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Theoretical studieson the formation of mercury complexesin solution and the dissolution

and reactions of cinnabar
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ABSTRACT

Expanding upon our previous studies of the properties of Au complexes, we present cal culations
for several Hg?* species in aqueous solution and for molecular models for cinnabar. Hydration effects
are treated with a combination of “supermolecule” calculations containing several explicit water
molecules and polarizable continuum cal culations. We focus upon the following problems: (1) calcu-
lation of the stabilities of HgL,, L =F, CI-, OH-, SH-, and CN-and HgCIZ" n = 14; (2) development
of amolecular model for cinnabar of the form Hg;S,(SH).; and (3) dissolution or adsorption reac-
tions using this cinnabar model. The absolute and relative formation enthal pies of the HgL , species
can be satisfactorily reproduced at the Hartree-Fock plus Moller-Plesset second order correlation
correction level using relativistic effective core potential basis sets if the hydration of neutral HgL , is
explicitly taken into account. Evaluating the energetics for the series of complexes HgCI2™ is more
difficult, because great accuracy is needed in the large hydration energies and some of the species are
highly nonspherical. The HgsS,(SH)., species shows an equilibrium structure very much like that in
cinnabar. The relative energetics for dissolution of cinnabar by H,0O, H,S, SH-, and SH-+ elemental
S are correctly reproduced using this model molecule. Calculations on Hg;S,ClI provide a model for

understanding the adsorption of 1~ ions on cinnabar surfaces in the presence of Cl-.

INTRODUCTION

The speciation of metal cationsin aqueous solution strongly
influences mineral dissolution and precipitation processes
(Drever 1997) and the bioavailability of the metal (Mason et
a. 1996). Partly because of the significance of Hg as an envi-
ronmental pollutant, its speciation in natural watersis of great
interest. The solubilities of Hg containing minerals in various
solutions and the concentrations of Hg?* ions in equilibrium
with various ligands have been studied experimentally to de-
duce Hg speciation. These studies generally used methods that
determine the total concentrations of Hg containing speciesin
solution or the concentration of the Hg** hydrated cation. Such
studies have serious limitations: (1) the speciation models are
often ambiguous, with different researchers obtaining appar-
ently different sets of species and formation constants, and (2)
the participation of chemical components whose activities or
concentrations cannot be varied experimentally are indetermin-
able, e.g., the participation of water in such species cannot be
determined in agueous solution. Spectral studies could, in prin-
ciple, determine which species were present, as well as their
concentrations if relative spectral intensities for the different
species could be assessed. However, in many cases the species
concentrations are so low that no usable spectra can be ob-
tained. Although Hg speciation has been studied for years
(Schwarzenbach and Widmer 1963; Barnes et al. 1967; Shikina
et al. 1981) new results continue to emerge. For example,
Paquette and Helz (1995, 1998) established that cinnabar has
a higher solubility in solutions containing both elemental sul-
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fur and bisulfide than in those containing bisulfide alone and
identified a new Hg polysulfide species as the cause of this
enhanced solubility.

Recently, we have matched spectral properties calculated
guantum mechanically for various As, Sh, and Au species
(Tossell 1995, 19963, 1997; Helz et al. 1995) with experimen-
tal spectral data to determine the predominant species present.
We have also calculated reaction energetics for these species,
but the low accuracy of our energetics prevented their use as
the main criterion to determine speciation. Rather the ener-
getic calculations were offered as further confirmation of the
assignments made on spectral grounds. For example, for the
As hydroxides Tossell (1997) identified a trimeric species
As;05(0OH); existing in concentrated solutions primarily on the
basis of its Raman spectrum, but noted that its high calculated
thermodynamic stability provided additional, weaker evidence
for its existence. Quantum mechanical methods were also used
to model the structures, energetics, and spectral properties of
certain “molecular” minerals, e.g., realgar, As,S, (Tossell
1996b). For strongly covalent sulfides with small coordination
numbers, such molecular approachs yielded accurate results
for structures, vibrational spectra, and energetics.

This paper focuses more upon the energetics of reactions
in solution, to determine how well we can distinguish the sta-
bilities of different complexes and the energetics for various
dissolution reactions. Structural and spectral results are pre-
sented which may prove useful in characterizing the complexes.
Two different types of reactions are considered: (1) complex
formation, in which | start with isolated hydrated ions and form
(hydrated) complexes, and (2) dissolution reactions, in which |
start with amolecular model for the solid mineral and consider
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the dissolution caused by speciesin solution. Each type of reac-
tion presents its own problems for quantum mechanical calcula-
tion. In the association reactions the gas-phase reactants and
products are fairly simple and can be treated at a high quantum
mechanical level. The much more serious problem is the descrip-
tion of the hydration processes. For dissol ution reactions, par-
ticularly where solids produce neutral solution species, the
hydration problem isless serious, but studying a sufficiently large
molecular model for the solid may not be computationally fea-
sible. In general, small molecular models of solids represent the
real solid more accurately if the solid shows small coordination
numbers and substantial covalency. Such a approach is therefore
feasible for HgS, cinnabar, a helical chain structure with two-
fold-coordinated Hg (1950) and for HgCl,, which isbasically a
molecular crystal with twofold-coordinated Hg (Wells 1975). As
discussed by Kaupp and von Schnering (1994a) and more quali-
tatively by Tossell and VVaughan (1981), the small coordination
numbers observed in Hg compounds are a consequence of rela
tivistic effects. The impact of relativistic effects on the struc-
tures of heavy element compounds has also been discussed by
Pyykko (1988). Other researchers have recently studied Hg com-
plexes (Stromberg et al. 1991; Swerdtfeger et al. 1993; Kaupp
and Schnering 1994), establishing the importance of relativistic
effects and calculating structures and energetics at afairly high
guantum mechanical level.

COMPUTATIONAL METHODS

We use Hartree-Fock based techniques (Hehre et al. 1986).
The basis sets used are of the relativistic effective core poten-
tial type, asimplemented by Stevens, Basch, and Krauss (SBK)
(Stevens et a. 1992). Polarization functions of d type only are
added to each of the non-H atoms. We used the programs
GAMESS (Schmidt et al. 1993) and GAUSSIAN94 (Frisch et
al. 1994). In addition to the Hartree-Fock cal culations we have
utilized the Moller-Plesset 2nd order perturbation theory method
(MP2) (Pople et al. 1976) for evaluation of the bond distances
and energetics of many of the molecules studied, particularly
those containing a single Hg atom. For most of the molecules
considered we have also calculated the Hessian matrix to es-
tablish that we have found an equilibrium geometry and to de-
termine the vibrational spectrum, allowing determination of the
zero-point vibrational energy.

The calculation of hydration effects upon chemical reac-
tionsis currently avery active area within quantum chemistry,
with a number of different approachs being used by various
researchers (Wiberg et a. 1996; Cramer and Truhlar 1994). To
evaluate hydration enthal pies we use a multipart approach. For
monatomic ions, such as Hg? and Cl-, and for the common
small polyatomics, such as OH- or SH-, we use “experimental”
hydration energies from the tables of Rashin and Honig (1985).
Of course the hydration energy of a neutral compound cannot
be uniquely divided into contributions from cation and anion,
but by chosing the hydration energy of one particular species
as areference, most al other hydration energies can be defined
with respect to it, obtaining quite consistent values. For neutral
molecules, we evaluate hydration enthal pies by performing
guantum mechanical supermolecule calculations with as many
as 6 water molecules surrounding the solute molecule. The
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choice of six water molecules is somewhat arbitrary and is dic-
tated in part by computational considerations and in part by
the coordination numbers commonly observed for cations us-
ing solution X-ray diffraction or EXAFS. For afew of the spe-
cies considered, e.g., Hg? and HgCl,, we have considered
complexation with four, six, and eight water molecules, and
have established that the greatest stability occurs for complex-
ation with six water molecules. For polyatomic ions we evalu-
ate the first hydration sphere contribution to the hydration
energy by performing such a supermolecule calculation and
determine the longer range contribution by performing a self-
consistent-reaction-field (SCRF) calculation (Wiberg et al.
1996) for the supermolecule immersed in a polarizable con-
tinuum with a dielectric constant equal to that in bulk H,O.
The Born radius needed for the SCRF calculation is determined
using the Rashin and Honig (1985) semiempirical prescription
(not an essentially arbitrary electron density surface criterion
asin Wiberg et al. 1996). The use of the RH effective Born
radius value, rather than the radius calculated from the mo-
lecular volume by GAUSSIAN, is potentially significant be-
cause of the large magnitude of the Born term. In the
GAUSSIAN94 implementation of the SCRF scheme only the
dipole term isincluded, so that for a supermolecule with zero
dipole moment, e.g., Hg(OH,)#? or HgCl,(OH,)z?, the Born term
is the only non-zero term. Other potentially more accurate
methods, such as the isodensity polarized continuum method
(IPCM), are not yet implemented for the case of effective core
potentials.

The general procedure of combining a supermolecule cal-
culation with a Born model or SCRF calculation is simple and
intuitively appealing and has been used by a number of differ-
ent researchers (e.g., Claverle et al. 1978; Freitas et al. 1992;
Parchment et al. 1996) at various levels of sophistication. It
basically relies upon the idea that there should be a smooth
convergence of the local hydration energy for a cluster of sol-
vent molecules to the bulk solvation energy as the number of
solvent moleculesisincreased. Coe (1994) has demonstrated
that thisis approximately true, although the change in solva-
tion energy with number of solvent molecules may not be com-
pletely continuous.

It may be worthwhile to describe in detail the procedure
used for the cases of Hg*?, Cl-, HgCl *1, and HgCl.. First, for
Hg*? and Cl-we use the hydration energies of -0.700 and -0.136
Hartrees (H), respectively, tabulated by Rashin and Honig
(1985). An alternative would be to calculate these directly us-
ing our combined supermolecule, Born model approach. For
the formation of Hg(OH,)$? for free Hg*? and six H,O mol-
ecules we calculate an energy change of -0.420 H, using the
HF method and the polarized SBK basis and correcting for basis
set superposition error (Boys and Bernardi 1970). The calcu-
lated Hg-O distance in Hg(OH ,)#2is 2.428 A (T, symmetry as-
sumed), consistent with the experimental X-ray value of 2.40
A obtained by Johansson (1971). Adding the Rashin and Honig
value of 1.495 A for the “*O-H” bond radius to the calculated
Hg-O distance we get aradius for the Born model calculation
of 3.92 A, giving aBorn energy of —0.271 H, for atotal hydra-
tion energy of —0.691 H, certainly in good agreement with the
RH value of —0.700 H. For the case of CI-the formation energy
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for CI(OH,)¢™, is—0.091 H (after basis set superposition cor-
rection), and the CI-O distance has arange from 3.17 to 3.60 A
and an average value of 3.54 A. This gives a Born energy of
-0.053 H, for atotal hydration energy of —0.144 H, fairly close
to thethe RH “exp.” value of —0.136 H. Note that in our calcu-
lations we have required the Cl-to lie at the center of the clus-
ter, which is apparently not its lowest energy position with a
small cluster (Caldwell and Kollman 1992; Coe 1994) but is
appropriate for bulk solution. However, we emphasize that the
reaction energies (below) are not based upon such cal culated
hydration energies for the monotomic and small ions, but uti-
lize the RH experimental values.

For ions such as HgCl * no tabulated hydration energies are
available, so we utilize the combined supermolecule, SCRF
model approach. We first calculated energies for formation of
HgCI(OH,);1, n = 4-6, from HgCl* and H,0, establishing that
the most stable species had n = 5. This speciesis shown in
Figure 1. The calculated Hg-O distances are 2.34, 2.60, 2.60,
2.64, and 2.64, while the Hg-Cl distance is 2.38 A. Adding the
RH radii of 1.94 and 1.495 A for Cl-and OH-, respectively, we
get radii along the bond directions of 3.84, 4.10, 4.10, 4.14,
4.14, and 4.32 A, for an average of 4.11 A. This average radius
gives aBorn energy of -0.0647H. The SCRF calculation as
implemented in GAUSSIAN94, gives an additional polariza-
tion energy of -0.0134 from interaction of the dipole moment
of HgClI(OH ,)#* with the solvent polarizable continuum, for a
total hydration energy of —0.251 H. For the HgCl, case, six
H,O molecules attach with an energy of —0.0475 H (four H,O
mol ecul es give a supermol ecule formation energy of —0.0375
H). Thereis no Born energy because the speciesis neutral and
there is no SCRF polarization energy because the dipole term
is zero for HgCl,(OH,)s. The neglect of higher multipole terms
probably systematically underestimates the stability of such
symmetric species. However, using an average Born radius and
treating lower symmetry species such as HgCI(OH »):* within a
spherical approximation may aso systematically underestimate
their stability.

FIGURE 1.Calculated structure for HgCI(OH,):*, amodel for HgCI*
and its first hydration sphere.
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RESULTS
Structuresand vibrational spectra

Asis generally observed for Hg compounds (Kaupp and
Schnering 1994b) calculated bond distances (Table 1) are sub-
stantially longer than experiment at the Hartree-Fock level (even
when relativistic effects are included) but are considerably
improved by MP2, although they are still abit too long. The
errors are similar in magnitude for the neutral species HgCl,
and HgsS,(SH), but seem somewhat larger for the HgClz? an-
ion. If we add the Born hydration energy in agueous solution
for HgCl z2to the HF energy of the free anion the equilibrium
distance is somewhat reduced, because shorter Hg-Cl distances
give alarger Born stabilization. The calculated equilibrium dis-
tance drops from 2.63 to 2.58 A, giving better agreement with
experiment (although the experimental valuesisfor adifferent
condensed-phase environment). For HgS our Hg:S,(SH), model
reproduces not only the Hg-S bond distance, but S-Hg-S and
Hg-S-Hg angles, and the helical structure of HgS, cinnabar, as
shown in Figure 2. Note that the calculations on the trimeric
model Hg,S,(SH), are already extremely demanding, so that
we have not considered any larger oligomers.

Vibrational frequencies calculated at the HF level (Table 2)
are similar to those of Kaupp and Schnering (1994b) and es-
tablish that unscaled HF values reasonably fit experiment for
neutral molecules or ions with small charges. That is, for these
heavy element compounds the Hartree-Fock method with con-
ventional basis sets does not give the systematic underestima-
tion of bond distances and overestimation of vibrational
frequencies observed for light element compounds (Hehre et
al. 1986). For the case of HgClz?, the calculated frequences are
seriously underestimated, presumably for the same reason that
the bond distance was overestimated for free HgClz?, compared
to the condensed-phase experimental data. The spectrum of the
molten HgCl,, KCI system is rather complicated (Janz and
James 1963) and some of the spectral assignments may bein
error. An extremely demanding calculation on the vibrational
spectrum of HgCl,2...6H,0 yielded no significant change in
the calculated frequences, indicating that explicit consideration
of the Born model term would probably be a better approach.

TABLE 1. Comparison of calculated and experimental Hg-X dis-
tances (in A)

Calculated
Molecule HF MP2 Experimental
HgCl, 2.33 2.30 2.25, gas phase*
(HgCly), 233,236 2257 2
3.31 - 3.347 2,3.63" 2, solid HgCl,*

HgCl2 2.63 (2.588) 2.58 2.50, solid*
Hg(OH,)¢&? 2.43 - 2.40, aqueous solutiont
HgS 2.36 2.27 cinnabarf
Hg,.S(SH), 2.39 2.36 2.36
HgsS,(SH). 2.39-2.41

<S-Hg-S=179° <S-Hg-S=172°

<Hg-S-Hg=96 — 104°
* Wells (1975).

1 Johansson (1971).

¥ Aurivillius (1950).

§ With Born correction.

<Hg-S-Hg=105°
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TABLE 2. Comparison of calculated and experimental vibrational frequencies (in cm™)

Molecule HF calculation Experiment*
HgCl, e} a+ &+ e} a+ &+

90 342 394 107 348 405 (gas phase)
HgCl; ay a; e' e' ay a; e' e'

278 82 266 67 273 13 263 100, (molten salt)
HgClz? a, e t, t, a, e t, t,

225 62 185 85 267 280 276 192, (molten salt)

* Janz and James (1963).

Energetics

Crystalline HgCl, is reasonably soluble in water. Although
the dissolution of HgCl, is difficult to describe quantitatively,
asimple molecular model explains qualitatively why the mate-
rial dissolves. Each HQCl, unit within the solid interacts weskly
with four other units, to give a2 + 4 coordination about each
Hg, i.e., two short Hg-Cl bonds and four much longer Hg-Cl
bonds. Calculations by Kaupp and Schnering (1994a) give a
dimerization energy for HgCl, (at their highest level of calcu-
lation) of about 5.8 kcal/mal. It seems reasonable to conclude
that the total stabilization of the HgCl, unit in the molecular
crystal can be no morethan 4~ 5.8 = 23.2 kcal/mol, because
such effects would be expected to saturate. However, the HgCl,
molecule in solution is coordinated by at least four H,O mol-
ecules, for which we calculate a stabilization energy of 23. 5
kcal/moal. Including six H,O molecules raises the calculated
stabilization to 29.8 kcal/mol. Our supermolecule calculations
are not performed at the same level as the dimer cal culations of
Kaupp and Schnering (1994b), but it seems clear that the stabili-
zation of the HgCl, unitsin solid and solution are comparable.

Calculated energetics for both gas-phase and aqueous solu-
tion reactions of Hg? plus two X~ to give HgX; (Table 3) show
that formation of the complexesis somewhat more favorable at
the MP2 level but that trends from one complex to the other are
the same for HF and MP2. Using tabulated values for heats of
hydration and lattice energies (Christensen et a. 1965) one can
obtain values for these reaction energies in the gas phase, as
shown for HgCl, and Hg(CN), in Table 3. However, these are
only estimates because the tabulated lattice energies are based
upon asimple ionic model-experimental energies for the direct
process of vaporization of the solid to ions are not measurable.
Nonethelesss, the estimated values and those cal culated quan-
tum mechanically are the same to within about 3% and show

theright trend. To obtain the solution energies we must add the
hydration energies for the Hg? and X~ ions from the tabulated
values of Rashin and Honig (1985) and the first coordination
sphere stabilization energies for HgX , from our supermolecule
calculations. We also add the vibrational zero-point energies
of the HgX, species and the thermal energy corrections needed
to generate enthalpy difference values for the gas phase reac-
tion. We are therefore evaluating the difference between the
enthalpy of the products and that of the reactants at 298 K in
solution. We do not add entropic corrections from the gas phase
reaction. The —TDS term for the gas phase reaction will be posi-
tive, because the number of particles decreasesin going from
reactants to products so DS is negative. But the experimental
values of =TDS in solution for such reactions are usually nega-
tive, because the entropy of the solvent increases when the ions
combine to form neutral molecules. This point has been dis-
cussed by Marcus (1986). It would therefore be completely
inappropriate to use the gas-phase entropies to estimate solu-
tion effects. Animportant result (Table 3) isthat the energy for
the gas phase reaction is always highly negative (—1 H) and the
change in hydration energy is always highly positive (+1 H) so
that the solution phase reaction energy has a very small magni-
tude (lessthan 0.1 H). Accuracy in the solution reaction energy
then requires either very high accuracy in both gas-phase and
hydration energy components or compensating errors.

Our results can be compared with the limited experimental
data on the thermodynamics of such processes tabulated in Smith
and Martell (1976), as shown in Table 4. Comparing the results
in Tables 3 and 4, we see that we correctly reproduce the fact
that the HgF, complex is not observed, because we calculate its
formation to be endothermic. Second, we reproduce the high
stability of the Hg(CN), complex and correctly obtain Hg(SH),
as considerably more stable than HgCl,. However, we do find

FIGURE 2. Calculated structures for Hg,S(SH), and Hg;S,(SH),, models for HgS, cinnabar.
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TABLE 3. Components of the energy and total energy for the formation of HgX, complexes in the reaction: Hg*? + 2 X ® HgX,
Gas-phase thermal
DHiya DHiya Gas-phase correction DHye — DHiotal
DE ¢ DE ez ions neutrals DEzpe DEzpe (2) + (3) + (4) + (5) + (6)

Complex (Hartrees) (Hartrees) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) H kcal/mol
HgCl, -0.8775 —-0.9400 0.975 —0.0475 0.0021 —0.0016 -0.0120 -75

(-0.969)*
Hg(SH), —-0.9304 —0.9968 0.970 -0.0235 0.0061 -0.0027 —0.0469 -29.4
Hg(OH), —1.0282 —1.0901 1.059 —0.0290 0.0092 —0.0036 —0.0545 -34.2
Hg(CN), —0.9060 —0.9681 0.964 —0.0568 0.0062 —0.0020 —0.0567 -35.6

(-1.001)*
HgF, —0.9652 -1.0191 1.080 —0.0595 0.0035 —0.0022 +0.0027 +1.7

* Values estimated by Christensen et al.(1965) for gas-phase reaction from tabulated heats of hydration and lattice energies.

that Hg(OH), is more stable than Hg(SH),, which seemsincon-
sistent with the available DG values, although there are no avail-
able DH values for Hg(SH),. It should be noted that the
experimental entropic terms for the various HgX, complexes
seem inconsistent. According to Marcus (1986) the hydration
entropies of Cl-and CN-are very similar, so it is difficult to
understand the large difference in the experimental -TDS terms
for the formation of aqueous HgCl, and Hg(CN),. Both HgCl,
and Hg(CN), are linear molecules, which are of similar size and
(according to our calculations) interact with water in very simlar
ways, suggesing similar entropic effects.

For the series of chloride complexes HgCl2™ the calculated
properties show considerable scatter (Table 5). The hydration
corrections change greatly in magnitude as the overall charge
on the product ion changes and small percentage errors can
greatly change the total energy for the process. The product
species aso change in geometry and in dipole moment, which
makes modeling based on a polarizable continuum approach
difficult, because the only version of the polarizable continuum
model that we presently have available for Hg complexesisthe
Onsager SCRF that utilizes a spherical cavity and considers
only the effect of the solute dipole. A more accurate treatment
of hydration energies will be necessarily to reproduce the suc-
cessive stabilization energies for these complexes.

Calculated energies for various cinnabar dissolution and
adsorption reactions are given in Table 6. We typically present
two reactions for each dissolution process—one in which the
dimeric molecule Hg,S(SH), is decomposed and one in which
the trimeric molecule Hg:S,(SH), is decomposed. These two

TABLE 4. Experimental energetics (in kcal/mol)for formation of HgL,
complexes at 298 K (from Smith and Martell 1976)

complex DG DH -TDS
HgCl, -18.0 -12.8 -54
Hg(SH), -51.2 na na
Hg(OH), -30.2 -16.4 -14.0
Hg(CN), 445 —46.6 +1.8
HgF, no complex observed, >0 na na

Note: na = not available.

molecules are shown in Figure 2. The energetics for these two
types of reactions, evaluated at the HF level, are very similar,
e.g. +0.0035 and +0.0033 H, respectively, for bond breaking
through attack by H,S. We are presently able to calculate corre-
lation corrections to these reaction energies at the MP2 level
only for the dimeric case, but it seems reasonable that such cor-
rections would be almost the same for the trimer. We therefore
give DEyp, values for the dimer reactions and make the same
correlation corrections for the trimer energies, prefaced by a~
sign. We have evaluated vibrational spectrafor Hg,S(SH),,
Hg:S,(SH),, and Hg;S,Cl,, establishing that we are at least at
local minimaon the energy surface for these molecules. The zero-
point vibrational effects on reaction energies are found to be very
small. For example, for the reaction of H,S with HgsS,(SH), to
give Hg,S(SH), and Hg(SH),, the change in zero-point energy is
only about 0.05 kcal/mol. We therefore ignore zero-point effects
for the reactionsin Table 6. In evaluating the solution energetics
we include hydration energy terms only for the ions, because we
cannot carry out supermolecule calculations on the very large
neutral dimeric or trimeric species. In the last column we present
our best estimates of the reaction energiesin solution, in both H
and kcal/mol.

Our results certainly indicate that the dissolution of cinna-
bar in H,O is a highly unfavorable process, while dissolution
in the presence of H,S is much more favorable. If we assume
that entropic and enthalpic corrections are small, then the DE
value of +7.1 kcal/mol for this process (reaction 3) suggests an
equilibrium constant of about 10~ at 298K, fortuitously close
to the value of 10-5% from Paguette and Helz (1995). At present
we have no realistic way to evaluate the entropic contributions
for such reactions. According to the calculations, dissolution is
more favorable in the presence of SH-than in the presence of
H,S. Increased dissolution by SH- compared with H,Sis con-
sistent with the results of Paquette and Helz (1995). The calcu-
lations also indicate strong exoergicity for the reaction of the
cinnabar mode with HCI to form Hg,S,Cl, (reaction 4). Paquette
and Helz (1995) also observed the apparent formation of

TABLE 5. Calculated energy components and experimental enthalpies for the formation of HgCI2"in the reaction: Hg*? + n CI- ® HgCE™"

DE ¢ DE e DH,q ions DHyyq neutrals DE otal DHep*
Complex (H) (H) (H) (H) (H) (kcal) (kcal)
HgCl** —-0.5506 -0.5921 0.586 - -0.012 -75 -5.8
HgCl, -0.8775 —0.9400 0.975 —0.0475 -0.012 -7.8 -12.8
HgCl;* —-0.9539 -1.0228 1.019 - —0.004 -25 -15.0
HgCl;? —-0.8946 -0.9648 0.943 - -0.022 -13.8 -14.9

* Smith and Martell (1976).
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TABLE 6. Calculated energetics for depolymerization of Hg-S units and for ligand replacement and addition reactions

DE DH,,q ions
HF MP2
Index Reaction M) (M) M H kcal/mol
1) Hg5S,(SH), + H,O ® Hg,S(SH)(OH) + Hg(SH). +0.0431 0 +0.0431 27.0
) Hg,S(SH), + H,S ® 2 Hg(SH)., +0.0035 0.0114 0 0.0114 7.1
®3) Hg5S,(SH), + H,S ® Hg,S(SH), + Hg(SH), +0.0033 »0.0113 0 »0.0113 »7.1
4) Hg5S2(SH), + 2 HCl ® Hg;S,Cl, + 2 H,S —0.0258 0 -0.0258 -16.2
(5) Hg,S(SH), + SH* ® Hg(SH), + HgS(SH) -0.0297 -0.0343 +0.036 0.002 1.2
(6) Hg5S,(SH), + SH™ ® Hg,S(SH), + HgS(SH)* —0.0260 »—0.0306 +0.036 »0.005 »3.1
@) Hg,S(SH), + SH + (3/8) Sg ® Hg(SH), + HgS,(SH)™* —-0.0767 —-0.0798 0.070 -0.010 -6.3
8) HgsS,(SH), + SH + (3/8) S5 ® Hg,S(SH), + HgS,(SH)* —0.0693 »-0.0724 0.070 »-0.002 »=1.2
9) Hg3S,(SH), + OH-® Hg;S,(SH)OH + SH- -0.0486 0.044 -0.005 -3.1
(10) Hg5S,(SH), + CI-® Hg;S,(SH)CI + SH- +0.0253 0.001 +0.024 +15.1
(11) HgsS2(SH), + I- ® HgsS,(SH)I + SH- +0.0438 -0.025 +0.019 +11.9
(12) Hg3S,(SH)CI + I-® HgsS2(SH)I + ClI- +0.0185 —0.026 —0.005 -3.1
(13) Hg5S2(SH)(OH) + I- ® Hg,S,(SH)I + OH- +0.0923 —0.063 +0.029 +18.1
(14) HgsS2(SH), + I- ® HgsS,(SH),I- —0.0418 »0.055 +0.013 +8.2

corderoite, Hgs;S,Cl,, in strongly acidic solutions with high
chloride concentrations. This species was also observed by
Hyland et al. (1990) when aqueous HgCl, reacted with sulfides
and by Estrada et al. (1995) when aqueous HgCl, was reacted
with films of CdSe. The presence of elemental sulfur, asin
reactions 7 and 8, was also found by Paquette and Helz to en-
hance cinnabar solubility. The solution species we have con-
sidered, HgS,(SH), has a structure similar to that found for
Hg polysulfide complexes by Bailey et al. (1991) and is shown
inFig. 3. Of course, this complex is only one possible polysul-
fide. Otherswith larger S, rings may well be involved. Based
on the calculated energetics for reactions 3 and 8 the equilib-
rium constant for dissolution should be increased in the pres-
ence of Sg by about 10° while the enhancement observed
experimentally using solid rhombic Sis only about 10%.

Sazarashi et al. (1994) and Balsey et al. (1996) have dem-
onstrated experimentally the adsorption of I-on the surface of
cinnabar, particularly at low pH where the cinnabar surface
chargeis small. Balsey et a. interpreted their results asinvolv-
ing a surface replacement of OH- by I-and justified this re-
placement using hard and soft acid and base theory. Based on
the calculated energetics for reaction 9 of Table 6, the replace-
ment of SH-by OH- isfavorable. However, based on the ener-
getics shown for reaction 13, the replacement of OH- by I-is
highly unfavorable. We favor a process in which the Cl-in so-
Iution (their solutions were 0.01 M in NaCl) first replaces SH-
on the mineral surface (reaction 10). This reaction would be
driven by the many order of magnitude concentration differ-
ence between the added CI- and the SH- produced from the
cinnabar dissolution. The surface Cl - is then replaced by I- (re-
action 12), in an exoergic step. This overall processis much
more favorable than the direct replacement of SH- by I~ (reac-
tion 11) or the replacement of OH- by I~ (reaction 13). Another
possibility is an actual adsorption process for |-, without any
actual replacement, asin reaction 14. This processis exoergic
in the gas phase but the hydration energy is difficult to esti-
mate because it is not clear to what extent the adsorbed I-would
retain its hydration shell. Assuning the I~ loses half its hydra-
tion energy the solution process is unfavorable, but not by a
large amount. Such weak coordination of additional ligands by
two-coordinate Hg speciesis well known.

We have also considered the possible existence of Hg(l)
sulfidic speciesin solution. Hg(l) halides have been studied

theoretically by Schwerdtfeger et al. (1993) and Kaupp and
Schnering (1994b). As noted by Paquette and Helz (1999),
species such as Hg,(SH), are expected to disproportionate to
Hg + Hg(SH),. However, Pokrovskiy (1996) has presented solu-
bility evidence for the existence of Hg,Cl, in acidic chloride-
bearing solutions. For the gas-phase reaction 2 Hg* ® Hg +
Hg? we calculate at the MP2 level an energy of +0.296 H, which
compares well with the experimental value of +0.306 H from
tabulated thermochemical data (Hepler and Olofsson 1975).
For the gas-phase reactions Hg,L , ® Hg + HgL,, L = ClI-, SH-,
we calculate reaction energies at the MP2 level of 0.0166 and
0.0061 H, respectively. Our value for the Cl- caseis close to
the atomic-natural-orbital MP2 result of Kaupp and Schnering
(1994b). Clearly the disproportionation reaction that is highly
unfavorable for the bare Hg species in the gas phase becomes

E= it

FIGURE 3. Calculated structure for HgS,(SH)™, a model for the
bisulfide, polysulfide species.
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amost thermoneutral when strongly complexing ligands such
as Cl- or SH- are present. The more accurate configuration in-
teraction (Cl) results of Kaupp and Schnering (1994b) give a
slightly negative value for this reaction energy in the Cl- case.
We would anticipate that the gas-phase reaction energy calcu-
lated at the CI level would also be negative for SH-. We have
seen that the stabilization of HgCI, by its first coordination
sphere H,O moleculesis substantial. We would anticipate that
the overall hydration energy of HgCl, would be greater than
that for Hg,Cl,, which islarger and shows smaller charge sepa-
ration (i.e., it has Hgs? rather than Hg*2 as cation) and that hy-
dration efects would therefore favor the disproportionation. On
the other hand, Kaupp and Schnering (1994b) have shown that
the interaction energy with a single H,O moleculeis slightly
larger for Hg,Cl, than for HgCl, (probably because thesingle
H,O can intereact with two Hg centers). At present we there-
fore cannot reliably evaluate the relative hydration energies of
these species, but it is doubtful that hydration effects could
change the overall exoergicity of the disproportionation reaction.
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