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COSMO-RS is a liquid-phase activity coefficient model.
It estimates free energy relative an ideal conductor (COSMO) reference state.

μi
S : The COSMO-RS chemical potential of solute i in solvent S

The activity coefficient is then defined with the COSMO-RS chemical potentials of i 
in the solvent S and as a pure liquid:

γi=exp(
μ i
S
−μi

i

RT
)

This is related to the true chemical potential of i as follows:

μi '=μi
S
+RT ln (x i)



COSMO-RS introduction 3

Many properties can be calculated with COSMO-RS (some require additional data)

● Activity coefficients
● Chemical potentials
● Excess properties: GE, HE, SE

● Equilibria: LLE, VLE, SLE
● LogP
● Vapor pressure of mixtures
● Solubilities

● Boiling points
● Pka
● Flory-Huggins χ
● Distribution of conformers
● Dissociation/Association ratios
● QSPR descriptors
● ...

Important kinds of systems 
can also be considered

● Organic/Aqueous systems
● Ionic liquids
● Polymers
● Compounds with multiple conformers
● Compounds that may dissociate
● Compounds that may associate, 

dimerize, etc.

Other activity coefficient models and 
additional tools

● Multiple parameterizations of 
COSMO-RS

● Several COSMO-SAC models
● UNIFAC
● Property estimation tools
● Solvent mixture optimization tools



COSMO-RS: first step 4

p-Tolyl acetic acid

● A QM method
● Accurate calculation of charges, charge conjugation (e.g., the electronic effect of 

the adjacent ester group to the aromatic ring)
● Uses entire molecular structure and can distinguish complex electronic behavior

Embedded in ideal conductor, 
surface charges calculated

Expensive step!



COSMO-RS: σ-profiles 5
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N  …    AREA      CHARGE/AREA

   1    0.30923     0.00789    
   2    0.34359     0.01743 
   3    0.34359     0.01469    
…
  61   0.45144    -0.01759 
  62   0.49069    -0.01366
  63   0.49069    -0.01533
  …

Cheap step!



Calculating free energy in solution 6

Liquid phase

Conductor 
phase

Statistical 
mechanics 

step

,
ΔGgas→ soln=−Ggas+GCOSMO+ f

The ΔG is a function of only individual σ-profiles and mole fractions:
This means only 1 expensive (DFT) step per molecule is ever needed!
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Property estimation 10



Solvent optimization/selection 11

What it is:
● Optimization tool to select solvent mixtures using COSMO-RS (or COSMO-SAC or 

UNIFAC)
● It is intended to be used in conjunction with process/formulation design

What it is not:
● A way to design solvents/mixtures from scratch (although this is coming…)
● In any way more accurate than COSMO-RS (it is simply the COSMO-RS equations 

translated into an optimization formulation)



Problem type 1: solubility 12

Specify solvents

Water
Methanol
Ethanol

1-Hexanol
Diethyl ether

Benzene
Toluene

Acetic acid
Cyclohexane

DMF
THF

Dioxane
...

Specify solute(s)

Ibuprofen

Specify problem conditions

Optimization direction: maximize
Maximum number of solvents: 2
Temperature: 298.15K (or range)

...

Example: Determine a solvent system to maximize the 
amount of Ibuprofen that can be dissolved.



Problem type 1: results 13

Chosen solvents (e.g.)

Water
Methanol
Ethanol

1-Hexanol
Diethyl ether

Benzene
Toluene

Acetic acid
Cyclohexane

DMF
THF

Dioxane
...

Chosen mole fractions

0
0.23

0
0

0.77
0
0
0
0
0
0
0
...



Problem type 2: Liq./Liq. extraction 14

Specify solvents

Water
Methanol
Ethanol

1-Hexanol
Diethyl ether

Benzene
Toluene

Acetic acid
2-Hexanone

DMF
THF

Dioxane
...

Specify solutes

Acetic acid
Water

Specify problem conditions

Optimization direction: maximize
Maximum number of solvents: 3
Temperature: 298.15K (or range)

Liquid phase I

Liquid phase II

γI
i
xI

i  
= γII

i
xII

i
Maximize 

the partition 
coefficient

Example: Determine a solvent system to maximize the 
separation of Acetic acid and water across a liquid-

liquid phase boundary.



Problem type 2: results 15

Specify solvents Mole fractions I

0.99,0,0,…,0.01

Liquid phase I

Liquid phase II

Maximize 
the partition 
coefficient

Mole fractions II

0.27,0,0,…,0.73Water
Methanol
Ethanol

1-Hexanol
Diethyl ether

Benzene
Toluene

Acetic acid
2-Hexanone

DMF
THF

Dioxane
...

γIxI

γIIxII

γIxI

γIIxII



Polymers with COSMO-RS 16

● In COSMO-RS, polymers are 
treated identically to a large 
number of monomers

● We approximate a monomer in a 
polymer chain by only 
considering the surface 
charges/sigma profile of the 
middle unit of a 3-repeat polymer

● Combinatorial Term: Elbro 1990.

Poly-vinyl acetate



Calculating activities in 
polymer/solvent systems

17

  The results are very accurate in many cases, but there are some systematic deviations for 
certain systems.  The error is similar to COSMO-RS for non-polymer systems.
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Calculating Flory-Huggins parameters 18

ΔGmix

RT
=N p ln (ϕp)+N s ln (ϕ s)+N sϕ pχ ps

N p / s−Number of moles of polymer / solvent
ϕp /s−Volume fraction of polymer /solvent

χ ps−Flory−Huggins Parameter
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Multi-form Compounds 19

Solute

Solvent

Apparent 
mixture
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Conformers

Dimerization, Trimerization, etc.

Dissociation Association

→ ←
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Real mixture

-
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...

Species ratios

10%

2%

50%

10%

1%

...

Apparent 
properties

● Activity 
coefficient

● Vapor 
pressure

● LogP
● Solubilities/

VLE/LLE/SLE
● Etc.



Acetic acid in n-Heptane 20

Several forms can exist, and the ratio of these forms 
depends on the solvent and temperature.

Conformer 1 Conformer 2

Dimer



Acetic acid in n-Heptane 21

It is possible to plot the relative amounts of the different forms vs. 
concentration.
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Acetic acid in n-Heptane 22

Considering dimerization (and multiple conformers)
significantly improves the accuracy to experimental activity
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Conclusions 23

COSMO-RS
● Many thermodynamic properties can be calculated
● Many additional tools/methods available (e.g., UNIFAC, COSMO-SAC)

Sigma profile estimation:
● Useful for screening (no expensive DFT calculations required)
● Accurate and still improving

Solvent optimization:
● Useful for selecting solvent systems for solubility and extraction problems
● Can also be applied for reaction solvents
Polymers:
● For block co-polymers
● Calculations have roughly the same accuracy as normal COSMO-RS

Property estimation:
● Useful when properties are required and not known

Multi-form Compounds:
● Can explicitly account for real phenomena in solutions
● Conformer changes, dimerizations (and trimerizations, etc.), dissociations, 

associations


