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Abstract 

We report a Many Body Energy (MBE) analysis of aqueous ionic clusters containing anions and 

cations at the two opposite ends of the Hofmeister series, viz. the kosmotropes Ca2+, SO42- and 

chaotropes NH4+ and ClO4- with 9 water molecules to quantify the how these ions in altering the 

interaction between the water molecules in their immediate surrounding. We specifically aim at 

quantifying how various ions (depending on their position in the Hofmeister series) affect the 

interaction between surrounding water molecules and probe whether there is a qualitatively 

different behavior between the kosmotropic vs. chaotropic ions. The current results when 

compared to the ones reported earlier for water clusters [J. P. Heindel and S. S. Xantheas, J. Chem. 

Theor. Comput. 16 (11), 6843–6855 (2020)] as well as for alkali metal and halide ion aqueous 

clusters of the same size [J. P. Heindel and S. S. Xantheas, J. Chem. Theor. Comput. in press 

(2020); https://dx.doi.org/10.1021/acs.jctc.0c01309], which lie in the middle of the Hofmeister 

series, offer a complete account of the effect of an ion across the Hofmeister series from 

“kosmotropes” to “chaotropes” has on the interaction between neighboring water molecules. 

Through this analysis, noteworthy differences between the MBE of kosmotropes and chaotropes 

were identified. The MBE of kosmotropes is dominated by ion-water interactions that extend 
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beyond the 4-body term, the rank at which the MBE of pure water converges. The percentage 

contribution of the 2-B to the total cluster binding energy is noticeably larger. The disruption of 

the hydrogen bonded network due to the dominant ion-water interactions result in weak, 

unfavorable water-water interactions. The MBE for chaotropes, on the other hand, was found to 

converge more quickly as it more closely resembles that of pure water clusters. Chaotropes exhibit 

weaker overall binding energies and weaker ion-water interactions in favor of water-water 

interactions, somewhat recovering the pattern of the 2-4 body terms exemplified by pure water 

clusters. A remarkable anti-correlation between the 2-B ion-water (I-W) and water-water (W-W) 

interactions as well as between the 3-B (I-W-W) and (I-W) interactions was found for both 

kosmotropic and chaotropic ions. This anti-correlation is linear for both the monatomic anions and 

the monatiomic cations, suggesting the existence of underlying physics that were previously 

unexplored. The consideration of two different structural arrangements (ion inside and outside of 

a water cluster) suggests that fully solvated (ion inside) chaotropes disrupt the hydrogen bonding 

network in a similar manner as partially solvated (ion outside) kosmotropes and offer useful 

insights into the modeling requirements of bulk vs. interfacial ion solvation. It is noteworthy that 

the 2-B contribution to the total Basis Set Superposition Error (BSSE) correction for both the 

kosmotropic and chaotropic ions follows the universal erf profile vs. intermolecular distance 

previously reported for pure water, halide ion-water and alkali metal ion-water clusters. When 

scaled for the corresponding dimer energies and distances, a single profile fits the current results 

together with all previously reported ones for the pure water and halide water clusters. This finding 

lends further support to schemes for accurately estimating the 2-B BSSE correction in condensed 

environments. 
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I. Introduction 

 The Hofmeister series was originally established in the 1880s by Franz Hofmeister to order 

cations and anions based on their efficacy in precipitating proteins from an aqueous solution 

containing egg-white.1,2 This same ordering was later found to be related to protein and 

hydrocarbon stability in solution as well as other properties that do not involve proteins, like 

surface tension and viscosity.3–6 While some research has examined the interplay of ions with the 

protein backbone and amino acid residues to explain the salting-out properties of ions,7–22 recent 

physical chemistry research23–43 has been focused on understanding the dynamical and structural 

impacts that specific ions may have on liquid water and the physical mechanism underlying these 

effects.  

 The Hofmeister series orders cations and anions, respectively, in the following manner: 

 CO3
2− > SO4

2− > H2PO4
− > F− > Cl− > Br− > NO3

− > I− > ClO4
− > SCN− 

 Ca2+ > Li+ > Na+ > K+ > Cs+ > NH4
+ > N(CH3)4+    (1) 

The ions at opposing ends of the Hofmeister series are termed kosmotropes (left) and chaotropes 

(right), or “structure-makers” and “disorder-makers”/“structure-breakers”, respectively. 

Kosmotropes efficiently salt proteins out of solution, stabilize the 3-dimensional configuration of 

proteins, and increase the surface tension and viscosity of solutions, while chaotropes behave in 

the opposite manner. Although the terms, “structure-makers” and “disorder-makers”, seem to 

imply the ion’s effect on water molecules, the role ions play in water and the extent to which they 

can influence distant solvation shells is highly contested. Perhaps the most widely debated 

component of this research is determining what it means for an ion to be structure-making, how it 

manifests itself, and how this ability can be measured or observed. This ambiguity has led to many 

different interpretations and hypotheses regarding the Hofmeister effect. 

 Several different metrics have been used to gain insight into the Hofmeister effect; some 

focusing on the range of the ion’s influence on the surrounding water molecules and others on the 

structural changes in the hydrogen bonding network as a result of the ion. Thermodynamic studies 

on the entropy and Gibbs energy of solvation27 and terahertz echo experiments24 have both 

suggested that Hofmeister ions cause structural changes in the hydrogen bonding network which 

result in different entropic quantities (as a measure of order) and decay times within the water-
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water modes of aqueous systems. The presence of the “dangling O-H” in aqueous nanodroplets,28–

30 red- and blue-shifting of the bending mode of water,31 deviations in neutron diffraction 

reminiscent of water’s behavior at high pressures,32,44 and orientational order measured by 

femtosecond elastic second harmonic scattering experiments23 have supported a relatively long-

range influence of kosmotropes, extending to or exceeding three solvation shells. However, the 

hindrance of water rotations in solely the innermost solvation shell using femtosecond pump-probe 

spectroscopy33, the negligible changes in relaxation time of the bulk hydrogen bond network of 

various anionic Hofmeister systems from dielectric relaxation spectroscopy experiments,34 and 

diminished hydrogen bonding of water molecules only in the first solvation shell relative to bulk 

water35 suggested water-water interactions are not actually disrupted or influenced beyond the first 

solvation shell. X-ray emission spectroscopy found contradicting results, finding some ions with 

no effect on water and other with a marginal effect. Importantly, these results did not follow the 

ordering of the Hofmeister series.36 Computationally, molecular dynamics is often employed 

because of the structural and dynamical insights provided. For instance, molecular dynamics 

simulations have been used to observe the partitioning of the ion between the bulk and air-water 

interface,6,37 to measure tetrahedrality in the solvation shell (as a measure of order),38 to count the 

average number of hydrogen bonds,39 to examine the patterning and order of solvation shells using 

the pair correlation function,40–42 and to calculate water reorientation time and ion-water hydrogen 

bonding lifetime using the velocity autocorrelation function.41,43 Importantly, by using these 

different metrics and interpretations of “structure-making” properties, different conclusions have 

been reached regarding the ion’s “structure-making” or “disorder-making” ability.  

 Despite these strides in understanding the Hofmeister effect, a general theory that unifies 

the observations listed above is far from being complete. Although the Hofmeister series was 

developed originally to track the effect of the ions in the salting-in and salting-out of proteins in 

an aqueous solution, recent literature may have implied that the ions (without the protein) may 

affect the long-range structure of liquid water depending on where they reside in the series.23,24,28–

32,44 Here, as a new perspective in the effort to gain molecular level insight into the Hofmeister 

effect, ab initio electronic structure calculations for aqueous ionic clusters were used to analyze 

the effect of various cations and anions on either side of the Hofmeister series (1) on the 

interactions between water molecules in the immediate surrounding of these ions. We selected 

aqueous ionic clusters containing singly and doubly charged cations and anions residing on the 

Page 4 of 38Physical Chemistry Chemical Physics



5 
 

two opposite ends of the Hofmeister series to be able to investigate the effect of both the charge 

(nominal value, sign) and structure making/breaking ability of the ion on the interactions of the 

surrounding hydrogen bonded water network. We obtained cluster minima of the kosmotropes, 

Ca2+ and SO42-, and chaotropes, NH4+ and ClO4-, with 9 water molecules and performed a many-

body expansion (MBE) of the ion-water and water-water interactions in order to be able to directly 

compare the results with the ones previously reported for pure water45  and monatomic alkali metal 

/ halide aqueous clusters46 with the same number of fragments. As in our previous study, for each 

ion we considered two structural arrangements: one with the ion located inside, the other on the 

outside of a water cluster network. This choice of cluster size was deemed large enough to describe 

artifacts due to BSSE and it can produce realistic conformations mimicking fully solvated (ion 

inside) and interfacial (ion outside) solvation, while at the same time being computationally 

tractable. 

 The MBE, a combinatorial approach, was used to partition the binding energy of the system 

into its constituent n-body terms47–49 where the “fragments” or “bodies” (B) refer to the individual 

water molecules and ions. 

𝐷𝐷𝑒𝑒,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 = �∆𝐸𝐸𝐼𝐼 + �∆𝐸𝐸𝐼𝐼𝐼𝐼 + �∆𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼 + ∙∙∙  +�∆𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼…𝑁𝑁                              (2) 

The 1-B term (∆𝐸𝐸𝐼𝐼) is the energetic penalty50,51 for each fragment to deform from its gas-phase 

geometry to the one it adopts in the cluster geometry due to its interaction with the rest of the 

“bodies”. The 2-B term (∆𝐸𝐸𝐼𝐼𝐼𝐼) is typically the largest energetically favorable term that reflects the 

difference between each dimer energy and the energy of the monomers that comprise the dimer. 

The 3-B term (∆𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼) describes how the energy of each dimer and monomer is perturbed with 

respect to the other monomers present in the system. The successively higher order terms are 

defined analogously and tend to decrease in magnitude in hydrogen-bonded systems.52,53  

 This type of energy analysis has been recently applied to pure water clusters of varying 

sizes45 as well as monatomic (alkali metal cation and halide anion) aqueous clusters46. It was shown 

that the MBE of pure water clusters converges at the 4-B term while the MBE of monatomic 

cations/anions is comprised of especially large 2-B interactions with a repulsive 3-B term, in 

contrast to the pure water clusters, which exhibit an attractive 3-B term at the cluster minima 
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considered in these previous studies. In addition, an unexpected linear anti-correlation between the 

total 2-B ion-water and the total 2-B water-water interaction was observed for both the alkali metal 

cation and the halide anion clusters. The MBE of Hofmeister ion aqueous clusters, to the best of 

our knowledge not reported to date, contributes a novel perspective to the discussion of the 

Hofmeister effect by breaking down the energetics of the whole system, analyzing the ways and 

the extent that a specific ion impacts these interactions, and comparing this breakdown to the one 

for ions in a different position of the Hofmeister series. Furthermore, the effect of the 

cations/anions and kosmotropes/chaotropes on the interactions of the surrounding water molecules 

can be assessed independently. Being able to examine the physics of one ion at a time is a useful 

way to reduce the problem, since it has been shown that pairs of ions often lead to different 

behaviors due to solvent separated, solvent shared, and contact ion pairing.54,55 In addition, the 

relative impact of cations and anions26,41,56 has also been discussed. By studying each 

independently, differences in the energetics of cationic and anionic systems can be analyzed and 

quantified. To the best of our knowledge, this type of energy analysis has not been reported earlier 

for these systems. The paper is organized as follows: in Section II we outline the computational 

details and a brief overview of the methodology we adopted in our theoretical study. In Section III 

we present the results for the magnitude of the various many-body (MB) interactions and the 

contribution of the constituent ion-water (I-W) and water-water (W-W) interactions. We further 

attempt to identify correlations between the total (I-W) and (W-W) interactions in an effort to 

investigate how ions on different ends of the Hofmeister series (chaotropes/kosmotropes) affect 

the W-W interaction. In that section we also investigate the profile of the 2-B (I-W) BSSE 

correction as a function of the interfragment distance for the different ions in an effort to integrate 

the current results with the ones previously reported for (W-W) and alkali metal / halide – water 

interactions.45,46  

 

II. Computational Details 

 The kosmotropes Ca2+ and SO42- and chaotropes NH4+ and ClO4- ions were studied as part 

of water clusters containing nine water molecules. Note that these singly and doubly charged ions 

reside close to the opposite ends of the Hofmeister series (1) for both cations and anions. The size 

of these clusters (ion plus 9 water molecules) was selected because it was large enough to allow 
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forming configurations in which the ion resides both in the inside and the outside of a water 

network and allows for a direct comparison of the results with pure water clusters and monatomic 

aqueous clusters of the same size45,46. The intent is to initially investigate the dependence of the 

results on the different conformational isomers and coordination numbers, albeit with this limited 

sampling of the configuration space that explores “bulk-like” and “interface-like” environments. 

The same number of “bodies” (10) was used in order to directly compare the current results with 

previous ones for the (H2O)10 and Z+-(H2O)9, Z=Li, Na, K, Rb, Cs, F, Cl, Br, I, clusters. 

 Some of these structures were taken from published works57–60 and, when not available in 

the literature, were built from a z-matrix. The NH4+(H2O)9 structure with the ion on the inside was 

built entirely from a z-matrix, constraining dihedral angles of 120º and tetrahedral binding angles 

of 109.5º to keep the ion on the inside of the cluster. The remaining structures are local minima on 

the potential energy surface.  The structures of the clusters analyzed via the MBE are shown in 

Figure 1 and their Cartesian coordinates are included in the Supporting Information (SI). 

 The MBE, equation (2), was carried out to the 10th order (1,024 energies computed) for 

each cluster, viz.  

𝐷𝐷𝑒𝑒,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 = �∆𝐸𝐸𝐼𝐼

10

𝐼𝐼

+ �∆𝐸𝐸𝐼𝐼𝐼𝐼

10

𝐼𝐼<𝐼𝐼

+ � ∆𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼

10

𝐼𝐼<𝐼𝐼<𝐼𝐼

+ ∙∙∙  + � ∆𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼…𝑁𝑁

10

𝐼𝐼<𝐼𝐼<𝐼𝐼<⋯<𝑛𝑛

        (3) 

 

The 1-body term (4) is the molecular relaxation term describing the energetic difference between 

the monomers in the cluster geometry relative to the reference (relaxed) geometry: 

∆𝐸𝐸𝐼𝐼 = 𝐸𝐸𝐼𝐼 − 𝐸𝐸𝐼𝐼,𝑐𝑐𝑒𝑒𝑟𝑟                                                                                                               (4) 

The two-body term (5) is the energetic difference between each dimer and the monomers that 

comprise the dimer: 

 ∆𝐸𝐸𝐼𝐼𝐼𝐼 = 𝐸𝐸𝐼𝐼𝐼𝐼 − 𝐸𝐸𝐼𝐼 − 𝐸𝐸𝐼𝐼                                                                                                         (5) 

The three-body term (6) is defined as energy difference between each trimer and the monomers 

comprising that trimer while also considering the lower order n-body terms (2-body terms of each 

dimer that makes up the trimer): 

∆𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼 − ∆𝐸𝐸𝐼𝐼𝐼𝐼 − ∆𝐸𝐸𝐼𝐼𝐼𝐼 − ∆𝐸𝐸𝐼𝐼𝐼𝐼 − 𝐸𝐸𝐼𝐼 − 𝐸𝐸𝐼𝐼 − 𝐸𝐸𝐼𝐼                                              (6) 
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The higher order terms (4- to 10-B) in the expansion are defined analogously. 

 All calculations were performed at the MP2 level with the aug-cc-pVDZ basis set61 for all 

atoms except calcium, for which the Stuttgart RSC 1997 ECP62 was used. Importantly, the 

resulting n-body terms of the MBE were corrected for the basis set superposition error (BSSE) 

(additional 1,023 energies for the various fragments in the full cluster basis for each ion and 

inside/outside configuration considered), which is the result of the artificial lowering of the energy 

of the complex due to borrowing of basis functions from other fragments in proximity. This effect 

is present in all binding energy calculations and, ultimately, is an artifact of an incomplete, finite 

basis set. We correct for BSSE using the function counterpoise correction as outlined by Boys and 

Bernardi.63 During our earlier studies,45,46 it was shown that the MP2/aug-cc-pVDZ calculations 

sufficiently describe the values of the 3-B, 4-B and higher terms at the complete basis set (CBS) 

limit when BSSE corrections are taken into account.45,46 Naturally the 2-B term and, in turn, the 

total cluster binding energy (whose largest component is the former) are not converged at that 

level; however, the focus of the present study is in the magnitude of the higher order terms and 

their correlations, which are accurately accounted for. The MBE for the Ca2+(H2O)9 clusters was 

also performed with the aug-cc-pVTZ basis set up to the 6-body term to ensure that the behavior 

of the MBE with basis set for an ionic cluster encompassing a doubly charged cation follows the 

same pattern as for a monatomic (positive or negative) ion. The calculations were performed with 

zero linear dependencies to guarantee that the full number of basis functions were utilized. All 

calculations were performed with the NWChem 6.8 electronic structure package.64 

 

III. Results and Discussion 

a. Magnitude of Many-Body (MB) Terms 

 We first investigate the behavior of the MBE for a doubly charged ion, since this is the first 

instance that we attempt a decomposition for such a system. For the two isomers (ion inside and 

ion outside) of the Ca2+(H2O)9 cluster (cf. Figure 1) the MBE was performed at the MP2 level up 

to the (complete) 10th order with the aVDZ basis set and up to the 6th order with the aVTZ basis 

set. The BSSE-corrected results with these two basis sets are summarized in Table 1. The BSSE-

corrected MP2 1-B to 6-B terms are plotted in Figure 2 with the aVDZ (blue) and aVTZ (orange) 
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basis sets. At this point we are interested in the basis set dependence of the various terms and we 

will discuss the differences in the magnitudes of the individual terms between the two isomers 

later. There is no significant qualitative difference in the resulting MB terms between these two 

basis sets. There is a noteworthy quantitative difference in the 2-body term with the largest 

difference between the calculated MB terms with different basis set sizes being 8.8 kcal/mol. This 

is consistent with work reported earlier46 on the monatomic aqueous clusters, utilizing basis set 

sizes up to the aug-cc-pV5Z. From these results we ascertain that the MBE for an aqueous doubly 

charged ion behaves similarly to the one for a singly charged one and this result further justifies 

the level of theory and protocol (MP2/aVDZ including BSSE corrections) we have adopted for the 

MBE analysis in this study. 

 The magnitude of the various MBE terms (in kcal/mol) up to the 10th order for the ion 

inside and ion outside isomers of the four ionic clusters considered in this study (cf. Figure 1) at 

the MP2/aVDZ level of theory including BSSE corrections are listed in Table 2 (see Table TS1 of 

the SI for the BSSE-uncorrected values). The numbers in parentheses in Table 2 correspond to the 

percentage contribution of each term to the total cluster binding energy. These results suggest that 

terms above the 4-B (save the ion inside isomer of the Ca2+(H2O)9 cluster) are negligible, 

contributing < 0.3% to the total binding energy. The BSSE-corrected many-body terms of (H2O)10 

will be used as a reference,45 providing a direct point of comparison in this section. The full MBE 

of the aqueous ionic clusters Ca2+(H2O)9, NH4+(H2O)9, SO42-(H2O)9, ClO4-(H2O)9 and the (H2O)10 

water cluster are collected together in Figure 3. The aqueous ionic clusters exhibit an increased 2-

B term relative to that of pure water due to the strong ion-water (charge-dipole) interaction, which 

is naturally larger for the divalent ions. This is consistent with what was observed with the MB 

expansion of water clusters containing monatomic ions.46  The percentage contribution of the 2-B 

term to the total cluster binding energy is noticeably larger for the kosmotropes (calcium and 

sulfate) than the chaotropes (perchlorate and ammonium). This is not surprising given that 

kosmotropes are typically more charge dense65–69 and the 2-B terms are dominated by the charge-

dipole interactions between the ion and water. Figure 4 shows the individual 2-B (I-W) 

contributions to the total BSSE correction for the various ions considered in this study as a function 

of 𝑞𝑞 ∙ cos (𝜃𝜃)/𝑅𝑅𝑋𝑋−𝑂𝑂2 , where 𝑞𝑞 is the magnitude of the charge, 𝑅𝑅 is the distance and 𝜃𝜃 the angle 

between the ion and the molecular dipole of the nearest water molecule. The 72 points follow a 

linear trend (broken line) with slope -1.556 quite closely (R2 = 0.9777). When these interactions 
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are not scaled for the total charge (i.e., the x-axis is just cos (𝜃𝜃)/𝑅𝑅𝑋𝑋−𝑂𝑂2 ), two linear trends emerge 

for the 𝑞𝑞 = ±1 and 𝑞𝑞 = ±2 cases (see Figure FS1 in the SI). The 2-B terms are larger when the 

ion is on the inside because the ion-water distances are, on average, shorter for this cluster 

configuration thus resulting in stronger charge-dipole interactions. Despite the large magnitude of 

the attractive 2-B terms, the 3-B terms of the aqueous systems are repulsive with the exception of 

perchlorate and ammonium on the outside of the cluster. This contrasts the attractive 3-B term for 

pure water clusters, which further strengthens the hydrogen bonding network. The two 

kosmotropes (calcium and sulfate) have a large repulsive 3-B term, which becomes increasingly 

more favorable as the ion becomes more chaotropic, with perchlorate and ammonium exhibiting a 

favorable 3-B term when these ions are located on the outside of the cluster. The 4-B term varies 

significantly based on the location of the ion in the water cluster and may depend on the sign of 

the ionic charge (anion or cation). When the ions are located on the inside, the kosmotropes exhibit 

an increased favorability of the 4-B term relative to pure water, the perchlorate anion behaves 

similarly to pure water, whereas the ammonium cation has a slightly repulsive term. However, 

when the ion resides on the outside of the cluster, the 4-B term is weakly attractive for all ions, 

save calcium. The anions have a consistently favorable 4-B term, while the cations have a strongly 

attractive or repulsive term depending on its location in the cluster. The 4-B term of chaotropes 

are noticeably more negative when the ions reside on the outside of the cluster. The opposite is 

true for the kosmotrope ions considered in this study.  

 The expansion of the pure water cluster converges at the 4-B term.45 However, the 

expansions of the aqueous clusters extend beyond the 4-B term, to varying degrees. Notably, 

calcium, when located on the inside of the cluster, exhibits a 5-B term of 6.07 kcal/mol (2.1% or 

the total cluster binding energy) and a 6-B term of -1.00 kcal/mol (0.3% of the total cluster binding 

energy). Conversely, ammonium has a small 5-B term of -0.15 kcal/mol (0.1%) and just -0.05 

kcal/mol when residing on the inside and outside of the aqueous cluster, respectively. The 5-B 

term of ammonium is noteworthy, but not nearly as significant as the one for the two kosmotropes. 

In general, the MBE appears to converge more quickly for the chaotropes than for the kosmotropes. 

Further, when the ion is on the inside of the cluster, the MBE tends to have larger higher order 

terms in the expansion. This is likely due to increased proximity of the ion to the water molecules, 

resulting in stronger (I-W) interactions and a further disruption and subsequent weakening of the 
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(W-W) interaction. Considering the MB terms altogether, the expansion of the chaotropic ions 

more closely resembles that of pure water than the kosmotropes do. 

 Examining the total magnitude of the MB terms provides valuable insight, as discussed 

previously. However, other variables such as geometry and coordination number likely play a role, 

making it difficult to extract general trends solely by examining the many-body terms. The 

subsequent sections aim at dissecting the MB terms in order to provide a better understanding of 

the ion’s role in affecting these MB terms and how the (W-W) interactions are impacted as a result 

of the ion’s presence.  

 

b. Ion-Water (I-W) and Water-Water (W-W) Contributions to the MBE Terms 

In this section we examine the contribution of the total (I-W) and (W-W) interactions to the total 

binding energy as well as to the individual MB terms. Each term in the MBE can be split into these 

two contributions as:  

𝐷𝐷𝑒𝑒 = �∆𝐸𝐸𝐼𝐼 + �∆𝐸𝐸𝑊𝑊 + �∆𝐸𝐸𝐼𝐼−𝑊𝑊 + �∆𝐸𝐸𝑊𝑊−𝑊𝑊 + �∆𝐸𝐸𝐼𝐼−𝑊𝑊−𝑊𝑊 + �∆𝐸𝐸𝑊𝑊−𝑊𝑊−𝑊𝑊 + ⋯   (7) 

The total (I-W) and (W-W) interactions are the sums of the corresponding terms from each term 

in the MBE. Table 3 lists the total (I-W) and (W-W) interactions as well as their contributions to 

the individual 1-B to 10-B terms for the two configurations (ion inside / ion outside) of the four 

ions considered in this study. The numbers in parentheses indicate the percentage contributions of 

each term [(I-W) and (W-W)] to either the total cluster binding energy or to the individual MB 

terms from 1-B to 10-B (the two numbers in parentheses add up to 100% for each MB term as well 

as the total).  

Composition of the Total Binding Energy: The total (I-W) and (W-W) interactions and their 

variation for each ion are shown in Figure 5 (note that their sum is the total binding energy for 

each cluster). Importantly, the cations and anions are separated, ensuring that only ions of the same 

sign are compared to one another depending on their position in the Hofmeister series (1). Within 

the cation (left) and anion (right) sections of the plot, the leftmost ions are the kosmotropes (Ca2+, 

SO42-) and the rightmost ions are the chaotropes (NH4+, ClO4-). The open circles denote the results 

when the ion is on the outside of the cluster whereas the closed circles the ones when the ion is in 

the inside. Figure 5 clearly demonstrates the anti-correlation between the (I-W) and (W-W) 
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interactions, previously reported for the alkali metal and halide aqueous clusters: the stronger the 

(I-W), the weaker the (W-W) interaction. It is important to point out that the kosmotropes 

considered in this study have significantly larger total binding energies than the corresponding 

chaotropes, due to the difference in the magnitude of the charge (𝑞𝑞 = ±2 vs. 𝑞𝑞 = ±1). However, 

even within the doubly charged kosmotropes (Ca2+, SO42-), the stronger (I-W) interaction (in Ca2+) 

results in a weaker (W-W) interaction, whereas the weaker (I-W) interaction (in SO42-) results in 

a slightly stronger (W-W) interaction than for Ca2+. The same trend, albeit not as pronounced as 

in the kosmotropes, in observed for the chaotropes. For the kosmotropes, the binding energy is 

largely described by the (I-W) interactions since these amount from 89% to 106% of the total 

cluster binding energy. However, for the chaotropes the (W-W) interaction comprises a much 

larger percentage (55% to 95%, cf. Table 3) of the total cluster binding energy. Furthermore, the 

(I-W) interactions vary more significantly than the (W-W) interactions based on the identity of the 

ion. This is interesting because the ion identity affects the (W-W) interactions to a smaller degree 

than one would expect based on the total MB terms. Understanding these contributions to the 

individual many-body terms will be the subject of the following two sections. 

Composition of Individual MB Terms: In this section we discuss the contributions of the (I-W) 

and (W-W) interactions to the individual 1-B to 10-B terms, which are listed in Table 3. The 2-B 

to 4-B interactions are the primary focus because they are the largest contributors to the total 

binding energy. Figure 6 shows the individual ion-water (left panel) and water-water (right panel) 

contributions to the 2-B to 4-B terms for the kosmotropic (left panels within each plot) and the 

chaotropic ions (right panels within each plot) plotted according to the convention used for Figure 

5. Open circles represent the values calculated when the ion is on the outside whereas closed circles 

represent the values for the clusters with the ion on the inside of the cluster. 

 We first examine the ion-water terms (left panel of Figure 6). The variation of the ion-

water terms is more regular than the water-water terms. Indeed, the individual (I-W), (I-W-W) and 

(I-W-W-W) terms oscillate in sign with their magnitude being larger for the kosmotropic ions. 

However, we see a more consistent trend in the 4-B (I-W-W-W) term than in the total 4-B term. 

The 4-B term is relatively large and favorable (attractive) for the kosmotropes, while it is 

practically zero for the chaotropes. Interestingly, the 4-B terms for all systems with the ion on the 

outside, remain relatively close to zero. The 3-B and 4-B terms for the chaotropes approach zero, 

leaving the majority of the ion-water contributions described by the 2-B term. Most significantly, 
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the 3-B (I-W-W) term for the ammonium systems does not exceed 4.2 kcal/mol whereas that of 

the calcium system is greater than 100 kcal/mol. Further, the kosmotropes, particularly calcium, 

exhibits higher order ion-water terms, extending up to a 6-B term that is ~1 kcal/mol. In general, 

the ion-water contributions are much smaller when the ion resides on the outside of the aqueous 

cluster. Since the ion is, on average, located farther from the water molecules, this result is 

expected. 

 In regards to the water-water contributions in the MBE (right panel of Figure 6), they are 

more favorable for the chaotropes for each term examined (2-B to 4-B). This is consistent with the 

increased percentage contribution of the water-water interaction to the total cluster binding energy 

discussed in the previous subsection for the chaotropes. The water-water contributions are much 

closer to zero for the kosmotropes, reflecting a dominance of the ion-water interaction in nearly 

all terms of the MBE. The convergence of the water-water contributions of these aqueous clusters 

is similar to that for the pure water clusters, which converges at the 4-body term. However, in 

terms of the magnitude and sign of the terms, there are considerable differences. When the 

chaotropes are on the outside of the cluster, the MBE exhibits water-water 2- to 4-B body terms 

that resemble that of pure water. For comparison, the 2-, 3-, and 4-B terms of water are -62.76 

(76.2%), -21.69 (26.3%) and -1.97 (2.4%) kcal/mol, while those of ammonium on the outside of 

the cluster are -42.44 (79.0%), -12.86 (23.9%) and -1.40 (2.6%) kcal/mol and perchlorate are -

29.76 (80.0%), -8.80 (23.7%) and -0.49 (1.3%) kcal/mol, respectively. All other ionic clusters 

exhibit at least one of the 2- to 4-B terms that is energetically unfavorable. Interestingly, when the 

chaotropes are on the inside and the kosmotropes are on the outside, the water-water terms are 

similar. When the ion is in the center of the cluster, we would expect maximal disruption of 

hydrogen bonding. Thus, the chaotropes disrupt the hydrogen bonding network when in the inside 

in a similar manner as when the kosmotropes are on the outside. Further, we notice that strong 

kosmotropes perturb the water-water many-body terms differently. Calcium on the inside, has 

repulsive 2-B and 4-B terms, while sulfate only has a repulsive 4-B term. The fact that calcium 

has a repulsive water-water 2-B term originates from the strong structuring of the water molecules 

in the first solvation shell around the ion resulting in the majority of the water dimers to be 

unfavorably oriented with the oxygen atoms (lone pairs) facing one another. Importantly, none of 

these aqueous clusters exhibit stronger water-water interactions than the pure water clusters. These 

results suggest that all ions weaken the water-water interactions, likely in their varying ability to 
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orient nearby water molecules around themselves. The amount that they are impacted, however, 

depends on the identity of the ion. Kosmotropic ions exhibit weaker water-water interactions than 

chaotropic ones (see also the discussion about the anti-correlation between (I-W) and (W-W) 

interactions in the previous subsection). 

 

c. Trends in the MBE Terms Across the Hofmeister Series 

 By combining the results of the present study with those reported earlier for the monatomic 

alkali metal and halide ionic aqueous clusters,46 we can examine the variation of the different MBE 

terms across the Hofmeister series. Figure 7 depicts the variation of the 2- to 4-B ion-water 

interactions for the cations (left panel) and anions (right panel) across the Hofmeister series (1). 

The corresponding plot for the water-water interaction is shown in Figure 8 for the cations (left 

panel) and anions (right panel). Both Figures are drawn using the same plotting conventions as in 

Figure 5. The ion-water 2-B, 3-B and 4-B terms decrease in magnitude (the last two towards zero) 

when going from the kosmotropes to the chaotropes for both the cation and anion series (Figure 

7). Specifically, the 3-B and 4-B terms decrease in magnitude (toward zero) as the center of the 

Hofmeister series is approached (K+ and Cl-). However, there is no discernable difference between 

the ions in the center of the Hofmeister series and the chaotropes by looking at solely the ion-water 

contributions. All these ions have small 3-B and 4-B terms with similarly large 2-B terms. 

 In contrast, the trends are not as smooth for the water-water interactions (Figure 8). Upon 

comparing the water-water interaction for ions located in the middle of the Hofmeister series in 

Figure 8, we notice different behaviors for the cations and anions. Anions, especially the halides, 

tend to have weaker water-water interactions than the corresponding cations (Li+, Na+, K+). 

Additionally, each monatomic ion has a favorable (attractive) 3-B term for configurations having 

the anion on the outside and the cation in the inside. However, this pattern does not extend to the 

polyatomic ions considered in the present study. Further, we see an increase in favorability of the 

water-water interactions from the kosmotropes to the chaotropes. While that trend exists in the 

anions, the difference between the ions is relatively small. The Hofmeister cations calcium and 

ammonium generally exhibiting the most extreme behavior. 

 Figures 9 and 10 show correlation plots between (I-W), (W-W), (I-W-W), and (W-W-W) 

interactions for the aqueous clusters in this study and includes the results for the monatomic 
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aqueous clusters reported earlier.46 While the alkali metals and halide ion-water clusters exhibit 

clear trends (indicated by the solid lines) for each set of plots, the only Hofmeister ion that fits 

with these established trends is calcium. Since calcium is also a monatomic ion like the alkali metal 

and halide ions, it is likely that the difference in hydrogen bonding character between monatomic 

and polyatomic ions complicates these correlations. Despite the polyatomic and monatomic ions 

not fitting on the same linear trend, we still see a consistent general anticorrelation between the (I-

W-W) vs. (I-W) interactions. The ion systems with the strongest (I-W) interactions have the most 

repulsive (I-W-W) terms. This appears to be a quintessential characteristic of these aqueous 

clusters, independent of ion identity. Interestingly, ammonium often exhibits the opposite trend as 

the rest of the cations, viz. the point representing the interactions for the ion on the outside more 

closely fits the trend for the other ions when on the inside and vice versa. This is true for all 

correlation plots with the exception of (W-W) vs. (I-W). A further study including more ions in 

the Hofmeister series is warranted. 

 

d. Profile of 2-Body BSSE Corrections 

 As mentioned earlier, BSSE corrections are important for a more accurate description of 

the terms in the MBE. Heindel and Xantheas45,46 have previously reported that the 2-B contribution 

to the total BSSE correction is the most substantial and have suggested an analytic formula for its 

estimate based on the distance between the fragments via a fit to an error function: 

∆𝐸𝐸2𝐵𝐵−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑎𝑎�1 + 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑏𝑏 ∙ 𝑅𝑅𝑖𝑖𝑖𝑖)�                                                                               (8) 

where 𝑎𝑎 and 𝑏𝑏 are empirical parameters and 𝑅𝑅𝑖𝑖𝑖𝑖 is the distance between the fragments (oxygen-

oxygen or ion-oxygen distance).  

 Figure 11 shows the 2-B contribution to the total BSSE correction profile versus the 

distance between fragments (taken as either as the ion-oxygen or the oxygen-oxygen distance) for 

the ions considered in this study (except calcium), the halide ions,46 and pure water clusters.45 Note 

that this is for 498 water dimer and 108 ion-water pairs (for the aqueous clusters of the Cl-, Br-, I-

, SO42-, ClO4- and NH4+ ions), which have been evaluated in the full cluster basis to account for 

the 2-B contribution to the total BSSE. As in our earlier study,46 the x- and y-axes are scaled70–72 

by the values of the gas phase dimer (ion-water or water-water) equilibrium distance and BSSE 
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correction of the binding energy, respectively. The scaled 2-B BSSE corrections for the various 

aqueous systems, except Calcium, follow a decaying trend with the scaled intermolecular distances 

that fits quite well to equation (8) (a = 14.61, b = 1.30, R2 = 0.9856), as displayed by the solid line 

in Figure 11. Calcium was excluded from Figure 11 because it exhibits a 2-B BSSE profile that 

decays to zero more rapidly than the other ions as the distance between pairs of molecules 

increases, behaving similarly to Li+(H2O)9.46 The corresponding profiles for the unscaled energies 

/ distances for each individual cluster are shown in Figure FS2 in the SI; the individual fits to 

equation (8) are listed in Table TS3 of the SI. 

 

IV. Conclusions  

The effect of the Hofmeister ions on the structure of the solvent is an active topic in 

physical chemistry research. In an effort to provide a quantitative understanding of how ions in the 

Hofmeister series affect the interaction between surrounding water molecules we have performed 

a MBE analysis using aqueous ionic clusters as models. We have examined aqueous clusters of 

both anionic and cationic kosmotropes (Ca2+ and SO42-) and chaotropes (NH4+ and ClO4-) with 9 

water molecules to compare with previous water, alkali metal and halide aqueous clusters of the 

same size. The alkali metals and halide ion-water MBE analysis reported previously have been 

useful data for comparison, given that those ions are located in the middle of the Hofmeister series. 

In agreement with our previous results for these other systems we have found that the MBE 

converges to practically the 3-B term, with terms above the 4-B being negligible, contributing < 

0.3% to the cluster binding energy.  As observed in monatomic aqueous systems,46 the 2-B term 

in the expansion is accentuated relative to that of pure water, even more so with kosmotropes. 

Similarly, the 3-B term is repulsive, in contrast to pure water clusters, with the exception of 

chaotropes residing on the outside of the water cluster. The expansion of the kosmotropic systems, 

in general, are largely dominated by the ion’s contributions to the many-body terms with the (W-

W) terms lying relatively close to zero. In contrast, the chaotropic systems, exhibiting much 

weaker (I-W) interactions, had more significant contributions from water-water interactions but 

not surpassing those found in a pure water cluster.45 This prominent anticorrelation between (I-W) 

and (W-W) interactions suggests that kosmotropes, which exhibit stronger (I-W) interactions, 

sacrifice the favorability of the water-water interactions, likely by preferentially orienting the water 
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molecules around the ion to maximize the ion-water interactions. Further, systems with stronger 

ion-water interactions tend to have larger higher-order terms in the many-body expansion. This 

aligns with what has been previously reported for the Li+(H2O)9 system.46 The expansion of 

chaotropic systems, exhibiting relatively weak ion-water interactions, converges more quickly and 

more closely resembles that of water.  

Interestingly, the expansion of kosmotropic systems on the outside looks very similar to 

that of chaotropic systems on the inside of the cluster. Since (I-W) interactions are smaller when 

the ion is on the outside of the cluster, this demonstrates that kosmotropes and chaotropes interact 

in a similar way with water. However, due to their difference in (I-W) interactions, kosmotropes 

have an increased ability to diminish water-water interactions, which is evident when the ion is 

centrally located in the cluster. When the chaotropes reside on the outside of the cluster, the 

expansion more closely resembled that of pure water. Importantly, there is no evidence suggesting 

that water-water interactions are enhanced in the presence of either kosmotropic or chaotropic ions. 

Rather, the many-body expansion of increasingly chaotropic ions approaches the behavior of 

water, as the ion presents a weaker influence on the surrounding water molecules. This is true both 

for the water-water contributions and the overall many-body terms. These results suggest that all 

ions disrupt and weaken water-water hydrogen bonding in the short-range. These observations are 

consistent with other experimental and theoretical work supporting a relatively local disruption or 

weakening of hydrogen bonds.33,66,69,73,74  

Lastly, we found that the 2-B contribution to the total BSSE correction profile with 

intermolecular separation follows the trend (R2=0.9856) reported previously for water, alkali metal 

and halide aqueous clusters.45,46 However, as previously observed for some other alkali metal ion-

water systems, namely Li+(H2O)9, the 2-B BSSE profile for calcium decays more rapidly with the 

distance between the ion and water molecule increases. While some of the monatomic cations have 

a different profile, ammonium aligns quite well with the anion-water and pure water clusters. 

The MBE expansion for aqueous ionic clusters is more complex than the pure water 

clusters and converges at different ranks of the expansion depending on the identity of the ion and 

its position within a water network. This is consistent with the fact that the development of ab-

initio based, many-body polarizable ion-water classical potentials75,76 has not yet attained the 

accuracy of the pure water potentials77 developed with the same fitting protocol to ab-initio results. 
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The static cluster configurations used as models in this study, naturally fail to capture any 

dynamical effects that kosmotropes and chaotropes may impart upon the surrounding hydrogen 

bonding network. Nevertheless, they provide the stepping-stone for future studies that will 

examine the effect of geometric conformations and temperature effects on the magnitude of the 

respective MBE terms for those systems. A more detailed and quantitative analysis of the structural 

patterns induced by the disparate MB interactions of these different ions is warranted as it can 

provide a useful perspective into the elusive Hofmeister effect. 
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Table 1. Basis set dependence of the MBE terms up to 6-B for the Ca2+(H2O)9 clusters at the MP2 
level with the aVDZ and aVTZ basis sets including BSSE corrections. 
 

 Ion inside Ion outside 
k MP2/aVDZ MP2/aVTZ MP2/aVDZ MP2/aVTZ 

1-B 0.80 0.88 3.416 3.837 
2-B -379.547 -387.367 -294.908 -303.757 
3-B 104.649 107.794 18.935 21.050 
4-B -26.580 -27.612 0.879 0.581 
5-B 6.074 6.378 -0.411 -0.370 
6-B -0.996 -1.070 0.133 0.136 
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Table 2. MBE (kcal/mol) terms for the various isomers of the clusters in Figure 1 at the 

MP2/aVDZ level of theory including BSSE corrections. The numbers in parentheses correspond 

to the percentage of the total energy. The uncorrected values are provided in the SI. 

  

  Ca2+(H2O)9  NH4
+(H2O)9  SO4

2- (H2O)9  ClO4
- (H2O)9 

k Ion 
inside 

Ion 
outside 

 Ion 
inside 

Ion 
outside 

 Ion 
inside 

Ion 
outside 

 Ion 
inside 

Ion 
outside 

1-B 0.81 (-0.3) 3.42 (-1.3)  0.41 (-0.4) 3.82 (-3.2)  3.24 (-1.8) 5.11 (-2.9)  1.08 (-1.2) 2.58 (-2.7) 

2-B -379.55 (128.4) -294.91 (108.4)  -111.40 (106.5) -111.97 (94.9)  -215.42 (120.5) -193.41 (110.9)  -96.76 (108.7) -94.30 (99.1) 

3-B 104.65 (-35.4) 18.94 (-7.0)  4.74 (-4.5) -8.65 (7.3)  38.73 (-21.7) 14.84 (-8.5)  8.36 (-9.4) -2.80 (2.9) 

4-B -26.58 (9.0) 0.88 (-0.3)  1.80 (-1.7) -1.15 (1.0)  -5.70 (3.2) -1.01 (0.6)  -1.95 (2.2) -0.68 (0.7) 

5-B 6.07 (-2.1) -0.41 (0.2)  -0.15 (0.1) -0.05 (0.0)  0.30 (-0.2) 0.10 (-0.1)  0.27 (-0.3) 0.10 (-0.1) 

6-B -1.00 (0.3) 0.13 (-0.0)  -0.001 (0.0) 0.04 (0.0)  0.11 (-0.1) -0.01 (0.0)  -0.03 (0.0) -0.003 (0.0) 

7-B 0.07 (-0.0) -0.05 (0.0)  0.001 (0.0) -0.01 (0.0)  -0.04 (0.0) 0.000 (0.0)  0.003 (0.0) 0.000 (0.0) 

8-B 0.01 (0.0) 0.01 (0.0)  0.000 (0.0) 0.000 (0.0)  0.01 (0.0) 0.000 (0.0)  0.000 (0.0) 0.000 (0.0) 

9-B -0.002 (0.0) 0.000 (0.0)  0.000 (0.0) 0.000 (0.0)  -0.001 (0.0) 0.000 (0.0)  0.000 (0.0) 0.000 (0.0) 

10-B 0.002 (0.0) 0.000 (0.0)  0.000 (0.0) 0.000 (0.0)  0.000 (0.0) 0.000 (0.0)  0.000 (0.0) 0.000 (0.0) 

Total -295.52 -272.00  -104.60 -117.97  -178.77 -174.38  -89.03 -95.11 
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Table 3. Decomposition of the MBE (1-B to 10-B) terms into ion-water (I-W-…-W) and water-

water (W-W-…-W) contributions (kcal/mol) for the clusters of Figure 1 at the MP2/aVDZ level 

of theory including BSSE corrections. Parentheses indicate the percentage of each contribution to 

the total magnitude of the MB terms listed in Table 2. The uncorrected values are provided in the 

SI. 

 

  Ca2+(H2O)9 NH4
+(H2O)9 

  Ion inside Ion outside Ion inside Ion outside 
k I-W W-W I-W W-W I-W W-W I-W W-W 

1-B 0.00 (0.0) 0.81 (100.0) 0.00 (0.0) 3.42 (100.0) 0.13 (32.4) 0.28 (67.7) 0.88 (22.9) 2.95 (77.1) 
2-B -398.78 (105.1) 19.23 (-5.1) -284.61 (96.5) -10.30 (3.5) -103.21 (92.7) -8.18 (7.4) -69.55 (62.1) -42.43 (37.9) 
3-B 106.76 (102.0) -2.11 (-2.0) 16.34 (86.3) 2.59 (13.7) 1.63 (34.4) 3.11 (65.6) 4.21 (-48.6) -12.86 (148.6) 
4-B -26.96 (101.4) 0.38 (-1.4) 0.73 (82.8) 0.15 (17.3) 1.76 (97.8) 0.04 (2.2) 0.26 (-22.2) -1.40 (122.2) 
5-B 6.08 (100.1) -0.01 (-0.1) -0.41 (100.9) 0.004 (-0.9) -0.14 (91.3) -0.01 (8.7) -0.05 0.007 
6-B -0.99 (99.1) -0.008 (0.9) 0.14 (103.2) -0.004 (-3.2) -0.001 0.000 0.03 0.009 
7-B 0.06 0.002 -0.05 0.000 0.001 0.000 -0.006 0.001 
8-B 0.01 0.000 0.01 0.000 0.000 0.000 0.000 0.000 
9-B -0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

10-B 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Total -313.82 (106.2) 18.30 (-6.2) -267.86 (98.5) -4.14 (1.5) -99.83 (95.4) -4.77 (4.6) -64.24 (54.5) -53.73 (45.5) 

                  

  SO4
2- (H2O)9 ClO4

- (H2O)9  
  Ion inside Ion outside Ion inside Ion outside 

k I-W W-W I-W W-W I-W W-W I-W W-W 

1-B 0.58 (17.9) 2.66 (82.1) 0.93 (18.3) 4.18 (81.8) 0.11 (10.4) 0.96 (89.6) 0.76 (29.4) 1.82 (70.6) 
2-B -210.22 (97.6) -5.20 (2.4) -174.71 (90.3) -18.71 (9.7) -82.93 (85.7) -13.83 (14.3) -64.54 (68.4) -29.76 (31.6) 
3-B 46.00 (118.8) -7.27 (-18.8) 19.46 (131.1) -4.62 (-31.1) 15.89 (190.0) -7.53 (-90.0) 6.00 (-213.8) -8.80 (313.8) 
4-B -6.08 (106.7) 0.38 (-6.7) -1.07 (105.5) 0.06 (-5.5) -2.14 (109.8) 0.19 (-9.8) -0.19 (28.3) -0.49 (71.7) 
5-B 0.33 (110.7) -0.03 (-10.7) 0.07 0.03 0.28 (103.9) -0.01 (-3.9) 0.06 0.05 
6-B 0.11 (98.0) 0.002 (2.0) -0.005 -0.003 -0.03 0.001 -0.004 0.001 
7-B -0.04 0.000 0.000 0.000 0.003 0.000 0.000 0.000 
8-B 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
9-B -0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

10-B 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Total -169.32 (94.7) -9.46 (5.3) -155.32 (89.1) -19.06 (10.9) -68.82 (77.3) -20.21 (22.7) -57.92 (60.9) -37.18 (39.1) 
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Figure 1. The geometries of the aqueous ionic clusters with the ion outside (top row) and inside 

(bottom row) a water cluster network. The Cartesian coordinates are included in the Supporting 

Information. 
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Figure 2. Relative magnitudes of the M-B terms up to 6-B for the two isomers of the Ca2+(H2O)9 

cluster at the MP2 level of theory including BSSE corrections with the aVDZ (blue) and aVTZ 

(orange) basis sets. 
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Figure 3. Many-body terms of each ion cluster X+/-(H2O)9 and (H2O)10 for the ion inside (top 
panel) and ion outside (bottom panel) geometries.  

  

Page 24 of 38Physical Chemistry Chemical Physics



25 
 

 

   

 

Figure 4. Individual 2-B (I-W) contributions to the total BSSE correction for the various ions as 
a function of 𝑞𝑞 ∙ cos (𝜃𝜃)/𝑅𝑅𝑋𝑋−𝑂𝑂2 . The linear fit (broken line) has a slope of -155.60 (R2 = 0.9777). 
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Figure 5. The composition of the total cluster binding energy in terms of the (I-W) and (W-W) 
interactions for the configurations with the ions residing on the outside (open circles) and the inside 
(filled circles) of the aqueous cluster. All numbers are corrected for BSSE. 
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Figure 6. Ion-water (left panel) and water-water (right panel) contributions to the 2-, 3-, and 4-B 
terms of the Hofmeister ions considered in this study. The same plotting conventions with Figure 
4 are used. All numbers are corrected for BSSE. 
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Figure 7. Ion-water contributions to the 2-B (blue), 3-B (red), and 4-B (green) terns of the MBE. 
Previously reported monatomic ions in the middle of the Hofmeister series are included.46 The 
same plotting conventions with Figure 5 are used. All numbers are corrected for BSSE. 
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Figure 8. Water-water contributions to the 2-B (blue), 3-B (red), and 4-B (green) terms of the 
MBE. Previously reported monatomic ions in the middle of the Hofmeister series are included.46 
The same plotting conventions with Figure 5 are used. All numbers are corrected for BSSE. 
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Figure 9. Correlations between various interactions for Z+/-(H2O)9 where Z = Ca2+, NH4+, Li+, Na+ 
K+, Rb+, Cs+ (left panel) and Z = SO42-, ClO4-, F-, Cl-, Br-, I- (right panel): (W-W) vs. (I-W) (top 
panels) and (W-W-W) vs. (I-W) (bottom panels).46 Linear trends are shown for monatomic ions. 
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Figure 10. Correlations between various interactions for Z+/-(H2O)9 where Z = Ca2+, NH4+, Li+, 
Na+, K+, Rb+, Cs+ (left panel) and Z = SO42-, ClO4-, F-, Cl-, Br-, I- (right panel): (I-W-W) vs. (I-W) 
(top panels) and (W-W-W) vs. (I-W-W) (bottom panels).46 Linear fits are shown for monatomic 
ions. 
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Figure 11. Scaled 2-B (W-W) and (I-W) BSSE corrections for Z+/-(H2O)9 where Z = NH4+, SO42-

, ClO4-, Cl-, Br-, I- and scaled 2-B (W-W) BSSE corrections for (H2O)7 and (H2O)10 fit to equation 
(8) (a = 14.11, b = 1.29, R2 = 0.9840).45,46 
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