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Abstract 

We address the aqueous solvation of HgClOH through a systematic study of stepwise 

hydration considering the HgClOH-(H2O)n  structures with n = 1-24. After calibration of the 

DFT method, the electronic calculations have been carried out using the B3PW91 exchange-

correlation functional. For n<5  the main geometrical parameters and incremental binding 

energies are in agreement with counterpoise-corrected MP2/AVTZ static values and BO-MP2 

dynamic averages. For n>15 three direct water-Hg interactions appear during the hydration 

process and a pentacoordinated trigonal bipyramid apical pattern around Hg is found. 22 

water molecules are needed to build the first solvation shell. Unlike microsolvated HgCl2, no 

stable equatorial trigonal bipyramid was found. Optimizations with the Polarizable Continuum 

Model lead to structures with extremely large Hg-O(water) distances because of a dominant 

solvation effect on the explicit water molecules; however this overestimation diminishes for 

large values of n. A DFT Born-Oppenheimer molecular dynamics simulation at T=700 K 

revealed the stability of the HgClOH-(H2O)24 complex with an average trigonal bipyramid Hg-

coordination pattern, in accordance with the static cluster description. After thermalization is 

achieved, the exchange rate for the Hg-coordinated water molecules is estimated  ca. 1011 s-1. 

*
On sabbatical leave from Facultad de Ciencias, Universidad Autónoma del Estado de Morelos. 

 e-mail: alex@uaem.mx 

      I. Introduction 
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Due to the extensive global industrial activity in the last 160 years, the concentration of Hg 

levels in ecosystems worldwide has increased significantly. In particular, surface soils and 

aquatic environments [1] have accumulated high levels of this toxic metal even in remote 

regions such as the Arctic [2]. From the ecological point of view it is crucial to find relevant 

information on the fate, transport and pathways of mercury species in these biological 

environments. It is difficult to establish the exact amount of mercury  worldwide,  however 

approximately 90% of Hg in the  atmosphere has been found as elemental Hg(0), although 

the ratio of free monatomic vapor varies continually [3,4] due to oxidation processes to Hg2+ 

forms that occur through various physical and chemical mechanisms. Many adverse effects of 

Hg accumulation in humans are well known, particularly on the nervous and immune systems. 

One of the most important entrance pathways of mercury complexes into the food chain is 

through photosynthetic organisms and bacteria, which are then ingested by higher predators 

(marine mammals, fish, polar bears, seabirds, etc.) leading to a process of mercury 

accumulation and biomagnification. Previous studies about the bioaccumulation [5] and 

methylation [6] processes of mercury have shown that HgCl2, HgClOH and Hg(OH)2 are the 

most abundant Hg-containing inorganic complexes in aqueous environments. 

The bioavailability of deposited mercury is followed by a crucial biochemical step in which one 

or several Hg-containing species cross the cell membrane by passive or active diffusion. 

However, this kind of process is dependent on the specific type of ligands bonded to the Hg 

atom. Gutknecht [7] and Myers et al. [8] compared the permeability rates of several Hg-ligand 

complexes across laboratory-synthesized lipid bilayer membranes. Both studies found that 

lipid membranes are highly permeable to HgCl2, Hg(OH)2 and HgClOH.  

Since we have performed previous studies concerning the aqueous solvation of Hg(OH)2 [9] 

and HgCl2 [10], in this work we report a detailed study the main structural and energetic 

features of the stepwise hydration of HgClOH. Once we reach the formation of the first 
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solvation shell, we include the temperature effects on the system through DFT Born-

Oppenheimer molecular dynamics simulations. The study of the intra and inter-molecular 

interactions using a cluster description of the aqueous solvation of Hg-containing molecules is 

the first step to reach a more realistic description through Monte Carlo simulations of the 

condensed phase. Recently, this MC approach was used by some of us to accurately 

describe aqueous solvation of As(OH)3 [11] and HgCl2 [12] in the liquid phase. Based on an 

adequate description of the microsolvated species in the gas phase, the next stage in our 

research is the development of refined interatomic interaction potentials needed to carry out 

classical Monte Carlo simulations of HgClOH in aqueous solution as we have done for the 

HgCl2 molecule [12]. 

 

    II. Method and Computational details 

A. Calibration of the method 

A systematic study by stepwise hydration of HgClOH was carried out at the DFT level, i.e., 

water molecules were added to previously optimized HgClOH-(H2O)n  structures until the first 

solvation shell was fully formed. Incremental water binding energies and optimized structures 

have been computed. As in our previous studies the Hg and Cl atoms [14,15] were treated 

with the Stuttgart-Köln relativistic effective core potentials in combination with their adapted 

valence basis sets, augmented by a set of polarization functions previously reported in ref. 

[16]. The Dunning aug-cc-pVTZ (AVTZ) [13] basis sets for the oxygen and hydrogen atoms 

were used for n<5. Since calculations with the AVTZ basis already lead to 506 molecular 

orbitals for the HgClOH-(H2O)4 pentamer, for the systematic microsolvation study involving a 

larger number of water molecules the 6-311G(d,p) basis sets for O and H were utilized. 

As a first step we have verified that single reference methods, such as the MP2 approach, are 
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well adapted to describe accurately the stepwise solvation process. In order to do so, using 

the CCSD/cc-pVTZ method we have obtained the T1Diagnostic for the smaller HgClOH-

(H2O)n  systems (n=0,1, and 2) at their optimized MP2 geometries. As could be expected, in 

all cases the T1Diagnostic was found to be quite small (T1Diag<0.0128). These results are in 

agreement with the previous report by Shepler et al. [17] where they used the MP2 and 

B3LYP methods to study the microsolvation of several mercury-mono and -dihalide species. 

Thus, as in our previous microsolvation studies of HgCl2 and Hg(OH)2, the MP2 method 

provides reliable structural and energetic references. Secondly, in order to determine the 

exchange-correlation functional to be used we have performed a careful calibration using as 

reference the MP2/aug-cc-pVTZ(AVTZ) results for the HgClOH –(H2O)n systems with n=0,1 

and 2. This calibration involved three aspects: optimized geometrical parameters, harmonic 

vibrational frequencies and incremental solvation energies. Table 1 shows the comparison of 

the structural results obtained with some representative functionals vs. the MP2 values, while 

Table 2 shows the comparison of the incremental water binding energies (WBE). The 

vibrational spectra obtained at the MP2 level and with the various exchange-correlation 

functionals are given as Supplementary Material. 

  

Table 1. Calibration of the method: comparison of optimized geometrical parameters of 

HgClOH-(H2O)n (n=1-2) complexes with various functionals with the MP2 references. The Ow 

stands for the water oxygen atoms directly linked to Hg. Distances in Å, angles in degrees. 

 

n  Level Hg-Cl 
 

Hg-O(H) 
 

Cl-Hg-O(H) 
 

Hg-Ow 

 

0 B3LYP/AVTZ 2.33 1.99 176.9  

 B971/AVTZ 2.32 1.98 176.9  

 PBE0/AVTZ 2.30 1.97 177.0  

 M06/AVTZ 2.32 1.98 177.0  
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 B3PW91/AVTZ 2.31 1.97 177.0  

 MP2/AVTZ 2.30a 1.94a 176.5a  

1 B3LYP/AVTZ 2.33 2.01 179.8 2.83 

 B971/AVTZ 2.32 2.00 179.8 2.84 

 PBE0/AVTZ 2.31 1.99 179.6 2.78 

 M06/AVTZ 2.32 2.01 179.5 2.72 

 B3PW91/AVTZ 2.31 1.99 177.0 2.82 

 MP2/AVTZ 2.30a 1.96a 178.7a 2.60a 

2 B3LYP/AVTZ 2.34 2.03 175.3 2.63 

 B971/AVTZ 2.33 2.02 175.8 2.66 

 PBE0/AVTZ 2.31 2.01 175.0 2.59 

 M06/AVTZ 2.33 2.02 175.8 2.58 

 B3PW91/AVTZ 2.32 2.01 175.0 2.59 

 MP2/AVTZ 2.31a 1.97a 176.5a 2.47a 

                    a MP2 values from ref. [16] 
             

 

Table 2. Calibration of the method: comparison of DFT vs. counterpoise-corrected MP2 

incremental binding energies (kcal/mol) of the minimum-energy HgClOH–(H2O)n (n=1, 2) 

structures. 

Method n=1 n=2 

B3LYP/AVTZ 6.23 11.45 

B97-1/AVTZ 6.91 11.86 

PBE0/AVTZ 7.11 12.40 

M06/AVTZ 8.52 12.77 

B3PW91/AVTZ 5.25 10.90 

MP2/AVTZ 11.19 14.77 

Counterpoise 
MP2/AVTZ a 

 6.45 11.95 

MP2 CBS limita        5.20        11.49 
                                      a

 From ref. [16]. 
  

 

With the optimized geometries, harmonic frequencies and water binding energies obtained 

with  the various methods (all using the AVTZ basis sets). we determined the following RMS 
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errors with respect to the MP2/AVTZ references: 

                                             B3LYP            PBE0            M06           B97-1        B3PW91.  

RMS-geometries(Å)               0.51                0.55             0.35            0.42             0.59 

RMS-frequencies(cm-1)        25.19              24.81            34.11          23.73          23.52 

RMS-WBE(kcal/mol)              0.38                0.56             1.57            0.33            1.13   

RMS-Totala                           25.20             24.82            34.14          23.74          23.55 
 

aOverall dimensionless measure defined as 
222 )()()( WBEfreqgeom RMSRMSRMSRMS ++=  

 

 

We have thus employed the hybrid B3PW91 functional to perform the stepwise solvation 

study. In order to examine carefully the PES, we developed an exhaustive search of many 

possible solute-water configurations for n<5. Consequently, the B3PW91/AVTZ optimized 

geometries obtained for the microsolvated HgClOH molecule up to the pentamer [HgClOH-

(H2O)4] are in good agreement with the global minima reported previously at the MP2 level 

[16].         

As mentioned above, in order to perform a systematic study of much larger clusters at the 

same level of theory, we have employed the 6-311G(d,p)  basis sets for O and H to determine 

the structures and Gibbs free water binding energies of HgClOH–(H2O)n (n=1-24) clusters. 

Gibbs free energies were calculated within the harmonic approximation at 298K. The 

geometries for a given n value were optimized using as starting points different positions and 

orientations of the hydrogen bonds that can be formed between the HgClOH–(H2O)n-1 

optimized geometry with the additional water molecule. Therefore, the free binding energies 

reported here are upper bounds to the true values for large n. All electronic calculations were 

performed with the Gaussian09 program [19].  In the following section we also discuss the 

effects of simulating a continuous solvent with the PCM scheme. 

   B.  DFT molecular dynamics 
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The thermal stability of the HgClOH-(H2O)24 fully solvated structure has been tested using a 

Born-Oppenheimer molecular dynamics (BO-MD) simulation at the B3PW91/6-311G** level. 

This simulation was carried out in vacuo with the Geraldyn2.1 code based on the method 

developed by Raynaud et al. [20], which uses the velocity-Verlet integration scheme [21]. For 

the integration of the equations of motion a time step of 0.5 fs was used. A Nosé–Hoover 

chain of four thermostats [21,22] was used to control the temperature at 700K during the 10 ps 

of the simulation. Note that this temperature is higher than the critical point of water but it 

involves a rather small thermal energy of ca. 1.5 kcal/mol. The electronic structure DFT 

calculations involve 642 molecular orbitals and the total BO-MD simulation took 58 CPU days 

on 32 processors@2.8GHz running the Linux versions of Geraldyn2.1-G03.  

 

      III. Results and discussion 

      Stepwise solvation: B3PW91/AVTZ static results 

In table 3 we compare the static optimized geometrical parameters obtained at 

B3PW91/AVTZ level for the solute and the molecule solvated with one up to four water 

molecules with counterpoise-corrected MP2/AVTZ static values [16]. Previously obtained BO-

MP2 dynamic averages are also given for the bare solute [24]. The B3PW91 Hg-Cl (2.31 Å) 

and Hg-OH (1.97 Å) distances of the isolated HgClOH molecule are in agreement with MP2 

static [16] and dynamic [23] values. Note that both static models slightly overestimate (ca. 6˚) 

the Cl-Hg-O angle compared to the dynamic MP2 average value (171˚). Figure 1 shows the 

optimized structure for the solute.   

Page 7 of 29 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



   

Figure 1. Optimized geometry of bare HgClOH. 

 

Table 3. B3PW91/AVTZ optimized geometrical parameters of HgClOH-(H2O)n (n=1-4) 

complexes. B3PW91/6-311G** values in parentheses. The Ow stands for the water oxygen 

atoms directly linked to Hg. Distances in Å, angles in degrees. 

 

Water  
molecules 

Hg-Cl 
 

Hg-O(H) 
 

Cl-Hg-O(H) 
 

Hg-Ow 

 
Hg-Ow 

 

0 2.31(2.34) 
 2.30a 

   2.338b 

1.97(1.99) 
 1.94a 

  2.001b 

177.0(176.6) 
 176.5a 

 171.1b 

  

1 2.31(2.34) 
 2.30a 

1.99(2.02) 
 1.96a 

179.7(178.8) 
  178.7a 

2.70(2.70) 
 2.60a 

 

2 2.32(2.35) 
 2.31a 

2.01(2.04) 
 1.97a 

174.9(173.2) 
  176.5a 

2.61(2.53) 
 2.47a 

 
 

3 2.33(2.36) 2.01(2.04) 173.6(170.8) 2.56(2.47)  

4 2.33(2.37) 
 

2.03(2.07) 172.6(170.1) 2.94(2.53) 3.15(2.75) 

               a) Static MP2 values from ref. [16] 
               b) Dynamical MP2 average at 300K from ref. [24] 
 

 
 
For n=1 and n=2 (see figure 2), we find that the B3PW91 optimized structures are consistent 

with those reported at the MP2 level [16]. The intra and inter-molecular distances at the DFT 

level are slightly larger in all cases, while the Cl-Hg-O(H) angle slightly oscillates depending 

on the n value. The first direct mercury-water interaction (2.70 Å) appears from the beginning 

of the solvation process with n=1.  
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Figure 2. B3PW91  geometries of HgClOH solvated by one and two water molecules. 

For n=3 and n=4 we found two slightly different minima when compared to those computed at 

the MP2 level [16] (see Figure 3). While the MP2 scheme predicts two direct water-Hg orbital 

interactions for n=3, the B3PW91 scheme favors the formation of two new hydrogen bonds 

between the water molecules. For n=4 the difference with the MP2 optimized structure is 

qualitatively less important, since both the DFT and the ab initio methods yield two direct 

water-Hg orbital interactions, the latter also predicting the first hydrogen-halogen bridge. 

Therefore, for small n values, with this hybrid DFT method we find a faster evolution of the 

hydrogen bond network, mainly due to more significant contributions of the water-water 

interactions with respect to the water-mercury and water-halogen interactions.  

       

    Figure 3.  B3PW91 HgClOH geometries solvated by three, four and five water molecules. 

 

In table 4 B3PW91/AVTZ incremental binding energies of the four n values are given. For 

comparison, B3PW91/6-311G** and counterpoise-corrected (CC) MP2/AVTZ incremental 
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energies are also included. Note that, at this point, the entropic contributions are not taken 

into account. It is crucial to emphasize that the incremental energies (5.25 and 10.90 kcal/mol) 

computed with the B3PW91 scheme and  the AVTZ basis sets are in excellent agreement 

with the counterpoise-corrected MP2 complete basis set values reported previously  for n=1 

and 2 (5.20 and 11.49 kcal/mol). On the other hand, for n=3 the presence of two new 

hydrogen bonds between the H2O molecules at DFT level gives rise to a slightly larger 

incremental binding energy value (8.16 kcal/mol) compared with the incremental CC-MP2 

value (6.69 kcal). This trend is reversed when the fourth water molecule is added to the 

cluster. In that case, the structure computed at DFT level has a lower incremental binding 

energy (6.53 kcal/mol) than the CC-MP2 optimized value (10.01 kcal/mol) for the MP2.  Here 

note that, while MP2 calculations considerably overestimate the interaction energies due to 

the basis set superposition error [16], the much faster B3PW91/AVTZ calculations directly 

lead to reasonably accurate incremental interaction energies even without the counterpoise 

correction. Note, however, that B3PW91/6-311G** approach leads to overestimated values. 

So keeping in mind that the B3PW91 method provides an approximate description of the 

aqueous solvation for this metallic species, it is clear that the study of much larger clusters 

cannot be achieved at the MP2/AVTZ level. Therefore, we continue to address the study of 

larger clusters with the B3PW91/6-311G** approach. 

For the study of much larger HgClOH-(H2O)n clusters  the oxygen and hydrogen atoms have 

been described with the 6-311G(d,p) basis sets. The evolution of the total Gibbs free water 

binding energies is presented in Figure 4. The corresponding data are given in table 2 of the 

Supplementary Material. Some interesting aspects can be observed. For instance, the 

absolute value of the incremental free energy for n=2 (-1.94 kcal/mol) is nearly five times 

larger compared with the value for n=1 (-0.40 kcal/mol), this suggests that the Hg-O(water) 

interaction plays a more important role in the trimer (n=2) than in the dimer (n=1) case, in 
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spite of the fact that the thermal correction to the Gibbs free energy for the trimer is much 

larger (16.9 vs. 2.9  kcal/mol) than for the dimer. This fact is also consistent with the shorter 

Hg-Ow distance for the trimer than for the dimer, 2.5 vs. 2.7 Å, respectively .  

 

Table 4. Comparison of B3PW91 vs. MP2 incremental binding energies (kcal/mol) at 0K of 

the minimum-energy HgClOH–(H2O)n (n=1-4) structures with AVTZ basis sets. B3PW91/6-

311G** values in parentheses. 

  

 Theory level n=1 n=2 n=3 n=4 

B3PW91/AVTZ 5.25 
(10.80) 

10.90 
(15.83) 

8.16 
(12.53) 

6.53 
(13.34) 

MP2/AVTZ 11.19 14.77 11.63 15.25 

Counterpoise 
MP2/AVTZa 

 

6.45 
 

11.95 6.69 10.01 

MP2/CBS limita         5.20        11.49        6.63       10.00 
        aFrom ref. [16] 
 
        
 

For n>20 note that the near-constant changes of 2-3 kcal/mol per additional water are 

consistent with the fact that the first solvation shell has been fully formed, i.e., that each 

additional water molecule simply builds new hydrogen bonds with water molecules that 

constitute the first solvation shell and have little effect on the internal “core” geometry of the 

cluster. 
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Figure 4. Gibbs free water binding energies vs. number of water molecules in HgClOH– 

                 (H2O)n clusters.  

    

The main optimized geometrical parameters computed at the B3PW91/6-311G(d,p) level are 

presented in table 4 in the supplementary material. These parameters include the Hg-Cl, Hg-

O(H) and the three shortest Hg-Ow distances as well as the Cl-Hg-O(H) angle. As can be 

expected, the Hg-Cl and the Hg-O(H) distances slightly increase from 2.34 and 1.99 Å without 

solvation to 2.46 and 2.10 Å with 24 solvating water molecules, respectively. However, two 

noteworthy features appear. First, the solute Cl-Hg-O(H) angle shows large variations from 

the near-linear configuration (178° and 173°)  with one and two water  molecules, decreasing 

to 159° and 154° with n= 6 and 12, respectively. Secondly,  while the  shortest Hg-Ow 

distance varies little with increasing number of water molecules (2.7 to 2.45 Å), the second 

and third Hg-Ow distances show rather large variations, ranging from 3.77 and 4.4 Å with n=2 

and 3 to 2.61 and 2.65 Å with n=24. Figure 5 shows the evolution of the optimized shortest 
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Hg-Ow distances vs. the number of water molecules. While the coordination of Hg with three 

equatorial water molecules appears with n=7 for the first time, we stress that the third water 

molecule still lies 2.8 Å from the Hg center.  

 

Figure 5. Hg-Ow distance evolution for the oxygen atoms directly interacting with Hg. 

 

Figure 6 shows the optimized geometries of HgClOH solvated by 6 and 8 water molecules, 

note that for the latter the third Hg-Ow distance is even larger (3.35 Å) 
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Figure 6.  Optimized geometries of HgClOH solvated by 6 and 8 water molecules. 

Figure 7 shows the optimized geometries of the solute solvated by twelve and sixteen water 

molecules. Note the presence of three Hg–Ow (water) direct interactions (2.41, 2.53 and 2.62 

Å) leading to a close packed trigonal bipyramid pattern around Hg when n reaches 16 and this 

local solvation pattern remains for larger values of n. 

                   

       Figure 7. Optimized geometries of HgClOH solvated by 12  and 16  water molecules 

We found that 22 water molecules are needed to build the first solvation shell. When this point 

is reached, the addition of one extra water molecule has to be done by making two new 

hydrogen bonds with the previously existing water network, so that the 23rd water molecule is 
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not directly interacting with the HgClOH solute but merely serving as a water-water bridge. On 

the other hand, the optimized structure with 21 water molecules leaves a region around 

HgClOH without the effect of aqueous solvation, in other words, leading to an incomplete 

surface coverage of the solute by the solvent (see Figure 8). 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

        Figure 8. Optimized geometries of HgClOH solvated by 21,22, 23  water molecules. 

The largest solvated complex we considered comprises 24 water molecules (figure 9). Note 

the apical coordination pattern where the Cl, Hg and O atoms of the solute recover a nearly-

linear configuration; a similar coordination has been reported for Hg(OH)2-(H2O)24 [9] and 

HgCl2-(H2O)24 [10]. We recall that Castro et al. [10], besides finding the apical structure, also 
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found a stable equatorial trigonal bipyramid pattern for the HgCl2 case. Therefore, we 

explored different configurations in order to find an equivalent solute-equatorial structure. 

However, only stable apical solvated structures were found having very similar (within 3 

kcal/mol) Gibbs free energies; note that we present here only the one corresponding to the 

lowest Gibbs free energy (ca. -32 kcal/mol).  

 

Figure 9. Optimized geometry of HgClOH solvated by 24 water molecules at 0K. We highlight 

the three water oxygens in the equatorial plane of the trigonal bipyramid (blue, dark green and 

black atoms) and the solute oxygen atom is shown in gold. 

 

Figure 10 shows the evolution of the number hydrogen bonds as function of number of H2O 

molecules in the network. Note a quasi linear dependence between these quantities. Based 

on a detailed analysis, on average, two new hydrogen bonds appear when each water 

molecule is added. This fact can be explained since we have not attained the bulk regime of 

the aqueous solution where, on average, each water has four (two donor and two acceptor) 

hydrogen bonds.  
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     Figure 10. Hydrogen bonds vs. number of water molecules (n) in HgClOH–(H2O)n clusters.  

In order to address the possible effects of the polar aqueous medium on the geometry of the 

optimized structures including explicit water molecules we performed calculations using the 

Polarizable Continuum Model (PCM) of Tomasi et al. [25] as implemented in Gaussian09; we 

used the same 6-311G(d,p) basis sets as  above. As is well known, in the PCM approach the 

solvent, in this case water, is represented by a continuous dielectric, which is characterized by 

its dielectric constant (ε = 78.355). Thus, we re-optimized the structures determined as 

minima in vacuo for selected values of n; Table 3 in supplementary material shows the main 

geometrical parameters obtained in vacuo and their modified values obtained after re-

optimization with the PCM scheme. It can be seen that the PCM optimized intermolecular 

distances are overestimated. For the bare the solute intramolecular Hg-Cl and Hg-O(H) PCM 

distances are 0.1 and 0.06 Å longer. However, when explicit water molecules are considered, 

the overestimation of the Hg-Ow distances is surprisingly large, especially for the smaller 

clusters. To emphasize this,  note that for n=1, 2, 3, 6, and 12 the differences with the shortest 

optimized B3PW91 Hg-Ow distances are 1.19, 1.03, 1.02, 1.36 and 0.45 Å, respectively. It is 
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clear that the PCM scheme significantly favors the separation of the explicit water molecules 

from the solute, leading to a rather loosely bound solvating water network around HgClOH in 

a clathrate manner. As an example of this, table 4 in the Supplementary Material shows the 

vibrational frequencies obtained for the optimized B3PW91/6-311G** HgClOH-H2O complex 

in vacuo and with the PCM scheme with water as continuous solvent. Note that the largest 

relative changes in frequency with the PCM scheme appear in two cases: for the mode 

coupling the H-O-Hg-Ow dihedral  of the water oxygen to HgClOH (46 cm-1 in 207 cm-1) and,  

for the O-H stretching (the intermolecular H-bond) mode of the solvating water molecule (-327 

cm-1 in 3717 cm-1 ). Figure 11 presents the B3PW91-PCM optimized geometry for the 

HgClOH-(H2O)1,3 cases, where the closest Hg-Ow distances are 3.89 and 3.49 Å  vs. 2.69  

and 2.47 Å  obtained in vacuo. For the HgClOH-(H2O)  PCM case we stress the total absence 

of orbital interaction between Hg and the water oxygen, clearly showing that the Ow lone pair 

solvation by the PCM scheme is energetically more favorable than the interaction with Hg. For 

the latter note the very loosely bound water structure around HgClOH as compared with the 

one shown in figure 3 (left). 

Let us now focus on the energetic aspect of the PCM results. Table 5 shows the values of the 

Gibbs free energies at 298K of the solute, of a single water molecule and of the optimized 

structures for selected n values, both in vacuo and in the polarizable medium with PCM. For 

n=0, the difference of the Gibbs free energy in vacuo and in the polarizable medium is  -38.8 

kcal/mol, which provides an approximation to the solvation energy of this species in water.  

Here we have employed the usual definition of the incremental water binding energies [17], 

i.e., ∆Go=[Go(HgClOH with n water molecules)-nGo(H2O)-Go(HgClOH)], One might be 

tempted to obtain the incremental water binding energies for n>0 considering the polarizable 

medium. However, it can be easily shown that incremental water binding energies obtained 

with the PCM approach are fundamentally wrong for a simple reason. First of all, note that the 
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continuous solvent model leads to a nearly constant decrease of the Gibbs free energies  of 

ca. 0.06 a.u. for all n, roughly corresponding to the solvation energy of the bare solute. This 

fact is explained by the near-constant increase in the size of the surface which defines the 

solute cavity since, with each additional water molecule considered as solute,  three new 

spheres (one with the oxygen atom radius and two with hydrogen radii) are added to the 

cavity generation algorithm of the PCM code. 

Secondly, the sum of the Gibbs free energy  of the fragments, HgClOH plus n times that of an 

isolated water in the PCM scheme is obviously more negative than that of the HgClOH-(H2O)n 

complex. Note that this difference becomes even larger for larger n, thus suggesting that 

these complexes never get to form. This is so because the polarizable medium solvation of 

the isolated water molecules (or even of the frozen-geometry -(H2O)n water clusters derived 

from the optimized  HgClOH-(H2O)n  structures), with the PCM approach always leads to 

lower energies due to the larger surface area of the separated fragments. This is the 

fundamental reason why previous studies on explicit aqueous microsolvation of mercury 

mono and dihalides [17] as well as of thiosulfuric acid and its tautomeric anions [26] did not 

address the energetic differences with the polarizable medium model. We emphasize once 

again that  incremental water binding energies cannot be interpreted as incremental solvation 

energies since, with increasing n values, they include the water-water attractive interactions 

which are not directly related to the stabilization of the solute by the presence of the 

neighboring aqueous environment. 
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Table 5. Gibbs free energies (a.u.) at 298K for selected HgClOH-(H2O)n optimized structures. 

Values in parentheses correspond to those obtained with the PCM scheme for liquid water. 

HgClOH-(H2O)n 

n 

         G0
298(B3PW91/6-311G**) 

 0                -244.452963    (-244.514911) 

1   -320.875566    (-320.939438) 

2   -397.289929     (-397.353105) 

3   -473.708910     (-473.771449) 

6   -702.952377     (-703.023633) 

12 -1161.464962   (-1161.532008) 

H2O     -76.415041     (-76.422404) 

 

                                                                                                                   

a)                                                                                b) 

Figure 11. Optimized B3PW91 geometries of the HgClOH-H2O (a) and HgClOH-(H2O)3 (b) 

complexes with the PCM scheme for water as a continuous solvent.  Note the total 

absence of Hg-Ow interaction in the first case and the much longer Hg-Ow distance in the 

latter as compared with the structure in figure 3. 
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Before passing to the dynamical results we point out that we tried to address the effects of 

dispersion-corrected density functionals on structures and energies. Disappointingly we found 

that no quantum chemistry program available to us (Gaussian09, Molpro-2010, NWChem or 

CRYSTAL) is capable of using dispersion-corrected density functionals for mercury containing 

molecules. However, at this point we recall that, while the M06 functional was not only designed 

to account for dispersion corrections it partially accounts for these effects; the comparison of the 

M06 and the ab initio MP2 results described earlier in this study indicate that there are small 

differences with the B3PW91 ones, suggesting that dispersion effects are small on the presently 

optimized HgClOH-(H2O)n complexes. 

        DFT Born-Oppenheimer molecular dynamics simulation 

To address the role of thermal effects on the fully solvated structure, a Born–Oppenheimer 

MD simulation at the B3PW91 level part of that high temperature (700 K) was carried out. As 

previously done for HgCl2 [10], the simulation started from the HgClOH-(H2O)24 optimized 

structure with random velocities consistent with the fixed temperature.  A particularly important 

feature of the dynamical results is the stability of the cluster-derived first solvation shell. 

Throughout the MD simulation we observed the persistence of a trigonal bipyramid 

coordination pattern around Hg, as shown by the representative geometry depicted in Figure 

12. Note however that up to seven water molecules actively participate in setting up of this 

pattern throughout the simulation. This BO-MD simulation allows us to examine the evolution 

of the main geometrical parameters, in particular, the behavior of intermolecular Hg-O(water) 

distances.  
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Figure 12. Representative geometry of HgClOH solvated by 24 water molecules with BO-

DFT-MD simulation at 700K. We highlight the three oxygens that directly interact with the 

mercury (blue, orange, turquoise) during the simulation. The solute oxygen atom is shown in 

gold. 

 

Figure 13 shows the Hg-Ow distance evolution for the seven water oxygens that directly 

interact with mercury during the BO-MD simulation as well as the solute Cl-Hg-O angle. Note 

that the first water exchanges, occurring very early (t<0.8 ps) in the simulation, take out two of 

the equatorial water molecules (black and green curves) and these molecules never come 

back to interact directly with Hg again. On the other hand, exactly the opposite happens for a 

water molecule (orange curve) whose optimal distance is far from Hg and, after around 1ps 

comes into the trigonal equatorial coordination around Hg to remain there until the end of the 

simulation. Intermediate situations are found, where two water molecules (pink and light blue 

curves) originally not coordinated to Hg, intermittently build up the trigonal coordination 

environment around Hg. Only one (purple curve) of the seven closest water molecules briefly 

participates in the formation the trigonal coordination environment around Hg; it quickly 
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approaches Hg while another molecule (light blue curve) recedes from Hg due to steric 

impediments, to finally move away (all this in less than 0.4 ps). However, we emphasize that 

after 5 ps the Hg-Ow oscillations become smaller and the number of water exchanges 

decreases due to thermalization. Therefore, using the last 5 ps of the simulation we can 

roughly estimate that one water exchange takes place every 10 ps after thermalization has 

been achieved. This 1011 s-1 rate can be compared with the water exchange rate in the first 

solvation shell of metal ions in aqueous solution. For instance, in the case of the bare Cs+ ion 

the mean lifetime is 200 ps [28]. As could be expected, the much shorter lifetime we estimate 

here for molecules in the first solvation shell is in agreement with the smaller interaction 

energy of water with the neutral HgClOH molecule as compared to that of the ion-water 

system. However, we stress that: a) much longer simulation times would be needed to extract 

statistical data to determine a reliable average water-exchange period and, b) these mean 

lifetimes apply to gas-phase clusters and all the many body effects arising from the second 

and subsequent  hydration shells are absent in this type of simulations. A summary of 

average values extracted from the last 5 ps of the simulation (after the thermalization period 

was achieved) is found in Table 6. 

Table 6. Average of selected interatomic distances (Å) for HgClOH-(H2O)24 calculated with the 

last 5 ps of the BO-MD simulation at 700 K. The blue, orange, turquoise, pink, dark green, 

purple, and black values correspond to the oxygen atoms highlighted in figure 12.  

Hg-Cl 
 

Hg-O(H) 
 

Cl-Hg-O(H) 
angle/° 

Hg-OBlue Hg-OOrange Hg-OTurquoise 

 
Hg-OPink 

 
Hg-OGreen 

 
Hg-OPurple 

 
Hg-OBlack 

 

2.47 2.10 168.7 2.58 2.61 2.74 4.15 3.86 3.92 4.34 

 

The dynamical description  provides similar  Hg-Cl, Hg-O(H) and Cl-Hg-O average values 

(2.47 Å,  2.10 Å and 168.7°) compared with the static (2.46 Å,  2.10 Å and 170.0°) B3PW91/6-

Page 23 of 29 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



311G** values. The temporal evolution of the Cl-Hg-O angle of the solute throughout the 

simulation is shown in Figure 13b. The presence of chlorine atom produces a slight decrease 

on the angle average value (168.7˚) compared with the Hg(OH)2 case (171.1˚) [9], where two 

hydroxyl groups are present. On the other hand, note that large amplitude oscillations (> 18˚) 

occur between 1.5-2.0, 2.7-4.0 and 6.2-7.5 ps.     

  

         

 

Figure 13 Hg-Ow distance evolution for the oxygen atoms directly interacting with Hg during 

the BO-MD simulation. Lower panel, solute Cl-Hg-O(H) angle evolution and the average value 

(dashed line) at T= 700K. 
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Finally, inspection of the dynamical simulation reveals that 17 out of 24 water molecules 

never get to participate in the coordination around Hg, simply breaking and making inter-

water hydrogen bonds. 

 

       IV. Conclusions and perspectives 

We have addressed the aqueous solvation of HgClOH using a cluster stepwise hydration 

scheme at the DFT level. We have shown that single-reference methods are well adapted to 

describe the HgClOH-(H2O)n systems through the evaluation of the T1Diagnostic at the 

CCSD/cc-pVTZ level of theory for the n=0,1 and 2 cases. In order to choose a suitable 

exchange-correlation functional,  a careful calibration of key structural and energetic 

properties obtained with various functionals was done using MP2/AVTZ results as references 

for the smaller systems (n=0,1,2). This calibration showed, as found previously for the HgCl2 

and Hg(OH)2 cases, that the B3PW91 functional yields the best performance overall. 

Therefore, at the B3PW91/6-311G** level, we have obtained total and incremental water 

binding free energies, optimized geometries and Hg-coordination patterns of the HgClOH-

(H2O)n complexes with n = 1-24.   

We found that 22 water molecules are necessary to fully form the first solvation shell around 

HgClOH. For small n DFT energetic and structural optimized parameters are in close 

agreement with previous counterpoise-corrected MP2 calculations [16].  The water binding 

free energies are similar in magnitude to those found for the HgCl2-(H2O)n systems. After the 

first solvation shell is fully formed, 2-3 kcal/mol are gained with each additional water 

molecule. The intramolecular Hg-O and Hg-Cl solute distances practically remain unchanged 

along the solvation process, however the Cl-Hg-O angle of the solute shows a larger 

dependence with the n value. Three short Hg-O(water) orbital-driven equatorial interactions 

appear from n=16 onwards. The pentacoordinated HgClOH trigonal bipyramid coordination 
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around Hg resembles those found in the microhydration patterns for Hg(OH)2 [9] and HgCl2 

[10] species. On average, two new hydrogen bonds appear when a new water molecule is 

added to the network, even for the larger clusters. 

When considering the effects of a continuous polarizable solvent through the PCM scheme, 

the optimized geometries lead to very large Hg-Ow distances due to the larger stabilization 

produced by the continuum solvation of the explicit water molecules. For the larger clusters 

the PCM optimized structures show a loosely bound water network around HgClOH, in a 

clathrate-like manner. The role of dispersion-corrected density functionals could not the 

assessed for these mercury-containing systems. However, comparison of the B3PW91 

geometries and water binding energies with the MP2 and M06 results for small n suggest that 

the dispersion corrections to them should actually be small. 

One important result is that, through a DFT Born-Oppenheimer-MD simulation, we have 

shown the thermal stability of the  HgClOH-(H2O)24 structure at temperatures as high as 700 

K. Throughout the simulation we found a clathrate-like structure where the intra-molecular Hg-

Cl and Hg-O(H) distances are slightly larger than the static optimized values. In the course of 

the MD simulation we observed several water exchanges, all of them in the equatorial plane. 

Nevertheless, the trigonal bipyramid structure around Hg remains as a stable motif throughout 

the simulation.  After thermalization of the cluster is achieved, the exchange rate for the Hg-

coordinated water molecules is estimated at around 1011 s-1.  

We emphasize that these static and dynamical descriptions of the first solvation shell of Hg-

containing species using a stepwise hydration scheme yield a restricted view when compared 

with the full solvation that occurs in the liquid phase, however, they represent a crucial step in 

order to obtain a better description of the aqueous solvation through Monte Carlo simulations 

of the condensed phase. In this way, key structural and energetic data obtained in this study 

will be used to develop sophisticated MCDHO [27] classical interatomic refined potentials 
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needed to describe the energetic and structural properties of HgClOH in the condensed 

phase, as previously done for HgCl2 [12].  
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