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Abstract The enthalpies of solution of cyclic ethers [1,4-
dioxane, 12-crown-4 (12C4), 15-crown-5 (15C5) and
18-crown-6 (18C6)] in N,N-dimethylformamide + metha-
nol (DMF + MeOH) mixtures have been measured at
298.15 K. On the basis of the obtained data, the effect of
the acid—base and structure—energetic properties of the
DMF + MeOH mixtures on the enthalpy of solution of
cyclic ethers in these mixtures has been analyzed. The
results have been compared with analogous data concern-
ing the cyclic ethers in N,N-dimethylformamide 4 water
(DMF + W) mixtures.

Keywords Cyclic ethers - N,N-Dimethylformamide +
methanol mixtures - N,N-Dimethylformamide + water
mixtures - Enthalpy of solution

Introduction

Crown ethers are very well-known and interesting com-
pounds widely used in biology, medicine and chemistry.
Because of their structure, they can form complexes with
cations [1, 2] and small organic molecules [3-6]. Crown
ethers are among the most popular catalysts used in the
organic synthesis technique called phase-transfer catalysis
[7-10] and in the nucleophilic substitution [11]. The use of
crown ethers is closely connected with their interaction
with the molecules of the solvent used for investigations.
The latter, in turn, depend on the properties of pure or
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mixed solvents. Very often the course of chemical reac-
tions and their mechanism is dependent on the solvating
properties of solvents; thus, the selection of solvent for
chemical reactions plays a very important role. For this
reason, the knowledge how cyclic ethers interact with
organic solvent molecules is of paramount importance.
Many papers have dealt with the effect of the properties of
pure [12-15] and mixed (organic + organic and
organic + water) solvents on physical and chemical pro-
cesses in solution [16, 17].

In our research, we are looking for the relationship
between the dissolution enthalpy of cyclic ethers and dif-
ferent properties of mixed solvents. We have studied the
dissolution enthalpy of cyclic ethers in various mixed
solvents [18-26], with particular attention paid to
hydrophobic hydration of the solutes [23-25]. In this
research, the significant role has been played by the solu-
tions in N,N-dimethylformamide + water mixed solvent
(DMF + W) [23, 24]. It is as, in opinion of some authors
[27, 28], in these mixtures the energetic effects of
hydrophobic hydration and of hydrophilic hydration of the
DMF molecule are similar in their magnitude and they
almost compensate one another [27, 28]. For this reason,
the mentioned mixtures are very suitable for thermo-
chemical examination of hydrophobic properties of dif-
ferent solutes and the deviations from the additivity of the
dissolution enthalpies can serve as a measure of the solute
hydrophobic hydration effect.

Besides the hydrophobic hydration effect on the solva-
tion of crown ethers in solution, we have analyzed the
effect of energetic properties expressed through the excess
enthalpy, effect of structural properties illustrated by vol-
ume excess and also effect of the acid—base properties
described by the appropriate functions [18]. The latter
characteristics, in our opinion, have the fundamental
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significance in such analysis. Despite this, only a few
reports concerning the examination of the effect of the
acid-base properties of single solvents on chemical and
physical processes could be found in the literature [29-32].
Therefore, we have decided to continue our studies on this
subject. In earlier works, we examined, from this point of
view, the solutions in mixed solvents, where one of the
mixture components was water. They were the mixtures of
water (W) with organic solvents such as: propan-1-ol
(PrOH) [19, 20], acetonitrile (AN) [19, 21], acetone (ACN)
[22], dimethylsulfoxide (DMSO) [22] and methanol
(MeOH) [33].

As it is well known, water is a very important and
specific solvent due to its capability for hydrophobic
hydration of solutes. This process does not occur in the
case of other solvents. Therefore, it seemed to be inter-
esting what would happen when we replace water in the
mentioned mixtures by the organic solvent, namely
methanol. Methanol belongs to the most popular solvents
and similarly to water is amphiprotic and hydrogen-bonded
one, but it differs from water in its structure and no effect
analogous to the hydrophobic hydration (e.g., solvophobic
solvation) was observed in methanolic solutions. In the
present paper, we have examined the effect of acid-base
and structural-energetic properties of the DMF 4+ MeOH
mixtures on the enthalpy of dissolution of cyclic ethers in
these mixtures and compared the obtained results with the
appropriate data for solutions in DMF + W mixtures.

Experimental
Materials

Suppliers, purity, a method of purification and water con-
tents in the compounds used for measurements (1,4-diox-
ane, 12-crown-4, 15-crown-5, 18-crown-6, methanol and
N,N-dimethylformamide) are shown in Table 1.

Table 1 Materials

Methods

The enthalpy of solution of cyclic ethers in the DMF +
MeOH mixtures was examined at (298.15 £ 0.01) K using
an “isoperibol”-type calorimeter as described in the liter-
ature [36]. The calorimeter was verified on the basis of the
standard enthalpy of solution of urea and KCI (Calori-
metric standard US, NBS) in water at (298.15 + 0.01) K
[37, 38]. The mean value of the enthalpy of solution of
urea in water obtained by us from seven independent
measurements was (15.31 4 0.06) kJ mol ™! (literature
data 15.31 kJ mol™") [39], 15.28 kI mol™' [40] and
1530 kJ mol~! [41] and that for KCl in water was
(17.55 £ 0.05) kJ mol™" (literature data 17.58 kJ mol™")
[37, 38].

The concentrations of cyclic ethers in the mixtures
were for: 1,4-dioxane (from 0.00352 to 0.02221) mol kg_1
(the mole per kilogram of solvent), 12C4 (from
0.00253 to 0.01791) mol kg~', 15C5 (from 0.00234 to
0.00907) mol kg™' and 18C6 (from 0.00167 to
0.00322) mol kg~"'. Six to eight independent measurements
were performed for each investigation systems. The
uncertainties in the measured enthalpies did not exceed £
0.5 % of the measured value. No concentration dependence
(outside the error limits) of the measured enthalpies of
solution was observed within the examined range of cyclic
ethers content. For this reason, the standard enthalpy of
solution A, H° was calculated as a mean value of the
measured enthalpies (Table 2).

Results and discussion

For the description of solutions in binary solvent, the
enthalpy of transfer A H® of the solute from an individual
solvent (S) to the mixed solvent (M = S + Y) of various
compositions is a very convenient function. It allows us to
very easily compare the effect of the mixed solvent

Chemical name  Source Initial mole fraction purity  Purification method Mass fraction of water/ppm
Urea Fluka >0.995% Recrystallization from ethanol and dried -
under vacuum to constant mass
KCl Sigma-Aldrich >0.995* Dried under vacuum to constant mass -
1,4-Dioxane Aldrich >0.99% Used as received 200P
12C4 Fluka >(.98* Dried under vacuum 700°
15C5 Aldrich 0.98* Dried under vacuum 1000°
18C6 Fluka >(.99* Dried under vacuum —
MeOH Chempur >0.998 Purification and distillation [34] 800°
DMF Aldrich 0.998* Purification and distillation [35] <100°

? Declared by the supplier
® Determined by Karl Fisher method
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Table 2 Standard enthalpies of solution (A, H°/kJ mol™ 1 of cyclic ethers: 1,4-dioxane, 12-crown-4 (12C4), 15-crown-5 (15CS5) and 18-crown-
6 (18C6) in DMF + MeOH mixtures at 298.15 K at the pressure p = 0.1 MPa

*teon 1,4-Dioxane 12C4 15C5 18C6
NP AsotH°/kJ mol ™! N° Aot H°/KJ mol ™! N° AsotH/KJ mol ™! N° Aot H°/KJ mol ™!
0 8 0.86 & 0.06 8 —0.35 + 0.07 8 —0.37 + 0.08 6 33.64 + 0.06
0.86 [25] —0.35 [23] —0.38 [24] 33.66 [24]
0.84 [42] 33.76 [44]
34.02 [45]
0.10 8 0.90 + 0.07 —0.33 + 0.08 8 —0.22 + 0.06 6 33.67 + 0.07
0.20 8 1.00 & 0.07 —0.28 + 0.07 —0.05° 6 33.70 + 0.05
0.30 8 1.15 £ 0.05 —0.18 + 0.08 8 0.16 % 0.09 6 33.74 + 0.06
0.40 8 1.33 + 0.06 —0.08° 8 0.43 £ 0.09 6 33.79 £ 0.05
0.50 7 1.56 + 0.05 0.02¢ 8 0.74 £ 0.08 6 33.88 £ 0.07
0.60 7 1.95 + 0.05 0.12° 8 1.08 & 0.07 7 34.01 + 0.06
0.70 6 2.45 + 0.04 8 0.21 £ 0.08 8 1.44 + 0.07 6 34.17 + 0.06
0.80 6 3.12 £ 0.04 8 0.30 £ 0.07 8 1.84 & 0.08 6 34.34 + 0.07
0.90 6 3.87 £ 0.03 8 0.41 £ 0.07 8 2.24 + 0.06 6 34.52 + 0.06
1 6 473 + 0.04 8 0.54 £ 0.06 8 2.64 £ 0.06 8 34.72 + 0.07
428 [42] —0.27 [43] 2.65 [26] 35.13 [44]
35.23 [45]
3470 [46]

* Standard deviation
* Xmeon 18 the mole fraction of MeOH in the mixtures with DMF
® N is the number of measurements

¢ The value estimated from the function Ay H° = fXmeon)

composition change on the behavior of different solutes (in
our case the cyclic ethers) in the same mixture as well as to
compare the effect of the cosolvent added (in our case
methanol or water) on the properties of solutions of the
same solute in different mixed solvents. What is also
important is the changes of the transfer enthalpy as a
function of solvent composition are the same as the
enthalpy of solvation ones (Eq. 1). The transfer enthalpies
can be easily calculated as a difference between the stan-
dard enthalpy of solution of the solute in the mixture (M)
and in the single solvent (S) (Eq. 1).

AtrI'Io = Asolv11O (M) - A50le1O (S)
= AsolI'IO (M) - AsolI_IO (S) (1)

where A, H° is the enthalpy of solvation and A,y H® is the
standard enthalpy of solution.

Figure 1 shows the transfer enthalpy of cyclic ethers
from DMF to DMF + MeOH mixtures. For the sake of
comparison, the analogous data for solutions in DMF + W
mixtures are also presented in the figure. The transfer
enthalpy of cyclic ethers from DMF to DMF + W mix-
tures has been calculated using the data of the enthalpy of
solution of cyclic ethers in the DMF + W mixtures
[23, 24]. As it is seen from the graph, the dissolution

enthalpies of cyclic ethers in DMF + MeOH mixtures
slowly grow from the values in pure DMF to those in pure
MeOH. The shape of the A H° = flxpeon) function is
almost linear in the case of the crown ethers (12C4, 15C5
and 18C6). It seems to point at the gradual change of the
crown ethers solvation sphere along with the change of the
mixed solvent composition. In the case of 1,4-dioxane, the
Ay H® exhibits a negative deviations from the additivity
with a minimum in the range of high DMF content, what
suggests the preferential solvation of the solute by the
DMF molecules. The latter conclusion agrees with the
results of analysis of the thermochemical properties of
solutes in the mixtures of DMF and methanol with organic
cosolvents [47].

Methanol molecules are highly associated. It can be
assumed that an increase in the methanol content in the
mixture reduces the number of hydrogen bonds between
DMF molecules and MeOH molecules and increases the
number of MeOH molecules that are highly associated with
each other. Cyclic ether molecules may also form hydrogen
bonds with the MeOH molecules. At high methanol content
in the mixture cyclic ether molecules probably disrupt the
association of methanol to form hydrogen bonds with the
molecules of methanol. Therefore, probably the enthalpy of
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Fig. 1 Transfer enthalpy of cyclic ethers from DMF to
DMF + MeOH mixture (full symbols) as a function of xpeon and
from DMF to DMF + W mixtures (open symbols) [23, 24] as a
function of xy: 1,4 dioxane, filled square; 12C4, filled circle; 15CS5,
filled triangle; and 18C6, filled inverted triangle

dissolution of cyclic ethers increases with increasing the
methanol content in DMF + MeOH. It should be stressed
that the molecules of cyclic ethers have basic properties
due to the free electron pairs on the oxygen atoms and
molecules of methanol are characterized by acidic prop-
erties. These properties facilitate the interaction of
molecules.

The values of the transfer enthalpy function of cyclic
ethers in DMF + W mixtures in the range of high DMF
content also grow almost linearly. However, this growth is
faster than in the system containing methanol. This is due
to a stronger interactions of molecules of DMF with water
than with MeOH ones. The essential differences in the
course of A H® = flxmeon) and A H® = flxy) curves in
the mixtures of DMF 4+ MeOH and DMF + W are
observed in the range of small DMF content, i.e.,
Xmeon > 0.5 and x,, > 0.5 (Fig. 1). In this area of the
mixture of DMF with water, one can observe sharp
decrease in the transfer enthalpy of cyclic ethers. The
deviations from the additivity of cyclic ethers dissolution
enthalpies, H", are positive in these mixtures. Such
behavior is characteristic for the hydrophobic hydration of
the solute [27, 28], and it is not observed in the mixture of
DMF with MeOH in the high methanol content area. Thus,
the replacement of water with MeOH in the mixture with

@ Springer

DMF results in a change in the interactions between the
solute molecules and molecules of the mixed solvent
components.

Using the data of the solution enthalpy of cyclic ethers
under investigation, we made the assessment of the effect
of the acid-base properties of DMF + MeOH on the
enthalpy of solution of cyclic ethers in this mixture. For
characterization of the Lewis basicity of the solvent, we
have used the Kamlet-Taft parameter By, while the Lewis
acidity has been expressed by the standardized Dimroth—
Reichardt parameter E¥ The values of Bkt for
DMF 4+ MeOH mixtures have been taken from the litera-
ture [48]. The values of E¥ have been calculated on the
base of the appropriate literature data of the Dimroth—Re-
ichardt Et parameter for DMF + MeOH mixtures [49]
using Eq. (2).

EY = [Er(solvent) — Ex(TMS)]/[Er(water) — Er(TMS)]
(2)

where Er is the Dimroth—Reichardt parameter and TMS is
tetramethylsilane.

The values of Et for water and TMS have been also
taken from the literature [29, 49, 50], respectively. Figure 2
shows the acid-base properties of the DMF + MeOH
mixtures as a function of the molar fraction of DMF. For
comparison, in Fig. 3, the acid—base properties of the
DMF + W mixture, taken from the literature [51], are
presented. As can be seen in Figs. 2 and 3, the acid-base
properties of the DMF + W mixture change in more sig-
nificant way than those in DMF + MeOH.

We have found that the enthalpy of dissolution of cyclic
ethers linearly depends on the basic properties of
DMF + MeOH mixtures expressed by the Kamlet-Taft
parameter Byr. The inclusion of the Lewis acidity term
into the correlation equation did not improve the statistical
goodness of fit. Hence, the examined enthalpies of solution
of the examined ethers in DMF + MeOH mixtures can be
presented as a linear function of Bgr (Eq. 3) [19].

AsoiH® = Qo + bBkr (3)

where Q, is the value of the given property in the absence
of the solvent effect and b indicates the contribution of the
base properties to the variation of the enthalpy of solution.

The obtained values of parameters of the relationship (3)
are given in Table 3. It comes out from these results that
the changes in the solvent Lewis basicity explain almost
entirely observed variation of the enthalpy of solution of
the cyclic ethers in the system (+* > 0.95). The effect of
solvent acidity seems to be insignificant, or it has a con-
stant value and does not influence the variation of the
Ao H® values. In the latter case, its value is included into
the Q, parameter value. The negative values of the
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Fig. 2 Acid (EY, open circle) and base (Bgr, filled square) properties
of DMF + MeOH mixtures as a function of xyeon at 298.15 K (see
the text)
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Fig. 3 Acid (EY, open circle) and base (Bkr, filled square) properties
of DMF 4+ W mixtures as a function of x,, at 298.15 K [51]

Table 3 Values of parameters of Eq. (3): the value of the given
property in the absence of the solvent effect (Q,/kJ mol™"), the
contribution of the base properties () to the variation of the enthalpy
of solution (As,H®) of cyclic ethers in DMF + MeOH mixtures at
298.15 K

0,/kJ mol ™! b R?
1,4-Dioxane 29.83 + 1.78 —40.92 + 2.62 0.96454
12C4 6.57 + 0.34 —9.64 + 0.51 0.97568
15C5 22.95 + 0.79 —32.51 + 1.16 0.98868
18C6 41.94 £ 0.39 —11.69 + 0.58 0.97630

* Standard deviation

R is the regression coefficient

b coefficients in Eq. (3) mean that the effect of dissolution
becomes more negative, i.e., energetically more favorable
when the Lewis basicity of the solvent grows. It is so,
despite the fact that methanol molecules are able to form
hydrogen bonds with molecules of the ether. It is also
possible that the molecules of methanol form H-bonds
predominantly with DMF but not with the ether ones.

Using the determined values of Q, and b parameters, we
recalculated the enthalpy of solution of cyclic ethers and the
obtained data are shown in Fig. 4. As it is seen, only a slight
deviation of the enthalpy of solution calculated by the use of
Eq. (3) from the data obtained experimentally can be observed.
It is particularly visible at xpeop & 0.3. This is due to the
slight collapse of the curve: Bxt = fixmeon) Within this range
of mixed solvent composition (Fig. 2). The very good agree-
ment between measured and calculated values of the A, H®
confirms additionally the above suggestions.

As was shown previously, there are the clear differences
between the shapes of curves of the enthalpy of solution of
cyclic ethers in mixtures DMF + MeOH and DMF + W
caused by the hydrophobic hydration of cyclic ethers
within the range of high water content. Therefore, we
decided to verify how the replacement of methanol with
water in the mixture with DMF is reflected in the effect of
the acid—base properties of the mixture on the enthalpy of
solution of cyclic ethers.

It appeared that the dissolution enthalpies of the exam-
ined cyclic ethers in DMF + W mixtures correlate linearly
neither with the mixed solvent basicity expressed by the
Bgr nor with the solvent acidity expressed by the EY
parameter individually. In order to correlate the examined
enthalpies of solution, it was necessary to use both the
above-mentioned parameters and the analysis has been
carried out using Eq. (4) [30].

AsolH® = Qo + aEY + bBgr (4)
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Fig. 4 Standard enthalpy of solution of cyclic ethers in
DMF + MeOH mixtures at 298.15 K as a function of xpeon: 1,4
dioxane, filled square; 12C4, filled circle; 15CS5, filled triangle; and
18C6, filled inverted triangle. The solid lines are fits to the
experimental data, and the dashed lines were calculated using Eq. (3)

where Q, is the value of the given property in the absence
of the solvent effect, a indicates the contribution of the acid
properties, and b indicates the contribution of the base
properties to the variation of the enthalpy of solution.
From the performed analysis, it follows that in contrast
to the earlier discussed system in the mixture of DMF with
water both the acidic and basic parameters of the mixture
are necessary to fit the dissolution enthalpy data. The
values of obtained coefficients in Eq. 4 are collected in
Table 4. As it can be seen, the fitting parameters in this
mixed solvent differ significantly from those in
DMF + MeOH mixture. The Q, coefficients are negative,

40

sol

A H /kJ mol™

—50 . ! . ! . ! . | .
0.0 0.2 0.4 0.6 0.8 1.0

X

w

Fig. 5 Standard enthalpy of solution of cyclic ethers in DMF + W
mixtures at 298.15 K as a function of x: 1,4 dioxane, filled square;
12C4, filled circle; 15CS, filled triangle; and 18C6, filled inverted
triangle. The solid lines are fits to the experimental data, and the
dashed lines were calculated using Eq. (4)

while the a and b coefficients are positive what means that
the increase in the both acidic and basic properties of the
mixture brings unfavorable contributions to the dissolution
enthalpy of the examined solutes. These differences come
out from the specific properties of water and its ability to
hydrophobic hydration of nonpolar fragments of the
organic molecules. This effect is probably included into the
0, value. If so, the energetically unfavorable contributions
to variation of the cyclic ethers dissolution enthalpies
illustrate a weakening of the hydrophobic hydration effect
and seem to be connected with the destruction of the
hydrophobic hydration shells. Table 4 shows also the per-
centage contribution of acid properties (@) of DMF + W

Table 4 Values of parameters of Eq. (4): the value of the given property in the absence of the solvent effect (Q,,/kJ mol~"), the contribution of
the acid properties (a), the contribution of the base properties (b) of DMF + W to the variation of the enthalpy of solution (AsqiH°) of cyclic

ethers in DMF + W mixtures at 298.15 K

0,./kJ mol ™! a b R? a
1,4-Dioxane —66.35 + 0.27 44.05 + 0.42 68.71 + 1.88 0.94951 39
12C4 —100.43 + 0.45 49.02 £ 0.71 112.79 + 0.76 0.97705 30
15C5 —123.16 & 0.73 53.85 + 1.13 142.85 &+ 1.21 0.9705 27
18C6 —75.04 £+ 091 22.97 + 1.41 141.79 + 1.51 0.97507 14

* Standard deviation assuming constancy of the other parameters

R is the regression coefficient
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mixtures to the total variation of the enthalpy of solution of
cyclic ethers. As seen, this contribution decreases with
increasing the size of cyclic ethers ring.

The data from Table 4 were then used to calculate the
cyclic ether enthalpies of solution. The results obtained are
shown in Fig. 5. As is seen the fit is very good, the cal-
culated values of the enthalpy of solution differs only
slightly from those obtained experimentally.

The calculated parameters of Egs. (3) and (4) do not
change regularly (Tables 3 and 4). It is not easy to explain
this fact. In order to through some light for it, we used the
model proposed in our previous papers [18, 52]. The
structure of mixed solvent depends on the composition of
mixture and on the type and energy of interactions between
the mixture components. In our model, we assumed that
excess molar volume V¥ describes the structural properties
and excess molar enthalpy H® describes mainly the ener-
getic properties but also structural properties since a
change in the structure brings about changes in the ener-
getic properties. Both functions describe the deviations of
properties of the given mixture from those of an ideal
mixture. In previous papers, this model was used to explain
the changes in the enthalpic effect of preferential solvation
of crown ethers [18] and the change in thermodynamics
functions of complex formation crown ethers with sodium

ASO]HE/kJ mol™

0.0 0.2 0.4 0.6 0.8 1.0

xMcOH

Fig. 6 Deviation from additivity of the enthalpy of solution of cyclic
ethers (Ago;HE) in DMF + MeOH mixtures at 298.15 K as a function
of xpeon: 1,4 dioxane, filled square; 12C4, filled circle; 15CS, filled
triangle; and 18C6, filled inverted triangle. The solid lines are fits to
the experimental data, and the dashed lines were calculated using
Eq. (6)

Table 5 Values of parameters of Eq. (6) for cyclic ethers in
DMF 4 MeOH mixtures at 298.15 K

c d R?
1,4-Dioxane 2.078 £ 0.120 1.802 + 0.430 0.99157
12C4 —0.003 + 0.058 0.741 £ 0.206 0.66896
15C5 0.179 £ 0.021 2.391 + 0.076 0.99759
18C6 0.326 + 0.044 0.987 £+ 0.158 0.97997

% Standard deviation

R is the regression coefficient

cation with the change of mixed water-organic solvent
composition [52]. In the presented paper, we decided to use
this model to describe the enthalpy of solution of cyclic
ethers. We calculated the deviations from additivity of the
solution enthalpy of cyclic ethers using Eq. (5).

AsotHE(DMF + Y) = Ay H°(DMF + Y)

5
— [(1 — xpmr) Asot H (Y) + xpMmpeAsotH® (DMF)] ©)

where AsolHE(DMF +Y) is the deviation from additivity
of the solution enthalpy of cyclic ethers in the mixtures of
Y (MeOH or W) with DMF, AyH°(DMF+Y),
AsotH° (Y),Aso1H° (DMF) are the standard solution enthalpy
of cyclic ethers in the mixtures of Y (MeOH or W) with

sol

A HKJ mol™

0.0 0.2 0.4 0.6 0.8 1.0

w

Fig. 7 Deviation from additivity of the enthalpy of solution of cyclic
ethers (A HE) in DMF + W mixtures at 298.15 K as a function of
Xw: 1,4 dioxane, filled square; 12C4, filled circle; 15C5, filled
triangle; and 18C6, filled inverted triangle. The solid lines are fits to
the experimental data, and the dashed lines were calculated using

Eq. (6)
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Table 6 Values of parameters of Eq. (6) for cyclic ethers in
DMF + W mixtures at 298.15 K

c d R?
1,4-Dioxane 3.399 £ 0.285 —6.289 £ 0.143 0.99820
12C4 —3.006 £ 0.236 —7.033 £0.119 0.99966
15C5 —9.189 £ 0.794 —6.512 £ 0.400 0.99776
18C6 —15.464 £ 0.882 —4.901 £ 0.444 0.99790

% Standard deviation

R is the regression coefficient

DMF, in pure solvent Y and in pure DMF, respectively,
and xppp 1S the mole fraction of DMF in the mixture
DMF + Y.

Then, we described the obtained values of
AsotHE(DMF + Y) as a linear combination of the V* and
HE of the mixed solvent (DMF + Y) (Eq. 6).

Asol HE(DMF + Y) = cVE + dH® (6)

where VE and HE are the excess molar volume and excess
molar enthalpy of the mixtures DMF + MeOH or

0.0, 1,4-dioxane 12C4

5 5
E E 04
2 2
T T 06
< <
mm mm -0.8
= =
wm " m "
> > -0t
12}
_14 L L L L _14 L L L L
00 02 04 06 08 10 00 02 04 06 08 10
xMcOH XMcOH

DMF + W. The factors ¢V and dH*® illustrate the contri-
butions of the mentioned earlier properties (i.e., structural
and energetic) of the mixed solvent in the total variation of
AS()]HE(DMF +Y). The results obtained from the Egs. (5
and 6) are presented on the Figs. 6 and 7.

The values of VF and H® for DMF + MeOH and
DMF + W mixtures were taken from the literature
[53-56]. The calculated parameter values of Eq. (6) are
presented in Tables 5 and 6. As shown in Tables 5 and 6,
the calculated parameters of Eq. (6) do not change regu-
larly similarly as in the case of parameters of Eqgs. (3) and
(4). In Figs. 8 and 9, the contribution of structural Q%)
and energetic (dH") properties of the mixtures
DMF + MeOH and DMF + W in A, HE(DMF +Y) is
presented. As shown in Fig. 8, the contributions of ¢V* and
dH® in AsolHE(DMF—i—MeOH) for 1,4-dioxane are the
biggest. The structure of 1,4-dioxane is different than
crown ethers: 12C4, 15C5 and 18C6. Due to the presence
of -CH,CH,— groups in their molecules, crown ethers
show some hydrophobic properties. On the other hand, a
molecule of crown ether contains oxygen atoms capable of
forming hydrogen bonds with solvent molecules which
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show proton donor properties. In the case of 1,4-dioxane,
the oxygen atoms are directed outward. Hence, the inter-
actions of the exposed oxygen atoms with the molecules of
the mixed solvent will be stronger than in the case of
molecules of crown ethers. As can be seen in Fig. 8, the
contribution of structural properties (cV*) clearly increases
with increasing the crown ethers ring (12C4, 15C5 and
18C6). The building into the existing structure of the mixed
solvent (DMF 4 MeOH) increasing ring crown ether
causes an increase in the contribution of structural prop-
erties (cVE). This is not observed in the case of contribution
of energetic properties (dH"). This would suggest similar
character of interactions between the molecules of crown
ethers and molecules of mixed solvent. In the case of 18C6,
the contributions of structural properties (cV") and ener-
getic properties (dH™) are almost the same. This may be
due to changes in conformation of 18C6 with respect to
12C4 and 15C5. 18C6 ring is large and flexible, whereas
smaller rings 12C4 and 15CS5 are less flexible and less
susceptible to a conformational change.

Although the contributions of structural properties (cV*)
and energetic properties (dH") in Ay HE(DMF + W)
(Fig. 9) are much higher than in A, HE(DMF + MeOH)
(Fig. 8), it is possible to observe a similar increase in
structural properties with an increase in the ring of the
cyclic ether (1,4-dioxane, 12C4, 15C5 and 18C6). In this
case, this is due to the hydrophobic hydration of cyclic
ethers. This fact confirms the relationship ¢V* in maximum
as a function of enthalpic effect of hydrophobic hydration
of cyclic ethers (Hb(W)) [23, 24] (Eq. 7).

cVE = —12.533(+1.892) — 0.483(£0.0435)Hb(W)

max

R* = 0.98404 (7)

Based on the analysis made, it can be stated that the
replacement of methanol with water in the mixture with
DMF exerts a great effect on the enthalpy of solution of
cyclic ethers as well as on the contribution of structural
properties.

Conclusions

The dissolution enthalpies of the examined cyclic ethers in
the mixtures of DMF both with methanol and with water
can be presented as a function of the acid-base as well as
structural-energetic properties of the mixed solvents.
However, in the mixtures with methanol the basic prop-
erties of the solvent expressed through the Kamlet-Taft
By basicity parameter explain almost totally the observed
variation of the dissolution enthalpy of the cyclic ethers in
the mixtures, whereas in aqueous mixtures both the acidic
and basic parameters are necessary for such analysis. That

is as in the DMF 4+ W mixtures in the range of low DMF
content the properties of water are dominating, and its both
acid and basic properties exert comparable effect on the
enthalpy of solution of cyclic ethers in the mixtures. In
both mixtures (DMF + MeOH and DMF + W), the con-
tribution of structural properties in the deviation from
additivity of the enthalpy of solution of cyclic ethers
increases with increasing the crown ethers ring size and
this dependence manifests itself to larger extent in
DMF + W mixtures. It is closely related to the strong
effect of hydrophobic hydration of the cyclic ethers in
aqueous mixtures.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
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