to water 
soluble Hg(II) species and deposited on land and waters.[1–5] After 
deposition into aquatic environments, inorganic mercury can be 
transformed into methylmercury, a potent neurotoxin harmful to 
the human population.[6–8]Accordingly, Hg receives a great 
attention[9–13]  
 
Oxidation of Hg(0) is currently assumed to occur via a single 
globally-dominant mechanism initiated by photochemically 
produced atomic bromine (Br), to yield HgBr. Even though earlier 
schemes considered oxidation by O3 as the main pathway in the 
atmosphere,[14] it was later reported that this reaction is irrelevant 
in the atmosphere since the gas-phase reaction is too slow.[15] 
Since then, the reaction with very reactive, albeit in low 
concentration, bromine atoms in the atmosphere is widely 
assumed to command Hg oxidation globally.[16,17] The radical 
produced, HgBr, is an intermediate that can then be thermally 
dissociated back to Hg(0) or further oxidized by atmospheric 
radicals such as OH, Br, I, Cl, NO2, HO2, BrO, IO, and ClO, to 
form stable Hg(II) compounds.[16,17]  
 
Recently, we have shown that Hg(II)[18] and Hg(I)[19] species 
efficiently absorb solar radiation and lead to fast photoreduction 
in the atmosphere. This photoreduction competes with surface 
deposition, thereby increasing the lifetime and mobility of the 
metal. However, although Hg(II) photoreduction has been shown 
to be key in the mercury cycle, the details of the Hg(II) 
photodissociation reactions and the photoconversion 
mechanisms among Hg(II), Hg(I), and Hg(0) species at molecular 
and atomic level remain unknown. 
 
It has been previously suggested that syn-HgBrONO and 
HgBrOOH are the major gaseous oxidized mercury compounds 
from the reaction of Hg(0) with Br atoms.[3,20,21] Previous 
computational studies have focused mainly on the thermal 
reactivity of closed-shell molecules.[6,22–25] Only for syn-HgBrONO, 
a recent computational work[26] indicates that dissociation might 
occur rapidly in the lower atmosphere giving rise to HgBrO. This 
radical would further react with atmospheric trace gases, such as 
NO, NO2, and volatile organic compounds, to yield finally 
HgBrOH.[26,27] However, in order to get a comprehensive and 
quantitative description of the atmospheric Hg chemical 
mechanism it is required to know the spectral properties and 
photodissociation reaction products of syn-HgBrONO, HgBrOOH, 
HgBrO and HgBrOH, which are currently unexplored. 
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In this Research Article, we report for the first time (i) the UV-vis 
absorption spectrum, band assignments, and cross section of 
HgBrO, and (ii) the photo-dissociation channels of syn-HgBrONO, 
HgBrOOH, HgBrO, HgO, and HgBrOH, which are used to deduce 
the chemical fate of mercury. Ab initio non-adiabatic molecular 
dynamics (AINAMD) with multiconfigurational quantum chemistry 
is used to determine these important properties. AINAMD is a 
well-established state-of-the-art tool[28–45] which in this work 
accounts for the multiconfigurational nature and the strong spin-
mixing previously detected in mercury molecules,[46,47] providing 
an accurate determination of the distinct photo-dissociation yields. 
Photolysis rates of the mercury compounds listed above are 
subsequently calculated and incorporated to a kinetic model for 
the transformations among Hg(II), Hg(I), and Hg(0). This allows to 
establish the important implications of the photodissociation 
processes studied here on the atmospheric mercury cycle.  

Results and Discussion 

The spectra and absorption cross section of syn-HgBrONO, 
HgBrOOH, and HgBrOH, adapted from ref.[18], are shown in Fig. 
1 highlighting the spectral region of the electronic transition to the 
lowest-lying excited state (S1). This transition is responsible for 
the major absorption at wavelengths characteristic of the lower 
troposphere (> 290 nm); smaller contributions from other 
electronic states are shown in Figs. S1-S3. For syn-HgBrONO, 
two types of transitions of distinct nature originates S1, i) a mainly 
monoconfigurational transition, in which the electron excitation is 
localized in the ONO part of the molecule, occuring from an in-
plane oxygen lone pair orbital of the N=O moiety to the anti-
bonding * orbital (see violet box in Fig. 1a), and ii) a 
multiconfigurational transition described mainly by the excitation 
of type i) plus a second excitation in which now the electron 
departures from an orbital with contributions also from the Hg and 
Br atoms (delocalized orbital) to the same * orbital (see pink box 
in Fig. 1a). While type i) occurs at the Franck-Condon geometry 
(band maximum),[26] type ii) appears in other surrounding 
geometries and contribute to increase the intensity of the S1 band. 
Type ii) contributions, from excitations of the HgBr part of the 
molecule, shall affect the photodynamics of the system, as shown 
below. 

 

Figure 1. Computed UV-Vis absorption spectra and cross sections (cm2) of 
syn-HgBrONO, HgBrOOH, and HgBrOH (green curves in a, b, and c, 
respectively). The green light-colored areas correspond to the uncertainty of the 
cross section due to the statistical sampling. Pink bands represent the 
contributions of the lowest-energy excited-state (S1) to the spectra. The violet 
band in a) represents only those excitations localized in the ONO moiety (see 
text). The orbitals that characterize such excited states are also shown. Note 
the different ranges. 

In the case of HgBrOOH, the excitation characterizing S1 is 
different from that of syn-HgBrONO. The electronic density is 
promoted from lone pair orbitals in Br and O (perpendicular 4p 
and 2p atomic-like orbitals, respectively) to an anti-bonding * 
orbital delocalized over the molecule (Fig. 1b), decreasing the 
strength of Hg-Br and Hg-O bonds. In HgBrOH, similarly to 
HgBrOOH, the lowest transition implies the population of the * 
orbital, although in this case the excitation is more dominated by 
the Br atom (Fig. 1c).  

Considering the analysis of the absorption bands, we can 
conclude that the photodynamics of syn-HgBrONO, HgBrOOH, 
and HgBrOH compounds in the atmosphere must start from the 
S1 electronic state. This state shows no energy barriers neither 
along the Hg-O dissociation coordinate nor along the Hg-Br bond 
stretching (see two-dimensional potential energy surfaces (2D-
PES) in Figs. S10-S12 and Tables S3-S14 This indicates that 
dynamical effects and interaction between the ground and excited 
electronic states (non-adiabatic and spin-orbit couplings) would 
be key factors to determine the branching ratio between the 
photoproducts. AINAMD performed for the three compounds after 
absorption to the lowest-energy band reveals an ultrafast decay 
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of the initial S1 state in ca. a tenth of picosecond, populating 
nearby singlet and triplet states (Figs. S22-S24).  

Analysis of the bond distances along the dynamic processes 
reveals the distinct photodissociation channels and the 
corresponding photoproduct yields, which are summarized in Fig. 
2. The photodissociation of syn-HgBrONO is relatively simple in 
terms of the number of photoproducts that have been identified in 
the AINAMD simulations. Most (90%) of the trajectories lead to 
ejection of nitric oxide thus forming the HgBrO radical (Fig. S26 
and Table S27). The rest of trajectories (10%) yield HgBr upon 
release of NO2. These results confirm previous CCSD(T) 
estimations which point to HgBrO as the main photoproduct.[26] 
However, the present dynamical calculations allow to predict the 
specific yield of every reaction channel. The predominance of the 
HgBrO photoproduct is due to the localized excitation taking place 
in the ONO part of the molecule (Fig. 1a), since the population of 
the anti-bonding * of the ONO group favors the HgBrO-NO bond 
breaking. The formation of HgBr can be related to the other 
excitations delocalized over the whole molecule. 

For HgBrOOH and HgBrOH, three major types of 
photodissociation channels have been identified, as the result of 
the Hg-Br, Hg-O, and O-O bond cleavages (Figures 2 and S27-
S28 and Tables S28-S29). The first dominant channel (66 and 
49% for HgBrOOH and HgBrOH, respectively) simultaneously 
breaks both Hg-Br and Hg-O bonds, yielding atomic bromine and 
mercury. The second most important photoreaction (31%) for 
HgBrOOH is O-O bond cleavage to yield HgBrO radical (+ OH), 
as in syn-HgBrONO, while for HgBrOH, formation of this radical 
is negligible (1%). In contrast, the second channel (35%) in this 
last case corresponds to Hg-Br bond breaking producing HgOH 
radical, probably due to the more dominant presence of Br in the 
HgBrOH excitation (Fig. 1c). Thirdly, the photon excitation energy 
may also dissociate the Hg-O bond while preserving Hg-Br 
bonding, this being more probable in HgBrOH (15%) than in 
HgBrOOH. In this last compound, the photoproducts are HgBr + 
O + OH (~2 %) and HgBr + OOH (<1 %). Finally, note that HgO 
molecules can also be obtained by photolysis of HgBrOOH in a 
very low yield (<1 %). 

 

 

 

Figure 2. Main photodissociation channels of a) syn-HgBrONO, b) HgBrOOH, 

c) HgBrOH, and d) HgBrO resulting from light absorption to the atmospherically-
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relevant electronic excited-state. Panels show selected snapshots of 

archetypical trajectories. Distances in Å. 

The HgBrO radical appears as an important product in the 
photolysis of syn-HgBrONO and HgBrOOH and it has been 
suggested to further react with NO, NO2, and volatile organic 
compounds within the lower troposphere to yield HgBrONO, 
HgBrONO2, and HgBrOH, respectively.[26] On the other hand, the 
UV-Vis absorption spectrum and photochemical properties of this 
radical remain unknown. The spectrum and absorption cross 
sections are shown in Fig.3, indicating the contribution of the 
lowest excited states as before (additional details in Fig. S4). Two 
bands appear in the atmospheric region (300-500 nm) related to 
the electronic transitions from the ground (D1) to the fourth (D4) 
and fifth (D5) electronic states. In addition, a lower intensity band 
shows at ~650 nm corresponding to the excitation to the third 
state (D3). The D1 unpaired electron in the 2p orbitals of the O 
atom relocates to the Br atom 4p orbitals on excitation to D4 and 
D5 (Fig. 3). Single or double dissociation reactions leading to Hg(I) 
or Hg(0), respectively, are energetically accessible (see 2D-PES 
in Fig. S13 and Tables S15-S18). 

In contrast to syn-HgBrONO and HgBrOOH, where day-light 
absorption is dominated by the lowest excited state (S1), in HgBrO 
three excited doublet states below 3.5 eV can be potentially 
populated. Therefore, the three of them were considered as initial 
states in the photodynamic simulations,[48] as described in the SI. 
Our computations show a femtosecond depopulation to the 
lowest-lying degenerate states (Fig. S20), while the analysis of 
the Hg-Br and Hg-O distances of the ensemble of trajectories (Fig. 
S29, Table S30), reveals two main photoproducts: HgO (56%) 
and Hg(0) (44%) (Fig. 2d), being Hg-Br the most photolabile bond 
of the radical. 

 

Figure 3. UV-Vis absorption spectra and cross sections (cm2) of HgBrO 

radical (green curve). The green light areas correspond to the uncertainty of the 

cross section due to statistical sampling.  Red, pink, and blue bands represent 

the contributions of the lowest-energy doublet excited states (D3, D4, and D5, 

respectively) to the spectra. The orbitals that characterize such excited states 

are also shown. 

The HgBr, HgOH, and HgO radicals are generated in the present 
photodynamics. HgBr and HgOH were found in our previous work 
to further dissociate to Hg(0) upon absorption to the electronic 

states in the energy range 500-800 nm, while a clearly bound 
excited state was determined with an absorption band appearing 
at 300-400 nm.[19] In the case of mercury oxide HgO, our previous 
calculation of the absorption spectrum[18] revealed absorption 
bands at 290-320 and 350-400 nm for the 1 and 3 states, 
respectively. The potential energy curves computed in this work 
show favorable dissociation channels to yield Hg(0) (Fig. S14).  

To assess the atmospheric impact of these results, we use the 
global chemistry–climate model CAM-Chem[49] to estimate the 
photolysis rates (J/s-1) of oxidized Hg species, as described 
elsewhere[18] and detailed in section 6 of the SI. Fig. 4 shows the 
computed probability for the different photodissociation channels 
(in red) and the photolysis and pseudo-first order rates (in black) 
computed herein or taken from the literature (see also Table S35). 
syn-HgBrONO photodissociates to HgBrO (90%) and HgBr (10%) 
while HgBrOOH breaks down to HgBrO (31%) and directly to 
Hg(0) (66%). The absorption cross-section of HgBrO in the 290-
550 nm range results in a global tropospheric photolysis rate of 
2.95×10-2 s-1. Therefore, the photolysis of HgBrO cannot compete 
with its recently reported reaction with methane (k’=11 s-1 at 298K 
and 1 atm).[26] Nevertheless, the reaction with methane produces 
HgBrOH, which has a short photolytic lifetime of ~1 day[18] and will 
regenerate Hg(0) directly or indirectly through HgBr and HgOH, 
as shown herein (Fig. 4). We calculate that the photolysis of the 
major Hg(II) species (syn-HgBrONO, HgBrOOH, and HgBrOH 
summed together, see Tables S27-S29) leads to Hg(0) directly 
(39%), and indirectly (61%) via intermediate radicals of short 
photolytic lifetime. These results show Hg(0) as the net 
predominant photoproduct of Hg(II) photolysis, which significantly 
increases the atmospheric mercury lifetime.  
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Figure 4. Quantitative kinetic model and rates (s-1) for the atmospheric 

photochemistry of major Hg species. Photodissociation channels computed in 

this work are shown in red arrows and the corresponding yields in red 

percentages. aRef.[16] bRef.[50] cpseudo-first order rates according to 

k(HgBrO+NO)=2.9×10-11 cm3 molec-1 s-1,[26] tropospheric averaged 

concentration of NO of 1.99×108 molec cm-3, and k(HgBrO+NO2)=1.7×10-11 cm3 

molec-1 s-1,[26] tropospheric averaged concentration of NO2 of 1.25×109 molec 

cm-3.  dRef. [26] eRef. [19] fRef. [18]. 

Conclusion 

Day-light solar absorption photo-reduces all oxidized forms of 
mercury, syn-HgBrONO, HgBrOOH, and HgBrOH, to Hg(0) 
directly in the femtosecond scale or indirectly via the HgBrO, HgO, 
HgBr, or HgOH intermediate species. This rich and novel 
photodissociation processes of Hg(II) species uncovered here 
have broad implications for the chemical mechanisms 
determining the atmospheric mercury residence time and its 
global dispersion. Overall, this new fundamental information also 
provides for the first time a complete quantitative mechanism of 
the photoconversion between Hg(II), Hg(I), and Hg(0) species in 
the atmosphere. 

Computational Details 

Cross sections were computed using the complete-active-space self-
consistent field (CASSCF) method assisted by the multistate complete-
active-space second-order perturbation theory (MS-CASPT2)[51–54] 
methodology and Wigner nuclear sampling. Photodissociation yields and 
decay lifetimes were computed with AINAMD incorporating spin-orbit 
coupling (SOC) with and the surface-hoping including arbitrary couplings 
(SHARC) scheme,[55,56] as implemented in the coupled OpenMolcas[57,58] 
and SHARC 2.0[59,60] programs. Analysis of the standard deviations 
considering different sets of trajectories indicates that the photoproduct 
ratios are determined with errors below 3%. Photolysis rates were 
calculated using the global chemistry–climate model CAM-Chem.[49] The 
reader is referred to the Supporting Information for further details on the 
static and dynamic calculations and Tables S1-S35 and Figures S1-S29 
for additional data. 
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