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Abstract. Dimethylmercury (CH;—Hg—CH3) and other Hg-containing compounds can be found in atmos-
pheric and aqueous environments. These substances are highly toxic and pose a serious environmental and
health hazard. Therefore, the understanding of chemical processes that affect the stability of these sub-
stances is of great interest. The mercury-containing compounds can be detected in atmosphere, as well as
soil and aqueous environments where, in addition to water molecules, numerous ionic species are abun-
dant. In this study we explore the stability of several small, Hg-containing compounds with respect to wa-
ter molecules, hydronium (H;O") ions as well as other small molecules/ions using density functional theo-
ry and wave function quantum chemistry methods. It is found that the stability of such molecules, most
notably of dimethylmercury, can be strongly affected by the presence of the hydronium H;O" ions. Alt-
hough the present theoretical study represents gas phase results, it implies that pH level of a solution
should be a major factor in determining the degree of abundance for dimethylmercury in aqueous envi-
ronment. In particular, it is found that CH;—Hg—CH; reacts readily with the H;O" ion producing
CH;-Hg—OH," and methane indicating that low-pH levels favor the decomposition of dimethylmercury.
On the other hand, our study suggests that high-pH levels in aqueous environment would favor strongly-
bound complexes of [CH;—Hg—CH;eOH] species. Overall, the theoretical evidence presented in this
study offers an explanation for the available experimental data concerning the stability of
dimethylmercury and other mercury-containing compounds having the general structure X—Hg—Y (X,Y =
CH; and Cl) with respect to various ligands L (L = H,O, NH;, H;0", OH", CI" and NH;"). (doi:
10.5562/cca2314)
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population. A large body of experimental data document-
ing effects of mercury to human health has accumulated

Elemental mercury (Hg) is the only metal that is liquid
at room temperature. This unique property evidently is
related to relativistic effects."” Over many years mercu-
ry has been classified as a transition element (see e.g.
Ref. 3), however recently this classification has been
challenged. A recent paper by Jensen® suggests that Hg
as well as Zn and Cd should not be classified as transi-
tion elements although some controversy still exists
regarding this issue.”® The ground state electronic con-
figuration of mercury atom is [Xe] 4f'* 5d'° 6s” indicat-
ing that the Hg-dimer should be a weakly bound van der
Waals-type system in its ground state.’

Much attention has been dedicated to mercury-
containing compounds containing halogens and methyl
groups that are of practical significance to the human

over many years. '* In this context, theoretical studies
are important in elucidating possible chemical mecha-
nisms involving Hg-containing species. It is well known
that mercury and its compounds, especially
methylmercury species, ie. compounds containing
CH;Hg-group, are extremely toxic to humans and other
living organisms.® '® These compounds exist naturally in
the environment, although human-related activities have
contributed to the increased concentrations of mercury. It
is understood that high affinity of the organomercurial
compounds for thiols and lipophilic characteristics are the
critical factors in their toxicity and various living organ-
isms have developed unique neutralization mechanisms
that counteract its effects. For example, bacteria devel-
oped two resistance pathways which involve the cleavage
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of Hg—C bond with a subsequent reduction of the mercu-
ric residues to elemental mercury.”'® The presence of
methylmercurials in soil, aqueous environment and the
atmosphere is well documented.””?” Due to various
transport mechanisms such compounds accumulate in
living organisms, especially in aquatic environments.
Methylmercury species are known® to cross the blood-
brain barrier and are highly neurotoxic. One of the most
toxic forms to humans among many mercury-containing
chemical compounds is dimethylmercury (DMHg) with
its chemical formula CH;—Hg—CH;. DMHg is a non-
polar compound and readily accumulates in fatty tis-
sues.*'* One of the important aspects in reducing the
long-term exposure of methylmecury compounds to
human population relates to understanding of chemical
and physical processes controlling its concentration.
Therefore, a significant volume of research has been
dedicated to methylmercury, its demethylation as well as
exploring other possible mechanisms involving mercu-
ry.2?** Evidently, DMHg is the predominant methylated
form of mercury in the deep ocean.” It has been suggest-
ed” that the oceanic DMHg is the main source of
monomethylmercury (MMHg) in the water column. The
MMHg compound (i.e. methylmercury monocation
[CH;—Hg]") plays a significant role in the aqueous envi-
ronment due to its ability to biomagnify in aquatic food
chains leading to high toxicity levels in fish and other
organisms. This seems to be the main pathway to the
exposure of mercury to human population.*'> Recent
findings of Conaway et al.** indicate unexpectedly high
concentrations of DMHg in costal surface waters. Some
studies” suggest that one possible route for the degrada-
tion of DMHg into MMHg in aqueous environments is by
evaporating of DMHg into the atmosphere and, after the
chemical transformation into MMHg, being brought back
to the Ocean waters by aerosols or water vapor. An alter-
native route for the transformation from DMHg to
MMHg may involve mechanisms and chemical species
that can occur directly in aqueous environments.

A number of theoretical studies investigating
chemistry of mercury-containing compounds have al-
ready been reported in the literature.**** For example,
mechanisms associated with the Hg—C bond cleavage
by halogenic acids have been investigated by Barone
and co-workers.”> Ni er al*® investigated possible
mechanisms for degrading chloromethylmercury
(CH3—Hg—Cl) and dimethylmercury (CH;—Hg—CHs;)
involving thiol and ammonium residues. Khalizov et
al*" studied the reactions of Hg with halogens and dis-
cussed their atmospheric implications. Shepler e al.*®
have analyzed the effects of aqueous solvation on the
thermochemistry of reactions between Hg and small
halogen molecules. Furthermore, it has been proposed
that organic mercury-containing compounds can be
broken-down into less toxic species via photo-reduction
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and microbe-assisted transformations.*** The role
played by humic acids that are abundant in aqueous
environment has been recently discussed in Ref. 20. A
study by Tossell* examined the reaction energies for
the formation of various CH;—Hg—L species resulting
from CH3;—Hg" and ligands L. In particular, Tossell’s
study* indicates that (CH;—Hg—OH,") should be the
most dominant species in natural water systems.

Since methylmercury species frequently occur in
aquatic environments, one of important questions is
investigating the stability of these compounds with
respect to exposure of water molecules as well as hy-
dronium (H;0") and hydroxide (OH) ions which, in
turn are associated with pH levels of aqueous environ-
ments. Of particular interest is the observed correlation
between low pH levels and instability of DMHg.**>*
Thus, the goal of the present theoretical study is to ex-
plore possible mechanisms that can contribute to the
chemical degradation of DMHg (CH;—Hg—CH3).

METHODOLOGY AND TECHNICAL DETAILS

The geometry optimizations in this study were performed
for the following systems: H,O, H;O', OH", Cl-, NH,',
CH;—-Hg—CH;, CH;—Hg—Cl, CI-Hg—Cl, CH;-Hg—OH,".
The ability of the Hg-containing compounds, i.e.
CH;-Hg—-CH;, CH;—Hg—Cl and Cl-Hg—Cl to form
complexes with the molecules of H,0, H;O, OH", CI,
NH," is explored by optimizing the geometries with the
inclusion of the counterpoise correction (CP) to correct
for the basis-set-superposition-error (BSSE).*® The basis
set used in all the calculations is 6-31G(d,p) (spherical
harmonics) for all atoms except mercury. For the Hg
atom the Stuttgart/Dresden pseudo-potential (effective-
core-potential) MDF60 (see Refs. 47,48) was used to
treat core electrons while the MWBG60 basis set was used
to treat valence electrons. The initial optimization step
uses PBE DFT-functional and the resulting optimized
geometry is used as the starting point in the MP2 optimi-
zation. After the geometry is optimized at the MP2 level
of theory, a single-point CCSD(T) calculation is per-
formed to obtain the total energy (electronic energy in-
cluding nuclear repulsion). The vibrational analysis and
the zero-point-energies correspond to the MP2 level of
theory. All calculations were performed using
GAUSSIAN package of ab initio programs.* Only local
minima on the singlet ground-state potential energy sur-
face®® > have been considered in this study.

RESULTS AND DISCUSSION

The strategy of this investigation is to explore possible
complexes of the Hg-containing compounds, namely
CH;—Hg—CHj;, CH;—Hg—Cl and Cl-Hg—Cl, with small
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ligand molecules of H,O, NH;, CH, (neutral species) as
well as ions of H;0", OH, Cl-, NH,". As a first step, we
calibrate our methods and basis sets against the bench-
mark data found in literature for selected molecular
species to make sure that they are appropriate for the
present investigation. We note that the goal of the cali-
bration step is not the quest for an extraordinary high
accuracy (our chosen basis sets are too small for this
purpose) but rather to show that our final conclusions
are expected to be reliable regarding the energetics of
dissociation pathways of the Hg-containing compounds.
We select CI-Hg—Cl as our first case and compare our
MP2 optimized geometry and vibrational frequencies
with the previous high level calculations and experi-
mental data.”* > The results are displayed in Table 1. As
can be seen from the table the results of our MP2 opti-
mization while not perfect yield quite satisfactory re-
sults. We also provide a comparison with experiment’®
of our MP2 optimized geometry for the CH;—Hg—Cl
compound in the supplementary material (see Table S1).
The evidence supports that our level of theory and basis
sets are capable of providing reliable results. To esti-
mate the quality of our methodology on a weakly-bound
neutral system we select the water dimer’’ as an exam-
ple. We also consider the Hs0," molecule®®®! as an
example of a strongly-bound ionic system resulting
from the interaction between the hydronium ion and
water. We perform MP2 geometry optimizations for the
water dimer and the H;O," compound. Then, we calcu-
late their dissociation energies (including the CP correc-
tion for BSSE) as described below. For the water dimer,
the dissociation process is: (H,OeH,0) — H,0 + H,O0.
For HsO,", the dissociation process is: HsO," — H,O +
H;0". Of course, the calculation of these dissociation
energies requires also MP2-geometry optimizations for
H,0 and H;0" structures. As seen in Table S1 of the
supplementary material, our [MP2/6-31G(d,p)] value
for the water-dimer dissociation energy of D, = 2.6
kcal/mol compares very well with the benchmark value
of 2.88 kcal/mol of Ref. 57. The optimized geometries
for the water dimer and HsO," are displayed in Figure
S1 (Figure S1A represents the water dimer geometry
and Figure S1B represents that for the H;O," molecule).
For the HsO," molecule, the data is displayed in Table
S2 of the supplementary material. The geometry optimi-
zations for Hs;O,  (with the counterpoise (CP) correc-
tion), H;O" (without CP correction) and H,O (without
CP correction) have been performed at MP2 level of
theory using 6-31G(d,p) basis set. The total electronic
energies from MP2 and CCSD(T) calculations are re-
ported in Table S2 of the supplementary material for
each molecule (in hartree). The CCSD(T) energies have
been calculated at the MP2-optimized geometries. Re-
garding the dissociation energy value D, it is evident
that an agreement of the CCSD(T) result with the recent

benchmark of Ref. 61 is excellent, the discrepancy be-
ing only 1.1 kcal/mol. The numerical data above clearly
indicate that our selected theoretical methods and basis
sets yield good-quality structures for neutral as well as
charged molecular species that are relevant to the pre-
sent study. Thus, it is expected that the following ener-
gies based on MP2-optimized geometries and CCSD(T)
single-point energy calculations are reliable. Table S2
(see supplementary material) also lists the effect of
zero-point-energies (ZPE) on the dissociation energy for
the MP2 value (in parentheses). Next, we shall calculate
the dissociation energies (without and with inclusion of
ZPE) for bound complexes that involve neutral com-
pounds CH;—Hg—CHj3;, CH;—Hg—Cl and Cl-Hg—Cl with
neutral species (ligands) of H,O, NH; and CH,4 and
examine their stability. Then, we obtain the binding
energies of neutral compounds CH;—Hg—CHjs,
CH3;—Hg—Cl, Cl-Hg—Cl with ionic species of H;O",
OH", CI” and NH,". Finally, we shall discuss the ener-
getics and thermochemistry of these cases and draw our
conclusions regarding the stability and most favorable
decomposition pathways for the mercury-containing
species, namely CH;—Hg—CHj;, CH;—Hg—Cl and
Cl-Hg—Cl in aqueous environments.

X-Hg-Y Interaction with Neutral Ligands L (L =
HzO and NH3)

The interaction and binding strength between X—Hg—Y
and any of the neutral ligands L (L= H,O or NH;) where
each symbol, X and Y, represents either CH;-group or
Cl-atom, has been calculated in an analogous manner as
discussed above. The geometry of the NH; molecule is
displayed in Figure S2 (panel A) of the supplementary
material. The total electronic energies are then used for
calculating energy differences to obtain binding elec-
tronic energies AE. In order to account for ZPE effects
due to molecular vibrations, one must correct AE value
by adding ZPE differences between reacting species,
thus obtaining (AE+AZPE) value as ZPE-adjusted bind-
ing energy. In our notation, AE = —D, and AE(ZPE) =
_Do.

The computational data documenting the interac-
tion of X—Hg—Y species with neutral ligands L is listed
in Table 2. The energetics for the complex formation as
well as Gibbs free energy change and equilibrium con-
stants are displayed in the table for X—Hg—Y complex-
es, namely CH;—Hg—CH;, CH;-Hg—Cl, Cl-Hg—Cl
that form with the H,O molecule (rows 1 to III)
and [CH;—Hg—CHjz;eNH;] (row 1V). From Table 2
it is evident that the magnitude of binding energy,
AE and AE(ZPE), steadily increases going from
[CH;—Hg—CH;eH,0] to [CH;—Hg—CleH,0O] and to
[Cl-Hg—CleH,0] as the total number of electronegative
ligands L increases from (L = two CHj groups) to (L =
one CH; and Cl) to (L = two Cl ligands), respectively.

Croat. Chem. Acta 86 (2013) 453.
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(A) CH;~Hg—CH;  H,0

(B) PRODUCT FROM:
CH;-Hg-CH; + H;0" ~ [CH,~Hg-OH,]" e CH,

Figure 1. The bound complexes resulting from the interaction
of CH;—Hg—CHj; with H,O (panel A) and H;0" (panel B). In
panel B the product of a barrier-less reaction: CH;—Hg—CHj; +
H;0" — [CH;—Hg—OH,eCH, ]" is displayed.

It is to be expected that as the electron density from the
central Hg atom in X—Hg—Y is withdrawn towards the
electronegative ligand (chlorine) the binding of H,0O to
X-Hg—Y gets stronger. Figures 1, 2 and 3 (panels A)
clearly illustrate this trend. Finally, from Table 2 one
can see that the binding energy for
[CH;—Hg—CH;eNHj;] is slightly larger than that in
[CH;—Hg—CH;eH,0] (see Figure 4, panel A) which
could be rationalized on the basis of larger basicity of
NH; relative to H,O.

X—Hg-Y interaction with ionic ligands L (L = H;0",
OH~, CI” and NH,")

Now, we shall examine the interaction and binding
energy between X—Hg—Y and any of the ionic ligands L
(L = H;0", OH", CI” and NH,") where each symbol, X
and Y, represents either CH;-group or Cl-atom. The
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(A) CHy;~Hg—Cl « H,0
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]

J
J 9O

(B) CH;—Hg—Cl o H;0"

4
o

J

s

Figure 2. The bound complexes resulting from the interaction
of CH;—Hg—Cl with H,0 (panel A) and H;O" (panel B).

calculations follow the same procedure as discussed in
the preceding section. The optimized geometry for NH,"
is displayed in Figure S2 (panel B) of the supplementary
material. The relevant data is displayed in Table 3. The
display of the contents in these tables is analogous to
that of Table 2. Table 3 lists the data of interaction of
(CH;—Hg—CHj3) with ions H;O', OH", CI” and NH,".
From this table it is evident that the binding
energy for [CH;—Hg—CH;eNH,]" (see Figure 4-
panel B), [CH;—Hg—CH;eCl]” (see Figure 5) and
[CH;—Hg—CH;eOH]™ (see Figure 6) increases as the
bound ligand L changes from NH," to CI” and then to
OH". Since the concentration of OH™ ions in aqueous
solution is a measure of pOH value, it is expected that
basic solutions will favor the reduction of dimethyl-
mercury concentration by producing strongly bound
[CH3_Hg_CH3OOH]_.

Next, we examine the reaction of dimethylmercury
with the hydronium ion. The relevant data is listed in
the first row of Table 3. The MP2 optimization starting
with (CH;—Hg—CH;) and H;O" molecules placed at a
short distance apart (ranging from about 3 A to 6 A
from the Hg atom to H;O") indicates that the

Croat. Chem. Acta 86 (2013) 453.
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(A) Cl-Hg—Cl » H,0

J
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(B) Cl-Hg—Cl o H;0"

Figure 3. The bound complexes resulting from the interaction
of Cl-Hg—Cl with H,O (panel A) and H;O" (panel B).

[CH;—Hg—CH;eH;0]" system decomposes readily
without a barrier into [CH;~Hg—OH,]" and methane
(see Figure 1, panel B). This result can be easily un-
derstood if we consider various decomposition frag-
ments of the combined system, i.e. CH;—Hg—CHj; and
H;0". In Table 4 such different fragments are labeled as
System-I, System-II and System-III. It is clearly evident
that the System-III containing [CH;—Hg—OH,]" and
methane (CH;) as sum of two individual (non-
interacting) fragments is by far the most stable, i.e. has
the lowest electronic energy among them. Furthermore,
there seems to be no barrier that could prevent the origi-
nal system, i.e. [CH;—Hg—CHjs] plus H;O", from ending
up in this potential energy minimum. It may be noted
that the absence of the energy barrier does not negate
the existence of a transition state which can be deter-
mined on the basis of other considerations, e.g., mini-
mum flux using variational transition state theory®®
(see also Refs. 64,65). As a follow up investigation we
performed an MP2 optimization for a weakly-bound
complex [CH;—Hg—OH,eCH4]" which is labeled as
System-1V in Table 4. It is found that this complex has
nearly negligible binding energy of only 1.4 kcal/mol.
The geometry of this complex is displayed in Figure 1
(panel B) where the Mulliken charges are also listed.
The large positive charge exhibited by the mercury atom

Croat. Chem. Acta 86 (2013) 453.

J‘J

(A) CH;-Hg-CH; » NH;

J
J -
J J

(B) [CH;-Hg-CH;eNH,]"

Figure 4. The bound complexes resulting from the interaction
of CH;-Hg-CH; with NH; (panel A) and NH," (panel B).

is indicative of its cationic character that is commonly
found in X—Hg—Y structures including some stable
biomolecular complexes like T-Hg—T® where T =
thymine.

? o4

Figure 5. Optimized geometry for the [CH;—Hg—CH;eCl1]" (]
ionic complex.
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‘J
d—

Figure 6. Optimized geometry for the [CH;—Hg—CH;0OH] T
ionic complex.

9

Finally, in Table 5 we compare binding energies
of the hydronium ion with all three X—Hg—Y structures,
namely [CH;—Hg—CHj; plus H;O'], [CH;—Hg—CI plus
H;0'] and [Cl-Hg—Cl plus H;0'] that are labeled as
System-I, System-II and System-III, respectively. From
Table 5 it is evident that the binding energy increases
going from [Cl-Hg—CleH;0'] (see Figure 3-panel B) to
[CH;—Hg—CleH;0'] (see Figure 2-panel B) and to
[CH;—Hg—CH; plus H;0'] (see Figure 1-panel B). The
reaction of CH;—Hg—CH; with H;O" produces a much
more stable complex [CH;—Hg—OH,eCH,]". This trend
in binding energies is also displayed graphically in Fig-
ure 7. While the reaction CH;—Hg—CH; + H;0" —
CH3;—Hg—OH," + CHy is spontaneous and has a large
equilibrium constant at room temperature, the reaction
CH3_Hg_CH3 + H,0O —» CH3_Hg_OH + CH4 would
require higher temperatures to produce noticeable con-
centrations of the products. Also, the fourth row (la-
beled system-IV) in Table 5 provides the data for com-
plex formation of [Cl-Hg—Cl e H;0,]" as shown in
Figure 8 (panel-B).

Discussion

The goal of the present theoretical study is to explore
possible mechanisms that can contribute to the chemical
degradation of DMHg (CH;—Hg—CHj;). Furthermore,
we also explore additional Hg-containing compounds,
namely Cl-Hg—Cl and CH;—Hg—Cl, focusing on their
binding strength with respect to water and hydronium
ions as well as ions of OH", Cl- and NH,". The present
work examines energetics and thermochemistry of deg-
radation pathways of X—Hg—Y complexes (here, each
symbol X and Y represents either CH; or Cl). As noted
earlier, the present theoretical work is primarily focused
on the exploration of the interaction of (CH;—Hg—CHs;)
with water molecules and hydronium ions which relates
closely with pH levels and the stability of DMHg in

Croat. Chem. Acta 86 (2013) 453.
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Figure 7. Comparison of binding energies (see text) of the
selected mercury-containing species (X—Hg—Y) with ligands
L (L = H,0 and H;0").

aqueous environments. The current work shows that the
DMHg is highly unstable with respect to H;O" and
decomposes readily while the presence of other ions,
like OH™, Cl” and NH,", has a somewhat weaker effect
on the stability of DMHg. Although the present study
corresponds to gas-phase conditions, the instability of
DMHg with respect to the hydronium ion clearly im-
plies that in aqueous environment the rate of degrada-
tion of DMHg should increase as value of pH gets
smaller. Manifestly, our result is in accord with the
experimental observations regarding the dependence of
increased instability of DMHg with lower pH levels in

L

4

J O

(A) CI-Hg—Cl ¢ H;0"

J

° o R’

(B) CI-Hg—Cl ¢ H;0,"

Figure 8. Comparison of the bound complexes resulting from
the interaction of Cl-Hg—Cl with H;0" (panel A) and HsO,"
(panel B).
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aqueous environment found in literature.”” ** We also
demonstrate that CI-Hg—CHj; which has only one me-
thyl group is much more stable with respect to the hy-
dronium ion as compared to the DMHg compound. This
result correlates well with a recent report by Korbas et
al." which suggests that dimethylmercury should be
more susceptible to C—Hg protonolysis than
monomethyl species based solely on the examination of
the distribution of Mulliken atomic charges. Manifestly,
the data above sheds some light regarding the rapid
demethylation of dimethylmercury to monomethyl spe-
cies reported by Ostlund®’ in his laboratory experiments.
Our conclusion regarding the instability of DMHg with
respect to H;O" which proceeds without a detectable
barrier to yield the products [CH;—Hg—OH,]" and CH,,
correlates closely with the result of Ni et al®’ who
found that, in the gas phase, backside protonolysis of
the Hg—C bond of [CH3;Hg(SH),]” by the ammonium
ion (NH,") occurs without a detectable barrier as well.

CONCLUSIONS

The goal of the present investigation is to explore the
stability of several mercury-containing compounds of
the general form X—Hg—Y (X = CHj;, Cl and Y = CHj,
Cl) with respect to several small molecules which we
call ligands L for simplicity that are frequently found in
aqueous environments. We consider a set of neutral
ligands (L=H,O or NHj3) and a set of charged ligands
(L=H;0", OH", CI” and NH,"). We find that, in general,
ionic ligands form much more strongly bound complex-
es with X—Hg—Y compounds of the form [X—Hg—YeL]?
compared to their neutral counterparts (here q indicates
the electric charge of the complex). The largest energy
lowering was found for CH;—Hg—CH; + OH —
[CH;-Hg—CH; ¢ OH]™ and CH;—Hg—CH; + H;0" —
CH3;—Hg—OH," + CH, reactions with large equilibrium
constants at room temperature in both cases. The weak-
ly bound-complex [CH;—Hg—OH,eCH,]" has the bind-
ing energy of only 1.4 kcal/mol with respect to the dis-
sociation fragments [CH;—Hg—OH,]" and CH, that is
59.2 kcal/mol lower than the [CH;—Hg—CHj plus H;O']
system. The [CH;—Hg—CH;eOH]  complex is 26.0
kcal/mol lower than the system composed of non-
interacting fragments CH;—Hg—CH; and OH".

Overall, our study indicates that dimethylmercury
is unstable in low-pH aquatic environments readily
decomposing into [CH;—Hg—OH,]" and CH,. This work
provides the quantitative data for explaining the exper-
imental observations reporting that low-pH levels of
aqueous medium favor a rapid decomposition of
CH;—Hg—CH; (see Refs. 32-34). Our result is in accord
with the earlier findings by Tossell who noted the re-
markable stability of [CH;—Hg—OH,]" compound in
water systems in his earlier investigations™ of photo-

decomposition of methyl Hg complexes. On the other
hand, our study shows that high-pH levels in aqueous
environment would favor strongly-bound complexes of
[CH;—Hg—CH;eOH]™ species.

Supplementary Materials. — Supporting informations to the
paper are enclosed to the electronic version of the article.
These data can be found on the website of Croatica Chemica
Acta (http://public.carnet.hr/ccacaa).
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Table SI. Comparison between calculated and experimental® bond distances (in A) and angles
(in degree) for the optimized geometries CHz-Hg-ClI.

Geometry PBE MP2 Experiment
r(Hg-Cl) 2.331 2.327 2.282
r(Hg-C) 2.075 2.075 2.061

angle(C-Hg-Cl) 180.0 180.0 180.0

%) Experimental data represents pure rotational spectra (see ref. [56]).
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Table SI1. Comparison of results ® obtained by methods used in the present study (6-31G(d,p)
basis sets) to the benchmark literature value for the dissociation energy (D) of HsO,". Total
electronic energies are listed in hartree while dissociation energies are listed in kcal/mol.

Method H502+ H30+ H,O H502+ — H,O + H30+
(hartree) (hartree) (hartree) (kcal/mol)
MP2 -152.778980" -76.503724 -76.217280 36.38
CCSD(T) -152.802585 -76.517393 -76.229123 35.18
Benchmark ¢ 34.09

(ref. [61])

2 MP2-optimized geometry, see text.
®) CP-corrected electronic energy values.
9 CCSD(T) level of theory result using aug-cc-pVTZ basis sets.



TABLE SIII. H,0 interaction with X-Hg-Y. Total electronic energies at CCSD(T) level of theory, zero-point-energies (ZPE) and
Gibbs free energies (298.15 K and 1 atm) at MP2 level of theory. Energy units are in hartree.

System Energy  ZPE-correction G°-correction E(ZPE) ? G’
Level-of-theory CCSD(T) MP2 MP2

I. CHs-Hg-CHseH,O  -308.452295 ° 0.096 440 0.055 878 -308.355855 -308.396417
CH3s—Hg-—CH3; -232.220 407 0.073 621 0.044 808
H>O -76.229 123 0.021 886 0.004 241

Sum -308.449 530 0.095 507 0.049049 -308.354023 -308.400481

1. CI-Hg-CH3 ¢ H,0 -728.344 271° 0.061906 0.022 871 -728.282 365 -728.321400
Cl-Hg-CH3 -652.107 714 0.038 287 0.009 798
H>O -76.229 123 0.021 886 0.004 241

Sum -728.336 837 0.060 173 0.014039 -728.276 664 -728.322798

I11. Cl-Hg-Cl«H,0 -1148.213561 % 0.025537 -0.011722 -1148.188 024 -1148.225283
Cl-Hg-ClI -1071.973951 0.002 146 -0.025339
H>O -76.229 123 0.021 886 0.004241

Sum -1148.203 074  0.024 032 -0.021098 -1148.179 042 -1148.224172

a)

E(ZPE) is the total energy value to which the ZPE is added.

System-1l:  CP-corrected for Basis-set-superposition error (BSSE) = 5.205 mh (millihartree).
System-11:  CP-corrected for Basis-set-superposition error (BSSE) = 6.432 mh.

System-11l: CP-corrected for Basis-set-superposition error (BSSE) = 7.770 mh.

(=3
~



Table SIV. Interaction of CH3—Hg—CH3; with NH3 and H,O. Total energies at CCSD(T) level of theory, zero-point energies and
Gibbs free energies (298.15 K and 1 atm) at MP2 level of theory. The counterpoise (CP) correction has been applied.

System Energy ZPE G-correction E(ZPE) ® G (free energy)
Level-of-theory CCSD(T) MP2 MP2
CH3;—Hg—CHg; « NH3 -288.624 053" 0.110 216 0.069312 -288.513837 -288.554741
CH3-Hg-CHs -232.220 407 0.073 621 0.044808
NH; -56.400 009 0.035 466 0.017442
Sum -288.620 416 0.109 087 0.062250 -288.511329 -288.558166

® E(ZPE) is the total energy value to which the ZPE is added.
®) " CP-corrected for Basis-set-superposition error (BSSE) = 5.286 mh.



Table SV. Complexes resulting from CHs;—Hg—CHg interaction with selected ionic Ligands. Reported results include energy
differences based on electronic total energies, the zero-point-energy (ZPE) corrected values as well as Gibbs free energy change of
complex formation (T=298.15 K and 1 atm). The counterpoise correction has been applied.

System Total Energy ZPE G° AE? AE(ZPE)” AG°
Level-of-theory CCSD(T)/hartree MP2/hartree  MP2/hartree millihartree millihartree  millihartree
I. [CHs—Hg—CH; « OH]™ -307.795 063 ©  0.084 098 0.048 759 -43.523 -41.419 -31.672

CH3-Hg-CHjs -232.220 407 0.073 621 0.044808
OH™ -75.531 144 0.008 373  -0.007900
Sum -307.751 540 0.081 994 0.036908
Il. [CH3-Hg-CHze CI]™ -691.903163%  0.071959  0.034664 -19.203 -20.865 -13.667
CH3-Hg-CHj3 -232.220 407 0.073621  0.044808
Cr 459.663 564 0.0 -0.015680
Sum -691.883 960 0.073621  0.029128
I11. [CH3—Hg—CH3 « NH,]" -288.982 4939  0.125 568 0.086803 -9.762 -8.697 0.997
CH3-Hg-CHj3 -232.220 407 0.073 621 0.044808
NH4" -56.752 324 0.050 882 0.031236
Sum -288.972 731 0.124 503 0.076044

2

) AE is CCSD(T) energy difference between a bound [CHs—Hg—CHseLigand] system and individual fragments, CHs—Hg—CHs and Ligand.
) AE(ZPE) represents AE with an additional correction due to ZPE.

System-1:  CP-corrected for Basis-set-superposition error (BSSE) = 54. 186 mh.

) System-11:  CP-corrected for Basis-set-superposition error (BSSE) = 13.812 mh.

System-111: CP-corrected for Basis-set-superposition error (BSSE) = 1.821 mh.
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Table SVI. CH3;—Hg—CHjs interaction with selected ionic Ligands. Total energies at CCSD(T) level of theory and zero-point energies
at MP2 level of theory for various decomposition fragments resulting from CHs—Hg—CHs and H;O" interaction. No counterpoise (CP)
correction has been applied unless noted otherwise.

System Total Energy ZPE G’ AE? AE(ZPE)” AG’
Level-of-theory CCSD(T)/hartree MP2/hartree  MP2/hartree  millihartree millihartree  millihartree
I. CH3-Hg-CHjs -232.220 407 0.073 621 0.044808

Hs0" -76.517 394 0.035 287 0.016154

Sum -308.737 801 0.108 908 0.060962 0.0 0.0 0.0
I1. [CHs—Hg]" -192.148 639 0.036 718 0.011323

CH,4 -40.388 354 0.046 537 0.029234

H,O -76.229 124 0.021 886 0.004241

Sum -308.766 116 0.105 141 0.044798 -28.315 -32.082 -44.479
I1l. [CH3-Hg-OH,] " -268.440 425 0.061 736 0.029141

CH,4 -40.388 354 0.046 537 0.029234

Sum -308.828779 0.108 273 0.058375 -90.978 -91.613 -93.565

System Total Energy ZPE G° AE? AE(ZPE)” AG°
Level-of-theory CCSD(T)/hartree  MP2/hartree MP2/hartree millihartree  millihartree  millihartree
IV. [CH3-Hg-OH,eCH,]*  -308.832815% 0.109 636  0.064586 -3.619 -2.256 2.592
V. The geometries taken from System-1V and ZPEs for [CHz—Hg—OH,]" and CH, taken from System-111)

[CH>-Hg-OH, 1" -268.440 302 0.061736  0.029141
CH,4 -40.388 894 0.046 537  0.029234
Sum: -308.829 196 0.108 273  0.058375 0.0 0.0 0.0

2

) AE is CCSD(T) energy with respect to the energy of System-I.

) AE(ZPE) represents an additional correction to AE that is due to ZPE.

AE is CCSD(T) energy difference between a bound [CH3—Hg—CHg « Ligand] system and individual fragments, CHs—Hg—CHg; and Ligand.
) System-1V: CP-corrected for Basis-set-superposition error (BSSE) = 1.312 mh.
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Table SVII. Hydronium ion interaction with X-Hg-Y. Total energies at CCSD(T) level of theory and zero-point energies at MP2
level of theory.

System Total Energy ZPE G’ AE? AE(ZPE)” AG?
Level-of-theory CCSD(T)/hartree MP2/hartree  MP2/hartree millihartree millihartree
I. [CH3—Hg—OH2eCH4]" -308.832 815 © 0.109 636 0.064586 -95.014 -94.286 -91.39
CH3-Hg-CHj3 -232.220 407 0.073 621 0.044808
Hs0" -76.517 394 0.035 287 0.016154
Sum -308.737 801 0.108 908 0.060962
I1. [CH3—Hg—Cle H30]" -728.669346 %Y  0.073 697 - -44.238 -44.115
CHs-Hg-ClI -652.107 714 0.038 287
Hs0" -76.517 394 0.035 287
Sum -728.625 108 0.073 574
1. [Cl-Hg—CleH;0]" -1148.517 143%  0.038 306 - -25.798 -24.925
Cl-Hg-ClI -1071.973 951 0.002 146
Hs;0" -76.517 394 0.035 287
Sum -1148.491 345 0.037 433

a)

b)
©)
d)
e)

AE is CCSD(T) energy difference between a bound [X—Hg-Y « H30"] system and individual fragments, X-Hg-Y and H3O".

In case of System-I: AE is CCSD(T) energy difference between [CH3—Hg—OH,eCH,4]" and fragments CHz—Hg—CH3; and HsO".
AE(ZPE) represents AE with an additional correction due to ZPE.

System-l:  CP-corrected for Basis-set-superposition error (BSSE) = 1.312 mh with respect to [CH3z—Hg—OH;]" and CHa.
System-1l: CP-corrected for Basis-set-superposition error (BSSE) = 4.056 mh.

System-111: CP-corrected for Basis-set-superposition error (BSSE) = 3.393 mh.



Table SVIII. HsO," interaction with Cl-Hg-Cl. Total energies at CCSD(T) level of theory and zero-point energies at MP2 level of
theory.

System Total Energy ZPE G’ AE? AE(ZPE)” AG?
Level-of-theory CCSD(T)/hartree MP2/hartree  MP2/hartree millihartree millihartree millihartree
Cl-Hg-Cl + Hs0," — [CI-Hg-Cl «Hs0;]" -15.624 -13.697 -3.174
[Cl-Hg—Cl « H50,]" -1224.796844 0.063165 0.021444

Cl-Hg-ClI -1071.973951 0.002146  -0.025339
Hs0," -152.807269 0.059092 0.034333
Sum: -1224.781220 0.061238 0.008994

AE is CCSD(T) energy difference between a bound [X—Hg-YeHs0O,]" system and individual fragments, Cl-Hg—Cl and HsO," .
b)  AE(ZPE) represents AE with an additional correction due to ZPE.



Table SIX. [CH;-Hg—OH,e CH,4] * geometry optimization with counterpoise-correction.

MP2-optimization:

Symbolic Z-matrix:

Charge =
Charge =

1 Multiplicity =
0 Multiplicity =
1 Multiplicity =

1 in supermolecule
1 in fragment 1.
1 in fragment 2.

Fragment=1
Fragment=1
Fragment=1
Fragment=1

Fragment=2
Fragment=2
Fragment=2
Fragment=2
Fragment=2
Fragment=1

(Fragment=2)

STARTING
-0.44744 -0.07157 -0.00113
4.11396 0.87291 -0.00632
5.07513 1.37196 0.06143
4.20986 0.07108 -0.73732
3.36951 1.59586 -0.33047
-2.2601 0.93097 -0.00034
-2.54015 1.08328 1.03802
-2.10698 1.87356 -0.51789
-2.9752 0.30022 -0.52067
1.47853 -1.14155 0.04772
1.60169 -2.05802 -0.24027
3.87093 0.48574 0.98203
2.33866 -0.68933 0.01382

g
(
(
(
(
(Fragment=2
(
(
(
(
(
(
(

Fragment=2

)
)
)
)
)
)
)
)
)
)
)
)

Counterpoise:

corrected energy =

MP2 result:

Counterpoise: BSSE energy =

-308.767627465143

0.001224163545

Rotating derivatives to standard orientation.

Frequencies --
Red. masses --
Frc consts --
IR Inten -—

Frequencies --
Red. masses --
Frc consts --
IR Inten -—

Frequencies --
Red. masses --

71.6342
1.1291
0.0034
0.1175

7

A
138.5207
2.0177

2
A
.8742
.0498
.0000
.0766

O O

5

A
95.2669
2.7031
0.0145
1.1816

8

A
149.5043
1.4947

21.1059
3.4207
0.0009
0.7629

6

A
115.0029
3.7041
0.0289
2.7644

9

A
161.3586
1.0318
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Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies

0.0228
34.7510

314.6155
1.0934
0.0638

182.0657

646.9352
1.1078
0.2732

35.5620

1292 .3146
1.1623
1.1437

46.4470

1419.6683
1.1718
1.3915

17.8598

1618.8943
1.0135
1.5650

14.0957

3112.4241
1.0093
5.7606

17.4547

28

A
3259.7253
1.1016
6.8964
14.5748

31
A
3294.3066

0.0197
69.1961

11

A
364.7499
5.7526
0.4509
31.1515

14

A
884.7238
1.1475
0.5292
23.1034

17

A
1372.1477
1.1731
1.3014
24.3354

20

A
1490.4616
1.0600
1.3874
2.4160

23

A
1621.9223
1.0086
1.5632
5.1863

26

A
3158.5061
1.0258
6.0292
4.1817

29

A
3286.3679
1.1000
6.9998
2.2163

32
A
3772.5523

0.0158
7.5999

12

A
543.2254
4.7164
0.8200
0.9375

886.6558
1.1508
0.5331

29.6996

18

A
1410.2110
1.1773
1.3794
16.2301

21

A
1450.7089
1.0601
1.3879
2.2191

24

A
1670.7442
1.0822
1.7798
35.8161

27

A
3245.8319
1.1035
6.8496
14.7532

30

A
3293.4976
1.1081
7.0817
4.7845

33
A
3912.0090
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Red. masses -- 1.1083 1.0468 1.0824
Frc consts -- 7.0863 8.7780 9.7601
IR Inten -- 4.5357 426.5748 349.8526
- Thermochemistry -
Temperature 298.150 Kelvin. Pressure 1.00000 Atm.
Atom 1 has atomic number 80 and mass 201.97060
Atom 2 has atomic number 6 and mass 12.00000
Atom 3 has atomic number 1 and mass 1.00783
Atom 4 has atomic number 1 and mass 1.00783
Atom 5 has atomic number 1 and mass 1.00783
Atom 6 has atomic number 6 and mass 12.00000
Atom 7 has atomic number 1 and mass 1.00783
Atom 8 has atomic number 1 and mass 1.00783
Atom 9 has atomic number 1 and mass 1.00783
Atom 10 has atomic number 8 and mass 15.994091
Atom 11 has atomic number 1 and mass 1.00783
Atom 12 has atomic number 1 and mass 1.00783
Atom 13 has atomic number 1 and mass 1.00783
Molecular mass: 251.03594 amu.
Principal axes and moments of inertia in atomic units:
1 2 3
Eigenvalues -- 210.169251562.397241748.61365
X 0.99999 0.00405 -0.00112
Y -0.00404 0.99995 0.00862
Z 0.00116 -0.00861 0.9999¢6
This molecule is an asymmetric top.
Warning -- explicit consideration of 12 degrees of freedom as
vibrations may cause significant error
Vibrational temperatures: 1.94 11.33 30.37 103.07 137.07
(Kelvin) 165.46 199.30 215.10 232.16 452 .66
524.79 781.58 930.79 1272.92 1275.70
1859.35 1974.21 2028.98 2042.58 2144.44
2144.79 2329.22 2333.58 2403.83 4478.08
4544 .38 4670.02 4690.01 4728.34 4738.60
4739.77 5427.85 5628.50
Zero-point correction= 0.109636 (Hartree/Particle)
Thermal correction to Energy= 0.120649
Thermal correction to Enthalpy= 0.121593
Thermal correction to Gibbs Free Energy= 0.064586
Sum of electronic and zero-point Energies= -308.657991
Sum of electronic and thermal Energies= -308.646978
Sum of electronic and thermal Enthalpies= -308.646034
Sum of electronic and thermal Free Energies= -308.703041

12



Charge = 1 Multiplicity = 1 in supermolecule

Charge = 0 Multiplicity = 1 in fragment 1.

Charge = 1 Multiplicity = 1 in fragment 2.

Hg (Fragment=2) -0.447374871763 0.071538640553 -0.000795572863 H
C(Fragment=1) 4.113842935478 0.872852541269 -0.006764954566 H
H(Fragment=1) 5.075083232272 1.371858888813 0.060284320396 H
H(Fragment=1) 4.208947069786 0.071508399258 -0.738312227837 H
H(Fragment=1) 3.369108973985 1.595972765468 -0.329665515444 H
C(Fragment=2) -2.259937654143 0.931171200420 -0.000530255848 H
H(Fragment=2) -2.540241427735 1.083584291917 1.037720068701 H
H(Fragment=2) -2.106608039117 1.873698523643 -0.518091538514 H
H(Fragment=2) -2.974952951914 0.300470340683 -0.520995587284 H
O (Fragment=2) 1.478497515278 -1.141659694130 0.048593238151 H
H(Fragment=2) 1.601551609374 -2.058360658928 -0.238693686276 H
H(Fragment=1) 3.871821191647 0.485088252278 0.981560455568 H
H(Fragment=2) 2.338662417024 -0.689536210779 0.014297254615 H

CCSD(T) Result:
Counterpoise: corrected energy = -308.832814709825
Counterpoise: BSSE energy = 0.001311946240
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Table SXX. The data for MP2-geometry optimization of CHs—Hg — CHjs.

-- Stationary point found.

! (Angstroms

and Degrees) !

R1 R(1,2)
R2 R(1,6)
R3 R(2,3)
R4 R(2,4)
R5 R(2,5)
R6 R(6,7)

I R7 R(6,8)

| RS R(6,9)

1Al A(1,2,3)

! A2 A(1,2,4)

I A3 A(1,2,5)

1 a4 A(3,2,4)

! A5 A(3,2,5)

NG A(4,2,5)

1 A7 A(1,6,7)

1 A9 A(1,6,9)

! A10  A(7,6,8)
! A1l A(7,6,9)
! Al2 A(8,6,9)
! A13  L(2,1,6,4,-1)

I
!
!
!
I
I
!
!
I
I
|
|
I
I
|
I a8 A(1,6,8)
I
I
|
|
I
! Al4 L(2,1,6,4,-2)
|
|
I
I
I
!
i
I
I

D1 D(3,2,6,7)
D2 D(3,2,6,8)
D3 D(3,2,6,9)
D4 D(4,2,6,7)
D5 D(4,2,6,8)
D6 D(4,2,6,9)
D7 D(5,2,6,7)
D8 D(5,2,6,8)
D9 D(5,2,6,9)

GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad

E2 = -0.4602618546D+00 EUMP2 = -0.23217016021166D+03

The electronic state is 1-Al.

Harmonic frequencies (cm**-1),

activities (A**4/AMU),

incident light, reduced masses
and normal coordinates:

Frequencies --
Red. masses --
Frc consts --
IR Inten -=

Frequencies --
Red. masses --
Frc consts --
IR Inten -—

1

Al
42.6016
1.0078
0.0011
0.0000

4

Al
527.3465
3.9904
0.6538
0.0000

IR intensities (KM/Mole),

Raman scattering
depolarization ratios for plane and unpolarized

(AMU) , force constants (mDyne/A),

2

E
145.1571
2.7828
0.0345
0.0449

5

A2
552.0616
4.0984
0.7359
44,5414

1571

.7828
.0345
.0449

3182

.1443
.3557
.0000
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7 8
BE BE
Frequencies -- 726.3182 826.7602
Red. masses -- 1.1443 1.23406
Frc consts —-- 0.3557 0.4972
IR Inten - 0.0000 38.6836
10 11
Al A2
Frequencies -- 1289.9141 1290.3531
Red. masses -- 1.1788 1.2174
Frc consts -- 1.1556 1.1943
IR Inten -- 0.0000 1.8609
13 14
E E
Frequencies -- 1505.3280 1508.9551
Red. masses -- 1.0598 1.0531
Frc consts -- 1.4149 1.4127
IR Inten -— 0.0000 0.5768
16 17
A2 Al
Frequencies -- 3129.5558 3129.8848
Red. masses -- 1.0325 1.0321
Frc consts -- 5.9578 5.9573
IR Inten -- 20.1189 0.0000
19 20
E E
Frequencies -- 3232.2459 3232.3250
Red. masses -- 1.1014 1.1022
Frc consts -- 6.7794 6.7851
IR Inten - 0.0000 25.2909
- Thermochemistry -
Temperature 298.150 Kelvin. Pressure 1.00000 Atm.
Atom 1 has atomic number 80 and mass 201.97060
Atom 2 has atomic number 6 and mass 12.00000
Atom 3 has atomic number 1 and mass 1.00783
Atom 4 has atomic number 1 and mass 1.00783
Atom 5 has atomic number 1 and mass 1.00783
Atom 6 has atomic number 6 and mass 12.00000
Atom 7 has atomic number 1 and mass 1.00783
Atom 8 has atomic number 1 and mass 1.00783
Atom 9 has atomic number 1 and mass 1.00783
Molecular mass: 232.01755 amu.
Warning -- explicit consideration of 5 degrees of freedom as
vibrations may cause significant error
Vibrational temperatures: 61.29 208.85 208.85 758.73
(Kelvin) 1045.01 1045.01 1189.52 1189.52

9
E
826.7602
1.2346
0.4972
38.6836

12

E
1505.3280
1.0598
1.4149
0.0000

1508.9551
1.0531
1.4127
0.5768

18

E
3232.2459
1.1014
6.7794
0.0000

21

E
3232.3250
1.1022
6.7851
25.2909

794.29
1855.90
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Zero-point correction=
Thermal correction to
Thermal correction to
Thermal correction to

Sum
Sum
Sum
Sum

#P CCSD-T (FC,MaxCyc=100) SCF(Tight) CHKbasis GEOM=allcheck

of
of
of
of

electronic and
electronic and
electronic and
electronic and

CCSD(T)

1856.53 2165.83
4502.73 4503.20
4650.59

Energy=

Enthalpy=

Gibbs Free Energy=
zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-0.23222040714D+03

2165.
4650.

O O O O

State=1-A1\HF=-231.7098984\MP2=-232.1701602\MP3=-23

2.1939366\MP4D=-232.2057569\MP4DQ=-232.2001924\MP4SDQ=-232.2063701\CCS

D=-232.2053395\CCSD(T)

=-232.2204071\

83 2171.05
48 4650.48

.073621
.079390
.080334
.044808
-232.
-232.
-232.
-232.

(Hartree/Particle)

096539
090770
089826
125352
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Table SXXI. The data for MP2-geometry optimization of CHs—Hg".

# MP2 CHKbasis Opt (CalcFC,Tight,MaxCycle=150,MaxStep=30)

check

Freqg

GEOM=all

-0.2760510826D+00 EUMP2

The electronic state is 1-Al.

Harmonic frequencies

(cm**-1),

IR intensities

-0.19211663732637D+03

(KM/Mole),

Raman scattering

activities (A**4/AMU), depolarization ratios for plane and unpolarized
incident light, reduced masses (AMU), force constants (mDyne/A),
and normal coordinates:
1 2 3
Al B B
Frequencies -- 439.4440 851.8637 851.8637
Red. masses -- 5.0979 1.0940 1.0940
Frc consts -- 0.5800 0.4678 0.4678
IR Inten -— 31.1012 20.0l1l61 20.0l1l61
4 5 6
Al B E
Frequencies -- 1243.4844 1467.7334 1467.7334
Red. masses -- 1.1470 1.0753 1.0753
Frc consts -- 1.0450 1.3648 1.3648
IR Inten -- 91.6533 4.0558 4.0558
7 8 9
Al E E
Frequencies -- 3154.7590 3320.3268 3320.3268
Red. masses -- 1.0186 1.1134 1.1134
Frc consts -- 5.9728 7.2324 7.2324
IR Inten -= 20.3356 22.5187 22.5187
- Thermochemistry -
Temperature 298.150 Kelvin. Pressure 1.00000 Atm.
Atom 1 has atomic number 80 and mass 201.97060
Atom 2 has atomic number 6 and mass 12.00000
Atom 3 has atomic number 1 and mass 1.00783
Atom 4 has atomic number 1 and mass 1.00783
Atom 5 has atomic number 1 and mass 1.00783
Molecular mass: 216.99408 amu.
Warning -- explicit consideration of 1 degrees of freedom as
vibrations may cause significant error
Vibrational temperatures: 632.26 1225.64 1225.64 1789.09 2111.74
(Kelvin) 2111.74 4538.99 4777.20 4777.20
Zero-point correction= 0.036718 (Hartree/Particle)
Thermal correction to Energy= 0.039979
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Thermal correction to
Thermal correction to

Sum
Sum
Sum
Sum

of
of
of
of

electronic
electronic
electronic
electronic

and
and
and
and

Enthalpy= 0.040923
Gibbs Free Energy= 0.011323
zero-point Energies= -192.
thermal Energies= -192
thermal Enthalpies= -192
thermal Free Energies= -192.

079919

.076659
.075715

105315

#P CCSD-T (FC,MaxCyc=100) SCF(Tight) CHKbasis GEOM=allcheck

\St

CCSD(T)= -0.19214863861D+03

ate=1-A1\HF=-191.8405862\MP2=-192.1166373\MP3=-192.130343\MP4D=-192.13

81961\MP4DQ=-192.135011\MP4SDQ=-192.1398528\CCSD=-192.1388403\CCSD(T

-192.1486386

)=
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Table SXXII. The data for the MP2-optimization of the complex
[CH3—Hg—CH3 « OH]™ (CP-corrected energy).

Counterpoise:
Counterpoise:

corrected energy =
BSSE energy

-307.735253114686
0.055519441251

Harmonic frequencies
(A**4 /AMU) ,
reduced masses

activities

incident light,

and normal coordinates:

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

Frequencies
Red. masses
Frc consts
IR Inten

2.4564
1.0233
0.0006
0.0888

129.1402
2.9150
0.0286
2.6741

312.0567
1.0907
0.0626

64.0509

576.8285
1.1028
0.2162

71.0530

13

772.7991
1.2217
0.4299

50.2908

1242.3815
1.2096
1.1000
2.0426

(cm**-1),

IR intensities

(AMU) ,

2

A
56.4019
1.0470
0.0020
0.4222

5

A
137.1807
2.8404
0.0315
1.9253

8

A
484.3828
3.7725
0.5215
3.6269

11

A
692.5412
1.1422
0.3228
0.3125

14
A
787.7427
1.2189
0.4457
56.0225

17

A
1511.9525
1.0603
1.4280
1.0057

(KM/Mole),

Raman scattering
depolarization ratios for plane and unpolarized

force constants (mDyne/A),

111.3483
3.9736
0.0290

19.2207

285.5925
9.4092
0.4522

115.3168

508.7158
3.9548
0.6030

61.0564

742.4874
1.1743
0.3814
0.9517

15
A
1237.2210
1.2120
1.0931
2.8748

18

A
1514.2493
1.0567
1.4275
0.8694
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19 20 21
A A A
Frequencies -- 1518.7519 1519.7544 3106.7222
Red. masses -- 1.0605 1.0636 1.0318
Frc consts -- 1.4412 1.4473 5.8673
IR Inten -- 0.4163 0.2967 62.4171
22 23 24
A A A
Frequencies -- 3110.5202 3194.8275 3201.8172
Red. masses -- 1.0324 1.1003 1.1008
Frc consts -- 5.8852 6.6167 6.6489
IR Inten -= 27.8349 47.0066 35.6529
25 26 27
A A A
Frequencies -- 3202.9716 3231.3755 3692.7297
Red. masses -- 1.1022 1.1020 1.0668
Frc consts -- 6.6621 6.7799 8.5710
IR Inten -- 46.7001 23.7411 145.3180
- Thermochemistry -
Temperature 298.150 Kelvin. Pressure 1.00000 Atm.
Atom 1 has atomic number 80 and mass 201.97060
Atom 2 has atomic number 6 and mass 12.00000
Atom 3 has atomic number 1 and mass 1.00783
Atom 4 has atomic number 1 and mass 1.00783
Atom 5 has atomic number 1 and mass 1.00783
Atom 6 has atomic number 6 and mass 12.00000
Atom 7 has atomic number 1 and mass 1.00783
Atom 8 has atomic number 1 and mass 1.00783
Atom 9 has atomic number 1 and mass 1.00783
Atom 10 has atomic number 8 and mass 15.99491
Atom 11 has atomic number 1 and mass 1.00783
Molecular mass: 249.02029 amu.
Warning -- explicit consideration of 10 degrees of freedom as
vibrations may cause significant error
Vibrational temperatures: 46.70 81.15 160.21 185.80 197.37
(Kelvin) 410.90 448.98 696.92 731.93 829.93
996.41 1068.27 1111.88 1133.38 1780.08
1787.51 2175.36 2178.66 2185.14 2186.58
4469.87 4475.34 4596.64 4606.70 4608.36
4649.22 5313.01
Zero-point correction= 0.084098 (Hartree/Particle)
Thermal correction to Energy= 0.092583
Thermal correction to Enthalpy= 0.093527
Thermal correction to Gibbs Free Energy= 0.048759
Sum of electronic and zero-point Energies= -307.651155
Sum of electronic and thermal Energies= -307.642670
Sum of electronic and thermal Enthalpies= -307.641726
Sum of electronic and thermal Free Energies= -307.686494
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Table SXXIII. Pseudopotential (MDF60) parameters used in the present study for Hg.

Pseudopotential Parameters

Center Atomic Valence Angular Power
Number Electrons Momentum of R Exponent Coefficient SO-Coeffient
Hg 80 20
H and up
2 1.0000000 0.00000000 .00000000
S - H
2 12.9815490 274.53216900 .00000000
2 6.4907740 49.18219200 .00000000
P - H
2 10.5380960 237.39577000 .00000000
2 5.2690480 28.12158400 .00000000
D -H
2 8.1017210 114.25203400 .00000000
2 4.0508600 18.49563800 .00000000
F - H
2 3.8857910 30.36499600 .00000000
G - H
2 6.2410000 -29.47311800 .00000000
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(A) Hgo ® HZO

J

(B) Hs0,"

Figure S1. Optimized geometries for water dimer (panel A) and Zundel ion HsO,"(panel B).
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(A) NH;

J

Jd

(B) NH,"

Figure S2. Optimized structures for NH3 (panel A) and NH;* (panel B).
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(B) Cl-Hg-Cle(H,0-H,0)

Figure S3. Comparison of the bound complexes resulting from the interaction of CI-Hg-Cl with
H,0 (panel A) and H,O-OH; (panel B).
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