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Abstract: Stability constants are central to the multi-scale modeling of the thermodynamic
speciation, cycling, and transport of mercury (Hg) and other contaminants in aquatic environments.
However, for Hg, experimental values for many relevant complexes are not available, and for
others can span ranges in excess of 10 log units. The missing data and large uncertainties mean
there are significant knowledge gaps in predictions of thermodynamic speciation. As an alternative
to experimental measurements, thermodynamic quantities can be calculated with quantum
chemical methods. Among these, density functional theory (DFT) with a polarizable continuum
solvent combines accuracy with practicability. Here, we present an accurate and quick approach
in which we use DFT with continuum solvation to calculate stability constants of Hg complexes
with inorganic and low molecular-weight organic ligands in aqueous solution. Specifically, we use
the M06/[SDD]6-31+G(d.p) level of theory in combination with a modified version of the SMD
solvent model in which the solute radii are re-optimized with a scaled solvent-accessible surface
(sSAS) approach. For the set of 37 Hg complexes used for optimization, which contain
environmentally relevant functional groups and have reliable experimental stability constants, we
obtain a mean unsigned error of 1.4 log units. Testing the method on an independent set of 12 Hg
complexes reproduces the experimental stability constants to a mean unsigned error of 1.6 log
units. This approach is a substantial step toward generally applicable rapid stability constant

derivation for a wide range of Hg complexes, including those present in dissolved organic matter.
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groups of dissolved organic matter



Introduction

Mercury (Hg) contamination is a global challenge. According to the World Health Organization
Hg is one of the top ten pollutants of potential danger to public health,' and is present in many
forms that are transported throughout the environment by natural processes and anthropogenic
activities. The oxidized, Hg(Il) form is prevalent in aquatic environments, where it forms
complexes with inorganic nucleophiles, low molecular weight organic compounds and high
molecular-weight dissolved organic matter.>* The methylated form, methylmercury, is a potent
neurotoxin that accumulates in living organisms throughout the food web.*

Hg interactions at the molecular level largely determine the concentrations and availability
of the metal ion species in the biogeochemical environment.¢ The reaction free energy (AG) and
the stepwise (log K) and cumulative (log f) stability constants for the formation of metal-ligand
complexes quantify the ligand binding affinity to the central metal atom (See Supporting
Information Scheme S1).

Large-scale speciation calculations based on stability constants have been developed to
facilitate modeling of Hg cycling, and transport in the aqueous environment.””'* Further, Hg
speciation modeling based on accurate log K values is essential for determining the concentrations
of trace Hg complexes in the environment that are below the detection limit of available analytical
techniques % 14

Although various experimental techniques are available to measure the stability constants,
the accuracy of the measured log K values for key Hg-ligand species is still unsatisfactory.'>!” For
example, reported log K values for the critical Hg-cysteine system range between 14 and 38 for
[Hg'(Cys)]°, 16 and 62 for [Hg"(Cys),H,]°, ~9 and 54 for [Hg"(Cys),H], and ~41 and 44 for

[Hg"(Cys),]*."” Methodological difficulties associated with the experimental measurement of high



stability constant values have led to the misinterpretation of the molecular species at equilibrium
and incorrect log K values in the literature for Hg(Cys) and other complexes.'*!’

An alternative to laborious and sometimes equivocal large-scale experimentation is
calculation using quantum chemical methods. Although the accurate large-scale computation of
stability constants using quantum chemical methods has been hitherto hindered by limitations in
accuracy and computer power, we have now reached a point at which DFT calculations can be
rapidly and accurately performed and can usefully supplement, and in some cases supplant,
experiment. Indeed, DFT has been demonstrated to accurately calculate stability constants and
ligand binding free energies of many metal complexes, including transition metals and heavier
lanthanide and actinide complexes.!®-2

Various thermodynamic cycles are commonly used to calculate condensed-phase stability
constants (Scheme S2). In a common thermodynamic cycle approach, the solute geometries are
optimized in the gas phase and then solvated to compute the solvation free energies and associated
thermodynamic constants. The solvation can be represented either with explicit water molecules
or by a continuum model. In the ‘continuum’ approach the interactions (long- and short-range)
between the solute and solvent are approximated by creating the molecular cavities of solutes
within a dielectric continuum. For example, in a commonly-used approach, the polarizable
continuum model (PCM), the electrostatic interactions (electronic polarization) between the charge
density of the molecular cavity (solute) and the induced surface charge polarization within the
dielectric continuum (solvent) contribute to the free energy of solvation (AG,,).2*?’

However, the accuracy of log K values calculated using a continuum model can suffer due
to an inaccurate description of short-range interactions, such as explicit hydrogen bonding and

charge transfer, between the solute and solvent in the continuum dielectric solvent representation.



Also, optimization of solutes in the gas phase (Scheme S2A) can lead to structures that are not
adopted in solution. To overcome some of the issues associated with continuum solvation, mixed,
cluster-continuum models have been developed. In a cluster-continuum model, solvation shells are
included explicitly along with the solute, and the resulting ‘supersolute’ is immersed in a
continuum solvent (Scheme S2B) 2833 In some approaches, solvent molecules are added one at a
time until the property of interest converges.”” In one example, using 6 to 10 explicit water
molecules, hydration free energies were calculated for Zn**, Cd**, Hg?*, Cu**, and few anions (OH-
,SH-, CI', and F) to a standard deviation of the average error of 2.3 kcal/mol.*® For Hg, stepwise
addition of explicit water molecules to the solute revealed that as few as two explicit water
molecules can be used to obtain excellent agreement with relative experimental values, and thus
the relative binding free energies of inorganic ligands coordinating to Hg were obtained with a
mean unsigned error (MUE) of ~1.2 kcal/mol.?! A similar approach with 2-6 explicit water
molecules was used to compute the stability constants of twelve Hg complexes with inorganic
anions and the calculated values were again in good agreement with experimental values (MUE =
~0.7 log units)."

Unfortunately, however, the inclusion of explicit water molecules introduces additional
electronic and nuclear degrees of freedom for the system of interest, making these quantum
chemical calculations more expensive for larger systems. Moreover, identifying the optimal
number of solvent molecules to include explicitly is not always straightforward. In particular,
extensive conformational searching is often required to identify the relevant low-energy
conformations and optimal hydrogen bonding networks.?! 3 Therefore, cluster-continuum

methods are not yet practicable for large numbers of species.



An alternative method is the ‘direct continuum’ method (Scheme S2C), in which the
solutes are optimized directly in the continuum solvent without any explicit solvent molecules .>*
37 The short-range interactions missing from the lack of explicit water molecules can be accounted
for in the structureless continuum solvent through solute cavity scaling.?’-38-40

By varying the atomic radii in direct continuum solvent models it is possible to obtain
thermodynamic quantities in close agreement with experiments.*-*¢ We recently reported an
efficient direct continuum method for calculating accurate pK, values of organic molecules
containing amines, carboxylic acids and thiols.” We used a scaled solvent-accessible surface
(sSAS) to redefine the molecular cavity of the solute within the SMD* polarizable continuum
solvation model, which we refer to as SMDgsas. SAS is commonly used to define the molecular
cavity in dielectric continuum solvent models.*-3° This SAS cavity is then multiplied by a scaling
factor (o), which, in Ref 47, was optimized to be 0.485 (Figure 1) leading to more accurate pK,s
of environmentally relevant acids than was obtained with the default SMD model.*® Optimizing
the solute cavity in combination with the direct, continuum-only method is an efficient approach
for computing reliable thermodynamic quantities at lower computational cost than the cluster-

continuum approach.




Figure 1. Schematic representation of molecular cavities in the unscaled and scaled SAS
approaches: sum of the unscaled atomic van der Waals radii and solvent radius (left) multiplied by

the scale factor 0.485 in sSAS (right).

In the present work, we develop and apply the direct continuum approach along with the
sSAS to provide a tool for the rapid computation of the stability constants of Hg complexes with
inorganic and low molecular weight organic ligands. We initially perform careful benchmarking
of the DFT method, solvation model, and thermodynamic calculation schemes. Subsequent
application to an independent test set reproduces the corresponding experimental values to within
1.6 log units (MUE). Further, we demonstrate the application of our quantum chemical approaches

in determining the aqueous stability constants for key environmentally relevant systems.

Methods

2.1 Computational Details. All calculations were performed with Gaussian 09 version E.01.5! The
MO6 density functional® in combination with the SDD Effective Core Potential (ECP) and basis
set for Hg and the 6-31+G(d,p) basis set for all other elements were used for the stability constant
calculations. The SDD ECP and basis set have been shown previously to provide useful accuracy
in studies of Hg in the +2 oxidation state, such as the solvation free energies of group 12 divalent
metal cations including Hg?*, binding free energies of Hg(Il)-ligand complexes, and reactions of
organometallic Hg(I) complexes.!:21-2%53-55 The M06 functional was chosen after testing the
performance of 10 different density functionals for the gas-phase binding free energy and aqueous
stability constant calculations of Hg complexes (Supporting Information Tables S1 and S2).557

The SMD*® polarizable continuum model was used to describe the solvent (water) environment.



All optimized structures were confirmed as energy minima on the potential energy surface by
performing normal mode analysis.

Various solute cavity scaling approaches were tested and used with the SMD continuum
model to improve the accuracy of the stability constant calculations at the MO06/[SDD]/6-
314+G(d,p) level of theory. Sample input files for each approach are provided in the Supporting
Information. The stability constants in solute cavity scaling approaches were computed by
performing single-point calculations on structures optimized with the standard SMD model at the
MO06/[SDD]/6-31+G(d,p) level of theory.

The original SMD model was designed to be a universal solvation model, enabling
calculations of numerous molecular properties such as solubility, vapor pressure, pK,, and partition
coefficients.*®: 5892 The work presented here uses the SMD framework, but we emphasize that it

was developed specifically for calculating aqueous Hg stability constants.

Experimental Stability Constants. Experimental stability constants for most of the Hg complexes
(Table 1) were obtained from the NIST 46 database.®® The log K value for Hg(SH), was obtained
from a recent report by Drott et al.'* As mentioned earlier, uncertainty in the experimental stability
constants can lead to inaccurate predictions of the behavior, fate, and transport of Hg and MeHg
in aquatic environments.!”-®-6> For some complexes, more than one distinct experimental log K
value is available in the literature. For example, at least two distinct values have been reported for
glycine [Hg(Gly)]*: 12.2 (1974)% and 13.90 (2009).” Furthermore, for some complexes, such as
Hg(Cys), a wide range of log K values have been reported.!” Thus, whenever possible we chose
the latest refined values, measured under a similar set of rigorous experimental conditions such as

temperature and ionic strength, as a reference value.5’-"!



Results

Scaled radii for Hg. The sSAS cavity approach developed for use with the SMD continuum
solvation model has a predetermined scale factor (o = 0.485) that was optimized to reproduce pK,s
of environmentally relevant functional groups.*’ As a first step towards adjusting this approach
for calculating log K values of Hg complexes, we first computed the solvation free energy of Hg?*
at the M06/[SDD]/6-31+G(d,p) level of theory with the SMD solvation model and the default
sSAS scaling factor (0.485).#7 This model was found to overestimate AG,,, of Hg?* by ~37
kcal/mol relative to the experimental free energy of solvation of Hg?* (-446.2 kcal/mol).?*7> To
derive the atomic radius that gives the best agreement with the experimental solvation free energy
of Hg?*, we systematically varied the Hg atomic radius scale factor from 0.95 to 1.05 in the SMD
model and calculated AG,,, of Hg** (Supporting Information Figure S1). Using the default van
der Waals radius (1.55 10\) and scale factor (o0 = 1.0) for Hg?* with the SMD model, the calculated
AG,,, of Hg?* is improved, at -433 .4 kcal/mol. However, the calculated AG,,, (-446.16 kcal/mol)
most closely matches the experimental value when o =0.977.

Comparison of the default intrinsic Coulomb radii (SMD)*, sSAS radii,”” and scaled radii
for Hg?* (this work) shows that the sSAS radii and scaled radius for Hg?* are slightly smaller than
the default intrinsic Coulomb radii in the SMD model (Table S3). Similar, prior cavity scaling
studies have shown that a decrease in the size of molecular cavities improves the effective
solvation free energy of ions in continuum solvents.3*-4%-# As a result of these considerations the
scaled radius of Hg (r = 1.55 A, o = 0.977) was combined with sSAS radii for ligand atoms to
calculate the stability constants of Hg complexes in an approach we refer to as SMD,,0qein (Table

1).



Table 1. Experimental Stability Constants and Error (log Units) in Stability Constants Calculated
at the M06/[SDD]/6-31+G(d,p) Level of Theory Using Various Radii with the SMD Continuum

Model
Error (calculated — experiment)
qg (ML) M-L¢ log K (exp)’ SMD SMD odeli LF-SMD LF- SMD odent SMD odel2
HgL (set 1)
2 Hg(NH;) 8.80% 6.88 6.07 -3.12 -0.95 -0.45
1 Hg(Cl) 7.309 11.98 6.50 2.30 -0.84 0.11
0 Hg(CO3) 11.009 11.15 6.55 1.72 0.32 0.56
0 Hg(S0.) 1.26% 11.15 8.44 0.86 -0.11 1.38
-1 Hg(PO.) 9.50% 16.54 11.02 7.45 5.68 5.52
1 Hg(Ac) 4.30% 11.62 9.32 1.64 1.92 2.65
1 Hg(Prop) 3.90¢7 12.42 10.05 247 2.76 3.39
0 Hg(Ox)* 9.70¢7 7.59 5.19 -2.27 -1.82 -0.94
0 Hg(Suc)* 9.50¢7 7.44 4.57 -2.45 -2.69 -0.95
2 Hg(MeNH,) 8.66% 7.21 6.56 -2.77 -0.36 0.12
1 Hg(Gly) 13.90¢7 7.01 4.33 -2.53 -1.69 -1.08
HgL (set 2)
0 Hg(Mac) 34.50% 6.14 -1.11 -1.66 -2.64 -1.11
0 Hg(2-Mpa) 33.97% 6.30 -0.32 -1.54 -1.77 -0.32
0 Hg(Ths) 25.706 8.27 3.84 -0.12 1.17 3.84
-1 Hg(Msa) 35.50%° 6.17 -1.29 -1.54 -2.56 -1.29
1 Hg(2-MpaH) 36.28%° 7.55 1.35 0.03 1.08 1.35
0 Hg(MsaH) 39.02¢° 8.53 1.78 1.33 2.45 1.78
Hng
2 Hg(NHs), 17.406 14.01 12.35 -3.26 -0.88 -2.44
0 Hg(Cl), 140093 20.68 9.59 2.75 -3.95 -3.93
0 Hg(OH), 21.80%3 28.99 20.60 7.82 8.00 8.58
0 Hg(SH). 39.10 22.45 10.34 -0.88 -1.91 -0.08
0 Hg(Ac), 8.40% 20.87 16.63 4.03 3.16 1.11
2 Hg(MeNH.), 17.86% 12.88 11.53 -4.26 -1.72 -2.82
0 Hg(Gly). 19.209%¢ 15.60 13.64 -2.35 0.57 -0.27
-2 Hg(Mac), 43.80% 21.65 943 -2.46 -2.62 -0.68
-2 Hg(2-Mpa), 42.54% 24.20 11.99 -0.17 0.00 1.89
0 Hg(Cya), 40.60 25.52 12.55 1.28 0.49 2.58
0 Hg(Met), 40.30%8 20.49 10.88 -2.68 -1.28 0.67
MeHgL
-1 MeHg(3-Mpa) 16977 5.59 -0.16 1.20 0.84 -0.16
-1 MeHg(2-Mpa) 17.40™ 4.11 -1.03 -0.11 0.06 -1.03
-2 MeHg(Msa) 18.587! 3.81 -1.45 -0.55 -0.52 -1.45
-1 MeHg(Cys) 17.687! 2.62 -2.28 -1.42 -0.99 -2.28
0 MeHg(3-MpaH) 21487 7.50 1.43 2.12 1.15 1.43
0 MeHg(2-MpaH) 21.347 6.45 0.94 1.25 0.79 0.94
-1 MeHg(MsaH) 23.577" 522 -0.42 -0.14 -0.76 -0.42
0 MeHg(CysH) 26.657! 5.95 1.87 0.01 041 1.87
1 MeHg(CysH») 28.707! 3.53 0.60 -2.36 -1.02 0.60
Mean signed error (MSE) 11.52 6.00 -0.01 -0.01 0.50
Mean unsigned error (MUE) 11.52 643 2.08 (1.76)¢ 1.67 (1.38)¢ 1.68 (1.37)4
Root mean squared error (RMSE) 13.47 8.27 2.69 (2.07)¢ 2.30 (1.68)¢ 2.37 (1.72)¢
Maximum error MAXE) 28.99 20.60  7.82(-4.26)¢ 8.00 (-3.95)¢  8.58 (-3.93)¢
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¢ Experimental conditions, chemical reactions for the formation of Hg complexes, and log K values are provided in Table S4 in
the Supporting Information.

b References for experimental log K values.

¢ The neutral HgL complexes in which L possesses two of the same functional group (i.e, Hg(Ox) and Hg(Suc)) all have bidentate
coordination in which one oxygen from each carboxylate coordinates to Hg?*.

4 Values after excluding the outliers Hg(OH), and [HgPOu] are given in parentheses.

CI  OH SH  COs* S0,% PO NH; HyC-NH,
(o)
HoN
2 \/U\OH HZN\/\SH HO\/\SH
glycine cysteamine mercaptoethanol
Gly Cya Met
(o} (o}
HO HO
x P oon HOy o
OH OH o o
acetic acid propanoic acid oxalic acid succinic acid
Ac Prop Ox Suc
(o}
(o} o \)J\ OH
HSJJ\OH HS/\)J\OH SH
mercaptoacetic acid 3-mercaptopropanoic acid 2-mercaptopropanoic acid
Mac 3-Mpa 2-Mpa
o o 0
HO
©\)k°” HS OH
mercaptosuccinic acid thiosalicylic acid L-cysteine
Msa Ths Cys

Scheme 1. Ligands included in the benchmark set comprise various environmentally relevant
functional groups and molecules.

Calculated Stability Constants. We collected an initial data set of 49 Hg(II) complexes that have
reliable experimental log K values (Table S4) and divided them into two sets. The first,

benchmark, data set contains 37 Hg(II) complexes (~75% of the initial data set) with 20 different

11



ligand molecules (Table 1). The benchmark data set comprises inorganic and organic ligands of
environmentally relevant functional groups including chloride, hydroxide, hydrosulfide,
phosphates, carboxylates, thiols, and amines (Scheme 1). The second, independent test set contains
12 complexes (~25% of the initial data set) with eight different ligands. Although the availability
of a reliable source of accurate experimental stability constants restricts the choice of ligands in
the training set, the ligands were chosen carefully to include diverse set of functional groups and
to cover a wide range of stability constant values (Scheme 1 and Figure 2). The stability constants
of Hg complexes were calculated using the direct continuum-only approach with and without the
optimized solute cavity scaling parameters in SMD.

The stability constants calculated at the M06/[SDD]/6-31+G(d,p) level of theory with the
default SMD model overestimate the corresponding experimental values (Figure 2A), with a root
mean squared error (RMSE) of 13.5 log units (Table 1). SMD,,..1, Which uses solute cavity
scaling, reduces the error (Figure 2B) to an RMSE of 8.3 log units (Table 1). The absolute errors
for those MeHgL and HgLL complexes containing polyfunctional groups (thiol-carboxylate and
thiol-amine-carboxylate) range from 0.2 to 3.8 log units. However, the SMD,.qe11 Stability constants
for HglL complexes that have inorganic ions, carboxylates, dicarboxylates, amines, amino acids,
and thiol-amine ligands are higher than the experimental values, with absolute errors >4 log units.
Furthermore, the SMD,,q1; Stability constants for Hg complexed with two ligands (Hgl.,) are in

error by ~9-21 log units, regardless of the functional groups present.
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Figure 2. Experimental and calculated stability constants of the benchmark Hg complexes listed

in Table 1 (A) SMD and (B) SMD,oqe11 -
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Potential Sources of Error

To better understand the sources of the errors in the log K values obtained with SMD,;,o4e11, We used
linear regression to fit the calculated values to the corresponding experimental constants. We refer
to this model as LF-SMD,,qe11- A systematic regression analysis of the SMD,,qqei; Stability constants
indicates that the Hg complexes can be grouped into three categories: Hgl, Hgl.,, and MeHgL
(Figure S2). The linear regressions, which all have R? values greater than 0.94, show that there is
a good linear correlation between the calculated and experimental stability constants. Linear
regression plots and equations of the log K values calculated with the default SMD are provided
in the Supporting Information (Figure S3). The fitted linear regression equations 1-3 were used to
calculate accurate stability constants for Hgl., Hgl., and MeHgL complexes in the benchmark set.
The resulting errors in the stability constants, calculated with the linear-fit default SMD (LF-SMD)
and linear-fit SMD o4en1 (LF-SMD00e11), are 2.7 and 2.3 log units, respectively (Table 1). The LF-
SMD,4e11 log K values for Hg(OH), and HgPO, deviate considerably from the corresponding
experimental values, with absolute errors of 8.0 and 5.7 log units, respectively.”? Excluding these
two outliers decreases the RMSEs for the stability constants calculated with LF-SMD and LF-

SMD, 04011 to 2.1 and 1.7 and log units, respectively (Table 1).

lOg K(LF_SMDmOdell) = 1.297(10g K(SMDmOdell)) —11.439 (1)
lOg K(LF_SMDmOdell) = 1.050(10g K(SMDmOdell)) —14.716 (2)
lOg K(LF_SMDmOdell) = 0790(]0g K(SMDmOdell)) + 4.526 (3)
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Many of the experimental log K reference values were measured at non-zero ionic strength
(Table 1 and Supporting Information Table S4). To test the validity of our quantum chemical
approach with respect to the variation in ionic strengths of the reference log K values, we
extrapolated all the reference log K values at non-zero to zero ionic strength using the Davies
equation (Table S4). The linear least square fits of the calculated values to the experiments before
and after extrapolation to zero ionic strength deviates from each other only by 0.1 log units, with
the standard deviation (SD) of errors of 1.7 and 1.8 log units, respectively (Supporting Information
Figure S4). The difference in SD of errors of the calculated stability constants relative to the
reference experimental log K values before and after extrapolation is lower than the errors of the
calculated values (Table 1). Furthermore, the reference log K values at non-zero ionic strength
have been previously shown to provide useful accuracy for the stability constant calculation of
metal cations.!®

The linear fits above show that the calculated and experimental log K values are highly
correlated and suggest that the errors in the SMD,,.q1 log K values might be able to be corrected
by identifying sources of systematic error. To this end, we calculated the thermodynamic
quantities, AGy,, and AG,, for several selected ligands in the benchmark set (Table S5) and their
corresponding Hg complexes (Tables S6 and S7). The calculated thermodynamic quantities were
compared to literature values® or high-level ab initio quantum chemical calculations to identify

potential sources of error in the SMD,,4.:/M06/[SDD]/6-31+G(d,p) calculations.

Aqueous solvation free energy of ligands. It is often difficult to calculate accurate solvation free

energies of charged molecular species without including explicit solvent molecules in the first

and/or second solvation shells.?®%:7* Recently, the SMDgsss model has been used successfully to
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compute pK,s of low molecular weight organic molecules (carboxylic acids, amines, and thiols)
by improving the AG,,, of acids and conjugate bases.*” The AG,,, values for ligands calculated
here with SMD,,..11 agree reasonably well with experiment, with an MUE of 3.9 kcal/mol (Table
SS). For comparison, the default SMD model yields an MUE of 8.4 kcal/mol. Because the sSSAS
radii were used for the ligand atoms in SMD,,¢e11, We expect that the errors in AG,,, of the ligands

in SMD,,..q..i Will be somewhat lower than the other sources of error discussed below.

Aqueous solvation free energies of Hg complexes. A further potential source of significant error in
the computed log K values is AG,,, of the Hg complexes. The experimental AG,,, values of
selected Hg complexes were calculated using a thermodynamic cycle (Equation 4). Experimental
measurements of gas-phase binding free energies are not available, so we instead used high level
ab initio CCSD(T) gas-phase energies in equation 4. The small-core ECP for Hg (aug-cc-pVTZ-
pp)”° and the augmented correlation-consistent triple-zeta basis set (aug-cc-pVTZ)’¢77 were used
to calculate CCSD(T) gas-phase binding free energies for selected Hg complexes. The AGqy
values for the Hg complexes from SMD and SMD,,,¢.1 have MUEs of 5.2 and 14.9 kcal/mol,
respectively (Table S6). SMD,,.q.1 significantly overestimates AG,,, of Hg complexes, thereby

overestimating log K.

AGyry (HgL) = AGE™ — AGEEP™) 4 AL (Hg2+) 1+ AP (1) 4)

gas solv solv

Gas-phase binding free energies of Hg complexes. Errors in the gas-phase binding free energies
(AGg,s) calculated with DFT can also affect the accuracy of the calculated stability constants. To

estimate the contribution of the error in AG,,, to log K, we compared the M06 AG,,; of selected Hg

16



complexes to CCSD(T) energies obtained with correlation-consistent basis sets and ECP for Hg
(Table S7). Although computationally demanding, the energies obtained from high-level ab initio
CCSD(T) calculations are expected to be highly accurate.’”-”® For a given basis set the changes in
free energy (AG,,s) calculated with DFT are in general lower than CCSD(T). Because we used the
6-31+G(d,p) basis set and SDD ECP for the log K calculations, it is worth comparing the AG,,; at
the M06/[SDD]6-31+G(d,p) to the highest level of theory considered, i.e. CCSD(T)/aug-cc-
pVTZ(-pp). MO6 underestimates the CCSD(T) reference energies by 2.3 to 7.8 kcal/mol, with an
MUE of 5.9 kcal/mol. In the thermodynamic cycle (Scheme S2A and Equation 4) approach, an
underestimation of the gas-phase binding free energies will lead to an underestimation of the
stability constant.

Comparison of the above three sources of error clearly shows that the major contribution
to the error of SMD,,04e11 log K comes from AG,,, of the Hg complexes. In this regard, the AG,, of
Hg complexes calculated with the SMD model is in better agreement with the experimental value
than SMD, 4.1 (Table S6). Furthermore, these results indicate that the error of the calculated log
K values in SMD,qe11 can be improved by scaling the default SMD atomic Hg radius for the Hg
complexes. Thus, we varied the Hg radii scaling factor between 0.96 and 1.10 in combination with
sSAS radii for the ligand atoms and calculated log K values for the 37 benchmark Hg complexes
listed in Table 1. To ensure the correct solvation free energy for Hg?*, we kept a for Hg?* fixed at
0.977. The change in the MUE of stability constants for Hg complexes with respect to changes in
the Hg atomic radius scaling factor was used to optimize the solute cavity scaling factors (Figure
3). For comparison, the MUEs for o = 0.977 (SMD,04e11) are also provided.

For all 37 Hg complexes considered, the MUE (~4) is lowest when o = 1.0. For HgL,

complexes a higher a value (1.08) lowers the MUE from 12.7 to 2.3 log units relative to the o
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value of 0.977. The HgL. complexes (set 1, L = inorganic ions, mono- and dicarboxylates, amines,
thiols, and amino acids) have the lowest MUE when a = 1.0, but the MeHgL and HgL (set 2, L =
thiol-carboxylate ligands) complexes have the lowest MUE when a = 0.977. Hence, errors of log
K calculated with SMD,,,.q.11 Were reduced by changing the Hg atomic radii scale factor from 0.977
to 1.0 and 1.08 in SMD,,,.qen1 for the HgL (set 1) and HgL., complexes, respectively. The Hg atomic
radii scale factor (a) for Hgl. complexes containing both a thiolate and a carboxylate in a single

ligand molecule (L) was set to 0.977 to minimize the MUE of the calculated log K values (Figure

3). We refer to this approach as SMD,,eqe2 (Table 1).

_— HgL(s;tl)
— HgL (set2)
20r _ MeHgL
— Hgl,
Benchmark complexes
7 15|
c
-]
[@)]
2 10}
Ll
-]
=
5,
Ot I
0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10

«

Figure 3. Mean unsigned errors (MUE) of the stability constants of benchmark Hg complexes
calculated using different o values for Hg atomic radii in the SMD model. An a value of 0.977
was used for Hg?* and sSAS radii were used for ligand atoms. For HgL (set 1), L = inorganic ions,
mono- and dicarboxylates, amines, and amino acids and HgL (set 2) includes thiol-carboxylate

ligands as listed in Table 1.
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The observed trend in the MUEs for the calculated log K values with respect to the change
in the optimal o values for Hg can be attributed to the changes in the electronic structure arising
from the local solvent and coordination environment around Hg in various species (Hg**, HgL,
and HgL,).*- 7% The size of the cavity affects the electrostatic interactions at the solute-solvent
boundary in PCM solvation models. A smaller o value induces higher polarization by reducing
the distance between the cavity surface points (charge density) and the atomic nuclei of the solutes,
whereas a larger o value would lead to the opposite effect and reduce the stabilizing effects of the
solvent on the solute.*

On the basis of our findings, we recommend SMD,,0¢e12, Which uses the o values listed in
Table 2 for Hg and sSAS radii for all other atoms, for computing stability constants with the SMD
model at the M06/[SDD]/6-31+G(d,p) level of theory. Hereafter, we refer to SMDnoqer a5 SMD)oek -
SMD,,.x reproduces AG,,, values for selected Hg complexes in the benchmark set better than SMD
and SMD,,oqe1, yielding an MUE of 2.9 kcal/mol (Table S6). In addition, SMD,.x performs
similarly to LF-SMD;,e11, with an RMSE of 1.7 log units, but does not require linear fitting (Table

1).

Table 2. Optimized Scaling Factors for Hg in SMD,.x

Hg radius scale factor (o) Molecule set

1.08 Hgl,

1.0 HgL (set 1)

0.977 Hg?*, MeHg*, HgL (set 2)*, and MeHgL"

2 Set 1 comprises inorganic ions, mono- and dicarboxylate, amine, and amino acid functional groups in the ligand
molecules
® Set 2 has thiol-carboxylate ligands (L)
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It was shown above that the log K values for Hg(OH), and HgPO,  obtained from SMD),.x
approach deviate considerably from the corresponding experimental values, with absolute errors
of 8.6 and 5.5 log units, respectively (Table 1). Direct cluster-continuum calculations with default
SMD model indicate that the explicit water interactions are largely responsible for this error
(Supporting Information Table S8). These results align with the use of at least one explicit water
molecule for ions containing fewer than four atoms in the standard SMD model.*®* Moreover, the
supporting information results (Table S8) confirm that, while cluster-continuum models can
provide useful accuracy in log K calculations and can be used to probe effects of specific
interactions, it is difficult to devise a universally applicable direct cluster-continuum protocol to

use with the comprehensive screening of log K values for the large numbers of complexes.

Performance of the LF-SMD,,,,¢en and SMD),.x Models on Independent Test set

Having established that quantum chemical models can provide stability constants of Hg
complexes in a training set with an MUE of ~1.4 log units, we tested the performance of the
proposed models on an independent test set of Hg-containing complexes (Table 3 and Scheme
2). The stability constants of most of these Hg complexes calculated using SMD,,.x are in good
agreement with the experimental values (Table 3). The MUEs of the log K values for the tested
quantum chemical models decreases in the following order (Table S4): 8.5 (SMD) > 5.6
(SMDnogenn) > 3.3 (LF-SMD) > 2.1 (LF-SMDnoqen1) > 1.6 (SMDyoex).-

Comparison of the errors in the calculated log K values for the Hg complexes ([Hg(Im)]**,
[Hg(His)]*, [Hg(Ac)]*, and [Hg(Mac),]*) using SMDy,x and a previously developed cluster-
continuum based protocol'® shows that the performance of the former is essentially as good as that

of the latter, with MUEs of 2.1 and 2.3 log units, respectively. However, the direct continuum-
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only approach (this work) obviates the need to include explicit water molecules and thus provides
a simple and quick approach to obtain accurate thermodynamic quantities. Overall, our
calculations suggest that the proposed direct continuum quantum-chemical models can be applied
to reliably calculate experimentally unknown stability constants of Hg complexes. In particular we
recommend SMD,..x approach for HgL., Hgl., and mixed LHgL.’ complexes that comprise one or

more of the S, N, and O- donor functional groups in the ligand molecules (L and L’).

Z>N HN—\\
NH ) N

piperidine pyridine imidazole
Pip Py Imi
o

1,2-ethylenediamine 3-mercaptopropanoic acid

3-Mpa
En
o (0]
HO N OH
OH - .
O NH, AN 2
L-aspartic acid L-histidine
Asp His
" OH
NH,

D-penicillamine

Pen

Scheme 2. Ligands in the test set
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Table 3. Experimental and Calculated Stability Constants for Hg-Ligand Complexes in the
Independent Test Set

g (ML) M-L log K (exp)* LE-SMD et SMD,,.x
0 Hg(Asp) 14.86 13.19 13.88
2 Hg(Pip) 8.7463 10.51 10.66
2 Hg(Py) 5.2063 3.84 5.23
0 Hg(Pen) 35227 34.26 35.23
2 Hg(en) 16479 14.88 14.83
2 Hg(Im) 9.18% 435 5.58
1 Hg(His) 15.807 13.94 14.40
0 Hg(3-Mpa) 32.10 31.73 33.28
1 Hg(3-MpaH) 35.33% 38.74 38.69
2 Hg(Pip), 17.40% 16.53 15.66
2 Hg(Py), 10.003 10.02 8.67
2 Hg(en), 23.307 17.30 21.03

MSE “1.19 0.54

MUE 2.06 1.62

RMSE 2.69 1.93

MAXE -6.00 -3.60

¢ References for experimental log K

Application of the SMD,,.x Model to Environmentally Relevant Systems

An example of the type of environmentally-relevant question that the present approach can
answer concerns Hg-cysteine complexes that have been shown to affect the cellular uptake and
methylation of Hg by anaerobic bacteria.’?#* The calculated stability constants with the SMDj,.x
model, log K, for the Hg-cysteine system indicates strong binding affinities for Hg>* with
cysteine in different protonation states (Equations 5-9). Although the published experimental log
K values for the Hg-cysteine system are extremely variable!” (Table S9) the calculated log K values

agree closely with the most recent experimental studies.”

Hg?* + Cys* < [Hg(Cys)]° log Kay=34.28 (5)
Hg?* + Cys* + H* 5 [Hg(CysH)[* log Kcay =43.10 (6)
Hg?* + Cys> + 2H* < [Hg(CysH,)|** log Kcay =43.79 (7
Hg?* + 2Cys* s [Hg(Cys),]* log K(cay =43.36 (8)
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Hg?* + 2Cys* + 2H* < [Hg(CysH),]° log Kca) = 64.86 9)

Another example is complexation of Hg?* with diethyldithiocarbamate (Dtc) which was
detected in Suwanee River natural organic matter using ultrahigh resolution mass spectrometry .*>
Although various two-phase solvent extraction constants®-*" were reported for [Hg(Dtc),]° the
computed aqueous stability constant in equation 10 agrees most closely with the experimental log
K value (33.35) that was measured by competitive ligand exchange method followed by C18 solid-

phase extraction.®

Hg?* + 2Dtc” = [Hg(Dtc),]° log Kcany = 29.36 (10)

In addition to the above examples of Hg?** complexation with one type of ligand L, the
SMD,,.x approach can also be applied to mixed-ligand complexes, i.e., LHgL.’, where L and L’ are
two different ligands (Equations 11 and 12). For the Hg(OH)CI complex, the calculated log K
value deviates from the experimental value®* of 18.27 by 2.7 log units (Equation 11). However,
for the Hg(SH)Cl complex the computed log K value (25.46) is in close agreement with the

reported value of 25.77 derived from a statistical relationship for mixed-ligand complexes.!®

Hg?* + OH + CI' 5 Hg(OH)Cl log Kieay = 20.81 (11)

He?* + SH- + CI- = He(SH)CI 10g Keay = 25.46 (12)
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Conclusions

Hg speciation in the environment is in general characterized using thermodynamic stability
constants (log K). However, uncertainties in experimental stability constants adversely affect Hg
speciation calculations in larger-scale modeling efforts. Here we have developed a simple,
practical and efficient DFT-based approach that can be used to calculate accurate thermodynamic
quantities for the complexation of aqueous Hg?* with S, N, and O- donor functional groups that
are commonly found in dissolved organic matters of the natural environment.?>-°! The proposed
SMD,,.x model can be used to complement or substitute experimental measurements of binding
affinities, providing a quick and reliable approach.”? It is also of use in examples where
experimental techniques are difficult due to methodological difficulties in measuring stability
constants, complicating speciation analysis, as has been seen, for example, for critical HglL., HgL,,
and mixed LHgl.’complexes.'>!” The SMD,x approach can be used to furnish accurate
thermodynamic inputs for mesoscale Hg biogeochemical modeling.!%!?-°2 Furthermore, it should
be able to be readily extended to include additional classes of Hg complex (e.g., HgL,, n > 2) as

well as other environmentally and biologically relevant metals and ligands.
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Supporting Information is available free of charge on the ACS Publications website at DOI:
XXX XXXX.

Thermodynamic scheme, equations, and methods for stability constant calculation, performance
of different density functionals, sample Gaussian input files, and comparison of different radii and
scale factors for SMD variants. Experimental conditions, chemical reactions, and log K values for

Hg complexes in the benchmark and test sets. Linear correlation plots and regressions for stability

24



constants calculated with the LF-SMD,.en and LF-SMD approaches, cluster-continuum

calculations, and optimized Cartesian coordinates of molecules.

Author Information
Corresponding Author

*(J. C.S.) E-mail: smithjc@ornl.gov

Notes

The authors declare no competing financial interests.

Acknowledgments

This work was conducted jointly at the University of Tennessee, Knoxville and Oak Ridge
National Laboratory (ORNL) and was supported by grant DE-SC0016478 from the U.S.
Department of Energy (DOE) Office of Science, Biological and Environmental Research,
Subsurface Biogeochemical Research. ORNL is managed by UT-Battelle LLC for the U.S. DOE
under contract number DE-ACO05-000R22725. This work used resources of the Compute and Data

Environment for Science (CADES) at Oak Ridge National Laboratory.

References
1. World Health Organization. Exposure to Mercury: A Major Public Health Concern.

http://www.who.int/phe/news/Mercury-flyer.pdf.

2. Ravichandran, M., Interactions between mercury and dissolved organic matter—a review.

Chemosphere 2004, 55 (3),319-331.

25



3. Powell Kipton, J.; Brown Paul, L.; Byrne Robert, H.; Gajda, T.; Hefter, G.; Sjoberg, S.;
Wanner, H., Chemical speciation of environmentally significant heavy metals with inorganic
ligands. Part 1: The Hg?>*— CI-, OH-, CO;*, SO,*, and PO,*- aqueous systems (IUPAC Technical
Report). In Pure Appl. Chem.,2005; Vol. 77,p 739.

4, Parks, J. M..; Johs, A.; Podar, M.; Bridou, R.; Hurt, R. A.; Smith, S. D.; Tomanicek, S.J;
Qian, Y.; Brown, S. D.; Brandt, C. C.; Palumbo, A. V.; Smith, J. C.; Wall, J. D.; Elias, D. A;
Liang, L., The Genetic Basis for Bacterial Mercury Methylation. Science 2013, 339 (6125), 1332-
1335.

5. Hsu-Kim, H.; Kucharzyk, K. H.; Zhang, T.; Deshusses, M. A., Mechanisms Regulating
Mercury Bioavailability for Methylating Microorganisms in the Aquatic Environment: A Critical
Review. Environ. Sci. Technol. 2013, 47 (6), 2441-2456.

6. Miller, C. L.; Southworth, G.; Brooks, S.; Liang, L.; Gu, B., Kinetic Controls on the
Complexation between Mercury and Dissolved Organic Matter in a Contaminated Environment.
Environ. Sci. Technol. 2009, 43 (22), 8548-8553.

7. Fitzgerald, W. F.; Lamborg, C. H.; Hammerschmidt, C. R., Marine Biogeochemical
Cycling of Mercury. Chem. Rev. 2007, 107 (2), 641-662.

8. Benoit, J. M.; Gilmour, C. C.; Mason, R. P.; Heyes, A., Sulfide Controls on Mercury
Speciation and Bioavailability to Methylating Bacteria in Sediment Pore Waters. Environ. Sci.
Technol. 1999, 33 (6), 951-957.

9. Drott, A.; Lambertsson, L.; Bjorn, E.; Skyllberg, U., Importance of Dissolved Neutral
Mercury Sulfides for Methyl Mercury Production in Contaminated Sediments. Environ. Sci.

Technol. 2007, 41 (7),2270-2276.

26



10. Bessinger, B. A.; Vlassopoulos, D.; Serrano, S.; O’Day, P. A., Reactive Transport
Modeling of Subaqueous Sediment Caps and Implications for the Long-Term Fate of Arsenic,
Mercury, and Methylmercury. Aquat. Geochem. 2012, 18 (4), 297-326.

11. Johannesson, K. H.; Neumann, K., Geochemical cycling of mercury in a deep, confined
aquifer: Insights from biogeochemical reactive transport modeling. Geochim. Cosmochim. Acta
2013, 106, 25-43.

12. Leterme, B.; Blanc, P.; Jacques, D., A reactive transport model for mercury fate in soil —
application to different anthropogenic pollution sources. Environ. Sci. Pollut. Res. 2014, 21 (21),
12279-12293.

13. Leterme, B.; Jacques, D., A reactive transport model for mercury fate in contaminated
soil —sensitivity analysis. Environ. Sci. Pollut. Res. 2015, 22 (21), 16830-16842.

14. Drott, A.; Bjorn, E.; Bouchet, S.; Skyllberg, U., Refining Thermodynamic Constants for
Mercury(Il)-Sulfides in Equilibrium with Metacinnabar at Sub-Micromolar Aqueous Sulfide
Concentrations. Environ. Sci. Technol. 2013, 47 (9), 4197-4203.

15. Skyllberg, U., Competition among thiols and inorganic sulfides and polysulfides for Hg
and MeHg in wetland soils and sediments under suboxic conditions: Illumination of controversies
and implications for MeHg net production. J. Geophys. Res. Biogeosci. 2008, 113 (G2), n/a-n/a.
16. Dyrssen, D.; Wedborg, M., The sulphur-mercury(Il) system in natural waters. Water Air
Soil Pollut. 1991, 56 (1), 507-519.

17. Berthon, G., Critical evaluation of the stability constants of metal complexes of amino
acids with polar side chains (Technical Report). In Pure Appl. Chem., 1995; Vol. 67,p 1117.

18. Gutten, O.; RuliSek, L., Predicting the Stability Constants of Metal-lon Complexes from

First Principles. Inorg. Chem. 2013, 52 (18), 10347-10355.

27



19. Afaneh, A. T.; Schreckenbach, G.; Wang, F., Theoretical Study of the Formation of
Mercury (Hg*) Complexes in Solution Using an Explicit Solvation Shell in Implicit Solvent
Calculations. J. Phys. Chem. B 2014, 118 (38), 11271-11283.

20. Casasnovas, R.; Ortega-Castro, J.; Donoso, J.; Frau, J.; Munoz, F., Theoretical calculations
of stability constants and pKa values of metal complexes in solution: application to pyridoxamine-
copper(il) complexes and their biological implications in AGE inhibition. Phys. Chem. Chem.
Phys. 2013, 15 (38), 16303-16313.

21. Riccardi, D.; Guo, H.-B.; Parks, J. M.; Gu, B.; Summers, A. O.; Miller, S. M.; Liang, L.;
Smith, J. C., Why Mercury Prefers Soft Ligands. J. Phys. Chem. Lett. 2013, 4 (14), 2317-2322.
22. Vukovic, S.; Hay, B. P.; Bryantsev, V. S., Predicting Stability Constants for Uranyl
Complexes Using Density Functional Theory. Inorg. Chem. 2015, 54 (8), 3995-4001.

23. Hancock, R. D.; Bartolotti, L. J., Prediction of formation constants of metal-ammonia
complexes in aqueous solution using density functional theory calculations. Chem. Commun.
2004, (5),534-535.

24. Hancock, R. D.; Bartolotti, L. J., Density Functional Theory-Based Prediction of the
Formation Constants of Complexes of Ammonia in Aqueous Solution: Indications of the Role of
Relativistic Effects in the Solution Chemistry of Gold(I). Inorg. Chem. 2005, 44 (20), 7175-7183.
25. Gutten, O.; BesSSeov4, 1.; Rulisek, L., Interaction of Metal Ions with Biomolecular Ligands:
How Accurate Are Calculated Free Energies Associated with Metal Ion Complexation? J. Phys.
Chem. A 2011, 115 (41), 11394-11402.

26. Tomasi, J.; Mennucci, B.; Cammi, R., Quantum Mechanical Continuum Solvation Models.

Chem. Rev. 2005, 105 (8),2999-3094.

28



27. Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J., Ab initio study of solvated molecules: a new
implementation of the polarizable continuum model. Chem. Phys. Lett. 1996, 255 (4), 327-335.
28. Bryantsev, V. S.; Diallo, M. S.; Goddard lii, W. A., Calculation of Solvation Free Energies
of Charged Solutes Using Mixed Cluster/Continuum Models. J. Phys. Chem. B 2008, 112 (32),
9709-9719.

29. Riccardi, D.; Guo, H.-B.; Parks, J. M.; Gu, B.; Liang, L.; Smith, J. C., Cluster-Continuum
Calculations of Hydration Free Energies of Anions and Group 12 Divalent Cations. J. Chem.
Theory Comput. 2013, 9 (1), 555-569.

30. Kelly, C. P.; Cramer, C. J.; Truhlar, D. G., Aqueous Solvation Free Energies of Ions and
Ion—-Water Clusters Based on an Accurate Value for the Absolute Aqueous Solvation Free Energy
of the Proton. J. Phys. Chem. B 2006, 110 (32), 16066-16081.

31. Marenich, A. V.; Ding, W.; Cramer, C. J.; Truhlar, D. G., Resolution of a Challenge for
Solvation Modeling: Calculation of Dicarboxylic Acid Dissociation Constants Using Mixed
Discrete—Continuum Solvation Models. J. Phys. Chem. Lett. 2012, 3 (11), 1437-1442.

32. Ho, J.; Coote, M. L., pKa Calculation of Some Biologically Important Carbon Acids - An
Assessment of Contemporary Theoretical Procedures. J. Chem. Theory Comput. 2009, 5 (2), 295-
306.

33.  Thapa, B.; Schlegel, H. B., Density Functional Theory Calculation of pKa’s of Thiols in
Aqueous Solution Using Explicit Water Molecules and the Polarizable Continuum Model. J. Phys.
Chem. A 2016, 120 (28), 5726-5735.

34. Haworth, N. L.; Wang, Q.; Coote, M. L., Modeling Flexible Molecules in Solution: A pKa

Case Study. J. Phys. Chem. A 2017, 121 (27), 5217-5225.

29



35. Ho, J.; Ertem, M. Z., Calculating Free Energy Changes in Continuum Solvation Models.
J. Phys. Chem. B 2016, 120 (7), 1319-1329.

36.  Ho,J., Predicting pKa in Implicit Solvents: Current Status and Future Directions. Aust. J.
Chem. 2014, 67 (10), 1441-1460.

37.  Ho,J., Are thermodynamic cycles necessary for continuum solvent calculation of pKas and
reduction potentials? Phys. Chem. Chem. Phys. 2015, 17 (4), 2859-2868.

38. Provorse Long, M. R.; Isborn, C. M., Combining Explicit Quantum Solvent with a
Polarizable Continuum Model. J. Phys. Chem. B 2017, 121 (43), 10105-10117.

39. Psciuk, B. T.; Lord, R.L.; Munk, B. H.; Schlegel, H. B., Theoretical Determination of One-
Electron Oxidation Potentials for Nucleic Acid Bases. J. Chem. Theory Comput. 2012, 8 (12),
5107-5123.

40. Verdolino, V.; Cammi, R.; Munk, B. H.; Schlegel, H. B., Calculation of pKa Values of
Nucleobases and the Guanine  Oxidation Products  Guanidinohydantoin  and
Spiroiminodihydantoin using Density Functional Theory and a Polarizable Continuum Model. J.
Phys. Chem. B 2008, 112 (51), 16860-16873.

41. Preat, J.; Loos, P.-F.; Assfeld, X.; Jacquemin, D.; Perpete, E. A., DFT and TD-DFT
investigation of IR and UV spectra of solvated molecules: Comparison of two SCRF continuum
models. Int. J. Quantum Chem. 2007, 107 (3), 574-585.

42, Orozco, M.; Luque, F. J., Optimization of the cavity size for ab initio MST-SCRF
calculations of monovalent ions. Chem. Phys. 1994, 182 (2), 237-248.

43, Caricato, M.; Mennucci, B.; Tomasi, J., Solvent polarity scales revisited: a ZINDO-PCM

study of the solvatochromism of betaine-30. Mol. Phys. 2006, 104 (5-7), 875-887.

30



44, Ginovska, B.; Camaioni, D. M.; Dupuis, M., The H202+OH—HO2+H2O reaction in
aqueous solution from a charge-dependent continuum model of solvation. J. Chem. Phys 2008,
129 (1),014506.

45, Bachs, M.; Luque, F. J.; Orozco, M., Optimization of solute cavities and van der Waals
parameters in ab initio MST-SCRF calculations of neutral molecules. J. Comput. Chem. 1994, 15
(4),446-454.

46. Sviatenko, L.; Isayev, O.; Gorb, L.; Hill, F.; Leszczynski, J., Toward robust computational
electrochemical predicting the environmental fate of organic pollutants. J. Comput. Chem. 2011,
32 (10), 2195-2203.

47. Lian, P.; Johnston, R. C.; Parks, J. M.; Smith, J. C., Quantum Chemical Calculation of
pKas of Environmentally Relevant Functional Groups: Carboxylic Acids, Amines and Thiols in
Aqueous Solution. J. Phys. Chem. A 2018, 122 (17), 4366-4374.

48. Marenich, A. V.; Cramer, C. J.; Truhlar, D. G., Universal Solvation Model Based on Solute
Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113 (18), 6378-6396.

49, Connolly, M., Solvent-accessible surfaces of proteins and nucleic acids. Science 1983, 221
(4612),709-713.

50. Lee, B.; Richards, F. M., The interpretation of protein structures: Estimation of static
accessibility. J. Mol. Biol. 1971, 55 (3), 379-IN4.

51. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J.
R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M ;

Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y .; Kitao, O.; Nakai, H.;

31



Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers,
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A ;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J.
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.;
Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J., Gaussian 09, Revision E.0O1,
Gaussian, Inc.: Wallingford, CT, USA, 2009.

52. Zhao, Y.; Truhlar, D. G., The MO06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition
elements: two new functionals and systematic testing of four M06-class functionals and 12 other
functionals. Theor. Chem. Acc. 2008, 120 (1-3),215-241.

53. Parks, J. M.; Guo, H.; Momany, C.; Liang, L.; Miller, S. M.; Summers, A. O.; Smith, J. C.,
Mechanism of Hg—C Protonolysis in the Organomercurial Lyase MerB. J. Am. Chem. Soc. 2009,
131 (37), 13278-13285.

54. Motreff, N.; Le Gac, S.; Luhmer, M.; Furet, E.; Halet, J.-F.; Roisnel, T.; Boitrel, B.,
Formation of a Dinuclear Mercury(II) Complex with a Regular Bis-Strapped Porphyrin Following
a Tunable Cooperative Process. Angew. Chem. Int. Ed. 2011, 50 (7), 1560-1564.

55. Zhou, J; Riccardi, D.; Beste, A.; Smith, J. C.; Parks, J. M., Mercury Methylation by HgcA:
Theory Supports Carbanion Transfer to Hg(Il). Inorg. Chem. 2014, 53 (2), 772-777.

56. Cramer, C. J.; Truhlar, D. G., Density functional theory for transition metals and transition

metal chemistry. Phys. Chem. Chem. Phys. 2009, 11 (46), 10757-10816.

32



57. Husch, T.; Freitag, L.; Reiher, M., Calculation of Ligand Dissociation Energies in Large
Transition-Metal Complexes. J. Chem. Theory Comput. 2018, 14 (5), 2456-2468.

58. Marenich, A. V.; Olson, R. M; Kelly, C. P.; Cramer, C. J.; Truhlar, D. G., Self-Consistent
Reaction Field Model for Aqueous and Nonaqueous Solutions Based on Accurate Polarized Partial
Charges. J. Chem. Theory Comput. 2007, 3 (6), 2011-2033.

59. Thompson, J. D.; Cramer, C. J.; Truhlar, D. G., Predicting aqueous solubilities from
aqueous free energies of solvation and experimental or calculated vapor pressures of pure
substances. J. Chem. Phys 2003, 119 (3), 1661-1670.

60. Thompson, J. D.; Cramer, C. J.; Truhlar, D. G., New Universal Solvation Model and
Comparison of the Accuracy of the SM542R, SM543R, C-PCM, D-PCM, and IEF-PCM
Continuum Solvation Models for Aqueous and Organic Solvation Free Energies and for Vapor
Pressures. J. Phys. Chem. A 2004, 108 (31), 6532-6542.

61. Winget, P.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G., Prediction of Vapor Pressures
from Self-Solvation Free Energies Calculated by the SM5 Series of Universal Solvation Models.
J. Phys. Chem. B 2000, 104 (19), 4726-4734.

62. Kelly, C. P.; Cramer, C. J.; Truhlar, D. G., Adding Explicit Solvent Molecules to
Continuum Solvent Calculations for the Calculation of Aqueous Acid Dissociation Constants. J.
Phys. Chem. A 2006, 110 (7), 2493-2499.

63.  NIST Standard Reference Database 46. NIST Ceritically Selected Stability Constants of
Metal Complexes Database, version 8.0; Data collected and selected by Smith, R. M.; Martell, A.
E.; US Department of Commerce, National Institute of Standards and Technology: Gaithersburg,

MD, 2004.

33



64. Casas, J. S;; Jones, M. M., Mercury(II) complexes with sulthydryl containing chelating
agents: Stability constant inconsistencies and their resolution. J. Inorg. Nucl. Chem. 1980, 42 (1),
99-102.

65. Reid, R. S.; Rabenstein, D. L., Nuclear magnetic resonance studies of the solution
chemistry of metal complexes. XVII. Formation constants for the complexation of methylmercury
by sulfhydryl-containing amino acids and related molecules. Can. J. Chem. 1981, 59 (10), 1505-
1514.

66. Van Der Linden, W. E.; Beers, C., Determination of the composition and the stability
constants of complexes of mercury(II) with amino acids. Anal. Chim. Acta 1974, 68 (1), 143-154.
67. Foti, C.; Giuffre, O.; Lando, G.; Sammartano, S., Interaction of Inorganic Mercury(Il) with
Polyamines, Polycarboxylates, and Amino Acids. J. Chem. Eng. Data 2009, 54 (3), 893-903.

68. Liem-Nguyen, V.; Skyllberg, U.; Nam, K.; Bjoern, E., Thermodynamic stability of
mercury(Il) complexes formed with environmentally relevant low-molecular-mass thiols studied
by competing ligand exchange and density functional theory. Environ. Chem. 2017, 14 (4), 243-
253.

69. Cardiano, P.; Cucinotta, D.; Foti, C.; Giuffre, O.; Sammartano, S., Potentiometric,
Calorimetric, and 1H NMR Investigation on Hg**-Mercaptocarboxylate Interaction in Aqueous
Solution. J. Chem. Eng. Data 2011, 56 (5), 1995-2004.

70. Cardiano, P.; Falcone, G.; Foti, C.; Sammartano, S., Sequestration of Hg>* by Some
Biologically Important Thiols. J. Chem. Eng. Data 2011, 56 (12), 4741-4750.

71. Falcone, G.; Foti, C.; Gianguzza, A.; Giuffre, O.; Napoli, A.; Pettignano, A.; Piazzese, D.,
Sequestering ability of some chelating agents towards methylmercury(Il). Anal. Bioanal. Chem.

2013, 405 (2), 881-893.

34



72. Fawcett, W.R., Thermodynamic Parameters for the Solvation of Monatomic Ions in Water.
J. Phys. Chem. B 1999, 103 (50), 11181-11185.

73. For the outliers, [Hg(OH),]° and [Hg(PO,)] the log K values calculated by direct cluster-
continuum method agrees well with the experimental values (Supporting Information Table S8).
74. Bryantsev, V. S.; Diallo, M. S.; van Duin, A. C. T.; Goddard Iii, W. A., Hydration of
Copper(Il): New Insights from Density Functional Theory and the COSMO Solvation Model. J.
Phys. Chem. A 2008, 112 (38),9104-9112.

75.  Peterson, K. A.; Puzzarini, C., Systematically convergent basis sets for transition metals.
II. Pseudopotential-based correlation consistent basis sets for the group 11 (Cu, Ag, Au) and 12
(Zn, Cd, Hg) elements. Theor. Chem. Acc. 2005, 114 (4), 283-296.

76. Dunning Jr., T. H., Gaussian basis sets for use in correlated molecular calculations. I. The
atoms boron through neon and hydrogen. J. Chem. Phys 1989, 90 (2), 1007-1023.

77. Woon, D. E.; Dunning Jr., T. H., Gaussian basis sets for use in correlated molecular
calculations. I1I. The atoms aluminum through argon. J. Chem. Phys 1993, 98 (2), 1358-1371.
78.  Friesner, R. A., Ab initio quantum chemistry: Methodology and applications. Proc. Natl.
Acad. Sci. U.S.A 2005, 102 (19), 6648-6653.

79. Hou, G.; Zhu, X.; Cui, Q., An Implicit Solvent Model for SCC-DFTB with Charge-
Dependent Radii. J. Chem. Theory Comput. 2010, 6 (8), 2303-2314.

80. Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M. J., Solvent Effects.
5. Influence of Cavity Shape, Truncation of Electrostatics, and Electron Correlation on ab Initio
Reaction Field Calculations. J. Phys. Chem. 1996, 100 (40), 16098-16104.

81. Vilkas, M. J.; Zhan, C.-G., An efficient implementation for determining volume

polarization in self-consistent reaction field theory. J. Chem. Phys 2008, 129 (19), 194109.

35



82. Lin, H.; Lu, X.; Liang, L.; Gu, B., Cysteine Inhibits Mercury Methylation by Geobacter
sulfurreducens PCA Mutant AomcBESTZ. Environ. Sci. Technol. Lett. 2015, 2 (5), 144-148.

83. Schaefer, J. K.; Morel, F. M. M., High methylation rates of mercury bound to cysteine by
Geobacter sulfurreducens. Nat. Geosci. 2009, 2, 123.

84. Schaefer, J. K.; Rocks, S. S.; Zheng, W.; Liang, L.; Gu, B.; Morel, F. M. M., Active
transport, substrate specificity, and methylation of Hg(II) in anaerobic bacteria. Proc. Natl. Acad.
Sci. 2011, 108 (21), 8714-8719.

85. Chen, H.; Johnston, R. C.; Mann, B. F.; Chu, R. K.; Tolic, N.; Parks, J. M.; Gu, B.,
Identification of Mercury and Dissolved Organic Matter Complexes Using Ultrahigh Resolution
Mass Spectrometry. Environ. Sci. Technol. Lett. 2017, 4 (2), 59-65.

86. Hsu, H.; Sedlak, D. L., Strong Hg(II) Complexation in Municipal Wastewater Effluent and
Surface Waters. Environ. Sci. Technol. 2003, 37 (12), 2743-2749.

87. Stary, J.; Kratzer, K., Determination of extraction constants of metal
diethyldithiocarbamates. Anal. Chim. Acta 1968, 40, 93-100.

88. Yeh, S. J; Lo, J. M.; Shen, L. H., Determination of extraction constants for metal
diethyldithiocarbamates and chloride-mixed metal diethyldithiocarbamates by substoichiometric
extraction. Anal. Chem. 1980, 52 (3), 528-531.

89. Stary, J.; Ruzicka, J., Metal chelate exchange in the organic phase—II: Extraction and
exchange constants of dithizonates and diethyldithiocarbamates. Talanta 1968, 15 (6), 505-514.
90. Wang, F.; Tessier, A., Zero-Valent Sulfur and Metal Speciation in Sediment Porewaters of
Freshwater Lakes. Environ. Sci. Technol. 2009, 43 (19), 7252-7257.

91. Mostofa, K. M. G.; Liu, C.-q.; Mottaleb, M. A.; Wan, G.; Ogawa, H.; Vione, D.; Yoshioka,

T.; Wu, F., Dissolved Organic Matter in Natural Waters. In Photobiogeochemistry of Organic

36



Matter: Principles and Practices in Water Environments, Mostofa, K. M. G.; Yoshioka, T.;
Mottaleb, A.; Vione, D., Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 2013; pp 1-137.

92.  Thelog K calculation for a typical Hg complex using the Gaussian 09 version E.01 program
takes ~112 minutes on a 32-core 3.6 GHz Intel Xeon processor, which translates to the capability
of calculating ~13 complexes in one day. Sample input files are included in the supporting
information and in-house server designed for multi-scale speciation modelling of Hg (to be

published).

37



log K (experiment)
N B n (o)) ~
o (@] o o o

N
o

For TOC only

w
o

H

Inorganic ions
Carboxylates
Diarboxylates
Amines
Amine-carboxylates
Thiol-carboxylates
Thiol-amines
Thiol-hydroxyls

-4 Thiol-amine-carboxylates

L HglL, MeHgL R

Q

o8> 0

7
7’
e

&

o

O

Oxvos> <«
\
AY

O

g &

e
o
VR log K = -AG,4/2.303RT
,v% v AG,
il Hg? * +nL? —"[Hg(L),]?* "
10 20 30 40 50 60

70
log K (calculated)

38



