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Abstract We studied microhydrated calcium thiosulfate and
its ions at the restricted Hartree—Fock RHF/6-31G* level of
theory. A semiempirical molecular dynamics search of progres-
sively more hydrated species provided lowest-energy configu-
rations that were then fully optimized and characterized as en-
ergy minima at the RHF/6-31G* level of theory. The first sol-
vation shell of calcium thiosulfate contains 18 water molecules,
while the first solvation shell of thiosulfate ion consists of 15
water molecules. QTAIM calculations show hydrogen bonding
to sulfur. At 298.15 K, we estimate the total standard enthalpies
of hydration for thiosulfate ion and calcium thiosulfate at infi-
nite dilution as —301 kcal mol ' and —335 kcal mol ', respec-
tively. The dissociation of hydrated calcium thiosulfate at infi-
nite dilution is predicted to be an endothermic process with an
enthalpy of 262 kcal mol . Based on some experimental data,
the predominant form of calcium thiosulfate in solution is pre-
dicted to be the contact ion pair.

Keywords Ab initio - Calcium thiosulfate - Hydration
enthalpy - Hydration shell - Thiosulfate ion

Introduction

Sulfur oxyanions are of interest because of the industrial and
biological applications of their salts. Thiosulfate is used in the
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paper industry to eliminate chlorine and stop bleaching, and in
photography to remove silver bromide from film by
complexing silver. It is used in agriculture as a pesticide be-
cause it forms sulfur in acid solution, and as a fertilizer when
mixed with urea since it produces tetrathionate, which inhibits
urea hydrolysis in the soil [1]. Thiosulfate can also be metab-
olized by bacteria, and has been used as an antidote in cyanide
poisoning.

The hydration of ionic species remains a very active area of
research [2—4]. According to Liu et al. [5], the solubility of an
ionic salt appears to be influenced by the ability of the solvent
to produce a solvent-separated ionic pair. Rohman and
Mahiuddin [6] experimentally determined a hydration number
of 13 for the thiosulfate anion in Na,S,05. On the other hand,
Afanas’ev et al. [7] experimentally found a hydration number
of 56 at infinite dilution for Na,S,05 which, the authors pre-
sumed, included water molecules beyond the first solvation
shell. Trinapakul et al. [8] used QCMF MD to determine the
number of water molecules coordinated by the thiosulfate ion,
obtaining a value of 6.8. This value corresponded to a solva-
tion shell radius (from the central sulfur atom) of approximate-
ly 3.8 A, and they observed that coordinating 13 water mole-
cules required a larger solvation shell radius of 4.76 A.

Knowledge of the structure of the solvation shell allows a
greater understanding of the dissolution process as well as the
changes in solvation required for a chemical reaction, but this
information is not always available. For example, Nelson et al.
[9] reported a substantial influence of hydration effects on the
complexation of thiosulfate by cryptates, but had to resort to
qualitative arguments because no hydration energies for thio-
sulfate have been reported. Steudel and Steudel [10] reported
hydration energies for thiosulfuric acid and its monoanion
with up to three water molecules at the G3X(MP2)//B3LYP/
6-31G(2df,p) level of theory. They found a hydration energy
of =51 kJ mol ™' per water molecule. We did not find any
systematic studies of the progressive hydration of thiosulfate
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performed at an ab initio level using a solvent model of ex-
plicit water molecules up to or beyond the solvation shell, and
thought that such a study was needed to provide a reference
point that allows a more precise determination of the solvation
shell in thiosulfate.

We previously reported [11] a systematic study of the
microsolvation of calcium oxalate and its ions that follow-
ed a very similar procedure. Here, we continue with our
studies of the solvation of calcium salts by looking at a
completely inorganic solute with a partially hydrophobic
region and a high charge density on the oxygens (in com-
parison with the oxalate ion, which has two regions of
low charge density, one at each end). It is interesting to
note that thiosulfate is fairly soluble in water, which is
counterintuitive given the presence of a partially hydro-
phobic region in the molecule.

Methods
Software employed

Molecular structures were built using Ghemical [12] or
Avogadro [13]. Semiempirical molecular dynamics and
preoptimizations employed the PM6 [14] Hamiltonian imple-
mented in MOPAC2012 [15]. Optimizations at the RHF/6-
31G* level of theory used GAMESS-US [16] and ORCA
v.2.9 [17]. Initial configurations for the Monte Carlo-like pro-
cedure were generated with PACKMOL [18]. Atom—atom
distances were determined using Jmol [19]. Images were pro-
duced using Jmol and ray-traced by POV-Ray [20]. Cropping
and color-to-grayscale transformation of the ray-traced images
used GIMP v.2.6.7 [21].

The procedures used for cluster structure optimization
and determining the hydration shell structure have been
previously described in another publication [11], so we
only provide a summary here. According to Kelly [22],
one of the most challenging aspects of solvation energy
calculation is to account for the effect of the solvent in a
physical way. Truhlar [22] and Tang et al. [23]—among
others—have resorted to a continuum solvent model sup-
plemented with explicit solvent molecules. We have cho-
sen a different route to achieve this physical description of
the solvent effect, comprising a configurational search of
explicit solvent molecules around the solute by means of
semiempirical molecular dynamics.

Even though the HF/6-31G* level of theory may seem
low for these systems, we have previously shown [11]
that the average unsigned error resulting from the appli-
cation of HF/6-31G* vs. MP2/def2-SVP to calculate the
geometric parameters of these systems is about 2.6 %, so
we continuedto use the HF/6-31G* level of theory due to
the size of the systems we studied.

Cluster structure optimization

We employed two general procedures, one based on mo-
lecular dynamics and the other on a Monte-Carlo-like
configurational search. Both methods involved building
the molecular structure using Ghemical and performing
geometric optimization of that structure using the semi-
empirical Hamiltonian PM6. The methods then diverged.
The molecular dynamics search consisted of (a) taking the
optimum semiempirical structure obtained, loading it back
into Ghemical and adding one water molecule, (b) finding
the global minimum of the new structure via semiempir-
ical molecular dynamics, and (c) selecting the lowest-
energy structure and repeating the procedure from step
(a) up to the total number of water molecules considered
for each species. The Monte-Carlo-like procedure in-
volved using PACKMOL to generate 50—-100 initial con-
figurations of water molecules around the calcium thio-
sulfate (a different random seed was used in each case),
and the resulting configurations were then optimized at
the RHF/6-31G* level of theory and their vibrational fre-
quencies calculated.

Determination of bond critical points by QTAIM

All the bond critical points were determined by Multiwfn [24].
Critical points were found by searching by nuclear positions,
by midpoints, by triangles, and by tetrahedra until no new
critical points were found.

Determination of hydration shell structure

For the global minimum of the most hydrated structure
obtained at the ab initio level, we determined the radial
distribution function (RDF) of the water molecules using
the oxygen (O,,) as a reference point for each water mol-
ecule and the geometric centroid of the molecule as a
reference point for the solvation shell around said

X+ nH,0 2 X(H,0),
X(HZO)H-I +H,O 2 X(H20)71

where X:Cap, 820327 and CaS;03, n=0-14 for calcium ion, 0—16 for thiosulfate ion, and 0-19 for

calcium thiosulfate.

Scheme 1 Reactions used for the calculation of total standard hydration enthalpy and differential standard hydration enthalpy
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CaS,05(H,0), 2 Ca’ (H20),, + $205% (H20)ym

where
ifn<6thenm=n
ifn>6thenm=06
Scheme 2 Distribution of solvation water molecules between
dissociated ions

molecule. For each RDF, we computed the running coor-
dination number.

To determine the presence of a hydrogen bond, we adopted
the geometric criteria from Xenides et al. [25], and—as stated
by Desiraju [26]—the presence of a (3,—1) bond critical point
by QTAIM [27] calculations.

Energy calculations and corrections

All the Hartree—Fock energies were computed at 298.15 K and
corrected for zero-point energy (ZPE). Enthalpy values were
calculated by taking the thermal corrections reported in the
thermochemical analysis section and adding them to the
ZPE-corrected total energy [28, 29].

Total (Ayyqf°) and differential (successive) (Agie°)
standard hydration enthalpies were calculated using
Egs. 1 and 2, respectively, for the processes shown in
Scheme 1:

AhdeO = HOX(Hzo)n_(HOX + nHOHzO) (1)

AgigH® = H°X(H,0),~(H°X(H,0),_, + H°H,0).  (2)

The step-wise binding electronic energy (Ageepk) was
calculated using

AgepE = E CaS,05(H,0),—(E CaS,05(H,0), , + £ H,0).

(3)

Upon dissociation, the solvating water molecules in calci-
um thiosulfate are split among the ions according to
Scheme 2, where n=1-19.

The conditions used to choose the value of m are based on
the work of Woon and Dunning [30], who showed that water
preferentially solvates the cation rather than the anion when
adding water molecules, so the first six water molecules were
used to solvate the Ca(Il). Dissociation enthalpies (A gissH®)
were calculated by

AdiSSHO = HOCaZJr(HzO)m

+ H°S,05% (H,0), , —H°CaS$,05(H,0),. (4)

n—m

Results
Structures of solvated species and solvation shells

From Table 1, we can see that, as the number of water mole-
cules increases, the S—S bond increases to 1.99 A, a value that
agrees nicely with that calculated by Trinapakul et al. (1.981 A)
[8]- The S—O bond lengths develop some asymmetry as solva-
tion progresses, but when 19 water molecules are bound, the S—
O bond lengths are very close to being the same length.

Now, looking at Table 1, the situation is different for calci-
um-—oxygen distances, as these distances do not return to being

Table 1  Structural parameters of CaS,05(H,0), optimized at the RHF/6-31G* level of theory
n=0 n=1 n=3 n=4 n=5 n=6 n=10 n=15 n=19
S—Seentral length, in A 1.94 1.94 1.95 1.95 1.95 1.97 1.98 1.98 1.99
Seentrar-O bond length, in A 1.51 1.51 1.50 1.50 1.50 1.46 1.46 1.47 1.48
1.51 1.51 1.50 1.50 1.50 1.51 1.50 149 1.48
1.51 1.51 1.51 1.51 1.50 1.52 1.51 1.49 1.49
Ca—Omiosulfate distance, in A 2.34 2.35 243 248 2.50 2.35 2.40 245 2.38
2.34 2.36 2.50 2.54 2.54 241 2.48 2.60 3.67
2.34 243 2.52 2.56 2.58 3.63 4.01 4.08 449
Ca—S,eniral distance, in A 2.56 2.61 2.71 2.75 2.76 2.98 3.07 3.14 3.60
0-S-0O bond angle, in ° 102.1 102.5 103.2 103.6 103.6 101.8 103.0 104.3 107.5
102.1 102.7 103.4 103.9 103.8 108.2 109.1 109.5 108.0
102.1 102.8 103.9 104.0 104.4 108.7 110.3 109.8 109.9
Number of thiosulfate—water H-bonds 0 1 3 3 3 4 5 5 6
Number of water—water H-bonds 0 0 0 1 1 2 10 17 24
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Fig. 1 Hydrogen bond network
for CaS,03 with 19 water
molecules (/ef?), and for S,05%~
with 16 water molecules (right).
The aqua-colored spheres are
(3,~1) bond critical points
corresponding to H-bonds. The
dark orange spheres are (3,—1)
bond critical points corresponding
to interactions of water hydrogens
with sulfur. All the other (3,—1)
bond critical points have been
hidden for clarity

Fig. 2 Optimum structures for
CaSZO3(H20)n, n=0-1 9,
calculated at the RHF/6-31G*
level of theory
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equal in length upon increased solvation, and they end up
being asymmetric. This is probably due to the effect of H-
bonding on the thiosulfate oxygens, because all three oxygen
atoms in thiosulfate act as donors in different numbers of
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distance values—as solvation increases, but it does not form
solvent-separated ion pairs, even with 19 water molecules.

From Fig. 2 we observe that all the ion pairs are contact ion
pairs. We can also see that water is located away from the
external sulfur atom and closer to the calcium.

The radial distribution function (see Fig. 3) shows that the
first solvation shell in CaS,05(H,0),9 extends to approximate-
ly 6.4 A and contains 18 water molecules. From Table 2, we can
see that the hydration energy for 18 water molecules is
—240.41 kcal mol ', This yields —13.3 kcal mol ' per water
molecule, or approx. —56 kJ mol ', This value is in the upper
limit of the range reported by Steudel [10] (—51+5 kJ mol ' per
water molecule), who calculated it at a higher level of theory.

How do hydrogen bonds help stabilize the solvation shells?
The oxygens in thiosulfate are H-bond acceptors and direct the
formation of the solvation shell: the first solvating water is H-
bonded to an oxygen in thiosulfate for both calcium thiosul-
fate and the anion (see Fig. 4). It is interesting to note the
presence of a (3,—1) bond critical point between water and
the external sulfur in the thiosulfate ion. Hydrogen bonds to
sulfur will be discussed later on.

Hydrogen bonding helps in the stabilization of the solva-
tion shells, mostly by forming a network of water—water hy-
drogen bonds. The oxygen atoms in the thiosulfate participate
in a few H-bonds, but the number of thiosulfate—water H-
bonds is between one-quarter and one-half of the number of
water—water H-bonds, as we can see from Tables 1 and 3.

For calcium thiosulfate, water—water hydrogen bonds start
appearing with four molecules of water, while for the anion
this happens with three molecules of water. As the number of
water molecules increases, water—water H-bonds appear to
contribute more to the stabilization of the solvation shell, giv-
en that with 10 water molecules, there are already 10 H-bonds,

20 e — , ; r . . 20
18—g(r)—*— -4 18
16 -4 16
14 | 414
12 4 12

S w0 110 €
8 - 48
6 - 46
4 -4
2+ 42
0 ! * ' ' ! ' 0

0 1 2 3 4 5 6 7 8
Distance (r), A
Fig. 3 Radial distribution function M-0O,, for the cluster
CaS,03(H;0);9, calculated for the optimum structure obtained at the

RHF/6-31G* level of theory (M is the geometric centroid of CaS,03
and O,, is the oxygen atom in the water molecules)

Table 2 Total standard

hydration enthalpy n Ca®™? $,05°7  CaS,0;

(AnyaH°) at 298.15 K, in

keal mol ", for X + 1 -5313 2065 2886

H,0 — X(H,0),, 2 -10093 -3953  —5620

g?‘é‘j}t@i f‘gg‘;gjyp/ -3 14344 5462 -79.15
4 —18145  —7074  —9920
5 21047 8457  -113.01
6  —23584 9813  —12931
7 25415 11113 —14543
8 27087 12382  -157.35
9 28623 13393  -162.05
10 —2994  —14421 17434
11 -30986 —15339  —182.66
12 3212 16370 —194.66
13 -33251 17401  -205.07
14 -34167 18196  —208.90
15 nd ~189.52  —218.58
16 n.d 20222 -22553
17 nd nd. 23439
18 n.d n.d. —240.41
19  nd nd. ~248.09

*Data from [11]

and when 19 water molecules are present, 24 water—water H-
bonds have formed. For the anion, when n=16, 19 water—
water H-bonds have formed (see Fig. 1).

Each hydrogen bond determined by geometric criteria has a
corresponding bond critical point. This is remarkable in light
of the report by Lane [31] which shows that bond critical
points do not always appear in cases where other evidence
clearly points to the presence of a hydrogen bond.

From Figs. 2 and 5 we see that—even when fully solvat-
ed—the surroundings of the external sulfur atom are devoid of
water molecules, so the external sulfur seems to define a hy-
drophobic site. This is consistent with the work of Trinapakul
[8], who found a negligible influence of the external sulfur on

9

W, Y

Fig. 4 First water of solvation for CaS,03 (lef) and S,0; (right). The
aqua spheres are (3,~1) bond critical points corresponding to H-bonds.
The dark orange sphere is a (3,—1) bond critical point corresponding to
the interaction of a water hydrogen with sulfur. All the other (3,—1) bond
critical points have been hidden for clarity
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Table 3  Structural parameters of 820327(H20),, optimized at the RHF/6-31G* level of theory
n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=10 n=15 n=16
Seentrar—O bond lengths, A 1.47 1.47 1.46 1.46 1.47 1.46 1.46 1.47 1.47 1.47
1.47 1.47 1.48 1.47 1.47 1.47 1.47 1.47 1.47 1.47
1.47 1.48 1.48 1.49 1.48 1.48 1.48 1.49 1.48 1.48
S-S bond length, A 2.06 2.06 2.06 2.05 2.05 2.04 2.05 2.03 2.03 2.02
0-S-0 bond angles, ° 110.8 110.4 110.0 109.6 110.3 109.7 109.7 109.6 109.5 109.6
110.8 110.5 111.2 110.6 110.3 110.7 110.5 109.7 110.2 110.1
110.8 111.5 111.2 111.8 111.5 111.5 111.7 111.3 110.2 110.6
Thiosulfate—water H-bonds 0 1 2 3 4 4 4 7 7 9
Water—-water H-bonds 0 0 0 1 1 1 5 10 17 19

the hydration shell. However, a more detailed analysis reveals
some hydrogen bonding of the water molecules to the external
sulfur atom. According to several reported crystal structures of
diverse thiosulfate salts, hydrogen bonds between water and
the external sulfur atom range from 3.24 A [32] to 3.298 A
[33] and up to 3.359 A [34] in length. By looking at the bond
critical points, we find an additional four hydrogen bonds,
now between water and the external sulfur. In all four cases,
the hydrogen bond to the external sulfur is almost perpendic-
ular to the S-S bond (see Fig. 6).

According to Platts et al. [35], who studied hydrogen bond-
ing to sulfur on hydrogen sulfide, this more perpendicular

Fig. 5 Optimum structures for

approach is due to the participation of a large charge-
quadrupole component in H--S hydrogen bond, while more
traditional hydrogen bonding to oxygen is dominated by
charge—charge interactions. This helps explain the origin of
the hydrophobic site found by Trinapakul et al. [8]. There is
little incentive to form a hydrogen bond linear to the S—S bond
because the terms that drive the formation of the hydrogen
bond on sulfur (monopole—dipole and the monopole—quadru-
pole) prefer an orientation of 90° off the S—S bond axis. This
leaves a relatively large volume around the external sulfur
empty, as there is no driving force to form hydrogen bonds
there.
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Fig. 6 Example of the arrangement of water—sulfur hydrogen bonds,
showing the plane perpendicular to the S—S bond and the external
sulfur atom highlighted as a sphere. The dark orange spheres are (3,—1)
bond critical points corresponding to interactions of water hydrogens with
sulfur. All the other (3,~1) bond critical points have been hidden for
clarity

From Fig. 7, we observe that the first hydration shell in
S,05% (H,0), extends to approximately 5.6 A from the geo-
metric centroid of the thiosulfate ion and contains 15 water
molecules. This is somewhat larger than the value of 13 esti-
mated by Rohman and Mahiuddin [6], but due to the difficulty
involved in experimental determination, we think the agree-
ment is acceptable.

20 (r)l—.—l T T T T T 20
18—g(f)+ 418
16 - 416
14 414
12 412
E 1w0f 410 £
8| 48
3= 16
at da
2+ 42
Ob—o—uln s b uu!l L ! e als—a0

0 1 2 3 4 5 6 7 8
Distance (r), A
Fig. 7 Radial distribution function M—O,, for the cluster 820327(1{20)] 6
calculated for the optimum structure obtained at the RHF/6-31G* level of

theory (M is the geometric centroid of $,05>~ and O, is the oxygen atom
of the water molecules)

T T
Ca2t —=—
2- —o—

S,0
-50 Ca252?>3 ——
-100 - E
-150 - —

-200 B

AnygH®, (kcal/mol)

-250 - B

-300 - B

-350 I L L I L L L I
0 2 4 6 8 10 12 14 16 18 20

Number of water molecules (n)
Fig. 8 Total standard hydration enthalpy (Apyqf°) at 298.15 K, in
kcal mol™!, for the hydration processes Ca’" + nH,0 —
C32+(H20)n, n=0-14, 820327(H2O)n*1 + H,0 — Szoszi(Hzo)m
n=1-16, and CaS,0; + nH,0 — CaS,05(H,0),, n=1-19,
calculated at the RHF/6-31G* level of theory

Hydration energies at infinite dilution

Table 2 and Fig. 8 show the hydration enthalpies for S,05%
and CaS,0; for the processes

S203%” + nH,0—8,0:*"(H,0),, n=1-16

and

CaSQOg + nH20—>CaSZO3 (HZO),,, n=1-19

The data for the hydration of Ca(Il) were taken from our
previous work [11] for ease of comparison. We can see that as
n increases, the average hydration enthalpy per water is re-
duced. To estimate hydration enthalpies at infinite dilution, we
fit the hydration enthalpies to equations of the form

a b

ApH’ = ————+——+o,
M T 3 T3

(5)

where 7 is the number of water molecules while a, b, and c are
fitting parameters.

As previously reported [11], the n+3 factor resulted from
minimization of the standard error in c¢. The parameters
resulting from the fit are gathered in Table 4.

Table4  Values of fitting parameters a, b, and ¢ (Ayyaf1°,) for hydration
enthalpies of CaS,0; and S,05>~

Compound « b ¢ (Apyaft®s) R? Standard
error in ¢

CaS,0; -4602 2347 335 09919 6.6

S,05% —5038 2354 301 0.9904 8.0
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Ca?t +5,03% H{19H,0

1235.61
=
S
=
m ©
™ 1>
© o
© (7]
< o
B
Ca?¥(H,0)g +S5]03% +13H,0(%
@
S
c
1173.52
o
Q
e
©
“ CaZ¥(H,0)g + 52032 (H20)13
CaS;03|+19H,0
%)
-129.0¢ 5
o
o

CaS;03({H20)g + 13H 0

-118.29

CaS,03(H20) 19

Fig. 9 Dissociation enthalpies (in kcal mol ") for the hydration process
CaS,05(H,0),, — Ca?"(H,0),, + $,05> (H,0),_,» clusters, n=0-19,
298.15 K. The vertical arrows include the enthalpies of solvation and
formation of the water molecules (—47666.30 kcal mol ') required to
form the complex

By extrapolating to the limit of infinite dilution (n— ),
using Eq. 5, we can interpret ¢ as equal to the enthalpy
change of hydration at infinite dilution (Apyqf°,). From this,
we can estimate the hydration enthalpy of CaS,05 at infinite
dilution as —335 kcal mol ', and that for S,05> as
-301 kcal mol .

Table 5 Standard

enthalpy of dissociation n AqisH208 n AgisH%208

(AuH) at 298.15 K, in

keal mol ™, for 0 468.33 10 336.10

Ca§303(H20)n - 1 444.06 11 330.58

Ca” (H;0), + 5,05 2 42360 12 32002

(HZO))I”> n'+n"= n,n=

1-19, calculated at the 3 404.04 13 326.43

RHF/6-31G* level of 4 386.07 14 317.57

theory 5 370.87 15 317.14
6 361.80 16 313.81
7 357.27 17 313.49
8 350.31 18 309.20
9 339.92 19 306.57

@ Springer

Energies of dissociation

Figure 9 depicts the trends in the dissociation enthalpies of
CaS,05(H,0), clusters with increasing 7, based on the data in
Table S1 (see the Electronic supplementary material, ESM).
The energetic cost of separating the ions of CaS,0; in the gas
phase is 468.33 kcal mol'. When 6 molecules of water are
added, dissociation costs 361.80 kcal mol'. Upon complete
hydration, i.e., each ion has a full solvation shell, dissociation
costs 306.55 kcal mol . By fitting the data in Table 5 to Eq. 5
(a=1067.61, b= —1344.41, ¢=261.92, R*=0.9986, standard
error in ¢=1.5), we find the predicted enthalpy of dissociation
at the limit of infinite dilution to be close to 262 kcal mol .
So, even at the limit of infinite dilution, the enthalpy of disso-
ciation is positive. Given that calcium thiosulfate has a very
high solubility in water (for CaS,05-6H,0, 92 g/100 mL of
water at 25 °C [36]), it seems that either the dissociation in-
volves a very favorable entropic change, or the solvated un-
dissociated ion pair is the predominant form in solution.
Experimental data point to the second option as the correct
one, as the association constant of the solvated ion pair—ac-
cording to Gimblett and Monk [37]—is approximately 80.

Conclusions

According to our calculations, which included a configura-
tional search for the global minimum, the first solvation shell
in CaS,0; contains 18 water molecules, while that of S,05>~
contains 15 water molecules. H-bonding in the solvation
shells of both thiosulfate ion and calcium thiosulfate is pref-
erentially directed towards the negatively charged oxygen
atoms. Due to its partially neutralized negative charge, the
thiosulfate oxygens in calcium thiosulfate form fewer hydro-
gen bonds with water than those on the thiosulfate ion.
Hydrogen bonding to the external sulfur in thiosulfate seems
restricted to the plane perpendicular to the S—S bond, because
the charge components involved prefer this orientation, so
most of the external sulfur surface is not amenable to hydro-
gen bonding. Water—water H-bonding starts with n=4 for cal-
cium thiosulfate and n=3 for the thiosulfate ion.

The total standard solvation enthalpies at the HF/6-31G*
level approach asymptotic limits of =301 kcal mol " for the
thiosulfate anion and —335 kcal mol ' for calcium thiosulfate.
These are the first estimates of solvation enthalpies for these
species. The estimated enthalpy of dissociation of solvated
calcium thiosulfate (CaS,05(H,0),) into solvated ions is al-
ways endothermic for n=1-19, with an asymptotic limit of
262 kcal mol " at infinite dilution.
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