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ABSTRACT: The closed-loop liquid-liquid fluid phase equilibria of aqueous solutions of poly(ethylene glycol)
(PEG) binary mixtures are studied using the statistical associating fluid theory for potentials of variable range
(SAFT-VR). A molecular model of the mixture is developed which takes into account the delicate balance between
the water-water, water-PEG, and PEG-PEG hydrogen-bonding interactions as well as the usual repulsive and
attractive/dispersive contributions. A fully transferable intermolecular potential model is proposed which allows
one to study any aqueous PEG system with the molecular weight of the polymer as sole input. An excellent
predictive description of the liquid-liquid phase behavior of these systems is achieved; mixtures involving shorter
polymers are used to determine the binary (unlike) interaction parameters, and we are then able to predict the
phase behavior of mixtures of larger molecular weight in good agreement with experimental data. The high-
pressure (GPa) phase behavior of the liquid-liquid phase equilibria in these systems is also studied. The region
of closed-loop immiscibility is seen to become less extensive with an initial increase in pressure. For intermediate
molecular weights (2000 jMW j 100 000 g/mol) of the polymer the liquid phase becomes homogeneous when
the pressure is increased beyond a high enough threshold, and at even higher pressures a second region of
liquid-liquid separation is observed. In the case of high molecular weight polymers (MW J 100 000 g/mol) the
fluid phase behavior is characterized by an hourglass-shaped region of immiscibility with liquid-liquid separation
persisting for all pressures considered. The dome-shaped regions of liquid-liquid immiscibility predicted for
aqueous solutions of PEG of intermediate molecular weight (2000 j MW j 75 000 g/mol) are reminiscent of
the pressure-temperature denaturation boundaries found in protein systems which are thought to be governed by
a corresponding increase in water solubility into the hydrophobic core.

1. Introduction

Poly(ethylene glycol), PEG (H-[O-CH2-CH2]n-OH), is
composed of a number n of ethylene oxide repeat units,
terminated at both ends with a hydroxyl group. The molecules
of high molecular weight are also commonly denoted as
“poly(ethylene oxide) (PEO)” to refer to polymers that are
methyl-terminated at either or both ends of the molecule. In
this work we consider the hydroxyl-terminated molecules,
denoting them as PEG, but when referring to the work of other
authors we employ their terminology.

Formulations incorporating PEG are widely used in industry
due to the solubility of the polymer in water and in many organic
solvents, finding applications in paints, detergents, soap, paper
making, defoamers, lubricants, softeners, and adhesives, to name
but a few. Because of its ability to resist cell and protein
adhesion and recognition by the immune system, it is also a
widely used and accepted biomaterial.1 There is a large body
of work on the structure, function, and application of PEG. In
our study we are interested in its fluid phase behavior in aqueous
solution, where closed loops of liquid-liquid immiscibility can
be observed. The effect of pressure and polymer molecular
weight on this closed-loop liquid-liquid immiscibility is of
particular interest, as is the underlying thermodynamic behavior
that triggers the immiscibility.

One of the first to investigate the phase behavior of PEG in
aqueous solution were Malcolm and Rowlinson,2 who observed
that the homogeneous liquid phase separates into two coexisting

liquid phases as the temperature was lowered below an upper
critical solution temperature (UCST). On further lowering of
the temperature below the lower critical solution temperature
(LCST) the mixture becomes homogeneous once again, resulting
in a closed-loop region of liquid-liquid immiscibility. This type
of phase equilibria was first reported in mixtures of water +
nicotine,3 and a variety of systems are now known to exhibit
this behavior (see the review in ref 4). Malcolm and Rowlinson
examined the phase diagram of aqueous solutions of PEG-3000
and PEG-5000 and noted the molecular-weight dependence of
the closed-loop region of immiscibility. Note that we use the
terminology “PEG-MW” to denote the number-average molec-
ular weight (MW in g/mol) of the polymer in question, e.g.,
“PEG-2180”. The closed loops are seen to shrink as the
molecular weight is decreased, and the limit of immiscibility is
found for PEG-2140, which is completely soluble in water.5

The effect of pressure is also of interest. An increase in pressure
can lead to increased miscibility and hence smaller closed loops;
at high-enough pressure a double critical end point is found
where the LCST and UCST meet and the loop disappears. This
behavior has been reported for example for the mixture water
+ butoxyethanol.6–8 The pressure dependence of the LCST in
PEG solutions was studied by Saeki et al.,5 who find little
change in the LCST values for a solution of PEG-1 020 000 in
the range of pressures below 5 MPa. Recent reports suggest an
increase in immiscibility, with a dramatic lowering of the LCST
at pressures of ∼450 MPa. This phenomenon was first reported
by Cook et al.9 for a mixture of water + PEG-270 000. Sun
and King10 subsequently reported the same type of behavior
for mixtures with PEG-21 000 and PEG-1 390 000 and also
noted the existence of a maximum in pressure which leads to
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re-entrant behavior manifesting itself as an additional region
of “miscibility” in the system at very low temperatures. The
increased immiscibility seen at high pressures has been ex-
plained in terms of the disruption of hydrogen bonds with
significant compression of the system. Briscoe et al.11 have
studied the effect of pressure, added salts, and diluents, reaching
similar conclusions, and more recently Hammouda et al.12 have
confirmed this view from an analysis of the data of small-angle
neutron scattering experiments. All polymers are to some extent
polydisperse, and it is known that polydispersity can have a
considerable effect on the detailed phase behavior of polymer
solutions. PEG can be obtained, however, as reasonably
monodisperse samples. Sun and King10 mention polydispersity
indices for their experiments of 1.17 and 1.15, and Saeki et al.5

use the solution fractionation technique to reduce the polydis-
persity of their samples. For consistency, in this work we have
interpreted the experimental data always as number-average
molecular weights.

The UCST associated with liquid-liquid separation is
understood to be a consequence of the positive entropic
contribution due to mixing (∆Sm > 0), which becomes more
important with increasing temperature overcoming the unfavor-
able enthalpy of mixing (∆Hm > 0), which is the underlying
cause of the immiscibility. Though the thermodynamic driver
behind the UCST in fluid systems is always of the same
energetic nature, this is not the case for the LCST. Two very
different thermodynamic mechanisms are behind the onset of
immiscibility at an LCST: one is a consequence of an increase
in hydrogen bonding (or another type of specific attractive
interaction) with decreasing temperature and can thus be
classified as an enthalpy-driven transition (∆Hm > 0);4,13 the
other is caused by the size asymmetry between components,
usually explained in terms of a contraction of the volume on
mixing (∆Vm < 0), also referred to as a compressibility effect,
and the dominant contribution that it can have on the entropy
of mixing (∆Sm < 0).13,14 Associated with these two very
different mechanisms, two types of LCST behavior can be
ascribed to the fluid phase equilibria exhibited by polymer
solutions: a “high”-temperature LCST, invariably in a region
close to the vapor-liquid critical point of the solvent (e.g., for
solutions of polyethylene in n-pentane15), and a “low”-temper-
ature LCST that appears well within the liquid region, below a
UCST (as is found for aqueous solutions of PEG2,5). A good
example of “low”-temperature LCST phase behavior which is
thought to be driven by hydrogen bonding is exhibited in
aqueous solutions of alkyl polyoxyethylene surfactants
H-[CH2]n-[O-CH2-CH2]m-OH (see ref 16 and references
therein). When the temperature is decreased, the extent of
hydrogen bonding between unlike species gives rise to a
favorable change in enthalpy ∆Hm < 0, resulting in a transition
from a demixed state to a homogeneous state. It has been
suggested that the “low”-temperature LCST seen in the phase
behavior of aqueous mixtures of PEG is also a result of hydrogen
bonding.17–19 In the context of this discussion it is also useful
to mention the recent work of Ryu et al.,20 who have reported
closed-loop behavior for a blend of polystyrene + poly(n -pentyl
methacrylate). The LCST of this system is explained by the
authors as driven by compressibility (entropic) effects. On first
inspection one may associate this type of behavior with the
closed-loop immiscibility seen in aqueous mixtures well inside
the liquid region of the phase diagram (which as explained
earlier is driven by enthalpic contributions). However, the
temperature range in polymer blends takes on a different
meaning due to the sensitivity of the fluid phase behavior to
the specific intermolecular interactions, and a certain degree of
caution is advisible in making comparisons with the behavior

seen in blends with that in mixtures of low molecular weight
compounds or polymer solutions.

Hirschfelder et al.21 were the first to postulate that the phase
behavior of systems with an LCST was due to short-range
orientational forces such as those responsible for hydrogen
bonding. One of the earliest models developed to investigate
this was the lattice model of Barker and Fock,22 who used
orientation-dependent contact points on molecules in a two-
component mixture together with a quasi-chemical (mean-field)
approach to obtain a closed-loop coexistence curve exhibiting
both an LCST and a UCST. Wheeler23 later developed a similar,
simpler, model that could be mapped onto a spin-1/2 Ising lattice
and solved without the need for a mean-field approximation.
He obtained broader (in composition) regions of closed-loop
immiscibility that were in better agreement with experimental
data and which had the correct critical exponents. Only small
“spherical” molecules were examined within these lattice
models. The first molecular approach to treat the thermodynamic
properties and fluid phase equilibria of polymer systems is
attributed to Flory24 and to Huggins.25 By describing the
polymers as chain molecules distributed on lattice sites with
the remaining sites occupied by the solvent, expressions for the
entropy and enthalpy of mixing as a function of the compositions
and volume fractions of the components can be developed. An
identical expression for the entropy of mixing to that of Flory
and Huggins was also derived by Staverman and van Santen26

in the same year. To date, the largest body of work in the
description of the fluid phase behavior of aqueous solutions of
PEG mixtures involves the use of approaches which are based
on the lattice theory of Flory and Huggins, extended to account
for hydrogen-bonding interactions.

By incorporating directional interactions into lattice models,
one can capture the LCST of aqueous solutions of PEG.
Karlström27 has included such interactions in a Flory-Huggins
approach by using two kinds of polymer segment (hydrophilic
and hydrophobic) based on a conformational argument of a
trans-gauche equilibrium between the C-O bonds and C-C
bonds within the polymer chain. This equilibrium can be thought
to lead to “segments” with an overall dipole moment (hydro-
philic) and “segments” without (hydrophobic) that Karlström
called “low”- and “high”-temperature states, respectively.
Through the use of four � enthalpic mixing parameters and a
relation for the relative proportion of the two types of temper-
ature state, Karlström obtained a semiquantitative description
of the phase behavior of water + PEG mixtures of various
molecular weights. In another study Hu et al.28 have used a
decorated-lattice model, based on a Flory-Huggins lattice where
the underlying polymer solution is described by a fully occupied
primary lattice, and a secondary Ising lattice is introduced as a
perturbation to account for directional interactions. A good
description was obtained for T-x coexistence curves of water
+ PEG-3000 and water + PEG-5000. Hydrogen bonding in
water-PEO systems has also been accounted for by Matsuyama
and Tanaka,29 who proposed a model to study the possible
mechanisms for the appearance of LCSTs by examining the
extent of hydration of PEO as a function of temperature. They
concluded that hydrogen bonding between the water molecules
and the ether oxygens of PEO is responsible for the LCST and
the corresponding closed-loop region of liquid-liquid im-
miscibility due to a rapid decrease in the water solvation of the
polymer as the temperature is increased in the neighborhood of
the LCST. In interesting recent studies of water + PEO
mixtures, Dormidontova30,31 has accounted for the competition
between different types of hydrogen bond by introducing
water-water30 and then PEO-PEO (i.e., hydroxyl-terminated
PEO, or PEG using our terminology)31 hydrogen bonding using
a mean-field model. Dormidontova concluded that the inclusion
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of water-water hydrogen bonding is of crucial importance in
order to provide the correct description of the fluid phase
behavior of water + PEO. The hydroxyl-terminated PEO was
also found to be considerably more soluble than the methyl-
terminated PEO for low molecular weights, in agreement with
experimental expectations.

Using a lattice-type group contribution approach based on
UNIFAC (which in turn employs a quasi-chemical treatment),
Tritopoulou et al.17 have also modeled the water + PEG system.
Hydrogen bonding is not modeled explicitly; instead, aqueous
solutions of PEG are treated as mixtures of two PEG groups
(the terminal hydroxyl group and the ethylene oxide repeat unit)
and the water molecule group. The model requires a knowledge
of the molar volumes of water and PEG, the van der Waals
volumes and surface areas of the three groups, and the
temperature-dependent pair unlike binary interaction parameters.
The interaction parameters are obtained by correlating activity
coefficient data for a number of appropriate binary mixtures,
apart for the interaction between the bulk ethylene oxide groups
and water which is characterized by using experimental
liquid-liquid equilibrium (LLE) data for a water + PEG-2190
mixture. Tritopoulou et al. obtained a good description of the
closed-loop liquid-liquid immiscibility for a range of PEG
molecular weights. The excess mixing functions for a range of
temperatures are also examined in the case of water + PEG-
2190. They found that a favorable enthalpy of mixing (∆Hm <
0) governs the low-temperature homogeneous behavior; with
increasing temperature and the onset of an LCST, the unlike
interactions become weaker and unfavorable dispersion interac-
tions dominate. Interestingly, Tritopoulou et al. could not obtain
a qualitative description when the terminal hydroxyl groups are
not incorporated in the treatment, highlighting their importance
for low molecular weight PEG polymers.

All of the theoretical approaches discussed thus far correspond
to fully occupied lattice models, and as a consequence com-
pressibility effects are neglected. The dependence on the
pressure can be accounted for by introducing vacancies in the
Flory-Huggins lattice description, as for example in the
lattice-fluid theories of Sanchez and Lacombe32 or of Kleintjens
andKoningsveld.33LCSTscanbedescribedwithinaFlory-Huggins
incompressible lattice treatment by using a phenomenological
temperature-dependent � parameter. It is essential, however, to
include a treatment of the compressibility of the fluid to
investigate the underlying physical nature of the LCST in
polymer systems in which the fluid phase behavior is driven
solely by the solvent-polymer size asymmetry.13,14 To our
knowledge, no such study has been made in the investigation
of the LCST phase behavior of aqueous solutions of PEG. The
only study of compressibility effects (or pressure effects) in
water + PEG mixtures is that by Bekiranov et al.,34 who
extended the model of Matsuyama and Tanaka29 by introducing
a pressure dependence for the number of solvent molecules
attached to PEO (based on a preferred hydrogen-bonding
volume35); however, the underlying model is still an incom-
pressible lattice. As in the studies mentioned earlier, Bekiranov
et al. are able to capture the closed-loop region of liquid-liquid
immiscibility semiquantitatively for a range of PEO molecular
weights. Bekiranov et al.34 also examined the high-pressure
phase data of water + PEO-270 0009 by introducing an
additional adjustable parameter to reproduce the high-pressure
behavior reported experimentally: a second (re-entrant) homo-
geneous fluid region is predicted in this way with decreasing
temperature.

In this paper we employ a continuum approach to investigate
the phase behavior of the water + PEG mixture: the statistical
associating fluid theory for potentials of variable range (SAFT-
VR).36,37 In contrast with lattice approaches, the use of a

continuum treatment allows us to incorporate the effect of
pressure in a rigorous fashion. The SAFT approach is also
particularly well suited to the study of water-soluble polymers
as both the polymer-solvent size asymmetry and hydrogen
bonding can be accounted for explicitly. In the SAFT-VR
equation of state, molecules are modeled as chains of spherical
monomeric square-well segments; each segment is characterized
by size (diameter) and dispersive energy (well depth and range)
parameters. Hydrogen-bonding interactions are also taken into
account by placing additional short-ranged bonding sites on the
molecule, characterized by associative energy (well depth and
range) parameters. At this stage we should also mention that
the closely related soft-SAFT equation of state,38,39 in which
the chain molecules are formed from Lennard-Jones monomer
segments, has been used to investigate the pressure-composition
(weight fraction) representation of the vapor-liquid equilibrium
(VLE) for mixtures of water + PEG-200 and water + PEG-
6000.40 The model was developed on the basis of previous
studies of the ethylene glycol oligomer series41 and involves
molecular-weight-dependent interaction parameters. Unusually
for a model of PEG in aqueous solution, however, hydrogen
bonding between the polymer ether groups and water was
neglected in this particular study. Though the VLE clearly
appears not to be very sensitive to the unlike association, the
effect of water-PEG hydrogen bonding (and solvation/hydra-
tion) on the LLE of such systems has been shown to be
significant from various perspectives including experiment,42–49

simulation,18,50,51 and theory.29–31,34,52,53

Here we use a previously published54 model of water, which
provides an accurate description of the vapor-liquid equilibria
and degree of association of pure water over a large temperature
range (the triple point to ∼90% of the critical point), and develop
a model of PEG based on the hydroxyl (OH) end groups and
the ethylene oxide (EO) repeat unit, following the methodology
developed for the related alkyl polyoxyethylene surfactant
H-[CH2]n-[O-CH2-CH2]m-OH.16 We account for the
water-water and PEG-PEG like hydrogen-bonding interactions
as well as the water-ether and water-hydroxyl unlike hydrogen
bonding. All of the intermolecular potential parameters are
temperature (state) independent and transferable, with a linear
relationship between the number n of repeat units in the polymer
and its molecular weight. Using these models, we investigate
the characteristic closed-loop regions of liquid-liquid im-
miscibility for aqueous solutions of PEG ranging in molecular
weight from PEG-2180 to PEG-1 020 000 and predict the
complete pressure-temperature-composition (P-T-w) surface
of the fluid phase equilibria of water + PEG-2180 and water +
PEG-21 200. Of particular interest is the investigation of the
high-pressure fluid phase behavior and its dependence on the
molecular weight of the PEG polymer; hourglass regions of
liquid-liquid immiscibility suggest high-pressure re-entrant
phase behavior in such systems.

2. Models and Theory

2.1. Water. We use a Wertheim model of water recently
proposed54 (see Figure 1). This model has been shown to
provide a good description of the thermodynamics, fluid phase
equilibria, and degree of association of water within the SAFT-
VR approach. The molecule is modeled as a single spherical
square-well segment of hard-core diameter σ11; the square well
is characterized by a depth ε11 and a range λ11. Four additional
off-center square-well associating sites are used to mediate the
hydrogen bonding. Two e sites represent the electronegative
oxygen atom (the two lone pairs of electrons), and two H sites
represent the hydrogen atoms. Only e-H bonding is permitted,
allowing for up to two hydrogen bonds per water molecule,
since a donor hydrogen or acceptor lone pair of electrons
contributes half of a hydrogen bond. The sites are all placed at
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a distance rd,11
HB from the center of the sphere, and the cutoff range

between the e and H sites is given by rc,11,eH
HB . These two

parameters define the volume K11,eH
HB available for e-H site-site

bonding association.55 When two sites of different water
molecules are within a distance of rc,11,eH

HB , they interact with an
energy ε11,eH

HB . See Table 1 for a list of parameter values.

2.2. Poly(ethylene glycol) (PEG). The PEG (H-[O-CH2-
CH2]n-OH) chain is modeled as a number n of ethylene oxide
(ethoxy) repeat units (monomers), with a hydroxyl group
terminating each end of the polymer (see Figure 2). Tradition-
ally, pure component parameters are obtained by optimizing
the description of experimental pure-component phase equilib-
rium data, but for polymers there is a lack of such data due to
their immeasurably low vapor pressure. Instead, we concentrate
on characterizing the repeat unit of the polymer
-[O-CH2-CH2]n- as a number of square-well spherical

segments m (aspect ratio) of hard-core diameter σ22, square-
well depth ε22, and range λ22 from an examination of smaller
oligomers and experimental data of their mixtures in water. A
simple linear relationship between m and n allows one to
describe PEG polymers of any molecular weight. Similar
approaches to describe pure components have been employed
for various homologous series,56–58 including PEG40 and the
related alkyl polyoxyethylene surfactants.8,16

Modeling the repeat unit using aqueous mixtures of the
ethylene glycol oligomer series may at first glance seem
appealing, but for molecular weights j 2140 g/mol PEG is
completely soluble in water,5 and there is therefore no
liquid-liquid equilibria data for use in characterizing the binary
mixture interactions. Both the polymer ethoxy repeat unit and
hydroxyl end groups contribute to the solubility of PEG in water,
as both are capable of hydrogen bonding with the solvent. For
solutions of “high” molecular weight PEG this miscibility is
governed by the ethylene oxide groups; the effect of the two
hydroxyl end groups is insignificant in comparison with that of
the large number of ether groups. For “low” molecular weight
PEG the contribution of the hydroxyl groups becomes more
significant and controls the miscibility of the polymer.31,59 A
parametrization based on the shorter ethylene glycol oligomers
is expected to capture largely the contribution of the dominant
hydroxyl groups and not the repeat ethoxy group of the
molecule; the extrapolation of parameters based on a description
of the phase equilibria of the shorter oligomers is unlikely to
allow for a transferability of repeat-unit parameters with
molecular weight. Instead, we consider the phase behavior of
diethyl ether, DEE (CH3-CH2-O-CH2-CH3), and its mixtures
with water to capture the characteristics of the ethylene oxide
group; the intermolecular parameters of the ethoxy group are
used to model the repeat unit -[O-CH2-CH2]- of PEG.

Diethyl ether is treated as nonassociating as far as its pure-
component properties are concerned, as no hydrogen-bonding
interactions are possible in the pure fluid. We model DEE as a
homonuclear chain of m spherical segments, each of hard-core
diameter σ22, interacting via a square-well potential of depth
ε22 and range λ22. To obtain a value of m for DEE, we use an
empirical relationship of the type56

m)
Na - 1

3
+ 1 (1)

where Na is the number of carbon and oxygen atoms in the
backbone of the molecule. This relationship reduces to m ) 1
for essentially spherical molecules such as methane or water
and has been used to study the alkyl polyoxyethylene CiEj series
with the SAFT-HS approach;8,16 we should note that the CiEj

models cannot be employed in our current study of PEG because
they were developed for a mean-field version of SAFT60–62

corresponding to a more primitive augmented van der Waals
treatment (see, e.g., ref 63). The other intermolecular potential
model parameters of DEE are determined by minimizing a
relative least-squares objective function consisting of the sum
of appropriate residuals for the vapor pressure pV and saturated
liquid density Fl:

min
(σ,ε,λ)

Fobj )∑
i

[pV,i
exp - pV,i

calc(m, σ, ε, λ)

pV,i
exp ]2

+

∑
j

[Fl,j
exp -Fl,j

calc(m, σ, ε, λ)

Fl,j
exp ]2

(2)

using a combined annealing and simplex technique.64 We use
49 saturated liquid density and vapor pressure experimental data
points,65 ranging from the triple-point temperature Tt to 90%
of the critical point T/Tc ) 0.90. This upper cutoff in temperature

Figure 1. Model of water54 used in the SAFT-VR studies of the fluid
phase equilibria of aqueous solutions of PEG. The molecule is
represented by a square-well core of diameter σ11 with dispersive
interactions characterized by a well depth ε11 and a range λ11. The
hydrogen-bonding interactions are mediated through four off-center
square-well bonding sites of types e (electron lone pairs) and H
(hydrogen) located halfway between the center and surface of the
molecular core; only e-H bonding is considered, and multiple bonding
at a given site is forbidden. When an e and an H site come within a
cutoff range rc,11,eH

HB of each other, there is a site-site hydrogen-bonding
associative interaction of energy ε11,eH

HB .

Table 1. Pure Component Parameter Values for the Model of
Water (Figure 1)54 a

σ11/Å (ε11/k)/K λ11 (ε11,eH
HB /k)/K rc,11,eH

HB /Å K11,eH
HB /Å3

3.034 20 250.000 1.788 90 1400.00 2.108 22 1.066 73
a The parameters characterising the model are the diameter of the

spherical core σ11, the depth ε11, and range λ11 of the dispersive square
well, and the depth ε11,eH

HB /k and the range rc,11,eH
HB (corresponding to the bonding

volume K11,eH
HB ) of the hydrogen-bonding site-site interaction; the water

molecule is treated as spherical, i.e., m ) 1.

Figure 2. Model of PEG used in SAFT-VR studies of the fluid phase
equilibria of aqueous solutions of PEG. The molecule is represented
by a number m of square-well segments of diameter σ22 with dispersive
interactions characterized by a well depth ε22 and a range λ22. The
hydrogen-bonding interactions are mediated through off-center square-
well bonding sites of types e (ethylene oxide EO repeat unit oxygen
electron lone pairs), e* (hydroxyl OH terminal oxygen electron lone
pairs), and H* (hydroxyl OH terminal hydrogen atoms) located halfway
between the center and surface of the segment core; only e-H* and
e*-H* bonding is considered, and multiple bonding at a given site is
forbidden. When a site e or e* and a site H* come within a cutoff
range rc,22

HB ) rc,22,eH
/HB ) rc,22,e

/
H
/HB of each other, there is a site-site hydrogen-

bonding associative interaction of energy ε22
HB ) ε22,eH

/HB ) ε22,e
/

H
/HB .
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was chosen to avoid including critical and near-critical data in
the estimation, as this region is known to be poorly represented
with analytical equations of state such as SAFT. To describe
the critical region adequately, one would need to employ a
renormalization group or crossover treatment, which is beyond
the scope of our work. Once the optimal parameters are
determined in this way, the number of segments m in the model
and the square-well range λ22 are fixed, as they capture the
nonconformal nature of the interactions in the fluid, while the
conformal parameters σ22 and ε22 are rescaled to give the best
description of the mixture at ambient conditions, where the
liquid-liquid region is well characterized experimentally for
the water + DEE mixture; in particular, the boiling point of
DEE was used. This refinement ensures that the model of DEE
correctly captures the water + DEE liquid-liquid coexistence
phase behavior, the feature of interest in the phase behavior of
water + PEG. The final set of parameters developed in this
way is presented in Table 2; these are also used in a transferable
way to model the ethoxy repeat unit of PEG (cf. Table 2).

The number of spherical segments of the model PEG chain
is determined following a simplified version of eq 1. By
assigning Na ) 3n + 1, where 3n corresponds to the number of
atoms in the backbone of the polymer (two carbon and one
oxygen in each repeat unit n) with an additional oxygen atom
corresponding to the terminal hydroxyl group (note that the other
terminal hydroxyl group is already included in the number of
atoms in the backbone of the polymer obtained from the number
of repeat units), eq 1 simplifies to

m) n+ 1 (3)

The relationship between the molecular weight of PEG MWPEG

and the number of repeat units n (and therefore the number of
spherical segments m) is given by

MWPEG/(g/mol)) 44n+ 18 (4)

where 44 g/mol is the molecular weight of the repeat ethylene
oxide unit -[CH2-CH2-O]- and 18 g/mol is the molecular
weight of the OH- and the -H atom of the first and terminal
hydroxyl groups.

As mentioned earlier, DEE is treated as a nonassociating
molecule. In PEG, however, hydrogen bonding may occur
between the hydrogen and oxygen atoms of the terminal
hydroxyl groups (OH-OH bonding) as well as the hydrogen
atoms of the hydroxyl groups and the oxygen atoms of the ether
groups of the backbone (OH-EO bonding). The likelihood of
OH-OH (or even OH-EO) hydrogen bonding is however
debatable. Rayleigh wing and Fourier transform infrared
spectroscopic studies66 on PEG-200 and PEG-2000 suggest that
OH-OH hydrogen bonding does not occur appreciably, while
a 90 K difference in the phase boundary is found for mixtures
with different end-group terminations in small-angle neutron
scattering (SANS) and cloud-point measurements67 of polysty-
rene-PEO blends for methoxy- and dimethoxy-terminated PEO-
2000. A related SANS study for aqueous solutions of PEO (wPEO

) 0.04) suggests that for hydroxyl-terminated PEO the hydroxyl
group(s) stay dissolved in water, whereas for methyl-terminated
PEO, the methyl groups “stick” to the ethylene groups of PEO,
creating branched and aggregated structures.68 This suggests that

for PEG no end-group association occurs while for PEO a type
of “hydrophobic” interaction may occur. In a recent theoretical
investigation with a Flory-Huggins approach,31 in which
hydrogen bonding was explicitly taken into account, OH-OH
and OH-EO hydrogen bonding was reported as only noticeable
at high volume fractions of PEO for a water-PEO-220 mixture.
In our study we also include attractive short-ranged sites to allow
for the possibility of both OH-OH and OH-EO hydrogen
bonding on the basis that both are physically possible and require
no extra cost in our calculations. One should note that the
presence of sites in a particular model does not necessarily lead
to bonding at any given site but to the possibility that an
interaction of hydrogen-bonding type can occur; the probability
of site-site bonding depends on the temperature and the site
number density (which will necessarily be very low in the case
of the OH-OH hydrogen bonding for high molecular weight
PEG).

In view of the preceding discussion, a number of off-center
square-well associating sites are used to mediate the like hydrogen
bonding between PEG chains: two e* sites and one H* site are
used to represent the electronegative oxygen atom (two lone pairs
of electrons) and the hydrogen atom of a hydroxyl group (note
that we consider two hydroxyl groups per PEG molecule), and
two e sites per ethoxy repeat unit -EO- are used to represent the
electronegative oxygen atom of the ether group. Only e*-H* and
e-H* bonding is allowed, allowing for up to one and a half
hydrogen bonds per hydroxyl group and one hydrogen bond per
ether group. The sites are all placed at a distance rd,22

HB ) 0.25σ22

from the center of a segment. For simplicity both the e*-H* and
e-H* interactions are assumed to be equivalent, and therefore the
cutoff range between two sites is given by rc,22

HB ) rc,22,e
/
H
/HB ) rc,22,eH

/HB .
The values of rd,22

HB and rc,22
HB define the volume K22

HB available for
site-site bonding association.55 When two sites are within a
distance of rc,22

HB , they interact with an energy ε22
HB ) ε22,e

/
H
/HB ) ε22,eH

/
HB .

Optimized values for rc;22
HB (and therefore, K22

HB) and ε22
HB are obtained

by comparison to experimental mixture data at the same time as
the unlike binary parameters are determined, as described in the
following section. The optimized intermolecular model parameters
for PEG are presented in Table 2.

2.3. Unlike Binary Interaction Parameters. In order to
model the phase behavior of the mixtures of interest, a number
of unlike, or cross, binary intermolecular interaction parameters
also need to be determined. Experimental42–49,59 and simula-
tion18,50,51 studies confirm the formation of hydrogen bonds
between water molecules and the ethylene oxide groups of PEG
(water-EO) as well as between water and the terminal hydroxyl
groups of PEG (water-OH). In our model this intermolecular
association is mediated via the short-ranged association sites
of the pure components. We are mostly interested in the closed-
loop behavior of these systems, and so we have used the
liquid-liquid equilibria data of Saeki et al.5 and Bae et al.69

for water + PEG mixtures of molecular weight 2180, 8000,
and 21 200 g/mol (see Figure 3) as the reference data to
determine all of the unlike intermolecular model parameters.

The unlike hydrogen-bonding parameters for the interaction
between water and the PEG OH group are given by rc,12

/
HB ) rc,12,eH

/HB

) rc,12,He
/HB , where both rd, 12

HB and rc,12
/HB define K12

/HB. The value of rc,12
/HB is

Table 2. Pure Component Parameter Values for the Model of Diethyl Ether (DEE) and Poly(ethylene glycol) (PEG) (Figure 2)a

model m σ22/Å (ε22/k)/K λ22 (ε22
HB/k)/K rc,22

HB/Å K22
HB/Å 3

DEE 2.333 33 3.812 39 287.601 1.461 89
PEG eq 3 3.812 39 287.601 1.461 89 1000.00 3.200 00 10.881 61

a The parameters characterizing the models are the number of segments in the chain m, the diameter of the spherical core σ22, the depth ε22, and range
λ22 of the dispersive square well. For PEG molecules hydrogen bonding can take place between the lone pairs of electrons on the oxygen atoms of the repeat
ethylene oxide unit or of the hydroxyl group and the hydrogen atoms of the hydroxyl group (EO-OH and OH-OH bonding), characterized by the strength
ε22

HB ) ε22,eH
/HB ) ε22,e

/
H
/HB of the hydrogen-bonding site-site interaction, and the range rc,22

HB ) rc,22,eH
/HB ) rc,22,e

/
H
/HB (corresponding to the bonding volume K22

HB) of the
site-site interaction.
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determined from an analysis of experimental mixture LLE data,
while we set rd,12

HB ) 0.25σ12. When a site on the water molecule (e
or H) is within a distance of rc,12

/HB of a site on the PEG chain (H*
or e*), they interact with an energy of ε12

/HB ) ε12,eH
/

HB ) ε12,He
/

HB . In the
case of the association of water and the PEG ether group the unlike
hydrogen-bonding parameters are characterized by rc,12,He

HB , where
the position rd,12

HB and range rc,12,He
HB define the bonding volume K12,He

HB ;
when an H site on a water molecule is within a distance of rc,12,He

HB

of an e site of the PEG ethoxy group, they interact with an energy
of ε12,He

HB .
In addition to the determination of the unlike hydrogen-bonding

model parameters, standard combining rules are used to obtain the
unlike parameters characterizing the unlike repulsion and the range
of the dispersive attractive interaction.37 The arithmetic mean
(Lorentz rule) is used for unlike diameter [σ12 ) (σ11 + σ22)/2 ];
note that this relation is exact since the segments are modeled as
hard repulsive cores. The range of the unlike water-PEG square-
well dispersive attractive interaction is also described in terms of
a simple arithmetic average [λ12σ12 ) (λσ11 + λσ22)/2].37 The
energy of the unlike dispersive attractive interaction is given by
ε12 ) (1 - k12)(ε11ε22)1/2, where k12 is adjusted to provide the best
description of the mixture liquid-liquid equilibria data; the binary
interaction parameter k12 provides a measure of the deviation from
the Berthelot rule (for a discussion of the physical significance of
these relationships the reader is directed to ref 70). A full list of
the water-PEG(EO) and water-PEG(OH) unlike interaction
parameters is given in Table 3.

The equation of state of association models of the type that
have been discussed here can be developed in a straightforward
manner within the statistical associating fluid theory (SAFT)
framework.71,72

2.4. The SAFT Equation of State. In this study we use the
particular extension of SAFT for potentials of variable range
(SAFT-VR)36,37 to obtain the thermodynamic properties of our
systems for the models described in the previous sections. The
Helmholtz free energy A of our two-component associating fluid
can be written in the usual SAFT form as

A
NkT

) AIDEAL

NkT
+ AMONO

NkT
+ ACHAIN

NkT
+ AASSOC

NkT
(5)

where N is the number of molecules, k is the Boltzmann
constant, and T is the temperature. The term AIDEAL corresponds

to the ideal free energy of the mixture, and AMONO, ACHAIN, and
AASSOC are residual contributions to the free energy due to
monomer-monomer segment-segment repulsive and attractive
(dispersion) interactions, to the formation of polymer chains,
and to site-site intermolecular association (hydrogen bonding),
respectively.

In the SAFT-VR approach the square-well monomer disper-
sive contribution for all the segments in the mixture is obtained
from a Barker-Henderson73,74 high-temperature perturbation
expansion up to second order, i.e.

AMONO

NkT
)∑

i)1

2

ximi( AHS

NskT
+

A1

NskT
+

A2

NskT) (6)

where xi is the mole fraction of component i, mi is the number
of spherical segments that make up that component, and Ns is
the total number of segments. The hard-sphere reference free
energy AHS is obtained from the expressions of Boublı́k75 and
Mansoori et al.76 The mean attractive energy A1 can be expressed
analytically by an appropriate mapping where the contact value
of the radial distribution function at an effective density is used
in place of the integral over the radial distribution function. The
second-order term A2 is treated within the local compressibility
approximation.73,74,77

The residual contribution to the free energy due to the
formation of chain molecules is given in terms of the contact
value of the pair distribution function gii(σii) of the monomer
reference fluid78

ACHAIN

NkT
)-∑

i)1

2

xi(mi - 1) ln gii
SW(σii) (7)

where gii
SW(σii) is also obtained from a high-temperature expan-

sion.
The residual contribution to the free energy due to association

takes the form55,78

AASSOC

NkT
)∑

i)1

2

xi[∑
a)1

si (ln Xi,a -
Xi,a

2 )+ si

2 ] (8)

where si is the total number of sites on a molecule of species i
and Xi,a is the fraction of molecules of species i not bonded at
site of type a. The specific expression for the model water (1)
+ PEG (2) system described in the previous sections is shown
explicitly below

AASSOC

NkT
) x1[2(ln X1H -

X1H

2 )+ 2(ln X1e -
X1e

2 )+ 2] +
x2[2(n- 1)(ln X2e -

X2e

2 )+ 4(ln X2e/-
X2e/

2 )+
2(ln X2H/-

X2H/

2 )+ n+ 2] (9)

where we recall that n is the number of repeat ethylene oxide
units (EO) in the polymer molecule. Since one hydroxyl group
is included at each end of the PEG polymer, there are actually
2 (n - 1) ether e sites, 4 hydroxyl e* sites, and 2 hydroxyl H*
sites (see Figure 2). The degree of association at each site is
quantified by Xi,a, which is obtained from the mass action
equation78 as

Xi,a )
1

1+∑
j)1

∑
b)1

FxjXj,b∆ij,ab

(10)

where F ) N/V is the number density of the fluid and Xj,b is the
fractionof molecules not bonded at a site of type b. The function
∆ij,ab depends on the contact value gSW(σij) of the radial
distribution function of the monomer fluid (a square-well

Figure 3. Temperature-composition (weight fraction) T-w closed-
loop regions of liquid-liquid immiscibility for aqueous solutions of
PEG. The symbols correspond to experimental data at pressures along
the three-phase line for PEG molecular weights of 21805 (b), 80005,69

(9, 0), and 21 2005 (2) g/mol. The continuous curve, dot-dashed curve,
and dashed curve correspond to the SAFT-VR description with the
parameters defined in Tables 1–3 for PEG molecular weights of 2180,
8000, and 21 200 g/mol, respectively.
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reference fluid), the Mayer function fij,ab ) exp(εij,ab/kT) - 1 of
the site-site hydrogen-bonding interaction (characterized by a
square well of depth -εij,ab), and the site-site bonding volume
Kij,ab

HB:

∆ij,ab )Kij,ab
HB fij,abg

SW(σij) (11)

The relation between the reduced position rd,ij
/ ) rd,ij/σij and range

rc
/ ) rc,ij,ab/σij of the site-site interaction; and the reduced

bonding volume Kij,ab
/ ) Kij,ab

HB/σij
3 for square-well bonding sites

is given by55

Kij,ab
/ ) 4π[ln(rc

/+ 2rd
/)(6rc

/3 + 18rc
/2rd
/- 24rd

/3)+ (rc
/+ 2rd

/- 1)

× (22rd
/2 - 5rc

/rd
/- 7rd

/- 8rc
/2 + rc

/+ 1)]/(72rd
/2) (12)

Though the degree of hydrogen bonding in the system is fully
characterized by the strength of the site-site interaction and
the overall bonding volume, it is often more convenient and
physically intuitive to describe the volume accessible to bonding
in terms of the range parameter rc

/.
For the water + PEG mixture, the fractions of molecules not

bonded at given sites are obtained from eq 10 as

X1e )
1

1+ 2Fx1X1H∆11,eH + 2Fx2X2H/∆12/
(13)

for the fraction of water molecules not bonded at a site of
type e

X1H )
1

1+ 2Fx1X1e∆11,eH + 2(n- 1)Fx2X2e∆12,He + 4Fx2X2e/∆12/

(14)

for the fraction of water molecules not bonded at a site of type
H

X2e )
1

1+ 2Fx1X1H∆12,He + 2Fx2X2H/∆22
(15)

for the fraction of PEG molecules not bonded at a site of type
e (on the ether oxygen)

X2e/)
1

1+ 2Fx1X1H∆12/+ 2Fx2X2H/∆22
(16)

for the fraction of PEG molecules not bonded at a site of type
e* (the hydroxyl oxygen), and

X2H/)
1

1+ 2Fx1X1e∆12/+ 2(n- 1)Fx2X2e∆22 + 4Fx2X2e/∆22

(17)

for the fraction of molecules not bonded at a site of type H* on
the PEG molecule (the hydroxyl hydrogen). The association
parameter ∆ij,ab (which defines the different types of hydrogen
bonding) is of four different types: ∆11,eH characterizes the
association between the e and H sites of the water molecules;
∆22 ) ∆22,eH/ ) ∆22,e/H/ the association between the hydroxyl
H* sites and the hydroxyl e* sites or ether e sites of PEG; ∆12,He

the association between the H sites of water and the ether e
sites of PEG; ∆12/ ) ∆12,eH/ ) ∆12,He/ the association between

e or H sites of water and hydroxyl H* or e* sites of PEG. For
a more detailed description of the individual terms of the SAFT-
VR equation of state, we refer the reader to the original
papers.36,37

The other thermodynamic properties can be obtained from
the Helmholtz free energy using standard relationships: the
pressure is obtained from the partial derivative of the free energy
with respect to volume p ) -(∂A/∂V)Nj ,T (where Nj refers to the
set of numbers of particles of all the components in the mixture),
and the chemical potential from the partial derivative with the
number of particles of each species µi ) (∂A/∂Ni)V,T,Nj. The phase
equilibria between two coexisting phases, R and �, require that
the temperature, pressure, and chemical potential for each
component i in each phase are equal, i.e., T R ) T �, pR ) p�,
and µi

R ) µi
� (∀ i). The conditions for phase equilibria are

employed to solve for the compositions and densities of the
coexisting phases at a given temperature and pressure by using
two different methods. We calculate the liquid-liquid equilib-
rium by first determining the spinodal composition roots based
on the condition that ∂2Gm/∂xi

2|p,T ) 0, where Gm is the molar
Gibbs free energy of the mixture for a specified temperature
(T spec ) T R ) T �) and pressure (pspec ) pR ) p�). The
particularly convenient expression of Kouskoumvekaki and
von Solms for a binary system79 for the second derivative
of the Gibbs function

∂
2Gm

∂x1
2 |

p,T

) 1
x1x2(1- x2

∂µ2

∂x1
|
p,T

) (18)

is used; in this approach the ideal contribution (1/x1x2) is factored
out to leave the composition derivative of the residual chemical
potential µj2. The compositions of the spinodal boundary of each
phase xi

s,R and xi
s,� are obtained from the solution of x2(∂µj2/

∂x1|p,T) - 1 ) 0; ∂2Gm/∂x2
2|p,T and the mixed derivative ∂µj1/

∂x2|p,T can be obtained in a similar fashion. At this point, we note
that we are working in the Gibbs free energy space, where the
natural thermodynamic variables are Nj (or xj), p, and T. The
SAFT equation of state is, however, written in terms of the
Helmholtz free energy where the natural variables are Nj (or xj),
V, and T. In the calculation of the chemical potential µi(Tspec,
V(pspec), xi) a pressure solver has to be used to determine the
volume (density) roots corresponding to the chosen temperature,
pressure, and composition. The binodal (coexistence) composi-
tions are obtained by specifying an initial chemical potential
for one component µ1

/ which is bounded by the spinodal
chemical potentials, µ1

s,R(T spec, V(pspec), x1
s,R) and µ1

s,�(T spec,
V(pspec), x1

s,�); the chemical potentials at the spinodal boundaries
correspond to a maximum and a minimum in the chemical
potential-composition curve between which the chemical
potential at coexistence (binodal) must be found. At the binodal
the following condition must be satisfied:

µ1
/) µ1

R(T spec, V(pspec), x1
R)) µ1

�(T spec, V(pspec), x1
�) (19)

This relation is solved for a fixed µ
1
/ to determine the

compositions x
1
R and x

1
� of the two phases at which the chemical

Table 3. Unlike (Binary) Interaction Parameter Values for the Water-PEG and Water-DEE Segment Dispersion Interaction k12 and
Water-Ethylene Oxide (Water-EO) Hydrogen Bonding (Characterized by a Strength E12,He

HB and Range rc,12,He
HB , Corresponding to K12,He

HB )
for Poly(ethylene glycol) (PEG) (Figure 2) and Diethyl Ether (DEE)a

system k12 (ε12,He
HB /k)/K rc,12,He

HB K12,He
HB /Å3 (ε12

/HB/k)/K rc,12
/HB /Å K12

/HB/Å3

water-PEG -0.053 1505.00 2.188 00 0.529 02 2320.00 2.188 00 0.529 02
water-DEE; opt -0.150 800.000 2.378 57 1.532 00
water-DEE; trans -0.053 1505.00 2.188 00 0.529 02

a The top set of water-DEE parameters (opt) correspond to the parameters optimised by refinement to the T-x phase diagram at a pressure of 0.101 MPa,
and the second set correspond to the transferable (trans) parameters used to describe the water-PEG mixtures. In the case of aqueous solutions of PEG,
hydrogen bonding is also possible between water and the terminal hydroxyl groups of PEG; this water-OH association is characterized by a strength ε12

/HB

) ε12,eH
/HB ) ε12,He

/HB and range rc,12
/HB ) rc,12,eH

/HB ) rc,12,He
/HB (corresponding to K12

/HB) (cf. Figure 2).

6588 Clark et al. Macromolecules, Vol. 41, No. 17, 2008



potential of component 1 is equal. The chemical potential µ1
/ is

then varied iteratively until the corresponding chemical poten-
tials of the second component in each of the phases also satisfy
the equilibrium condition

µ2
R(T spec, V(pspec), x1

R(µ1
/))) µ2

�(T spec, V(pspec), x1
�(µ1
/)) (20)

A root finding method known as the van Wijngaarden-Dekker-
Brent method64 (which combines bracketing, bisection and
inverse quadratic interpolation) is used to obtain the binodal
roots for the coexistence compositions x1

b,R and x1
b,�. This

algorithm allows the solution of the liquid-liquid equilibrium
compositions and densities at any pressure and temperature
without the need for arbitrary initial guesses.

Unfortunately, in the regions of vapor–liquid equilibrium, far
from critical conditions, the Gibbs surface becomes discontinu-
ous as there can be up to three density roots under certain
conditions; in this case the derivative of the Gibbs function (and
thus the chemical potential) can become ill-defined, which
causes difficulties with the numerical differentiation used in the
calculation of spinodal composition. In these regions we solve
the standard set of nonlinear equations corresponding to thermal,
mechanical, and chemical equilibria

T spec ) Ti
R) Ti

� (21)

pspec ) pi
R) pi

� (22)

and

µi
R) µi

�, ∀ i (23)

using the Levenberg-Marquardt method64 with appropriate
initial guesses of composition and density.

3. Results and Discussion

In this study we are interested in the phase behavior of
aqueous PEG solutions in the liquid region with a particular
focus on the closed-loop immiscibility exhibited by these
systems. The use of an analytical molecular approach such as
SAFT allows one to undertake a global investigation of the
phase behavior of the mixtures. This means that one can examine
wide ranges of temperature and pressure as well as of the
molecular weight of the polymer. We have developed models
that are fully transferable so that only the number of repeat units
n corresponding to a given molecular weight of the polymer,
which is reflected in the number of spherical segments m in
our model chain molecules, is required as an input for each
mixture. The other pure component and mixture parameters are
summarized in Tables 1, 2, and 3 as indicated earlier.

3.1. Water + DEE. We have used DEE (CH3-CH2-
O-CH2-CH3) to determine the parameters that characterize
the dispersive attractive and repulsive interactions of the
monomer segments of the PEG repeat unit (-[CH2-
CH2-O]-). It is interesting to note that DEE is also the smallest
“polymer” of the PEO series (where PEO as defined earlier is
interpreted as the PEG polymer terminated with methyl groups
rather than with hydroxyl groups). We therefore investigate the
related phase behavior of the water-DEE mixture.

Though DEE does not hydrogen bond as a pure component,
in aqueous solution hydrogen bonding is active between the
hydrogen atoms of the water molecule and the lone pairs on
the oxygen atom in the ether group of DEE. As for PEG, we
introduce two off-center square-well associating sites of type e
in the DEE model to mediate the unlike hydrogen bonding of
DEE with water. The sites are again positioned at rd;12

HB ) 0.25σ12

from the center of the segment. The volume available for the
unlike hydrogen bonding is then characterized by rc,12,He

HB , as both
rd,12

HB and rc,12,He
HB define the bonding volume K12,He

HB . When an H site

in water and an e site in DEE are closer than a cutoff distance
of rc,12,He

HB apart, a hydrogen-bonding energy ε12,He
HB is realized. The

parameters characterizing this hydrogen-bonding interaction, i.e.,
rc;12,He

HB (or K12,He
HB ), and the unlike dispersive attractive energy

between water and DEE, characterized by the well depth ε12 of
the corresponding square-well interaction or, alternatively, the
binary interaction parameter k12, can be obtained by either
transferring the value optimized for the water-PEG interaction
or by direct refinement to the experimental fluid phase equilibria
data of the water + DEE mixture. The remaining unlike
interaction parameters σ12 and λ12 are determined following
standard combining rules as described earlier.

We first chose to examine water-DEE experimental tempera-
ture-composition (T-x) slices of the fluid phase equilibria at
0.101 MPa to determine the unlike interaction parameters, as
both liquid-liquid and vapor-liquid data are available at this
pressure.80–83 The water-DEE T-x phase diagram at 0.101
MPa is shown in Figure 4. A broad region of liquid-liquid
equilibrium (LLE) is seen to extend up to ∼307 K, at which
point the system appears to exhibit a heteroazeotrope in the
DEE-rich region. From the three-phase heteroazeotrope com-
position line, a region of vapor-liquid equilibrium (VLE) is
seen to extend to ∼373 K (the boiling temperature of water).
In the figure the description obtained with the SAFT-VR
approach for our model water + DEE mixture are compared to
the experimental data. Two sets of model parameters are
examined (see Table 3): a transferable set of parameters that is
also appropriate in studies of water + PEG mixtures and a set
of optimized parameters for the water + DEE mixture. The
region of LLE is well represented by both sets of model
parameters; as one would expect, the extent of immiscibility is
described more accurately when the water-DEE LLE data are
used to refine the parameters. An excellent prediction of the
heteroazeotrope (see inset of Figure 4) at ∼307 K is also
obtained for the parameters which have been refined to the LLE
data.

The complete pressure-temperature-composition (P-T-
xDEE) surface of the fluid phase diagram as obtained using the
unlike parameters refined to the data at 0.101 MPa is shown in
Figure 5. We find that the mixture exhibits type II phase
behavior in the classification of van Konyenburg and Scott.84

Two separate loci of critical points, a continuous gas-liquid

Figure 4. Temperature-composition T-x fluid phase diagram of the
water + DEE mixture at a pressure of 0.101 MPa. The symbols
represent the experimental data of Borisova et al.80 (9), Bennett and
Philip81 (b), Kablukov and Malischeva82 (2), and Hill83 (0). The
continuous curve is the SAFT-VR description obtained by refining the
unlike interaction parameters. The dashed curve is the SAFT-VR
prediction using the transferable water-PEG unlike interaction param-
eters (see Table 3).
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line and a liquid-liquid line, are clearly seen. We note that the
corresponding phase diagram calculated with transferable
parameters leads to type III phase behavior, with a continuous
gas-liquid to liquid-liquid critical line at high temperatures
and pressures. The latter model suggests a greater immiscibility
between water and DEE (as seen in Figure 4) and as a result a
change from type II to type III phase behavior.

3.2. Water + PEG. We have examined experimental data
for the water + PEG system and have chosen to use the LLE
data for PEG with molecular weights of 2180, 8000, and 21 200
g/mol to determine the unlike adjustable parameters of the
model. The liquid region is of particular interest as the closed-
loop liquid-liquid immiscibility exhibited by these mixtures is
still the subject of much work and debate. Three molecular
weights are selected over a wide range with the final aim of
obtaining parameters that are representative of the smaller and
larger polymers. The experimental and calculated closed-loop
coexistence curves have already been presented in Figure 3 as
a T-wPEG representation (where wPEG is the weight fraction of
PEG). One should note that experimental data such as those
presented in the figure are typically obtained by heating solutions
in sealed cells,5,69 so that in fact one is determining the cloud
point temperatures from the upper critical end point (UCEP) to
the lower critical end points (LCEP) (see ref 85); as the
temperature is increased in such a setup the pressure also
increases, following the three-phase (orthobaric) line. In the
SAFT calculations, therefore, the pressure of the three-phase
VLLE line at the corresponding temperature is used to map out
the LLE coexistence boundary. In the case of polymers of high
molecular weight there are numerical difficulties in determining
the three-phase line due to its very close proximity to the vapor
pressure of the solvent (as will become clear later). Instead, it
is more convenient, with virtually no loss of accuracy, to
approximate the pressure of the three-phase coexistence by the
vapor pressure of pure water at the corresponding temperature.

The aqueous solutions of PEG for the three selected molecular
weights all exhibit the characteristic region of closed-loop
liquid-liquid immiscibility: at low temperatures the mixtures
are completely miscible; as the temperature is increased, a two-
phase region may be obtained (depending on the total composi-
tion); and on further increase of temperature complete miscibility
is again seen. A clear trend with molecular weight can also be

observed, with the smallest loop (both in terms of the range of
temperatures and of the range of composition) corresponding
to the lowest molecular weight and the largest loop to the highest
molecular weight polymer. As can be seen in the figure, the
transferable set of intermolecular potential model parameters
that have been developed (see Tables 1–3 for the specific
parameter values) provides a very good description of the
experimental LLE data. The calculated LCEPs and UCEPs are
all within ∼5-15 K of the experimental values. It is noticeable
that the lower critical temperatures are underpredicted by the
SAFT-VR equation of state while the upper critical temperatures
are overpredicted by the theory. This is to be expected since
with a SAFT approach, as with all analytical equations of state,
the critical region cannot be captured rigorously. Furthermore,
the deviation in these regions is also comparable to the scatter
in the experimental data; a difference of ∼8 K is observed
between the experimental LCST data of Bae et al.69 and of Saeki
et al.5 for the water + PEG-8000 mixture. This difference may
be a consequence of differences in the polydispersity of the
samples, an effect we have not thus far investigated. It is
however very gratifying to find that the asymmetric shapes of
the closed loops characteristic of the higher molecular weight
PEG systems are reproduced by the theory.

The theory is then used to examine the global pressure-
temperature-composition (P-T-wPEG) fluid phase behavior of
two of the mixtures. The P-T-wPEG surfaces for water + PEG-
2180 and water + PEG-21 200 are presented in Figures 6 and
7, respectively. It is immediately clear that both mixtures exhibit
type VI phase behavior within the van Konynenburg and Scott
classification,84 with a continuous gas-liquid critical line
running between the critical point of the two pure components
and a region of liquid-liquid immiscibility bounded below and
above by a critical line which corresponds to the locus of the
upper and lower critical solution temperatures. The liquid-liquid
immiscibility is seen to disappear at a maximum in pressure
(sometimes called a hypercritical point). A link has been made
between the high-pressure denaturation of proteins and their
increased miscibility in water with increasing pressure; the
domelike immiscibility boundary of aqueous solutions of PEG
(which are biocompatible polymers) and the complete miscibility
seen beyond a hypercritical pressure are certainly consistent with
this picture of protein denaturation.86–90

Figure 5. SAFT-VR prediction of the pressure-temperature-
composition P-T-x surface of the fluid phase diagram of water +
DEE using the optimal unlike interaction parameters (see Table 3).
The thick continuous curves represent the saturated vapor pressures of
water and DEE. The thin black curves mark the regions of vapor-liquid
and liquid-liquid immiscibility, and the dotted curves denote the critical
lines.

Figure 6. SAFT-VR prediction of the pressure-temperature-composition
(weight fraction) P-T-w surface of the fluid phase diagram for aqueous
solutions of PEG with a molecular weight of 2180 g/mol. The thick
continuous curves represent the saturated vapor pressures of water and
PEG. The thin continuous curves mark the regions of vapor-liquid
and liquid-liquid immiscibility, and the dotted curves denote the critical
lines.
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In the case of the mixture with PEG-2180 (Figure 6), the
closed-loop region of liquid-liquid immiscibility is seen to
extend to pressures of ∼17.1 MPa. The vapor-liquid equilib-
rium region is very large in comparison, extending from the
critical point of water toward that of the polymer, so that the
liquid-liquid region appears somewhat dwarfed; most of the
VLE region predicted in our calculations will not be accessible
experimentally due to the thermal degradation of PEG at the
higher temperatures. It should also be noted that the critical
temperature and pressure of pure water and of PEG are
overpredicted by the theory; the parameters of the two com-
ponents would need to be rescaled to their critical points to
provide a better description of the critical lines, but as we are
primarily interested in the LLE region, this has not been done
in our current study. The closed-loop region of liquid-liquid
immiscibility for the water + PEG-21 200 system is seen to
extend to a maximum pressure of ∼400 MPa, at which point
the LCST and UCST meet at a hypercritical point. It is clear
from the P-T-wPEG surface shown in Figure 7 that in this case
the liquid-liquid region is the more extensive, with the
vapor-liquid region dwarfed in pressure by comparison. The
experimental data of Sun and King10 for the water + PEG-
21 200 mixture indicate that the LCST and UCST do not meet
at a hypercritical point and that, instead, the region of
liquid-liquid immiscibility becomes more extensive with
increasing pressure. They report a turning point in the trend of
the behavior of the LCSTs with pressure ∼550 MPa. Above
this pressure a sharp decrease in the LCST is reported, while
the more usual trend of a decrease in the LCST with decreasing
pressure is reported below ∼550 MPa. An in-depth discussion
of this high-pressure phase behavior will be left until the end
of this section.

The extent of the VLE and LLE coexistence regions are more
clearly seen in pressure-temperature (P-T) projections of the
full phase surface. A comparison of the P-T projections for
the water + PEG-2180 and water + PEG-21 200 systems is
given in Figure 8. The pressure along the three-phase
vapor-liquid-liquid line (shown in the inset of Figure 8) is
virtually indistinguishable to that of the vapor pressure of water,
justifying our earlier methodology for computing the closed
loops along the orthobaric line. The three-phase line for the
water + PEG-2180 mixture is found to extend between a
temperature of ∼432 and ∼495 K and a pressure of ∼0.6 and

∼2.4 MPa. In the case of the water + PEG-21 000 mixture the
three-phase line lies between temperatures of ∼377 and ∼588
K and pressures of ∼0.1 and ∼11 MPa. The large region of
liquid-liquid immiscibility obtained for the aqueous solution
of the higher molecular weight polymer is also clearly seen in
this representation.

As an assessment of the transferability of the parameters in
our model, we have calculated the closed-loop boundaries for
a number of water + PEG binary mixtures of varying molecular
weight and compared our predictions with the corresponding
experimental data in Figure 9. The LLE experimental data of
Malcolm and Rowlinson,2 Saeki et al.,5 and Bae et al.69 which
correspond to aqueous solutions of PEG with molecular weights
of 2180, 3350, 5000, 8000, 21 200, and 1 020 000 g/mol are
examined. As before, the closed-loop LLE is essentially

Figure 7. SAFT-VR prediction of the pressure-temperature-composition
(weight fraction) P-T-w surface of the fluid phase diagram for aqueous
solutions of PEG with a molecular weight of 21 200 g/mol. The thick
continuous curves represent the saturated vapor pressures of water and
PEG. The thin continuous curves mark the regions of vapor-liquid
and liquid-liquid immiscibility, and the dotted curves denote the critical
lines.

Figure 8. SAFT-VR prediction of the pressure-temperature P-T
projection of the fluid phase diagram of aqueous solutions of PEG with
molecular weights of 2180 and 21 200 g/mol. The thick continuous
curves represent the saturated vapor pressures of water (bounded by
the critical point 9), PEG-2180 (bounded by 4), and PEG-21 200
(bounded by 2). The vapor-liquid and liquid-liquid critical lines for
PEG-2180 and PEG-21 200 g/mol mixtures are denoted by the dotted
curvesandthedashedcurves,respectively.Thethree-phasegas-liquid-liquid
line for both systems are indistinguishable from the vapor pressure curve
of pure water (see inset).

Figure 9. Temperature-composition (weight fraction) T-w closed-
loop regions of liquid-liquid immiscibility for the aqueous solutions
of PEG. The symbols correspond to experimental data at pressures along
the three-phase line for PEG molecular weights of 21805 (b), 335069

(O), 50002 (/), 80005,69 (9, 0), 21 2005 (2), and 1 020 0005 (4) g/mol.
The continuous, dashed, dotted, dot-dashed, dashed, and dotted curves
from the inside to the outside correspond to the SAFT-VR description
for PEG molecular weights of 2180, 3350, 5000, 8000, 21200, and
1 020 000 g/mol, respectively.
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computed along the three-phase line by approximating the
orthobaric pressure by the vapor pressure of pure water. The
varying pressure along the three-phase line should not be
neglected as the pressure differences between the UCEP and
LCEP become significant for high PEG molecular weights where
the region of liquid-liquid immiscibility spans a large temper-
ature range. For example, the difference in pressure between
the UCEP and LCEP of the closed-loop LLE region for water
+ PEG-21 200 is ∼11 MPa. We can see that in general good
agreement with the experimental data is obtained. This is very
encouraging considering that we are using SAFT-VR to describe
all of these complex associating systems with a single set of
transferable intermolecular potential parameters. The width of
the liquid-liquid immiscibility regions is in good agreement
with experimental data, though a little underestimated at the
higher temperatures of the polymer-rich phase. The LCST for
all of our mixtures is slightly underestimated and the UCST
slightly overestimated as expected with a standard analytical
description of the free energy. When the molecular weight of
PEG is increased, the region of liquid-liquid immiscibility
becomes more extensive, so that the LCST is seen to move to
lower temperatures and the UCST to higher temperatures. It is
also clear that the LLE boundaries are predicted to converge in
the region of the LCEP as the molecular weight of PEG is
increased, a finding that is consistent with experimental observa-
tion. There is a difference of only ∼ 2K in the LCEP of the
aqueous solutions of PEG-21 200 and PEG-1 020 000. The
decrease in the LCST with increasing molecular weight is
consistent with polymer-type behavior in which the liquid-liquid
immiscibility is driven by the size asymmetry between the
solvent and polymer molecules.13 We leave a quantitative
discussion of the thermodynamic drivers for this type of behavior
for a future paper.19

Motivated by the unusual experimental phase behavior
reported by Sun and King10 and others,9 we take advantage of
the transferability of our models within the SAFT-VR approach
to investigate the regions of very high pressures and low
temperatures in aqueous solutions of PEG of varying molecular
weight. Our predictions of the pressure-temperature behavior
of the fluid phase equilibria over an extensive range of
conditions are presented in Figure 10. For the water + PEG-
21 000 mixture, in addition to the “lower” pressure region of
liquid-liquid immiscibility extending to ∼400 MPa which was
presented earlier in Figures 6 and 8, we find a region of high-
pressure liquid-liquid immiscibility bounded by a lower

hypercritical pressure at ∼2.6 GPa and 570 K. This type of
high-pressure immiscibility has been observed in mixtures of
3-methylpyridine + H2O + D2O.7 van Pelt et al.91 also obtained
this type of isolated high-pressure region of LLE in calculations
for model binary mixtures of shorter molecules with the
simplified perturbed hard chain theory (SPHCT) equation of
state. More recently, experiments and a theoretical (scaled
Onsager) examination of binary mixtures involving rodlike
liquid crystals of the same length but of different diameter have
also shown that such systems can exhibit high-pressure (or high-
concentration in the case of the experiments) regions of fluid
immiscibility.92–94 Our predictions indicate that for the aqueous
solutions of PEG the lower-pressure and upper-pressure regions
of liquid-liquid coexistence merge with the formation of an
hourglass-shaped region of immiscibility for PEG molecular
weights in excess of ∼73 900 g/mol. In the case of the water
+ PEG-2180 mixture the two-phase high-pressure region is not
seen for the pressures examined, though it may still be present
at pressures >4 GPa. As mentioned earlier, Sun and King10

have reported a region of liquid-liquid immiscibility at high
pressures of ∼0.5 GPa in a solution of water + PEG-21 000
that extends out to temperatures as low as 250 K; instead of
the LLE region contracting with increasing pressure and
disappearing altogether beyond a (hyper)critical point, the single-
phase homogeneous mixture is bounded by a two-phase
boundary that exhibits a turning point (maximum) at ∼0.55 GPa
and 320 K. This type of behavior is also seen for water + PEG-
270 0009 and water + PEG-1 390 000.10 The pressure depen-
dence of the regions of liquid-liquid separation in aqueous
mixtures is intricately linked to the structure of water in the
solution (i.e., to the formation and disruption of hydrogen
bonds). The unusual behavior found at high pressure for the
aqueous solutions of PEG can be explained in terms of the
disruption of water-PEG hydrogen bonding at elevated pres-
sures.9,11,95 One should point out, however, that this highly
unusual trend could also be consistent with the appearance of
three-phase (liquid-liquid-solid) coexistence involving ice
states of water and not to boundaries of liquid-liquid
miscibility, considering the high pressures (∼0.5 GPa), low
temperatures (down to 250 K), and low concentrations of
the PEG solutions that are involved; pure water freezes at
273 K, and the melting point of PEG ranges from 277-281
K for PEG-400 to 329-336 K for PEG-6000, but there will
of course also be an appreciable depression of freezing point
in the aqueous solutions. Though for aqueous solutions of
higher molecular weight PEG a widening of the region of
liquid-liquid immiscibility at high pressure is predicted with
our SAFT approach, we do not reproduce the dramatic change
in the slope of the critical locus of the LCSTs toward lower
temperature found by Sun and King.10 An initial increase in
pressure in our SAFT calculations leads to more hydrogen
bonding, so that a positive slope of the critical locus of the
LCST with pressure is observed; in the case of low molecular
weight PEG, the aqueous mixture becomes totally miscible
above a hypercritical pressure. As the pressure is further
increased, the unlike repulsive contributions become more
dominant within our model and the homogeneous mixture
becomes unstable above a certain threshold; a corresponding
decrease in the extent of water-PEG hydrogen bonding is
associated with this liquid-liquid immiscibility. For com-
pleteness we should also mention that, in addition to the
regions of fluid phase coexistence discussed thus far, a
separate region of liquid-liquid separation is predicted in
our approach at very low temperatures (∼150 K) for all of
the molecular weights of PEG considered. These low-
temperature calculations should, however, be viewed with a
certain degree of caution as the region is almost certainly

Figure 10. SAFT-VR prediction of the high-pressure P-T projection
of the fluid phase diagram of aqueous solutions of PEG. The dot-dot-
dashed, continuous, dashed, dotted, dot-dashed, and short-dashed curves
(from the inside to the outside) correspond to the liquid-liquid critical
lines predicted with SAFT-VR for PEG molecular weights of 2180,
21 200, 50 000, 100 000, 270 000, and 1 020 000 g/mol.
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within the solid phase boundaries of the system, and any fluid
would thus be metastable with respect to crystallization. This
having been said, high-pressure phases of amorphous ice have
been found at these low temperatures,96,97 allowing for the
possibility of an experimental window for the study of this
metastable region of fluid-phase immiscibility.

4. Conclusions

The phase behavior of aqueous solutions of PEG has been
studied using the SAFT-VR approach and a detailed model
which takes into account water-water, PEG-PEG, and
water-PEG hydrogen-bonding interactions as well as the size
asymmetry between the solvent and the polymer. The trans-
ferable parameters describing the model molecules are
determined by comparison with experimental data for the
fluid phase equilibria of appropriate systems with a broad
range of molecular weights. In the case of water we use a
model that was developed in a previous study.54 The
parameters for the PEG molecules are determined from an
examination of diethyl ether, which can be considered as the
first member of the PEO polymer series, and from water +
PEG liquid-liquid equilibrium data. Three unlike water-PEG
interaction parameters (the binary water-PEG dispersive
attraction, and the water-PEG(OH) and water-PEG(EO)
hydrogen bonding) are also determined to ensure an optimal
description of the liquid-liquid equilibrium of the mixtures.
All of the parameters used within our approach are temper-
ature independent and transferable to any molecular weight
of PEG; the segment-segment parameters are independent
of chain length, and the dependence on molecular weight is
introduced via a linear relationship between the number of
ethoxy groups in the polymer and the number of spherical
segments m in the model chain. The firm molecular basis of
the SAFT-VR approach allows for a good quantitative
description of the characteristic water + PEG closed-loop
regions of liquid-liquid immiscibility for all of the mixtures
studied.

Our predictions of the water + PEG fluid phase behavior
compare very favorably with those of other theoretical
approaches. Karlström27 reported only semiquantitative agree-
ment using a conformational Flory-Huggins-based model
for aqueous PEO-2290, -14 400, and -1 020 000. Using a
similar model but with hydrogen bonding included explicitly,
Matsuyama and Tanaka29 obtained good agreement with the
experimental data of Saeki et al.,5 but the number of ethylene
oxide segments n used to model the PEG polymers does not
correspond consistently with the experimental molecular
weight (e.g., n ) 10 is used to describe PEG with a molecular
weight of 2180 g/mol, when a value of n ∼ 50 should have
been used). In their pressure-dependent model, Bekiranov et
al.34 obtain fairly good agreement with the experimental data
of Bae et al.98 for molecular weights of 3350, 8000, and
15 000 g/mol by adjusting the intermolecular parameters to
experimental LCST and UCST for a number of molecular
weights; the resulting parameters are thus molecular weight
dependent. Dormidontova30 obtains a good description of the
LLE for aqueous solutions of PEO of large molecular weight
using a mean-field model taking into account water-water
and water-PEO hydrogen bonding but does not discuss the
change in pressure along the three-phase line. In a later
paper,31 the inclusion of hydroxyl end groups and PEO-PEO
hydrogen bonding allows for a closer description of the
experimental data over a larger range of molecular weights.
There is, however, also an inconsistency in the number of
ethylene oxide segments that is used in the model when
compared to the experimental molecular weight. In the case
of the methyl-terminated PEO model the lack of consistency

between the experimental molecular weight and number of
repeat units in the model for low molecular weights is
attributed to polydispersity and the neglect of PEO-PEO
hydrogen bonding. The inclusion of hydroxyl end groups (and
PEO-PEO hydrogen bonding) leads to an improvement in
the description, but inconsistencies still remain. Though there
maybe a degree of uncertainty in the actual molecular weight
of the polymer due to thermal degradation and polydisper-
sity,69 a linear relationship between the molecular weight and
the number of repeat units should be expected for transferable
segment parameters. An accurate prediction is possible when
state-dependent parameters are used, as described by Trito-
poulou et al.17 (who report less than 15 K deviation for the
LCSTs and UCSTs of a number of water + PEG mixtures),
but at the expense of using temperature-dependent binary
interactions which now play the role of an effective free
energy.

In addition to the description of the closed loops of
liquid-liquid immiscibility in the PEG systems, we have carried
out a detailed analysis of the pressure dependence and complete
P-T-w surface. A clear advantage of using a continuum
approach such as SAFT-VR is that the effect of pressure is
incorporated in a natural way. Our theoretical calculations
suggest that water + PEG mixtures exhibit type VI phase
behavior in the classification of van Konynenburg and Scott.84

For intermediate molecular weights of PEG the liquid-liquid
separation is bounded by a hypercritical point with increasing
pressure. Beyond this threshold pressure the mixture exists as
a homogeneous liquid phase. A detailed understanding of the
mechanism of this particular feature of the fluid phase separation
in aqueous solutions of PEG could provide important generic
insights into the link between hydrophobicity and denaturation
of proteins.86–90 At even higher pressures (∼GPa) a second
region of liquid-liquid immiscibility which is bounded from
below (in pressure) by a second hypercritical point is predicted
for intermediate molecular weights of PEG. For large molecular
weights the high pressure water + PEG phase behavior is
predicted to exhibit an “hourglass” region of liquid-liquid
immiscibility.

The development of a transferable approach based on the
individual polymer segments is one of the particular strengths
of our approach; this can be seen as an intermediate step toward
a full group contribution treatment of the type described in recent
work.99 Our transferable models for the aqueous solutions of
PEG provide us with a very convenient platform from which
to investigate the competing roles of hydrogen bonding and size
asymmetry in the appearance of LCSTs and closed-loop
immiscibility as well as in the high-pressure re-entrant phase
behavior, something we leave for a later study. As a final point,
we note that for large molecular weight PEG one end of the
polymer may be hydroxyl terminated and the other methyl
terminated, depending on the particular polymerization process
that is employed. The hydroxyl end can then be further
methylated, leading to a degree of uncertainty as to the actual
end-group termination of the PEG molecule. The specifics of
the end-group termination can have an important bearing on
the type of fluid-phase behavior that is observed in aqueous
solution. An in-depth investigation of the effect of the PEG
termination with our SAFT approach is also left for future work.
Intramolecular (ring-like) association between the terminal OH
groups on the same PEG chain may also be important for short
to intermediate molecular weights; this type of association can
also be treated within a Wertheim/SAFT approach.100–102
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