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Thermodynamic methods based on conductor-like screening models (COSMO) originated from the use of
solvation thermodynamics and computational quantum mechanics. These methods rely on sigma profiles
specific to each molecule. A sigma profile is the probability distribution of a molecular surface segment
having a specific charge density. Two COSMO-based thermodynamic models are COSMO-RS (realistic
solvation) developed by Klamt and his colleagues, and COSMO-SAC (segment activity coefficient) published
by Lin and Sandler. Quantum mechanical calculations for generating the sigma profiles represent the most
time-consuming and computationally expensive aspect of using COSMO-based methods. A growing number
of scientists and engineers are interested in the COSMO-based thermodynamic models but are intimidated by
the complexity of performing quantum mechanical calculations. This paper presents the first free, web-based
sigma profile database of 1432 compounds. We describe the procedure for sigma profile generation, and we
have validated our database by comparing COSMO-based predictions of activity coefficients, normal boiling
point and solubility with experimental data and thermodynamic property database. We discuss improvements
which include using supplemental geometry optimization software packages to provide good initial guesses
for molecular conformations as a precursor to the COSMO calculation. Finally, this paper provides a FORTRAN
program and a procedure to generate additional sigma profiles, as well as a FORTRAN program to generate
binary phase-equilibrium predictions using the COSMO-SAC model. Our sigma profile database will facilitate
predictions of thermodynamic properties and phase behaviors from COSMO-based thermodynamic models.

1. Introduction

In process and product development, chemists and engineers
frequently need to perform phase-equilibrium calculations and
account for liquid-phase nonidealities resulting from molecular
interactions. They often use group-contribution methods such
as UNIFAC, or activity-coefficient models such as NRTL. These
methods require binary interaction parameters regressed from
experimental data, and thus have little or no applicability to
compounds with new functional groups (in the case of UNIFAC)
or new compounds (in the case of NRTL) without a substantial
experimental database and data analysis.

An alternative approach is to use solvation-thermodynamics
methods to characterize molecular interactions and account for
liquid-phase nonideality. These models, which are based on
computational quantum mechanics, allow us to predict thermo-
physical properties without any experimental data. Two such
models are conductor-like screening models-realistic solvation
(COSMO-RS)1-4 and conductor-like screening models-seg-
ment activity coefficient (COSMO-SAC),5,6 which predict
intermolecular interactions based on only molecular structure
and a few adjustable parameters. COSMO-RS is the first
extension of a dielectric continuum-solvation model to liquid-
phase thermodynamics, and COSMO-SAC is a variation of
COSMO-RS.

These solvation-thermodynamics methods require sigma
profiles in a manner similar to the way UNIFAC requires

parameter databases, with one exception: sigma profiles are
molecule-specific, whereas UNIFAC binary interaction param-
eters are specific to functional groups. We generate sigma
profiles from the molecular structure only with quantum-
mechanical calculations. Doing the quantum mechanical cal-
culations is the most time-consuming task of applying COSMO-
based methods, representing over 90% of the computational
effort involved in property predictions. The lack of a compre-
hensive, open-literature sigma-profile database hinders the ability
to apply or improve the COSMO approach (“...available
database is, relatively nonextensive...”).7

This paper presents the first open-literature database that
contains sigma profiles for 1432 chemicals. These chemicals
have only 10 elements: hydrogen, carbon, nitrogen, oxygen,
fluorine, phosphorus, sulfur, chlorine, bromine, and iodine. Our
database is available free of charge from our website (www.
design.che.vt.edu). We will continue to update the sigma profiles
as new results become available. Our website also includes a
detailed procedure for generating additional sigma profiles for
any compound, along with FORTRAN programs for the sigma-
averaging algorithm and the COSMO-SAC model. We present
several examples, including a study of conformational effects,
to validate the accuracy of our sigma profile database and our
implementation of the COSMO-SAC model by comparing our
predictions of activity coefficients, vapor-liquid equilibria, and
solubilities with literature values.

2. Background and Theory

We give a brief overview of COSMO-based thermodynamic
models, sigma profiles, and the COSMO-SAC model. COSMO-
based models generate a surface-charge distribution. We plot
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the probability distribution of a molecular surface segment that
has a specific charge density as the sigma profile, which is used
by COSMO-RS/SAC to compute activity coefficients.

2.1. The COSMO-Based Thermodynamic Model.The basis
of the COSMO-based model is the “solvent-accessible surface”

of a solute molecule.8,9 Conceptually, COSMO-based models
place the molecule inside a cavity formed within a homogeneous
medium, taken to be the solvent. Figure 1 illustrates the ideal
solvation process in the COSMO-based model.

The model constructs the cavity within a perfect conductor,
according to a specific set of rules and atom-specific dimensions.
The molecule’s dipole and higher moments then draw charge
from the surrounding medium to the surface of the cavity to
cancel the electric field both inside the conductor and tangential
to the surface. We find the induced surface charges in a
discretized space with eq 1:

whereΦtot is the total potential on the cavity surface,Φsol the
potential due to the charge distribution of the solute molecule,
andq* the surface screening charge in the conductor.A is the
“coulomb interaction matrix”, which describes potential interac-
tions between surface charges and is a function of the cavity
geometry.9 The surface-charge distribution in a finite dielectric
solvent is well-approximated by a simple scaling of the surface-
charge distribution in a conductor (σ* ). In this way, COSMO
greatly reduces the computational cost with a minimal loss of
accuracy.9

2.2. The COSMO-SAC Model. We outline the derivation
and explanation of the COSMO-SAC model as published in
Lin and Sandler,5 and for the small variations, we use in the
VT-2005 programs. The activity coefficient defined in eq 2 is
the result of two contributions. The first of which is defined as
the difference in the free energies of restoring the charges around
the solute molecule in a solutionS, ∆G* i/S

res, and restoring the
charges in a pure liquidi, ∆G* i/i

res. The restoring free energy is
part of the charging free energy,∆G* chg, which is defined as
the sum of the ideal solvation free energy (∆G* is) and the free
energy required to remove the screening charges on the solute.
The ideal solvation energy is identical for dissolving a solute

Figure 1. Schematics showing that the ideal solvation process in the
COSMO-based model places the molecule in a cavity and into a conducting
medium. The molecule pulls charges from the conductor to the cavity
surface. We then represent this surface-charge distribution as a sigma
profile.

Table 1. Parameter Values Used in the COSMO-SAC Modela

symbol value description

rav 0.81764 Å sigma averaging radius
aeff 7.5 Å2 effective surface segment surface area
chb 85580.0 (kcal Å4)/(mol e2) hydrogen-bonding constant
σhb 0.0084 e/Å2 sigma cutoff for hydrogen bonding
R′ 9034.97 (kcal Å4)/(mol e2) misfit energy constant
z 10 coordination number
q 79.53 Å2 standard area parameter
r 66.69 Å3 standard volume parameter

a Data taken from refs 2 and 5.

Figure 2. Sigma profiles for water, acetone,n-hexane, and 1-octanol.

Φtot ) 0 ) Φsol + Αq* (1)
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in a solventS or in pure solutei and, therefore, the charging
free energy is reduced to the restoring free energy.10 The second
contribution to the activity coefficient is the Staverman-
Guggenheim combinatorial term,γi/S

SG, which improves the
calculations for the cavity-formation free energy, according to
Lin and Sandler.11

They define the Staverman-Guggenheim combinatorial term
as

whereφi is the normalized volume fraction,θi is the normalized
surface-area fraction,li ) (z/2)(ri - qi) - (ri - 1), z is the
coordination number (value taken as 10),xi is the mole fraction,
ri andqi are the normalized volume and surface-area parameters,
i.e., qi ) Ai/q andri ) Vi/r, whereAi is the cavity surface area
andVi is the cavity volume, both from the COSMO calculation.

Lin and Sandler5 have defined the restoring free energy as
the sum of the sigma profile times the natural logarithm of the
segment activity coefficients over all surface charges:

whereΓs(σm) is the activity coefficient for a segment of charge
densityσ.

We calculate the segment activity coefficient using

as derived rigorously, using statistical mechanics.5

The exchange energy,∆W(σm,σn), is

whereR′ is the constant for the misfit energy, which Klamt et
al.2 and Klamt and Eckert3 fit to experimental data,chb is a
constant for hydrogen bonding, andσhb is the sigma-value cutoff
for hydrogen bonding.

Table 2. COSMO Keywords Used in Calculating Surface Segment Charges in DMola

keyword name default value description

Cosmo on turns on COSMO solvation procedure
Cosmo_Grid_Size 1082 tells DMol3 how many basic grid points per atom to consider
Cosmo_Segments 92 specifies the maximum number of segments on each atomic surface
Cosmo_Solvent_Radius 1.300000 solvent probe radius
Cosmo_A-Matrix_Cutoff 7.000000 determines the accuracy of the electrostatic interactions on the COSMO surface
Cosmo_Radus_Incr 0.000000 specifies the increment to the atomic radii used in the construction of the COSMO cavity
Cosmo_RadCorr_Incr 0.150000 used to construct the outer cavity for the outlying charge correction
Cosmo_A-Constraint 1.882190 used to approximate the non-electrostatic contribution to the solvation energy within the

COSMO model
Cosmo_B-Constraint 0.010140 used to approximate the non-electrostatic contribution to the solvation energy within the

COSMO model

a Parameter descriptions are available in the Accelrys Materials Studio Software documentation.20

Figure 3. Comparison of scaled sigma profiles between VT-2005 and the
Lin and Sandler5 data for water andn-hexane, scaled relative to their
maximum values. The solid curves represent VT-2005 profiles, and the
dashed curves show the Lin and Sandler5 sigma profiles.

Figure 4. Comparison of scaled sigma profiles between VT-2005 and Lin
and Sandler5 data for acetone and 1-octanol, scaled relative to their
maximum values. The solid curves represent VT-2005 profiles, and the
dashed curves show the Lin and Sandler sigma profiles.
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Table 3. Table of Elemental Atomic Radii for Creating the COSMO
Molecular Cavity2,3,24

element cavity radius(Å) element cavity radius (Å)

H 1.30 S 2.16
C 2.00 P 2.12
N 1.83 Cl 2.05
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Table 4. Summary of the VT-2005 Sigma Profile Database
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Table 4 (Continued)
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Table 4 (Continued)
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Table 1 shows the values that we use for each of the
adjustable parameters in the COSMO-SAC model.2,5

We calculate the activity coefficient using the following
expression:

2.3. Sigma Profiles. We average the screening charge
densities from the COSMO calculation output,σ* , over a
circular surface segment to obtain a new surface-charge den-
sity, σ. We then represent this charge distribution as the
probability distribution of a molecular surface segment that has
a specific charge density. We call this probability distribution
the sigma profile,p(σ). Klamt1,4 has defined the sigma profile
for a moleculei, pi(σ), as

whereni(σ) is the number of segments with a discretized surface-
charge densityσ, Ai the total cavity surface area, andAi(σ) the
total surface area of all of the segments with a particular charge
densityσ. Lin and Sandler5 have definedAi(σ) ) aeffni(σ), where
aeff is the effective surface area of a standard surface segment
that represents the contact area between different molecules,
e.g., a theoretical bonding site. Klamt and co-workers2 set this
adjustable parameter,aeff, to 7.1 Å2.

We calculate the sigma profile for a mixture as the weighted
average of sigma profiles of pure components:

We average the surface-charge densities from the COSMO
output to find an effective surface-charge density using the
following equation:2

Figure 5. Low-energy conformations for 2-methoxy-ethanol (VT-1397).

Table 4 (Continued)
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whereσm is the average surface-charge density on segmentm,
the summation is overn segments from the COSMO output,rn

is the radius of the actual surface segment (assuming circular

segments),rav is the averaging radius (an adjustable parameter),
anddmn is the distance between the two segments.2,5 The paired
segmentsm and n have segment charge densitiesσm and σn,
respectively.

We use an averaging radius,rav ) 0.81764 Å, for the sigma-
averaging algorithm that is different from the effective segment
radiusreff defined by Klamt.1 This corresponds to the average
segment surface area ofaav ) 7.5 a.u.2 ) 2.10025 Å2. The
averaging radius directly affects the sigma profiles. Our averag-
ing algorithm is identical to those determined by Lin and
Sandler,12 Klamt,1 and Klamt et al.,2 except that we use a
different value forrav. Klamt and co-workers reported using
averaging radii ranging between 0.5 and 1.0 Å, stating that “the
best value for the averaging radius rav turns out to be 0.5 Å.
This is less than the initially assumed value of about 1 Å.”2

Lin and Sandler used a similar algorithm that involved the
effective segment radius but introduced another adjustable
parameter,c, which they place in the exponential term in eq
12.12 The VT-2005 sigma-profile database includes calculation
results from the density-functional theory (DFT), thus enabling
future work in optimization of therav value.

Figure 6. Sigma profiles for various conformations of 2-methoxy-ethanol
(VT-1397). The released conformation is included in the VT-2005 Sigma
Profile Database.

Figure 7. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/cyclohexane system at 303.15 K.

Figure 8. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/cyclohexane system at 313.15 K.
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Figure 9. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/cyclohexane system at 323.15 K.

Figure 10. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/n-hexane system at 313.15 K.

Figure 11. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/n-hexane system at 323.15 K.
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Figure 12. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/n-heptane system at 323.15 K.

Figure 13. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/methanol system at 298.15 K.26

Figure 14. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/methyl acetate system at 298.15 K.26
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The sigma profile contains 50 segments, 0.001 e/Å2 wide, in
the range of-0.025 e/Å2 to 0.025 e/Å2. Figure 2 illustrates
sigma profiles for water, acetone,n-hexane, and 1-octanol.

Given the sigma profiles and the COSMO-RS/SAC models
(including the fitted parameters), we can compute various
physical properties, including partition coefficients, infinite-
dilution activity coefficients, and phase equilibrium, etc.1,13,14

2.4. VT-2005 Variation of the COSMO-SAC Model. We
use the COSMO-SAC model proposed by Lin and Sandler.5

We modify some of the equation structures to better suit our
calculation scheme, and these changes are very similar to the
work of Klamt and Eckert.3 These differences do not alter the
mathematics of the model but reflect minor calculation changes
in our FORTRAN program. The most obvious difference, shown
in the COSMO-SAC-VT-2005.exe (FORTRAN) program, is
in our initial sigma-profile calculation.

We use a slightly different definition of the sigma profile:

where we do not calculate the modified profile as a probability,
but actually as a finite value for the surface area with a specific
charge. Mathematically, this only presents a few minor differ-
ences in the equations that incorporate the sigma profile.

The first place this presents an issue is the definition of the
segment activity coefficient. Although Lin and Sandler used
eq 5, we use3

which uses the same definition for each term as eq 5.

Figure 15. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/diisopropyl ether system at 331.02 K.27

Figure 16. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/diisopropyl ether system at 341.01 K.27

p′(σ) ) Ai(σ) ) p(σ)Ai (13)

ln Γs(σm) ) -ln{∑
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p′s(σn)

Ai

Γs(σn) exp[- ∆W(σm,σn)

RT ]} (14)
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Figure 17. Pressure-composition dta and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/trichloroethylene system at 341.01 K.27

Figure 18. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the 2-methoxy-ethanol/trichloroethylene system at 357.98 K.27

Figure 19. Four low-energy conformations for benzyl benzoate (VT-0676).
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We also observe a change in the final form of the activity-
coefficient equation. We use the following equation, which is
comparable to eq 7, as used by Lin and Sandler.

3. Method and Results

In this section, we outline how we generate the VT-2005
sigma-profile database, and we present our validation results.

3.1. Procedure To Compute Sigma Profiles.The sigma
profile is the molecule-specific output from a series of calcula-
tions using the DMol module, which incorporates both the
density-functional theory (DFT),15 available in Accelrys’ Ma-
terials Studio,16-19 and the COSMO-based models.1-6 The first
step is to correctly draw each molecule in three dimensions,

checking for proper structure and connectivity. An alternative
to manually drawing each molecule is downloading predrawn
structures from one of several online databases, e.g., the NIST
database (http://webbook.nist.gov/chemistry/), Scifinder (http://
www.cas.org/SCIFINDER/SCHOLAR/index.html), or the Na-
tional Library of Medicine (http://chem.sis.nlm.nih.gov/chemid-
plus). These databases are also useful to check the correctness
of the manually drawn molecule.

After the molecule is drawn in Materials Studio or imported
from an online source, we use Materials Studio’s “clean” tool
to automatically adjust bond lengths and bond angles. The
“clean” tool arranges each atom’s position with fairly good
accuracy, but it is important to note that it only provides a rough
geometry optimization. The initial geometry does affect the
computational time required for the DFT calculations. A key
assumption in this procedure is that each molecule is in a global
energy minimum after the geometry optimization and not stuck

Figure 20. Sigma-profile comparison for three conformations of benzyl benzoate and the released conformation included in the VT-2005 Sigma Profile
Database.

Figure 21. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the benzene/benzyl benzoate system at 453.23 K.28

ln γi/s )
1

aeff
∑
σm

p′i(σm)[ln(Γs(σm)) - ln(Γi(σm))] + ln γi/s
SG
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in a local minimum. To ensure this for larger molecules, we
draw several different randomized conformations and relax the
geometry to determine if the conformations return to the low-
energy form.

Because the “clean” tool only provides a rough estimate of
optimum geometry, we must evaluate each structure’s confor-
mation. The “clean” tool will “optimize” atomic positions based
on how they are initially drawn in Materials Studio, therefore
it is imperative to start with a good initial guess for the
conformation. An issue arises when a molecule’s conformation
is flexible and could exist in multiple stable conformations. For
example, diols experience both intramolecular and intermolecu-
lar hydrogen bonding. (Section 4.1 gives more details concerning
conformational variations and their effects on geometry opti-
mization.)

Next, we optimize the molecular geometry for each molecule
with the DNP v4.0.0 basis set, which is recommended by
Accelrys’ Materials Studio for COSMO applications.20 DNP
refers to Double Numerical basis with Polarization functions,

i.e., functions with angular momentum one higher than that of
the highest occupied orbital in free atom. According to Koch
and Holthausen,15 the DNP basis set is generally very reliable.

We obtain the ideal-gas phase-equilibrium geometry by
running a “Geometry Optimization” task in a DMOL module.
We use the GGA/VWN-BP functional setting with a real space
cutoff of 5.5 Å for all DMOL calculations. Here, GGA
represents the generalized gradient approximation, and VWN-
BP represents the Becke-Perdew version of the Volsko-Wilk-
Nusair functional.15,21-23 We optimize the geometry under “fine”
tolerances, with 1.0× 10-6 hartree energy units (or Ha), for
convergence of the self-consistent field (SCF) equations, and
0.002 Ha/Å for the convergence of the geometry-optimization
calculations.

When the geometry optimization is complete, we calculate
the surface screening charges surrounding the molecule in the
condensed phase by performing an “Energy Calculation” in the
DMol module with the addition of several keywords to turn on
the built-in COSMO program in Materials Studio. This step

Figure 22. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the toluene/benzyl benzoate system at 453.25 K.28

Figure 23. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the benzaldehyde/benzyl benzoate system at 453.25 K.28
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assumes that the optimized gas-phase conformation is identical
to the condensed-phase conformation. These keywords are added
to the *.input file prior to running the Energy Calculation. We
use the default values for the built-in COSMO program in
Materials Studio (See Table 2).

The COSMO keywords also include the atomic radii for the
following 10 elements in the COSMO calculations on the opti-
mized geometries: hydrogen, carbon, nitrogen, oxygen, fluorine,
phosphorus, sulfur, chlorine, bromine, and iodine. Klamt and
co-workers2,3 have optimized these radii and suggested using
117% of the van der Waals bonding radius to approximate other
elements. (See Table 3.) Sigma profiles with other atoms could
contain some errors, because the COSMO-RS and COSMO-
SAC approaches, as reported in the literature,1-6 are only
optimized for these 10 elements.3,5 The VT-2005 database only
includes compounds that contain these 10 elements. Recently,
Klamt24 published a table of 11 optimized atomic radii, the
difference being silicon (Si).

Using the calculated surface screening charges generated from
the COSMO calculation, we average the segments using eq 12
to yield the sigma profile using a FORTRAN program. The
total calculation time for a single sigma profile is dependent
on the molecule complexity (the number of atoms and bonds)
and the quality of the initial geometry. Small molecules such
as methane and ethane require<20 min on a 3.6 GHz Pentium
IV-equipped personal computer (PC). Other larger molecules
can require calculation times from 1 h to 48 h on thesame
machine. The VT-2005 sigma profiles represent a single
conformation for each compound, but we acknowledge that large
molecules may also exist in additional low-energy conforma-
tions. These additional conformations create slightly different
sigma profiles. Section 4.1 illustrates the effect of conforma-
tional variations on the sigma profiles and energy calculations
for small and medium-sized molecules. We observe increased
sigma-profile conformational variations with increasing mol-
ecule size.

Figure 24. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the benzyl alcohol/benzyl benzoate system at 453.23 K.28

Figure 25. Pressure-composition data and COSMO-SAC-VT-2005 predictions for the phenol/benzyl benzoate system at 453.26 K.28
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The molecular conformation used in the DFT calculation has
a large effect on the sigma profile, and, therefore, great care
should be taken in obtaining a low-energy geometry. We have
verified all database entries by comparing COSMO-based model
predictions of activity coefficients and normal boiling points
with experimental data and a thermodynamic property database.

3.2. VT-2005 Database Summary.We identify each com-
pound by a unique VT-2005 index number, its CAS registry
number, chemical formula, and name in the VT-2005 index.
We recommend searching the database by CAS-RN. The
chemical family classification in the spreadsheet is a reference,
but many molecules fit into more than one grouping. The
functional groups represented are acetates, alcohols, aldehydes,
alkanes, alkenes, alkynes, anhydrides, aromatics, carboxylic
acids, cyclic compounds, cyanates, elements, epoxides, esters,
ethers, formates, halogenated compounds, inorganic acids and
bases, ketones, mercaptans, nitriles, nitro compounds, peroxides,

sulfides, thiophenes, etc. (See Table 4.) The large majority of
molecules are small (containing 10 carbons or less).

3.3. Sigma-Profile Comparison. We compare VT-2005
sigma profiles with published profiles for four compounds.5

Figures 3 and 4 compare the sigma profiles for water, hexane,
acetone, and 1-octanol, scaled relative to their maximum values.
We find an average difference of<2% between the VT-2005
and Lin and Sandler’s sigma profiles.5 We use the same calcula-
tion settings based on the DFT. Therefore, we believe that the
difference in sigma profiles is likely due to variations in the DMol
versions (Cerius versus Materials Studio). (See Appendix A.)

3.4. Resources.We provide, via www.design.che.vt.edu,
additional open-literature information as outlined below:

(1) The complete VT-2005 sigma-profile database of 1423
compounds, and an index of the VT-2005 database including
CAS-RN, chemical formula, compound name, normal boiling
point, and predicted pure component vapor pressures using a

Figure 26. Distribution of vapor pressure predictions in the lnPvap value range of 10.0-13.0. The theoretical value is 11.5261.

Figure 27. COSMO-SAC activity-coefficient predictions from published results (Lin and Sandler5 shown as triangles and squares) and VT-2005 (curves)
for the methyl-acetate/water system at 330.15 K.
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revised COSMO-SAC-BP model37 (see VT-2005_Sigma_
Profile_Database_Index_v1.xls).

(2) Procedure for generating sigma profiles using DMol soft-
ware by Accelrys’ Material Studio (including screen captures).

(3) VT-2005 sigma-profile averaging FORTRAN program,
which takes the COSMO output from DMol and calculates the
sigma profile (see Sigma-average.exe).

(4) COSMO-SAC-VT-2005 FORTRAN program to per-
form COSMO-SAC calculations for any binary mixture using
either VT-2005 sigma profiles or new sigma profiles.

(5) Procedure for using the COSMO-SAC-VT-2005 pro-
gram for predicting activity coefficients.

(6) COSMO calculation output for each molecule for use in
the averaging algorithm.

Appendix B illustrates the information for methyl acetate
(VT-0638), which we use for a validation example in the
following section.

4. Conformational Analysis and Validation Examples

In this section, we first describe the effects of structural
conformations of molecules on the geometry optimization, and
then we validate the VT-2005 Sigma profiles and our imple-
mentation of the COSMO-SAC model. We compare predic-
tions of activity coefficients, vapor-liquid equilibria (VLE),
and solubilities with published data.

4.1. Conformational Analysis.The COSMO-SAC model
assumes that the optimized geometry from the DFT calculation

Figure 28. Pressure-composition data for the phenol(1)/styrene(2) system for 333.15 and 373.15 K. The solid curves show COSMO-SAC-VT-2005
predictions, dashed curves display COSMO-RS predictions, and symbols represent experimental data.13,29
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in the vapor phase is identical to that in the condensed phase,
which is not necessarily true in all instances. Factors such as
solvent polarity, size, and solvent-solute interactions could
affect a solute molecule’s structural conformation. The COSMO-
SAC model also assumes that the molecule is in a low-energy
conformation, but several low-energy structural conformations
may exist, because of the freedom in choosing dihedral angles.
Each conformation results in a slightly different sigma profile
and may affect property predictions. There is no guarantee that
our geometry-optimization DFT calculations will yield the
lowest energy state possible, simply because energy optimiza-
tions can result in local minima instead of global minima. The
VT-2005 Sigma Profile database contains sigma profiles for only
one low-energy conformation per molecule. However, we
explore the effects of multiple conformations in flexible
molecules, such as molecules with a high probability to form
strong interactions in solution.

We present two examples, with comparison and analysis
relative to published data. We use binary systems that contain

2-methoxy-ethanol (VT-1397) with several polar and nonpolar
solvents over a range of temperatures as an example of a small
molecule capable of having multiple structural conformations.
We also use binary systems that contain benzyl benzoate (VT-
0676) and other aromatic solvents (benzene, toluene, etc.) as
an example of a medium-sized molecule with the same
capabilities. We quantify the effect multiple conformations have
on property predictions. These examples include comparisons
of sigma profiles and VLE predictions.

4.1.1. Small Molecule Example: 2-Methoxy-ethanol.We
use the COSMO-SAC-VT-2005 model to predict activity
coefficients for binary systems ofn-hexane (VT-0009),n-
heptane (VT-0014), cyclohexane (VT-0099), methanol (VT-
0477), methyl acetate (VT-0638), diisopropyl ether (VT-0713),
and trichloroethylene (VT-0802) with 2-methoxy-ethanol (VT-
1397) at various temperatures. We generateP-x-y data using
the modified Raoult’s Law and compare these predictions to
literature data. We use pure-component vapor pressure data or
predictions from the Antoine equation if that data are unavail-

Figure 29. Pressure-composition data for ethyl mercaptan(1)/n-butane(2) at 323.15 and 373.15 K. The solid curves show COSMO-SAC-VT-2005
predictions, the dashed curves display COSMO-RS predictions, and the symbols represent experimental data.13,29
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able. Figure 5 shows the released conformation from the VT-
2005 Sigma Profile Database and three alternative conformations
(labeled A-C in the figure) for comparison. Conformations A,
B, and C were varied manually from the released conformation;
however, all underwent geometry optimization following the
procedure outlined in Section 3.1.

Figure 6 shows that each of these structures produces a
slightly different sigma profile. Conformation B contains an
intramolecular hydrogen bond, whereas the other structures
would be more likely to form intermolecular hydrogen bonds
in solution. There is no open-literature data available concerning
what percentage of each structure actually exists in solution.

We examine pressure compositions data for systems with
cyclohexane. Figures 7-9 compare the COSMO-SAC-VT-
2005 predictions with experimental data25 at temperatures of
303.15, 313.15, and 323.15 K, respectively. Figures 10-12
compare our predictions for binary systems with other nonpolar
solvents,n-hexane andn-heptane with experimental data.25

Figures 13-18 compare COSMO-SAC-VT-2005 predictions
with polar solvents (i.e., methanol, methyl acetate, diisopropyl
ether, and trichloroethylene) to published data.

The COSMO-SAC-VT-2005 predictions improve as the tem-
perature increases for each conformation, based on RMS error
calculations, with the exception of diisopropyl ether. Table 5 sum-

Figure 30. Pressure-composition data fortert-butyl mercaptan(1)/propane(2) at 283.15 and 333.15 K. The solid curves show COSMO-SAC-VT-2005
predictions, the dashed curves display COSMO-RS predictions, and the symbols represent experimental data.13,29
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marizes the root mean square (RMS) error for each system and
conformation. We calculated the RMS error using eq 16, wheren

represents the number of data points andyVT-2005is the predicted
vapor fraction from the COSMO-SAC-VT-2005 model.

The released conformation included with the database produces
the best overall predictions for all of the solvents, with an
average RMS error of 0.04746. Conformation C also adequately
predicts pressure-composition data, with a similar average RMS
error value of 0.04863. The difference in RMS error between
the released conformation and conformation C is∼1%, which
is insignificant. The COSMO-SAC-VT-2005 predictions are
most accurate for the methanol/2-methoxy-ethanol system,
which seems consistent with Lin and Sandler’s observation that
the COSMO-SAC model accuracy decreases for highly hy-
drophobic systems.5

Each of the six nonpolar solvents forms an azeotrope with
2-methoxy-ethanol. Table 6 compares the predicted azeotropic

Figure 31. Pressure-composition data for dimethyl ether(1)/propane(2) at 273.15 and 323.15 K. The solid curves show COSMO-SAC-VT-2005 predictions,
the dashed curves show COSMO-RS predictions, and the symbols represent experimental data.13,29

Table 5. Summary of the Root Mean Square (RMS) Error for Each
Conformation and System

RMS Error for VT-1397

solvent
temperature

(K) A B C released

cyclohexane 303.15 0.0532 0.1003 0.0473 0.0427
cyclohexane 313.15 0.0488 0.0943 0.0429 0.0388
cyclohexane 323.15 0.0429 0.0871 0.0363 0.0332

n-hexane 313.15 0.0531 0.1011 0.0469 0.0426
n-hexane 323.15 0.0367 0.0771 0.0310 0.0283

n-heptane 323.15 0.0645 0.1281 0.0551 0.0504

methanol 298.15 0.0166 0.0038 0.0246 0.0152

methyl acetate 298.15 0.0361 0.0408 0.0200 0.0294

diisopropyl ether 331.02 0.1282 0.1345 0.0737 0.0983
diisopropyl ether 341.01 0.1279 0.1357 0.0740 0.0986

trichloroethylene 341.01 0.0489 0.1153 0.0690 0.0481
trichloroethylene 357.98 0.0451 0.1096 0.0627 0.0440

RMS ) x1

n
∑

i

N

(yexpi
- yVT-2005i

)2 (16)
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composition with the experimental value.25 We note that
conformation B does not predict an azeotrope in five of the six
systems and gives a poor prediction in the case ofn-heptane.
We interpolated the azeotropic composition from experimental
data. In most cases, conformation C generates the most-accurate
azeotropic composition.

4.1.2. Medium-Sized Molecule Example: Benzyl Benzoate.
Next, we examine conformational effects due to varying
structures with a medium-sized molecule from the VT-2005
database. Medium-sized molecules generally contain more single
bonds and allow more rotations and, thus, more conformations.

We identify four low-energy states for benzyl benzoate (VT-
0676) and predict pressure-composition behavior using these
conformations. Figure 19 shows the released conformation from
the VT-2005 Sigma Profile Database and three other low-energy
conformations, and Figure 20 depicts the resulting sigma
profiles. As with the previous example, conformations A, B,
and C were varied from the released conformation and
underwent a geometry optimization, following the procedure
in Section 3.1. The benzyl benzoate sigma profiles exhibit larger
variations, based on standard deviation and variance calculations,
when compared to 2-methoxy-ethanol sigma profiles. This
suggests that conformational differences in larger molecules
created larger variations in sigma profiles than smaller mol-
ecules.

We compare predictions for binary systems of benzyl
benzoate and five solvents: benzene (VT-0242), toluene (VT-

0243), benzaldehyde (VT-0432), benzyl alcohol (VT-0541), and
phenol (VT-0542). Figures 21-25 show COSMO-SAC-VT-
2005 predictions for those systems in comparison with experi-
mental data.

All of these binary systems exhibit ideal or almost-ideal
behavior. With a few exceptions, the COSMO-SAC model
predicts ideal or almost-ideal behavior, to varying degrees of
accuracy. We quantify the error in our predictions using a RMS
calculation, according to eq 17:

Table 7 summarizes the error calculations for each conforma-
tion of benzyl benzoate with the five solvents studied. There is
an insignificant difference in the RMS error values concerning
each prediction for conformations A and C, and the released
conformation. Conformation B is only marginally worse, with
the exception of the prediction for the phenol system, which
was significantly different from the published values and the
other predictions. We observe the largest deviation from
experimental data for the phenol/benzyl benzoate system
predictions for all conformations. Overall, conformation A
predicts the pressure-composition data with the most accuracy,
based on a simple average of the RMS error values.

4.2. Validation Examples.We present several examples of
validated predictions of activity coefficients, VLE, and solubili-
ties using the COSMO-SAC-VT-2005 model.

4.2.1. Pure-Component Vapor-Pressure Predictions.Each
compound in the VT-2005 Sigma Profile Database has a
predicted pure component vapor pressure calculated at its
respective normal boiling temperature with the VT-2005 Sigma
Profile, using a revised COSMO-SAC-BP model developed
by Wang et al.37 Here, we summarize the predicted values for
each compound using the natural logarithm of the vapor
pressure. Theoretically, each compound’s vapor pressure should

Figure 32. Benzoic acid (VT-0610) solubility for various solvents at 298.15 K. Solvents 1-8 are pentane,n-hexane, cyclohexane, methanol, acetic acid,
1-hexanol, 1-octanol, and tetrahydrofuran (THF), respectively.

Table 6. Predicted Azeotropic Compositions for Nonpolar Solvents
with 2-Methoxy-ethanol

solvent
temperature

(K) A B C released
experimental

result

cyclohexane 303.15 0.9440 N/A 0.9307 0.9316 0.9204
cyclohexane 313.15 0.9393 N/A 0.9251 0.9264 0.9112
cyclohexane 323.15 0.9273 N/A 0.9123 0.9136 0.9001

n-hexane 313.15 0.9645 N/A 0.9519 0.9538 0.9408
n-hexane 323.15 0.9587 N/A 0.9447 0.9470 0.9349

n-heptane 323.15 0.8298 0.9443 0.8124 0.8116 0.7939

RMS ) x1

n
∑

i

N

(Pexpi
- PVT-2005i

)2 (17)
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be 101 325 Pa (or ln(101 325)) 11.5261). Figure 26 sum-
marizes the distribution of vapor-pressure predictions for every
compound in the database. The average predicted ln(Pvap) value
is 11.5405, with a standard deviation of 0.4435.

4.2.2. Activity-Coefficient Predictions. Lin and Sandler5

have presented activity-coefficient predictions for the methyl-
acetate/water system, using their COSMO-SAC model. Figure
27 compares the VT-2005 predictions and the published Lin
and Sandler data5 for the methyl-acetate/water system at 330.15
K. The VT-2005 predictions deviate slightly from the Lin and
Sandler data, with an average error of 8% (RMS errors are
0.1349 and 0.0478 for lnγ1 and lnγ2, respectively). The most-
notable deviation seems to appear as we approach infinite
dilution, with respect to methyl-acetate in water. We calculate
the RMS error with eq 18, where the ln(γCOSMO-SAC) values
are the published predictions.5

We now predict the VLE for four binary mixtures. Figures
28-31 compare our predictions with experimental data and
published COSMO-RS predictions.13,29

Figure 28 shows the VLE data for the phenol/styrene system
at 333.15 and 373.15 K. Both COSMO-RS and COSMO-
SAC predict a positive deviation from Raoult’s law. The
reported COSMO-RS predictions better agree with the experi-
mental data at lower temperatures than the COSMO-SAC

predictions; however, this discrepancy is less apparent at higher
temperatures.

Figure 29 illustrates the VLE behavior for the ethyl mercap-
tan/n-butane system at 323.15 and 373.15 K. Again, both models
accurately predict the deviation from Raoult’s law.

Figure 30 shows the VLE predictions for thetert-butyl
mercaptan/n-propane system at 283.15 and 333.15 K. The
COSMO-SAC model accurately predicts both the positive and
negative deviations from Raoult’s law for this system and agrees
very well with the COSMO-RS predictions. Eckert and Klamt13

have reported that the UNIFAC model fails for this system
because it lacks appropriate functional group parameters.

Figure 31 shows the dimethyl-ether/n-propane system at
273.15 and 323.15 K. Both COSMO-SAC and COSMO-RS
predict the minimum-boiling azeotropes in the dimethyl-ether-
rich region for both temperatures. In this case, the COSMO-
RS model fits the lower-temperature data better and both
methods compare well with the higher-temperature data.

For the systems reported in Figures 27-30, the COSMO-
SAC-VT-2005 predictions match reasonably well with experi-
mental pressure-composition data. The COSMO-SAC-VT-
2005 predictions for ln(γ1) and ln(γ2) agree with the reported
calculatedγ values, with an average RMS error of 0.0867. The
eight data sets vary between RMS errors of 0.0164 and 0.1973.
The highest deviations correspond to the phenol/styrene system.

4.2.3. Solubility Predictions. Equation 19 defines the
solubility (in terms of solute mole fraction dissolved in the
solvent) as a function of pure solute properties (heat of fusion
and melting temperature) and the activity coefficient of the
solute in the solvent:30

Equation 19 is valid forT e Tm. We predict the activity
coefficient of the solute using the COSMO-SAC model and

Figure 33. Dibenzofuran (VT-0770) solubility for various solvents over a range of temperatures (314-345 K).31

Table 7. RMS Error Calculated for Each System and Conformation

RMS Error for VT-0676 (kPa)

solvent
temperature

(K) A B C released

benzene 453.23 9.054 13.646 10.877 10.258
toluene 453.25 4.678 2.544 4.455 3.164
phenol 453.26 2.203 9.807 1.612 2.413
benzaldehyde 453.25 0.522 0.895 0.415 1.091
benzyl alcohol 453.23 0.992 1.416 1.375 0.955

average error 3.490 5.662 3.747 3.576

RMS ) x1

n
∑

n

(ln γVT-2005- ln γCOSMO-SAC)2 (18)

ln xi )
∆fusS

R (1 -
Tm

T ) - ln γi
sat

)
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RTm
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T ) - ln γi
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published pure solute properties (the heat of fusion∆fusH and
the melting pointTm).31

Figure 32 compares COSMO-SAC-VT-2005 solubility
predictions with published experimental values with solute mole
fractions in the range of 0.0059-0.3348 for benzoic acid in
nine solvents at 25°C. The VT-2005 predictions qualitatively
agree with the experimental data, with a RMS error of 0.7092
for ln x2. Kolar et al.32 have reported interesting results in using
COSMO-RS for solubility calculations. Their COSMO-RS
predictions for benzoic acid are consistent with the results shown
here.

In Figure 33, we use the COSMO-SAC model to predict
solubility values for dibenzofuran (VT-0770) in thiophene (VT-
0991), cyclohexane (VT-0099), pyridine (VT-0962), and ben-
zene (VT-0242) over a range of temperatures (314-345 K).
The solute experimental mole fractions are in the range of
0.4220-0.8120. The predicted solubility is consistently low,
by an average error of 11.7% for all solvents and temperatures.

5. Application Guidelines for Using COSMO-RS and
COSMO-SAC

The literature has identified molecules and systems for which
the COSMO approach is not suited or suggested without proper
research. We have reviewed many reported experiences from
the literature up to December 2005 to provide the reader with
a guide for COSMO model applications. Our experience is
mainly with COSMO-SAC and references to COSMO-RS
refer only to cited literature observations. Many groups are
researching these methods, and it should broaden its applicability
and improve the model’s accuracy in the future.

(1) One should use COSMO-SAC and COSMO-RS to
predict liquid-liquid equilibrium (LLE), vapor-liquid equi-
librium (VLE), and solid-liquid equilibrium (SLE) properties.
The COSMO-RS/SAC methods are generally applicable and
show promise in predicting equilibrium behavior.3,5,6,13,32,33

(2) COSMO-SAC and COSMO-RS predictions are sensi-
tive to variations in sigma profiles; therefore, one should use a
consistent procedure or algorithm when generating sigma
profiles. We find some systematic differences, in the energy
calculations, between DFT calculations in DMol and Jaguar34

that could lead to different sigma profiles. However, the extent
of error introduced by these variations is not quantified as of
yet. (See Appendix A.)

(3) One should exercise caution when using COSMO-based
models with amines. COSMO calculations generally show poor
results for amines, especially trialkylamines, because of the
unpaired electron in the cavity.5 Klamt and co-workers1,2,14had
reported problems in applying COSMO calculations to highly
polar groups with a small surface area, such as amines.

(4) One should exercise caution when using COSMO-based
models with polymers systems. COSMO-based models are not
well-proven for polymer-system thermodynamics (Panayiotou7

has commented on “...its inability to properly account for the
thermodynamics of polymer systems except for some rather
limited cases”). Klamt24 reported to have successfully modeled
gas solubility in polymers by creating partial sigma profiles
based on the repeating unit. We note that COSMO-RS models
predict solubilities well but with the use of a fitted polymer-
specific correction constant.24

(5) One should avoid COSMO-SAC with mixtures of
chloroform and ketones or alcohols. Lin and Sandler5 have
reported difficulties in accurately predicting interactions between
chloroform and either ketones or alcohols. They suggested that
“it is necessary to refine the COSMO calculation to provide a

betterσ-profile for chloroform.” This is identical to the behavior
that Klamt and co-workers1,2 have reported, regarding largely
polar groups that are similar to nitriles and carbonyl groups.

(6) One should review which COSMO approach is best for
the chemical system. For example, COSMO-RS provides better
predictions for alkanes in water, when compared to COSMO-
SAC.5 Klamt and others have optimized the COSMO-RS
parameters with water/alkane solutions, whereas Lin and Sandler
simply use the values from COSMO-RS without an indepen-
dent optimization for use with COSMO-SAC.1,5,6

(7) One should avoid COSMO-SAC for highly hydrophobic
solutes. The accuracy for COSMO-SAC predictions decreases
as the hydrophobicity increases.5 Klamt35 has reported satisfac-
tory solubility predictions of hydrocarbons in aqueous binary
systems using the COSMOtherm program developed by COS-
MOlogic and released in 2002. The test set included aqueous
systems of alkanes, alkylbenzenes, alkylcyclohexanes, and alkenes.

(8) One should use COSMO predictions for molecules that
contain only hydrogen, carbon, nitrogen, oxygen, fluorine,
phosphorus, sulfur, chlorine, bromine, and iodine. Klamt et al.2

have optimized these parameters and suggested using 117% of
the van der Waals radii for other atoms, but they do not validate
this assumption past the stated five atoms (others later extended
it to nine atoms).3 Note: We currently input atomic radii for
hydrogen, carbon, nitrogen, oxygen, fluorine, phosphorus, sulfur,
chlorine, bromine, and iodine.24

(9) One should use COSMO-SAC or COSMO-RS for
property predictions of systems with chemicals for which
UNIFAC cannot properly handle, for example, benzene/n-
methylformamide.5 Kolar et al.32 have shown that UNIFAC only
worked for 82% of the 221 systems in their study.

(10) COSMO-RS1,4,13and COSMO-SAC-BP,36,37a varia-
tion of the COSMO-SAC model developed by Lin and Sandler,
have predicted pure-component vapor pressures and enthalpies
of vaporization.

(11) Because molecules can exist in multiple stable confor-
mations, carefully analyze the system to determine effects of
conformational changes on thermodynamic property predictions,
as suggested by Klamt1 and in section 4.1.

(12) Constantinescu et al.38 have expanded COSMO-based
models to predict VLE thermodynamic data at high temperatures
and pressure from infinite-dilution activity coefficients, using
the Huron-Vidal mixing rule.

6. Conclusions

We have presented a consistent sigma-profile database, VT-
2005, that contains sigma profiles for 1432 compounds. The
sigma profiles for water, acetone, hexane, and 1-octanol agree
within 2% with the published results.5 We have used these sigma
profiles and the COSMO-SAC model to predict liquid-phase
activity coefficients within an 8% difference (root mean square
(RMS) error of 0.1374, for lnγ) of the published predictions
for the methyl-acetate/water systems.5 We have concluded from
our study of conformational effects that changes in the sigma
profile from small to large structural conformational variations
can have a significant effect on property predictions. Changes
in the sigma profile resulted in the prediction of an azeotrope
in some conformations but not in others. Consideration should
be given to possible conformational variations in all species,
although, in our study, we only present data for variations in
one species. COSMO-based models can predict solubility for
both smaller solutes (such as benzoic acid) and larger solutes
(such as dibenzofuran). Our database, along with the COSMO-
SAC-VT-2005 FORTRAN code, enables the user to further
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apply and advance this novel approach to predict phase-
equilibrium behavior for process and product development.
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Nomenclature

English Symbols

aeff ) effective surface area of a standard surface segment;aeff

) 7.5 Å2

A ) coulomb interaction matrix
Ai ) total cavity surface area (Å2)
Ai(σm) ) surface area of all segments with a surface charge

densityσm (Å2)
au ) atomic unit; Bohr radius, 5.2918× 10-11 m
chb ) a constant for hydrogen-bonding ((kcal/mol)Å4/e2)
COSMO) conductor-like screening model
COSMO-RS ) conductor-like screening model for realistic

solvation
COSMO-SAC) conductor-like screening model with segment

activity coefficients
dmn ) distance between surface segmentm andn (Å)
e ) elementary charge;e ) 1.6022× 10-19 coulomb
gE ) excess Gibbs free energy (kcal/mol)
∆G*is ) free energy of ideal solvation (kcal/mol)
∆G*res ) free energy of surface charge restoration (kcal/mol)
∆G*sol ) solvation free energy (kcal/mol)

Figure A1. VT-0638 methyl acetate sigma profile.

Table B1. DMol3/COSMO Results: COSMO Inputa

parameter value

dielectric constant ∞ (infinity)
basic grid size 1082
number of segments 92
solvent radius 1.30
A - matrix cutoff 7.00
radius increment 0.00
nonelectrostatic energy

expression A + B × (area)
A 1.88219
B 0.01014

total energy -268.480147 au
dielectric energy -0.010172 au
total energy, corrected -268.480173 au
dielectric energy, corrected -0.010197 au
sum of polarization charges -0.02581
sum of polarization charges, corrected -0.00080
total surface area of cavity 113.55453 Å2

total volume of cavity 97.00036 Å3

a VT-2005 COSMO output for methyl acetate is text.

Table B2

Molecular car file 638.car
!BIOSYM archive 3

PBC) OFF
!DATE: Dec 11 08:16:57 2003

C1 -1.725099231 -0.656894195 -0.033562033 XXXX 1 xx C 0.000
C2 -0.526609885 0.253782039 0.054419124 XXXX 1 xx C 0.000
O1 0.638324874 -0.436992955 -0.156446303 XXXX 1 xx O 0.000
C3 1.844409725 0.367173782-0.037237431 XXXX 1 xx C 0.000
O2 -0.567826024 1.452751547 0.303857916 XXXX 1 xx O 0.000
H1 -1.521962849 -1.548493114 -0.641407542 XXXX 1 xx H 0.000
H2 -2.576197435 -0.095565319 -0.440486457 XXXX 1 xx H 0.000
H3 -1.994344730 -0.985571828 0.983450259 XXXX 1 xx H 0.000
H4 1.831494550 1.186334067-0.768875124 XXXX 1 xx H 0.000
H5 2.672270229 -0.321779671 -0.239260568 XXXX 1 xx H 0.000
H6 1.925540776 0.785255644 0.975548160 XXXX 1 xx H 0.000
end
end

Table B3. COSMO-RS Atomic Data

atom
number

atom
name radius (Å) charge surface

charge
density

1 C1 2.00 -0.00967 17.10870 -0.00056
2 C2 2.00 -0.02069 9.25218 -0.00224
3 O1 1.72 0.08278 10.04567 0.00824
4 C3 2.00 -0.02151 17.94297 -0.00120
5 O2 1.72 0.22447 18.95295 0.01184
6 H1 1.30 -0.04129 6.61363 -0.00624
7 H2 1.30 -0.04243 6.89064 -0.00616
8 H3 1.30 -0.04938 6.81745 -0.00724
9 H4 1.30 -0.03756 6.57735 -0.00571
10 H5 1.30 -0.04762 6.73608 -0.00707
11 H6 1.30 -0.03792 6.61690 -0.00573

Ind. Eng. Chem. Res., Vol. 45, No. 12, 20064413



Ha ) Hartree energy unit; Ha) 4.3597× 10-18 J
hmix

E ) excess enthalpy of mixing (J/mol)
∆fusH ) enthalpy of fusion (kJ/kmol)
ni(σm) ) the number of segments with a surface charge density

of σm

P ) pressure (kPa)
p′(σ) ) modified sigma profile (Å2)
p(σ) ) sigma profile
q ) surface area constant (Å2)
qi ) normalized surface-area parameter
q* ) surface screening vector in the conductor
(r) ) a specific position
r ) volume constant (Å3)
R ) ideal gas constant;R ) 0.001987 kcal mol-1 K-1 or R )

8.314 kJ kmol-1 K-1

rav ) surface-segment averaging radius (adjustable parameter)
(Å)

ri ) normalized volume parameter
rn ) effective radius of surface segmentn, assuming circular

surface segments (Å)
SLE ) solid-liquid equilibrium
∆fusS ) entropy of fusion (kJ kmol-1 K-1)
T ) temperature (K)
Tm ) melting point temperature (K)
Vi ) total cavity volume (Å3)
VLE ) vapor-liquid equilibrium
∆W(σm,σn) ) exchange energy (kcal/mol)
xi ) mole fraction of componenti in the liquid phase
xi

sol ) solute solubility, mole fraction
z ) coordination number

Greek Symbols

R′ ) the constant for the misfit energy (Å4*kcal/e2*mol)
γi ) activity coefficient of componenti
γi

sat ) solute activity coefficient at saturation

γi/S
SG ) Staverman-Guggenheim combinatorial contribution to
the activity coefficient

Γs(σm) ) segment activity coefficient of the solvent
Γi(σm) ) segment activity coefficient of the solute
Φsol ) potential due to the charge distribution of the solute

molecule

Φtot ) total potential on the cavity surface
φi ) normalized volume fraction
σ ) surface-segment charge-density distribution (e/Å2)
σ ) averaged charge on the conductor surface in vector form

(e/Å2)
σ* ) induced-charge on the conductor surface in vector form

(e/Å2)
σhb ) the sigma-value cutoff for hydrogen bonding (e/Å2)
σn
/ ) surface-charge density for segmentn from the COSMO
output (e/Å2)

θI ) normalized surface-area fraction

Appendix A: Energy Differences between DMol Versions

We used DMol v2.2 for most (1266) of the VT-2005
calculations, and we found small discrepancies with recent work
done by Professor Sandler’s group at the University of Delaware
using DMol v3.9.34 We used DMol v3.2 for 166 compounds,
for which we also performed calculations with Amber839 and
Forcite Plus (a Materials Studio annealing module) to generate
good initial guesses for optimal molecular geometry prior to
the DMol calculations. Initial vapor pressure predictions for
these 166 compounds were not within the designated limits (10.0
e ln Pvap e 13.0), but after using a pre-optimization tool, the
property predictions satisfy these limits. In Table A1, we present
four examples of molecules where both groups work with the
same structure, but the energies differ by small quantities. All
VT-2005 calculations in Table A1 used DMol v2.2.1. These
examples vary by an average of 2%, with respect to the energy
difference, with Professor Sandler’s recent work using DMol
v3.9. Over the full range of compounds, we find an average
error of 9%. We recommend compiling sigma profiles with the
same calculation algorithm and software.

Appendix B: VT-2005 Example for Methyl Acetate
(VT-0638)

Data specific to the VT-2005 example for methyl acetate (VT-
0638) are given in Figure B1and in Tables B1-B4.

Note Added after ASAP Publication.Because of a produc-
tion error, the version of this paper that was published on the

Table B4. Segment Informationa

Positionc (au)
segment

number,n atomb X Y Z
segment
charge

segment
area charge/area

solute potential
on a segment

1 1 -3.22451 -4.65548 1.55726 0.00049 0.23228 0.00210 0.02479
2 1 -6.30262 -3.36512 -0.78171 0.00032 0.37165 0.00087 0.02205
3 1 -4.59184 -1.26848 -3.60031 0.00080 0.41810 0.00190 0.01713
4 1 -4.92524 0.76440 2.67300 0.00034 0.41810 0.00081 -0.00927
5 1 -5.74393 0.08261 2.45873 0.00031 0.18582 0.00169 0.00688
6 1 -5.49464 1.30009 1.61930 0.00052 0.27874 0.00186 -0.01598
7 1 -4.26113 -2.30312 -3.54976 0.00026 0.27874 0.00093 0.02269
8 1 -5.53288 -3.97042 -1.35575 -0.00003 0.41810 -0.00008 0.02801
9 1 -2.83750 -4.88573 0.84441 0.00035 0.37165 0.00094 0.02285
10 1 -6.57686 -0.92323 1.72015 0.00047 0.37165 0.00125 0.01777
11 1 -6.72000 -0.42134 1.21717 0.00034 0.23228 0.00148 0.01664
12 1 -1.27643 -4.10431 1.40399 0.00067 0.18582 0.00363 0.00458
13 1 -2.09742 -4.35021 1.74425 0.00052 0.32519 0.00159 0.01649
14 1 -4.35167 -4.71366 0.95410 0.00073 0.51102 0.00142 0.02653
15 1 -5.61945 -4.19210 0.03669 0.00047 0.41810 0.00113 0.02403
16 1 -5.99019 -3.05950 -1.94074 0.00051 0.32519 0.00156 0.02275
17 1 -5.42540 -2.03148 -3.05854 0.00066 0.37165 0.00177 0.02167
18 1 -3.42445 -1.44757 -3.83366 0.00055 0.32519 0.00169 0.01506
19 1 -2.30139 -1.23360 -3.71929 0.00022 0.23228 0.00093 0.01437
20 1 -6.58403 -2.42239 1.29299 0.00015 0.37165 0.00041 0.02530

a Total number of segments) 459. See our website (http://www.design.che.vt.edu) for all 459 data points for methyl acetate.b Atom associated with
segmentn. c Segment coordinates.
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Web 5/3/2006 was published without final review from the
authors. The correct version of this paper was published 5/16/
2006.
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