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Why are some cyano-based ionic liquids better
glucose solvents than water?†

Marta L. S. Batista,a Helena Passos,a Bruno J. M. Henriques,a Edward J. Maginn,b

Simão P. Pinho,c Mara G. Freire,*a José R. B. Gomes*a and João A. P. Coutinhoa

Among different classes of ionic liquids (ILs), those with cyano-based anions have been of special interest due

to their low viscosity and enhanced solvation ability for a large variety of compounds. Experimental results

from this work reveal that the solubility of glucose in some of these ionic liquids may be higher than in water –

a well-known solvent with enhanced capacity to dissolve mono- and disaccharides. This raises questions on

the ability of cyano groups to establish strong hydrogen bonds with carbohydrates and on the optimal

number of cyano groups at the IL anion that maximizes the solubility of glucose. In addition to experimental

solubility data, these questions are addressed in this study using a combination of density functional theory

(DFT) and molecular dynamics (MD) simulations. Through the calculation of the number of hydrogen bonds,

coordination numbers, energies of interaction and radial and spatial distribution functions, it was possible to

explain the experimental results and to show that the ability to favorably interact with glucose is driven by

the polarity of each IL anion, with the optimal anion being dicyanamide.

Introduction

The carbohydrate D-glucose, a hexopyranose with two stereo-
isomers (a-D-glucopyranose and b-D-glucopyranose), is the monomer
of cellulose, the most abundant biopolymer found in nature and a
major component of wood.1 D-Glucose is an essential compound
involved in many biological functions and an important raw material
for many bio/chemical industrial processes, foremost among these is
its role as a renewable feedstock in the production of biofuel.2–4 The
major goal of second generation biofuel production is to recover
cellulose from wood, and to proceed to its hydrolysis in order to
obtain glucose, upon which fermented bioethanol is produced.5–8

Several alternatives for the separation of cellulose from wood
are available.6,9 It is known that common solvents, e.g. water,
are not able to dissolve such a recalcitrant polymer, such as
cellulose, which has led to the use of other solvents. However,
common solvents able to dissolve cellulose (carbon disulfide,
LiCl-based solvents,10 dimethylsulfoxide (DMSO)/paraformal-
dehyde11 and N-methylmorpholine-N-oxide (NNMO)12) are
either volatile, toxic, expensive or difficult to recover.13

Among the several alternatives being investigated as solvents for
cellulose, ionic liquids (ILs) have been the object of extensive studies.
During the past decade, the use of ILs for the pre-treatment and
dissolution of wood and cellulose has been reported.4,13,14 The
difficulty is determining the suitable IL solvent with optimal
properties. A good solvent should have a low melting tempera-
ture, low viscosity, should be non-toxic and non-corrosive, easy
to recover and store, should have high stability, and should not
decompose lignocellulosic monomers. If an IL is found, which
possesses all of these properties, it would be the key to the
development of a ‘‘greener’’ and sustainable process of biofuel
production.4,13 Recent reviews published by Mäki-Arvela et al.13

and by Pinkert et al.14 describe extensive experimental work
carried out hitherto by applying different ILs to dissolve cellulose,
lignin and wood. Complementing these studies, Holm and Lassi4

published their perspective on the application and perfor-
mance of different ILs as enhanced solvents for cellulose. These
authors4 showed that dissolution proceeds by the establish-
ment of hydrogen bonds, similar to those existing between
glucose molecules that are responsible for the crystalline
structure of cellulose. Accordingly, the authors4 stated that
small cations with functionalized groups, and anions with a
high ability to establish hydrogen bonds, are the best ions
to interact with cellulose, and thus able to dissolve the bio-
polymer. Furthermore, for the a priori screening of the best IL
anions, the hydrogen bond basicity parameter, b, has been
proposed.13,15,16 The chloride, acetate, formate and phosphate
anions were highlighted as promoters of cellulose dissolution.
In summary, the right combination between cations and anions
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in ILs is the key for a successful pre-treatment of lignocellulosic
biomass and/or cellulose dissolution.17–19

Given the vast number of possible combinations between
cations and anions in ILs, the screening of the best solvent for
cellulose by experimental studies alone is a daunting task. For
this reason modelling approaches to scan potential solvents for
cellulose have been reported. Kahlen et al.20 used the COnductor
like Screening MOdel for Real Solvents (COSMO-RS) to estimate
the solubility of cellulose (represented by cellotriose) in 2000 ILs,
and have proposed new ILs for cellulose dissolution. Casas
et al.21 studied the solubility of a cellulose oligomer in 750 ILs
also using COSMO-RS, and evaluated the type/strength of inter-
action through the estimation of activity coefficients; in another
study they examined solubility trends using excess enthalpies.22

These studies confirm the experimental observations that
1-ethyl-3-methylimidazolium acetate and 1-ethyl-3-methylimid-
azolium chloride are excellent solvents for cellulose. Recently,
combining experimental measurements, theoretical modeling and
COSMO-RS predictions, Mohan et al.23 evaluated the solubility of
monosaccharides in ILs.

Although it is well known that IL anions and cellulose
interact through the establishment of hydrogen bonds (H-bonds),
the H-bond mediated mechanisms for some ILs with cellulose are
still not completely understood.17 For the purpose of elucidating
the interactions involved, computational strategies have been
established.24–27 Among the various computational simulation
approaches (e.g., ab initio, Monte Carlo, classical atomistic
molecular dynamics, and coarse-grained approaches), molecular
dynamics (MD) simulations offer several advantages. MD allows the
estimation of macroscopic thermophysical properties, including
transport properties such as viscosity and diffusivity.28 Further-
more, most available force fields (FFs) developed to reproduce
proteins or carbohydrates, including OPLS,29,30 AMBER,31,32

CHARMM,33,34 GLYCAM,35,36 and GROMOS,37,38 have led to known
improvements in the past few years. Nevertheless, the main
difficulties of force fields rely on the reproduction of systems
composed of carbohydrates due to their heterogeneity in terms of
stereochemistry and functionalization.2,39 For instance, in aqueous
media, different monossacharide conformations can co-exist,
caused by a complex interplay between the steric, electrostatic,
hydrogen bonding and solvation effects. These phenomena are
often not taken into account by FFs, hindering their ability to
adequately reproduce these systems. Recently, we have evaluated
the OPLS-AA, OPLS-AA-SEI and the GROMOS 56ACARBO force fields
for the calculation of structural, volumetric, and dynamic proper-
ties of glucose in TIP3P, SPC, and SPC/E water models.40 Excellent
agreement between computed and experimental data was found
for highly dilute glucose solutions and, at high glucose concentra-
tions, good agreement can be obtained by uniformly reducing the
partial charges on glucose due to attenuation of the self-association
tendencies of glucose.40 Additionally, the structural transitions
occur over timescales that are too long when compared to practical
MD simulation times, making their observation difficult without
performing extremely long simulations.2,39,41 A recent publication
by Gupta and Jiang42 reviews computational MD studies devoted to
the study of cellulose dissolution in ILs (mainly composed of

imidazolium-based cations and chloride/acetate anions). In those
studies, different representations/models of cellulose were used,
such as glucose derivatives, cellobiose, oligomers, microfibrils or Ib
crystalline structure, and finally glucose molecules. Through
these MD simulations, the solubility of cellulose in ILs was
evaluated according to the solubility parameters,43,44 structural
and energetic45–47 properties, including the effect of different
cations and anions, and their impact on the establishment of
hydrogen bonds. The collected studies were able to provide some
insights for the interactions ruling cellulose dissolution. It was
observed that the IL anion establishes the primary and stronger
interactions with cellulose by disrupting the hydrogen bonds of
cellulose (i.e., those established between glucose monomers42),
while a secondary role was proposed for the IL cation, which
establishes only weak van der Waals interactions45 or H-bonds
with cellulose, through the acidic proton of the imidazolium
cation.26 Nevertheless, as shown by Rabideau and co-workers19,48

the cation also has an important role in the initial breakup of
H-bonds because, when strongly connected with the anion, it is
also able to break cellulose chains that are apart and at short
distances. The presence/addition of water in glucose14 and
cellulose48 solubility in ILs were also addressed. In general, the
introduction of water reduces the interactions between the IL
anion and glucose, which will be replaced by glucose–glucose
and water–anion interactions. This phenomenon can in fact be
used to achieve cellulose regeneration.49–51 Additional studies
have been published aiming at disclosing the differences in the
cellulose/glucose solvation strength between common solvents,
such as water and methanol/ethanol, and ILs.45,52 Both from the
estimation of interaction energies45 and potential of mean
force,46,47 ILs were found to present the best capacities as
cellulose solvents. This ability has been explained by a reduction
of solvent entropy (when in the process of cellulose dissolution)
that is lower in the case of ILs and favorable to the dissolution,
which is also supported by the favorable values obtained for the
interaction energies.

Based on the above information, the identification of
enhanced solvents and molecular-level mechanisms which rule
the solvation of glucose in ILs can be used to further identify
the most promising ILs for the dissolution of cellulose. How-
ever, few comprehensive studies are available in the literature
comprising solubility data of carbohydrates in ILs.3 Isolated
reports are found, either with a limited range of ILs or sacchar-
ides investigated or in a narrow temperature range, avoiding
thus the interpretation and comparison of the thermodynamic
functions of solution.14 However, these data are of particular
value in the development of chemical or bio-processes invol-
ving these compounds and for the better understanding of the
interactions associated with cellulose dissolution. Amongst the
narrow range of ILs investigated, MacFarlane et al.,53,54 and
Sheldon and co-workers55 reported the enhanced performance
of ILs composed of the dicyanamide anion for the dissolution
of saccharides. It seems that the enhanced solubility capacity is
related to the dicyanimide anion to act as a hydrogen-bond
acceptor species or to its ability to establish hydrogen bonds
with the –OH groups of saccharides. However, to date, only
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scattered solubility data have been reported concerning the use of
these types of ILs (as well as other cyano-based) and in a narrow
temperature range.14 Therefore, in this work, we combined experi-
mental investigations of glucose solubility in a series of cyano-
based ILs in a wide temperature range, which allowed us to address
the effect of the number of cyano groups at the anion and their
impact on the solubility data and thermodynamic functions of
solution, with molecular dynamics simulations aiming at better
understanding why cyano-based fluids are remarkable solvents for
glucose and other monosaccharides. MD simulations were also
performed to compare systems composed of glucose and water
with those composed of glucose and cyano-based ILs. To this end,
experimental solubility data of glucose in 6 ILs were determined in
the temperature range from 288 to 328 K. The ILs investigated are
composed of the cations 1-ethyl-3-methylimidazolium ([C2C1im]+)
or 1-butyl-3-methylimidazolium ([C4C1im]+) combined with the
anions thiocyanate ([SCN]�), dicyanamide ([N(CN)2]�), tricyano-
methanide ([C(CN)3]�) or tetracyanoborate ([B(CN)4]�), having 1,
2, 3 and 4 cyano groups, respectively, with chemical structures
provided in Scheme 1.

Experimental section
Materials

The monosaccharide evaluated in this study was D-(+)-glucose
(purity of 499 wt%) acquired from Scharlau. The ILs 1-ethyl-3-
methylimidazolium thiocyanate, [C2C1im][SCN] (mass fraction
purity 4 98%), 1-ethyl-3-methylimidazolium dicyanamide,
[C2C1im][N(CN)2] (mass fraction purity 4 99.5%), 1-n-butyl-3-
methylimidazolium thiocyanate, [C4C1im][SCN] (mass fraction
purity 4 98%), and 1-n-butyl-3-methylimidazolium dicyanamide,
[C4C1im][N(CN)2] (mass fraction purity 4 98%), were purchased
from IoLiTec, while 1-ethyl-3-methylimidazolium tricyano-
methanide, [C2C1im][C(CN)3] (mass fraction purity 4 98%) and
1-ethyl-3-methylimidazolium tetracyanoborate, [C2C1im][B(CN)4]
(mass fraction purity 4 98%) were acquired from Merck KGaA
Germany. Their purities were also confirmed by 1H and 13C NMR
and found to be in agreement with the purity levels given by the
suppliers. In order to reduce the amount of volatile impurities,

including the water content, all ILs and D-(+)-glucose samples
were dried for at least 48 h under vacuum (10�3 Pa) at room
temperature, before use. After the drying procedure, the water
content of each sample was determined using a Metrohm 831
Karl Fisher coulometer. The water content was found to be
o0.17 wt% for all ILs and 1.14 wt% for glucose. The analyte
used for the coulometric Karl Fisher titration was Hydranal –
Coulomat AG from Riedel-de Haën.

Glucose solubility measurements

Prior to the measurements, it was confirmed that all ILs display
complete miscibility with water at the temperatures investigated,
with the exception of 1-ethyl-3-methylimidazolium tetracyanoborate,
[C2C1im][B(CN)4], as described previously.56 For this reason,
two procedures were applied to measure the solubility of
glucose in these ILs, according to the nature of the IL (miscible
or non-miscible with water).

For water-miscible ILs: to vials containing ca. 3 cm3 of each
dried IL, dried glucose was added in excess. The mixtures were
left in closed glass vials under constant stirring for at least 72 h,
at the temperature of interest, in order to achieve equilibrium.
The temperature was kept constant with an uncertainty of
�0.01 K by immersing the vials in a thermostatized water bath
Jubalo F12. After equilibration, and aiming at better separating
the two phases (solid and liquid), the samples were further
centrifuged for 20 minutes at 4500 rpm. Afterwards, the vials
were placed again in the thermostatized bath for additional
30 minutes. Then, approximately 1 g (samples properly
weighted with an uncertainty of �0.0001 g) of the IL-rich phase
was sampled, and diluted in distilled water in volumetric ratios
previously defined. The quantification of glucose in these IL-rich
samples was accomplished using the DNS (3,5-dinitrosalycilic
acid) method.57 This method is based on a reduction–oxidation
reaction that occurs by the addition of DNS to a carbohydrate
solution. After the reaction, the amount of reducing sugars can
be determined by spectroscopy at a wavelength of 540 nm. In
particular, the quantification of glucose was carried out using a
Shimadzu UV-1700 Pharma-Spec UV-Vis spectrophotometer. For
non-water miscible ILs: the method applied to determine the
solubility of glucose in [C2C1im][B(CN)4] is similar to that pre-
viously described, except for the quantification procedure. After
a similar equilibration step the samples were centrifuged, and
approximately 1 g (properly weighted with an uncertainty of
�0.0001 g) of the IL-rich phase was taken. To this solution 3 cm3

of dichloromethane was added, an anti-solvent, which promotes
precipitation of glucose. The glucose crystals were then recov-
ered by filtration, further washed with dichloromethane to
ensure the removal of IL traces, and finally placed in an air oven
at 313 K up to constant weight. The quantification of sugar was
determined by weight, with an uncertainty of �0.0001 g. All
solubility measurements, both for water miscible and non-water
miscible ILs, were carried out at least in three independent
samples. All results regarding the glucose solubility in ILs at
each temperature are presented as an average value with the
associated standard deviation. We previously validated both
methods by comparing our results with literature data, obtained

Scheme 1 Chemical structures of (a) [SCN]�, (b) [N(CN)2]�, (c) [C(CN)3]�

and (d) [B(CN)4]� anions and of (e) [C2C1im]+ and (f) [C4C1im]+ cations.
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with a wide variety of monossacharides and different ILs, allowing
us to conclude that the results reported here are method-
independent.58

Density and viscosity measurements

Aiming at testing the ability of the MD simulations to reproduce
the properties of systems composed of glucose and ILs, the density
and viscosity of mixtures containing glucose and [C2C1im][SCN]
or [C2C1im][N(CN)2] were measured. Prior to these measurements,
D-(+)-glucose and ILs were dried as described above.

Mixtures of glucose and ILs were then prepared at the
following glucose mole fractions: 0.004, 0.034, 0.060 and 0.100.
Density and viscosity were determined using an automated SVM
300 Anton Paar rotational Stabinger viscometer–densimeter, in
the temperature range (308.15 to 333.15) K, with an uncertainty
of �0.02 K, and at atmospheric pressure (E0.1 MPa). The
absolute uncertainty in density is �5 � 10�4 g cm�3 and the
relative uncertainty in dynamic viscosity is �0.35%. Further
details on the equipment and methodology can be found in the
literature.59

Molecular dynamics simulations

MD simulations were performed for systems composed of glucose
and water and different ILs (cf. [C2C1im][SCN], [C2C1im][N(CN)2],
[C2C1im][C(CN)3] and [C2C1im][B(CN)4]) using the GROMACS code
version 4.5.5.60 Regarding the systems composed of glucose and
water, [C2C1im][SCN] and [C2C1im][N(CN)2], simulations were per-
formed for systems containing 170 IL pairs or 510 water molecules
and 6, 11 or 20 glucose molecules yielding solutions with glucose
mole fractions of 0.034, 0.060 and 0.100, respectively. Initial
configurations were generated using the PACKMOL package,61

with a random distribution of the molecules and imposing a
distance of 2.5 Å between the molecules to ensure that no atomic
overlapping occurred. Additionally, simulations were performed
for systems composed of 250 molecules of each of the CN-based
IL and a single glucose molecule, which corresponds to a 0.004
glucose mole fraction. Full details about the simulation boxes
are provided in the ESI.†

Water and glucose molecules were described by means of the
SPC/E model62 and the OPLS30 force field (an all-atom approach),
respectively. The force field parameters for the [C2C1im]+ cation
and the anions [SCN]�, [N(CN)2]�, [C(CN)3]� and [B(CN)4]� were
described in detail in previous studies.56,63 The atomic charges
for the IL common cation and anions were recalculated in the
present work using the CHelpG scheme64 and an optimized
DFT geometry (minimum energy from several configurations)
for each gas phase ion pair, as described previously.56,63 DFT
calculations were performed at the B3LYP/6-311+G(d,p) level of
theory65 using the Gaussian 09 code.66 The total charges on the
cations and anions were �0.775 e for [C2C1im][SCN], �0.824 e
for [C2C1im][N(CN)2], �0.858 e for [C2C1im][C(CN)3] and �0.887 e
for [C2C1im][B(CN)4]. The full sets of atomic charges for each IL
are compiled in Tables S1 to S4 of the ESI.† To validate the force
fields for each system considered, densities for each pure IL were
computed at 298.15 K and were compared with the experimental
values recently published by Neves et al.,67 shown in Table S5

of the ESI.† A satisfactory agreement between experimental and
simulated data is observed with relative deviations of 4.1%,
3.9%, 2.2% and 2.1% in the cases of [C2C1im][SCN], [C2C1im]-
[N(CN)2], [C2C1im][B(CN)4] and [C2C1im][C(CN)3], respectively.
Note that small differences in the total atomic charge of the
cations and anions composing the different ILs are due to the
consideration of different levels of theory in this and in
previous studies.56,63 Enthalpies of interaction were calculated
at T = 313.15 K by incorporation of the thermal corrections into
the energies calculated at T = 0 K obtained from the vibrational
frequency calculation, performed also at the B3LYP/6-311+G(d,p)
level of theory and using a scale factor equal to 0.9887 as
suggested by Merrick et al.68 The enthalpies of interactions
include corrections for the basis set superposition error (BSSE)
obtained using the counterpoise method.69

For all mixtures considered, starting configurations for the
classical MD simulations were subjected to energy minimization
followed by a 20 ns equilibration in the isothermal–isobaric
(NPT) ensemble. During this period, the temperature was main-
tained at 313.15 K using a Nosé–Hoover thermostat,70,71 while
the pressure was held at 1 bar using a Parrinello–Rahman
barostat.72 The intermolecular interaction energy between pairs
of neighbouring atoms was calculated using the Lennard–Jones
potential to describe dispersion/repulsion forces and the point-
charge Coulomb potential for electrostatic interactions. Long-
range electrostatic interactions were accounted for using the
particle-mesh Ewald method, with a cutoff of 1.0 nm for the real-
space part of the interactions in the case of simulations with ILs
and 0.9 nm in the case of the simulations with water. A cutoff
radius of 1.2 nm was used for the Lennard–Jones potential
(0.9 nm in the case of simulations with water), and long-range
dispersion corrections were added to both energy and pressure.
The time step was 2 fs, and all bonds were constrained. The
same procedure was performed for three independent config-
urations, and densities were estimated from the average of the
three simulations.

Using the densities obtained from the NPT simulations, a
configuration of the system at the average density for each
considered mixture was taken and simulations were then run in
the canonical (NVT) ensemble. The system was equilibrated by
running an annealing schedule for 15 ns from 298.15 K to
500.15 K, and then, finally, to 313.15 K. Production runs were
then carried out for additional 65 ns (minimum) at 313.15 K.
A time step of 1 fs was used, with energies recorded every 10 fs.
Once again, a cutoff of 0.9 nm was applied for non-bonded
interactions for the aqueous systems, and for the ones composed
of IL cutoffs of 1.2 and 1.0 nm were set for Lennard-Jones and
Coulombic interactions. Long-range dispersion corrections were
added to both energy and pressure.

Results and discussion
Solubility measurements

Fig. 1 depicts the experimental results regarding the solubility of
glucose in the ILs [C2C1im][SCN], [C2C1im][N(CN)2], [C2C1im][C(CN)3]
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and [C2C1im][B(CN)4], as a function of temperature. The solubility
of glucose in water73 is also represented in Fig. 1 for comparison
purposes. The corresponding values are compiled in Table S6
(ESI†).

From the solubility results depicted in Fig. 1, an increase in
temperature leads to an increase in the ability of either water or
ILs to dissolve glucose. Remarkably, some of the studied ILs,
namely [C2C1im][SCN] and [C2C1im][N(CN)2], have a higher
solvation ability (in mole fraction) for glucose than water – a
well-known solvent with a high ability to dissolve glucose.
Furthermore, there are only minor differences in the solubility
of glucose when comparing the ILs [C2C1im][SCN] and [C2C1im]-
[N(CN)2]. At low temperatures, [C2C1im][SCN] has a somewhat
higher ability to dissolve glucose but with increasing tempera-
ture, [C2C1im][N(CN)2] becomes the better solvent. These differ-
ences are a direct result of the associated enthalpies of solution
described and discussed below. In general, the cyano groups of
the IL anion seem to allow favorable interactions between ILs
and glucose responsible for the high solubility results. However,
increasing the number of cyano groups in the ILs’ anions, such
as in [C2C1im][C(CN)3] and [C2C1im][B(CN)4], decreases their
capacity to dissolve glucose.

For thiocyanate- and dicyanamide-based ILs, the effect of the
alkyl chain length of the IL cation on the solubility of glucose
was also evaluated for 1-ethyl-3-methylimidazolium- and 1-butyl-
3-methylimidazolium-based ILs. The results obtained, which are
depicted in Fig. 2, reveal that ILs with cations constituted by
smaller alkyl chains present a higher capacity to dissolve glucose.

The glucose solubility dependence on temperature (cf. Table S6
and Fig. S1, ESI†) allows the evaluation of the solution properties
reported in Table 1.

Considering the increasing number of cyanide groups in the
IL anion, a favourable entropic contribution from [SCN]� up to
[N(CN)2]� is observed, where a maximum is observed with
[C2C1im][N(CN)2], which rapidly decreases for ILs with anions
with a higher number of cyano groups (up to [C2C1im][B(CN)4]).
These observations are consistent with the molecular mechanisms
of solvation previously discussed for the same set of ILs and their
hydrogen bonding ability with water or alcohols.56 Also with pure

ILs, the presence of stronger hydrogen-bonding interactions
occurring in [N(CN)2]-based ILs was demonstrated, when com-
pared with the remaining CN-based counterparts.75 The larger
difference observed in the enthalpy of solution of glucose in
[C2C1im][SCN] and [C2C1im][N(CN)2], and the more favourable
entropic contribution of the latter supports the larger solubility
of glucose observed in [C2C1im][N(CN)2] at higher tempera-
tures. The results presented in Table 1 also show that the
solvation of glucose by these ILs is different in the case of
[C2C1im][N(CN)2], which presents significantly higher enthalpic
and entropic contributions, and that compensate each other
leading to the similar solubilities observed. The increase in the
number of cyano groups does not affect significantly the
enthalpy of solution, when comparing [C2C1im][N(CN)2] with
[C2C1im][C(CN)3], but there is a strong decrease in the entropic
contribution in agreement with the observed severe decrease in
the solubility. A further increase in the number of cyano groups
at the IL anion affects both enthalpic and entropic contribu-
tions, which is consistent with the smallest solubility of glucose
observed with [C2C1im][B(CN)4]. On the other hand, for ILs with the
same anion ([CnC1im][SCN] and [CnC1im][N(CN)2], n = 2 and 4),
the solution enthalpy is almost constant with the increase of
the alkyl side chain of the imidazolium cation, while a small
decrease in the entropic effect is observed with ILs composed of
cations with longer aliphatic moieties. Therefore, the distinc-
tion between the solubility of [C2C1im]- and [C4C1im]-based ILs

Fig. 1 The solubility of glucose in water, [C2C1im][SCN], [C2C1im][N(CN)2],
[C2C1im][C(CN)3] and [C2C1im][B(CN)4], in the temperature range between
280 K and 340 K. Lines were obtained from the linear regression of the data.

Fig. 2 Effect of the cation alkyl chain length on glucose solubility in the
temperature range between 280 K and 340 K. Lines were obtained from
linear regression of the data.

Table 1 Solution properties (kJ mol�1) for glucose in different ionic
liquids, water and methanol at 298.2 K

Solvent DHsol ThmDSsol DGsol

[C2C1im][SCN] 8.22 4.16 4.05
[C4C1im][SCN] 7.91 3.52 4.40
[C2C1im][N(CN)2] 14.4 10.2 4.21
[C4C1im][N(CN)2] 14.0 9.23 4.75
[C2C1im][C(CN)3] 14.1 5.91 8.14
[C2C1im][B(CN)4] 7.64 �6.43 14.1
Watera 19.5 13.7 5.78
Methanolb 27.6 14.3 13.3

a Values derived from the experimental solubility data from ref. 73.
b Values derived from the experimental solubility data from ref. 74.
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is a result of the small entropic effects associated with the size
of the cation alkyl side chain length, as it has been discussed in
the literature.3–4,55 These overall results suggest that the enthalpic
contribution in the dissolution of glucose is ruled by the IL anions,
as a result of their ability to accept protons or their hydrogen-bond
basicity. In fact, a maximum in the hydrogen-bond basicity was
previously observed for pure [C4C1im][N(CN)2],75 confirming thus
the higher ability of this IL to interact by hydrogen-bonding with
glucose.

For comparison purposes, the thermodynamic functions of
solution are also reported in Table 1 for glucose in water and
methanol. As can be easily perceived, the mechanism of solvation of
glucose in water is highly different from that observed for the ILs,
with [C2C1im][N(CN)2] being the IL with the most similar behaviour
to water. Even though the enthalpic contribution in water is higher,
the entropic contribution is smaller in the case of ILs, supporting
thus the higher ability of some ILs to dissolve glucose. In summary,
the results reported in Table 1 show that although in the glucose
dissolution the enthalpic effect is dominant, the entropic contribu-
tion also plays a role and cannot be discarded.

The experimental results reported here support the concept that
the IL anion has a more significant influence on the dissolution of
glucose than the IL cation alkyl side chain length (cf. Fig. 1 and 2).
For this reason, the following sections report only the results from
molecular dynamics simulation of systems composed of glucose
and ILs with the same cation, i.e., 1-ethyl-3-methylimidazolium,
and the four different CN-based anions, with the aim of better
understanding their effect upon the dissolution of glucose.

Calculated densities and viscosities

Shear viscosity (Z) of ILs is one of the most difficult properties to be
reproduced through MD simulations.76 To determine shear viscosity
from MD simulations, the following Green–Kubo relation77 is
applied

Z ¼ V

kBT

ð1
0

Pab t0 þ tð Þ � Pab t0ð Þ
� �

dt (1)

where V is the volume of the system, T is the absolute temperature,
kB is the Boltzmann constant and Pab is the off-diagonal compo-
nents of the pressure tensor. To achieve good statistics, very long
simulations are required. Numerical integration of eqn (1) can lead
to large errors, especially due to noise at long times. Following the
work of Rey-Castro and Vega,78 the numerical integral obtained via
eqn (1) was fit to a double exponential of the following form:

Z(t) = Aat1(1 � e�t/t1) + A(1 � a)t2(1 � e�t/t2) (2)

where A and a are empirical fitting parameters, 0 o a o 1, and
t1 and t2 are characteristic decay times that differ by an order of
magnitude. These parameters were obtained from a least-squares
fit of eqn (1) to the simulation results. The shear viscosity was
estimated from eqn (2) by taking the limit as t goes to infinity. The
uncertainty in shear viscosity, DZ, was estimated via the following
relation:

DZ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2A at1 þ ð1� aÞt2½ �

tmax

s
(3)

where tmax is the maximum decay time considered in the calcula-
tion of the autocorrelation function.

Values of densities and viscosities for solutions of glucose in
[C2C1im][SCN] and [C2C1im][N(CN)2] were calculated by MD
simulations and are compared with the experimental data
measured in this work in Fig. 3 and 4. The corresponding
numerical values are reported in Tables S7 and S8 of the ESI,†
while the values of the fitting parameters used in eqn (2) are
compiled in Table S9 of the ESI.† Examples of fits to eqn (2) are
provided in Fig. S2 (ESI†). The results obtained show that, in
general, the MD simulations underestimate densities and
viscosities of IL–glucose solutions. Deviations from experi-
mental values are larger in the case of binary systems composed
of [C2C1im][SCN], but differences can be considered
acceptable79 and similar to what were obtained in previous
studies.80 For the systems containing [C2C1im][N(CN)2], good
agreement with experimental densities and viscosities is
obtained. Differences between the two ILs can be related to
their atomic charge, also observed in their density values
obtained for the pure compounds (Tables S1 and S2, ESI†).
These results allow us to consider that the force fields adopted
here can be used to study the behavior of glucose solutions in
these ionic liquids.

Fig. 3 Comparison of experimental (closed symbols) and computed (open
symbols) density, for systems composed of glucose and [C2C1im][SCN] and
of glucose and [C2C1im][N(CN)2], at 313.15 K.

Fig. 4 Comparison of experimental (closed symbols) and computed (open
symbols) viscosity, for systems composed of glucose and [C2C1im][SCN]
and of glucose and [C2C1im][N(CN)2], at 313.15 K.
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The density and viscosity of systems composed of water and
glucose were addressed and discussed in a previous work.40

Satisfactory agreement between calculated and experimental data
was also found for dilute solutions up to a glucose mole fraction of
0.1, while at higher glucose concentrations, the calculated data
significantly overestimate the experimental values.

Radial distribution functions and coordination numbers

To understand the underlying interactions present in the inves-
tigated systems, their structural arrangement was evaluated by
computing radial distribution functions (g(r) or RDF) for various
sites on glucose and water/ILs. These data at the atomic level
were found to be crucial for interpreting experimental solubili-
ties. For example, in a previous work aiming to analyze the effect
of salt concentration in the solubility of amino acids,81 we have
found a peculiar behavior for alanine in aqueous solutions of
KCl, i.e. a salting-in effect appears to occur at very low salt
concentration, while at higher concentrations the solubility of
the amino acid has an inverse dependence with the salt concen-
tration. Encouragingly, small changes in the peak heights of the
radial distribution functions from classical MD simulations were
in line with the experimental solubility observations (salting-in
to salting-out behavior) with salt concentration.81 Furthermore,
Youngs et al.82 performed a combined experimental and com-
putational study to shed light on the glucose–ionic-liquid inter-
actions at the atomic level. They found good agreement between
coordination numbers and diffusion coefficients derived from
classical MD simulations and from experimental neutron scat-
tering and nuclear magnetic resonance, which suggests that
these kinds of computer simulations are adequate for under-
standing the interactions between glucose and ionic liquids.82

Specifically for this study, interactions established through
the IL cation/anion and water were addressed by computing RDFs
for the atoms H1 (the most acidic proton of the imidazolium ring),
N (of cyano groups) and HW, OW, respectively, with oxygen and
hydrogen atoms of all hydroxyl groups of glucose (see Fig. 5 and
Fig. S2, S3 of the ESI,† for atomic labels and Fig. 6 for RDFs).
Coordination numbers (Z) for these pairs were also computed by
integrating the RDFs using a radial cutoff rZ (cf. Table 2). This
cutoff distance was chosen to be the first local minimum of the
corresponding RDF.

As mentioned, the interactions established by glucose are
made through their hydroxyl groups by means of hydrogen
bonds. Fortunately, RDFs have the capability of providing
information regarding the establishment of H-bonds. Strong
H-bonds are recognizable by the presence of a RDF for a site-to-
site Y—H–X interaction, where Y is an oxygen or nitrogen atom
and X an oxygen atom, with a first minimum (rZ) at a distance
smaller than 0.26 nm, whereas weak H-bonds show a RDF for a
site-to-site Y—H–X interaction, where Y is an oxygen or nitro-
gen atom and X a carbon atom, with the first minimum at a
distance smaller than 0.40 nm.83 As seen in Fig. 6 and Fig. S3
and S4 (ESI†), the first minimum of the site-to-site interactions
in the anion–glucose and water–glucose RDFs is observed at a
distance smaller or equal to 0.26 nm (strong H-bonds). For
cation–glucose interactions (Fig. S4, ESI†), RDFs present a

minimum at a distance equal to 0.32 nm, i.e., suggesting that
the H-bonds involved in such interactions are weaker than
those occurring between glucose and water or between glucose
and the anion.

It is possible to see in Fig. 6 (refer also to Fig. S3 (ESI†) for
RDFs obtained for a glucose mole fraction of 0.060) that the
profiles calculated for the anion–glucose interactions are similar
for the various ILs, while the water–glucose (OW–Hglucose) present
a specific interaction profile. The latter is characterized by the
presence of a double peak, suggesting the existence of inter-
actions at two solvation shells. However, both peaks present
small values of g(r), in particular the second peak, suggesting a
low probability to occur. Overall, in the entire range of composi-
tion, the IL containing the anion [SCN]� shows a higher prob-
ability of interacting with glucose molecules given by the highest
values of g(r), followed by the anion [N(CN)2]� and water (note
that the scale used in the graphical representation of the RDFs is
different for each system). The HO2 hydrogen atom of glucose
(Fig. 5) is the main mediator of those solvent–glucose inter-
actions since, for all solvents, it shows the highest probability in
the RDFs depicted in Fig. 6, while the HO4 hydrogen atom shows
the weakest propensity to interact with the solvent.

The analysis of the RDFs corresponding to the cation–glucose
(H1–Oglucose) and water–glucose (HW–Oglucose) interactions in Fig. S4
(ESI†), shows once more that ILs present a higher probability to
interact with glucose. For all solvents, the mediator of such
interactions is the oxygen atom OH3 (Fig. 5 and Fig. S3, ESI†) of
glucose’s hydroxyl groups. Although the cation evaluated in this
section is the same for the two ILs studied, the cation of
[C2C1im][N(CN)2] presents higher values of g(r), followed by the
cation of [C2C1im][SCN] and water, the latter acting either as a
H-bond acceptor (HA) or donor (HD). This ordering of the g(r)
values is in line with the experimental findings, where it was found
that these ILs have higher ability to dissolve glucose than water.

Concerning the interactions established by glucose and
water, additional information could be extracted. In the aqueous
systems, it was found that the oxygen atom OS5 of glucose does
not establish interactions with water molecules, due to steric
hindrance (the neighbour atoms had the highest propensity to
interact with water) as discussed in our previous work.40 In
systems with ILs no steric hindrance was observed from any
atom of glucose preventing their interactions with the ILs.

Fig. 5 Atom labels used in this study for glucose.
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The information obtained from the visual analysis of the
RDFs can be complemented with additional information from
the coordination numbers (Z), which were computed from site-
to-site RDFs and have their values compiled in Table 2 and
Table S10 (ESI†). It is worth mentioning that coordination
numbers are the quantification of the peaks of the RDFs, and
provide an estimate of how many atoms are in the vicinity of a
reference atom. Their calculation takes into account not only
the heights and widths of the peaks of RDFs, but also the
density of the system.

Table 2 presents the Z values for anion–glucose and water–
glucose (OW–Hglucose) interactions. With the increase of the
glucose content in the system the Z values decrease for all
solvents; the decrease is more significant for water–glucose
than for IL–glucose interactions. Supporting the results
extracted from RDFs, the hydrogen atom HO2 has the highest
values of Z, and although common to all systems, interactions

with the anion [N(CN)2]� have a higher probability to occur,
followed by the anion [SCN]�, and by water. When comparing
the anion [SCN]� and water, higher values of Z for the other
hydrogen atoms of glucose’s hydroxyl groups are observed in
the latter solvent.

Regarding the cation–glucose and water(HD)–glucose inter-
actions (cf. Table S10, ESI†), a decrease of Z values is obtained
with the increase of glucose concentration. The oxygen atom
OH3 has higher Z values, supporting the information taken
from RDFs. Comparing what happens for the interactions
involving the cations of the two ILs, they seem to be more
important (i.e. highest Z values) in the case of [C2C1im][N(CN)2]
than in [C2C1im][SCN]. Much higher Z values are obtained from
the quantification of the RDFs concerning the water–glucose
interactions (HW–Oglucose), suggesting that water predominantly
interacts with glucose as a H-bond donor, rather than what was
observed from the RDFs.

Fig. 6 Radial distributions functions (RDFs) for glucose + water (top row), glucose + [C2C1im][SCN] (middle row) and glucose + [C2C1im][N(CN)2]
(bottom row) interactions, at two different glucose mole fraction and T = 313.15 K.

Paper PCCP

Pu
bl

is
he

d 
on

 1
5 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
de

 A
ve

ir
o 

(U
A

ve
ir

o)
 o

n 
14

/0
7/

20
16

 1
0:

37
:5

1.
 

View Article Online

http://dx.doi.org/10.1039/c6cp02538b


18966 | Phys. Chem. Chem. Phys., 2016, 18, 18958--18970 This journal is© the Owner Societies 2016

Additionally, the coordination numbers for water–water
(OW–HW) and cation–anion (H1–N) interactions were also computed
(Table S10, ESI†). The obtained results indicate, as expected, a
decrease of interaction with the increase in the content of glucose.

Spatial distribution functions

Spatial distribution functions (SDFs) obtained using the TRAVIS84

package for the chemical neighbourhood of glucose molecules in
water, in [C2C1im][SCN] and [C2C1im][N(CN)2] solutions are shown
in Fig. 7. Aiming at the comparison of SDFs for all systems, the
radius of solvation (i.e., cutoff) was fixed to similar values to those
used in the analysis of RDFs. The isovalues employed for the SDFs
corresponding to the aqueous systems are 36 particle nm�3 while
the isovalues of the SDFs for the ILs constituting species are 7
particle nm�3. Hydrogen and oxygen atoms of water are repre-
sented by red surfaces, whereas anions and cations of both ILs are
represented by blue and mauve surfaces, respectively. Consistent
with the RDFs and with the Z values, the SDFs clearly show a
decrease in the number of solvent molecules surrounding glucose
with the increasing content of glucose in aqueous systems (SDFs in
the topmost row of Fig. 7), while for systems composed of glucose
and an IL the difference is almost negligible.

Hydrogen bonds

Table 3 compiles the number of hydrogen bonds per glucose
molecule established between glucose and three different solvents,
namely, water, [C2C1im][SCN] and [C2C1im][N(CN)2], at two different
concentrations. These H-bonds were calculated using the g_hbond
tool of GROMACS, in which the geometric criterion for the distance
acceptor—H is 0.26 nm (for consistency with the values used in
the analyses above), and for the angle acceptor—H—donor is

301 (default angle in g_hbond), considering that all possible
H-bond donors and acceptors in the three systems are evaluated.

Comparing the number of H-bonds established by water,
[C2C1im][SCN] and [C2C1im][N(CN)2], the latter has the highest
number of H-bonds (Bfour H-bonds), followed by [C2C1im][SCN]
(Bthree H-bonds) and water, which at small concentrations of
glucose is able to establish ca. four H-bonds, but at higher glucose

Table 2 Coordination numbers (Z) from the RDFs peaks for glucose–water (OW–HOglucose) and anion–glucose (N–HOglucose), at each mixture
considered

xglucose = 0.034 xglucose = 0.060 xglucose = 0.100

Water/anion Glucose Z rZ Water/anion Glucose Z rZ Water/anion Glucose Z rZ

Water OW HO12 0.82 0.25 OW HO12 0.75 0.25 OW HO12 0.67 0.25
HO8 0.83 0.25 HO8 0.75 0.25 HO8 0.66 0.25
HO6 0.81 0.25 HO6 0.72 0.25 HO6 0.62 0.25
HO4 0.68 0.25 HO4 0.61 0.25 HO4 0.52 0.25
HO2 0.86 0.25 HO2 0.75 0.25 HO2 0.62 0.25

0.80a 0.72a 0.62a

[C2C1im][SCN] N HO12 0.71 0.26 N HO12 0.67 0.26 N HO12 0.69 0.26
HO8 0.70 0.26 HO8 0.66 0.26 HO8 0.67 0.26
HO6 0.64 0.26 HO6 0.63 0.26 HO6 0.58 0.26
HO4 0.57 0.26 HO4 0.53 0.26 HO4 0.46 0.26
HO2 0.88 0.26 HO2 0.83 0.26 HO2 0.68 0.26

0.70a 0.66a 0.62a

[C2C1im][N(CN)2] N HO12 0.92 0.26 N HO12 0.91 0.26 N HO12 0.87 0.26
HO8 0.89 0.26 HO8 0.90 0.26 HO8 0.86 0.26
HO6 0.90 0.26 HO6 0.88 0.26 HO6 0.81 0.26
HO4 0.74 0.26 HO4 0.73 0.26 HO4 0.71 0.26
HO2 0.98 0.26 HO2 0.95 0.26 HO2 0.94 0.26

0.89a 0.87a 0.84a

a Average Z value.

Fig. 7 Spatial distributions functions (SDFs) for glucose–water and glucose–IL
interactions, at three different glucose mole fractions and T = 313.15 K. Ball-
and-stick representation is glucose and red surfaces refer to water, mauve
surfaces refer to the cations of the IL and blue surfaces to the anions of the
IL. The isovalues of the surfaces are 36 particle nm�3 and 7 particle nm�3 for
systems with water or ILs, respectively.
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content establishes only three H-bonds. Again, information
extracted from MD simulations suggests that the H-bond interac-
tions of glucose with ILs are preferred, which is in agreement with
the experimental solubilities.

The information gathered from these analyses suggests that the
investigated ILs establish more interactions with glucose than
water molecules. Still, the differences between the numbers of
H-bonds per glucose molecule established by water and the ILs are
small. Since these ILs were found to display a higher ability to
dissolve glucose than water, from the experimental results, it is
hypothesized that glucose establishes more favorable interactions
with ILs than with water. To better understand the strength of the
interactions involved, separate calculations using the Gaussian 09
code66 were performed on isolated molecular systems composed of
a molecule of glucose interacting with selected solvent molecules,
namely, with a single water molecule, with the ILs [C2C1im][SCN] or
[C2C1im][N(CN)2], and with the anions [SCN]� or [N(CN)2]�. As a
standard practice, the calculations considered several different
starting geometries but, based on the results from the analysis of
the RDFs, focus mainly on the direct interaction with the hydroxyl
group of glucose containing the atoms HO2 and OH1 (Fig. 5).
Similar approaches have been applied for systems composed of ILs
and lignocellulosic compounds (cellulose, cellulose oligomers,
glucose, etc.).25,49,52,85–87 The numerical values of the interaction
enthalpies calculated from energies and thermal and BSSE
corrections obtained after full geometry optimization at the
B3LYP/6-311+G(d,p) level of theory are compiled in Table 4.

From results in Table 4 it is clear that the interaction
between glucose and water (enthalpy = �25.1 kJ mol�1) is
weaker than between glucose and [C2C1im][N(CN)2] (enthalpy =
�73.7 kJ mol�1) and glucose and [C2C1im][SCN] (enthalpy =
�79.0 kJ mol�1), supporting therefore the higher ability of these
two ILs to dissolve glucose when compared with water.

Evaluation of the influence of the number of CN-groups in the
anion on the ability of ionic liquids to dissolve glucose

After evaluating that the capacity of two CN-based ILs to dissolve
glucose, and concluding that an increase of a single cyano group
into the IL anion, i.e., from [C2C1im][SCN] to [C2C1im][N(CN)2],

enhances the number of H-bonds with glucose, the question that
arises at this point is the effect on the solubility of glucose
caused by the continuous increase of cyano groups at the IL
anion. Experimental findings demonstrated that on going from
ILs with two ([C2C1im][N(CN)2]), to three ([C2C1im][C(CN)3]), and
to four ([C2C1im][B(CN)4]) cyano groups, the ability of the
corresponding solvents to solubilize glucose is decreased con-
siderably. These results are somewhat intriguing and further MD
simulations were carried out for better understanding their
origin. The trajectories were used to compute RDFs and SDFs
concerning the interactions established between those cyano
containing anions and glucose.

Fig. 8 and 9 depict the SDFs and RDFs regarding inter-
actions established by glucose and the different ionic liquids
and between glucose and the ILs anions, respectively. Similar to
the analysis made for the systems with specific glucose con-
centrations, the SDFs show that glucose molecules interact
simultaneously with the cation [C2C1im]+ and with the corres-
ponding anions ([SCN]�, [N(CN)2]�, [C(CN)3]� and [B(CN)4]�) of
the ILs under study. The peak corresponding to the most
important interaction between glucose and the anion, i.e.,

Table 3 The number of hydrogen bonds per glucose between glucose
and the solvents water, [C2C1im][N(CN)2] or [C2C1im][SCN], at two different
glucose concentrations and T = 313.15 K

xglucose Water [C2C1im][SCN] [C2C1im][N(CN)2]

0.034 3.6 3.3 4.2
0.100 2.8 3.0 4.0

Table 4 Interaction enthalpies at T = 313.15 K calculated at the B3LYP/6-
311+G(d,p) level of theory between glucose and the solvent

System Interaction enthalpy (kJ mol�1)

Glucose–water �25.1
Glucose–[C2C1im][SCN] �79.0
Glucose–[C2C1im][N(CN)2] �73.7
Glucose–[SCN]� �111.2
Glucose–[N(CN)2]� �94.7

Fig. 8 Spatial distribution functions (SDFs) for glucose interactions with
[C2C1im][SCN], [C2C1im][N(CN)2], [C2C1im][C(CN)3] and [C2C1im][B(CN)4]
ionic liquids, at infinite dilution and T = 313.15 K. Color code as in Fig. 7. The
isovalues of the surfaces are 7 particle nm�3.

Fig. 9 Radial distribution functions (RDFs) for interactions between the
HO2 atom of glucose and the terminal N atoms of the cyano groups of the
anions in the [C2C1im][SCN], [C2C1im][N(CN)2], [C2C1im][C(CN)3] and
[C2C1im][B(CN)4] ionic liquids, at infinite dilution and at T = 313.15 K.
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HO2–N interaction (Fig. 6), decreases on going from [SCN]� to
[N(CN)2]�, to [C(CN)3]� and to [B(CN)4]�, which is in line with
the ability shown by the respective anions to establish H-bond
interactions with the cation in pure ILs.88

All the results obtained are in good agreement with the
solubility measurements as, in general, a further increase of the
number of CN-groups in the anion decreases their ability to
establish H-bonds. The capacity of these CN-based ILs to
interact successfully with glucose is highly correlated with their
capacity to establish H-bonds as previously discussed. The
trend of the atomic charges for the nitrogen atoms of each
cyano group (in each anion) becomes less negative in the order
[N(CN)2]� 4 [SCN]� 4 [C(CN)3]� 4 [B(CN)4]�, with the values
of �0.721 e, �0.666 e, �0.641 e and �0.486 e, respectively.
These differences are promoted by the difference in the electro-
negativities of the central atom in each anion, causing different
charge delocalizations, and thus different polarities. The
[C2C1im][N(CN)2] IL, being the most polar IL amongst the
investigated CN-based ILs, is the one with higher ability to
establish H-bonds with glucose, i.e., the best solvent to dissolve
glucose among those here studied, and indeed a better solvent
for glucose than water.

Conclusions

In this study, the solubility of glucose in water and different ILs
was initially evaluated by means of experimental results. The
chosen ILs were composed of 1-ethyl-3-methylimidazolium and
the anions thiocyanate, dicyanamide, tricyanomethanide and
tetracyanoborate (CN-based ILs). The experimental solubility
mesurements, determined in the temperature range from 280 K
to 340 K, showed that [C2C1im][SCN] and [C2C1im][N(CN)2]
have a higher ability to dissolve glucose than water. However,
a further increase in the number of cyano groups in the IL
anion, is accompanied by a decrease of the IL capacity to
dissolve glucose. The solubility results also showed that the
IL anion plays the primary role in the dissolution of the sugar,
and that enthalpic contributions in the dissolution process are
governed by the IL anion. The effect of the IL cation is reflected
in the entropic contributions, and where an increase in the size
of the cation aliphatic moieties leads to a decrease in the
solubility of glucose.

Information obtained from computational results further
supported the experimental observations. On the whole, it was
possible to conclude that the interactions between glucose and
water are weaker than those occurring between glucose and the
studied ILs, and also that the interactions in the latter are
mainly mediated by the anion with the establishment of
H-bonds having enthalpies three times stronger than those
with water molecules. The propensity of the IL anion to interact
with glucose is, however, determined by its polarity that, in
turn, influences the strength/ability of those interactions. It was
found that [C2C1im][N(CN)2] is the CN-based IL with the higher
ability to dissolve glucose, closely followed by [C2C1im][SCN]. The
smaller polarities of the remaining CN-based ILs investigated here,

having anions with three and four cyano groups, hinder their
ability to establish H-bonds with glucose when compared with
[C2C1im][N(CN)2] or [C2C1im][SCN].

Acknowledgements

This work was developed within the scope of the projects POCI-
01-0145-FEDER-007679|UID/CTM/50011/2013 (CICECO) and
POCI-01-0145-FEDER-006984|UID/EQU/50020/2013 (LSRE-LCM),
financed by national funds through the FCT/MEC and co-financed
by FEDER under the PT2020 Partnership Agreement. The authors
thank the Fundação para a Ciência e Tecnologia (FCT) for Programa
Investigador FCT and for the exploratory project grant (EXPL/
QEQ-PRS/0224/2013). M. L. S. B. and H. P. also acknowledge
FCT for the PhD grants SFRH/BD/74551/2010 and SFRH/BD/
85248/2012, respectively. E. J. M. acknowledges support from
the US Air Force Office of Scientific Research, grant number
AFOSR-FA9550-14-1-0306. Thanks are due as well to the Center
for Research Computing at the University of Notre Dame for
providing access to computational resources.

References
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