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Abstract: Elemental gaseous Hg is emitted into the atmosphere through various anthropogenic
and natural processes. Its different species and respective transport ranges, atmospheric physical
and chemical transformations, and interaction with Earth’s surfaces all contribute to the global
cycling of toxic mercury. Under the sunlight, halogens, ozone, and nitro species oxidize the
emitted elemental Hg to gaseous Hg (II) molecules, which deposit on the snow and ice surfaces in
the Arctic. To investigate the fate of deposited mercury, a quantum-chemical investigation was
conducted using first-principles density functional theory (DFT) to analyze the interaction between
various mercury molecules and snow clusters of differing sizes. Results show all oxidized mercury
molecules: XHgY, BrHgOX, BrHgXO XHgOH, XHgO>H, XHgNO,, with X, Y = CI, Br, I atoms
have thermodynamically stable interactions with snow clusters. Further, the adsorption energy of
all mercury molecules increases with increasing size of snow clusters. Additionally, the
orientations of deposited mercury molecules on the cluster surface also influence the mercury-
snow interactions.

Introduction

Mercury is a neurotoxic and environmental contaminant.'!? In recent years, there has been a rising
concern over the health of marine life and the northern human population due to reports of
increasing atmospheric mercury content in the Arctic.® Introduction of mercury into the
atmosphere originates from natural and anthropogenic sources. Natural geological emissions of
mercury results from volcanic eruptions and forest fires. Contrastingly, anthropogenic emissions
are due to waste incineration, oil and coal combustions, cement production, and pyrometallurgical
processes.®!* According to United Nations Environment Program, there is approximately 6000
tons of mercury in the atmosphere.'*> Mercury is released into the atmosphere primarily as gaseous
elemental mercury (GEM), also known as Hg(0) although some gaseous Hg(Il), referred to as
gaseous oxidized mercury (GOM) is also released.'® GEM has a low water solubility, is less
reactive, and has an atmospheric lifetime of 0.5 to 1.7 years.!” By contrast, GEM has a lifetime
of a few days to weeks. Due to its high water solubility and low vapor pressure, Hg(II) can easily
partition onto aerosols, is hygroscopic, and is susceptible to wet or dry deposition to surface
environments.'®!” The long lifetime of Hg(0) leads to Hg deposition far from its emission sources
to remote ecosystems such as open oceans and polar regions. Once transported to the Arctic, Hg
undergoes rapid oxidation and deposition during Atmospheric Mercury Depletion Events



(AMDEs) during the spring season, first reported by Schroeder et al.”?*2! While gas phase Os,
OH, HO», H2O», and NO3 are all potential Hg(0) oxidants, atomic bromine is strongly suggested
to initiate Hg(0) oxidation in marine boundary layers and during atmospheric depletion events in
Polar regions.?*?” The oxidation process under atmospheric conditions is initiated photolytically
under a two-step mechanism. >

In the first step of the oxidation process, photochemically generated Br atoms form HgBr-,
aradical Hg(I) intermediate. This radical can readily compose back to Hg(0) or further be oxidized
to Hg(II) compounds by prominent atmospheric radicals such as HO>, Br, NO>, OH, 1, Cl, BrO,
ClO, and 10. Dibble et al.2® proposed that the addition of BrHgs to these radicals dominates the
atmospheric fate of BrHge.

+X
Hg + Br & HgBr — BrHgX

As a result of oxidation by reactive bromine species, AMDE leads to the deposition of ~300t
mercury per year in the Arctic. Although AMDEs are mainly responsible for Hg sources in the
Arctic, numerous studies suggest that a major fraction of atmospheric depleted mercury is re-
emitted to the atmosphere following deposition onto snowpack.?’> However, the remaining
mercury can potentially move to deeper layers of snowpack as snow serves as a natural sink for
trace elements.*®>” Once deposited, mercury converts into methylmercury through the process of
methylation from microbial activity present in the water.>**** This toxic form of mercury can
potentially result in impaired neurological development, headaches, cognitive and motor
dysfunction, fatigue, etc.** Arctic indigenous communities are particularly vulnerable to the
impacts of these effects in their traditional/local foods.!> As a result of the threatening impacts of
mercury emissions, the international community in 2013 signed a treaty at the Minamata
Convention agreeing to reduce mercury emissions to safe levels. Currently, numerous extensive
studies are being conducted to understand the biogeochemical cycle of mercury to implement the
Minamata Convention. However, attaining this goal is difficult as mercury rapidly oxidizes in
AMDEs and re-emits from surface ecosystems back into the atmosphere.

Nevertheless, researchers attempting to understand this cycle lack basic information on the
kinetics and mechanisms of AMDESs. This lack of sufficient data undermines the effort to
synthesize models of the global chemistry of mercury. The main difficulties in experimental
studies lie in reproducing the natural air-surface interaction or changing controlling factors in the
lab. Further, experimental research is complex due to mercury’s neurotoxic effects, ultra-trace
concentrations, and complex diversity of its chemical speciation. In general, the continual
development of quantum chemical computational modeling has reached the point where it can
inform environmental science or even replace difficult experimental investigations. Advances in
quantum chemistry calculations have enabled researchers to study interactions between mercury
and other particles down to the atomic level.!®2>244557 Therefore, the primary goal of this
investigation is to gain insight into the air-snow-ice-mercury cycling at the atomic level by
analyzing the interactions of various potential oxidized mercury molecules with snowpack and
ice. The study is carried out with progressively increasing size of snow and ice: from the snow
clusters to the ice surface. While the results from mercury - ice surface is published elsewhere,®



this study is solely focused on the snow clusters. Specifically, we have aimed to investigate the
cluster size dependent mercury interactions.

Computational Methods

All calculations were performed using electronic structure density functional theory (DFT) using
plane wave basis sets as implemented in the software VASP (Vienna ab initio simulation package)
version 5.4.1.5%" The exchange-correlation contribution to the total energy is modeled using the
generalized-gradient approximation (GGA) functional. The orbital interactions are analyzed by
projector-augmented-wave method (PAW),®! specifically utilizing Perdew-Burke-Ernzerhof
(PBE)®? pseudopotentials provided by VASP. Using pseudopotentials ensures a scalar relativistic
approach is included in the calculations. The energy cutoff was set to 500 eV to maximize the
completeness of the planewave basis sets. The Monkhorst-Pack k-point®® grid was set to gamma
point only and applied to both the individual compounds and combined snow structures
calculations. The convergence criterion for local energy minima is that all atomic forces be smaller
than 0.02 eV/A. All calculations were performed using the supercell approach using a simulation
box of 30 A x 30 A x 30 A.

Snow, a single crystal of ice appears on a scale of hundreds of microns or even millimeters
with varying shapes. Modeling such snow structures using ab initio quantum chemistry is, thus, a
very challenging task. However, nanometer sized clusters, which are considered in this study are
many orders magnitude smaller than typical snow and can be generated from both snow and ice.
Therefore, we have generated them by curving out spherical clusters from regular hexagonal ice
crystals.®* Centering at an oxygen atom of a water molecule of bulk ice, the radius of a spherical
part of the ice is progressively increased and curved out from the bulk ice. In generating these
clusters, we chose only those clusters with no H-O bonds in a water molecule are broken, i.e., only
the hydrogen bonds between two different water molecules are broken. It also ensures the
stoichiometry of water in snow clusters. The number of water molecules in our modeled snow
clusters are 5, 12, 39, and 73. For each cluster, the structures are optimized to their local energy
minima. Similarly, twenty-seven mercury molecules are optimized at their local energy minima
using the same computational protocol described above.

Several studies on water clusters®> %7 and mercury molecules®®® investigated using DFT.
In all those studies, atom centered-basis sets were used. On the other hand, we have used plane
wave basis set in this study to keep the consistency between mercury - cluster and mercury -
surface interactions.>® In addition, such method is successfully employed in our previous studies’®"
72 involving ice.

Results and Discussion

Our investigation begins with the optimization of individual mercury compounds. Although some
combinations have been experimentally shown in numerous studies, various compounds>® were
tested to investigate the possibility of mercury deposition on the surface. Figure 1 presents the
structures of oxidized mercury molecules. The optimized structural parameters and Cartesian
coordinates of all mercury molecules are listed in Table S1 and S2, respectively. Each oxidized
mercury compound is composed of a halogen (X) anion and an oxide, or a secondary halogen



atom as the second anion. Based on these structural and compositional differences, the
compounds are classified into four distinct categories: (a) mercury — halides (HgX>), (b) mercury
— oxyhalides/halo oxides (XHgOX/XHgXO) (c) mercury — hydrogen oxides (XHgOH and
XHgO,H) and (d) mercury — nitrogen oxides (XHgNO»). Based on the structural arrangements,
XHgNO> compounds are classified into three subcategories: (i) XHgNO> (Figure 1(e)), where
Nitrogen connects to Hg; (i1) syn-XHgNO,, where Oxygen connects to Hg, and the O-N-O linking
is on the same side of Hg (Figure 1(d)); and (iii) anti-XHgNO>, where O connects to Hg and the
O-N-O linking is on the opposite side of Hg (Figure 1(f)). Each mercury compound was
individually optimized to obtain its lowest energy geometry for placement on each snow cluster.
The structural parameters, specifically the bond distances between Hg and X/O/N were reported
in numerous studies.*®>1:333673-77 The level of theory, exchange-correlation functionals, basis
sets, spin-orbit couplings all have an impact on the structural parameters of mercury molecules.
Generally, higher level of theory, e.g., CCSD(T) and higher basis sets result in the shortening of
bond distances in Hg-X/O/N.>>7 Our calculated bond distances and bond angles for optimized
mercury molecules are within 2% of the corresponding literature values. It is to be noted that
BrHgXO molecules are not reported experimentally and are significantly less stable than
corresponding BrHgOX molecules.*®™ However, Jiao and Dibble’* showed by very high level
computational methods that BrHgIO will be thermally stable in the Arctic atmosphere. On the
other hand, BrHgBrO has a lifetime of 20h, which is sufficient to be adsorbed on snow/ice surface
during ADMEs, which typically last a few hours to a day. The unstable compound is BrHgCIO
(lifetime is 0.4h). However, for the sake of complementing all other mercury compounds,
BrHgClO is also considered in this study.
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Figure 1. Ball and stick presentation of oxidized mercury molecules: (a) halides; (b) XHgOH, (c)
XHgO:H; (d)syn-XHgONO; (d) XHgNO:, (f) anti-XHgONO; (g) BrHgXO and (h) BrHgOX with
X=Cl, Br, L

Secondly, we have optimized four snow clusters with different sizes and a single water molecule
in the same cubic box. The optimized structures of all clusters are presented in Figure 2. The
optimized coordinates (CONTCAR files) for all four clusters are in Table S3. Although all
clusters are generated by curving out a spherical part from the ice crystal, the surface structures
of each cluster are different. 5-water cluster is a tetrahedral arrangement of four water molecules
around a central water (Fig. 2a). The 12- and 39-water clusters have flat surface structures like
the (0001) surface of ice, see Fig. 2(b) and (c). Lastly, the 73 cluster is more spherical and less
flat.

The binding energy per water molecule in each snow cluster is calculated using equation (1).

En—n.E
AEb — Zn water



E, is the total energy of a cluster with n water molecules, n = 5, 12, 39 and 73, and E\user 1s the
energy of a single water molecule in the gas phase. The binding energy of each cluster versus the
number of water molecule is plotted in Figure 3.
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Figure 2. Optimized snow clusters with (a) 5 (b) 12 (c) 39 (d) 73 water molecules. Red and white
spheres represent O and H atoms, respectively.

The binding energy of the cluster decreases with increasing the number of H>O units, as shown
in Figure 3. In other words, as the cluster size increases, the binding energy decreases due to its
higher stability as the surface-to-bulk ratio decreases, which coincides with previous TiO>
clusters and water clusters.”® 3% It is expected that with larger clusters, the binding energy
converges to that of the bulk ice. Structurally, a few water molecules of the clusters move to the
center of the hexagon as shown in Figure 2(d). Further, structures and energetics of water
clusters were previously reported.®>¢%"*-8! Using DFT and tight binding DFT along with atom
centered basis sets, those studies had focused on the structures, symmetries, and energetics of
water clusters. Specifically, they used a bottom-up approach by increasing one water molecule in
successive cluster starting from a single water molecule. Many different isomers for each cluster
were considered, especially for small clusters.”” However, for the larger clusters the number of
isomers were limited.”*° The binding energy for those water clusters were varied depending on
the computational methodology. On the other hand, we have generated all clusters by curving out



a spherical part of crystalline ice. Therefore, there is only one isomer for each cluster in this
study. Furthermore, the focus of our study is the interaction between clusters and mercury
molecules as opposed to the stability and binding energy of water clusters in those previous
studies. Nevertheless, we have validated our methodology by calculating the binding energy of
one water cluster reported in the literature.®>” The binding energy for fused tetrameric 12 water
cluster was reported 119 kJ/mol at DFT/M06-L level of theory by Miré and Cramer.*® The
binding energy of the same cluster was reported respectively as 124.7, 130.1, 119.5 and 121.4
kJ/mol at M06-2X/aVTZ, APFD/aVTZ, MN15/aVTZ and wB97XD/aVTZ level of theory.” On
comparison, our calculated binding energy for the same cluster is 124.6 kJ/mol, which is within
the reported value. The agreement of our calculated binding energy with literature values
provided with the validation of our calculated results.
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Figure 3. Formation energy, AEr (kJ/mol)(uncorrected zero-point energy) of snow cluster with
cluster size.

Adsorption or interaction energy of mercury molecules on snow cluster is calculated using
equation (2).
AEad = EHS - (EH + Es) ................... (2)

Eus refers to the calculated total energy of the mercury molecules with snow cluster. Contrastingly,
En and Es denote the energy of the individual mercury molecules and the energy of the snow
cluster, respectively. The negative value of adsorption energy indicates stable adsorption of
mercury molecules on the snow surface and vice versa. However, for the sake of simplicity only
numerical values are used to qualitatively describe the adsorption or interaction. For example,
AEaqs = -100 kJ/mol is referred as higher adsorption energy than AE.qs = -90 kJ/mol.

Following the optimization of mercury molecules and snow clusters, each oxidized
mercury molecule is laid on the optimized cluster surfaces. The cluster-mercury molecule
structures were then optimized at their lowest local energy minima. Oxidized mercury molecules
are laid on the snow clusters in two positions: (a) parallel and (b) perpendicular. For
perpendicular orientation, the O/N atom connections to the snow cluster result in stronger



interactions as opposed to halogen connections to the cluster surface. Therefore, results from the
N/O connections are presented in this manuscript. The optimized coordinates (CONTCAR files)
for all snow-mercury structure are available in Table S4. Figures 4 and 5 below present the
optimized structures for the BrHgOH molecule positioned parallel and perpendicularly on all
clusters. The structures of mercury molecules on the snow clusters are very similar to those of
Fig. 4 and 5. The primary interactions between mercury molecules and snow clusters are the
hydrogen bonds as can be seen in the distances between molecules and clusters in Figs. 4 and 5.
Such hydrogen bonds result the adsorption energy is in the same range of typical hydrogen
bonds. It is to be noted that due to the spherical shape of clusters, the mercury molecules could
be laid on the cluster multiple ways, and therefore, many different local energy structures for
snow-mercury interactions are possible. To investigate this, we have laid the BrHgOBr molecule
on the 12-water cluster in 5 more ways and optimized them at their local energy minima. The
adsorption energies (-16.6 to -3.6 kJ/mol; see Figure S1) for those 5 orientations of BrHgOBr are
within in the values for parallel and perpendicular orientations (see Table 1). This finding
provides us the hint that adsorption energies for the parallel and perpendicular orientations are on
the two opposite sides of the spectrum for adsorption. For the smaller clusters, there may be
more orientations for other molecules. However, as the clusters grow bigger, the adsorption
energy in the parallel orientation will be the dominant mode for adsorption, like on the (0001)
surface®® as more flat surfaces for larger clusters are expected. Further, we have considered two
12-water clusters from Miré and Cramer® for the adsorption of BrHgOH. The calculated
adsorption energies for BrHgOH in parallel orientation on those two clusters are 26.0 and 27.0
kJ/mol, which are closed to the values for our spherical clusters.



Figure 4. Optimized parallel orientation of BrHgOH on (a) 5 (b) 12 (c) 39 (d) 73 water snow
clusters. The presentation is as of Figure 1 and 2. The distances between molecules and snow
cluster are shown.



Figure 5. Optimized perpendicular orientation of BrHgOH on (a) 5 (b) 12 (c) 39 (d) 73 water
snow clusters. The presentation is as of Figures 1,2 and 4. The distance between BrHgOH and
cluster is also shown.

The adsorption energies for molecules on all snow clusters are summarized in Table 1.

Table 1. Adsorption energy, AE.qs (kJ/mol) of mercury molecules on the snow clusters of
different sizes (5, 12, 39 and 73 water molecules). = and - respectively represent parallel and
perpendicular orientations of mercury molecules.

Adsorption energies, AEqq; (kJ/mol)

Cluster size — 12 39 73
Molecules | = 1 = 1 = L = 1
BrHgCIO -82.6 -82.5 -111.4 -28.8 -83.3 -71.0 -89.4 -108.6
BrHgBrO -111.9 -53.4 -118.2 -32.4 -105.4 -72.0 -92.7 -59.7
BrHglO -244.4 -235.6 -211.9 -185.2 -2253 -230.6 -271.5 -263.9
BrHgOCl -51.5 -254 -16.9 -9.2 -55.7 -57.6 -61.3 -47.0
BrHgOBr -40.8 -26.3 -17.9 -5.4 -54.4 -60.3 -64.2 -77.1
BrHgOlI -52.2 -31.0 -18.9 -6.1 -55.4 -111.4 -66.0 -79.9




CIHgNO, -35.1 -76.8 -29.3 -6.5 -51.9 -59.5 -54.9 -53.9
anti-CIHgONO -66.9 -46.2 -21.6 -11.7 -51.4 -50.4 -51.3 -63.6
syn-CIHgONO -67.3 -72.1 -27.5 0.4 -41.1 -52.0 -55.1 -61.1
BrHgNO; -34.8 -74.6 -34.9 -3.2 -52.6 -60.9 -54.0 -51.2
anti-BrHgONO -57.5 -68.3 -29.1 -3.2 -54.0 -86.4 -48.1 -65.8
syn-BrHgONO -46.7 -67.5 -32.2 -0.3 -47.4 -51.8 -53.9 -62.8
[HgNO, -34.5 -65.4 -16.8 -10.1 -48.3 -49.0 -55.8 -56.4
anti-IJHgONO -42.3 -42.2 -25.2 -12.2 -68.1 -52.5 -45.6 -68.8
syn-IHgONO -45.1 -68.2 -12.9 -0.9 -45.2 -54.4 -48.7 -67.1
BrHgO.H -87.2 -70.0 -35.5 -52.5 -79.8 -86.9 -81.9 -77.0
ClHgO,H -82.8 -80.9 -29.3 -52.0 -81.3 -88.1 -86.8 -75.6
IHgO-H -86.3 -81.2 -29.3 -52.8 -90.3 -90.7 -80.4 -81.1
ClHgOH -75.7 -77.3 -30.3 -40.8 -82.0 -66.3 -67.9 -62.0
BrHgOH -65.1 -68.3 -25.5 -30.7 -48.4 -70.8 -68.9 -67.8
IHgOH -75.7 -71.6 -25.9 -40.3 -51.3 -70.1 -63.8 -73.9
HgCl -20.7 -23.6 -12.6 -6.0 -54.4 -44.0 -56.1 -44.1
HgBr;, -42.4 -20.5 -11.1 -5.8 -51.7 -43.8 -53.9 -44.9
Hgl, -15.2 -23.2 -12.8 -4.9 -53.4 -47.9 -51.7 -47.2
BrHgCl -21.0 -20.7 -13.4 -6.6 -55.3 -46.8 -56.0 -48.0
ClHgl -22.9 -34.6 -13.4 -9.5 -51.6 -49.4 -53.2 -55.3
BrHgl -17.7 -22.5 -10.3 -7.6 -53.9 -46.5 -51.9 -48.6

Adsorption of mercury molecules on the cluster surface depends on the Hg-O(surface), H-
O(surface), and X/O/N-H(surface) interactions. Due to differences in interatomic distances and
orientations, the adsorption energy of mercury molecules varies with structural and
compositional differences as can be seen in Table 1. While no trend is observed for weaker
adsorption, the adsorption is stronger in parallel orientation than in the perpendicular orientation
for stronger adsorption (AEads = -30 kJ/mol and lower) for most cases. In fact, for surface
adsorption, the parallel orientation is stronger than perpendicular orientation of all mercury
molecules.’® To evaluate the orientational and structural dependency, adsorption energy is
averaged for each class of mercury molecules for both parallel and perpendicular orientations.
For example, adsorption energy of BrHgO>X in parallel orientation is the average of adsorption
energies of BrHgO,Cl, BrHgO>Br and BrHgO-I in parallel orientation. Such average energy for
all molecules on all snow clusters is presented in Figure 6.
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Figure 6. Average adsorption energy, AEqqs (kJ/mol) of mercury molecules both for parallel and
perpendicular adsorption on (a) 5, (b) 12, (c) 39 and (d) 73 water snow clusters. X and Y are
halogen atoms. The numeric in the formula of mercury molecules in the x-axis should be read as
subscript; for example, XHgNO?2 should be read as XHgNO..

Although the adsorption energy of parallel and perpendicular orientations differs slightly, there is
no significant pattern observed. To start, the adsorption of oxyhalides and halo-oxides to the
snow surface in parallel orientation is more stable (has a higher adsorption energy) than that in
perpendicular orientation. On the other hand, the adsorption for nitrogen oxides and hydrogen
oxides is slightly less stable in parallel orientation than in perpendicular orientation.
Additionally, halide molecules possessed the lowest adsorption energies amongst all molecular
groups on the clusters due to the absence of oxygen atom, which could form hydrogen bonds
with surface hydrogen. Adsorption energy for mercury molecules varies widely due to the
surface structures of clusters and mercury molecules' structures. Ice is a low-density crystal
structure with large empty spaces. For example, the distance between two surface hydrogens on a
snow cluster is above 4.5 A. Likewise, surface structures of optimized clusters are different for
different clusters. Therefore, adsorbing mercury molecules on those clusters result in different
types of interactions, thus varying adsorption energy. However, an important feature to note is
that oxygen atoms from mercury molecules lead to stronger interaction through a O-H surface
bond as opposed to halogen or hydrogen atoms (e.g., BrHgXO has stronger adsorption that



BrHgOX, see Table 1). Taamalli and co-workers®? reported the reaction enthalpies between a
water molecule and BrHgOH, BrHgO,H, BrHgNO>, syn-BrHgONO and anti-BrHgONO using
three different level of theory, ®@B97X-D/aug-cc-pVTZ, DK-CCSD(T)/ANO-RCC-Large and
DK-CCSD(T)-ct/ANO-RCC-Large. The one-to-one comparison of our calculated values to those
are not compatible as optimized structures are not the same. However, to provide the validation
of our computed adsorption energy, we have calculated the hydration energy of BrHgOH 1wa
structure from Taamalli and co-workers. Our calculated hydration energy of -27.9 kJ/mol at PBE
level of theory compares well with their corresponding value of -28.3 kJ/mol at the DK-
CCSD(T)/ANO-RCC-Large level of theory.

After finding the different adsorption energies for various molecules on each snow
cluster, we analyzed the data by averaging the adsorption energy for both parallel and
perpendicular orientations for each class of molecules. For example, adsorption energy of
BrHgO>X is calculated by averaging adsorption energies of BrHgO-Cl, BrHgO,Br and BrHgOxI
both in parallel and perpendicular orientations. The average adsorption energy for each class of
molecule is plotted against the cluster size and presented in Figure 7. The standard deviation for
the average adsorption energy is shown in Table S5.
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Figure 7. Average adsorption energy (kJ/mol) for each class of mercury molecules with cluster
size. X, Y = Cl, Br, I; X2Y. The numeric in the legend should be read as subscript; for example,
XHgO2H should be read as XHgO>H.

Figure 7 reveals that the adsorption energy generally increases with the cluster sizes, with the
exception of the five-water cluster. The increment rate is higher from twelve to thirty-nine
clusters, whereas the increment is modest from thirty-nine to seventy-three clusters. For
XHgO:H and anti-XHgNO> molecules, the adsorption energy on the seventy-three cluster is
slightly lower than that of the thirty-nine cluster. Understandably, molecules with more contact
points will have higher adsorption energy with increased flat surface area. The adsorption energy



on the seventy-three cluster is more than that on the thirty-nine-cluster due to the flatter surface
of the seventy-three cluster, as seen in figure 2(b)-2(d). On the other hand, the five cluster is so
small that the adsorption process works more like a water molecule — mercury molecule
interaction than surface — mercury molecule interaction. Such a molecular-level interaction leads
to high adsorption energy on five water clusters. Generally, the adsorption energy of mercury
molecules on any cluster is much less (3-4 times) than the adsorption energy reported on the ice
surface.’®®? Such a big difference in adsorption energy is because of the dissociative adsorption
of mercury molecules on the ice surface as opposed to the associative or molecular adsorption on
clusters. One very important point to note is that the adsorption energy for BrHgXO is much
higher than those for the rest of the molecules. This is due to the fact that the relative high energy
of the BrHgXO molecules’ means that reaction/relaxation on the cluster surfaces is able to
lower the energy to a greater extent than for more strongly bound molecules. It is likely that
some of these molecules may dissociate in the atmosphere before depositing on the surface
environment.

The AMDESs or rapid oxidation and deposition of mercury during the springtime in the
Arctic revolutionize the understanding of mercury oxidation.?! It is reported that the majority
(~80%) of deposited mercury is reduced back into the atmosphere.!'! Both deposition and
reduction were inferred from the measurement of mercury on the surface environment in the
Arctic. Further, it is also reported that a fraction of deposited mercury diffuses’ through the ice
layer or brine channel and reaches the aquatic environment, where they are converted into
methyl mercury by surface reducing bacteria and bioaccumulated into the food web.** However,
the exact mechanism for the deposition or diffusion has not been explored experimentally or
computationally. This study provides the atomic scale details of mercury deposition on ice
surfaces as well as possible routes for mercury reduction. While adsorption energies for the
molecules are within 100 kJ/mol, given the subzero temperature in the Arctic, these molecules
will stick on the surface, especially on the larger clusters. Further, the adsorption structures of
some molecules show a sign of dissociation of mercury molecules on the cluster surfaces.
Exploring the adsorption on an ice surface confirms>® that most molecules are dissociatively
adsorbed on the ice surface. Such dissociation would provide a possible mechanism for mercury
reduction and a pathway for mercury bioaccumulation.

IV. Conclusion

The interaction of oxidized mercury on snow clusters is explored using the first-principles
density functional theory. The snow cluster is modeled by curving out a spherical part from a
hexagonal ice crystal. The snow clusters have 5, 12, 39, and 73 water molecules. The formation
energy of a cluster gradually decreases with the size of the clusters as the bulk-to-surface area
increases. The interaction energy between oxidized mercury molecules and snow clusters
depends on the surface structures of snow clusters and the structures of molecules. However, all
molecules show attractive interaction with the interaction energy within 100 kJ/mol apart from
BrHgOX, which have adsorption energies over 100 kJ/mol with increasing adsorption with
cluster size. Generally, O as a terminal atom in the mercury molecules leads to a stronger
interaction with the H atoms of the ice cluster. Structural analysis reveals that some mercury



molecules are dissociated on the cluster surfaces, which provides a hint of dissociation and a
possible pathway for the reduction of mercury on an ice surface.

Supporting Information

Structural parameters (bond distances and bond angles) and cartesian coordinates of all
optimized mercury molecules, snow clusters, and snow-mercury structures are available in the
Supporting Information. Standard deviations of adsorption energy are also available.
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