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COSMO-RS introduction

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

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

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

u;'=u;+RT In(x,)

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

)’i:exp(



COSMO-RS introduction

Many properties can be calculated with COSMO-RS (some require additional data)
Activity coefficients Boiling points
Chemical potentials Pka
Excess properties: Gt, HE, S Flory-Huggins x
Equilibria: LLE, VLE, SLE Distribution of conformers
LogP Dissociation/Association ratios
Vapor pressure of mixtures QSPR descriptors
Solubilities

Important kinds of systems Other activity coefficient models and
can also be considered additional tools

Organic/Aqueous systems Multiple parameterizations of
lonic liquids COSMO-RS
Polymers Several COSMO-SAC models
Compounds with multiple conformers UNIFAC
Compounds that may dissociate Property estimation tools
Compounds that may associate, Solvent mixture optimization tools
dimerize, etc.




COSMO-RS: first step .

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

p-Tolyl acetic acid
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Embedded in ideal conductor,
surface charges calculated

Expensive step!




COSMO-RS: o-profiles

Conductor N ... AREA CHARGE/AREA
phase

1 0.30923 0.00789
€ = OO 2 0.34359 0.01743
3 0.34359 0.01469

Quantum 61 0.45144 -0.01759

mechanics 62 0.49069 -0.01366

step 63 0.49069 -0.01533
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Cheap step!




Calculating free energy in solution

Conductor
phase

€ = OO

Statistical
mechanics
step

Liquid phase \

AGgas-)soln:_Ggas+GCOSMO+f /\/\/k/‘
’ /

The AG is a function of only individual o-profiles and mole fractions:
This means only 1 expensive (DFT) step per molecule is ever needed!




Sigma profile estimation

“.SCM File Compounds

Method Properties Analysis Graph Help

Compounds
Add Compound(s)
Add GC estimated Compound

SMILES [CC(C)CC1=CC=C(C=C1)C{C)C(=0)0

xyz |

&

|, Search compound in list of added compounds or database

Compound
File Name:
Name:
SMILES:
Other Names:
Calculated Molar Mass:
Bond Energy:
Gas Phase Bond Energy:
COSMO surface Area:
COSMO Volume:

Input Data
Nring:
Drop H-bond interaction:

Scale factor COSMO surface Area:

Pure compound vapor pressure:
at temperature:

Antoine coefficients:

Melting point:
A fusion H:
A fusion Cp:

Flash Point:

Density:

0.006800 g/mol
0.00000 a.u.
6.00000 a.u.
0.08000 Angstrom**2
G.00000 Angstrom**3

0.0 bar
0.0 Kelvin

0.0 Kelvin
0.0 kcal/maol
0.0 kcalfimol K)

0.0 Kelvin
0.0 kg/L

e
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Sigma profile estimation

“.SCM File Compounds

Method Properties Analysis Graph Help

Compounds
Add Compound(s)
Add GC estimated Compound

SMILES [CC(C)CC1=CC=C(C=C1)C{C)C(=0)0

Add

Add

xyz |

Add

L]

|, Search compound in list of added compounds or database

1: ibu

Compound ibu
File Name:
Name:
SMILES:
Other Names:
Calculated Molar Mass:
Bond Energy:
Gas Phase Bond Energy:
COSMO surface Area:
COSMO Volume:

Input Data
Nring:
Drop H-bond interaction:

Scale factor COSMO surface Area:

Pure compound vapor pressure:
at temperature:

Antoine coefficients:

Melting point:
A fusion H:
A fusion Cp:

Flash Point:

Density:

fhome/faustin/adf2017.212.r63811/ibu.compkf
ibu
|CC{Celece({ccl)C(C{=0)0)C)C
C13H1802
206.13068 g/mol
-7.16238 a.u.
-7.14677 a.u.
280.41644 Angstrom**2
279.51977 Angstrom**3

0.0 bar
0.0 Kelvin

0.0 Kelvin
0.0 kcal/maol
0.0 kcalfimol K)

0.0 Kelvin
0.0 kg/L

e




Sigma profile estimation 9

ADF COSMO-RS 2017.212+ (r63811): /home/austinfadf2017.212.r63811 fex.crs

. SCM File Compounds Method Properties Analysis Graph Help

T
Sigma Profile Pure Compounds |- plol
24 — — c1:ibu
Pure Compound Solvents e C2: Ibuprofen
4+ |fibu
~— Ibuprofen 20—
16 —
12
Sigma: number of values: B
maximum wvalue:
H3C
e
0
| | | | | | |
-0.021 -0.014 -0.007 0.0 0.007 0.014 0.021
o (efA**2)
Sigma Profile Pure Compounds il
Method: COSMO-RS J
Pure Compounds File name
cl: ibu /home/austin/adf2017.212. r63811/ibu. compkf
c2: Ibuprofen /home/austin/.scm gui/ADFCRS-2018/Ibuprofen.coskf
ole/A**2) cl c2
-0.82500 0.00060000 0.06000000
-0.02400 0.0o0eReRE 0.00p00000
-0.02300 0.000600000 0.00000000
-0.82200 0.01879559 0.00000008
-0.082180 0.07529449 0.00000000
-0.02000 08.41116333 0.16985139
| -6.A1906 1.083A%93R7 1.1A989158
| Ahkd | [.kd




[ [ ]
Property estimation 10
2 SCM Eile Compounds Method Properties Solvent Optimizations Analysis Graph Help
Compounds Save As Show 2D Show 3D | _
Add Compound(s) Add Compound hex
Add Compound using QSPR (Fast Sigma) File name: Jhome/austin/test/hex.compkf
SMILES |cCCcccC Add Name: hex
xyz | = Add SMILES: \ccccec Generate |
Other names: CeH14
s h d in list of added d datab
§ A SAREEN Ca PN i e i CONPIORRCEQF Faiafiasa Calculated molar mass: 86.10955 g/mol
1: hex Bond energy: -3.85289 a.u.
Gas phase bond energy: -3.85104 a.u.
COSMO surface area: 152.08821 Angstrom**2
COSMO volume: 144.25587 Angstrom**3
Polymer: [~ Yes
Nring: 0 Generate
Pure compeound vapor pressure: 0.0 bar
at temperature: 0.0 Kelvin Estimate
Vapor pressure eguation: VPM1 =
-5575.41731 A!53.36959532 D
-6.61240225 B| 0.0 E
{0.004373761 C
Melting point: 0.0 Kelvin Estimate
A fusion H: | 0.0 kcal/mol Estimate
A fusion Cp: | 0.0 keali{mol K)
Flash Point: | 0.0 Kelvin Estimate
Density: | 0.0 kg/L Estimate
Drop H-bond interaction: [~ Yes
Scale factor COSMO surface area: | 1.0
= =k




Solvent optimization/selection

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 &

Specify solvents Specify problem conditions
Water Optimization direction: maximize
Methanol Maximum number of solvents: 2
Ethanol Temperature: 298.15K (or range)
1-Hexanol
Diethyl ether
Benzene Example: Determine a solvent system to maximize the
Toluene amount of Ibuprofen that can be dissolved.
Acetic acid
Cyclohexane
DMF
THF M = @ austin@XPS-15-9560: ~/crstrunk/solvent_opt
austin@XPS5-15-9560:~/crstrunk/solvent_optS SADFBIN/startpython solvent _opt.py fhome/austin/.scm_
Dioxane gui/ADFCRS-2010/Ibuprofen.coskf -solute fhome/faustin/.scm gui/ADFCRS-20810/Water.coskf fhome/faust
in/.scm_gui/ADFCRS-2010/Methanol.coskf fhome/austin/.scm_gui/ADFCRS-2010/Trifluoroacetic_acid.co
skf éhomefaustin;‘.scm_guifﬂ«DFCRS-Zﬂlﬂfl-Pentanol.coskf -temperature 298.15 -t SOLUBILITY -max -m
ethod COSMO-RS
Specify solute(s)
Ibuprofen




Problem type 1: results

Chosen solvents (e.g.) Chosen mole fractions

Water 0

Methanol 0.23
Ethanol 0)
1-Hexanol 0)

Diethyl ether 0.77
Benzene 0
Toluene 0)
Acetic acid 0)
Cyclohexane 0)
DMF 0
THF 0)
Dioxane 0

"Finished"
CONVERGED to an optimal point with the following mole fractions:

X = Size=5,

i bl
n E
1Y
o i
1)
Objective value
Temperature:

298.

Index=x_index
: Lower

: Value

9.4418091188101991 :
3.20657122650295%e-11 :

: 1.8143999922638431e-10 :
: 1.0869516738221044e-11 :
0.5581908890454257 :

-9.44180911881015921
15

austin@XP5-15-9560:~/crstrunk/solvent_opts

: Upper :
1.0 :

Fixed : Stale :
False : False
: False : False :
: False : False : NonNegativeReals
: False : False : NonNegativeReals
: False : False : NonNegativeReals

Domain
: NonNegativeReals
MonNegativeReals




Problem type 2: Lig./Liq. extraction

Specify solvents Specify problem conditions
Water Optimization direction: maximize
Methanol Maximum number of solvents: 3
Ethanol Temperature: 298.15K (or range)
1-Hexanol
Diethyl ether Example: Determine a solvent system to maximize the
Benzene separation of Acetic acid and water across a liquid-
liauid nhase boundarv
Toluene Liquid phase | '
Acetic acid
2-Hexanone Manirmi
DMF VI-XI- = V”-X”- aX|m!z§
THE L b the partition
Dioxane coefficient

Specify solutes

Acetic acid .
Water Liquid phase Il




Problem type 2: results

Specify solvents

Mole fractions |

Mole fractions Il

Water

Methanol
Ethanol
1-Hexanol
Diethyl ether
Benzene
Toluene
Acetic acid

0.99,0,0....,0.01

0.27,0,0....,0.73

2-Hexanone

DMF
THF
Dioxane

Liquid phase |

Liquid phase Il

Maximize
the partition
coefficient




Polymers with COSMO-RS 1

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 z
polymer/solvent systems

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.

1.2

Experimental activity

0 0.2 0.4 0.6 0.8 1 1.2

Estimated activity



Calculating Flory-Huggins parameters 1

N ,;,— Number of moles of polymer/solvent

¢, — Volume fraction of polymer/solvent RTmiX =N, In (¢p)+Nsln (¢.)+ N, %
Xps— F lory — Huggins Parameter

4

Experimental FH Parameter

Estimated FH Parameter



Multi-form Compounds .
Apparent Appare.nt
mixture Real mixture Species ratios properties
@80p QB? Ogdy -
Conformers 29
Activity
Solute coefficient
Q.gizgo 50% Vapor
_ - pressure
o LogP
1 Qag 10% Solubilities/
- . - VLE/LLE/SLE
Q - Etc.
Solvent “lo M+ o 1%
Dissociation Association Q




Acetic acid in n-Heptane

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

Conformer 1 Conformer 2

Dimer

20



Acetic acid in n-Heptane

It is possible to plot the relative amounts of the different forms vs.
concentration.

Ratio of forms

liquid phase composition 1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

s ctruct 1: acetic 1

} mmmm  struct 2: acetic 2
struct 3: acetic_dimer
I I I I I I I I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x1

Mole fraction acetic acid
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Acetic acid in n-Heptane

acetic acid activity

significantly improves the accuracy to experimental activity

Considering dimerization (and multiple conformers)

7
® experimental_data
6 - single_structure
conformers
- dimerization

5
4
3
2
1 —— —— -@— — @ e ] — e S Sy
O K

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

mole fraction acetic acid

22



Conclusions

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

Property estimation:
Useful when properties are required and not known

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

Multi-form Compounds:
Can explicitly account for real phenomena in solutions

Conformer changes, dimerizations (and trimerizations, etc.), dissociations,
associations



