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Abstract

Using classical molecular dynamics simulations, we study ion-ion interactions in water. We study
the potentials of mean force (PMF) for the full set of alkali halide ion pairs, and in each case, we test
different parameter sets for modeling both the water and the ions. Altogether, we compared 300
different PMFs. We also calculate association equilibrium constants (Ka) and compare them to two
types of experiments. Of additional interest here was the proposition of Collins called the ‘law of
matching water affinities’, where the relative affinity of ions in solution depends on the matching of
cation and anion sizes. From observations on the relative depths of the free energies of the contact
ion pair (CIP) and the solvent-shared ion pair (SIP), along with related solvent structure analyses,
we find a good correlation with this proposition: small-small and large-large should associate in water
and small-large should be more dissociated.

1 Introduction

Solvated ions are a common component of nearly all biological systems. The nature of how
ions interact among themselves and with water has been the subject of several classicall™ and
recent studies.®~1

The solvation of individual ions in water and their effects in solution have been studied b
computer simulations,& 14-22 \yith comparisons among force fields and water models. 25~
26 Small differences in parameters are found to affect predictions of ion association?/ 28 and
crystallization.25’ 26 There have also been previous studies of ion pairs,7' 27,29-35 g
solvent models.36: 37 Some studies have explored peculiar ionic phenomena,7' 27,28, 34,
38 while other studies have used aggregation results in critical analyses of the validity of ion
force fields used in molecular simulations.23: 29,

Our interest here is to perform a comprehensive analysis of ion pairing in computer simulations
and explore an idea of Collins, which he calls the ‘law of matching water affinities’.39-42
Salts such as LiF, which involve both a small anion and small cation, are only sparingly soluble
in water. Salts such as Csl, which involve both a large anion and cation, also have limited
solubilities. However, in contrast, salts like CsF, in which one ion is large and the other is
small, are highly soluble in water. Hence our interest here is not just in a particular ion pair,
but in comparing the pairings of different ions of different sizes. Here we do extensive
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comparative tests using molecular dynamics simulations to study such questions of water
structuring around two ions as they approach each other in water. We study different cation-
anion pairs, different force fields and water parameters, full potentials of mean force, and
detailed solvent structure analyses at different stages of the ion pairing process. From the
potentials of mean force, we are able to extract ion association constants, allowing us to
quantitatively assess the long-time behavior of the possible ion pairs as a function of ion
parameter and water model. Through this combined study, we explore the physical forces that
are common to all the models in addition to the individual features that arise from different
parameters among force fields.

We studied the potential of mean force (PMF) for each group | and V11 univalent ion pair. lons
were modeled using three different parameter sets: 1) the OPLS all atom forcefield, 3 2) aset
derived from the work of Dang and others,30: 37, 44-47 nerein referred to as the Dang
forcefield, and 3) a newer set of ion parameters developed by Jensen and Jorgensen,48 herein
referred to as the JJ forcefield. Water was represented using the spc,49 spc/g, >0 Tipap,5l
TIP4P-Ew,%2 and TIPSP-E®3 forcefields. The Lennard-Jones and electrostatic parameters of
the relevant ions and water models are listed in Table 1.

2.1 Simulation details

All our molecular dynamics calculations were performed using version 3.3.1 of the
GROMACS molecular dynamics package.54 All systems consisted of 2 ions and 864 water
molecules in cubic simulation boxes under periodic boundary conditions. The leap-frog
algorithm with a time step of 2 fs was used to integrate the equations of motion. The isothermal-
isobaric ensemble was used to maintain a temperature 300 K and a pressure of 1 bar. The weak
coupling algorithms of Berendsen and co-workers® were used for both the thermostat and
barostat with coupling constants of 0.1 and 1.0 ps respectively. Electrostatics were handled
using the smooth version of the particle mesh Ewald (PME) method®® under tin-foil boundary
conditions with a grid spacing of 0.12, a PME order of 4, real-space cutoff of 9 A, and an Ewald
screening parameter of 0.347 A=, The Lennard-Jones interactions shared the same cutoff, and
energy and pressure tail corrections were included. The Lennard-Jones mixing rules followed
the convention dictated by each ion force field; all sets of ion parameters use a geometric mean
for |3, while an arithmetic mean is used for the Dang o|_j parameters and a geometric mean
is used for the OPLS and JJ 4 ; parameters.

To calculate the PMFs, the method of constraint molecular dynamics was used to sample the
ion pair systems at fixed interparticle separations.l?” 24, 57 The SHAKE algorithm was used
to constrain the ions at distances starting between 2.0 and 3.0 A depending on the size of the
ions and extending out to 12 A. To enhance the detail and smoothness of the resulting PMF,
the separation step was varied down to values as low as 0.05 A around sharp features after
generating a coarse PMF with a 0.4 A step size. Following this procedure, each resulting PMF
was composed of approximately 50 separate simulations. Several simulation run times ranging
from 0.1 to 20 ns at each constrained separation length were tested to determine the sampling
required to obtain fully converged PMFs. While all PMFs for the same salt system overlapped
within error, simulation times of 2 ns were indistinguishable from the 20 ns simulation times
aside from a slightly greater error. With this lower boundary in mind, we selected a data
accumulation time of 3 ns for separation distances less than 10 A and 6 ns of simulation time
for distances greater than 10 A.

Generating the PMFs from these constrained simulations involves integrating the average mean
force values over the ion separation distances. Errors in the mean force values were
accumulated from the limiting value of block averages.58 Before integrating the mean force
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values, the entropic force due to the increase in phase space with ion separation was added as
described elsewhere.24 The errors in the PMFs were determined by integrating the mean force
variances, and the average error for points along each PMF was approximately 0.06 kcal/mol.
It is important to note that a PMF obtained through this integration procedure will originate at
0 kcal/mol, while the true PMF should show a weak attractive interaction at the distant ion
separations. We have approximated this 4 distant interaction with a simple screened Coulomb
potential,59v

—Kr

A, e
u(r)=gig;—=—,
jkBT r (1)

where Ag is the Bjerrum length, and « is the Debye-Hiickel screening parameter, which for low
number density (p;) univalent salt solutions is,

K= \/87Tpi/lB. (2)

2.2 Structural analysis

We calculated the local water occupancy and orientation around various ion pairs, the relative
strength the surrounding water-water hydrogen bond network, the numbers of waters released
from the first solvation shells upon ion pairing, and the free energy penalty for solvent caging
about the ion pair. These quantities were determined from 20-ns simulations of systems with
ion-constraint separations at the three primary minima and first maximum in the PMF, as well
as when the ions are at a 12 A separation distance. The three minima are the contact ion pair
(CIP), solvent-shared ion pair (SIP), and solvent-separated ion pair (2SIP) states.61 The
maximum corresponds to the approximate center of the transition state ensemble between the
CIP and SIP states.52

The local water occupancy and orientation maps were generated by gridding up the space
around the ions into 0.5 A edge-length cubes and binning each water molecule’s position and
orientation within this network of cells. Cylindrical symmetry about the inter-ion axis was
utilized in mapping the resulting occupancies onto a two-dimensional surface, and these
occupancies were converted to free energies to generate free energy maps of solvent around
the ion pairs. The average dipole vector magnitude and direction relative to the ion pair are
shown as arrows, where longer arrows correspond to more orientationally constrained water
molecules. Only cells with an occupancy greater than the ideal background water density are
given arrows for clarity. See Figure 6 for an example series of these structure maps.

To assess the perturbation of the hydrogen bonding network in the surrounding solvent, we
used a similar spatial grid as above, only with smaller 0.25 A edge-length cubes. Here, we
calculated water-water interaction energies for all solvent particles in these simulations and
binned the magnitude of these interactions at the midpoints of the interaction lines. For a
measure of the strength of the average bulk water-water hydrogen bond, we performed a
separate simulation containing only water, and calculated the energy pair distribution function.

L Interactions stronger than the minimum of this curve (—2.5 kcal/mol for TIP5P-E under the
stated simulation conditions) were taken to represent hydrogen bonds, and this provided a
tolerance for selecting which interactions were included in the binning procedure. The resulting
plots (see Figure 8) indicate the spatial location and average strength of hydrogen bonds in the
surrounding network relative to the strength of bulk water hydrogen bonds.
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To calculate the number of water molecules in the first solvation shell of the ion pairs, spatially
restricted radial distribution functions (g(r)s) were performed about each ion. Figure 1
illustrates the spatial regions included in these functions when the cation and anion are ions 1
and 2 respectively. By restricting the solvent space included in the g(r)s, we avoid artifacts
arising from the excluded volume of the opposing ion. The distances to the first minimum of
each g(r) are indicated as r1 and ry, and all water molecules within the combined volume traced
out by these radii are taken to constitute the first solvation shell of the ion pair. The n¢ value
is simply the difference between first shell water counts in the paired state of interest and that
of the furthest separation distance considered in the PMF (12 A in these simulations).

To estimate the free energy penalty due to caging of solvent in the first-shell about the ion pair,
we computed the Kullback-Leibler entropy

pO.¢)
ASy =- kBZp(H,cp)ln -
0.0 PO(HJP) )

where p(é, ¢) is the probability distribution of water occupancy around an ion as a function of
the angles 6 and ¢ as shown in Figure 1, and pg(6, ) is this same quantity for a chosen reference
state (an ion separation of 12 A in our case). For each 6 value, we calculate an average
probability density from the ion surface out to the first minimum of the water density (ry or
ro in Figure 1). Due to cylindrical symmetry about the inter-ion axis, 8 ranges from 0 to z
around fully solvated ions. To avoid double counting the occupancy in states where the first
solvent shells of the ions are shared, we define an angle (6)) to the line extending from more
weakly solvated ion through the minimum occupancy region where the solvent shells intersect
(see Figure 1). Here, 6 ranges from 0 to 6, and the probability distribution is set to zero from
6101 to . 1t should be noted that the excluded volume region will not contribute substantially
to ASk_, as p(8) will be zero in this region. In each one of these 6 wedges, we accumulate the
orientational probability distributions of the encompassed water, angle ¢. The ¢ angle is a
measure of the water dipole vector direction relative to the inter-ion axis, and it ranges from 0
to 2z. Thus, summing over both ¢ and ¢ give us an estimate of both the orientational and
translational entropy change of the first-shell waters upon ion pairing. The total ASk, is taken
to be the sum of the individual values calculated about each ion.

Because of the a priori probability quantity pg(é, ¢) in the Kullback-Leibler quantity, the
quantity

F,=-TAS,, )

represents a free energy of a given probability distribution relative to a reference probability
distribution. We use this quantity Fi, as a simple measure of the free energy of structuring
the first shell around an ion complex, relative to the separated ions. It should be noted that the
Fk we calculate here will underestimate the full entropy change due to solvent caging about
the ions, primarily because of the local (first shell) spatial restriction. Our interest in using this
measure is simply to explore trends in local solvent confinement as ions pair in solution.

2.3 Association constants

The equilibrium constant, K, for ion-ion association in water can be expressed as
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C+

taq)+A&q>#CA(a(l>’

(5)

_ [CA(aq)]

' [C(th)”A(:lq)J 6)

where C* are the free cations, A~ are the free anions, and CA are the paired ions. In order to
compute these quantities from molecular simulations, we take the Bjerrum approach for
defining the K, which is a 2-state method where the ions are considered either associated or
dissociated.61: 63 with strongly interacting multivalent ions, the SIP and 2SIP have been
measured to contribute significantly to the overall association constant, and the multistep
Eigen-Tamm mechanism is often used to interpret experimental analysis of ion pairing in such
systems.gl 61, 64, 65 For univalent ions, it is unclear how appreciably these states contribute,
so it is often convenient to use simplified association expressions like Eg. 6 in analyzing ion
pairing.zel 34,65

If the associated condition is taken to be composed entirely of the CIP state, from contact out
to the first peak of the PMF, we obtain the following

[CIP]
([ total salt] — [CIP])? @

We consider all other states to be dissociated, so the concentration of free cations and anions
is simply the total salt concentration less the CIP concentration. The relative CIP concentration
was determined by inverting the PMF into a g(r), integrating the curve out to the first minimum,
and calculating the ratio of this integral to the full system integral, which has a known
concentration. The error in K was determined by standard error propagation following
integration of the variance of the PMF to obtain the error in the CIP concentration. Additionally,
astandard cubic spline interpolation was used to smooth the original PMF; however, integration
of the original and interpolated curves produced the same Ka results within error. We chose
to display the spline interpolated curves in all the PMF graphics and K values in the relevant
tables.

To check that our simulations were not affected by finite size effects (i.e., artifactual
interactions from image charges), we calculated PMFs for two test systems, each with twice
the number of water molecules, having half the effective salt concentrations of our typical
systems. The resulting PMFs had the same shape as the smaller systems, and the K values
were identical within error, indicating that our results do not suffer from substantial finite-size
artifacts.

3 Results and Discussion

Figure 2 shows a series of PMFs for the five different cations all paired with a given anion,
fluoride in this case. Certain general trends are clear from this figure. First, of course, the contact
minimum shifts to larger distances with increasing ion radius. Second, the contact minimum
is the most stable for the smallest ions (i.e., having the highest charge density). lon-ion contacts
become less stable as the size of the cation increases. The LiF ion pair has a very short contact
distance (1.9 A) and the energy well is deep (—6.8 kcal/mol). Though not shown here, similar
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trends are seen for the series of anions, with a fixed cation (see the supplementary material for
plots of other PMFs).

3.1 PMFs depend on the force-field parameters

Figure 3 shows how the PMFs depend on the force field, for a given salt (KF) and a given
water model (TIP3P). Correspondingly, Figure 4 shows the dependence on the water model
for a given salt (KF) and a given force field (OPLS). When moving from the OPLS to the Dang
ion force field parameters, the locations of the CIP, SIP, and 2SIP states all shift to slightly
larger separations, and the CIP well is more negative by 0.6 kcal/mol. The dependence on water
models has been noted before, 36 and in that particular case was explained by the larger dipole
moment of SPC/E over its predecessor The higher dielectric constants of TIP5P-E and TIP3P,
in the 90’s for both models, 53, 66 cause their PMFs to decay more rapi 5y at larger separations
than the other water models, which have dielectric constants in the 60’s. Also, the barrier
between the CIP and SIP states is much larger for TIP5P-E than for the other water models,
indicating a more significant structural change upon transition between these two states.

3.2 PMFs show the asymmetric solvation response of water

There have been several studles exploring the asymmetric response of explicit water, in regard
to solvation of both charged 8, 67=71 and neutral molecules.”2 These reflect on an early
observation by Latimer et al. that hydrated cation radii must be significantly larger than the
hydrated anion radii to fit ion hydration data to the Born expression.7 This size asymmetry
comes about because water’s charge distribution is asymmetric. The localized positive charges
on the hydrogens interact more strongly with the anion than the more diffuse negative charge
on the oxygen interacts with the cation. Can this favorability of anion solvation over cation
solvation be seen in ion pair PMFs?

Figure 5a is a collection of PMFs using the same water model (TIP3P) and ion-parameter set
(OPLS), while Figure 5b is the same study but using the TIP5P-E water model. Here, the ion-
ion electrostatlc interaction between the potassium and fluoride ions (which have similar crystal
radii’ ) is weakened by independently replacing them with a larger ion. With TIP3P,
substituting potassium with cesium weakens the CIP by ~ 1 kcal/mol. With a weaker ion-ion
interaction, cesium is less capable of competing with water for close interactions with the
fluoride than the more strongly interacting potassium. When the fluoride is replaced with an
iodide, the CIP interaction is ~ 0.7 kcal/mol stronger, despite the overall weaker ion-ion
interaction strength! This comes about because TIP3P has more favorable interactions with the
fluoride than the potassium, despite their similar crystal radii. With a larger cation, there is less
competition for these favorable water-anion interactions, and water can more readily separate
the ion pair. With a larger anion, the water-anion interactions are weakened more than the ion-
ion interaction. This has a net effect of the surrounding water “squeezing” the Kl ion pair
together more than the KF ion pair, hence the lower PMF energy. As expected and observed
by others, 72,75 this asymmetric solvation response is weaker with TIP5P-E than TIP3P
because of its more centralized charge distribution with respect to the Lennard-Jones sphere.
It is weakened such that the CIP state of KI (point 3 in Figure 5b) is no longer lower than that
of KF (point 1). However, it should be noted that considering the relative depths of the CIP
and SIP wells, the equilibrium distribution of Kl is still favors more associated states than KF.
The specifics of ion association are discussed in greater detail in Section 3.5.

3.3 PMF features reflect the structure of the surrounding water

How can we interpret the ion-ion PMFs in terms of the solvation-shell water structure? Figure
6 shows the results of simulations in which we fixed the ions to be at (a) the CIP, (b) the 1st
maximum, (c) the SIP, and (d) the 2SIP, and explored the distribution of water densities and
orientations around them. The blue color in the figure indicates water density around the cation.

J Phys Chem B. Author manuscript; available in PMC 2010 May 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fennell et al.

Page 7

The red color indicates water density around the anion. Orange indicates the density of the
bridging waters. The arrows indicate the directions and magnitudes of the average water dipole
vectors. The long arrows of the bridging waters indicate that these waters are highly
orientationally constrained.

Figure 6, fromright to left, (d) to (a), shows the sequence of water structurings as ions approach
each other. At step (c), waters enter between the two ions, and are electrostatically ordered.
Step (b) is the point of maximal free energy, where the waters are squeezed out from between
the ions. Figure (a) shows the CIP. Interestingly, it shows how the water is highly structured
on the backside of the anion due to the cation, and on the backside of the cation due to the
presence of the anion. We note the average numbers of first shell waters in these states: 9.9
(CIP), 10.6 (1st PMF maximum), and 11.7 (SIP). There is an increase in first shell waters in
moving from the CIP to the 1st PMF maximum that is noticeably less than the increase going
from this maximum to the SIP state. The form of the PMF is due to a combination of the
marginal number of additional ion-water interactions vs. separation, the formation of highly
confined and oriented bridging waters, and effects on the cage structure of water. All these
energetic costs are relaxed in the SIP state, resulting in the stable trough in the PMF, a picture
that agrees with the assertion of Geissler et al. that ion pair dissociation is driven by the insertion
of one “bulk” water into the 1st solvent shell about the ion pair.62 By the time the ions reach
the 2SIP state separation distance, they have fully occupied 1st shells and the PMF features
are due to secondary effects like enhanced hydrogen bonding between the water solvation shells
about the separated ions.

lon pairing leads to orientational restrictions imposed upon neighboring waters. This is seen
in Figures 6b and 6c¢, where the favorably populated bridging water regions exhibit orientation
vectors with large magnitudes, indicating that they are significantly more constrained than bulk
waters. The relative structuring of the first shell water occupancy in these states is also clear
through the Fi| values (see Table 2), and it follows an increasing trend going from the more
separated 2SIP state (0.38 kcal/mol) to the closely associated CIP state (2.27 kcal/mal). This
caging is an important element of the overall interaction between ions in particulate water and
helps give rise to the features seen in the PMFs.

3.4 Anion size comparison

Here we compare ions of different sizes. We analyzed the solvent structuring about
representative small-small (LiF), large-large (Csl), and small-large (Lil) ion pairs in greater
detail. Figure 7 shows the solvent free energy maps for the CIP and SIP states alongside the
PMFs for these salts when using the OPLS ion parameters and TIP5P-E water model. Also of
interest is the local perturbation of the water-water hydrogen bonding network due to the
presence of the ions in both of these states. To visualize this, we have binned the midpoint and
strength of the water-water hydrogen bonds about these ion pairs in the CIP and SIP states,
and the results are shown in Figure 8.

The PMFs in Figure 7 show that the CIP state has a lower minimum than the SIP state in LiF
and Csl, whereas the SIP is deeper than the CIP for Lil. The respective depths of these states
reflects on the relative associativity of the ions in solution, with a deeper CIP indicative of
more associative and a deeper SIP indicative of less associative ion pairs. Collins et al. noted
that LiF (small-small) and Csl (large-large) tend to have a greater affinity for one another
experimentally in solution than mixed size ion pairs such as Lil (small-large), and they
developed a simple physical picture based on these observations to rationalize why LiF and
Csl have lower water solubilities (0.1 M and 2.9 M respectively) than salts like Lil (small-
large) which has a rather high solubility (12.3 M).39v 42 The associative trends seen in our
PMFs is consistent with the physical model they proposed.

J Phys Chem B. Author manuscript; available in PMC 2010 May 14.
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Here is the explanation from the simulations. As ions are moved apart from each other in water,
there are various energetic components contributing to the overall shape of the PMF. First, the
direct electrostatic interaction between the ions will weaken. Second, there will be some
favorable water-ion interactions due to the added water molecules that enter the space between
the ions. But third, there can also be unfavorable interactions, due to orientational restrictions
of first-shell waters beyond the restrictions they would have had in the bulk. Here, we make
qualitative estimates of those factors. Why is the CIP state favored relative to SIP when both
ions are small (Figure 7a)? Of course, the electrostatic interaction is most favorable in the CIP
state because the ion-ion separation distance is smaller than for the SIP state. In addition, water
structuring effects, in this case, also stabilize the CIP state. This is reflected in the F, values
for LiF as a free energy increase due to loss of water occupancy entropy moving from the CIP
(1.36 kcal/mol) to the SIP (2.80 kcal/mol), a process coupled with three additional waters
entering the first shell (see the Fk| and nyg values in Table 2). This increase in Fi_is primarily
due to confinement of these additional waters as bridging waters (shown as gold regions in the
SIP plots of Figure 7), which are highly restricted in the SIP state. The water organization
around the backsides of the ions are otherwise similar in the CIP and SIP states. Both these
small ions act to structure the surrounding hydrogen bonding network (Figure 8a). This
structuring corresponds with the occupancy regions in Figure 7a, extending beyond the first
hydration shell, and it becomes more extensive as the ions are separated.

In the case of pairs of large ions, such as Csl, the difference in direct electrostatic interactions
between CIP and SIP is small, and the water cage-structuring effects are also small. Only two
waters are inserted in the first shell here, from CIP to SIP, and this does not contribute much
to additional stabilization of the SIP state. Most of the changes due to ion pairing of Csl appear
to occur in the hydrogen bonding network of the surrounding water (Figure 8b). The blue
contour regions show weakened hydrogen bonding relative to the bulk value (white regions),
and these regions locate at the surface of the ions and indicate that the network is looser here
because first shell waters have difficulty interacting with each other when they are coordinated
to a nearby ion. Possibly of more interest are the red contour regions, where hydrogen bonding
is stronger than in the bulk. As the ions are pulled apart (from CIP to SIP), there is a decrease
in the population of this network enhancement about the cation, particularly noticeable around
where the ions meet. These plots indicate that the pairing of large ions enthalpically stabilizes
the surrounding hydrogen bond network.

Finally, we consider the energetics of pairs of ions of mixed sizes, one small and one large. In
this case, Table 2 shows that the SIP is stabilized relative to CIP by the gain of 3 waters (for

Lil) and also by water cage structures that have lower free energy (Fk(). The lesser degree of
water structuring in the SIP states can be seen in Figure 7¢; compare the higher degree of water
localization (dark blue and dark red density contours) in the CIP states than in the SIP states.
As expected, this localization is seen in the hydrogen bond network as tight structuring on the
backside of lithium in the CIP state and a more continuous/diffuse structuring in the SIP state.

3.5 Kp values encapsulate the trends and sensitivities of ion pairing

One Wag/ to study ion-ion pairing is through their association constants, K, in solution.9: 10,
61, 76-80 There are several experimental techniques for determining Ka; however, when
Ka is smaller than 2 M1, there are errors in measurement, and detection of ion pairing is
questionalble.61 Such problems often arise for strong electrolytes like the alkali halide salts
studied here. This has led to the view that such salts are always entirely dissociated in solution,
consistent with early electrolyte theories of Debye, Hiickel, and Onsager.z_4 Here, we test this
computationally.

Rather than to compute K from molecular simulations, which would involve huge
simulations, here we use the PMF as a simpler surrogate measure of association. It has been
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shown that K does not depend on the salt concentration of the simulation.34 To investigate
the validity of this method for determining K values, we compared a small subset of these to
values calculated using cluster analysis results. Chen and Pappu have recently performed such
an analysis on chloride and bromide salts of Na, K, Rb, and Cs with the TIP3P water model.
34 Their Ka values are shown in Table 3 alongside the results from this study. While the current
numbers tend to be a little lower, all of the trends are reproduced and the results often overlap
within the reported errors. This verification indicates that the K values calculated here are
useful measures of ion association.

Tables 1 and 2 of the supporting information show the calculated K values with error for all
water models and ion parameter sets considered. For clarity, we have plotted smaller subsets
of this data in Figures 9 and 10. Interested readers are encouraged to explore the results in the
supporting information for details on more specific cases.

In Tables 1 and 2 of the supporting information, the salts with the largest K values are lithium
salts, and a portion of these results are shown in Figure 9. This figure highlights some of the
differences in ion association as a function of water model, and similar differences are seen
between different ion parameter sets (see the supporting information). While all the ion
parameters utilized in this study were originally devised in conjunction with specific water
models,48' 82 there have been several investigations into the transferability of the various water
models in molecular simulations, which have resulted in both opposition to and support for
such replacement.lsl 36,72, 83,84 The results displayed here indicate that while in some cases
the water model can be substituted with little change in the physics (e.g. replacing SPC with
SPC/E when solvating LiF), many salt combinations will show significantly different ion
pairing behavior. For example, using TIP4P-Ew tends to result in more associative ion behavior
than other water models. In general, the Dang and JJ ion parameters are more resistant to
changes arising from water model replacement than the OPLS parameters. Care should be
taken when altering the water model to avoid changing the ion pairing physics in unexpected
ways.

One extreme example of altered ion pairing physics can be seen by swapping any of the 3- or
4-point models for TIP5P-E in lithium salt simulations. With the simpler models, LiCl or LiBr
show a high propensity to form ion aggregates as the free energy of ion association is always
well below kgT, while with TIP5P-E they are highly dissociated. This comes about because in
TIP5P-E, electron lone pair sites are located nearer to the surface of the Lennard-Jones sphere
than the 3- and 4-point models, which have a single negative charge buried near the center.
85 The reduced distance between water’s negative charges and lithium’s central point charge
leads to TIP5P-E water having a greater affinity for the lithium ion than the simpler water
models. This increase in affinity between TIP5P-E and lithium outweighs the direct
electrostatic interactions in LiCl and LiBr, causing these salts to readily dissociate in solution.
Here, the tetrahedral geometry of TIP5P-E may result in a more realistic behavior, as one would
expect the electron cloud around the nearby water oxygen atoms to become more localized
near small cations, similar to the separate discrete electron lone pairs of TIP5P-E. The static
nature of the electrostatics in the simulations performed here limits the certainty of such
explanations, and this is likely a case where ab initio simulations could provide additional
insight.

Considering these results, it is not surprising that ion cluster structures have been observed in
simulations of lithium salts using TIP3P and the OPLS parameters.28 The large K values seen
for this water model in Figure 9 are a signature for ion aggregation behavior, and these values
are much larger than those seen with TIP5P-E or determined using experimental conductance
or dielectric relaxation spectroscopy (DRS) data. One question posed by this difference in
lithium association is “what ion pairing behavior is more realistic: highly associated or
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dissociated?” Large association constants like those seen when using the OPLS and JJ
parameters for lithium along with a 3- or 4-point water model should be readily observable
with experimental techniques like DRS, and the current experimental studies of LiCl have
favored a primarily dissociated picture.81 This indicates that in the case of LiCl, the aggregate
structures observed in molecular simulations2’> 28 are likely an artifact of chosen modeling
parameters.

The connection between these ion pairing results and the specific choice of ion parameters and
water model presents a unique challenge for those developing improved forcefields for
molecular simulations. As ion parameters are typically developed with a particular water model
in mind, an alternative direction would be to tether these options within the chosen forcefield.
This is the tactic has recently been taken by Joung and Cheatham in their recent work on
correcting ion aggregation issues in the AMBER forcefield,86 and looks to provide a more
consistent depiction of ion behavior within this particular forcefield.

Despite the sensitivity of these results to choice of modeling parameters, general trends due to
ion size are consistent for any given water model and ion parameter set. Figure 10 is an example
case visualizing these trends which follow the ‘law of matching water affinities” discussed in
the previous section. When the cation and anion are both small (LiF), their affinity for one
another is much greater than for the surrounding water, causing them to associate (large
InK»). Individually increasing the size of either the cation or anion weakens the ion-ion affinity
relative to the ion-water affinities, causing them to dissociate more readily in solution. Finally,
the associative behavior can be enhanced by increasing the size of both ions, weakening the
overall ion-water affinities relative to the water-water affinities, causing an increased
association of large ion pairs. This result is not surprising given that K is derived from the
depth of the CIP state relative to the whole of the PMF, and we saw how the PMF shape and
water structure give rise to these trends in the previous section. It is also interesting to note that
the NaF and KF K results seen here and in the supporting information correspond well with
previous simulation and experimental results on the preference of sodium ions over potassium
ions for interacting with high charge density regions on protein surfaces.87-89

Ka values derived from experimental conductance and DRS data at 298 K are shown in the
last columns of Table 2 of the supporting information. In these columns, the ion size trend
described above is less clear than the stated salt solubilities. In the conductance results, the
salts do become more dissociated as ion sizes increase; however, the opposing desolvation
effect seen in pairs of large ions is less pronounced. This could be partly do to the somewhat
arbitrary convention used in choosing7what separation distance tolerance (rmax) defines an ion
pair in the conductance data analysis. 8-80, 90 |t has been shown that the resulting Ka values
are not independent of the choice of rpy in experiments at standard temperature and pressure.

1,91 This uncertainty in the ion pairing distance definition in conductance measurements
makes justification of simulation results based on exact agreement to these numbers somewhat
premature. The effects of these definition differences are visible when comparing the
conductance numbers to the simulation results, particularly in the case of the lithium and
sodium salts. The conductance K a values are generally larger than those seen in the simulations,
with the exception of the highly associative lithium OPLS cases shown in Figure 9.

As a final point in comparisons to experimentally measured ion association constants, the
sparseness of the DRS results are a result of the instrumental grecision not being sufficient to
reliably measure K in these types of electrolyte solutions.10 81,92 The only verification that
can come from these values is that the ions do not aggregate extensively in solution, and the
available salts have K values less than 3 M1 (with error bars of similar magnitude to the
reported K values). DRS is a promising technique that has had considerable success in
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measuring ion pairing,gl 10,61 ang hopefully future improvements will help clarify the degree
of ion association in these systems.

4 Conclusions

We have studied the PMFs of different ion pairs in water. We compare different force fields
and different water models. We have looked at the different equilibrium states: the contact ion
pair (CIP), the free energy peak, the solvent-shared ion pair (SIP) and the solvent-separated
ion pair (2SIP). We have also looked at the ion association constants of the full series of alkali
halide salts. Our simulations give a microscopic interpretation for the empirical observation of
salt pairing effects that are captured by Collins’s ‘law of matching water affinities’. Our
simulations are consistent with the view that: (1) small-small ion pairs associate strongly in
water because of the strong electrostatics due to the small separations and because water caging
stabilizes the CIP, (2) large-large ion pairs tend to associate because the electrostatics is weak
and they are held together by hydrophobic-like water caging, and (3) small-large ions readily
dissociate in water because the smaller ion interacts with water more strongly than the ion-ion
or water-water interactions, leading to a SIP that is more stable than the CIP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A two dimensional map of the water oxygen atom occupancy about an ion pair. The blue
coloring indicates the region used in the spatially restricted g(r) about the cation, the red
coloring indicates the region included in the spatially restricted g(r) about the anion, and the
gray colored region is neglected by both functions. The radial distances to the first minimum
of each g(r) are rq and ry, Oy is an angle tolerance used in determining the Kullback-Leibler
free energy, and the dashed line boundary indicates the region defining the first solvation shell
about the ion pair.
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Figure 2.

PMF curves for the fluoride ion paired with different cations, calculated using the OPLS force

field and the TIP3P water model.
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Figure 3.

The PMF curves for KF using the OPLS, Dang, and JJ force field parameter sets with the TIP3P
water model.

J Phys Chem B. Author manuscript; available in PMC 2010 May 14.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Fennell et al.

Page 17

T I T T T T I T

2r — SPC 7
- — SPCJE -
— TIP3P
Ir — TIP4P-Ew
! TIPSP-E |

X/

PMF (kcal/mol)
— o
| |

1
\)
|
|

2 4 6 8
Ion Separation (A)

Figure 4.
The PMF curves for KF using the SPC, SPC/E, TIP3P, TIP4P-Ew, and TIP5P-E water models
in conjunction with the OPLS force field parameters.
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Figure 5.

Free energy surfaces and PMFs for KF, CsF, and K1 using OPLS parameters and the a) TIP3P
and b) TIP5P-E water models assembled together to illustrate the asymmetric solvation
response of water. Replacing the potassium with cesium depletes the CIP state (point 2 is higher
than point 1), while replacing fluoride with iodide lowers the energy of and populates the CIP
state (point 3 is lower than the other labeled points). As expected, TIP3P shows a stronger
asymmetric response than TIP5P-E.
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Figure 6.

Free energy surfaces about the KF ion pair at the a) CIP, b) 1st maximum, c) SIP, and d) 2SIP
states as labeled on the PMF. The arrows indicate the average water dipole vector orientation
and magnitude. The blue, red, and orange contours indicate the cation, anion, and bridging
water occupancy regions respectively, and the free energy tolerances from lightest to darkest
tone are -0.25, -0.5, -0.75, and -1.0 kcal/mol. Water molecule illustrations are shown at
particularly stable bridging water regions. The rings around the water illustrations and the
shaded circles around the ions depict the Lennard-Jones spheres of the particles. The ions were
modeled using the OPLS parameters in TIP5P-E water.
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Free energy surfaces for the (left) CIP and (right) SIP states of a) LiF, b) Csl, and c) Lil
alongside their potential of mean force curves. The PMF curves for LiF and Csl indicate an
enhanced associative behavior, while the PMF curve for Lil shows a preference for the
dissociated states. These ions were represented using the OPLS parameters and TIP5P-E was

used to model water.
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CIP

Figure 8.

The average hydrogen bond strength about a) LiF, b) Csl, and c) Lil in the CIP and SIP states.
Blue contours indicate water-water hydrogen bonds weaker than the bulk (white) values, while
red contours indicate stronger water-water hydrogen bonds. The contours are drawn in 0.2 kcal/
mol levels, with the lightest red level 0.2 kcal/mol stronger and the lightest blue level 0.2 kcal/
mol weaker than bulk water-water hydrogen bonds. Here, the ions were represented using the
OPLS parameters and TIP5P-E was used to model water.
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Figure 9.

The natural logarithm of the K values for lithium salts calculated from simulations using all
five water models with the OPLS ion parameters alongside the values determined from analysis
of conductance [Ref. 78] and dielectric relaxation spectroscopy (DRS) data [Ref. 81].
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Figure 10.
The natural logarithm of the K values for the alkali halide salts calculated from simulations
using the OPLS ion parameters with the TIP5P-E water model.
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Table 3
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lon pairing association constants in units of m~1 calculated from PMFs when using the OPLS and TIP3P parameters
compared with the same values obtained from the clustering analysis in Ref. 34.

salt K :this work Ka:Ref. 34
NaCl 0.60(4) 0.76(5)
NaBr 0.61(4) 0.72(7)
KCI 0.52(2) 0.57(4)
KBr 0.53(2) 0.65(7)
RbCI 0.46(2) 0.52(5)
RbBr 0.58(3) 0.60(6)
CsCl 0.42(2) 0.48(5)
CsBr 0.54(2) 0.55(4)
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