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‘‘Washing-out’’ ionic liquids from polyethylene
glycol to form aqueous biphasic systems†
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The molecular-level mechanisms behind the formation of aqueous

biphasic systems (ABS) composed of ionic liquids (ILs) and polymers

are hitherto not completely understood. For the first time, it is herein

shown that polymer–IL-based ABS are a result of a ‘‘washing-out’’

phenomenon, and not of a salting-out effect of the IL over the

polymer as assumed in the past few years. Novel evidence is herein

provided by experimental results combined with molecular dynamics

(MD) simulations and density functional theory (DFT) calculations.

The attractive and advantageous properties of both polyethylene
glycols (PEGs)1 and ionic liquids (ILs)2 have led, in the past few
years, to growing interest in the exploitation of their combination
for a diverse number of industrial and (bio)technological pro-
cesses within the framework of green chemistry.3 In particular,
the novel polymer–IL-based aqueous biphasic systems (ABS)
display a wider hydrophobic–hydrophilic range compared to
conventional systems.4 This feature has a crucial impact in the
separation field since it enlarges the plethora of biomolecules
that can be separated or purified by ABS.5 Nevertheless, the
improvement and optimization of these systems for separation
purposes require a detailed knowledge of the phase behaviour of
both the PEG–IL binary mixtures and the corresponding ternary
aqueous solutions, as well as their underlying molecular mecha-
nisms which hitherto are not completely understood.

Rodrı́guez et al.6 demonstrated that the liquid–liquid phase
behaviour of PEG–IL binary mixtures can range from the
completely miscible to fairly immiscible systems depending
on the chemical structure characteristics of the IL and the

molecular weight of the polymer. In addition, it has been
recently shown by us that ABS can be formed either with totally
or partially miscible IL–polymer pairs.7 In spite of some novel
insights derived from the reported phase behaviour,6,7 the
molecular-level mechanisms that control the liquid–liquid
demixing in polymer–IL and polymer–IL–water systems still
remain poorly understood. Unlike the IL–salt ABS for which it
is well established that the phase separation is mainly driven by
a salting-out effect,8 and thus the two phase domains correlate
well with the salting-out ability of the salt9 or with the IL
hydrophobicity,10 the mechanism driving the phase separation
of PEG–IL-based ABS seems to be by far more complex. Most
researchers convey the idea that in PEG–IL ABS the IL is
preferentially hydrated and acts as the main salting-out species
leading, therefore, to the formation of a second polymeric-rich
phase.11 However, based on a large amount of experimental data
where the IL nature was carefully evaluated, we have demon-
strated7 that in this type of systems the phenomena involved in
the two-phase formation are indeed more intricate than pre-
viously admitted. In fact, a cautious note was added mentioning
that ‘‘besides the ionic liquid–water and PEG–water interactions
that govern the phase behaviour (. . .) the PEG–ionic liquid
interactions could additionally control the phase diagrams’’.7

In an attempt to better understand the molecular-based
phenomena behind the formation of PEG–IL-based ABS, this
work addresses, for the first time, the experimental determi-
nation of the complete ternary phase diagram of systems
constituted by ILs, polymers and water. In particular, and as
a proof of principle, the ternary phase diagrams of the system
composed of 1-butyl-3-methylimidazolium chloride ([C4mim]Cl),
polyethylene glycol 1500 (PEG 1500, Mw = 1500 g mol�1) and
water were determined at two distinct temperatures (323.15 K
and 333.15 K). To gather novel insights into the main interactions
ruling the phase behaviour molecular dynamics (MD) simula-
tions and density functional theory (DFT) calculations were
further performed.

For the first time it is shown that the experimental ternary
phase diagrams composed of an IL, PEG 1500 and water,
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at 323.15 K and 333.15 K, are of Type 0 – characterized by an
immiscibility gap in the ternary region while all the binary
mixtures are fully miscible (Fig. 1).

This Type 0 behaviour is quite surprising since the ‘‘more’’
traditional ABS constituted by ILs are formed by a compound
with limited solubility in water, e.g. an inorganic salt, or by IL–salt
mixtures that are not miscible by themselves.8–10 In the specific
IL–PEG-based ABS, these can be created either with IL–PEG
mixtures of limited solubility or by completely miscible pairs. These
intricate results thus create a plethora of novel polymer-based ABS;
yet, their molecular-level scenario is not fully understood.

The two-phase regime of PEG–IL-based ABS decreases with
an increase in temperature, i.e., lower temperatures are favour-
able for the two-phase formation. This dependency is similar
to that observed previously in PEG–IL-based ABS,7 and it is
the opposite of the solubility behaviour exhibited by PEG–salt
systems.12 Moreover, additional experiments demonstrated that
the ternary mixture studied here never displayed complete
miscibility even at higher temperatures (up to 401 K) (Fig. S1
of the ESI†).

Our work confirms the complete miscibility reported by
Rogers and co-workers6 for the binary system composed of
[C4mim]Cl and PEG 1500. Nonetheless, the phase diagrams
reported here suggest that a very small amount of water (E1–3 wt%
depending on the binary mixture and temperature) is enough
to trigger the liquid–liquid phase separation. Hence, the phase
behaviour observed cannot be explained in terms of a salting-
out phenomenon induced by the polymer over the IL or of the
IL over the polymer, or even attributed to an unfavourable
miscibility/affinity within the IL–PEG pair.

To foster a better understanding of the phase separation
reported in Fig. 1, MD simulations were carried out for mix-
tures composed of [C4mim]Cl and tetraethylene glycol (TEG,
taken as a model of PEG) with an increasing water content. The
structure and atom labelling of the studied compounds are
presented in Fig. 2.

The radial distribution functions (RDFs) for selected inter-
actions are depicted in Fig. 3(a–d). In agreement with Rodrı́guez
et al.,6 the hydrogen-bonding occurring between Cl� and the�OH

groups of TEG was identified as the main interaction control-
ling the mutual solubilities of the IL and the polymer in the
respective binary system – as shown by the strong peak shown
in Fig. 3a. Furthermore, it has been proved by other authors
that the degree of hydrogen-bonding is a crucial feature that
favours the reduced melting points and decreased viscosities
observed in ILs.13

Although of a much weaker intensity, as illustrated in
Fig. 3(b and c), hydrogen bonds are also established between
TEG and the IL cation at the level of the hydrogen atoms of the
imidazolium ring. Some hydrophobic interactions between the
cation alkyl side chain and the less polar moieties of the TEG are
observed as well (Fig. 3d). However, when water is introduced into
the binary system, the intensities of the RDF peaks corresponding
to the H(OH)(TEG)� � �Cl� interactions, depicted in Fig. 3a, decrease
very quickly along with the water concentration, and essentially
disappear when the water content is large enough. On the other
hand, and as suggested by the RDFs shown in Fig. 3(b and c), the
association of the hydrogen atoms of the imidazolium ring to the
oxygen atoms of TEG is much less affected; yet, it also slightly
decreases with an increased water concentration. In contrast,
no significant differences in the interactions between the non-
polar moieties of the cation and the polymer are observed with
an increase of the water content (Fig. 3d).

Additional MD simulations were performed reproducing
different compositions of the mixture in the biphasic region of
the phase diagram (Fig. S2 in the ESI†), and the results obtained
are similar to those discussed above (Fig. S3 in the ESI†).

The results reported here show that when water is introduced
into the TEG–IL binary system, the hydrogen bonds formed
between the IL ions and TEG are replaced by more favourable
and stronger water–IL anion hydrogen bonds, as if ‘‘washed away’’
by water. The weak hydrophobic interactions between the cation
alkyl chain and the less polar moiety of TEG are the only
remaining interactions. As a result, both the IL and the polymer
become independently solvated by water and two aqueous-rich
phases are formed. Given the analogy with the washing pro-
cess we have labelled this mechanism of ABS formation as a
‘‘washing-out’’ phenomenon. Further support for this molecular
scenario can be obtained from the DFT data reported in the ESI†

Fig. 1 Experimental phase diagrams for the ABS composed of PEG 1500
and [C4mim]Cl at 323.15 K (red dots) and 333.15 K (black squares).

Fig. 2 Structure and atom labelling of (i) TEG and (ii) [C4mim]+. Ctb stands
for the terminal carbon atoms of the butyl side chain of the IL cation,
CBx (x = 1, 2, 3) for the other carbon atoms of the same alkyl chain and Ctm
for the carbon atom of the methyl side chain of the IL cation. Hydrogen
atoms, omitted for clarity, are labelled with the number of the carbon
atoms to which they are attached to.

Communication PCCP

Pu
bl

is
he

d 
on

 2
9 

N
ov

em
be

r 
20

13
. 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
1/

20
14

 0
9:

53
:2

5.
 

View Article Online

http://dx.doi.org/10.1039/c3cp54047b


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 2271--2274 | 2273

(Tables S1 and S2 and extended Tables S4 to S6). Similar
interaction energies are observed for the interactions occurring
between Cl� with water or with TEG (Table S1 in the ESI†),
which, as expected, are visibly larger than those for the water–
water or water–TEG complexes. With an increase in the water
content, the interaction energy between the IL anion and water
becomes more important than the interaction between chloride and
TEG, i.e., the reaction [Cl–TEG]� + (H2O)n - TEG + [Cl–(H2O)n]�

is thermodynamically more favourable for a number of water
molecules (n) participating in the hydration shell of chloride
(>1). Thus, the driving force for the removal of the IL anion from
the vicinity of the polymer is not the binding of water to the
hydroxyl groups of TEG but, instead, the strong(er) water–Cl�

interactions which ‘‘wash’’ the anion away from the TEG.
Assuming the most likely [Cl–(H2O)6]� cluster,14 it is clear that
the hydration of the anion is energetically favourable and there-
fore it is removed from the vicinity of TEG as soon as water
molecules are introduced into the system.

In summary, we have demonstrated that some ternary
IL–PEG–water systems are of Type 0 – the mutual miscibility
amongst all the binary pairs is observed with an immiscibility
regime appearing in the ternary mixture. Unlike what happens
in IL–salt-based ABS, the formation of PEG–IL-based ABS is
controlled by the IL anion solvation by water which leads to the
destruction of the hydrogen bonds established between the IL

anion and the hydroxyl groups of the polymer. ABS formation
in PEG–IL systems is thus different than previously anticipated11

and does not result from a salting-out effect of the polymer
by the IL or of the IL over the polymer; instead, the PEG–
IL-based ABS formation is a result of what is here labelled as a
‘‘washing-out’’ phenomenon.
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3 (a) J. F. B. Pereira, Á. S. Lima, M. G. Freire and J. A. P.
Coutinho, Green Chem., 2010, 12, 1661; (b) X. Li, M. Hou,
Z. Zhang, B. Han, G. Yang, X. Wang and L. Zou, Green
Chem., 2008, 10, 879; (c) A. F. M. Cláudio, A. M. Ferreira,
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