A Theoretical Study of the Monohydration of
Mercury Compounds of Atmospheric Interest

Sonia Taamalli, " * Michal Pitonidk, ¥ Theodore S. Dibble," Ivan Cernusdk, ¥ Florent Louis "

"Univ. Lille, CNRS, UMR 8522 - PC2A - PhysicoChimie des Processus de Combustion et de

I'Atmosphere, 59000 Lille, France

SDepartment of Chemistry, State University of New York-College of Environmental Science

and Forestry, 1 Forestry Drive, Syracuse, New York 13210, United States

I Department of Physical and Theoretical Chemistry, Faculty of Natural Sciences, Comenius

University in Bratislava, Ilkovi¢ova 6, 84215 Bratislava, Slovakia

“Computing Center, Centre of Operations of the Slovak Academy of Sciences, Diibravska cesta

9, 845 35 Bratislava, Slovakia



Abstract

The structures, vibrational frequencies and model IR spectra of the monohydrates of
oxygenated mercury compounds (BrHgO, BrHgOH, BrHgOOH, BrHgNO2, BrHgONO, and
HgOH) have been theoretically studied using the ®B97X-D/aug-cc-pVTZ level of theory. The
ground state potential energy surface exhibits several stable structures of these monohydrates.
The thermodynamic properties of the hydration reactions have been calculated at different
levels of theory including DFT and coupled-cluster calculations DK-CCSD(T) with the ANO-
RCC-Large basis sets. Standard enthalpies and Gibbs free energies of hydration were computed.
The temperature dependence of A:G°(T) was evaluated for the most stable complexes over the
temperature range 200 - 400 K. Thermodynamic data revealed that the highest fraction hydrated
at 298 K and 100% relative humidity will be BrHgNO2-H20 at ~5%. Atmospheric implications

have been discussed.

I. INTRODUCTION

Mercury is a neurotoxin that bioaccumulates in fish to levels that can be hazardous to wildlife
and humans that consume fish.!* The atmosphere can transport mercury, mostly in the form of
elemental Hg(0), far from the location of emissions to sites where mercury concentrations are
low. As a result, the atmospheric transport of mercury strongly influences its global
biogeochemical cycling. The lifetime of mercury in the atmosphere is largely controlled by its
redox chemistry, due to the much higher deposition efficiency of Hg(II) (+2 oxidation state)
compounds as compared to Hg(0).>* There have been many recent studies of gas-phase
complexes of water with atmospherically relevant trace gases and radicals, although in
relatively few cases do these complexes occur to such an extent and with such effect as to
influence atmospheric chemistry.’> Major exceptions to this generalization include water dimer,’

catalysis of the HOO self-reaction,”® reactions of Criegee intermediates,” and nucleation of new
y g



particles.'®!! One motivation of the present studies of complexes of water with mercury
compounds is to determine whether these complexes could influence the gas-phase chemistry

of mercury.

Scientists currently believe that Hg(0) oxidation is mainly initiated by atomic bromine, to yield
stable Hg (IT) compounds such as BrHgOH, BrHgOOH, and BrHgONO.*>*!2"14 BrHgONO has
two conformers (syn and anti) and an isomer (BrHgNO:).!> Photolysis of BrHgONO'®!” and
BrHgOOH'” can produce the radical BrHgO. Initiation of Hg(0) oxidation by hydroxyl radical
leads to a Hg(I) radical intermediate: HgOH.'* Goal of this paper is to investigate the

monohydration of these seven mercury compounds.

The last several years have seen major advances in our understanding of the gas-phase
mechanisms of mercury chemistry in the atmosphere,®!*!7! but less so for its heterogeneous
and aqueous-phase chemistry. Key exceptions involve mechanistic studies of dry surfaces of
minerals,'® but these investigations were carried out on dry surfaces. This does limit the

immediate environmental importance of these studies, because surface water!®-*

will probably
exert a strong influence on surface reactivity and binding of Hg (II) compounds. This provides
another motivation for our work: computational studies of the surface chemistry and physics of
mercury require highly efficient methods whose accuracy cannot be assured a priori. The

accurate binding energies determined in the present work can be used to validate computational

approaches for the study of the surface chemistry of mercury.

Only two of the mercury species to be studied here have ever been detected in the laboratory?!->2

(in aqueous solution) and there have been no previous experimental or computational studies
of their microsolvation. Previous studies of hydration of mercury and its compounds have
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mostly focused on solvation in the bulk aqueous phase, although most of these studies also

consider gas-phase complexes with a single water molecule. However, none of these



investigations considered the mercury compounds being studied here. As a first step towards
understanding these interactions, we theoretically study the monohydration process of several

oxygenated mercury-containing compounds as follows:

BrHgO + H20 — BrHgO 1w (R1)
BrHgOH + H2O — BrHgOH 1w (R2)
BrHgOOH + H20 — BrHgOOH 1w (R3)
Anti-BrHgONO + H20 — Anti-BrHgONO 1w (R4)
Syn-BrHgONO + H20— Syn-BrHgONO 1w (RS)
BrHgNO2 + H2O— BrHgNO2 1w (R6)
HgOH + H2O— HgOH_ 1w (R7)

We use the suffix 1w to refer to the monohydrated molecule, as we plan to investigate the
addition of more waters to some of these molecules. Immediately below, we present the details
of the methods used in this work. Next, we describe the structures and thermodynamic
properties of the monohydrates. Finally, we discuss the implications of this hydration process

to mercury chemistry in the atmosphere.

II. COMPUTATIONAL DETAILS

Geometry optimizations were carried out for seven species (BrHgO, BrHgOH, BrHgOOH
BrHgNO: and its isomers, and HgOH) and their complexes with one water molecule. For each
species and its complexes, structures and harmonic vibrational frequencies were computed
using the density functional theory (DFT) with the long-range corrected (LC) hybrid functional
®B97X, with the addition of an empirical dispersion correction (#B97X-D)?® in Gaussian16.%
This hybrid functional is suitable for non-covalent interactions.?**! Dunning’s aug-cc-pVTZ

basis sets were used for H and O atoms.*?33 To account for scalar relativistic effects in Hg and



Br, we usedthe Stuttgart/Cologne scalar pseudopotentials for the 60 innermost electrons of Hg
(ECP60MDF) and the 10 innermost electrons of Br (ECP10MDF); electrons outside the core
were treated with the aug-cc-pVTZ-PP basis set.’>**¥ 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 H and O. As a starting point for the micro-hydration, we have calculated the
electrostatic potential (ESP) maps for all seven species projected onto the electron density
envelope at the contour value 0.02e. These maps carry useful initial information on the
preferential solvation sites for water molecule, functioning either as proton donor or as electron
donor. Based on this map, water molecule was placed around all the exterior atoms of these
mercury compounds in different orientations. This generated many initial conformations for

each structure.

For one of the mercury compounds, BrHgNO2, this methodology was validated by quenched
molecular dynamics protocol,*® followed by unsupervised structural similarity analysis. By
performing on-the-fly DFT molecular dynamics (MD) at temperatures ranging from 30 to 200
K using PBE functional®’*’ with D3 empirical dispersion correction*” and DZVP basis set*! in
CP2K software package* the conformational space was extensively sampled. Random
snapshots from MD were consequently optimized using D3-corrected B3LYP*’ and LanL2DZ

basis set*34°

in Gaussianl6, and the resulting distance matrices used as a feature vectors in the
follow-up K-means method of clustering analysis.*’*® Clustering analysis was in accord with
the potential surface minima found via the manual procedure described above, and no other
stable geometries were discovered. In particular, placing the H2O at bromine end of the
oxygenated mercury molecules did not yield stable structure of any sought conformer.

Using the geometries obtained at the ®B97X-D/aug-cc-pVTZ level, energies were recalculated

using Douglas-Kroll CCSD(T) with the all electron relativistic ANO-RCC-Large basis sets*

available within MOLCAS software package.”® We also applied the Goodson (continuous



fraction) formula®! to the DK-CCSD(T)/ANO-RCC-Large results, enabling us to estimate the
contribution to the full CI extrapolation (denoted CCSD(T)-cf in the rest of the article).
Enthalpies and Gibbs free energies of hydration were computed using the rigid rotor-harmonic
oscillator approximation. To reduce the error in thermodynamic quantities associated with the
low-frequency modes we have used the quasi-rigid-rotor-harmonic-oscillator (QRRHO)
treatment> as implemented in the Shermo code.>® Within QRRHO, there is pre-defined cutoff
for low-frequency modes and each mode below this cutoff is artificially raised to 100 cm™. This
leads to more reasonable entropy contribution to free energies. Relative energies, enthalpies,
and free energies presented below are at the DK-CCSD(T)-cf level of theory unless otherwise
specified.

To elucidate the bonding within these complexes, we have performed localized molecular
orbital energy decomposition analysis (LMOEDA) of the interaction energies>* as implemented
in GAMESS US code. These calculations were done at the MP2 level utilizing pseudopotential
SBKJC-VDZ basis set>®>. Within LMOEDA the total interaction energy is decomposed to the
following components: electrostatic Ec (dominated by the attractive Coulomb interaction
between nuclei of each fragment and electrons of the other one), exchange Ex (due to anti-
symmetry of the wave function allowing exchange of electrons), Pauli repulsion Eg,
polarization Ep, dispersion Ep. We note that the attractive Ex component includes also the

charge-transfer between the monomers.

III. RESULTS

II1.1. Subsystems

ESP maps for all seven species are presented in Figure 1. The color coding reveals strong
electron acceptor site on H and Hg, respectively, in accord with their low electronegativities.

Oxygen and nitrogen atoms can serve as proton acceptors, while bromine with a weak positive



ESP value is expected to be unimportant to hydration by a single water molecule. There is a
more or less visible o-hole developed on Br atom for each species and its size depends on the

number and position of N/O atoms on the opposite side of the molecule.

BrHgO !

BrHgOH

O Y
-0.05 0.0 0.05 0.1 0.15 au.

S-BrHgONO A-BrHgONO BrHgNO,

Figure 1. Color-coded electrostatic potential maps. The color scale ranges from the most

negative (red) to the most positive (blue) potential.

In all Figures bond lengths are in Angstroms and bond angles are in degrees. All Figures of
hydrated species also provide DK-CCSD(T)-cf/ANO-RCC-Large values of A:H° (0 K) and of
A:G® (298 K) for the hydration in kJ mol™!. The enthalpy values are always more negative than
A:G° in these Figures, due to the negative entropy of hydration. Optimized ®B97X-D/aug-cc-
pVTZ geometries of all subsystem structures are collected in Figure 2 and their corresponding
structural data (geometries and frequencies) are presented in Tables S1 and S2 of the Supporting
Information. Model harmonic and/or anharmonic IR spectra for BrHgO, BrHgOH, BrHgOOH,

HgOH, syn- and anti-BrHgONO and BrHgNO: are in Figures S1 and S2 of the Supporting



Information. Only harmonic spectrum is presented for BrHgO since the anharmonic treatment

of linear tops is experimental in the current implementation.
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Figure 2. Structures of H2O and mercury species optimized at the ®B97X-D/aug-cc-pVTZ

level of theory. Color coding is in top right corner.

II1.2. Complexes

The series of monohydrated BrHgO, BrHgOH and BrHgOOH species is shown in Figures 3-5
and will be discussed together because they exhibit gradual increase of hydration sites. Their
model IR spectra are collected in Figures S3-S5 of the Supporting Information. In the case of
complexes, the attempts to calculate the anharmonic IR spectra were not successful because of
the symmetry breakdown during the numerical differentiation of the second derivatives when
calculating the cubic and quartic force constants associated with the very shallow part of the
potential energy surface. Therefore, we present only model harmonic IR spectra for all the
complexes (Figures S3-S9). These model IR spectra in Figures S1-S9 can help experimental

characterization of these compounds and their possible complexes with water.
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Figure 3. ©B97X-D/aug-cc-pVTZ optimized structures of BrHgO + H20 molecular
complexes. Atom color-coding as in Fig. 2.
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Figure 4. ©®B97X-D/aug-cc-pVTZ optimized structures of BrHgOH + H20 molecular
complexes. Atom color-coding as in Fig. 2.

In Figures 6-8 we present the second series — monohydrated anti-BrHgONO, syn-BrHgONO

and BrHgNOsz. In these complexes one can observe two modes of interaction: electron-donor

(ED) from H20 towards Hg and proton acceptor (PA) by ONO or NO2 moiety. The most stable



complexes at the level of electronic energies (Iwa) always prefer the combination of ED

together with PA.
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Figure 5. ®B97X-D/aug-cc-pVTZ optimized structures of BrHgOOH + H20 molecular

complexes. Atom color-coding as in Fig. 2.
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Figure 6. ®B97X-D/aug-cc-pVTZ optimized structures of anti-BrHgONO + H20O molecular

complexes. Atom color-coding as in Fig. 2.

10



g
foN
o
{

-~
-~
~—
=
-
p——

O
[\
oo

Syn-BrHgONO 1wa Syn-BrHgONO 1wb
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Figure 7. ®B97X-D/aug-cc-pVTZ optimized structures of syn-BrHgONO + H20 molecular
complexes. Atom color-coding as in Fig. 2.
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Figure 8. ®B97X-D/aug-cc-pVTZ optimized structures of anti-BrHgNO2 + H20 molecular
complexes. Atom color-coding as in Fig. 2.
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Finally, the monohydration of HgOH which does not fall into the preceding groups due to
absence of bromine atom, is presented in Figure 9. At the level of electronic energies, in this

case, too, the combination ED/PA leads to the most stable mode of bonding.

HOHg_lwa HOHg_ 1wb

% HOHg_1wc
1,974 162
17.7

11.890 \

\ 1911}
L /3020 W.O%
27.7
-29 3

11.2

Figure 9. ®B97X-D/aug-cc-pVTZ optimized structures of HOHg + H20 molecular complexes.

Atom color-coding as in Fig. 2.

In Table 1 we present for all the complexes the ArH® (298 K) and of A:G° (298 K) values based
on the single-point energies calculated at the ®B97X-D/aug-cc-pVTZ//0B97X-D/aug-cc-
pVTZ, DK-CCSD(T)/ANO-RCC-Large//®B97X-D/aug-cc-pVTZ and DK-CCSD(T)-cf/ANO-
RCC-Large//mB97X-D/aug-cc-pVTZ levels. In Tables 2 and 3 we compare these
thermodynamic quantities computed in the range 200-400 K within two approximations: RRHO
and QRRHO. Finally, to get the insight into the bonding pattern between water and oxygenated
mercury species we present the results of the LMOEDA interaction energy decomposition in

Table S17 of the Supporting Information.

IV. DISCUSSION

A. Reactants. Optimized geometric parameters and vibrational frequencies for H2O at the
®B97X-D/aug-cc-pVTZ level have been already presented in previous studies.’*>8. The

BrHgO geometry was previously computed by Balabanov et al.,’® at CCSD(T)/CBS, and our
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geometry compares well with their results. For HOHg, our HgO bond length is longer (by 0.038
A) than that computed by Dibble et al.,'* at CCSD(T,full)/AwVTZ level. However, the OH
distance in those two studies agrees to within 0.002 A. For the two BrHgONO conformers and
BrHgOOH, BrHg distances computed here are 0.014-0.020 A longer than the CCSD/aug-cc-
pVTZ values of Jiao and Dibble.'® For anti-BrHgONO and BrHgOOH, our HgO distances are
0.017 and 0.013 A longer, respectively, than the CCSD results, but for syn-BrHgONO the
analogous HgO distance exceeds the CCSD value by 0.041 A. Our ®B97X-D harmonic
vibrational frequencies agree well with previous work, except for HOHg for which the largest
difference between the present work and previous work is 85 cm™'. The moderate differences
in geometry parameters and frequencies are not surprising, since the cited theoretical data were
obtained either at CCSD or CCSD(T) levels which are clearly superior to DFT model. On the
other hand, this computational model is acceptable, bearing in mind the size of hydrated systems
and the complexity of their potential energy surface.

B. Monohydration of BrHgO, BrHgOH and BrHgOOH. The LMOEDA decomposition for
all three types of monohydrates revealed similar mode of interaction: strong attractive
electrostatic and exchange partially compensated by Pauli repulsion (Table S17). Negative
polarization and dispersion components contribute to the final total interaction which is
stabilizing at the electronic energies level at 0 K. This bonding pattern (combination of electron
donor towards mercury with proton acceptor towards oxygen) is similar for all conformers in
this group as illustrated in the top row of Figure S10. Addition of all temperature corrections to
DK-CCSD(T)-cf/ANO-RCC-Large energies toggles this picture. For instance, two stable
structures, BrHgO 1wa and BrHgO 1wb, representing electron donor (water oxygen)/proton
acceptor, are indicated as stable at the level of hydration enthalpy. Adding the entropy TAS
term leads to their gradual destabilization at elevated temperatures above 200-240 K and the

A:G® (298 K) is positive for both monohydrates. Note that to hydrate more than 10% of a
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molecule at 100% relative humidity and 298 K, A:G°(298 K) must be more negative than -3.1
kJ mole™!. The importance of the correction for the low-frequency modes is illustrated when
comparing Tables 2 and 3, this correction leads to further destabilization of BrHgO 1wa as can

be seen in the values of A/G° in Table 3

Similar LMOEDA-based bonding pattern can be found for BrHgOH and BrHgOOH molecular
complexes. Three structures of the monohydrates of BrHgOH and four structures of the
monohydrates of BrHgOOH molecular complexes have been identified on the singlet potential
energy surface at the ®B97X-D/aug-cc-pVTZ level of theory. Hydrated BrHgOOH structures
are similar to BrHgOH ones, in that the water oxygen appears to interact with the Hg atom
while the water molecule donates a hydrogen bond to one or both oxygen atoms of BrHgOOH.
Here, the decomposition of interaction energy revealed that the ED/PA type of bonding with
oxygen on H20 donating electrons to electrophilic Hg and just one hydrogen bond (hydrogen
on H20 coordinated to OH or OOH groups) is the optimal one giving the most stable 1wa

conformers for both the BrHgOH and BrHgOOH (Figures 4, 5 and S10, Table S17).

Addition of the temperature corrections (and also the corrections for low-frequency modes) to
DK-CCSD(T)-cf/ANO-RCC-Large energies in these BrHgOH and BrHgOOH molecular
complexes has the same effect as in the case of BrHgO. While the hydration enthalpies are still
negative, the large TAS term overturns the energetics and all the complexes in this group
become unstable above 220-240 K. The A:G°(298 K) becomes positive indicating that even the

BrHgOH 1wa and BrHgOOH_1wa with the lowest A:H°(298 K) will decompose at ambient

temperature after considering the TAS term.

C. Monohydration of Anti-BrHgONO, Syn-BrHgONO and BrHgNO;. The complexes
containing the NO2-group exhibit several distinctive modes of bonding with water molecule.

Dominant one is again the ED mode in which H2O donates electron pair to mercury, this was
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confirmed also by the exploratory MD simulations. In contrast to the previous series, these
nitrites and nitro-compounds offer more proton-acceptor sites for water. From the structural
point of view, the most stable is the BrHgNO2 1wa which forms quasi-planar 5-membered ring
where H20 donates electron density to Hg via oxygen lone pair and forms the hydrogen bonds
towards oxygen and nitrogen in the NO2 group. The other two conformers (BrHgNO2 1wb and
BrHgNO:z_1wc) are higher lying local minima that provide only PA interaction suffer from the
absence of the direct electron donation towards mercury. The two other BrHgONO conformers
(syn and anti) represent competition between ED and PA modes which results in weakening of
the total interaction as can be seen also in the components of the interaction energy (Table S17).
Figures 6 and 7 further illustrate this point - the distance between hydrogen atom on H20 and
oxygen or nitrogen atoms in NO2 group in 1wb and/or 1wc conformers are too large to lead to

stronger hydrogen bond.

BrHgNO:2 1wa binds more strongly to water than any of the other six mercury compounds
investigated here (by over 8 kJ mol™!). It possesses (uncorrected for low-frequency modes) AG°
(298 K) of -1.4 kJ mol™, which is the only negative value found at 298K for any of the
monohydrates we investigated despite having relatively large negative A:S° (298 K)
contribution. Even after including the correction for low-frequency modes this conformer can
be thermodynamically stable at temperatures between 200 and 280 K and could survive at
tropospheric conditions, especially in polar regions where the increased deposition of mercury

oxidized by Br has been observed.

D. Monohydration of HOHg. Three structures have been identified at the ®B97X-D/aug-cc-
pVTZ level of theory, and these are shown in Figure 9. Both monohydrates HgOH 1wa and
HgOH_1wb are similar to BrHgO 1wb, in that the water oxygen appears to interact with the

Hg atom while the water molecule donates a hydrogen bond to HOHg. By contrast, in
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HgOH 1wc the water molecule has shifted so that it can accept the proton to form the hydrogen
bond via Ow-H-O-Hg linkage with no ED interaction as in HgOH 1wa and HgOH_1wb. This
leads to much weaker binding (by 20-26 kJ mol™!) but less negative ArS°(298 K) than in
conformers a and b. While A:G?® is positive for all three complexes at ambient temperatures, the

higher binding energy of HOHg 1wa favors this conformer to coexist in the troposphere at least

at low temperatures below 220-210 K (Tables 2 and 3).

E. Atmospheric implications
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Table 1. Calculated Standard Reaction Enthalpies and Standard Gibbs Free Reaction Energies at 298 K (in kJ mol ™) at Different Levels of Theory

for the Hydration Reactions.

©B97X-D/aug-cc-pVTZ DK-CCSD(T)/ANO-RCC-Large DK-CCSD(T)-cf/ANO-RCC-Large
Complex AH°(298 K) AG°(298 K) AH(298 K) AG°(298 K) AH(298 K) AG°(298 K)
BrHgO lwa ~23.0 0.6 237 ~0.1 —20.7 (-21.1) 2.9 (6.4)
BrHgO 1wb ~22.9 5.0 248 3.1 218 6.1
BrHgOH 1wa ~26.0 6.7 283 43 —25.4(-25.5) 73 (8.2)
BrHgOH_1wb ~19.4 8.1 ~17.8 9.6 ~14.9 12.6
BrHgOH _Iwe ~16.4 12.0 ~18.2 10.2 ~15.2 13.2
BrHgOOH_Iwa 253 5.2 ~26.6 3.8 —23.6 (-24.3) 6.8 (12.0)
BrHgOOH_1wb -31.1 5.4 -31.0 5.5 —28.1 8.4
BrHgOOH_Iwec -29.8 6.5 -30.1 6.2 272 9.1
BrHgOOH_1wd -25.5 10.3 ~26.7 9.1 -23.8 12.0
Anti-BrHgONO_lwa —28.9 34 -30.3 1.9 —27.2(-27.6) 5.1(8.0)
Anti-BrHgONO_1wb -31.9 4.1 -30.4 5.6 -273 8.7
Anti-BrHgONO_1we -31.9 4.2 -30.3 5.8 272 8.8
Syn-BrHgONO_lwa ~26.2 ~0.2 272 -12 —24.1 (-25.0) 1.9 (9.3)
Syn-BrHgONO_1wb -262 0.4 273 -0.8 —242 2.4
Syn-BrHgONO_1wc —27.8 43 ~28.0 4.1 249 7.2
BrHgNO,_lwa -38.8 3.1 ~40.2 45 -37.0 (-37.3) ~1.4(2.3)
BrHgNO,_lwb ~10.3 11.3 ~11.1 10.4 -7.9 13.6
BrHgNO, lwc ~7.8 14.3 8.8 13.2 -5.6 16.4
HOHg lwa 247 6.9 ~25.9 5.6 —22.8(-23.1) 8.7 (10.4)
HOHg_1wb 227 9.4 ~24.0 8.1 -20.9 11.2
HOHg_1wc ~12.0 14.9 ~12.1 14.8 -9.2 17.7
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Table 2. Calculated Standard Reaction Enthalpies and Standard Gibbs Free Reaction Energies (in kJ mol™) at different temperatures at the DK-

CCSD(T)-ct/ANO-RCC-Large level of theory for the most stable molecular complexes.

Species BrHgO 1wa BrHgOH 1wa BrHgOOH 1wa Anti-BrHgONO 1wa | Syn-BrHgONO Iwa BrHgNO, 1wa HOHg 1wa
T (K) AH®(T) | AG°(T) | AH°(T) AGO(T) AH°(T) AGO(T) | AH(T) AGO(T) | AH(T) | AG°(T) | AH(T) | AG®(T) | AH°(T) | AG°(T)
200 -21.60 -5.06 -26.06 -3.58 -24.53 -3.40 -28.12 -5.72 -25.36 -6.88 -37.54 | -13.19 | -23.42 -1.81
210 -21.52 -4.23 -26.01 -2.46 -24.46 -2.34 -28.04 -4.60 -25.24 -5.95 -37.51 -11.97 | -23.39 -0.73
220 -21.44 -3.41 -25.96 -1.34 -24.39 -1.29 -27.96 -3.48 -25.12 -5.04 -37.48 -10.76 | -23.35 0.35
230 -21.36 -2.59 -25.90 -0.22 -24.31 -0.24 -27.87 -2.37 -25.00 -4.13 -37.44 -9.54 -23.30 1.42
240 -21.27 -1.78 -25.84 0.90 -24.22 0.80 -27.78 -1.27 -24.88 -3.22 -37.39 -8.33 -23.25 2.50
250 -21.18 -0.97 -25.77 2.01 -24.13 1.84 -27.68 -0.16 -24.75 -2.32 -37.34 -7.12 -23.19 3.57
260 -21.09 -0.16 -25.69 3.12 -24.03 2.88 -27.58 0.94 -24.62 -1.43 -37.28 -5.91 -23.12 4.64
270 -20.99 0.64 -25.61 4.23 -23.93 3.91 -27.48 2.03 -24.49 -0.54 -37.21 -4.71 -23.05 5.71
280 -20.90 1.44 -25.52 5.33 -23.83 4.94 -27.37 3.12 -24.35 0.34 -37.14 -3.50 -22.98 6.77
290 -20.80 2.24 -25.43 6.43 -23.72 5.97 -27.26 4.21 -24.22 1.22 -37.07 -2.30 -22.90 7.83
298.15 -20.71 2.89 -25.35 7.33 -23.63 6.81 -27.17 5.10 -24.10 1.94 -37.00 -1.35 -22.83 8.70
300 -20.70 3.03 -25.34 7.53 -23.61 6.99 -27.15 5.29 -24.08 2.10 -36.99 -1.11 -22.81 8.89
310 -20.59 3.82 -25.24 8.62 -23.50 8.01 -27.03 6.37 -23.94 297 -36.90 0.09 -22.73 9.94
320 -20.49 4.61 -25.14 9.71 -23.38 9.02 -26.91 7.45 -23.80 3.84 -36.81 1.28 -22.63 11.00
330 -20.39 5.39 -25.04 10.80 -23.26 10.04 -26.79 8.52 -23.65 4.70 -36.72 2.47 -22.54 12.05
340 -20.28 6.17 -24.93 11.88 -23.14 11.04 -26.67 9.59 -23.51 5.55 -36.62 3.65 -22.44 13.09
350 -20.17 6.95 -24.82 12.97 -23.02 12.05 -26.54 10.65 -23.36 6.41 -36.52 4.84 -22.34 14.14
360 -20.07 7.72 -24.70 14.04 -22.89 13.05 -26.42 11.71 -23.22 7.26 -36.42 6.02 -22.23 15.18
370 -19.96 8.49 -24.59 15.12 -22.77 14.04 -26.29 12.77 -23.07 8.10 -36.32 7.20 -22.13 16.21
380 -19.85 9.26 -24.47 16.19 -22.64 15.04 -26.16 13.82 -22.92 8.94 -36.21 8.37 -22.02 17.25
390 -19.74 10.02 -24.35 17.26 -22.51 16.03 -26.02 14.87 -22.77 9.78 -36.10 9.54 -21.91 18.28
400 -19.63 10.78 -24.23 18.32 -22.37 17.01 -25.89 15.92 -22.62 10.61 -35.99 10.71 -21.79 19.31

19



Table 3. Standard Reaction Enthalpies and Standard Gibbs Free Reaction Energies for the most stable molecular complexes (in kJ mol™!) at different

temperatures at the DK-CCSD(T)-cf/ANO-RCC-Large level of theory including Truhlar’s correction for the low-frequency modes.

Species BrHgO 1wa BrHgOH 1wa BrHgOOH 1wa Anti-BrHgONO 1wa | Syn-BrHgONO Iwa BrHgNO, 1wa HOHg 1wa
T (K) AH®(T) | AG°(T) | AH°(T) AGO(T) AH°(T) AGO(T) | AH(T) AGO(T) | AH(T) | AG°(T) | AH(T) | AG®(T) | AH°(T) | AG°(T)
200 -22.00 -2.83 -26.22 -3.06 -25.13 -0.11 -28.54 -3.93 -26.19 -2.25 -37.84 | -10.86 | -23.68 -0.78
210 -21.93 -1.87 -26.18 -1.90 -25.07 1.14 -28.46 -2.70 -26.08 -1.06 -37.82 -9.51 -23.65 0.37
220 -21.85 -0.91 -26.13 -0.75 -25.00 2.39 -28.39 -1.48 -25.97 0.13 -37.79 -8.16 -23.62 1.51
230 -21.77 0.04 -26.07 0.41 -24.93 3.63 -28.30 -0.25 -25.85 1.32 -37.75 -6.81 -23.57 2.65
240 -21.69 0.98 -26.01 1.56 -24.85 4.87 -28.21 0.96 -25.73 2.49 -37.71 -5.47 -23.52 3.79
250 -21.60 1.92 -25.94 2.70 -24.76 6.11 -28.12 2.18 -25.61 3.67 -37.66 -4.13 -23.46 4.93
260 -21.51 2.86 -25.86 3.85 -24.67 7.34 -28.02 3.39 -25.48 4.84 -37.60 -2.79 -23.40 6.07
270 -21.41 3.80 -25.78 4.99 -24.57 8.57 -27.92 4.59 -25.35 6.00 -37.53 -1.45 -23.33 7.20
280 -21.32 4.73 -25.70 6.13 -24.47 9.80 -27.82 5.80 -25.22 7.16 -37.46 -0.12 -23.26 8.33
290 -21.22 5.66 -25.61 7.26 -24.36 11.02 -27.71 6.99 -25.09 8.31 -37.39 1.22 -23.18 9.45
298.15 -21.14 6.41 -25.53 8.18 -24.28 12.01 -27.62 7.97 -24.98 9.25 -37.33 2.30 -23.11 10.37
300 -21.12 6.58 -25.51 8.39 -24.26 12.24 -27.60 8.19 -24.95 9.46 -37.31 2.55 -23.10 10.58
310 -21.02 7.51 -25.42 9.52 -24.14 13.45 -27.48 9.38 -24.82 10.61 -37.23 3.87 -23.01 11.70
320 -20.92 8.42 -25.32 10.65 -24.03 14.66 -27.36 10.57 -24.68 11.75 -37.14 5.20 -22.92 12.82
330 -20.82 9.34 -25.21 11.77 -23.91 15.87 -27.24 11.75 -24.54 12.88 -37.05 6.52 -22.83 13.93
340 -20.71 10.25 -25.10 12.89 -23.80 17.07 -27.12 12.93 -24.40 14.02 -36.95 7.84 -22.73 15.05
350 -20.61 11.16 -24.99 14.00 -23.67 18.27 -27.00 14.11 -24.25 15.14 -36.86 9.16 -22.63 16.15
360 -20.50 12.07 -24.88 15.12 -23.55 19.47 -26.87 15.28 -24.11 16.27 -36.75 1047 | -22.53 17.26
370 -20.39 12.97 -24.77 16.23 -23.42 20.66 -26.75 16.45 -23.96 17.39 -36.65 11.78 -22.42 18.36
380 -20.28 13.87 -24.65 17.33 -23.30 21.85 -26.62 17.61 -23.82 18.50 -36.54 13.09 | -22.31 19.47
390 -20.17 14.77 -24.53 18.44 -23.17 23.04 -26.48 18.78 -23.67 19.62 -36.43 14.39 | -22.20 20.56
400 -20.06 15.67 -24.41 19.54 -23.04 24.22 -26.35 19.94 -23.52 20.72 -36.32 15.69 | -22.08 21.66
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IV. CONCLUSIONS

Our combined survey (ESP maps, molecular dynamics and systematic scan of the molecular
exterior) unambiguously revealed that for the first water molecule are Hg, HgO and HgNO:2
moieties the favorable hydrophilic sites, while bromine is in all cases hydrophobic. 22
molecular complexes have been identified on the ground state potential energy surface. The
thermodynamic properties of the total hydration reactions of mercury species with one water
molecule in the temperature range 200-400 K (standard reaction enthalpy A:H°(298 K) and
standard Gibbs free energy A:G°(298 K)) were calculated at the ®B97X-D/aug-cc-pVTZ, DK-
CCSD(T)/ANO-RCC-Large, and DK-CCSD(T)-cf/ANO-RCC-Large levels on ®B97X-D/aug-
cc-pVTZ optimized geometries. DK-CCSD(T)-cf binding energies exceed ®B97X-D values by
0.6 to 4.7 kJ mol!, with an average value of 2.4 + 1.1 kJ mol'. The continued fraction
approximation increases CCSD(T) binding energies by about 3 kJ mol™'. Our results for AfH®
show that all monohydration processes of mercury species are exothermic at 298 K in standard
conditions whatever the level of theory, these moderate enthalpies of hydration in the range of
-20 to -37 kJ mol! indicate relatively weak intermolecular interactions between water and
bromo-oxygenated mercury compounds. Entropy term plays key role in determining the
conditions of thermodynamic equilibrium in terms of A:G® - inclusion of the entropy term TAS
overturned negative enthalpies and monohydration is characterized by A:G°(298 K) > 0 for all
conformers of all compounds studied here. The only exception is the stable though weakly
bound conformer BrHgNO: (BrHgNO2 lwa (A:G°(298 K) = -1.4 kJ mol)). Although the
hydration reactions of Syn-BrHgONO and BrHgO possess negative values of A:G° at
temperatures below 260-270 K, these hydration reactions cannot be spontaneous under
atmospheric conditions due to the low equilibrium vapor pressure of water ice. Our results

indicate that, at 298 K and 100% relative humidity, only 5% of BrHgNO: could exist as the
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hydrate. The next nearest value of ArG°(298 K) (+ 0.7 kJ mol™!) occurs for HOHg_1wb, which
should constitute 2% of all HOHg at 298 K and 100% relative humidity. These results suggest
that at the temperatures above 200K the monohydration of HOHg, BrHgNO2, BrHgONO,
BrHgOH, BrHgOOH, and BrHgO is not important in the atmosphere and that BrHgNO: is most
likely to exist in the hydrated forms under tropospheric conditions. The results obtained here
can be used to validate efficient force fields or lower levels of quantum chemistry for use in

studying the chemistry of these species in aqueous solution or on wetted surfaces.
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