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ABSTRACT: The well-recognized advantageous properties of poly(ethylene glycol)s (PEGs) and ionic
liquids (ILs) in the context of an increasing demand for safe and efficient biotechnological processes has
led to a growing interest in the study of their combinations for a wide range of procedures within the
framework of green chemistry. Recently, one of the most promising and attractive applications has been
the novel IL/polymer-based aqueous biphasic systems (ABS) for the extraction and purification of
biomolecules. There still lacks, however, a comprehensive picture of the molecular phenomena that
control the phase behavior of these systems. In order to further delve into the interactions that govern the
mutual solubilities between ILs and PEGs and the formation of PEG/IL-based ABS, 1H NMR
spectroscopy in combination with classical molecular dynamics (MD) simulations performed for binary
mixtures of tetraethylene glycol (TEG) and 1-alkyl-3-methylimidazolium-chloride-based ILs and for the
corresponding ternary TEG/IL/water solutions, at T = 298.15 K, were employed in this work. The results
of the simulations show that the mutual solubilities of the ILs and TEG are mainly governed by the
hydrogen bonds established between the chloride anion and the −OH group of the polymer in the binary
systems. Additionally, the formation of IL/PEG-based ABS is shown to be controlled by a competition
between water and chloride for the interactions with the hydroxyl group of TEG.

1. INTRODUCTION

The search for efficient and safe approaches to improve the
standards of industrial and biotechnological procedures has led
to a growing interest in the development of novel materials,
chemical media, and technologies. Poly(ethylene glycol)s
(PEGs) are one of the most widely used classes of polymers
in the chemical and life-sciences industries.1 Some of their most
attractive properties are related to their biodegradability, low
toxicity, low volatility, low melting points, enhanced water
solubility, and low cost2 and make them convenient for a
variety of important applications including drug delivery,
protein partitioning, polymer surfactants, polymer electrolytes,
viscosity modifications, and separation or purification techni-
ques, such as aqueous biphasic systems, among others.3−12

Because of the biotechnological and industrial relevance of
PEGs, a large number of experimental and theoretical
investigations of their structure−property relationships13−15

and of the behavior and structure of their mixtures with other
solvents,16,17 especially of their aqueous solutions,18−22 has
been undertaken. Recently, in the face of the popularity and
well-recognized advantageous characteristics of ionic liquids
(ILs),23−27 combinations of ILs and PEGs have been proposed
for different uses within the framework of green chemistry.28−35

In this context, the exploration of the novel polymer/IL-based
aqueous biphasic systems (ABS) in the domains of extraction

and purification technologies has earned special attention and
seems to be particularly promising.31,32,36−39

For the improvement and optimization of the existing
applications and for the development of new ones, a detailed
knowledge of the behavior of both binary mixtures of ILs and
PEGs and ternary aqueous solutions of these compounds, as
well as of their underlying molecular mechanisms, is essential.
In this respect, experimental and theoretical data for these
systems are yet scarce,31,32,34,36,40 and despite some of the
insight already acquired on the interactions that control the
phase behavior of PEG/IL mixtures34 and of PEG/IL-based
ABS,31,32,36,40 a clear and well-supported molecular picture of
the basic molecular phenomena is still lacking. Recently, we
have demonstrated that some IL/PEG/water systems are of
Type 0 and provided novel evidence for a “washing-out”
mechanism behind the formation of PEG/IL-based ABS.40 In
order to further delve into the molecular interactions that
govern the solubility of ILs and PEGs and the formation of
PEG/IL-based ABS, aqueous solutions of the IL 1-butyl-3-
methylimidazolium chloride, [C4mim]Cl, and the polymer
poly(ethylene glycol) 200 (PEG-200) were studied in this work
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using 1H NMR spectroscopy. PEG-200 is a mixture of isomeric
polymers which have 4 EO units and an average molecular mass
of 200. The most abundant component is tetraethylene glycol,
which has a molecular weight of 194. To support the
experimental results and achieve a deeper understanding of
these systems, classical molecular dynamics (MD) simulations
were performed for binary mixtures of tetraethylene glycol
(TEG) and 1-alkyl-3-methylimidazolium-based ILs (1,3-dime-
thylimidazolium chloride, [C1mim]Cl, 1-ethyl-3-methylimida-
zolium chloride, [C2mim]Cl, [C4mim]Cl, and 1-hexyl-3-
methylimidazolium chloride, [C6mim]Cl) (Figure 1), and for
the corresponding ternary aqueous solutions constituted by
TEG/IL/water at T = 298.15 K. TEG was here used as a model
PEG since, unlike high molecular weight PEGs, its moderate
size enables a reliable equilibration with MD methods in a
reasonable amount of computer time. In addition, this glycol

has important applications, for instance, as a drying agent for
natural gas, humectant, solvent, and in the manufacture of vinyl
plasticizers.41 Imidazolium as an IL ion has been the most
appealing and most frequently considered, and is known for its
nondenaturing nature, low toxicity, and reduced water pollution
risk, when containing a short alkyl side chain length.42,43 In this
work, we evaluated the interactions between imidazolium
chloride ionic liquids with PEGs, in binary systems or in the
presence of water, and the effect of the length of the cation
alkyl side chain on these interactions.
MD simulation has proved to be a valuable tool for the

investigation of (bio)chemical systems44−49 and has been
previously successfully used to characterize the interactions
established in aqueous saline solutions of amino acids,50,51 in
aqueous solutions of imidazolium-based ILs in the presence of
salts,52 and in IL/amino acid/water mixtures,53 and to provide
insight into the mechanisms underlying the phase behavior
presented by some ternary IL/PEG/water systems.40 The MD
approach was also considered in the understanding of the
fundamental chemistry of ILs and of their mixtures with
different compounds,54−57 and in structural studies of PEGs
and of their aqueous solutions.15,49,58−61

2. NMR EXPERIMENTAL SECTION
For the NMR studies, IL [C4mim]Cl and PEG-200 were
employed. The IL was supplied by Iolitec with a mass fraction
purity of 99%, and PEG-200 was acquired from Fluka. To
reduce the water content and volatile compounds to negligible
values, both the IL and PEG were dried under reduced pressure
(p < 1 Pa) at ca. 333 K using constant stirring, for a minimum
of 48 h. The deuterium oxide and the 3-(trimethylsilyl)-
propionic-2,2,3,3-d4 acid sodium salt (TSP) were from Aldrich
with, respectively, >99.96% D atoms and >98% D atoms. The
water used for the preparation of the aqueous solutions was
double-distilled, passed by a reverse osmosis system, and
further treated with a Milli-Q plus 185 water purification
apparatus. It had a resistivity of 18.2 MΩ cm, a total organics
content smaller than 5 μg·dm−3, and was free of particles
greater than 0.22 μm.
For the 1H NMR measurements, three sets of experiments

were performed: one for different [C4mim]Cl molalities, one
for different PEG-200 molalities, and another one for varying
the water concentration. For the first two sets, a solution of
[C4mim]Cl (or PEG-200) at approximately 1 mol·kg

−1 in D2O,
using TSP as a reference, was prepared gravimetrically with an
associated uncertainty of ±10−4 g. The PEG-200 (or [C4mim]-
Cl) solutions were prepared gravimetrically in the D2O-
[C4mim]Cl (or PEG-200) initial solution with PEG-200 (or
[C4mim]Cl) concentration ranging from 0 to 1 mol·kg−1. The
1H NMR spectra were obtained for the initial D2O-[C4mim]Cl
(or D2O-PEG-200) solution and for the different ternary
mixtures using a Bruker Avance 300 spectrometer operating at
300.13 MHz, with D2O as solvent and TSP as internal
reference. For the third set of experiments, a solution of
[C4mim]Cl at approximately 1 mol·kg−1 in PEG-200 was
prepared gravimetrically with an associated uncertainty of
±10−4 g. The aqueous solutions were prepared gravimetrically
in the [C4mim]Cl-PEG200 initial solution with water molalities
ranging from 0 to 5 mol·kg−1. The 1H NMR spectra were
obtained for the initial PEG-IL solution and for the different
ternary mixtures placed in NMR spectroscopy tubes containing
sealed reference capillaries with D2O and TSP as the internal
reference, and at 298 K. The 1H NMR measurements were

Figure 1. Structure and atom labeling of (i) PEG, (ii) TEG, and of the
(iii) IL cations studied in this work. Ctm, Cte, Ctb, and Cth stand,
respectively, for the terminal carbon atoms of the methyl, ethyl, butyl,
and the hexyl side chains of the IL cation, while CBx (x = 1, 2, 3, 4, 5)
is used to denote the other carbon atoms of the alkyl chains. Hydrogen
atoms of the molecules, omitted for clarity, are labeled with the
number of the carbon atoms to which they are attached.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp501718w | J. Phys. Chem. B 2014, 118, 4615−46294616



performed on a Bruker Avance 300 spectrometer operating at
300.13 MHz.
For each set, the 1H NMR chemical shift deviations were

defined according to eqs 1, 2, and 3, respectively:

δ δ δΔ = + ‐ + − +(IL PEG 200 D O) (IL D O)H H 2 H 2
(1)

δ δ

δ

Δ = + ‐ +

− ‐ +

(IL PEG 200 D O)

(PEG 200 D O)
H H 2

H 2 (2)

δ δ δΔ = + ‐ + − + ‐(IL PEG 200 H O) (IL PEG 200)H H 2 H
(3)

where δH(IL + PEG-200 + D2O) is the
1H NMR chemical shift

of the protons in the (IL + PEG-200 + D2O) solutions, δH(IL +
PEG-200 + H2O) is the

1H NMR chemical shift of the protons
in the (IL + PEG-200) aqueous solutions, and δH(IL + D2O),
δH(PEG-200 + D2O), and δH(IL + PEG-200) are the 1H NMR
chemical shifts of the protons in the absence of PEG-200, IL, or
water, respectively.

3. COMPUTATIONAL METHODS
MD calculations were performed for TEG/IL binary and TEG/
IL/water ternary mixtures, for four imidazolium-based ILs at
concentrations (50 wt % of TEG, 30 wt % of IL, and 20 wt % of
water) approximately reproducing the monophasic region of
the experimental phase diagrams obtained with PEGs.34,40 The
simulations were carried out using the isothermal−isobaric
NpT (T = 298.15 K and p = 1 bar) ensemble and the
GROMACS 4.07 molecular dynamics package.62 The equations
of motion were integrated with the Verlet-Leapfrog algorithm63

and a time step of 2 fs. The Nose−́Hoover thermostat64,65 was
used to fix the temperature, while the Parrinello−Rahman
barostat66 was employed to fix the pressure. Starting
configurations were generated in cubic boxes with lateral
dimensions of 45 Å, and periodic boundary conditions were
applied in three dimensions. The systems were prepared by
randomly placing all species in the simulation box. For the
calculations of the ternary solutions, 60 [C1mim](/[C2mim]/
[C4mim]/[C6mim])Cl ion pairs, 80 TEG molecules, and 380
water molecules were incorporated in each box, while for the
binary systems, 90 [C1mim](/[C2mim]/[C4mim]/[C6mim])
Cl ion pairs and 120 TEG molecules were included. A 10 000
step energy minimization was performed followed by two
simulations, the first one with 50 000 steps for equilibration and
the final one with 10 000 000 steps (20 ns) for production.
After equilibration, the values of the box volume ranged
between 50.0 and 45.1 nm3 (ternary systems) and between 52.8
and 65.4 nm3 (binary systems), depending on the IL
considered. Equilibration was checked by ensuring that all
observables (including the RDFs) fluctuated around their
equilibrium values during the production state.
The intermolecular interaction energy between pairs of

neighboring atoms was calculated using the Lennard-Jones
potential to describe dispersion/repulsion forces, and the point-
charge Coulomb potential was used for electrostatic inter-
actions. Long-range electrostatic interactions were accounted
for using the particle-mesh Ewald method67 with a cutoff of 1.0
nm for the real-space part of the interactions. A cutoff radius of
1.2 nm was used for the Lennard-Jones potential, and long-
range dispersion corrections were added to both energy and
pressure. All bond lengths were held rigid using the LINCS
constraint algorithm,68 while angle bending was modeled by a

harmonic potential, and dihedral torsion was described (where
appropriate) by a Ryckaert-Bellemans function.
It is well recognized that the choice of the force field to be

used in MD simulations is a crucial aspect since it often has
repercussions on the accuracy of the results obtained.48,69−72

For ILs and PEGs, in particular, the formulation of potentials
capable of representing their energetics and structure has been
a nontrivial and challenging subject. In the case of ILs, there
have been difficulties associated with the fact that these solvents
are neither simple molecular fluids nor common (high-melting)
salts but exhibit complex interactions between their constituting
ions and, however, show a paucity of experimental data
published for the very large number of possible ILs.69−72

Despite such problems, significant progress has been made in
the application of MD methods to IL systems, and force field
parameters have already been developed and validated for a
large number of cations and anions, yielding reliable
results.69−72

Potentials available in the literature were taken for all the
species considered in the simulations.73−76 As far as PEGs are
concerned, the main issues are related to the highly complex
inter- and intramolecular interactions and to their considerable
conformational flexibility.49,77 Considerable efforts have been
made toward the development of potentials that can accurately
account for such phenomena. Several force fields have been
parametrized and revised with appropriate adjustments, and
quality potentials exist for PEGs, including ethylene glycol,
triethylene glycol, tetraethylene glycol, and poly(ethylene
glycol)s, which can reproduce structural and thermodynamic
properties over a wide range of systems and condi-
tions.15,49,58,60,61,77,78 In this work, the potential used for
TEG is based on the OPLS all-atom potential from Jorgensen
and Tirado-Rives73 for diethylene glycol using the ESP charges
taken from the Automatic Topology Builder Web site79

calculated for the B3LYP/6-31G* optimized structure of
3,6,9,12-tetraoxatetradecane-1,14-diol. To test and validate the
force field selected for TEG, preliminary MD calculations of
pure TEG and of binary aqueous solutions (the rigid SPC/E
model74 was used for the water molecules) of the glycol were
carried out, under varied simulation conditions. The values of
the density of pure TEG (1124.17 kg m−3) and of the aqueous
solutions of TEG as a function of the polymer concentration
(Table S1, Supporting Information) calculated from the MD
results are in good agreement with the experimental literature
data17,80−82 (maximum deviation 1.4%) (Figure S1, Supporting
Information), affording further consistency to our results.
The all-atom force field parameters for the IL cations were

obtained from the work of Cadena and Maginn75 and for the
anion from the OPLS all-atom potential.76 The force field
selected in this work for the cations75 has been successfully
parametrized and tested, providing accurate descriptions of ILs
and their mixtures.52−54,83 The atomic charges for the cations
were recalculated in this work with the CHelpG scheme using
an optimized geometry for the [C1mim]+/[C2mim]+/
[C4mim]

+/[C6mim]
+ cations in the gas phase. The calculations

considered the B3LYP/6-311+G(d) approach as included in
the Gaussian 09 code,84 i.e., using the same computational
strategy employed by Morrow and Maginn for the [C4mim]-
[PF6] ionic liquid.

85 The full set of atomic charges is supplied as
Supporting Information (Tables S2−S6).
In order to provide more consistency and support to the

molecular interpretations given in this work, additional MD
calculations were performed for TEG/water and TEG/
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Na2SO4/water systems, following the same procedure and
simulation conditions described above. In the first case, 80 TEG
and 380 water molecules were incorporated in the simulation
box. For the aqueous saline solutions of TEG, 80 TEG, 380
water molecules, 60 SO4

2− anions, and 120 Na+ cations were
included in the simulation box. The OPLS all-atom potential
was used for the sodium cation,86 and the force field parameters
of the second model proposed by Cannon et al.87 were used for
sulfate.

4. RESULTS AND DISCUSSION

4.1. NMR Spectroscopy. The chemical structure and atom
numbering for the IL studied and for PEG-200 are depicted in
Figure 1. The compositions of the experimental phase diagram
of the ABS composed of PEG-200 and [C4mim]Cl at which the
1H NMR experiments were performed are provided in Figure
S2 and Table S7 (Supporting Information). The results
obtained for the three sets of 1H NMR experiments performed
are displayed in Figure 2 and Figures S3 and S4 (Supporting
Information), which show the 1H NMR chemical shift
deviations for the PEG-200 and [C4mim]Cl solutions, as a
function of water, PEG-200, and IL concentration, respectively.
Although the molecular interpretation of the phase demixing

in typical ABS based on PEG and inorganic salts has generated
much debate over the years, it is currently almost consensual
that in most cases the main driving force that controls the ABS
formation is the creation of hydration complexes of the ions
that induce the polymer salting-out.88−90 The current under-
standing of the mechanisms behind the formation of the novel
PEG/IL ABS is far more incipient. Despite some insight
derived from the few recent experimental31,32,36−40 and
theoretical40 studies, there still lacks a clear and comprehensive
picture of the underlying molecular phenomena. It has been
previously shown by us40 using experimental and theoretical
studies that the main interactions controlling the mutual
solubilities of [C4mim]Cl and PEG are the hydrogen bondings
occurring between Cl− and the −OH groups of PEG and that
hydrogen bonds are also established between the polymer and
the IL cation, at the level of the hydrogen atoms of the
imidazolium ring. Furthermore, MD calculations have shown
these interactions to be destroyed when water is introduced in
the system and replaced by more favorable and stronger water−
IL interactions, in what we labeled a “washing-out”
phenomenon.40

The 1H NMR spectroscopic data obtained in this work for
the first two sets of experiments, where the IL (or PEG-200)
concentration was varied, confirm that favorable interactions
(positive deviations) between the imidazolium protons of the
[C4mim]+ cation and PEG-200 (Figure S3, Supporting
Information) and between the hydrogen atoms of the glycol
and the IL (Figure S4, Supporting Information) are present and
that these become more pronounced with the increase in the
concentration of PEG-200 or [C4mim]Cl, respectively, or, in
other words, with the decrease of D2O molality. However, the
interactions occurring between the hydrogen atoms of the alkyl
chain of the IL cation and PEG-200 are less favorable (negative
deviations), and their strength decreases with the concentration
of the glycol (Figure S3, Supporting Information), showing that
these dispersive interactions do not have a dominant effect.
Further evidence for this behavior can be obtained from the
results displayed in Figure 2 for the chemical shift deviations
between water and the solutes in the aqueous solutions, as a
function of water molality, derived from the third set of NMR
experiments performed. Actually, deviations which become
more negative with water concentration are observed for all the
[C4mim]Cl protons considered, indicating that all the glycol−
IL cation interactions become less favorable with the increase in
water molality. The most important deviations are found for
the H2, H4, and H5 atoms of the imidazolium cation ring, and
no significant deviations are observed for the Ha, Hb, and Hc
protons of PEG-200. Conversely, the water−water interactions
become more favorable as the water content increases.
The picture that emerges from the NMR spectroscopic data

is that the interactions of PEG with the IL become less
favorable with increasing water content in the system,
suggesting a preferential solvation of both the cation and the
anion of the IL. These results are consistent with the “washing-
out” mechanism previously proposed as the main mechanism
controlling the formation of PEG/IL-based ABS.40

4.2. Molecular Dynamics Simulation. To further delve
into the mechanisms governing the behavior of PEG/IL-based
ABS, radial distribution functions (RDFs) were calculated from
the MD simulations of TEG and ILs binary systems and of the
corresponding ternary aqueous solutions. The RDFs provide a
quantitative description of enhancement (values larger than 1)
or depletion (values smaller than 1) of densities of species
around a selected moiety, helping to understand the dominant
intermolecular interactions present. They are presented below

Figure 2. 1H NMR chemical shift deviations in water, PEG-200, and [C4mim]Cl relative to that of the initial PEG/IL binary mixture as a function of
the water molality.
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for binary and ternary systems. The compositions of the
experimental phase diagram of the ABS composed of PEG-200
and [C4mim]Cl at which the MD simulations were performed
are provided in Figure S2 and Table S7 (Supporting
Information). MD simulation results obtained for the
[C4mim]Cl/water binary and [C4mim]Cl/TEG/water ternary
systems at different compositions of the mixture in the biphasic
region of the [C4mim]Cl/PEG1500/water experimental phase
diagram40 (Table S8, Supporting Information) are similar to
those obtained and discussed in this work.
4.2.1. Binary Systems. To identify the most important

interactions governing the mutual solubilities between TEG
and ILs and to evaluate the role of the length of the alkyl side
chain of the IL cation, we analyzed a large number of RDFs for
the cation and anion of each IL around the distinct moieties of
the glycol. In Figures 3 and 4, we present the most relevant

RDFs for the interactions between different molecular regions
of TEG and the [C2mim]Cl constituting ions. The first
noticeable result is that the most significant interactions of TEG
are established with the IL anion, as revealed by the RDF peaks
displayed in Figure 3, which are globally more intense and
occur for shorter distances than those corresponding to the
association of TEG to the IL cation. Actually, Figure 3 shows a
first very intense peak referring to the contact between the
anion and TEG, more specifically, for the pair Cl−···H(OH)
(please refer to Figure 1 for atom labeling), which indicates the
presence of substantial Cl− structuring around the hydroxyl
group, followed by a peak with smaller, yet also significant,
intensity corresponding to the binding of Cl− to the H atoms of
the TEG alkyl chain. The strength of these interactions
decrease in the order Cl−···H3(TEG)>Cl−···H2(TEG) ≈ Cl−···
H1(TEG)>Cl−···H4(TEG) (Figure S5, Supporting Informa-
tion), as suggested by the relative intensity of the RDF peaks.
The RDFs of Figure 3 show also rather intense peaks for the
association of the chloride to the ether oxygen atoms of TEG,
but their distant positions suggest that this interaction is the
result of the interactions with the hydrogen atoms, as expected
from the negative charges of the oxygen atoms.

The IL cation−TEG interactions are much weaker than
those involving the anion. For the cation, the strongest
interactions are established at the level of the hydrogen
atoms of the imidazolium ring. As shown in Figure 4, panels a
and b, the peaks corresponding to the binding of H2(cation),
the most acidic proton of the cation, to O1(TEG) and
H4(cation) to O(OH)(TEG) are relatively intense and occur
at very short distances, suggesting the presence of H-bonding
between the IL cation and TEG. Because H2 is more acidic
than H4, the interactions established between H2 and the TEG
oxygen atoms are likely to be stronger than those occurring
between H4 and the oxygen atoms of TEG. Remember that the
potential used for the IL cation considers slightly more positive
charge, smaller sigma and larger epsilon values in H2 than in
H4 and H5, and therefore, the H4−O interaction peaks appear
at longer distances than the H2−O ones. The interaction
patterns observed for H4(cation) are similar to those observed
for H5(cation). It is worth noticing that the H2 and H4 atoms
of [C2mim]

+ and the chloride ion are located at similar
distances around TEG, as indicated by the relative positions of
the H2(cation)···O1(TEG), H4(cation)···O(OH)(TEG), and
Cl−···H(OH)(TEG) peaks. These results are in agreement with
data obtained from thermodynamic and spectroscopic studies
of mixtures of PEG-type nonionic surfactants and imidazolium-
based ILs which have shown that oxygen atoms in the PEG
chains can establish H-bonds with the IL cations (in particular
with the acidic proton at C2 of the imidazolium ring) in
competition with IL anions.91,92 The carbon atoms of the alkyl
chain of the IL cation are present only at a second solvation
layer around TEG (Figure 4, panels c and d). Some association
of the less polar moiety of [C2mim]

+ to the carbon atoms of the
TEG chain is also detected at larger distances with a strength
following the order C4(TEG) > C3(TEG) ≈ C2(TEG) ≈
C1(TEG) (Figure S6, Supporting Information).
The picture that emerges from the RDFs is that the most

relevant interactions in the first solvation sphere of the polymer
consist of the chloride anions and the less acidic protons of the
imidazolium ring of the cation (H4) around the OH group, and
the more acidic proton of the imidazolium ring (H2) around
the O1 atom of TEG. The other ether oxygen atoms of the
polymer do not significantly interact with the anion nor with
the cation of the IL. In order to better visualize the molecular
scenario described, the spatial distribution functions (SDFs)
calculated for the system [C2mim]Cl/TEG are provided in
Figures 5 and 6. The SDF regions for the O1 atom of TEG are
located quite near H2 atom of the cation (Figure 5). The SDF
regions for the anion (Figure 6) are mainly located around the
hydroxyl group of TEG, consistently with the data provided in
Figure 3 and discussed above. These results are in agreement
with literature reports where it has been shown that the
imidazolium ring hydrogen atoms (particularly C2−H) can
bind to the ether oxygens and to a lesser extent to the terminal
−OH groups of PEG27,93 and that the −OH groups can form
strong H-bonds with the chloride ions.93,94 It is worth noting
that while the anion−cation interactions (particularly the H2···
Cl− hydrogen bonding) are stronger than the IL−TEG
interactions described they allow, nevertheless, interactions
between the IL ions and the polymer since a fraction of the IL
will always be dissociated. It is also worth noting that the
conformational flexibility of PEG chains29 is a well-known
characteristic of these polymers and can add complexity to the
interactions that occur in these binary systems. In fact, the
preferred conformations adopted by the TEG molecule are

Figure 3. Radial distribution functions between the anion of [C2mim]
Cl and different regions of TEG. Haver refers to the averaged
interaction between the chloride anion and H1, H2, H3, and H4 atoms
of TEG.
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those in which the carbon chain is extended, and no
intramolecular interactions are established. Some TEG
molecules, however, present intramolecular hydrogen bonds
involving the terminal OH groups and the ether oxygens of the
polymer. Figure S7 of the Supporting Information provides a
picture of this molecular scenario. In the absence of negative
charges in the vicinity of the H atom, it is likely that (−OH)···
(−O−) intramolecular bonds are established between the
terminal OH group and the nearest ether oxygen atom or even
(−OH)···(−OH) intra or intermolecular interactions. Never-
theless, in the presence of the IL (i.e., with the negative charges
of the chloride ion present in the vicinity of the polymer) this
molecular scenario is rather less probable since the hydrogen
bonds established with the IL anion are extremely stable
(Figures 3−6). There are even cases where two OH groups of
two distinct TEG molecules bind to the same chloride ion
(central region in Figure S7, Supporting Information).
Moreover, the solvent accessible surface was pointed out as
the major factor governing the molecular interactions occurring
in the systems.61 This will certainly determine the availability of
some groups to interact with the IL relatively to the others.
To further explore the molecular mechanisms that govern

the mutual solubility of ILs and PEGs, and to evaluate the effect

of the length of the alkyl chain of the cation on the solubility
behavior of these systems, further simulation results were
obtained in this work for [C1mim]Cl/TEG, [C4mim]Cl/TEG,
and [C6mim]Cl/TEG (Figures S8−S13, Supporting Informa-
tion). The interactions between the anion and the TEG
protons (Figure S14, Supporting Information) and the
interactions between H4 and O(OH) (Figure S15, Supporting
Information) are not significantly affected by the length of the
alkyl chain of the cation; however, the strength of the
interactions established between H2 and O1 (Figure S16,
Supporting Information) and Ct and O(OH) (Figure S17,
Supporting Information) decrease with the increase of the
length of the alkyl chain of the IL cation. This decrease is very
likely steric in origin, as explained below.
Moreover, as shown in Figure 7 and Figures S9, S11, and S13

in the Supporting Information, there is some association of the
alkyl chain of the cation to the apolar moieties of TEG. With
the exception of [C4mim]Cl, the strength of the interactions of
the terminal carbon atoms of the cation with the internal
carbon atoms of TEG decreases with the increase of the alkyl
side chain length of the IL. As confirmed by the values reported
in Table 1, for the ILs comprising longer chains, the
electrostatic forces between the anion and the cation are

Figure 4. Radial distribution functions between selected atoms of the cation of [C2mim]Cl and different regions of TEG. Haver refers to the averaged
interaction between the chloride anion and the H1, H2, H3, and H4 atoms of TEG, and Caver refers to the averaged interaction between the chloride
anion and the C1, C2, C3, and C4 atoms of TEG.
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weaker and correlate with experimental evidence.95 As a result,
the attraction of the cation to the anion located in the first
solvation sphere is less pronounced. Consequently, the
interactions of the cation with O1 (Figure S16, Supporting
Information), with the hydroxyl (Figure S17, Supporting
Information), and with the methylene (Figure 7) groups of
TEG decrease with increasing cation alkyl chain length, due to
steric effects. The association of the apolar moieties of the
cation to the ether oxygen atoms of the TEG chain is not
significant (Figure S18, Supporting Information) for all the
systems. Quantitative support for the molecular scenario
described can be obtained from the values of the Lennard-
Jones and Coulomb terms of the interaction energies provided
in Table 1, which show that the increase of the IL alkyl chain
leads to a decrease in the IL cation−IL anion and TEG−IL
anion interactions and to an increase of the interactions of TEG
with the IL cation.
The type and strength of the molecular interactions inferred

from the simulation results here reported are in good
agreement and support the effect of the increase of the cation
alkyl chain length on the phase behavior of binary mixtures of

ILs and PEGs as described by Rodriguez et al.,34 showing that
for a fixed PEG molecular weight the increase on the cation
alkyl chain length would enhance the mutual solubilities. The
results reported here also support the influence of the increase
of the molecular weight of PEG reported by Rodriguez et al.,34

though this effect has not been studied in this work. Actually,
with the hydrogen-bonding between Cl− and the −OH group
of TEG being the main interaction controlling the mutual

Figure 5. Frontal and side views of the spatial distribution function
(SDF) for the O1 atom of TEG (red regions) around the cation of
[C2mim]Cl. Light blue, dark blue, and white spheres represent carbon,
nitrogen, and hydrogen atoms, respectively.

Figure 6. Selected views of the spatial distribution function (SDF) for
the Cl− anion (green regions) around the O(OH) group of TEG.
White, red, and light blue spheres highlight the terminal hydrogen,
oxygen, and carbon atoms, respectively, while the gray spheres are
used to represent the rest of the atoms in the TEG chain.

Figure 7. Comparison of the RDFs for the interactions of the carbon
atoms of TEG and the terminal alkyl chain carbon atom of the cation
of [C1mim]Cl, [C2mim]Cl, [C4mim]Cl, and [C6mim]Cl.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp501718w | J. Phys. Chem. B 2014, 118, 4615−46294621



solubilities of the ILs and the glycol (and thus, of PEG
polymers), the decrease in the mutual solubility of IL and PEG
with the increase of the molecular weight of the polymer can be
explained in terms of the decrease in the number of OH groups
per EO group with increasing PEG molecular weight.
4.2.2. Ternary Systems. To obtain further insight into the

molecular mechanisms that control the formation of PEG-IL-
based ABS and determine the influence of the length of the
alkyl chain of the IL, we have examined the simulation results
obtained for the ([C1mim]Cl/[C2mim]Cl/[C4mim]Cl/
[C6mim]Cl + TEG + water) ternary systems.
We first investigated if the dehydration of TEG caused by the

formation of hydration complexes of the ions is, as in typical
salt-based ABS, controlling the phase behavior. With that
purpose, we performed additional MD calculations of TEG/
water and TEG/Na2SO4/water systems, under the same
simulation conditions used for the TEG/ILs. Figure 8 shows

the RDFs corresponding to the main interactions of the
polymer with water, for the binary aqueous solution of TEG,
and for the ternary mixtures containing either Na2SO4 or
[C4mim]Cl. The relative intensities of the RDF peaks indicate
that the hydrogen bonds established between TEG and water,
which are very strong for the binary system, are still significant
in the TEG/IL/water ternary system, while they are much less
evident for the TEG/Na2SO4/water mixture. While the
solvation of TEG is slightly decreased by the presence of the
IL, the dehydration effect is not as pronounced as in the case of
the systems involving the inorganic salt. The cation chain

length has no significant effect upon the dehydration of TEG
caused by the IL as shown in Figure S19 (Supporting
Information). This excludes the hypothesis that phase demixing
of the PEG/IL-based ABS is ruled solely by the dehydration of
the polymer. This is consistent with the suggestion by Freire et
al.32 that the interactions between PEG and ILs play an
important role in the phase behavior of this type of ABS and
with novel evidence provided by experimental and MD results
which show that polymer/IL-based ABS are not a result of a
salting-out effect of the IL over the polymer.40

The most relevant RDFs for the interactions occurring in
aqueous mixtures of [C4mim]Cl and TEG are displayed in
Figures 9 and 10, and reveal a molecular scenario very distinct

from that observed for the binary systems discussed in the
previous section. The introduction of water into the mixtures
displaces most of the hydrogen bonding between the chloride
anion and the TEG hydroxyl group that was a strongly
dominant feature on the binary system. The system is now
characterized by a near absence of the anion from the first
solvation layer of the polymer, as suggested by the RDF peaks
referring to the contact pairs Cl−···X(TEG) presented in Figure
9. The cation, with the exception of a minor hydrogen bonding
of the H2 of the cation to the O1 atom of TEG, suggested by a
clear, though weak, RDF peak shown in Figure 10a, mainly
interacts with the less polar moiety of the polymer through the

Table 1. Values (kJ·mol−1) of the Lennard-Jones (LJ) and Coulomb (Coul) Terms of the Energies Calculated for the
Interactions (IL Cation−IL anion), (TEG−IL anion), and (TEG−IL cation) for the Different Binary Systems under Study

[C1mim]Cl [C2mim]Cl [C4mim]Cl [C6mim]Cl

IL cation−IL anion LJ 773.6 707.3 609.5 579.0
Coul −8376.7 −7912.1 −7711.0 −7583.9

TEG−IL anion LJ 82.3 110.3 136.5 118.3
Coul −4688.3 −4690.0 −4517.8 −4244.71

TEG−IL cation LJ −3517.9 −4108.2 −5067.7 −5737.7
Coul −1816.0 −1573.8 −1309.8 −1137.3

Figure 8. Comparison of the RDFs for the interaction of the hydrogen
atoms of water with the O1 and O(OH) atoms of TEG for the systems
(TEG + water), (TEG + Na2SO4 + water), and (TEG + [C4mim]Cl +
water).

Figure 9. Radial distribution functions between the anion of [C4mim]
Cl and different regions of TEG for (TEG + [C4mim]Cl + water)
ternary mixtures. Haver refers to the averaged interaction between the
chloride anion and the H1, H2, H3, and H4 atoms of TEG, and Caver
refers to the averaged interaction between the chloride anion and the
C1, C2, C3, and C4 atoms of TEG.
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alkyl side chain (please refer also to Figures S20 and S21,
Supporting Information).
The molecular picture described is consistent with the 1H

NMR chemical shift deviations analyzed above and with
evidence reported before40 for the influence of concentration
on the interactions established between TEG and [C4mim]Cl,
which show a decrease in the Cl−···H(OH) (TEG) interactions,
a slight decrease in the association of the hydrogen atoms of the
imidazolium ring to the oxygen atoms of TEG, and no
significant differences in the interactions between the apolar
moieties of the cation and the polymer, with increasing water
content. These data clearly support the idea that the
introduction of water leads to the replacement of the hydrogen
bonds formed between the IL ions and TEG by more favorable
and stronger water−IL anion hydrogen bonds, in what we
named a “washing-out” phenomenon.40

Similar interaction patterns are observed for the mixtures
containing [C6mim]Cl (Figures S22 and S23, Supporting
Information). The systems comprising the ILs with short alkyl
chains, [C2mim]Cl (Figures S24 and S25, Supporting
Information) and particularly [C1mim]Cl (Figures S26 and
S27, Supporting Information), however, present distinct
behavior. The differences found among the systems studied,

related to the influence of the length of the alkyl chain of the
cation, will be discussed below.
To evaluate the influence of the alkyl chain length of the

cation of the IL, the RDFs calculated in this work for
[C1mim]Cl/TEG/water, [C2mim]Cl/TEG/water, [C4mim]-
Cl/TEG/water, and [C6mim]Cl/TEG/water were compared,
and the experimental data available for the phase behavior of
ternary aqueous mixtures of ILs and PEGs32,36,40 was
considered. The analysis of the RDFs displayed in Figures 11
and 12 highlights the following main aspects: the anion of the
IL avoids the vicinity of TEG in all of the ternary systems
considered, as indicated by the depletion observed in the RDF
peaks of Figure 11. As far as the cation is concerned, Figure 12a
and b reveal that the association of the polar H2 atom of the
imidazolium ring with the O1 ether oxygen of TEG is more
significant for the system comprising [C6mim]Cl, and almost
no interactions are observed between H4(cation) and O(OH)-
(TEG) in the case of the aqueous mixtures containing [C4mim]
Cl and [C6mim]Cl. On the contrary, some (weak) binding of
the hydrogen atoms of the imidazolium ring of [C2mim]Cl and
[C1mim]Cl to the oxygen atoms of TEG are observed,
particularly in the case of the latter IL.
The most remarkable differences found among the systems

under study are related to the binding of TEG to the cation, at

Figure 10. Radial distribution functions between selected atoms of the cation of [C4mim]Cl and different regions of TEG for (TEG + [C4mim]Cl +
water) ternary mixtures. Haver refers to the averaged interaction between the chloride anion and the H1, H2, H3, and H4 atoms of TEG, and Caver
refers to the averaged interaction between the chloride anion and the C1, C2, C3, and C4 atoms of TEG.
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the level of the apolar moieties of both species. In fact, as
suggested by the relative intensities of the RDF peaks of Figure
12c, d, e, and f and from the data presented in Figure 10, and
Figures S22 to S27 in Supporting Information, those
interactions are almost absent in the case of [C1mim]Cl and
[C2mim]Cl but are clearly observed for [C4mim]Cl and
[C6mim]Cl mixtures, being more intense for the methyl groups
further away from the imidazolium ring. These interactions are
of a hydrophobic nature and are similar or only slightly weaker
than those observed for the binary systems suggesting that,
unlike the interactions of the anion, these are not significantly
modified by the presence of water. These interactions thus
become dominant in the formation of ABS. Here, ABS
formation no longer results from a salting-out of the polymer
over the IL or the IL over the polymer, as in the salt containing
systems, but from the polymer−IL mutual miscibilities that are
controlled by the hydrophobic interactions established between
the cation alkyl chain and the less polar moiety of the PEG.
The more favorable affinity of TEG and the ILs with longer

alkyl side chains is confirmed by the values obtained for the
energies of the (TEG-IL cation) interactions (Table 2), which
are less positive for [C4mim]Cl and [C6mim]Cl. However, the
results provided in Table 2 reveal that in the presence of the ILs
with longer alkyl chains, the hydration of the anion is less
favorable, while that of the cation is more pronounced. In
addition, the cation−anion association decreases with the
increase of the cation alkyl chain length due to steric effects.
Although for all of the systems studied the simulation data

show that the phase behavior of PEG/IL-based ABS is
controlled by the interactions established between the polymer
and the IL, distinct features are observed for the mixtures
containing the ILs with short alkyl side chains when compared
to those comprising ILs with longer alkyl side chains. In fact,
while in the case of the longer alkyl chain derivatives those
dominant interactions have a hydrophobic character, for
mixtures containing [C1mim]Cl and [C2mim]Cl, the poly-
mer−IL association is mainly electrostatic, as suggested by the
RDFs depicted in Figure 12, which show that the peaks
corresponding to the H4(cation)···O(OH)(TEG) contact pair
are stronger for [C1mim]Cl and [C2mim]Cl than for the other

ILs (Figure 12b) and that the Ct([C1mim]/[C2mim]Cl)-
Cx(TEG) interactions are almost nonexistent.
Furthermore, with the exception of a weak H4/O(OH)

association, the interactions established in [C2mim]Cl systems
are actually not significant, while in the case of [C1mim]Cl, a
clear binding of H2 of the cation to the O1 atom of TEG is
found (Figure 12a). These results explain the decrease in the
ability of the ILs to produce ABS with the increase of their alkyl
side chain with the [C2mim]-, [C4mim]-, and [C6mim]-based
ILs and the unexpected behavior of [C1mim]Cl.

32 Indeed,
because (due to its small size) [C1mim]

+ is able to establish
additional (and stronger) electrostatic interactions with the
polymer, its affinity with TEG is enhanced. As a consequence,
this IL has a lower capacity to promote ABS and does not
follow the trend experimentally observed for [C2mim]Cl,
[C4mim]Cl, and [C6mim]Cl,

32 which may be interpreted in
terms of an increase of the strength of the IL/polymer
interactions, almost nonexistent in the case of [C2mim]Cl.
In summary, the results obtained for the TEG ternary

systems suggests that the phase demixing in PEG-IL type ABS
is governed by the mutual solubilities between the polymer and
the ILs. More specifically, the interactions occurring between
the less polar moieties of both species control the phase
behavior of the ternary systems comprising ILs with longer
alkyl chains, while electrostatic interactions rule the formation
of ABS composed of [C1mim]Cl and [C2mim]Cl. Contrarily to
[C1mim]Cl mixtures in which the IL, due to the small size of
the cation, establishes stronger (electrostatic) interactions with
the polymer, in the case of [C2mim]Cl, [C4mim]Cl, and
[C6mim]Cl systems, the introduction of water leads to almost
complete replacement of the H-bonding between TEG and the
IL by more favorable and stronger water−IL hydrogen bonds,
as if “washed away” by water.40 The H-bonds established with
the anion and with the cation become less important, and the
hydrophobic interactions between the cation alkyl chain and
the less polar moiety of the PEG become dominant. As a result,
two aqueous phases are formed: one an IL-rich phase (the IL
becomes more hydrated as well) and the other a TEG-rich
phase.
[C2mim]Cl is only able to establish minor interactions with

the hydroxyl group of TEG, while ILs with longer alkyl chains
are more hydrophobic and are thus able to establish stronger
interactions between the apolar groups of their cations and the
less polar moieties of the polymer. As a consequence, the
affinity of PEG and these ILs becomes more significant, and
therefore, their ability to promote ABS is smaller, as
experimentally observed.32 An increase in the cation side
chain also results in a decrease in the cation/anion attraction,95

which might also contribute to an enhanced availability of the
ions to interact with TEG (cation) and with water molecules
(anion).
It is worth noting that the effect of the length of the cation

alkyl chain on the hydration of the ion (the longer the chain,
the more hydrated is the cation) constitutes further evidence
for the conclusion that the molecular mechanisms underlying
the formation of PEG-IL-based ABS are different from those
controlling typical ABS, in which the phase behavior is
dominated by the salting-out effect that results from the ability
of the ions to form complexes with water. This is in agreement
with interpretations provided earlier32,40 but in stark contra-
diction with more conventional explanations96−98 based on the
salting-out/salting-in nature of the ILs as compared to salts,

Figure 11. Radial distribution functions between the IL anion and the
hydroxyl group of TEG for the different ternary mixtures studied in
this work.
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where only water−PEG, water−water, and IL−water inter-
actions are considered.

5. CONCLUSIONS
1H NMR spectroscopy and molecular dynamics simulations
studies were performed in order to investigate the interactions
that control the mutual solubilities between ILs and PEGs and

the formation of PEG/IL-based ABS. The MD simulation
evidence gathered for the TEG + IL binary systems revealed
that the hydrogen bonding between Cl− and the −OH group of
TEG is the main interaction controlling the mutual solubilities
between the IL and the polymer. For ILs comprising longer
alkyl side chains, the cation−anion interactions are less
pronounced, and therefore, the attraction of the cation to the

Figure 12. Radial distribution functions between selected atoms of the cation and different regions of TEG for the different ternary mixtures studied
in this work.
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anion located in the first solvation sphere is less significant.
Consequently, the interactions of the cation with the different
groups of TEG are weaker.
The MD data obtained for the TEG/IL/water ternary

mixtures showed that, contrary to the salt containing systems,
ABS formation does not result from a salting-out of the
polymer by the IL or the IL by the polymer but from the
polymer−IL mutual miscibilities. These are controlled by
electrostatic interactions in the case of mixtures containing ILs
with short alkyl chains and by the hydrophobic interactions
established between the less polar moieties of both species in
systems comprising ILs with longer alkyl chains. In this case,
the simulation results showed that the introduction of water
into the mixtures leads to the complete replacement of the
hydrogen bond between the chloride anion and the TEG
hydroxyl group by Cl−/water H-bonding and that the
formation of PEG/IL-based ABS becomes controlled by the
hydrophobic interactions occurring between the cation alkyl
chain and the less polar moieties of the polymer. These
interactions are more intense for ILs with longer alkyl chains
and are similar to those observed for the binary systems,
suggesting that they are not significantly modified by the
presence of water.
The simulation results here reported are in good agreement

with the 1H NMR chemical shift deviations observed for
aqueous solutions of PEG-200 and [C4mim]Cl, and constitute
a further evidence for a “washing-out” mechanism behind the
phase separation of PEG/IL mixtures when water is introduced
into the system. The molecular interpretations derived from the
data reported in this work constitute a relevant contribution for
the understanding of the formation of ABS and for the
development of (bio)technological applications using combi-
nations of ILs and PEGs.
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