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Through the last decades significant attention has been paid to 
the exploration of physicochemical properties of the l-menthol–
thymol system. This is due to the fact that this system belongs to 
the relatively new class (‘type V’) of the deep eutectic solvents 
(DESs), in which, unlike other types, the interaction between 
components does not have an explicit ionic nature. Note that the 
existing DES classification seems to be not quite correct to us, 
because instead of the main difference between DESs and 
‘ordinary’ eutectic systems, i.e., a relatively low temperature of 
the eutectic point (‘eutectic depth’), the nature of the interaction 
of components (formation of hydrogen bonds, donor–acceptor 
interactions, etc.) is taken into account. At the same time, DESs 
based on l-menthol and thymol and other type V DESs can be 
defined as a separate class from the practical point of view: most 
of these DESs are formed by natural components or products and 
have a certain medical and other applications. All these 
circumstances determine the interest and necessity of a detailed 
description of the systems forming these DESs. In the present 
report, the peculiarities in the behavior of the l-menthol–thymol 
system, which can be attributed to one of the most popular DESs 
of non-ionic type, as well as natural DESs (NaDESs), are 
considered.

It is well-known that a binary eutectic is a three-phase system 
including a liquid phase and two solid solutions (or crystals of 
two pure components in the case of a simple eutectic). 
Unfortunately, modern works in the field of DESs hardly ever 
include the characterization of solid phases, although their data 
are the necessary characteristics of phase diagrams and, 
consequently, thermodynamic properties. At the same time, the 
Schroeder–van Laar equation in the form assuming the absence 
of solid solutions is often used to evaluate deviations from 
ideality in the liquid phase, which reflect molecular interactions 
at the macroscopic level:
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where ai is the activity of the component i in the liquid phase, 
DfHi is the enthalpy of fusion for the pure component i, Tm,i is the 
melting point of the pure component i, T is the thermodynamic 
temperature, and R is the gas constant. Such a simplified 
approach, apparently, cannot be considered reliable, even when 

taking into account the temperature dependence of the fusion 
enthalpy (according to the well-known Kirchhoff formula). 
Moreover, some authors,1 using, in fact, similar data on activities, 
point out that at small deviations from ideality, ‘deep eutectics’ 
cannot be considered at all. This seems to be controversial, since 
even according to the Schroeder–van Laar equation, the values 
of activity coefficients are not the only parameters that determine 
the eutectic temperature.

For the l-menthol–thymol system, there is some information 
about the equilibrium with solid phases, although rather 
contradictory.1–4 The direct experimental data1–6 have been 
obtained by thermal analysis methods (DSC). The formation of 
co-crystals in the middle range of concentration has been noted, 
which is associated with the appearance of two eutectic points on 
the phase diagram.4 The interactions in the liquid solution have 
been studied in detail by NMR, X-ray, and Raman spectroscopy 
methods with the application of molecular dynamics (MD) 
simulation focusing on the formation of hydrogen bonds and the 
temperature dependence.3 The same dependence has also been 
investigated by means of MD.7 In addition, such properties as 
activities and liquid–vapour equilibrium parameters, i.e. 
macroscopic characteristics of the interaction of components in 
the solution, have been discussed in a number of papers.3,4 Note 
that in most of these and other works, such as ref. 8, the presence 
of an eutectic on the phase diagram of the l-menthol–thymol 
system is associated with the formation of hydrogen bonds, 
which, of course, affects the thermodynamic parameters, but 
cannot serve as a necessary criterion of DESs. Nevertheless, in 
modern works, the definition of a DES, as it was mentioned 
above, is based on the presence of hydrogen bond donors and 
acceptors in the system rather than on the type of the phase 
diagram. Recent works, including the analysis of type V DES 
properties, and among others, the l-menthol–thymol system, 
reflect the contradictory views on the formal definition and 
classification of DESs.9,10 

Thus, so far, a significant amount of experimental data on the 
l-menthol–thymol system has been obtained. At the same time, 
certain experimental difficulties did not permit obtaining 
completely reliable results.4 This is mainly due to the problems 
with obtaining solid phase samples, primarily the crystallization 
rate.11 Slow crystallization, which provides equilibrium data, in 
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the composition range corresponding to the low concentrations 
of thymol (xthymol < 0.67), as noted in ref. 4, was not possible due 
to the high viscosity of the melts at these concentrations. 
Therefore, the authors had to perform X-ray studies using 
samples obtained by rapid crystallization, which could lead to 
certain errors in the results.

 In general, the most comprehensive diagrams given, among 
others, in refs. 1–5 include both experimental and calculated 
results. Therefore, despite the relatively intensive investigation 
of this system, additional studies should be carried out, primarily 
to evaluate the features of molecular interactions and their 
dependence on the composition. In this communication, we 
present the results of MD analysis of the l-menthol–thymol 
system, complementing the characteristics of structural and 
physicochemical parameters obtained earlier by other methods. 
We should note the general accordance and certain differences 
between our results and those obtained in other works using MD 
simulation,3,7,12 where the temperature dependences of the 
modeling results were considered, while the concentration 
dependences were only partially taken into account.

In this work, the molecular interactions between thymol and 
l-menthol molecules were evaluated at T = 343 K, when the 
system is definitely liquid. Under these conditions, molecules 
can move and take positions relative to each other at optimal 
spatial and energetic factors. This enables quantitative tracking 
of the most likely mutual arrangement configurations using 
radial distribution functions. With this assessment of the mutual 
arrangement of thymol and l-menthol molecules, conclusions 
can be drawn about the preferential molecular interactions based 
on non-valent interatomic bonds, depending on the composition 
of the system.

At the first stage, the electronic structures of thymol and 
l-menthol molecules were calculated using the DFT method in 
the DMol3 program and the COSMO model from the Materials 
Studio software package.13 The data on charges on atoms 
obtained by the Mulliken scheme were necessary for subsequent 
calculations of the electrostatic interactions between molecules. 
Calculations by the classical MD simulation were also carried 
out using the Materials Studio package (FORCITE module). 
Short-range interactions were calculated using the Universal 
Force Field.13 An isobaric–isothermal NPT ensemble was used 
at 343 K (Nose thermostat) and a pressure of 0.00 GPa (Berendsen 
barostat) with a total system calculation time of 1 ns and a step 
of 1 fs. Calculation cells with periodic boundary conditions were 
constructed with a total number of thymol and l-menthol 
molecules equal to 100. The following molar fractions of thymol 
were chosen: 0.01, 0.10, 0.20, 0.33, 0.40, 0.45, 0.50, 0.60, 0.70, 
0.80, 0.90, and 0.99. The radial distribution functions (RDFs) 
between oxygen atoms of thymol and l-menthol served as a 
parameter of the observed molecular interaction, and the 
evaluation criteria were the distances of the first maxima, 
reflecting the closest mutual arrangement, and their intensities as 
a quantitative measure of the number of interacting molecules.

Figure 1 shows an example of the RDFs obtained for the 
l-menthol–thymol mixture (xthymol = 0.5) at 343 K. The results 
of calculations, namely, the values of the RDF, have shown that 
there are no significant changes in the values of distances 
between the molecules of the components in the full concentration 
range of the l-menthol–thymol system. The same conclusions 
(similar values) can be drawn regarding the peak intensities and 
coordination numbers. The absence of the dependence of rMax1 
or rMin1 on the composition indirectly indicates a really weak 
molecular interactions in the system.

Figure 2 shows the selected values of the indicated parameters 
(distances between molecules) together with the liquidus curves 
according to ref. 4. For the better illustrative clarity, we present a 

comparison only with the calculated data.4 Note that the MD 
simulation was performed for a constant temperature, 343 K, 
although, as pointed out in ref. 3, the values of activity coefficients 
depend significantly on temperature. Nevertheless, it can be 
assumed that the type of the dependence of intermolecular 
distances on the concentration will not change significantly 
within a small temperature range, that is, this concentration 
dependence will remain insignificant at the temperature under 
consideration. This is also consistent with the data on RDFs at 
different temperatures obtained in refs. 7 and 12 for the system 
under consideration.

The obtained result additionally confirms the data,4 which 
indicate the possibility to describe the liquidus curves in the 
l-menthol–thymol system neglecting the non-ideality of the 
liquid phase. 

Thus, the conducted MD simulation of the l-menthol–thymol 
system made it possible to evaluate some characteristics of 
molecular interactions that complement the current experimental 
and calculated data. In particular, insignificant changes in the 
intermolecular bonds with the composition allow the application 
of thermodynamic modeling methods under the assumption that 
the non-ideality of the liquid phase can be neglected. This 
conclusion is rather specific, since we limit ourselves to the 
consideration of one system, where the experimental data require 
additional clarification. In general, regarding the importance of 
continuing the exploration of this system as one of the most 
demanded and promising representatives of non-ionic DESs 
(type V), we believe that the above MD simulation results can be 
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Figure  1  Example of O–O RDFs [g(r) – probability density] for the 
equimolar mixture of l-menthol and thymol at 343 K: (1) thymol–thymol 
(black line), (2) thymol–l-menthol (red line), (3) l-menthol–l-menthol 
(blue line).

Figure  2  Values of intermolecular distances (r) determined from the data 
on the first maximum of the RDF of the l-menthol–thymol system at 343 K 
for the corresponding concentrations from the liquidus curves.4
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useful for the development of fundamental ideas about the 
physicochemical features of organic eutectics and DES 
components.14 In particular, it is desirable to continue these 
investigation using ab initio MD simulation.15,16
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