
Introduction

As is commonly known, solvents play a very important
part in chemistry as well as in everyday life. Their use
depends on their physical and chemical properties
being determined by the molecular structure of the
given solvent [1, 2]. If we deal with mixed solvent,
their applications additionally depend on the interactions
between the molecules of mixture components.
Sometimes, apparently a very small difference in the
structure of molecules makes a very significant change
in their physical and chemical properties. The present
paper is an attempt to observe how the replacement of
a carbonyl carbon atom by a sulfur atom in the solvent
molecule influences the phenomenon of preferential
solvation of solute. Mixtures of acetone with water
(ACN–W) and dimethylsulfoxide with water
(DMSO–W) were selected as solvents.

The difference in molecular structures of ACN
and DMSO consists in that the carbonyl carbon atom
in ACN is replaced by a larger and polarized atom of
sulfur in the molecule of DMSO. Apparently, this
small change brings about considerable differences in
the properties of these solvents, especially in their
interactions with water [3–7]. In the previous paper, a
simple model was presented to describe the effect of
structural and energetic properties of mixed solvents
on the enthalpy and entropy of complex formation of
crown ethers and a sodium cation in these mixtures
[8]. In this model it is assumed that the excess molar
volume, VE, is a measure of the structural properties
of mixture, while the excess molar enthalpy, HE, is

mainly a measure of energetic properties but also
structural properties since a change in the structure
brings about changes in the energetic properties. Both
functions describe the deviations of properties of the
given mixture from those of an ideal mixture. Thus,
analysing the functions VE=f(xw) and HE=f(xw) (xw is
the molar fraction of water in the mixture) concerning
both the mixtures under investigation (Fig. 1) [4–7],
one can observe that the ACN–W mixture is more
structurized than that of DMSO–W, but the inter-
actions between DMSO molecules and water mole-
cules are energetically more beneficial than those
between acetone and water molecules.

Cyclic ethers (–CH2CH2O–)n where n=2, 4, 5, 6
were selected as solutes in these solvents. Considering
their structure, these molecules show hydrophilic-
hydrophobic properties. Thanks to the presence of the
–CH2CH2– groups in the ether molecule, the external
portion of molecule consists of an elastic sheath with
hydrophobic properties. It is known that hydrophobic
substances or those containing a large non-polar group in a
molecule are hydrophobically hydrated when they are dis-
solved in water or in mixtures of water and organic sol-
vents [9, 10]. Centrally arranged and capable of forming
hydrogen bonds, oxygen atoms determine hydrophilic
properties that make it possible to selectively combine
cationic substrates and small organic molecules [11, 12].
Hydrophilic properties of crown ethers can affect their
specific interactions with the organic component of
mixed solvent called preferential solvation.
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Experimental

1,4-dioxane (Aldrich, 99+%) and DMSO
(Sigma-Aldrich, 99.5% GC) were used for the studies
without purification. The enthalpy of solution of
1,4-dioxane in DMSO–W mixture within the whole
range of the mixed solvent composition at a tem-
perature of 298.15�0.01 K was measured by means of
a non-isothermal-non-adiabatic calorimeter designed
and made at the Department of Physical Chemistry,
University of Lód� [13]. The calibration of the system
is described in the previous paper [14]. Six to eight
measurements of heat of solution of 1,4-dioxane were

carried out with each composition of mixed solvent:
DMSO–W and ACN–W. The final concentration of
the 1,4-dioxane solutions is presented in Table 1. The
standard enthalpy of solution was calculated as an
average value of experimental data and the results are
listed in Table 1. The enthalpy of solution of 1,4-di-
oxane was measured within the whole mole fraction
range at 298.15 K.

The data concerning the enthalpies of solution of
1,4-dioxane (6C2), 12-crown-4 ether (12C4), 15-crown-5
ether (15C5) and 18-crown-6 ether (18C6) in DMSO–W
and ACN–W, given in previous paper [15–17], were
also used in the analysis.

Results and discussion

The excess enthalpy of solution (H sol
E (W+Y)) of cyclic

crown ethers was calculated on the basis of the known
relationship (1) and shown in Fig. 2 as a function of wa-
ter content in mixtures: ACN–W and DMSO–W.
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where �solH
0(W+Y), �solH

0(W), �solH
0(Y) – standard

enthalpies of solution in mixed solvent, water and
organic solvent, respectively; xw – molar fraction of
water in the mixture.

As is seen in Fig. 2, the courses of curves are
different in both mixed solvents. This may indicate
different interactions between the cyclic ethers and
the components of mixed solvent.
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Fig. 1 The excess molar volume, VE, and the excess molar
enthalpy, HE, of ACN–W [4, 5] and DMSO–W mix-
tures [6, 7] at 298.15 K

Table 1 Standard enthalpies of solution of 1,4-dioxane in the
mixtures of water with DMSO at 298.15 K

m1,4-dioxane/mol kg–1 xw �solH
0/kJ mol–1

0.019�0.001 0.00 1.65�0.07

0.017�0.001 0.10 1.97�0.05

0.016�0.005 0.20 2.34�0.06

0.017�0.003 0.30 2.89�0.04

0.014�0.001 0.40 3.55�0.04

0.012�0.003 0.50 4.39�0.05

0.014�0.003 0.60 5.02�0.03

0.014�0.005 0.70 4.73�0.03

0.029�0.006 0.80 2.35�0.04

0.024�0.007 0.90 –2.56�0.05

0.023�0.006 0.92 –3.77�0.04

0.0100�0.0006 0.94 –5.10�0.03

0.0086�0.0005 0.96 –6.51�0.03

0.012�0.002 0.98 –7.99�0.03

0.011�0.002 1 –9.70�0.02



If substances are dissolved in the mixture of
water with organic solvents that are characterized by
hydrophilic or hydrophilic–hydrophobic properties,
one may expect to deal with hydrophobic hydration
and preferential solvation of the solute molecules.

It can be assumed that the enthalpy of solution of
a substance with hydrophobic-hydrophilic properties,
thereby the excess enthalpy of solution is an additive
value, i.e. the value of this enthalpy is a sum of the enthalpic
effect of the hydrophobic hydration ((xw

n –xw)Hb(W))
and other effects than the hydrophobic hydration
�H*(W+Y)), e.g. preferential solvation (Eq. (2)).

H sol
E (W+Y)=�H*(W+Y)+(xw

n –xw)Hb(W) (2)

The expression (xw
n –xw)Hb(W) determines the

deviation from the additivity of the enthalpy of
solution caused by the hydrophobic hydration of
solute, while Hb(W) is the enthalpic effect of the
hydrophobic hydration of hydrophobic substance in
pure water. This effect was calculated with the use of
data of the enthalpy of solution used in the study of
ethers in mixed solvent N,N-dimethylformamide with
water ( DMF–W) [15, 16, 18]. This mixture is used as
a standard in the cage model of hydrophobic
hydration proposed by Mastroianni et al. [19] and
modified by Somsen et al. [20].

Effects different from hydrophobic hydration,
�H*(W+Y), were calculated with the use of the prefer-
ential solvation model proposed by Covington and mod-
ified by Balk and Somsen [21, 22] and the value of this
function was calculated by converting Eq. (2). If the
function �H*(W+Y) assumes negative values, this indi-
cates the preferential solvation of molecules dissolved
by organic solvent molecules. In such a case,
�H*(W+Y)=f(xw)��PSH

E(W+Y)=f(xw) and determines
the energetic effect of the preferential solvation of sol-
ute. If �H*(W+Y) assumes positive values, it means
that the organic component of mixed solvent has hydro-
phobic properties. A graphic picture of Eq. (2) for the
6C2 sample is shown, as an example, in Fig. 3.

Interesting information is provided by the compari-
son of the obtained thermochemical data concerning cy-
clic ethers: 6C2, 12C4, 15C5 and 18C6 in ACN–W and
DMSO–W mixtures. The courses of functions
�H*(W+Y)=f(xw) concerning cyclic ethers in mixed
solvents: DMSO–W and ACN–W are shown in Fig. 4.

The replacement of carbonyl carbon atom in
acetone molecule by the large and polarizable atom of
sulfur causes that ACN and DMSO show different pro-
perties in mixtures with water. Based on the analysis of
functions shown in Fig. 4, one can conclude that:

• In water-rich mixture ACN shows hydrophobic
properties (�H*(W+Y)>0), while the molecules of
crown ethers are preferentially solvated by DMSO
(�H*(W+Y)�0).

• In mixtures with a medium water content, one can
observe a reverse phenomenon, i.e. DMSO shows
hydrophobic properties (�H*(W+Y)>0), and the
molecules of crown ethers are preferentially
solvated by ACN (�H*(W+Y)<0).

• In ACN–W mixtures with medium and high ACN
content, one can observe the preferential solvation
of 6C2, 12C4, 15C5 and 18C6 molecules
(�H*(W+Y)<0), which is not observed in
DMSO–W for 6C2, 12C4, 15C5 (�H*(W+Y)�0).
The deviation of (�H*(W+Y�0) can be seen in the
case of 18C6 DMSO–W within the range of
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Fig. 2 The excess enthalpy of solution, H sol
E (W+Y), of cyclic

ethers: �, � – 6C2; �, � – 12C4; �, � – 15C5;
�, � – 18C6 in ACN–W and DMSO–W mixtures
(black symbols) at 298.15 K



medium and high DMSO content in the mixture. This
is due to the very strong interaction between 18C6
and DMSO molecules, which has been already
shown in the previous paper [16].

• The exothermic process of preferential solvation of
ether molecules by acetone molecules intensifies
with increasing number of –CH2CH2O– groups in
the molecule of cyclic ether. Thus, one may assume
that the larger the diameter of the hydrophilic center,
the stronger are the interactions between hydrogen
atoms in –CH3 contained in acetone molecule and
oxygen atoms in ether molecules, similarly as in
the case of DMSO [16] and acetonitrile (AN) [23].

• In Fig. 4, it is also seen that the minimum of
function �H*(W+Y)=f(xw) in the ACN–W mixture
shifts from xw=0.5 for 18C6 and 15C5 through
xw=0.6 for 12C4 to xw=0.7 for 6C2. Comparing
these observations with the course of functions
VE=f(xw) and HE=f(xw) concerning the ACN–W
mixture (Fig. 1), one may assume that going from
18C6 to 6C2, i.e. with decreasing the diameter of
the cyclic ether ring, the contribution of structural
properties decreases, while the contribution of energetic
properties of mixed solvent in the enthalpic effect
of preferential solvation of cyclic ether by acetone
molecule is increasing.
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Fig. 3 The contribution of the enthalpic effect of hydrophobic
hydration and other energetic effect to the excess
enthalpy of solution exemplify solution of 6C2 in the
mixtures DMSO–W and ACN–W at 298.15 K

Fig. 4 The course of functions �H*(W+Y)=f(xw) for 6C2, 12C4,
15C5 and 18C6 in the mixtures:�,�,�,� – DMSO–W
and �, �,�,� – ACN–W at 298.15 K
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