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A B S T R A C T

The properties of essential oils as food preservatives are well-established. These components have also been used 
as neoteric solvents to prepare eutectic mixtures. Their high capacity to dissolve poorly water-soluble substances 
makes them particularly interesting in the biotechnology industry. To implement them, it is essential to deter
mine the structural and chemical-physical properties, as well as develop models to predict the behaviour under 
any operational condition. Herein, pure geraniol and geraniol/thymol mixtures are studied. Nuclear magnetic 
resonance experiments and molecular dynamics are used to evaluate the fluid structure. In addition, seven 
thermophysical properties are measured and correlated. The experimental densities, surface tensions, and vis
cosities were lower than 952 kg m–3, 33 mN m–1, and 36 mPa s, respectively. These values were adequate for the 
industrial application of these mixtures. PC-SAFT equation of state well predicted the density with an average 
deviation of 0.13 %, and the isobaric molar heat capacity with a deviation of 6.9 %. Greater compaction was 
observed at higher thymol molar ratios and dispersive interactions were predominant. Depending on the 
composition, geraniol was both an acceptor and donor of hydrogen bonds; conversely, thymol acted as a donor. 
The article provides the necessary knowledge to be able to use these mixtures and design new ones, as ecological 
solvents in different applications including those in the agri-food sector.

1. Introduction

The World Health Organization has inferred that around 2.3 billion 
people in the world (29.3 %) were food insecure in 2021 (The State of 
Food Security and Nutrition in the World, 2022, 2022). This has 
increased drastically in vulnerable groups in poor countries. Several 
foodborne agents, such as bacteria, viruses, parasites, and toxins, are the 
causative agents. Sulphur derivatives have long been used as synthetic 
chemicals to eliminate these pathogens; however, they pose a serious 
threat to consumer health. Therefore, the development of methodolo
gies that include economical and sustainable protective agents is ur
gently required. The bioactive components of essential oils (EOs) are 
good candidates for application as natural food preservatives (Perumal 
et al., 2022). Phenolic compounds exhibit strong antimicrobial and 
antioxidant activities. Other terpenoids also inhibit the growth of yeast 
and insects. They also enhance transdermal drug penetration (Schafer 
et al., 2023). These properties are attributed to the hydrophobicity and 

solubility of these substances in the cell membrane. It should be noted 
that synergetic interactions have been found in mixtures, which are 
particularly important because they reduce the amount of preservative 
agent to be used (Chen and Viljoen, 2010; Falleh et al., 2020; Franklin, 
2016; Marchese et al., 2016; Perumal et al., 2022). Another application 
of mixtures of the bioactive components of EOs is their growing appli
cation as solvents in the extraction or solubilisation of biomolecules.

The above mixtures usually have a lower melting point than their 
components and the latter are non-ionic compounds. Therefore, they 
belong to the Type V deep eutectic solvents (DESs) group although those 
with ideal behaviour can simply be called eutectic solvents (ESs) 
(Abranches et al., 2019). All ESs are characterized by containing one or 
more components that can act as hydrogen bond donors (HBD) and the 
others as acceptors (HBA) (Tang et al., 2024). Their composition and 
preparation procedure have significant advantages over other solvents. 
In addition, they are economical, biodegradable, non-toxic, and do not 
generate waste. Furthermore, hydrophobic ones are barely soluble in 
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water (Abranches and Coutinho, 2022; Di et al., 2023; Gao et al., 2023; 
González-Laredo et al., 2023; Li et al., 2023). Because of these charac
teristics, both DESs and ESs have received considerable attention from 
the scientific community, particularly in the biotechnology sector. 
Detailed information on the properties and applications of these neoteric 
solvents can be found in literature (Abranches and Coutinho, 2022; 
Boateng, 2023; Castro-Muñoz et al., 2023; Cherniakova et al., 2023; 
González-Laredo et al., 2023; Marchel et al., 2022; Shamshina and 
Rogers, 2023; Sportiello et al., 2023). For implementation in different 
applications, it is necessary to study the interactions between the com
ponents and determine their physicochemical properties. Nevertheless, 
there is a knowledge gap because research has focused on the applica
tions (Marchel et al., 2023). In previous studies, our group has charac
terised eutectic mixtures containing thymol, menthol, camphor, and 
carboxylic acids (Bergua et al., 2022a, 2022b, 2021; Hernández-Serrano 
et al., 2023). In this study, pure geraniol (G) and three of its mixtures 
with thymol (T) were evaluated.

Geraniol [(2E)-3,7-dimethylocta-trans-2,6-dien-1-ol] (G) is a mono
terpene alcohol that is insoluble in water and has a characteristic floral 
flavour and taste. It can be isolated from EOs, such as palmarosa oil. 
According to the U.S. Food and Drug Administration (FDA), G is clas
sified as a "generally recognized as safe" (GRAS) compound and as a 
substance added to food (synthetic flavouring substance and adjuvants). 
G is an effective protector against known disease vectors such as 
mosquitoes and storage food mites. It has been shown to be more 
effective than traditional synthetic acaricides, with a lower environ
mental impact (Baker and Grant, 2018). In addition, it has shown 
anthelminthic activity against several nematodes and marked inhibition 
of microbial development in animals and humans, even in the gaseous 
state. Other beneficial effects such as antioxidant, anticancer, and 
anti-inflammatory activities have also been reported (Baker and Grant, 
2018; Chen and Viljoen, 2010). Thymol (5-methyl-2-propan-2-ylphenol) 
(T) is a phenolic monoterpenoid that is slightly soluble in water and has 
a pleasant odour. It is the main component of thyme oil and is primarily 
obtained from Thymus vulgaris. A wide variety of beneficial properties of 
T have been previously reported; it is a potent antioxidant, antiseptic, 
antibacterial, and antifungal agent. It can also be used as a natural re
pellent because of its genotoxic effects on insects. Its anaesthetic and 
healing capacity and anti-inflammatory effects stand out among other 
biological activities. The European Food Safety Authority (EFSA) clas
sifies T as a safe compound (“Scientific Opinion on the Safety and Effi
cacy of Phenol Derivatives Containing Ring-Alkyl, Ring-Alkoxy and 
Side-Chains with an Oxygenated Functional Group (Chemical Group 
25). When used as Flavourings for All Species,” 2012) and the FDA has 
approved it as a food additive (synthetic flavouring substance, adju
vants, and preservative in coatings).

Pure G and T, and their eutectic mixtures (GT ESs) are of consider
able interest in the agri-food, cosmetic, and pharmaceutical industries 
(Marchese et al., 2016). Rodriguez-Llorente et al. studied the ability of 
pure geraniol to separate carboxylic acids and phenolic compounds from 
wastewater (Gutiérrez-Sánchez et al., 2022; Rodríguez-Llorente et al., 
2021, 2019). The high efficiency of astaxanthin extraction from algae 
has been reported (Pitacco et al., 2022). The application of G, T, and 
their mixtures as food preservatives is currently under development 
(Franklin, 2016). However, they have scarcely been characterised in the 
literature. The density, isobaric molar heat capacity, and vapour pres
sure of pure G were determined by Martins et al. (2017) and Štejfa et al. 
(2015). No data on the thermophysical properties of the GT mixtures are 
available. The results of this work will allow us to expand the database 
needed for tools such as SUSSOL or PARIS III (Harten et al., 2020; Sels 
et al., 2020) to provide optimal alternative solvents to conventional 
ones. This is especially important in applications involving the extrac
tion and processing of components in the food, cosmetics, or pharma
ceutical sectors (Bashir et al., 2023; Devi et al., 2023).

The aim of this study was to characterise pure G and binary mixtures 
of G and T. Several NMR experiments were performed to evaluate the 

interactions present in the GT ESs. Seven thermophysical properties 
were evaluated at p=0.1 MPa. Other features were calculated and dis
cussed. In addition, the perturbed chain-statistical associating fluid 
theory (PC-SAFT) equation of state (EoS) was applied to favour the 
implementation of these solvents in the industry. Finally, the structure 
of the GT system was also analysed using molecular dynamics.

2. Materials and methods

2.1. Materials

The characteristics and structures of G and T are listed in Table S1. 
From these compounds, three binary mixtures were prepared in Erlen
meyer flasks by weighing using a PB210S Sartorius balance with an 
uncertainty of 10− 4 g. The mixtures were stirred simultaneously and 
slightly heated (323 K) until a homogeneous liquid was formed. They 
were then slowly cooled and kept at 298 K until use. The water content 
determined by the Karl-Fischer method was lower than 300 ppm. The 
compositions studied were G:T (1:2, molar ratio), G:T (1:1, molar ratio), 
and G:T (2:1, molar ratio). Hereafter, the acronyms used in this text are 
GT12, GT11, and GT21. These compositions were chosen because the 
region close to the equimolar ratio has the widest liquid window, 
making it the area typically used in applications.

2.2. Nuclear magnetic resonance

NMR experiments were performed using a Bruker NEO spectrometer 
operating at 400 MHz at 1H and 300 K. The chemical shifts were 
referenced to tetramethylsilane (TMS), with its chemical shift being 
considered as 0.0 ppm. The 1H NMR spectra were recorded using a one- 
pulse sequence with a 30º flip angle (Bruker pulse program zg30), with a 
spectral width of 16 ppm centred at 5 ppm and 16 scans for each 
spectrum. 13C NMR spectra were obtained using an ATP sequence 
(Bruker pulse program jmod ) with a spectral width of 190 ppm cen
tred at 90 ppm and 64 scans for each spectrum. Signal assignment was 
performed using double quantum filtered correlated spectroscopy (DQF- 
COSY), 1H-13C heteronuclear single quantum coherence (HSQC), and 
1H-13C heteronuclear multiple bond correlation (HMBC) (Bruker Pulse 
Programs cosygpqf, hsqcetgp, and hmbcgplpndqf, respectively). Diffusion 
experiments were performed using bipolar gradients (Bruker pulse 
program ledbpgp2s). The big and small delta were set to 399.9 and 
2.8 ms, respectively. The gradient pulse strength was varied through 25 
steps to obtain a 98 % decrease in the resonance intensity. The self- 
diffusion coefficient, D, was calculated by fitting the intensity of each 
signal to the following function: 

I(g) = IG=0exp[ − Dγ2
HG2δ2

(
Δ −

δ
3
−

τ
2

)
] (1) 

where I(g) is the measured intensity; IG=0 is the intensity in the absence 
of the gradient; D is the self-diffusion coefficient; γH is the gyromagnetic 
constant of the 1H nucleus; G is the strength gradient; δ is the duration of 
the bipolar gradient; Δ is the diffusion time; and τ is the time between 
the end of the gradient and the beginning of the next pulse. Nuclear 
Overhauser effect spectroscopy (NOESY) experiments were performed 
using the Bruker pulse program noesygpph with a spectral width of 
16 ppm centred at 4 ppm and a mixing time, D8, of 1 s was used.

2.3. Phase equilibria

The solid-liquid equilibrium (SLE) was determined using a differ
ential scanning calorimeter (TA Instruments DSC Q2000) with an RCS 
refrigeration system. Standard indium was used to calibrate the tem
perature and heat flow. The differences between the expected values for 
indium and those obtained during calibration showed that the uncer
tainty in Tm was 0.5 K. For each mixture used to generate the SLE dia
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gram, a sample (5–15 mg) was weighed out and placed in an aluminium 
pan in the liquid state. If the sample was solid at 293 K, the pan was 
preheated in the DSC at a temperature above the melting point to ensure 
crystallisation of the mixture inside the device. The samples were first 
cooled to 213–223 K at a rate of 3 K/min and then heated to 10 K above 
the melting point at the same scan rate. The reported temperatures 
corresponded to the maximum peaks owing to the asymmetric peak 
shapes and the presence of thermal anomalies that hindered the deter
mination of the onset temperature.

2.4. Thermophysical properties

The thermophysical properties were measured using different ther
mostat apparatus. An Anton Paar DSA 5000 densimeter and sound 
analyser was used to measure the density (ρ) and speed of sound (u), 
respectively. The temperature uncertainty was u(T) = 0.005 K and the 
combined expanded uncertainties Uc(Y) (0.95 level of confidence, k = 2) 
of both properties were Uc(ρ) = 0.05 kg•m− 3 and Uc(u) = 0.5 m•s− 1. A 
Dr. Kernchen Abbemat-HP refractometer (u(T) = 0.01 K) was used to 
determine the refractive index (nD) with a Uc(nD) = 2•10− 5. The isobaric 
molar heat capacity (Cp,m) was determined using a TA Instruments 
Q2000 differential scanning calorimeter. The uncertainties were u(T) =

0.01 K and Uc
(
Cp,m

)
= 1 %. The surface tension (γ) was determined 

using a Lauda TVT-2 drop volume tensiometer. Using this device, u(T) =

0.01 K and Uc(γ) = 1 %. The relative static permittivity (εr) was 
calculated by determining capacitances and resistivities using an Agilent 
4263BA LCR high precision impedances analyser connected to an Agi
lent 16452A cell through four coaxial 16048A cables. Electric fields of 
2 MHz and 2 V were applied. The uncertainties were u(T) = 0.01 K and 
Uc(εr)= 0.02. Finally, the kinematic viscosity (ν) was measured using 
different Ubbelohde capillary viscosimeters (k = 0.02981 and 
0.009434 mm2•s− 2) and a Schoot-Geräte AVS-440 automatic measure
ment unit. Dynamic viscosity (η = ρ • ν) data were calculated from the 
values of density (ρ) and kinematic viscosity (ν). For this property, u(T)
= 0.01 K and Uc(η) = 1 %.

2.5. Molecular dynamics

Molecular dynamics simulations were performed using Assisted 
Model Building and Energy Refinement software (AMBER18) (Case 
et al., 2018) and the General Amber Force Field (GAFF) (Wang et al., 
2004). The initial cubic simulation boxes were obtained using PackMol 
software (Martínez et al., 2009). This software randomly packs a given 
number of each type of molecule into a given volume, minimizing void 
spaces and intermolecular collisions. In all cases, a cubic simulation box 
side of 80 Å was used after equilibration. It was previously verified that 
this box size allowed finding values of constant diffusion coefficients 
regardless of the chosen molecule. The high number of molecules in each 
simulation provided sufficient statistical variability. The .pdb archives of 
each compound were generated using the Maestro software (v. 2018–4, 
NY. USA). Long-range interactions were computed using the Ewald 
method (Essmann et al., 1995). Van der Waals interactions were 
described using a Lennard-Jones potential, and a cutoff distance of 10 Å 
was applied. Periodic boundary conditions (PBC) and the leapfrog al
gorithm (Hockney, 1970) were employed in the simulations. All the 
simulations were performed in several steps. First, the energy of the 
system was minimised to avoid the spatial constraints of high energy, 
which can disrupt the simulation. The system was then gradually heated 
from 0 to 300 K. Temperature was controlled using Langevin dynamics 
(Loncharich et al., 1992). This was followed by density equilibration and 
a final equilibration step, which included monitoring of several struc
tural properties. The last two steps were performed under NPT condi
tions. For system equilibration, two consecutive productions of 10 ns 
each were performed. The trajectories were analysed using the VMD 
(Humphrey et al., 1996) and CPPTRAJ programs (Roe and Cheatham, 

2013). Our experimental density values were used to optimize and 
validate the method.

3. Results and discussion

3.1. NMR studies

NMR is a powerful technique for elucidating the structural aspects of 
eutectic mixtures because it can provide microscopic information at the 
molecular level. Hydrophilic eutectic mixtures based on choline chloride 
were previously characterised by our group using NMR (Delso et al., 
2019). In this section, we present a complete study that combines 
different NMR techniques to shed light on the structural and dynamic 
features of the three GT ESs.

3.1.1. 1H NMR and 13C NMR experiments
Fig. 1a and b show the 1H NMR and 13C NMR spectra of the eutectic 

mixtures studied, respectively, and Fig. S1 and S2 (Supplementary File) 
show the spectra of pure compounds. No overlapping signals or addi
tional peaks are observed in the spectra of the eutectic mixtures. This 
confirms that no chemical reaction occurs, and no subproducts are 
generated. The composition of the mixtures was verified by integrating 
the peaks. GT21 (2:1.00), GT11 (1:1.01), and GT12 (1:2.04), with an 
uncertainty of u(x)=0.05 were determined. It is known that the estab
lishment of interactions causes a change in the chemical shift (δ) of the 
proton signals by modifying their chemical environment (Gabriele et al., 
2019). In our mixtures, the variation of δ with the composition is 
considerably small, suggesting the presence of weak interactions 
(Posada et al., 2019). This slight change is different for the T and G 
signals, which suggests that the dispersive interactions in the T and G 
molecules are different, likely because of the presence of micro
heterogeneities (Malik and Kashyap, 2021). Generally, a unique signal is 
obtained for all mobile protons in a sample owing to chemical exchange 
(Charisiadis et al., 2014; Duarte et al., 2017). Nevertheless, the signals of 
the mobile protons appear as separated peaks in the GT ESs. They pre
sent the highest change in δ. This behaviour implies slow exchange as a 
consequence of the formation of hydrogen bonds (HB) with a long 
lifetime. Furthermore, a trend is observed with the composition; the δ of 
the mobile proton of T (OH-T) increases with xG and that of G (OH-G) 
decreases with xT. The trend of T acting as an HBD, owing to the reso
nance effect of its aromatic ring, (Abranches et al., 2019) is greater at 
higher G compositions. Consequently, the OH-T environment is less 
shielded, and the signal shifts to a higher ppm. However, the greater is 
the value of xT, the greater is the probability of G to act as an HBA. 
Subsequently, the electronic density increases, and OH-G is shielded.

3.1.2. NOESY experiments
The nuclear Overhauser effect (NOE) occurs when a perturbed spin 

induces a change in the spin population of a nearby nucleus. Thus, these 
spectra provide information on the three-dimensional molecular ge
ometry, revealing the proximity of protons to each other. Negative nOes 
are related to large and slow-moving molecules, and positive nOes are 
indicative of small and dynamic molecules with high rotation rates. 
(Claridge, 2016) Negative nOes have been observed in DESs with su
pramolecular structure (Delso et al., 2019). Fig. 2 shows the NOESY 
spectra of the GT mixtures. All the crosspeaks in the NOESY spectra 
appeared as positive, as opposed to the diagonal negative signals, except 
two of them, suggesting the formation of a weak intermolecular 
network. Apart from the expected negative crosspeak due to chemical 
exchange between the two hydroxyl groups, one more negative cross
peak was observed. This crosspeak, correlating the hydroxyl mobile 
proton in T with adjacent protons to the OH of geraniol (named “g”) can 
be due to transferred NOE from the OH exchange peak. The rest of 
signals were due to intramolecular or intracomponent contacts. Inter
estingly, GT21 mixture exhibited NOE signal between proton “5” of T 
and proton “g” of G that disappeared at xT increasing. This fact suggests 
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that this intercomponent HB is predominant at G-rich compositions.

3.1.3. DOSY experiments
This technique provides information on translational diffusion owing 

to the Brownian motion of molecules through the self-diffusion coeffi
cient D. This parameter depends on the size and form of the molecule, 
temperature, and solvent viscosity. Hence, phenomena such as aggre
gation and formation of strong interactions significantly influence D. 
Thus, this technique is a powerful tool for studying the interactions 
between different species in a mixture as well as their dynamic char
acteristics. As the molecules are indistinguishable in this experiment, the 

value of D represents the average molecular motion of all molecules. 
Table 1 lists the D values of the mobile and aliphatic protons of the pure 
compounds and the studied mixtures. These values are within the ranges 
reported for other eutectic solvents (Duarte et al., 2017). The spectra of 
the three mixtures are similar, and those of GT12 are shown in Fig. S4. 
For all compositions, the mobile G and T protons diffuse similarly and 
are faster than the aliphatic protons. The D values of T are higher than 
those of G for all the compositions, and the greatest difference is 
observed in the T-rich composition. In this case, the G molecules tend to 
act as HBAs and the remaining T molecules do not interact in more 
dynamic environments.

Fig. 1. Spectra of GT eutectic mixtures; (-) GT21, (-) GT11 y (-) GT12. (a) 1H NMR; (b) 13C NMR.
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3.2. SLE

In the design and characterisation of eutectic mixtures, the mea
surement of the solid-liquid phase diagram is necessary. However, we 
found serious problems in determining the melting temperatures (Tm) of 
the mixtures included in this study. This was a consequence of the 
remarkably low melting point of G. The value determined experimen
tally by ̌Stejfa et al. (2015) is Tm=183 K, making it difficult to crystallise 
the GT ESs. Thus, we only obtained results for the two T-rich composi
tions. The values were Tm = 312.48 K for xT = 0.75 and Tm = 312.97 K 

for xT = 0.85; Fig. S5 shows the obtained thermograms.

3.3. Thermophysical properties

Thermophysical properties including the density (ρ), speed of sound 
(u), refractive index (nD), static permittivity (εr), isobaric molar heat 
capacity (Cp,m), surface tension (γ), and dynamic viscosity (η) were 
investigated. They were determined at p =0.1 MPa and at temperatures 
ranging from 278.15 to 338.15 K. All experimental data are listed in 
Table S2 and are shown in Fig. 3 and S6. Moreover, the values for each 

Fig. 2. NOESY spectra of GT mixtures: a) GT21, b) GT11 and c) GT12; ( ) positive signal; ( ) negative signal; (O) intramolecular interactions; ( ) intermolecular 
interactions. Only the more relevant crosspeaks are assigned, for a full peak assignment see Fig S3.

Table 1 
Self-diffusion coefficients, D, of mobile and aliphatic protons of each compound at 300 K obtained by PFG NMR and MD.

Proton type 1011DNMR(G)/ 
m2•s− 1

1011DMD(G)/ 
m2•s− 1

1011DNMR(T)/ 
m2•s− 1

1011DMD(T)/ 
m2•s− 1

G Mobile 13.50 ​ ​ ​ 
Aliphatic 12.89 ​ ​ ​ 

GT21 Mobile 12.12 ​ 12.12 ​ 
Aliphatic 11.54 8.7 12.21 8.22

GT11 Mobile 11.72 ​ 11.66 ​ 
Aliphatic 10.65 7.13 12.00 6.90

GT12 Mobile 9.804 ​ 9.798 ​ 
Aliphatic 8.51 5.36 10.21 5.03

T diluted in CDCl3 Mobile 
Aliphatic

​ ​ 17.69 
17.64

​ 
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property at the two T (298.15 K and 313.15 K) are summarised in 
Table 2 for easier follow-up of the discussion. The properties are 
correlated with T and the equations and coefficients are listed in Table 3.

3.3.1. Density
The ρ value of the pure G ranged from 847.98 to 892.07 kg‧m− 3 and 

those of the GT mixtures were contained within 876.16 and 953.12 kg‧ 
m− 3. Thus, all liquids had lower density than water, and the difference 
was higher than 6 %. Consequently, they can be employed in phase 
separation processes (Jones and Harris, 1992; Rodríguez-Llorente et al., 
2020). Martins et al. (Martins et al., 2017) calculated the density of pure 
G in the T range of 278.15–368.15 K and p = 0.1 MPa. By comparing 
with our data, the mean relative deviation was MRD(ρ)=1.07 %. In 
addition, the National Toxicology Program (Program, n.d.) and Larra
ñaga et al. (Larrañaga et al., 2016) reported the ρ value at 293.15 K, and 
the deviations calculated were 0.92 % and 0.55 %, respectively. How
ever, there is no ρ data for the GT mixtures. The ρ increased with the 
molar fraction of thymol (xT). The flat shape of the aromatic ring fav
oured the compaction of the mixtures. Fig. 3a shows the effect of T on ρ. 
The density decreases with increasing T because of the increased ther
mal motion. To quantify the effect of T on ρ, the isobaric thermal 
expansion coefficient (αp) was calculated as follows: 

αp = −
1
ρ

(
∂ρ
∂T

)

p
(2) 

Where ρ,T and p are the density, temperature and pressure, respectively. 
This property is a basic parameter in the design of industrial operations 
because T fluctuations are common in facilities and can be decisive in 
processes. The differences of αp values of the GT mixtures were within 

the calculated uncertainty, which showed that the effect of T on ρ was 
similar for all of them (Table S3). In this way, a single value of αp =

0.821 (± 0.04) k•K− 1 could be obtained. The lower density and lower 
compactness of pure G versus GT mixtures yielded higher αp values. For 
this compound, the average value was αp= 0.844 (± 0.04) k•K− 1. The αp 

increased with increasing T (Fig. S7a).
Predicting the behaviour of fluids at any pressure, temperature, or 

composition is a useful tool in process design. For this purpose, easy-to- 
apply thermodynamic models, such as EoSs, are preferred. In this study, 
we validated the PC-SAFT EoS (Gross and Sadowski, 2001, 2000) for the 
pure G and GT ESs. A brief summary of the model and the values of all 
the parameters are provided in Table S4. We used the commercial VLXE 
software to perform the calculations (Laursen, 2012). As an open-source 

Fig. 3. Experimental thermophysical properties of G and GT ESs at p = 0.1 MPa and at various temperatures and compositions. (a) density, ρ; (b) dynamic viscosity, 
η. ( ) pure G; ( ), GT21; ( ) GT11; (■) GT12. Points, experimental values; lines, correlated data.

Table 2 
Summary of the thermophysical properties of the liquids studied at p = 0.1 MPa.

Property T/ K GT12 GT11 GT21 G

ρ / kg• m− 3 298.15 938.02 921.04 905.74 877.60
313.15 926.62 910.13 894.42 866.63

u / m•s− 1 298.15 1422.21 1421.96 1415.29 1413.78
313.15 1371.74 1370.98 1359.16 1360.79

Cp,m / J•mol− 1•K− 1 298.15 354 344 361 376
313.15 364 356 375 392

nD 298.15 1.50544 1.49771 1.49017 1.47494
313.15 1.49876 1.49112 1.48370 1.46868

εr 298.15 5.824 6.465 6.931 7.827
313.15 5.595 6.162 6.558 7.086

γ /mN•m− 1 298.15 31.12 30.73 30.49 29.94
313.15 29.99 29.66 29.26 28.86

η /mPa•s 298.15 11.395 10.002 8.919 6.819
313.15 6.005 5.632 5.233 4.117

Table 3 
Fitting parameters (AY ,BY , CY) and regression coefficients, R2, for the thermo
physical properties of the investigated liquids.

Property GT 
ESs

AY BY CY R2

ρa / kg•m− 3 GT12 
GT11 
GT21 

G

1165.41 
1143.02 
1127.05 
1096.41

− 0.7632 
− 0.7442 
− 0.7424 
− 0.7341

​ 0.99997 
0.99973 
0.99984 
0.99996

ua / m•s− 1 GT12 
GT11 
GT21 

G

2422.82 
2439.78 
2513.22 
2460.36

− 3.3558 
− 3.4134 
− 3.6830 
− 3.5075

​ 0.99989 
0.99986 
0.99976 
0.99968

Cp,m / 
J•mol− 1•K− 1

GT12 
GT11 
GT21 

G

152.28 
114.67 
100.89 
60.33

0.67446 
0.76862 
0.87292 
1.05815

​ 0.99876 
0.99912 
0.99945 
0.99950

nD
a GT12 

GT11 
GT21 

G

1.63822 
1.62837 
1.61940 
1.60180

− 4.45•10− 4 

− 4.38•10− 4 

− 4.34•10− 4 

− 4.25•10− 4

​ 1.00000 
0.99995 
0.99994 
0.99721

εr
b GT12 

GT11 
GT21 

G

6.284 
14.728 
17.735 
40.954

0.0118 
− 0.0346 
− 0.0467 
− 0.1726

− 4.48•10− 5 

2.31•10− 5 

3.52•10− 5 

2.06•10− 4

0.99986 
0.99999 
0.99984 
0.99772

γa / mN•m− 1 GT12 
GT11 
GT21

54.44 
53.58 
53.55

− 0.0782 
− 0.0764 
− 0.0775

​ 0.99964 
0.99963 
0.99954

G 51.04 − 0.0708 ​ 0.99989
ηc / mPa s GT12 

GT11 
GT21 

G

0.03273 
0.03140 
0.02120 
0.00699

718.25 
779.16 
938.56 
1385.62

175.44 
163.09 
142.93 
96.70

0.99995 
0.99998 
0.99999 
0.99990

a Y = AY + BYT;bY = AY + BYT + CYT2; c Y = AYexp[
BY

T − CY
].
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toolkit, Clapeyron.jl (Walker et al., 2022) allows to obtain thermody
namic properties using various EoS and models, including PC-SAFT. The 
parameters of pure T were obtained from literature (Martins et al., 
2018). The PC-SAFT parameters of pure G were estimated by fitting the 
vapour pressures obtained from the literature (Linstrom and Mallard, 
2020; Štejfa et al., 2015) and our density data. The averages of the de
viations were Δpv = 5.6 Pa and MRD(ρ)=0.03 %; a graphical display is 
shown in Fig. S8. For the mixtures, the predictive version of the model 
was used. Therefore, the binary interaction parameter was null (kij). The 
model accurately predicted the densities of the mixtures. The average of 
the deviations obtained was MRD(ρ)=0.13 % and were greater at higher 
xT and T (Fig. S9a). A slight decrease in this average deviation can be 
obtained by introducing an optimized binary interaction parameter. 
Thus, MRD(ρ)=0.09 with kij=–0.008. However, we do not believe that 
this decrease justifies its inclusion in the model.

3.3.2. Speed of sound
The u values at each T were very similar for all the investigated 

fluids. They ranged from 1276.41 m•s− 1 of pure G at 338.15 K to 
1492.20 m•s− 1 of GT11 at 278.15 K. This property is related to the 
compaction of the fluid. Therefore, the higher the value of T, the lower 
the value of u (Fig. S6a). In addition, the isentropic compressibility (κs) 
and intermolecular free length (Lf ) can be calculated as follows: 

κs =
1

ρu2 (3) 

Lf = K
̅̅̅̅
κs

√
(4) 

Where ρ and u are the density and the speed of sound at similar tem
perature and pressure, and K is the Jacobson’s constant (Jacobson, 
2004). The values of κs and Lf (Table S3) ranged from 471.85 to 723.83 
(± 0.25) TPa− 1, and 0.414–0.570 (± 0.005) Å, respectively. The GT12 
mixture at 278.15 K presented the lowest data, and the pure G at 
338.15 K exhibited the highest. Both properties increased with T and xG 
(Fig. S7b) because of the decrease in compactness due to thermal mo
tion. It is known that the EoS does not adequately represent this prop
erty. The average deviation obtained between our measurements and 
the u predicted with PC-SAFT EoS was 17 %. It decreased with 
increasing T and no trend was observed with the composition (Fig. S9b). 
The deviation increased slightly (MRD(u)=17.4) with the optimized 
parameter (kij=–0.008).

3.3.3. Isobaric molar heat capacity
The Cp,m of the investigated solvents were within the range of 328 

and 417 J•mol− 1•K− 1 and increased with T owing to the higher energy 
for storage (Fig. S6b). The Cp,m data of pure G reported by Štejfa et al. 
(Štejfa et al., 2015) were a 9 % lower than ours. The deviation of 
MRD

(
Cp,m

)
= 8.3 % can be attributed to the use of a higher heating 

rate in the DSC experiment. In the model with PC-SAFT EoS, the mean 
relative deviation with respect to the predicted data was 6.90 % and 
increased with T (Fig. S9c). The deviation hardly changed 
(MRD(Cp,m)=7.0) when introducing the optimized parameter 
(kij=–0.008).

3.3.4. Refractive index
The nD evaluates the compactness of fluids; thus, a less compact 

structure of a fluid has a lower nD value. This property yielded results 
similar to those previously reported, in which the GT12 mixture 
exhibited the greatest compaction. The aromatic ring of T favoured the 
packing of the fluid. In contrast, thermal agitation hindered this process 
(Fig. S6c). The molar refraction (Rm) is related to the volume occupied 
by a mole of molecules and is calculated as follows: 

Rm = Vm
(n2

D − 1)
(n2

D + 2)
(5) 

Where nD is the refractive index and Vm is the molar volume. An esti
mation of the free volume (fm) in the fluid can be performed by sub
tracting Rm from Vm. The Rm and fm (Table S3 and Fig. S7c) increased 
with T and the change was most pronounced in fm. The ratio of these 
parameters is the percentage of free volume; the values ranged from 
69.9 % for GT12 at 278.15 K to 72.7 % for pure G at 338.15 K.

3.3.5. Static permittivity
The εr facilitates the estimation of the polarity of non-ionic fluids. 

Table S2 lists the experimental data and Fig. S6d shows the effect of T on 
this property. The higher the xG, the greater the εr value and effect of T. 
By combining the above data at similar p and T conditions, an estimation 
of the orientation of dipoles can be performed using the following 
Fröhlich equation (Fröhlich, 1948): 

gμ2 =
9kTε0Vm

NA

(
εr − n2

D
)(

2εr + n2
D
)

εr(n2
D + 2)2 (6) 

where k is the Boltzmann constant, NA is the Avogadro number, T is the 
temperature in Kelvin, ε0 is the static permittivity at vacuum, μ is the 
dipole moment, nD is the refractive index, Vm is the molar volume, and g 
is the Kirkwood–Fröhlich correlation parameter. This parameter was 
higher in pure G and decreased significantly with increasing xT 
(Table S3). In contrast with the other solvents studied, GT12 and GT11 
exhibited a slight increase of gμ2 with T (Fig. S7d). This behaviour was 
also opposite to that observed for εr. An increase in thermal agitation can 
destabilise the cyclic aggregates, thereby increasing the number of ag
gregates with a linear chain configuration. In addition, the g factor 
serves as an indicator of the relative alignment of adjacent dipoles 
within a liquid. For dipoles with a parallel preferential arrangement, g 
>1. In contrast, for a fluid featuring antiparallel dipoles, g <1. It can be 
calculated by estimating μ2 as the sum of contributions of the pure 
components of the mixture 

(
μ2 = x1μ2

1 +x2μ2
2
)
. Table S1 lists the μi 

values of our pure compounds. For pure G, g ranges from 1.39 to 1.61 
and is within 1.21–1.44 for GT ESs. The results indicate that a parallel 
orientation of the dipoles is preferred, which is favoured by the presence 
of G.

3.3.6. Surface tension
The γ is related to the characteristics of the liquid-air interface. This 

knowledge is essential, particularly for applications that require fluid 
atomisation. Low γ values enhance the efficiency of solvent atomisation 
processes. The measured γ ranged from 27.10 to 32.65 mN•m− 1. The 
higher the xT, the higher the γ values. This was in agreement with the 
fact that the mixture with maximum T content was the most structured 
and compact. This sequence was also consistent with γ of pure T (Jasper, 
1972). The structuring of the fluid became more difficult as T increased; 
therefore, the values decreased as the temperature increased (Fig. S6e). 
The effect of T on γ provides information regarding the energy necessary 
to display a number of molecules towards the air-liquid interface. The 
entropy of surface (ΔSS) and the enthalpy of surface (ΔHS) were calcu
lated as follows: 

ΔSs = −

(
∂γ
∂T

)

p
(7) 

ΔHS = γ − T
(

∂γ
∂T

)

p
(8) 

Where γ,T and p are the surface tension, temperature and pressure, 
respectively. Both properties were almost similar at all xT and T and the 
average values were: 0.077 ± 0.001 mN•m− 1•K− 1 and 53.9 ± 0.4 
mN•m− 1, respectively. Several correlations to estimate the critical 
temperature (Tc) from the experimental γ data have been proposed 
(Cotterman and Prausnitz, 1986). This property is essential for ther
modynamic modelling; however, its measurement is usually difficult or 
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impossible. Herein, we used the Guggenheim equation (Guggenheim, 
2004) based on the theory of corresponding states, which is expressed as 

γ = γ0

(

1 −
T
Tc

)11
9

(9) 

Where γ0 is a constant, T is the temperature, and Tc is the critical tem
perature. For our solvents, γ0=59 mN⋅m− 1. In addition, we used the PC- 
SAFT EoS to predict the critical locus of the GT system. Table S5 lists the 
values obtained using Eq. (9), the thermodynamic model, and pure 
compounds reported in the literature. Comparing the first two, the de
viation in Tc is less than 10 %.

3.3.7. Viscosity
The fluidity of a mixture plays a crucial role in the design and opti

misation of industrial processes and is influenced by factors such as the 
molecular size, shape, and intermolecular interactions (Abbott et al., 
2011, 2007; D’Agostino et al., 2011; Dai et al., 2015). In general, a high 
η value of a solvent is a major drawback for its industrial use. Van Osch 
et al. (Van Osch et al., 2019) proposed a value of 100 mPa⋅s as the upper 
limit to ensure an optimal performance in engineering processes. This 
property is the main problem of the hydrophilic eutectics for which 
values of up to 5.1•105 mPa⋅s at 313.15 K have been reported (Aroso 
et al., 2017). In our mixtures, η was within 2.614–35.687 mPa⋅s for GT 
ESs and 2.213–14.474 mPa⋅s for G. Considering this property, they could 
be suitable solvents in this T range (278–338 K). The higher the xT, the 
more viscous the fluid. This may be related to the higher number of 
interactions in the most T-rich mixture. As expected, the trend of η with 
xT was opposite to that obtained for the D coefficient because fluidity 
and diffusivity were inversely proportional. The effect of T on transport 
properties as η is particularly marked at low T following the η and T 
relationship an exponential equation (Fig. 3b). The VFT correlation used 
is as follows: 

η = AYexp
(

BY

T − CY

)

(10) 

Where T (in K) is the temperature, and AY , BY , and CY are the fitting 
parameters (Table 3). AY represents the η at T→∞. At this T, η is only 
due to steric constraints. BY , and CY facilitate the calculation of the 
energetic barrier of a molecule for moving between the layers of the 
fluid; that is, the activation energy for viscous flow (Ea,η), which is 
calculated as follows: 

Ea,η = R
∂(lnη)

∂
(

1
T

) = R

⎛

⎜
⎜
⎜
⎝

BY
(

C2
Y

T2 −
2CY

T + 1
)

⎞

⎟
⎟
⎟
⎠

(11) 

Where T (in K) is the temperature, and BY , and CY are the above fitting 
parameters. The Ea,η values are listed in Table S3 and Fig. S7e. At 
298.15 K, Ea,η is 25.2 kJ⋅mol–1 for G and varies from 28.8 to 
34.4 kJ⋅mol–1 for GT ESs. The larger shape and size of the G molecules 
compared with those of the T molecules generate greater steric hin
drance, as shown by the increase in AY with xG. However, the increase of 
the interactions with xT in turn implies higher Ea,η. Correlations between 
η and γ data at similar conditions has been reported. The Pelofsky and 
Murkerjee equations (Ghaedi et al., 2017; Pelofsky, 1966) previously 
validated for various types of fluids were used. The expressions and 
corresponding fit coefficients are listed in Table S6. Adequate agreement 
between the experimental and fitted data is observed, as indicated by the 
high linearity (R2>0.97).

3.4. Molecular dynamics

Molecular dynamics simulations have emerged as the predominant 

computational technique for investigating the nanostructures and dy
namic behaviours of ESs. This helps elucidate the molecular nature of 
the mixtures, providing insights into the interactions between the 
compounds at the atomic level. In this section, we describe the structure 
of the GT ESs by calculating the diffusion coefficients (D), radial dis
tribution function (RDF), number of HBs (NHB), and noncovalent inter
action (NCI) index. First, the box dimensions and number of molecules 
was optimised. Density was used as a parameter to verify the model used 
for comparison with our experimental data. The results are listed in 
Table S7, and the average deviation is less than 2.5 %. This value con
firms that the chosen force field (GAFF) and simulation boxes are 
appropriate for these systems (Fan et al., 2021b, 2021a).

3.4.1. Self-diffusion coefficients
The D values were calculated using the following Einstein relation: 

D =
1
2n

lim
t→∞

d
dt

〈
|ri(t) − ri(0) |2

〉
(12) 

Where n is the number of systems (three in this case), t is the simulation 
time, ri(t) is the position of the molecule at time t, and ri(0) is the po

sition at the beginning of production. The value of 
〈
|ri(t) − ri(0) |2

〉
is 

the mean-square displacement (MSD) of each molecule. It is important 
to note that the calculation of D must be performed under diffusion 
regime conditions, which are reached when the variation in MSD with 
time is linear (Méndez-Morales et al., 2013; Wu et al., 2016). Figure S10
shows the regression lines of MSD obtained from the raw data obtained 
using AMBER.

The D coefficients were calculated as one-sixth of the slope and the 
values are reported in Table 1. Calculated D values showed a good 
correlation with those measured experimentally, reproducing the 
decrease of the viscosity of mixtures as xG decreased. Contrary to what 
was obtained in Section 3.1.3., G showed slightly higher values than T, 
differences within reason frequently attributed to the force field (GAFF) 
used (Velez and Acevedo, 2022).

3.4.2. Radial distribution function
The RDFs were calculated using the VMD software for pairs of atoms 

that were liable to form HBs. That is, the oxygen of the hydroxyl group 
(O1 of T and G) acted as the HBA, and the hydrogen of the same group 
(H14 of T and H18 of G) acted as the HBD. Atom labelling is shown in 
Fig. S11 and Fig. S12 presents the RDFs of each mixture for the studied 
atomic pairs. The RDF is expressed as g(r), which represents the prob
ability that an atom is localised at a distance r from another atom. All 
functions show a maximum peak at approximately 2 Å. These distances 
are related to intermolecular hydrogen bonding and our values agree 
with those reported by Panda and Bhargava (2022) for similar mixtures. 
In addition, the higher the peak height, the more significant the inter
action. G has been reported to be a strong HBA and T is known to be a 
strong HBD owing to the resonance effect of its aromatic ring (Abranches 
and Coutinho, 2022; Fan et al., 2021b). As expected, the most significant 
interaction was GO1-TH7, in which G acted as the HBA and T as the 
HBD. This interaction was the most probable at equimolar composition, 
followed closely by a T-rich composition. It was deduced that the 
interaction GO1-GH18 stood out in all mixtures, being the second most 
important. This suggested that G might act as an HBD, as observed for 
menthol in its mixture with T (Schaeffer et al., 2021). In contrast, T 
acting as an HBA and T or G acting as an HBD were the two least 
probable interactions. The fact of a phenolic alcohol being an excellent 
HBD and a very poor HBA was already reported for naphtol (Panda and 
Bhargava, 2022). A second group of small peaks were observed at dis
tances around 3.5 Å, corresponding to the pair of O and H not directly 
involved in the HB. The presence of only these two peaks confirms the 
formation of pairs of molecules, where each molecule only establishes a 
HB with one other molecule.

M.H. Esfahani et al.                                                                                                                                                                                                                            Industrial Crops & Products 222 (2024) 119781 

8 



3.4.3. Number of hydrogen bonds
This section presents a quantitative evaluation of the significance of 

these interactions. The criteria used for NHB calculations were those 
published by van der Spoel et al. (van der Spoel et al., 2006) and Luzar 
et al. (Luzar and Chandler, 1993). The results are listed in Table S8 and 
shown in Fig. 4. These are expressed as the ratio of the number of HBs of 
a specific type to the total number of molecules in the system involved in 
that type of bond. The increase in the total number of HBs with xG is due 
to the significant increase in the number of GO1-GH18 HBs. Conversely, 
the inter-component interactions remain almost constant. The 
maximum ratio of 0.5 HB per molecule is in fully agreement with the 
above discussed RDF result, that confirm the formation of molecular 
pairs.

3.4.4. Non-covalent interactions
An overall view of the interaction of molecules is provided by 

calculating the NCI index (Johnson et al., 2010). The equimolar mixture 
was chosen because the results are similar for all compositions. This 
index enables the identification and analysis of NCI (hydrogen bonds, 
dipole-dipole interactions, London dispersion forces, and steric re
pulsions) based on the molecular geometry of the mixture. This tool uses 
electron density (ρ) and its derivative, the reduced density gradient 
(RDG or s), to visualise NCI as surfaces within the real space of the 
sample. The value of the reduced gradient is close to zero in regions with 
covalent and non-covalent bonds and downward-pointing peaks appear 
in the RDG versus ρ plot. Regions of low ρ are associated with weak 
interactions such as van der Waals forces, whereas regions of high ρ 
(positive or negative) are related to stronger interactions. To distinguish 
them, the sign of the second Hessian eigenvalue of the density (λ2) is 
used. Therefore, attractive and repulsive interactions are identified in 
regions where λ2< 0 and λ2> 0, respectively, whereas van der Waals 
interactions have λ2≈ 0. In this way, RDG is represented against the λ2 •

ρ product and the colour code is shown in Fig. 5.
It was observed the establishment of only one HB and the presence of 

large isosurfaces of hydrophobic van der Waals interactions. HBs are 
surrounded by different van der Waals interactions, which stabilise 
them. Therefore, the polar and nonpolar regions are arranged, causing 
structural heterogeneity in the system (Fan et al., 2021b). The observed 
van der Waals interactions correspond to π-π interactions both between 
the aromatic rings of T and the aromatic ring of T and olefinic protons of 
G, CH-π interactions both between T molecules and the G and T ones, 
and aliphatic interactions between the methyl groups of T and G. The 
repulsive interactions are related to the constraints of the aromatic ring 

of T. The amount and size of these isosurfaces due to van der Waals 
interactions could justify the importance of the hydrophobic in
teractions, along with the HB, for the formation of the eutectic phase 
(Gutiérrez et al., 2020).

These findings are in good agreement with the detection in the 
NOESY experiments of crosspeaks correlating hydrogens in proximity to 
the hydroxyl groups (Fig. 2), demonstrating not only the spatial prox
imity of these pairs of protons, but suggesting the higher stability of the 
hydrogen bonds. Longer half-lives are required to allow the NOE effect 
to build up, that can be observed between hydrogens 5 in T and g in G. 
On the other hand, crosspeaks observed among methyl groups (e, a, and 
a’ in G; and 6, 1, and 1’ in T), both intermolecular and intracomponent 
(distant more than 5 Å) strongly support the importance of the hydro
phobic and van der Waals forces in the intermolecular interactions.

4. Conclusion

A comprehensive thermophysical and structural characterisation of 
hydrophobic eutectic mixtures based on thymol and geraniol in molar 
ratios of 2:1, 1:1, and 1:2 was conducted. This thermophysical study 
focused on density, speed of sound, refractive index, static permittivity, 
isobaric molar heat capacity, surface tension, and dynamic viscosity. 
Additionally, derived properties such as isobaric thermal expansibility, 
isentropic compressibility, intermolecular free length, molar refraction, 
free volume, entropy, enthalpy surface, critical temperature, and flow 
viscosity energy were obtained. NMR experiments and molecular dy
namics calculations were performed to analyse the structure and obtain 
auto-diffusion coefficients. The results can be used in the search for 
sustainable solvents and their subsequent implementation in the design 
of industrial processes.

Thermophysical characterisation revealed that the densities of pure 
G and GT ESs were lower than those of water at the same temperature, 
indicating favourable phase separation during the extraction processes 
in aqueous media. In addition, the mixtures became less compact as the 
molar fraction of G increased. The heat capacities of G were slightly 
higher than those of the other mixtures. The surface tensions and vis
cosities were moderate making the mixtures suitable for industrial ap
plications. Structural characterisation revealed the absence of strong 
supramolecular structures. These results agreed with the obtained 
values of the thermophysical properties, such as low viscosity. The NCI 
and NOESY experiments showed that the main interactions established 
were dispersive, exhibiting π-π interactions and aliphatic interactions 
between the methyl groups of T and G. In the dominant hydrogen bond, 
G acted as the HBA and T as the HBD, followed by the formation of a HB 
between the G molecules. In this system, T tended to act as an HBD and G 
could act as an HBA or HBD, depending on the composition of the 
mixture. The distribution of HB varied with the composition. Never
theless, on average, the structure of the mixture remained similar across 
all compositions owing to its reliance on dispersive interactions.
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Fig. 4. Ratio between the number of HBs and number of molecules involved in 
this type of bond in the GT system; ( ) GT21, ( ) GT11 y (■) GT12.
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Fig. 5. Three-dimensional visualization of RDG and representation of RDG versus (λ2)ρ of (a) T and (b) G in GT11 random frame and c) representation of RDG versus 
(λ2)ρ in GT11 mixture.
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Bergua, F., Castro, M., Muñoz-Embid, J., Lafuente, C., Artal, M., 2022b. L-menthol-based 
eutectic solvents: characterization and application in the removal of drugs from 
water. J. Mol. Liq. 352, 118754. https://doi.org/10.1016/j.molliq.2022.118754.

Boateng, I.D., 2023. Evaluating the status quo of deep eutectic solvent in food chemistry. 
Potentials and limitations. Food Chem. https://doi.org/10.1016/j. 
foodchem.2022.135079.

Case, I.-S.D.A., Brozell, S., Cerutti, D., Cheatham, T., Cruzeiro, V., Darden, T., Duke, D.G., 
R., Gilson, M., Gohlke, H., Goetz, A., Greene, D., Harris, R., Homeyer, N., Izadi, S., 
Kovalenko, T.A., Lee, T., LeGrand, S., Li, P., Lin, C., Liu, J., Luchko, T., Luo, R., 
Mermelstein, D., Merz, Y.K., Monard, G., Nguyen, C., Nguyen, H., Omelyan, I., 
Onufriev, A., Pan, F., Qi, R., Roe, D., Roitberg, C.A., Schott-Verdugo, S., Shen, J., 
Simmerling, C., Smith, J., Salomon-Ferrer, R., Swails, J., Walker, J.R., Wei, H., 
Wolf, R., Wu, X., Xiao, L., York, D., Kollman, P., 2018. Amber 2018.
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