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A B S T R A C T

The complex nature of hydrogen bonding interactions in cyclohexyl-phenolic alcohols mixtures motivates in
vestigations of their distinctive characteristics. To this end, we explored macroscopic bulk properties and 
microscopic features of four binary eutectic mixtures formed by mixing each of the four 2,n-dimethyl phenol 
(xylenol) isomers (n = 3, 4, 5, 6) and (1R,2S,5R)-2-Isopropyl-5-methylcyclohexanol (L-menthol). The density and 
viscosity of the mixtures were measured over a wide temperature and composition range. It was found that 2,n- 
xylenol isomers are denser than L-menthol, and the density of the mixtures decreased with increasing L-menthol 
mole fraction. L-menthol/2,3-xylenol showed the highest density among the studied mixtures. The larger density 
of L-menthol/2,3-xylenol was attributed to the negative excess molar volume. On the other hand, 2,n-xylenol 
isomers are less viscous than L-menthol, and the viscosity of the mixture increased with increasing L-menthol 
mole fraction. The viscosity of L-menthol/2,3-xylenol, L-menthol/2,4-xylenol, and L-menthol/2,5-xylenol was 
very similar, while L-menthol/2,6-xylenol showed significantly lower viscosity. This experimental work was 
complemented with molecular dynamics (MD) simulations on all mixtures with an L-menthol mole fraction of 
0.6. The atomistic insight into intermolecular structural correlations provided by MD simulations allows for 
extracting useful information on the nature of close-neighbor interactions. Analysis of MD simulations allows for 
highlighting the role of hydrogen bonding interactions and dispersive ones (including aromatic effects) on 
driving local organization and suggesting potential structural explanations for the experimental observations.

1. Introduction

The growing interest in employing eutectic mixtures as solvents, 
commonly called deep eutectic solvents (DES), has motivated a surge in 
both experimental and theoretical research into their physicochemical 
properties [1]. Eutectic systems are composed of two or more compo
nents that are miscible in the liquid phase and crystallize into separate, 
immiscible solid phases of their constituents [2]. The melting temper
ature of eutectic mixtures over a certain composition range is lower than 
that of individual constituents, particularly near the eutectic point [3]. 

Eutectic systems can be formed by a large pool of substances, including 
simple organic molecular compounds or salts [4–7]. Accordingly, a va
riety of eutectic solvents with tunable physicochemical properties were 
reported in the literature. These eutectic solvents were found superior to 
conventional organic solvents in various applications such as waste 
valorization and treatment [8–11], carbon capture [12–14], chemical 
synthesis and separation [15–17], and extraction of bioactive com
pounds [18,19].

Beyond the extensive applications of eutectic solvents, the formation 
of eutectic mixtures offers an opportunity to investigate liquid phase 
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properties – such as density and viscosity – at temperatures below the 
melting points of their neat components. This allows for the exploration 
of the constituents’ supercooled liquid properties, which would other
wise be inaccessible, for instance, due to their high melting temperature 
or thermal instability. Furthermore, assessing liquid phase properties 
might provide insights into the unique characteristics of eutectic sol
vents in the liquid phase.

One of the most widely studied eutectic solvent constituents is L- 
menthol. L-menthol is a natural terpene that was shown to induce a 
significant negative deviation from ideality when mixed with phenolic 
alcohols, such as thymol [20–22], phenol [23], or dimethylphenol 
(xylenol) isomers [24]. L-menthol/phenolic alcohol mixtures showed a 
complex solid–liquid equilibrium (SLE) phase diagram, despite being 
formed from simple organic substances. Moreover, the viscosity of these 
eutectic systems was significantly higher than that of other L-menthol- 
based eutectic systems [25,26]. The main feature of the L-menthol/ 
phenolic alcohol eutectic systems is the strong hydrogen bonding in
teractions between L-menthol (cyclohexyl alcohol) and phenolic alco
hols [20]. Nevertheless, the macroscopic properties of their mixtures, 
such as viscosity, SLE phase diagram, and cocrystal formation, differed 
for different phenolic alcohol isomers [22,24,25]. Therefore, more 
detailed investigations of the difference in hydrogen bonding in
teractions between L-menthol and phenolic alcohol isomers are needed 
to understand the differences in the macroscopic features of these mix
tures. To this end, the synergy between experimental characterization 
and computational rationalization turns out to be a very successful 
approach.

In this work, we performed experimental and computational in
vestigations to comprehend the macro- and microscopic features of four 
eutectic systems, namely, L-menthol/2,3-xylenol (MX_23), L-menthol/ 
2,4-xylenol (MX_24), L-menthol/2,5-xylenol (MX_25), and L-menthol/ 
2,6-xylenol (MX_26). The density and viscosity of the studied eutectic 
systems were measured over the temperature range 293.1–323.1 K and 
the composition range in which the mixture is liquid at room tempera
ture. Molecular dynamic simulations were performed on mixtures with 
L-menthol mole fraction of 0.600 and 303 K, to provide atomistic insight 
into the structural correlations between L-menthol and the different 
xylenol isomers. The role of hydrogen bonding and dispersive in
teractions in driving the local organization and potentially affecting 
density and viscosity were explored, illustrating the differences due to 
the different methyl group locations in the 2,n-xylenol isomers. Overall, 
this study illustrates the power of synergic experimental and computa
tional approaches in highlighting small differences in chemical-physical 
features in technologically relevant eutectic mixtures.

2. Materials & methods

2.1. Sample preparation

Table 1 shows the chemicals used to prepare the eutectic mixtures, 
along with their purity and source. All chemicals were used as received 
without further purification. To ease the handling of samples, the 
composition of the eutectic systems was selected to cover the composi
tion range where they maintain liquid at room temperature. The SLE 
phase diagram of MX_23, MX_25, and MX_26 is available in the literature 

and was used to determine the composition range of prepared mixtures 
[24]. In contrast, the phase diagram of MX_24 is unavailable in the 
literature. However, COSMO-RS was reliable in predicting SLE in binary 
eutectic L-menthol and xylenol isomers systems [24]. Thus, the SLE 
phase diagram of MX_24 was predicted using COSMO-RS, and the results 
can be found in Fig. S1 in Electronic Supporting Information (ESI). De
tails about COSMO-RS calculations can be found in ESI.

The eutectic mixtures were prepared by mixing L-menthol with the 
xylenol isomer in prespecified weights (precision 0.1 mg, Sartorius, 
Germany) inside a tightly sealed vial at 320 K until the liquid appeared 
clear and homogenous. The samples were filtered using a 0.22 μm PTFE 
syringe filter and degassed in an ultrasonic bath at 320 K for 5 min. The 
water content of selected samples was measured using a Coulometric 
Karl-Fischer Titrator (Hannah Instruments, USA), and the results can be 
found in Table S2 in ESI.

2.2. Density and viscosity measurements

The density of the eutectic mixtures and pure 2,4-xylenol was 
measured using a vibrating-tube Densimeter (DMA 4100 M, Anton Paar, 
Austria). The density was measured over the temperature range 
293.1–323.1 K with a 5 K increment, and the composition range in 
which the mixture is liquid at room temperature.

The viscosity of the eutectic mixtures and pure 2,4-xylenol was 
measured using a Rheometer (MCR502, Anton Paar, Austria) equipped 
with a 25 mm cone-plate geometry. The viscosity was measured at a 
variable shear rate from 1–100 s− 1 to ensure that the sample showed 
Newtonian behavior. The reported viscosity was determined at a con
stant shear rate of 10 s− 1, and the value is an average of five measuring 
points. The viscosity was measured over the temperature range 
293.1–328.1 K with a 5 K increment, and the composition range in 
which the mixture is liquid at room temperature.

Of the five studied substances (see Table 1), only 2,4-xylenol is liquid 
at room temperature. The density and viscosity of pure 2,4-xylenol in the 
temperature range 298.1–323.1 K were measured in this work, and 
density data agreed well with those available in the literature (see 
Table S3 in ESI).

The molar volume (v) of pure 2,n-xylenol and eutectic systems was 
calculated as follows 

v =
M
ρ (1) 

where M is the molecular weight and ρ is the density. The excess molar 
volume (vE) was calculated as follows 

vE = vmix −
(∑

xivpure
i

)
(2) 

where vmix is the mixture molar volume; xi is the mole fraction of 
component i in the liquid mixture; vpure

i is the molar volume of compo
nent i. The deviation from the viscosity of the ideal liquid mixture (Δη)

was calculated as follows 

Δη = lnηmix −
(∑

xilnηpure
i

)
(3) 

where ηmix is the mixture viscosity and ηpure
i is the viscosity of component 

i.

2.3. Computational details

The molecular structures of the studied components are shown in 
Fig. 1. Molecular dynamics (MD) simulations were performed using the 
GROMACS 2021.3 package [27,28]. Bonded and non-bonded parame
ters for the four systems, L-menthol and its mixture with 2,n-xylenol 
were described using an all-atoms potential OPLS-AA force field (force 
field parameters are included in ESI) [29].

Table 1 
Chemicals used to prepare the eutectic mixtures.

Name Purity* Supplier

L-Menthol >99 % Sigma Aldrich
2,3-xylenol >99 % Sigma Aldrich
2,4-xylenol >99 % Sigma Aldrich
2,5-xylenol >99 % Acros Organics
2,6-xylenol >99 % Acros Organics

* Determined by GC.
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The simulations were performed using a cubic box containing 600 
molecules of L-menthol and 400 molecules of 2,n-xylenol to describe 
mixtures with L-menthol mole fraction of 0.600; periodic boundary 
conditions were applied. Force field parameter files were created by 
LigParGen webserver [30–32]; initial configurations were created by 
Packmol software [33]. Initially, the density was fixed at 10 % lower 
than the experimental one and progressively converged toward its 
equilibrium value. The equilibration procedure was done in several 
steps, starting from a 2 ns NVT simulation at 400 K, followed by a series 
of 2 ns NPT runs, lowering progressively the temperature to 300 K at 1 
bar. After the equilibration phase, the system was run for a total of 100 
ns for a production run, and then a trajectory of 2 ns was saved at a 
frequency of 1 ps for the calculation of the structural properties. The 
simulations were always checked versus the experimental density and 
the energy profile. During the production runs for the temperature 
coupling, we used a velocity-rescaling thermostat [34] (with a time 
coupling constant of 0.1 ps), while for the pressure coupling, we used a 
Parrinello–Rahman barostat [35] (1 ps for the relaxation constant). The 
Leap-Frog algorithm with a 1.0 fs time step was used for integrating the 
equations of motion. Cut-offs for the Lennard-Jones and real space part 
of the Coulombic interactions were set to 16 Å. For the electrostatic 
interactions, the Particle Mesh Ewald (PME) summation method [36,37]
was used, with an interpolation order of 6 and 0.08 nm of FFT grid 
spacing.

X-ray- and neutron-weighted structure factors were computed 
together with selected pair correlation functions, angular distribution 
functions, and spatial distribution functions using TRAVIS [38–40]. In 
the analysis, a virtual atom, indicated as #3 in Fig. 1, has been identified 
as a geometrical center of rings for each molecular species. Moreover, in 
our analysis, we also considered the vectors connecting neighbor #3 
sites and the vectors perpendicular either to the ring plane for aromatic 
species or to the plane defined by C atoms in positions 2, 4, and 6 in the 
aliphatic ring for L-menthol.

3. Results & discussion

3.1. Density of L-menthol/2,n-xylenol mixtures

The density of the mixtures was measured over the temperature 
range 293.1–323.1 K and the composition range in which the mixture is 
liquid at room temperature. The results are reported in Tables S4–S7 in 
ESI. Nevertheless, due to the large amount of data and the need to 
facilitate the discussion, the density data of samples at a selected tem
perature and L-menthol mole fraction are discussed. The L-menthol mole 
fraction near the systems’ eutectic point (xmenthol = 0.600) and 303.1 K 
as a temperature were selected. Fig. 2 shows the density of MX_23, 
MX_24, MX_25, and MX_26 at xmenthol = 0.600 as a function of temper
ature (Fig. 2a) and at 303.1 K as a function of the system composition 
(Fig. 2b). As seen in Fig. 2a, the density of the eutectic systems is in the 
order MX_23 > MX_24 = MX_26 > MX_25. Moreover, the density of 
MX_23 is considerably higher than the other systems, and the temper
ature dependency of the density of the eutectic mixtures is similar. As 
seen in Fig. 2b, the density of the eutectic systems at 303.1 K decreases 
as the mole fraction of L-menthol in the system increases. The density of 
mixtures depends on the density of pure constituents and their mole 
fraction in the solution. The density of pure L-menthol is lower 
compared to 2,n-xylenol isomers due to the more efficient packing of 
benzene rings compared to cyclohexyl rings [41]. Thus, the density of 
the eutectic systems decreases due to the lower density of L-menthol 
compared to 2,n-xylenol isomers [42]. The density order is consistent 
with that observed in Fig. 2a, and the difference in the density of 
different systems decreases as the mole fraction of L-menthol in the 
system increases. The density of pure 2,3-, 2,5-, and 2,6-xylenol is un
available in the literature due to their higher melting temperatures 
compared to 2,4-xylenol. Thus, it is not possible to conclude if the 
density of the eutectic systems is related to the difference in the density 
of pure 2,n-xylenol isomers.

Assessing the excess molar volume of the systems provides valuable 
insights into the interactions between the components in the liquid 
phase. The molar volume of neat 2,3-, 2,5-, and 2,6-xylenol is unavai
lable in the literature. Hence, we used COSMO-RS to estimate the liquid 

Fig. 1. Molecular structure of studied compounds.
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molar volume of pure liquid 2,n-xylenol isomers. Details about COSMO- 
RS calculations are available in ESI. At first, the COSMO-RS predictions 
were assessed by comparing experimental and calculated 2,4-xylenol 
density data, and the results are shown in Fig. S2 in ESI. It was found 
that COSMO-RS overestimated the molar volume of pure 2,4-xylenol. 
However, good qualitative predictions were obtained, and a linear 
correlation between the experimental and calculated molar volume was 
used to correct the estimated liquid molar volume of pure 2,n-xylenol 
isomers. The linear correlations and the calculated liquid molar vol
ume of pure 2,n-xylenol are available in Table S8 in ESI. COSMO-RS 
predicted the following order of the liquid molar volume of pure 2,n- 
xylenol: 2,6-xylenol > 2,4-xylenol ≈ 2,5-xylenol > 2,3-xylenol. Inter
estingly, COSMO-RS predicted that 2,3-xylenol has the lowest liquid 
molar volume among 2,n-xylenol isomers, which is consistent with the 
density data of the eutectic systems. Thus, the higher density of MX_23 
compared to other eutectic systems could be attributed to the higher 
density of pure liquid 2,3-xylenol.

The estimated liquid molar volume of pure 2,n-xylenol using 
COSMO-RS–corrected using the linear correlations–was used to estimate 
the excess molar volume of the eutectic systems at the measured tem
perature and composition ranges, and the results are shown in Fig. S3 in 
ESI. The experimental density data of L-menthol available in the liter
ature were used to estimate its pure liquid molar volume. Fig. 3 shows 
the excess molar volume of the eutectic systems at xmenthol = 0.600 as a 
function of temperature (Fig. 3a) and at 303.1 K as a function of the 
system composition (Fig. 3b). As seen in Fig. 3a, a significant negative 
excess molar volume is observed in MX_23, which is consistent with the 
significant negative deviation from ideality observed in the SLE phase 

diagram of MX_23 [24]. The strong hydrogen bonding interactions be
tween L-menthol and 2,3-xylenol resulted in negative excess molar 
volume [43]. In contrast, MX_25 shows a slight positive excess molar 
volume in the temperature range below 308.1 K despite the significant 
negative deviation from ideal behavior observed in the SLE phase dia
gram of the system [24]. As seen in Fig. 3b, the system has almost 
constant excess molar volume over the studied composition range. Thus, 
MX_25 is considered an ideal mixture based on the mixture molar vol
ume, and the positive excess molar volume is attributed to over
estimating the liquid molar volume of pure 2,5-xylenol using COSMO- 
RS. The observed ideal mixing viscosity in MX_25 might be attributed 
to the similar position of the methyl groups in 2,5-xylenol and the iso
propyl and methyl groups in L-menthol [44].

On the other hand, MX_24 and MX_26 show a negative excess molar 
volume at 303.1 K over the studied composition range. Despite the near- 
ideal behavior observed in the SLE phase diagram of the system [24], 
MX_26 shows a larger negative excess molar volume than MX_24. 
However, the excess molar volume value in MX_26 might be over
estimated due to COSMO-RS underestimating the liquid molar volume 
of pure 2,6-xylenol. As seen in Fig. 3b, the excess molar volume of 
MX_26 at 303.1 K shows a minimum value at the eutectic composition of 
the system (xmenthol ≈ 0.550), while the minimum value of excess molar 
volume in MX_23 and MX_24 is not observed at the systems’ eutectic 
composition.

In conclusion, assessing the excess molar volume of the studied L- 
menthol/2,n-xylenol isomers systems indicates that the excess molar 
volume is not related to the deviation from ideal behavior observed in 
the SLE phase diagram of the systems. MX_23 shows the largest excess 

Fig. 2. Density of eutectic mixtures containing L-menthol with 2,3-xylenol (MX_23), 2,4-xylenol (MX_24), 2,5-xylenol (MX_25), and 2,6-xylenol (MX_26) at (a) 
xmenthol = 0.600 and (b) T = 303.1 K.

Fig. 3. Excess volume in eutectic mixtures containing L-menthol with 2,3-xylenol (MX_23), 2,4-xylenol (MX_24), 2,5-xylenol (MX_25), and 2,6-xylenol (MX_26) at (a) 
xmenthol = 0.600 and (b) T = 303.1 K.
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molar volume, which correlates with the higher density of MX_23 among 
the studied systems.

3.2. Viscosity of L-menthol/2,n-xylenol mixtures

The viscosity of MX_23, MX_24, MX_25, and MX_26 at the tempera
ture range 293.1–328.1 K and the composition range in which the 
mixture is liquid at room temperature was measured, and the results are 
reported in Tables S9–S12. Fig. 4 shows the viscosity of MX_23, MX_24, 
MX_25, and MX_26 at xmenthol = 0.600 as a function of temperature 
(Fig. 4a) and at 303.1 K as a function of the system composition 
(Fig. 4b). As seen in Fig. 4a, the viscosity of MX_23, MX_24, and MX25 is 
similar and significantly higher than MX_26, and the difference is more 
considerable at lower temperatures. As seen in Fig. 4b, the viscosity of 
the studied systems increases when the mole fraction of L-menthol in the 
mixture increases. The increase in the mixture viscosity when increasing 
the L-menthol mole fraction is attributed to the higher viscosity of L- 
menthol compared to phenolic alcohols [25].

The viscosity of eutectic mixtures depends on the viscosity of pure 
constituents. Assessing the deviation from the ideal mixing viscosity 
provides insight into the intermolecular interaction in the liquid solution 
and aids in modeling the viscosity of eutectic mixtures [26,45]. Only the 
viscosity of pure 2,4-xylenol was measured in this work, while the vis
cosity of 2,3-, 2,5-, and 2,6-xylenol was estimated using COSMO-RS. 
Details about COSMO-RS calculations can be found in ESI. COSMO-RS 
predictions of the viscosity of pure 2,n-xylenol isomers are assessed by 
comparing experimental and calculated viscosity of pure 2,4-xylenol 
(see Fig. S4 in ESI). It was found that COSMO-RS underestimated the 
viscosity of pure 2,4-xylenol isomer, particularly at low temperatures. 
Hence, a quadratic correlation between the experimental and calculated 
viscosity was used to correct the estimated viscosity of pure 2,n-xylenol, 
and the results can be found in Table S13 in ESI. COSMO-RS predicted 
that 2,4-xylenol has the highest viscosity, which is similar to that of 2,3- 
xylenol. On the other hand, the predicted viscosity of 2,6-xylenol is 
significantly lower than the other 2,n-xylenol isomers. Thus, COSMO-RS 
predictions for the viscosity of pure 2,n-xylenol isomers are consistent 
with the measured viscosity of the L-menthol/2,n-xylenol isomers sys
tems, as evident from the significantly lower viscosity of MX_26 
compared to the other studied eutectic systems.

Next, the estimated viscosity of 2,n-xylenol isomers from COSMO-RS 
and those calculated for L-menthol using the Vogel-Fulcher-Tammann 
(VFT) equation [26] were used to calculate the deviation from the 
ideal mixing viscosity of the studied systems, and the results are shown 
in Fig. S5 in ESI. Fig. 5 shows the deviation from the viscosity of the ideal 
liquid mixture of the eutectic systems at xmenthol = 0.600 as a function of 

temperature (Fig. 5a) and at 303.1 K as a function of the system 
composition (Fig. 5b). As seen in Fig. 5a, a negative deviation from the 
ideal mixing viscosity is observed in all systems at low temperatures, 
indicating that the actual viscosity of the eutectic mixture is lower than 
the ideal mixing viscosity. The deviation from the ideal mixing viscosity 
decreases at higher temperatures, indicating that the negative deviation 
from the ideal mixing viscosity could be attributed to the uncertainty of 
extrapolating the viscosity of pure L-menthol using the VFT model [26]. 
Nevertheless, at high temperatures, where experimental data of L- 
menthol viscosity are available, a positive deviation from the ideal 
mixing viscosity is observed in MX_23, while a negative deviation from 
the ideal mixing viscosity is observed in MX_26. On the other hand, at 
temperatures higher than 313.1 K, near-ideal mixing viscosity is 
observed for MX_24 and MX_25. As seen in Fig. 5b, the negative devia
tion from the ideal mixing viscosity increases as the L-menthol mole 
fraction in the mixture increases, which further confirms that the 
negative deviation from the ideal mixing viscosity is attributed to the 
uncertainty of extrapolating the viscosity of L-menthol to lower tem
peratures. To rule out the uncertainty of extrapolating the viscosity of L- 
menthol, the deviation from the ideal mixing viscosity was analyzed at 
323.1 K (see Fig. S5). It was found that the maximum deviation from the 
ideal mixing viscosity is near the eutectic point in all studied systems 
except for MX_26. Moreover, the largest deviation from the ideal mixing 
viscosity is observed in MX_23. Thus, the intermolecular interactions 
might influence the deviation from ideal mixing viscosity, as shown in 
previous studies [25,46]. Unlike the molar volume, the viscosity of the L- 
menthol/2,n-xylenol isomers systems seems to be correlated with the 
negative deviation from ideality.

3.3. Intermolecular correlations and structural features

Computed density values obtained from MD simulations at 300 K and 
xmenthol = 0.600 for all the simulated mixtures are in very good agree
ment with experimentally determined density, with a maximum devia
tion of 1.6 % observed in MX_26. The comparison between experimental 
and MD-calculated density values is presented in Table S14 of the ESI. 
Fig. S6 shows the X-ray weighted static structure factors (S(q)) that were 
determined computationally via MD simulations for all studied systems.

Computed S(q) data for the MX_2n series are quite similar, showing 
no significant differences. Specifically, S(q) patterns reveal a sharp peak 
at approximately 1.2 Å− 1 (corresponding to a Bragg size d = 2π/q = 5.3 
Å) with a shoulder at around 0.6 Å− 1 (corresponding to d = 2π/q = 10.5 
Å). The former feature indicates the presence of close neighbor mole
cules in the liquid state, while the latter is characteristic of amorphous 
compounds such as ionic glasses and “fragile” glass-forming liquids 

Fig. 4. Viscosity of eutectic mixtures containing L-menthol with 2,3-xylenol (MX_23), 2,4-xylenol (MX_24), 2,5-xylenol (MX_25), and 2,6-xylenol (MX_26) at (a) 
xmenthol = 0.600 and (b) T = 303.1 K.
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Fig. 5. Deviation from the ideal mixing viscosity in eutectic mixtures containing L-menthol with 2,3-xylenol (MX_23), 2,4-xylenol (MX_24), 2,5-xylenol (MX_25), and 
2,6-xylenol (MX_26) at (a) xmenthol = 0.600 and (b) T = 303.15 K.

Fig. 6. MD-computed rdfs (continuous lines) and the corresponding running neighbor numbers (dashed lines) related to #3x_#3x (a), #3m-#3m (b) and #3x-#3m 
(c) correlations for the MX_2n systems.
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[47,48]. These features are also observed in many DESs [49–54], pure 
liquids such as carvacrol and molten thymol [55] and ionic liquids 
[56–59]. In particular, low-q peaks suggest a meso-scale organization, 
with small hydrogen-bonded clusters embedded in an aromatic/ 
aliphatic matrix formed by L-menthol and/or xylenol rings for all the 
probed systems.

Neutron-weighted static structure factors in the case of either no 
deuteration, selective deuteration of one or the other, or both, species 
(Fig. S7) are also computed. Therein, no remarkable differences were 
observed among the neutron-weighted data for all the cases explored, 
except for a feature at approximately 3 Å− 1 in the MX_23 system with 
deuterated L-menthol, which shows a higher amplitude than corre
sponding features for the other mixtures (see Fig. S7).

To gain further structural information, Fig. S8 depicts the neutron- 
weighted simulated S(q) obtained by selectively deuterating only hy
droxyl groups of both L-menthol and xylenol. Interestingly, the char
acteristic peaks at approximately 0.6 Å− 1 and 1.2 Å− 1 appear as two 
distinct features when n = 3, 4, and 5. On the other hand, for n = 6, the 
peak at around 0.6 Å− 1 merges with the main peak at 1.2 Å− 1, similar to 
the MD-computed X-ray weighted static structure factor.

By analysing the neutron-weighted S(q) patterns with either no or 
–OH deuteration (in Fig. S7 and Fig. S8, respectively), it appears that the 
merging of these peaks, for n = 6, is mostly due to the shift of the peak at 
0.6 Å− 1 to higher values, approximately 0.7 Å− 1.

This suggests that the presence of the methyl group at n = 6 hinders 
the formation of well-structured H-bonded clusters involving L-menthol 
and xylenol hydroxyl groups. This phenomenon might explain the 
notably lower viscosity observed in the MX_26 mixture as compared 
with the other mixtures. The lack of well-structured H-bonded clusters 
and aggregates likely reduces the system’s resistance to flow, resulting 
in lower measured viscosity.

In Fig. 6, we report the radial distribution functions (rdfs or g(r)s) 
between M or X ring centers (RC, #3) in the different MX_2n systems.

Considering xylenol-xylenol RC (#3x-#3x) correlations (Fig. 6a), we 
observe a sharp peak with a large amplitude, centered at approximately 
6 Å, with about five nearest neighbors for each mixture when integrated 
up to a distance of 9 Å. This peak appears quite structured, as it appears 
as a combination of different peaks centered at around 5 Å, 6 Å, and 7.5 
Å. Regarding the L-menthol-L-menthol RC (#3m-#3m) correlations 
(Fig. 6b), only a broad peak is detected, whose shape, amplitude, 

Fig. 7. MD-computed combined distribution functions (cdfs) for the #3x-#3x correlation where the angle between the vectors perpendicular to the center of 
neighbor rings (αn where n = 3, 4, 5, and 6 based on the xylenol methylation) are observed as a function of centers distance d#3x-#3x for (a) MX_23, (b) MX_24, (c) 
MX_25, and (d) MX_26.
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position, and corresponding number of neighbors remain essentially 
unaffected by the position of the methyl group in the xylenol molecule, 
reaching a value of about 6 considering a distance of 9 Å. Lastly, xylenol- 
L-menthol RC (#3x-#3m) correlations are characterized by the merging 
of three peaks centered at approximately 5 Å, 6 Å and 7.6 Å, with minor 
changes upon modifying the xylenol isomer and numbers of coordina
tion equal to 6 (Fig. 6c).

A better understanding of these correlations can be achieved using 
the combined distribution functions (cdfs). Specifically, Fig. 7 presents 
cdfs related to the mutual orientation of the rings as a function of their 
distance in each MX_2n system. From Fig. 7, it is evident that a strong 
perpendicular orientation between neighbor xylenol rings occurs at a 
distance of approximately 6 Å. However, at a shorter distance of around 
5 Å, both parallel (αn≈0◦) and antiparallel (αn≈180◦) orientations are 
observed, as well, although these latter orientations are favored for n = 3 
and particularly disfavoured for n = 6. This specific behavior for n = 6 
might be a reason for the relatively low viscosity observed. The corre
sponding cdf for the case of L-menthol-L-menthol correlations is shown 
in Fig. S9 in the ESI. It appears that the pseudo-parallel alignment of 
rings (L-menthol is not planar) at a distance of approximately 7 Å is lost. 

This result can be related to the lack of π-aromatic electron density in L- 
menthol, which leads to a non-planar geometry. Moreover, at distances 
ranging from 5 Å to 7 Å, a structured antiparallel (150◦ < βn < 180◦) 
organization with three main lobes is observed.

Fig. S10 shows cdfs concerning the correlations related to the 
possible xylenol and L-menthol rings interactions for all the MX_2n 
systems. It is evident that all explored cases exhibit parallel (γn ≈ 0◦) and 
antiparallel (γn ≈ 180◦) ring orientations at distances between 4 Å and 5 
Å. At larger distances (approximately 7 Å), perpendicular orientations 
are also detected. No clear differences are observed between these cdfs 
when the position of the methyl group in the xylenol is varied. Overall, 
these results indicate that the presence of the aromatic ring induces an 
extended range correlation, with a parallel alignment of the ring, for 
molecules separated as much as 7 Å. L-menthol-L-menthol correlations 
do not extend to such a large distance, as only weak parallel alignment 
was found.

Due to the aromatic nature of the xylenol molecule, we also 
considered the possibility of the existence of π-π interactions between 
the rings. Fig. 8 presents the cdf related to the angle between the vector 
#3x-#3x and the one perpendicular to the observed ring as a function of 

Fig. 8. MD-computed combined distribution functions (cdfs) for the #3x-#3x correlation where angles between the vectors parallel to d#3x-#3x and the vectors 
perpendicular to the center of the rings (εn where n = 3,4,5, and 6 based on the xylenol methylation) are observed as a function of centers distance d#3x-#3x for all 
the MX_2n systems.
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d#3x-#3x. It emerges that all the probed systems exhibit two main fea
tures centered at 5 Å and 6 Å, where we observe parallel (εn ≈ 0–15◦) 
and antiparallel (εn ≈ 165–180◦) arrangements of the mentioned vec
tors. The spot centered at approximately 6 Å is more intense for the 
system with n = 3. However, in all the cases examined, the comparison 
between Figs. 7 and 8 suggest that no stacked π-π interactions (that 
would correspond to values of εn ≈ 90◦) are detectable, although parallel 
rings can be found, with a shifted location of neighbor rings.

Further structural analysis involves exploring hydrogen bonding 
interactions between xylenol and L-menthol hydroxyl groups (Fig. 9). 
Considering xylenol as the Hydrogen Bond Acceptor (HBA) species, as 
shown in Fig. 9a and b, we observe a relatively strong interaction with 
both xylenol and L-menthol Hydrogen Bond Donor (HBD) species, 
respectively, characterized by a peak centered at approximately 2.0 Å. 
Integrating this feature for the Ox-Hx and Ox-Hm correlations up to a 
distance of 2.7–2.8 Å, we find that Ox engages in hydrogen bonding 
interactions with approximately 0.20 Hm and 0.15–0.18 Hx, with slight 
variations depending on the position of the second methyl group in 
xylenol. These coordination numbers result in an average of approxi
mately 0.35 hydrogen atoms interacting with Ox.

Similarly, considering L-menthol as the HBA species, for the Om-Hm 
correlation (Fig. 9c), we observe a peak centered at approximately 2.0 Å. 
However, this feature exhibits a high intensity, reaching a value of 
almost 6. A similar observation can be made for the Om-Hx correlation 
(Fig. 9d), where a very intense peak centered at approximately 2.0 Å is 
detected. Considering L-menthol as HBA, Om has a total coordination 
number ranging between 0.71–0.77 for both Hx and Hm in all the 
explored cases. A detailed description of the number of nearest neigh
bors related to the different hydrogen bonding interactions is provided 

in Table S15 in ESI.
Additionally, Om-Hm correlations appear unaffected by the methyl 

group position in xylenol molecules, analogously to #3m-#3m corre
lations. An intensity ranking related to the population of the HB popu
lation is observed, particularly for the Ox-Hx, Ox-Hm, and Om-Hx 
correlations. Table 2 shows the observed intensity scales for each 
investigated correlation in Fig. 9.

It is evident that the strongest hydrogen bonding interactions occur 
in systems with either n = 3 or n = 4. Additionally, in all explored cases, 
the hydrogen bonding interactions in MX_26 are the weakest in the se
ries. As an example, Fig. S11 reports the cdf related to the Ox-Hm 
interaction, thus considering L-menthol and xylenol as HBD and HBA 
species, respectively.

It is evident that in all the probed systems, there are very strong 
hydrogen bonding interactions between the hydroxyl groups of L- 
menthol and xylenol, with the former acting as the donor and the latter 
as the acceptor. Specifically, each interaction is characterized by a hot 
spot centered at approximately 2.0 Å with an angular range between 
0 and 15◦. Additionally, the representative snapshots corresponding to 

Fig. 9. MD-computed rdfs (continuous lines) and corresponding running neighbor numbers (dashed lines) for the Ox-Hx (a), Ox-Hm (b), Om-Hm (c) and Om-Hx (d) 
correlations.

Table 2 
Number of HB interactions obtained from the rdfs related to HBs between 
hydroxyl groups of L-menthol and xylenol molecules in MX_2n systems.

Correlation Number of HB interactions

Ox-Hx MX_23 > MX_24 > MX_25 > MX_26
Ox-Hm MX_24 = MX_25 > MX_23 > MX_26
Om-Hm MX_23 = MX_24 = MX_25 = MX_26
Om-Hx MX_24 > MX_23 > MX_25 > MX_26
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the hot spots show that in each system, L-menthol and xylenol tend to 
structurally organize one above the other due to the strong HB inter
action. Such a situation might explain the difficulty encountered by the 
aromatic species to face each other and engage in π-π stacking, as shown 
above in Fig. 8. Indeed, L-menthol tends to engage in HB interactions 
with xylenol, hindering the location above/below the aromatic ring. 
This observation aligns with the findings in Fig. 6, showing that xylenol 
and L-menthol rings are positioned closer to each other compared to 
xylenol rings among themselves.

We also explored the possibility of both L-menthol and xylenol hy
droxyl groups engaging in O-H⋅⋅⋅π interactions with the xylenol ring, a 
non-conventional HB already observed in pure aromatic liquids [55]
and in different mixtures composed of an aromatic species and a non- 
aromatic molecule [50,60]. Specifically, Fig. S12 shows the #3x-Hx 
(a) and #3x-Hm (b) correlations for all the examined mixtures.

It is evident that in both explored cases, the presence of π⋅⋅⋅H–O in
teractions does not depend on the position of xylenol methylation. 
Specifically, for the #3x-Hx correlation, we can observe a first peak 
centered at approximately 2.8 Å, with a coordination number of around 
0.2. On the other hand, for the #3x-Hm correlation, a sharper peak is 
clearly evident, centered at approximately 2.6 Å, with a coordination 
number of about 0.5.

To deepen these observations, we explore the effect of local π⋅⋅⋅H–O 
interactions for all the MX_2n systems using the cdfs. Specifically, in 
Fig. S13 in ESI we show the cdfs related to the #3x-Hx correlation where 
the angle between the vectors perpendicular to the rings is described as a 
function of dHx-#3x. It is evident that in all cases, there is a hot spot 
centered around 3 Å where the rings tend to position themselves 
perpendicularly to each other (75◦ < θn < 105◦).

In the MX_23 system, the simultaneous presence of strong hydrogen 
bonding interactions between hydroxyl groups and relatively intense 
π⋅⋅⋅H–O interactions could explain the significant deviation from ideal 
behavior when mixing L-menthol and 2,3-xylenol. These strong inter
molecular interactions in MX_23 align with the measured SLE phase 
diagram [24], the negative excess molar volume, and the positive de
viation from the ideal mixing viscosity observed in this study.

Finally, we also show the strong tendency of L-menthol hydroxyl 
hydrogen to be engaged in π⋅⋅⋅H–O interactions with the xylenol ring for 
all the MX_2n systems (Fig. S14). In all cases, no significant differences 
were detected based on xylenol methylation; moreover, xylenol and L- 
menthol rings show a clear tendency to arrange themselves in parallel 
(δn ≈ 0◦) and antiparallel (δn ≈ 180◦) orientations at a distance of 3 Å. It 
is noteworthy to mention that such an HB correlation is characterized by 
different ring orientations in the case of xylenol or L-menthol acting as 
HBD. The former tends to organize in a perpendicular way to the 
acceptor ring, while the latter tends to lay parallel while developing the 
π⋅⋅⋅H–O interaction.

4. Conclusion

This work presents a comprehensive experimental and computa
tional analysis for four binary eutectic systems formed by mixing L- 
menthol with 2,3-, 2,4-, 2,5-, and 2,6-xylenol isomers, highlighting the 
differences in chemical-physical features in these technologically rele
vant eutectic mixtures.

The density and viscosity of the eutectic systems were measured at 
different temperatures and compositions. It was found that 2,n-xylenol 
isomers are denser than L-menthol, and the density of the mixtures 
decreased with increasing L-menthol mole fraction. MX_23 showed the 
highest density among the studied mixtures, while MX_24 and MX_26 
possess similar densities. In contrast, MX_25 showed the lowest density. 
The larger density of MX_23 was attributed to the negative excess molar 
volume, while the lower density of MX_25 resulted from the slightly 
positive excess molar volume. On the other hand, 2,n-xylenol isomers 
are less viscous than L-menthol, and the viscosity of the mixture 
increased with increasing the L-menthol mole fraction. The viscosity of 

MX_23, MX_24, and MX_25 was very similar, while MX_26 showed 
significantly lower viscosity. MX_23 showed a positive deviation from 
the ideal mixing viscosity, while a negative deviation from the ideal 
mixing viscosity was observed in MX_26. In contrast, the viscosity of 
MX_24 and MX_25 did not deviate from the ideal mixing viscosity.

MD simulations described the nature of microscopic interactions 
between L-menthol and the different xylenol, providing atomistic 
insight into correlations responsible for macroscopic features. The 
principal interaction driving the local morphology in MX mixtures is 
hydrogen bonding, and MD shows that L-menthol is the main actor as 
HB acceptor species, with minimal differences due to the location of the 
methyl group position in the different xylenol isomers. Interactions be
tween hydroxyl groups (either from M or from X molecules) and the 
center of X rings, which are associated with the establishment of π⋅⋅⋅H–O 
interactions, have been detected. These interactions lead to a perpen
dicular arrangement between neighbor xylenols or to a parallel 
arrangement when L-menthol is the donor species. In MX_23, the con
comitancy of strong hydrogen bonding interactions between hydroxyl 
groups and relatively intense π⋅⋅⋅H–O interactions could help in ratio
nalizing the significant deviation from ideal behavior in this mixture, as 
reflected by the SLE phase diagram [24], the negative excess molar 
volume, and the positive deviation from the viscosity of the ideal liquid 
mixture observed in this study. Dispersive interactions also drive the 
structural organization in the L-menthol/2,n-xylenol isomers mixtures. 
We detect privileged parallel orientation between neighbor pairs 
involving aromatic species, while neighbor pairs involving L-menthol 
tend to organize in a parallel/antiparallel way. In any case, the present 
study does not detect the formation of π⋅⋅π stacks between neighbor 
xylenols, presumably due to the intrusion of strongly hydrogen-bonded 
L-menthol molecules close to xylenols.

Overall, this study comprehensively describes the experimental 
physicochemical properties and local structure correlations at a micro
scopic level on an interesting example of cyclohexyl and phenolic 
alcohol mixtures, which are presently gaining much attention as “deep” 
eutectic solvents.
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[9] R.F. González-Laredo, V.I. Sayago-Monreal, M.R. Moreno-Jiménez, N.E. Rocha- 
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