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Abstract

Crown ethers are preferential solvated by organic solvents in the mixtures of water with formamide,N-methylformamide, acetonitrile,
acetone and propan-1-ol. In these mixed solvents the energetic effect of the preferential solvation depends quantitatively on the structural
and energetic properties of mixtures. The energetic properties of the mixtures of water with hydrophobic solvents (N,N-dimethylformamide,
dimethylsulfoxide,N,N-dimethylacetamide, hexamethylphosphortriamide) counteract the preferential solvation of the crown ether molecules.
The effect of the hydrophobic and acid–base properties of the mixture of water with organic solvent on the solvation of 12-crown-4, 15-crown-5,
18-crown-6 and benzo-15-crown-5 ethers was discussed. The solvation enthalpy of one –CH2CH2O– group in water,N,N-dimethylformamide
and hexamethylphosphortriamide is equal to−24.21,−16.04 and−15.91 kJ/mol, respectively. The condensed benzene ring with 15-crown-5
ether molecule brings about an increase in the exothermic effect of solvation of the crown ether in the mixtures of water with organic solvent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since some time our laboratory has been engaged in the
study of crown ethers behaviour in the mixed water–organic
solvent [1–6]. The solvation of crown ethers is of great
importance during the process of complexes formation of
these compounds with cations. Thus, it seemed advisable
to examine the solvation process of crown ethers in organic
solvent–water mixtures. The selection of solvents as mix-
ture components and their concentrations create additional
possibilities to change the properties of mixed solvent in the
required direction.

Our previous papers present the data of enthalpy
of solution of 12-crown-4 (12C4), 15-crown-5 (15C5),
18-crown-6 (18C6) and benzo-15-crown-5 (B15C5)
ethers in the mixtures of water with dimethylsulfoxide
(DMSO), N,N-dimethylformamide (DMF) and hexam-
ethylphosphortriamide (HMPA)[1,2,5,6], as well as 15C5
and B15C5 in the mixtures of water with formamide
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(F), N-methylformamide (NMF),N,N-dimethylacetamide
(DMA), propan-1-ol (PrOH), acetonitrile (AN) and acetone
(ACN) [1–4,7,8]. The enthalpic effect of hydrophobic hy-
dration of 12C4, 15C5, 18C6 and B15C5 in water, Hb(W),
was calculated[1,2,5] using the cage model of hydrophobic
hydration[9]. The effect of the substitution of –CH3 group
in amide molecule (both toN andC atom), on the enthalpy
of solution of crown ethers[3] and the preferential solvation
of crown ether molecules by the organic component of the
mixture of water with F, NMF, PrOH, AN and ACN[3,4,8]
have been presented.

The present paper discusses the effect of properties of
water–organic solvent mixtures on the solvation enthalpy of
crown ethers: 12C4, 15C5, 18C6 and B15C5. This made
it possible to analyse the effects of benzene ring and the
hydrophobic and acid–base properties of pure and mixed
solvents on the enthalpy of solvation of the crown ethers
under investigation. The discussion includes also the effect
of structural and energetic properties of water mixtures with
F, NMF, AN, PrOH and ACN on the preferential solvation
of crown ethers by the organic component in these mixed
solvents. The contribution of one –CH2CH2O– group to the
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enthalpy of solvation in water, DMF and HMPA has been
calculated.

2. Experimental

In the present paper the data of solution enthalpy of 12C4,
15C5, 18C6 and B15C5 in mixtures of water with DMSO,
DMF and HMPA[1,2,5,6] as well as 15C5 and B15C5 in
mixtures of water with DMA, AN, F, NMF, PrOH and ACN
[1,2,3,4,7,8]obtained in our laboratory have been used.

3. Results and discussion

3.1. The solvation enthalpy of crown ethers

The data of solution enthalpy of crown ethers in mixed
solvents[1–8] make it possible to analyse the enthalpy of
solvation of crown ethers in pure and mixed solvents. To
calculate the enthalpy of solvation, the followingEqs. were
used (1) and (2):

�solvH
◦ = �solH

◦ − �vapH
◦ for 12C4 and 15C5 (1)

�solvH
◦ = �solH

◦ − �subH
◦ for 18C6 and B15C5 (2)

The values of vaporisation enthalpy,�vapH◦, of 12C4 and
15C5 and those of sublimation enthalpy,�subH◦, of 18C6
and B15C5 were taken from literature[10,11]. The standard
enthalpy of solvation of 12C4, 15C5, 18C6 and B15C5 in
the examined pure solvents: H2O, F, NMF, DMF, DMSO,
DMA, HMPA, AN, ACN and PrOH are given inTable 1
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Fig. 1. Standard enthalpy of solvation of crown ethers in mixtures of water with: DMSO (�); DMF (�); DMA (�); HMPA (�); F (�); NMF (�);
AN (�); PrOH (�); ACN (�) at 298.15 K.

Table 1
The solvation enthalpy of 12C4, 15C5, 18C6 and B15C5 in water (W )
and the organic solvent (Y) at 298.15 K

Solvent �solvH◦ (kJ/mol)

12C4 15C5 18C6 B15C5 δb

H2O –94.65 –120.24 –149.51 –125.20 –4.96
–94.60a –119.28a –154.70a

F –102.40 –122.27 –19.87
NMF –86.30 –101.18 –14.88
DMF –66.48 –79.72 –93.29 –96.12 –16.40
DMSO –65.98 –78.85 –100.48 –94.56 –15.71
DMA –78.95 –95.49 –16.54
HMPA –67.49 –79.68 –89.53 –98.68 –19.00
AN –83.19 –99.53 –16.34
PrOH –70.22 –82.42 –12.20
CAN –78.28 –94.32 –16.04

a [10].
b δ = �solvH

◦
B15C5(W + Y) − �solvH◦

15C5 (W + Y ).

and those in the mixture of water with these solvents are
shown inFig. 1 versus the molar fraction of water in the
mixtures,xw.

The calculated values of solvation enthalpy of 12C5 and
15C5 are consistent with literature data. For 18C6 this
value is different from data reported in the paper of Brig-
gner and Wadsö[10]. To calculate the solvation enthalpy of
18C6 in water the authors have used the solution enthalpy
of 18C6 in water and evaporation enthalpy of the crystal
18C6 at 298.15 K measured calorimetricaly that is equal to
133.16± 0.27 kJ mol-1. According to Briggner and Wadsö
the melting of 18C6 begins at 306.15 K[10] but the melting
of 18C6 used in the present paper begins at 313.15 K as de-
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termined by TG DSC111-SETARAM. A similar temperature
of fusion of 18C6 amounting to 312.2 K has been found by
Nichols et al.[11].Thus, in the presented paper to calculate
the solvation enthalpy of 18C6, there has been used the en-
thalpy of sublimation of 18C6 at 298.15 K (found as the sum
of enthalpy of evaporation and fusion of the 18C6) from the
paper of Nichols et al. that is equal to 128.1± 2.1 kJ mol−1

[11].
In order to compare the properties of solvents and crown

ethers,Table 2shows the parameters that describe acid prop-
erties,EN

T (a parameter of Lewis acidity[12]), and base prop-
erties,βKT (a parameter of Kamlet–Taft’s basicity[13]) of
the solvents and hydrophobic properties of organic solvents
and crown ethers, i.e. the values of partial molar heat capac-
ity, C0

p2
[14], the slope of apparent molar volume versus the

molarity of organic substance,Vφ22 [15] and the enthalpic
homogeneous pair interaction coefficient,h22 [16]. Fig. 2
illustrates the distributions of charges in solvent molecules
calculated by the method ab initio (3-21G) under vacuum as
well as the literature values of their dipole moments[41–46].

FromTable 1it follows that the exothermic effect of sol-
vation process of 12C4, 15C5, 18C6 and B15C5 in the se-
lected solvents, i.e. water, DMSO, DMF and HMPA change
in the following series:

12C4< 15C5< 18C6≤ B15C5 in DMF

12C4< 15C5< 18C6< B15C5 in HMPA

12C4< 15C5≤ B15C5< 18C6 in water and DMSO

The solvation process of B15C5 molecules is the most
exothermic in DMF and HMPA. This is probably connected
with dipole–dipole interactions. Data concerning the dipole
moment of B15C5 are not available in the literature. There-
fore, for comparison were used the values of dipole mo-
ments of the examined crown ethers, calculated by the ab
initio (3-21 G) method for the most stable conformers un-
der vacuum, which assume the following values:µ12C4 =
3.8× 10−4 D, µ15C5 = 6.3× 10−4 D, µ18C6 = 3.4× 10−2

D andµB15C5 = 3.325 D. The highest calculated value of
dipole moment belongs to B15C5, which may confirm the
assumption about the dipole–dipole interaction. One should
bear in mind that in solutions the molecules of crown ethers
can assume various conformations and consequently their
dipole moments can be changes, but the acceptance of the
same model of calculating dipole moments seems to be the
most appropriate in this situation. The exothermic effect of
solvation process of 18C6 molecules is the biggest in water
and DMSO. From the literature it is known that 18C6 can
form complexes with water[47–51]. It is also assume that
DMSO reacts strongly with 18C6, which was presented in
previous paper[5].

The molecules of crown ethers used in this paper my
be described as (–CH2CH2O–)n (where 4 ≤ n ≤ 6).
Thus, the solvation enthalpy of one –CH2CH2O– group
can be calculated as�solvH◦/n for 12C4, 15C5 and 18C6

and an average value is equal to (–24.21 ± 0.65) kJ/mol,
(−16.04± 0.54) kJ/mol and (−15.91± 0.98) kJ/mol in
water, DMF and HMPA, respectively. An error is the stan-
dard deviation. Although, the structure of water is most
ordered in the three presented solvents (for example, the
structuredness parameter for H2O and DMF is equal to
19.3 and 10.7, respectively[52]) the solvation process of
–CH2CH2O– group is the most exothermic. It is connected
to hydrophobic hydration of crown ethers in water (see
Table 2)[1,2,5].

The contribution of one –CH2CH2O– group to the en-
thalpic effect of hydrophobic hydration, Hb(W), of crown
ether in water presented in the previous paper was equal to
(–12± 2) kJ [5] as calculated from the relation: Hb(W)=
f(n−CH2CH2O−)), using the linear equationy = a+ bx. The
choice of this kind of equation was not correct due to the
problem with the interpretation of parametera. Since the
molecules of crown ethers such as 12C4, 15C5 and 18C6
consist only of –CH2CH2O– groups, the use of equation,
such asy = bx to calculate the contribution of –CH2CH2O–
to the enthalpic effect of hydrophobic hydration, Hb(W),
seems to be justified. The calculated contribution of one
–CH2CH2O– group to the enthalpic effect of hydrophobic
hydration of crown ether in water is equal to (−9.5± 0.4)
kJ/mol (r2 = 0.9736). Thus, it is possible to conclude that
the solvation enthalpy of –CH2CH2O– in water is a sum of
the enthalpic effect of hydrophobic hydration, Hb(W) and
other type of interactions e.g., through hydrogen bonds. In
DMF and HMPA, where the hydrophobic hydration is ab-
sent, the interactions of the dipole of DMF or HMPA with
induced dipole of the crown ether (–CH2CH2O–)n (where
4 ≤ n ≤ 6) can be possible.

The exothermic effect of solvation process of 15C5 and
B15C5 in all the presented solvents decrease in the following
series:

H2O> F > NMF > AN > HMPA > DMF > DMA

> DMSO > ACN > PrOH for B15C5

H2O> F > NMF > AN > DMF > HMPA > DMA

> DMSO > ACN > PrOH for 15C5

As is seen fromTable 1, the values of�solvH◦ for 15C5
(to a lesser extent for B15C5) in H2O, F, NMF and AN are
considerably higher than those in the remaining solvents.
It is known from the literature that AN forms complexes
with 18C6[53,54]. In these complexes the hydrogen atoms
of methyl groups of AN interact with the oxygen atoms of
18C6. The electron density on the oxygen atoms in 18C6
calculated by the ab initio (3-21G) method is equal to –0.667
[5], but in 15C5 it is different and equal to –0.651[5]. In both
cases the electric charge is distributed symmetrically on all
oxygen atoms. Asymmetrical distribution of electric charge,
calculated also by the ab initio (3-21G) method, is observed
on the oxygen atoms in B15C5; it is equal to –0.714 on the
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Table 2
Parameters describing the hydrophobic and acid–base properties of organic solvents and the hydrophobic properties of crown ethers at 298.15 K

C0
p2 (kJ/mol K) Vφ22 (cm3 kg/mol2) h22 (kJ kg/mol2) EN

T βKT Hb (W) (kJ/mol)

12C4 0.459a −2.069e 3.034e −34.11± 0.01ac

15C5 0.647a −2.850e 4.095e −49.41± 0.18ad

18C6 0.808a −3.692e 5.611e −57.92± 0.11ac

B15C5 −35.93± 0.26ae

AN 0.191b 0.139b 0.595k 0.460y 0.37z

F 0.088b 0.09b −0.095l 0.775y 0.40aa

–0.077m

0.082c –0.115n

NMF 0.164c −0.15f 0.254l,o 0.722y 0.46aa

0.272p

DMSO 0.173b −0.21b 0.576q 0.444y 0.76z

0.184c 0.679r

DMF 0.220b −0.35g 0.578m 0.386y 0.72z

0.225c 0.737n

0.551s

ACN 0.241c −0.37h 0.818t 0.355y 0.54z

DMA 0.280b −0.80g 0.827u 0.377y 0.73ab

0.962p

PrOH 0.353c −1.14i 1.524v 0.617y 0.86z

0.56w

HMPA 0.65d −2.81g 4.126x 0.315y 1.00aa

−2.89j

a [10].
b Value calculatedfrom data[17].
c [18].
d Value calculated from data[19].
e Value calculated from data[20].
f [21].
g [15].
h [22].
i Value calculated from data[23].
j Value calculated from data[24].
k Value calculated from data[25].
l Value calculated from data[26].
m [27].
n [28].
o Value calculated at 308.15 K.
p [29].
q Value calculated from data[30].
r Value calculated from data[31].
s Value calculated from data[32].
t Value calculated from data[33].
u Value calculated from data[34].
v Value calculated from data[35].
w Value calculated from data[36].
x Value calculated from data[37].
y [38].
z [39].
aa Reference[40].
ab [13].
ac [5].
ad [1].
ae [2].
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Fig. 2. Distribution of electric charge in the molecules of solvents and their dipole moments.

first and fifth oxygen atom (counting from benzene ring),
–0.643 on the second and forth oxygen atoms and –0.650 on
the third oxygen atom. The charge distributions on oxygen
atoms in particular molecules of 15C5, B15C5 and 18C6 are
slightly different and therefore one could expects strong in-
teractions of oxygen atoms in 15C5 and B15C5 molecules
with hydrogen atoms of AN, were it not for geometric rea-
sons. 18C6 has six oxygen atoms, due to which the inter-
action geometry is much more beneficial that in the case of
15C5 and B15C5 that possess five oxygen atoms each. The
charges on hydrogen atoms in H2O, F and NMF are higher

than those in AN (Fig. 2) and hence one can expect strong
interactions with oxygen atoms in the molecules of crown
ethers, which is accompanied by a big negative value of sol-
vation enthalpy.

3.2. Effect of aryl fragment on the solvation enthalpy of
B15C5

The data of solvation enthalpy of 15C5 and B15C5 given
in Table 1made it possible to calculate the effect of aryl
fragment on the solvation enthalpy of B15C5 in pure sol-
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Table 3
The parameters of Eq. (3) for the mixtures of water with NMF, DMSO,
DMF, DMA, HMPA, AN, PrOH, ACN at 298.15 K

System �solvH
◦
ring(W + Y)

(kJ/mol)
a r2

NMF–H2O −41.82± 1.06 −0.693± 0.010 0.9977
DMSO–H2O −38.78± 2.19 −0.702± 0.025 0.9884
DMF–H2O −38.37± 1.93 −0.711± 0.022 0.9914
DMA–H2O −38.45± 1.63 −0.711± 0.019 0.9935
HMPA–H2O −44.89± 4.62 −0.657± 0.055 0.9413
AN–H2O −47.77± 3.43 −0.635± 0.035 0.9741
PrOH–H2O −29.80± 4.69 −0.778± 0.051 0.9630
ACN–H2O −52.37± 0.42 −0.534± 0.005 0.9993

vents,δ, which is given in the last column. As is seen, the
presence of benzene ring in B15C5 causes a decrease of
value in the solvation enthalpy by (16.33±0.21) kJ mol−1 in
DMF, DMA, ACN and AN. In the remaining solvents, this
effect is different, but in all the solvents used in the studies
the condensation of benzene ring to 15C5 brings about an
increase in the exothermic effect of solvation.

It has been also observed that in all the examined water–
organic solvent mixtures (W + Y ), except for water–F, the
relationship:�solvH

◦
B15C5(W + Y) = f(xw) is linearly cor-

related with the function:�solvH
◦
15C5(W + Y) = f(xw)

(Eq. (3)).

�solvH
◦
B15C5(W + Y)

= �solvH
◦
ring(W + Y) + a �solvH

◦
15C5(W + Y) (3)

�solvH
◦
ring(W+Y) determines the solvation enthalpy of ben-

zene ring with a zero solvation enthalpy of the alkyl fragment
of B15C5. The parameters ofEq. (3)are given inTable 3.

Parameters ofEq. (3)are the same within the error limits
in the mixtures of water with NMF, DMSO, DMF, DMA or
HMPA and the common relationship is given byEq. (4).

�solvH
◦
B15C5(W + Y)

= −40.46(2.86)− 0.695(0.022) �solvH
◦
15C5(W + Y)

(4)

Hence it follows that the conformations of 15C5 and B15C5
do not change in these mixtures or if they do change, this
brings about the same changes in the solvation enthalpies of
15C5 and B15C5. In the remaining systems, i.e. AN–H2O,
PrOH–H2O and ACN–H2O the effect of benzene ring to the
solvation enthalpy of B15C5 is different.

The two groups of mixed solvents are also noticeable dur-
ing water addition to organic solvent as graphically illus-
trated inFig. 3 with the function:�solvH

◦
B15C5(W + Y) −

�solvH
◦
15C5(W + Y)] = f(xw).

As is seen, the curve shapes in the mixtures of water
with NMF, DMSO, DMF, DMA, HMPA are characterised
by almost constant course in the region up toxw ≈ 0.6
followed by a sharp increase. This function has no constancy
area for the mixtures of water with F, AN, PrOH and ACN.
The endothermic effect of benzene ring solvation increases
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Fig. 3. The function [�solvH
◦
B15C5(W+Y)−[�solvH

◦
15C5(W+Y)] = f(xw)

in the mixtures of water with: DMSO (�); DMF (�); DMA (�); HMPA
(�); F (�); NMF (�); AN (�); PrOH (�); ACN (�) at 298.15 K.

within the whole mixture composition range with increasing
water content. The observed differences in the shape of the
curves may be connected with a preferential solvation of
crown ether molecules by solvent molecules.

3.3. The preferential solvation of crown ether by organic
solvent

The analysis of the preferential solvation, PS, of crown
ether molecules has been based on the model proposed
by Balk and Somsen[55]. The energetic effect of interac-
tion in solution different from the hydrophobic hydration of
crown ethers molecules in the water–organic solvent mix-
tures∆H∗(W + Y) has been calculated in previous papers
[3,4,6,8]and is presented inFigs. 4 and 5versusxw.

As is seen inFig. 4, within the range of water-rich mixed
solvent HMPA–H2O, the considered function assumes posi-
tive values for 12C4, 15C5, B15C5 and 18C6. The observed
endothermic effect is associated with the hydrophobic hy-
dration of HMPA[6]. The values of this function for 18C6
are positive within the whole range of mixed solvent com-
position, and it is a result of the loss of energy needed to
release water molecules required for the formation of a sol-
vation sheath around the molecules of 18C6[6]. In the re-
gion of low water content, the values of�H∗(W + Y) =
f(xw) for 12C4, 15C5 and B15C5 are negative, which may
be due to the weak preferential solvation,�HE

PS(W+Y), of
crown ether molecules by the molecules of HMPA. The
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exothermic effect of preferential solvation increases in the
following series: 12C4 < 15C5 < B15C5, which may re-
sult from dipole interactions. The dipole moments of crown
ethers increase in the same sequence. In the case of the
system: DMSO–H2O–18C6, the function�H∗(W + Y) =
f(xw) assumes negative values in the region of low water
content, which is due to a strong interaction between 18C6
and DMSO[5]. Thus, there is observed a phenomenon of
preferential solvation,�HE

PS(W+Y), of 18C6 molecules by
DMSO molecules.

As is seen onFig. 5 considering the shape of curves
�H∗(W+Y) = f(xw) the mixtures can be divided into three
groups. The first group includes those solvents, for which
the function�H∗(W +Y) = f(xw) assumes positive values
almost in the whole range of mixture composition, i.e. the
mixture of water with DMF, DMSO and DMA, which may
indicate hydrophobic properties of these solvents. All the or-
ganic solvents in this group are aprotic and base properties
dominate over acid properties (Table 2). The low values of
the function�H∗(W +Y) = f(xw) within the water-rich re-
gion may indicate that the mixed solvent DMF–water used
as a standard to examine the hydrophobic hydration of crown
ethers is not as ideal as expected in previous papers[3–5].
The second group consists of water mixtures with F, NMF
and AN. The acidic properties of these three solvents are
predominant over base properties (Table 2). The values of
the function�H∗(W + Y) = f(xw) for this group of mixed
solvents are negative within the whole composition range,
i.e. there proceeds a phenomenon of preferential solvation,
�HE

PS(W+Y), of 15C5 and B15C5 by F, NMF and AN. The
depth of this function minimum is closely connected with
the number of hydrogen atoms participating in the preferen-
tial solvation and the electric charge accumulated on them,
decreasing in the following series: F> AN > NMF. The
third group includes water mixtures with ACN, PrOH and
HMPA. The base properties of these organic solvents are
stronger than their acidic properties. This group of solvents
show the preferential solvation of 15C5 and B15C5 within
the region of low and medium water content (∆H∗(W+Y) <

0). Within the water-rich region the values of∆H∗(W + Y)

indicate hydrophobic properties of ACN, PrOH and HMPA,
as confirmed by the values ofC0

p2
, Vφ22 andh22 (Table 2).

It has been also observed that the shape of curve
�H∗(W + Y) = f(xw) depends on the properties of mixed
solvent and this function well correlates with such param-
eters as excessive molar volume of mixture,VE(W + Y)

(an effect of directed interactions, e.g., hydrogen bond or
mixture structuredness) and excess heat of mixing water
with organic solvent,HE(W + Y) (a parameter connected
with the energetic of interactions), also versus the mixture
composition (Eq. (5)).

�H∗(W + Y) = bVE(W + Y) + cHE(W + Y) (5)

Parametersb andc from Eq. (5)are given inTable 4and
the graphical illustration ofEq. (5)is shown inFig. 6. From
Fig. 6 it follows that the lack of preferential solvation of

Table 4
Parameters ofEq. (5): �H∗(W + Y) = bVE(W + Y) + cHE(W + Y)

Crown
ether

Solvent b c r2

12C4 HMPA–H2O 34.30± 3.93 −17.25± 1.80 0.8677
15C5 HMPA–H2O 37.11± 7.78 −19.37± 3.60 0.6977
B15C5 HMPA–H2O 57.79± 7.02 −28.34± 3.30 0.8800
18C6 HMPA–H2O 24.15± 8.12 −14.89± 3.72 0.7326
15C5 F–H2O 81.90± 6.81 −24.17± 3.55 0.9934
15C5 NMF–H2O 22.96± 3.28 −4.23 ± 1.83 0.9891
15C5 AN–H2O 8.73± 2.19 −12.34± 1.24 0.9527
15C5 ACN–H2O 5.02± 0.28 −5.66 ± 0.67 0.9378
15C5 PrOH–H2O 23.12± 0.52 −56.85± 1.77 0.9920
B15C5 F–H2O 53.32± 12.46 −28.56± 6.37 0.9770
B15C5 NMF–H2O 13.20± 4.86 1.74± 2.73 0.9867
B15C5 AN–H2O 7.58± 3.01 −10.56± 1.62 0.9078
B15C5 ACN–H2O 3.70± 0.74 −6.49 ± 1.91 0.6675
B15C5 PrOH–H2O 18.70± 1.31 −72.30± 5.55 0.9566

crown ethers in the water–HMPA mixture is due to the en-
ergetic factor,cHE(W + Y) > 0, whose unfavourable action
is predominant over the favourable effect of the structural
factor,bVE(W + Y) < 0, in the function�H∗(W + Y), and
hence�H∗(W +Y) > 0. A positive value ofcHE(W +Y) is
also observed in the mixtures of water with NMF within the
whole composition range as well as in the mixtures of water
with PrOH and ACN within the range of low and medium
water contents. As follows fromTable 2, the hydrophobicity
of these solvents increases in the following series: NMF<

ACN < PrOH < HMPA. Thus, one may assume that the
energetic properties of the mixture of a hydrophobic organic
solvent and water interfere with the process of preferential
solvation of crown ethers in mixed solvents, while the struc-
tural properties exert a favourable effect. In the mixtures
of water with F (hydrophilic solvent) and AN (difficult to
be unmistakably determine as hydrophilic or hydrophobic),
both factors, bVE(W + Y) < 0 and cHE(W + Y) < 0, facil-
itate the preferential solvation of 15C5. A similar situation
is observed in the case of B15C5, but the negative effect of
the energetic factor on the function�H∗(W + Y) is higher
than in the case of 15C5.

3.4. Effect of acid–base solvents on the solvation enthalpy
of crown ethers

The solvents under investigation show acidic and basic
properties. Therefore, it seemed advisable to use equations
describing the contributions of acidic and basic properties of
pure and mixed solvents to the solvation enthalpy of crown
ethers (Eqs. (6) and (7)), the same as in previous paper[4].

�solvH
◦(W, Y or W + Y)

= (�solvH)0 + dEN
T (W, Y orW + Y) (6)

�solvH
◦(W, Y or W + Y)

= (�solvH)0 + eβKT(W, Y orW + Y) (7)
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Fig. 6. Graphical illustration ofEq. (5) for 15C5 in the mixtures of water with F, NMF, AN, PrOH, ACN and HMPA:�H* (�); bVE (�); cHE (�).

In this equation, (�solvH)0 is the value of the given property
in the absence of the solvent effect, whiled ande are con-
tributions of acidic and basic properties to the variation of
enthalpy of solvation. To calculate the parameters ofEqs. (6)
and (7)the following data were used:�solvH◦, EN

T andβKT
for pure solvents, such as H2O, F, DMSO, DMF, DMA,
HMPA, AN, ACN. This group of solvent does not include
NMF and PrOH, whose data�solvH◦, EN

T and βKT when
used in the calculations, drastically decrease the coeffi-

cient of correlation. The analysis of data has shown that
the effect of basic properties of this group of solvents on
the solvation enthalpy of crown ethers is really negligible.
Thus, the solvation enthalpy of crown ethers is quantita-
tively connected with the acidic properties of the presented
pure solvents, which seems to be correct considering that
crown ethers in these solvents should show basic properties.
The parameters ofEq. (6) for pure solvents are given in
Table 5.
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Table 5
The parameters ofEq. (6) for pure solvents:H2O, F, DMSO, DMF, DMA,
HMPA, AN, ACN with 15C5 and B15C5 at 298.15 K

Parameter 15C5 B15C5

(�solH)0 (kJ/mol) −55.45± 2.48 −77.40± 3.58
d −62.66± 4.41 −50.33± 6.37
r2 0.9711 0.9123

The value of (�solvH)0 is more negative for B15C5 than
for 15C5, which may indicate that the interactions of B15C5
dipole with the dipole molecule of solvent are stronger than
those of 15C5 molecules. It is consistent with previous ob-
servations in this paper. The coefficientd assumes more neg-
ative values for 15C5 than for B15C5 and hence the effect
of the contribution of acidic properties of solvent to the sol-
vation enthalpy of 15C5 is higher than that to the solvation
enthalpy of B15C5. It seems to be justified as 15C5 is ex-
pected to be more basic than B15C5 in these solvents.

It has been observed that the shapes of curves that il-
lustrate the function�solvH◦(W + Y) = f(xw) are simi-
lar to the curves illustrating the acidic or basic properties
as a function ofxw: EN

T (W + Y ) = f(xw) and βKT(W +
Y) = f(xw) of the following mixed solvents: AN–H2O,
DMF–H2O, PrOH–H2O and ACN–H2O [40]. The param-
eters of linear relationships 7 and 8 for mixed solvents
are given inTable 6. Unfortunately, the lack of values of
EN

T (W +Y ) andβKT(W +Y) for the mixtures of water with
F, NMF, DMA and HMPA made it impossible to examine
similar correlations for higher number of solvents. In the
DMSO–H2O mixture containing 15C5 and B15C5, the cor-
relation coefficients ofEq. (7)are too low to consider a lin-
ear correlation.

As is seen fromTable 6, in the AN–H2O mixture show-
ing acidic properties, the standard solvation enthalpy of
15C5 and B15C5 depends linearly onEN

T (W + Y ), and in
the DMF–H2O, PrOH–H2O and ACN–H2O, in which ba-
sic properties are predominant over acidic properties, the
standard solvation enthalpies of 15C5 and B15C5 as well

Table 6
The parameters ofEqs. (6) and (7)for the mixtures of water with AN, DMSO, DMF, PrOH, ACN containing 12C4, 15C5, 18C6 and B15C5 at 298.15 K

Solvent Crown ether (�solvH)0 (kJ/mol) d e r2

AN–H2O 15C5 −46.43± 4.94 −68.85± 6.40 0.9278
AN–H2O B15C5 −77.04± 3.44 −44.02± 4.46 0.9156
DMSO–H2O 12C4 −104.45± 3.96 59.85± 6.57 0.9021
DMSO–H2O 15C5 −124.62± 7.26 68.37± 12.00 0.7830
DMSO–H2O 18C6 −169.70± 4.66 102.49± 7.74 0.9512
DMSO–H2O B15C5 −126.00± 5.42 47.53± 8.95 0.7581
DMF–H2O 12C4 −103.86± 3.74 58.20± 6.20 0.9073
DMF–H2O 15C5 −137.14± 4.26 87.40± 7.07 0.9444
DMF–H2O 18C6 −174.80± 4.01 118.48± 6.66 0.9724
DMF–H2O B15C5 −135.59± 3.64 61.63± 6.04 0.9204
PrOH–H2O 15C5 −137.15± 4.11 70.37± 6.10 0.9366
PrOH–H2O B15C5 −136.65± 3.94 54.94± 5.85 0.9073
ACN–H2O 15C5 −143.72± 5.79 110.77± 11.47 0.9121
ACN–H2O B15C5 −140.66± 2.53 80.81± 5.02 0.9664

as those of 12C4 and 18C6 in DMSO–H2O and DMF–H2O
depend linearly onβKT(W + Y). In the mixtures of water
with DMF, PrOH and ACN that contain 15C5 and B15C5,
the intercept (�solvH)0 is constant within the error lim-
its, amounting to (−139.34± 3.8) kJ mol−1 for 15C5 and
(−137.63± 2.67) kJ mol−1 for B15C5. On the other hand,
in these mixtures the slope,e, depends onβKT of pure sol-
vent (Eqs. (8) and (9)).

e = 178.85(1.66)− 126.42(2.32)βKT(Y) for 15C5,

r2 = 0.9997 (8)

e = 123.77(11.94) − 82.04(16.61)βKT(Y) for B15C5,

r2 = 0.9606 (9)

Moreover, it is seen fromTable 6that in the DMF–water
mixture containing 12C4, 15C5 and 18C6, the intercept,
(�solvH)0, and the slope,e, are characteristic of every
crown ether and they depend linearly on the number of
–CH2CH2–O– groups,n−CH2CH2O−, (Eqs. (10) and (11)).

(�solvH)0 = 38.75(6.41)− 35.47(1.26)n−CH2CH2O−,

r2 = 0.9987 in DMF–water (10)

e = −62.67(2.75)− 30.14(0.54)n−CH2CH2O−,

r2 = 0.9997 in DMF–water (11)

Hence, it follows that the intercept (�solvH)0, and the slope,
e, for these systems depend linearly also on the parame-
ters describing the hydrophobicity of crown ethers, namely
(Hb(W), Cp

0
2, Vφ22 and h22, which can be easily verified

using the data fromTable 2. By substitutingEqs. (10)
and (11)to Eq. (7), one can obtain an equation that com-
bines the parameters of crown ether hydrophobicity and the
basicity of the DMF–H2O mixture.

The above presented analysis of solvation enthalpy of
crown ethers in various pure (W,Y) and mixed solvents
(W + Y ) shows that the process of crown ether solvation
is quantitatively associated with the structural-energetic and
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acid–base properties of pure and mixed solvents as well as
with hydrophobic properties of crown ethers. This makes it
possible to observe and better understand the effect of the
solvation phenomenon on the process of complex formation
of crown ethers with cations and small organic molecules or
their fragments. This will also allows one to create models
of complex formation by selecting a solvent with appropri-
ate properties in relation to the conditions of the complex
formation process.

4. Conclusion

The exothermic effect of solvation process of one
–CH2CH2O– group increases in the following series:
HMPA < DMF < H2O.

The solvation enthalpy of B15C5 depends linearly on the
solvation enthalpy of 15C5 in the mixtures of water with
NMF, DMSO, DMF, DMA, HMPA, AN, ACN and PrOH,
and this relationship is the same in the mixtures of water
with NMF, DMSO, DMF, DMA and HMPA.

In the mixtures of water with F, NMF and AN within the
whole composition range and in the mixtures of water with
ACN, PrOH and HMPA within the medium and low wa-
ter content, there proceeds a preferential solvation of crown
ethers by the molecules of organic solvent. The energetic
effect of the preferential solvation depends quantitatively on
the structural and energetic properties of mixed solvent. The
energetic properties of the mixture of water with a hydropho-
bic solvent counteract the preferential solvation of the crown
ether molecules.

The solvation enthalpies of 15C5 and B15C5 in H2O, AN,
ACN, F, DMSO, DMF, DMA and HMPA depend linearly
on the acidic properties of pure organic solvent, while in the
mixed solvents those enthalpies depend on acidic properties
if the given mixture shows acidic properties and on basic
properties if such properties are predominant in this mixture.
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[4] M. Jóźwiak, H. Piekarski, J. Therm. Anal. 69 (2002) 291–300.
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[8] M. Jóźwiak, Thermochim. Acta, in press.
[9] M.J. Mastroianni, M.J. Pikal, S. Lindenbaum, J. Phys. Chem. 76

(1972) 3050–3057.
[10] L.-E. Briggner, I. Wadsö, J. Chem. Thermodyn. 22 (1990) 143–148.
[11] G. Nichols, J. Orf, S.M. Reiter, J. Chickos, G.W. Gokel, Thermochim.

Acta 346 (2000) 15–28.
[12] C. Reichardt, E. Harbusch-Görnert, Liebigs Ann. Chem. (1983)

721–743.
[13] M.J. Kamlet, R.W. Taft, J. Am. Chem. Soc. 98 (1976) 377–383.
[14] J.L. Fortier, P.A. Leduc, J.E. Desnoyers, J. Solut. Chem. 3 (1974)

323–349.

[15] S. Taniewska-Osińska, M. Jó́zwiak, L. Bartel, Thermochim. Acta
200 (1992) 99–107.

[16] B. Pałecz, J. Am. Chem. Soc. 124 (2002) 6003–6008.
[17] C. de Visser, W.J. Heuvelsland, L.A. Dunn, G. Somsen, J. Chem.

Soc. Faraday Trans. 74 (1) (1978) 1159–1169.
[18] V.P. Belousov, M.Yu. Panov, Termodinamika vodnykh rastvorov

nieelektrolitov, Khimia, Leningrad, 1983.
[19] M. Castagnolo, A. Inglesse, G. Petrella, A. Sacco, Thermochim. Acta

44 (1981) 67–76.
[20] W. Zielenkiewicz, O.V. Kulikov, I. Kulis-́Cwikła, J. Solut. Chem. 22

(1993) 963–973.
[21] C. de Visser, P. Pel, G. Somsen, J. Solut. Chem. 6 (1977) 571–580.
[22] O. Kiyohara, G. Perron, J.E. Desnoyers, Can. J. Chem. 53 (1975)

3263–3268.
[23] Ch. Dethlefsen, P.G. Sorensen, A. Hvidt, J. Solut. Chem. 13 (1984)

191–202.
[24] H. Chebib, Doctoral Thesis, University of Claude-Bernard, Lyon,

1981.
[25] K.W. Morcom, R.W. Smith, J. Chem. Thermodyn. 1 (1969) 503–505.
[26] A.M. Zaichikov, O.E. Golubinskii, Zh. Fiz. Khim. 70 (1996) 1175–

1179.
[27] R.H. Wood, L.H. Hiltzik, J. Solut. Chem. 9 (1980) 45–57.
[28] I.R. Tasker, R.H. Wood, J. Solut. Chem. 11 (1982) 295–308.
[29] J. Savage, R.H. Wood, J. Solut. Chem. 5 (1976) 733–750.
[30] H.L. Clever, S.P. Pigott, J. Chem. Thermodyn. 3 (1971) 221–225.
[31] M.F. Fox, K.P. Whittingham, J. Chem. Soc. Faraday Trans. 71 (1)

(1975) 1407–1412.
[32] A.M. Zaichikov, G.A. Krestov, Zh. Fiz. Khim. 69 (1995) 389–394.
[33] B. Lowen, S. Schulz, Thermochim. Acta 262 (1995) 69–82.
[34] A.M. Zaichikov, Yu.G. Bushuev, Zh. Fiz. Khim. 69 (1995) 1942–

1946.
[35] D. Peeters, P. Huyskens, J. Mol. Struct. 300 (1993) 539–550.
[36] F. Franks, M. Pedley, D.S. Reid, J. Chem. Soc. Faraday Trans. 72 (1)

(1976) 359–367.
[37] A.L. Zaicev, E.A. Nogovicyn, A.N. Zaichikov, N.I. Zheleznyak, G.A.

Krestov, Zh. Fiz. Khim. 65 (1991) 906–913.
[38] Ch. Reichardt, Chem. Rev. 94 (1994) 2319–2358.
[39] T.M. Krygowski, P.K. Wrona, U. Zielkowska, Tetrahedron 41 (1985)

4519–4527.
[40] T.M. Krygowski, E. Milczarek, P.K. Wrona, J. Chem. Soc. Perkin

II (1980) 1563–1568.
[41] P. Winsor IV, R.H. Cole, J. Phys. Chem. 86 (1982) 2486–2490.
[42] V.V. Prezhdo, O.V. Prezhdo, E.V. Vaschenko, J. Mol. Struct. 385

(1996) 137–144.
[43] E.M. Arnett, D.R. McKelvey, in: J.F. Coetzee, C.D. Ritchie (Eds.),

Solute–Solvent Interactions, Marcel Dekker, New York, 1969, p. 393.
[44] A.J. Stace, C. Moore, J. Am. Chem. Soc. 105 (1983) 1814–1819.
[45] E. Goldstein, B. Ma, J.-H. Lii, N.L. Allinger, J. Phys. Org. Chem.

9 (1996) 191–202.
[46] Z. Pawelka, J. Mol. Struct. 172 (1988) 15–22.
[47] H.W. Pelc, R. Hempelmann, M. Prager, M.D. Zeidler, Ber. Bunsen-

ges. Phys. Chem. 95 (1991) 592–598.
[48] T. Kowall, A. Geiger, J. Phys. Chem. 98 (1994) 6216–6224.
[49] T. Kowall, A. Geiger, J. Phys. Chem. 99 (1995) 5240–5246.
[50] K.J. Patil, T.M. Kirschgen, M. Holz, M.D. Zeidler, J. Mol. Liq. 81

(1999) 201–212.
[51] L.N. Yudasheva, F. Hallwass, S.M. da Cruz Gonçalves, A.M. Simas,

O.V. Krasilnikov, J. Mol. Liq. 106 (2003) 31–41.
[52] H. Ohtaki, J. Solut. Chem. 21 (1992) 39–47.
[53] P.A. Mosier-Boss, A.I. Popov, J. Am. Chem. Soc. 107 (1985) 6168–

6174.
[54] J.R. Damewood Jr., W.P. Anderson, J.J. Urban, J. Comput. Chem.

9 (1988) 111–124.
[55] R.W. Balk, G. Somsen, J. Phys. Chem. 89 (1985) 5093–5097.


	The effect of properties of water-organic solvent mixtures on the solvation enthalpy of 12-crown-4, 15-crown-5, 18-crown-6 and benzo-15-crown-5 ethers at 298.15 K
	Introduction
	Experimental
	Results and discussion
	The solvation enthalpy of crown ethers
	Effect of aryl fragment on the solvation enthalpy of B15C5
	The preferential solvation of crown ether by organic solvent
	Effect of acid-base solvents on the solvation enthalpy of crown ethers

	Conclusion
	References


