
The smaller metal ions (Mg2+ and Ca2+) form essentially no
contact ion pairs (CIP) over the range of concentrations
investigated. However, the percentage of solvent shared ion pairs
(SSHIP) increases as the molar concentration increases, sug-
gesting that the SSHIP is thermodynamically favored. For Sr2+

and Ba2+, the increase in CIP results in a decrease in SSHIP,
suggesting that the equilibrium ratio of complexes shifts toward
the CIP as the molar concentration increases. In each system,
the number of SSIP and FI decreases rapidly to zero as the
concentration increases.

Finally, it is worth noting that the results from the MgCl2

system are highly dependent on the initial configuration. Initial
configurations in which a chloride ion was located within the
CIP radial distance of Mg2+ resulted in a CIP for the duration
of the 10 ns molecular dynamics simulation. This suggests that
the timescales of the molecular dynamics simulations (ns) are
too short to overcome the activation energy barrier to go from
a CIP to a SSHIP. This hypothesis is supported by the free
energy profiles for the different metals in Figure 3A that show
that the activation energy barrier from CIP to SSHIP is larger
for Mg2+ than the other metals. In addition, the free energy
profile for Mg2+ shows that the SSHIP is thermodynamically
preferred over the CIP. Therefore, the ions are kinetically
trapped in the CIP configuration, and more efficient sampling
strategies would be needed to overcome these barriers. Ad-
ditional simulations were conducted to ensure that the initial
configuration did not include any biasing toward the CIP. For
the MgCl2 system, the initial configuration contained no CIPs
(i.e., the initial separation distances between neighboring Mg
and Cl ions were greater than the CIP/SSHIP activation barrier
distance of 3.5 Å computed through the potential of mean force
calculations). The resulting speciation scheme is given in Figure
4, where no CIPs are observed over the duration of the MD
simulations. While the MgCl2 system was affected by poor

sampling, the remaining alkaline earth metal-chloride systems
can easily overcome the free energy barriers between ion pair
types to establish a true equilibrium.

3.5. Calculation of Ion-Pair Association Constants. The
Eigen concept that ions sequentially form three types of ion
pairs (SSIP, SSHIP, and CIP) is reinforced by the PMF approach
and can be written as the following reaction series:

M2+(aq)+Cl-(aq)
free ions

798
K1

[M2+(OH2)(OH2)Cl-]
SSIP

798
K2

[M2+(OH2)Cl-]
SSHIP

798
K3

[MCl+]
CIP

(7)

where M2+ and Cl- represent the alkaline earth metal and
chloride ions, respectively, and MCl+ represents the ion pair.49,50

Traditional approaches to measuring ion-pairing in aqueous
solution such as potentiometry with ion-selective electrodes or
electrophoresis detect an overall association constant (Ka), which
can be written as a composite of the equilibrium constants K1,
K2, and K3:49,50

Ka )K1 +K1K2 +K1K2K3 (8)

The association constants for MgCl+, CaCl+, SrCl+, and
BaCl+ determined by Majer and Stulik55 by potentiometry with
a chloride ion-selective electrode for 25 °C, 1 bar, and infinite
dilution are reported in Table 6. In general, the experiments
show that the stability of the ion pairs decreases with increasing
cation radii.

Following the approach presented by Chialvo et al.,56 the
association constant at infinite dilution was computed from the
expression:

Figure 4. Speciation diagrams of each metal-chloride ion pair as a function of the average salt concentration computed through the NPT simulations.
The CIP presence increases with increasing ionic radius.
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FI is free ions
CIP is contact ion pair
SSHIP is ions separated by one H2O molecule
SSIP is ion separated by two H2O molecules
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The x-axis is concentration in molarity.


