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Liquid—liquid miscibility in binary and ternary fluids has been studied to a great extent by Professor Schneider.
One of the important results of his studies was the description of the so-called immiscibility holes or islands
in type IV systems. In these holes, the liquid—liquid coexistence curve virtually disappears; i.e., it goes
below the vapor pressure of the mixture where the liquid becomes metastable to the liquid—vapor phase
transition. In the case of the ternary system, the critical end-points then form a closed loop which is the
so-called immiscibility hole. Changing, for example, the composition in ternary systems or the molar mass
in binary systems containing chain molecules, one can show that a type III-like liquid—liquid critical curve
can emerge from this hole. Here we show that this type IlI-like critical curve already exists within the hole.
As a consequence, the liquid—liquid critical curves of type III and IV systems are similar if metastable
states are included. The possibility of indirect estimation of the critical point loci hidden in the negative
pressure domain using pressure evolution of the conductivity is shown. It is supported by the distortion
sensitive and derivative based analysis of data, yielding optimal values for the parameters.

Introduction

Some binary mixtures are miscible at ambient pressure and
temperature such as ethanol and water, while others cannot
be homogenized such as water and oil. The border between these
two different types of miscibility behavior is not sharp. Some
systems can be mixed in a certain composition range, while
they are immiscible at other compositions. Allowing changes
in pressure and temperature, miscible and immiscible systems
are even less distinct. For example, nitrobenzene is miscible in
hexane at room temperature but turns out to be immiscible below
about 293 K.

Topologically binary or quasi-binary phase diagrams can be
divided into seven classes of which five have been characterized
by van Konynenburg and Scott.>* Type I systems consist only
of a continuous vapor—liquid critical curve, and hence the two
components are miscible at any pressure and temperature. Type
I systems are miscible at high temperature but exhibit a
liquid—liquid immiscibility at low temperature. Type V systems
have a vapor—liquid—liquid three-phase curve which interrupts
the vapor—liquid critical curve, and hence these systems have
a liquid—liquid immiscibility in an intermediate temperature
range.

In this paper, we focus on type III and IV systems. At ambient
pressure or at the vapor pressure, type IV systems are miscible
in a medium temperature range, but they are immiscible below
or above that range. Type III systems are typically immiscible
at the vapor pressure of the mixture and behave as types II and
IV at elevated pressures. In Figure la—c, one can see the pT-
projections of these phase diagrams. The major difference is
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the course of the liquid—liquid critical curve. While it is a
continuous curve for type III systems, it is interrupted in type
IV systems. It is terminated typically slightly below the vapor
pressure curve by an upper critical end point (UCEP) and lower
critical end point (LCEP). In polymer physics, UCEP and LCEP
are often referred as UCST and LCST (upper and lower critical
solution temperatures, respectively) at the vapor pressure of the
mixture. A detailed discussion can be found in the literature.’

When changing molecular parameters such as chain length
in macromolecular solutions or the ratio of two solvents in a
ternary mixture, one can observe a smooth transition from type
IV to type III and vice versa. The schematic change of the
liquid—liquid critical curve is shown in Figure 2. For some
binary mixtures consisting of macromolecules and small mol-
ecules, the liquid—liquid critical curve forms a continuous curve
such as the uppermost solid curve in Figure 2, which is similar
to the low-temperature part of the one shown in Figure 1a. With
decreasing chain length of the macromolecular component, the
liquid—liquid critical curve moves down to lower pressure, until
it reaches the liquid—liquid—vapor three-phase curve. In asym-
metric systems, the three-phase curve is typically close to the
vapor pressure curves of the solvent. At that stage (M, in Figure
2, similar to the low-temperature part of Figure 1b), a double
critical end point is formed which separates the formerly
continuous critical curve into two branches, the UCST and
LCST. This is the case for macroscopic stable systems when a
vapor phase is present. Without a pre-existing vapor phase, one
can stretch the liquid and go below the vapor pressure, even to
negative pressures.® In that case, one can obtain a continuous
liquid—liquid curve for type IV systems just like for type III
(Figure la). An important point has to be mentioned here:
although the liquid—liquid critical curve can be extended below
the vapor pressure of the mixture (i.e., the end-points are not
real terminating points for the curves), this extension has a real
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Figure 1. Types of fluid phase behavior for binary systems according to the van Konynenburg and Scott classification.>> (a) Type III, (b) transition between
types III and 1V, (c) type 1V, (d) type IV with the liquid—liquid locus extended into the metastable liquid region.
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Figure 2. Schematic plot of the molar mass dependence of polymer solutions
in the pT-projection. Solid curves, liquid—liquid critical curves for different
molar masses (M, > M, > M3 > M, > Ms); dot-dashed curve, vapor pressure
curve of the solvent. Dotted and dashed lines represent the metastable parts
of the liquid—liquid critical curve.

lower limit. All liquids have a thermodynamic stability limit
(so-called spinodal), which is the border between metastable
liquid states and the unstable region; it can be defined for
example in pure systems as a point where the isothermal
compressibility becomes negative. Liquids cannot exist below
the spinodal; i.e., the liquid—liquid locus cannot cross the
spinodal line.”

An example for this behavior is the polystyrene + acetone
solution. For polystyrene consisting of 100 segments, one finds
type IV behavior with an UCEP at 271 K and a LCEP at 414
K.3? When increasing the polystyrene chain length to ap-

proximately 400 units, UCEP and LCEP join in a DCEP (double
critical end point) at 346 K.° Higher chain-length polystyrene
cannot be dissolved in acetone over a wide composition range
at ambient pressure, but the system can be homogenized even
with ten times longer chains at elevated pressure. Theoretical
investigations on global phase diagrams allow analyzing these
transitions because in theory one can vary the molecular
parameters continuously.”'®'" This is of course not possible
experimentally with the exception of the quasi-binary ap-
proximation discussed below. In equation of state calculations
for solutions of chain molecules, one can observe the transition
between the different phase diagram types in detail.'* Similar
transitions can be observed in quasi-binary systems. Such
systems consist of a mixture of two substances typically with
similar properties mimicking a pure substance whose parameters
can be varied continuously via the composition. This quasi-
pure substance is then mixed with another substance. For
example, one can shift type III behavior to type IV behavior in
the system CO, + 1-hexanol + pentadecane by varying the
1-hexanol + pentadecane composition.''*

Due to the fact that liquids can stay in a metastable liquid
state at pressures below their vapor pressure,'”” '® one can
assume that the two branches of the virtually separated
liquid—liquid critical curve of type IV systems can continue
between the UCEP and LCEP. The idea of the extensibility of
the liquid—liquid locus into the metastable liquid region was
proposed first by Timmermans and Lewin in the 50s'® and later
in the 60s and 70s by Schneider'®?® for the water + 3-meth-
ylpyridine system, which is a type VI system.?' For type IV
systems, the continuity of the two critical curves below p,, was
proposed by Wolf*? in the late 70s and proved experimentally
by Imre and Van Hook® > and by Rebelo et al.?® These authors
used polymeric solutions with so-called poor solvents and



employed the chain length as a tunable parameter. Poor solvents
can dissolve the particular polymer with small chain length but
not with high chain length; i.e. short polymer + solvent systems
are type III ones, while long polymer + solvent systems were
type IV ones. For poor solvent + polymer systems, one can
refer, for example, to the already mentioned polystyrene +
acetone system, where choosing polystyrene below 40 kg +mol ™!
molar mass one can obtain type IV behavior, while above that
molar mass, type III behavior can be seen at certain composi-
tions. In equation of state calculations, the liquid—liquid critical
curve is continuous below the vapor pressure and even at
negative pressure'” although the part of the critical curve
between the UCEP and LCEP is metastable because there exists
a more stable normal homogeneous phase.

On the other hand, certain solvents can dissolve the given
polymer even with infinite chain length. One classical example
is the polystyrene + cyclohexane system.’ Obviously infinite
chain length does not exist, but by measuring solutions with
high molar mass polymer, one can extrapolate to the infinite
chain length. For example, by extrapolation of UCEP and LCEP
at the vapor pressure of the mixture one can obtain the so-called
O®-temperatures. For polystyrene + cyclohexane,’ it is @(UCST)
=307 K and ®(LCST) = 486 K giving roughly a 180 K range
of absolute miscibility. Solvents showing this behavior for a
certain polymer are called ®-solvents. On the basis of the van
Konynenburg—Scott classification, they are type IV systems.
To distinguish from systems where type IV behavior can be
seen only with short chains, we propose to call these systems
permanent type IV. Here permanent means that by changing
molar mass for the macromolecular component one cannot
obtain a transition from type IV to type III.

For poor solvent + polymer systems, one can demonstrate a
type IV to type III transition by merging of the UCEP and LCEP
at a DCEP simply by increasing the molar mass. It is also
relatively easy to show by direct measurements that in these
systems the liquid—liquid critical curve continues below the
vapor pressure curve and can even pass through the range of
negative pressures.®'” Strictly speaking, it is not the vapor
pressure curve that is relevant but rather the three-phase curve
being typically slightly below the vapor pressure cuve. In that
sense, below the vapor pressure the solution is metastable for
the liquid—vapor phase transition; i.e., it can cavitate spontane-
ously at any time. Therefore, direct measurements become more
and more difficult when penetrating deeper into the metastable
region. For a permanent type IV system such as a polymer in
a O-solvent with a quite large ©-gap, i.e., with a big difference
between high and low ©-temperatures, one can expect that the
merging point of the two branches takes place at very low
negative pressures. Hence the level of liquid—vapor metastability
is very high, and spontaneous cavitation interferes with the
liquid—vapor measurement. At cavitation, the metastable liquid
jumps back into a stable liquid + vapor equilibrium state at the
vapor pressure terminating further measurements under negative
pressure. !>~ 17:2

As an alternative solution, we propose to determine this
hidden part of the liquid—liquid critical curve by indirect
observation. As already shown, dielectric permittivity and its
high-field counterpart, the nonlinear dielectric effect (NDE),
have a critical anomaly near the liquid—liquid phase transition.'=’
Here near means only (1 to 2) K in temperature but several
MPa in pressure. Therefore, isothermal dielectric measurements
with variable pressure can be used for direct observation of the
liquid—liquid phase transition and also for the prediction of these
phase transitions by extrapolation. Measuring the dielectric
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permittivity in nitrobenzene + hexane mixtures slightly above
293.15 K starting at elevated pressure and going down to the
vapor pressure, one can see very characteristic changes in the
permittivity even without reaching the liquid—liquid critical
point. Knowing the analytical pressure dependence of the
dielectric permittivity vs pressure at constant temperature, one
can extrapolate the measured values and obtain the liquid—liquid
critical point for the given temperature. By repeating the
measurement at various temperatures, a big part of the
liquid—liquid locus can be mapped.'*” Obviously the accuracy
of the extrapolation gets worse as the critical states move down
to low or even negative pressures. We have already applied
this method to nitrobenzene + hexane systems and proven that
it can be used with 1 MPa uncertainty down to —20 MPa.
Similarly, we have applied NDE measurement for the same
system, which is more sensitive, and we were able to track down
the liquid—liquid locus down to —32 MPa (also with 1 MPa
uncertainty). However, our attempt to use one of these methods
in polymeric systems failed. One observes a permanent drift of
the permittivity and for the NDE, probably caused by the high
electric field. Therefore, as an alternative method, we here use
electrical conductivity measurements. This approach is less
accurate, but the electrical conductivity is less sensitive to
external influences and to noise. In this paper, we show that,
due to the critical anomaly of the electrical conductivity at the
liquid—liquid phase transition, one can determine the hidden
part of the liquid—liquid critical curve by extrapolating the
measurable parts. Although this method is less accurate than
the dielectric permittivity, it can track down the liquid—liquid
critical curve to —10 MPa in the polystyrene + methyl acetate
system, which is five times lower than the —2 MPa that we
reached by direct measurements.?*

Method

Until recently, the evidence for the critical anomaly of
electrical conductivity in the homogeneous phase, Gpomo(7) o<
(T — Tc)¥—where T¢ is the liquid—liquid critical temperature
and ¢ is the corresponding critical exponent—has remained
puzzling.?® Stein and Allen® suggested that the anomaly is
associated with the order parameter behavior obtaining ¢ = f§
= 1/3 where f3 is the critical exponent of the order parameter.
Jasnow et al.> applied a hopping model suggesting a relation-
ship between the Oyomo(7) anomaly and that of the heat capacity
critical anomaly, yielding ¢ = 1 — a = 0.88. Klein and
Woermann®' outlined a model where association phenomena
occur giving ¢ ~ 0.5. Shaw et al.** proposed a percolation
model where the relationship with the order parameter critical
exponent 3 was suggested leading to ¢ ~ 23 = 2/3. Ramakrish-
nan et al.** considered the scattering of ions by concentration
fluctuations suggesting the link to the correlation length critical
exponent: @ = v = 0.63. Only recently, Orzechowski** showed
that experimental problems with the verification of theoretical
predictions can be related to the weakness of the o(T) anomaly
and the influence of the parasitic Maxwell—Wagner (MW) effect
contribution.”> The following generalized relation®® for the
critical anomaly of the electric conductivity in the homogeneous
phase of critical mixtures was proposed

o(T) = (C, + Cyt + Cy)y + C?(1 + ™) + C5 (1)

where f is for the order parameter critical exponent, ¢ = 1 —
o and o &~ 0.12 are for the heat capacity critical exponent, c is
the so-called damping coefficient, and ¢ is the reduced temper-
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Figure 3. (a) Pressure dependence of the electric conductivity for the 7 = 383.2 K isotherm. The inset shows the distortion-sensitive plot focused on
detecting the validity of the “critical” equations (eqs 2 and 3). The linear dependence in the inset indicates that oo = 0.12 and Pc = —2.2 MPa. (b) Liquid—liquid
critical curve of the polystyrene + methyl acetate (w; = 2.9 %, M,, = 2 000 000). W, direct data by optical measurement;** [, extrapolated data from
isotherm electric conductivity measurements. The solid curve is to guide the eye. The dotted line represents the vapor pressure curve of the methyl acetate,

and the dashed line marks zero pressure.

ature. The first term in brackets, described by index “B”, is
related to the noncritical background effect, and the term with
the exponent ¢ describes the critical effect on approaching T¢.
The last term is related to the critical MW effect.

It was indicated that the “static” critical anomaly, given by
the second term in eq 1, may be expected only at sufficiently
low measurement frequency. On increasing the frequency, the
MW effect dominates the critical anomaly of electric conductiv-
ity 3

It is worth recalling that a similar puzzling situation occurred
for the pretransitional anomaly of the static dielectric permittivity
(&) (see Malik et al.?® and references therein). In both cases,
approaching the critical point as a function of pressure appeared
to be the remedy. This completely removes artifacts associated
with the MW effect. Moreover, o(P) and &(P) anomalies are
quantitatively larger than their temperature counterparts. This
can be related to the fact that in both cases the critical anomaly
amplitude seems to be proportional to the d7-/dP value. By
Malik et al.,”® the validity of the following relation was shown

o(P) = 0¢ + d\)P — Pl + APIP — P.I'™ + .., T = const.
(2

Further reducing the number of parameters as well as estimating
their optimal values can be supported by the derivative based
analysis of experimental data; namely

do(P)/dP = a'P. + AP(1 — )IP — Pl ™"+ .. = A+
B(P — Po) * (3)

On the basis of this dependence, one can propose the distortion-
sensitive plot do/dP vs (P — Pc)~® with a = 0.12. The domain
of validity of eq 2 will be indicated by a linear dependence, for
the optimal selection of Pc. The subsequent linear regression
fit can yield values for af and AF, if necessary.

Experimental

Polystyrene (Polymer Source Inc., M,, = 2182000, M, =
1829500, M/M, = 1.16) and methyl acetate (Fluka, op HPLC
class) were used without further purification. The solution was
prepared with a near-critical mass fraction of 0.029, as
determined previously,?* stirred overnight at 323 K (well over
the homogenization temperature but below the boiling temper-
ature), and then introduced into the sample chamber with a

Table 1. Liquid—Liquid Critical Curve for 0.029 Mass Fraction of
Polystyrene 2 000 000 in Methyl Acetate”

Tc/K PclMPa
314.8 —3.0
3345 —4.4
3525 —4.1
357.8 —4.3
362.5 -39
3834 —2.2

“ The uncertainty for the temperature is 0.1 K, and for the pressure it
is 0.4 MPa.

syringe. During the sample transfer, the syringe and the sample
were held on the same temperature (323 K) to avoid a phase
transition.

Measurements of electric conductivity were carried out using
a Solartron 1260 A impedance analyzer. The frequency /= 100
Hz was selected as the optimal one, enabling avoiding the MW
(Maxwell—Wagner) effect as well as the relaxation effect and
yielding 5-digit resolution output for electric conductivity. The
pressure setup is the same as used before.'® Pressure was
estimated using a tensoric pressure meter with &+ 0.1 MPa
uncertainty. The sample was placed in a flat parallel capacitor,
with diameter 2r = 20 mm and gap d = 0.3 mm. The sample
was in contact only with stainless steel, quartz, and Teflon, to
avoid contamination. The pressure was transported to the sample
from the pressurized liquid via deformation of the 50 mm Teflon
film.

Results and Discussions

In Figure 3a, one can see a typical run for electric
conductivity measurements at 7 = 383.2 K when the pressure
can be decreased almost to the liquid—liquid transition (Pgy
= 270 MPa, P, = 0.1 MPa, Pc = 0 MPa). In Table 1, the
values of the critical pressure obtained by applying eq 1 are
shown. The obtained liquid—liquid critical curve is plotted
in Figure 3b together with a few point measured for the same
system in the stable liquid range by turbidity measurements.*
One can clearly recognize that the liquid—liquid critical point
can be extended well below zero pressure, into the metastable
liquid range. Therefore, the UCEP and LCEP are not real
end points in the sense that the critical curve actually
terminates but rather that the stable branch of a critical curve
ends. Also, the DCEP is different from the double critical
point (DCP). The point which is called a DCEP after reaching
the three-phase curve, being close to the vapor pressure curve,



is tangentially touching the three-phase curve. It is located
close to the minimum of the critical curve at the DCP. At
the conditions at which the DCEP exists, it is located at a
slightly higher temperature than the DCP. In Figure 3b, the
DCP is located at (345 &+ 5) K and at (—4.3 £ 0.4) MPa.

Two remarks should be made concerning the shape and
depth of the liquid locus. First, using only experimental data
at positive pressure and fitting them, for example, with a
fourth-order polynomial, the expected pressure for the
minimum of the critical curve, the double critical point
(DCP), would be much deeper, mainly due to the steepness
of the low temperature branch. This is, although such a
procedure can give quite good results, close to the DCP in
type III systems. The other remark is that due to heteroge-
neous bubble nucleation we were able to reach only —2 MPa
in a direct measurement (i.e., when the liquid is isotropically
stretched to reach negative pressures). This is not sufficient
to reach the minimum of the liquid—liquid critical curve.
As a thumb-rule, the depth of the DCP can be correlated by
the magnitude of the ®-gap (T(LCEP) — T(UCEP)) for
infinite chain length). For the known polystyrene solution,
the polystyrene + methyl acetate system has the smallest
©-gap; therefore, we expected that the DCP could be found
at less negative values than in other systems, although still
unreachable by direct methods. Therefore, we can conclude
that this indirect method—which is very similar to the
pseudospinodal method of Chu and Fisher**—is the only way
to prove the existence of DCP in permanent ®-systems.

Conclusions

Three distinct but related conclusions can be drawn:

» Extrapolation of electric conductivity data can be applied

to map the hidden parts of the liquid—liquid curve.

The so-called “immiscibility holes” are holes in the stable

part of the phase diagrams. The liquid—liquid critical curve

does not completely terminate at a critical end point; it

submerges into the metastable liquid region. They can also

be understood as immiscibility lakes or bays, suggesting

that the miscibility landscape continues below the surface

where it is not visible.

e The so-called ®-systems (polymer in a ®-solvent, also
called type IV systems) and the poor ones (polymer in
a poor solvent, called type III systems with high chain
length and type I'V one with shorter polymer chains) are
not different from the point of liquid—liquid miscibility
behavior. While in strictly binary poor systems one can
produce the merging of the upper and lower miscibility
branch by changing the polymer chain length OR by
extending the range of observation below the vapor
pressure of the solution where a liquid is metastable, in
a O-system one can do it only by this latter pressure
extension.
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