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A B S T R A C T

A necessary prerequisite for applying deep eutectic solutions (DESs) is to understand the phase behavior
and to be able to quantify the liquid window of these mixtures. The non-ideality of the phase behavior is
determined by the contributions of excess entropy and enthalpy. While the total Gibbs energy of mixing
can be inferred from the solid–liquid phase behavior, the entropic and enthalpic contributions can not be
distinguished. Hence, by assuming ideal mixing entropy, all excess free energy is captured as an enthalpic
contribution. The ideal mixing entropy provides a reasonable description when the components are sim-
ilar in size and shape. This is not always the case for the components typically used in DESs. Here, the
suitability of two non-ideal entropy models is investigated, aiming to describe the phase behavior of DESs
more accurately. First, by using Flory–Huggins entropy accounting for the different molar volumes of the
components, we show that ideal entropy of mixing underestimates the entropic contribution for mixtures
of components often used for DESs. The value of molar volume employed has a significant influence on
the resulting entropy of mixing and thus on the resulting enthalpy. Second, correcting for the molar area
as well, using the Staverman–Guggenheim entropy, appears to have negligible impact for the compounds
considered. Both the use of a non-ideal mixing entropy and the specific choice of the molar volume signifi-
cantly affect the obtained enthalpy of mixing and will thus alter the interaction parameters, obtained using
a Redlich–Kister-like mixing enthalpy, as compared to models based on ideal mixing entropy.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In 1884 Frederick Guthrie [1] coined the term eutectic by combin-
ing the Greek words ‘4ú’—meaning good/easy—with ‘tǵj4im’—which
means melting—and defined it as:

“(. . . ) bodies made up of two or more constituents, which constituents
are in such proportion to one another as to give the resultant com-
pound body a minimum temperature of liquefactions—that is, a lower
temperature of liquefaction than that given by any other proportion.”

Following this, Guthrie connected solubility to melting [2]:

“The phenomenon of fusion per se is continuous with, and nothing
more than an extreme case of, liquefaction by solution. (. . . ) Hence
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the question, is this a case of fusion or solution is to be answered by
the reply, it is continuous with both.”

At the beginning of this century the term ‘deep eutectic solvents’
was first used [3] for a mixture of two components showing eutexia
in an extreme form: a remarkably large melting point depression.
This results for instance in a liquid binary mixture made from com-
ponents, which are by themselves solid at room temperature. It was
shown that this feature could be extended to other mixtures of similar
constituents resulting in mixtures with tuneable physical properties.
With this, the potential of these mixtures as designer solvents was
founded, considering that their properties can be tailored based on
the nature of its constituents. Hence, it is not a surprise that since
the term DES was introduced, numerous studies on the properties of
these mixtures were performed, postulating applications for solvents
like biomass processing [4-7], CO2 capture[8, 9] and many others
[10-12]. It should be noted that even though DESs are often treated
as a new class of solvents [13], eutectic mixtures were applied widely
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already as pharmaceutics in order to solubilize or liquefy specific
compounds [14-18], as phase change material [19-26], and in liquid
crystals [27-30].

1.1. The solubility limits of non-ideal eutectic mixtures

Phase diagrams describe the phase behavior and are essential
when designing industrial products and processes. Understanding
the phase behavior is needed to be able to quantify the solid–liquid
coexistence as a function of composition, which provides the melting
point depression, and to shed light on the liquid window of these
mixtures. However, little work is yet directed towards phase diagrams
and/or the relation between the melting point depressions of eutectic
mixtures with large melting point depressions and the properties of
its constituents.

The aim here is to describe the molar Gibbs energy of mixing g and
to differentiate between the contributions resulting from entropy s
and enthalpy h:

g = h − Ts (1)

where g can directly be related to experimentally obtained solid–
liquid phase diagrams as follows. Since g is the molar free energy of
mixing, the change Dl i(xi) in chemical potential due to mixing for
component i as a function of mole fraction xi follows as:

(
∂ng
∂ni

)
p,T,nj�=i

= Dli(xi) = RT ln ai, (2)

where ni is the number of moles of component i, n =
∑

i ni, ai is
the activity, and Dli(xi) = li(xi) − l∗

i . The change Dl i(xi) in chemical
potential is in turn related to the melting point T of the mixture
according to:

Dli(xi)
RT

=
DHi

R

(
1
T∗

i
− 1

T

)
. (3)

Here the enthalpy of fusion DHi is assumed to be independent of
temperature and T∗

i is the melting point of the pure component.
For ideal mixtures the melting point depression originates from

an increase in configurations—i.e., entropy—when mixing compo-
nents in the liquid state. In this case the enthalpy h = hid = 0
resulting in:

g = gid = −Tsid. (4)

For sid one generally uses the Gibbs entropy, which results from
Boltzmann’s equation comprising the probability of the number of
microstates in a mixture, i.e. the number of complexions, yielding:

gid

RT
=

∑
i

xi ln xi. (5)

which results, via Eq. (2), in an expression for Dl i, which reads:

Dli

RT
= ln xi. (6)

Generally, however, there is a need to account for enthalpic
interactions when describing deep eutectic mixtures. Enthalpic

interactions can be included using excess functions for the Gibbs
energy ge defined by:

g = gid + ge. (7)

For example, for a binary mixture, regular solution theory [31], where
the enthalpic contributions can be quantified using one interaction
parameter w, leads to:

he

RT
= wx1x2. (8)

We showed [32] that the description of the phase boundaries can
be improved when Eq. (8) is expanded using an orthogonal Redlich–
Kister-like polynomial [33-36]:

he

RT
= x1x2[p0 + p1P1(x1 − x2) + p2P2(x1 − x2) + · · · ], (9)

where Pk(x1 −x2) is the Legendre polynomial of order k as a function
of the variable x1 − x2. Terminating the expansion after first order,
using P1(x1 − x2) = x1 − x2,

he

RT
= x1x2[p0 + p1(x1 − x2)] (10)

was found to yield a description at least as good as a commonly used
thermodynamic engineering model to describe two-phase equilibria,
namely non-random two-liquid theory (NRTL) [37-40]. The advantage
of using the orthogonal Redlich–Kister-like polynomial rather than
NRTL is that the zeroth order parameter p0 can be identified still as the
w parameter of regular solution theory and that its value is unaffected
by the addition of the orthogonal higher order terms. Thus, higher
order terms can be added when this is statistically justified, while not
affecting the physical interpretation of regular solution theory. In this
work we employ the first order expansion, Eq. (10), but if the addition
of the first order term does not statistically improve the fit of the
phase diagram, we set p1 = 0 [32], thus essentially using Eq. (8).

As a direct result from using the ideal Gibbs entropy sid all the
excess free energy is captured effectively as an enthalpic contribution.
The ideal mixing entropy sid provides a reasonable description for
the number of complexions when the components are similar in size
and shape. This is, of course, far from the actual situation for the
components typically used in DESs. Here both the volumes as well
as the surface areas of the components may differ to a smaller or
larger extent.

To get a better understanding of the enthalpic interactions result-
ing in the melting point depressions observed, we employ here
different entropy models in order to isolate the enthalpic contribu-
tions as much as possible. We compare the following entropy models
for binary mixtures in this work. First, the mole fraction-based ideal
Gibbs entropy sid—now labelled as sx— is used as reference, Eq. (11a).
Second, we use the non-ideal volume fraction-based entropy model
from Flory–Huggins theory, s0, Eq. (11b). As a third, we employ the
Staverman–Guggenheim correction sh, Eq. (11c), which also takes
surface area in account:

sx = x1 ln x1 + x2 ln x2, (11a)

s0 = x1 ln 01 + x2 ln 02, (11b)

sh = x1 ln 01 + x1Q1 ln
(
h1

01

)
+ x2 ln 02 + x2Q2 ln

(
h2

02

)
. (11c)
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Here 0 and h denote the volume fraction and surface fraction,
defined by:

0i(xi) =
xiVm,i∑

j
xjVm,j

, (12)

h(xi) =
xiAm,i∑

j
xjAm,j

, (13)

where we take Vm,i as the van der Waals molecular volume for
component i and Am,i as the van der Waals molecular surface area for
component i. Further, Qi is a direct function of 0i and hi [41]:

Qi =
1 − 0i

xi

1 − 0i
hi

. (14)

1.1.1. Flory–Huggins entropy of mixing
The Flory–Huggins entropy of mixing accounts for unequally

sized molecules and results in the following expression for the
change in chemical potential upon mixing:

Dli

RT
= ln0i +

(
1 − 0i

xi

)
. (15)

From this expression it follows that ideal mixing entropy is only
achieved in case of equal molar volumes of both components.
The molar volumes (based on different methods, see experimental
section) as well as the other relevant fusion properties of the compo-
nents used in this work are listed in Table 1.

The effect of a difference in molecular volumes on the liquidus
is schematically depicted in Fig. 1. In panel I solid–liquid equilibria
based on the ideal mixing entropy using identical fusion properties
are depicted as dashed curves. This results in a fully symmetri-
cal phase diagram. The phase boundaries resulting from a mixing
entropy when the molar volume of component B is larger than com-
ponent A are plotted in panel II as the dashed curves. The solid curves
demonstrate the influence of a negative mixing enthalpy, Eq. (8) with
w < 0, on the phase behavior. Overall, both a difference in molar
volumes as well as binary attractions lead to a decrease of the eutectic
temperature.

1.1.2. Staverman–Guggenheim entropy of mixing
Guggenheim [42] showed that the Flory–Huggins model over-

estimates the entropy of mixing, because the connectivity of sites
in a molecule reduces the number of possible configurations, and
derived a correction term. Staverman [43] essentially derived the

same expression and applied it to more complicated molecules. The
expression for the change in chemical potential upon mixing is:

Dli

RT
= ln0i − Qi ln

(
0i

hi

)
. (16)

The relevant experimental parameters are listed in Table 1.
Panel III in Fig. 1 shows a slightly higher eutectic temperature for

this entropy model compared to the Flory–Huggins entropy in panel
II. The Staverman–Guggenheim model contains, besides the molecu-
lar and volume fraction, the surface fraction and requires as additional
parameter the number of nearest neighbors for each compound.
Recently Krooshof et al. showed that the number of nearest neighbors
is directly related to the molar, volume, and surface fraction through
Eq. (14), which enables to further simplify the expressions [41].

1.1.3. Model systems
The systems used here to demonstrate the different entropy mod-

els are mixtures of the salt tetrapentylammonium bromide (Pe4NBr)
with erythritol, succinic acid, and pimelic acid, see Fig. 2. The selected
binary mixtures differ in one component and non-ideality. This allows
for the evaluation of the suitability of the described thermodynamic
models for DESs with different effective strengths of interaction. We
have previously published detailed phase diagrams for these mix-
tures elsewhere and will reuse that information for this work [32].
The earlier obtained interaction parameters, based on ideal mixing
entropy, suggest attractions for the mixtures of Pe4NBr in the order
pimelic acid > succinic acid > erythritol [32].

2. Results and discussion

The results for the mixture of erythritol with Pe4NBr are displayed
in Fig. 3 and listed in Table 2. Fig. 3 panel I displays the entropy of mix-
ing s of the mixture versus the composition x. It clearly illustrates the
difference between the models for the calculation of s. It shows that
the Gibbs entropy of mixing sx is smaller than the Flory–Huggins esti-
mation for the entropy of mixing s0. It appears that the differences in
available surface between the components, Staverman–Guggenheim
entropy of mixing sh are too small to produce significant differences
in entropy, and it is not necessary to take these into account when
describing the phase behavior.

What is remarkable, though, is that the precise value of the molar
volume used has a significant influence on the resulting entropy of
mixing. Here we considered molar van der Waals volumes resulting
from the Molecular Modeling Pro software sj

MMP, and molar van der
Waals volumes from an empirical correlation with molar volumes
based on Bondi’s estimates for the van der Waals volume sj

Bondi [44].
The values used for the volumes as well as the surfaces are listed in
Table 1. Somewhat surprisingly, as both methods intend to estimate
the van der Waals volume, not only the absolute values differ but also
the ratios between the components. This causes the entropy to differ,

Table 1
Melting point T ∗ , enthalpy of fusion DH, molar volume Vm, and molar surface Am of individual components.

T ∗ [K] DH [J mol−1] Vm [cm3 mol−1] Am [109 cm2 mol−1]

Component a a a b c b c

Erythritol 394.7 39,300.7 83.7 46.4 67.4 11.7 9.9
Succinic acid 460.0 37,105.1 75.7 41.9 60.5 10.6 8.8
Pimelic acid 378.5 26,074.0 120.0 66.5 90.1 16.5 12.8
Pe4NBr 375.9 40,140.5 344.2 190.7 234.8 46.2 33.4

a Measured experimentally.
b Estimated van der Waals volume/area according to Bondi [44].
c Estimated van der Waals volume/area according to Molecular Modeling Pro software.
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(III)(II)

Am,A = Am,B

xB

T
(K
)

Vm,A = Vm,B

Am,A = Am,B

Vm,A < Vm,B Vm,A < Vm,B

Am,A < Am,B

(I)

xB xB

Fig. 1. Schematic illustrations of the effect of molecular volume and surface on symmetrical eutectic phase behavior: (I) Symmetric phase diagrams where both components have
identical molecular volumes (Vm) and surfaces (Am). (II) The influence of different molecular volumes; Vm,A : Vm,B = 1 : 5. (III) The influence of different molecular volumes
and surface; Am,A : Am,B = 1 : 10. Dashed curves: Predictions for athermal mixtures (w = 0) with mixing entropy only. Solid curves: Predictions for the same mixtures with
attraction between the different components.

according to the value of the molar volumes used, in such a way that a
larger s is obtained when the difference in molar volume between the
components of the mixture is larger. For the particular case at hand,
this is the estimate resulting from the correlation based on Bondi’s
estimates [44].

In Fig. 3 panel II the effect of the entropy models on the resulting
phase diagrams, assuming zero enthalpy of mixing, is demonstrated.
It shows that using the Flory–Huggins entropy in combination with
molar van der Waals volumes estimated from the correlation men-
tioned before [44], results in the largest melting point depression
without invoking enthalpic interactions. However, still a significant
difference exists when compared to the measured melting point
depressions (symbols). Therefore it can be concluded that entropy
alone is not enough to explain the observed melting point depressions.

When fitting phase diagrams to experimental data through
Eq. (3), the use of different models for the entropy of mixing result
in different values for the enthalpies of mixing h, as pictured in Fig. 3
panel III (with the resulting phase diagrams shown in panel IV). It
clearly shows that for sx, where the entropy of mixing is underesti-
mated, the enthalpy of mixing has the largest magnitude, as it needs
to compensate to obtain approximately the same Gibbs energy to
fit the experimentally obtained phase diagram. This difference in
enthalpic contributions is also visible in the interaction parameter w,
listed in Table 2. It shows that for sx, the interaction parameter w is

significantly larger in magnitude, almost differing by unity, than when
s0 is employed. Also the different molar volumes, s0Bondi and s0MMP
(based on Bondi and Molecular Modeling Pro, respectively), result in
differences in interaction parameters of about 0.2. As expected, apply-
ing the Staverman–Guggenheim entropy of mixing does not affect the
interaction parameters significantly. The resulting phase diagrams in
Fig. 3 panel IV are nearly indistinguishable, which is confirmed by
the resulting eutectic temperatures Te and eutectic composition xe

also listed in Table 2, which do not differ significantly.
The behavior of the other mixtures, succinic acid or pimelic acid

with Pe4NBr, given in Table A1 and shown in Fig. A1 and Fig. A2, is
similar and confirms that accounting for volumes according to Flory–
Huggins is necessary when the components differ in size. This was
already pointed out by Fowler and Guggenheim for Vm,1/Vm,2 >
2 [45]. Even though the magnitude of the mixing enthalpy is affected
by the choice of specific entropy model, the trends in non-ideality
observed earlier [32] are preserved.

3. Conclusions

We have shown that an ideal entropy of mixing underestimates
the entropic contribution for mixtures of components often used
for DESs. Accounting for volumes of the components according to

Fig. 2. Molecular structures of the various components studied in this work. (I) Erythritol, (II) pimelic acid, (III) succinic acid, and (IV) tetrapentylammonium bromide (Pe4NBr).
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Fig. 3. Diagrams for Pe4NBr–erythritol describing (I) the entropy of mixing, (II) the melting point depression predicted based on entropy alone (h = 0, curves) compared to
experimental data (symbols), (III) the enthalpy of mixing obtained after fitting measured melting point depressions, and (IV) the fitted melting point depressions compared to
experimental data. Various entropy models are used: ideal, Flory–Huggins, and Staverman–Guggenheim. The latter two are combined with van der Waals volumes and areas
estimated using the Molecular Modeling Pro software (MMP) and Bondi’s method. Experimental data taken from Ref. [32].

Flory–Huggins theory is necessary when the components signifi-
cantly differ in size. Furthermore we demonstrated that extending
the theory according to Staverman–Guggenheim is not necessary
for the mixtures. The molar volume values employed have a signif-
icant influence on the resulting entropy of mixing and therefore on
the estimated ideal/reference melting point depression. Both effects
result in a significantly different enthalpy of mixing and will thus

Table 2
Results of the mixture erythritol with Pe4NBr. Listed are the theory used for the
entropy of mixing s, the interaction parameter w, p1 as the second fit parameter [32],
the eutectic temperature Te, the eutectic composition xe, and the standard error SE
between the fit of the phase diagram and the data points.

System s w p1 Te [K] xe SE [K]

Erythritol–Pe4NBr sx −2.61 0 346.9 0.56 2.5
s0Bondi −1.68 −0.88 346.4 0.59 2.0
shBondi −1.71 −0.87 346.4 0.59 2.0
s0MMP −1.88 −0.75 346.4 0.59 2.0
shMMP −1.90 −0.74 346.4 0.59 2.0

affect similarly the interaction parameter w which we have proposed
to use to quantify the non-ideality of DESs and to describe their liq-
uid window. Thus, for a thorough characterization of the behavior
of deep eutectic solutions a proper choice of entropy expression and
value of molar volume is a prerequisite.

4. Experimental

The experimental data reported here was directly taken from our
previous publications [31, 32, 46]. Molar volumes were experimen-
tally obtained by measuring the densities at room temperature using
a Micromeritics AccuPyc II 1340 Gas pycnometer. The melting points
of the different ratios of the mixtures were measured using melting
point capillaries. The DES compositions used were prepared inside
a glove-box with dry nitrogen atmosphere, yielding DES mixtures
with moisture levels below 10 ppm. The temperature of the first liq-
uid visible at a heating rate of 5 K • min−1 was taken for the solidus
line (eutectic temperature); the temperature at which the last solids
were observed to disappear at a heating of 1 K • min−1 was taken for
the liquidus line (melting point).
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The van der Waals volumes Vm and surface areas Am have
been obtained following Bondi based on measured molar volumes,
according to Vera et al. [44]:

VBondi
m = 0.554Vmeasured

m , (17a)

ABondi
m = 1.323 × 108cm−1VBondi

m + 6.259 × 108cm2mol−1. (17b)

Additionally, we estimated the van der Waals volumes and sur-
face areas using Molecular Modeling Pro, ChemSW Inc. (Fairfield,
California).
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Appendix A. Additional results

Table A1
Results for the mixtures of erythritol, succinic acid, and pimelic acid with Pe4NBr. Listed are the theory used for the entropy of mixing s, the interaction parameter w = p0, the
second fit parameter p1 [32], the eutectic temperature Te, the eutectic composition xe, and the standard error SE between the fit of the phase diagram and the data points.

System s w p1 Te [K] xe SE [K]

Erythritol–Pe4NBr sx −2.61 0 346.9 0.56 2.50
s0Bondi −1.68 −0.88 346.4 0.59 1.99
shBondi −1.71 −0.87 346.4 0.59 1.99
s0MMP −1.88 −0.75 346.4 0.59 2.00
shMMP −1.90 −0.74 346.4 0.59 2.00

Succinic acid–Pe4NBr sx −4.86 1.01 349.9 0.65 3.39
s0Bondi −3.93 0 348.3 0.64 3.88
shBondi −3.96 0 348.2 0.64 3.91
s0MMP −4.17 0 347.8 0.64 4.11
shMMP −4.18 0 347.8 0.64 4.13

Pimelic acid–Pe4NBr sx −6.40 −2.73 309.6 0.53 1.85
s0Bondi −5.86 −2.93 309.6 0.53 1.90
shBondi −5.87 −2.93 309.6 0.53 1.90
s0MMP −5.95 −2.88 309.6 0.53 1.88
shMMP −5.95 −2.88 309.6 0.53 1.88



L.J.B.M. Kollau, M. Vis, A. van den Bruinhorst, et al. / Journal of Molecular Liquids 302 (2020) 112155 7

Fig. A1. Diagrams for Pe4NBr–succinic acid describing (I) the entropy of mixing, (II) the melting point depression predicted based on entropy alone (h = 0, curves) compared
to experimental data (symbols), (III) the enthalpy of mixing obtained after fitting measured melting point depressions, and (IV) the fitted melting point depressions compared
to experimental data. Various entropy models are used: ideal, Flory–Huggins, and Staverman–Guggenheim. The latter two are combined with van der Waals volumes and areas
estimated using the Molecular Modeling Pro software (MMP) and Bondi’s method. Experimental data taken from Ref. [32].
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Fig. A2. Diagrams for Pe4NBr–pimelic acid describing (I) the entropy of mixing, (II) the melting point depression predicted based on entropy alone (h = 0, curves) compared
to experimental data (symbols), (III) the enthalpy of mixing obtained after fitting measured melting point depressions, and (IV) the fitted melting point depressions compared
to experimental data. Various entropy models are used: ideal, Flory–Huggins, and Staverman–Guggenheim. The latter two are combined with van der Waals volumes and areas
estimated using the Molecular Modeling Pro software (MMP) and Bondi’s method. Experimental data taken from Ref. [32].
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