Inorganica Chimica Acta, 103 (1985) 113-119

113
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Abstract

The heat of solution, AH?, for methylmercury-
(II) chloride in water was determined calorimetri-
cally. Corresponding measurements in pyridine were
made for the CH3HgX (X = Cl, Br and I) complexes,
as well as for dimethylmercury(IT). The AH? values
were used in combination with AHS, or AHY,
data from the literature to calculate the heats of
solvation. The free energy of solvation in water,
expressed as the Henry’s law constant, H, was deter-
mined for the methylmercury(Il) hydroxide complex.
Mercury species of environmental importance are
classified according to their ability to be transported
from water to air, i.e. by using H. The ability to form
hydrogen bond of the ligands is stated to be an
important factor determining the magnitude of H
in the air/water two phase system. Comparison of the
solvation thermodynamics in the well-structured
water with considerable weaker solvation properties
than pyridine, with pyridine which has almost no
solvent structure, implies the important relation
between H and the entropy of solvation.

Introduction

Thermodynamic data for naturally-occurring mer-
cury species are needed as basic parameters in asses-
sing the biogeochemical cycle of mercury. The air/
water exchange of uncharged mercury compounds
is considered to be an important pathway in nature
[1, 2]. The direction and magnitude of this trans-
fer thus has a pronounced effect on the atmospheric
residence time of mercury.

The total mercury fluxes between gas and aqueous
phase are highly dependent on contributing com-
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pounds, which vary in their natural abundance and
chemical properties. Several mercury species of
importance have previously been given from equilib-
rium calculations in aqueous solution [2—6] and
have been compared with analytical speciations
of mercury in the environment [2]. A definite
determination of existing species is, however, highly
dependent on the operational procedure and there-
fore difficult to obtain. Furthermore, the chemical
conditions in nature are usually not in equilibrium.

There is also a deficiency in basic thermodyna-
mical knowledge regarding phase distribution equilib-
ria and solvation strength, also for the proposed
important complexes. In order to evaluate the transi-
tion tendency of the different species between air
and water phase, they may be classified by the
magnitude of the respective distribution constant,
the Henry’s law constant (H).

The purpose of the present study is to investigate
the relationship between the Henry’s law constant for
mercury complexes of environmental importance
and the properties of corresponding solvent—solute
interactions. It may thus be possible to forecast
approximate magnitudes of H from structural and/
or heat of solvation data for other mercury species
with suggested significant fluxes. The relationship
is obvious since the solvation free energy, AGS, is:

AGS = AHS — TASS = —RTIn(1/H)

where AHS and ASS are the heat and entropy of
solvation, respectively. The heat of solvation indi-
cates the coordination strength of solvent mole-
cules to the mercury complex.

Possible structural interactions with the solvent
and a subsequent deviation from linearity in sol-
vated uncharged mercury(II) halides [7, 8] and
methylmercury(I) complexes [9, 10] in various
solvents have been reported. The linear struc-
ture in the gas phase of the environmentally impor-
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tant CH;HgX complexes, (X = Cl, Br, I, CH;) [11,
12] seems to persist in aqueous solution [9, 10].
Raman spectroscopy data for the solvated inorganic
mercury(Il) halides indicate, however, a minor devia-
tion from linearity due to more pronounced inter-
actions between water and mercury [13]. It was
thus of interest to study the corresponding dif-
ferences in the thermodynamic data — free energy,
enthalpy and entropy of solvation — to confirm
the varying properties of solvation.

Heats of solvation for the methylmercury(II)
species can be obtained from measurements of
heats of solution, AH?, and heats of sublimation,
AHY, without any extrathermodynamic assump-
tions.

AHg, = AHS — AHgy,

Heats of solution of methylmercury(Il) chloride in
water and of methylmercury(II) halides and di-
methylmercury in pyridine have been determined
calorimetrically in the present investigation. Heats
of sublimation, AHYS;, were taken from the litera-
ture [14].

The heats of solvation found for the methyl-
mercury(I) species are compared to values found
for mercury(II) halides in water, dimethylsulfoxide
[15] and pyridine [13]. Additional heat of solva-
tion data for dimethylmercury and elemental mer-
cury in water have been reported [16, 17]. The
electron donor properties of two solvents, water
and pyridine, and the correlated change in heat
of solvation for methylmercury(II) species was
subsequently resolved from the present study.

The increasing hydrogen bonding properties of
the ligands in the series CH; < T" < Br < CI” <
OH ™ are expected to be reflected in the heat of solva-
tion and the Henry’s law constant. The Henry’s law
constant for methylmercury(IT) hydroxide must be
considerably lower compared to other methyl-
mercury(Il) complexes, depending on the strong
hydrogen bond to the bulk water (¢ff methyl-
mercury(II) chloride and dimethylmercury). In
the present study the magnitude of H for methyl-
mercury(II) hydroxide is determined. Other experi-
mentally derived distribution constants for various
mercury species have been given elsewhere [1, 16,
17].

Experimental

Chemicals

Commercial  CH3;HgCl  (Merck), CH;HgBr
(Ventron), CHsHg! (Ventron) and CH;HgCH,
(Ventron) were used without any purification in the
calorimetric experiments. A purified CH3;HgOH solu-
tion, used in two distribution experiments, was
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prepared from a 1000 ppm aqueous stock solu-
tion of methylmercury(II) chloride (Ventron) accord-
ing to a method described in the literature [18].
A freshly diluted experimental solution was prepar-
ed from a commercial 1 M aqueous solution of
methylmercury(Il) hydroxide (Ventron). The struc-
tural determination of methylmercury(Il) hydroxide
in water had previously been performed on a sample
from this stock solution [9]. Pyridine p.a. (Merck)
was dried by means of 3 A molecular sieves. Milli-Q
water was used as solvent in the Henry’s law cons-
tant investigation and double-distilled water in the
calorimetric study. The various ionic media were
prepared from carefully dried NaCl (Merck), Na-
ClO, (Merck) and EtyNClO4 (Fluka). A purified
NaOH solution with a known trace mercury content,
22 ng I'*, was used for pH adjustment of the experi-
mental methylmercury(I) hydroxide solution.
Purification of the gas phase, oxygen (AGA), has
previously been described [1]. Freshly prepared
10% NaBH,; (Fluka) solutions were used for mer-
cury analysis of the aqueous phase in the distribu-
tion experiments [1].

Calorimetric Measurements

A detailed description of the experimental set—uyp
and techniques applied in the calorimetric measure-
ments are reported elsewhere [19]. Weighed amounts
of the methylmercury(IT) species (0.005-04 g)
were enclosed in glass ampoules within a glove-box.
The volume of solvent was always 80.0 ml. The
heat of solution of methylmercury(Il) chloride in
water was measured in three different jonic media
(0.7 M NaCl, 0.7 M NaClO4 and 0.1 M Et4NCIO,).
The ionic medium in pyridine was always 0.1 M Et,-
NCIO,. The methylmercury(Il) compounds were
dissolved within 3 minutes in expertments performed
at 25.000 % 0.002 °C.

The Henry'’s Law Constant

The experimental technique has been previously
described in detail [1]. Three vessels, connected
in series, contained aqueous methylmercury(Il)
hydroxide. A steady flow of oxygen was purged
through the system. The use of three vessels ensure
a constant aqueous phase concentration in the
third vessel during the experiment [1]. The Henry’s
law constant can thus be resolved directly from the
aqueous phase concentration of methylmercury(Il)
hydroxide in the third vessel and the methylmercury-
(IT) hydroxide amount distributed to a known gas
phase volume. The dynamic flow system is based on
the fact that an uncharged solute is distributed into
the gas phase conducted through the aqueous phase.
Under these circumstances a distribution equilibrium
can be assumed for compounds, e.g. methylmercury-
(II) hydroxide, exhibiting low Henry’s law constants
[1]. The three distribution vessels used in the present
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TABLE 1. Heats of Solvation, AHsv, Derived from Calorlmetrlc Measurements of Heats of Solution, AHs , for CH3HgX (X =Cl,

Br, 1, and CH3) in Water and Pyridine Media at 25 °C (kJ mol ™}

Species AHgyy, aH? AHS,
Water® Pyridineb Water Pyridine
CH;HgCl 64.09 15.941.2° ~1.0%1.1° _48.1 —65.0
CH3HgBr 67.4° ~0.2£0.1¢ —67.6%
CH;Hgl 64.5% 1.6 + 0.6° ~62.9
CH3HgCH; 34.68 -0.9:0.2° -35.5
2Determined in a 0.7 M NaCl medlum AHs in 0.7 M NaClO4 was found to be 13.5 £ 1.3 kJ mol and AHs in 0. 1 M Etg4-

NCIOy resulted in 15.6 + 0.7 kJ mol }
Present value is probably somewhat too la:ge

study were made of welded polyvinylidenfluoride.
The vessels were cleaned with aqua regia, extensively
soaked with Milli-Q, water and finally rinsed with
the experimental solution. The total mercury amount
distributed to the gas phase was collected on gold
traps [1]. Contribution from reduction or dispropor-
tionation reactions resulting in the volatile elemental
mercury or eventually dimethylmercury species were
checked, by inserting a fourth vessel containing 10
ml Milli-Q water after the third distribution vessel
but before the gold traps. In one experiment, Milli-
Q water acidified with HNOj suprapur (Merck) to
pH 1 was used. The methylmercury(I) hydroxide
content in the gas phase may be considered as being
completely trapped in the Milli-Q water while the
volatile compounds are passing through the vessel,
due to the much larger tendency to distribute to the
gas phase (cf. the H in Table III). The methyl-
mercury(Il) ion formed in the acidified water com-
pletely lacks the ability to distribute to the gas
phase.

The  concentration of  methylmercury(II)
hydroxide was between 3.3 and 63.7 uM and a
volume of 5 to 8 ml was added to each of the three
vessels. The aqueous phase concentration in the
third vessel was found from subsamples which were
added to a quartz reduction/volatilization vessel
described elsewhere [20]. The quartz vessel was purg-
ed with mercury free helium gas (AGA) in connec-
tion with sodium borohydride treatment, and the
volatilized mercury was collected on a gold trap.
The gold traps containing mercury were analysed
by use of a helium dc¢ plasma emission spectro-
meter [1]. Calibration and precision of the analy-
tical procedure can be found elsewhere [20]. The
oxygen gas flow was always around 0.050 1 min™".
A temperature range of 11.5 to 25 °C was covered.
Three different ionic media were used, 0.7 M sodium
perchlorate, 0.2 X 10> M sodium chloride, with
the pH adjusted to 11.2—11.5 and 0.1 X 107 M
NaOH (pH adjusted Milli-Q water). The duration of

Determmed in 0.1 M Et4NClO4 medlum
Expected to be less negative if AH,

®Present work. Ref 14. °Ref. 14.

0 b is too high.  ERef. 27.

the distribution experiments was always less than
24 h,

Results

The heats of solution for methylmercury(Il)
chloride in water and CH3HgX (X = CI, Br, I and
CHj) in pyridine, derived from the present calori-
metric measurements, are listed in Table I. Varia-
tion in the dissolved amount of the various spe-
cies had no effect on the AHQ value, indicating
that no other complexes are formed and that no
dissociation occurs in the concentration range
studied. The dissolution of methylmercury(Il)
chloride in water was also used to study the media
dependence of the heat of solution. The three
various ionic media gave no significant differences,
see Table 1.

The low solubilities of methylmercury(IT) bromide
and iodide in water make it difficult to perform pre-
cise calorimetric investigations [21]. The heats of
solvation of these complexes in water was not studied
in the present work. The solubility of dimethyl-
mercury in water seems feasible for a calorimetric
study [22], even though some contradicting solubi-
lity data have been reported [23]. Calorimetric
measurements on (CH,),Hg in aqueous solution
have, however, not been performed. The present
investigation was undertaken in order to obtain the
heat of solvation. A AHS value for (CH,),Hg in
water has previously been reported [16]. The heat
of solvation for dimethylmercury was in this study
derived from the temperature dependence of the
Henry’s law constant and may thus exhibit a lower
accuracy compared to a value achieved by a calori-
metric technique.

The heats of solution of the four various methyl-
mercury(Il) compounds in pyridine were determined
without difficulty. The solubilities of the species
in pyridine are much larger than are those in water,
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TABLE II. Experimentally Determined Henry’s Law Constant A/ for CH3HgOH in Various Media and at some Different Tempera-
tures.

Media pHa Temperature Concentration Volatile Hg HE AGSOv
0 of Hg contribution (dimensionless) (kJ mol ™ )
™) (%)

Milli-Q water 10.1 15.0 6.4 X ]0——5 d 30.5° 1.73 X 10_: -37.3
Milli-Q water 10.1 20.0 6.4 X 1075 d 17.9 2.69 X 10_5 -36.9
2X 10——4 M NaCl 11.5 11.5 59x 107 f 38.9 5.27 x 10 -39.7
2x 107* M NaCl 11.5 25.0 59x 101 3.7 248x 1077 -31.7
0.7 M NaClO, 11.2 20.0 33x107%¢ 38.6 3.19 x 10_: -36.5
0.7 M NaClO,4 11.2 25.0 3.3x 107° f 54.7 3.83x 10 -36.6

%The pH adjustment was performed with NaOH, which will contribute to the total ionic strength Determzned by passage of
Milli-Q water. ®The Henry’s law constant was defined as [CH3HgOH g, ] [CHgHgOH(aq)] dA dilution from the purified
methylmercury(IT) hydroxide solution. ®The polymer Porapack was used as an alternatlve way to separate Hg from CHj-
HgOH. A good agreement was found consxdenng that the effectiveness of this trap is defined by the operational conditions (C.
Brosset, personal communication). fDiluted from the 1 M stock solution of CH3HgOH.

due to the stronger solvation and a markedly lower
degree of solvent structure. 600

The heats of sublimation were taken from the
literature and are listed in Table I. It should be noted -
that the AHY, value for methylmercury(Il) bro-

mide is probably too high. A re-determination of gwo_
this value would be reassuring. The trend in the £ -
calculated heats of solvation for methylmercury(Il) 200

species are thus influenced by the enlarged AHS,, for
methylmercury(IT) bromide (see Table I). L

A direct indication of the strength of solvent—
solute interaction, beside the heat of solvation, can
be resolved from the Henry’s law constant. The
Henry’s law constant for methylmercury(Il)
hydroxide was determined in the present study.
Representative primary data are shown in Figs. 1
and 2. The correction for a more volatile mercury
species, Hg®, derived by inserting water between the
third distribution vessel and the gold trap, is dis-
played in Fig. 1 and Table II. Three various ionic

| | | L
100 200
VOLUME AQUEOUS PHASE /L

Fig. 2. Primary data for the aqueous phase mercury concen-
tration in the same experiment (see Fig. 1). The water phase
was diluted by a factor of 3.58 X 103 before the analyses.

media were used in order to study the ‘salting-out’
tendency [24, 25]. The values found reveal an
increase in magnitude of A in the 0.7 M sodium per-
chlorate medium compared to the other two media,
see Table II.

600 |-
A Total mercury

= @ Morcury definad as Hg°

Discussion
400 -

Hg /pg

Heat of Solvation

The heats of solvation in pyridine and water show
a2 marked difference in solvation between mercury-
(I1), methylmercury(Il) halides and dimethylmer-
cury, see Table III. The heat of solvation value of di-
methylmercury is only a half and a quarter of those
values found for methylmercury(Il) and mercury(II)

| | | 1
0.050 0.150
VOLUME GAS/L

Fig. 1. Primary data for the gaseous phase in a representative
determination of the Henry’s law constant for methyl-
mercury(Il) hydroxide. Milli-Q water, pH adjusted to 10.1,
was used as aqueous phase at the temperature 15.0 + 0.5 °C.

halides, respectively. The ability to form solvate
bonds to the mercury decreases when the softness of
the ligands coordinated to mercury(Il) is increased
[9]. Pyridine forms solvate bonds to mercury in mer-
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cury(Il) and methylmercury(Il) halides [8, 10], while
such bonds are probably not formed to dimethyl-
mercury. Water forms hydrate bonds to mercury only
in the mercury(Il) halides. The halide groups in the
complexes are solvated, and this is especially pro-
nounced in water when hydrogen bonds are formed.

An interaction between mercury in the methyl-
mercury(II) and mercury(Il) halides and two pyri-
dine molecules in the inner coordination sphere have
been reported [8, 10]. The structural determi-
nation of these mercury(II) complexes can also
be correlated with changes in reported »Hg—X)
stretching frequencies determined by Raman spectro-
scopy [10, 13]. The difference in heat of solvation
for methylmercury(II) chloride in water and pyri-
dine reflects the various degrees of solvation strength.
Linear structures of the methylmercury(II) halides
in water were inferred from a direct structural
investigation of methylmercury(Il) hydroxide in
water [9]. The solvated methylmercury(Il)
hydroxide has no other types of interaction with the
surrounding bulk water, apart from van der Waals
forces and hydrogen bonding to the hydroxide group.
Water is in fact found at the approximate sum of van
der Waals radii for Hg and O. The methylmercury(II)
halides solvated in water are thus expected to behave
in a similar manner. This statement is further evidenc-
ed by the comparison between reported »(Hg—X)
stretching frequencies for methylmercury(II) halides
in various solvents and the solvated structures in
water and pyridine ([9, 10] . The larger heat of solva-
tion found for methylmercury(lI) chloride in pyri-
dine compared to water depends on a mercury-
solvent interaction in addition to the van der Waals
forces found in pyridine. The mercury is thus solvat-
ed in the inner coordination sphere, by pyridine,
while in aqueous solution this kind of solvation is
absent.

The Henry’s law Constant

The determination of a very low Henry’s law
constant, as for CH;HgOH in aqueous solution, has
to be performed with extreme care. Contributions
from a more volatile compound, believed to be
elemental mercury, are found in all experiments
(see Table II). This additional amount found in the
gas phase was always, however, a minor fraction
compared to methylmercury(Il) hydroxide and
was also very constant with time (see Fig. 1). An
accurate correction of the gas phase data is thus
possible. Trace amounts of inorganic mercury(II)
and a reduction to elemental mercury enhanced
by the high pH is considered to be the source of the
evolution of volatile mercury. It has previously
been observed that a high pH has considerable influ-
ence on the reduction rate of inorganic mercury(II)
even in oxygen saturated aqueous solutions [20].
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The relative occurrence of inorganic mercury-
(I1) in the 1 M methylmercury(I) hydroxide solu-
tion, with a pH of 9.45, can be disregarded because
of the low solubility of HgO(s) [26]. A fresh dilu-
tion of this stock solution or the purified 1000 ppm
stock solution, together with a short experimental
time, minimized the inorganic mercury(Il) content
to trace amounts compared with the methyl-
mercury(II) hydroxide species. Methylmercury(Il)
compounds are regarded as thermodynamically meta-
stable [6] and transformation into inorganic
mercury(II) under the present experimental condi-
tions is considered to be slow. Inorganic mercury-
(II) is thus of no importance in the relative specia-
tion of the water phase. A reduction of these trace
amounts, however, contributes significantly to the
gas phase.

The magnitude of the Henry’s law constant seems
quite reasonable in comparison with the H derived
for other methylmercury(I) species, e.g. methyl-
mercury(II) chloride [1]. A change in degree of
solvent—ligand interaction is expected to be the only
difference between the solvation of these two species.
The presence of stronger hydrogen bonds to the
hydroxide ligand compared to the chloride is thus
directly reflected in a lower H. The difference dis-
played in Table II between the various ionic media
is considered to be partly a ‘salting out’ effect.
The salting out of elemental mercury has previously
been determined in various aqueous media [25].

Implications from Thermodynamic Data

The solvation of the methylmercury(II) halides in
water occurs through the ever present (and in this
case probably important) van der Waals forces and
through hydrogen bonds to the halide ligand. Solva-
tion of dimethylmercury and elemental mercury
in water occur only through van der Waals forces.

The relative ability of the various species to form
hydrogen bonds and interact through van der Waals
forces with water can be related to the magnitude
of the Henry’s law constant, partly also shown by
the heat of solvation, see Table III. The coordina-
tion of solvent molecules will, in addition, result
in a change of the entropy of solvation, where more
negative values are obtained.

The entropy of solvation consists of mainly two
terms. One term is negative and is derived from the
increased degree of order obtained when solvent
molecules are solvating the mercury and the halide
groups. This term becomes more negative with
increasing solvation. The second term is positive and
arises when solvent molecules have to be broken
out of the bulk structure and the degree of order
of the bulk is decreased. This term is especially
large in solvents such as water with a pronounced
bulk structure. The first entropy term is always
larger than the second one, giving a totally negative
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entropy of solvation. The mercury(Il) halides are
expected to have the most negative entropies of
solvation, depending on the fact that two solvent
molecules are interacting with mercury and at least
two with the halides. The entropies will be consider-
able more negative in pyridine than in water, depend-
ing on the stronger solvation and the marked lower
bulk order. This pattern is indeed found, see Table
HI.

The ASS values for elemental mercury and dimethyl-
mercury is as high as 50% of those found for the mer-
cury(Il) halides, in spite of the fact that the former
species are solvated only through van der Waals
forces. This is interpreted as that elemental mercury,
dimethylmercury and to some extent methyl-
mercury(II) hatides fit very well in the water bulk
structure, depending on their size and weak solva-
tion. On the other hand, the mercury(Il) halides,
hydrated through both mercury and halide groups,
are certainly bulky and fit poorly into the bulk
structure. The bulk structure will be strongly
affected and the degree of bulk order decrease
markedly.

In conclusion, the hydrogen bonding properties
of the ligands are responsible for a significant part
of the variation in the Henry’s law constant for
mercury species in aqueous solution.
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