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A new method for predicting the surface charge density distribution (¢ profile) and
cavity volume of molecules based on group contributions was developed. The original
o profiles used for the regression were obtained using Gaussian 03 B3LYP/6-
311G(d,p). In total 1363 o profiles were used for the regression of group parameters.
Group definitions are identical to those used previously for boiling point estimation.
Original and estimated o profiles were used to predict activity coefficients at infinite
dilution and VLE data of binary systems using the COSMO-RS(O!) model. The results
were compared with the experimental data stored in the Dortmund Data Bank. In
many cases the results were of comparable accuracy. However, for a few compounds,
poor results were obtained, in particular for conjugated components like nitrobenzenes.
The method offers a fast and reliable generation of & profiles to be used with
COSMO-RS(0l) within its range of applicability. © 2007 American Institute of Chemical
Engineers AIChE J, 53: 3231-3240, 2007
Keywords: COSMO-RS, GC-COSMO, ¢ profile, activity coefficient at infinite dilution,

vapor-liquid equilibrium

Introduction

A reliable knowledge of thermodynamic properties of real
mixtures is a prerequisite for the design and simulation of
chemical, biochemical, and environmental systems. Since the
literature data are limited and experimental determination is
costly, time consuming or sometimes even impossible, vari-
ous approaches for the estimation of the real behavior of
fluid mixtures have been developed (group contribution equa-
tions of states or G* models, quantitative structure property
relationship (QSPR) methods' and so on). These methods
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usually contain parameters derived from available experimen-
tal data. Because of the rapid progress in quantum chemistry
and computer technology, Monte Carlo simulation, molecular
dynamics methods, and conductor-like screening model for
real solvent (COSMO-RS)*™ methods based on force field,
molecular mechanics, ab initio or density functional theory
(DFT) calculations are considered as alternatives, especially
if no data for chemically similar systems are available.

Until now, the most successful methods used for calcula-
tion of thermophysical properties of mixtures are group con-
tribution methods for the estimation of the real mixture
behavior. In group contribution methods, a molecule is con-
sidered as a collection of appropriately defined independent
functional groups and a mixture is described as a mixture of
these functional groups, thus the interaction energy of a sys-
tem can be expressed by the sum of group interaction energies
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based on the previously defined functional groups. Once the
group interaction parameters were determined by fitting the
available experimental data of systems containing the same
structural groups, the properties of any system of interest can be
calculated.

The UNIFAC® and modified UNIFAC(D0)®” methods are
the most successful group contribution methods for the esti-
mation of the real mixture behavior. They have been used
for the calculation of vapor-liquid equilibria, liquid—liquid
equilibria, solid-liquid equilibria, polymer solutions, and
vapor pressures of pure components, excess enthalpies, activ-
ity coefficients at infinite dilution, azeotropic data, solvent
effects on reaction rate, and so on.

However, some drawbacks and deficiencies of group con-
tribution methods are well known:

e The effect of neighbor groups on the electronic structure
of a group is not described (proximity effect).

e Only the type and frequency of groups is taken into
account. Thus the relative position in the molecule is not
considered (isomeric components cannot be distinguished).

e All groups and group interaction parameters need to be
available.

The quality of group contribution predictions depends on the
similarity of the new system to the database used in its param-
eterization. However, the prediction results can be improved by
adding additional functional groups, and increasing the data-
base used to fit group interaction parameters.

In the last few years, Klamt and Schiilirmann extended the
dielectric continuum solvation model®® to COSMO-RS (COn-
ductor like Screening MOdel for Real Solvents). Within the
COSMO-RS framework, the COSMO method treats the solvent
as an ideal conductor, so that quantum chemical calculations
are not required for different solvent environments. In
COSMO-RS molecules are treated as collections of interacting
surface segments. The chemical potential of segments in a
pure component or mixture can be calculated from the segment
interaction energies. The chemical potential of each molecule
is obtained by summation of the contributions of all segments.

COSMO-RS depends on a small number of adjustable
parameters, some of which are physically predetermined,
while others have to be derived from experiment data. Once
the parameters were obtained, no experimental data are
required to perform the COSMO-RS calculations. For this rea-
son, COSMO-RS has attracted much attention from both
chemists and chemical engineers and many research groups in
the world work on COSMO-RS based thermodynamic models.
The COSMO method has been incorporated into several quan-
tum chemistry software packages such as Gaussian,'*!" TUR-
BOMOLE,'"? DMol,"* GAMESS,"* and so on. Lin and Sandler
presented a variant version of COSMO-RS named COSMO-
SAC (COSMO Segment Activity Coefficient).'> Grensemann
and Gmehling proposed another version of COSMO-RS called
COSMO-RS(O1),'*!'7 which is available in the Dortmund Data
Bank (DDB)'® software package DDBSP.

COSMO-RS has been extended to solve a very wide vari-
ety of problems, for example to predict many thermodynamic
properties such as vapor pressures, partition coefficients, ac-
tivity coefficients, solubilities, excess Gibbs energies, and
excess enthalpies, etc. It should in principle be able to
describe isomeric, tautomeric, and conformational differences
(This could not be verified in a previous work'®). COSMO-
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RS has been applied to ionic liquids, electrolyte solutions,
polymers, surfactant micelles, biomembranes, and so on.'’

To perform a COSMO-RS calculation, a quantum chemi-
cal COSMO calculation for each component in the mixture
is required to obtain the surface charge density distribution,
the o profile. Generating the ¢ profile is the most time con-
suming step of a COSMO-RS calculation. Different model
chemistries can be used to generate the o profile. Until
now only one openly published and free database of ¢ pro-
files is available (total 1423 compounds).”® Computations
were performed using BP-DFT in the quantum chemical
software DMol3. Only one conformer of each component
was considered.

In this work, a group contribution method for the prediction
of the ¢ profile and cavity volume was developed. The quality
of the predicted profiles was examined in different ways and
found to be satisfactory. The new method was named group
contribution COSMO method (GC-COSMO method). Using
GC-COSMO, the time-consuming quantum mechanic calcula-
tions are no further required and the ¢ profiles of molecules
can be obtained by simple algebraic calculation.

Hornig and Klamt®' have previously published a very dif-
ferent procedure (COSMOfrag) to estimate missing ¢ pro-
files. This procedure is based on atomic similarity codes and
requires a large profile database. As the commercial COS-
MOfrag software was not available to the authors and COS-
MOfrag represents a very different methodological approach,
it was not further considered in this work.

Theory and Model
Calculation of the o profile

After the quantum mechanical calculation of the surface
charge density distribution and cavity volume of the mole-
cules, an ensemble averaging procedure is applied over a
region of radius r,, using the following averaging algorithm®:
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where d,,, is the distance between the segments u and v, r,, is
the mean radius of segment p calculated from the area of
segment g, and r,, is an adjustable parameter.

From the resulting charge densities of the molecular sur-
face segments the ¢ profile (p,(0)) is calculated. For segment
of equal size, Klamt has defined the ¢ profile for a molecule
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where n;(c) is the number of segments with a discretized

surface charge density g, A; is the total cavity surface area,
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A{o) is the total surface area of all the segments with a
particular charge density ¢. ¢ profiles are molecule-specific.
In this work a ¢ profile contains 80 segments, 0.001 e/A?
wide, in the range —0.040 to 0.040 e/AZ.

In COSMO-RS(O1),'® a further averaging is applied to
obtain the final ¢ profile:

n+1

1
Pi(0n)cosmo—rs(on) = gZPi(Gn) (&)
n—1

Figure 1 shows the ¢ profiles of four representative com-
pounds calculated by Gaussian B3LYP*****/6-311G(d,p). For
simplicity, Gaussian B3LYP/6-311G(d,p) is abbreviated as
GO03 B3LYP further on.

In COSMO-RS(QOI), the interaction energy between two
segments is composed of two terms, a charge misfit and a
hydrogen bonding interaction term. Hydrogen bonding is
always assumed between segments of opposite charge density
if the absolute value of both charge densities exceeds a pre-
defined cutoff value (0.0082 e/A%). Hydrogen bonds are
strong polar interactions that require special steric configura-
tions and the treatment of these bonds in COSMO-RS is in
many cases over-simplified. To suppress the ability of the
ether oxygen atom to act as a hydrogen bond acceptor, two
separate profiles are used in COSMO-RS(Ol). The second
profile contains the charge density distribution of the seg-
ments belonging to the ether-oxygen while the first profile
describes the distribution for all other segments. During the
calculation of the chemical potentials, no hydrogen bonding
energy is used for interactions with and between segments of
the second profile. This way, the ether-oxygen does not act
as a hydrogen bond acceptor.

A detailed description on how to calculate the real mixture
behavior (activity coefficients) from the ¢ profiles and cavity
volume using COSMO-RS(Ol) was given by Grensemann
and Gmehling.'®

Theory of the GC-COSMO method

A group contribution method is generally based on the
assumption that the effect of a certain group on a physical
property is independent of the other groups in the molecule
and that the contributions of the individual groups are additive.

In GC-COSMO, the total ¢ profile of a molecule is
described as a vector P with 80 elements whereby the ele-
ment j contains the total area of all segments with an aver-
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Figure 1. ¢ profiles of four representative compounds.

AIChE Journal December 2007 Vol. 53, No. 12

Published on behalf of the AIChE

aged surface charge density between —0.040 + (j—1)-0.001 e/
A% and —0.040 + j-0.001 ¢/A On the basis of the assump-
tion of group additivity the o profile P of the molecule can be
calculated from the contributions P; of the individual groups
i in the molecule:

13 = ZV,‘I_)‘[ (6)

where v; is the frequency of the groups i. P; describes the
effect of group i on the o profile P of the molecule and usu-
ally differs from the o profile of the structural group. The
reason is that P; also contains the effect of a group on the
screening charge density distribution of the neighboring
groups. For this reason, negative values in the vector P; are
physically realistic.

Neutral molecules should have a total surface charge of
zero. The quantumchemical results used in this work lead to
surface charges that deviate from neutrality by typically less
than 0.02% (max. 0.2%) of the sum of all absolute charges.
The averaged profiles show a higher deviation of 0.17% (av-
erage over 1300 components). For the same group of compo-
nents GC-COSMO leads to 1.09%. This higher deviation
results from relatively few estimated profiles, which should
not be used for COSMO-RS calculations. Significant devia-
tions from electro neutrality were observed only for highly
substituted fluoro-chloro-hydrocarbons.

In several cases adding the group profile contributions
resulted in a charge density profile with small negative prob-
ability values at one ore more charge density values. These
values were set to zero and the negative value was added to
the neighboring lower charge interval. .

To derive the group contribution vectors P;, a multi-linear
regression was performed for each of the 80 elements of the
o profile vectors of the 1363 components in the data bank.
Separate regressions were performed for both the hydrogen
bonding and nonhydrogen bonding parts of the profiles and a
further single regression for the total cavity volume.

Structural groups and correction groups were taken from
the method of Nannoolal et al.>> This method also employs
so-called group-interaction contributions to model nonaddi-
tive intermolecular interactions in the liquid phase. For the
estimation of ¢ profiles these contributions were not taken
into account.

The list of structural groups, group contribution vectors,
and cavity volume contributions are available in the comple-
mentary material of this article.

Computational details

The original molecular structures of the compounds used
in COSMO calculations were taken from the chemical struc-
ture database (ChemDB) of the DDB. A MOPAC molecular
mechanics optimization was performed for every compound
to guarantee a reliable starting geometry. The COSMO
method implemented in Gaussian 03*® was used for the
quantum chemical calculation. In our earlier research,27 the
performance of several model chemistries was compared and
the results showed that generally the ¢ profiles based on G03
B3LYP provided the best results. So in this research, ¢ pro-
files from GO3 B3LYP were chosen for the regression. The
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Figure 2. Example for the estimation of the nonhydro-
gen bonding part of the ¢ profile of ethyl
tert-butyl ether by GC-COSMO.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

COSMO calculations were carried out using the DFT level
B3LYP/6-311G(d, p).

The atomic radii of Klamt as delivered with the Gaussian
program package were used directly for the cavity construc-
tion, since these radii are not sensitive to the quantum me-
chanical method used.*

Results and Discussion
o profile

Figure 2 shows the calculated and estimated hydrogen
bonding ¢ profiles of ethyl fert-butyl ether together with the
group contribution vectors of the individual groups.

The list and frequency of the group in the molecule is
given in Table 1.

Figures 3-6 contain further typical examples for calculated
and estimated averaged ¢ profiles.

Although the estimated ¢ profiles shown here are very
similar to the calculated profiles, this does not mean that
pure component and mixture behavior calculated from these
profiles is also very close in every case. The results of
COSMO-RS(OI) calculations for > and VLE data will
therefore be used as a criterion for the performance of GC-
COSMO.

Table 1. The Definition and Description of Groups Used in
Ethyl tert-Butyl Ether

Group Description Name Frequency

(C,S1)—0—(C,Si)(z) 1

—0— O connected to
two neighbors
which are each
either C or Si
(ethers)

CHj3; not connected
to either N, O, F
or Cl

>C< CH2/CH/C in a

chain attached to
F,CI,ON

—CH; CHj3-(ne) 4

>Cy<(e) 2
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Figure 3. The nonhydrogen bonding o profile of 2-
ethoxyethanol calculated by GC-COSMO and
GO03 B3LYP.

Results for activity coefficients at infinite dilution

Activity coefficients at infinite dilution usually represent
the largest deviation from ideal behavior and are of great im-
portance for the design of distillation columns, the selection
of entrainers and environmental protection. The DDB con-
tains ~47,000 experimental values, which were used to test
COSMO-RS(OI) using o profiles from quantum chemical cal-
culations and GC-COSMO. y*-values larger than 500 were
excluded from the test set as these values are often of ques-
tionable accuracy. For a number of systems, ¢ profiles were
not available so that a total number of 13,254 7°°-values
were used for the test.

The relative average deviations (RAD) between estimated
and experimental data were calculated by the following equa-
tion:

1 |yg§lc - y:e))o(p‘
Ay % == | Y =) X 100 (7
n yexp

where 7 is the number of data points, y5,. and yZ are the
calculated and experimental activity coefficients at infinite
dilution. The RAD for activity coefficients at infinite dilu-
tion predicted by COSMO-RS(Ol) using calculated and esti-
mated ¢ profiles and also by UNIFAC and modified UNI-
FAC(Do) are given in Figure 7 and selected deviations for
combinations of different compound classes are listed in
Table 2.
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Figure 4. The o profile of 1,1,1,2-tetrachloro-2,2-
difluoroethane [R112a] calculated by GC-
COSMO and G03 B3LYP.
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Figure 5. The nonhydrogen bonding ¢ profile part of
formic acid isopentyl ester calculated by GC-
COSMO and GO03 B3LYP.

From Figure 7, it can be concluded that the mod. UNI-
FAC(Do) method provides the best results while the results
from GC-COSMO are only slightly worse than the results of
COSMO-RS(O1) with calculated ¢ profiles.

Table 2 shows that in case of nonpolar compounds, ¢ pro-
files from GC-COSMO lead to similar results than original
profiles. In case of mixtures of nonpolar and polar com-
pounds (nonpolar solutes in polar solvents and vice versa),
estimated o profiles lead to larger deviations for example for
hydrocarbons in alcohols or chlorinated hydrocarbons. In
several cases though, the results using estimated ¢ profiles
are better than those achieved with the original calculations.
In these cases, group contribution regression might have
smoothed out differences in individual profiles.

In mixtures of polar compounds, no significant differences
were observed but the errors are mostly large for both types
of profiles. Especially large deviations were found for amines
in water.

Vapor-liquid equilibrium results

The reliability to predict the vapor-liquid equilibrium
behavior of binary and multicomponent mixtures is of great
importance for every new estimation method for the real lig-
uid mixture behavior. Therefore the performance of
COSMO-RS(Ol) with ¢ profiles obtained from G03 B3LYP
in comparison to ¢ profiles from GC-COSMO methods was
investigated.

For the comprehensive comparison of the two methods,
experimental data stored in DDB were used. First the consis-

1.5
formic acid isopentyl ester
1.2
G
5 09 — GC-COSMO
15 ----Gaussian
o 0.6
©
5
& 0.3

, ©
e
=]
o

-0.03 -0.01 0.01 0.03 0.05
Screening Charge Density, o{e/A”]

Figure 6. The hydrogen bonding o profile part of formic
acid isopentyl ester calculated by GC-
COSMO and GO03 B3LYP.
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Figure 7. RAD between experimental and calculated vy~
based on different models (13,254 data
points).

tency of VLE data was checked by the Redlich-Kister area
test and the point-to-point test proposed by van Ness et al.”®
and only complete consistent VLE data sets were selected.
Furthermore VLE data sets for which the pure component
vapor pressures were not given by the authors were excluded.
At the end, 1623 binary VLE data were used for the model
comparison.

The relative deviation in activity coefficient, the absolute
deviation in vapor phase composition and the relative devia-
tion in system pressure or absolute deviation in temperature
were calculated using Eqs. 7-10 for ¢ profiles from GO3
B3LYP and GC-COSMO. Overall results for all types of bi-
nary mixtures are given in Table 3.

) ®)

1 1
Ayabs = EZZ <Z ‘yk,i — Yi,icalc
>><100 )

Pk - Pk,calc
k

APrelo/-b = % <Z

ATyps = % (Z | T — Tk,calc‘) (10)

Table 3 shows that GC-COSMO is a reliable method for
the estimation of the required ¢ profiles.

In Table 4, the A%, Ayaps, APre1% and AT, for several
types of mixtures (combinations of component classes) based
on GO3 B3LYP and GC-COSMO are listed. In case both cal-
culations lead to very similar deviations, only the results for
GC-COSMO are presented in Table 5.

Tables 4 and 5 show results similar to those observed in
case of activity coefficients at infinite dilution. GC-COSMO
provides reliable results with a moderately increased
deviation.

Results for the predicted cavity volumes
The cavity volume of the molecules is required to calcu-
late the combinatorial part of the activity coefficients. The
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Table 2. Ay.q% for Mixtures Composed of Different Compound Classes (Based on 17,774 Experimental y*-Values)

Solute Solvent Nata™ GO03 B3LYP GC-COSMO
Nonpolar-nonpolar systems
n-Alkanes n-Alkanes 528 5.27 5.20
Saturated HC" Saturated HC 1047 7.75 7.47
Alkanes (noncyclic) Alkanes (noncyclic) 782 5.27 5.19
Alkanes (noncyclic) Alkanes (cyclic) 36 17.20 16.13
Alkanes (cyclic) Alkanes (noncyclic) 218 15.20 14.31
Alkanes (cyclic) Alkanes (cyclic) 11 5.67 5.85
Aromatic HC Aromatic HC 34 13.32 13.11
Aromatic HC Saturated HC 347 33.24 24.50
Saturated HC Aromatic HC 194 16.04 20.52
Alkenes (HC) Alkenes (HC) 18 8.50 9.39
Alkenes (HC) Alkenes (cyclic C=C) 9 10.48 11.75
Alkenes (cyclic C=C) Alkenes (HC) 9 11.52 12.57
Alkenes (cyclic C=C) Alkenes (cyclic C=C) 4 16.47 18.01
Hydrocarbons (HC) Aromatic HC 281 16.63 19.91
Aromatic HC Hydrocarbons (HC) 392 30.77 23.01
Hydrocarbons (HC) Ethers (HC) 185 19.33 20.79
Ethers (HC) Hydrocarbons (HC) 127 12.48 10.55
Aromatic HC Ethers (HC) 22 10.90 9.13
Ethers (HC) Aromatic HC 16 17.44 19.01
Nonpolar solutes in polar solvents
Hydrocarbons (HC) Alcohols (HC) 1306 37.89 49.37
Hydrocarbons (HC) Ketones (HC, unconj.) 401 38.98 42.34
Hydrocarbons (HC) Ketones (HC, conj.) 93 42.48 46.13
Hydrocarbons (HC) Esters (HC, unconj.) 268 19.60 24.28
Hydrocarbons (HC) Fluorinated (HC) 43 58.25 63.62
Hydrocarbons (HC) Chlorinated (HC) 256 24.53 36.74
Hydrocarbons (HC) Halogenated Compounds 601 41.82 51.31
Hydrocarbons (HC) Amines 700 53.34 60.01
Hydrocarbons (HC) Nitroalkanes 278 44.71 36.59
Aromatic HC Alcohols (HC) 272 41.26 46.19
Aromatic HC Ketones (HC, unconj.) 62 27.82 28.28
Aromatic HC Ketones (HC, conj.) 16 23.34 22.58
Aromatic HC Esters (HC, unconj.) 48 8.87 12.74
Aromatic HC Fluorinated (HC) 3 48.05 50.43
Aromatic HC Chlorinated (HC) 47 15.16 20.77
Aromatic HC Halogenated Compounds 90 23.61 27.40
Aromatic HC Amines 140 36.52 40.71
Aromatic HC Nitroalkanes 53 20.59 17.02
Ethers (HC) Alcohols (HC) 64 18.82 21.99
Ethers (HC) Ketones (HC, unconj.) 3 32.87 33.69
Polar solutes in nonpolar solvents
Alcohols (HC) Hydrocarbons (HC) 575 58.35 72.55
Alcohols (HC) Aromatic HC 102 61.17 69.86
Alcohols (HC) Ethers (HC) 24 29.16 36.61
Ketones (HC, unconj.) Ethers (HC) 5 26.58 25.94
Ketones (HC, unconj.) Hydrocarbons (HC) 291 32.53 39.75
Ketones (HC, unconj.) Aromatic HC 39 36.54 40.47
Amines Hydrocarbons (HC) 55 46.60 36.23
Nitroalkanes Hydrocarbons (HC) 77 47.46 50.48
Nitroalkanes Aromatic HC 14 16.35 21.58
Esters (HC, unconj.) Hydrocarbons (HC) 203 18.75 12.78
Esters (HC, unconj.) Aromatic HC 15 15.37 19.83
Fluorinated (HC) Hydrocarbons (HC) 31 33.98 39.49
Chlorinated (HC) Hydrocarbons (HC) 338 22.67 20.09
Halogenated Compounds Hydrocarbons (HC) 400 25.63 24.12
Fluorinated (HC) Aromatic HC 5 35.49 38.45
Chlorinated (HC) Aromatic HC 56 16.36 17.63
Halogenated Compounds Aromatic HC 64 18.60 20.14
Polar-polar systems
Chlorinated (HC) 1-Alcohols (HC) 168 39.46 36.81
Halogenated Compounds 1-Alcohols (HC) 221 44.32 44.01
1-Alcohols (HC) 1-Alcohols (HC) 34 7.23 8.23
Alcohols (HC) Alcohols (HC) 64 12.60 12.72
Esters (HC, unconj.) Alcohols (HC) 36 46.67 47.89
Alcohols (HC) Esters (HC, unconj.) 27 32.49 33.11
Ketones (HC, unconj.) Alcohols (HC) 110 45.47 48.42
Alcohols (HC) Ketones (HC, unconj.) 44 39.69 40.36
Nitroalkanes Alcohols (HC) 14 58.65 64.01
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Table 2. Continued

Solute Solvent Nata™ GO03 B3LYP GC-COSMO
Alcohols (HC) Nitroalkanes 6 69.56 75.59
Amines Alcohols (HC) 15 102.20 87.33
Alcohols (HC) Amines 20 50.15 46.57
Nitroalkanes Ketones(HC, unconj.) 8 12.35 15.08
Ketones (HC, unconj.) Nitroalkanes 4 34.50 24.67
Aldehydes (HC, unconj.) Alcohols (HC) 13 142.08 144.44

Compounds in Water
1-Alcohols (HC) Water 196 50.79 46.35
Alcohols (HC) Water 288 70.27 68.98
Secondary alcohols (HC) Water 43 143.49 211.72
tertiary alcohols (HC) Water 13 322.61 321.03
Diols, triols Water 20 268.72 337.80
Ketones (HC, unconj.) Water 94 33.20 38.34
Carboxylic Acids (HC, unconj.) Water 11 50.58 54.97
Amines Water 32 849.91 559.11
Epoxides (HC) Water 11 70.87 32.81
Aldehydes (HC, unconj.) Water 48 48.94 58.63
Aldehydes (HC, conj.) Water 14 84.65 88.39
Esters (HC, unconj.) Water 140 73.55 74.91
Esters (HC, conj.) Water 19 89.41 90.17

Water in other compounds
Water 1-Alcohols (HC) 29 19.20 18.12
Water Alcohols (HC) 43 20.10 18.55
Water Secondary Alcohols (HC) 7 23.86 19.12
Water Ketones(HC, unconj.) 18 60.22 59.57
Water Amines 5 50.13 47.95
Water Diols, triols 35 29.24 28.90
Water Esters (HC, unconj.) 11 70.82 70.41

*Number of data points.

"In this paper, HC denotes components that contain only the further elements H and C.

cavity volumes Vcosmo of all compounds in the training set
were calculated via GC-COSMO and compared to the origi-
nal values in Figure 8. The RMSD and the relative deviation
of Vcosmo were calculated with the following equations.

1 L \2
RMSD = |- (VESoo — VaSSIE) (D)
n

Ayl o L (5 VSIS — ViGsol 41 00u
VCOSMO o= Z Z VGaussian x100% (12)
COSMO

aussian

where the VE&sian and VESq,,o denote the cavity volume of
molecules calculated with the quantum mechanics method
G03 B3LYP and GC-COSMO method respectively. The
RMSD of the Vcosmo is 3.23 and the AV{%SMO% is 1.74%
for all 1325 compounds taken into account. It can be con-
cluded from Figure 8 and the deviation results calculated that
the predicted Vcosmo results are in good agreement with the
values calculated using quantum mechanics calculated
results.

Limitations of GC-COSMO method

In a number of cases, poor results were obtained when
applying GC-COSMO profiles. One typical example is nitro-
benzene. Figure 9 shows both the calculated and estimated
profiles. It can be seen that significant differences are
observed.

In nitrobenzene, all atoms are connected by a mesomeric
n-electron system and at the same time the hetero-atoms N
and O have an inductive effect on the delocalized electrons.
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The database for the regression of GC-COSMO included 33
components in which a nitro-group is connected to an aro-
matic system. Their ¢ profiles did not follow a simple
scheme of group additivity.

During the careful analysis of the o profiles obtained with
G03 B3LYP and GC-COSMO, we found that using GC-
COSMO poor results for chlorosilanes, thiols, sulfides, and
some highly conjugated compounds are observed, e.g. for 2-
butyne-1,4-diol (Figure 10), etc. One should be careful when
applying GC-COSMO to systems containing these compo-
nents.

Final groups used and parameters

The final groups used and group parameters for the nonhy-
drogen bonding ¢ profile part and hydrogen bonging ¢ profile
part are given as supporting information.

Conclusions

In this research, a group contribution method for the esti-
mation of averaged o profiles for COSMO-RS(Ol) (GC-

Table 3. Comparison of the Mean Deviation of the Activity
Coefficients and Vapor-Liquid Equilibria

GO03 B3LYP GC-COSMO
Ayre1% (1623 data sets) 10.40 11.88
Ay.ps (1623 data sets) 0.0203 0.0243
AP 1% (837 data sets) 6.27 7.25
AT, (786 data sets) 1.75 2.01
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Table 5. Ayre1%, Ayans% AP %, AT a1 for Mixtures Composed of Different Compound Classes Based on GC-COSMO,
Mgata 1S the Number of Data Sets

A"/,.c]% Ayabs% APrc](% ATabs

n-Alkanes Ndata 7 5 7 2
n-Alkanes 3.53 2.46 0.77 0.62

Saturated HC Nata 32 20 32 12
Saturated HC 2.14 1.36 0.48 0.28

Alkanes (noncyclic) Ndata 16 14 16 2
Alkanes (noncyclic) 2.40 1.31 0.53 0.62

Alkanes (noncyclic) Ndata 15 5 15 10
Alkanes (cyclic) 1.97 1.75 0.44 0.21

Aromatic HC Ndata 38 12 38 26
Aromatic HC 0.85 0.39 0.22 0.09

Hydrocarbons (HC) Ndata 31 16 31 15
Ethers (HC) 2.87 2.39 0.53 0.28

Ethers (HC) Ndata 5 4 5 1
Ketones (HC, unconj.) 11.35 7.05 3.07 7.17

Hydrocarbons (HC) Ndata 69 41 69 28
Ketones (HC, unconj.) 11.43 9.25 2.54 2.14

Hydrocarbons (HC) Ndata 4 1 4 3
Ketones (HC, conj.) 12.32 19.88 1.81 1.63

Aromatic HC Ndata 29 16 29 13
Ketones (HC, unconj.) 9.49 7.07 1.82 1.72

Aromatic HC Ndata 3 0 3 3
Ketones (HC, conj.) 9.83 2.12 1.63

Hydrocarbons (HC) Ndata 36 31 36 5
Fluorinated (HC) 8.28 6.62 2.65 0.60

Aromatic HC Ndata 25 20 25 5
Fluorinated (HC) 5.61 3.91 1.23 0.60

Hydrocarbons (HC) Ndata 22 18 22 4
Amines 6.70 5.19 1.59 0.80

Aromatic HC Ndata 11 9 11 2
Amines 7.09 6.95 1.72 0.92

Alcohols (HC) Ndata 36 14 36 22
Alcohols (HC) 4.49 1.61 0.85 0.61

Ketones (HC, unconj.) Ndata 8 0 8 8
Ketones (HC, unconj.) 2.66 0.44 0.29

Alcohols (HC) Ndata 14 1 14 13
Ketones (HC, unconj.) 19.47 9.93 3.30 2.53

Alcohols (HC) Ndata 4 2 4 2
Nitroalkanes 22.14 18.93 6.35 4.08

COSMO) was proposed. The theory and procedures of appli-
cation were described and predicted thermophysical proper-
ties were compared to those calculated using profiles from
quantum chemical calculations. In general, the GC-COSMO
method provides reliable ¢ profiles and cavity volumes.
Good results were obtained for alkanes, aromatics, alkenes,
esters, ethers, ketones, epoxides, anhydrides, alcohols, car-
boxylic acids, etc. However, poor results were found for the

N
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=} S =]
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V cosmo (A% GC-COSMO
(o]
o
o
13

w
o

30 80 130 180 230 280
V cosmo (A% GO3 B3LYP
Figure 8. Vcosmo based on GC-COSMO vs. GO3 B3LYP
(1325 data points).
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o profiles of chlorosilanes, thiols, sulfides, and some highly
conjugated compounds.

GC-COSMO presents a shortcut for the generation of o
profiles and is of great value especially in case of large mol-
ecules, for which the quantum chemical calculations are very
time consuming. In case of small molecules that mostly do
not follow the trend in their respective homologous series
and where the rigorous calculation is relatively inexpensive,
GC-COSMO should not be employed. Thus GC-COSMO can

15
— GC-COSMO nitrobenzene
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o
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Figure 9. ¢ profiles of nitrobenzene based on GC-
COSMO and GO03 B3LYP.
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— GC-COSMO 2-butyne-1,4-diol
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Figure 10. ¢ profiles of 2-butyne-1,4-diol based on GC-

be

COSMO and G03 B3LYP.

considered a complimentary method rather than a replace-

ment of the ab initio or DFT methods.

A further extension and improvement of the method is

under development. This work is to a significant part aimed at
generating profiles for molecules with structural groups, for
which up to now no or only limited information is available.
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