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ABSTRACT

Recently some works reported claims that hydrophobic deep eutectic solvents could be
prepared based on menthol and monocarboxylic acids. Despite of some promising potential
applications these systems were poorly understood and this work addresses this issue. Here the
characterization of eutectic solvents composed by the terpenes thymol or L(—)-menthol and
monocarboxylic acids is studied aiming the design of these solvents. Their solid-liquid phase
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diagrams were measured by differential scanning calorimetry in the whole composition range,
showing that a broader composition range, and not only fixed stoichiometric proportions can
be used as solvents at low temperatures. Additionally, solvent densities and viscosities close to
the eutectic compositions were measured, showing low viscosity and that are less dense than
water. The solvatochromic parameters at the eutectic composition were also investigated
aiming at better understanding their polarity. The high acidity is mainly provided by the
presence of thymol in the mixture, while L(—)-menthol plays the major role on the hydrogen-
bond basicity. The measured mutual solubilities with water attest the hydrophobic character of
the mixtures investigated. The experimental solid-liquid phase diagrams were described using
the PC-SAFT EoS that is shown to accurately describe the experimental data and quantify the

small deviations from ideality.

Keywords: Terpenes, monocarboxylic acids, SLE, PC-SAFT, solvatochromic parameters,

densities, viscosities, eutectic solvents.
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Introduction

Nowadays, developments in engineering and technology are strongly influenced by the
concepts of green chemistry and sustainability. Within this framework, there is a
demand for new eco-friendly solvents able to dissolve a large spectrum of solutes.
Currently, one of the most important focus of research for novel solvents are the

eutectic mixtures, and particularly the so-called deep eutectic solvents (DES).*

Most of the deep eutectic solvents proposed so far were prepared through the
combination of materials from renewable resources with nontoxic and biodegradable
compounds such as carboxylic acids,? polyols, and sugars;® being the vast majority
hydrophilic. To the best of our knowledge, only a limited number of works reported
hydrophobic eutectic mixtures.*”” However, in these studies, the solid-liquid phase
diagrams were not characterized despite the relevant information that they can
provide on the range of composition and temperature for operating these systems,

while the physic-chemical characterization of their properties is also poor.

Due to their very low solubility in water and relatively low price,® terpenes appeared as
good candidates to prepare sustainable and cheap hydrophobic solvents. Menthol and
thymol are monoterpenoids used in various industrial processes and commercial
products, and the use of their eutectic mixtures has been investigated. In the
pharmaceutical field, mixtures of borneol/menthol,9 and camphor/menthol10 have

been proposed as vehicles for transdermal delivery.'* Moreover, mixtures of thymol

1 4

with ibuprofen12 or meloxicam;*! and of menthol with ibuprofen,13 testosterone,’
lidocaine,*® or ubiquinone®® have been investigated as an analgesic, antimicrobial and
anti-inflammatory vehicles.!” Recently, mixtures of menthol and ibuprofen, benzoic
acid, acetylsalicylic acid or phenylacetic acid were proposed as therapeutic deep
eutectic solvents used to design a controlled drug delivery system using supercritical

fluid technology®® and as dissolution enhancers of active pharmaceutical ingredients.*

Combining terpenes and carboxylic acids, the menthol-lauric acid mixture was
proposed as a hydrophobic DES able to extract indium from aqueous solutions;’ and

hydrophobic mixtures of menthol and naturally occurring acids, namely pyruvic acid,

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

acetic acid, L-lactic acid and lauric acid, were applied as solvents in the extraction of
caffeine, tryptophan, isophthalic acid, and vanillin.*” Furthermore, mixtures of bL-
menthol with caprylic, capric and lauric acids were shown to be able to extract up to

80% of neonicotinoids from diluted aqueous solutions.”

The main goal of this work is to prepare and characterize eutectic mixtures composed
by terpenes and monocarboxylic acids. The terpenes under study are L(-)-menthol and
thymol, while as carboxylic acids caprylic, capric, lauric, myristic, palmitic and stearic
acids are used. Solid-liquid phase diagrams of these mixtures are measured in the
whole composition range, through differential scanning calorimetry (DSC) and
described by the Perturbed Chain-Statistical Associating Fluid Theory (PC-SAFT)
equation of state,”® a molecular based approach able to explicitly take into account the
association between the different constituents of the eutectic mixtures. Moreover, the
densities, viscosities, solvatochromic parameters and mutual solubilities with water
are measured at compositions close to the eutectic point. The experimental liquid

densities are also predicted using PC-SAFT.

Experimental

Chemicals

Information on the studied compounds is summarized in Table 1 and Figure S1. The
samples were used as received without further purification. The purity of the terpenes

was evaluated by *H and *C NMR spectra and GC-MS.

Table 1. Compounds description and their melting properties herewith values from

literature.
Compound Supplier  CAS Purity wt%" T, /K AmH / ki-mol™
exp. lit. exp. lit.
L(-)-menthol  Acros 2216-51-5  99.7 315.68°+0.22 315.9” 12.89°+0.77  12.83"
316.7%
Thymol Sigma 89-83-8 >99.5 323.50°+0.34 323.1% 19.65°+0.42  17.54%*
322.8%
Caprylicacid  Sigma 124-07-2 299 288.20°+0.09 289.50% 19.80°+0.54  21.38%
Capric acid Sigma 334-48-5 99-100 - 304.752° - 27.50%°
Lauric acid Sigma 143-07-7 >99 - 317487 - 34.69*""
Myristic acid  Sigma 544-63-8 ~95 - 327.03%" - 45.75>"
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23,6

Palmitic acid Aldrich 57-10-3 298 - 336.84 - 51.02

23,b

Stearic acid Merck 57-11-4 297 - 343.67 - 61.36

23,6

23,b

“Declared by the supplier; bMeIting properties considered in the PC-SAFT modelling.
Methods
Mixtures Preparation

Binary mixtures of terpene and carboxylic acid were prepared by adding the
compounds into glass vessels at different molar ratios in the full composition range,
using an analytic balance XP205 (Mettler Toledo, precision = 0.2 mg). The mixtures
were melted under stirring on a heating plate until a homogeneous liquid mixture was
obtained and then cooled to room temperature. Samples (2 — 5 mg) were hermetically
sealed in aluminum pans and weighed in a micro-analytical balance AD6 (PerkinElmer,
USA, precision = 0.002 mg). Mixtures were analyzed by NMR spectroscopy at room
temperature 48 h after their formation — Figure S2. No differences in the spectra or
new NMR signals were observed 48 h after the formation of the systems, showing that

esterification did not take place, thus proving the stability of the studied mixtures.
Differential scanning calorimetry

The melting points of pure components and their mixtures were determined using a
DSC 2920 calorimeter from TA Instruments working at atmospheric pressure and
coupled to a cooling system. The equipment was previously calibrated with indium.
The analytical procedure was based on a cooling ramp down to 208.15 K at 5 K-min™,
followed by a heating ramp up to 10 K above melting at 1 K-min. A constant nitrogen
flow (purity = 0.99999 mass fraction) was used as the purge gas to avoid condensation
of water at low temperatures. Data were analyzed through the TA Universal Analysis
software (TA Instruments) and the melting temperature taken as the peak
temperature. At least three cycles of cooling and heating were performed for pure

compounds and one cycle for mixtures.

Density and viscosity
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Densities and viscosities were measured at atmospheric pressure and in the
temperature range (278.15 to 373.15) K using an automated SVM 3000 Anton Paar
rotational Stabinger viscometer—densimeter (temperature uncertainty: * 0.02 K;
absolute density uncertainty: + 5 x 10 g-cm™; dynamic viscosity relative uncertainty: +

0.35%).
Kamlet Taft Solvatochromic Parameters

The solvatochromic parameters n*, B and o were measured at 323.15 K by adding very
small quantities of the probes N,N-diethyl-4-nitroaniline, 4-nitroaniline and pyridine-N-

2627 Mixtures were

oxide, respectively, to the different eutectic mixtures (ca. 500 pL).
then stirred (Eppendorf Thermomixer Comfort) at 323.15 K and 1400 rpm during 30
min, until complete dissolution. Regarding wn* and [, the longest wavelength
absorption band was analyzed using UV-Vis spectroscopy (BioTeck Synergy HT
microplate reader) at 323.15 K. The a parameter was determined by **C nuclear
magnetic resonance (NMR) spectra, using a Bruker Avance 300 equipment operating at
75 MHz. Deuterium oxide (D,0) was used as solvent and trimethylsilyl propanoic acid

(TSP) as internal reference. At least three independent measurements were performed

for each parameter and mixture.
Mutual Solubilities

The solubility of water in the eutectic mixtures was evaluated using a Metrohm 831
Karl Fischer, whereas the solubility of thymol in the water-rich phase was measured

using a methodology previously detailed elsewhere.®*
Theoretical Framework
Solid-Liquid Equilibria

Considering that the solid phases crystallize independently as pure solids, and
neglecting the effect of temperature on the heat capacities, the solubility of a solid in a

liquid solvent can be described using the following expression:*
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AHI Y AC(T T
In(x y') = —m 1 +- 22 p(i—lni—\ (1)
v R LT T R LT T J

where »,' is the activity coefficient of compound i in the liquid phase at a certain mole

fraction composition x;, T is the absolute temperature, T, and A H are the melting

temperature and enthalpy of the pure solute, respectively, R is the universal gas

constant, and A,C, is the difference between the heat capacity of compound i in the

liquid and the solid states. Usually, the last term of equation 1 has a negligible value
when compared with the first, especially for small differences between T and T,,, and

thus it was not taken into account on this work.3%3!

If an ideal liquid phase is assumed, the activity coefficients are equal to unity (y, = 1),

and the solubility curves can be easily obtained from Equation 1 as function of the
temperature and the melting properties of the pure compounds. On the other hand,
considering a non-ideal behavior, experimental activity coefficients can be obtained
from Equation 1 using the experimental data (solubility at given temperatures). The
liquidus lines can, in this case, be obtained through Equation 1 but with the activity
coefficients calculated through an appropriate activity coefficient model or EoS. In this
work, PC-SAFT was used to model the phase diagrams, where the activity coefficients
are obtained as the ratio between the fugacity coefficient of the solute in the liquid
mixture and that of the pure compounds, both obtained from the system’s residual

Helmholtz energy calculated within the framework of the EoS.
PC-SAFT EoS

Due to the increasing complexity of the systems of interest in the chemical industry,
there is a demand for broader and accurate thermodynamic models. Although cubic
EoS are still the standard and proven methods for many applications,* they have
known limitations when modelling the thermodynamic behavior and phase equilibria
of complex systems like DES, that might present strong and short-range hydrogen-
bonding interactions between their constituents. So far, molecular-based EoS with a

strong theoretical background derived from statistical mechanics emerge as one of the
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2333735 These molecular-based

most promising alternatives to tackle these challenges.
EoS can explicitly account for different structural and energetic effects on the
thermodynamic properties and phase equilibria of a system. The foremost application
of such concept is the Statistical Associating Fluid Theory (SAFT) proposed by Chapman
and co-workers in the late 80’s** based on Wertheim’s first order thermodynamic

40-43 where a hard-sphere reference fluid is perturbed by distinct

perturbation theory,
contributions reckoning particular effects such as the molecular shape, dispersive
interactions and the hydrogen-bonding phenomenon. In the framework of SAFT,
molecules were viewed as associating chains consisting of equally-sized spherical

segments bonded tangentially, that may contain short-range associative sites.

Following the work of Chapman and co-workers, several SAFT-type equations have
been proposed over the years mostly differing in the chosen reference term. One of
the most fruitful modifications is PC-SAFT,?® which considers a hard chain of freely-
jointed hard spheres as a reference fluid (instead of a hard sphere). In the original

20,44

publications, PC-SAFT was demonstrated to perform better than the original model

in several cases, especially for long-chain molecules. Moreover, it has already been

successfully applied to eutectic mixtures.?*>*4>

The model equations are available in
Sl as well as the detailed procedure applied to obtain the PC-SAFT pure component

parameters.
Results and Discussion
Solid-liquid phase diagrams

The solid-liquid phase diagrams measured for the mixtures studied in this work are
illustrated in Figures 1, 2 and S3, while the detailed data are listed in Tables S1 and S2
of the Supporting Information. These systems exhibit a phase behavior characterized
by a single eutectic point and, although the melting point depressions are relatively
small and close to those predicted assuming an ideal liquid phase, in many cases it
allows the formation of liquid mixtures at room temperature, while both pure

compounds are solid.
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Figure 1. Solid-liquid phase diagrams of mixtures composed of monocarboxylic acids
and L(-)-menthol. Symbols represent experimental data measured in this work while

lines represent the modelling results: - -, Ideal; —, PC-SAFT; ---, T predicted by PC-SAFT.
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Gray regions represent the concentration range for which the mixture is liquid at room

temperature (T = 298.15 K).
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Figure 2. Solid-liquid phase diagrams of mixtures composed of monocarboxylic acids
and thymol. Symbols represent experimental data measured in this work while lines
represent the modelling results: - -, Ideal; —, PC-SAFT; -, T* predicted by PC-SAFT.
Gray regions represent the concentration range for which the mixture is liquid at room

temperature (T = 298.15 K).

The SLE phase diagram was described using two methodologies: i) assuming an ideal
liquid phase (;/il = 1) and ii) calculating the activity coefficients through the associative
PC-SAFT EoS. The modelling results are displayed in Figures 1 and 2 along with the
experimental data. Moreover, the activity coefficients of each compound in the liquid
phase obtained from PC-SAFT are displayed in Figures S4 and S5 of the SI, and their
experimental values (accessed from the solubility data through Equation 1) reported in

Tables S1 and S2.

The quasi-ideal behavior observed for these mixtures suggests that the hydrogen-
bonding (HB) networks established in these mixtures are not significantly different in

2347 Even if the systems under study

intensity to those present in the pure compounds.
are quasi-ideal, the terpene solubility curves show small negative deviations from the
ideal behavior, decreasing with the acid’s chain length increase. While for caprylic and
capric acids the eutectic temperature deviates approximately 10 K from ideal behavior,
for stearic acid these are essentially identical. These deviations from ideality suggest
the existence of interactions between the terpene and the short chain acid slightly
stronger than those observed in the pure terpenes. The decrease of the non-ideality
with the acid’s chain length is probably due to an increase of the dispersive

interactions that eventually become dominant on these systems with very long alkyl

chains.

Figures 1 and 2 show that PC-SAFT can adequately correlate the SLE experimental data
of mixtures involving thymol or L(—)-menthol, and monocarboxylic acids. For the
systems containing thymol, the PC-SAFT predictions using solely the pure-component
parameters fitted to the pure liquid densities and vapor pressures were found to
provide a very good description of the experimental data. On the other hand, for the
systems with L(-)-menthol a binary interaction parameter increasing the cross-

11
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association interactions between L(—)-menthol and the acids was required. These
binary interaction parameters, listed in Table S3, were obtained through the
minimization of the temperature (T) average absolute deviation (AAD/K) expressed as:

1 N
AAD/KZWZ

i=1

T;CQIC(K) _ 7—;exp (K)‘ (2)

where T and T2 are the calculated and the experimental melting temperatures,
respectively. The need for a binary interaction parameter to accurately describe quasi-
ideal systems may seem surprising, but it might be related to an asymmetry present in
these systems. It can be observed that the acid solubility curve displays an almost ideal
behavior, or presents slight positive deviations from ideality, conversely to what is
observed in the terpene solubility curves. These unsymmetrical small deviations from
ideality is difficult to be captured by most thermodynamic models, as discussed in our
previous work.>* Still, the low magnitude of the deviations from ideality (even in the
systems involving L(—)-menthol) allowed to correlate the binary interaction parameter

between L(—)-menthol and the carboxylic acids, with the molecular weight of the acid:

k, . =0.0004837x M (g/mol)—0.1336,R*> =0.9586 (3)

ij _eps

As can be seen from Equation 3, the absolute values of kj ¢,s estimated in the mixtures
with L(=)-menthol decrease with an increase of the acid’s chain length as previously

observed in eutectic mixtures composed of [Nxxxx]Cl + monocarboxylic acids.”®

The average absolute deviations assuming ideality or using PC-SAFT are reported in
Table S3. PC-SAFT EoS decreases the AAD relatively to the ideality results for most
systems, especially in those exhibiting negative deviations from the ideal behavior in
the terpene solubility curve. This stresses the advantage of using EoS able to explicitly
account for hydrogen-bonding interactions, and emphasizes the usefulness of PC-SAFT

to describe the thermodynamic behavior of eutectic mixtures and DES.

Since PC-SAFT was able to accurately describe the experimental solubility curves of
mixtures of terpenes and monocarboxylic acids, it was used to provide estimates of

their eutectic points. These are shown in Figure 3 and detailed in Table S4.

12
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As depicted in Figures 1 and 2, in some cases eutectic composition predicted by PC-
SAFT is somewhat different from that predicted assuming ideality. This difference is
smaller for mixtures with thymol than for mixtures with L(—)-menthol. For both sets
(thymol + monocarboxylic acids and L(-)-menthol + monocarboxylic acids) phase
diagrams, the eutectic temperature was observed to regularly increase with the acids
molecular weight — as shown in Figures 3 and S3. The mole fraction of carboxylic acid
at the eutectic composition, on the opposite, decreases with increasing acid molecular
weight. Moreover, a fixed stoichiometric relationship between the hydrogen bond
donor and acceptor cannot be observed. Instead a continuous change with the acid
chain length can be observed in Figure 3, stressing the highly tunable character of the
eutectic point of these mixtures and the wide concentration range to formulate these

eutectic solvents as highlighted in Figures 1 and 2.
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Figure 3. Eutectic compositions and temperatures of the systems involving a) L(-)-

menthol and b) thymol.

In Figure S6 the SLE behavior of lauric acid with the terpenes (L(—)-menthol and
thymol) is depicted. The results show that the change in the terpene used has no
influence on the qualitative behavior of the acid’s solubility curve. However, the
different melting properties of thymol and L(=)-menthol, and the possibility of cross-
association with acid molecules, are found to considerably influence the terpene
solubility curve resulting in different eutectic points, both in temperature and

composition; as correctly described by the PC-SAFT EoS.

For comparison purposes few information has been found, that also supports the
importance of modeling tasks: Ribeiro et al.’’ reported 286.99 K as the melting point of
the mixture pL.-menthol and lauric acid at 0.66:0.33 (mole fraction ratio). In this work,
the values measured (at nearby compositions) were: 291.54 K at the composition ratio
0.69:0.31 and 296.17 K at the composition ratio 0.60:0.40. The value predicted using
PC-SAFT EoS at the exact composition ratio 0.66:0.33 is 293.97 K. Moreover, the
eutectic temperature predicted by PC-SAFT was 290.97 K at 0.71:0.29.

14
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In order to evaluate the systems involving thymol + monocarboxylic acid and L(-)-
menthol + monocarboxylic acid as potential solvents, their mixtures with compositions
close to the eutectic point are characterized in the next sections. Density and viscosity
are relevant solvent properties since they have an important impact on mass transport
phenomena, affecting solvents suitability for specific applications, while the
solvatochromic parameters help to define the mixtures polarity, aiming at better
understand the influence of the components chemical structure on their properties,

for a priori design of eutectic mixtures.
Densities

Densities of the eutectic mixtures were determined at atmospheric pressure, in the
temperature range between 278.15 and 373.15 K, and are reported in Figure S7 and
Tables S5 and S6 of the SI, along with the mole fraction of the monocarboxylic acid.
The densities of pure thymol and L(-)-menthol*® are also displayed in Figure S7 for

comparative purposes.

While all mixtures studied are less dense than water, eutectic mixtures with thymol
present higher densities than those with L(—)-menthol, and their range of variation is
also broader. The densities of the eutectic mixtures of monocarboxylic acids with L(—)-
menthol decrease with increasing alkyl chain of the monocarboxylic acid. Concerning
the mixtures with thymol, the opposite trend is observed, i.e. the densities decrease
with decreasing chain length of the monocarboxylic acid. This is explained by the fact
that the density of pure thymol is higher than the correspondent mixtures with the
monocarboxylic acids, while the density of pure L(—)-menthol is in between those with
the acids — Figure S7. Thus, and taking into account that at the eutectic point when
increasing the alkyl chain length of the fatty acid the molar fraction of terpene
increases, by adding thymol the mixtures densities tend to increase while adding L(-)-

menthol densities have a tendency to decrease.

Since the SLE of the different systems analyzed was successfully described using the
PC-SAFT EoS, the ability of this model to predict the densities of these systems was

also investigated. The results are presented in Figure S7 and the AAD to the

15
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experimental densities are presented in Table S7. The deviations obtained range

between 0.02 and 1.35% with an average value (for all 183 data points) of 0.46%.

The excess molar volumes, V..F, were calculated® through the experimental density
data measured in this work (Table S5 and S6) and are depicted in Figure S8. The
densities of pure thymol, L(-=)-menthol and monocarboxylic acids were taken from
literature.*®>%>* v.F are in general close to zero, reinforcing the ideal character of
these mixtures. Mixtures involving L(—)-menthol present mainly negative excess molar
volumes while the opposite is observed for thymol. Almost no dependence with
temperature is observed. Since the excess molar volumes are negligible, the molar
volume of the mixture can be directly calculated through the densities of the pure

components.®> The average absolute deviation are 0.21 and 0.27 cm®*mol™ for

mixtures involving L(—)-menthol and thymol, respectively.

Additionally, a study on the isobaric thermal expansion coefficients, a,, was performed
and is presented in SI. The derived a, values are in general very similar, varying
between -8.5 x 10™ and -8.9 x 10™. No well-defined dependence of a, with the chain
length of the monocarboxylic acid was observed within the uncertainty of the
experimental data. Moreover, the a, of eutectic mixtures containing either caprylic,
palmitic or stearic acids varies significantly with the selected terpene. With the
exception of caprylic acid, the isobaric thermal expansion coefficients are higher in the
eutectic mixtures with thymol than in those containing L(—)-menthol. Regarding the a,
values predicted using PC-SAFT, they increase with the chain length of the
monocarboxylic acid. Moreover, no significant difference is observed when using
thymol or L(=)-menthol. Experimental and calculated a, values present significant
differences in mixtures involving the caprylic and capric acids, but they also suggest

that the a, values decrease for the eutectic mixtures of acids above myristic.
Viscosities

Viscosity data for the eutectic mixtures under study were also measured at
atmospheric pressure in the temperature range between 278.15 and 373.15 K, which

are depicted in Figure S9 and detailed in Tables S8 and S9. For comparative purposes
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the viscosities of pure thymol and L(—)-menthol were also measured and are shown in

Figure S9 (and Tables S8 and S9).

The viscosity values are fairly low for this type of solvents, and are observed to
increase with the acid chain length. However, the effect of chain length is much less
relevant at higher temperatures where viscosity values are very similar. Contrary to
what is observed for the densities, the range of viscosities of eutectic mixtures of L(-)-
menthol is broader than the range of viscosities of eutectic mixtures involving thymol,

and thymol-based eutectic mixtures are significantly less viscous.

A comparison between the viscosity of pure compounds and their mixtures is
displayed in Figure S10. The viscosities of pure monocarboxylic acids were taken from

literature.”**!

In most cases the viscosity of the mixtures is in between (or higher) the
viscosities of the pure components. There are only two conditions where the viscosity
of the mixture is lower than the viscosity of both pure components: L(—)-menthol +
lauric acid at 333.15 K and L(—)-menthol + myristic acid at 328.15 K. For caprylic and
capric acids, their pure viscosities are generally lower than the viscosities of their
mixtures with terpenes. For heavier acids, viscosities of the pure compounds are
higher than those for mixtures with terpenes. Regarding L(—)-menthol, the viscosity of
the pure terpene is higher than the viscosity of the mixture involving monocarboxylic
acids with chains lengths from C8 to C14, when the viscosity of the pure terpene
becomes lower. The viscosity of pure thymol is only higher in the system involving
caprylic acid. Additionally, the viscosity ideal mixture rule® (In7myi = x;Inn; +
x,Inn,) was applied and proved to correctly describe the experimental data. The
average absolute deviation between the predicted (by the viscosity ideal mixture rule)
and the experimental was of 0.19 and 0.28 mPa-s for mixtures involving L(—)-menthol

and thymol, respectively.

The energy barrier (E), i.e., the energy value that must be overcome in order for the
molecules to move past each other>® was also investigated (study available on SI). E is
observed to be lower for the thymol eutectic mixtures and to increase with the chain

length of the monocarboxylic acid used in the mixture. The addition of monocarboxylic
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acids decreases the energy barrier, being this decrease more pronounced when using

thymol and small monocarboxylic acids.

Kamlet Taft Solvatochromic Parameters

The Kamlet Taft parameters were measured at 323.15 K and are presented in Figure 4
and Table S10 (equations available in Sl). The solvatochromic n* is related with the
polarizability/dipolarity of the mixture. This is higher for mixtures involving thymol due
to the presence of the aromatic ring in the structure. Although it is not available for
pure thymol, due to its higher melting point, it is expected to be larger than for L(-)-
menthol. Moreover, there is an almost linear increase with the number of carbons of
the alkyl chain length of the monocarboxylic acid, which is probably connected to the
simultaneous increase of the thymol mole fraction at eutectic. The n* for the L(-)-
menthol based eutectic solvents does not vary with the acid used, presenting an

almost constant value, close to the value of pure L(—)-menthol.

The B and a parameters describe the hydrogen bond acceptor and donor capacity,
respectively. The variation observed on parameter B are the opposite of those
discussed for parameter m*: L(—)-menthol presents higher values than thymol, and
increases linearly with the number of carbons of the monocarboxylic acid, while for
mixtures with thymol, this value is practically constant, and very close to zero. This is
related to the aromatic nature of the ring on thymol that substantially reduced its
ability to act as a hydrogen bonding acceptor. The capacity to act as hydrogen bond
donor is higher in mixtures with thymol, being almost independent on the alkyl chain
length of the acid, while in mixtures containing L(—)-menthol a decreases linearly with
the number of carbons of the alkyl chain of the acid, on a trend that evolves towards

the value of the pure L(-)-menthol.

In order to evaluate the consistency of these results, the sigma profiles of thymol and
L(=)-menthol were computed by COSMO-RS and are presented in Figure S11. These
profiles suggest that L(—)-menthol has a larger capacity to accept hydrogen bonds and
thus should have a higher B, while thymol has a bigger capacity to donate H-bonds,

and thus should present a higher a. Moreover, the addition of non-polar groups to the
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monocarboxylic acid, that do not have the capacity to form hydrogen bonding, leads to

the decrease of a and increase of B, as observed for L(—)-menthol.
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Figure 4. Kamlet-Taft solvatochromic parameters of the different pure compounds and
mixtures studied at 323.15 K, as a function of the number of carbons of the
monocarboxylic acid. Legend: A, thymol + monocarboxylic acid, €, L(—)-menthol +

monocarboxylic acid, —, pure L(—)-menthol, X, pure monocarboxylic acids.

Florindo et al.>* measured the Kamlet-Taft solvatochromic parameters of mixtures of
L(-)-menthol with caprylic (B = 0.43/0.50°*, n* = 0.39/0.41**, a = 0.85/1.77°%) and lauric
(B = 0.54/0.57°*, m* = 0.37/0.37°*, a = 0.79/1.79>%) acids. The only parameter that
presents significant differences between the two sets of experimental data is the

hydrogen-bond donor acidity, o. This was obtained using different probes and
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different methodologies what can be reason for the differences observed, once the

solvatochromic parameters are probe dependent.

To evaluate the potential of these mixtures as solvents, comparisons with other
molecular solvents are discussed. The Kamlet-Taft solvatochromic parameters of some
common solvents are displayed in Table S10. In general, mixtures involving thymol
display a higher ability to establish non-specific interactions with a solute than organic
solvents, as supported by the higher value of m*. On the other hand, these thymol-
based mixtures present higher hydrogen-bond acidity values than alcohols, ketones,
alkanes, aromatics and the pure acids, and slightly lower values than water. Regarding
the ability to accept protons, mixtures involving L(—)-menthol present similar values to
water and other organic solvents while the mixtures involving thymol present values

close to zero like hydrocarbons, meaning no ability to accept protons.

To assess the hydrophobicity of the studied systems, quantitative studies on the
mutual solubilities of the investigated mixtures (with compositions close to the
eutectic point — Tables S5 and S6) with water were performed at 298.15 K and the
results are presented in Figure 5 and Table S11. The solubility of the L(—)-menthol in
water was not measured since this compound was not possible to quantify using the
analytical technique adopted. As shown in Figure 5, the solubility of water in the
eutectic mixtures decreases with the increase of the alkyl chain length of the acid, i.e.
the hydrophobicity of the HBD. The same trend is observed for the solubility of thymol
(+ monocarboxylic acids) in water. When comparing with the solubility of pure thymol
in water at 298.15 K (Xthymot = 11.8 x 10’5)8 it is possible to conclude that the presence
of the acid in the mixture decreases the solubility of the terpene in more than one
order of magnitude. The solubilities of the pure acids in water vary from Xcaprylic acid =

9.88 x 10™ (T = 303.15 K) tO Xstearic acid = 3.79 x 108 (T = 298.15 K).>®

Additionally, the systems investigated were mixed with water (in exactly the same
masses — 500 plL each) in the presence of dyes. Results are presented in Figure 6 that
shows a separation between the organic and aqueous phases. Rhodamine 6G,
presenting a non-polar character seems to be completely extracted into the

hydrophobic organic phase (pink-dyed phase), terpene + monocarboxylic acid. By the
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other hand the Brilliant Blue FCF (E133) migrates into the water phase (blue-dyed

phase).
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Figure 5. Solubility of water in the eutectic mixtures, x,, and solubility of thymol (+

monocarboxylic acids), Xthymol, in Water at 298.15 K and as a function of the number of

carbons of the alkyl chain length of the monocarboxylic acid,
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Figure 6. Mixture of the solvents investigated in this work with water and the dyes

Rhodamine 6G and Brilliant Blue FCF.
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In summary, we investigated mixtures involving terpenes and monocarboxylic acids
aiming to characterize and design these solvents. The SLE phase diagrams of the
mixtures were measured in the whole composition range using DSC, and showed a
broader composition range in the liquid state, at room temperature than previously
admitted. Generally the systems exhibited small deviations from ideality and a eutectic
point close to that predicted assuming ideality. Therefore, although often labeled as
DES, these systems do not present negative deviations large enough to induce a
significant melting point depression. However, it must be stressed that room
temperature solvents can be obtained for many of these mixtures on a wide
composition range and not fixed to any particular stoichiometric relationship between
the hydrogen bond donor and acceptor, even at the eutectic point, what reinforces the
tunable character of the liquid phase region of these mixtures. The experimental solid-
liquid phase diagrams were successfully described using the PC-SAFT EoS, which
provided reliable estimates of the eutectic points and of the solvents densities. This
EoS also showed that liquid phases are quasi-ideal. The eutectic mixtures present
densities lower than water and low viscosities (1.3 — 50.6 mPa:s) and in general
eutectic mixtures containing thymol were less viscous but more dense than those with
L(=)-menthol. A series of solvatochromic parameters were measured in order to
address the polarity of the mixtures investigated. All the parameters are strongly
influenced by the terpene used and in some cases vary with the alkyl chain length of
the monocarboxylic acid. Mixtures involving thymol present a higher hydrogen-bond
acidity character, as well as higher nonspecific interactions. L(—)-menthol presents a
higher hydrogen-bond basicity character and a slight increase of this parameter with
the increase of the alkyl chain of the monocarboxylic acid. Moreover, the mixtures
reported here displays a high capacity to donate (thymol-based mixtures) and accept
(L(-)-menthol based mixtures) protons when compared to some organic molecular
solvents and very close to water. The polarity dependence on the alkyl chain length of
the monocarboxylic acid favors the design of new solvents. The measured mutual

solubilities with water prove the hydrophobic character of the mixtures investigated.
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