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Abstract

In this paper, we have proposed a first principle methodology to screen the transition metal 

complexes against a particular organic solvent and the organic solvents against a particular 

transition metal complex based on their solubility information without the knowledge of heat of 

fusion and melting temperature. The energy density of a non-aqueous redox flow cell directly 

depends on the solubility of the redox active species in the non-aqueous medium. We have used 

the “COSMOSAC-LANL” activity coefficient model (RSC. Adv., (2019), 18506-18526; Phys. 

Chem. Chem. Phys.,(2019), 19667-19685) which is based on first principle COSMO calculations 

where the microscopic information passes to the macroscopic world via a dielectric continuum 

solvation model followed by a post statistical thermodynamic treatment of the self-consistent 

properties of the solute particle to calculate the solubility. To model the activity coefficient 

at infinite dilution for the binary mixtures, a 3-suffix Margules (3sM) function is introduced 

for the quantitative estimation of the asymmetric interactions and, for the combinatorial term, 

the Staverman-Guggenheim (SG) form is used. The new activity coefficient model is separately 

called “LANL” activity coefficient model. The metal complex and the organic solvent have been 

treated as a simple binary mixture. The present model has been applied to a set of 14 different 

organic solvents and 16 different transition metal complexes. Using the new LANL activity 

coefficient model in combination with the ADF-COSMOSAC-2013 model, we have shown how 

one can improve the solubility of a transition metal complex in an organic solvent. We applied 

our model to screen 84 binary mixtures to predict the compatible pair of redox active species 

and organic solvent to increase the energy density. The solvation mechanism of the transition 

metal complexes in the organic solvents was obtained using the new model. The results have 

been compared with the experimental and theoretical results where they are available.

————————————————————————————————————–
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1 Introduction

Transition metal complexes such as tris-acetylacetonate metal complexes are ubiquitous

in chemical processes from the separation1 of Uranium isotopes to redox active species

in battery technology.2–24 Very recently their uses in non-aqueous redox flow cell have

been noticed to replace the use of aqueous Vanadium redox flow cell.2–24 It is already

known from various theoretical and experimental studies that the non-aqueous solvents

(such as organic solvents, mixture of organic solvent and ionic liquid)2,3 have small elec-

trochemical potential. According to the report of Gong et al.24, the use of non-aqueous

solvent can offer a wide range of working temperature, high cell voltage and potentially

high energy density. The working ability at low temperature is the biggest advantage

to replace the aqueous redox flow cell by the non-aqueous redox flow cell. For all these

reasons, both organic solvent and ionic liquid have been getting importance in this field

as non-aqueous solvating medium.2–24 For a successful redox flow cell compatible redox

active species/solvent, redox active species/supporting electrolyte and solvent/supporting

electrolyte combination are the most important thing. The main features taken into con-

siderations are (i) high active species solubility, (ii) high supporting electrolyte solubility

and (iii) high solution conductivity. Metal complex (active species) solubility (∆Gsolv)

in the non-aqueous medium can be modeled using the molecular dynamics simulation

via thermodynamic integration in DFT. However, these calculations are computationally

expensive, time consuming, demands specific expertise and thus not suitable for large

scale industrial applications. Solubility in such cases can be calculated using Scatchard-

Hildebrand25, Hansen26 solubility parameters and COSMO-RS model27–29 however fur-

ther statistical physics needs to be developed for the metal complexes and non-aqueous

solvents. No COSMO-RS/COSMOSAC30,31 parameters for metal and hence for their

complexes exist. Also the implementation to any of these models is incredibly difficult

task to do. A more detail explanation on this issue related to those continuum solvation

models has been given in the latter section of this manuscript. For the highly correlated

transition metal complexes classical empirical models are not appropriate therefore, one

needs to model their solubility from ab initio calculations.
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We have already shown in our previous work32–34 how one can predict a good trend of 

solubility of the redox active materials in ionic liquids without having any apriori knowl-

edge of heat of fusion and melting temperature using the first-principle COSMOSAC-

LANL model.32–34 We were not only able to predict the solubility of a metal complex in 

different ionic liquids but also to predict the solvent for best redox active species solubility 

in them using this model. The reason behind the experimentally observed dual-solute2,3 

effect has been explained using the model. We have shown how one can predict the best 

ionic liquid for a particular metal complex solubility in them by using the knowledge of ac-

tivity coefficient (γ∞ ) at infinite dilution of the solute species in a particular ionic liquid.

However, for certain tris-acetylacetonate transition metal complexes such as Fe(acac)3 

and V(acac)3 which have almost similar σ profile, the model fails to predict the solubility 

in acetonitrile.14

In the current study, we have shown an approach to improve the solubility prediction 

using the new “LANL” activity coefficient model (previously stated in Ref. 32 and 38) in 

combination with the ADF-COSMOSAC-2013 model.31,35 This model was used to screen 

the transition metal complexes for a particular organic solvent and organic solvents for 

a particular metal complex. The “COSMOSAC-LANL” was used to propose a minimal 

model to predict the experimental solubility of a particular transition metal complex 

V(acac)3 in 6 different organic solvents without the knowledge of heat of fusion and melt-

ing temperature. Later, the model was extended to predict the experimental solubility of 

V(acac)3 in additional 8 different organic solvents. Similarly, we have proposed a method-

ology to screen the 16 different transition metal complexes in a particular organic solvent 

acetonitrile without the knowledge of heat of fusion and melting temperature. In order 

to do so, a screening scheme has been proposed based on the σ profile due to the hydro-

gen bonded segment (pσ(HB-Tot)) of the metal complex and organic solvent. A linear 

regression model between the experimental solubility and pσ(HB-Tot) has been proposed. 

Finally, we screen 84 binary mixtures of 14 different transition metal complexes and 6 

different organic solvents with respect to each other based on the σ profile (pσ(HB-Tot)) 

information of the redox active species and the organic solvent. A new solubility param-

eter (χ) has been defined. The solvation mechanism deals with the main interactions

3
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present between the solute and solvent species responsible for the solubility and was not 

explained before from the microscopic point of view for the solubility of transition metal 

complexes in the organic solvents. The role of these important interactions such as the 

electrostatic, hydrogen bond and dispersion interactions in the solubility was explained 

using the new COSMOSAC-LANL model in the current study. In the work of Thompson 

et al. published in 201714, they proposed a non-linear regression model to predict the 

solubility of certain tris-acetyleacetonate metal complexes in acetonitrile solvent. But the 

molecular forces responsible for the solubility results were not explained by the authors 

from the microscopic point of view. Also, the authors proposed their model to screen cer-

tain transition metal complexes against a particular organic solvent acetonitrile, whereas 

in the present work a model has been proposed to screen the organic solvents against a 

particular metal complex and vice versa. Therefore, the current study has covered a wide 

range of metal complexes, organic solvents and their binary mixtures to propose a com-

patible pair of redox active species and solvent. The results have been compared with the 

experimental and theoretical results where they are available for the better understanding 

of the underlying principle of the solubility model presented in this study.

The manuscript has been divided in the following sections. In section 2, the details of 

solubility theory calculation have been discussed. The computational details have been 

discussed in section 3. The discussion on various thermodynamic properties of binary 

mixtures has been given in section 4. The solubility of metal complex in acetonitrile 

organic solvent has been discussed in section 5. Solubility of V(acac)3 in different organic 

solvents and the relation between the solubilities and pσ(HB-Tot) (sigmaprofile due to 

the hydrogen bonded segment) have been given in section 6. A brief conclusion has been 

provided in section 7.

2 COSMOSAC-LANL Model

To model the activity coefficient and other thermodynamical properties we have used the 

new model COSMOSAC-LANL32,33,36–38 which is composed of the long range Staverman-

Guggenheim39,40 combinatorial interactions and short range asymmetric term. To model

4
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the asymmetric term, we have used the 3-suffix Margules (3sM)41,42 function which has

been modeled using the ADF-COSMOSAC-201331,35 model. The new “LANL”32,38 ac-

tivity coefficient model is

ln(γLANL
i/S ) = ln(γcomb

i/S ) + ln(γasym
i/S ) , (1)

where, ln(γasym
i/S ) =

(
∆Gasym

i/S − ∆Gasym
i/i

)
/RT is the difference between the asymmetric

interactions in mixture (i/S) and pure state (i/i), which represents the solvation free

energy change in terms of the solute and solvent interactions when a solute particle goes

into a fixed position in solution from a fixed position in its ideal state. The expression for

the activity coefficients for both species i and j present in the binary mixture solution is

lnγi =
αix

2
j + βix

3
j

RT
(2)

lnγj =
αjx

2
i + βjx

3
i

RT
, (3)

where xi and xj are the mole fraction of the solute and solvent molecules, respectively.

γi and γj are the activity coefficients of the solute and solvent molecules, respectively.

αi = (2Aji − Aij), βi = (2Aij − 2Aji), αj = (2Aij − Aji), and βj = (2Aji − 2Aij). At infinite

dilution Eqs. 2 and 3 can be written as lnγasym
i/S = A/RT , where A is equal to RT lnγ∞i/S

and which is either Aij (accounts solubility of species i in j) or Aji (accounts solubility

of species j in i). We use the activity coefficient at infinite dilution (γ∞) calculated

using ADF-COSMOSAC-201331 model to compute the Margules parameters for all binary

mixture solutions. The same Staverman-Guggenheim (SG)39,40 combinatorial term used

in the work of Xiong et al.31,43 has been used here

ln(γcomb
i/S ) = 1− φi

xi

+ ln
φi

xi

− z

2
qi

(
1− φi

θi

+ ln
φi

θi

)
, (4)

with θi = (xiqi)/(
∑j=2

j=1 xjqj) and φi = (xiri)/(
∑j=2

j=1 xjrj); ri and qi are the normalized

volume and surface area parameters for species i and z is the coordination number equal

to 10. This coordination number has been obtained by fitting the experimental data

and the details are given in the work of Xiong et al.31,43 The zqi represents the number

of nearest-neighbor sites to one of the solute and solvent molecules. In this model for
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combinatorial term only the surface area qi has been normalized with q0 = 79.53 because

r0 will cancel out in the above equation. The details have been given in Appendix A. After

adding the energy terms for combinatorial and asymmetric interactions described above,

we obtain the expression for the activity coefficient for species i in solution S. Therefore,

the expressions of the total activity coefficient for solute (i) and solvent (j) species are;

lnγLANL
i/S = 1 − φi

xi

+ ln
φi

xi

− z

2
qi

(
1 − φi

θi

+ ln
φi

θi

)
+

αix
2
j + βix

3
j

RT
, (5)

and

lnγLANL
j/S = 1 − φj

xj

+ ln
φj

xj

− z

2
qj

(
1 − φj

θj

+ ln
φj

θj

)
+

αjx
2
i + βjx

3
i

RT
. (6)

The Eqs. 5 and 6 are called as “LANL” activity coefficient model in the rest of the paper

and in some cases the model is referred as COSMOSAC-LANL model as we imported

Margules parameters from COSMOSAC-2013 model. At infinite dilution ((xsolute = i −→

0 , xsolvent = j −→ 1) the two models COSMOSAC-LANL and COSMOSAC-2013 are con-

nected by

lnγi/S(COSMOSAC− LANL)− lnγi/S(COSMOSAC− 2013) = lnγi/S(comb) . (7)

The details of the derivation has been given in Appendix B. It is noteworthy in this re-

gard that in the COSMOSAC-LANL model, the asymmetric interaction has been defined

explicitly in terms of 3sM function and the residual interaction has been called implicitly

within the 3sM function.32,38 We calculated the total excess Gibbs free energy (Gex) of

the binary system from the equation

Gex = RT

(
xilnγ

COSMOSAC−LANL
i/S + xjlnγ

COSMOSAC−LANL
j/S

)
, (8)

and the free energy of mixing for the binary mixture using

∆Gmix = RT

(
xilnxi + xjlnxj + xilnγ

COSMOSAC−LANL
i/S + xjlnγ

COSMOSAC−LANL
j/S

)
, (9)

where xi and xj are the mole fractions of solute and solvent molecules in a binary mixture

and lnγCOSMOSAC−LANL
i/S and lnγCOSMOSAC−LANL

j/S are the activity coefficients of solute and
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solvent molecules, respectively obtained from the Eqs. 5 and 6. The solubility has been

calculated44 by

lnxmc = −lnγmc(T, x) +
∆H f

mc(Tm)

RTm

(
1− Tm

T

)
, (10)

where, xmc is the mole fraction of the metal complex in the liquid state, ∆H f
mc is the heat

of fusion and Tm is the melting temperature of the metal complex. For a particular metal

complex ∆Hmc and Tm are fixed values, therefore, if we vary solvent, the solubility is a

function of activity coefficient of the metal complex in liquid,

xmc ≈
1

γmc

. (11)

3 Computational details

Following the previous work,32 all the COSMO29 files for the metal complexes and organic

solvents were generated using the Amsterdam Density Functional software.31,45 The initial

structures of each metal complexes and organic solvents have been drawn in ADFview

or taken from the available crystal structures1 for certain metal complexes. Then, they

have been relaxed using a simple UFF method already implemented in ADF. After the

UFF calculations, the geometry optimization was performed using generalized gradient

approximation (GGA) with BP exchange correlation functional. The zeroth order regular

approximation (ZORA) method was used for calculating the relativistic effect. TZP basis

set for small frozen core and Becke integration with spline Zlm fit for density fitting have

been used in ADF for each molecule followed by the post COSMOSAC calculation already

implemented in ADF for the calculation of σ profile of each molecule. It is to be noted that

the parameters used in the COSMOSAC-201331 model are not optimized for transition

metals and hence for their complexes and not for all organic solvents. In COSMOSAC

model, the electrostatic interaction is evaluated following the optimization of the molecu-

lar geometry, construction of the segmented surface, determination of segment properties

such as the surface and screening charges. The screening charges on the solute nuclei

interact with the solvent electron density (ρ) during the dissolution process by satisfying

the criteria of minimum energy of solvation. The determination of the electrostatic inter-

action is composed of the energy difference between the molecule in the conductor and

7

Page 7 of 53 Physical Chemistry Chemical Physics



vacuum and the energy difference between the molecule in the real solvent and conduc-

tor. The first interaction energy can be computed from the quantum COSMO calculation.

This will lead to the COSMO-surface creation where COSMO radii have been determined

by fitting COSMO predictions to the experimental data. Klamt optimized COSMO radii

of 10 elements which can be found in Ref. 35. The COSMO radii for those 10 elements

were optimized by using approximately 15000 DFT calculations. This COSMO radii have

been used as default radii in all COSMOSAC models. Therefore, optimized COSMO radii

is not present for the transition metal (V, Cr, Mn, Fe and Ru) in the current study. It

is suggested by Klamt to use the COSMO radii 17% larger than the Pauli vDW radii in

such cases and that requires the time consuming DFT optimization. In addition to this,

the quantitative estimation of the restoring energy which is a function of the real solvent

is done using statistical mechanics. According to the COSMOSAC model, the restoring

energy is equivalent to the work required to add the additional segments on the surface

of the solute to remove the screening charges. The self energy of a segment pair is the

summation of the misfit, hydrogen bond and non bonded interaction (dispersion interac-

tion). The misfit and hydrogen bond energy depend on the empirical parameters which

can be obtained by fitting the experimental data. The details of the fitting procedure and

the experimental data can be found in Ref. 31 for the COSMOSAC-2013 model for ADF

software. At present, these parameters do not exist for the transition metals (V, Cr, Mn,

Fe and Ru) and for the solvents (GBL, DMPU, MA, PC) used in this study due to the

lack of required experimental data. The list of parameters which are not optimized for

the above mentioned transition metals and the organic solvents are aeff , ravg, ces, cOH−OH,

cOH−OT, cOT−OT, qs, σ0 and q0. The details of the use of those parameters in the COS-

MOSAC model have been described in Refs. 31 and the references given in that article.

Hence, in our calculations we used the parameters which were optimized for the simple

organic solvents and their binary systems in the ADF software for COSMOSAC-2013

model. The unrestricted calculation considering spin polarization has been done only for

the transition metal complexes as a new addition in the already stated COSMO setting

in the work of Ref. 31. The details of the COSMO setting for the transition metal com-

plexes and the organic solvents have been given in Table S-1 and S-2, respectively in the

8
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supporting information. The charge and spin polarization need to be handled in case of

the transition metal complexes in order to take into account the spin-orbit coupling in the

transition metal complexes. This has been done with the key word CHARGE (NetQ (ab))

where the NetQ stands for the total charge of the metal complex and (ab) is the number

of spin polarization. To account the spin polarization for these specific transition metal

complexes, a non zero positive value has been used in the current study. The default spin

polarization in ADF is zero which does not consider the spin polarization. The collinear

approximation has been considered in the present study. In ADF, the spin-polarization

has the same direction (default is in the direction of the z-axis) in each point in space in

the collinear approximation where the Kramer’s symmetry does not satisfied. Therefore,

it is suggested to use the key word NOSYM for the spin symmetry. The transition metal

complexes have been taken from the work of Ref. 14 and 46. 16 different transition metal

complexes were categorized in four groups (i) Group I metal complexes: I, II, III, IV and

V, in which the ligand is acetyleacetonate but the metal centre is different, (ii) Group II

metal complexes: VI, VII, VIII, IX and X, in which the metal centre is Cr but the ligands

are different and they are ester derivative of acetyleacetonate ligand (iii) Group III metal

complexes: XI, XII and XIII, in which the metal centre is Cr but the ligands are different

and they are -Br, -CN and -NO2 derivative of acetyleacetonate ligand. (iv) Group IV

metal complexes: XIV, XV and XVI, in which the metal centre is Cr and the ligand is

-biphenyl derivative of acetyleacetonate ligand, respectively. The metal complexes have

been shown in Figure. 1, 2 and 3. The metal complex X is different than the metal com-

plex 14 in Ref. 14. However, X belongs to the same group of metal complexes 13 and

14 in Ref. 14. The COSMO points of certain metal complexes and 14 organic solvents

have been shown in Figure. S-1-5 in the supporting information and in Figure. 2 and 3

in Ref. 32. For each COSMOSAC calculation, to ensure the minimization in optimized

geometry, we also calculated the analytical frequency to check any presence of imaginary

frequency in the calculated spectra for the organic solvents used in this study. The op-

timized geometry after this calculation has been used for the COSMOSAC calculation

implemented in ADF for the COSMOSAC-2013 model.31 The details of the quantum cal-

culation setting for the analytical frequency calculations have been given in Table S-3.
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The calculated analytical frequencies for the organic solvents for which we propose the

solubility model have been given in Figure. S-6 of the supporting information. The all

geometries are locally optimized for the transition metal complexes.

We computed σ profile for each transition metal complex and organic solvent using

the ADF-COSMOSAC-2013 model.31 σ profile is defined as the probability distribution

for finding a segment of the COSMO surface with charge density σ and it is a unique

property of a compound.47 COSMOSAC31,48 classifies the segment of the COSMO surface

into three categories: (a) non hydrogen bonding, (b) hydrogen bonding from OH group

and, (c) hydrogen bonding from other than OH group. A Gaussian like function has been

considered to express the probability of hydrogen bonding segments (PHB)

PHB = 1− exp

(
− σ2

2σ0
2

)
, (12)

where σ is the screening charge density and σ0 is equal to 0.007 e/Å2 for the Gaus-

sian distribution. The relation between them is pσ(HB) = pσ(OH) + pσ(OT ) and thus

pσ(Total) = pσ(HB) + pσ(NHB), where pσ(HB) is the σ profile due to the hydrogen

bonded group, pσ(NHB) is profile due to the non-hydrogen bonded group and pσ(Total)

is total σ profile. pσ(HB) =
AHBi (σ)

Ai
PHB(σ) and pσ(NHB) =

ANHBi (σ)

Ai
+
AHBi (σ)

Ai
[1−PHB(σ)],

where Ai is the COSMO surface. Here, pσ(OH) represents the σ profiles due to the hydro-

gen bonding surfaces (AOHi (σ)) on the hydroxyl (OH) group and pσ(OT ) stands for the σ

profiles due to the hydrogen bonding surfaces (AOHi (σ)) on the ketones, amine and nitro

group other than hydroxyl (OH) group. The details of this COSMO partitioning based

on the hydrogen-bonded segment information have been explained in Ref. 31 & 48. The

final calculations for the thermodynamic properties have been done using the “LANL”32

activity coefficient model. The COSMO volume, COSMO surface and σ profile of the

pure compound are obtained from the ADF-COSMOSAC-2013 calculation.
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Figure 1: The different metal complexes. These complexes have been taken from the work
of Thompson et al.14,46
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Figure 2: The different metal complexes. These complexes have been taken from the work
of Thompson et al.14,46

12

Page 12 of 53Physical Chemistry Chemical Physics



!"#

!#

!#"

Figure 3: The different metal complexes. These complexes have been taken from the work
of Thomson et al.14,46

4 Thermodynamic properties of binary mixtures

The asymmetric behavior of 13 different solutions comprising of transition metal com-

plexes (I-XIII) in acetonitrile solvent have been shown in Figure. 4. The excess Gibbs free

energy (Gex) and Gibbs free energy of mixing (∆Gmix) have been calculated for 13 differ-

ent solutions and the results have been shown in the same figure. We have not included

the results of transition metal complexes XIV, XV and XVI because their solubility in

acetonitrile solvent is very low. We used these results to explain the experimental solubil-

ity results already reported in the work of Ref. 14. We use the different metal complexes

belong to a particular group to present the results on Gex and ∆Gmix and the correlations

between lnγi, lnγj and

(
ln

(
γLANL
i/S

γLANL
j/S

))
with varying mole fraction (xi) of solute species.

According to the Eqs. 8, 9, 10 and 11, the calculated thermodynamic properties are func-

tion of the activity coefficient and of the individual metal complexes via their σ profiles.

To account the effect of the systematic substitution in the acetylacetonate ligand on the

solubility of the transition metal complexes, we decide to group the metal complexes and
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that has been explained in computation section. In all three cases, we observed the excess

Gibbs free energy shows minimum at mixture composition other than 50:50 composition

of the binary solution and also the free energy curve does not symmetrically decay at the

two ends. This asymmetric behavior of the excess free energy vs x1 plot is in agreement

with the asymmetric behavior of the model. To confirm this asymmetric behavior of the

solution, we also plot the logarithm of the ratio of the activity coefficients

(
ln

(
γLANL
i/S

γLANL
j/S

))
of solute and solvent molecule with variation of solute mole fraction xi. The non linear

curve in Figure. 4 is responsible for the asymmetric nature of the solution, which oth-

erwise would be a straight line.25 We also plot the logarithm of activity coefficient with

mole fraction for both the solute and solvent species. The two curves intersect each other

at a composition different from the 50:50 mixture composition in Figure. S-7-8. All these

evidences for asymmetric interactions indicate towards the different type of complicated

interactions present between the solute and solvent molecules in those solid-liquid equi-

libria during physical absorption of a particular transition metal complex in the organic

solvent. The more asymmetric interaction observed for a solution indicates to the more

deviation from the Raoult’s Law. We have noticed that the binary mixture solutions

showing maximum solubility of the metal complex in the organic solvent has widely vary-

ing asymmetric interaction in the solution and the trend decreases to the least soluble

system for a particular group of metal complexes. This increasing asymmetric interac-

tion is indicating to the more soluble metal complex in the organic solvent and which is

satisfied by the maximum negative Gex and ∆Gmix energy. Also, when we draw slopes

for

(
ln

(
γLANL
i/S

γLANL
j/S

))
of solute and solvent molecule with variation of solute mole fraction

xi for the metal complex II and X, we noticed the slopes in the respective curvatures

for the metal complex X vary almost 2 times than that of the metal complex II. Such

information confirms that the solute and solvent association is favorable and promote the

solubility up to certain concentration limit and after that, the solute concentration de-

creases with increasing the solvent concentration. This variation in the slope is indicative

to the supramolecular interactions present in those binary mixture and their variation

with the concentration. These supramolecular interactions are the electrostatic, hydro-
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gen bond and dispersion interaction present in those systems. Such variation of physical

property with the concentration has been already reported in the work of Karmakar et

al..49 They have shown in their work that such type of variation of a physical quantity

with the species concentration is the consequence of the different supramolecular interac-

tions present at the different concentration regime of a multi-component mixture solution

using their first principle calculation. It is noticed from the study that the metal com-

plexes having almost similar σ profile show almost similar Gex and ∆Gmix for V(acac)3

(I), Cr(acac)3 (II), Mn(acac)3 (III), Fe(acac)3 (IV) and Ru(acac)3 (V) metal complexes

in Figure. 4 because the Gex and ∆Gmix of those metal complexes are resulted from the

COSMO surface of the different metal complexes shown in Figure. 4. The trend observed

in the Gex and ∆Gmix (X>IX>VIII>VII>VI) plot for the metal complexes VI-X of Group

II agrees with the solubility trend (X>IX>VII>VIII>VI) reported in the work of Ref.14

and 46. For Group I, the experimental order of solubility is IV>III∼II∼I>V and the

trend noticed in the Gex and ∆Gmix is V>IV>III∼II∼I. The same for Group III metal

complexes are XI>XII>XIII and XI>XIII>XII, respectively. We found that the system-

atic ester substitution in the acetylacetonate ligand affects the solubility of the transition

metal complexes of Chromium. The metal complex with more negative Gex and ∆Gmix

is more soluble in acetonitrile solvent. Also, it is noteworthy that the stoichiometry of

the solubility is found to change from 1:2 (xmc∼0.5) complex to 1:3 (xmc∼0.33) complex

structure with increasing solubility of the metal complexes (II and VI - X) in Figure. 4(b)

and (e). This also points to the enhancement in the solubility of the metal complex in

acetonitrile solvent due to the present of electron donating group at the second position

of the acetyleacetonate ligand which promote complexation interaction between the metal

complex and the organic solvent. If one consider the two particular cases for II and X

metal complexes and assume the metal complex as A and the solvent as B, the possible

complex species are AB and AB2 types, respectively. The second case for the metal com-

plex (X) is indicative to the presence of a well defined 1:1 + 1:2 system according to the

classical interpretation of Job Plot50,51 which is a plot of intensive or extensive property

vs the mole fraction of a species. The calculated Margules parameters have been given

in Table. S-4 and S-5 in the supporting information. In order to find a qualitative rela-
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Figure 4: In fig (a), (d) and (g): lnγ1/γ2, in fig (b), (e) and (h): Gex, in fig (c), (f) and
(i): ∆Gmix have been shown as a function of solute mole fraction for the metal complex.
The γ1 and γ2 are the activity coefficient of the solute and solvent molecule, respectively.
The solvent is acetonitrile (ACN).
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tionship between the calculated Gex, ∆Gmix and the σ profile of each metal complexes,

we have also shown the σ profile of each metal complex in Figure. 5 and 6. We plotted

the total σ profile due to all types of interactions (pσ(Total)) and the σ profile due to

the total hydrogen-bonded segment (pσ(HB-Tot)) in Figure. 5 and 6. The pσ(HB-Tot) of

different metal complexes show significant differences in the σ profile for group I type of

metal complexes. According to the present study the most soluble Fe(acac)3 has more

hydrogen-bonded segment than Ru(acac)3 which is less soluble in ACN than Fe(acac)3

shown in Figure. 5(b). This observation is in good agreement with the work of Ref. 14.

The metal complexes belong to groups II, III and IV have significant differences in their

thermodynamic properties and σ profile because group II, III and IV metal complexes

have different ligands for a particular metal center and therefore, the ligand induced charge

density on the metal center produces significant change in the σ profile of those systems.

The COSMO surface point of certain metal complexes have been shown in Figure. S-1

and S-2 in the supporting information. We observed significant differences in pσ(HB-Tot)

in Figure. 5 and the same is observed in case of Gex and ∆Gmix for group II and III types

of metal complexes in Figure. 4. The results for the group IV metal complexes have been

shown in Ref. 32. We noticed that the trend observed in the thermodynamic properties

and σ profiles (in Figure. 4, 5 and 6) are well correlated with the trend noticed in the

experimental solubility of those metal complexes in acetonitrile. Hence, we decided to

correlate the particular pσ(HB-Tot) with the experimental solubility of a metal complexes

belong to group II, III and IV, i.e. the metal complexes with different type of ligands with

same metal center to obtain a simplified solubility model for such systems. The details

about the solubility modeling has been explained in the next section.
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respectively.
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5 Solubility of metal complexes in acetonitrile or-

ganic solvent

Solubility calculation of a transition metal complex in organic solvent needs (i) activity

coefficient at infinite dilution (γ∞i/S), (ii) heat of fusion and (iii) melting temperature

according to Eq. 11. However, the last two informations are difficult to obtain. This

restricts the application of the COSMOSAC model to screen the metal complexes for a

particular organic solvent. The model can be used to screen the solvents for a particular

metal complex. To propose the solubility model, we have differentiated two types of cases:

(i) metal complexes with different metal center and same ligands and (ii) metal complexes

with same metal center and different ligands, respectively. First we propose the model for

the metal complexes with different metal center and same ligands. We have shown in the

previous section that the metal complexes with different type of metal center with same

ligands have almost similar type of σ profile and therefore have little variation in the Gex

and ∆Gmix. Almost similar type of COSMO surface and volume cannot be used to predict

the solubility of those metal complexes because the solubility is a function of the activity

coefficient, heat of fusion and melting temperature (see Eqs. 10 and 11). According to

our study the Margules parameters and hence αi, αj, βi and βj are of the same order

for the metal complexes of similar type of σ profile. Therefore, instead of correlating

Gex and ∆Gmix with the solubility we chose to correlate the experimental solubility and

the calculated inverse of the activity coefficient at infinite dilution (1/γ∞i/S) using the

COSMOSAC-LANL model for group I type of metal complexes in acetonitrile solvent.

We also showed the results for COSMOSAC-2013 model for same system. The results are

shown in Figure. 7 and Table. 1. The correlation (coefficient of determination) between

the experimental solubility and 1/γ∞i/S is R2 = 0.82 for the COSMOSAC-LANL model,

while the same is R2 = 0.30 for the COSMOSAC-2013 model. The better improvement in

the first case is observed due to the correction included to the combinatorial term through

the COSMOSAC-LANL model according to Eq. 7. This linear regression model is only

valid for the metal complexes with similar type of ligands but with different metal center

and can be easily used to screen group I type of metal complexes for a particular organic
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solvent and to predict the right redox active species with better solubility in acetonitrile

organic solvent.
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Figure 7: In fig. (a) and (b), the experimental solubility in molarity unit has been plot-
ted as a function of 1/γ∞i/S for the COSMOSAC-LANL and COSMOSAC-2013 model,
respectively. These results have been shown for the metal complexes with different metal
centers but same ligand.

In this paragraph, we proposed a new scheme to predict and screen the metal com-

plexes with same metal center but different type of ligands. According to the discussion in
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1/γ∞

Numbers Metal Complex COSMOSAC-2013 COSMOSAC-LANL Solubility(Exp.)(M)14,46

1 V(acac)3 0.88 4.99 0.60
2 Cr(acac)3 0.94 5.49 0.65
3 Mn(acac)3 0.90 4.99 0.60
4 Fe(acac)3 0.93 4.29 0.88
5 Ru(acac)3 1.04 6.21 0.40

Table 1: The experimental solubility (molarity) and calculated 1/γ∞i/S of 5 different tran-
sition metal complexes in acetonitrile solvent.

section 4, we observed that the metal complexes with the same metal center but different

ligands are significantly different from each other in terms of their solubility information

such as Gex and ∆Gmix. Unlike the metal complexes with different metal center, a good

connection between the thermodynamic properties and the σ profile of the metal com-

plexes has been observed for the metal complexes with different ligands and the same

metal center (see Figure. 4, 5 and 6). For these cases, we correlated the experimental sol-

ubility with the pσ(HB-Tot) and observe a good correlation between these two quantities

shown in Figure. 8. The results are shown for II, VI-XVI metal complexes in a particular

acetonitrile organic solvent in Figure. 8. When we removed the data point due to the XII

and XIII metal complexes, the correlation coefficient improves from 0.82 for 12 to 0.90

for the 10 different metal complexes. According to the COSMOSAC-2013 model31, the

prediction power is not good for the nitrogen containing compound. Hence, we discard

the results for XII and XIII metal complexes from our study. Also, we noticed that the

experimental solubility of V and XI-XIV metal complexes is not good in comparison to the

other transition metal complexes reported in Ref. 14. The experimental solubility of the

metal complex X is not reported. Therefore, the experimental solubility has been taken

in this study by following the simple relation: xX = pσ(HB−Tot)X
pσ(HB−Tot)IX

∗ xIX . These two metal

complexes are of similar type and they only vary at their alkoxy branching at the second

position of the acetyleacetonate ligand. The calculated pσ(HB-Tot) for 16 different metal

complexes has been given in Table. 2. The different σ profiles of different metal complexes

belong to different groups provide necessary information about the effect of the systematic
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substitution of the acetylacetonate ligand on the metal complex solubility in acetonitrile

organic solvent. The linear regression model can be used to predict the solubility of an

unknown tris-acetylacetonate transition metal complex derivative in acetonitrile solvent

with 82% precision and to design the new redox active species for a particular organic

solvent acetonitrile in this case. We obtained a linear relationship between the experimen-
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Figure 8: The experimental solubility in molarity unit as a function of pσ(HB-Tot) for 12
different metal complexes. These results have been shown for the metal complexes with
same metal center but different ligands.

tal solubility and the σ profile of particular type (pσ(HB-Tot)). We found a correlation

between these two properties with precision of 75%. The result has been shown in Fig-

ure. S-9(a)-9(b) in the supporting information. We notice that the precision between

these two quantities increase from 75% to 85% when we remove the two outliers due to

the points XII and XIII. Since the prediction power of the COSMOSAC-201331 model for

the nitrogen containing compound is not good, we removed the results of metal complexes

XII and XIII from our study. This has been shown in Figure. S-9(b) in the supporting

information. All experimental solubilities reported for these 16 different transition metal

complexes are measured in acetonitrile solvent in Refs. 14 and 46. Assuming constant
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pσ(HB-Tot) of acetonitrile solvent for all metal complexes, we propose that the solubility

will be more between the solute and solvent species if the solute pσ(HB-Tot) will be more

for a particular organic solvent with less pσ(HB-Tot). The experimental solubility de-

pends on the activity coefficient at infinite dilution when a solute molecule is surrounded

by large number of solvent molecules. Any solute molecule having more HB type of sur-

faces will like to form HB type of bond with the solvent molecule and dissolve in it, while

the solvent molecule with more HB type surfaces will form HB type bond with themselves

because they are present in large amount in the infinite dilute condition. Therefore, solute

molecule with more HB type surface (electron donating/ electron accepting) would like

to dissolve in solvent molecule having less HB type surface. When we removed the metal

complexes XII, XIII and X from our calculation, we observed a correlation with precision

R2 = 0.77 which is very close to the solubility result in the Ref. 14. We removed metal

complex X from our calculation because the experimental solubility of X was not reported

in Ref. 14. The obtained results are in good agreement with the other experimental and

theoretical results. We noticed that the reported correlation of determination is very near

to that of Ref. 14. We calculated the error for both the models reported in this study and

in Ref. 14 and they are 47.9% and 45.8%, respectively. The method of error calculation

has been stated in section 1 in the supporting information. It is noteworthy in this regard

that in the present study the correlation between the experimental solubility and the

calculated pσ(HB-Tot) has been reported to propose a minimal solubility model, while

a correlation between the experimental and calculated solubility has been reported to

validate the proposed solubility model in Ref. 14. Also, in the previous study reported in

Ref. 14, the authors proposed a non-linear regression theoretical model to predict the ex-

perimental solubility. The solubility results are not explained from the microscopic point

of view. In the present study, the solubility results have been explained from the micro-

scopic point of view and a linear regression correlation model has been proposed between

those microscopic property and the solubility. In addition to that, the previous model in

Ref. 14 was proposed only for a selected metal complexes and a particular organic solvent

ACN, while the present study is applicable for a wide range of metal complexes, organic

solvents and their possible binary mixtures. The present model was also able to give a
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physical insight to the theoretical model, the experimental solubility results and to predict

a new possible binary mixture. Therefore, the two coefficients of determination(R2) have

different physical background in the two models. Also, the parameters in the solubility

model in Ref. 14 are optimized while the parameters in COSMOSAC-LANL model are

not optimized for the metal complex and organic solvent. Therefore, it is to be noted

that this correlation can be improved more (>77%) when the COSMOSAC-LANL model

will have the optimized parameters for the metal complex and the organic solvent. The

model reported in this study is a simple solubility model based on the knowledge of a

single property (pσ(HB-Tot)) for the metal complexes with different type of ligands with

the same metal center ( i.e., II and VI-XIV) and same ligands with different metal center

(i.e., I-V) and the organic solvents. Apart from the correlation between the experimental

solubility and (pσ(HB-Tot)) for all metal complexes, we propose a correlation between

the experimental solubility and the activity coefficient at infinite dilution (1/γ∞i/S) for

the metal complexes with same ligands but different metal center. Also using the current

model we explain the underlying principle behind the solubility of certain transition metal

complexes in certain non-aqueous medium based on the quantitative-structure property

relationship and on a single descriptor (pσ(HB-Tot)) information which came out as a

main governing factor for the solubility of certain metal complexes in certain non-aqueous

solvents in the current study.
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Complex Solubility(Exp.)(M)14,46 pσ(HB-Tot)(Å2) pσ(Total)(Å2) %pσ(HB-Tot)

I 0.60 16.64 357.69 4.652
II 0.65 16.56 357.32 4.635
III 0.60 15.94 353.29 4.512
IV 0.88 17.92 351.10 5.104
V 0.40 17.61 362.22 4.862
VI 0.86 35.65 637.70 5.590
VII 1.25 34.00 657.92 5.167
VIII 1.13 47.82 798.82 5.986
IX 1.8 46.61 728.61 6.397
X >1.8 57.76 921.52 6.267
XI 0.002 11.27 411.09 2.741
XII 0.055 25.66 421.89 6.082
XIII 0.43 32.27 460.10 7.014
XIV 0.043 13.93 468.12 2.975
XV 8.00E-04 10.99 581.58 1.889
XVI 6.00E-05 7.76 697.31 1.113

Table 2: The pσ(HB-Tot) and pσ(Total) of 16 different metal complexes.

6 Solubility of V(acac)3 in different organic solvents

We propose a scheme to screen the solvents with high solubility (1/γ∞i/S) for a particular

metal complex such as V(acac)3 for which experimental results were available.4 To propose

the solvent screening for a particular transition metal complex, first we propose a model

for limited 6 training data points for which the experimental solubility4 of that metal

complex is present. The transition metal complex V(acac)3 has been used in this case.

The solubility of V(acac)3 in 6 different organic solvents has been given in Table. 3.

We correlated the activity coefficient at infinite dilution for a particular metal complex

with the experimental solubility reported in molarity unit for both the COSMOSAC-2013

and COSMOSAC-LANL model. The results have been shown in Table. 3. A very good

correlation of R2 = 0.98 is obtained for the COSMOSAC-LANL activity coefficient model

in contrast with R2 = 0.23 for COSMOSAC-2013 model. The results in the molarity

unit have been shown in Figure. S-10(a) and 10(b). To calculate the percentage error in

solubility, we convert the experimental solubility data from molarity unit to mole fraction

using the relation given in next few lines. We know that the total mole fraction of the
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system will be constant and therefore, xV(acac)3 + xsolvent = 1, where xV(acac)3 is the mole

fraction of the V(acac)3 and xsolvent is the mole fraction of the organic solvent. Now we

know; xsolvent = mACN

Mtot
= Msolvent/Molar Masssolvent

Mtot(?)
, where Msolvent is mole number of the solvent

and Mtot is the total mole number of the binary mixture. Since ρ = Msolvent

Vsol
, therefore,

xV(acac)3 =
mV(acac)3

Mtot
. The density of 6 solvents has been given in Table. 3. The solubility

result in mole fraction unit has been given in Table. 3 and 4 and the corresponding 

plot has been shown in Figure. 9. In the case of ideal solvation γmc =1 according to 

Eq. 11, the percentage error in the solubility is 28.2% and 70% for COSMOSAC-LANL 

and COSMOSAC-2013 model, respectively. This calculation has been done using Eq. 10. 

The ideal solvation has been calculated at the heat of fusion 7.17 kcal/mol52 and melting 

temperature 460 K52,53 for V(acac)3 metal complex. The observed correlation coefficients 

(R2) for the two models are 0.88 for COSMOSAC-LANL and 0.57 for COSMOSAC-2013, 

respectively in the mole fraction unit. We also compared the calculated solubility with 

the experimental solubility reported in mole fraction unit for the both models. The 

calculated % error in the linear regression is 10.86% and 90% for the COSMOSAC-LANL 

in Figure. 10(a) and COSMOSAC-2013 model in Figure. 10(b), respectively. The root 

mean square error (RMSE) value for the two models is shown in Table. 4 and they are 

0.013 for COSMOSAC-LANL and 0.017 for COSMOSAC-2013 model, respectively. After 

verifying the predictive power and accuracy of the model, we use the COSMOSAC-LANL 

model to screen the organic solvents for the best solubility of V(acac)3. In the set of 14 

different solvents, the 6 solvents from the training data set are also included. The other 

8 organic solvents have been chosen randomly. It is to be noted that the experimental 

solubility of V(acac)3 in those 8 organic solvents has not yet been reported. The result 

has been shown in Figure. 11. The calculated solubility and the activity coefficient at 

infinite dilution have been correlated for the 14 different organic solvents with R2 = 0.98 

and the calculated % error in the linear regression is 26.72% at the ideal solvation γmc = 1. 

Among 14 organic solvents, 1,3-dioxolane (1,3do) is appeared to be the most suitable 

solvent for the solubility of V(acac)3 and this result is in good agreement with the 

experimental results reported in Ref. 5. Figure. 12 shows the lnγ1/γ2 vs xmc, Gex vs xmcand 

∆Gmix vs xmc for 6 different organic solvents. The new model was able to explain
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1/γ∞ molarity mole fraction g cm−3

Solvents COSMOSAC-2013 COSMOSAC-LANL Solubility(Exp.)4 Solubility(Exp.) Density

PC 0.58 1.12 0.07 0.006 1.20
GBL 1.44 3.25 0.30 0.022 1.13

DMPU 1.89 2.65 0.20 0.024 1.06
ACN 0.88 4.98 0.60 0.03 0.786
MA 1.86 4.22 0.40 0.031 0.932

1,3do 2.27 6.62 0.80 0.064 1.06

Table 3: The experimental solubility (molarity), calculated solubility (mole fraction) and
1/γ∞i/S of V(acac)3 in 6 different organic solvents and density of 6 different organic solvents.

mole fraction mole fraction

Solvents COSMOSAC-2013 COSMOSAC-LANL Solubility(Exp.)

PC 0.008 0.015 0.006
GBL 0.019 0.038 0.022

DMPU 0.024 0.033 0.024
ACN 0.013 0.049 0.03
MA 0.024 0.047 0.031

1,3do 0.028 0.062 0.064
RMSE 0.017 0.013 -

Table 4: The experimental and calculated solubility of V(acac)3 in 6 different organic
solvents in mole fraction unit.
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Figure 9: In fig. (a) and (b), the experimental solubility in mole fraction unit has been
plotted as a function of 1/γ∞i/S for the COSMOSAC-LANL and COSMOSAC-2013 model,

respectively. These results have been shown for a particular metal complex V(acac)3 in 6
different organic solvents.

29

Page 29 of 53 Physical Chemistry Chemical Physics



y = 1.1086x - 0.0154
R² = 0.84

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

So
lu

bi
lit

y 
(E

xp
er

im
en

ta
l)

Solubility (Calculated)

(a)

y = 1.9002x - 0.0072
R² = 0.57

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.005 0.01 0.015 0.02 0.025 0.03

So
lu

bi
lit

y 
(E

xp
er

im
en

ta
l)

Solubility (Calculated)

(b)

Figure 10: The experimental solubility vs calculated solubility for (a) COSMOSAC-LANL
and (b) COSMOSAC-2013 model, respectively. The unit is in mole fraction.

30

Page 30 of 53Physical Chemistry Chemical Physics



y = 0.0096x + 0.0036
R² = 0.98

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 1 2 3 4 5 6 7

So
lu

bi
lit

y 
(C

al
.) 

(m
ol

e 
fr

ac
tio

n)

1/𝜸∞

Figure 11: The calculated solubility in mole fraction unit has been plotted as a function
of 1/γ∞i/S using the COSMOSAC-LANL model for 14 different organic solvents.

i/S

the solubility trend observed incase of V(acac)3 in six organic solvents. 1,3do dissolves 

maximum V(acac)3 in its and thus shows maximum negative Gex and ∆Gmix. To find the 

reason behind it, we calculated the Gibbs-Duhem relationship between these two species 

following the work reported in Ref. 32 and we noticed that for all cases the solubility of 

metal complex increases upon increasing the concentration of the organic solvent shown in 

Figure. 13 and therefore exhibit dual-solute effect.32 The increase in the solubility causes 

decrease in the γ∞ according to Eq. 15. For the different organic solvents and a particular

metal complex V(acac)3, we noticed that the slopes in the respective curvatures vary a lot 

for the solvent showing maximum solubility of V(acac)3 and the solvent is 1,3do in this 

case. This also indicates to the presence of the varying supramolecular interactions with 

the concentration and which is in good agreement with the previous results reported in the 

section 4 in this study for the acetonitrile solvent and in the work reported in Ref. 49. The 

dielectric constant of a solvent is one consequence of 3-dimensional hydrogen bonded type 

network present in a solvent. The dielectric constants for 1,3do, MA, ACN, DMPU, GBL 

and PC are 7.13 debye, 7.07 debye, 36.6 debye, 36.12 debye, 40.96 debye and 64 debye, 

respectively. It is known from electrochemistry that the ion association is promoted or 

enhanced with the decreasing dielectric constant of the solvent.54 But, in these systems,
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Figure 12: In fig(a) lnγ1/γ2, in fig (b) Gex and, in fig (c) ∆Gmix have been shown as
a function of solute mole fraction for the V(acac)3 metal complex in 6 different organic
solvents. The γ1 and γ2 are the activity coefficient of the solute and solvent molecule,
respectively.
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Figure 13: In all figures, lnγ has been plotted as a function of solvent mole fraction xsolvent
for 6 different organic solvents using the COSMOSAC-LANL model. The black curve is
for the solute species and the red curve is for the solvent species.
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there is no such distinct existence of the cation and anion because the all metal complexes 

are neutral.11 Therefore, the solvent molecule will interact with the redox active species 

in place of the ion at the infinite dilute condition and thus, promotes the dissolution 

of the redox active species in it. From the present study, this fact is also strengthened 

for the non-aqueous redox flow cell. Except acetonitrile, we obtained a good correlation 

between the reported dielectric constant and pσ(HB-Tot) for polar aprotic solvent with 

R2 = 0.91. The result has been shown in Figure. S-11. The σ profile for the 6 organic 

solvents have been given in Figure. 14. σ profile is a unique feature of a compound i.e., 

no two compounds will have the similar σ profile. The σ profile of all 14 organic solvents 

have been given in Figure. S-12 in the supporting information and the Gibbs-Duhem 

relationship for 13 different metal complexes in acetonitrile solvent has been shown in 

Figure. S-7 and S-8 in the supporting information. We found that the dual-solute effect 

prevails for all metal complexes in acetonitrile solvent. Similar results have been observed 

in case of metal complex solubility in ionic liquids.32 The dual solute effect can either 

promote the solubility or impede it. A conclusion can be made from these observations 

that the dual-solute effect is a characteristic feature of the interaction between the solute 

and non-aqueous solvent molecule in the non-aqueous redox flow cell.

We observed a strong correlation between the σ profile due to the hydrogen bond 

type of interaction in solvent molecule and the experimental solubility of metal complex 

in section 5. The solvent molecule with least amount of pσ(HB-Tot) profile dissolves 

more redox active species. The calculated pσ(HB-Tot) for 14 organic solvent has been 

given in Table. 5. We correlate the solubility of V(acac)3 in six organic solvents with the 

pσ(HB-Tot) of the solvents and obtained a correlation of R2 = 0.70. The result is shown 

in Figure. 15. This inverse correlation between the experimental solubility and pσ(HB-

Tot) indicates when the solubility of an active species will cost high Gibbs free energy of 

cavity formation, it will be less dissolved in the organic solvent. Therefore, the solubility 

of the active species will decrease. We use those informations to screen the 14 different 

metal complexes and the 6 different organic solvents against each other to find the best 

pair of metal complex and organic solvent to increase the energy density of a particular 

non-aqueous redox flow cell. The linear correlation between the experimental solubility
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and the pσ(HB-Tot) is 85% for 14 different transition metal complexes for a particular 

organic solvent acetonitrile. This result has been shown in Figure. S-9(b). However, this 

can be improved by using the COSMOSAC-LANL model with optimized parameters for 

the metal complexes and organic solvents. We defined a new solubility parameter (χ) for

a binary mixture, where χ = pmc
σ (HB−Tot)

psolventσ (HB−Tot) . The results for 14×6 binary mixtures are

shown in Figure. 15. The accuracy of this 14×6 (84) screening model should vary within 

70% - 85%. We also noticed that among this 14×6 screening model 14×5 (70) system will 

be screened within the accuracy range between 84% - 85%. The accuracy of 10×6 (60) was 

within 70% - 80%. A much better 9×4 (36) and 8×4 (32) system can be screened within the 

accuracy range 90% - 99.7% and 96% - 99.7%, respectively using the model. The list of 

metal complexes and organic solvents for 14×5 (70), 10×6 (60), 9×4 (36) and 8×4 (32) 

screening have been given in Table. 2 and 5. From the calculations, we reached to this 

conclusion that along the X-axis of the screening plot, the metal complexes will be screened 

against a particular organic solvent with accuracy stated for the metal complex screening 

against the organic solvent acetonitrile (Figure. S-9(b)) and along the Y-axis, the solvent 

will be screened against a particular metal complex with accuracy obtained for the solvent 

screening against the V(acac)3 metal complex (Figure. 15 (top)) because these two 

informations have been used to propose the solubility parameter χ. The all necessary plots 

for 14×6 (84), 14×5 (70), 10×6 (60), 9×4 (36) and 8×4 (32) screen have been given in 

Figures. (S-13) - (S-17), respectively in the supporting information. To validate our 

calculations, we chose polar protic, polar aprotic and non-polar solvents. The polar aprotic 

solvent appears as most suitable solvent for non-aqueous redox flow cell according to the 

present study. Therefore, we conclude that the compatible pair of redox active species and 

organic solvent should have the stability due to the hydrogen-bonded type of attractive 

interaction in the binary mixture. We have chosen this method because ability to interact 

through the hydrogen-bonded type of interaction in the redox active species should 

increase the solubility of active species in the organic solvent according to Figure. 8 while 

the more hydrogen-bonded type of interaction in the organic solvent will decrease the 

solubility of the active species shown in Figure. 15. This observation in the results also 

strengthens the fact that the solubility of the active species will always has direct
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relationship with its pσ(HB-Tot) and inverse relationship with the solvent pσ(HB-Tot).

These can be seen in Figure. 8 and 15. The above fact has been strengthened by the

results obtained from our previous study on CO2 solubility in ionic liquids38 and metal

complex solubility in ionic liquids.32 It has been observed that the solubility of both the

CO2 and metal complex increases in ionic liquid with the decreasing percentage of the σ

profile due to the hydrogen-bonded type of interaction. The results have been shown for

31 ionic liquids for CO2 solubility in ionic liquids and for 9 ionic liquids for metal complex

solubility in ionic liquids. This is indicative to the important role by the hydrogen-bonded

type of interaction in the solubility of a particular solute in ionic liquid. The results have

been shown in Figure. 16. It is to be noted that for a particular solute molecule we

correlated the experimental solubility of the solute species with the %pσ(HB-Tot) of the

ionic liquids while for a particular solvent and for the organic solvents we correlated the

experimental solubility with the pσ(HB-Tot). This knowledge motivates us to define the

solubility parameter χ for the metal complexes solubility in organic solvents. At last, we

propose a regression model to screen the metal complexes for a particular organic solvent

and organic solvents for a particular metal complex in Figure. S-18-19 in the supporting

information, respectively in terms of χ.

Organic Solvents pσ(HB-Tot)(Å2) pσ(Total)(Å2) %pσ(HB-Tot)

Cyclohexane 0.0 138.491 0.0
DIPE 4.13 165.040 2.502

1-Butanol 9.19 130.662 7.033
1-Hexanol 9.17 171.489 5.347
1-Hexyne 0.0 151.286 0.0
1-Heptyne 0.0 172.052 0.0
1-Hexene 0.0 154.443 0.0
Benzene 0.0 123.095 0.0

1,3do 7.88 106.589 7.392
ACN 7.06 83.684 8.436

DMPU 9.54 169.906 5.615
GBL 10.03 120.124 8.349
MA 8.14 115.233 7.064
PC 10.21 131.041 7.792

Table 5: The pσ(HB-Tot), pσ(Total) and %pσ(HB-Tot) of 14 different organic solvents.
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Figure 15: (top) The experimental solubility of V(acac)3 in 6 different organic solvents
have been correlated with the pσ(HB-Tot) for 6 organic solvents. (bottom) Screening of
14 different transition metal complexes and 6 different organic solvents to determine the
best pair of redox active species and organic solvent to increase the energy density of
non-aqueous redox flow cell based on the solubility parameter (χ) information. More χ
means more solubility in the colorbar (righthand side).

38

Page 38 of 53Physical Chemistry Chemical Physics



y	=	-0.0041x	+	0.0527
R²	=	0.90

0

0.01

0.02

0.03

0.04

0.05

0.06

1 3 5 7 9 11

So
lu
bi
lit
y	
(m

ol
e	
fra

ct
io
n)

%	of	p𝛔(HB)(Total)

(a)

y	=	-0.0078x	+	0.0667
R²	=	0.91

0

0.005

0.01

0.015

0.02

0.025

0.03

5 5.5 6 6.5 7 7.5 8 8.5

So
lu
bi
lit
y	
(m

ol
e	
fra

ct
io
n)

%	of	p𝛔(HB)(Total)

(b)

Figure 16: (a) CO2 solubility in ionic liquids vs %pσ(HB)(Total). (b) Metal complex
solubility in ionic liquids vs %pσ(HB)(Total). The ionic liquids have been taken from the
Refs. 32 and 38. In (a), all solubility results reported here is experimental solubility taken
from the references given in Ref. 38. In (b), the all solubilities are directly taken from
Ref. 32.

39

Page 39 of 53 Physical Chemistry Chemical Physics



7 Conclusion

A series of ab initio calculations have been performed to propose a solubility model for 16

different transition metal complexes in acetonitrile organic solvent. Using our calculations,

we have shown how one will be able to effectively screen the transition metal complexes

for a particular organic solvent and organic solvents for a particular metal complexes to

increase the energy density of the non-aqueous redox flow cell. We use the COSMOSAC-

LANL model to explain the solvation mechanism of the transition metal complexes in

certain organic solvents. We applied the model over 14 different organic solvents for a

particular transition metal complex V(acac)3. The solubility of V(acac)3 in 6 organic

solvents has been calculated using the COSMOSAC-LANL model and compared with the

experimental results where they are available. To explain the solvation mechanism, we

calculated Gex vs xmc, ∆Gmix vs xmc and ln

(
γLANL
i/S

γLANL
j/S

)
vs xmc. The organic solvent showing

maximum solubility of V(acac)3 in it has lowest γ∞i/S. Dual solute effect and Gibbs-

Duhem relationship in a binary mixture have been verified by computing lnγ vs xsolvent

and lnγ vs xmc. The solubility of the transition metal complexes has been correlated

with the χ ( pmc
σ (HB−Total)

psolventσ (HB−Total)). First time, we were able to address the issue related to

the hydrogen-bonded type interaction between the solute and solvent molecules and how

the interaction promote or obstruct the solubility, using the first principle COSMO based

continuum solvation model. According to our study this interaction in a binary mixture

is responsible for the stability of the solution also. We noticed from our study that

enhanced hydrogen-bonded type interaction between these two species is the main cause

of their solubility in a non-aqueous media. Using the model, we were also quantify those

interactions present between them. The new model was able to explain the solubility of a

transition metal complexes and find the exact reason behind the experimental solubility of

them and has been used to screen the 14 different organic solvents for a particular metal

complex V(acac)3 with R2=0.98. We also proposed a simple method to determine the

solubility of transition metal complexes with different ligands but same metal center with

R2=0.82 and transition metal complexes with same ligands but different metal center with

R2=0.82. For the transition metal complexes with different ligands but same metal center
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we observed that the χ of individual metal complex correlates with the experimental

solubility with 90% precision for 10 different transition metal complexes for which the

reported experimental solubility is good. For the transition metal complex with similar

ligand but different metal center, we correlate (R2 = 0.98) the solubility with the 1/γ∞i/S,

when the experimental solubility was not reported. When the correlation between the 

experimental solubility and χ has been made for all 16 metal complexes, the observed 

correlation was 75% which upon removal of the two outliers (XII and XIII) increases to 

85% precision. We observed that the coefficient of determination (R2 = 0.75) is very closer 

to the R2 value reported in the work stated in Ref. 14. It is noteworthy in this regard that 

the solubility parameters in that work were optimized, while that was not the case for our 

model. Therefore, we believe that our model will improve more, (i) when we will have more 

experimental data in our hand, that will help improving the statistics of the model and (ii) 

when the optimized parameters will present in the models for the species of interest in this 

case. The model can also be improved by using other high level quantum calculations. But, 

since this model is a linear regression model, therefore parameter optimization is required. 

In the present study our main motivation was to find the underlying principle behind the 

solubility of transition metal complexes in non-aqueous redox flow cell and in all cases, we 

noticed that the coefficient of determination (R2) was greater than or equal to 70% in few 

cases and it was between 80% - 100% in most of the cases. These coefficient of 

determinations were within the range of reported coefficient of determination (which is 

0.79) in Ref. 14. We also noticed that the accuracy of the calculated solubility using the 

COSMOSAC-LANL model outperforms the results obtained using the COSMOSAC-2013 

model. This is happened due to the modified combinatorial term present in the model. The 

combinatorial term had been modified by a factor of 2 as a consequence of first principle 

calculation. We observed a good correlation between the calculated and the experimental 

solubility data of V(acac)3 in organic solvents where they were available. The 

corresponding results have been shown in Figures. 9 - 10.

We used all these information to screen 14 different transition metal complexes and 

6 different organic solvents (i.e., total 14×6 = 84 binary mixtures) to predict the best 

compatible pair of redox active species and organic solvent to increase the energy density
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of the non-aqueous redox flow cell. The current study was able to capture the variation 

of the supramolecular forces with the species concentration in the solvent. A complicated 

variation has been noticed in this case. According to the study, a particular stoichiometry 

corresponding to a particular complex structure dominates the stable solution. The new 

model is able to predict the suitable solvent and the redox active species to construct 

an efficient non-aqueous redox flow cell with increasing energy density. Based on our 

calculations, the polar aprotic solvent such as 1,3do and acn appear as suitable solvent and 

the ester substituted tris-acetyleacetonate transition metal complexes such as VI, VII, 

VIII, IX and X appear as suitable redox active species. The theoretical results reported in 

this study are found to be in good agreement with the experimental and theoretical results 

already reported elsewhere.4,14,46 The solubility results presented in this study have been 

first time explained from the microscopic point of view and using the basic principles of 

solvation and solution chemistry and COSMOSAC-LANL theory. The information based 

on the σ profile will be used to design future redox active species and the organic solvent 

for better energy density in non-aqueous redox flow cell. The physical insight to the 

solubility can be obtained using the new model. The model can be used to screen the 

redox active species and the non-aqueous solvents against each other and will be further 

improved based on the research requirement in future.
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Appendix A

The Staverman-Guggenheim (SG)39,40,55 combinatorial term is based on the Flory-Huggins

model, however the SG term also consider the interaction between the solute (i = 1) and

solvent (j = 2) species due their shape differences to some extent. The combinatorial

term proposed in the UNIQUAC model was

gE(COMB)

RT
= x1ln

φ1

x1

+ x2ln
φ2

x2

+
z

2

(
q1x1ln

φ1

x1

+ q2x2ln
φ2

x2

)
(13)

for the binary mixture system using the local composition theory. z is the coordination

number equal to 10. The fraction volume (φi) and surface area (θi) are as

φi =
xiri∑2
j=1 xjrj

and θi =
xiqi∑2
j=1 xjqj

, respectively , (14)

where, ri and qi are the normalized volume and surface area of species i=1,2.

The activity coefficient will be obtained from the above expression43(
∂nGex

∂ni

)
T,P,ni6=j

= RT ln(γi) (15)

for the species i=1,2. The Staverman-Guggenheim (SG) combinatorial for solute and

solvent species is

ln(γcomb
i/S ) = 1− φi

xi

+ ln
φi

xi

− z

2
qi

(
1− φi

θi

+ ln
φi

θi

)
. (16)

For solute species(1), one can write the above equation as

ln(γcomb
1/S ) = 1− φ1

x1

+ ln
φ1

x1

− z

2
q1

(
1− φ1

θ1

+ ln
φ1

θ1

)
(17)

where, the fraction volume (φ1) and surface area (θ1) are as

φ1 =
x1r1

x1r1 + x2r2

and θ1 =
x1q1

x1q1 + x2q2

, respectively , (18)

where, r1 and q1 are the normalized volume and surface area of solute, respectively, while

r2 and q2 are the normalized volume and surface area for solvent species, respectively. x1

and x2 are the mole fractions of solute and solvent species, respectively. Now suppose

r′1 and q′1 are the unnormalized volume and surface area for solute species obtained from
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COSMO calculations, then one can write r1 =
r′1
r0

and q1 =
q′1
q0

, where r0 and q0 are 66.69

Å
3

and 79.53 Å
2
, respectively. Now, if one substitute r1 and q1 in Eq. 18, one will get

φ1 =
x1r

′
1/r0

x1r′1/r0 + x2r′2/r0

and θ1 =
x1q

′
1/q0

x1q′1/q0 + x2q′2/q0

, respectively . (19)

Therefore,

φ1 =
x1r

′
1

x1r′1 + x2r′2
and θ1 =

x1q
′
1

x1q′1 + x2q′2
, respectively . (20)

Now if one substitutes φ1, θ1 and q1 in the Eq. 17, one will obtain

ln(γcomb
1/S ) = 1−

( x1r′1
x1r′1+x2r′2

x1

)
+ln

( x1r′1
x1r′1+x2r′2

x1

)
−z

2

q′1
q0

[
1−

( x1r′1
x1r′1+x2r′2

x1q′1
x1q′1+x2q′2

)
+ln

( x1r′1
x1r′1+x2r′2

x1q′1
x1q′1+x2q′2

)]
.

(21)

By simplifying, the above equation can be written as

ln(γcomb
1/S ) = 1−

(
r′1

x1r′1 + x2r′2

)
+ln

(
r′1

x1r′1 + x2r′2

)
−z

2

q′1
q0

[
1−

( r′1
x1r′1+x2r′2

q′1
x1q′1+x2q′2

)
+ln

( r′1
x1r′1+x2r′2

q′1
x1q′1+x2q′2

)]
.

(22)

ln(γcomb
1/S ) = 1−

(
r′1

x1r′1 + x2r′2

)
+ln

(
r′1

x1r′1 + x2r′2

)
−z

2
q1

[
1−

( r′1
x1r′1+x2r′2

q′1
x1q′1+x2q′2

)
+ln

( r′1
x1r′1+x2r′2

q′1
x1q′1+x2q′2

)]
.

(23)

Similarly, one can write this expression for solvent species,

ln(γcomb
2/S ) = 1−

(
r′2

x1r′1 + x2r′2

)
+ln

(
r′2

x1r′1 + x2r′2

)
−z

2

q′2
q0

[
1−

( r′2
x1r′1+x2r′2

q′2
x1q′1+x2q′2

)
+ln

( r′2
x1r′1+x2r′2

q′2
x1q′1+x2q′2

)]
.

(24)

ln(γcomb
2/S ) = 1−

(
r′2

x1r′1 + x2r′2

)
+ln

(
r′2

x1r′1 + x2r′2

)
−z

2
q2

[
1−

( r′2
x1r′1+x2r′2

q′2
x1q′1+x2q′2

)
+ln

( r′2
x1r′1+x2r′2

q′2
x1q′1+x2q′2

)]
.

(25)

The above two expressions stated in Eqs. 24 and 25 have been used in the expression

of SG term used in COSMOSAC-LANL model.
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Appendix B

The excess free energy of a binary solution can be written using 3-suffix Margules func-

tion41,42

Gex = x1x2(A21x1 + A12x2) (26)

where, x1 and x2 are the mole fractions for solute (i = 1) and solvent (j = 2) molecules

in a binary mixture and A21 and A12 are the Margules parameters. The expression for

total excess free energy for n total mole number of species is

nGex =
n1n2

(n1 + n2)2
(A21n1 + A12n2) . (27)

n1 and n2 are the number of moles of solute and solvent, respectively. Differentiating the

above equation with respect to n1, one will get,(
∂nGex

∂n1

)
T,P,n2

= RT ln(γ1) (28)

→ RT lnγ1 = nj

[
(A21n1 + A12n2)

(
1

(n1 + n2)2
− 2n1

(n1 + n2)3

)
+

n1A21

(n1 + n2)2

]
(29)

→ RT lnγ1 =
n2

(n1 + n2)

[
(A21n1 + A12n2)

(n1 + n2)

(
1− 2n1

(n1 + n2)

)
+

n1A21

(n1 + n2)

]
(30)

Reconversion of ni to xi will give

RT lnγ1 = x2

[
(A21x1 + A12x2)(1− 2x1) + A21x1

]
(31)

RT lnγ1 = x2

[
(A21x1 + A12x2)− 2x1(A21x1 + A12x2) + A21x1

]
(32)

RT lnγ1 = x2

[
2A21x1 + A12x2 − 2A21x

2
1 − 2A12x1x2

]
(33)

As we know that : x1 = 1− x2, therefore, we can write the above equation as

RT lnγ1 = x2

[
2A21x1 + A12x2 − 2A21x1(1− x2)− 2A12x1x2

]
(34)

RT lnγ1 = x2
2

[
A12 + 2

(
A21 − A12

)
x1

]
(35)
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Subsituting x1 = 1− x2 in the above equation, one will get

→ A12x
2
2 + 2(A21 − A12)(x2

2 − x3
2) (36)

→ A12x
2
2 +

(
2A21x

2
2 − 2A21x

3
2 − 2A12x

2
2 + 2A12x

3
2

)
(37)

Further simplifying the above equation one will get

RT lnγ1 =

(
2A21 − A12

)
x2

2 +

(
2A12 − 2A21

)
x3

2 (38)

Now equating α1 =

(
2A21 − A12

)
and β1 =

(
2A12 − 2A21

)
, one can write Eq. 38 as

lnγ1 =
α1x

2
2 + β1x

3
2

RT
(39)

Similarly, for species 2, differentiating the above Eq. 26 with respect to n2, one will

get, (
∂nGex

∂n2

)
T,P,n1

= RT ln(γ2) (40)

→ RT lnγ2 = n1

[
(A21n1 + A12n2)

(
1

(n1 + n2)2
− 2n2

(n1 + n2)3

)
+

n2A12

(n1 + n2)2

]
(41)

→ RT lnγ2 =
n1

(n1 + n2)

[
(A21n1 + A12n2)

(n1 + n2)

(
1− 2n2

(n1 + n2)

)
+

n2A12

(n1 + n2)

]
(42)

Reconversion of ni to xi will give

RT lnγ2 = x1

[
(A21x1 + A12x2)(1− 2x2) + A12x2

]
(43)

RT lnγ2 = x1

[
(A21x1 + A12x2)− 2x2(A21x1 + A12x2) + A12x2

]
(44)

RT lnγ2 = x1

[
2A12x2 + A21x1 − 2A12x

2
2 − 2A21x1x2

]
(45)

As we know that : x2 = 1− x1, therefore, we can write the above equation as

RT lnγ2 = x1

[
2A12x2 + A21x1 − 2A12x2(1− x1)− 2A21x1x2

]
(46)
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RT lnγ2 = x2
1

[
A21 + 2

(
A12 − A21

)
x2

]
(47)

Substituting x2 = 1− x1 in the above equation, one will get

→ A21x
2
1 + 2(A12 − A21)(x2

1 − x3
1) (48)

→ A21x
2
2 +

(
2A12x

2
1 − 2A12x

3
1 − 2A21x

2
1 + 2A21x

3
1

)
(49)

Further simplifying of the above equation one will get

RT lnγ2 =

(
2A12 − A21

)
x2

1 +

(
2A21 − 2A12

)
x3

1 (50)

Now equating α2 =

(
2A12 − A21

)
and β2 =

(
2A21 − 2A12

)
, one can write Eq. 50 as

lnγ2 =
α2x

2
1 + β2x

3
1

RT
. (51)

At infinite dilute condition, when x1 −→ 0 and x2 −→ 1, the Eq. 2 will be reduced to

lnγ∞1 (asym) −→ α1+β1
RT

for solute species (1). Now after adding and substituting the value

of (α1 + β1) in the expression of lnγ∞1 , one will get lnγ∞1 (asym) = A12

RT
and hence,

A12 = RT lnγ∞1 (asym). (52)

Similarly, when x2 −→ 0 and x1 −→ 1, the Eq. 3 will be reduced to lnγ∞2 (asym) = A21

RT

for the solvent species (2) and therefore,

A21 = RT lnγ∞2 (asym). (53)

Therefore, at infinite dilution, one can calculate Margule’s parameters from the activity

coefficients at infinite dilution from the above two equations. Since, in this article the

Margule’s parameters are called from the activity coefficient at infinite dilution calculated

using COSMOSAC-2013 model, therefore one can write

lnγ∞1 (COSMOSAC) =
A12

RT
, (54)

and

lnγ∞2 (COSMOSAC) =
A21

RT
. (55)
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Substituting the value of A12 and A21 in Eqs 18 and 19, one will get,

lnγ∞1 (asym) = lnγ∞1 (COSMOSAC) , (56)

and

lnγ∞2 (asym) = lnγ∞2 (COSMOSAC) . (57)

Since, we know that

lnγ(COSMOSAC− 2013) = lnγ(res) + lnγ(comb) + lnγ(dis) . (58)

Therefore,

lnγ(asym) = lnγ(res) + lnγ(comb) + lnγ(dis) . (59)

Now, our asymmetric model is,

lnγ(COSMOSAC− LANL) = lnγ(comb) + lnγ(asym) . (60)

Substituting lnγ(asym) in the above equation, one will get,

lnγ(COSMOSAC− LANL) = 2lnγ(comb) + lnγ(dis) + lnγ(res) . (61)

Therefore, subtracting Eq. 59 from Eq. 61, one will get the relationship between the

two models which is valid at infinite dilution and that is

lnγ(COSMOSAC− LANL)− lnγ(COSMOSAC− 2013) = lnγ(comb) . (62)
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