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ABSTRACT: This work explores the impact of solute conformers
on the conductor-like screening model for real solvents (COSMO-
RS) solubility predictions of vanillin and ethyl vanillin in water,
short alcohols, and their mixed solvents. Two major conformers of
these solutes and changes with solvent polarity were experimentally
established by Raman spectroscopy and further confirmed by <)
density functional theory calculations. The COSMO-RS predic-
tions using the individual conformers show a poor description of L ’
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the solubilities. Estimation with the COSMO-RS default conformer
distribution gave better predictions and an intermediate behavior
between the predictions obtained using each individual conformer.
To further improve the description of the solubilities, the weight of
each conformer was fitted to the experimental solid—liquid
equilibrium data of the solute in a pure solvent at different temperatures. Better solubility predictions in ternary systems describing
solubility maxima were found, suggesting a semipredictive approach to COSMO-RS. This method can predict the liquid—liquid
oiling-out effect in the studied binary and ternary systems.
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1. INTRODUCTION

Understanding and modeling phase equilibria is an essential
step in the design of chemical processes. For example, solid—
liquid equilibrium (SLE) data is crucial in the design of
extractive crystallization," which is widely applied to isolate and
purify compounds in the pharmaceutical, chemical, and food
industries.” Liquid—liquid equilibrium (LLE) can also play a

approach to overcome this solubility problem is to incorporate
water-compatible cosolvents that can enhance the solubility of
the target compound in the aqueous phase.” ' In addition to
experimental measurements, often based on trial-and-error
approaches, different solvent alternatives can be found by
applying empirical and semiempirical models. The Jouyban—
Acree model is one of the most used model to describe the
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role during an attempted crystallization through oiling-out or
other immiscible liquid—liquid phenomena, which is often
undesirable and can prevent the nucleation of the target
solute.”” On the other hand, the formation of a second liquid
phase shifts the distribution of the compounds in the system,
which can contribute to a decrease in the impurity content of
the solid phase.”” Nonetheless, understanding how temper-
ature, the structure of the solute, and molecular-level
mechanisms influence liquid—liquid phase separation remains
limited.”

The correct description of LLE and SLE is also relevant to
optimize purification processes through liquid—liquid extrac-
tion.””” Aqueous solutions can be used as vehicles for carrying
active pharmaceutical ingredients (APIs), although this might
not be feasible for some compounds due to their low solubility,
requiring high volumes of solvent for dissolution.'’ Besides,
new drugs and drug-like compounds developed by high-
throughput screening methods often present poor aqueous
solubility, hindering their bioavailability.'' One potential
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solubility curves of APIs in mixed solvents, as highlighted by
several studies.'%'>71¢ Notably, the semipredictive two-liquid
segment activity coefficient (NRTL-SAC) model proposed by
Chen and Song'”'® shows satisfactory results in the prediction
of drug solubility."*~°

The fully predictive conductor-like screening model for real
solvents (COSMO-RS) model,”"** based on quantum
chemistry and statistical thermodynamics, can describe
liquid—liquid and solid—liquid phase equilibria and has been
successfully applied to predict aqueous solubilities of drugs™
and solubility curves in mixtures of water and organic
solvents.”**> However, challenges are still to be solved
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concerning the prediction of poor aqueous drug solubility, with
few approaches allowing for satisfactory results. In mixed
solvents, the behavior of the solubility curves predicted with
COSMO-RS differs drastically depending on the solute and
solvent system, which may be a result of the molecular
conformations (often just a single one) chosen to describe the
solute. For example, Loschen and Klamt evaluated the
solubility data of sulfadiazine, salicylic acid, prednisolone,
and paracetamol in several solvent mixtures.'"' For systems
with a maximum in the solubility curve, the qualitative
description of the curve is reasonably consistent, although the
location of the maxima is not well described. Other works
indicate the inability of the model to predict solubility curves
in a quantitative manner, emphasizing the inaccuracies that
prevent its use in the selection of solvent mixtures for solubility
enhancements.”®?” Other variations of the COSMO model,
such as COSMO-SAC (COSMO segment activity coefficient),
were also tested to predict solubility in mixed solvents, with no
consistent results.”**’

In this work, COSMO-RS was used to calculate the
solubility of vanillin (VA) and ethyl vanillin (EVA) in water,
short-chain alcohols, and their mixed solvents. The main
objective was to predict both solid—liquid and liquid—liquid
phase equilibria, focusing on the impact of solute conforma-
tions and intermolecular interactions of these very complex
systems. This is the reason behind the choice of VA and EVA
as model solutes as they both present complex phase equilibria
in binary solvent mixtures at easily achievable temperatures.
Furthermore, EVA is widely used as an additive in the food,
perfume, and commodity industries.”” VA is naturally found in
vanilla beans and is the most widely used flavoring ingredient
worldwide.”" Due to the high cost of extraction, commercially
available VA is mainly synthesized from the degradation of
lignin.31 In the purification of VA, the compound is capable of
crystallizing into more than one polymorph, which highlights
the importance of the correct description of phase
equilibria.”*” In addition to their organoleptic properties, VA
and its derivatives present antioxidant and anti-inflammatory
activity.””** Although the solubilities of VA and EVA in pure
and mixed solvents were measured in several works,>®3>>>~*°
only a few studies reported liquid—liquid phase separation in

ternary mixtures of VA and EVA in short-chain alcohols and
5,6,35,41,42
water.”

2. METHODOLOGY

2.1. Phase Equilibria Thermodynamics. After a series of
common assumptions, the solubility of a solute, S, in a liquid
solvent is described by the following SLE equation43

T
—ln—m—l]
T

(1)

where xg is the mole fraction solubility of the solute in the
system, s is its activity coefficient, T, and A_h are its melting
temperature and enthalpy, respectively, A Cp is its heat
capacity change upon melting, R is the ideal gas constant, and
T is the absolute temperature of the system. Given the small
contribution of the heat capacity change term relative to that of
the melting enthalpy term and recognizing that A_Cp is
typically not easily measurable or available in the literature, eq
1 can be further simplified to*’
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The melting temperature and enthalpy of VA (A h = 22.4
+0.2 kJ/mol and T,, = 355.4 + 0.1 K,"*) and EVA (A, h =
23.75 +0.46 kJ/mol and T, = 352.98 + 0.50 K,*°) were used
in eq 2 for all solid—liquid phase equilibria calculations in this
work.

Concerning liquid—liquid equilibria, the distribution of
corgpound i between two liquid phases @ and f is described
by

(xi}/i)a = (‘xiyi)ﬂ (3)

2.2. COSMO-RS Model. COSMO-RS is a quantum
chemistry and statistical thermodynamic-based model that
predicts the activity coefficient (y in eqs 1—3) of a compound
in a mixture using a tessellated surface around a molecule
embedded in a perfect dielectric continuum. This surface,
known as the o-surface (sigma surface), describes the screened
charge densities of each tessellated surface segment of the
molecule, from which COSMO-RS predicts excess Gibbs
energies (and, thus, activity coefficients) through pairwise
interactions between surface segments. In this work, all phase-
equilibria-related calculations, including the implementation of
COSMO-RS as well as the algorithms to solve eqs 1—3, were
performed using the software package COSMOtherm™ with
the BP_TZVPD FINE 21 parameterization.

Changing the geometry (i.e., conformer) chosen for any
given molecule alters its sigma surface and, thus, the COSMO-
RS-predicted activity coeflicient. In this work, and as further
explained in Section 3.1, two conformers of VA and EVA were
optimized in the software package TURBOMOLE* through
its COSMOBP-TZVPD-FINE template, which employs
density functional theory (DFT) with the BP-86 functional,
the triple-{ valence polarized basis set with diffuse functions
(def2-TZVPD), and a tessellation procedure yielding a fine
grid. This DFT level of theory was chosen to be compatible
with the aforementioned parameterization of COSMOtherm.

COSMO-RS is able to compute activity coeflicients using
different molecular conformers simultaneously. To do so, the
population of the conformer j of a molecule with several
conformers in a solvent S is weighted based on its free energy

(E]COSMO + /4)5) through a Boltzmann distribution®’
E,COSMO_H[S
(e
Y
T = EGOSMO,§
s o

0 (4)
where 755 is the fraction of all molecules found as conformer j

and w; is a weight prefactor that accounts for its state
degeneracy (or multiplicity).

2.3. Quantum Mechanical Calculations. In addition to
COSMO-RS, DFT calculations were also carried out for single
molecules and small clusters using the Gaussian 09 software*®
using the built-in B3LYP functional with the 6-311+G(d,p)
basis set. Geometry optimizations and frequency calculations
were performed using the standard methods in Gaussian 09.
Geometry optimizations were performed using the gradient
method, and the final gradient length was less than 1 X 107*
hartree Bohr™" or hartree rad ™, yielding geometries accurate to
0.0S pm or 0.1 A. Frequency calculations were performed

https://doi.org/10.1021/acs.iecr.4c00652
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using analytical derivatives within the harmonic approximation.
All the optimized structures were found to be real minima,
with no imaginary frequencies. For calculated Raman and
infrared spectra, vibrational frequencies were scaled by a factor
of 0.967." The Raman intensities were obtained from the
calculated Raman activities, considering T = 298 K and 1, =
9200 cm™.

2.4. Raman Spectroscopy. Room-temperature Fourier
transform Raman (FT-Raman) spectra of pure solvents and
saturated solutions were recorded on a Bruker MultiRam FT-
Raman spectrometer using an Nd:YAG laser with an excitation
wavelength of 1064 nm and 2 cm™ resolution. The final
solvent and solution spectra are the average of 3 and up to 50
repeated measurements of 200 scans each, respectively.

3. RESULTS AND DISCUSSION

3.1. Conformer Analysis. Two conformers, hereby
denoted as “protected” or “bare”, were generated in this
work for VA and for EVA. Their geometries, sigma surfaces,
and sigma profiles (unnormalized histograms of sigma
surfaces) are depicted in Figure 1. The “protected” conformers
were obtained by rotating the hydroxyl group toward its
methoxy or ethoxy counterpart, establishing an intramolecular
hydrogen bond. On the other hand, “bare” conformers were
generated aiming to maximize the intermolecular hydrogen
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Figure 1. Optimized geometry and sigma surface of the protected and
bare conformers of VA and EVA, as well as their corresponding sigma
profiles (red and green lines represent VA and EVA, respectively,
while full and dashed lines represent protected and bare conformers,
respectively).
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bonding ability of the molecules by rotating the hydroxyl group
in the opposite direction. These sets of conformers
(“protected” and “bare”) were chosen to represent the two
polarity extremes of the ensemble of all possible molecular
conformations for each compound.

The sigma profiles depicted in Figure 1 show that all
conformers present the highest peaks in the apolar region
(—0.01 < ¢ < 0.01), representing the aromatic rings and alkyl
substituents of both solutes. The sigma profile of EVA presents
a higher apolar peak than that of VA due to the presence of an
additional CH, group in the molecule. Moreover, while both
molecules show the same sigma profile values in the hydrogen
bond donor (¢ < —0.01) and acceptor (¢ > —0.01) regions due
to having the same number of polar moieties, these values are
larger for the bare conformers, corresponding to the exposure
of additional molecular surfaces from the proton and oxygen.
These surfaces are not available in the protected conformers
due to intramolecular hydrogen bonding. As such, the bare
conformer is expected to be prevalent in polar protic solvents
such as water, where the solute maximizes its intermolecular
hydrogen bonding capability to interact with the solvent, and
the protected conformer is expected to be prevalent in apolar
solvents.

The prevalence of the bare and protected conformers of VA
in both water and ethanol was assessed through the self-
consistent reaction field, which simulates the presence of a
continuum polarized solvent medium around the solute, and
the cluster method by adding solvent molecules to one solute
molecule. Table 1 presents the relative energies of the two VA

Table 1. Relative Energies (k] mol™') of Protected/Bare
Conformers of VA for the Single Molecule and for VA +
Solvent Clusters Calculated at the B3LYP/6-311+G(d,p)
Level of Theory

solvent water ethanol
solute conformation protected bare protected bare
VA (single molecule) 0.0 212 0.0 212
VA (single molecule) SCR 0.0 10.8 0.0 11.4
VA + 1solvent 0.0 9.8 0.0 9.5
VA + 2solvent 0.0 4.9 0.0 6.1
VA + 3solvent 1.7 0.0 0.0 0.7

conformers (protected and bare) as isolated molecules,
isolated molecules in a continuum solvent, and in cluster
associations with up to three solvent molecules. Figure 2 shows
the most stable cluster forms found for VA with three water
molecules and with three ethanol molecules. These four-
molecule clusters adopt the structure derived from the well-
known square form of the (H,0), cluster.”

Figure 2. Optimized structures for VA—ethanol (a) and VA—water
(b) clusters with one VA molecule and three solvent molecules at the
B3LYP/6-311+G(d,p) level.

https://doi.org/10.1021/acs.iecr.4c00652
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Figure 3. Experimental infrared spectrum for VA in the gas phase (a), as well as calculated infrared spectra for VA protected (b) and bare (c)

conformers (single molecule).

As expected, the isolated molecule prefers the protected
conformation, with a large energy difference relative to the
bare conformation (ca. 21.2 k] mol™). However, the most
relevant result of Table 1 is the strong effect of the solvent on
the relative energies of the protected/bare conformers. Both
the continuum solvent model (SCR) and the direct interaction
with one solvent molecule reduce the energy difference to
nearly half. In the case of the clusters with three solvent
molecules, the ethanol solvent reduces the bare-protected
energy gap to ca. 0.7 k] mol ™", while water solvent inverts their
stability ordering by ca. 1.7 k] mol™". These structures (VA +
3solvent, illustrated in Figure 2) are only “snapshots” of
possible structures in the liquid phase organization and cannot
be considered representative of the diluted solution per se.
However, they are indicative of a clear trend: the relative
population of the two VA conformers in solution is affected by
the solvent, and the effect of water is more pronounced than
the effect of ethanol. Considering the energy differences in
Table 1 for the VA + 3solvent clusters, the protected/bare
conformer population is ca. 58%/42% in ethanol and ca. 32%/
68% in water. All the above suggests that relying on single
solute conformers to describe the solubility of VA in solvents
through COSMO-RS does not properly capture the ensemble
of solute—solvent interactions present in the mixture.

DFT calculations can be used to predict and interpret
vibrational spectra, which in turn serve as a validation of the
theoretical model. This “computational spectroscopy” ap-
proach has been successfully applied in recent studies by our
group to diverse molecular systems, including eutectic
mixtures,”’ biobased polymers,”> and liquid alkoxysilane
derivatives.”” As such, the soundness of the present DFT
calculations for VA is illustrated in Figure 3 by comparing the
gas phase experimental infrared spectrum of VA, retrieved from
the NIST database,”* with the calculated spectra for the single
VA molecule in protected and bare conformations. There is
excellent agreement between the experimental and calculated
spectra when considering the protected conformer (Figure 3,
top and middle lines). The largest difference is observed for
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the stretching mode of the aldehyde C—H bond, for which the
experimentally observed Fermi resonance splitting cannot be
predicted from the harmonic approximation. In what concerns
the bare conformer, there are significant differences relative to
the experimental spectrum, namely, in the region of ca. 1000—
1250 cm™', which will be further explored below. The
comparison clearly validates the computational model herein
used and supports the protected form as the dominant
conformer in the gas phase.

As observed in Figure 3, the main differences between the
infrared spectra of protected and bare conformers predicted
from calculations arise in the 1000—1250 cm™" range, a region
where the vibrational modes associated with the phenolic
COH group (namely, vC—O stretching and pC—O—-H
bending modes) are reported to occur.’”*® The same behavior
is observed for the Raman spectra when considering either the
isolated molecule or the different clusters with water or ethanol
(see Figure S1 of Supporting Information). In this way, this
region is the most likely region for searching for the
conformational equilibria of VA in the solution. Other regions
showing small differences are generally difficult to isolate from
the solvent, e.g, the vO—H stretching modes, for which the
large band broadening cumulates with solvent bands overlap.
Figure 4 presents the Raman spectra of VA solutions in carbon
tetrachloride, ethanol, and water for the 1150—1550 cm™!
region after subtraction of the corresponding solvent spectrum.

Figure 4 clearly shows the effect of solvation in the Raman
spectrum of VA. There are several changes observed in going
from the nonpolar carbon tetrachloride solvent (¢ = 2.3) to
ethanol (¢ = 24.3) and water (¢ = 78.5), namely, in the band at
ca. 1208 cm™" (assigned to methyl rocking modes) and in the
pair of bands at 1380 and 1402 cm™" (ascribed to symmetric
and asymmetric combinations of aldehydic C—H and phenolic
O—H bending modes). However, the most relevant change
occurs in the strong Raman band observed at ca. 1270 cm™" in
the carbon tetrachloride solution. This band correlates with the
band observed at 1278 cm™' in the crystalline form and
assigned to the vC—O(H) stretching vibration, with

https://doi.org/10.1021/acs.iecr.4c00652
Ind. Eng. Chem. Res. 2024, 63, 9565—9575
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Figure 4. Difference Raman spectra (solution minus pure solvent) of
VA solutions in carbon tetrachloride, ethanol, and water in the 1150—
1550 cm™" region. It is recognized that the procedure of subtracting
solvent spectra can introduce artifacts, namely, due to solvent-induced
band shifts and differences in band broadening. Subtraction spectra
are used in this figure for the sake of clarity, and the nonsubtracted
solution and solvent spectra are shown in Figure S2.

contribution from the fC—O—H bending mode.’”* In the

crystalline structure of VA, only the protected conformer is
present,”® the same form that dominates the gas phase, as
discussed above. In this way, the preference for the protected
conformer is expected to hold for diluted VA in carbon
tetrachloride, and the band at 1270 cm™ is assigned to the
vC—O stretching mode of this conformer. Upon dilution in
ethanol, a second component of the vC—O mode arises in the
high wavenumber side at ca. 1295 cm™!, which is thus ascribed
to the bare conformer of VA. Dilution in water originates a
more complex band profile, but it is clear that it further
intensifies the high wavenumber component associated with
the bare conformer.

3.2. Standard COSMO-RS. The previous section estab-
lished the different conformers of VA and EVA (i.e., protected
and bare) studied and provided an extensive computational
and experimental study of how VA changes its most prevalent
conformer depending on the polarity of its environment. Now,
the impact of conformer choice on the performance of
COSMO-RS in the prediction of solubility is assessed. To do

so, COSMO-RS was used to predict the solubility of VA and
EVA in ethanol + water mixtures, employing either single
conformers or the standard conformer weighting procedure
(see Section 2.2). These results are depicted in Figure S, along
with the corresponding experimental solubility curves.

There is a significant difference in the solubility predictions
based on the solute conformation. As expected, by rotating the
hydroxyl group of the solute outward, hydrogen bonding
intermolecular interactions increased, and the model over-
estimated the solubility when only the bare conformer was
considered (dotted lines in Figure 5). Likewise, by rotating the
hydroxyl group inward, hydrogen bonding intermolecular
interactions drastically diminished, underestimating the sol-
ubility values (dashed lines in Figure S5). When both
conformers are used through the default conformer weighting
method of COSMO-RS (eq 4 of Section 2.2), an intermediate
solubility curve is obtained (dashed—dotted lines in Figure S),
representing a more satisfactory prediction when compared
with the experimental data.

The behavior identified above, with protected and bare
conformers systematically underestimating and overestimating
solubility, respectively, is not exclusive to the water/ethanol
mixed solvent. To show this, solubility predictions for VA and
EVA in methanol + water and 1-propanol + water are depicted
in Figure S3 of Supporting Information. These results are
identical to those reported in Figure S. Moreover, this
COSMO-RS prediction pattern is also seen at other temper-
atures, as shown in Figure S4, showing solubility predictions
for all three mixed solvents (water + methanol, ethanol, or 1-
propanol) in a larger temperature range. Finally, it is relevant
to note that despite the lack of quantitative agreement, both
the individual conformers and the conformer set distribution
qualitatively describe the solubility curves in all studied ternary
systems.

The conformer distribution ﬂf obtained through the default
conformer weighting method of COSMO-RS (eq 4 of Section
2.2) is reported in Figure 6 for the organic solvent + water
solvent mixtures mentioned above. As expected, the concen-
tration of the “bare” conformer is higher in the water-rich
solvent mixtures, representing nearly 80% of the conformer
ensemble of both VA and EVA in pure water. This is consistent
with the fact that the “bare” conformer has the hydroxyl group
prone to hydrogen bonding interactions and is close to the
68% value predicted by DFT calculations in Section 3.1 for
VA.
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Figure 6 also shows that the COSMO-RS-predicted
prevalence of “bare” conformers decreases with increasing
alcohol concentration, reaching approximately 50% in pure
alcohol, close to the DFT predicted value of 42%. Interestingly,
there is a changing point in the conformer distribution
approximately at Xy = 0.6 and xgop.ne = 0.4 of EVA and VA,
respectively. In fact, over these concentrations, the conformer
distribution in the different systems remains very similar and
quite constant, showing some similarity to the solubility curves
at higher organic solvent concentrations, where solubility does
not change much. Additionally, before reaching the changing
point mole fraction, the “bare” conformer presents a higher
distribution frequency in the methanol + water system
compared to that of the other systems, while above is the
opposite. The changing points of the conformer distribution
may indicate a shift in the solubilization mechanism.

3.3. Custom Conformer Weighting. The poor COSMO-
RS quantitative description of solubility reported above, even
when both bare and protected conformers are used
simultaneously, combined with the discrepancy between
COSMO-RS and DFT-predicted conformer distributions,
suggests that the default conformer weighting method of
COSMO-RS (eq 4 of Section 2.2) may not be the best
approach to describe the conformer distribution of VA and
EVA in the studied systems. Note that COSMO-RS already
fails to quantitatively predict the solubility of these solutes in
the pure alcohols studied, an inaccuracy that is carried over to
the mixed solvent predictions. As such, a semiempirical
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treatment of conformers is developed and tested in this
section.

Rather than taking conformer prefactors (w;) in eq 4 to be
constant values related to state degeneracies, these can be
exploited as concentration-dependent empirical fitting param-
eters. To do so, a simple linear mixing rule for these prefactors
was defined as

1'uj,mi)d'.ure = (M}j,solute+0rganic solvent 1'uj,sc»lu'(e+w:51ter).‘xorganic solvent
+ Wj,solute+water (5)
Where Wj,solute+organic solvent and Wj,solute+water are the ﬁttlng

parameters of conformer j in solute/alcohol and solute/water
mixtures, respectively, X, gunic solvent 15 the alcohol mole fraction
in the binary mixture solvent (water + alcohol), and w; e is
the fitting parameter of conformer j in the ternary solute/
alcohol/water mixture. Furthermore, note that w; is being
constrained to the range from 0 to 1, with wiy,. = 1 —
Wiprotected- L DUS, and considering eq 4, the boundary values of
this range represent single conformers.

The prefactors of eq S were fitted to experimental SLE data
of binary mixtures of the solute (VA or EVA) in a pure solvent
(water or alcohol), measured at different temperatures. This
fitting, reported in Figures S5 and S6 of Supporting
Information, was carried out considering the conformer weight
that presented the best representation of the SLE phase
diagram in comparison to the experimental data based on the
minimization of the root-mean-square deviation (rmsd)
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N 2
Zi:l (’I;alc - ’I:exp)

N

rmsd =

(6)

where T, is the calculated equilibrium temperature for a
given set of conformer weights at a fixed solute mole fraction
composition, Ty, is the corresponding experimental value, and
N is the number of experimental points.

Conformer fitting parameters were obtained for EVA and
VA in water using SLE data, as reported in Figures S5 and S6,
yielding wj_,. = 0.50 and w_y,,. = 0.62, respectively. Note that
a value of 0.50 leads to wj_py j=protected: 1 HUS, because
COSMO-RS considers the same degeneracy for all studied
conformers, a prefactor value of 0.50 is identical to the default
conformer weight method of COSMO-RS. The complete
SLLE phase diagrams of VA/water and EVA/water are
depicted in Figure 7, showing that (i) using both conformers
simultaneously yields better results than using only either bare
or protected conformers and (i) there is little to no
improvement when fitting the prefactors of eq 4 to
experimental data, with the default values of COSMO-RS
providing a remarkable description of the binary phase
diagram, including the formation of a liquid—liquid separation
for VA/water, in agreement with experimental data.

Much like the case for water, conformer fitting parameters
were also obtained for VA and EVA in methanol, ethanol, or 1-
propanol using SLE data, as reported in Figures S5 and S6.
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However, in contrast with the water-based binary mixtures,
here the fitting of the empirical prefactors improves results in
nearly all instances (Figure 8).

All in all, fitting the prefactors of eq 4 to experimental binary
solute/solvent data improves the performance of COSMO-RS,
as expected, with the average rmsd decreasing from 5.8 to 1.8.
Of course, the quality of the experimental data is crucial for
this approach; for systems with few experimental data points
such as VA + methanol, more experimental data from different
sources would be desirable.

The true advantage of the approach developed so far lies in
the fact that the turned-fitting-parameter prefactors, which
were fitted only to binary systems, can now be combined with
the linear mixing rule of eq S to predict SLE in ternary
mixtures. These results are reported in Figure 9 for the ternary
mixtures previously assessed in Section 3.2.

The predictions with empirical prefactors (fitted using only
the experimental solubility data in the pure solvents) show a
much better description of the solubility curves in the mixed
solvents. For all systems studied, the underprediction of the
solubility curves obtained using the standard COSMO-RS
approach (eq 4 without empirical prefactors) is greatly
reduced. The root mean squared relative error (RMSRE) of
the prediction in the ternary systems is reported in Table S2,
highlighting the better results for 1-propanol + water + VA,
ethanol + water + VA, and ethanol + water + EVA systems. For
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overall description of the solubility is better than the default
distribution of conformers. For ethanol + water + EVA at
308.15 K, the predictions using both the default distribution

the ternary systems with methanol, the composition of the
solvent where the inflection in the solubility curve occurs is
better estimated. However, the RMSRE indicates that the
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and the fitted conformer prefactors are worse in comparison
with the other temperatures in the same system. The new
conformer distributions throughout the mixtures assessed
using eq S combined with eq 4 are depicted in Figure S7.

3.4. Liquid—Liquid Equilibrium. The custom method
developed in the previous section greatly expands the
predictive capability of COSMO-RS at the expense of using
binary data for fitting purposes. This predictive capability is
now further tested by predicting ternary LLE phase diagrams
using the fitted prefactors reported in the previous section,
obtained using only binary SLE data. COSMO-RS predictions
and SLE experimental data revealed a weak solute interaction
in the water-rich solvents, particularly for VA, as indicated by
the low solubility values. The poor intermolecular interactions
between water and VA and its low melting point contribute to
the formation of a second liquid phase. This is prone to the
induction of an oiling-out of VA, which corresponds to the
separation of VA into a second liquid phase when attempting
to crystallize VA, as shown in Figure 10. This phenomenon can
be observed at low concentrations of the alcohol.

The oiling-out effect observed in the ternary diagrams
depicted in Figure 10 can be attributed to the hydrophobic
nature of VA, with a liquid—liquid phase separation arising
from the weak interaction between water and VA in the water-
dominated region. Remarkably, COSMO-RS is able to predict
the liquid—liquid separation (oiling-out) in the ternary system
while consistently overestimating the liquid—liquid region, in
particular the solubility of water in VA, and the predictions
worsen with increasing temperature as the COSMO-RS
predictions exhibit minimal temperature dependence for the
LLE region.

Paduszynski and Krolikowska (2020) predicted LLE phase
diagrams in binary systems, analyzing the impact of the
computational level (COSMOBP-TZVP and COSMOBP-
TZVPD-FINE) on the accuracy of the calculations, with the
COSMOBP-TZVP template presenting more accurate pre-
dictions when compared to those of COSMOBP-TZVPD-
FINE.*® The prediction of the oiling-out effect of VA at the
TZVP level is shown in Figure S8. In fact, the liquid—liquid
region is less overestimated at a less complex level of
calculation, although the minimal temperature dependence of
the predictions for the LLE region persists.

4. CONCLUSIONS

This study explores the influence of solute conformation on
phase equilibria predictions by quantifying it using COSMO-
RS and DFT calculations, as well as experimentally by using
Raman spectroscopy. Through DFT calculations, we were able
to explore the interactions of the solutes with solvent media
regarding their conformation preferences, validating the use
and impact of the proportion of each solute conformation in
the COSMO-RS predictions, ultimately suggesting moving
toward a better physical-chemistry description of the mixtures
using a more realistic conformer distribution. Raman spec-
troscopy and DFT calculations confirmed the presence of two
major conformers in VA, whose relative proportions depend
on the solvent polarity. For VA and EVA, the hydroxyl group
rotation strongly affects the ability of these compounds to
establish hydrogen bonding interactions with the solvent
media, and the most stable conformer in vacuum does not
necessarily provide the best description of the phase behavior.
Therefore, understanding and describing conformer distribu-

tions is essential to adequately capture in COSMO-RS the
solute—solvent interactions that rule phase behavior.

The experimental data compiled in this work shows a
cosolvency phenomenon between water and 1-propanol,
ethanol, and methanol to improve the solubility of model
solutes VA and EVA. EVA presents lower solubility values than
those of VA, as correctly predicted by the COSMO-RS model.
The COSMO-RS also successfully predicted the shape of the
solubility curves for all studied systems, satisfactorily describing
the cosolvency.

The default distribution of conformers provides a good
description of all binary systems, including those presenting
strong deviations from ideality. Using that distribution in the
water + VA system, liquid—liquid phase separation is
calculated, in agreement with the experimental data. In the
ternary systems, the solubility curves show a good qualitative
description, although the solubility maximum enhancement is
not accurately described.

Fitting the conformer weight of the solutes provided better
predictions than the default conformation for solid—liquid
equilibria calculations, enhancing the description of the
location and value of the solubility maxima. This COSMO-
RS-based semipredictive approach proposed requires exper-
imental values of the solubility of the target solute in pure
solvents. However, it is effective as it improves the results
concerning the solubility of mixed solvents and highlights the
importance of the distribution of conformers throughout the
solvent mixtures and its impact on solubility predictions.

Finally, despite the minimal temperature dependence, the
COSMO-RS model effectively identifies and qualitatively
describes the liquid—liquid region in the ternary systems.
The oiling-out effect phenomenon hinders the solubilization
solute crystallization of hydrophobic solutes, and consequently,
predicting the oiling-out effect is also crucial in the design,
control, and optimization of crystallization and purification
processes.
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