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Non ionic deep eutectic solvents (type V) have been recently proposed as innovative and alternative sol-
vents. Prepared by mixing the starting components, their mixtures show strong deviations from thermo-
dynamic ideality. An example of deep eutectic solvent is the 1:1 thymol-menthol mixture: deviations
from ideality are originated from the strength of the hydrogen bond between different components.
With the aim to investigate the role of hydrogen bonding in the non-ideality of mixtures of phenolic
and alcoholic compounds, we studied the phase diagram and the structural properties of cyclohexanol

2010 MSC: and phenol mixtures coupling experimental and computational techniques. The phase diagram was mea-
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99-00 sured by differential scanning calorimetry (DSC) providing a lowest melting point at about ,-35°C. The
microscopic structure of eutectic composition was characterized by infrared spectroscopy (FT-IR), DFT
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the aim to describe the intermolecular interactions between phenol and cyclohexanol. The deviations
from ideal mixing seem to be smaller than those observed for the 1:1 thymol-menthol mixture. The nat-
ure of intermolecular interactions in the phenol-cyclohexanol system has been compared with that of the

Dsc . . thymol-menthol system by quantum chemistry calculations. In both the systems heteroassociation is
X-ray diffraction . o . . .
DFT energetically preferred to homoassociation because hydrogen bonding is stronger between different

FI-IR components, however van der Waals contributions involving alkyl groups can play an additional and sig-
nificant role in the intermolecular association of the thymol-menthol system.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction

As a promising alternative to classical solvents, eutectic sol-
vents (ESs) have received an increased interest in the past two dec-
ades. They show most of the properties of the ionic liquids (ILs),
including low volatility and high solvating and extracting proper-
ties, with the advantage that they are usually less toxic variants
of the room temperature ionic liquids. As ILs, ESs exhibit a wide
number of tunable physicochemical properties [1-4] that allow
their utilization in a growing number of fields, including extrac-
tion, (bio) synthesis, catalysis, electrochemistry, and carbon diox-
ide capture [5-9]. The majority of ESs are easily prepared by
mixing biodegradable starting materials, like organic or inorganic
salts, with organic acids or organic neutral molecules. Deep eutec-
tic solvents (DESs) are ESs whose properties deviate significantly
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from thermodynamic ideality: these mixtures show melting points
much lower than their starting components and the term DES was
introduced to highlight this property [10]. The strong intermolecu-
lar interactions formed mixing of a H-bond donor (HBD) with a H-
bond acceptor (HBA) or with a molecular ionic species favor speci-
fic spatial correlations between the DES constituents and cause
noticeable non-ideal mixing effects that could explain the excep-
tional lowering of the melting point of certain DESs. Some struc-
tural studies on choline chloride [Ch][CI] mixed with HBDs, like
urea [11,12] or carboxylic acids [13,14], revealed that the main
driving force for melting point depression is the formation of
hydrogen bonding between the HBD and the anion.

However the hydrophilicity of most DESs limits their practical
application to only polar compounds, which is a major drawback
of these solvents. Hydrophobic DESs have emerged as an alterna-
tive media capable of extracting non-polar organic and inorganic
molecules from aqueous solutions [15]. DESs with hydrophobic
properties were obtained by selecting quaternary ammonium salts
and acids or alcohols having long side alkyl chains [16]. Their
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extraction capacity of volatile fatty acids [17] from aqueous solu-
tion and their solvent properties of carbon dioxide [18] can be be
modulated by the length of the alkyl chain of the cation. Another
class of hydrophobic DESs is composed of only nonionic molecular
HBAs and HBDs, and the first non-ionic deep eutectic liquid was
identified in 1958 by mixing urea and acetamide [19]. Mixtures
of N-alkyl derivaties of acetamide and urea have been identified
as deep eutectic systems for the non-ideal mixing of their compo-
nent [20] and have been employed in the polymer synthesis [21].
Notwithstanding these mixtures lack ionic contribution, they still
exhibit DES melting point characteristics and it is thought that
hydrogen bonding is responsible for the lowering of melting point
[22]. More recently non ionic eutectic mixtures of natural com-
pounds, as terpenes and carboxylic acids, has been proposed and
widely used in the pharmaceutical field [23-25]. The eutectic sys-
tem composed by thymol and menthol, proposed by Coutinho and
coworkers [26] and classified as Type V DESs, is particularly inter-
esting for the complex intermolecular interactions between com-
ponents. Although thymol and menthol have similar structures
and they can form hydrogen bonding both like pure components
as well as like mixed components, their mixtures show strong neg-
ative deviations from the thermodynamic ideal mixing [27]. The
non ideality of this system has been attributed to the feature of
the hydrogen bond between thymol and menthol that is stronger
than that between thymol-thymol and menthol-menthol in the
pure substances [26,27]. This consideration has been supported
by experimental 'H; NMR and Raman spectroscopy, X-ray scatter-
ing diffraction [27] and molecular dynamic simulations [27,28].
The severe negative deviations from ideality of this mixtures derive
therefore from the acidity difference between phenolic and hydro-
xyl groups. As suggested in previous studies [26], these deviations
do not seem to be specific of the binary thymol-menthol systems
but are expected in all the systems where a compound with the
hydroxyl group connected to a benzene ring is mixed with a sec-
ond compound where the hydroxyl group is bonded to an alkyl
chain. To further investigate the role of phenolic hydrogen bond
in the formation of non ionic DESs we investigated in the present
study the phenol-cyclohexanol mixture, the simpler version of
the thymol-menthol system. Melting temperature at different
molar ratios has been measured by Differential Scanning Calorime-
try (DSC) to study the phase diagram of the system and to deter-
mine the eutectic composition. Intermolecular interactions
between the components and their distribution in the mixture
has been investigated through a combination of infrared spec-
troscopy, X-ray diffraction and theoretical investigations by quan-
tum mechanical (QM) methods and molecular dynamics (MD)
simulations.

2. Materials and procedures
2.1. Materials and sample preparation

Phenol, PhOH, (98%) and cyclohexanol, CycOH, (99%) were pur-
chased from Merck and the purity of each sample was confirmed
by 'H, NMR and '3C,; NMR spectroscopy, using a Bruker Avance
Il spectrometer operating at 400 MHz and 100.6 MHz, respec-
tively. PhOH-CycOH binary mixtures at different molar ratios were
prepared and the liquid, formed at 80°C, was than dried in vacuo
at 70°C overnight to obtain the final product. All the mixtures were
then stored in sealed vials before measurements.

2.1.1. Differential scanning calorimetry

DSC curves were acquired using a Mettler Toledo DSC 3 Star
System instrument. Cyclohexanol and phenol were heated from
room temperature (RT) up to 60°C, kept in isothermal conditions
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for ten minutes, cooled at -90°C and kept at this temperature for
ten minutes; finally, the temperature was increased to 60°C. On
the other hand, all mixtures were cooled from RT to -90°C, kept
in isothermal condition for ten minutes and heated up to 60°C.
The scanning rates applied were AT/At = 5 K/min and AT/A
t = 0.6 K/min, under an Ar gas flow of 50 ml/min.

2.1.2. X-ray scattering

Wide Angle X-ray Scattering (WAXS) experiments were carried
out by means of a Bruker D8 Advance diffractometer located at
CNIS LAB Sapienza. The instrument operates with a Mo Ko X-ray
tube (% = 0.7107 A) and Gébel mirrors collimation optics. The data
have been collected in transmission mode in 26 angle range from
2.75° up to 142° with a step of 0.25°. The sample was inserted in
a quartz capillary (2 mm radius) and sealed. The collected data
have been corrected for the background and sample absorption.
Static structure factor I(q) has been obtained by subtraction of
atomic scattering and inelastic scattering contribution.

2.1.3. Infrared spectrocopy

Infrared absorbance spectra were acquired by means of an Agi-
lent Cary 660 spectrometer, equipped with a KBr beamsplitter and
DTGS detector. The phenol spectrum was measured dissolving the
solid in KBr salt, in a proportion of about 1:100. Cyclohexanol and
its mixtures with phenol, that are liquids at room temperature,
were placed between the optical diamond windows of a vacuum
tight cell, separated by a spacer with a thickness of 10 pm. All spec-
tra were measured at room temperature with a resolution of
1cm™.

2.1.4. Computational details

The structure of the liquid mixtures has been investigated fol-
lowing two theoretical approaches. The intermolecular interac-
tions between different components have been initially studied
by ab initio methods. Two cyclic tetramers consisting of phenol
(Figs. 1a and 1b and cyclohexanol (Fig. 1c) molecules have been
investigated to evaluate hydrogen bonding in each pure compo-
nent. A third tetramer consisting of two phenol and two cyclohex-
anol molecules (Fig. 1d) has been proposed to evaluate hydrogen
bonding between different components, as expected for our mix-
tures. Quantum-mechanical (QM) calculations of each tetramer
were performed by the Gaussian 09 package [29]. Equilibrium
geometry and IR spectra were obtained using density functional
theory (DFT) methods with the Minnesota meta hybrid CGA
MO062X [30] exchange and correlation functional and employing
the 6-311G** basis set. Vibrational modes of each system have
been assigned on the basis of the analysis of the normal modes.
The good reliability of such a functional in describing energetic
and structural aspects of several liquids has been discussed in ear-
lier reports [31]. Analogous oligomers have been considered for the
thymol-menthol system by studying the molecular geometries
obtained by M062X/6-311G** calculations for the tetramers of
menthol and thymol and for a tetramer formed by two thymol
and two menthol molecules within the same symmetry adopted
for the phenol and cyclohexanol clusters. Their structure is
reported in Fig. S1.

To more deeply analyze the topological and energetic character-
istics of the hydrogen bond in each molecular complex Atoms in
Molecules (AIM) studies were performed employing the software
AIMAII (Version 19.10.12) [32]. Non-Covalent Interaction analysis
(NCI)[33] was also developed for the optimized clusters using the
MultiWFN procedure[33].

MD simulations were performed in order to conduct a global
investigation on the structure of liquid. We simulated the mixture
at the eutectic composition (molar fraction of cyclohexanol equal
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Fig. 1. Tetramers of phenol, (a and b, S, symmetry), cyclohexanol (c, S4 symmetry) and phenol-cyclohexanol (d, C; symmetry).

to 0,85) using the two-body Generalized Amber Force Field (GAFF)
[34]. Topology and input files were written using Amber software
[35] and then converted to Gromacs format. Partial atomic charges
were computed using Gaussian09 [29] at level HF/6-31G*: Res-
trained Electrostatic Potential (RESP, [36]) was chosen as algorithm
and charges calculations were computed on isolated species. Elec-
trostatic interactions were considered by Particle Mesh Ewald
(PME) under periodic boundary conditions (PBC). All bonds with
hydrogen bond were studied using the Linear Constrain Solver
(LINCS) algorithm [37]. Parallelization were conducted using the
domain decomposition algorithm and Message Passing Interface
paradigm (MPI). The cut off radii of van der Waals and direct-
space Ewald interactions were imposed at 1 nm. The randomic
starting configuration were obtained putting 850 molecules of
cyclohexanol and 150 of phenol into a box with the initial side of
80A, using PACKMOL [38] software. Energy minimization has been
carried out during 107 iterations. The starting box was simulated
for 2250 ps in NVE ensemble and for 40 ns in NPT ensemble at
400 K monitoring the pressure with Berendsen barostat and the
temperature with Nos-Hoover thermostat. The simulations at
400 K have been conducted in order to decrease the viscosity of
the liquid during the initial phases of our simulation. At this point
we have decreased the value of temperature at 323 K. The density
of liquids were calibrated by a long NPT simulation (20 ns). A very
long NVT simulations (50 ns) have been performed with the aim to
equilibrate the system. Structure factors I(q) have been calculated
from the molecular dynamics trajectories using the Travis software
[39,40]. Theoretical I(q) has been then multiplied by g to obtain a
theoretical ql(q) function comparable with the experimental one.

3. Results and discussion
3.1. DSC

The eutectic point of the PhOH-CycOH binary system can be
estimated by the following equation[41]

In(a) = % (Tl—m - %) (1)

where a; is the activity of the component i,T,, and AH,, are the
melting temperature and enthalpy of the pure compound, respec-
tively, and R is the universal gas constant, by assuming an ideal lig-
uid mixture (aj =x;). In the previous equation we consider
negligible the difference between the molar heat capacity of the
component i in the liquid and solid phase. Within the validity of this
equation, we can predict the solid-liquid equilibrium (SLE) phase
diagram for an ideal mixture (Fig. S2). The eutectic composition is
expected at molar ratios of cyclohexanol, here after indicated as
(Xc), close to 0.8. Starting from this consideration, the phase dia-
gram of the PhOH-CycOH system has been studied by differential
scanning calorimetry (DSC) preparing mixtures of composition not
too far from to this value. In Fig. 2 we reported the DSC curves of
the pure cyclohexanol, pure phenol along with ten their mixtures.

The DSC curve of pure cyclohexanol shows three thermal pro-
cesses: the most important is centred at 25.6°C and corresponds
to the melting point. Cyclohexanol has a polymorphic structure
and the accurate description of the polymorphism has been inves-
tigated in previous works [42-44]. In agreement with the previous
literature [42-44], the endothermic peaks between -50°C and
-20°C can be attributed to solid-solid phase transitions between
polymorphs. The DSC curve of pure phenol is much simpler, as it
displays only an endothermic peak around 45°C, corresponding
to the melting.

An eutectic composition is an homogeneous phase that melts at
a single temperature, according to the thermodynamic definition.
Moving apart from the eutectic composition, the other mixtures
should show two melting peaks: one close to that of the eutectic
and the other related to the phase containing an excess of one of
the two constituents. Indeed, in our system we observe two melt-
ing processes for the non-eutectic compositions with x. # 0.85.

In the case of X, = 0.98 we observed two endergonic transitions:
the first, at 17°C, is attributed to the melting of a phase rich in
cyclohexanol and the other one, at -28°C, is the melting of a
quasi-eutectic phase. A cold crystallization peak is present around
-65°C. The difference between the two melting temperatures
decreases as the composition approaches the eutectic. In fact, in
the case of x. = 0.95 the first endothermic transition is at 6°C and
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Fig. 2. DSC curves for cyclohexanol and phenol pure components and for their
mixtures at different compositions.

the second at -28°C. The mixture x. = 0.93 clearly shows the lower
temperature peak (T=-29°C), while the second peak centred around
-9°C has an extremely low integral. Turning to the less concen-
trated compositions (x. 0.75) the DSC curves appear slightly differ-
ent, as only one endothermic peak is clearly visible. All melting
processes are anticipated by a cold crystallization below -30°C.
For x. = 0.70 and X, = 0.60 the melting peaks are at -18°C and
-0.7°C, respectively. The intermediate compositions (0.80
X. <0.93), when measured at the same temperature scanning rate
used for the previously reported mixtures, do not show clear phase
transitions (results not shown). For x. >0.95 and x. <0.75 it was
already observed that the samples do not undergo any crystalliza-
tion on cooling, but more likely they present cold crystallizations
on heating. This fact suggests that the crystallization of samples
is slow and can be suppressed or retarded at high temperature
rates. Therefore, for samples with 0.80 < x. <0.93, DSC measure-
ments were repeated with a much slower temperature scanning
rate (AT/At = 0.6 K/min), 9 times slower than the previous one.
As reported in Fig. 2, all these samples present a cold crystallization
(with maxima at —65.2,-63.2, —59.3, —57.7, —48.0 °C for x. = 0.93,
0.90, 0.87,0.85, 0.80, respectively) and a melting process with min-
ima at —28.5, —32.7, —33.7, —35.0, —34.1 °C for x, = 0.93, 0.90, 0.87,
0.85, 0.80, respectively. Apart for x. = 0.85 the melting peak seems
to be composed of two different components. The lowest melting
temperature is found at the composition x. = 0.85: this mixture
shows a single peak centred at —35 °C. Therefore, we assume that
the eutectic composition is close to x. = 0.85.

By examining the values of the melting temperatures measured
by our DSC experiment and summarized in Table S1 we observe
that they are quite close to those derived from the SLE phase dia-
gram predicted by assuming an ideal liquid phase (activity coeffi-
cient equal to one) (Fig. S2). The experimental SLE phase diagram
gives therefore an eutectic point not very far from that expected
from a ideal mixture. This result suggests that the phenol-
cyclohexanol system presents a quasi-ideal behavior with small
deviations from ideality. As matter of fact, negative deviations
from ideality are expected for the binary PhOH-CycOH binary sys-
tem [45,46] and when values of activity coefficients derived from
SLE measurements [46] are introduced in the Eq. (1), a small
depression of the eutectic temperature (about 10°C) is predicted
(see Fig. S1). This behavior seems therefore to be quite different
from the thymol-menthol binary system where a very deep
depression (60 °C) of the melting temperature with respect to ide-
ality has been observed and predicted [26,27].
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3.2. Interaction models by quantum chemistry

With the aim of understanding the features of our eutectic mix-
tures and investigate the nature of the interactions between their
components, we studied by theoretical methods a series of com-
plexes where PhOH and CycOH interact each other by different
geometries. We started to consider the tetramers reported in
Fig. 1 by analyzing their structures obtained by quantum mechan-
ical calculations at the M062X/6-311G** level. In the phenol crys-
tal, the molecules are connected via OH---O hydrogen bonds into
endless helical chains [47] and simple simulations of the crystal
field unequivocally showed that hydrogen bond formation causes
outstanding changes in the molecular geometry [48]. Therefore
any molecular model proposed to describe the properties of pure
phenol should start by molecules connected each other by hydro-
gen bonds and the cyclic tetramers reproduced in Figs. 1a and 1b
are reasonable molecular structures where each OH group is
involved in OH---O hydrogen bond and acts both like HB donor
and like HB acceptor. Starting from this cyclic arrangement of phe-
nol molecules, two geometries, both of S, symmetry, were found as
stable structures: Fig. 1a shows a cyclic tetramer where molecules
are connected only via OH...O hydrogen bonds whereas Fig. 1b
shows that the benzene rings are oriented to form additional mt-7t
stacking interactions. Such a favorable alignment of the benzene
rings gives a higher stability (27 kJ/mol) with respect to the 1a tet-
ramer, although the OH---O distances are longer (1.788 A) than
those of the 1a tetramer (1.756 A).

As already observed, surprisingly complex polymorphic behav-
ior has been observed for cyclohexanol [42,43,49]. This simple
molecule exhibits rich polymorphism that may be attributed to
its conformational flexibility and capacity to form hydrogen bonds.
The phase diagram of CycOH has been studied following several
experiments [42,43,49,50,44]: it has a melting point of 298 K and
crystallizes in a plastic, orientationally disordered phase (phase I)
which includes both axial and equatorial orientational configura-
tions of the hydroxyl group and orientational disorder of the cyclo-
hexyl ring [50]. At 265 K CycOH crystallizes in a phase Il where
molecules are arranged in a hydrogen-bonded tetrameric ring
structure. Due to its conformationally mobility it is quite hard to
propose a simple model to simulate the complexity of hydrogen
bonding in liquid and phase I states. The cyclic tetramer here pre-
sented (Fig. 1c) is probably more suitable to describe molecules
involved in hydrogen bonding networks as occurs in the crystal
phases. However this model offers the advantage to describe four
CycOH molecules that, acting as HB acceptors as well HB donors,
form four equivalent hydrogen bonds and allows an easy compar-
ison with hydrogen bonding of the PhOH tetramer. Each cyclohex-
anol is assumed in chair conformation with the hydroxyl group in
an equatorial orientation.

The mixing of cyclohexanol and phenol allows interactions
between different components. In order to evaluate hydrogen
bonding between PhOH and CycOH we studied the tetramer of
Fig.1d with C; symmetry, where two phenol and two cyclohexanol
molecules are alternate and cyclically arranged to form two types
of interactions: hydrogen of phenol interacts with oxygen of cyclo-
hexanol and simultaneously hydrogen of cyclohexanol interacts
with oxygen of phenol.

The O---H intermolecular distances calculated for the homote-
tramers (see Fig. 1) suggest that cyclohexanol promotes a more
efficient hydrogen bond. Whereas PhOH is an excellent HB donor
but poor HB acceptor, CycOH can act both as HB donor and accep-
tor, as a classical alcohol, and it is expected to form stronger hydro-
gen bonds. In the mixed tetramer (Fig. 1d) the HB donor property
of PhOH coupled with the optimal HB acceptor property of CycOH
gives the formation of the shortest intermolecular O---H distances
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(1.665 A). An analysis of a wide number of crystal structures
showed in fact that heteromeric HB between phenols and alcohols
occurs more often than homomeric HB [51].

AIM analysis provides additional information on the nature of
the intermolecular interactions and with this aim some topological
criteria were proposed by Koch and Popelier [52]. Among them, we
considered here the existence of bond critical points (r.) on the
bond path between the hydrogen and the oxygen acceptor and
the values of electron density and Laplacian of electron density
at the bond critical point, p(r,) and V2(r.), respectively. Their val-
ues are reported in Table 1 and, consistently with the O---H dis-
tances, they indicate that cyclohexanol forms hydrogen bonds
more stable than those formed by phenol. Rozas et al. [53] have

classified hydrogen bonds on the basis of V2(r.) and total electron
energy density H(r,) defined as sum of kinetic and potential elec-
tron densities at the bond critical point. The negative values of
H(r,) values reveal that both the hydrogen bonds in phenol and
cyclohexanol can be classified as strong and a small preference is
expected for cyclohexanol, in agreement with the values of the
O---H distances. In the heterotetramer PhOH and CycOH are linked
via stronger hydrogen bonds, as suggested by the AIM results
reported in Table 1 and in agreement with the O---H distances.
All the computational results here reported indicate therefore the
preferential nature of the PhOH-CycOH HB with respect to the
PhOH-PhOH and CycOH-CycOH HB interactions.

The strength of the interactions between molecules in each
cluster has been estimated by calculating the interaction energy
(AE) as difference between the total energy of the tetramer and
the energy of a single molecule. The values, corrected by the basis
set superposition error (BSSE) by the Boys and Bernardi counter-
poise method [54], are reported in Table 1 and they show that
PhOH and CycOH are more strongly bonded each other in the
mixed tetramer with respect to the homotetramers. However it
is worth observing that although hydrogen bonding is unequivo-
cally the most relevant intermolecular interaction in pure as well
as in mixed components, weaker van der Waals interactions could
significantly contribute to the stability of the systems and the
energy interaction values here reported take all the components
into account in full. For a better characterization of the different
interactions that really contribute to the stability of the tetramers
we applied the NCI approach [55]. The NCI method, also known as
reduced density gradient (RDG) method, is a valuable tool for
studying and distinguishing van der Waals, hydrogen bonding,
and steric repulsion interactions in the complexes [55]. The RDG
isosurfaces for the tetramers are illustrated in Fig. 3 and inter-
preted through simple color codes [33]: the blue regions indicate
highly attractive interactions, such as hydrogen bond, green

Table 1
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regions indicate weak interactions, such as van der Waals contri-
bution, and red regions indicate strong repulsion. In the case of
the PhOH tetramer (Fig. 1a), intermolecular association is charac-
terized by a localized interaction spot in the OH---O region corre-
sponding to the hydrogen bond (blue color) and by spots (green
regions) of limited extension corresponding to van der Waals inter-
actions through hydrogen atoms of benzene ring and oxygen of the
OH group. If the benzene rings are aligned to favor -7 interaction
as in PhOH tetramer of Fig. 1,b, a massive van der Waals region
between two rings is observed (Fig. S3) and this interaction is
responsible of the higher stability of this tetramer, as observed
above. For the CycOH tetramer in Fig. 3, along with the hydrogen
bond spots, we observe green spots on an extended region corre-
sponding to the stabilizing interaction between cyclohexyl rings.
In the PhOH-CycOH tetramer in Fig. 3 we observe again hydrogen
bond between molecules with spots more prominent in the OH---O
region where phenol acts as HB donor, in agreement with that
expected, and green spot surfaces of quite limited area suggesting
that the interactions between benzene and cyclohexyl rings are
weaker than that between cyclohexyl rings in the CycOH tetramer.
The AIM analysis combined with the NCI study indicates therefore
that heteroassociation is energetically preferred with respect to
homoassociation in the PhOH-CycOH system because hydrogen
bond is stronger between different components, however van der
Waals interactions between cyclohexyl rings have a significant role
in self association of cyclohexanol beyond the localized hydrogen
bond.

To compare the features of our PhOH-CycOH binary system
with that of the thymol-menthol mixture, we proposed the tetra-
mers of thymol (Thym), menthol (Menth) and thymol-menthol
(Thym-Menth) reproduced in Fig. S1 as models to study homoasso-
ciation and heteroassociation. We studied these oligomers by con-
sidering the same cyclic structures investigated for PhOH and
CycOH to obtain their molecular properties at the same level of
theory applied for the PhOH-CycOH system. Table 1 shows the
hydrogen bond distances and the results of the topological analysis
along with the energy interaction values, AE, obtained for each tet-
ramer. All the results indicate that hydrogen bond between thymol
and menthol is stronger than that between menthol and menthol
and between thymol and thymol for the coupling of a good HB
donor like thymol and a good HB acceptor like menthol. The effect
is however less marked than that observed for the PhOH-CycOH
system probably because phenol is slightly more acidic (pKa
=9.99)[56] than thymol (pKa = 10.62) [57]. A recent study on some
thymol and menthol dimers confirmed the preferred tendency to
heteroassociation of the Menth-Thym system [58]. This result is
therefore substantially in agreement with our PhOH-CycOH sys-
tem and, in particular, with the feature of hydrogen bond, however

Hydrogen bond geometry (A), topological analysis (a.u.) and interaction energy AE (kj/mol) obtained at the M062X/6-311G** level for the tetramer models.

PhOH(Fig. 1a) PhOH(Fig. 1b) CycOH PhOH + CycOH?
p (re) (au.) 0.0372 0.0356 0.0411 0.0494
V2(r) (a) 0.1346 0.1277 0.138 0.1467
H(re) (a.u) ~0.0007 +0.0003 ~0.0022 ~0.0064
10--H (A) 1.756 1.788 1.738 1.665
AE(K]/mol) -7 ~79 ~77 _82

Thym(Fig. S1a) Thym(Fig. S1b) Menth Thym + Menth”
p (ro) (au) 0.0370 0.0316 0.0372/0.0381 0.0418
V() (a.) 0.1328 0.1183 0.1408/0.1305 0.1380
H(re) (a.u.) ~0.0007 +0.0009 ~0.0014/-0.0023 ~0.0037
10--H (A) 1.762 1.832 1.792/1.778 1.749
AE(K]/mol) 81 —92 _84 _96

2 Only PhOH. . .0 values are reported
5 Only ThymOH. ..O values are reported
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v
notable attraction:
H-bond, halogen-bond.

vdW  notable repulsion:
interaction Steric effect in ring
and cage

Fig. 3. NCI analysis for the PhOH, CycOH and PhOH-CycOH tetramers.

the alkyl groups present in the menthol and thymol molecules can
play an additional and important stabilizing effect on the oligo-
mers that is missing in the unsubstituted rings of phenol and cyclo-
hexanol. The energy interaction values are in fact higher in all the
Thym and Menth tetramers, as reported in Table 1. The role of the
van der Waals interactions in this clusters is shown in Fig. S4
where the RDS isosurfaces are reported for each tetramer. It is
interesting to observe that for the Thym-Menth tetramer NCI
shows a van der Waals region between the alkyl chains more mas-
sive than that observed for the Menth-Menth tetramer suggesting
that the more extensive interactions between alkyl chains along
with a stronger hydrogen bond are the main causes that give
higher stability to the thymol-menthol heteroassociation. Self
association of thymol can be driven also by additional m-m interac-
tion between benzene ring; as for phenol, geometry optimizations
of the cyclic tetramer within the S, symmetry gives in fact a second
structure (Fig. S3b) where the benzene rings are oriented to inter-
act each other through their n electron density. Notwithstanding
this further interaction between thymol molecules, clearly shown
in the RDS isosurfaces reported in Fig. S3, the Thym-Menth tetra-
mer is anyway the most stable structure with the highest energy
interaction (Table 1).

3.3. Vibrational spectra

Infrared spectra of PhOH and CycOH are discussed in this sec-
tion with the aim to find experimental evidence that reveals the
role of the interactions between the components in the mixture.
In particular, our aim is to investigate if the vibrational spectra of
each component change upon mixing and try to correlate the spec-
tral changes with the extent of the interactions between compo-
nents. With this aim, we preliminarly compare each other the
vibrational spectra calculated for the PhOH, CycOH and PhOH-
CycOH tetramers and here reproduced in Fig. 4. The assignment
of the main bands, based on the analysis of the normal modes, is
reported in Fig. 4: in the spectrum of the PhOH-CycOH complex
we have marked the bands assigned to each component with dif-
ferent colors. In the high frequency region, the OH stretching
modes (V) are indeed affected by the coordination pattern between
components. Upon heteroassociation, the VOH frequencies move
from their values calculated for the PhOH and CycOH homote-
tramers: in particular the v mode of PhOH, acting as hydrogen
bonding donor, shifts to lower frequency whereas the v mode of

CycOH, acting as hydrogen bonded acceptor, moves to higher fre-
quency. These spectral pattern is fully consistent with the fact that
hydrogen bonding between components strengthens by mixing
and the frequency shifts of the VOH mode could be therefore diag-
nostic to indicate changes in the strength of the intermolecular
interaction. Moreover the remaining vibrational modes of the OH
group, the in plane (8) and the out of plane (y) bending, show fre-
quency values again sensitive to the strength of the O(H)---O inter-
action. When different components are mixed, the 30H frequency
of PhOH increases whereas the 50H frequency of CycOH decreases
in agreement with the formation of a stronger hydrogen bond; the
same and even more pronounced effect is expected for the YOH
modes.

Following the results obtained from the theoretical spectra, we
analyzed hydrogen bonds between different components on the
basis of the spectral changes measured in the infrared spectra after
mixing. We compare in Fig. 5 the experimental IR spectra of PhOH
and CycOH pure components with the spectrum of liquid mixture
at the x. = 0.85 composition. Assignment of the main bands,
reported in Fig. 5, is based on the information from our calculated
spectra and from literature for CycOH [59,60,43] and PhOH [61,62].
The OH stretching absorptions are very large in the spectra of the
pure components and the frequency maximum is observed at
about 3364 cm~! for PhOH and 3328 cm™! for CycOH. This band
is slightly broader in the mixture than in the pure component spec-
tra and this could suggest a slight variation in the coordination of
the OH group. Due to the difficulty to assign the overlapping vVOH
bands of each component in the mixture spectrum, the absorption
band was deconvoluted into two Gaussian-shape components [63]
(Figure S5). The band profile is reproduced by two Gaussian com-
ponents with maxima at 3254 cm~! and 3396 cm™!, suggesting a
small change in the vibration stretching frequency of the OH
groups. In the medium frequency region, the §OH absorption of
phenol appears as a shoulder of the more intense vCO band in
the spectrum of pure phenol as well as in the spectrum of mixture;
the 30H absorption of cyclohexanol is well distinguishable when
the component is pure and when it is mixed and its frequency is
substantially unchanged. The spectra continue to be very similar
in the low frequency region where the YOH frequency of cyclohex-
anol seems to be quite unsensitive to the mixing whereas a small
blue shift is measured for the yYOH frequency of phenol. The infra-
red spectra show therefore that most absorptions of PhOH and
CycOH in the mixture at eutectic composition are measured at fre-
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Fig. 4. Infrared spectra calculated at the M062X/6-311G** level for the tetramers of PhOH (Structure 1a), CycOH (Structure 1c) and PhOH-CycOH (Structure 1d).

quencies indeed close to that of the pure components. One can
observe only small frequency blue shifts of the 3OH and yOH vibra-
tions of phenol that are in a qualitative agreement with the spec-
tral features of the tetramers discussed above. The salient
conclusion from the infrared analysis is that deviations from ideal
mixing seem to be very small for our system, as already observed
from DSC measurements.

We are aware that the interaction models studied so far are
suitable for investigating the features of the intermolecular inter-
actions between phenol and cyclohexanol and highlighting their
differences: however they are 1:1 complexes that do not fully
describe the interactions between components at the eutectic
composition, where cyclohexanol is definitely more abundant.
Therefore the morphology of the system at the eutectic composi-
tion has been investigated through molecular dynamics.

3.4. MD simulations

Since the GAFF force field covers almost all the organic species
giving quite good results with various liquid systems [64-67]
without the need for further parametrization, we decided to simu-
late our mixture using this force field and its structure was ana-
lyzed by monitoring firstly the hydrogen bond distances. Self
association of PhOH and CycOH, described through the Radial
Distribution Functions (RDFs) of the O---O contacts (Fig. 6a), reveals
that interactions between cyclohexanol molecules, the most abun-
dant component, clearly prevail on those between phenol mole-
cules and, moreover, the relative peak is sharper and is observed

at shorter distance. This is consistent with the fact that hydrogen
bond between CycOH molecules is stronger than that between
PhOH molecules, in agreement with the geometries of the tetra-
mers discussed in the previous section. The presence of hydrogen
bond between different components is clearly witnessed by the
Ocycon--Opon peak at distances quite close to that of the
Ogycon-Ocycon peak. The nature of the Ocycon-+-Opron intermolecular
contact is revealed by the RDFs of the H---O distance of Fig. 6b: the
peak of the OHpyon--Ogycon distance is sharper and more intense
than that of the OHgycon-Opnon ONe, consistently with the fact that
the oxygen of PhOH acts as a better hydrogen bond donor, as
already observed from the geometry of the mixed tetramer of
Fig. 1. Distribution of the components in the mixture and the rela-
tive orientation of the rings of CycOH and PhOH can be studied by
the RDFs of their center of mass positions. From Fig. 6¢c we observe
that the CycOH-CycOH peak is quite symmetric and centred at
about 6 A; the PhOH-PhOH and CycOH-PhOH peaks show a maxi-
mum at very similar distances with a shoulder at lower values
(about 5 A). This slight asymmetry of the peak could be originated
by the fact that PhOH, a planar molecule, could approach CycOH
more closely than CycOH. Spatial Distribution Functions (SDF) of
the center of mass of CycOH and PhOH around the cyclohexanol
molecule (Fig. S6) shows that CycOH is distributed quite symmet-
rically whereas the small number of PhOH molecules in the mix-
ture is oriented mainly around the OH group. The Ilow
concentration of phenol in the mixture at the eutectic composition
and the absence of peaks at about 4 A in the centre of mass RDFs
seems exclude any m-7 interaction between the benzene rings.
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Fig. 5. Infrared spectra measured for PhOH (red), CycOH (blue) pure components and the PhOH-CycOH at eutectic composition x, = 0.85 (green).

Homoassociations and heteroassociations have been also ana-
lyzed by calculating the number of H-bonds classified as medium
on the basis of the geometrical criterium [68] (an HBD-HBA dis-
tance <3 A and a D-H-A angle 30°) and the results are summarized
in Table S2. At the eutectic composition, the number of PhOH-
PhOH H-bonds is negligible whereas the distribution between
PhOH-CycOH and CycOH-CycOH interactions is largely dominated
by self association of cyclohexanol (about 80%). In addition, as
observed from RDF analysis, the highest number of hydrogen
bonds between PhOH-CycOH are found when phenol acts as the
HBD and cyclohexanol as the HBA.

3.5. X-ray scattering

The structure of the mixture at the eutectic composition has
been studied experimentally through X-ray diffraction and in
Fig. 7 we report the X-ray structure function. A validation of the
structural considerations derived from MD simulations and dis-
cussed above can be obtained by comparing the findings from
the MD simulation with the measured X-ray diffraction pattern
as shown in Fig. 7. The curve is dominated by the main peak at
about 1.4 A~! which correlates with distances at about 5 A due
to several intermolecular terms that mainly involve the C---C con-
tributions. This value is consistent with the distance observed for
the peaks of the RDFs of the center of mass positions discussed
above. The experimental curve shows a second, much weaker
and larger peak at about 3.2 A~! that correlates with distances at
about 2 A in the direct space due to intramolecular contacts. The

pattern above 5 A~! corresponds again to intramolecular distances
and is satisfactorily reproduced by our MD simulations. Good
agreement is found for the main peak due to the intermolecular
contributions (1.4 A~') and for the remaining pattern whereas
the X-ray diffraction curve at low q value is reproduced with less
accuracy. The X-ray curve shows also a small prepeak at about
0.5 A" that is barely noticeable in theoretical simulation. The exis-
tence of a prepeak located at g values lower than 1 A~! has been
interpreted as evidence of a medium-range order due to the pres-
ence of heterogeneities or clustering phenomena induced by
hydrogen bonding [69,70]. This effect has been observed in 1:1
Thym-Menth mixtures where the rings of menthol and thymol
prevent the formation of a long network of hydrogen bond and
allows the aggregation of molecules in small hydrogen bonded
clusters [27]. Moreover the formation of oligomers consisting of
thymol, menthol or thymol-menthol molecules are highly probable
in the liquid at equimolar composition [27]. In our PhOH-CycOH
mixture the X-ray diffraction has been measured at the eutectic
composition where cyclohexanol is in a large excess and its ring
has not alkyl sobstituent that could favor clustering phenomena.
The prepeak in the X-ray curve is observed at a q value, 0.55 A1,
that corresponds approximately to a distance (=2m/0.55 A~1) of
about 11 A. This intermolecular separation seems to be compatible
with a distance C---C between carbon atoms of cyclohexanol rings
oriented as reproduced in Fig. 1. In addition, this structural distri-
bution of cyclohexanol molecules is in agreement with the RDFs of
their center of mass positions that shows a second peak at about
11 A
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Fig. 7. Experimental and theoretical I(q)q curves of the PhOH-CycOH mixture at
eutectic composition.

4. Conclusions

The phenol-cyclohexanol mixtures have been studied using a
combined experimental and theoretical approach. The SLE phase

diagram, measured by DSC experiments, shows that the mixture
at the eutectic composition (Xx.) has melting point (-35 °C)
strongly lower than pure components (25 °C for cyclohexanol
and 45 °C for phenol). The extent of non ideality of the mixture
has been evaluated in terms of interaction energies among the
components by DFT methods. Self association and heteroassocia-
tion have been compared by calculations on some cyclic tetramers
where phenol and cyclohexanol are linked by hydrogen bonds both
like HB donor and HB acceptor. Intermolecular geometries, interac-
tion energies and electron density properties indicate that inter-
molecular H-bond between different components is preferred
with respect to homoassociation. Heteroassociation is favored also
between thymol and menthol, a couple of molecules structurally
very similar to phenol and cyclohexanol, and this preference has
been identified as the main cause to explain the severe negative
deviations from ideality observed for the Thym-Menth mixture.
PhOH and CycOH seem therefore to be reliable precursors to form
a DES [71], as for the Thym-Menth couple. In both systems the
excellent HB donor property of the phenolic group coupled with
the optimal HB acceptor property of the alcoholic OH group allow
the formation of HB interactions that are stronger when compo-
nents are mixed than those in the neat compounds. However our
PhOH-CycOH mixtures show deviations from the ideal mixing
much less pronounced than those observed for the Thym-Menth
system, as suggested also from the IR spectra that, measured
before and after mixing, showed quite unchanged bands. Notwith-
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standing the similar chemical nature of the two systems, the
observed discrepancies can be rationalized as follows. The eutectic
composition of the thymol-menthol system is very close to an
equimolar ratio where the number of Thym-Menth hydrogen
bonds is maximum and the competing nature of the stronger
Thym-Menth interaction results in a whole stabilization of the
mixture and consequent negative deviation from ideality. The
eutectic composition of the analogous PhOH-CycOH mixture is
instead observed in presence of a strong excess of cyclohexanol,
at a composition where the CycOH-CycOH interactions are domi-
nant: the small number of more favourable PhOH-CycOH hydrogen
bonds produces therefore a slight stabilizing effect on the mixture.
Deviations from ideality are in fact expected more outstanding at
equimolar composition. In addition, the NCI analysis indicates that
heteroassociation and homoassociation of thymol and menthol
molecules shows a nature not completely equivalent to that of
our molecules for the presence of additional van der Waals contri-
butions involving alkyl chains that are missing in PhOH and
CycOH. The morphology of the mixture obtained by the analysis
of the MD results confirm that the components of our mixture
interact mainly via hydrogen bonding and the structural features
observed in the X-ray diffraction experiments are substantially
reproduced by the chosen potential of our MD simulations.
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