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Abstract 30 

 31 

Type V deep eutectic solvents, formed by combination of neutral hydrogen-bonding molecules, remain difficult to 32 
predict and engineer. The recent proposal that the asymmetric nature of hydrogen bonding (HB) donor and acceptor 33 
capability of precursors might be a key approach for their formulation requires validation. Here we show that the 34 
emergence of a topologically saturated hydrogen-bond network provides a mechanistic route to formulate such systems, 35 
exemplified by the carvacrol–dimethyl sulfoxide (DMSO) mixture. COSMO-RS screening predicts a profoundly deep 36 
eutectic (about 110 K depression) arising from donor-free, strong HB acceptor DMSO when paired with asymmetric HB 37 
donor carvacrol.  38 

To our knowledge, this is the first example of a type V DES whose precursors are liquid at ambient conditions, thus 39 
enabling a detailed exploration of chemical physical properties and their excess values to be probed across the whole 40 
composition window.  41 

This approach is fundamental to describe the complex structural and dynamical organisation of carvacrol–DMSO 42 
mixtures across composition and relate hydrogen-bond topology to the onset of deep eutectic behaviour, on the basis of 43 
complementary thermophysical measurements, neutron scattering, NMR and classical molecular dynamics simulations. 44 

The work addresses two main points: a) can present knowledge be used to custom engineer type V DES? and b) how the 45 
do evolution and competition of intra- and inter-species interactions, across the whole composition range, lead to the 46 
large depth in the eutectic behaviour of type V DES? 47 

 48 

 49 

 50 

 51 

 52 

 53 

  54 
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Introduction. 55 

Deep eutectic solvents (DESs) embody the principle that mixtures can be engineered to melt far below their 56 

components, by favouring unlike over like–like interactions. Since their first discovery in 2003 by Abbott1,2, 57 

who demonstrated that choline chloride forms low-melting mixtures when combined with urea, a wide range 58 

of related compounds has been proposed, classifying them in multiple classes, on the basis of the nature of their 59 

precursors. More recently, Coutinho and collaborators introduced the concept of a fifth class (type V)3–5, 60 

which is composed entirely of neutral molecules, yet retaining the thermodynamic hallmark of “deep” 61 

behaviour: large negative deviations from the ideal liquidus line.  62 

What makes a eutectic mixture “deep” is its ability to display a melting-point depression far greater than 63 

expected for an ideal mixture. In thermodynamic terms, this corresponds to strong negative deviations from 64 

the ideal liquidus line, arising when the interactions between unlike species are substantially stronger than 65 

those within the pure components. Type V DESs are particularly intriguing because they achieve deep 66 

character in the absence of ionic species, thereby suppressing dominant Coulombic interactions that would 67 

otherwise mask how directional H-bonding, dispersion, and packing anisotropy might govern eutectic depth.  68 

Hydrogen bonding has consistently been identified as a central driving force behind the unusual stability and 69 

properties of DESs.6–8 Yet, the establishment of hydrogen-bonding interactions across the bulk liquid does not 70 

automatically ensure the emergence of deep eutecticity9. Focusing on type V DESs, Coutinho and co-workers 71 

underscored the importance of combining asymmetric hydrogen-bond donors (HBD), which behave as strong 72 

donors but poor acceptors, with strong HB acceptors (HBA) that lack donor capability.3,4,10 This asymmetry in 73 

hydrogen-bonding capability allows for preferential donor–acceptor interactions that stabilize the mixture 74 

more effectively than those present in the pure components. 75 

In this context, the most well-known example of an asymmetric HBD is thymol. This terpene molecule 76 

possesses a hydroxyl group that is more positive than in a typical alcohol. This unusual behavior arises from 77 

resonance effects that delocalize the oxygen’s lone pairs across the aromatic ring, making the hydroxyl group 78 

more positively polarized than in a typical alcohol. As a consequence, thymol functions as a weak HBA, but an 79 

unusually strong HBD. In its pure liquid, this imbalance produces hydrogen bonds between a good donor and a 80 

poor acceptor, while in mixtures with suitable partners the strong donor capacity of thymol can give rise to 81 

particularly stabilizing interactions, reflected in pronounced negative deviations from ideality. 82 

 83 

Building on this rationale, Coutinho and co-workers also pointed out that efficient hydrogen-bond acceptors 84 

for type V DESs are those that lack donor sites. Examples include ketones, aldehydes, and tertiary amines, 85 

which cannot self-associate but form stabilizing interactions when paired with asymmetric donors. 86 
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Representative candidates proposed in the literature include 1,5-diazabicyclo[5.4.0]undec-5-ene (DBU)11, 87 

trioctylphosphine oxide (TOPO)12, and cyclodextrins13–16. 88 

 89 

Carvacrol17,18 is a regioisomer of thymol. Like thymol, it exhibits asymmetric HBD behavior, acting as a strong 90 

donor but a weak acceptor. Unlike thymol, however, carvacrol is liquid at room temperature, with a melting 91 

point of 274.2 K. Its lower melting enthalpy (ΔHm = 11.49 kJ mol−1) and entropy (ΔSm = 41.89 J mol−1 K−1) 92 

make it particularly prone to forming eutectic mixtures with depressed melting points. For example, Alhadid 93 

and co-workers showed that, although the menthol/thymol system exhibits larger deviations from the ideal 94 

liquidus line, the menthol/carvacrol system reaches an even lower eutectic temperature, around 243.35 K at 95 

carvacrol molar fraction, Xc, equal to 0.58.19 96 

 97 

Dimethyl sulfoxide (DMSO) is a strong hydrogen-bond acceptor (HBA) and lacks any donor site: its polarized 98 

S=O group avidly captures phenolic H donors, promoting hetero-association and stabilizing a connected H-99 

bond network. It then nicely fits into the proposed class of compounds that might successfully deliver a deep 100 

eutecticity, when paired with a suitable asymmetric HBD. 101 

 102 

Accordingly, the carvacrol–DMSO binary system represents a minimal, well-controlled testbed for the above 103 

described proposal by Coutinho and co-workers: it lets us probe the microscopic origins of deep eutecticity in 104 

type V media, without ions or competing HB motifs that might blur interpretation. Equally important, both 105 

components are liquids at ambient conditions, so the system remains fluid across the entire composition range, 106 

enabling a seamless, composition-resolved exploration of thermos-physical and structural properties. 107 

From the perspective of safety and environmental impact, the selected species also offer a potentially appealing 108 

profile. Carvacrol, being plant-derived, is generally recognized as safe (GRAS) and additionally exhibits 109 

antimicrobial and antioxidant activities, though its strong bioactivity requires careful control of conditions of 110 

use. DMSO is of low intrinsic toxicity but demands caution due to its ability to facilitate dermal absorption of 111 

other chemicals. 112 

 113 

In this contribution, we therefore aim at filling the following key knowledge gaps: i) can we engineer a mixture to 114 

deliver deep eutectic behaviour, on the basis of the existing theories?  and ii) what is the role of competing interactions in 115 

shaping the DES behaviour?  116 

 117 

Despite the central role of hydrogen bonding in DESs, deep eutecticity does not stem from local H-bonds 118 

alone; it emerges when asymmetric HB functionality biases network topology with composition, suppressing 119 

like–like self-association and favoring directional cross links. Crucially, this asymmetry makes a composition 120 
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threshold likely: as HB stoichiometry approaches saturation, the network reorganizes - transitioning from 121 

isolated HB interacting clusters to a medium-range framework - so that specific interactions, packing 122 

efficiency, and mesoscopic structure co-evolve to yield characteristic chemical physical properties. 123 

 124 

Our working hypothesis is a connectivity-driven crossover: as composition evolves, the O–H···O=S network 125 

in carvacrol-DMSO mixtures approaches topological saturation, imposing cooperative constraints that compact 126 

the liquid and hinder molecular mobility, thereby stabilizing the liquid relative to the solid (i.e., deepening the 127 

eutectic). 128 

 129 

To test this picture, we integrate thermo-physical measurements (density, viscosity, self-diffusion) and their 130 

excess functions with atomistic molecular dynamics (MD) and scattering at complementary length scales, to 131 

deliver a coherent, composition-resolved account of the thermodynamic, structural, and dynamical signatures 132 

that mark the onset of deep eutectic behavior. 133 

 134 

By centering the study on a single, mechanistically transparent pair—an asymmetric donor (carvacrol) with an 135 

over-achieving acceptor (DMSO)—this manuscript aims to clarify when and how type V mixtures become 136 

“deep.” Beyond establishing the structure vs. property map for carvacrol–DMSO, the results articulate design 137 

rules for neutral DESs: tune composition to the connectivity window where donor–acceptor bonding is both 138 

strong and spatially organized, and expect co-ordinated signatures across excess properties, structural features 139 

and transport. This provides a practical blueprint for formulating type V media with targeted fluidity, solvating 140 

power, and thermal behavior. For example by positioning formulation inside or outside the connectivity 141 

window, one can dial fluidity, diffusivity, and solvation power for tasks such as selective dissolution (e.g., 142 

lignin/cellulose fractions), viscosity matching for processing and printing, rate control in catalysis and 143 

electrochemistry, and stability of reactive intermediates. The proposed approach also enables predictive 144 

screening - combining COSMO-RS with MD - to target donor/acceptor pairs and compositions that maximize 145 

deep-eutectic benefits while avoiding regimes where transport becomes too sluggish for the intended 146 

application. 147 

 148 

  149 
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Materials & Methods 150 

 151 

Experimental.  152 

Carvacrol (carv) was a TCI product (99.6%) while dimethyl sulfoxide (DMSO) a Sigma Aldrich compound 153 

(99.9 %). Compounds were mixed into a glove-box to ensure a dried environment. Mixtures with a different 154 

amount of carvacrol in terms of carvacrol molar fraction, Xc, ranging from 0.1 to 0.9 were prepared. The 155 

mixtures were then kept at room temperature (298 K) under constant agitation to obtain transparent and 156 

homogenous liquids. Mixtures prepared in such a way were sealed and maintained at ambient conditions until 157 

ready for further characterizations. 158 

Density (ρ) measurements were carried out using a Mettler Toledo DM45 DeltaRange density meter. Prior to 159 

analysis, the instrument was calibrated with dry air and bi-distilled water at 293 K. Measurements were 160 

conducted over the temperature range 278–333 K. For mixtures with Xc = 0.1 and 0.2, the temperature 161 

range was limited to 293–333 K, while for pure DMSO measurements were performed between 298 and 333 162 

K. Experimental density values were used to extract excess molar volume values, following the formula:  163 

Δ𝑉𝑚 = (
𝑥1⋅𝑀𝑊1+𝑥2⋅𝑀𝑊2

𝜌
) − (

𝑥1⋅𝑀𝑊1

𝜌1
+

𝑥2⋅𝑀𝑊2

𝜌2
), 164 

where xi and MWi are mole fraction and molar mass of the i-th component, and 𝜌, 𝜌1 and 𝜌2 are the densities 165 

of the mixture and of the pure components at the same temperature, respectively. 166 

Excess molar volume features deliver information on the competition between specific interactions (e.g. HB, 167 

dipole–dipole interactions) and steric/free-volume and packing efficiency or structural evolution (e.g. 168 

clustering) when mixing the precursors. Negative values for ΔVm fingerprint the establishment of strong 169 

hetero-interactions and efficient fit (e.g., O–H···O=S complexation, shape/size complementarity) that draw 170 

components closer than like–like contacts would; on the other hand, positive values are the consequences of 171 

packing frustration or weak/repulsive cross-interactions (size/shape mismatch, disrupted local order, 172 

incomplete coordination). 173 

 174 

Dynamic viscosity (η) measurements were performed using an Anton Paar micro-viscometer (Lovis 2000 175 

M/ME) with an accuracy of up to 0.5%. Temperature control was achieved via Peltier elements (precision 176 

±0.02 K). Measurements were carried out between 278 and 333 K; for mixtures with Xc =0.1 and 0.2 the 177 

temperature range was restricted to 293–333 K, while for pure DMSO, measurements were performed 178 

between 298 and 333 K. Depending on the viscosity range, calibrated glass capillaries with internal diameters 179 

of 1.59 mm or 1.80 mm were employed.  Viscosity data were modelled using the Vogel-Fulcher-Tammann 180 

formula: 𝜂 = 𝜂0 ⋅ 𝑒
𝐷

𝑇−𝑇𝑉𝐹; where , D and TVF are empirical parameters, accounting for deviations from ideal 181 

Arrhenius-like behaviour.  182 
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Experimental viscosity values were used to extract excess viscosity values, following the formula:  183 

Δ𝜂 = 𝜂 −  (𝑥1 ⋅ 𝜂1 + 𝑥2 ⋅ 𝜂2), 184 

where  and i are viscosities of the mixture and the neat i-th component, and xi are the molar fractions of the 185 

i-th component in the mixture, respectively. Negative values fingerprint disruption of like–like cages/self-186 

association, lubrication by a smaller or weakly interacting component, and lower activation barriers for flow. 187 

Positive values, instead, hint for strong hetero-association (e.g. stronger HB interactions or longer HB 188 

lifetimes), transient network/cluster formation, and enhanced caging/orientational order that hinder 189 

rearrangements. 190 

NMR measurements were performed on all the carvacrol-DMSO mixtures using a Bruker Avance NEO 400 191 

MHz spectrometer (9.4 T). Approximately 0.7 mL of each mixture was transferred into a 5 mm NMR tube. A 192 

sealed capillary containing deuterated water (D₂O) was inserted in each tube and used as an external lock and 193 

chemical-shift reference. ¹H NMR spectra were acquired at room temperature (298 K), and the spectra were 194 

processed using MestReNova 15.0.0-34764. Diffusion-ordered spectroscopy (DOSY) experiments were 195 

performed using the bipolar pulse-pair longitudinal eddy-current delay (BPP-LED) pulse sequence. The 196 

experimental parameters were: gradient pulse duration δ = 1.5–3 ms, diffusion delay Δ = 0.1–0.5 s, 8 scans, 197 

and a relaxation delay of 10 s. The pulsed-field gradients were linearly increased from 2% to 95% of the 198 

maximum amplitude in 32 steps. A gradient system capable of generating sine-shaped magnetic-field pulses up 199 

to 53 G cm⁻¹ along the z-axis was employed. All DOSY spectra were visualized using Bruker Dynamics Center 200 

version 2.8.6. All measurements were performed at 298 K. 201 

 202 

SANS 203 

 204 

Computational details.  205 

Molecular dynamics simulations were performed using the GROMACS 2021.3 package.20,21 Bonded and non 206 

bonded parameters for dimethyl sulfoxide (DMSO) and carvacrol were described using an all-atoms potential 207 

OPLS-AA force field.22 OPLS-AA non bonded parameters for carvacrol were changed with respect to our 208 

previous reports on this compound 23,24, to reproduce experimental density and diffusion coefficient; further 209 

details are described in the next section.  The simulations were performed using a cubic box containing 1200 210 

and 4000 molecules for the pure systems, carvacrol and DMSO, respectively. Regularly spaced in molar 211 

concentration mixtures were simulated in the carvacrol molar fraction, Xc, regime between 0.1 and 0.9, every 212 

0.1 (for a total of 9 mixtures), the total number of atoms was chosen to keep the final box side length at least 213 

90 Å; periodic boundary conditions were applied. Force field parameter files were created by LipParGen 214 

webserver for carvacrol and thereby modified;25 DMSO parameters were directly downloaded from the 215 

OPLSA section of the server https://virtualchemistry.org/ff.php. Initial configurations were created by 216 

https://virtualchemistry.org/ff.php
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Packmol software.26 The starting density for each composition and each of the pure solvents was fixed about 217 

10% lower than the experimental ones. The equilibration procedure was done in several steps, starting from a 218 

2 ns NVT simulation at 400 K, followed by a series of 2 ns NPT runs lowering progressively the temperature 219 

to 350 K and then to 300 K at 1 bar. After the equilibration phase, the system was run for a total of 20 ns for a 220 

production run (300 K and 1 bar), and then a trajectory of 4 ns was saved at a frequency of 1 ps for the 221 

calculation of the structural properties. During the production runs for the temperature coupling, we used a 222 

velocity rescaling thermostat 27 (with a time coupling constant of 1 ps), while for the pressure coupling, we 223 

used a Parrinello–Rahman barostat28 (10 ps for the relaxation constant). The Leap-Frog algorithm with a 2.0 fs 224 

time step was used for integrating the equations of motion. Cut-offs for the Lennard-Jones and real space part 225 

of the Coulombic interactions were set to 15 Å. For the electrostatic interactions, the Particle Mesh Ewald 226 

(PME) summation method 29,30 was used, with an interpolation order of 6 and 0.08 nm of FFT grid spacing.  227 

Selected pair correlation functions, angular distribution functions and spatial distribution functions were 228 

obtained using TRAVIS 31–33. Densities, mean square displacement and diffusion coefficients were obtained by 229 

means of Gromacs gmx energy utility.20,21 230 

 231 

Force Field parametrization. 232 

To refine the OPLS/AA force field for the carvacrol molecule, its monomer and dimer were simulated at the 233 

hybrid density functional theory (HDFT) M11/TZVP level of theory.34 The combination of the HDFT 234 

framework with an atom-centered split-valence triple-zeta polarized basis set 35 provided an optimal balance of 235 

chemical reliability and computational cost. All involved geometries of monomers and dimers were optimized 236 

by the rational function optimization algorithm before fitting the ab initio electrostatic potential to the set of 237 

point atomic charges used in MD. The Merz-Kollman scheme was employed.36 238 

Figure S1 exemplifies the optimized geometries of carvacrol in implicit dichloroethane. This solvent exhibits a 239 

dielectric constant, which is similar to those of phenols. The polarized continuum model was used to 240 

implement implicit solvation. GAMESS.2020 quantum-chemistry program was used. 37 241 

In a dimer of carvacrol, an intermolecular medium-strength 197 pm-long H bond emerges, uniting the 242 

hydroxyl groups of the adjacent molecules. In turn, the O H covalent bond length amounts to 97 pm as 243 

expected. The carvacrol molecules are mutually arranged to maximize the energy of H bonding and the energy 244 

of phenyl-phenyl attractions, whereas the aggregation of the non-polar moieties is suppressed in the lowest-245 

energy dimer configuration. 246 

Partial charges are the cornerstone of a reliable force field model for classical MD. The effect of solvents of 247 

various polarities on the electronic density distribution over the carvacrol molecule was evaluated (Table S1 248 

in the ESI). Compared to vacuo,  implicit solvents polarize carvacrol in most cases, with the effect of water 249 
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exceeding the effect of dichloroethane. The charges obtained in implicit dichloroethane were prioritized in the 250 

course of force field refinement.  251 

The effect of H-bonding on the distribution of partial charges was investigated by comparing the carvacrol 252 

monomer to the carvacrol dimer (Table S2 in the ESI). The effect of pairing was found to be insignificant, 253 

which is probably related to a relative weakness of the occured O…H bonding. This observation suggests that 254 

the MD simulation of the condensed phase of carvacrol should be reliable even without a specific force field 255 

correction for H-bonded dimers. 256 

The refinement of the OPLS/AA model was carried out by considering the experimental properties – such as 257 

density, dynamic viscosity, and self-diffusion coefficients – measured in the present work. First, the computed 258 

charges were assigned by averaging the numbers over symmetrically equivalent interaction sites in the 259 

optimized structure of the monomer. The overall electrostatic neutrality of carvacrol was hereby preserved by 260 

putting an excess electrostatic charge on the marginally charged hydrogen atoms of the isopropyl moiety. 261 

Second, the properties of interest were computed and compared to the experimental densities, viscosities, and 262 

diffusion coefficients. Third, the charges were scaled down accordingly since the initially computed charges 263 

appeared to suppress molecular dynamics and underestimate the simulated self-diffusion coefficients. Fourth, 264 

the sigma parameters of methyl and isopropyl hydrogen atoms were decreased slightly, from 250 pm to 247 265 

pm, to increase the density of the system. Since the sigma parameters of the hydrogen atoms are largely 266 

uncertain due to the uniqueness of hydrogen and its chemical inertness in hydrocarbon radicals, the proposed 267 

refinement does not introduce unphysical behavior into the MD system. Note that decreasing sigma constants 268 

implicitly means increasing the electrostatic attraction energy as some intermolecular distances shrink. This is 269 

because the positions of the Lennard-Jones wells determine most equilibrium non-covalent interatomic 270 

distances, particularly at lower temperatures. Fifth, the partial charges of the oxygen and hydrogen atoms 271 

forming H-bonding were adjusted iteratively to rigorously fit the experimental self-diffusion coefficients and 272 

specific densities at 293 K. Table S3 in the ESI summarizes the reparameterized partial charges on every 273 

atom. 274 

 275 

COSMO-RS. 276 

The BIOVIA COSMOtherm 2024 (in short COSMOtherm) program was used to compute thermophysical 277 

data on carvacrol-MDSO mixtures, namely their Solid-Liquid Equilibrium (SLE) curve. COSMOtherm is 278 

based on COSMO-RS theory.38,39 COSMO-RS is a statistical thermodynamics approach to predict equilibrium 279 

properties in neat and mixed compounds.  280 

The available COSMOtherm release uses input files available in the FINE database for carvacrol and DMSO 281 

(using BP-TZVPD_FINE_24 parametrization). The input files contained also the -surfaces and -profiles of 282 

the optimised geometry for DMSO and for the two lowest energy conformers of carvacrol.  Melting enthalpy 283 
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and temperature for the two compounds2,19 were extracted from the literature and integrated in the 284 

precursor’s properties. The Solid-Liquid equilibrium (SLE) option in COSMOtherm was selected and 285 

provided the melting temperature for the different mixtures compositions.  286 

Assuming limited change of heat capacity of the compounds, upon melting, the SLE of a component is given 287 

by: 288 

 289 

𝑙𝑛(𝑥𝑖𝛾𝑖) =
Δ𝐻𝑚,𝑖

𝑅
∙ (

1

𝑇𝑚,𝑖
−

1

𝑇
)    Equation 1 290 

 291 

where xi and γi are molar fraction and activity coefficient of the i-th component, respectively, ΔHm,i and Tm,i 292 

are the melting enthalpy and temperature of the neat i-th component, respectively, and T is its melting 293 

temperature in the mixture at composition xi. Equation 1 applies to both components of the mixture, leading 294 

to the corresponding melting line of each precursor; their intersection corresponds to the eutectic point.2 The 295 

ideal trend corresponds to the case γi =1 in Equation 1: negative deviations from that trend are associated to 296 

non-ideal behaviour and fingerprint the deep nature of the eutectic behaviour. 297 

 298 

 299 

 300 

 301 

 302 

  303 
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Results & Discussion 304 

 305 

Both carvacrol and DMSO *.cosmo files are included in the COSMOtherm data-base from BIOVIA. They have 306 

been evaluated using the BP-TZVPD_FINE_24 parametrization, thus representing the best quality quantum 307 

data available from the BIOVIA software at the stage of analysis. These files represent the first stage of quantum 308 

chemistry evaluation of the two compounds, paving the way for further analysis by the software. Accordingly, 309 

after having included melting parameters (melting enthalpy 310 

and temperature, ΔHm and Tm, respectively) of the 311 

precursors (DMSO2: ΔHm =14.37 kJ/mol, Tm = 291.7 K;  312 

Carvacrol19: ΔHm =11.49 kJ/mol, Tm = 274.2 K), the Solid-313 

Liquid Equilibrium (SLE) routine has been run, leading to the 314 

melting point of the two components as a function of 315 

carvacrol molar fraction (Xc). Figure AAA reports a 316 

comparison between the ideal SLE behaviour (continuous 317 

line) and the one evaluated by COSMO-RS (dashed line), 318 

accounting for deviation from ideality. Therein, together 319 

with the -profiles derived from the -surfaces (in the 320 

insets) from DMSO and the low energy conformers for 321 

carvacrol, the COSMO-RS derived SLE line is compared 322 

with the ideal behaviour obtained using Eq. 1, with unitary activity coefficient. It clearly emerges that 323 

COSMO-RS detects a profound deviation from ideal SLE behaviour: while eutectic composition changes only 324 

mildly, the eutectic temperature is largely affected by interactions in the mixture and an as large as 110 K 325 

decrease in the melting temperature is expected, leading to an eutectic depth 𝐷𝑒 = 100 ⋅
𝑇𝑒−𝑇𝑒

𝑖𝑑

𝑇𝑒
𝑖𝑑 = −44 , 326 

one of the lowest values reported so far, to our knowledge.41 Unfortunately, experimental determination of 327 

melting points in these mixtures revealed itself unfeasible, so far. Apart from DMSO-rich mixtures, all the 328 

other mixtures show profound supercooling, leading to formation of amorphous glasses that, even after 329 

maintaining the liquids for extended time at 180 K, did not lead to formation of crystal phases. Nevertheless, 330 

literature reports 3,42 show that COSMO-RS is very efficient in delivering accurate predictions for SLE 331 

deviating from ideal behaviour, in agreement with experimental calorimetric data, especially in the case of 332 

Type V DES, such as Menthol-Thymol3,43. Accordingly, at this stage, we can reliably trust the estimate 333 

provided by COSMO-RS for the SLE in carvacrol-DMSO mixtures and derive the conclusion that this system 334 

behaves as a deep eutectic one. Such a conclusion can be rationalised in terms of the -profiles reported in the 335 

inset of Figure AAA and shown in the Figure S2 in ESI. It clearly emerges that both components are 336 

 

Figure AAA. Solid−liquid equilibrium curves of 

mixtures composed of carvacrol and DMSO: 

continuous line, Ideal behaviour; dashed line, 

COSMOtherm modelling. In the insets, -

surfaces for DMSO (left) and carvacrol (right) 

are shown, together with the corresponding -

profiles. 
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characterised by a large and intense peak centred at ~0 e/Å2; also, in the case of carvacrol, a distinct feature 337 

can be detected at =-0.016 e/Å2. Such a feature has no counterpart in the case of DMSO. On the other 338 

hand, both carvacrol and DMSO show distinct peaks centred at =0.012 and 0.018 e/Å2, respectively. The 339 

large, intense peak near σ ~ 0 e/Å2 reflects the presence of the electrostatically neutral (apolar) surface 340 

regions - aromatic/alkyl surfaces - for carvacrol and methyl-rich surface for DMSO. The distinct negative-σ 341 

feature in carvacrol arises from its phenolic acidic proton with a pronounced HB donor behaviour. DMSO has 342 

no HBD site, so it quite properly lacks any corresponding negative-σ feature. On the other hand, both 343 

molecules exhibit positive-σ peaks that mark HB acceptor character, but at different positions: carvacrol has a 344 

modest acceptor peak near σ ≈ +0.012 e/Å2 , associated with the phenolic oxygen lone pairs, whereas DMSO 345 

shows a stronger acceptor peak near σ ≈ +0.018 e/Å2 characteristic of the sulfoxide oxygen. Such a 346 

differentiation between the two molecules reflects the driving effect of the asymmetry4 proposed by Abranches 347 

and Coutinho towards the establishment of type V deep eutectic mixtures. The absence of a significant DMSO 348 

peak on the negative side of the σ-profile, combined with the clear offset of the positive peaks - DMSO’s at 349 

higher σ than carvacrol’s - leads COSMO-RS SLE predictions to show strong non-ideality in the SLE, 350 

consistent with a pronouncedly deep eutectic behaviour. Accordingly, these results strongly support the 351 

proposal that selecting precursors by σ-profile comparison represents a practical, predictive route to engineer 352 

mixtures that exhibit deep eutecticity. 353 

We next explore several experimental chemical physical properties of carvacrol – DMSO mixtures. Across the 354 

discussion, we will also compare experimental findings with Molecular Dynamics (MD) derived corresponding 355 

observables, aiming at providing microscopic rationalisation for the macroscopic behaviour. 356 

The temperature and composition dependence of density for binary mixtures across the whole composition 357 

range and between 298 and 333 K is shown in Figure S3 in the ESI. Data (Table S4 in the ESI ) have been 358 

described in terms of linear trend ((T) = 0 + A · T[K]) for the 359 

temperature dependence with the fitting parameters reported in 360 

the Table S5 in the ESI. A clear linear dependence is observed 361 

as a function of temperature for all the compositions. Figure 362 

CCC shows the composition dependence of density at 300 K, 363 

where MD-derived densities (at the same temperature) are also 364 

shown for comparison. A reasonably good agreement is found 365 

between experimental and MD-derived density values at 300 K. 366 

In Figure CCC, 1% error bars are shown for the MD-derived 367 

data, reflecting (a lower than) the typical level of agreement 368 

 

Figure CCC. Comparison between 

experimental and MD-derived density of 

carvacrol-DMSO mixtures at 300 K, as a 

function of Xc. 
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between experimental density and the one derived from OPLS force fields in MD simulations. Under this 369 

condition, the agreement is excellent. Notably the new version of carvacrol FF developed for the present study 370 

improves the agreement with experimental density.23  371 

The composition and temperature dependence of viscosity in carvacrol-DMSO mixtures are shown in Figure 372 

S4 in the ESI, together with a description in terms of the VFT formalism. The experimental values and the 373 

corresponding fitting parameters are reported in Table S6 and S7 in the ESI, respectively. As expected, a 374 

progressive dropping of viscosity is observed upon increasing temperature. In Figure EEE, the viscosity 375 

composition dependence is shown at 300 K: it is noteworthy the 376 

maximum observed at ca. Xc=0.8, where viscosity is higher than 377 

both neat DMSO and carvacrol ones. This behaviour is hinting at 378 

the progressive development of strong interactions between the 379 

different components that lead to remarkable rigidity of the 380 

corresponding mixtures.  381 

Experimental density and viscosity values have been used to 382 

extract deviation of molar volume, Vm, and viscosity from the 383 

ideal behaviour, the corresponding excess quantities, ΔVm and 384 

Δ.  ΔVm and Δ at 300 K are shown in Figure XXX, while 385 

their temperature dependence is shown in Figure S5 of the ESI.  386 

These quantities serve as sensitive indicators of deviations from ideality: negative excess volumes or positive 387 

excess viscosities typically signal the establishment of preferential interactions and structural compaction, 388 

whereas opposite trends usually reflect geometric or excluded-389 

volume effects, pointing to disrupted molecular packing and/or 390 

weaker intermolecular cohesion. 391 

In Figure XXX, we note the highly structured evolution of these 392 

quantities. In particular, we highlight a complementary 393 

behaviour: across the equimolar range, excess extremes are found 394 

with opposite sign for excess molar volume and viscosity. At low 395 

carvacrol content, positive excess volume and negative excess 396 

viscosity are found; while the opposite behaviour is found in the 397 

carvacrol-rich composition regime. This observation is consistent 398 

with a DMSO-rich regime, where progressive carvacrol addition leads to an expansion of the mixture, hence 399 

the ΔVm maximum at Xc~0.1, and a corresponding decreasing of excess viscosity, hence the minimum of Δ 400 

at Xc~0.35. At higher carvacrol content, the opposite behaviour occurs with a pronounce volume contraction, 401 

 

Figure EEE. Viscosity composition 

dependence for carvacrol-DMSO mixtures 

at 300 K (black symbols). Data derived 

from MD simulations are also shown (red 

symbols). 

 

Figure XXX. Excess molar volume (ΔVm, 

black curve, left axis), and viscosity (Δ, 

red curve, right axis) at 300 K for 

carvacrol-DMSO mixtures. 
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corresponding to a strong increase of viscosity at Xc~0.8. This crossover reflects a competition between 402 

geometric packing effects at low donor fractions and strong donor–acceptor interactions at higher carvacrol 403 

fractions. When Xc is small, geometric packing dominates, leading to volume expansion and keeping viscosity 404 

low; on the other hand, as DMSO is added to neat carvacrol, the emergent donor–acceptor (O–H···O=S) 405 

network compacts the liquid and dynamically frustrates motion, driving a pronounced viscosity rise. In short, 406 

packing governs the carvacrol dilute regime, while specific hetero-interactions take over at higher carvacrol 407 

fractions, coherently shaping both properties. Likely, this behavior is driven by the emergence of a 408 

topologically connected O–H···O=S hydrogen-bond network that marks the crossover: as connectivity 409 

approaches saturation, cooperative constraints compact the liquid and hinder molecular mobility. Crucially, 410 

this network emerges at a threshold composition, signaling a composition-driven transition.  411 

The establishment of progressively topologically saturated HB network, upon increasing DMSO content, looks 412 

like a fundamental stage to ensure complete donor-acceptor engaging leading to maximum enthalpic gain and 413 

structural correlations between the precursors, with volume compaction and increased local rigidity. We will 414 

ascertain further support to this picture on the basis of other experimental and computed results, across the 415 

manuscript: at the present stage, we note that the eutectic location corresponds to a balance between the 416 

inefficient packing of differently shaped and sized molecules (low carvacrol content regime) and a progressively 417 

saturating HB network between unlike HBD and HBA (carvacrol rich regime). 418 

We next determined the 1H NMR diffusion coefficients (DC) for both species in the mixtures at 300 K. Data 419 

are shown in Figure FFF, together with the corresponding parameters obtained from MD simulations (open 420 

symbols). We used logarithmic scale for plotting these data: this approach enhances differences between data 421 

values that are quite close instead. Upon addition of carvacrol to 422 

neat DMSO, both DMSO and carvacrol DCs decrease, reflecting 423 

the increasing viscosity environment. Carvacrol maintains twice 424 

slower than DSMO. When approaching Xc=0.5, however, 425 

DMSO DC increases its dropping rate and, eventually, at ca. 426 

Xc=0.7, DMSO turns out to diffuse slower than carvacrol. 427 

Further increase in carvacrol content leads to the development of 428 

a faint minimum feature, with the difference between DMSO 429 

and carvacrol DC further increasing, DMSO diffusing slower 430 

than carvacrol. Mirroring the observations done on excess 431 

properties, these trends reflect the occurrence of a structural-432 

dynamic transition, across composition Xc=0.5-0.6. Below this threshold, a strong evolution of DC is 433 

observed with a decrease of a factor of 5 from Xc equal 0 to 0.5-0.6. Above the threshold, an almost constant 434 

 

Figure FFF. 1H NMR diffusion coefficients 

(DC) for carvacrol and DMSO in their 

mixtures at 300 K (filled symbols). Open 

symbols refer to corresponding quantities 

obtained by MD simulations.  



15 
 

behaviour is found instead. The dynamic scenario emerging from these data can be rationalised in terms of the 435 

above mentioned packing vs topological HB saturation competition. Upon adding DMSO to carvacrol, 436 

progressive formation of donor-acceptor combination occurs. In this regime, until completion (at ca. 437 

equimolar conditions), the diffusion behaviour experimentally shows a mild decrease in diffusion dyanmics, 438 

consistently with the enhanced excess viscosity. Upon saturation of carvacrol HBD capability, dynamic HB 439 

paired DMSO-carvacrol entities characterise the structural scenario and, with further DMSO addition, above 440 

equimolar regime, these strongly bound pairs are only diluted, leading to a progressive increase in diffusive 441 

dynamics. 442 

Overall, there is an excellent agreement between experimental and computed diffusion coefficients (evaluated 443 

with the new FF for carvacrol), although we detect minor qualitative differences in the trend of MD–derived 444 

data that do not follow accurately the experimental trend.  445 

The experimental data have been interpreted together with viscosity data, in terms of the Stokes Einstein 446 

relationship (under stick boundary conditions): 447 

𝐷𝑖 =
𝑘𝐵𝑇

6𝜋∙𝜂⋅𝑅ℎ,𝑖 
  448 

(Di is the diffusion coefficient of i-th species, kB is the Boltzmann constant, T is the absolute temperature,  is 449 

the mixture viscosity and Rh,i is the hydrodynamic radius of the i-th species), extracting estimates for the 450 

hydrodynamic radius of either DMSO (Rh,DMSO) or carvacrol (Rh,carv). Fitting experimental data to this model 451 

delivers values for Rh,DMSO and Rh,carv equal to 1.62 and 3.0 Å, respectively. When using these experimentally 452 

derived Rh,i‘s together with MD-derived diffusion coefficients for the two species, we can extract the 453 

corresponding estimations for viscosity of the mixtures, by reversing the use of the Stokes-Einstein 454 

relationship. The average of the two so obtained viscosities is shown in Figure EEE comparing with the 455 

experimental viscosity. The agreement between such a hybrid determination of MD-derived viscosity (based 456 

on the improved FF for carvacrol) and experimental values is remarkable: despite quantitative agreement is not 457 

achieved, nevertheless, the qualitative experimental observation of a viscosity maximum at ca. Xc=0.8 is 458 

accurately reproduced.  459 
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We next explored the nature of structural properties as detected by X-ray/neutron scattering. The improved 460 

FF for carvacrol did not lead to appreciable differences in the already remarkable agreement between 461 

experimental and MD-derived X-ray weighted static structure factor for neat carvacrol.23 In Figures GGG, 462 

the X-ray (a) and neutron (b-e) weighted static structure factors (in the case of neutron scattering, no 463 

deuteration, selective deuteration of either carvacrol or DMSO or both components have been considered) are 464 

shown over the Q range up to 3.0 Å-1, which is the relevant Q range to probe intermolecular correlations. In 465 

Figure GGG f), we also report experimental Small Angle Neutron Scattering (SANS) data for the selectively 466 

deuterated mixture HD6 (mixtures of protiated carvacrol with fully deuterated DMSO) together with their fit 467 

with the model described in the following. A direct comparison with Figure GGG e) cannot be done, as 468 

normalizations of the experimental and computed S(Q)s are different.  469 

X-ray scattering curves deliver a structural scenario consistent with the nano-structured carvacrol organization, 470 

which is progressively influenced by DMSO addition, leading to a systematic shift of the low Q peak centred at 471 

ca. 0.5 Å-1, towards lower Q values. This trend seems to be consistent with the progressive distancing of those 472 

nano-clusters of interacting hydroxyl group, due to DMSO intrusion.  Neutron scattering data related to 473 

mixtures with small contrast arising from selective deuteration (i.e. those mixtures with no or both 474 

components deuterated) provide a similar picture. Due to Babinet’s principle3, the two selectively deuterated 475 

(either at carvacrol or at DMSO) systems, deliver neutron scattering data that, in the low Q range, are quite 476 

a

 

b

 
c  

d

 

e

 

f

 
Figure GGG. MD derived X-ray (a) and neutron (b-e) weighted structure factors for carvacrol-DMSO mixtures as a 

function of composition at 300K. Neutron weighted structure factors refer to different level of selective 

deuteration: namely: b) both components protiated; c) both components deuterated; d) only carvacrol deuterated; 

e) only DMSO deuterated. Also shown in f) experimental SANS data from only DMSO deuterated mixtures at 

selected composition. Therein, lines correspond to the fit described in the text. Vertical shift is not artificial, but 

due to the incoherent protium scattering from carvacrol. 
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similar. Therein, however, a higher degree of complexity emerges concerning the mesoscopic organization, 477 

with respect to X-ray weighted data. These hints are also confirmed by the experimental SANS patterns that 478 

were collected in the DMSO-rich range of the composition.  479 

Experimentally, below Xc=0.1, indications of concentration fluctuations at the mesoscopic scale are found, 480 

fingerprinted by the distinct upturn at low Q. Data have been modelled using the Ornstein−Zernike 481 

formalism: 482 

𝐼(𝑄) =
𝐼0

1+𝜉2∙𝑄2 − 𝑏𝑘𝑔; 483 

where I0 is the coherent forward scattering intensity, ξ is the correlation length, measuring the spatial decay of 484 

concentration correlations, and bkg is a flat background term that is mainly arising from the incoherent 485 

scattering from the protium atoms in carvacrol. In the composition range between Xc=0 and 0.2, I0 increases 486 

and ξ decreases with DMSO content. Above Xc=0.1, the concentration fluctuations feature is progressively 487 

overcome by the appearance of two peaks, whose position evolves with composition. In that composition 488 

range, the SANS signal is dominated by two peaks (modelled with Gaussian shape) at positions, Qi (i=1, 2), 489 

shifting to lower Q values, upon increasing DMSO content. The resulting fit is shown in Figure GGG e), 490 

while we show in Figure S5 in the ESI, the Xc dependence of ξ and Di=2/Qi, where Di are the spatial 491 

scales associated to the i-th peaks. All these sizes grow with increasing DMSO content. The characteristic size 492 

of concentration fluctuation, ξ, grows in the range of a few Å, fingerprinting the approach to microphase 493 

separation in DMSO rich mixtures. D2, the spatial scale corresponding to the higher Q value, falls in a range 494 

consistent with the previously reported clusters characterising the structure of phenolic compounds, including 495 

phenol and terpenes (such as thymol), where a low Q peak is observed in the X-ray scattering pattern at ca. 0.5 496 

Å-1. This feature is associated to the hydrogen bonding mediated aggregation of hydroxyl group, forming nano-497 

drops, surrounded by aromatic/alkyl apolar moieties. Such a structural organization is characterised by a 498 

spatial scale of the order of 1 nm. In carvacrol-DMSO mixtures, progressive DMSO addition leads to a growth 499 

of this size, due to DMSO intruding inside both the polar and apolar portion, due to DMSO amphiphilicity. 500 

The spatial scale associated to the lower Q value peak, D1, also grows with increasing DMSO content, raising 501 

from 27 Å (at Xc=0.5) up to 47 Å (at Xc=0.2, the lowest value where it could be detected). Such a feature 502 

has no counterpart neither in neat DMSO nor in neat carvacrol. Considering its notable growth, it could 503 

potentially considered a sort of precursor of the concentration fluctuations that become appreciable at Xc=0.2, 504 

but at the present stage, we cannot formulate a more robust explanation of its nature. 505 
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Aiming at getting deeper insight into the structural features characterising carvacrol-DMSO, we further 506 

inspected the MD trajectories. The first observable that can provide some indication of structural evolution is 507 

the spatial correlation between neighbour molecules. We determined the center-of-mass (CoM) pair 508 

distribution functions (pdf) between like and distinct species (Figure ZZZ). DMSO-DMSO pdfs look largely 509 

unaffected by addition of carvacrol: a rather structured peak is found at ca. 5.5 Å, related to dipole-dipole 510 

alignment of DMSO molecules in the fluid. The interspecies pdfs (carvacrol-DMSO) are characterised by a 511 

structured peak with features at 5, 6.5 and 7.5 Å. Only the latter one is unaffected by composition. In the case 512 

of carvacrol-carvacrol pdfs, the first solvation shell, extends up to 10 Å, but it is characterised by a relatively 513 

unaffected shoulder centred at ca. 5.5 Å. In order to better describe these correlations, we monitored the 514 

number of first neighbours up to the mentioned first shell of solvation (i.e. up to 7, 5.5 and 6 Å, for DMSO-515 

DMSO, DMSO-carvacrol and carvacrol-carvacrol, respectively). These neighbour numbers are plotted in the 516 

Figure S6 in ESI and they show interesting features.  517 

Upon carvacrol content increase: a) DMSO-DMSO correlations show a progressively decreasing number of 518 

neighbours (notice that in Figure S6 these data are vertically shifted by 3) evolving from ca. 12 (in neat 519 

DMSO) down to ca. 0.7 (for Xc=0.9); b) the number of DMSO molecules surrounding a reference carvacrol 520 

progressively decreases from 2.5 to 0.2; c) the number of carvacrol molecules surrounding a reference 521 

carvacrol progressively increases from 0.3 up to 1.8. It is noteworthy that these trends can be considered as 522 

built up by different linear trends across a composition threshold. We highlighted such a feature, by plotting 523 

the mentioned linear trends accounting for number of neighbours before and after the composition threshold 524 

and it is visually clear that the regime transition occurs across equimolar composition. This observation 525 

provides further support to the existence of a structural transition across a composition threshold.  526 

a 

 

b 

 

c 

 

Figure ZZZ. Center of Mass pair distribution functions between a) DMSO-DMSO, b) carvacrol-DMSO 

and c) carvacrol-carvacrol pairs in MD simulations of carvacrol-DMSO mixtures at 300 K. 
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We next examined hydrogen-bond correlations in the mixtures. Carvacrol can act as both a hydrogen-bond 527 

donor and acceptor, whereas DMSO acts only as a strong hydrogen-bond acceptor. The interaction between 528 

these two components is therefore governed primarily by 529 

hydrogen bonding, which drives the structural 530 

organization of the mixtures as the composition changes. 531 

Figures S7 in the ESI show the relevant Hc-Oc and Hc-532 

Od pdfs, referring to the carvacrol hydroxyl species Hc 533 

and Oc and the DMSO oxygen one, Od. The 534 

corresponding number of neighbour oxygen atoms (either 535 

from carvacrol (N [Hc-Oc]=Ncc) or from DMSO (N [Hc-536 

Od]=Ncd) or both (N [Hc-Oc] + N [Hc-Od]) = Nt) 537 

surrounding carvacrol Hc atom via an HB interaction is 538 

reported in Figure III. Both pdfs are characterised by a 539 

strong peak at ca. 2 Å, a distinct signature of the existence 540 

of a HB interaction between the probed species; however, 541 

Hc-Od are characterised by a much stronger peak than 542 

Hc-Oc, reflecting more intense DMSO HB acceptor nature. Upon increasing carvacrol content, the number of 543 

Oc coordinating Hc progressively increases. Concomitantly, the number of Od coordinating Hc progressively 544 

decreases. The limited HB acceptor ability of carvacrol can be appreciated by the small number of HB 545 

interactions in neat carvacrol, so that the total number of HB interaction per Hc species decreases from 1 546 

(Xc=0.1) to 0.5 (Xc=1).  547 

The MD-derived population of HB interactions was used to rationalise the experimental 1H NMR 548 

chemical shift determined for the hydroxyl proton in carvacrol. While all other protons in the mixtures 549 

showed a monotonous and featureless trend with composition (data not shown), the former proton showed a 550 

non-linear behaviour as reported in Figure LLL. The fluctuations in the hydrogen bond network involving 551 

these hydrogen atoms occur on a very short timescales (picoseconds), enabling a single averaged NMR peak to 552 

emerge. The corresponding observed chemical shift is thus a population-weighted average of the different 553 

limiting chemical environments: we used the above discussed MD-derived coordination numbers - interpreted 554 

as the fraction of OH groups engaged in hydrogen bonds (with either carvacrol or DMSO) or not – to try and 555 

reproduce the NMR trend.  556 

 

Figure III. MD derived number of neighbour 

oxygen atoms (either from carvacrol (N [Hc-

Oc]=Ncc) or from DMSO (N [Hc-Od]=Ncd) or 

both (N [Hc-Oc] + N [Hc-Od]) = Nt) 

surrounding carvacrol Hc atom via an HB 

interaction, as a function of carvacrol content. 
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We found an excellent agreement between the experimental ¹H-NMR chemical shift of the hydroxyl proton, 557 

Hc, (Hc,exp), in carvacrol–DMSO mixtures and the 558 

hydrogen bonding population derived from MD 559 

simulations in terms of a three-state fast exchange 560 

model. In this framework, carvacrol Hc, rapidly 561 

fluctuates among three local environments, each 562 

corresponding to a specific chemical shift: (1) hydrogen-563 

bonded to DMSO (δDMSO), (2) hydrogen-bonded to 564 

another carvacrol molecule (δself), and (3) non-565 

hydrogen-bonded or weakly solvated (e.g. via Hc ·· 566 

HB interactions) (δfree). Using: a)the chemical shift 567 

experimentally determined for neat carvacrol (6.63 568 

ppm) for δself, b) the linearly extrapolated value of the 569 

observed chemical shift for Xc→0 for δDMSO and c) considering δfree as the only fitting parameter to reproduce 570 

the experimental data, we modelled the experimental data in terms of the following relationship: 571 

𝛿𝐻𝑐,𝑒𝑥𝑝 = 𝑁𝑐𝑐𝛿𝑠𝑒𝑙𝑓 +  𝑁𝑐𝑑𝛿𝐷𝑀𝑆𝑂 +  (1 − 𝑁𝑡)𝛿𝑓𝑟𝑒𝑒, 572 

where Ncc+Ncd+Nt=1. By modelling the experimental chemical shift data, Hc,exp, with this three-state 573 

model, one obtains that δfree is slightly more deshielded than δself — a non-intuitive but chemically plausible 574 

outcome, considering the heterogeneous environment 575 

where carvacrol hydroxyl group is immersed. The 576 

overall consistency of the model with experimental data 577 

provides strong validation for both the force field used in 578 

the simulations and the assumption of fast exchange on 579 

the NMR timescale, providing a unified molecular-level 580 

explanation of the spectroscopic behavior. 581 

We also monitored the number of Hc atoms 582 

surrounding DMSO O atoms, as a function of carvacrol 583 

content, N [Od- Hc]=Ndc. This number is shown in 584 

Figure QQQ, together with Ncd, from the previous 585 

analysis. Ndc can assume values higher than one at 586 

carvacrol rich compositions, due to the possibility to establish HB interactions with more than one Hc 587 

carvacrol atoms. The comparison reported in Figure QQQ is noteworthy: in order to maximise enthalpy-588 

 

Figure LLL. Experimental 1H NMR chemical shift 

for Hc in carvacrol (symbols) and its modelling 

(line) in terms of the hydrogen bonding pairs 

populations obtained by MD simulations (see the 

text for details). 

 

Figure QQQ. Number of Hc atoms HBd to 

DMSO O atoms, Ndc, compared to number of 

Od atoms HBd to carvacrol Hc atoms, Ncd, as a 

function of carvacrol content. 
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rewarding hydrogen bonding interactions between hetero-species, the best composition corresponds to the 589 

condition when both Ndc and Ncd are maximised. Inspection of Figure QQQ suggests that such an optimal 590 

composition is slightly above Xc=0.5. Considering the asymmetry in HB capabilities of the two components, 591 

this results might have been expected and is a consequence of the knowledge-driven selection of DMSO as a 592 

lone HBA precursor combined with the asymmetric HBD carvacrol, to engineer the formulation of type V 593 

DES. 594 

We finally explored dynamic features associated to hydrogen bonding interactions in the mixtures. Figures 595 

MMM reports MD-derived intermittent lifetime relaxation behaviour for carvacrol-carvacrol ( a), IHB-CC(t)) 596 

and carvacrol-DMSO ( b) IHB-CD(t)) hydrogen bonding interactions as well as relaxation dynamics of DMSO S-597 

O vector ( c) ISO(t)). These data have been modelled with a bimodal dynamics, build up by the combination of 598 

a simple exponential and stretched exponential components: 599 

𝐼(𝑡) = 𝐴 ∙ 𝑒
−

𝑡

𝜏𝑓 + (1 − 𝐴) ∙ 𝑒
−(

𝑡

𝜏𝐾𝑊𝑊
)

𝛽

 , 600 

where A is the amplitude of a fast, prevalently out of the probed temporal window (faster than picosecond), 601 

process, f is its characteristic temporal scale, KWW is the time scale of the slow, stretched exponential 602 

relaxation process and β is the stretching exponent. 603 

The three characteristic times, <KWW >, for the processes have been determined: 604 

< 𝜏𝐾𝑊𝑊 >= 𝜏𝐾𝑊𝑊 ∙ Γ (
1

𝛽
) ; 605 
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where (..) is the Gamma function; and are plotted in Figure MMM d). The bimodal dynamics accounts for 606 

the whole relaxation process over three decades. The three slow relaxations probed are characterised by a 607 

temporal scale of the order of 0.1 nsec. The hydrogen bonding lifetime associated to carvacrol-DMSO pairs has 608 

longer life than the one associated to carvacrol-carvacrol pairs by a factor of ca. 2. The two average relaxation 609 

times follow a parallel behaviour as a function of composition, with a visible break at ca. Xc=0.6. Also the S-O 610 

vector relaxes with a time scale of the order of 0.1 nsec: it is quite slow at high carvacrol content (reflecting 611 

the strong engagement of S=O with carvacrol hydroxyl group), but gets very fast as approaching neat DMSO. 612 

We notice that this relaxation shows a larger composition dependence in terms of relaxation time. Again, a 613 

characteristic break in composition dependence is observed at Xc= 0.5-0.6. These dynamic characterizations 614 

provide further support to the existence of crossover across Xc= 0.5-0.6, reflecting the transition between 615 

two regimes: one (carvacrol-rich) where inter-species correlations via HB interactions is strong and rigid and 616 

another (DMSO-rich) where excess DMSO merely dilutes already HB engaged pairs. 617 

a  b 

c  d 

 

Figure MMM. Composition dependence of the MD-derived hydrogen bonding relaxation dynamics for a) 

carvacrol-carvacrol and b) carvacrol-DMSO hydrogen bonding interactions. c) Composition dependence of the 

MD derived relaxation dynamics of DMSO S-O vector. d) Composition dependence of the slow 

characteristic times of the three relaxation processes. 
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