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a b s t r a c t

The properties, structuring and intermolecular forces of diglyme + alkanol mixtures are studied using a
combined experimental and theoretical approach. The thermophysical properties as well as the molecu-
lar simulation results provide detailed characterization of the mixtures in terms of composition, type of
1-alkanol and temperature. The possibility of development of heteroassociations by glyme - alkanol
hydrogen bonding as well as their effect on the weakening and breaking on alkanols self-association
show a pivotal role on the mixtures structure as well as the glyme self-association. The reported mixtures
show complex structural effects varying with mixtures composition which may be considered as model
of ether – hydroxyl interaction and their effects on the mixture’s properties and nature.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The knowledge of complex liquid mixtures behavior (inter-
molecular forces or hydrogen bonding effect) is of special both
practical and theoretical interest for several purposes [1,2]. Mixed
fluids require a precise combination of macroscopic properties
study, based on the nature and extension of the intermolecular
interactions, and nanoscopic level characterization for the accurate
hydrogen bonding analysis [3]. Additionally, thermophysical prop-
erties are of relevant importance for process design [4] develop-
ment from an economic and operational performing operations
point of view [4,5]. There is a huge amount of combined solvents
which are being considered for industrial processes, for this reason
a precise selection and a systematic approach is required to opti-
mize physicochemical properties of complex mixed fluids for
industrial purposes. Intermolecular interactions are usually ana-
lyzed in complex fluids through physicochemical properties as a
function of the composition evolution, pressure or temperature.
It is important to consider both microscopic structures and inter-
molecular interactions. Likewsise, macroscopic physicochemical
properties of the complex mixed liquids contribute to the under-
standing of hydrogen bonding properties and features. The effect
of chemical composition in terms of mole ratios is also largely rel-
evant. Therefore, the relationships between all these factors should
be considered. In terms of complex mixed liquids, the considera-
tion of applicable functional groups and molecules, evaluating
the main characteristics of the intermolecular forces developed
among them is a suitable approach to systematize the study of
such fluids of interest. In the recent years special attention has
been paid to pairs of functionalized organic molecules, where
one of the molecules act as hydrogen donor (H-donor) while the
other as hydrogen acceptor (H-acceptor). The case of alcohols is
considered of special relevance as the presence of the hydroxyl
group [6] may give alcohol molecules both roles [7] (H-donor
and H-acceptor), in addition to the inclusion of non-polar groups
leading to hydrogen bonding formation [32], generally depending
on the chain extension and location of the hydroxyl group.
Nonetheless, different type of molecules, such as glymes [8],
amides [9], ethers [10], ionic liquids [11] or deep eutectic solvents
[12] have also been studied by our group, combining experimental
and theoretical approaches in order to report hydrogen bonding
behavior. With the purpose of carrying on the research into differ-
ent binary liquid mixtures, a combined experimental and theoret-
ical study on the properties of diethylene glycol methyl ether
(diglyme, 2G) and 1-alcohols (ethanol, C2OL; 1-pentanol, C5OL;
1-octanol, C8OL), as a function of mixture composition and tem-
perature, has been reported.
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Fig. 1. Compounds considered in this work for compound 1 (2G) + compound 2 (1-
alkanol) binary mixtures. Red and blue labels indicate atomic naming along the
work.
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Diglyme has been widely used recently as solvent [13] in a
broad variety of applications such as sodium-ion batteries for
energy storage [14–16], CO2 capture absorbent solvent [17–20];
but also, as an active pharmaceutical ingredient (API) formation
compound [21–23] as well as improved biodiesel [24]. Diglyme
is a dipolar aprotic solvent which possess a high chemical stability,
low vapor pressure and high boiling point, this is it stays liquid in a
wide range of temperatures [13]. It manifests a moderate toxicity
[25,26] when compared to traditional organic solvents (THF,
toluene, etc.). The presence of three ether groups (easily
Fig. 2. (a) Experimental density, q, (b) dynamic viscosity, g, (c) excess volume, VE, and (d
fraction, at 303.15 K and 0.1 MPa. Circles stand for experimental data and lines for poly
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H-acceptor) in 2G structure has been extensively used for tuning
mixture properties when it is present as a cosolvent. It has been
found in the literature studies reporting the use of diglyme as sol-
vent for CO2 gas capture [27,28]. Alcohols are a commonly used
family of compounds in the chemical industry, especially for appli-
cations such as biofuels [29–31]. The presence of hydroxyl groups,
leading to both hydrogen donor and acceptor performance [32],
gives way to complex effects scaling from hydrogen bonding
changes upon mixing [33]. Therefore, it is important to note the
utilization of high volatile alcohols as solvent like glymes. The
aim of the present work is to study the physicochemical properties
of liquid mixtures of diglyme and three different alcohols in the
whole composition range.

Binary liquid mixtures of 2G + {C2OL or C5OL or C8OL}, Fig. 1,
were studied in the whole composition range at macroscopic level
(experimental thermophysical properties) and microscopic level
(molecular modelling). Density Functional Theory (DFT) quantum
chemistry method and Molecular Dynamics (MD) simulations
were combined for the molecular modelling studies. The results
combination from analyzed properties cited above of the binary
mixtures allowed a complete (macro and microscopic) characteri-
zation, showing hydrogen bonding changes with mixture composi-
tion and temperature effects.
2. Methods

2.1. Materials

The chemicals used along this work are reported in Table S1
(Supplementary Information). They were used as received from
) mixing viscosity, Dg, for � 2G + (1 � x) {C2OL or C5OL or C8OL}, x stands for mole
nomial (q and g) or Redlich-Kister (VE and Dg) fits.



Fig. 3. Excess partial volume, V
�E

i , of i component, (a) for i = 2G and (b) i = 1-alkanol,
in � 2G + (1 � x) {C2OL or C5OL or C8OL}, x stands for mole fraction, at 303.15 K and
0.1 MPa. Values inside the panels show infinite dilution data, V

�E;1
i .
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the commercial supplier without further purification and kept
under molecular sieves (4 nm, Union carbide) before mixtures
preparation. Density and viscosity were experimentally deter-
mined in the 283.15–313.15 K range for pure fluids and compared
with available literature information, thus showing excellent
agreement, which is considered as validation for the purity of the
chemicals and the experimental procedures applied along this
work. Binary mixtures were prepared by weighing with a Mettler
Fig. 4. Relationship between excess molar volume, VE, and mixing viscosity, Dg,
for � 2G + (1 � x) {C2OL or C5OL or C8OL}, x stands for mole fraction, at 303.15 K
and 0.1 MPa.
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AE240 balance (±0.01 mg) thus leading to mole fraction uncer-
tainty of ±0.00005.
2.2. Thermophysical properties

The density (q) and dynamic viscosity (g) of the pure solvents
and binary mixtures were measured in the 283.15–313.15 K range,
at atmospheric pressure conditions. Density data were collected
using a vibrating tube densimeter (Anton Paar DMA61/602), cali-
brated with water (Panreac Hiperpur-plus) and n-heptane
(Fluka > 99.5%) as reference fluids [34,35], with the cell tempera-
ture measured to ±0.01 K uncertainty, thus leading to ±0.00002 g
� cm�3 uncertainty. Capillary viscometer (Schott-Gerätte
AVS350) was used for measuring the kinematic viscosity (v), cali-
brated with standard reference oils, and the cell temperature mea-
sured to ±0.01 K uncertainty, therefore leading to 0.4% uncertainty
in viscosity. Dynamic viscosity was calculated from kinematic vis-
cosity and density data.

Several derived thermodynamic properties were calculated
from experimental q and g data (Supplementary Information,
Table S5): i) Isobaric expansivity, ap, and excess isothermal
compressibility, aE

P , ii) excess molar volume, VE, iii) partial molar
volumes of each i compound in a mixture, �Vi, the corresponding

excess value, �V
E
i , and the value at infinite dilution, �V

E;1
i . For the

dynamic viscosity, the so-called mixing viscosity, Dg was
calculated.
2.3. Molecular modelling

Dimers’ interactions were studied carrying out DFT molecular
modelling using ORCA program [36] with B3LYP [37–39] func-
tional, 6-311++G(d,p) basis set and D3 [40] dispersion contribution
(semiempirical Grimme’s method). Monomers and dimmers 2G +
{2COL, 5COL or C8OL} 1:1 were optimized considering the different
hydrogen bonding sites at 2G. Interaction energies, DE, were calcu-
lated as the difference between the dimmer energy and the sum of
the corresponding monomers energy corrected according to coun-
terpoise method [41]. Calculation of vibrational spectra for the
optimized geometries probed the obtention of global minima,
allowing to discard negative frequencies. Topology of hydrogen
bonding was analyzed using Bader’s Atoms in a Molecule (AIM
[42]) theory using MultiWFN software [43].

MD simulations were carried out with MDynaMix v.5.2 [44]
software, using the force field parametrizations described in
Table S3 (Supplementary information). SwissParam database was
used to obtain force field parameters derived from the Merck
Molecular Force Field [45]. Systems analyzed through MD simula-
tions of 2G + alcohol mixtures are reported in Table S4 (Supple-
mentary Information) and were designed to analyze the binary
mixtures in the full composition range using 500 total molecules.
Initial cubic simulation boxes were built with Packmol [46] pro-
gramwith low densities for the systems (1 g cm�3 for all mixtures).
Simulations were performed in two steps starting with 10 ns NVT
optimization at 503 K (examined by the evolution of the total
potential energy), followed by NPT runs (50 ns long) at 303 K
and 1 bar. Nose-Hoover method was used to manage pressure
and temperature. Tuckerman-Berne double time step (1 and
0.1 fs for long and short-time steps) algorithm was applied for
the equations of motion [47]. Electrostatic interactions were trea-
ted with Ewald method (15 Å for cut-off radius) [48] and
Lennard-Jones interactions (15 Å for cut-off) were calculated con-
sidering Lorentz-Berthelot mixing rules. MD simulations were ana-
lyzed using TRAVIS software [49] to obtain insights into the
structure and dynamics of intermolecular forces.



Fig. 5. (a) Comparison of experimental, exp, and Prigogine-Flory-Patterson, PFP, excess molar volume, VE, for � 2G + (1� x) {C2OL or C5OL or C8OL}, x stands for mole fraction,
at 303.15 K and 0.1 MPa. v12 stands for PFP interaction parameter. Results show (b) interactional, (c) free volume and (d) P* PFP contributions to the total VE. Optimized v12

parameters used for calculations are also reported.
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3. Results and discussion

3.1. Experimental study

Experimental thermophysical properties of 2G + 1-alkanol
(ethanol, 1-pentanol and 1-octanol) are reported in Tables S5 to
S10 (Supplementary Information). Likewise, VE and Dg in the
283.15 to 313.15 K temperature range are in Figs. S1 to S6 (Supple-
mentary Information). Experimental density data are reported in
Fig. 2a showing a largely non-linear (non-ideal) behavior for the
three studied 1-alkanols. For � (2G mole fraction) lower than
0.17 the density ordering is C8OL mixtures > C5OL mixtures > C2OL
mixtures whereas for � > 0.17 the ordering is reversed C8OL mix-
tures > C5OL mixtures > C2OL mixtures. Therefore, for 1-alkanol
rich mixtures the structuring seems dominated by the trend of
the 1-alkanol to self-associate, both through hydrogen bonding
and stacking of alkyl chains, which leads to larger densities for
the larger alkanols, whereas as the 2G content increases the
shorter alkanols led to larger densities, which may justified consid-
ering that smaller alkanols are able to fit more properly into the
mixtures structure dominated by the trend of 2G molecules to
self-associate as well as for the larger disrupting effect of 2G on
the self-interaction of 1-alkanols. In the case of viscosity, Fig. 2b,
a largely non – linear behavior is inferred, with larger deviations
from linear evolution as the 1-alkanol chain increases considering
their larger viscosities. In the case of ethanol containing mixtures, a
minimum in viscosity is inferred at � = 0.5. For C5OL and C8OL
mixtures the non-linear behavior of viscosity shows three compo-
sition regions. The first one up to � = 0.3, with a sharp decrease of
viscosity, which raises from the disrupting effect of 2G on alkanol
4

self-hydrogen bonding, The second one in the � = 0.3 to 0.7, with a
weaker decrease of viscosity, which would correspond to a transi-
tional region between mixtures dominated by the alkanols and
those dominated by the 2G. The third one for � > 0.7, with minor
changes in viscosity, corresponding to mixtures dominated by 2G
structuring. The values of VE reported in Fig. 2c, show negative val-
ues for C2OL mixtures and positive ones for C5OL and C8O mix-
tures. The densification upon mixing for C2OL mixtures led to
negative VE values with minima at roughly � = 0.4 whereas for
C5OL and C8OL maxima at roughly � = 0.5 are inferred. Therefore,
perturbative effects upon mixing, i.e. larger values of VE are
inferred for close to equimolar mixtures. This effect appears both
for contraction and expansion effects, thus indicating that the
behavior of the mixtures is characterized by a dilution effect of
each type of intermolecular forces more than from the develop-
ment of strong heteroassociations. Likewise, the relevance of steric
effects rising from the size of the alkanol in comparison with the
2G is a relevant factor. In the case of Dg, Fig. 2d, negative values
are inferred for the three studied 1-alkanols, increasing (in abso-
lute value) in the ordering C2OL < C5OL < C8OL, which corresponds
to larger perturbative effect by 2G on the alkanol self-interactions
when the alkanol chain increases. The minima of Dg curves appear
at � = 0.30, which show the larger disruptive effect for alkanol rich
mixtures, i.e, 2G mixtures weaken alkanol self-interactions,
decreasing viscosity, both through hindering alkanol hydrogen
bonding and interaction between alkyl chains. The packing effects

are also inferred from the excess partial molar volumes, �V
E
i , for 2G

and 1-alkanol, Fig. 3. In agreement with the sign of VE, �V
E
i is nega-

tive for C2OL and positive for C5OL and C8OL mixtures. Values at



Fig. 6. (a) Isobaric expansivity, ap , and (b) excess isobaric expansivity, aE
p , in

for � 2G + (1 � x) {C2OL or C5OL or C8OL}, x stands for mole fraction, at 303.15 K
and 0.1 MPa.

Fig. 7. Temperature effect on the value of (a) excess molar volume and (b) mixing
viscosity at equimolar composition, VEðx ¼ 0:5Þ and Dgðx ¼ 0:5Þ, for � 2G + (1 � x)
{C2OL or C5OL or C8OL}.
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infinite dilution (when � or 1-x ? 0) being negative for C2OL in 2G
and also for 2G in C2O confirm that short alkanol molecules are
able to fit into the 2G structuring, and vice versa, whereas the pos-
itive values for C5OL and C8OL confirm the disruptive effect of
these alkanols on 2G liquid structuring and vice versa. The com-
pletely different behavior of C2OL mixtures in comparison with
C5OL and C8OL ones is confirmed by the VE vs Dg plots reported
in Fig. 4, the size of the lobular curves increases on going from
C2OL to C5OL to C8OL, thus the non-ideality of the mixtures as well
as the completely different behavior of mixtures with short alka-
nols in comparison with large ones.

The experimental VE was analyzed using the Prigogine-Flory-
Patterson (PFP) model, to infer and split the main contributions
to this relevant property. The parameters required for the applica-
tion of PFP model are reported in Table S11 (Supplementary Infor-
mation). The PFP model is able to describe VE with a single fitting
parameter (v12), Fig. 5a. The PFP model considers three different
contributions to the total VE: interactional, free volume and P*,
which accounts the difference of internal pressure and reduced
volume of components. The interactional contribution, which is
dependent on v12, considers intermolecular interactions (although
not explicitly defining hydrogen bonding) being negative for C2OL,
almost null for C5OL and positive for C8OL, which agrees with the
values and sign of v12 parameters, Fig. 5b. The free volume contri-
butions, Fig. 5c, are lower than the other two ones and show pack-
ing effects increasing with the increasing size of the 1-alkanol.
Regarding the characteristic pressure contributions, Fig. 5d, they
are large and follow the same trend that the interactional contribu-
tion, being negative for C2OL and positive for C5OL and C8OL,
5

showing the structure breaking effects for the longer alkanols.
Therefore, from the PFP analysis it may be inferred that inter-
molecular interactions decrease upon increasing alkanol size as
well as the structure breaking effect, which are the origin of VE

behavior.
The ap and aE

P are reported in Fig. 6. In the case of ap, the values
for C2OL mixtures are larger than for C5OL and C8OL mixtures, i.e.
C2OL mixtures are more expansible than those with the larger
alkanols, which may be related with the sign of VE and the contri-
butions inferred from PFP model. Nevertheless, aE

P values in Fig. 6b
are positive for the three studied alkanols, and although the values
are small show that mixing with 2G leads to an increase in the
expansibility, which may be related with the weakening of inter-
molecular forces and the structure breaking effects upon mixing.

The temperature effect on VE and Dg are reported in Fig. 7. For
the case of VE, values follow a linear evolution with temperature,
decreasing (in absolute value) for C2OL and increasing (as positive)
for C5OL and C8OL, i.e. the increasing temperature increases the
positive, expansive, contributions to the total VE, mainly by weak-
ening of intermolecular interactions and increasing the structure
breaking effects. In the case of Dg, Fig. 7b, non-linear evolution
with temperature is inferred, especially for the longer alkanols,
decreasing (in absolute value) with increasing temperature. The
effect of temperature on Dg is larger than on VE, which may justify
with the weakening of intermolecular forces in pure solvents, thus
leading to lower effects upon mixing, i.e. the disrupting effect of
the presence of 2G on alkanols self-hydrogen effect decreases upon
heating. The activation energy from viscosity data, Ea, was



Fig. 8. (a) Activation energy, Ea, and (b) deviations from linearity of Ea, DEa, from
the fit of experimental dynamic viscosity as a function of temperature to Arrhenius
equation in for � 2G + (1 � x) {C2OL or C5OL or C8OL}, x stands for mole fraction, at
0.1 MPa.
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calculated from Arrhenius equation and reported in Fig. 8a. The Ea
values follow the C2OL < C5OL < C8OL ordering, in agreement with
increasing viscosity for the increase of alkanol chain length. The
evolution of Ea with 2G content follows a non-linear evolution,
thus leading to 2G – rich mixtures with Ea values almost indepen-
Fig. 9. Excess partial molar volume at infinite dilution, V
� E;1
i , of i component, (a) for i = 2

fraction, as a function of temperature and 0.1 MPa. Values inside the panels close to eac
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dent of the type of alkanol, i.e. similar disrupting effect of 2G for
low alkanol content, whereas for alkanol – rich mixtures the values
are largely dependent on the type of alkanol. The deviations from
linearity of Ea, DEa, are negative for all the considered mixtures,
Fig. 8b, thus confirming the structure breaking effect of 2G on
the alkanol structuring. Additional information on the temperature
effect on the studied mixtures can be inferred from the evolution of
�V
E;1
i , for all the cases showing a linear decrease (in absolute value)

with increasing temperature, Fig. 9. The negative values of �V
E;1
i for

2G in C2OL, Fig. 9a, are maintained in the studied temperature
range, showing that the minor disruptive effect of C2OL is only
slightly increased upon heating, and analogously for C2OL in 2G,

Fig. 9b. For C5OL and C8OL, the positive �V
E;1
i increasing upon heat-

ing show the reinforcement of the disruptive effect of 2G on alka-
nol and vice versa, i.e. further weakening of intermolecular forces
and increase of structure breaking effects.

3.2. Molecular modelling

The nanoscopic properties of the studied mixtures were also
studied using molecular simulation results with particular atten-
tion to intermolecular forces. In a fist approach, DFT studies were
carried out for 2G : alkanol dimers to infer the nature of the possi-
ble heteroassociations by hydrogen bonding. The 2G – alkanol
hydrogen bonds were analyzed considering all the possible 2G
acceptor sites, i.e. terminal and central oxygen atoms in the 2G
molecules, Fig. 10. The calculated DE values are independent of
the interaction site in the 2G molecule as well as of the type of
1-alkanol, with values in the �49.1 to �49.8 kJ mol�1 range. These
values confirm the possible development of strong 2G to 1-alkanol
heteroassociation through hydrogen bonding as inferred from DE,
hydrogen to oxygen distance (roughly 1.9 Å for all the cases) and
from the AIM topological analysis. Binary critical points, BCPs,
appear for all the possible hydrogen bonding sites, with the values
of the electron density, q (�0.03), and the corresponding lapla-
cians, r2q (�0.11), at these BCPs in the upper limit of the values
commonly used to define strong hydrogen bond: i) 0.002–0.014
a.u. for q and ii) 0.014–0.139 a.u. forr2qwith stronger interactions
for larger values [50].

Therefore, the possibility of developing 2G – alkanol strong
hydrogen bonding is confirmed through DFT results; nevertheless,
G and (b) i = 1-alkanol, in � 2G + (1 � x) {C2OL or C5OL or C8OL}, x stands for mole
h line indicate values of the slope @ V

�E;1
i

@T .



Fig. 10. DFT optimized structures for 1 (2G) : 1 (1-alkanol) dimmers indicating counterpoise corrected binding energies, DE, H (OH in 1-alkanol) – O (2G) distance (in Å), and
results of AIM analysis for the BCPs in the bond path joining H (OH in 1-alkanol) – O (2G) reporting BCP(q,r2q) in a.u, where q andr2q stands for the electronic density and
the corresponding Laplacian at BCP.

Fig. 11. Average number of hydrogen bonds, NH-bonds, per alkanol molecule in � 2G
+ (1 � x) {C2OL or C5OL or C8OL}, from MD simulations at 303 K and 0.1 MPa.
Results in (a) show 2G – 1-alkanol and in (b) 1-alkanol – 1-alkanol hydrogen bonds.
Hydrogen bonding criteria: 3.5 Å and 60� for donor – acceptor separation and angle.
Vertical dotted lines indicate composition regions with different behaviour.
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in the liquid state it should be considered the competing effects
rising from the presence of larger molecular clusters, the compet-
ing effect of alkanols strong self-association through hydrogen
bonds as well as steric effects. These effects were analyzed using
MD simulations of the studied mixtures as a function of composi-
tion. The number of hydrogen bonds per 1-alkanol molecule, NH-

bonds, both for heteroassociations (2G – alkanol, Fig. 11a) and
homoassociations (alkanol – alkanol, Fig. 11b) were calculated
from MD simulations. Results for 2G – alkanol hydrogen bonding,
Fig. 11a, show that in spite of the DFT results confirming the pos-
sibility of developing this type of hydrogen bonding, it is only pre-
sent for 2G – rich mixtures. Th extension of heteroassociation,
although slightly increasing with the size of the alkanol follows
the same for all of them. The alkanol self-association, Fig. 11b, is
maintained up to close to equimolar mixtures and then it starts
to decrease by the formation of heteroassociations with 2G mole-
cules. The composition evolution of NH-bonds follows a non-linear
trend, in parallel to the behavior of experimental properties
reported in previous sections. For the mixtures up to � = 0.5,
the alkanol self-association shows minor disruption by the pres-
ence of 2G molecules. In the case of the 0.5–0.7 mol fraction range,
alkanol self-hydrogen bonding starts to be disrupted in a larger
extension. Finally for 2G rich mixtures (x > 0.7) the trend of alka-
nols to interact with 2G molecules is the prevailing effect accom-
panied by the decrease of alkanols self-association. Therefore,
although 2G molecules are prone to be hydrogen bonded with
alkanol molecules, this trend is only relevant for 2G rich mixtures,
whereas for alkanol – rich ones, the strength of alkanol hydrogen
bonds as well as the extension of alkanols self-association hinders
the development of hydrogen bonds with 2G.

Radial distribution functions, RDFs, were considered to analyze
the molecular arrangements around each type of molecule. Results
in terms of RDFs are only reported for C2OL containing systems,
but analogous results were inferred for C5OL and C8OL containing
mixtures. The 2G – C2OL interactions are analyzed in Fig. 12a, a
first peak at 2.1 Å (slightly larger than the 1.9 Å from DFT in
7

Fig. 10) indicates the 2G – C2OL hydrogen bonding, although the
intensity of this peak is very weak for alkanol – rich mixtures
but increases with increasing 2G content, which agrees with the
extension of hydrogen bonding reported in Fig. 11. The C2OL –
C2OL self - association is analyzed in Fig. 12b, with the first peak



Fig. 12. Site – site radial distribution functions, g(r), in � 2G + (1 � x) C2OL, from
MD simulations at 303 K and 0.1 MPa. Atom labelling as in Fig. 1. Results for (a) 2G –
C2OL, (b) C2OL – C2OL and (c) 2G – 2G interactions.

Fig. 13. Number of molecules around a central one, N, in the first solvation shell as
defined from the first minima in the corresponding radial distribution functions
(Fig. 12) in � 2G + (1 � x) C2OL, from MD simulations at 303 K and 0.1 MPa.
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at 1.8 Å confirming C2OL – C2OL hydrogen bonding but decreasing
with increasing 2G content. For the possible homoassociation of 2G
molecules, the intense and wide peak at 4.5 Å reported in Fig. 12c,
shows that 2G molecules are largely self-associated, even for low
2G content (x = 0.1) the presence of the RDF peak confirms this
trend, which will be the reason for the low perturbative effect on
C2OL self-association at low 2G content and being increased with
increasing 2G content. The integration of RDFs for the first solva-
tion shells, i.e. the first minima in Fig. 12, provides the solvation
Fig. 14. Intermolecular interaction energy, Einter, for � 2G + (1 � x) {C2OL or C5OL or C8
C5OL and (c) 2G – C8OL mixtures.

8

numbers, N, as reported in Fig. 13. These results confirm the pre-
vailing role of 2G self-association for 2G – rich mixtures as well
as the prevailing presence of C2OL self-hydrogen bonding
for � < 0.5, with these two effects, and their non-linear evolution
with composition as the main factors determining the properties of
the studied mixtures. From the viewpoint of interaction energies
from MD, Einter (Fig. 14), the 2G self-association leads to large Einter
values, increasing with alkanol chain length present in the mix-
tures. The strength of alkanol – alkanol self-interactions are main-
tained in the whole composition range and for 2G – alkanol
interactions, although present in minor extension, Fig. 14, they
are also strong in agreement with DFT results. Therefore, MD
results allow to infer that the properties of these mixtures are char-
acterized by a competing effect of alkanols and 2G self-association,
i.e. showing certain degree of nanoscopic heterogeneity, whereas
in spite of the possibility of developing heteroassociations, these
are only relevant for 2G rich mixtures. The non-linear evolution
with composition of these effects would be on the roots of the
behavior of the thermophysical properties and the deviations from
ideality.
4. Conclusions

The properties of diglyme + 1-alkanol liquid mixtures were
studied as a function of composition and temperature, using a
combined experimental and molecular simulation approach. The
thermophysical properties showed largely non-ideal mixtures with
a strong effect from the length of alkanol chain. Mixtures with
ethanol show contraction upon mixing, whereas for long alkanols
such as 1-pentanol expansion is inferred. The properties and
OL}, from MD simulations at 303 K and 0.1 MPa. Results for (a) 2G – C2OL, (b) 2G –
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structuring of these mixtures are characterized by the trend of
both diglyme and 1-alkanol to be self-associated, with a competing
effect because of the possibility of developing diglyme – alkanol
heteroassociations by hydrogen bonding, although this effect and
thus the weakening of alkanol hydrogen bonding is mostly rele-
vant for diglyme rich mixtures. The properties of the mixtures
may be controlled through the size of the alkanols although the
nature and extension of intermolecular forces follow the same
trend independently of the size of the alkanol.
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