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ABSTRACT: We have used COSMO-RS, a method combining quantum chemistry with 

statistical thermodynamics, to compute Setschenow constants (KS) for a large array of organic 

solutes and salts. The studied systems comprise both atmospherically relevant organic solutes 

and salts, as well as aromatic species and tetraalkylaminium salts for which experimental data is 

available. In agreement with previous studies on single salts, the Setschenow constants predicted 

by COSMO-RS (as implemented in the COSMOThermX program) are generally too large 

compared to experimental values. COSMOThermX overpredicts the salting out effect (positive 

KS), and/or underpredicts the salting in effect (negative KS). For ammonium and sodium salts, KS 

values are larger for oxalates and sulfates, and smaller for chlorides and bromides. For chloride 

and bromide salts, KS values usually increase with decreasing size of the cation, along the series 

Pr4N
+
 < Et4N

+
 < Me4N

+
 ≤ Na

+
 ≈ NH4

+
. Of the atmospherically relevant solute-salt systems 

studied, salting in is predicted only for oxalic acid in sodium and ammonium oxalate, as well as 

in sodium sulfate, solutions. COSMOThermX was thus unable to replicate the experimentally 

observed salting in of glyoxal (and/or its hydrates) in sulfate solutions, likely due to the 

overestimation of salting out effects.  In contrast, COSMOThermX does qualitatively predict the 

experimentally observed salting in of multiple organic solutes in solutions of alkylaminium salts.  

 

INTRODUCTION 

 

The physical and chemical properties of secondary aerosol particles determine their 

ability to act as cloud condensation nuclei, which in turn affect cloud properties and thus the 

global climate.
1
 While sulfuric acid and nitrogen-containing bases may be required for the first 

steps of atmospheric new-particle formation, organic compounds in various states of oxidation 
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 3

dominate their growth processes,
2
 and have been observed to explain a remarkable part of the 

total aerosol mass.
3
 The partitioning of an organic compound between the gas phase and the 

aerosol particles depends on the solubility of the compound. Atmospheric aerosol particles may 

in general contain coexisting solid and liquid phases, and the latter may be either aqueous or 

organic. In this study, we focus on the solubility of organic compounds in the aqueous phase. 

Solvation of organic compounds plays a critical role in secondary organic aerosol formation
4,5 

and cloud droplet activation
6
 in the atmosphere.  For example, Prisle et al.

5
  showed how SOA 

formation from uptake to an aqueous salt phase was much more modest than predicted from 

absorptive partitioning under the assumption of ideal (i.e. assuming that the activity of each 

component equals its mole fraction) aqueous phase mixing behavior of the organics.
4
 Bilde and 

Svenningsson
6
 demonstrated how cloud droplet activation is significantly impacted by small 

amounts of salt altering the balance of droplet growth and organic aerosol solubility threshold in 

the aqueous droplet phase. 

Atmospheric aerosol particles contain a mixture of both organic and inorganic 

components, and the aqueous aerosol phase may contain high concentrations of various ionic 

solutes, in particular salts such as sulfates, nitrates or chlorides. Due to non-ideality (non-

vanishing mixing effects resulting from solute-solute or solute-solvent interactions), the 

solubility of organic molecules in such solutions may be very different from that in pure water. A 

decrease in the solubility of organics upon the addition of a salt is known as a salting out effect. 

Conversely, an increase in solubility is known as salting in. The change of solubility of neutral 

organic solutes in salt water can be described using the Setschenow relationship 

log ���� � = 	�c�    (1) 
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 4

where �� and � are the solubilities of the solute in pure water and salt solution, respectively, and 


� is the salt concentration (which can be expressed in terms of either molarities, moles of solute 

per liter of solution, or molalities, moles of solute per kilogram of solvent). Positive values of the 

Setschenow constant KS indicate a salting out effect, i.e. the salt lowers the solubility of the 

organics, while negative values indicate salting in. Equation 1 may be written also in terms of 

partition coefficients, as shown by Endo et al.
7
 

Both experimental and theoretical studies on salting effects have been carried out.  

Experimentally, both salting in and salting out have been observed, with the latter tending to be 

more common for atmospherically relevant combinations of salts and organic 

solutes.
7,8,9,10,11,12,13,14

 A possible explanation for this is that salting out is caused by a general 

competition for solvation between neutral organic and ionic solutes, while salting in is related to 

more specific favorable interactions between pairs of solutes (e.g. a neutral organic and a certain 

anion or cation). Currently available empirical models for predicting Setschenow constants are 

unable to simultaneously predict both salting in and salting out effects, possibly due to lacking 

descriptions of the specific favorable interactions behind salting in, or to the very different 

chemical characteristics between the molecules that salt in, and the molecules the empirical 

models are typically trained with.
10,15,16,17

  

The combination of quantum chemistry - based modeling of molecular interactions with 

statistical thermodynamics offers a possibility to study equilibrium properties, such as salting 

effects, efficiently for large number of systems. The most advanced method of this type currently 

available is called COSMO-RS (The COnductor-like Screening Model for Real Solvents).
18,19

 

COSMOthermX
20,21

 is a commercial program based on the COSMO-RS method. Previous 

studies of Setschenow constants in (NH4)2SO4
10

 and NaCl
7
 solutions show a moderately good 
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 5

correlation between experimental KS values and COSMOthermX predictions, but with a few 

outliers, notably caffeine in NaCl.
7 

 

In this work we have calculated salt - solute - pair specific Setschenow constants for the 

following organic solutes: benzaldehyde, benzene, benzoic acid, 1,2-dimethylbenzene, 1,3-

dimethylbenzene, 1,4-dimethylbenzene, glycerol, glyoxal, glyoxal dihydrate, glyoxal 

monohydrate, 1,2-ISOPOOH (isoprene hydroxyl hydroperoxide), 3,4-ISOPOOH, isoprene epoxy 

diol, malonic acid, methylglyoxal dihydrate, 2-methyl tetraol, 1-naphthol, 2-naphthol, 

naphthalene, nitrobenzene, oxalic acid, phenol, succinic acid and toluene. These organic 

molecules are chosen for two reasons: they are either known or suggested to participate in 

atmospheric aerosol processes
22

,
23

 or/and experimental salting constant values are available for 

them.
7,8,9,11,12,13 

The selection of salt solutions is similarly motivated both by atmospheric 

relevance, and by the availability of experimental results. We have studied solutions of singly- 

(Cl
-
, Br

-
) and doubly charged (SO4

2-
, C2O4

2-
) anions with small singly charged cations (Na

+
, 

NH4
+
). (In acidic solutions, SO4

2-
, C2O4

2- 
co-exist with their conjugate bases HSO4

-
 and HC2O4

-
 - 

these were not included in the present study.) Additionally, we have studied the chloride and 

bromide salts of organic tetraalkylaminium cations: Et4NCl, Et4NBr, Me4NCl, Me4NBr, Pr4NCl 

and Pr4NBr (where Me = CH3, Et = CH3CH2, and Pr = CH3CH2CH2). While experimental data is 

only available for some solute - salt pairs, we have here computed Setschenow constants for all 

combinations of the solutes and salts described above.  

 

METHODS 
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 6

We evaluated Setschenow constants using the COSMO-RS method, which is based on an 

electrostatic theory of locally interacting molecular surface descriptors and statistical 

thermodynamics.
18

 We used COSMOthermX version C30_1501.
20,21 

The advantage of this 

method is that no system-specific experimental parameters are needed (though when available 

these can be incorporated into some property calculations, and may improve the accuracy of 

results).
24

 The only pre-existing information needed for the modeling are the energetically 

favored structures (conformations) of the studied molecules. For flexible molecules, a 

representative set of conformations is needed (they are then treated in COSMOThermX using 

their Boltzmann-weighted populations). Accounting for multiple conformers is important mainly 

when the polarities of different conformers are very different, resulting in potentially large free 

energy differences between the gas phase and the aqueous phase.
25

 Thermodynamical properties 

of liquid systems are calculated from quantum chemistry-based molecular interactions.  

The most time-consuming step of COSMO-RS modeling is creating the molecule-

specific cosmo-files using density functional theory calculations. This step is done only once for 

each of the molecules in this study. The cosmo-files of molecules contain information on the 

screening charge distribution on a molecular conductor-like screening model surface, the σ-

surface, and the energy. For benzene, phenol, nitrobenzene, toluene, benzaldehyde, benzoic acid, 

the dimethylbenzenes, naphthalene, Na
+
, NH4

+
 and Cl

-
, the input files for the COSMOthermX 

calculations are taken from the library of the COSMOthermX program suite. (Note that all these 

systems have a very limited number of conformers – often only one.) For the other cases, 

conformer generation was first performed using the MMFF force-field, and the systematic 

conformer generation tool of the Spartan ’14 program.
26

 When the total number of conformers 

was on the order of 100 or more (this was the case for 1,2-ISOPOOH, 3,4-ISOPOOH, Pr4N
+
 and 
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 7

Et4N
+
), B3LYP/6-31+G(d) calculations were performed in Spartan on the MMFF structures, and 

a representative set of several tens of low-energy conformers was selected from these. For the 

ISOPOOH isomers with multiple possible intramolecular hydrogen bonds, several different 

hydrogen-bonding patterns were included in the conformer set, including also structures without 

intramolecular hydrogen bonds even when these were significantly higher in (gas-phase 

B3LYP/6-31+G(d)) energy.  

The geometry optimizations were then performed in Turbomole
27 

at the BP-RI-

DFT/TZVP
 
level (where BP refers to B88-VWN-P86).

28
 Gas phase single point-energies and 

cosmo-files were finally computed at the TZVPD-FINE level, which refers to BP-RI-

DFT/TZVPD, with the molecular surface cavity constructed using the fine grid marching 

tetrahedron algorithm. TZVPD-FINE is the highest-quality calculation method currently 

available for COSMO-RS simulations, and it is recommended especially for secondary and 

tertiary aliphatic amines and polyether compounds.
24 

For the flexible molecules, the TZVPD-

FINE and the subsequent COSMOThermX calculations were performed using the 20 lowest 

energy conformers optimized by Turbomole (at the BP-RI-DFT/TZVP
 
level, with COSMO-RS 

solvation) for the neutral organics, and the 10 lowest for the cations. Test calculations on 3,4-

ISOPOOH indicates that our conformational sampling approach is sufficient for most of the 

systems studied here, but may severely underestimate the KS values for the ISOPOOH isomers 

with sulfate and oxalate salts. 

 

RESULTS AND DISCUSSION 
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 8

We evaluated the Setschenow constants using four different salt mole fractions (with 

respect to the total solution composition, i.e. moles of salt per moles of water and salt): 0.09, 

0.009, 0.0009, and 0.00009. Solutions with a salt mole fraction of 0.009 were then studied in 

more detail. A salt mole fraction of 0.009 is approximately equivalent to a salt concentration of 

0.5 mol/l, which is a typical seawater salt concentration, and also in line with the concentrations 

used by Endo et al. 
7 

Salt concentrations in atmospheric aerosols and cloud droplets can be much 

higher or lower than this, depending especially on the size of the aerosol particle or droplet and 

ambient relative humidity.  

The Setschenow constants obtained for the studied organic-salt-pairs in salt solution with 

a salt mole fraction of 0.009 are presented in Figure 1, with numerical values given in Table S1 

of the Supporting Information. Setschenow constants are reported in units of inverse molality; 

kg/mol. The reason for using molality rather than molarity is that the former does not require 

knowledge of the exact liquid densities. The variation in the Setschenow constants depending on 

the salt concentration used in the calculations is illustrated using error bars in Figure S1 in the 

Supporting Information (with numerical values given in Tables S2-S4). For 80% of the systems, 

the variation in the Setschenow constant across the range of studied salt mole fractions is less 

than 0.2 kg/mol, and for 97% it is less than 0.3 kg/mol. These variations are not negligible given 

that the absolute values of the computed Setschenow constants are all between -0.6 and 1.0 

kg/mol. In other words, the concentration dependence of the solubility predicted by 

COSMOThermX does not exactly match that of the original Setschenow equation. 

The majority of the studied systems (solute – salt pairs) salt out, as expected from 

previous studies.
7,8,11,12,13

 COSMOThermX was unable to replicate the experimentally observed 

salting in of glyoxal (in practice, glyoxal hydrates)
 9

 or succinic acid
29

 in sulfate solutions. 
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 9

However, systems containing large organic cations, Pr4N
+
 or Et4N

+
, are predicted to salt in most 

of the organics studied here. Also, oxalic acid is predicted by COSMOThermX to salt in into 

sodium and ammonium oxalate, as well as sodium sulfate solutions.  

Some clear trends can also be discerned from the data. For the chloride and bromide salts, 

the KS values usually (with a few exceptions) increase along the cation series Pr4N
 +

 < Et4N
 +

 < 

Me4N
 +

 ≤ Na
 +

 ≈ NH4
 +

. For the ammonium and sodium salts, C2O4
2-

 and SO4
2-

 anions salt out 

most organics more strongly than Cl
-
 and Br

-
 anions. Furthermore, the organics that salt in most 

strongly in Pr4N
+
 or Et4N

+
 - containing solutions also salt out most strongly in C2O4

2-
 and SO4

2-
- 

containing solutions. 
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 10

Figure 1. Values of the Setschenow constants at 25°C for the studied solute-salt-pairs, computed 

at a salt mole fraction of 0.009. 

 

Experimental values for Setschenow constants are reported either in units of kg/mole 

(inverse molality), or in units of l/mol (inverse molarity). Kampf et al. demonstrated that using 

molality rather than molarity gives a consistent picture of salting effects in both pure inorganic 

and  mixed inorganic/organic aerosol seed particles. 
9 

In other words, the Setschenow constants 

obtained for pure and mixed seed particles were found to be identical when using molality units, 

while the value of KS depended on the seed when using molarity units. 

 For a semi-quantitative comparison of COSMO-RS and experimental results,
7,8,9,11,12,13

 

we here assume that the density of the salt solution is the unit density of pure water, 1 kg/l, and 

convert molarities into molalities using this density. Density variations of aqueous salt solutions 

are often unknown, and may be on the order of tens of percent. The resulting comparison is 

shown in Figure 2 (where only the Setschenow constants for which experimental values could be 

found are plotted). 

COSMOthermX has previously been reported to overestimate the salting out effect in 

sodium chloride and ammonium sulfate solutions.
7,10  

Our calculations indicate that this 

observation applies also to other salt solutions. As seen from Figure 2, COSMOthermX generally 

gives an upper limit for KS – the experimental value is never significantly higher than the 

computed KS, but is often significantly lower. Predictions for Na2SO4, NaCl and NaBr salts are 

in reasonable agreement with experiments, while the largest disagreements are found for some of 

the ammonium salts, and for Pr4NBr and Et4NBr. This might indicate problems in the 
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 11

quantitative treatment of NH4
+
 H-bonds on one hand, and of the interactions of neutral organic 

solutes with the large alkylaminium cations on the other. The assumption of unit density may 

also be the most problematic for solutions containing the larger cations. Earlier studies on single 

salts
7,9 

have found that the predictive power of COSMOThermX can be improved by multiplying 

the computed KS values by a correction factor. For our dataset including multiple salts, we were 

unable to significantly improve the predictive power of COSMOThermX either by a constant 

offset or by a multiplicative factor. Fortunately, as seen from Figure 2, the sign of KS is correctly 

predicted for most cases, with a few cases of COSMOThermX predicting salting out while 

experiments indicate salting in, and no examples of the opposite misprediction. 

The general overestimation of KS by COSMOThermX is likely the reason for the 

incorrect prediction of salting out for glyoxal hydrates in sulfate solutions. It can be seen from 

Figure 1 that the Setschenow constants for glyoxal hydrates in sulfate solutions (Na2SO4 and 

(NH4)2SO4) are lower than those of most other organic solutes. Thus, COSMOThermX may be 

able to predict the relative ordering of Setschenow constants (for the same solute in different 

salts, or for different solutes in the same salt) reasonably, despite the absolute values being 

overestimated.  
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 12

  

Figure 2. Setschenow constants predicted by COSMOThermX (at 25°C, computed at a salt mole 

fraction of 0.009) plotted against the experimental values (converted from molarities into 

molalities where necessary by assuming a unit density). The data points in the green shaded area 

correspond to systems for which both COSMOThermX and experiments yield salting in, while 

those in the red shaded area correspond to systems for which both yield salting out. The data 

points in the yellow shaded areas correspond to systems for which COSMOThermX and 

experiments disagree on the sign of KS. Experimental data from Almeida et al.,
11

 Desnoyers et 

al.
12

, Endo et al.
7
, Kampf et al.

9
, Waxman et al.

8
 and Weng-Hui et al.

13
 (and references therein). 
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 13

The molecular-level mechanisms behind salting in/out phenomena can be described in 

terms of changes in the environment of a solute molecule between pure water and a salt solution. 

Endo et al. 
7 

explained the salting out effect by an increase in the cohesion energy of water when 

salt was added. This would then weaken the interaction of the organic solute with the water, and 

increase the work of cavity creation, leading to decreased solubility. This explanation can be 

connected to the structural effects on water of different ions, especially anions: structure-making 

“kosmotropes” have been suggested to salt neutral solutes out,
30

 while structure-breaking 

“chaotropes” could salt them in. If this structural effect were the main or sole interaction behind 

salting effects, salting in or out should depend mainly on the salt, with the identity of the neutral 

organic solute playing little or no role. Clearly, this is not the case either experimentally (Figure 

2) or according to our modeling (Figure 1): the degree and even the sign of the salting effect 

depends almost as much on the neutral solute as on the salt. For example, our results indicate that 

alkylaminium salts may cause either strong salting in (e.g. for dimethylbenzenes) or moderate 

salting out (e.g. for the glyoxal hydrates), while oxalate salts may cause either strong salting out 

(e.g. for aromatics), or weak salting in (for oxalates). Furthermore, both the predicted and the 

experimentally observed salting effects disagree with the predictions from the “structure” theory 

of ions. According to the classification in the review article by Marcus,
31

 Pr4N
+
 is a structure-

making ion, Na
+
 and Et4N

+
 are borderline cases, and all the other ions in our study are structure-

breaking. Yet by far the strongest salting-in effects are seen (both theoretically and 

experimentally) for the structure-making Pr4N
+
 salts, while the strongest salting-out effects are 

seen (again both theoretically and experimentally) for sulfate salts, which according to Marcus
31

 

should be structure-breaking. Salting, and especially salting in, must therefore involve specific 
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 14

interactions between the neutral and ionic solutes - as acknowledged even in studies generally 

subscribing to the kosmotrope/chaotrope – analysis of salting phenomena.
30

 

The COSMO-RS method is based on pairwise interacting surface charges, and 

intermolecular interactions are determined by the probability distributions of the screening 

charges (σ-profiles) of the individual molecules embedded in a virtual conductor. The σ-profile 

is computed separately for each individual molecule. COSMOThermX then treats interactions 

between all the different components of a system (in our cases consisting of water, a cation, an 

anion, and an organic solute). Thus, both direct interactions between neutral and ionic solutes, as 

well as indirect water-mediated interactions, are modelled. 

Comparison of the σ-profiles of two molecules or ions can be used to visualize their 

possible interactions. For example, Schröder et al.
16

 studied the salting effect of 

hexafluorobenzene in several salt solutions. They found that a salting out effect was observed 

when no interactions between the organic solute and water molecules could be identified from 

the σ-profiles. Conversely, salting in is associated with complementary parts in the σ-profiles of 

solute and solvent molecules, indicating attractive interactions. (Two σ-profiles peaks are 

“complementary” when they are located at opposite sides of the origin, at approximately equal 

distances from it.) In our study, the organics that clearly salt in into Pr4N
+
 salt solutions (Ks<-0,1) 

are characterized by σ-profiles that are relative narrow, and have a probability peak that is 

complementary with the σ-profile for Pr4N
+
. Conversely, the σ-profiles of these organics are not 

at all complementary with those of the dianions (sulfate and oxalate), leading to large salting out 

in their solutions. This explains the large spread between different salts of the KS values for the 

compounds on the right-hand side of Figure 1. 
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 15

σ-profiles for the solvent water molecule and for the ionic solutes driving salting in/out of 

the neutral organic are shown in Figure 3. Profiles for the organic solutes themselves are not 

shown for simplicity. σ-profiles for two representative organic solutes (napthalene and oxalic 

acid) are shown in Figure S2 in the Supporting Information (and additional σ-profiles can be 

visualized from the cosmo files provided in a separate zip archive in the Supporting 

Information). The order of Ks values for organic solutes with NH4
+
 and Na

+
 salts with different 

anions follows the order of the σ-profile peaks of the anions, as shown in Figure 3 (Br-Cl-C2O4-

SO4). In other words, the more polar anions, with σ-profile peaks further from the origin, cause 

greater salting out. This is in agreement with recent experimental observations by Wang et al.
14

, 

who report stronger salting out for a large variety of organic solutes in sodium and ammonium 

sulfate salts than in sodium and ammonium chloride (or nitrate) salts. For cations, the σ-profiles 

of Pr4N
 +

, Et4N
 +

 and Me4N
+
 are wider and closer to the origin compared to those of NH4

+
 and 

Na
+
, and they partly complement the σ-profiles of weakly polar or non-polar organic molecules 

(not shown), leading in some cases to salting in as shown in Figure 1.  

NH4
+
 may form a hydrogen bond with the oxygen atom of a water molecule, which 

increases the cohesion energy as suggested by Endo et al.,
7
 and could lead to stronger salting out 

for NH4
+
 salts than for the corresponding Na

+
 salts.  This pattern is predicted for many of the 

organic solutes studied here, though the differences between sodium and ammonium salts with 

the same anion are generally small. However, the recent measurements by Wang et al.
14

 report 

the opposite trend, with sodium sulfate and chloride salting out all the organic solutes in their 

study more strongly than ammonium sulfate and chloride, respectively. COSMOThermX 

predicts stronger salting out for sodium sulfate and oxalate salts compared to ammonium sulfate 

and oxalate salts for the following organic solutes: glycerol, glyoxal, glyoxal dihydrate, glyoxal 
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monohydrate, isoprene epoxy diol, methylglyoxal dihydrate and 2-methyl tetraol.  These organic 

solutes are all able to act as H-bond acceptors, forming H-bonds with both water and NH4
+
. This 

may lead to relatively weaker salting out of these organic solutes by ammonium oxalate and 

sulfate compared to sodium oxalate and sulfate. However, the COSMOThermX predictions 

disagree with experimental observations
8
 for methylglyoxal hydrates, for which salting out has 

been found to be stronger for NH4
+
 salts than for Na

+
 salts. 

 

 

 

Figure 3. σ-profiles for the water molecule and for the various ions included in this study 
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 17

Oxalic acid is an interesting exception among the studied organics. It is the only molecule 

for which COSMOThermX predicts salting in also by salts composed only of small inorganic 

ions.  While oxalic acid can in principle act as both an H-bond acceptor and an H-bond donor, 

the latter characteristic is dominant (as usual for acids), and oxalic acid therefore interacts 

favorably with strong H-bond acceptors such as C2O4
2-

 and SO4
2-

 anions. This leads to salting in 

by Na
+
 salts of these anions. The reason for larger Setschenow constants (greater salting out / 

lesser salting in) of oxalic acid in NH4
+
 solutions ((NH4)2SO4, (NH4)2C2O4) might be a result of 

stronger interactions between NH4
+
 and water molecules, which tends to favor salting out as 

discussed above. Strong hydrogen bonding between glyoxal hydrates and the sulfate anion were 

suggested by Kurtén et al.
32

 as the reason for the experimentally observed
8,9

 salting in of glyoxal 

in sulfate solutions. While COSMOThermX was unable to predict the experimentally observed 

behavior for glyoxal (in practice, its hydrates), the negative KS predicted for oxalic acid in some 

sulfate and oxalate solutions indicates that the general mechanism of salting in due to strong 

specific hydrogen bonds between an organic solute and a dianion is at least qualitatively 

described by the COSMO-RS method.  

We further compared the computed KS values with the three different interaction energy 

components reported by COSMOThermX for each of the neutral organic molecules: the misfit 

energy, the H-bond energy and the van der Waals (vdW) energy. While the main interaction 

partner for the neutral organic molecules is likely (in all but the most concentrated salt solutions) 

the solvent water, salting effects are related to differences in the interactions of neutral solutes 

between pure water and salt solutions. In other words, the absolute magnitude of the solute – 

water interaction is largely irrelevant to the salting phenomenon, as only differences in 

interactions matter. We thus plotted the KS values against the differences in each interaction 
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 18

energy component between the pure water and the salt solution (at a salt mole fraction of 0.009). 

These differences contain contributions from both direct interactions between neutral organic 

and ionic solutes, as well as water-mediated interactions such as differences in the work of cavity 

creation.  

 The misfit energy E(misfit) is a measure of the energy cost of embedding the molecule in 

a real solution instead of a perfect conductor continuum,
19 

and differences in the misfit energy 

between pure water and a salt solution are thus at least qualitatively related to the effect of the 

salt on the work of cavity creation around the neutral solute. Figure 4 shows a linear relationship 

between the calculated KS values and the difference in misfit energies between pure water and 

the salt solution (∆E(misfit)). However, the correlation is quite weak in Et4NBr, Na2C2O4 and 

Na2SO4 solutions. An organic molecule salts in if its misfit energy in salt solution is lower, or 

just slightly higher, than in the water solution. In contrast, a large Setschenow constant (strong 

salting out) indicates a high misfit energy in salt solution.  Somewhat surprisingly, clear 

correlations between the Setschenow constants of all the studied systems and the H-bond or 

vdW-energy differences were not observed (see Figures 5 and 6). However, the predicted 

Setschenow constants for the carbonate and sulfate salts, which form strong hydrogen bonds, do 

correlate weakly with the H-bond energy difference (see Figure 5). Similarly, the predicted 

Setschenow constants for the alkylaminium salts, which interact with neutral organic solutes 

mainly via van der Waals forces, correlate weakly with the vdW – energy difference (see Figure 

6).  

Especially for atmospherically relevant solute-salt combinations, salting out seems to be 

the general rule, and salting in the exception. This can be understood in terms of the mechanisms 

discussed by both Schröder et al.
16
 and Endo et al.

7
: small anions and cations tend to interact 
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strongly with solvent water molecules, and thus by default decrease the solubility of neutral 

organics -  unless some strong and specific favorable interactions of the neutral solute 

counteracts this effect. The general increase in Setschenow constants along the series Pr4N
+
 < 

Et4N
+
 < Me4N

+
 ≤ Na

+
 ≈ NH4

+
 reflects the strength of the favorable interaction between the 

cations and water: the smaller and more polar cations interact more strongly with water 

molecules, leading (on average) to greater salting out of neutral organic solutes. The analogous 

increase in the Setschenow constants in NH4
+
 and Na

+
 salts along the anion series Br

- 
< Cl

- 
< 

C2O4
2-

< SO4
2-

 is another example of the same mechanism: more polar (smaller or more highly 

charged) anions cause stronger salting out.  

The salting in encountered in the systems studied here can be divided into two subgroups, 

corresponding to two very different types of attractive interactions: that of a large, hydrophobic 

(typically aromatic) molecule with a large alkylaminium cation, and that of a small, extremely 

polar hydrogen-bond donor with a doubly charged anion (sulfate or oxalate).  As illustrated in 

Figure 1 and Table S1, COSMOThermX is in principle able to describe both of these types of 

salting in, which have also been observed in the literature. The data in Figures 5 and 6 also 

support the hypothesis that van der Waals interactions between the organic solute and the 

alkylaminium cations drive salting in in the former case, while hydrogen bonding between the 

organic solute and the dianion drives salting in in the latter case. However, the latter type of 

salting in is predicted only for oxalate, likely related to the general overestimation of KS.  

COSMOThermX has recently been suggested to overestimate the effect of intramolecular 

hydrogen bonds on vapor pressures of conformationally flexible polyfunctional molecules.
33

 A 

similar overestimation of the strengths of the hydrogen bonds between water molecules and 

anions and/or cations, relative to those between the organic solutes and dianions, could be a 
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possible explanation for the misprediction of KS for example for glyoxal hydrates in sulfate 

solutions. However, this mechanism would not explain the overestimation of KS observed also 

for solutes without hydrogen-bonding groups. 

 

Figure 4. Setschenow constants plotted as a function of the difference in misfit energies between 

pure water and the salt solution, at 25 C and using a salt mole fraction of 0.009. 
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Figure 5. Setschenow constants plotted as a function of the difference in H-bond energies 

between pure water and the salt solution, at 25 °C and using a salt mole fraction of 0.009. 
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Figure 6. Setschenow constants plotted as a function of the difference in van der Waals energies 

between pure water and the salt solution, at 25 C and using a salt mole fraction of 0.009. 

CONCLUSIONS 

 

 We have computed Setschenow constants for a large set of organic solute-salt pairs, 

containing both atmospherically relevant compounds and salts, as well as systems for which 

salting in has been experimentally observed. Qualitatively, COSMOThermX is able to predict 

salting in (negative Setschenow constants) for two very different types of systems: large 

aromatic molecules with salts containing large alkylaminium cations, and small polar H-bond 
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donors with salts containing doubly charged anions (sulfate and oxalate). However, Setschenow 

constants are almost always overestimated by COSMOThermX (by up to 1.5 kg/mol for some 

aromatics in alkylaminium salts), possibly due to an overestimation of the relative strength of the 

general interactions leading to salting out (e.g. competition for solvent molecules) compared to 

the more specific favorable interactions between neutral solutes and ions which are responsible 

for salting in. For example, we speculate that COSMOThermX may overestimate the relative 

strengths of the hydrogen bonds between water and dianions compared to those between polar 

organics and dianions. For this reason, the only atmospherically relevant compound for which 

COSMOThermX is able to predict salting in is oxalic acid – e.g. the behavior of glyoxal in 

sulfate solutions in incorrectly predicted. We suggest that COSMOThermX can nevertheless be 

used to evaluate relative Setschenow constants of different solutes in the same salt, or the same 

solute in different salts. Furthermore, despite the exact drivers behind the overestimate being 

unclear, the systematic nature of the errors in the predicted KS mean that COSMOThermX can 

be used as a quick qualitative test for salting in: if COSMOThermX predicts a negative 

Setschenow constant for a given system, then it is very likely to display (significant) salting in. 

Similarly, large positive Setschenow constants likely indicate an absence of salting in, though 

they should not necessarily be taken as an indication of strong salting out. The ability to at least 

qualitatively predict salting effects using a relatively simple computational tool such as 

COSMOthermX represents a great advantage for atmospheric aerosol systems, which typically 

comprise water, salt, and a vast amount of different organic solute. It is virtually impossible to 

perform systematic experimental analysis for all the possible composition combinations of such 

aerosol  systems. There is a need to better understand the drivers for the observed bias in 
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predicting KS in order to more quantitatively complement experimental data and fill the gaps in 

atmospheric models. 
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