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ABSTRACT: To achieve a successful liquid—liquid extraction, the CcOSMO-RS — Partition coefficients

selection of the biphasic system is crucial for the proper separation
of the solutes of interest. The number of biphasic systems that can
be employed is vast, requiring a large amount of time and cost to
experimentally determine the most suitable for each application.

Comparison with
experimental data

The use of computational methods to predict partition coefficients —H !

in biphasic systems is of great interest to design and select the most H

appropriate. COSMO-RS, a quantum chemical computational tool 4 ( v 3

that requires only the chemical structure of the compounds for O HE 228 sobms
calculations, would be an ideal tool for that purpose. Here, we \& ¥ owedovet
present a systematic evaluation of COSMO-RS as a predictive tool d =

for partition coefficients. Its performance was evaluated for the

partitioning of 228 solutes in 9 binary and 3 ternary organic biphasic systems (OBS). The results show that the use of COSMO-RS
with TZVPD_FINE parametrization allows for very good predictions. They also show that predictions are greatly dependent on an
accurate description of the compositions of the phases in equilibrium. Thus, the use of experimental mutual solubilities (binary
OBS) or tie lines (ternary OBS) when available is the most suitable option for this purpose. In the case of using a total predictive
tool, TZVPD_FINE parametrization can properly predict both mutual solubilities and tie lines, so it can also be used for the
estimation of partition coefficients in an OBS. Therefore, the COSMO-RS method is demonstrated here to be a useful and reliable
tool to predict partition coefficients in binary and ternary OBS, which can be used for the screening and selection of the most
appropriate system to be used in a separation process.

B INTRODUCTION

Countercurrent chromatography (CCC) and centrifugal
partition chromatography (CPC) techniques mainly consist
of a differential partitioning of solutes on a liquid—liquid
biphasic system." Instead of the use of a solid support to hold

based biphasic systems are dominated by the extreme solvation
properties of water, since no other solvent can compete with
those.” Therefore, it is necessary to look for alternative systems
to complement water-based biphasic systems.

The nonaqueous biphasic systems evaluated in the literature

the stationary phase, in CPC the phase remains stationary by
means of centrifugal forces while the mobile phase is pumped.”
The compounds to be separated are differentially partitioned
between the two phases and transferred at different velocities
along the column. This enables the collection of the separated
solutes, in solution, at the outlet stream. Traditionally, CPC
has been used to separate natural compounds of very different
natures from very rich matrixes.” They were reported for the
purification of proteins,® peptides,” fatty acids,” and
carotenoids,’ among others. The optimal operation of a
CCC or CPC requires partition coefficients in the range of 0.4
and 2.5.” Therefore, the identification of the most adequate
biphasic system for each application is crucial.” In most
applications, water is used as one compound of the biphasic
system since it permits the formation of a very large number of
biphasic systems because of its high cohesive energy.”
However, it presents some limitations because all water-
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include organic binary and ternary systems such as n-hexane-
acetonitrile,"’ hexane-trifluoroethanol,"* heptane-methanol, 12
heptane-N,N-dimethylformamide,"* and heptane-ethanol-glyc-
erol/ethylene glycol/levulinic acid,14 among others. Consider-
ing not only the vast number of organic biphasic systems but
also the different initial concentrations that can be evaluated,
the partition coeflicients play a crucial role in characterizing the
biphasic systems and in its selection. Some a priori methods
have been evaluated to predict the partition coefficients and
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seleclt~ Icge proper biphasic system for a particular applica-
tion.

The COnductor like Screening MOdel for Real Solvents
(COSMO-RS)'” has been one of the most used for this
purpose.'”'“'® The great advantage of using COSMO-RS to
calculate partition coeflicients in biphasic systems is that the
only information required is the chemical structure of each
compound involved in the computation. It was shown that
different approaches for calculating the partition coeflicients
can be used. Their principal difference is the way that the user
defines the composition of each phase. It can be achieved in
different ways: (i) assuming only the most abundant
compound of each phase; (ii) using the experimental
compositions of each phase; or (iii) calculating the phase
compositions using COSMO-RS. Vilas-Boas et al.'® reported
high deviations when using the predictive COSMO-RS model
with an average RMSD of 1.17, concluding that NRTL-SAC
(semipredictive method) was a better way of predicting
partition coefficients. Therefore, the authors suggested the use
of COSMO-RS only as a preliminary solvent screening since
no experimental data is required. Frey et al.'” compared the
capability of using COSMO-RS with UNIFAC for partition
coefficient estimations. They examined the impact of
incorporating experimental liquid—liquid equilibrium (LLE)
data on the accuracy of predictions, comparing the results
obtained when LLE data were used or not in the calculations.
In all cases, the introduction of experimental data was shown
to improve the results. They concluded that the UNIFAC
model predicted the LLE with higher accuracy, resulting in
better predictions. However, COSMO-RS was the only
alternative for new systems as well as for functional groups
for which UNIFAC binary interaction parameters are missing.
Hopmann et al.'” employed the COSMO-RS model to
successfully select a biphasic system along with initial
concentrations for piperine and coumarin extraction. However,
to the best of our knowledge, no systematic studies have been
proposed by considering different approaches to calculate
partition coefficients in organic biphasic systems using
COSMO-RS and evaluating them against a large database of
experimental data.

The goal of this work is to systematically evaluate the
capability of the COSMO-RS method to predict partition
coefficients of a variety of solutes in 12 total organic biphasic
systems (OBS) including binary and ternary mixtures. A
collection of 228 solutes with experimental partition
coeflicients in the OBS was compiled for this purpose. For
the COSMO-RS calculations, the influence of the different
parametrization levels (TZVP and TZVPD FINE) was
analyzed. Moreover, the description of the compositions of
each phase (infinite dilution and experimental and calculated
mutual solubilities in the case of binary mixtures) was studied
to elucidate the possibility of using the COSMO-RS method as
a full predictive tool for partition coeflicient estimation in the
OBS. In the case of ternary mixtures, different approaches were
adopted to describe the binodal curve and tie lines by defining
ethanol as the most stable monomer, dimer, and trimer
conformations and a mixture of them. The compositions of
each phase were defined by using both experimental and
calculated data. The results of this work aim to be a guideline
for the most accurate and reliable approach to predicting
partition coefficients in OBS.

B COMPUTATIONAL DETAILS

Geometry Optimization. Turbomole v4.5.2 software was
employed to optimize the structure of the ethanol trimer
conformation at two different computational levels, BP86/
TZVP and BP86/TZVPD_FINE, by using the COSMO
continuum solvation method (solvent effect). From these
calculations, two different files were obtained (two *.cosmo
files with the COSMO continuum solvation method in the two
different computational levels) to be used in the COSMO-
therm software. Finally, a single point calculation was carried
out in order to ensure that no vibrational frequencies are
found; therefore, the most stable conformer is employed.

COSMO-RS Computations. The COSMO-RS method
was used for all of the calculations carried out in this work. To
do so, COSMOtherm v.21 along with its graphical interface
COSMOthermX was employed for computations. The two
parametrizations included in COSMOtherm, i.e.,,
BP_TZVP_21 and BP_TZVPD_FINE 21, were evaluated
to give guidelines for the prediction of partition coeflicients in
organic biphasic systems. The main differences between these
two parametrizations are for BP_TZVPD_FINE_21: a larger
basis set for calculations (TZVPD), a novel hydrogen bond
interaction term, and a novel type of molecular surface cavity
construction (FINE cavity as a tetrahedron cavity) creating o-
surfaces with more uniform segments.20 In all cases, the
calculated data were compared to the experimental data
available in the literature. All of the compounds studied in this
work are present in the COSMObase21 (extended) database,
and their most stable conformers (lowest energy) were the
only compounds considered for calculations. The only
exception was carried out while using levulinic acid in which
they were considered both the most stable conformer (—OH
group faced with ketone) and the second most stable
conformer (—OH group completely available) for comparison
purposes (Figure SS and S6 in the Supporting Information).
Moreover, in the case of the ternary biphasic systems, we
attempted to model the binodal curves by the inclusion of an
ethanol trimer instead of the ethanol most stable conformer
(Figure S4 in the Supporting Information).

Prediction of Partition Coefficients. The partition
coefficients (P;) in this work were calculated by using
COSMO-RS. They are directly related to the activity
coefficients at infinite dilution (y°) of the species i involved
in the calculations by eq 1

1 II,00
X v

o
I
E
I

%; Y (1)

where the subscripts I and II refer to the upper and lower
phases of the biphasic system, respectively, and x; is the mole
fraction of this compound “i”. By default, the COSMO-RS
method will compute the chemical potentials of the solutes at
infinite dilution for each phase. Moreover, it is possible to
define finite concentrations (of each phase) at which the
chemical potentials of the compounds are calculated. This is
crucial if the two solvent phases are partially soluble in each
other. To do so, in this work, different alternatives were
adopted in order to find out which option is the best for
partition coefficient calculations. The partition coefficients at
infinite dilution were calculated by specifying each phase
composition with both experimental and calculated data (at
BP TZVP 21 and BP TZVPD FINE 21 parametrization
levels). Different calculations must be done to define the
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Table 1. Types of Calculations and Nomenclature Followed in This Work for Binary OBS

Nomenclature

TZVP_ID
TZVP_EXP_MS
TZVPDFINE_PRED_FINE_MS
TZVPDFINE_PRED_TZVP_MS
TZVPDFINE_EXP_MS

Calculation type

BP_TZVP_21 at infinite dilution

BP_TZVP_21 with experimental mutual solubilities

BP_TZVPD FINE 21 with predicted mutual solubilities (BP_TZVPD_ FINE 21)
BP_TZVPD_FINE_21 with predicted mutual solubilities (BP_TZVP_21)
BP_TZVPD_FINE 21 with experimental mutual solubilities

Table 2. Types of Calculations and Nomenclature Followed in This Work for Ternary OBS

Nomenclature

TZVPD_FINE Binodal Curve
TZVP_Binodal Curve
Tie-Line_TZPD_FINE

Tie-Line_Exp

EtOH_Dimer/Trimer TZVPD_FINE
14%EtOH_Monomer_86%EtOH_Trimer

experimental tie line

Calculation type

LLE with BP_TZVPD_FINE_ 21 parametrization
LLE with BP_TZVP_21 parametrization
tie line with BP_TZVPD_FINE_21 parametrization

LLE with ethanol in dimer or trimer conformation with BP_ TZVPD_FINE 21 parametrization
LLE with a mixture of 14% ethanol monomer and 86% ethanol trimer (BP_TZVPD_FINE_21 parametrization)

Table 3. Number of Experimental Solute Data for Biphasic Systems Evaluated

Binary systems

Ternary systems

System No. of exp data
n-Hexane-Acetonitrile 129
n-Heptane-Methanol 73
n-Heptane-N,N-Dimethylformamide 78
n-Heptane-Dimethyl Sulfoxide 110
n-Heptane-Ethylene Glycol 138
n-Heptane-2,2,2-Trifluoroethanol 149
n-Heptane-Propylene Carbonate 120
n-Heptane-Formamide 121
n-Heptane-Ethanolamine 65

System No. of exp data
n-Heptane-Ethanol-Ethylene glycol 4
n-Heptane-Ethanol-Glycerol 4
n-Heptane-Ethanol-Levulinic Acid 4

compositions of upper and lower phases with respect to
whether they have a binary or ternary biphasic system.

The deviation of predicted partition coeflicients from
experimental values was calculated for each case by means of
the root-mean-square deviations (RMSD) as follows

Z,’ (log Piexp _ lOg Piculc)z

" @)

RMSD =

where superscripts exp and calc referd to the experimental and
calculated values, respectively, n is the total number of data
points and i includes all of the systems evaluated.

Binary Biphasic Systems. The composition of each phase
of the binary OBS was specified in partition coefficient
calculations in different ways. The nomenclature employed in
the whole work depending on the approach followed is
detailed in Table 1. First, the infinite dilution approach was
evaluated by defining the pure compounds in each phase using
TZVP parametrization (TZVP_ID). Then, experimental
mutual solubilities of the nine different OBS were collected
and included in partition coeflicients computations with both
TZVP (TZVP_EXP_MS) and TZVPD FINE (TZVPDFI-
NE _EXP_MS) parametrizations. Finally, to elucidate the
possibility of using a fully predictive tool, mutual solubilities
were also calculated and included in partition coefficient
estimations (with TZVPD_FINE parametrization). These
mutual solubilities of the nine OBS were calculated by using
TZVP (TZVPDFINE PRED TZVP_MS) and
TZVPD_FINE (TZVPDFINE PRED FINE MS) ap-

proaches. In all cases, the most stable conformers were used
for calculations.

Ternary Biphasic Systems. In the case of ternary OBS,
the first step was to attempt to model the liquid—liquid
equilibrium (LLE) data (binodal curve and tie lines) for the
initial compositions of the evaluated systems. To do so,
different approaches were made whose nomenclature can be
found in Table 2. First, TZVP and TZVPD_FINE para-
metrizations were used with the most stable conformers of
each ternary system. Then, by using the initial compositions of
the collected experimental data, tie lines were also calculated
with TZVPD_ FINE parametrization (Tie-Line
TZVPD_FINE). Different ways of defining ethanol, as dimer
or trimer (based on literature), were carried out and compared
with the experimental data (EtOH_Dimer or Tri-
mer_TZVPD_FINE). Finally, a mixture of 86% trimer and
14% monomer (based on the literature®') was also modeled
with its corresponding tie line at the initial composition
reported in the literature."* For all of the solutes and
compounds of the ternary systems, the most stable conformers
were used for calculations except for levulinic acid in which
both the most stable, denoted as cO (—OH group faced with
ketone), and the second one, named as cl (—OH group
completely available), as included in the COSMObase2l
database were used.

B RESULTS
The evaluation of the capability of COSMO-RS to predict

partition coefficients in binary and ternary organic biphasic
systems was carried out. To do so, the first step was to collect
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the available experimental data in the literature.”” Table 3
includes the nine binary OBS with the number of solutes
measured for each system. It also shows the three ternary OBS
with four natural compounds’ experimental partition coef-
ficients for each system. The name of each solute and the
experimental and calculated data are shown in Tables S2—S10
of the Supporting Information along with their experimental
and calculated data. The total number of solutes evaluated is
228, covering almost the whole range of partition coefficients
for each OBS. Table 3 details the number of experimental data
points for each OBS. The binary systems are mainly composed
of an aliphatic compound (n-hexane or n-heptane) and polar
compounds of very different natures. Meanwhile, the ternary
systems present an aliphatic molecule (n-heptane), a short-
chain alcohol (ethanol), and an alcohol-based compound such
as ethylene glycol or glycerol or a carboxylic acid such as
levulinic acid.

Binary Organic Biphasic Systems. The calculation of
partition coeflicients with COSMO-RS requires the composi-
tion definition of each phase. Therefore, different approaches
were adopted to analyze the most accurate methodology to
predict partition coeflicients. Therefore, in order to do so,
experimental mutual solubilities™ for the systems evaluated
(see Table 3) were collected and compared with those
calculated with the COSMO-RS method (both TZVP and
TZVPD_FINE approaches). Figure 1 shows the obtained
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Figure 1. Calculated (TZVP and TZVPD_FINE parametrizations) vs
experimental alkane (n-heptane or n-hexane) mole fraction in both
phases (top and bottom) at 25 °C.

results for each phase, comparing the n-alkane composition. All
of the data were compiled in Table S1 of the Supporting
Information with their RMSDs and mean absolute deviations
(MADs) for comparison purposes. As shown, in all cases the
predictions were better for the top phase, which is the n-
alkane-rich phase. The obtained RMSD in the case of using
TZVPD_FINE parametrization was 0.04, and 0.08 was
obtained for TZVP. Slightly worse predictions were found
for the bottom phase, in which some discrepancies with the
experimental data were found. The calculated RMSD by using

TZVPD_FINE was 0.08, the same value found for TZVP.
Overall, it can be seen that TZVPD FINE parametrization
offered slightly better predictions when compared with TZVP,
so it seems to be the one to be selected for this kind of
calculation. When estimating mutual solubilities in binary
systems, it was observed that there were no notable differences
in calculation time between the TZVP and TZVPD FINE
parametrization levels. However, the TZVPD FINE para-
metrization was identified as the most accurate method for
describing the behavior of the evaluated binary mixtures. It was
shown that reasonably good predictions are found. However, it
can be improved by including all of the polar compound
conformers (when available) in calculations.

Once the mutual solubilities of all of the systems were
calculated and compared with experimental data, the next step
was the calculation of the partition coefficients of all of the
solutes in the nine OBS in the various ways described in Table
1. Figure 2 shows the experimental versus calculated partition
coefficients for the n-heptane-methanol system (A) and n-
heptane-3,3,3-trifluoroethanol (B) with the different calcu-
lation types proposed in Table 1. Figure 2A demonstrates that
the partition coeflicient range of the evaluated solutes is
relatively narrow, spanning log P; — 2 to 1. Moreover, higher
deviations are found by using the infinite dilution compositions
(RMSD = 0.89). This is attributed to the high mutual
solubilities between n-heptane and methanol (Table S1 in the
Supporting Information). Thus, the compositions of the phases
in equilibrium are not well described by the infinite dilution
approximation, and thus the partition coeflicient predictions
are not accurate. The introduction of the experimental
composition of each phase reveals a great enhancement in
predictions, being TZVPD_FINE parametrization, the one
exhibiting the best performance (RMSD = 0.24). Finally, in
order to have a fully predictive tool, mutual solubilities were
also calculated with TZVP and TZVPD_FINE parametriza-
tions. As previously revealed, TZVPD FINE parametrization
can predict mutual solubilities better than TZVP. This
influences the log P; estimations because this approach is the
one with the lowest deviation (RMSD = 0.46). All in all, in the
case of n-heptane-methanol OBS, TZVPD FINE parametriza-
tion offers the best predictions by including the experimental
mutual solubilities. In the case of Figure 2B, a very different
polar compound was evaluated containing three fluorine atoms
on its structure. As seen, the log P, range is wider than that of
methanol with values of between —3 and 2 with a huge number
of solutes (149). Starting with the infinite dilution approach,
again it offers the worst results (RSMD = 0.74) from those
evaluated; however, the results are not as far as in the case of
methanol since mutual solubilities between the two com-
pounds of the OBS are much lower. The use of experimental
mutual solubilities leads to the best log P; predictions (RMSD
= 0.41), but in this case, TZVPD_FINE parametrization can
predict mutual solubilities with good accuracy, translating into
log P; estimations (RMSD = 0.41) that are as good as those
based on experimental data. Therefore, in this OBS, the
COSMO-RS method can be used to estimate log P; in a fully
predictive way without using any experimental data. Regarding
the RMSD found, there is a lack of consensus about under
what deviation may be admissible. For instance, Kenney et al.”*
reported RMSD = 1 as a good value for octanol—water
partition coeflicient predictions. Instead, Vilas-Boas et al.
claimed that acceptable RMSD values should be lower than
0.5. In any case, the results reported here show that COSMO-
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Figure 2. Calculated vs experimental partition coefficients of (A) the n-heptane-methanol system and (B) n-heptane-3,3,3-trifluoroethanol at 25 °C
by using different parametrizations and mutual solubilities definition (see Table 2). Dotted lines are log P + 0.5. Blue (TZVP_ID) means both
phases are defined as the major pure compound of each phase and log P calculated with TZVP; red (TZVP_EXP_MS) phases defined with
experimental mutual solubilities and log P calculated with TZVP; yellow (TZVPDFINE_PRED_FINE_MS) calculated mutual solubilities with
TZVPD_FINE and log P with TZVPD_FINE; orange (TZVPDFINE PRED TZVP_MS) calculated mutual solubilities with TZVP and log P
with TZVPD_FINE; green experimental mutual solubilities and log P calculated with TZVPD_FINE.
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Figure 3. Calculated vs experimental partition coefficients of (A) n-heptane-formamide system and (B) n-heptane-ethanolamine at 25 °C by using
different parametrizations and mutual solubilities definition (see Table 2). Blue (TZVP_ID) means both phases are defined as the major pure
compound of each phase and log P calculated with TZVP; red (TZVP_EXP_MS) phases defined with experimental mutual solubilities and log P
calculated with TZVP; yellow (TZVPDFINE PRED FINE MS) calculated mutual solubilities with TZVPD_FINE and log P with
TZVPD_FINE; orange (TZVPDFINE PRED_ TZVP_MS) calculated mutual solubilities with TZVP and log P with TZVPD FINE; green
experimental mutual solubilities and log P calculated with TZVPD_FINE.

RS predictions may be accurate enough to select the OBS for and formamide are very low (see Table S1 in the Supporting
separations. Information), the infinite dilution (TZVP_ID) approximation
Figure 3 shows the predicted versus experimental partition offers a very good alternative. Therefore, partition coefficient
coefficients of different solutes in n-heptane-formamide (A) estimations are very similar when comparing the hypothesis of
and n-heptane-ethanolamine (B) OBS. In Figure 3A, 121 infinite dilution (RMSD = 0.88) with the use of experimental
solutes were analyzed in a wide log P range (between —3 and solubilities (RMSD = 0.87). Once again, the use of
3). In this case, since the mutual solubilities between n-heptane TZVPD_FINE parametrization clearly enhances the predic-
E https://doi.org/10.1021/acs.iecr.3c02303
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Figure 4. RMSD of predicted partition coeflicient of the nine total organic biphasic systems evaluated in this work by using different
parametrizations and the mutual solubilities definition (see Table 2). Blue (TZVP_ID) means both phases are defined as the major pure
compound of each phase and log P calculated with TZVP; red (TZVP_EXP_MS) phases are defined with experimental mutual solubilities and log
P calculated with TZVP; yellow (TZVPDFINE_PRED_FINE_MS) represents calculated mutual solubilities with TZVPD_FINE and log P with
TZVPD_FINE; orange (TZVPDFINE PRED TZVP_MS) represents calculated mutual solubilities with TZVP and log P with TZVPD_FINE;
green represents experimental mutual solubilities and log P calculated with TZVPD_FINE.

tions revealing RMSD = 0.72. Regarding the fully predictive
approach, the COSMO-RS method can predict quite well the
mutual solubilities, and therefore log P; are in good agreement
with the experimental data with RMSD = 0.74, very similar to
that obtained by introducing experimental data. In this case,
with a solvent containing an amine group, predictions are
worse compared with previous OBS evaluated, but trends are
well described with this methodology. In this case, both infinite
dilution and the fully predictive approaches provide results as
good as those obtained by introducing experimental data.
The results for the OBS n-heptane-ethanolamine reported in
Figure 3B show a huge dispersion in the predicted partition
coefficient values. In this case, as before, the infinite dilution
approximation offers equivalent results (RMSD = 0.88) to
those obtained with the inclusion of experimental data (RMSD
= 0.86). Again, these results are from the very low mutual
solubilities between n-heptane and ethanolamine. In this case,
the COSMO-RS method cannot properly predict their mutual
solubilities, and thus, it leads to worse predictions (RMSD =
0.98). Analyzing the results of two OBS-containing com-
pounds with amine and amide groups, it can be concluded that
the COSMO-RS method cannot predict the partition
coeflicients as well as in the other systems discussed above.
Moreover, their very low mutual solubility offers the possibility
of using the infinite dilution approximation to predict the log
P, Regarding the rest of the OBS systems, the results are
detailed in Figures S1—S3 of the Supporting Information. The
same general conclusions can be drawn from those figures. In
order to analyze all the systems together, Figure 4 shows the
RMSD of the nine OBS with the various approaches evaluated

here. In summary, in all of the evaluated systems, by using the
best approach reported, more than 94% of the evaluated
solutes present deviations lower than 1 in log units.

The results reported in Figure 4 show that the use of the
infinite dilution approach does not provide log P predictions
with good accuracy except for the case of the compounds
containing amino groups (formamide and ethanolamine) and
ethylene glycol. In these cases, their mutual solubilities with n-
heptane are very low, implying that predictions are good
enough. The mean RMSD values obtained for the nine OBS is
0.80. Therefore, this approach can be used when mutual
solubilities of the OBS are low. Overall, the introduction of
experimental mutual solubilities in the calculations enhances
the predictions since the compositions of the two phases in
equilibrium are properly described (mean RMSD = 0.62).
Moreover, in general terms, the use of TZVPD_FINE
parametrization shows better predictions than TZVP (RMSD
= 0.56). Regarding the use of a fully predictive approach,
TZVPD_FINE and TZVP parametrizations were used to
calculate mutual solubilities between the two solvents
conforming the OBS. In this case, the use of TZVPD_FINE
is the best option with a mean RMSD of 0.62. As discussed, the
results are slightly worse compared with the use of
experimental solubilities. However, it seems to be a good
alternative when lacking mutual solubility experimental data.
Overall, COSMO-RS can be used as a fully predictive tool to
calculate partition coefficients in binary OBS. Nevertheless, in
the cases in which experimental mutual solubilities are
available, their inclusion in calculations improves the
predictions.
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Figure S. Experimental versus calculated binodal curves and tie lines by using ethanol monomer (A) and the ethanol trimer approximation (B)
with TZVP and TZVPD_FINE parametrizations at 25 °C in n-heptane/ethanol/glycerol OBS.

Ternary Organic Biphasic Systems. The next step is the Furthermore, a combination of Fourier-transform infrared
evaluation of the capability of COSMO-RS to predict log P; in spectroscopy (FT-IR) and proton nuclear magnetic resonance
ternary OBS. The methodology previously used was employed, ("H NMR) techniques provided substantial evidence support-
but in this case, instead of calculating and defining mutual ing the existence of a cyclic-cluster-dominated microscopic
solubilities, the binodal curves and tie lines of the ternary structure in pure ethanol and ethanol solutions within
system were obtained. Three ternary OBS were evaluated as nonpolar solvents. At this point, we tried to improve
reported in Table 3."° In all cases, it involves an aliphatic COSMO-RS method predictions of this OBS by modeling
compound (n-heptane), a short alkyl chain alcohol (ethanol), ethanol as a trimer, based on previous DFT-experimental
and a third polar compound such as glycerol, ethylene glycol, measurements in the literature.”’ To do so, we optimized the
or levulinic acid. Regarding the experimental tie lines, we most stable trimer conformation proposed in the literature, in
measured them for the three ternary OBS with initial which all the —OH groups are completely blocked (Figure S4
concentrations of 37.5 wt % (n-heptane), 25 wt % (ethanol), in the Supporting Information).
and 37.5 wt % (polar compound) with the methodology Figure SB shows the results obtained. First, it can be
described in the Supporting Information. The experimental tie observed how the definition of ethanol as a dimer
line results can be found in Tables S11—S13 in the Supporting conformation (blue line) cannot properly describe the
Information. Figure 5 shows the experimental vs calculated solubility between n-heptane and ethanol (almost the same
(TZVP and TZVPD_FINE) binodal curve and tie lines in as using an ethanol monomer). In the case of using the ethanol
different ways: (A) defining ethanol as a monomer and (B) trimer conformation (black line), the top-phase region is
dimer, trimer, and mixtures in the n-heptane/ethanol/glycerol perfectly described. This is because with this conformation the
OBS system n-heptane/ethanol/glycerol. First, starting with oligomer is highly nonpolar (see Figure S5 in the Supporting
Figure SA, it can be seen how, by using the most stable Information for the o-profile of monomer and trimer) and thus
conformer of ethanol to model the OBS, the COSMO-RS more like n-heptane, better describing their mutual solubility.
method can predict with higher accuracy the composition of However, it cannot properly predict the bottom phase. This is
the binodal curve in the alcohol-rich phase (bottom phase). directly translated into the tie lines. Therefore, the predicted
However, both TZVP and TZVPD_FINE parametrizations tie line when using the trimer conformation is far from the
predict a partial miscibility between ethanol and n-heptane, experimental one, calculating almost pure glycerol in the
which leads to the wrong estimation of the binodal curve in the bottom phase and a mixture of ethanol and n-heptane in the
n-heptane-rich phase (top phase). However, despite the wrong top phase. Following the literature and based on DFT
estimation of the binodal curve in the top-phase region, it can calculations, it is suggested that ethanol is defined as a mixture
be observed how the calculated tie line matches with high of 14% monomer and 86% trimer.”' For this reason, we tried
accuracy the experimental one. In this case, TZVPD_FINE to model that mixture in order to properly estimate the whole
parametrization offers the best estimations when compared binodal curve and tie lines. Using this approach, the top-phase
with the experimental data. region is well described by the mixture model. However, we

This poor description of the mutual solubilities of these were not able to model the bottom phase with this approach,
compounds can be attributed to the formation of clusters by so the phase composition of the tie line is, again, far from the
the ethanol molecule. Balanay et al.”>' conducted a study experimental measurement.
revealing that density functional theory (DFT) results suggest The predictions of the binodals for the two other ternary
the thermodynamic preference for cyclic clusters (trimers and OBS are presented in Figures S7 and S8 of the Supporting
tetramers) of ethanol molecules over chain-shaped clusters. Information, with it being possible to draw the same
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conclusions as in the case of the n-heptane/ethanol/glycerol
system. All in all, it can be concluded that by using the most
stable monomer conformation of ethanol, the binodal curves
are partially well described (good predictions in the bottom
phase but bad in the top phase). Regarding the tie lines,
TZVPD_FINE can provide satisfactory predictions of the
experimental values. The inclusion of the trimer in the
calculations corrects the predictions of the top phase but
then the bottom-phase region is not properly described,
implying that the tie line is far from the experimental behavior.

Once the liquid—liquid equilibria were modeled in different
ways, the next step was the estimation of the partition
coefficients of the different solutes. Figure 6 shows the
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Figure 6. Calculated (TZVPD_FINE) versus experimental partition
coefficients of the solutes in the three ternary biphasic systems at 25
°C by using different ways of defining ethanol and the compositions
of both phases (predicted and experimental). Blue (Trimer) denotes
that calculations were made by using the trimer conformation with the
total predictive tool (tie line). Red (Ethanol c0) shows the
calculations while using the most stable ethanol monomer
conformation with the total predictive (tie-line) tool, and green
(Ethanol_c0_Exp) refers to calculations that were made by using the
ethanol most stable monomer conformation and experimental tie line.

experimental versus the calculated log P; by using
TZVPD FINE parametrization with the ethanol trimer
(Trimer in the legend) and monomer (Ethanol cO in the
legend), which are conformations for estimating both the tie
line and log P; and the ethanol monomer for log P; estimations
including the experimental tie line (Ethanol cO Exp in the
legend) for calculations.

The results reported in Figure 6 show that the best
predictions for the partition coeflicients were obtained by using
the ethanol monomer and the experimental compositions of
the two phases. The results using the trimer conformation (in
blue) present a deviation from the experimental results caused
by the wrong definition of the tie line. Results using the
ethanol monomer in a total predictive way (in red) provide a
better description of the experimental data because the
corresponding OBS tie line is much better described. Finally,

the use of the experimental tie line makes the predictions (in
green) even better, concluding that the accurate description of
the compositions of the two phases is essential for the reliable
predictions of log P; in ternary OBS. However, when lacking
LLE experimental data, the use of TZVPD_ FINE para-
metrization offers satisfactory results that allow us to compare
the performance of the different solutes in OBS.

Bl CONCLUSIONS

This work presents a systematic evaluation of the COSMO-RS
method in the prediction of partition coefficients in binary and
ternary organic biphasic systems. A total number of partition
coeflicients of 228 solutes in 9 binary and 3 ternary OBS were
collected from the literature. Regarding binary OBS, it was
demonstrated that TZVPD_FINE parametrization offered the
most accurate results for all of the solute systems evaluated.
We found that the adequate description of the mutual
solubilities is crucial, and thus, only for systems with very
low mutual solubilities (such as ethanolamine and formamide
in n-heptane) would the infinite dilution approach be suitable.
Therefore, whenever possible, the inclusion of experimental
mutual solubilities significantly improves the COSMO-RS
method predictions (RMSD = 0.56). A fully predictive
methodology by also predicting the mutual solubilities was
also demonstrated to be possible while using TZVPD_FINE
parametrization with a mean RMSD of 0.62. In the case of
ternary OBS, the capability of predicting tie lines was the key
to obtaining good partition coefficient estimations. However,
in all other cases, the estimations were observed to deviate
significantly from the experimental data. It was shown that
using the most stable ethanol monomer with TZVPD FINE
parametrization provided an adequate description of the
experimental tie line, which means that the two phases were
well described. All of this was directly translated into the
estimation of the partition coefficients, with an RMSD of 0.91
when compared with the trimer conformer (RMSD = 1.47).
Again, the inclusion of the experimental data enhanced the
predictions, obtaining an RMSD of 0.74. Therefore, the
capability of using COSMO-RS with TZVPD_FINE para-
metrization was demonstrated for the prediction of the
partition coefficients in binary and ternary OBS. Moreover,
the use of experimental data to define the compositions of both
phases improves calculations, but a complete predictive tool
can also be used with good estimations.
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