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Abstract 

The change in the transport properties (i.e., water diffusivity / shear viscosity) when adding salts to 

water has been used to classify ions as either being chaotropic or kosmotropic, a terminology based on the 

presumption that this phenomenon arises from respective breakdown or enhancement of the hydrogen-

bonding network structure. Recent quasi-elastic neutron scattering measurements of the collective structural 

relaxation time, tC, in aqueous salt solutions were interpreted as confirming this explanation of the origin 

of ion effects on the dynamics of water. However, we find similar changes in tC in the same salt solutions 

based on MD simulations using a coarse-grained water model in which no hydrogen-bonding exists, 

challenging this conventional interpretation of mobility change resulting from the addition of salts to water. 

A thorough understanding of specific ion effects should be useful in diverse materials manufacturing and 

biomedical applications where these effects are prevalent, but poorly understood. 
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Introduction 

Some combinations of anions and cations increase the self-diffusion coefficient (D) of water and 

others reduce it, while, correspondingly, the opposite trends arise for the shear viscosity (h) of the entire 

aqueous salt solution.1–4 Ions are operationally termed chaotropic and kosmotropic, based on whether h is 

decreased or increased,5 an effect historically interpreted as being due to structure-breaking and structure-

making of the hydrogen-bonding network.1,6,7 It is also implicit in these arguments, rationalizing specific 

ion effects, that an increase in solvent structural ordering and associated densification is responsible for this 

type of h enhancement8 so that density-based free volume models have also been applied with some 

frequency to aqueous salt solutions.1 Such arguments have been repeatedly made, despite the fact that 

increasing the density of water can in some instances increase water mobility.9,10 In contrast, chaotropic 

ions are supposed to give rise to less ordering of the hydrogen-bonding network (corresponding to a 

reduction of density in a free volume structural framework11) to rationalize the lowering of h and the 

increase of D.1,2,6 The differing behavior of chaotropic versus kosmotropic salts has provided the basis of 

many applications with stimuli responsive systems, controlled assembly, and a wide range of interfacial 

phenomena.12–21 There is extensive and a rapidly growing literature discussing the specific ion effects on 

the dynamics and thermodynamics of water that we do not attempt to summarize in here. Many of the 

numerous applications and the theories proposed to rationalize this phenomenon have been thoroughly 

reviewed by Gregory et al.,4 and we refer the interested reader to their work for this background 

information. 

From the perspective of the presumed structure-making and breaking impact of salts on the 

hydrogen-bonding network, some researchers have equated the common observation of the increase in h 

upon the addition of some salts to an increase in the effective applied atmospheric pressure, since this was 

also anticipated to increase the density of water.1,22,23 However, both neutron diffraction and X-ray 

measurements have suggested that this free volume based structural viewpoint of specific ion effects is 

inadequate.23–25 In particular, little structural change (in terms of pair correlation functions) from the 

presence of ions seemed to occur beyond the first hydration shell: so that the effect of the ion on this type 

of structure appears to be highly local. Other spectroscopically-based measurement studies of aqueous salt 

solutions likewise concluded that a perturbation of the local “structure” of water, defined in terms of the 

rotational dynamics of the water molecules, was limited to the first solvation shell,25,26 leading to debate of 

the ion structure-breaking and making paradigm for specific ion effects in aqueous salt solutions. The 

question of what extent ions influence the surrounding water, and how such changes impact the dynamical 

properties, evidently remains largely unresolved.1,27–29 Nonetheless, it is clear from numerous previous 
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studies that changes in the properties of water with the addition of salts are conventionally interpreted as 

resulting from the impact on the literal structure of water’s hydrogen-bonding network.1,25 

In the present work, we agree that the influence of added salts on the hydrogen bond dynamics are 

symptomatic of specific ion effects related to changes in water mobility by salts, insofar that the addition 

of salt to water changes the macroscopic thermodynamics and transport properties of water in such a way 

that both the hydrogen bonding dynamics on sub-ps timescales and the effective interaction strength 

between the water molecules are altered. The effect of salts on the cohesive energy density of water can be 

modeled by coarse-grained classical molecular dynamics (CG-MD) simulations as well as the impact of 

these changes on the dynamics and thermodynamics of the fluid arising from these additives. This is the 

essence of our simulation strategy, which we discuss at greater length in the Conclusions section, after 

presenting our results. 

One of the main purposes of the present work is to demonstrate that observed specific ion effect 

trends in water mobility, solution shear viscosity, and the structural relaxation time, do not require the 

explicit inclusion of hydrogen-bonding dynamics in our classical MD modeling. Of course, we do not intend 

to minimize the significance of hydrogen-bonding interactions in water,30 as briefly just mentioned. Instead, 

we wish to systematically compute mobility changes in water with the addition of ions to highlight the 

importance of changes in the cohesive energy density of aqueous solutions as being the ultimate cause of 

chaotropic and kosmotropic effects. This interpretation does not contradict the prevailing idea that such 

changes are due to some sort of change in water’s “structure”. In fact, changes in water’s “structure”, have 

been conceptualized in terms of a change in the local cohesive energy density (CED) has been advocated 

previously,31,32 although this interpretation of specific ion effects is not currently prevalent. It is evident that 

part of the controversy arising in this area relates to the ambiguity and adaptable meaning of the term 

“structure”.8 

Andreev et al.33,34 recently observed that the change of D with respect to salt type, relative to pure 

water D0, could be semi-quantitively estimated at room temperature from a coarse-grained (CG) model of 

aqueous monovalent salt solutions in which the water molecules were modeled by Lennard-Jones (LJ) 

particles. The success of this model is owed to representing the ion-solvent interaction strengths to be 

consistent with observed ion solvation energies. In this CG model of aqueous water solutions, the ion-

solvent, solvent-solvent, and ion-ion bead interactions are described with a LJ potential well-depth 

parameter: 𝜖!,#, 𝜖#,#, and 𝜖!,!, while ion-ion LJ interactions are superimposed on the Coulombic interaction 

potential between the ions. The different sizes of the ions and the water beads are taken to be equal for 

simplicity. The well-depths for the ions were set from scaling their respective Born radii to the reference 

KCl, known to have minimal impact on the transport properties of water, and thus may be considered as a 
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phantom ion in this restricted sense. In this way, the free energy of solvation (for which the inverse of the 

Born radii are a proxy) accounts for the various factors known to contribute to ion solvation, e.g., solute 

size and the degree of hydration11. Within this idealized model, 𝜖!# is the only variable that distinguishes 

between salt types. This minimal model of electrolyte solutions is an improvement over any theoretical 

treatment neglecting the solvent altogether. Indeed, this CG model was found to not only reproduce 

essential trends33 in the change of D and h with the addition of salts spanning the full range from strongly 

chaotropic to kosmotropic, but remarkably, this model was also able to reproduce essential trends in the 

surface tension, density, and isothermal compressibility with the same series of salts.34  

By contrast, no previous classical MD simulation of aqueous solutions had been able to explain 

even the existence of chaotropic ions.35–37 Capturing this phenomenon requires models derived from first 

principles,38,39 machine-learning40 based forcefields, or forcefields involving scaled charges rationalized to 

capture polarization and charge transfer effects,41,42 in addition to some polarizable models42. While first-

principles studies have indicated that polarization plays a more prominent role than charge transfer,43 either 

case will justify the use of scaled ion charges in aqueous solutions.41,42 Although these methods capture 

kosmotropic/chaotropic trends they have not offered any clear physical interpretation of what allows these 

strategies to propagate from ion-solvent interaction to the transport properties of the system. The CG LJ 

model of salt solutions then offers a path forward for understanding the fundamental origin of both mobility 

and thermodynamic changes in aqueous solution properties upon adding salts to water. Since the free energy 

of solvation is the source of the parametrization of this model, the influence of ion size, electronegativity, 

charge transfer, and polarization are implicitly accounted for. Addressing the origin of these specific ion 

effects, however, requires that we consider collective diffusive and structural relaxation in aqueous salt 

solutions because properties of liquids generally involve such processes over a wide range of timescales. 

We next turn our attention to examining an experimental study of collective diffusion and 

relaxation in aqueous solutions with added chaotropic and kosmotropic salts and compare those results to 

simulations based on the CG model just mentioned. A recent quasi-elastic neutron scattering (QENS) 

study27 measured the structural relaxation time of water in aqueous solutions with both chaotropic and 

kosmotropic alkali metal ions and concluded that changes in the rate of water’s collective relaxation should 

be attributed to the influence of the ions on the hydrogen-bonding network. The concept of “structure” here 

apparently refers in a generally way to the collective dynamics of water and its hydrogen-bonding network, 

but the exact nature of the “structure” that might be involved is unspecified, and thus open to interpretation. 

In this way, the sophisticated QENS measurements were claimed to be in accord with the traditional 

rationalization of specific ion effects as arising from a disruption in the structure of the water hydrogen-

bonding network, as discussed above. Moreover, Liu et al.27 found that the bulk solution hydrogen bond 
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lifetime showed no detectable dependence on salt type or salt concentration in their QENS measurements 

of the same system in which they showed concentration dependence of the collective structural relaxation 

time. Although, specific ion effects are known to occur for other aspects of the hydrogen bonding network 

that are on the fs timescale.44–46 It was this neutron scattering by Liu et al. that prompted us to study whether 

the CG solution model of Andreev et al.33,34 could reproduce the observed dependence of the collective 

structural relaxation time, tC, as a function of the salt type and concentration in accord with the dynamic 

neutron scattering measurements. This classical MD model does not involve hydrogen-bonding 

interactions, so the continued success of this model in capturing specific ion effects would be instructive 

on the essential aspects of such phenomena. 

In the present work, we estimate the collective relaxation time, tC, i.e., structural relaxation time, 

for the same chaotropic and kosmotropic ions as those study via QENS measurements,27 in a concentration 

range between 0.1 mol/L and 3 mol/L. We find semi-quantitative agreement between this CG aqueous 

solution model and the coherent neutron scattering measurements in the relatively low concentration range 

where the model is most suitable because of the current CG model’s neglect of inter-ion dispersion 

interactions. Because the attribution of viscosity changes to the hydrogen-bonding network stemmed from 

an assumed constant infinite-frequency shear modulus, 𝐺$ in experiments,27 we also test this assumption, 

finding similar variation of 𝐺$ to other solvent properties. After demonstrating that the observed changes 

in structural relaxation times do not by themselves implicate changes in hydrogen-bonding as their source, 

we show the linear relationship between the concentration-dependent change in h, D, tC, and 𝐺$, for 

different salt types and the difference between ion-solvent and solvent-solvent interaction energies. This 

linear relationship is then derived analytically in the supplementary information, and the result presented 

here. We then examined the physical nature of the ion hydration layer of kosmotropic and chaotropic ions, 

with this CG model, by drawing on analyses of the Debye-Waller parameter <u2>, utilized in polymer glass-

forming liquids to quantify mobility gradients around inorganic nanoparticles,47 and more recently in 

studies of solvated systems48–50. Following previous researchers, we define <u2> as the mean-squared 

displacement (MSD) of the particles on a characteristic caging timescale, tC, a timescale on the order of a 

ps in molecular fluids. The value of <u2> has been directly related to the incoherent structural relaxation 

time in simulation studies,51,52 also demonstrated in this work. However, <u2> can also be analyzed as a per 

particle quantity to analyze dynamic heterogeneity in solvated systems,48–50 which shows significant 

differences between chaotropic and kosmotropic ion hydration. Given that the dynamic hydration layers 

are extended around the ions, there must come a point with increasing concentration where the hydration 

layers overlap, we find that the 1st hydration layers in this CG model percolate at relatively low 
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concentration so the extended influence of the interaction energy between salt and solvent to propagate at 

the concentrations in question. 

Methods 

This work models solutions with varying concentrations of alkali metal salts with a coarse-grained 

molecular dynamics (CG-MD) approach. Three independent boxes allowed for statistical analysis, and were 

built at each salt concentration with the MosDef‡ suite (i.e., mbuild‡,53 and foyer‡,54). Each simulation box 

then contains 10 054 CG beads where the fraction that represents salt is dependent on the target 

concentration of (0.1, 0.5, 1, 2, 3) mol/L. The CG beads interact through a Lennard-Jones (LJ) potential 

where all values are equal to unity in LJ units unless otherwise specified. This study focuses on a series of 

cations with Cl- as a counter-ion with an interaction energy of one, 𝜖%&,# = 1. The cations range in their 

cross interaction energy parameters according to their scaled Born radii relative to K+, as explained in 

previous work.33 The condition in which 𝜖!,# = 1 corresponds to a phantom ion reference case in which the 

ion is assumed to have no effect on the mobility of water, which is clearly just an approximation that holds 

over a limited range of T. This methodology of estimating the solvent-ion interactions without fit 

parameters, also assumes that the anions and cations contribute independently to the alteration in the water 

mobility, a property shown to hold to a good approximation for many simple ions at low salt 

concentrations.55,56 Ion association at high salt concentration can be expected to invalidate this assumption 

where ion specific effects of anion-cation interactions should be incorporated into the modeling through 

osmotic virial coefficient data of electrolyte solutions or other observations sensitive to ion association. The 

modeling that we consider is limited to a temperature range well above the melting temperature where the 

complex dynamics of supercooled water are not prevalent57 and strictly speaking should be limited to a 

regime where the concentration dependence of water’s transport properties are not heavily driven by ion-

ion interactions. This methodology for estimating the ion-solvent dispersion interaction strength for Na+ 

(kosmotropic), K+, and Cs+ (chaotropic) results in values of 1.25, 1, and 0.85, respectively, in LJ units with 

a potential cutoff of rC = 3 𝜎. To represent the charge interaction between the ions, a dielectric constant of 

0.771 was used to scale the charges to produce a Bjerrum length of 1.73 𝜎 at T* = 0.75, where 𝜎 is expected 

to be 0.4 nm.33,34 The characteristic timescale for this LJ system, 𝜏, is on the order of a ps, consistent with 

the Debye-Waller parameter for water models used in atomistic simulations.50 

MD simulations were carried out with the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS)‡,58 using periodic boundary conditions. Long-range electrostatics were treated using 

a particle-particle particle-mesh solver59 with a relative error of 0.0001. Three independent configurations 

for each salt type and concentration were equilibrated for 3 000 𝜏 with a timestep of 0.005 𝜏 and constant 
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temperature and atmospheric pressure (NPT) at T* = 0.75 and P* = 0.01. The last 500 𝜏 was used to calculate 

the equilibrium box size for subsequent simulations in the canonical ensemble (i.e., constant volume and 

temperature, NVT), 23.37 𝜎. After 10 000 𝜏 of equilibration with a decreased timestep of 0.001 𝜏, a 

production run of approximately 23 000 𝜏 was used for the analysis in our work, as dynamic properties are 

most reliably represented in the NVT and microcanonical (i.e., constant volume and energy, NVE) 

ensembles.60,61 The Nose-Hoover thermostat and barostat were utilized with respective dampening factors 

of 1.0 and 10.0), where applicable. The analysis results of this work were produced in LAMMPS‡,58 with 

the aid of MDAnalysis‡,62,63. The viscosity was computed from the system pressure tensor written every 

0.01 𝜏 using the recommended Green-Kubo relation, details described elsewhere.60  

Results and Discussion 

A recent quasi-elastic neutron scattering (QENS) study of salt solutions27 has provided insight into 

the structural relaxation of water depending on salt type and concentration. Until this work, most neutron 

diffraction studies of salt solutions focus on isotopic substitution to ascertain the pair distribution function 

of ions and their solvation layers.22,64–66 Such a strategy provides information on the number of water 

molecules in the first hydration layer and their average orientation, where structural information beyond 

that layer is undiscernible except in the case of the second hydration layer of bivalent ions such as Ni2+.64 

Previously, incoherent QENS measurements have been used to study D for ionic solutions,2 confirming 

known changes relative to pure water from nuclear magnetic resonance (NMR) measurements. In 

temperature-dependent studies of water, two relaxation times have been identified from incoherent QENS 

measurements, thought to be associated with hydrogen-bond fluctuations and structural relaxation in 

addition to a vibrational component.67,68 It is only recently that Luo et al.27 evaluated the structural 

relaxation of ionic solutions with coherent QENS, taking collective relaxation under consideration. That 

work also determined the relaxation times of hydrogen-bond fluctuations and structural relaxation, 

concluding that the addition of various concentrations of NaCl, KCl, and CsCl do not affect the former. The 

finding that relaxation times characteristic of hydrogen-bond lifetimes are invariant with salt type and 

concentration seems to be inconsistent with the conclusion that kosmotropic or chaotropic ions cause a 

constructive or destructive effect on the hydrogen-bonding network. However, the longer structural 

relaxation times varied with ion concentration similarly to the viscosity changes, as one might expect. The 

experimental conclusions of Luo et al. are perplexing from the existing evidence that chaotropic and 

kosmotropic ions influence the transport properties of water through their effect on the hydrogen-bonding 

network, yet they provide credence to the results of the LJ model of Andreev and coworkers,33,34 capturing 

the essential physics of alkali metal ion solutions. 
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In order to compare the collective structural relaxation time of water reported by Luo et al.27 to the 

LJ model of Andreev et al.33,34, we computed the collective intermediate scattering function, FC(t). The 

isotropic approximation of FC(t) was applied,69–71 which is expected to result in quick convergence and the 

flexibility to be computed at any q-value. 
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The intermediate scattering function calculation (Equation 1) is limited to the sphere around each 

particle with a diameter equal to the simulation box of length, L, by the delta function, 𝛿!'(𝑡, 𝐿), with 

corrections, 𝐶(𝐿).69–71 The distance between a bead at an initial time and all other beads after some time 

lag, t’, is summed, and then averaged over particles, N, and simulation frames, M, result in the final FC(t). 

These intermediate scattering functions were calculated at a q-value of 6.68 𝜎-*, or the peak of the static 

structure factor, approximately at the particle length scale. Because FC(t) was found to be nonexponential 

(as shown in other atomistic simulation studies72), the relaxation times were taken at the point that the 

normalized function, FC(t) / FC(0) = 0.2.73,74 This relaxation time of the intermediate scattering function at 

the q-value corresponding to the peak in the static structure factor is commonly referred to at the structural 

relaxation time, providing a metric of fluid structure. 

We observe that the success of this CG model of aqueous ion solutions introduced by Andreev et 

al.33,34 continues as we compare the structural relaxation time taken from the coherent scattering function 

(i.e., collective intermediate scattering function), FC(t) to QENS measurements. It is observed that with 

increasing concentration, the spread between long time relaxation of the different salt solutions becomes 

more apparent. A comparison of this CG model to relaxation times taken from QENS measurements27 

shows qualitative agreement (Figure 1b). Notice that the simulation values (Figure 1b, left axis) and the 

QENS data (Figure 1b, right axis) are plotted on different scales, with a difference of a factor of two. Such 

agreement appears to breakdown at concentrations of 2 mol/L and 3 mol/L, illustrating the known issue 

with this model at high salt concentrations where ion-ion interaction parameters have not been tuned.33 The 

continued agreement between this LJ model encourages confidence in the model’s ability to provide insight 

into the ion concentration dependence of solvent transport properties. 
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Figure 1: (a) Collective intermediate scattering function for studied salt combinations where the horizontal 

lines (gray) indicate values of 𝜏%  at which FC(t) = 0.273,74. Trends at different concentrations are shifted up 

by 0.15 for clarity. (b) The changes in 𝜏%  are plotted alongside QENS data27, where the two axes illustrate 

that our simulated relaxation times relevant to pure solvent approximately scaled to half the relative 

relaxation time from experiments. QENS measurements shown in black represent measurements from two 

neutron sources described elsewhere.27 Uncertainty intervals represent the standard deviation between 

replicate simulation runs. 

To further discern the source of the salt concentration dependence on the viscosity and structural 

relaxation, Luo et al.27 probed the ratio between the two properties. The meaningfulness of this ratio, 𝜂/𝜏% , 

stems from a common adaptation of the Stokes-Einstein relationship75–77 where viscosity is replaced with 

the structural relaxation time from coherent76 or incoherent75,77 neutron scattering measurements, thus, 𝜏% ∝

𝜂. Assuming the structural relaxation time also scales with the stress relaxation time,78,79 the ratio 𝜂/𝜏%  was 

expected to provide insight into the ion concentration dependence of 𝐺$. Such an assertion stems from the 

Maxwell relaxation, 𝜂 = 𝜏+	𝐺$, where h is assumed to be described by a single relaxation process 

characterized by the Maxwell relaxation time, 𝜏+.80 Luo et al. examined the ion concentration dependence 

of 𝐺$ by plotting the ratio of viscosity, 𝜂/	𝜂/, and relaxation time, 𝜏%/𝜏%,/, where each property was scaled 

by their value for pure solvent. The ratio of scaled viscosity to scaled relaxation time varied from 

approximately 0.9 to 1.1 in a scattered manner, suggesting that 𝐺$ was indeed constant. As shown in Figure 

S1, our calculations show a similar range of variation but with the same ion concentration dependence 

observed for the structural relaxation times. In addition to this indirect evaluation of 𝐺$, our simulation 

study allows for a direct calculation of 𝐺$ through the breakdown of the Green-Kubo relationship of the 

stress autocorrelation function (ACF),81 
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where 𝜎34 represents the off-diagonal elements of the system stress tensor. Note that there is discussion in 

the literature whether the affine modulus, 𝐺$ (calculated from Equation 3) is comparable to the high-

frequency plateau 𝐺$ taken from experimental studies,81 but for the purposes of this work, we use the 

definition of the infinite-frequency modulus in Equation 3. An analytical estimate of 𝐺$ can also be 

computed for a LJ model based on an expression derived by Zwanzig and Mountain,82  

 𝐺$,;< = 3𝑃 +	=>
?
𝜌𝑘@𝑇 −

=A
?
𝜌〈𝐸〉, (5) 

where P, T, 𝜌, and 〈𝐸〉 represent the pressure, temperature, number density, and average total energy, 

respectively. This expression was derived for a homogeneous LJ liquid, and so here, Equation 5 provides a 

naïve estimate via G¥,ZM that neglects the multicomponent nature of the salt solutions and the presence of 

ion-ion Coulombic interactions, an approximation in the spirit of the origination of the CG model of 

aqueous salt solutions. Notice that the summation of the second and third terms of Equation 5 are 

approximately proportional to the CED, which is defined as the inter-molecular energy of the system.83,84 

Since there is no intra-molecular energy in our system, the CED from simulations is simply the potential 

energy times the number density, i.e., number density times the difference between the total energy and the 

kinetic energy, where the prefactors in Equation 5 with the conversion of temperature to kinetic energy are 

relatively close in value. A comparison between 𝐺$,B+ and the CED in Figure S2 and between 𝐺$ from 

Equation 3 and 𝐺$,B+ from Equation 5 is shown in Figure 2a. 

Notice that the variation in the stress ACF and 𝐺$ (Figure 2a) with respect to salt type and 

concentration. While the stress ACF for only the lowest and highest ion concentrations is shown for clarity, 

the change in 𝐺$ (Figure 2a inset) is shown to reliably vary to a greater extent than Figure S1, which should 

be equivalent if 𝜂/𝜏%  were a reliable proxy for 𝐺$. 𝐺$ is also often presumed to be constant with 

temperature, although other simulations of LJ and atomistic systems have shown that this is not the 

case.82,85,86 Considering that 𝐺$ is proportional to the mean-squared stress of the atoms, it is no wonder that 

by increasing and decreasing the interaction energy respectively between solvent and kosmotropic and 

chaotropic salts that we find this variation (Figure 2a inset). Indeed, our crude estimate of 𝐺$,B+ from 

Equation 5 (Figure 2a inset, dashed line), without taking the ternary system or Coulombic interactions 

correctly into account, also exhibits kosmotropic and chaotropic trends. The combination of the second and 
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third terms of Equation 5 is nearly equal to the CED of the system (Figure S2) and represents nearly all this 

analytical estimate for 𝐺$. Indeed, Figure S2a shows that 𝐺$,B+ closely follows the relative changes in the 

cohesive energy density (defined as the intermolecular potential energy per unit volume87–89) of our 

simulations.	Future work might involve properly representing the specific ion effects neglected in this 

estimate. 

 

Figures 2: (a) Stress autocorrelation function for salt solutions at 0.1 mol/L and 3 mol/L scaled by the 

infinite-frequency shear modulus, 𝐺$, for pure solvent. Inset: 𝐺$ for each salt solution with respect to salt 

concentration from simulations (solid line) and from a crude analytical estimate in Equation 5, 𝐺$,B+82 

(dashed line). (b) Stress autocorrelation function for salt solutions at 0.1 mol/L and 3 mol/L scaled by their 

respective values for 𝐺$, and an abscissa scaled by their respective longest relaxation times, 𝜏C. This scaling 

of the abscissae is further discussed in Section S2 of the supplementary material. Inset: Stress relaxation 

times, 𝜏D, scaled by the structural relaxation time for each salt solution with respect to salt concentration, 

where X is one of the timescales defined in the legend. Uncertainty intervals represent the standard 

deviation between replicate simulation runs. 

Returning to our assessment of system relaxation, we then calculate the ratio between the stress 

relaxation times and 𝜏%  (inset of Figure 2b) where the stress relaxation time is expressed as either 𝜏+ or the 

longest of three relaxation times (𝜏C) identified in the stress ACF (Equation S1). The Maxwell model 

definition of 𝜏+ from Equation 4 varies similarly to 𝜏% , even as the stress ACF involves three distinct 

relaxation times in governing relaxation in these complex solutions. Similar results have been reported 

elsewhere supporting the use of the Maxwell relaxation model as a simplified model of general utility.90 

The two faster relaxation modes were found to be consistent among all system conditions such that only 

𝐺$ and 𝜏C varied with salt type and concentration. Nonetheless, just as the structural relaxation time is 
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taken to be the long time relaxation of FC(t), so too should the characteristic stress relaxation time.90 

Although, we find that 𝜏C varies more with system conditions than 𝜏% . Figure 2b shows how 𝜏C may be 

used to illustrate time-salt superposition, a concept important to understanding the rheology of 

polyelectrolyte complex or coacervate solutions,91–93 and we expand on this topic in Section S2 of the 

Supplementary Material. 

After establishing that 𝐺$ varies with salt type and concentration due to changes in the CED 

through Equation 5, it is then enlightening to compare these effects to other properties through 

B-coefficients. This coefficient stems from the Jones-Dole equation94 for quantifying chaotropic and 

kosmotropic trends in viscosity variation for aqueous solutions, 

 𝜂/	𝜂/ = 1 + 𝐴√𝐶 + 𝐵𝐶, (6) 

where 𝜂/ is the viscosity of pure solvent and C is the salt concentration in mol/L. The A-coefficient term in 

Equation 6, derived from Debye-Hückel theory,95 is much smaller than the B-coefficient, which describes 

the leading linear salt concentration dependence, so A can reasonably be (and often is) neglected. 

Chaotropic salts are then defined by a negative B-coefficient and kosmotropic salts by a positive value. 

Because the linear concentration dependence between 0.1 mol/L and 1 mol/L is found to be consistently 

present for h, 𝐺$, tC, and D, we fit a B-coefficient to each property for easy comparison in Figure 3. 

 

Figure 3: B-coefficients describing the concentration dependence of the viscosity, structural relaxation 

time, tC, and self-diffusion coefficient of solvent where the changes are plotted against the difference in the 

ion-solvent and solvent-solvent interaction energies. Inset: Stokes Einstein relation scaled by that of pure 

solvent. Uncertainty intervals represent the standard deviation between replicate simulation runs. 
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The approximate applicability of the Stokes-Einstein relation96,97 between D and h of aqueous 

solutions near room temperature implies a corresponding relationship between the leading concentration 

virial coefficients of these basic transport properties. In particular, the prediction that the B-coefficients of 

each of these properties should be simply equal in magnitude, to a good approximation. The inset of 

Figure 3 shows that this relation holds particularly well at low salt concentrations. Although the 

B-coefficient has historically been discussed in relation to the linear changes in the shear viscosity leading 

order with respect to salt concentration (with some exceptions), we extend this definition to describe the 

virial coefficients describing the leading order concentration dependence of the properties tC, 𝐺$, and D. 

We also discuss how these generalized B-coefficients are interrelated. In line with this type of relation, 

recent NMR relaxation time measurements have indicated a B-coefficient that closely paralleled the 

viscosity B-coefficient in its variation with specific salts.56 

An understanding of changes in relaxation processes and transport properties with the addition of 

salt ultimately derives from a consideration of how the B-coefficient depends on the molecular parameters 

of this CG water model. The answer to this question turns out to be quite simple as Figure 3 demonstrates 

a linear dependence between the B-coefficients and the difference between ion-solvent and solvent-solvent 

interactions energies, 

 B » Ao (𝜖!,#  - 𝜖#,#) + Bo, (7) 

where Ao and Bo are 0.25 ± 0.02 and 0.00 ± 0.00, respectively, after fitting the plotted trends. The intercept 

happens to be zero so that the B-coefficient for the reference salt system, KCl, which is the reference anion 

and cation used to scale the ion-solvent interactions of this forcefield,33,34 due to the minimal known effect 

on water’s transport properties for this salt pair. This result aligns with our assertion that specific ion effects 

arise from the interaction energy between the ion and solvent. Equation 7 applies to all the properties 

considered in our discussion above. Thus, the B-coefficient varies linearly with the difference between the 

well depths describing the ion-solvent and solvent-solvent interactions. We have provided a derivation of 

this expression in the supplementary material leading to the expression: 

 𝐵E$ 	»	(𝜖%F9!GH-I − 𝜖I-I)
𝐾
𝜌∗𝑇∗

 (8) 

where 𝜌∗ and 𝑇∗ are the number density and temperature in LJ units respectively. The precise value of 

proportionality constant K between the interaction energy of the LJ beads and the resulting activation energy 

of the solution, depends somewhat on the method of estimating the activation energy.98,99 

Within this CG model, the changes in D, h, tC, and 𝐺$	all arise from a change in the CED of the fluid, a 

phenomenon naturally associated with the change in 𝜖!I − 𝜖II. Likewise, studies of homogeneous LJ fluids 

have demonstrated that changes in the interaction energy well-depth (𝜖), in a leading order of 
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approximation, correspond to a linear variation in the height of the radial distribution function’s (RDF) 

primary peak at a fixed temperature.100 We might then expect the difference in the primary peak heights of 

the cation – solvent RDF and the solvent-solvent RDF to directly reflect the change in ion-solvent 

interaction energy strength, 𝜖!,#- 𝜖#,# in the same single LJ fluid approximation as utilized above. 

Consistent with this expectation, Figure S3 shows that the changes in height of the primary peak of the RDF 

in our simulated ionic solutions exhibit a near linear relationship with the B-coefficients at low salt 

concentrations. Evidently, changes in the height of the RDF thus provide valuable information about the 

interaction strength of ions with the solvent. In consistency with the findings just mentioned, Corridoni et 

al.8 have emphasized that the influence of ions on the structure of water is almost exclusively limited to 

first hydration layer, corresponding to a scale on the order of the peak position of the RDF, and that ions 

have little discernable structural influence on local density-based measures of water “structure”.  

The collective relaxation time, 𝜏% , of particular interest in the present work has been previously 

shown to be highly correlated with 𝐺$. In particular, the phenomenological shoving model relates these 

quantities.101,102 Specifically, this model of 𝜏% 	assumes	that the activation energy DEA for a molecule to 

escape from its local cage should be approximately equal to the shear elastic energy cost for this 

displacement leading to the estimate, 

 𝜏% = 𝜏%,/ exp W
∆𝐸K
𝑘@𝑇

Y 	»	𝜏%,/ exp W
𝑉%𝐺$
𝑘@𝑇

Y,	 (9) 

where Vc is an unspecified volume on the order of the molecular volume that is temperature independent. 

While this model is clearly not exact, it aids understanding of essential trends in 𝜏% . We can see that a 

combination of Equation 5 and Equation 9 would indicate the activation energy increases with the CED. 

The same reasoning underlies the assumption by Eyring and coworkers103 that DEA should be proportional 

to the heat of vaporization, another property closely related to the CED. In order to take this argument 

further, we may exploit another relationship that has become appreciated more recently relating 𝐺$, and 

thus 𝜏% , to another high-frequency dynamics property, the particle MSD on a caging timescale, or the 

Debye-Waller parameter, <u2> of the solvent.52,101 In particular, Leporini and coworkers104 have found that 

𝐺$ in Maxwell’s relation can be approximated as, being linear in kB T / <u2>, and thus the relaxation time 

can be approximated as, 

 𝜏% ∝ 𝜏%,/ exp W
𝑢/=

〈𝑢=〉] Y (10) 

where u0 is an empirical constant. A similar mathematical relation,48,105–108 between 𝜏% 	and <u2> has been 

derived from independent arguments emphasizing dynamic free volume vf  ~ <u2>3/2  in which 𝜏%  is predicted 

to scale as exp [(u2
o / <u2>)3/2] or with a variable exponent a, i.e., exp [(u2

o / <u2>)a/2].	The inset in Figure 4a 
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indicates that a 1/〈𝑢=〉 scaling (i.e., a = 2) holds for the salt concentration dependence of both chaotropic 

and kosmotropic ions in this CG water model. The generality of this scaling for other models of water 

remains to be seen. Nonetheless, use of this formalism illustrates the utility of the Debye-Waller parameter, 

where its value has been considered a measure of local mobility47–52,109,110 and its inverse a measure of local 

material stiffness47,104,111. 

 

Figure 4: (a) Relationship between 𝜏%  and the Debye-Waller parameter of the solvent, 〈𝑢=〉. Inset: Variation 

in 1/〈𝑢=〉 with respect to molarity. (b) Radial tangential components of 〈𝑢=〉 around Na+, K+, and Cs+ in 

dilute solution (C < 1 mmol/L) scaled by the total bulk value. Inset: Heat maps of smoothed 〈𝑢2= 〉/〈𝑢@L&1= 〉 

at radial distances from ions, where the tangential components make up two thirds of the total. Uncertainty 

intervals represent the standard deviation between replicate simulation runs. 

Unlike the other macroscopic properties evaluated in this work, 〈𝑢=〉 can be examined on a 

molecular or atomic basis, allowing for the definition of a local measure of mobility.50 〈𝑢=〉 is taken to be 

the mean-squared displacement on the caging timescale 0.8 𝜏 (see Supplemental Information for its precise 

estimation). In Figure 4b, we show the variation in the tangential component of the 〈𝑢=〉 radially from an 

ion in dilute solution (C < 1 mmol/L). The magnitude of the radial component is smaller, making less of a 

contribution to the overall average <u2> (Figure S5). Figure S5 shows the radial dependence of the total 

〈𝑢=〉, as well as the normal component for comparison. In each case it is evident that 〈𝑢=〉 changes radially 

from the ion, where fluctuations indicate solvation layers which become more obscure with increasing 

distance from the ion as averaging over a larger area becomes diffuse. Knowing that this is the mean-

squared displacement on the caging timescale, it should be no surprise that it varies with the expected 

potential energy wells where the average displacement is smallest in the minimum and increases with 
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movement out of the well. A discussion on the implications of this work with the shoving model has been 

provided in the supplementary material. In all cases, Figure S5 shows that the tangential component of 〈𝑢=〉 

has the least variation for a given ion, suggesting fewer barriers of translational motion shown in Figure 5b, 

thus this component will be the focus of our discussion. 

Considering the difference in interaction energy between the cations, it is no surprise that the 

mobility of solvent close to Na+ is suppressed in the first hydration layer, however, the tangential component 

around Cs+ is intriguing. It appears that the tangential mobility adjacent to chaotropic ions, in this case Cs+, 

increases to the point where there is accelerated mobility up to 2.5 𝜎 from the ion. Accelerated mobility 

around chaotropic ions was previously predicted by Collins and Washabaugh5 and consistent with residence 

times of simulated solvation shells around chaotropic ions112. On the other hand, the lowered tangential 

mobility around Na+ extends to 3 𝜎, the interaction cutoff used in our simulations. These results seem to 

align with other computational measures of the “softness” of the hydration layer around ions.113 With 

increasing concentration, the radial effects of the ions observed here are expected to interfere with each 

other. 

Applying the analysis used to generate Figure 4b becomes convoluted at higher ion concentrations 

as the distance between ions decreases, thus averaging 〈𝑢=〉 per hydration layer provides the most accessible 

dimension of analysis, as done elsewhere.50 The first hydration shell is defined by the first minimum in the 

radial distribution function, RDF, taken as 1.56 𝜎. Subsequent hydration layers are then defined by the 

subsequent minima, found to be approximately 1 𝜎 apart. The hydration layer to which a solvent bead 

belongs is then defined by its closest distance to any ion. Figure 5 shows the change in the scaled Debye-

Waller parameter for each salt combination. In the case of NaCl and KCl at 0.1 mol/L the first hydration 

layer is less mobile and then converges to a bulk mobility value with increasing distance from an ion, taking 

a value consistent with the expectation of a bulk value of unity. As the concentration of NaCl is increased 

the mobility of the first hydration layer continues to decrease, likely as the proportion of solvent in the first 

hydration layer increases (Figure S6) and is less disturbed by the shrinking proportion of solvent that is not 

in contact with the ions, or “free” solvent.114 It has been plausibly suggested that the presence of hydration 

shells creates larger obstacles for the bulk solvent to diffuse around.115 This would explain the decreasing 

mobility around Na+ where a boundary layer with hindered mobility has an impact on bulk solvent that is 

decreasingly able to obtain space between itself and an ion, as well as the percolation of hydration 

layers.28,116 Such a conclusion is supported by Figure 6 and represented in Figure S6.  

Although it is easy to qualitatively anticipate how the percolation of the hydration shells around 

the kosmotropic ions might give rise to a large effect on ion and solvent mobility for the reasons just 

indicated, the effect of chaotropic ion, Cs+, on the solution dynamics is more subtle (this percolation is 
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illustrated below). In the case of kosmotropic ions, the strong interaction of the ion with the solvent naturally 

localized the short time solvent dynamics (i.e., mobility) around this type of ion. Since the change of the 

energy density arising from an additive with a different cohesive interaction strength naturally propagates 

appreciably into the solvent,117 the region over which the solvent mobility is modified, naturally forms a 

mesoscopic volume. Such a non-local effect on mobility of the surrounding liquid from additives is not at 

all limited to ions and water and has recently been studied in polymer nanocomposites.47,118,119 The solvent 

dynamics around the chaotropic, Cs+ ions are accelerated; apparently deriving from the reduction in the 

local interaction strength, 𝜖%M,N. However, the magnitude of this acceleration in the solvent dynamics is 

relatively weak so that the perturbation in the dynamics appears to occur more uniformly throughout the 

aqueous solution for this chaotropic ion. We note that ions having a more complex structure can be 

superchaotropic15,120 and this phenomenon has been observed in certain charged proteins of significant 

biological interest109,121 For such charged species, we may anticipate percolation of the hydration layers to 

give rise to highly accelerated mobility in extended solvent domains and thus to non-local changes in 

solvent mobility and large changes in the solution viscosity. 

 

Figure 5: Changes in the Debye-Waller parameter of the solvent, 〈𝑢=〉 reduced by <u2
0> for pure bulk 

solvent with respect to hydration shell number where each column represents the cation combinations: (a) 

NaCl, (b) KCl, and (c) CsCl, respectively. Uncertainty intervals represent the standard deviation between 

replicate simulation runs. 

One of the interesting features apparent in Figure 5 is that while the ion type effects the mobility 

(<u2>) in the hydration layer around the different types of ions, it is influenced in a highly ion specific way. 
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the spatial scale over which the mobility is altered is remarkably insensitive to ion type and ion 

concentration at these moderate salt concentrations, when comparing NaCl and KCl. This raises the 

question of what physical factors control the width of the interfacial zone around the ions where the solvent 

mobility is modified. Interestingly, this same insensitivity of the width of the interfacial zone to the 

interaction strength between reference and surrounding media has been observed upon adding nanoparticles 

to polymer matrices where a scale of perturbed mobility on the order of a nm has been observed in numerous 

simulations and measurements.47,118,119 These nanocomposite studies also revealed that the mobility in the 

interfacial region can be either be increased or decreased relative to bulk values, depending on the relative 

strength of the polymer-nanoparticle to polymer-polymer interaction parameter strength so the interfacial 

zones in these problems seem to exhibit remarkable similarities in their phenomenology. Widom and 

coworkers117 have argued that the scale of the interfacial region around additives to water are mainly set by 

the properties of the water molecules, in accord with our findings. The physical origin of the relative 

insensitivity of the interfacial zone width to the intermolecular interaction strength is thus evident. Future 

studies should explore exactly what molecular parameters of the suspending fluid control this characteristic 

scale. We next focus on quantifying percolation in the relatively simple limit of the phantom ion pair, K+ 

and Cl- to provide some qualitative insights into previous observations about the salt concentration 

dependence of 𝜏% . 

The idealized limit of phantom anion and cations illustrated in Figure 6 provides a simple reference 

system with which to discuss purely geometric aspects of the percolation of the hydration layers around 

ions since the hydration layers of both ion types are indistinguishable. Luo et al.27 suggested that deviations 

from the linear change of 𝜏%  with respect to salt concentration at 3 mol/L for all ion species (Figure 1b) was 

the result of overlapping hydration layers. However, Figure S6a shows that nearly all solvent molecules in 

our simulations at this concentration are in direct contact with KCl ions so that the first hydration layers 

likely percolate at an even lower concentration. It is visually apparent that our lowest concentration, 0.1 

mol/L KCl (Figure 6), is close to percolation of the ion static hydration layers (1st hydration layer < 1.56 𝜎 

from an ion), while percolation is certainly achieved at a concentration of 1 mol/L. Indeed, Figure S6b 

shows that concentrations of all studied ions at 0.5 mol/L or greater, have completely percolated 1st 

hydration layers. The overlap of the 1st hydration layers at 1 mol/L KCl is visualized in Figure 6 to give 

some further insight. We also see from Figure S6b that the remaining two salt species exhibit a percolative 

transition at similar concentration, validating the use of the phantom ion model for the estimation of the 

percolation threshold as a reasonable approximation. The occurrence of percolation in these hydration 

layers should change the cohesive energy density of the solution so that the effect of the ions should no 

longer contribute additively to the solution properties. We may expect a strong non-linearity to arise in 
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superchaotropic ions at elevated salt concentrations or in water soluble macromolecules; these topics 

requiring future study. 

 

Figure 6: First hydration shell, i.e., static hydration layer, for solutions at 0.1 mol/L and 1 mol/L KCl. Blue 

and red spheres respectively represent the phantom ions, K+ and Cl-, which hydrate similarly to solvent 

molecules in pure solvent. All solvent molecules beyond the first hydration layer are not rendered for clarity. 

It is admitted that the interaction energy parameters of this CG model of aqueous salt solutions are 

fixed by the solvation energy of the ions so the model involves no free parameters. Of course, the model 

involves several significant approximations such as the neglect of salt-specific potential interactions 

between the anions and cations that are no doubt important for ion association at elevated salt concentration, 

an approximation that limits the concentration range in which the model can be reasonably applied. Future 

extensions of the model to account for these inter-ion interactions could be made, in principle, based on 

osmotic pressure and activity measurements of salt solutions from which osmotic virial coefficients can be 

extracted.122,123 Such an extension of the present CG aqueous salt solution model is left for future work. 

Conclusions 

We find semi-quantitative agreement between QENS measurements27 and the LJ model for salt 

concentrations between 1 mol/L and 3 mol/L. Given the simple nature of the LJ model without 

hydrogen-bonding interactions. Clearly, the observed mobility changes in aqueous solutions upon adding 

salt to solvent in this computational model are caused by the interaction energy of the ions with the solvent, 

since this model does not explicitly consider hydrogen-bonding interactions, we show that their contribution 

is not required for such effects. However, these results should not be taken to mean that hydrogen-bonding 



21 

is not important for these property changes in real water and salt solutions. An important conclusion of 

studies aimed at understanding the impact of these high frequency fluctuations is that they give rise to a 

liquid having a remarkably high cohesive energy density.124,125 This high cohesive energy density of water 

predominantly accounts for the relatively high boiling point, liquid-vapor critical temperature, Tc, melting 

point, Tm, surface tension, g, and many other properties of this remarkable liquid.124,125 This minimal CG 

model of water was constructed to be consistent with the high cohesive energy density of water, as the 

original formulation sought to recover the critical temperature of water,33,34 a readily measured property of 

water that is well-known to be highly sensitive to the cohesive energy density. 

Our successful comparison of simulation observations to QENS measurements of the collective 

relaxation time of aqueous salt solutions amplify on previous observations of the translational water self-

diffusion coefficient, shear viscosity, surface tension, density, and isothermal compressibility of the same 

monovalent salt solutions.33,34 Thus, the applicability of this model is certainly not restricted to the collective 

relaxation time of aqueous salt solutions. For every property considered so far, this model has been found 

to be in accord with measured relative properties of aqueous salt solutions over a wide range of salt 

concentrations. These results strongly support our original hypothesis that the previously unexplained 

specific ion effects on aqueous salt solution properties arise from how the additives influence the cohesive 

energy density of the fluid (shown in Figure S2a), and that the hydrogen bonding interactions are 

responsible for the remarkably high cohesive energy density of real water. We take the consistent 

performance of this CG model in reproducing essential trends in the properties of aqueous monovalent salt 

solutions examined so far to be highly encouraging. Of course, further tests of the model are clearly needed 

to establish its limitations. 

In addition to finding agreement with the structural relaxation time of QENS measurements, this 

work provided additional insights into differences between kosmotropic and chaotropic ions. The virial B-

coefficients, whose sign defines the existence of kosmotropic or chaotropic ions, respectively, were shown 

to be consistent for the shear viscosity, water diffusion coefficient, structural relaxation time, infinite-

frequency shear viscosity, and the inverse Debye-Waller parameter, according to expectations from the 

Stokes-Einstein relation. Interestingly, some of these closely interrelated virials are amenable to analytic 

estimation within the frame of this CG model of salt solutions. We find that the magnitude of the B-

coefficients of Na+, K+, and Cs+ are linearly related to the difference between ion-solvent and solvent-

solvent interaction parameters, 𝜖!,#-𝜖#,#, and this scaling relation is derived from a simple analytic model 

of the structural relaxation time. 

While many of these relaxation processes probed by different molecular dynamics simulation and 

measurement methods appear to be significantly influenced by added salt, it is hard to then formulate a 
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general theory relating to how the various reported alterations in hydrogen-bonding network dynamics 

allowing for the prediction of such changes. High frequency hydrogen-bonding measurements,44–46 in 

particular, prompt the question of what constitutes the “structure” of the hydrogen-bonding network and 

how such a structure be measured. Since there appears to be no general consensus on this question, we find 

it difficult to make any meaningful test of the veracity of hydrogen-bonding structure breaking and making 

hypothesis with any confidence. We remark that first principal quantum-based simulations of aqueous salt 

solutions by Parrinello and coworkers38, in which the electronic degrees of freedom are explicitly treated, 

confirmed the qualitative existence of chaotropic ions, but this work further reported no detectable change 

on the structure of the hydrogen-bonding network. Experimental studies probing the same high frequency 

hydrogen-bonding dynamics of water addressed in the first principal simulations, such as the work of Chen 

et al.126 claim strong evidence for changes in hydrogen-bonding network based on a mobility-based metric 

of “structure”. Other experimental studies of hydrogen bonding dynamics, such as the neutron scattering 

measurements, have focused more on relaxation processes occurring on a timescale on the order of a ps,127 

corresponding to a localization timescale. 

If we assert that the local solution structure around additives in water is described in terms of such 

interfacial mobility gradients then we arrive at a measure that can inform on both local water mobility 

changes, as well as average mobility exhibited by the entire material. We explore the utility of the local 

mean square atomic displacement on the caging timescale, the Debye-Waller parameter of the solvent 

(<u2>), as a structural metric describing local variations in water mobility, a computational construct that 

allows us to visualize the hydration layer around ions and which can visualization of mobility fluctuations 

at a molecular length scale.47–52,109,110 This aligns with the localization timescale identified in neutron 

scattering measurements of water.127 This qualitative structural picture of the hydration layer of ions is 

ironically quite reminiscent of the classical Frank-Wen model of ion hydration,128 except that the structural 

parameter is a density-based definition of structure rather than a dynamic structural parameter we utilize in 

this work. Our simulations thus lead to a picture of ion solvation that preserves the general spirit of their 

intuitive model of ion hydration. An effect of this kind is also evident in previous CG studies of polymer 

nanocomposites,47,118,119 and atomistic studies of water-soluble polymers123,124. The formation of interfacial 

layers of altered mobility when putting one substance into another is evidently a more general phenomenon 

than the formation of dynamic hydration layers around ions, polymers, or particles in water, and it would 

be of interest to better understand what factors control the widths of these dynamic interfacial layers and 

the intensity of the changes in the local mobility within them. The direct visualization of the dynamic 

hydration layer around ions in Figure 5 illustrates the mobility gradient generated by this methodology. 

There is compelling evidence that the difference in the interaction strength between water and either non-

polar molecules or particles is also central to understanding hydrophobic interactions in water.129,130 It would 
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be interesting in the future to explore the capacity of this CG aqueous solution model to rationalize this type 

of interaction, which is also commonly attributed specifically to an additive species disruption of water’s 

hydrogen-bonding network. . We expect that our capacity to visualize the dynamic hydration layers derived 

from MD computation will provide important insights into the nature of hydration layers of proteins and 

other biopolymers in which the local structure of the molecules involves variable chemistry. 

Lastly, we must recognize that the LJ model is overly simplified in accounting for multipolar 

interactions and polarizability effects characteristic of water molecules. However, the fact that the current 

model has already shown a currently unique ability to capture chaotropic behavior, while even the most 

advanced atomistic MD models, as currently formulated, cannot,35 points to some minimal aspect is lacking 

in how ions influence the solution properties of these more atomistic water models. It would be 

straightforward to extend the current water model to the Stockmayer fluid,131 which involves a superposition 

of the LJ potential and a point dipole interaction. This allows for precise estimates of the Boyle temperature 

where the second virial vanishes and the estimation of the critical temperature Tc.132 This feature in a CG 

model would reproduce the critical temperature of water and allow the calculation of the dielectric constant 

of water and even gradients of the dielectric constant. At a more sophisticated level, it should also be 

possible for more complex water models, such as the popular and successful TIP4P/2005 water model,133 

which involves a LJ center, with three fixed point charges to capture the directional interactions of water. 

However, we think it is prudent to subject this simple CG model to further tests before moving on to these 

more advanced models of water. The temperature transferability in CG simulations should be considered, 

and the energy renormalization method may then be applied,134–136 if a suitable atomistic ion model was 

available, which does not yet exist. We also expect that the fundamental relationships between ion-solvent 

and solvent-solvent interaction energies and the propagating effect on solvent mobility will prove to be 

revealing in understanding the ultimate basis of success for our simulations. 

Supplementary Material 

See the supplementary material for the ratio of viscosity and collective relaxation times, where each 

value is scaled by the respective property for pure solvent. The stress autocorrelation function was fit to 

three timescales and compared to the salt-dependent trends of other characteristic time values, with a 

discussion on the topic of time-salt superposition. We also show that the difference between the primary 

peak height for the cation-solvent RDF and the water-water RDF varies nearly linearly with the difference 

between the LJ interaction well depth parameters, 𝜖!I − 𝜖II, and the corresponding ion B coefficients to a 

good approximation. The definition of the caging relaxation time used to define the Debye-Waller 

parameter is illustrated in Figure S4. The total Debye-Waller parameter radially averaged from the ion 



24 

surface in dilute solution was plotted with its normal and tangential components. Lastly, the probability 

distribution of a solvent bead being in a certain hydration layer shows that much of the solvent is close to 

added ions and the fraction of static hydration layer solvent in the largest percolated cluster shows complete 

percolation at 0.5 mol/L. A table of the pure solvent properties has been provided. 
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