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Abstract

Crown ethers are preferential solvated by organic solvents in the mixtures of water with formakmahylformamide, 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 dé/Mediméthylformamide,
dimethylsulfoxideN,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 a@H,OH group in wateiN,N-dimethylformamide
and hexamethylphosphortriamide is equat@4.21,—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 (F), N-methylformamide (NMF),N,N-dimethylacetamide
(DMA), propan-1-ol (PrOH), acetonitrile (AN) and acetone

Since some time our laboratory has been engaged in the(ACN) [1-4,7,8]. The enthalpic effect of hydrophobic hy-
study of crown ethers behaviour in the mixed water—organic dration of 12C4, 15C5, 18C6 and B15C5 in water, Hb(W),
solvent [1-6]. The solvation of crown ethers is of great Was calculatedl,2,5]using the cage model of hydrophobic
importance during the process of complexes formation of hydration[9]. The effect of the substitution of —GH-group
these compounds with cations. Thus, it seemed advisablein amide molecule (both tdl andC atom), on the enthalpy
to examine the solvation process of crown ethers in organic Of solution of crown etherf3] and the preferential solvation
solvent—water mixtures. The selection of solvents as mix- Of crown ether molecules by the organic component of the
ture components and their concentrations create additionalmixture of water with F, NMF, PrOH, AN and ACI8,4,8]
possibilities to change the properties of mixed solvent in the have been presented.
required direction. The present paper discusses the effect of properties of

Our pre\/ious papers present the data of entha|py water—organic solvent mixtures on the solvation enthalpy of
of solution of 12-crown-4 (12C4), 15-crown-5 (15C5), crown ethers: 12C4, 15C5, 18C6 and B15C5. This made
18-crown-6 (18C6) and benzo-15-crown-5 (B15C5) it possible to analyse the effects of benzene ring and the
ethers in the mixtures of water with dimethylsulfoxide hydrophobic and acid—base properties of pure and mixed
(DMSO0), N,N-dimethylformamide (DMF) and hexam- solvents on the enthalpy of solvation of the crown ethers
ethylphosphortriamide (HMPAJ1,2,5,6], as well as 15C5  under investigation. The discussion includes also the effect
and B15C5 in the mixtures of water with formamide 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
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enthalpy of solvation in water, DMF and HMPA has been Table 1

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 followikg|s. were

used (1) and (2):
ASOIVI'IO = AsoII'IO — AvapHo for 12C4 and 15C5

AgovH® = AsolH® — AgupH® for 18C6 and B15C5

@)
(@)

The values of vaporisation enthalpyyapH®, of 12C4 and
15C5 and those of sublimation enthalpys,H°, of 18C6
and B15C5 were taken from literature0,11]. The standard

enthalpy of solvation of 12C4, 15C5, 18C6 and B15C5 in

the examined pure solvents>8, F, NMF, DMF, DMSO,
DMA, HMPA, AN, ACN and PrOH are given imable 1

The solvation enthalpy of 12C4, 15C5, 18C6 and B15C5 in watér (
and the organic solvent jYat 298.15K

Solvent AsoyH® (kd/mol)

12C4 15C5 18C6 B15C5 4
H20 9465  -120.24  -14951  -12520 -4.96
9460  -119.28  -154.70
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 6598  -78.85  -10048  -9456  -15.71
DMA ~78.95 -95.49  -16.54
HMPA  —67.49  -79.68  -8953  -98.68  -19.00
AN -83.19 -9953  -16.34
PrOH -70.22 -8242  -12.20
CAN -78.28 -9432  -16.04

a [10].
b = ASOWHElSCS(W +Y - ASolvH(;|3_5c5 (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,Xy.

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 WadsfiL0]. 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 kI mot?. According to Briggner and Wads6
the melting of 18C6 begins at 306.15K0] but the melting
of 18C6 used in the present paper begins at 313.15K as de-

A H° (ki/mol)
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Fig. 1. Standard enthalpy of solvation of crown ethers in mixtures of water with: DMSPQIMF (O); DMA (v); HMPA (0); F (@); NMF (A);

AN (V); PrOH (@l); ACN (#) at 298.15K.
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termined by TG DSC111-SETARAM. A similar temperature and an average value is equal to (=244 0.65) kJ/mol,
of fusion of 18C6 amounting to 312.2K has been found by (—16.04+ 0.54) kJ/mol and (—15.9% 0.98) kJ/mol in
Nichols et al.[11].Thus, in the presented paper to calculate water, DMF and HMPA, respectively. An error is the stan-
the solvation enthalpy of 18C6, there has been used the endard deviation. Although, the structure of water is most
thalpy of sublimation of 18C6 at 298.15K (found as the sum ordered in the three presented solvents (for example, the
of enthalpy of evaporation and fusion of the 18C6) from the structuredness parameter for,® and DMF is equal to
paper of Nichols et al. that is equal to 12&2.1 kJ mol?! 19.3 and 10.7, respective[$2]) the solvation process of
[11]. —CH,CH2O- group is the most exothermic. It is connected
In order to compare the properties of solvents and crown to hydrophobic hydration of crown ethers in water (see
ethers;Table 2shows the parameters that describe acid prop- Table 2)[1,2,5].
erties,EY (a parameter of Lewis acidift2]), and base prop- The contribution of one —CyCH,0- group to the en-
erties, Bkt (a parameter of Kamlet—Taft's basicif¥3]) of thalpic effect of hydrophobic hydration, Hb(W), of crown
the solvents and hydrophobic properties of organic solventsether in water presented in the previous paper was equal to
and crown ethers, i.e. the values of partial molar heat capac-(-12+ 2) kJ[5] as calculated from the relation: Hb(¥#3
ity, ng [14], the slope of apparent molar volume versus the f(n_ch,cH,0-)), using the linear equation= a + bx. The
molarity of organic substancé’,,, [15] and the enthalpic  choice of this kind of equation was not correct due to the
homogeneous pair interaction coefficiehtp [16]. Fig. 2 problem with the interpretation of parameter Since the
illustrates the distributions of charges in solvent molecules molecules of crown ethers such as 12C4, 15C5 and 18C6
calculated by the method ab initio (3-21G) under vacuum as consist only of —CHCH,O- groups, the use of equation,
well as the literature values of their dipole momeAts-46]. such agyy = bx to calculate the contribution of —GI@H,O—
FromTable 1it follows that the exothermic effect of sol- to the enthalpic effect of hydrophobic hydration, M)(
vation process of 12C4, 15C5, 18C6 and B15C5 in the se-seems to be justified. The calculated contribution of one
lected solvents, i.e. water, DMSO, DMF and HMPA change —CH,CH,O- group to the enthalpic effect of hydrophobic

in the following series: hydration of crown ether in water is equal te 4.5+ 0.4)
) kJ/mol (2 = 0.9736). Thus, it is possible to conclude that
12C4< 15C5< 18C6= B15C5  inDMF the solvation enthalpy of —-G}€H,0- in water is a sum of

the enthalpic effect of hydrophobic hydration, M§(and

other type of interactions e.g., through hydrogen bonds. In

12C4 < 15C5< B15C5< 18C6 inwater and DMSO DMF and HMPA, where the hydrophobic hydration is ab-

sent, the interactions of the dipole of DMF or HMPA with

The solvation process of B15C5 molecules is the most induced dipole of the crown ether (—-GBH,0-), (where

exothermic in DMF and HMPA. This is probably connected 4 < n < 6) can be possible.

with dipole—dipole interactions. Data concerning the dipole  The exothermic effect of solvation process of 15C5 and

moment of B15C5 are not available in the literature. There- B15C5 in all the presented solvents decrease in the following

fore, for comparison were used the values of dipole mo- series:

ments of the examined crown ethers, calculated by the ab

initio (3-21 G) method for the most stable conformers un- H20 > F > NMF > AN > HMPA > DMF > DMA

der vacuum, which assume the foIIowing Va|Uﬂ,_S_'2c4 = >~ DMSO > ACN > PrOH for B15C5

3.8x10°*D, uiscs= 6.3x 104 D, p18c6 = 3.4 x 1072

D and ugiscs = 3.325 D. The highest calculated value of

dipole moment belongs to B15C5, which may confirm the H20 > F > NMF > AN > DMF > HMPA > DMA

assumption about the dipole—dipole interaction. One should ~ DMSO > ACN > PrOH for 15C5

bear in mind that in solutions the molecules of crown ethers

can assume various conformations and consequently theirAs is seen fromTable 1, the values oAgyH® for 15C5

dipole moments can be changes, but the acceptance of the€to a lesser extent for B15C5) ino®, F, NMF and AN are

same model of calculating dipole moments seems to be theconsiderably higher than those in the remaining solvents.

most appropriate in this situation. The exothermic effect of It is known from the literature that AN forms complexes

solvation process of 18C6 molecules is the biggest in water with 18C6[53,54]. In these complexes the hydrogen atoms

and DMSO. From the literature it is known that 18C6 can of methyl groups of AN interact with the oxygen atoms of

form complexes with watefd7-51]. It is also assume that 18C6. The electron density on the oxygen atoms in 18C6

DMSO reacts strongly with 18C6, which was presented in calculated by the ab initio (3-21G) method is equal to —0.667

12C4< 15C5< 18C6< B15C5 inHMPA

previous papefs]. [5], butin 15C5 itis different and equal to —0.6[&l. In both
The molecules of crown ethers used in this paper my cases the electric charge is distributed symmetrically on all
be described as (-G&H,0-), (where 4 < n < 6). oxygen atoms. Asymmetrical distribution of electric charge,

Thus, the solvation enthalpy of one —@EH,O- group calculated also by the ab initio (3-21G) method, is observed
can be calculated a&goyH/n for 12C4, 15C5 and 18C6 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 298.15K
Cha (kI/mol K) Vy22 (e kg/moP) hoo (kJ kg/moP) EY Bkt Hb (W) (kJ/mol)
12C4 0.45% —2.06¢ 3.034 —34.11+ 0.08¢
15C5 0.647 —2.85¢% 4.09% —49.41+ 0.18d
18C6 0.808& —3.692 5.61F —57.92+ 0.178¢
B15C5 —35.93+ 0.26¢
AN 0.197 0.139 0.595 0.460/ 0.37
F 0.088 0.09 —0.098 0.779 0.4002
—0.07M
0.087 -0.11%
NMF 0.164 —0.18 0.254-° 0.722 0.462
0.272
DMSO 0.173 —0.2P 0.576 0.444 0.7¢
0.184 0.679
DMF 0.22¢ —0.39 0.578" 0.38¢ 0.7Z
0.22% 0.737"
0.55F
ACN 0.24F —0.37 0.814 0.359 0.54
DMA 0.28¢° —0.80% 0.827% 0.377 0.73b
0.962
ProH 0.358 —1.14 1.524 0.617 0.8¢
0.56"
HMPA 0.65 —-2.88 4.126 0.31% 1.0
—2.89
a10].
b value calculatedfrom datfl7].
¢ [18].

d Value calculated from datfi9].
€ Value calculated from datf0].
f[21].

9 [15].

h [22].

i Value calculated from dat23].

I Value calculated from datf24].

k Value calculated from datf25].
! Value calculated from datf26].

m [27].

" [28].

© Value calculated at 308.15K.

P [29].

9 Value calculated from datf80].
" Value calculated from datf81].
S Value calculated from datg82].
! Value calculated from datf83].
Y Value calculated from datf84].
Vv Value calculated from datg85].
W Value calculated from datf86].
X Value calculated from datf87].
Y [38].

Z [39].

aa Referencd40].

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), than those in AN (Fig. 2) and hence one can expect strong
—0.643 on the second and forth oxygen atoms and —0.650 orinteractions with oxygen atoms in the molecules of crown
the third oxygen atom. The charge distributions on oxygen ethers, which is accompanied by a big negative value of sol-
atoms in particular molecules of 15C5, B15C5 and 18C6 are vation enthalpy.

slightly different and therefore one could expects strong in-

teractions of oxygen atoms in 15C5 and B15C5 molecules 3.2. Effect of aryl fragment on the solvation enthalpy of

with hydrogen atoms of AN, were it not for geometric rea- B15C5

sons. 18C6 has six oxygen atoms, due to which the inter-

action geometry is much more beneficial that in the case of The data of solvation enthalpy of 15C5 and B15C5 given
15C5 and B15C5 that possess five oxygen atoms each. Theén Table 1 made it possible to calculate the effect of aryl
charges on hydrogen atoms in®, F and NMF are higher  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, n
DMF, DMA, HMPA, AN, PrOH, ACN at 298.15K

System AsovH g (W + 1) a r2
(kJ/mol)

NMF-H,O —-41.82+ 1.06 —0.693+ 0.010 0.9977
DMSO-H,0 —38.78+ 2.19 —0.702+ 0.025 0.9884
DMF-H,0O —38.37+ 1.93 —0.711+ 0.022 0.9914
DMA-H,0O —38.45+ 1.63 —0.711+ 0.019 0.9935
HMPA-H,0 —44.89+ 4.62 —0.657+ 0.055 0.9413
AN-H,O —47.77+ 3.43 —0.635+ 0.035 0.9741
PrOH-H,0 —29.80+ 4.69 —0.778+ 0.051 0.9630
ACN-H,O —52.37+ 0.42 —0.534+ 0.005 0.9993

A H’ (kimol)

vents,§, 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 (16.23®.21) k mottin
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 mixturesi + Y), except for water—F, the

0.0 0.2 0.4 0.6 0.8 1.0

relationship:AsovHg5c5(W + Y) = f(xw) is linearly cor- X
related with the functionAsonvH{scs(W + V) = flxw) v
(Eq. (3)). Fig. 3. The function [AovHg scs(W+ 1) —[AsovHscs(W+1] = flxw)
in the mixtures of water with: DMSQX); DMF (O); DMA (v); HMPA
AsovHR15c5(W + Y) (O); F (@); NMF (A); AN (V); PrOH (@); ACN () at 298.15K.
= Asole‘Iroing(W +Y +a ASOlvH?_SC5(W +7 (3)

within the whole mixture composition range with increasing
AsolvH (W +Y) determines the solvation enthalpy of ben-  water content. The observed differences in the shape of the
zene ring with a zero solvation enthalpy of the alkyl fragment curves may be connected with a preferential solvation of
of B15C5. The parameters &fg. (3)are given inTable 3. crown ether molecules by solvent molecules.

Parameters diq. (3)are the same within the error limits
in the mixtures of water with NMF, DMSO, DMF, DMA or 3.3, The preferential solvation of crown ether by organic

HMPA and the common relationship is given Byg. (4). solvent
AsovHgyscs(W + 1) The analysis of the preferential solvation, PS, of crown
= —40.46(286) — 0.695(0022) AsonvH5c5(W + 1) ether molecules has been based on the model proposed

(4) by Balk and Somsefb5]. The energetic effect of interac-
tion in solution different from the hydrophobic hydration of
Hence it follows that the conformations of 15C5 and B15C5 crown ethers molecules in the water—organic solvent mix-
do not change in these mixtures or if they do change, this turesA H*(W + Y) has been calculated in previous papers
brings about the same changes in the solvation enthalpies 013,4,6,8]and is presented iRigs. 4 and 5/ersusxy.

15C5 and B15CS5. In the remaining systems, i.e. ANOH As is seen irFig. 4, within the range of water-rich mixed
PrOH-H0 and ACN-HO the effect of benzene ring to the  solvent HMPA-HO, the considered function assumes posi-
solvation enthalpy of B15C5 is different. tive values for 12C4, 15C5, B15C5 and 18C6. The observed

The two groups of mixed solvents are also noticeable dur- endothermic effect is associated with the hydrophobic hy-
ing water addition to organic solvent as graphically illus- dration of HMPA[6]. The values of this function for 18C6
trated inFig. 3 with the function: Aoy Hg5c5(W + Y) — are positive within the whole range of mixed solvent com-
AsonvH{5cs(W + V)] = flxw). position, and it is a result of the loss of energy needed to

As is seen, the curve shapes in the mixtures of water release water molecules required for the formation of a sol-
with NMF, DMSO, DMF, DMA, HMPA are characterised vation sheath around the molecules of 186p In the re-
by almost constant course in the region upxip ~ 0.6 gion of low water content, the values of H*(W + Y) =
followed by a sharp increase. This function has no constancy f(xy) for 12C4, 15C5 and B15C5 are negative, which may
area for the mixtures of water with F, AN, PrOH and ACN. be due to the weak preferential solvaticmHES(W—l—Y), of
The endothermic effect of benzene ring solvation increasescrown ether molecules by the molecules of HMPA. The



Fig. 4. The functionAH*(W + Y) = f(xy) for 12C4 @); 15C5 (J); B15C5 @) and 18C6 () in the mixtures
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Fig. 5. The functionA H*(W + Y) = f(xw) for 15C5 and B15C5 in the mixtures of water with: DMS@)( DMF (O); DMA (v); HMPA ([J); F (@);
NMF (A); AN (V); PrOH (@); ACN (#) at 298.15K.
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exothermic effect of preferential solvation increases in the Table 4

following series: 124 < 15C5 < B15C5, which may re- ~ Parameters oEq. (5): AH*(W +Y) = bVE(W + ¥) + cHE(W + 1)
sult from dipole interactions. The dipole moments of crown Crown  Solvent b c r2
ethers increase in the same sequence. In the case of thether

system: DMSO-HO-18C6, the functiomM H*(W + Y) = 12C4 HMPA-HO  34.30+ 3.93  —17.254+ 1.80 0.8677

f(xw) assumes negative values in the region of low water 15C5 HMPA-RO  37.11+7.78  —19.37+ 3.60  0.6977

CR ; ; B15C5 HMPA-HO 57.79+7.02  —28.34+3.30 0.8800
content, which is due to a strong interaction between 18C6 1806 HMPA-HO 2415+ 812  —14.80+ 372  0.7326

and DMSO[S]. Th.us, theEre is observed a phenomenon of -~ F-HO 81.904 6.81 24174+ 355 09934
preferential solvationA H5(W+-Y), of 18C6 molecules by  15cs NMF-HO  22.96+ 3.28 _423+ 183 0.9891
DMSO molecules. 15C5 AN-HO 873+ 219  —12.34+ 124 0.9527

As is seen onFig. 5 considering the shape of curves 1585 AC(;\‘—F&% 25-0? 8-22 —g-gﬁi 0.67 8-83;3

N _ : o ; 15C5 PrOH-H 3.124+ 0.5 -56.85+ 1.77 0.

AH* (WD) . flxw) the .m'Xtures can be divided into thre.e B15C5 F-HO 53.32+ 12.46 —28.56+ 6.37  0.9770
groups. The first group includes those solvents, for which g;5c5 NMF—HO 13.204 4.86 1744 273 0.9867
the functionA H*(W +Y) = f(xw) assumes positive values Biscs  AN-HO 758+ 3.01 1056+ 1.62  0.9078
almost in the whole range of mixture composition, i.e. the B15C5  ACN-hO 3.70+ 0.74 —6.49+ 191 0.6675

mixture of water with DMF, DMSO and DMA, which may  B15C5  PrOH-HO 1870+ 1.31 ~ —72.30+ 555 0.9566
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 functionA 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 pdgets.

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 functionA 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,
AHES(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: ¥ AN > NMF. The

third group includes water mixtures with ACN, PrOH and both factors, b¥(W + ¥) < 0 and cHE(W + ¥) < 0. facil-

HMPA. The base properties of these organic solvents are. . . - _
stronger than theirF;ciEic properties. Thisggroup of solvents ltate the preferentlal solvation of 15C5. A 5|m|Ia_r situation
show the preferential solvation of 15C5 and B15C5 within ' 0PServed in the case of BISCS, but the negative effect of
the region of low and medium water content (AGW-Y) < the energetic factor on the functianH*(W + Y) is higher
0). Within the water-rich region the values afH*(W + Y) than in the case of 15C5.
indicate hydrophobic properties of ACN, PrOH and HMPA, , i
as confirmed by the values 0132: V22 andhy (Table 2). 3+4. Ef'fec;t ﬁf acid-base solvents on the solvation enthal py

It has been also observed that the shape of curve O CToWn €thers
AH*(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 mixtukE(W + Y) properties. Therefore, it seemed advisable to use equations

(an effect of directed interactions, e.g., hydrogen bond or describing the contributions of acidic and basic properties of
mixture structuredness) and excess heat of mixing waterPUre and mixed solvents to the solvatiqn enth_a Ipy of crown
with organic solventHE(W + Y) (a parameter connected ethers (Egs. (6) and (7)), the same as in previous pdjer

with the energetic of interactions), also versus the mixture
composition (Eg. (5)).

AH*(W +Y) = bVE(W + Y) + cHE(W + 1) (5)

crown ethers in the water—HMPA mixture is due to the en-
ergetic factorcHE(W + Y) > 0, whose unfavourable action
is predominant over the favourable effect of the structural
factor,bVE(W + Y) < 0, in the functionA H*(W + Y), and
henceA H*(W +Y) > 0. A positive value oEHE(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 fromiable 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),

The solvents under investigation show acidic and basic

AsoyH (W, Y or W+ 7)
= (AsovH)o + dEY (W, Y or W + Y) (6)

Parameterd andc from Eg. (5)are given inTable 4and .
the graphical illustration oEq. (5)is shown inFig. 6. From  Asovi (WY or W +7)
Fig. 6 it follows that the lack of preferential solvation of = (AsowvH)o + ekt (W, Y Or W 4+ Y) (7
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Fig. 6. Graphical illustration oEq. (5)for 15C5 in the mixtures of water with F, NMF, AN, PrOH, ACN and HMPAH* (Hl); bVE (@); cHE (A).

In this equation, (4qvH)o is the value of the given property
in the absence of the solvent effect, whilende are con-

tributions of acidic and basic properties to the variation of

enthalpy of solvation. To calculate the parameteSqs. (6)
and (7)the following data were usedsoH°, EY andkr
for pure solvents, such as,B, F, DMSO, DMF, DMA,

HMPA, AN, ACN. This group of solvent does not include

NMF and PrOH, whose datasoyH°, EY and Bkt when
used in the calculations, drastically decrease the coeffi- Table 5.

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 oEq. (6) for pure solvents are given in
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Table 5 as those of 12C4 and 18C6 in DMSO-®land DMF-HO
The parameters (Eq. (6)for pure solvents:HO, F, DMSO, DMF, DMA, depend linearly okt (W + Y). In the mixtures of water
HMPA, AN, ACN with 15CS and B15CS at 298.15K with DMF, PrOH and ACN that contain 15C5 and B15C5,
Parameter 15C5 B15C5 the intercept (AonvH)o is constant within the error lim-
(AsoH)o (kI/mol) _55.45+ 2.48 —77.40+ 3.58 its, amounting to (—139.34 3.8) kJmot! for 15C5 and

d —62.66+ 4.41 —50.33+ 6.37 (—137.63+ 2.67) kImol! for B15C5. On the other hand,
r2 0.9711 0.9123 in these mixtures the slope, depends oy of pure sol-

vent (Egs. (8) and (9)).

The value of (AonH)o is more negative for B15C5 than ¢ = 178.85(1.66)— 126.4232.32)8«t(Y) for 15C5,
for 15C5, which may indicate that the interactions of B15C5 2 — 09997 ®)

dipole with the dipole molecule of solvent are stronger than
those of 15C5 molecules. It is consistent with previous ob-  _ ;54 77(11.94— 82.04(16.61)fir () for B15C5
servations in this paper. The coefficiegldssumes more neg- ) ' ' ’ ’
ative values for 15C5 than for B15C5 and hence the effect 7~ = 0.9606 ©)
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 functiomAgoyH (W + Y) = f(xy) are simi-
lar to the curves illustlr\lating the acidic or basic properties (AgoyH)og = 38.75(6.41)— 35.47(1.26)1CH,CH,0—»
as a function ofxy: EF(W + Y) = f(xw) and k(W + 2 .
Y) = f(xw) of the foIITowing mixed solvents: AN—D, r®=09987 inDMF-water (10)
DMF-H,0, PrOH-HO and ACN-HO [40]. The param- e = —6267(275) — 30.14(0.54)n _cH,CH,0-,
eters.of Iinear relationships 7 and 8 for mixed solvents ,2 _ 09997 in DMF—water (11)
are given inTable 6. Unfortunately, the lack of values of
E#‘(W +Y) and Bkt (W + Y) for the mixtures of water with ~ Hence, it follows that the intercept ¢awH)o, and the slope,
F, NMF, DMA and HMPA made it impossible to examine e, for these systems depend linearly also on the parame-
similar correlations for higher number of solvents. In the ters describing the hydrophobicity of crown ethers, namely
DMSO—-H,0 mixture containing 15C5 and B15C5, the cor- (Hb(W), Cpg, Vg, and hpo, which can be easily verified
relation coefficients oEq. (7)are too low to consider a lin-  using the data fromTable 2. By substitutingegs. (10)

Moreover, it is seen fronTable 6that in the DMF-water
mixture containing 12C4, 15C5 and 18C6, the intercept,
" (AsonH)o, and the slopeg, are characteristic of every
crown ether and they depend linearly on the number of
—CH,CH—O- groupsn _cH,cH,0—, (Egs. (10) and (11)).

ear correlation. and (11)to Eg. (7), one can obtain an equation that com-
As is seen fronTable 6, in the AN-HO mixture show- bines the parameters of crown ether hydrophobicity and the

ing acidic properties, the standard solvation enthalpy of basicity of the DMF-HO mixture.

15C5 and B15C5 depends linearly (E}’J}‘(W +Y), and in The above presented analysis of solvation enthalpy of

the DMF-H0, PrOH-H0O and ACN-HO, in which ba- crown ethers in various pure (W) and mixed solvents
sic properties are predominant over acidic properties, the (W + Y) shows that the process of crown ether solvation
standard solvation enthalpies of 15C5 and B15C5 as well is quantitatively associated with the structural-energetic and

Table 6

The parameters dEgs. (6) and (7for the mixtures of water with AN, DMSO, DMF, PrOH, ACN containing 12C4, 15C5, 18C6 and B15C5 at 298.15K
Solvent Crown ether (AsonvH)o (kd/mol) d e r2
AN-H,0 15C5 —46.43+ 4.94 —68.85+ 6.40 0.9278
AN-H>0O B15C5 —77.04+ 3.44 —44.02+ 4.46 0.9156
DMSO-H,0 12C4 —104.45+ 3.96 59.85+ 6.57 0.9021
DMSO-H0 15C5 —124.62+ 7.26 68.37+ 12.00 0.7830
DMSO-H,0 18C6 —169.70+ 4.66 102.49+ 7.74 0.9512
DMSO-H0 B15C5 —126.00+ 5.42 47.53+ 8.95 0.7581
DMF-H,O 12C4 —103.86+ 3.74 58.20+ 6.20 0.9073
DMF-H,O 15C5 —137.14+ 4.26 87.40+ 7.07 0.9444
DMF-H,O 18C6 —174.80+ 4.01 118.48+ 6.66 0.9724
DMF-H,O B15C5 —135.59+ 3.64 61.63+ 6.04 0.9204
PrOH-H0O 15C5 —137.15+ 4.11 70.37+ 6.10 0.9366
PrOH-H0O B15C5 —136.65+ 3.94 54.94+ 5.85 0.9073
ACN-H,;O 15C5 —143.72+ 5.79 110.77+ 11.47 0.9121

ACN-H,O B15C5 —140.66+ 2.53 80.81+ 5.02 0.9664
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acid—base properties of pure and mixed solvents as well ad15] S. Taniewska-Osiska, M. Jawiak, L. Bartel, Thermochim. Acta

with hydrophobic properties of crown ethers. This makes it
possible to observe and better understand the effect of th
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
—CH;CH,O- group increases in the following series:
HMPA < DMF < H50.

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 gH AN,
ACN, F, DMSO, DMF, DMA and HMPA depend linearly
on the acidic properties of pure organic solvent, while in the
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