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Abstract The enthalpies of solution of cyclic ethers: 1,4-

dioxane, 12-crown-4 and 18-crown-6 in the mixture of

water and methanol have been measured within the whole

mole fraction range at T = 298.15 K. Based on the ob-

tained data, the effect of base–acid properties of water–

methanol mixtures on the solution enthalpy of cyclic ethers

in these mixtures has been analyzed. The solution enthalpy

of cyclic ethers depends on acid properties of water–

methanol mixtures in the range of high and medium water

contents in the mixture. Based on the analysis performed, it

can be assumed that in the mixtures of high methanol

contents, cyclic ether molecules are preferentially solvated

by water molecules.

Keywords Cyclic ethers � Water–methanol mixtures �
Base–acid properties � Enthalpy of solution

Introduction

Cyclic ethers [the general formula: (–CH2CH2O–)n] espe-

cially crown ethers are very interesting group of com-

pounds. Due to their hydrophilic–hydrophobic properties,

they are widely used. They can form complexes with ca-

tions [1, 2] and small organic molecules [3], and for this

reason, they are used in the construction of models of ionic

canals [4, 5] and as sensors in ion-selective electrodes

[4, 6]. Crown ethers are known as catalysts in organic

synthesis [7–10] and in the nucleophilic substitution [11].

Especially, due to the use of cyclic ether in organic

synthesis, it is necessary to know the effect of properties of

the organic solvents or mixed aqueous–organic solvent on

the solvation process of cyclic ethers. It is known that the

solvation process has a very important role in the course of

chemical reactions.

Many papers have dealt with the effect of the properties

of pure [7, 11–15] and mixed solvents on physical and

chemical processes [16, 17]. The effects of solvent ener-

getic and structural properties [18–20], solvation capa-

bilities [21–27], and acid–base properties of pure and mixed

solvents on chemical changes have been reported [28–31].

One of the methods in the investigation of the solvation is

the study of the enthalpy of dissolution of the solute.

We continue our study [32–38] on the effect of the acid–

base properties of the mixed solvent on the solution en-

thalpy of cyclic ethers in the mixed solvent. In this paper,

we present our observations on the effects of acid–base

properties of mixtures of water (W) with methanol (MeOH)

on the solution enthalpy of: 1,4-dioxane, 12-crown-4

(12C4), 15-crown-5 (15C5) and 18-crown-6 (18C6).

Experimental

1,4-Dioxane (Aldrich, 99? %), ‘‘purum’’ 12-crown-4

(Fluka, C98 %), ‘‘purum’’ 18-crown-6 (Fluka, C99 %)

were used as received.

Methanol (Chempur [99.8 %) was purified and dried

according to the procedures described in the literature [39]

and distilled.

N,N-dimethylformamide (Aldrich, anhydrous, 99.8 %)

was purified and dried according to the procedures de-

scribed in the literature [40, 41]. To prepare the aqueous

solutions, doubly distilled water was used.
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The enthalpy of solution of cyclic ethers in the water–

methanol (W?MeOH) mixtures was performed at

(298.15 ± 0.01) K using an ‘‘isoperibol’’-type calorimeter

as described in the literature [42]. The calorimeter was ver-

ified on the basis of the standard enthalpy of solution of urea

and KCl (Calorimetric standard US, NBS) in water at

(298.15 ± 0.01) K [43, 44] as was described in our recent

publication [45]. The value of solution enthalpy in water

obtained by us from seven measurements for urea was

(15.31 ± 0.06) kJ mol-1 (literature data 15.31 [46], 15.28

[47] and 15.30 kJ mol-1 [48]) and for KCl was (17.55 ±

0.05) kJ mol-1 (literature data 17.58 kJ mol-1 [43, 44]).

The concentration of cyclic ethers in the mixtures was

(from 0.00102 to 0.00225) mol kg-1 (the mole per kilo-

gram of solvent). 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 depen-

dence (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 solution

enthalpy DsolH
o was calculated as a mean value of the

measured enthalpies (Table 1).

Results and discussion

Figure 1 shows the transfer enthalpy of cyclic ethers

(DtrH
o) from W to the W?MeOH mixture (Eq. 1) as a

function of water mole fraction in the mixture xw.

DtrH
oðW þ MeOHÞ ¼ DsolH

oðW þ MeOHÞ � DsolH
oðWÞ

ð1Þ

where DtrH
o (W?MeOH) is the transfer enthalpy of cyclic

ethers from water to the mixture W?MeOH, DsolH
o

(W?MeOH) is the solution enthalpy of cyclic ethers in the

mixture W?MeOH, and DsolH
o (W) is the solution enthalpy

of cyclic ethers in W.

In order to compare the data obtained, the transfer en-

thalpy of 15-crown-5 ether (15C5) has been added [51]. As

is seen in this figure, the shapes of the transfer enthalpy

curves of the cyclic ethers investigated are similar.

In the range of low water content in the mixtures, we can

observe decrease in the transfer enthalpy of cyclic ethers

with the increasing concentration of water in the mixtures.

With the increase in the cyclic ring, the variability of the

transfer enthalpy curves as a function of xw becomes more

expressive. This is connected with the structure of the
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Fig. 1 Transfer enthalpy of cyclic ethers: 1,4-dioxane (filled square),

12C4 (filled circle), 15C5 (filled triangle; data calculated using the

values of solution enthalpy of 15C5 (from Ref. [51]) and 18C6 (filled

inverted triangle) from water to the mixtures W?MeOH as a function

of water mole fraction (xw) at 298.15 K

Table 1 Standard enthalpy of solution of 1,4-dioxane, 12C4 and

18C6 in the mixture W?MeOH at 298.15 K

xw DsolH
o/kJ mol-1

1,4-dioxane 12C4 18C6

0.00 4.77 ± 0.03 0.50 ± 0.04 34.64 ± 0.06

0.10 4.24 ± 0.06 -1.06 ± 0.03 28.32 ± 0.07

0.20 3.70 ± 0.05 -2.55 ± 0.03 22.74 ± 0.04

0.30 3.21 ± 0.04 -3.89 ± 0.02 17.74 ± 0.05

0.40 2.73 ± 0.06 -5.10 ± 0.06 14.00 ± 0.06

0.50 2.40 ± 0.04 -6.23 ± 0.05 11.16 ± 0.02

0.60 2.08 ± 0.05 -7.44 ± 0.06 8.70 ± 0.04

0.70 1.67 ± 0.05 -9.30 ± 0.04 6.36 ± 0.05

0.80 0.29 ± 0.02 -12.61 ± 0.03 1.10 ± 0.06

0.90 -3.12 ± 0.03 -18.80 ± 0.06 -8.10 ± 0.06

0.92 -4.12 ± 0.06 -20.43 ± 0.05 -10.75 ± 0.04

0.94 -5.28 ± 0.04 -22.33 ± 0.06 -13.33 ± 0.06

0.96 -6.57 ± 0.05 -24.36 ± 0.04 -15.95 ± 0.05

0.98 -8.08 ± 0.05 -26.53 ± 0.06 -18.69 ± 0.05

1.00 -9.64 ± 0.05 -28.98 ± 0.05 -21.58 ± 0.06

1.00 -9.70 ± 0.02a -28.95 ± 0.05b -21.54 ± 0.05b

xw is the mole fraction of water in the mixed solvent
a Ref. [49]
b Ref. [50]
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mixed solvent and interactions of cyclic ether molecules

with molecules, which are components of the mixture.

Based on the mass spectroscopic analysis of clusters in

alcohol–water mixtures, Wakisaka et al. [52] suggest that

the preferential solvation of a hydrophobic substance by

alcohol molecules in the mixture of methanol and water is

promoted by the alcohol self-aggregation in the solution

within the region of medium and high methanol contents.

In our previous publication [51], we have shown also

that the molecules 15C5 are preferentially solvated by ei-

ther water molecules or by methanol molecules, depending

on the water content of the mixture. On the other hand, the

presence of –CH3 group in the methanol molecule can

cause that some contribution characteristics of hydrophobic

groups, especially within the water-rich range, will also be

made to the properties of this compound [53].

In our previous publication [54, 55], we have shown that

the enthalpic effect of hydrophobic hydration of methanol

is much smaller than the corresponding effect for the cyclic

ethers. The enthalpic effect of hydrophobic hydration of

cyclic ethers increases with increasing cyclic ether ring.

The process of hydrophobic hydration of cyclic ethers is

reflected in Fig. 1 in the area of high water content. There

is a sharp decrease in the enthalpy of transfer of cyclic

ethers.

We analyzed the shapes of the curves acid–base pa-

rameters of a mixture W?MeOH and dissolution enthalpy

curves of cyclic ethers in the mixture. Lewis acidity ex-

pressed by the standardized Dimroth–Reichardt’s pa-

rameter EN
T and basicity of Kamlet–Taft BKT for the

W?MeOH mixtures [56] (Fig. 2).

The molecules of cyclic ethers contain oxygen atoms

with free electron pairs. This fact causes that the cyclic

ethers can be regarded as centers of Lewis basicity. For this

reason, the analysis is used with Lewis’s acidity (EN
T ).

Therefore, it was decided to present the enthalpy of solu-

tion as a function of EN
T (Eq. 2).

DsolH
o ¼ Qo þ a � EN

T ð2Þ

where Qo is the value of the given property in the absence

of the solvent effect, while a is the contribution of acidic

properties to the variation of enthalpy of solution. The

parameters of the obtained relationship are given in

Table 2 (columns a). The functions DsolH
o

(W?MeOH) = f(EN
T ) for 1,4-dioxane, 12C4, 15C5 [51]

and 18C6 are shown in Fig. 3.

It was observed that parameter a linearly increased with

the increase in the number of oxygen atoms n�O� in the

molecules of cyclic ethers (Eq. 3). Standard deviations are

given in parentheses.

a ¼ 26:38ð�14:95Þ � 38:81ð�3:32Þ � n�O�
r2 ¼ 0:98555; SD ¼ 9:8293

ð3Þ

It was also observed that the regression coefficient (r2) is

the highest for 12C4 and for 1,4-dioxane, and for 15C5 and

18C6 r2, it is much lower. This means that for the greater

cyclic ether ring particularly, the dependence (2) is more

disturbed. The solution enthalpy of cyclic ethers was cal-

culated using Eq. 2 and the parameters given in Table 2.

The results obtained are shown in Fig. 4a. As is seen, the

courses of function DsolH
o = f(xw) calculated with the use

of Eq. 2 and that obtained by way of experiment clearly

differ in the case of 15C5 and 18C6. This is probably due

to the preferential solvation of 15C5 and 18C6 molecules

by methanol molecules or water molecules. One can not

exclude the formation of hydrogen bonds 15C5 and 18C6

molecules with molecules of methanol in the mixtures with

high methanol content.

We have made calculations again omitting data of so-

lution enthalpy of cyclic ethers and EN
T for the mixtures of

high concentration methanol. We skipped the mixture:

xw = 0, xw = 0.1 and xw = 0.2. The results obtained are

given in Table 2 (columns b) and in Fig. 4b. As seen in

Table 2, regression coefficient r2 has increased sig-

nificantly and the curves shape is well matched to the curve

obtained experimentally in the medium and high water

content in the mixed solvent.

Moreover, as previously coefficient a increases linearly

with the increase in the cyclic ring (Eq. 4) but with a much

higher regression coefficient (r2) and much lower standard

deviation (SD).
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Fig. 2 Base (filled circle)–acid (filled square) properties of

W?MeOH mixtures at 298.15 K (data from Ref. [56])
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a ¼ 0:79ð�1:39Þ � 29:77ð�0:31Þ � n�O�

r2 ¼ 0:99978; SD ¼ 0:91527
ð4Þ

As is seen in Fig. 4b, the conformability of the courses

of these functions for cyclic ethers has been considerably

improved, which indicates that the acidic properties of the

mixture play a significant part in the interactions between

the molecules of cyclic ethers (particularly 15C5 and

18C6) and the mixture components in the range of medium

and high water content. One can still observe considerable

deviations of the courses of function DsolH
o = f(xw) cal-

culated with the use of Eq. 2 and that obtained by the

experimental way in the case of 15C5 and 18C6 within the

range of high methanol content.

As shown in Table 2, the value of Qo is positive in all

cases, which means that the process of dissolution in the

absence of solvent effects is endothermic. A negative value

of the parameter a (the contribution of acidic properties to

the variation of solution enthalpy) shows a very significant

influence of solvent effects (in this case, the acidic prop-

erties of the mixture W?MeOH) on the solution process of

the cyclic ethers.

Based on the analysis performed, it can be assumed that

in the mixtures of high methanol contents, cyclic ether

molecules are preferentially solvated by water molecules.

We can assume as before [51] that at xw B 0.3, the

methanol molecules are strongly associated and the

MeOH–MeOH interactions are stronger than those of
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cyclic ether molecules with methanol; therefore, cyclic

ether molecules react with water. This may be the reason

that Eq. 2 is not fulfilled within the whole concentration

range of the mixed solvent.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

1. Izatt RM, Bradshaw JS, Nielsen SA, Lamb JD, Christensen JJ.

Thermodynamic and kinetic data for cation-macrocycle interac-

tion. Chem Rev. 1985;85:271–339.

2. Izatt RM, Pawlak K, Bradshaw JS, Bruening RL. Thermody-

namic and kinetic data for macrocycle interaction with cations

and anions. Chem Rev. 1991;91:1721–2085.

3. Izatt RM, Bradshaw JS, Pawlak K, Bruening RL, Tarbet BJ.

Thermodynamic and kinetic data for macrocycle interaction with

neutral molecules. Chem Rev. 1992;92:1261–354.

4. Gokel GW, Leevy WM, Weber ME. Crown ethers: sensors for

ions and molecular scaffolds for materials and biological models.

Chem Rev. 2004;104:2723–50.

5. Tsukube H, Yamada T, Shinoda S. Crown ether strategy toward

chemical activation of biological protein functions. J Heterocycl

Chem. 2001;38:1401–8.

6. Moriarty RM, Rao MSC, Tuladhar SM, D’Silva C, Williams G,

Gilardi R. Crown ether ionophores. Construction of neutral car-

rier ion-selective electrodes. J Am Chem Soc. 1993;115:1194–6.

7. Chen HCh, Chen SH. Diffusion of crown ethers in alcohols.

J Phys Chem. 1984;88:5118–21.

8. Linghu X, Bausch CC, Johnson JS. Mechanism and scope of the

cyanide-catalyzed cross silyl benzoin reaction. J Am Chem Soc.

2005;127:1833–40.

9. Liu YK, Yue L, Li R, Li BJ, Chen YCh, Wu Y, Ding LS. Un-

expected ring-opening reactions of aziridines with aldehydes

catalyzed by nucleophilic carbenes under aerobic conditions. Org

Lett. 2006;8:1521–4.

10. France S, Wack H, Taggi AE, Hafez AM, Wagerle TR, Shah MH,

Dusich CL, Lectka T. Catalytic, asymmetric a-chlorination of

acid halides. J Am Chem Soc. 2004;126:4245–55.

11. Katritzky AR, Rees ChW, Scriven EFV. Comprehensive hete-

rocyclic chemistry II. A review of the literature 1982–1995, G.

R. Newkome, Pergamon, FL, USA. 1996;9:1–1146.

12. Abraham MH, Grellier PL, Abboud JLM, Doherty RM, Taft RW.

Solvent effects in organic chemistry—recent developments. Can

J Chem. 1988;66:2673–96.

13. Szpakowska M, Nagy OB. Application of the competitive pref-

erential solvation theory to facilitated ion transport through bi-

nary liquid membranes. J Phys Chem. 1989;93:3851–4.

14. Katritzky AR, Fara DC, Yang H, Tämm K. Quantitative measures
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