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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. 

 

Keywords: stability constants, mercury, log K and log b, DFT, continuum models, and functional 

groups of dissolved organic matter  
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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,1 and is present in many 

forms that are transported throughout the environment by natural processes and anthropogenic 

activities. The oxidized, Hg(II) 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.2-3 The methylated form, methylmercury, is a potent 

neurotoxin that accumulates in living organisms throughout the food web.4                    

Hg interactions at the molecular level largely determine the concentrations and availability 

of the metal ion species in the biogeochemical environment.5-6 The reaction free energy (DG) and 

the stepwise (log K) and cumulative (log b) 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.7-13 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.8, 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.15-17 For 

example, reported log K values for the critical Hg-cysteine system range between 14 and 38 for 

[HgII(Cys)]0, 16 and 62 for [HgII(Cys)2H2]0,  ~9 and 54 for [HgII(Cys)2H]-, and ~41 and 44 for 

[HgII(Cys)2]2-.17 Methodological difficulties associated with the experimental measurement of high 
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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.14-17   

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.18-25 

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 (DGsolv).26-27  

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. 
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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).28-33 In some approaches, solvent molecules are added one at a 

time until the property of interest converges.29  In one example, using 6 to 10 explicit water 

molecules, hydration free energies were calculated for Zn2+, Cd2+, Hg2+, Cu2+, and few anions (OH-

, SH-, Cl-, and F-) to a standard deviation of the average error of 2.3 kcal/mol.29  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.21 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).19  

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.31, 34 Therefore, cluster-continuum 

methods are not yet practicable for large numbers of species. 
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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.34-

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.27, 38-40  

By varying the atomic radii in direct continuum solvent models it is possible to obtain 

thermodynamic quantities in close agreement with experiments.39-46 We recently reported an 

efficient direct continuum method for calculating accurate pKa values of organic molecules 

containing amines, carboxylic acids and thiols.47 We used a scaled solvent-accessible surface 

(sSAS) to redefine the molecular cavity of the solute within the SMD48 polarizable continuum 

solvation model, which we refer to as SMDsSAS. SAS is commonly used to define the molecular 

cavity in dielectric continuum solvent models.49-50 This SAS cavity is then multiplied by a scaling 

factor (a), which, in Ref 47, was optimized to be 0.485 (Figure 1) leading to  more accurate pKas 

of environmentally relevant acids than was obtained with the default SMD model.48 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. 
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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.01.51 The 

M06 density functional52 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 Hg2+, binding free energies of Hg(II)-ligand complexes, and reactions of 

organometallic Hg(II) complexes.19, 21, 29, 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).56-57 

The SMD48 polarizable continuum model was used to describe the solvent (water) environment. 
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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 M06/[SDD]/6-

31+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 

M06/[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, pKa, and partition 

coefficients.48, 58-62 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.63 The log K value for Hg(SH)2 was obtained 

from a recent report by Drott et al.14 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.17, 64-65 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)66 and 13.90 (2009).67 Furthermore, for some complexes, such as 

Hg(Cys), a wide range of log K values have been reported.17 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.67-71  
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Results 

Scaled radii for Hg. The sSAS cavity approach developed for use with the SMD continuum 

solvation model has a predetermined scale factor (a = 0.485) that was optimized to reproduce pKas 

of environmentally relevant functional groups.47  As a first step towards adjusting this approach 

for  calculating log K values of Hg complexes, we first computed the solvation free energy of Hg2+ 

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).47 This model was found to overestimate DGsolv of Hg2+ by ~37 

kcal/mol relative to the experimental free energy of solvation of Hg2+ (-446.2 kcal/mol).29, 72 To 

derive the atomic radius that gives the best agreement with the experimental solvation free energy 

of Hg2+, we systematically varied the Hg atomic radius scale factor from 0.95 to 1.05 in the SMD 

model and calculated DGsolv of Hg2+ (Supporting Information Figure S1). Using the default van 

der Waals radius (1.55 Å) and scale factor (a = 1.0) for Hg2+ with the SMD model, the calculated 

DGsolv of Hg2+ is improved, at -433.4 kcal/mol. However, the calculated DGsolv (-446.16 kcal/mol) 

most closely matches the experimental value when a = 0.977.  

Comparison of the default intrinsic Coulomb radii (SMD)48, sSAS radii,47 and scaled radii 

for Hg2+ (this work) shows that the sSAS radii and scaled radius for Hg2+ 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.39-40, 44  As a result of these considerations the 

scaled radius of Hg (r = 1.55 Å, a = 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 SMDmodel1 (Table 

1). 
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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 

q (ML) M-La log K (exp)b 
Error (calculated – experiment) 

SMD SMDmodel1 LF-SMD LF- SMDmodel1 SMDmodel2 

 
HgL (set 1) 
       

2 Hg(NH3) 8.8063 6.88 6.07 -3.12 -0.95 -0.45 
1 Hg(Cl) 7.3063 11.98 6.50 2.30 -0.84 0.11 
0 Hg(CO3) 11.0063 11.15 6.55 1.72 0.32 0.56 
0 Hg(SO4) 1.2663 11.15 8.44 0.86 -0.11 1.38 
-1 Hg(PO4) 9.5063 16.54 11.02 7.45 5.68 5.52 
1 Hg(Ac) 4.3063 11.62 9.32 1.64 1.92 2.65 
1 Hg(Prop) 3.9067 12.42 10.05 2.47 2.76 3.39 
0 Hg(Ox)c 9.7067 7.59 5.19 -2.27 -1.82 -0.94 
0 Hg(Suc)c 9.5067 7.44 4.57 -2.45 -2.69 -0.95 
2 Hg(MeNH2) 8.6663 7.21 6.56 -2.77 -0.36 0.12 
1 Hg(Gly) 13.9067 7.01 4.33 -2.53 -1.69 -1.08 

 
HgL (set 2) 
       

0 Hg(Mac) 34.5063 6.14 -1.11 -1.66 -2.64 -1.11 
0 Hg(2-Mpa) 33.9769 6.30 -0.32 -1.54 -1.77 -0.32 
0 Hg(Ths) 25.7063 8.27 3.84 -0.12 1.17 3.84 
-1 Hg(Msa) 35.5069 6.17 -1.29 -1.54 -2.56 -1.29 
1 Hg(2-MpaH) 36.2869 7.55 1.35 0.03 1.08 1.35 
0 Hg(MsaH) 39.0269 8.53 1.78 1.33 2.45 1.78 

 
HgL2 

       
2 Hg(NH3)2 17.4063 14.01 12.35 -3.26 -0.88 -2.44 
0 Hg(Cl)2 14.0063 20.68 9.59 2.75 -3.95 -3.93 
0 Hg(OH)2 21.8063 28.99 20.60 7.82 8.00 8.58 
0 Hg(SH)2 39.1014 22.45 10.34 -0.88 -1.91 -0.08 
0 Hg(Ac)2 8.4063 20.87 16.63 4.03 3.16 1.11 
2 Hg(MeNH2)2 17.8663 12.88 11.53 -4.26 -1.72 -2.82 
0 Hg(Gly)2 19.2066 15.60 13.64 -2.35 0.57 -0.27 
-2 Hg(Mac)2 43.8063 21.65 9.43 -2.46 -2.62 -0.68 
-2 Hg(2-Mpa)2 42.5469 24.20 11.99 -0.17 0.00 1.89 
0 Hg(Cya)2 40.6068 25.52 12.55 1.28 0.49 2.58 
0 Hg(Met)2 40.3068 20.49 10.88 -2.68 -1.28 0.67 

 
MeHgL 
       

-1 MeHg(3-Mpa) 16.9771 5.59 -0.16 1.20 0.84 -0.16 
-1 MeHg(2-Mpa) 17.4071 4.11 -1.03 -0.11 0.06 -1.03 
-2 MeHg(Msa) 18.5871 3.81 -1.45 -0.55 -0.52 -1.45 
-1 MeHg(Cys) 17.6871 2.62 -2.28 -1.42 -0.99 -2.28 
0 MeHg(3-MpaH) 21.4871 7.50 1.43 2.12 1.15 1.43 
0 MeHg(2-MpaH) 21.3471 6.45 0.94 1.25 0.79 0.94 
-1 MeHg(MsaH) 23.5771 5.22 -0.42 -0.14 -0.76 -0.42 
0 MeHg(CysH) 26.6571 5.95 1.87 0.01 0.41 1.87 
1 MeHg(CysH2) 28.7071 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 6.43 2.08 (1.76)d 1.67 (1.38)d 1.68 (1.37)d 
Root mean squared error (RMSE) 13.47 8.27 2.69 (2.07)d 2.30 (1.68)d 2.37 (1.72)d 
Maximum error (MAXE) 28.99 20.60 7.82 (-4.26)d 8.00 (-3.95)d 8.58 (-3.93)d 
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a 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.  
c 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 Hg2+. 
d Values after excluding the outliers Hg(OH)2 and [HgPO4]- are given in parentheses. 
 
 

 

 

 

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 
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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). SMDmodel1, 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 HgL complexes containing polyfunctional groups (thiol-carboxylate and 

thiol-amine-carboxylate) range from 0.2 to 3.8 log units. However, the SMDmodel1 stability constants 

for HgL 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 SMDmodel1 stability constants for Hg complexed with two ligands (HgL2) 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) SMDmodel1.  
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Potential Sources of Error 

To better understand the sources of the errors in the log K values obtained with SMDmodel1, we used 

linear regression to fit the calculated values to the corresponding experimental constants. We refer 

to this model as LF-SMDmodel1. A systematic regression analysis of the SMDmodel1 stability constants 

indicates that the Hg complexes can be grouped into three categories: HgL, HgL2, and MeHgL 

(Figure S2). The linear regressions, which all have R2 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, HgL2 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 SMDmodel1 (LF-SMDmodel1), are 2.7 and 2.3 log units, respectively (Table 1). The LF-

SMDmodel1 log K values for Hg(OH)2 and HgPO4
- deviate considerably from the corresponding 

experimental values, with absolute errors of 8.0 and 5.7 log units, respectively.73 Excluding these 

two outliers decreases the RMSEs for the stability constants calculated with LF-SMD and LF-

SMDmodel1 to 2.1 and 1.7 and log units, respectively (Table 1). 

 

log 𝐾(&'()*+,-./01) = 1.297(log𝐾()*+,-./01)) − 11.439																	(1)		 

 

log 𝐾(&'()*+,-./01) = 1.050(log𝐾()*+,-./01)) − 14.716																	(2)		 

 

log 𝐾(&'()*+,-./01) = 0.790(log𝐾()*+,-./01)) + 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.18 

The linear fits above show that the calculated and experimental log K values are highly 

correlated and suggest that the errors in the SMDmodel1 log K values might be able to be corrected 

by identifying sources of systematic error. To this end, we calculated the thermodynamic 

quantities, DGsolv and DGgas 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 values30 or high-level ab initio quantum chemical calculations to identify 

potential sources of error in the SMDmodel1/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.28-29, 74 Recently, the SMDsSAS model has been used successfully to 
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compute pKas of low molecular weight organic molecules (carboxylic acids, amines, and thiols) 

by improving the DGsolv of acids and conjugate bases.47 The DGsolv values for ligands calculated 

here with SMDmodel1 agree reasonably well with experiment, with an MUE of 3.9 kcal/mol (Table 

S5). For comparison, the default SMD model yields an MUE of 8.4 kcal/mol. Because the sSAS 

radii were used for the ligand atoms in SMDmodel1, we expect that the errors in DGsolv of the ligands 

in SMDmodel1 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 DGsolv of the Hg complexes. The experimental DGsolv 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)75 and the augmented correlation-consistent triple-zeta basis set (aug-cc-pVTZ)76-77 were used 

to calculate CCSD(T) gas-phase binding free energies for selected Hg complexes. The DGsolv 

values for the Hg complexes from SMD and SMDmodel1 have MUEs of 5.2 and 14.9 kcal/mol, 

respectively (Table S6). SMDmodel1 significantly overestimates DGsolv of Hg complexes, thereby 

overestimating log K.  

 

∆𝐺CDEF	(HgL) = 	∆𝐺IJ
(KLM) −	∆𝐺NIC

OPP)+(Q)R +	∆𝐺CDEF
(KLM)(HgST) +	∆𝐺CDEF

(KLM)(L)																													(4) 

 

Gas-phase binding free energies of Hg complexes. Errors in the gas-phase binding free energies 

(DGgas) calculated with DFT can also affect the accuracy of the calculated stability constants. To 

estimate the contribution of the error in DGgas to log K, we compared the M06 DGgas of selected Hg 
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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.57, 78 For a given basis set the changes in 

free energy (DGgas) 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 DGgas at 

the M06/[SDD]6-31+G(d,p) to the highest level of theory considered, i.e. CCSD(T)/aug-cc-

pVTZ(-pp). M06 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 SMDmodel1 log K comes from DGsolv of the Hg complexes. In this regard, the DGsolv of 

Hg complexes calculated with the SMD model is in better agreement with the experimental value 

than SMDmodel1 (Table S6). Furthermore, these results indicate that the error of the calculated log 

K values in SMDmodel1 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 Hg2+, we kept a for Hg2+ 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 a = 0.977 (SMDmodel1) are also provided.  

For all 37 Hg complexes considered, the MUE (~4) is lowest when a = 1.0. For HgL2 

complexes a higher a value (1.08) lowers the MUE from 12.7 to 2.3 log units relative to the a 
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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 SMDmodel1 were reduced by changing the Hg atomic radii scale factor from 0.977 

to 1.0 and 1.08 in SMDmodel1 for the HgL (set 1) and HgL2 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 SMDmodel2 (Table 1). 

 

 

Figure 3. Mean unsigned errors (MUE) of the stability constants of benchmark Hg complexes 

calculated using different a values for Hg atomic radii in the SMD model. An a value of 0.977 

was used for Hg2+ 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 a 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 (Hg2+, HgL, 

and HgL2).46, 79-81 The size of the cavity affects the electrostatic interactions at the solute-solvent 

boundary in PCM solvation models. A smaller a 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 a value would lead to the opposite effect and reduce the stabilizing effects of the 

solvent on the solute.38  

On the basis of our findings, we recommend SMDmodel2, which uses the a 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 SMDmodel2 as SMDlogK. 

SMDlogK reproduces DGsolv values for selected Hg complexes in the benchmark set better than SMD 

and SMDmodel1, yielding an MUE of 2.9 kcal/mol (Table S6). In addition, SMDlogK performs 

similarly to LF-SMDmodel1, with an RMSE of 1.7 log units, but does not require linear fitting (Table 

1).  

    

Table 2. Optimized Scaling Factors for Hg in SMDlogK 

Hg radius scale factor (a) Molecule set 
1.08 HgL2 
1.0 HgL (set 1)a 
0.977 Hg2+, MeHg+, HgL (set 2)b, and MeHgLb  

a Set 1 comprises inorganic ions, mono- and dicarboxylate, amine, and amino acid functional groups in the ligand 
molecules 
b Set 2 has thiol-carboxylate ligands (L) 
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It was shown above that the log K values for Hg(OH)2 and HgPO4
-  obtained from SMDlogK 

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.48 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-SMDmodel1 and SMDlogK 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 SMDlogK 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 

(SMDmodel1) > 3.3 (LF-SMD) > 2.1 (LF-SMDmodel1) > 1.6 (SMDlogK). 

Comparison of the errors in the calculated log K values for the Hg complexes ([Hg(Im)]2+, 

[Hg(His)]+, [Hg(Ac)]+, and [Hg(Mac)2]2-) using SMDlogK and a previously developed cluster-

continuum based protocol18 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 SMDlogK approach for HgL, HgL2 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’).  

 

 

 

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 
q (ML) M-L log K (exp)a LF-SMDmodel1 SMDlogK 
0 Hg(Asp) 14.8667 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) 35.2270 34.26 35.23 
2 Hg(en) 16.4767 14.88 14.83 
2 Hg(Im) 9.1863 4.35 5.58 
1 Hg(His) 15.8067 13.94 14.40 
0 Hg(3-Mpa) 32.1069 31.73 33.28 
1 Hg(3-MpaH) 35.3369 38.74 38.69 
2 Hg(Pip)2 17.4063 16.53 15.66 
2 Hg(Py)2 10.0063 10.02 8.67 
2 Hg(en)2 23.3067 17.30 21.03 
 MSE  -1.19 -0.54 
 MUE  2.06 1.62 
 RMSE  2.69 1.93 
 MAXE  -6.00 -3.60 

a References for experimental log K 

 

Application of the SMDlogK 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.82-84 The calculated stability constants with the SMDlogK 

model, log K(cal), for the Hg-cysteine system indicates strong binding affinities for Hg2+ with 

cysteine in different protonation states (Equations 5–9). Although the published experimental log 

K values for the Hg-cysteine system are extremely variable17 (Table S9) the calculated log K values 

agree closely with the most recent experimental studies.70 

 

Hg2+ + Cys2- ⇋ [Hg(Cys)]0                          log K(cal) = 34.28            (5)      

Hg2+ + Cys2- + H+ ⇋ [Hg(CysH)]+               log K(cal) = 43.10           (6) 

Hg2+ + Cys2- + 2H+ ⇋ [Hg(CysH2)]2+           log K(cal) = 43.79           (7) 

Hg2+ + 2Cys2- ⇋ [Hg(Cys)2]2-                       log K(cal) = 43.36           (8) 
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Hg2+ + 2Cys2- + 2H+ ⇋ [Hg(CysH)2]0          log K(cal) = 64.86           (9) 

 

Another example is complexation of Hg2+ with diethyldithiocarbamate (Dtc) which was 

detected in Suwanee River natural organic matter using ultrahigh resolution mass spectrometry.85 

Although various two-phase solvent extraction constants86-89 were reported for [Hg(Dtc)2]0 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.86 

 

Hg2+ + 2Dtc- ⇋ [Hg(Dtc)2]0                log K(cal) = 29.36            (10) 

 

In addition to the above examples of Hg2+ complexation with one type of ligand L, the 

SMDlogK 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)Cl complex, the calculated log K 

value deviates from the experimental value3, 90 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.16  

 

Hg2+ + OH- + Cl- ⇋ Hg(OH)Cl               log K(cal) = 20.81            (11) 

Hg2+ + SH- + Cl- ⇋ Hg(SH)Cl                log K(cal) = 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 Hg2+ with S, N, and O- donor functional groups that 

are commonly found in dissolved organic matters of the natural environment.85, 91 The  proposed 

SMDlogK model can be used to complement or substitute experimental measurements of binding 

affinities, providing a quick and reliable  approach.92 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 HgL, HgL2, 

and mixed LHgL’complexes.15-17 The SMDlogK approach can be used to furnish accurate 

thermodynamic inputs for mesoscale Hg biogeochemical modeling.10-12, 92 Furthermore, it should 

be able to be readily extended to include additional classes of Hg complex (e.g., HgLn, n > 2) as 

well as other environmentally and biologically relevant metals and ligands. 
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