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In dilute water solution, the nature and extent of hydration of
simple cations and anions depends on their size, charge, and
polarizability; generally cations are strongly hydrated while some
bulky anions are relatively weakly hydrated. Moreover, in dilute
aqueous solution, the extent of cation-anion pair formation is
generally low, but increases with increasing solute concentration.1

However, in solvents with a lower dielectric constant than water,
ion pairing (or ion-ion associations) becomes more pronounced,
as is well demonstrated by the numerous liquid-liquid anion
exchange and ion-pair extraction processes that are known.2 Solvent
separated (SSIP), solvent shared (SSHIP), and contact ion pairs
(CIP) have been observed for H3O+ and Cl-.3 The most studied
ion pair in simple ionic systems, using theoretical methods, has
been Na+Cl- in water4 with the predictions being supported by
recent Fourier transform microwave rotational spectrocopic experi-
ments of dilute Na+Cl- aqueous solutions.5 We show here the
formation, and discuss the geometry, of Na+ and PtCl62- solvent
shared and contact ion pairs favored in methanol, using potential
of mean force computational methods as well as multinuclear NMR
spectroscopy experiments.

The structural arrangement of water around a solute is often
described by a radially averaged probability density distribution,
that is, a pair distribution functiong(r). However, a drawback of
theg(r)’s is the loss of detail found in the structure of the solvent
shells due to radial averaging. We have recently produced geometric
descriptions of the hydration shells of PtCl6

2-, RhCl63-, PtCl42-,
and PdCl42- from nanosecond molecular dynamics (MD) simula-
tions without radial averaging.6 This results in spatial (three-
dimensional) probability distribution functions (SDFs) of the solvent
density distributions surrounding the metal complexes. The struc-
tures of the solvation shells formed from polar molecules surround-
ing the metal complexes observed in these SDFs have been
independently verified using X-ray diffraction and computational
methods.7 We performed 2 ns isothermal isobaric simulations (P
) 1 bar,T ) 298 K) of a PtCl62- complex in methanol containing
two Na+ ions using the CHARMM program.8 The methanol
parameters (listed in Tables 1-3 of the Supporting Information)
have been developed by us on the basis of the Jorgensen solvent
model and have been tested to match diffusion and structural
experimental data.9 We find that on calculation of the SDFs in
methanol solution, both the SSHIP (Figure 1a) and the CIP (Figure
1b) configurations are favored for the{Na+ PtCl62-}- ion pair.
This is in contrast to the (Na+)2PtCl62- water solution simulations,
for which no ion pair is found, using the same MD protocol. In
Figure 1a, the Na+ ion is located in a dispersed probability density
about two octahedral PtCl6

2- ion faces. When the CIP forms (Figure
1b), the Na+ ion can be aligned in either of two geometrically
symmetrical positions, both perpendicular to the faces of the PtCl6

2-

octahedron. The hydroxyls of the methanol molecules orientate

themselves around the remaining faces of the PtCl6
2- octahedron

with the hydrogen atoms pointing toward the faces of the
octahedron, while the oxygen atoms and methyl groups point away.
This is similar to the orientation of water molecules in a previous
aqueous solution simulation.10

We here exploit the sensitivity of the195Pt NMR chemical shift
(δ(195Pt))11 to probe the solvation and ion-pair formation of the
PtCl62- anion in methanol and water. Figure 2 shows the depen-
dence of theδ(195Pt) of PtCl62- (solutions made from anhydrous
H2PtCl6) on the Na+ concentration in (a) methanol and (b) water,
at 303 K. In methanol, at constant PtCl6

2- concentration (0.059
M), increasing the concentration of NaClO4 results in significant
upfield displacement ofδ(195Pt), which is not observed in water
under comparable conditions. The structure of the195Pt resonance,
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Figure 1. The spatial distribution functions (SDFs) for the{Na+ PtCl62-}-

ion pair. The Pt metal (violet) complexed with chorine (green) ligand forms
(a) a SSHIP with the Na+ ion (yellow) located in a dispersed probability
density volume and (b) a more favored CIP, with the Na+ ion (yellow)
displayed in direct contact with the PtCl6

2- anion positions. The methanol
[oxygens (red), hydrogens (blue), and methyl groups (light blue)] solvation
shell is distorted by the CIP.

Figure 2. Na+ concentration dependence ofδ(195Pt) in (a) methanol solution
(as NaClO4) and (b) water (2 as NaCl and9 as NaClO4 at 303 K). All
chemical shift differences were measured relative to a reference solution
in a 2 mm coaxial capillary, thus compensating for any magnetic
susceptibility effects; see Supporting Information for experimental details.
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reflecting the Pt35Cl/37Cl isotopomers of the PtCl6
2- complex,11

remains invariant throughout all of these experiments, showing that
these shift trends do not result from changes in the first coordination
sphere of the PtCl6

2- anion, but must result from changes in the
solvation shell of the anion. Therefore, the pronounced nonlinearity
of shift trends in methanol indicates the formation of ion pairs as
[Na+] increases. Experiments in which the NaClO4 concentration
was kept constant ([Na+] ) 1.004 M) and the PtCl6

2- concentration
varied (in the range [PtCl6

2-] ) 0.00256-0.1014 M) confirmed
that theδ195Pt variation observed in Figure 2 is not simply a bulk
ionic medium effect.

We interpret that these shift trends in methanol at moderate [Na+]
concentrations result from the stepwise formation of an ion pair
(with a formation constantK1 < 1). Only at very high [Na+] is it
reasonable to expect the formation of some solvated{(Na+)2-
PtCl62-}, but solubility limitations of NaClO4 and H2PtCl6 in
methanol prevent investigations of more concentrated solutions in
this way.

The extent of ion pairing for simple salts (e.g., NaI) determined
from the 23Na NMR shifts as a function of concentration in
nonaqueous solvents (e.g., acetone and sulfolane) is well known,
and these shifts have been correlated with the Gutmann donor
numbers (DN)12 (data given in the Supporting Information).
However, in our experiments, we monitor the195Pt shifts of the
anion, PtCl62-, in which the solvating water or methanol molecules
interact through hydrogen bonding with the Cl- ion. Considering
the DN and dielectric constant (D) of water and methanol (DN≈
17 and 23.5 vsD ≈ 78.5 and 32.5), respectively, it appears that
the formation of{Na+PtCl62-}- is less a function of the Gutmann
donor numbers, and more a consequence of solvent polarity,D.

We use the potential of mean force (PMF), which is the free
energy of association,W(r), between a Na+ cation and a PtCl6

2-

anion, to better understand the nature of the ion pairing in solution.
The PMF calculations were performed using adaptive umbrella
sampling implemented within program CHARMM13 in combination
with the weighted histogram analysis method (WHAM).14 The PMF
curve of the Na+- - - -PtCl62- coordinate in water (Figure 3a)
indicates that separation of these two ions is the most favored state.
If, however, the ions are forced toward each other, then the SSIP

(minimum at 8.47 Å) followed by a SSHIP (minimum at 6.15 Å)
would be the most stable configurations, with a CIP being an
unstable configuration. By contrast, in methanol, the Na+- - - -
PtCl62- PMF curve (Figure 3b) has a pronounced minimum at 3.28
Å corresponding to a CIP, with a free energy of attraction between
a single Na+ ion and the PtCl6

2- anion of 4.68 kcal/mol. There is
a second lesser minimum at 5.84 Å with a free energy of attraction
between these ions in methanol of 1.84 kcal/mol, indicative of a
SSHIP, but this arrangement is energetically less favorable than
the CIP.

The combination of NMR chemical shift experiments and
computed free energies of association of Na+ and PtCl62- confirms
that ion-pair formation occurs in methanol and not in water.
Furthermore, in methanol, the CIP configuration is strongly favored
over the SSHIP configuration. On the basis of these results, the
underlying design of separation methodologies for platinum group
metal complexes should include the possibility of ion-pair formation
in organic solvents and not in water.
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Figure 3. Free energy of association curves (PMFs) of (a) an Na+ and a
PtCl62- anion in water and (b) an Na+ and a PtCl62- anion in methanol.
The free energy coordinate is the distance between the Na and the Pt atoms.
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