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Molecular interactions in aqueous biphasic
systems composed of polyethylene glycol and
crystalline vs. liquid cholinium-based salts†

Jorge F. B. Pereira,ab Kiki A. Kurnia,a O. Andreea Cojocaru,b Gabriela Gurau,b

Luı́s Paulo N. Rebelo,c Robin D. Rogers,*b Mara G. Freire*ac and
João A. P. Coutinhoa

The relative ability of cholinium-([Ch]+)-based salts, including ionic liquids (ILs), to form biocompatible aqueous

biphasic systems (ABS) with polyethylene glycols (PEGs) was deeply scrutinized in this work. Aqueous solutions

of low molecular weight PEG polymers (400, 600, and 1000 g mol�1) and [Ch]+ salts of chloride, acetate,

bicarbonate, glycolate, lactate, dihydrogenphosphate, dihydrogencitrate, and bitartrate can undergo liquid–liquid

demixing at certain concentrations of the phase-forming components and at several temperatures. Cholinium

butanoate and propanoate were also studied; however, these long alkyl side chain ILs are not able to promote

an immiscibility region with PEG aqueous solutions. The ternary liquid–liquid phase diagrams, binary

water activities, PEG–salt and salt–H2O solubility data, and binary and ternary excess enthalpies

estimated by COSMO-RS (COnductor-like Screening MOdel for Realistic Solvation) were used to obtain

new insights into the molecular-level mechanisms responsible for phase separation. Instead of the

expected and commonly reported salting-out phenomenon induced by the [Ch]+ salts over the polymer,

the formation of PEG–[Ch]+ salt ABS was revealed to be an end result of a more intricate molecular

scenario. The multifaceted approach employed here reveals that the ability to promote an ABS is quite

different for the higher melting salts vs. the lower melting or liquid ILs. In the latter systems, the ABS

formation seems to be controlled by the interplay of the relative strengths of the ion–ion, ion–water,

ion–PEG, and water–PEG interactions, with a significant contribution from specific hydrogen-bonding

between the IL anion and the PEG hydroxyl groups.

Introduction

Aqueous biphasic systems (ABS) are formed by the combination of
two distinct species dissolved in aqueous media, e.g. polymer–
polymer, polymer–salt or salt–salt mixtures.1 Although both solutes
are water-soluble, at least to a large extent, above given concentra-
tions the ternary systems undergo liquid–liquid demixing. ABS are
thus composed of two macroscopic aqueous-rich phases and
these have emerged as sustainable and biocompatible alternatives

to more conventional liquid–liquid extraction processes which
often employ volatile and hazardous organic solvents.1 In fact,
in the last mid-century, ABS were proposed for use in novel and
efficient techniques for the separation, purification and recovery
of different biological compounds, such as proteins, enzymes,
and blood cells.1

Traditionally, ABS are formed by combining aqueous solutions
of two hydrophilic polymers, such as polyethylene glycol (PEG) and
dextran, or alternatively, a polymer and an inorganic salt, such as
the PEG–sodium phosphate system.2 Recently, other species,
namely proteins or surfactants, have also been studied to induce
the formation of ABS when mixed with polymers or salts.3 However,
of all the solutes capable of forming ABS, the recent application of
ionic liquids (ILs) appears to be one of the most attractive. In 2003,
one of us showed that ABS could be formed by mixing a hydrophilic
IL and a high charge density inorganic salt.4

ILs are commonly defined as ionic compounds with melting
temperatures lower than 100 1C, and many examples exhibit
negligible vapour pressure, high thermal and chemical stabilities,
and improved capacity to solvate a wide array of compounds.5
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In addition, the tunability of the IL physicochemical properties,
resulting from an appropriate combination of their ions, allows
one to prepare task-specific solvents for separation, reaction,
and purification processes.

A recent review on IL-based ABS addressed their phase diagrams,
their relative ability to form, and highlighted their excellent perfor-
mance in the extraction of targeted biomolecules.6 In particular,
IL-based ABS have shown better extractive performance over con-
ventional polymer-based systems, since the limited hydrophobic–
hydrophilic range exhibited by the coexisting phases constituted by
two polymers or one polymer and an inorganic salt is overcome
when employing ILs.7 Even when dealing with conventional ABS,
the addition of small amounts of ILs as adjuvants allows the
adjustment of the intrinsic properties of the coexisting phases
and tuning of the extraction efficiencies for a given product.8

The observation of immiscibility domains in mixtures of ILs
and PEGs of different molecular weights was originally described
by Rogers et al.9 In addition, Rebelo and co-workers10 demon-
strated the existence of salting-in/-out effects of ILs over a high
molecular weight PEG in aqueous solutions. According to this
sequence, PEG–IL-based ABS were recently proposed by Freire
et al.11 who also showed that their phase polarities can be
controlled by adequately tuning the chemical structure of the
IL. One of the major advantages of these systems relies on
the biocompatibility and low toxicity of PEGs. Nevertheless, the
systems studied hitherto combine PEGs with ILs that may
have non-negligible toxicity, low biocompatibility, and poor
biodegradability.11 Moreover, the large-scale application of these
systems may not be achievable due to the high price of the ILs
used.11 The possibility of tuning the IL’s structure by independently
modifying the structures of both cation and/or anion allows one to
design new fluids with an acceptable environmental footprint and
enhanced biocompatibility, as well as low cost.

Cholinium chloride (2-hydroxyethyltrimethylammonium
chloride, m.p. = 302 1C) is a water soluble essential nutrient
important for cell membrane structure and for synthesizing
folic acid and vitamin B12.12 Recent research has demonstrated
the synthesis of novel cholinium-based ILs ([Ch]+ ILs) with the
cholinium cation being paired with different anions.13 These
ILs present outstanding biodegradability and low toxicity to
filamentous fungi and the freshwater crustacean Daphnia magna.14

Furthermore, several articles have described novel [Ch]+ ILs in
which protein structure and enzyme function can be maintained
or even increased.15 Due to these and other exceptional properties,
interest in these compounds has increased in the past few years,
with applications ranging from crosslinking agents for collagen-
based materials, to solvents in the pre-treatment and dissolution of
biomass, and for use as co-substrates for microorganisms in the
degradation of dyes.16 In addition, this new class of ILs is generally
accessible, easy to handle, less toxic and cheaper than the more
commonly studied ILs.16

Considering the potential application of ABS for the extraction
of added-value compounds and their mandatory biocompatibility
and biodegradability issues, a new class of ABS composed of
[Ch]+ ILs and K3PO4 (as the inorganic salt) was recently
proposed,17 while the possibility to form ABS with polypropylene

glycol (PPG) and [Ch]+ ILs was also reported.18 It was suggested
that the [Ch]+ ILs can either act as the salting-out species of the
moderately hydrophobic PPG or being salted-out by a highly
charged density salt.17,18 In this context, it has been accepted
that the molecular level mechanism of the two-phase formation is
ruled by the formation of hydration complexes and/or the ions’
affinity for water.17,18 While this seems to be valid for IL–salt-based
ABS,17 the formation of IL–polymer-based systems seems to be by
far more complex than usually reported or initially anticipated,18

and the mechanisms for ABS formation in PPG–[Ch]+ ILs still
require further confirmation. For a more hydrophilic polymer, such
as PEG, the molecular phenomenon which governs the formation
of an immiscible regime is even more intricate.

In order to gather further evidence that could lead to the
understanding of the specific interactions dominating the phase
behaviour of polymer–IL-based ABS, in this paper, the phase
diagrams of several ternary systems composed of water, [Ch]+

salts and PEGs were determined at different temperatures.
Several structurally distinct [Ch]+ salts – combined with the
anions chloride (Cl�), bicarbonate ([Bic]�), bitartrate ([Bit]�),
acetate ([Ac]�), propanoate ([Pro]�), butanoate ([But]�), dihydro-
gencitrate ([DHcit]�), glycolate ([Gly]�), lactate ([Lac]�), and
dihydrogenphosphate ([DHph]�) – were studied. This series
includes salts with high melting temperatures (103–302 1C),
two salts with melting temperatures ranging between 38 and
85 1C, and three salts which are liquid at ambient temperature.
Three PEGs of different molecular weights (400, 600, and
1000 g mol�1) were also used to evaluate their impact on ABS
formation. Moreover, binary PEG–salt and salt–water solubility
data, water activities of the various compounds, and binary and
ternary excess enthalpies estimated by COSMO-RS (COnductor-
like Screening MOdel for Realistic Solvation)19 were used in a
combined strategy to provide novel molecular insights respon-
sible for the observed liquid–liquid demixing behaviour.

Results and discussion
Properties and solubilities of [Ch]-based salts

Cholinium ([Ch]+) salts (commercially acquired or synthesized
by us as described in the ESI†) with Cl�, [Bic]�, [Bit]�, [Ac]�,
[Pro]�, [But]�, [DHcit]�, [Gly]�, [Lac]� and [DHph]� (Table 1)
were used to investigate ABS formation when combined with
PEGs. All the salts were characterized for melting points (m.p.)
and solubilities in PEG-600 and in water (Table 1). The solubility
measurements were carried out at 25 1C and atmospheric pressure,
by a gravimetric method described in the ESI.† The salts [Ch][DHcit],
[Ch][Bic], [Ch][DHph], [Ch][Bit] and [Ch]Cl present high melting
temperatures ranging from 103 to 302 1C. [Ch][Ac] and [Ch][Gly]
present a m.p. of 85 1C and 38 1C,20 respectively, whereas [Ch][But],
[Ch][Pro] and [Ch][Lac] are liquid at room temperature.

According to the data presented in Table 1, noteworthy
differences in the solubilities of the cholinium-based salts in
PEG-600 or in water are observed based on whether the salts are
liquid or crystalline species at room temperature (RT). All of the
[Ch]+ salts that are liquid at RT are completely soluble in water,
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and display the highest solubilities in PEG-600. All of the
crystalline salts at RT have a solubility saturation in water, as
well as quite limited values of solubility in PEG-600. These
differences in water solubility reflect the relationship between
the relative solvation energies of the ions vs. the crystalline
lattice energies of the salts. The completely soluble liquid salts
would not have the same competitive formation of a crystalline
lattice, even though some contribution from a ‘liquid lattice’
cannot be ruled out. The differences observed in the solubilities
with water and PEG-600 suggest that the interactions and the
behaviour in the ABS ternary systems could be directly affected
by the physical state of the compounds (liquid or salts) and how
they are solvated and interact with each other.

Of all the properties of the salts studied here, the major
differences between the higher and lower melting [Ch]+ salts
were found for the anion polar surface values, where the higher
melting salts have the highest values. In fact, the higher
melting cholinium-based salts are those that present a more
localized charge, and thus, higher melting temperatures.
In addition, all of the higher melting salt anions are from
di- or tri-acidic species (with the exception of the quite different
Cl� which has a small localized charge). Therefore, the pH of
each system should be kept in mind, since at different pH
values the species in equilibrium could change, as then will the

respective solvation in aqueous media. A detailed analysis of
each species in equilibrium will be carried out (below) in the
discussion of the ternary phase diagrams.

In general, the properties and solubilities given in Table 1
suggest distinct breaks between the higher and lower melting
salts. Hence, the discussion below of the liquid–liquid demixing
behaviour for the aqueous solutions with PEG and [Ch]+ salts will
focus on any distinct trends which can be attributed to the different
properties between the higher melting salts and the lower melting
compounds which tend to fall within the IL categorization.

Phase diagrams: effect of different [Ch]+ salts

PEGs of average molecular weights 400 g mol�1 (PEG-400),
600 g mol�1 (PEG-600), and 1000 g mol�1 (PEG-1000) were used
to evaluate the effects of different [Ch]+ salts in aqueous solution,
and their ability to form ABS, while confirming a general
behaviour independently of the polymer size. Aqueous solutions
of each [Ch]+ salt (from 40 wt% to 80 wt%) and of each PEG
(from 80 wt% to pure PEG) were initially prepared and used for
the determination of the binodal curves at 25 1C (�1 1C) and
atmospheric pressure, according to literature procedures.22

The room temperature liquid salts [Ch][Pro], [Ch][But], and
[Ch][Lac] are totally soluble in both PEG and water. Neither
[Ch][Pro] nor [Ch][But] induce biphase-formation with any of

Table 1 Chemical structure of the studied [Ch]+ salts and respective properties

Salts
or ILs Name

Cholinium
cation Anion m.p./1C

Solubility
in PEG 600 /
(mol kg�1)

Solubility
in water/
(mol kg�1) log Kow

a
Anion polar
surfaceb/(A2)

pKa of the
conjugated acid
of the anion21

Ionic
liquids

Cholinium butanoate
([Ch][But])

Liquid
at RT

Totally
soluble

Totally
soluble

N.A.e 40.13 4.83

Cholinium propanoate
([Ch][Pro])

Liquid
at RT

Totally
soluble

Totally
soluble

N.A.e 40.13 4.87

Cholinium lactate
([Ch][Lac])

Liquid
at RT

Totally
soluble

Totally
soluble

�3.70 60.36 3.08

Cholinium acetate
([Ch][Ac])

85 4.473 20.871 �4.66 40.13 4.47

Cholinium glycolate
([Ch]Gly)

38 3.221 Totally
soluble

�1.20 60.36 3.83

Salts Cholinium
dihydrogencitrate
([Ch][DHcit])

103–107 o0.005 3.295 �1.32
�1.198c

�1.198d

134.96
137.79c

140.62d

3.13
4.76
6.40

Cholinium bicarbonate
([Ch][Bic])

114–115 N.A.e 24.215 �3.70 60.36 6.37
10.25

Cholinium
dihydrogenphosphate
([Ch][DHph])

119 o0.005 13.450 �3.70 90.40 2.12
7.21
12.67

Cholinium bitartrate
([Ch][Bit])

149.5 o0.005 4.824 �1.43 82.06 3.22
4.85

Cholinium chloride
([Ch]Cl)

Cl� 302 0.260 21.121 �3.70 — o1

a The log Kow values are a measure of the differential solubility of a particular solute between octanol and water. b The anion polar surface value is
the surface sum over all polar atoms, primarily oxygen and nitrogen, and also includes their attached hydrogens. c Data corresponding to the
Hcit2� species. d Data corresponding to the cit3� species. e N.A.: data not available.
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the PEGs and [Ch][Lac] only forms ABS with the higher mole-
cular weights PEG-600 and PEG-1000. All other salts form
biphasic systems with all three PEGs.

The composition of each ABS was calculated by the weight
quantification of all components added within �10�7 kg. The
detailed weight fraction experimental data are presented in the
ESI† (Tables S1–S12). In most of these systems the bottom phase is
the cholinium-rich phase and the top phase corresponds to the
PEG-rich phase. However, inversions in the phase densities were
observed with [Ch]Cl and [Ch][Ac]. Since both phases are liquid
and non-coloured, the coexisting phases were identified by con-
ductivity measurements. In addition, since some of the anions are
based on a strong acid, the pH of the co-existing phases was also
determined. A detailed description of the properties of each phase,
including mixture compositions, pH, and conductivity of the
bottom and top phases, is provided in the ESI† (Table S13).

Fig. 1 depicts the solubility curves displayed as initial, total
weight fraction of PEG (wt%) vs. initial, total molality of salt
[mole of salt per kg of H2O]. Molality was chosen in order to
avoid distortions in the comparisons that could be a direct
consequence of the distinctly different molecular weights of the
salts involved. In general, for any mixture composition above
the solubility curve there is formation of two aqueous phases
whereas below the solubility curve the concentration of each
component is not enough to induce the liquid–liquid demixing
falling within the monophasic regime.

In all the ABS studied, [Ch][DHph] showed the highest ability
to promote ABS, whereas [Ch]Cl exhibited the lowest. In general,
the ability of the [Ch]+ salts to promote the formation of ABS with
PEG-400, PEG-600 and PEG-1000 follow a quite similar trend,
namely: [Ch][DHph] > [Ch][Bit] > [Ch][Bic] > [Ch][DHcit] E
[Ch][Ac] E [Ch][Lac] E [Ch][Gly] > [Ch]Cl. It is noteworthy that
the two exceptions, the inability of [Ch][Lac] to promote two-
phase with PEG-400 (previously highlighted) and the changes
exhibited by the [Ch][DHcit] in the binodal shape with different
molecular weights of PEGs, suggest more complex speciation
which will be discussed in more detail later.

In more conventional systems involving aqueous mixtures of
ILs and high charge density salts, the liquid–liquid demixing
has been described as a result of a salting-out phenomenon23

(with the salt ions preferentially hydrated and leading to the
exclusion of the more ‘‘hydrophobic’’ IL for a second liquid
phase). Previously, Freire and co-workers17 have shown that
[Ch]+ ILs are also capable of forming salt–salt ABS by a salting-
out phenomenon induced by a high charge density salt, K3PO4.
As observed with the majority of IL–salt ABS, this liquid–liquid
demixing ability is the result of the high capacity of the high
charge density anions to be hydrated.23 On the other hand,
when addressing ABS based on ILs (in which the key is the
presence of an organic cation) and hydrophilic polymers, such
as PEGs, the magnitude of the ion’s hydration capability does not
seem to control the major ability to induce phase separation in
the respective ABS.11 In fact, and in contrast to IL–salt-based ABS,
where the amount of water is usually higher than 50 wt%,22,23

in all of the [Ch]+ IL–PEG systems investigated here, the water
content is lower than 30 wt% (with the exception of [Ch][DHph]

with ca. 50 wt% total water). In most of our examples, there is an
approximately 1 : 1 : 1 volumetric fraction of the [Ch]+ salt, PEG,
and water. Therefore, the molecular scenario behind the for-
mation of ABS composed of ILs and polymers is consequently
more complex.

In contrast to the previous piperidinium-, pyrrolidinium-,
and phosphonium-based ionic liquids investigated,11 the [Ch]+

cation is more hydrophilic, since its three methyl moieties
and the hydroxyl group enhance its affinity for water and the

Fig. 1 Experimental solubility data for ABS composed of PEG + [Ch]+ salts
at 25 1C: ( ) [Ch][Lac]; ( ) [Ch][Gly]; ( ) [Ch][Ac]; ( ) [Ch][DHcit]; ( )
[Ch][Bic]; ( ) [Ch][DHph]; ( ) [Ch][Bit]; ( ) [Ch]Cl (axes with different
scales). The inset corresponds to the macroscopic appearance of a
PEG–cholinium-based two-phase system (the coexisting phases were
coloured by the addition of an organic and an inorganic dye).
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formation of hydration complexes. In addition, PEGs have
functional groups with H-bonding donor and acceptor abilities.
As a result, the balance of all the binary and specific interac-
tions occurring between [Ch]+/[IL anion]�, [Ch]+/PEG, [Ch]+/
H2O, [IL anion]�/[PEG], [IL anion]�/H2O, and PEG/H2O are
important to consider.

A review of the data in Fig. 1, particularly those of PEG-600
(Fig. 1b), reveals an interesting phenomenon. Two different shapes
are observed for the binodal curves, one for the [Ch]+ salts with
relatively high melting points, and another for the [Ch]+ salts with
lower melting points or ILs. For the first class of cholinium-based
species the binodal curve presents a more intensive dependence on
the amount of salt added (at the xx axes). We will thus discuss these
two classes of salts separately.

Focusing on the PEG-600-based ABS, the abilities of the [Ch]+

ILs ([Ch][Lac], [Ch][Gly] and [Ch][Ac]) to promote an ABS are
similar, as are their solubilities with PEG and water (Table 1).
Here the balance of interactions between the ions, PEG, and water
are fairly close due to the similar H-bonding abilities of the [Gly]�,
[Ac]�, and [Lac]� anions. However, it is important to re-emphasize
that [Ch][Lac] is the unique compound that is liquid at room
temperature and is able to form ABS. It is noteworthy that this IL
does not create an immiscibility region with PEG-400 (neither do
the other two liquid salts at RT, [Ch][Pro] and [Ch][But]).

The trend in the ability to induce ABS formation by the
higher melting [Ch]+ salts, [Ch][DHph] > [Ch][Bit] > [Ch][Bic] >
[Ch][DHcit] > [Ch]Cl, tends to follow the increase in the anion
polar surface (which is the surface sum over all polar atoms,
primarily oxygen and nitrogen, and their attached hydrogens)
and the decrease in lipophilicity reflected by the octanol–water
partition coefficients (log Kow) (which are a measure of the
differential solubility of a particular solute between octanol
and water) – cf. Table 1. This fact suggests that the behaviour of
the higher melting [Ch]+ salts are governed mainly by solvation
in water and their specific affinity for water (where a higher
affinity implies a higher ability to promote phase separation).
This behaviour is in close agreement with that previously
observed in the conventional PEG–crystalline salt ABS, in which
the anions with higher charge density are more able to create
ion–water complexes and larger repulsive interactions with the
ether oxygens of the PEG.24

There is, however, an exception with [Ch][DHcit], since this
anion should be a stronger salting-out agent, but in our study
shows a reduction in the two-phase region, when compared
with the binodal curves of the [DHph]-, [Bit]-, and [Bic]-based
salts. The [DHcit]� anion is based on citric acid, which has a
high ability to act as a H-bond and/or a H-acceptor. In addition,
according to the crystal structure previously studied by Glusker
et al.,25 citrate anions can exhibit intramolecular hydrogen
bonds between the hydroxyl hydrogen atoms and one of the
oxygens of the central carboxyl group. Such self-aggregation
would induce a more hydrophobic character to the anion, and
decrease its interaction with water and consequently the
respective salting-out ability. In this case, the anion–anion
interactions may have a larger influence on ABS formation
than in the other [Ch]+ salts.

Since the anions are themselves acidic, we investigated the
pH of the aqueous solutions of these salts in order to better
determine the speciation of ions within these systems (ESI,†
Table S13). Based on the dissociation constants of citric acid,
pKa1 = 3.13, pKa2 = 4.76, and pKa3 = 6.40,21 and on the pH of the
coexisting phases in the [Ch][DHcit] system (pH = 5 to 6), both the
divalent and trivalent anions are in solution. Although a stronger
salting-out ability might be expected with a higher valency, there
is also a reduction in the anion polar surfaces and higher log Kow

values, for the divalent and trivalent species (Hcit2�: log Kow =
�1.198 and polar surface area = 137.79 Å2; cit3�: log Kow = �1.198
and polar surface area = 140.62)26 which support the reduction in
the two-phase region, when compared with the binodal curves of
the [DHph]-, [Bit]-, and [Bic]-based salts.

Overall, the phase diagrams suggest different mechanisms
for biphase formation for the higher melting [Ch]+ salts vs.
lower melting [Ch]+ salts or ILs. For the higher melting salts,
solvation by water is the main driver for biphase formation as
observed in more conventional systems of the type IL + salt,
where the ABS formation ability is dominated by the affinity of
ILs for water and correlates well with their log Kow values.17 This
hypothesis is further supported by the strong dependence on the salt
per water content displayed by the corresponding binodal curves
shown in Fig. 1. On the other hand, for the PEG–[Ch]+ ILs systems
there is no such correlation with the log Kow values. The balance
of hydrogen-bonding between all the species in equilibrium
(cations, anions, PEG, water) are important, as is their respective
concentration. ILs with lower affinity for water, i.e., more hydro-
phobic fluids, are more easily excluded to a second liquid phase.
This odd behaviour is thus an indication that the formation of
ABS composed of [Ch]+ salts with lower melting temperatures or
ILs and PEGs is not merely the consequence of a salting-out
effect, but is the result of a more complex balance of the diverse
interactions involving all the compounds in equilibrium. Finally,
and as depicted in Fig. 1, for the cholinium-based salts there is a
less strong dependency on the shape of the binodal curves with
the salt per water amount.

In order to gather further insights into the dominant interactions
occurring in these ABS, the ability of each salt to induce ABS
formation was also compared with the solubility of each [Ch]+

compound in PEG-600 (Table 1). As previously discussed, the higher
solubility of [Ch]+ ILs in PEG reveals a higher affinity for the polymer
and the presence of strong and favourable IL–PEG specific
interactions. [Ch][But], [Ch][Prop], and [Ch][Lac], as liquid salts
at room temperature, are completely soluble in PEG-600 at all
compositions. Thus, it is not surprising that these three [Ch]+

ILs have difficulty in inducing ABS formation. In general, a
higher affinity between the PEG and these ILs leads to a lower
ability for phase separation in the presence of water.

Phase diagrams: effect of molecular weight of PEG

To gain a further understanding of the effect of the PEG chain
lengths on the several systems behaviour, each [Ch]+ salt was
plotted in terms of PEG wt% vs. [mole of salt per kg of H2O] for
the three molecular weights of PEG. The phase diagrams for
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[Ch][DHph] and [Ch][Ac] are shown Fig. 2. All other phase
diagrams are provided in the ESI† (Fig. S1 to S6).

For all the studied [Ch]+ salts, the ability of the polymer to
induce a liquid–liquid demixing follows the order: PEG-1000 >
PEG-600 > PEG-400. The same trend is observed in conventional
polymer–salt27 and PEG–imidazolium-based ILs ABS.11 However,
Fig. 2 reveals that for the system composed of [Ch][Ac] and PEG-
1000, at concentrations higher than 20 wt% of PEG it is not
possible to form ABS. A similar behaviour is observed for [Ch][Gly]
(Fig. S5 in the ESI†). This behaviour might be related to both the
increasing hydrophobic character of higher molecular weight PEGs,
and thus a lower affinity for water, and a decreased miscibility of
PEG with the ILs due to a decrease of the hydrogen-bonding donor
sites per molecule (i.e., the terminal –OH groups on each PEG
molecule). The different trends observed with the solid [Ch]+ ILs
give the impression that these systems are more complex than
observed for the crystalline higher melting salts.

Phase diagrams: effect of temperature

In order to determine the effect of temperature on the ability of
liquid–liquid demixing, the ABS of two [Ch]+ salts, [Ch][DHph]
(the highest ability to promote phase separation) and [Ch]Cl
(the lowest ability to form ABS), were studied at two different
temperatures, 25 1C and 50 1C. The respective phase diagrams
are presented in Fig. 3, while the detailed weight fraction data
are reported in the ESI† (Tables S11 and S12).

The liquid–liquid solubility curves show that, in both systems,
an increase in temperature enhances the immiscibility region.
This trend is in close agreement with that observed for PEG/salt28

and PPG/[Ch]+ ABS.18 In systems covering PEGs and salts, the
influence of temperature on the liquid–liquid demixing process
seems to be more dominated by the hydrogen-bonding inter-
actions between the PEG and water, and as usually explained,
based on the PEG–water lower critical solution temperature
(LCST)-type behaviour.29 For systems dominated by hydrogen-
bonding, an increase in temperature leads to a decrease in the

interaction strengths and consequently to ‘‘easier’’ liquid–liquid
demixing. In this work, an increase in temperature decreases the
binary salt–PEG hydrogen-bonding interactions and facilitates the
creation of ABS. Therefore, it is clear that in this type of systems
hydrogen-bonding plays a dominant role. Partial molar excess
enthalpies estimated by COSMO-RS (provided in the ESI,† Fig. S11
and S12) also support this view as discussed below.

Thermodynamic properties of [Ch]+ salts

To additionally evaluate the water–salt and the water–IL inter-
actions (or the ability of the ILs or salts to be hydrated) and their
effect upon ABS formation, the water activity of PEG-600 was
experimentally determined as a function of the solute molality at
25 1C and compared to those of [Ch]+ salts previously reported by
Khan et al.30 (Fig. 4). Water activity corresponds to the ratio
between the partial vapour pressure of a solute + water mixture
and the standard vapour pressure of pure water, and represents a
measure of the intensity with which water associates with a given
solute. Since water activity describes the energy status of water in a
system, the higher the depression of water activity, the stronger are
the interactions between a given solute and water.

The water activity data show that the lower melting [Ch]+ salts or
ILs and PEG-600 depress water activity more than the higher
melting [Ch]+ salts. Comparing the solubilities of [Ch]+ salts in
water and the water activity values, it is observed that the ILs
completely soluble in water give lower water activities, as expected.
On the other hand, the higher melting [Ch]+ salts exhibit a lower
deviation of water activity when compared with pure water.

In summary, there are evident differences between the water
activities of the higher versus lower melting [Ch]+ salts, which
appears to be a correlation between observed water activities
and the ability of the IL ions to induce phase separation.

COSMO-RS,19 a predictive model based on unimolecular
quantum chemistry calculations, was finally used to explore the
excess enthalpies, HE, and excess Gibbs free energy, GE, at 25 1C.
The interactions of the binary pairs PEG–water, salt–water, and

Fig. 2 Experimental solubility data for ABS composed of PEG + [Ch]+ salts
at 25 1C: ( ) PEG-1000/[Ch][DHph]; ( ) PEG-600/[Ch][DHph]; ( ) PEG-
400/[Ch][DHph]; ( ) PEG-1000/[Ch][Ac]; ( ) PEG-600/[Ch][Ac]; ( ) PEG-
400/[Ch][Ac] (axes with different scales). The inset corresponds to the
macroscopic appearance of a PEG–cholinium-based two-phase system
(the coexisting phases were coloured by the addition of an organic and an
inorganic dye).

Fig. 3 Experimental solubility data for ABS composed of PEG-600 +
[Ch]+ salts: ( ) PEG 600 + [Ch][DHph] at 25 1C; ( ) PEG 600 + [Ch][DHph]
at 50 1C; ( ) PEG 600 + [Ch]Cl at 25 1C; ( ) PEG-600 + [Ch]Cl at 50 1C.
The inset corresponds to the macroscopic appearance of a PEG–
cholinium-based two-phase system (the coexisting phases were coloured
by the addition of an organic and an inorganic dye).
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salt–PEG and of the ternary mixtures composed of PEG + IL or
salt + water, were evaluated, according the procedures described
in the ESI.† It should be noted that Khan et al.30 demonstrated
the accuracy of COSMO-RS in predicting the water activity
coefficients of [Ch]+ salts, and Kurnia and Coutinho31 confirmed
its validity in the prediction of excess enthalpies of water–IL
systems. Both previous studies30,31 support the validity of the
COSMO-RS predictions used here to infer upon the main inter-
actions ruling the phase behaviour.

The liquid–liquid equilibrium description by COSMO-RS
depicted in Fig. 5 demonstrates favourable interactions between
the first two binary mixtures, PEG–water, and IL– or salt–water, as
evidenced by the negative HE and GE values throughout the whole
composition range. Only a measure of the binary for PEG-600 is
shown here, as an example. The remaining binary systems with
PEG-400 and PEG-1000 are presented in the ESI† (Fig. S7 and S8).
In all cases, hydrogen-bonding is the dominant interaction occurring
in these binary mixtures. In general, the [Ch]+ ILs display
higher energy interactions with water whereas the higher

melting [Ch]+ salts have the lowest values of total energy
interactions with water. The unique exception observed for
the excess enthalpies is [Ch][Lac]; the energy for this IL is the
lowest of all of the ILs investigated.

The estimated partial molar excess enthalpies (hE
i ) of PEG-

600 in the ternary system as a function of salt per kg H2O shows
that favourable interactions occur between PEG-600 and the
anion, in which hydrogen-bonding contributes highly to the
exothermicity of the system as shown in Fig. 5. The hydrogen
bond strength of PEG-600–[Ch]+ salt can be ranked as
follows: [DHph]� o [Bit]� o [Bic]� o [Lac]� E [Gly]� E [Ac]� o
[DHCit]�E Cl�. This sequence closely follows the trend observed
in the ability to induce the ABS formation. The Cl� and [DHcit]�

salts, which have the lowest abilities to promote phase separation,
have the strongest interactions with PEG-600 in aqueous media, as
reflected by the highly negative hE

i values. On the other hand, the
salts containing the [DHph]�, [Bit]�, and [Bic]� anions, which have
the lowest negative hE

i values, indicative of weaker interactions, are
more capable of inducing liquid–liquid demixing in PEG-based
ABS. These results show that ILs with stronger interactions with
PEG are less likely to phase separate in aqueous environments
and vice versa.

It is also interesting to note that the predictive results
showed the same trend for the ILs, namely, [Ch]+ salts of [Gly]�,
[Lac]�, and [Ac]�. For these compounds, the interactions with
PEG-600 are almost the same, supporting the observation of
their similar ability to induce the ABS formation. In general,
these partial molar excess enthalpies results sustain a competi-
tion between the ion–water, ion–ion, and ion–PEG interactions
in the ternary mixtures.

In PEG–IL binary systems, a decreased solubility of the IL in
the polymer-rich phase with increasing molecular weights was
already reported.9 This pattern was attributed to the lower ratio
of terminal –OH groups limiting the sites for hydrogen-bonding
with the IL anions.9 As carried out for the PEG-600 discussed
before, COSMO-RS was also used to evaluate the molecular
phenomena occurring in the ternary mixtures with PEG-400
and PEG-1000. The respective predicted hE

i values (shown in the
ESI,† Fig. S9 and S10) were also found to be less negative with
increased PEG molecular weight, following the same trend
observed with PEG-600. In this particular example, electro-
static, hydrogen-bonding, and van der Waals interactions all
contribute to less negative values of the enthalpies of mixing.

The salts [Ch][Ac] and [Ch][Gly] are also ILs, albeit crystalline
solids at RT. These ILs exhibited the highest solubilities in PEG
when compared with all of the higher melting [Ch]+ salts. The
binary solubility data here also provide clear evidence that in
lower melting [Ch]+ salts or ILs, the PEG–ion interactions are
stronger than in the systems with higher melting [Ch]+ salts.

All the results reported in this work support the concept that
the ability to promote ABS is different when a salt is crystalline
or liquid, as highlighted initially in this paper, because of the
corresponding different lattice energies. Nevertheless, it is
important to look carefully for some of the exceptions emphasized
in this paper, namely with the [Ch][Ac] + PEG-1000, [Ch][Gly] +
PEG-1000, and the [Ch][DHcit]-based systems. The first two

Fig. 4 Experimental water activities at 25 1C: (K) PEG-600; ( ) [Ch][But];
( ) [Ch][Pro]; ( ) [Ch][Lac]; ( ) [Ch][Gly]; ( ) [Ch][Ac]; ( ) [Ch][DHcit];
( ) [Ch][Bic]; ( ) [Ch][DHph]; ( ) [Ch][Bit]; ( ) [Ch]Cl. The data shown for
the [Ch]+ salts were adapted from Khan et al.30

Fig. 5 Partial molar excess enthalpies of the PEG-600 in the ternary
system at 25 1C as a function of the concentration of salt per H2O
predicted by COSMO-RS: ( ) [Ch][DHph]; ( ) [Ch][Bit]; ( ) [Ch][DHcit];
( ) [Ch][Bic]; ( ) [Ch][Lac]; ( ) [Ch][Gly]; ( ) [Ch][Ac]; ( ) [Ch]Cl.
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exceptions showed the importance of differentiating the ILs
that are liquids at RT from the solids. The [DHcit]� exceptions
suggest that this salt cannot be considered simply to be a
conventional salt with a m.p. close to 100 1C (103–107 1C)
and already falls within the IL categorization.

Conclusions

For the first time it was shown that novel ABS can be formed by
the combination of a large array of [Ch]+ salts and PEG polymers
at different temperatures. Based on the ternary phase diagrams,
solubility data of each [Ch]+ salt in PEG or water, IL or salt water
activities, and binary and ternary excess enthalpies, this work
demonstrates that for the salts with higher melting points the
solvation of the salt anion, and respectively its salting-out
ability, seems to be the main driver in the formation of ABS
with PEG. On the other hand, it was clearly demonstrated that
when salts with lower melting points were used (i.e., the ILs),
the ABS formation phenomenon is more complex and directly
related to the balance of binary interactions of all the compo-
nents in equilibrium. Thus, the PEG–IL-based ABS are by
far more complex. It is evident that the hydrogen-bonding
interactions occurring between the IL anion and the terminal
–OH groups of the polymer are more predominant, and further
allow the ‘tailoring’ and more control on the ABS formation
ability by increasing the hydrogen-bond donor ability of the
respective anion.

In summary, and in contrast to what has been reported, the
formation of ABS composed of polymers and ILs is not the
main result of a salting-out phenomenon or of the hydration
ability of the ions present in the aqueous media. Instead, this
liquid–liquid demixing behaviour is a result of a complex
hydrogen-bonding competition between all the compounds
present in the system – with a clear difference in interactions
when these salts have a crystalline or liquid nature.

It was shown that the combination of a large array of [Ch]+

salts and PEGs can form ABS at different temperatures. In
addition, most of these ABS are formed by biocompatible and
biodegradable salts and polymers. Therefore, the application of
these novel systems in separation/purification approaches for
the most diverse added-value compounds is the step to follow.
Preliminary results for the extraction of tetracycline from a
fermentation broth were recently reported by us.32
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