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Water + Elastin-like Polypeptides (ELPs) exhibit a transition temperature below which the chains
transform from collapsed to expanded states, reminiscent of cold denaturation. This conformational
change coincides with liquid-liquid phase separation. A statistical thermodynamics theory is used
to model the fluid-phase behavior of ELPs in aqueous solution and extrapolate behavior at ambient
conditions to a range of pressures. At low pressures, closed-loop liquid-liquid equilibrium phase
behavior is found consistent with that of other hydrogen-bonding solvent + polymer mixtures. At
pressures evocative of deep-sea conditions, liquid-liquid immiscibility bounded by two lower critical
solution temperatures is predicted. As pressure is increased further, the system exhibits two closed-
loop regions of liquid-liquid equilibrium. The observation of bimodal LCSTs and two re-entrant LLE
regions herald a new type of binary global phase diagram: Type XII. At high-ELP concentrations
the predicted phase diagram resembles a protein pressure denaturation diagram; possible "molten-
globule"-like states are observed at low concentration.

1 Introduction
The persistence of life in high-pressure environments raises im-
portant questions about the behavior of proteins, the key func-
tional molecules of organisms, at these extreme conditions. It is
known that high pressures played a central role in the formation
of life on Earth by stabilizing amino acids at high temperatures
and enabling facile organic reaction pathways1. In the open sea,
fish have been caught at depths exceeding 7,000m (70 MPa)2,
while invertebrate life has been found in the Mariana trench,
where pressures exceed 100 MPa3. In an experimental setting,
bacteria have been shown to be resilient to pressures of over 1
GPa4. Proteins can withstand pressures of hundreds of MPa be-
fore denaturing5,6.

Here, we explore the high-pressure fluid-phase behavior of a
model protein, an elastin-like polypeptide (ELP), which has been
used as a proxy for elastin7,8 and for intrinsically disordered pro-
teins (IDPs) in general9. IDPs are responsible for key biological
functions such as cell signalling, molecule recognition, and tissue
elasticity9. The disordered nature of IDPs is attributed to repet-
itive low-complexity amino acid sequences; ELP macromolecules
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consist of a repeating amino acid pentamer and can, therefore, be
considered a minimal prototypical IDP9.

ELPs comprise repeat units of one of elastin’s characteristic moi-
eties: Valine-Proline-Glycine-Xaa-Glycine (VPGXG), where Xaa
(X) is any amino acid apart from proline10. Elastin is an ex-
tracellular matrix protein with unique viscoelastic properties,
which are essential to the function of connective tissue of verte-
brates7,8,11. While most proteins denature upon heating, elastin
has the unique behavior that it "folds" when the temperature is
increased from below to above ∼ 40 oC7: this is known as inverse
temperature transition behavior7,10–14. What is meant by "fold"
in this context is that the polypeptide chain becomes more col-
lapsed and ordered above the transition temperature Tt

7,11; the
same phenomena as in cold denaturation. In particular, the amino
acid sequence VPGXG has been identified as key to the character-
istic thermoresponsive behavior of elastin7. Like elastin, aque-
ous solutions of ELPs exhibit an inverse-transition temperature,
which is associated with the lower critical solution temperature
(LCST) characterising the system15–18. The precise value of Tt

(and TLCST) depends on the identity of amino acid X10 and the
(number average) molecular weight (Mn) of the polypeptide13;
it is further affected by external factors such as the pressure8,
the pH of the solution19, and concentration of other species20.
ELP macromolecules are biocompatible, biodegradable, and non-
immunogenic15,21, retaining their transition behavior when fused
to other proteins22. These properties make ELPs eminently suit-
able for applications such as drug delivery23, tissue engineer-
ing21, and protein purification22.

It is apparent from experimental and modelling studies that

Journal Name, [year], [vol.], 1–10 | 1



aqueous solutions of ELPs undergo intramolecular conforma-
tional changes similar to protein folding and exhibit phase sep-
aration as the temperature is increased above Tt . Several au-
thors have proposed that ELPs exists as two-state systems in
water: a folded (collapsed) state and an unfolded (expanded)
state, depending on the conditions7,8,11,24. Circular dichroism
(CD)7,8,10,12,16,24 and Fourier-transform infrared (FT-IR)7,8 spec-
troscopy experiments suggest that there is an increase in the sec-
ondary protein structure of ELPs with increases in temperature.
These phase transitions are also apparent from thermodynamic
measurements of the heat capacity and thermal-expansion coeffi-
cient7,8. Molecular simulations have been undertaken to confirm
these conformational changes, predicting a decrease in the num-
ber of ELP-water hydrogen bonds and a decrease in the number
of water molecules in the first hydration shell of the ELP chain
with increasing temperature11,17,18. These observations are con-
sistent with the view that the ELP is in a more collapsed state
above Tt than below. In addition to the aforementioned changes
in the intramolecular conformation, turbidity measurements in-
dicate that ELPs aggregate in water to form a coacervate phase
(i.e., a viscous gel-like ELP-rich phase12) when heated to above
Tt

10,12–14. The conformational changes in ELPs thus coincide with
liquid-liquid phase separation: the collapsed ELP state is associ-
ated with a two-phase region of immiscibility (consisting of an
essentially pure-water phase and an ELP-rich phase); and the ex-
panded ELP state is associated with a single-phase region. These
transitions are fully reversible8,10,24. Urry and coworkers10,12,14

found that these phase transitions provide insight into the funda-
mental mechanisms that drive protein folding and function.

In our current paper, we use a well-established thermody-
namic model, the statistical associating fluid theory for systems
characterized by variable range square-well interactions (SAFT-
VR SW)25,26, parametrized using experimental data at ambient
pressures, to represent the global fluid-phase behavior of aque-
ous solutions of ELPs over broad ranges of pressure, tempera-
ture, and concentration. Within the SAFT-VR SW approach25,26,
the molecules are treated as chains of square-well (SW) spherical
segments with repulsive hard cores and attractive contributions
to account for: (a) dispersion interactions; and (b) short-range
anisotropic attractive interactions like hydrogen bonding (a pic-
torial representation is provided in the Electronic Supplementary
Information (ESI) Fig. S1†). These models are conceptually sim-
ilar to sticky-site models27. Liquid-liquid equilibrium (LLE) data
of water + (VPGVG)n for various values of n at ambient pressure
(0.1 MPa) is used to parametrize the model; the full parametriza-
tion procedure is described in reference28. Thermodynamic equa-
tions of state (EOSs), like SAFT, allow for a direct representation
of fluid-phase equilibria, facilitating the study of phase behavior
over a broad range of conditions. This enables the determina-
tion of the global phase behavior, usually presented as pressure-
temperature projections29–31.

Following the seminal classification of Scott and van Kony-
nenburg32,33, binary mixtures exhibit one of six types of fluid-
phase behavior in temperature-pressure-composition space. The
pressure-temperature (P-T ) projections of the six types of binary
phase behavior are shown in Fig. 1(a)-(f). As can be seen from

Fig. 1, the classification relies on the topology of the critical
lines, which delimit the single-phase and two-phase regions of
the mixture. The complexity ranges from that in systems exhibit-
ing simple vapor-liquid equilibrium (Type I), to systems exhibit-
ing regions of low-temperature LLE (Types II and VI), and sys-
tems where the liquid-liquid critical points and vapor-liquid criti-
cal points are in close proximity giving rise to equilibria between
liquid and supercritical phases (Types III, IV and V). The six types
of fluid phase behavior following the classification of Scott and
van Konynenburg32,33 have been observed experimentally34–36.
Solvent-polymer systems are often found to exhibit LLE with up-
per and/or lower critical solution temperatures (UCSTs and/or
LCSTs, respectively)34. This corresponds to Types II, IV, or V be-
havior, although Type VI behavior has also been seen for associ-
ating systems34. The six types of phase behavior have now been
observed with a variety of EOSs30,31,35–39, validating the classifi-
cation proposed by Scott and Van Konynenburg originally based
on an analysis with the van der Waals EOS. There has been some
debate about the existence of other types of fluid-phase behav-
ior predicted using different EOSs and a number of new types
have been postulated: VII37, VIII35, IX and X40, and XI36. Of
these proposed types, there is experimental evidence supporting
Type VII (shown in Fig. 1(g)) in ionic liquid solutions41. The
physical reality of the other proposed types (VIII-XI) remains un-
confirmed35,36,40,42.

The SAFT-VR SW25,26 EOS has been shown to capture and pre-
dict all six types of phase behavior classified by Scott and van
Konynenburg32,33. The global fluid-phase behavior of a variety
of systems can be accurately represented over the entire pressure-
temperature-composition space. McCabe and co-workers used
this methodology to predict: Type I behavior for n-hexane + n-
tetradecane29; Type V behavior in methane + n-hexane43; and
Types II and III phase behavior in perfluoro-n-alkane + n-alkane
mixtures38; all in good agreement with experiment. Paricaud
et al. have shown transitions from Type I to V behavior30, and
Type IV to III behavior39 with increasing disparity in the sizes of
the components in the mixture. A similar change in the global
behavior from Types II to III through to Type IV with increasing
chain length, in agreement with experiment, was demonstrated
by Galindo and Blas44 for carbon dioxide + n-alkane mixtures.
For mixtures of associating hydrogen-bonding fluids: Valtz et
al.45 and dos Ramos et al.46 have reproduced the Type III global
phase behavior exhibited by water + carbon dioxide; and Clark
et al.31 reproduced the Type VI behavior observed experimen-
tally for the solvent-polymer system water + polyethylene glycol
(PEG).

In our current work we use the same SAFT-VR SW approach to
predict the high-pressure fluid-phase behavior of aqueous solu-
tions of the ELP (VPGVG)30 (Mn = 12,302 g mol−1). The EOS
allows one to extrapolate phase behavior at known (ambient)
conditions to a broad range of temperatures, pressures, and com-
positions in a physical manner, and thus classify the global phase
behavior of the ELP solution. This is often impractical to do ex-
perimentally and/or by direct molecular simulation. We use the
SAFT calculations to show that at "lower" pressures (< 50 MPa),
the phase diagram of water + (VPGVG)30 conforms to Type VI be-
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Fig. 1 Pressure-temperature P-T projection schematics of the various
types of fluid-phase behavior for binary mixtures. Types I-V were orig-
inally proposed by Scott and van Konynenburg 32,33. The classification
of type VI was introduced by Rowlinson and Swinton 34. Type VII was
postulated by Boshkov37. We classify the global phase diagram obtained
in our current work for water + (VPGVG)30 as Type XII. The continu-
ous black curves represent the vapor pressures of the pure components
and the circles represent the pure-component critical points. The loci of
the vapor-liquid critical points of the mixture are depicted as blue dashed
curves. The continuous red curves represent the three-phase vapor-liquid-
liquid equilibrium (VLLE) with the corresponding upper and lower critical
end point temperatures (UCEP and LCEP, respectively) that bound the
VLLE marked as red triangles. The continuous green curve represents
the liquid-liquid-liquid equilibrium (LLLE) predicted for type XII, with
the green triangles denoting the UCEP and LCEP points that bound the
LLLE. The red dashed curve represents the loci of lower and upper critical
solution temperatures (LCSTs and UCSTs, respectively).

havior (see Fig. 1(f)), which is also exhibited by other hydrogen-
bonding solvent-polymer systems such as water + PEG31. At
higher pressures (50 − 155 MPa), we predict a region of LLE
bounded by multiple minima (LCSTs), corresponding to so-called
bimodal liquid critical behavior47. At even more elevated pres-
sures (> 155 MPa), two separate LLE regions are predicted, each
exhibiting re-entrant closed-loop phase behavior, bounded at high
temperatures by a UCST and at low temperatures by an LCST. As
our predicted high-pressure fluid-phase behavior is topologically
distinct from all of the previously proposed types of behavior (I-
XI)32,33,35–37,40, we refer to it as Type XII.

Type XII global phase behavior has not been observed before
now. A schematic of the P-T projection of a Type XII mixture
is depicted in Fig. 1(h). Our work is the first off-lattice calcula-
tion to predict bimodal critical behavior, which has been observed
experimentally for other binary solvent-polymer systems at near-
atmospheric pressures48–54; the bimodal behavior has been rep-
resented using lattice-based theories, but pressure effects cannot
be described using such "filled"-lattice approaches54–56. As far as
we are aware, multiple re-entrant regions of LLE have not been
observed or predicted before for binary systems. The presence of
bimodal critical behavior and two separate regions of closed-loop
LLE means that there are multiple stable liquid phases for differ-
ent ranges of the concentration of the ELP. Experimental studies
suggest that at ambient pressure the phase separation of water +
ELP is accompanied by conformation changes in the ELP macro-
molecules7,8,10–14,24. The multiple stable liquid phases contain-
ing the ELP molecules predicted here at high pressure may, there-
fore, represent different conformations of the ELP macromolecule
(than the two conformations found at ambient conditions). In
the pressure-temperature (P-T ) isopleths at fixed composition of
the polypeptide, the liquid critical lines of water + ELP resemble
those of protein denaturation diagrams, further strengthening the
relevance of the behavior of ELPs to proteins.

2 Computational methods
The statistical associating fluid theory with attractive potentials
of variable-range (SAFT VR SW)25,26 is used in our current work.
In the SAFT approach molecules are treated as chains of homonu-
clear hard-sphere segments with dispersion interactions modeled
by the SW potential. Segments can incorporate additional short-
range anisotropic association sites to account for hydrogen bond-
ing (modeled using a short-range off-centre SW potential).

Details of the parametrization procedure for aqueous solutions
of (VPGVG)n can be found in reference28. The model parameters
were refined to a combination of information from experiment13

and molecular simulation, both at 0.1 MPa. A visual representa-
tion of the SAFT model and the number of association sites on
each segment can be seen in ESI Fig. S1†. The water segments
and the segment of the ELP chain are characterised by differ-
ent like (between identical groups) interaction potentials. Each
amino acid in the ELP is modeled as a single spherical segment
with the same SW interaction, the distinguishing feature between
amino acids being the number of association sites. The terminal
amino acids are modeled with a different number of association
sites from the amino acids along the backbone of the chain. The
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association sites only interact with sites representing an opposite
charge. The unlike (between water and ELP groups) interaction
parameter was refined to experimental LLE data for aqueous so-
lutions of (VPGVG)n molecules for a series of molecular weights
(n =30, 60, 90, and 120) at ambient pressure 0.1 MPa13. The
parameters were estimated from data over a relatively small tem-
perature (∼ 295− 345 K) and composition (wELP ∼ 0.00− 0.03)
range. The SAFT-VR SW formalism is then used to extrapolate
the fluid-phase behavior over a broad range of conditions. The re-
sulting parameters are state independent, as demonstrated in pre-
vious works31,39 in which we have studied the phase behaviour
of polymer + solvent mixtures using the SAFT-VR approach over
wide thermodynamic conditions, including high-pressures.

As with other thermodynamic perturbation theories, SAFT-VR
SW is expressed in the form of the Helmholtz free energy. The
other thermodynamic properties (such as the pressure and chem-
ical potential) are obtained from the standard thermodynamic
identities. The phase equilibria are evaluated at fixed pressure,
temperature, and mixture composition using the Helmholtz free
energy Langrangian dual (HELD) algorithm57, which has been
shown to accurately resolve the Gibbs free energy minima. A se-
ries of isobars are produced to determine the critical points of wa-
ter + (VPGVG)30. The nature of each phase is determined from
an analysis of the packing fraction.

3 Results & discussion

3.1 Temperature-ELP mass fraction (T -wELP) isobars

Predicted constant-pressure temperature-mass fraction (T -wELP)
slices (isobars) of the fluid-phase equilibrium for water +
(VPGVG)30 are shown in Fig. 2, in which a dramatic change in the
behavior with pressure can be seen. The nature of each phase is
determined from the packing fraction η (the fraction of the total
volume occupied by the molecules). The liquid phase is identifi-
able for η > 0.1. In ESI Fig. S2†, the T -η diagrams are shown for
the corresponding T -wELP isobars depicted in Fig. 2. The exper-
imental water + (VPGVG)30 data at 0.1 MPa13, which is used to
develop the interaction parameters of the model28, is accurately
reproduced by the SAFT-VR SW approach (see the inset plot in
Fig. 2(a)). The behavior observed for the 0.1 MPa isobar is typical
of a water + polymer system with an LCST-bounded (LCST1) LLE
region at lower temperatures and a VLE region at higher tempera-
tures30. Vapor-liquid-liquid coexistence (VLLE) is observed at the
intersection of the LLE and VLE regions. There is a second water-
rich VLE region just below the three-phase line, but it is negligibly
small for the relatively high molecular weight (compared to the
solvent) of the ELPs28. From a comparison of the phase diagrams
at 0.1 MPa (Fig. 2(a)) and 25 MPa (Fig. 2(b)), it is apparent that
the VLE region shrinks with increasing pressure. Above 9.4 MPa
no three-phase coexistence is observed as the VLE and LLE re-
gions have separated and the LLE region becomes bounded by
a UCST (UCST1). For pressures above 40.3 MPa, the system is
above the maximum in the vapor-liquid critical line and the VLE
region ceases to exist altogether, as seen from the 70 MPa isobar
in Fig. 2(c). The LLE region is less sensitive to pressure (compare
Figs. 2(b) and 2(c)), but also slowly decreases in size, as the LCST

(LCST1) increases with increasing pressure. At 48.6 MPa a second
LCST (LCST2) appears at low concentration of the polypeptide.
Although the LLE region associated with LCST2 is initially rel-
atively small it widens in composition with increasing pressure;
this region is clearly seen at 70 and 150 MPa in Figs. 2(c) and
2(d), respectively. The three LLE regions, bounded by the LCST1,
LCST2, and UCST1 (see Figs. 2(c) and 2(d)), intersect at a three-
phase liquid-liquid-liquid coexistence (LLLE) temperature. As the
pressure is increased, the LLE region bounded by the LCST1 con-
tinues to decrease in range in both composition and temperature,
whereas the T -wELP region associated with LCST2 expands in
both these variables. At around 155 MPa one can first see two
separate closed-loop regions with a second UCST (UCST2); these
are clearly apparent at 300 MPa isobar (Fig. 2(e)). The UCST2
and LCST1, which bound the closed-loop at high concentrations
of ELP, continue to converge with increasing pressure, and the re-
gion disappears at ∼ 500 MPa (between Fig. 2(e) and 2(f)). The
UCST1 and LCST2, encompassing the closed-loop region of low
ELP concentration, slowly diverge as the pressure is increased.

The phase with intermediate concentrations of ELP (e.g. points
C2 and E2 from Fig. 2), which is in equilibrium with essentially
pure water and is related to the LCST2-bound LLE region seen at
high pressures, will likely contain ELP molecules with a different
conformation than those found at lower pressures. At low pres-
sure and low ELP concentration (point A in Fig. 2(b)), we predict
that the ELP is fully soluble in water below Tt . According to ex-
periment and molecular simulation the ELP at these conditions
(point A) is in its expanded conformation7,8,11,14,24. At the same
overall composition above Tt (point A’ in Fig. 2(b)), the system
demixes into an essentially pure-water phase (labelled A1) and a
phase with a high ELP concentration (labelled A2). Phase A2 is
expected to be a coacervate phase10,12–14 (i.e., a viscous gel-like
ELP-rich phase12); the general consensus is that the ELP is in a
collapsed state in this phase7,8,11,14,24. This high-ELP concentra-
tion phase persists to pressures of up to∼500 MPa (see points B2,
D2, and F2). The LCST2-bounded LLE region, first appearing at
around 48.6 MPa and clearly visible at 150 MPa in Fig. 2(d) at low
ELP concentrations (point C’), corresponds to an equilibrium be-
tween an essentially pure-water phase (phase C1) and a phase of
intermediate ELP concentration (C2) that persists to higher pres-
sures (point E2 in Fig. 2(e)). We postulate that the demixing
seen at C’ and at E’ is driven by a change in the ELP conformation
with pressure. The large difference in the water content between
phases with intermediate ELP concentrations (C2 and E2) and
phases with high ELP concentrations (A2, B2, D2, and F2) means
that the ELP is likely to have a different conformation in these
two types of phases. We hypothesize that the ELP is in a partially-
collapsed state in phases C2 and E2.

3.2 Pressure-temperature (P-T) projection

The fluid-phase behavior that has just been described for water +
(VPGVG)30 is summarized as a global pressure-temperature (P-
T ) projection in Fig. 3(a), indicating the pure-component vapor-
pressure curves (Pv,water and Pv,ELP), the critical lines (LCST1,
LCST2, UCST1, UCST2, and the loci of the vapor-liquid critical

4 | 1–10Journal Name, [year], [vol.],



A

A'A1 A2
B'B1 B2

B

C2 D1C1 C' D' D2

C D

E2E1 E'

E

F1
F' F2

F

Fig. 2 Temperature-mass fraction (T -wELP) isobars of the fluid-phase equilibria of aqueous solutions of (VPGVG)30 at (a) 0.1 MPa, (b) 25 MPa,
(c) 70 MPa, (d) 150 MPa, (e) 300 MPa, and (f) 600 MPa. The experimental data 13 (filled circles) is visible in the inset plot in (a), highlighting
the agreement with the SAFT calculations at 0.1 MPa. The continuous black curves denote the phase envelope calculated using the SAFT-VR
SW EOS. The grey dashed lines represent either the vapor-liquid-liquid (VLLE) three-phase line (at 0.1 MPa (a)) or the liquid-liquid-liquid (LLLE)
three-phase line (at 70 MPa (c) and 150 MPa (d)). The filled red circles represent the calculated UCSTs and LCSTs. The red dashed lines represent
the experimental melting point of pure water 58. The experimental error bars are omitted as they are smaller than the symbols. The hollow blue
and green circles are labelled points of interest referred to in the text. The labels L, V, and SC denote the liquid, vapor, and super critical regions,
respectively.
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points of the mixture (T,P)c,mix.), and the trends of the three-
phase coexistence lines (VLLE and LLLE). A schematic of the P-T
projection is also presented in Fig. 1 (labelled Type XII) and the
full P-T -wELP surface can be found in ESI Figs. S3 and S4†. Note
that since the vapor pressure of ELP Pv,ELP is essentially negligi-
ble (Fig. 3(b)), the VLLE line virtually coincides with the vapor
pressure Pv,water (Fig. 3(c)).

The global fluid-phase behavior of water + (VPGVG)30 de-
picted as a P-T projection in Fig. 3(a) is characterized by a
type of liquid-liquid phase behavior which does not conform to
the existing classifications for binary mixtures (Types I–XI). We
thus propose to classify the global phase diagram with the gen-
eral topology shown in Fig. 3(a) as Type XII. Below 48.6 MPa,
the P-T projection shown in Fig. 3(a) closely resembles Type VI
fluid-phase behavior (see Fig. 1(f)) with a characteristic solvent-
polymer VLE region (see Fig. 3(c)), where the vapor pressure of
the ELP Pv,ELP is very low (see Fig. 3(b)) and the lower and up-
per critical end points (LCEP1 and UCEP1) bounding the closed-
loop LLE region are very close to the vapor-pressure of pure wa-
ter Pv,water (see Fig. 3(c)). This is not surprising, as type VI
fluid-phase behavior is often exhibited by other associating sol-
vent + polymer systems31. The phase diagram of Fig. 3(a)
starts to differ markedly from Type VI behavior at 48.6 MPa:
a second lower critical end point (LCEP2, marking the first ap-
pearance of LCST2) and a three-phase LLLE line are predicted at
∼ 50 MPa; furthermore, a new upper critical end point (UCEP2)
is observed at 155 MPa where the LLLE terminates and the LLE
region splits into two separate closed-loop regions (as seen in Fig.
2(e)). This type of high-pressure fluid-phase equilibria is dis-
tinct from previously-reported global phase behavior (Types
I–XI)32,33,35–37,40, which do not include LLE regions bounded
by multiple LCSTs or UCSTs (bimodal behavior), LLLE coexis-
tence (Fig. 2(c) and 2(d)) or multiple closed-loop regions of
LLE (Fig. 2(e)). As shown schematically in Fig. 1(h), Type XII
phase behavior found for water + (VPGVG)30 behavior is charac-
terized by an LCST and a UCST emanating from within the LLE
region, which sets it apart from that of Types I–VI32,33,37. Type XII
phase behavior also differs from that of Types VIII–X proposed by
van Pelt and co-workers35,36,40 using simplified-perturbed-hard-
chain theory (SPHCT), as Types VIII–X are characterized by addi-
tional liquid critical points in the proximity of the binary vapor-
liquid critical line rather than within the LLE region as seen for
Type XII. Type XI predicted by van Pelt36 using SPHCT only con-
tains a single LLE region with critical end points originating at
negative pressures, and is thus also distinct from Type XII pro-
posed here.

3.3 Bimodal liquid critical point behavior

The LLE behavior with multiple LCSTs or UCSTs (referred to as
bimodal behavior) that we have predicted for water + (VPGVG)30

(Fig. 2(c) and 2(d)) has been observed experimentally for other
solvent-polymer mixtures. The first documented bimodal UCST
and LCST behavior in solvent-polymer systems was for acetone
+ PS mixtures (polydispersity Mw/Mn = 1.03, where Mw is the
weight average molecular weight) between 0.35 and 2.0 MPa50.

These pressures are relatively low compared to the pressures at
which this type of behavior is observed in our study of water +
(VPGVG)30. Bimodal LCSTs have also been experimentally ob-
served in water + poly(vinyl methyl ether) (PVME) mixtures51–54

with polydispersities ranging from Mw/Mn = 1.10 to 7.853. The
experiments for water + PVME were undertaken only at atmo-
spheric pressure, so that a proper assessment of the global phase
behavior cannot be made. Although bimodal behavior can in
some cases be attributed to polydispersity49, the aforementioned
experiments show that this behavior persists at low polydisper-
sity50,53.

Thermodynamic lattice-based models have been used to repro-
duce and/or predict the bimodal LCSTs and UCSTs seen experi-
mentally in solvent-polymer systems. Flory-Huggins-Staverman
(FHS) theories rely on state-dependent (χ) parameters to de-
scribe the experimentally observed phase behavior of acetone
+ PS55 and water + PVME53 mixtures. The Wertheim lat-
tice thermodynamic pertubation theory (Wertheim-LTPT) was the
first theory used to predict bimodal LCSTs54,56 and the existence
of multiple low-temperature UCSTs54,56. Unlike in experiment,
however, all the aforementioned theoretical studies (including
our current work) treat the polymer as monodisperse, which sug-
gests that the multiple LCSTs and UCSTs are not a consequence
of polydispersity. Our work with SAFT-VR SW represents the first
use of an off-lattice approach to predict this kind of bimodal
behavior. Anisotropic association interactions such as hydrogen
bonding are the key to closed-loop LLE behavior34,59. The fact
that both the lattice Wertheim-LTPT and the continuum SAFT ap-
proaches, which are based on the work by Wertheim60 on fluids
with short-range anisotropic interactions, can be used to predict
bimodal LCST behavior implies that hydrogen bonding also plays
an important role in this phenomena. A major advantage of con-
tinuum EOS approaches such as SAFT is that one can account for
changes in the phase behavior with pressure without the intro-
duction of pressure-dependent parameters.

3.4 Pressure-temperature (P-T) constant composition
(wELP)

The constant composition P-T phase diagrams (isopleths) for
water + (VPGVG)30 predicted with SAFT-VR SW at wELP =

0.10, 0.40, 0.50, and 0.80 in Fig. 4(b)–4(e) bear similarities
to the "generic" protein temperature-pressure denaturation dia-
grams6,61–63, shown schematically in Fig. 4(a). The behavior
depicted in Fig. 4(a) corresponds to low-protein concentrations
of less than 1% by weight6,63. In order to help understand the
P-T diagrams in Fig. 4, the points of relevance labelled in the iso-
baric slices of the fluid-phase equlibria in Fig. 2 are also shown.
As a point of reference, the total protein content of a cell is ∼ 20%
by weight64. Although Figs. 4(c), 4(d), and 4(e) correspond to
aqueous solutions with ELP mass fractions in excess of the protein
mass fractions typically found in cells, our predictions still allow
for qualitative comparisons to the protein denaturation diagram
depicted in Fig. 4(a). We should also note at this stage that the
phase behavior is highly dependent on the molecular weight of
the ELP28 (see ESI Fig. S5†). For an overall ELP concentration
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Fig. 3 Pressure-temperature (P-T ) projection of global phase behavior of water + (VPGVG)30 determined with SAFT-VR SW: (a) the complete phase
diagram; (b) the vapor-pressure curve of the ELP; and (c) the closed-loop Type-VI like behavior. The continuous black curve represents the vapor
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of wELP = 0.80, corresponding to 4(e), the P-T phase boundaries
closely resemble the "generic" protein denaturation diagram of
Fig. 4(a). The labelled points in Fig. 4(e) (B’, D’, and F’) all cor-
respond to the demixed LLE region bounded by LCST1 with an
equilibrium between a high-concentration ELP coacervate phase,
in which the polypeptide chain is in a collapsed state, and a phase
with intermediate ELP concentration. As the overall concentra-
tion of ELP is lowered to wELP =0.50 (see Fig. 4(d)), the P-T
diagram is characterized by two peaks: the lower-temperature
peak corresponds to the LLE region associated with LCST1, and
the higher-temperature peak corresponds to the LLE region as-
sociated with LCST2; in the latter there is coexistence between
an essentially pure-water phase and a phase with an intermedi-
ate concentration of ELP. On decreasing the overall ELP concen-
tration from wELP of 0.50 to 0.40 (Fig. 4(d) to Fig. 4(c)) one
can observe a drastic change in the phase behavior: the high-
temperature peak previously associated with LCST2 in Fig. 4(d)
opens upwards giving rise to the chimney-shaped phase bound-
ary seen in Fig. 4(c). At the lower overall ELP concentration
of wELP = 0.10 (Fig. 4(b)), the high concentration ELP phase
is only present in the demixed state at low pressure (point A’),
with the higher-pressure states (points C’ and E’) corresponding
to demixed states with intermediate concentrations of ELP (also
seen in Fig. 4(c)). The phase diagrams seen in Figs. 4(b), 4(c),
and 4(d) are markedly different from the "generic" schematic of
the protein denaturation diagram (Fig. 4(a)). These differences
are caused by the presence of the LLE region associated with
LCST2.

The phases with intermediate concentrations of ELP associ-
ated with LCST2 may correspond to, so-called, molten globules
in analogy with proteins. The LLE associated with LCST2 found

at high pressures corresponds to an equilibrium between a phase
which is essentially pure water and a phase with an intermedi-
ate concentration of ELP (points C2 and E2 in Figs. 2(d) and
2(e)). We propose that in the phases with intermediate ELP con-
centrations (C2 and E2) found at these elevated pressures, the
polypeptide is in a partially-collapsed state. Partially collapsed
(or unfolded) states have also been found experimentally for pro-
teins and are referred to as molten globules65,66.

4 Conclusions
We use a statistical thermodynamics approach, SAFT-VR SW25,26,
to predict the global fluid-phase behavior of aqueous solutions
of (VPGVG)30. The model28 is parameterized to experimental
data at 0.1 MPa13. At low pressures, the system exhibits Type
VI closed-loop phase behavior, which is seen in other hydrogen-
bonding solvent-polymer systems31. At high pressures (above
48.6 MPa), we predict that water + (VPGVG)30 has phase en-
velopes bounded by multiple LCSTs (bimodal LCSTs). Bimodal
LLE behavior has been seen experimentally in other solvent-
polymer mixtures50–52, and described with lattice-based mod-
els53–56. Our work represents the first off-lattice (continuum)
prediction of bimodal LLE behavior. Above 155 MPa, we predict
the existence of two separate re-entrant liquid-liquid immiscibil-
ity regions in aqueous (VPGVG)30, a behavior that has not been
reported before. The fluid-phase equilibria of the water + ELP
system considered here is topologically distinct from the types
of global phase behavior proposed by Scott and van Konynen-
burg32,33, and by others34–37,40. We categorize this as a new
type: Type XII.

At high ELP concentration, the P-T phase diagram resembles
a "generic" protein denaturation diagram, whereas at low ELP
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concentrations a different topology in the phase behavior is pre-
dicted that may correspond to the presence of "molten-globule"-
like states. Aqueous ELPs are known to undergo intramolecular
conformational changes at ambient pressure, as seen with pro-
tein cold denaturation, from a collapsed to expanded state as
the temperature is decreased to below Tt

7,8,11,24. We find that
the P-T diagram at an overall ELP concentration of wELP = 0.80
(see Fig. 4(e)) closely resembles a protein denaturation diagram
(schematic shown in Fig. 4(a)). At lower overall concentrations
of ELP (Figs. 4(b), 4(c) and 4(d)), the P-T diagrams are different
from the "generic" protein denaturation diagram (depicted in Fig.
4(a)). The deviations stem from the appearance of the second
LCST (LCST2). We hypothesize that this region corresponds to
partially-collapsed or, in the analogy to proteins, molten-globule
states65,66. The prediction of new LLE regions with SAFT-VR
SW demonstrates the usefulness of equations of state to study
the global fluid-phase behavior of aqueous solutions of ELPs as a
proxy for more complex polypeptides, like IDPs9, and for proteins
in general.

We speculate on the relevance of the high-pressure fluid-phase
behavior predicted for water + ELP mixtures to protein systems in
general. In the deep sea, organisms thrive at high pressures of 50
to 110 MPa and temperatures of 273 K up to 395 K67,68. The over-
all protein concentration in the cells of these organisms is of the
order of 20% by weight. At these conditions, we predict that the
ELP does not appear in its collapsed or the "native" protein state.
Instead we see either the fully expanded state (point C in Fig.
2(d)) or a intermediate ELP concentration phase that we propose
corresponds to a partially-collapsed or "molten-globule" protein
state. This may explain the presence of specialised proteins that
can withstand these pressures and remain in their native state
found in deep-sea fish67. We find that increasing the molecular
weight of the ELP at elevated pressure, leads to a decrease in Tt

and shrinks the temperature range of the LCST2-bound LLE re-
gion (see ESI Fig. S5†), thereby increasing the temperature range
over which the collapsed or "native" state is stable (phase A2 and
B2 in Fig. 2(b), D2 in Fig. 2(d), and F2 in Fig. 2(e)). The
drastic changes in phase behavior seen when the overall ELP con-
centration is varied in Figs. 4(b) through 4(e), further illustrate
that as well as the temperature and pressure, the concentration of
polypeptide, a variable not usually considered in protein stability
studies5,6,69, strongly affects the nature of the phase (single or
demixed state) of the water + ELP mixture at elevated pressures.
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