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Molecular orbital calculations were performed to estimate the 18O/16O and D/H isotopic reduced
partition function ratios (RPFRs) of water molecules around chloride and sulfate ions. Cl−(H2O)n

and SO2−
4 (H2O)n clusters with n up to 120 were considered as models of aqueous solution

containing those anions. The calculations indicated that the decreasing order of the 18O preference
over 16O in the primary hydration sphere is: (bulk water) > SO2−

4 > Cl−. That is, water molecules
in the primary hydration spheres of those anions are expected to be depleted in the heavier isotope
of oxygen relative to water molecules in bulk, and the degree of the depletion is larger for the
chloride ion than for the sulfate ion. Similar tendency was also observed for the isotope preference
of hydrogen. No such isotopic preference was observed either for oxygen or for hydrogen in the
secondary and outer hydration spheres.

1. Introduction
Between pure liquid water and its vapor in equilibrium, the heavier isotopes of oxy-
gen, 18O, and hydrogen, D, are both preferentially fractionated into the liquid phase and
the lighter ones, 16O and H, into the vapor. This is called vapor pressure isotope effects
(VPIEs) of water [1,2]. Based on the theory of equilibrium isotope effects [3], prefer-
ential fractionation of heavier isotopes into the liquid phase occurs because the sum of
forces acting on an oxygen atom or a hydrogen atom of a water molecule is larger in
the liquid phase than in the vapor phase due to the formation of O· · · H hydrogen bonds
(HBs) in the former phase. When salt is added to the liquid phase, the degrees of the
18O/16O and D/H isotope fractionations change depending on the kind of salt added and
its concentration (isotope salt effects), although the direction of the fractionations does
not change [4–7]. It also sometimes happens that the addition of a salt does not cause
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a substantial isotope salt effect. For instance, the addition of sodium chloride increases
the D/H isotopic ratio in the vapor phase relative to that in the case of pure water, but
little affects the VPIE of oxygen [8]. To understand and elucidate these experimental re-
sults, knowledge on 18O/16O and D/H isotope effects in hydration spheres of solute ions
is certainly required. The sum of forces acting on an oxygen atom or a hydrogen atom
of a water molecule forming hydration spheres around a solute ion in aqueous solution
may be different from that in bulk water. In relation with isotope effects, this difference
will be reflected in the values of the 18O/16O and D/H reduced partition function ratios
(RPFRs) of water [3], which will cause changes in the degree of isotope fractionation.

The 18O/16O and D/H RPFRs of waters in aqueous solutions can be estimated
by molecular orbital (MO) calculations on appropriate model species. In our previous
papers [9–11], we reported the estimation of the 18O/16O and D/H RPFRs of water
molecules in hydration spheres of group 1 metal ions (Li+, Na+ and K+) and group 2
metal ions (Mg2+, Ca2+) based on the MO calculations as a step towards the satisfactory
elucidation of isotope salt effects experimentally observed. The calculations indicated
that the decreasing order in the 18O/16O RPFR value in the primary hydration sphere
was: Mg2+ > Ca2+ > Li+ (> bulk water (the oxygen atom with two HBs)) > Na+ > K+.
Relative to oxygen atoms with two HBs of bulk water molecules, those in primary hy-
dration spheres of Mg2+, Ca2+ and Li+ ions are to be enriched in the 18O and those in
primary hydration spheres of Na+ and K+ ions are to be slightly depleted in the same
isotope. Contrary to the 18O/16O RPFR, the presence of those ions has a minimal ef-
fect on the RPFR values of hydrogen atoms with a HB in the primary hydration sphere
around them. The presence of the Li+, Na+, K+ and Mg2+ ions in liquid water has a neg-
ligible effect on the hydrogen isotopic preference around those ions, and the lighter
isotope of hydrogen may be enriched very slightly around the Ca2+ ion.

Similar calculations are certainly required for anionic species for quantitative dis-
cussion on isotope salt effects of aqueous solutions. In this paper, we report the results
of MO calculations on the 18O/16O and D/H RPFRs of water molecules around chloride
(Cl−) and sulfate (SO2−

4 ) ions.

2. Theory and computational method
When two chemical species containing a common element or two phases of a substance
are in equilibrium with each other, the heavier isotope of the element tends to be en-
riched in the species or the phase with a larger RPFR. The general expression for the
RPFR is, under Born-Oppenheimer and harmonic oscillator approximations, given as,

(s/s′) f =
p∏

i=1

ui exp(−ui/2)/{1− exp(−ui)}
u ′

i exp(−u ′
i/2)/{1− exp(−u ′

i)} (1)

where ui = hcωi/(kT) and u ′
i = hcω′

i/(T); p, the degree of freedom of molecular vibra-
tion; h, the Planck’s constant; c, the velocity of light; ωi and ω′

i , the wave numbers of
the ith molecular vibration of the heavier and the lighter isotopic species, respectively;
k, the Boltzmann constant; and T , the absolute temperature [3].

As models of Cl− ion-bearing aqueous solution, we considered Cl−(H2O)n clusters
with n up to 120. We tried to locate the Cl− ion at the center of the cluster as much as
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possible. In the clusters, a water molecule in the primary hydration sphere was defined
as the one that directly interacted with the Cl− ion through its hydrogen atom. A water
molecule in the secondary hydration sphere was defined as the one hydrogen-bonded
to a water molecule in the primary hydration sphere, and so forth. As models of a wa-
ter molecule in the primary hydration sphere in Cl− ion-bearing aqueous solutions, we
considered water molecules in Cl−(H2O)n that directly interacted with the Cl− ion and
were surrounded by (in most cases, hydrogen-bonded to) water molecules in the sec-
ondary hydration sphere. Similarly, as models of the water molecule in the secondary
hydration sphere in Cl− ion-bearing aqueous solutions, we considered water molecules
in Cl−(H2O)n that were hydrogen-bonded to water molecule(s) in the primary hydration
sphere and surrounded by other water molecules, and so forth.

The procedure to generate models for the SO2−
4 ion is the same as that for the Cl−

ion except that a water molecule in the primary hydration sphere was defined as the one
that directly interacted with an oxygen atom of the SO2−

4 ion through its hydrogen atom.
All MO calculations were made at the HF/6-31G(d) level of theory for the con-

sistency with our previous calculations on water clusters, (H2O)n with n up to 100,
modeling bulk water [12] and on M+(H2O)n (M = Li, Na, K) and M2+(H2O)n (M = Mg,
Ca) clusters with n up to 100, modeling groups 1 and 2 metal ion-bearing aqueous so-
lutions [9–11]. The Gaussian 03 and 09 program packages (Gaussian Inc.) were used
for the MO calculations [13], and Gauss View (Gaussian Inc.) and Free Wheel (Butch
Software Studio) were used for the graphics. The value of the scale factor for the wave
number correction was 0.8985, having been determined by the least-squares method
using the observed and calculated wave numbers of monomeric H2O species in the gas
phase [14].

Geometry optimization of the Cl−(H2O)n and SO2−
4 (H2O)n clusters was carried out

in a sequential way. For instance, Cl−(H2O)100 was optimized starting from the op-
timized structure of Cl−(H2O)90 and ten water molecules distributed around it. No
symmetry consideration was made in the geometry optimization calculations: For
each of the structures considered, bond lengths, bond angles and dihedral angles
were varied independently to achieve the geometry optimization. At the optimized
structure, the vibrational analysis was carried out. The RPFR of a specific hydro-
gen or oxygen atom was then calculated by using scaled wave numbers of the
isotopic species. Only the mono isotope substitutions were considered for all the
possible combinations of isotopic species with the 16O and H basis. That is, for
each of the optimized structures, the 18O/16O RPFRs of the Cl−[H18

2 O(H16
2 O)n−1]/

Cl−(H16
2 O)n or SO2−

4 [H18
2 O(H16

2 O)n−1]/SO2−
4 (H16

2 O)n isotopic pairs and the D/H RPFRs
of Cl−[HD16O(H16

2 O)n−1]/Cl−(H16
2 O)n or SO2−

4 [HD16O(H16
2 O)n−1]/SO2−

4 (H16
2 O)n iso-

topic pairs were estimated.
In addition to the calculations above, 18O/16O and D/H RPFRs were estimated for

some selected (H2O)n, Cl−(H2O)n and SO2−
4 (H2O)n clusters at the HF/6-31+G(d) level

of theory to examine the validity of the use of the 6-31G(d) basis set in the present se-
ries of calculations. Basis sets without diffuse functions are sometimes not appropriate
for systems where electrons are relatively far from the nucleus like anions [15]. If the
6-31G(d) basis set is not appropriate for the estimation of RPFRs of water molecules
around Cl− and SO2−

4 ions, then the present study may become largely unreliable and
at the worst meaningless. The value of the scale factor for the wave number correction
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was 0.9003 for the HF/6-31+G(d), determined by the least-squares method using the
observed and calculated wave numbers of monomeric H2O species.

3. Results and discussion

3.1 Optimized structures

As mentioned above, geometry optimization of the Cl−(H2O)n clusters with n up to 120
was carried out, and for every cluster, we tried to locate the Cl− ion at its center as much
as possible. However, we found it difficult to do so, especially for clusters with a small
n, since the Cl− ion tended to move to the surface of the cluster even if we put it at the
center in the Gaussian input. For n up to 56, the Cl− ion was in fact located at the sur-
face of the cluster at its optimized structure; for n equal to 62 to 80, the Cl− ion was
located at the bottom of a “dent” of the cluster, and for n equal to or larger than 90, it
was finally surrounded by water molecules on all sides. The tendency for the Cl− ion to
move to the surface of the cluster rather than to stay on the inside of the cluster is most
probably ascribable to the fact that a water molecule is stabilized more substantially by
the formation of HBs with neighboring water molecules than by the direct interaction
with the Cl− ion. A molecular dynamics simulation on the Cl−(H2O)n also showed that
the Cl− ion is preferentially solvated near the surface of the cluster [16].

Except for small n values, the hydration number in the primary hydration sphere
of the Cl− ion was six or seven, which was within the range of −1.1 to 13.2 reported
in the literature [17–19], and seems reasonable. The hydration number of six seems
a consensus estimate of the Cl− ion by experiments but many molecular dynamics (MD)
simulations give the hydration number of seven or larger [16]. The hydration number
of six or seven was not an intentionally fixed value in the present calculations; they
sometimes replaced one another in the process of geometry optimization with increas-
ing cluster size. This is probable because the Cl−–H bond between the Cl− ion and the
hydrogen atom of a water molecule is not very strong, and consequently, the addition
of several water molecules around the optimized Cl−(H2O)n cluster easily changed the
hydration structure around the Cl− ion. For the evaluation of RPFRs, we only used the
clusters with the hydration number of seven in the primary hydration sphere.

With a few exceptions, each oxygen atom in the primary hydration sphere of the
Cl− ion has two HBs with water molecules in the secondary hydration sphere. The cal-
culated average distances of shorter and longer O· · · H HBs were 1.901 and 1.954 Å,
respectively. No HB was found between water molecules in the primary hydration
sphere. The calculated average distances of shorter and longer HBs in the secondary
hydration sphere were 1.871 and 1.914 Å, respectively, and those in the third hydra-
tion sphere were 1.874 and 1.932 Å, respectively. The sum of the shorter and longer
HB distances of the secondary and third hydration spheres is 3.785 and 3.806 Å, re-
spectively, nearly equivalent to each other but smaller than that of the primary hydration
sphere, 3.855 Å. This is reflected in that the 18O/16O RPFR value in the primary hydra-
tion sphere of the Cl− ion is smaller than those of the secondary and third hydration
spheres (vide post).

There are two kinds of hydrogen atom in the primary hydration sphere of the Cl−

ion, one directly bonded to the Cl− ion and the other hydrogen-bonded to a water
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molecule in the secondary hydration sphere. The calculated average distances of Cl−–
H bond and H· · · O HB were 2.549 and 1.870 Å, respectively. The calculated average
HB distance in the secondary and third hydration spheres was 1.899 and 1.914 Å, re-
spectively.

Contrary to the case of the Cl− ion, it was possible to place the SO2−
4 ion at or

near the center of the optimized SO2−
4 (H2O)n clusters. For larger n values, the hydra-

tion number in the primary hydration sphere of the SO2−
4 ion was eleven; one of the

four oxygen atoms of the anion had two Os–H bonds with Os denoting an oxygen atom
of the SO2−

4 ion and each of the remaining three oxygen atoms had three Os–H bonds.
The hydration number of eleven is within the range of 8 to 14 reported in the litera-
ture [17,20,21]. With a few exceptions, each oxygen atom of a water molecule in the
primary hydration sphere of the SO2−

4 ion has two HBs. Contrary to the case of the Cl−

ion, HBs were formed with water molecules not only in the secondary hydration sphere
but also in the primary hydration sphere. The calculated average distances of shorter
and longer HBs were 1.914 and 1.977 Å, respectively. Those bond distances are slightly
longer than the corresponding distances around the Cl− ion, which indicates that the hy-
dration sphere around the SO2−

4 ion is slightly more spacious and roomier than around
the Cl− ion.

There are two kinds of hydrogen atom in the primary hydration sphere of the SO2−
4

ion, one directly bonded to an oxygen atom of the SO2−
4 ion and the other hydrogen-

bonded to a water molecule. The calculated average distances of Os–H bond and H· · · O
HB were 1.936 and 1.927 Å, respectively. Hydrogen atoms hydrogen-bonded to a wa-
ter molecule may be further divided into two groups; one hydrogen-bonded to a water
molecule in the secondary hydration sphere and the other hydrogen-bonded to a water
molecule in the primary hydration sphere. The calculated average H· · · O HB distance
was 1.914 and 1.970 Å for the former and for the latter, respectively.

We were not able to provide information on HB distances in the secondary hydra-
tion sphere of the SO2−

4 ion since we could not gather a sufficient number of water
molecules that were surrounded by water molecules in the third hydration sphere in the
optimized SO2−

4 (H2O)n clusters.

3.2 Correlation of reduced partition function ratios with bond distances

In Fig. 1, the logarithms of 18O/16O RPFRs, ln(s/s′) f (O), in the primary hydration
sphere of the Cl− ion at 25 ◦C are plotted against the sum of the shorter and longer
O· · · H HB distances ([O· · · H]short and [O· · · H]long) where O is the oxygen atom for
which the RPFR was estimated (•). As is seen in the figure, the ln(s/s′) f (O) in the pri-
mary hydration sphere of the Cl− ion is well inversely correlated with the sum of the two
HB distances with the correlation coefficient value of −0.871. We made similar plots of
the ln(s/s′) f (O) value against the shorter and longer HB distances, but no better corre-
lations were obtained; the correlation coefficient value was −0.821 and −0.759 for the
former and for the latter, respectively. The ln(s/s′) f (O) values of oxygen atoms with
two HBs in the primary hydration sphere of the Cl− ion are thus better correlated with
the sum of the shorter and longer O· · · H HBs than with the individuals of the two kinds
of HB.
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Fig. 1. Plot of the ln(s/s′) f (O) values of oxygen atoms with two HBs in the primary hydration sphere of
the Cl− ion (•) or the SO2−

4 ion (◦) at 25 ◦C against the sum of the distances of the shorter and longer
O· · · H HBs ([O· · · H]short and [O· · · H]long) where O is the oxygen atom for which the RPFR was estimated.

Fig. 2. Plot of the ln(s/s′) f (H) values of hydrogen atoms in the primary hydration sphere of the Cl− ion at
25 ◦C against the Cl−–H bond distance (◦) or the H· · · O HB distance (•) where H is the hydrogen atom for
which the RPFR was estimated.

In Fig. 2, the logarithms of D/H rpfrs, ln(s/s′) f (H), in the primary hydration sphere
of the Cl− ion at 25 ◦C are plotted against the Cl−–H bond distance (◦) or the H· · · O
HB distance (•) where H is the hydrogen atom for which the RPFR was estimated. The
correlation coefficient values were −0.556 and −0.768 for the former and the latter cor-
relations, respectively. Thus, the ln(s/s′) f (H) value is moderately inversely correlated
with the Cl−–H bond distance and the HB distance in the primary hydration sphere of
the Cl− ion.

The ln(s/s′) f (O) values in the primary hydration sphere of the SO2−
4 ion at 25 ◦C

are plotted against the sum of the shorter and longer O· · · H HB distances where O is
the oxygen atom for which the RPFR was estimated (◦) in Fig. 1. As in the case of the
Cl− ion (•), the ln(s/s′) f (O) in the primary hydration sphere of the SO2−

4 ion is well in-



T
h
is
 a
rtic

le
 is
 p
ro
te
c
te
d
 b
y
 G
e
rm

a
n
 c
o
p
y
rig

h
t la

w
. Y

o
u
 m

a
y
 c
o
p
y
 a
n
d
 d
is
trib

u
te
 th

is
 a
rtic

le
 fo

r y
o
u
r p

e
rs
o
n
a
l u

s
e
 o
n
ly
. O

th
e
r u

s
e
 is
 o
n
ly
 a
llo

w
e
d
 w
ith

 w
ritte

n
 p
e
rm

is
s
io
n
 b
y
 th

e
 c
o
p
y
rig

h
t h

o
ld
e
r. 

Isotopic Preference in Hydration Spheres of Cl− and SO2−
4 813

Fig. 3. Plots of ln(s/s′) f (H) values of hydrogen atoms in the primary hydration sphere of the SO2−
4 ion

at 25 ◦C against the Os–H bond distance (×), against the distance of the HB with an oxygen atom in the
secondary hydration sphere (•) or against the distance of the HB with an oxygen atom in the primary hy-
dration sphere (◦).

versely correlated with the sum of the two HB distances with the correlation coefficient
value of −0.814. It is also seen in Fig. 1 that the ln(s/s′) f (O) value is slightly larger
with the SO2−

4 ion than with the Cl− ion at a given value of [O· · · H]short + [O· · · H]long.
Three correlations are drawn in Fig. 3. The values of ln(s/s′) f (H) in the primary

hydration sphere of the SO2−
4 ion at 25 ◦C are plotted against the Os–H bond distance

(×), against the H· · · O HB distance where O is an oxygen atom in the secondary hy-
dration sphere (•) or against the H· · · O HB distance where O is an oxygen atom in the
primary hydration sphere (◦). There seems no substantial difference among the three
correlations with the overall correlation coefficient of −0.816, which indicates that the
Os–H interaction is essentially the same as hydrogen bonding interaction between water
molecules (H· · · O). In other words, the Os–H bond is a HB.

3.3 Reduced partition function ratios

The average values of the ln(s/s′) f (O) of oxygen atoms with two HBs in the pri-
mary hydration sphere of the Cl− ion surrounded by water molecules in the secondary
hydration sphere at 25 ◦C are plotted against n in Cl−(H2O)n in Fig. 4 (•). Those oxy-
gen atoms started appearing at n = 28 in the present calculations. Fluctuation in the
ln(s/s′) f (O) value as a function of n is rather large and does not seem to have con-
verged even at n = 120. Calculations with n > 120 seem necessary to confirm the
convergence. The average of the averages at n = 100 and 120 is 0.07242. We may ten-
tatively regard this as the ln(s/s′) f (O) value of the oxygen atom with two HBs in the
primary hydration sphere of the Cl− ion in aqueous Cl− ion-bearing solutions at 25 ◦C.
This value is smaller by about 1.8% than 0.07376, the solid line in Fig. 4, estimated
for bulk water, which indicates that the heavier isotope of oxygen tends to be slightly
depleted in the primary hydration sphere of the Cl− ion compared to the bulk.
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Fig. 4. Plots of the average ln(s/s′) f (O) values of oxygen atoms with two HBs in the primary hydration
sphere of the Cl− ion (•) or the SO2−

4 ion (◦) at 25 ◦C against n in Cl−(H2O)n or in SO2−
4 (H2O)n . The solid

line represents the ln(s/s′) f (O) value of 0.07376 estimated for an oxygen atom with two hydrogen bonds
in bulk water at 25 ◦C [12].

Fig. 5. Plots of the average ln(s/s′) f (O) values of oxygen atoms with two HBs in the primary (•), sec-
ondary (◦) and third (×) hydration spheres of the Cl− ion at 25 ◦C against n in Cl−(H2O)n . The solid line
represents the ln(s/s′) f (O) value of 0.07376 estimated for an oxygen atom with two hydrogen bonds in
bulk water at 25 ◦C [12].

The average values of ln(s/s′) f (O) of oxygen atoms with two HBs in the secondary
(◦) and third (×) hydration spheres of the Cl− ion at 25 ◦C are plotted against n in
Fig. 5, together with those of the primary hydration sphere (•). Contrastively to the
ln(s/s′) f (O) values in the primary hydration sphere, their average values in the sec-
ondary and third hydration spheres around the Cl− ion are nearly the same as that of the
oxygen atom with two HBs in bulk water (the solid line). This indicates that the pres-
ence of the Cl− ion affects only the RPFR of an oxygen atom in the primary hydration
sphere in an aqueous Cl− ion-bearing solution and has little effect on the RPFRs in the
secondary and outer hydration spheres.
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Fig. 6. Plots of the average ln(s/s′) f (H) values of hydrogen atoms in the primary hydration sphere of the
Cl− ion or the SO2−

4 ion at 25 ◦C against n in Cl−(H2O)n or in SO2−
4 (H2O)n . The • and ◦ marks denote

the average ln(s/s′) f (H) values of hydrogen atoms forming a Cl−–bond and a HB in the primary hydra-
tion sphere of the Cl− ion, respectively. The � and � marks denote the average ln(s/s′) f (H) values of
hydrogen atoms forming a HB with an oxygen atom of the SO2−

4 ion and a HB with the oxygen atom of
a water molecule in the primary hydration sphere of the SO2−

4 ion, respectively. The solid line represents
the ln(s/s′) f (H) value of 2.66279 estimated for a hydrogen atom with a HB in bulk water at 25 ◦C [12].

The average values of the ln(s/s′) f (H) of hydrogen atoms bonded to the Cl− ion
(•) and hydrogen-bonded to a water molecule (◦) in the primary hydration sphere of
the Cl− ion at 25 ◦C are plotted against n in Cl−(H2O)n in Fig. 6. We can see the sub-
stantial difference in the ln(s/s′) f (H) value between hydrogen atoms with a Cl−–H
bond and with a H· · · O HB; the former (•) shows a much smaller ln(s/s′) f (H) value
than the latter (◦), which is nearly equivalent to the value of the bulk water (the solid
line). This indicates that, while the hydrogen atom directly bonded to the Cl− ion
tends to be depleted in the heavier isotope of hydrogen, the hydrogen-bonded hydro-
gen atom has no isotopic preference. Taking the average of the averages at n = 100
and 120, the ln(s/s′) f (H) values of the former and the latter hydrogen atoms are
2.58318, about 3.0% smaller than the value of the bulk water, and 2.66424, respec-
tively. We may be able to regard the average of these two values, 2.62371, as the
ln(s/s′) f (H) value of the hydrogen atom in the primary hydration sphere of an aque-
ous Cl− ion at 25 ◦C. This value is smaller by about 1.5% than the value of the bulk
water.

The average values of the ln(s/s′) f (H) of hydrogen-bonded hydrogen atoms in the
primary (•), secondary (◦) and third (×) hydration spheres of the Cl− ion at 25 ◦C
are plotted against n in Cl− (H2O)n in Fig. 7. We can see that at larger n values,
the three are nearly equivalent to each other and to the value of the bulk water (the
solid line). It is thus indicated that the presence of the Cl− ion little affects the
ln(s/s′) f (H) of the hydrogen-bonded hydrogen atom in any hydration sphere of the Cl−

ion.
The average values of the ln(s/s′) f (O) of oxygen atoms with two HBs in the pri-

mary hydration sphere of the SO2−
4 ion surrounded by water molecules in the secondary

hydration sphere at 25 ◦C are plotted against n in SO2−
4 (H2O)n in Fig. 4 (◦). Those oxy-
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Fig. 7. Plots of the average ln(s/s′) f (H) values in the primary (•), secondary (◦) and third (×) hydration
spheres of the Cl− ion at 25 ◦C against n in Cl−(H2O)n . The solid line represents the ln(s/s′) f (H) value of
2.66279 estimated for the hydrogen atom with a HB in bulk water at 25 ◦C [12].

gen atoms started appearing at n = 62 in the present calculations. Fluctuation in the
ln(s/s′) f (O) value as a function of n is small and seems to have converged at larger n
values. The average of the averages at n = 90, 100 and 120 is 0.07277. We may be able
to regard this as the ln(s/s′) f (O) value of the oxygen atom with two HBs in the primary
hydration sphere of the aqueous SO2−

4 ion at 25 ◦C. This value is smaller by about 1.3%
than 0.07376, the solid line, estimated for bulk water, but is slightly large compared to
that around the Cl− ion (•). Thus, as in the case of the Cl− ion, the heavier isotope of
oxygen is expected to be slightly depleted in the primary hydration sphere of the SO2−

4

ion compared to the bulk, but the degree of depletion may be slightly less substantial
than that around the Cl− ion.

The average values of the ln(s/s′) f (H) of hydrogen atoms bonded to an oxygen
atom of the SO2−

4 ion (�) and hydrogen-bonded to a water molecule (�) in the primary
hydration sphere of the SO2−

4 ion at 25 ◦C are plotted against n in Fig. 6. We can see
that the ln(s/s′) f (H) value of the former is slightly smaller than that of the latter and
both are smaller than the value of the bulk water. This means the two kinds of hydro-
gen atom are both depleted in the heavier isotope compared to the bulk water. Taking
the average of the averages at n = 90, 100 and 120, the ln(s/s′) f (H) values of hydrogen
atoms with an Os–H bond and with a H· · · O HB are 2.64284 and 2.65320, respectively.
We may be able to regard the average of these two values, 2.64802, as the ln(s/s′) f (H)
value of the hydrogen atom in the primary hydration sphere of an aqueous SO2−

4 ion
at 25 ◦C. This value is only slightly smaller by about 0.6% than the value of the bulk
water.

As for the secondary hydration sphere of the SO2−
4 ion, we could not collect enough

data points to draw decisive conclusion on the oxygen and hydrogen isotopic prefer-
ence. Judging from the results on alkali and alkaline metal ions [9–11] and on the Cl−

ion above, however, it is highly probable the presence of the SO2−
4 ion little affects

ln(s/s′) f (O) and ln(s/s′) f (H) values of water molecules in its secondary and higher
hydration spheres.



T
h
is
 a
rtic

le
 is
 p
ro
te
c
te
d
 b
y
 G
e
rm

a
n
 c
o
p
y
rig

h
t la

w
. Y

o
u
 m

a
y
 c
o
p
y
 a
n
d
 d
is
trib

u
te
 th

is
 a
rtic

le
 fo

r y
o
u
r p

e
rs
o
n
a
l u

s
e
 o
n
ly
. O

th
e
r u

s
e
 is
 o
n
ly
 a
llo

w
e
d
 w
ith

 w
ritte

n
 p
e
rm

is
s
io
n
 b
y
 th

e
 c
o
p
y
rig

h
t h

o
ld
e
r. 

Isotopic Preference in Hydration Spheres of Cl− and SO2−
4 817

Table 1. Comparison of 18O/16O and D/H RPFRs of water calculated with 6-3lG(d) and 6-31+G(d) basis
sets.

Cluster Basis set O H bonded to H bonded to
H2O Cl− or SO2−

4

ln(s/s′) f (O) ln(s/s′) f (H) ln(s/s′) f (H)

(H2O)100 6-3lG(d) 0.07386 2.66307 –
A

6-31+G(d) 0.07326 2.67706 –
B

A–B 0.00060 −0.01399 –

Cl−(H2O)120 6-3lG(d) 0.07248 2.66555 2.58426
A

6-31+G(d) 0.07199 2.68697 2.59443
B

A–B 0.00049 −0.02142 −0.01017

SO2−
4 (H20)90 + 6-3lG(d) 0.07283 2.66048 2.63729

SO2−
4 (H20)100 A

6-31+G(d) 0.07260 2.66316 2.65216
B

A–B 0.00023 −0.00268 −0.01487

Our present and previous MO calculations showed that the influence of a solute ion
(both cations and anions) on 18O/16O and D/H RPFRs of water molecules in aqueous
solutions is limited to those in the primary hydration spheres. This is consistent with the
results of previous works found in the literature. In their femtosecond pump-probe spec-
troscopic study on the orientational correlation time of water molecules in Mg(ClO4)2,
NaClO4, and Na2SO4 solutions, Omta et al. [22] stated that the addition of ions had
no influence on the rotational dynamics of water molecules outside the first salvation
shells of the ions. Molecular dynamics study on HB structure in aqueous electrolytes
by Guàrdia et al. [23] showed that modifications in the water HB architecture are more
noticeable in the first ionic solvation shells and do not persist beyond the second shells.
It has been shown in experiments on isotope salt effects on VPIEs of water that isotope
salt effects are linearly dependent on molality of solute ions up to, say, 4 mol/kg [5,6];
if the solute ion influences beyond the primary hydration spheres, isotope salt effects
cannot be linear functions of solute concentration up to such high concentration because
of the lack of water molecules.

The present calculations also showed that, contrary to the cases of cations where the
presence of a cation influences mostly the 18O/16O RPFR and has minimal effects on the
D/H RPFR, the presence of anions affects both 18O/16O and D/H RPFR values. This is
consistent with the statement by Kakiuchi in his isotope salt effects study [8] that “the
hydrogen isotope effect is mainly influenced in anions rather than in cations.”
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3.4 Comparison of computational results with 6-31G(d) and 6-31+G(d) basis
sets

The logarithms of 18O/16O and D/H RPFRs were calculated for the (H2O)100,
Cl−(H2O)120, SO2−

4 (H2O)90 and SO2−
4 (H2O)100 clusters with the 6-31+G(d) basis set and

the results are compared with the corresponding results with the 6-31G(d) basis set. The
comparison is summarized in Table 1.

In the analyses of the isotope salt effects, what is most important is not the abso-
lute value of a RPFR but the difference in the RPFR value between pure liquid water
and aqueous solution. As is seen in Table 1, the 6-31+G(d) basis set yielded a slightly
smaller ln(s/s′) f (O) value and a slightly larger ln(s/s′) f (H) value than the 6-31G(d)
basis set did for every cluster studied; the differences in the ln(s/s′) f value calculated
with and without the diffuse function for the given isotopic pair (18O/16O or D/H)
more or less cancel out. Thus, we may be able to conclude that the ln(s/s′) f (O) and
ln(s/s′) f (H) calculations with the 6-31G(d) basis set are as reliable as the calculations
with the 6-31+G(d) basis set, and the ln(s/s′) f (O) and ln(s/s′) f (H) for the anion sys-
tems in the present study can be compared with the cation systems in our previous
papers [9–11].

4. Conclusions

To summarize the present study, we make the following statements.
The presence of chloride and sulfate ions both reduces the 18O/16O RPFR value

in their primary hydration sphere relative to that of bulk water with the degree of re-
duction being larger for the chloride ion. Their presence also reduces the D/H RPFR
value in their primary hydration spheres. Thus, the primary hydration spheres of the
chloride and sulfate ions are expected to be enriched in the lighter isotopes of oxygen
and hydrogen relative to the bulk water. The influence of those anions, however, is con-
fined to their primary hydration spheres and no 18O/16O and D/H isotopic preference is
expected in outer hydration spheres.
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