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Abstract — Stability constants of Nacomplexes with 18-crown-6-ether and thermodynamic characteristics of
the complex formation in water and mixed watgioxane solvents (0.2, 0.4, 0.6, and 0.8 wt. fraction of
dioxane, 283318 K) were determined by the method of EMF of galvanic circuits without transfer. Com-
parative thermodynamic analysis of the complex 18-crown*&fanation reactions in watedioxane, water
acetonitrile, wateracetone, watemethanol, and wateR-propanol mixtures was carried out. Contributions of

the Gibbs energies of transfex@,) of 18-crown-6Nd, Na', and the ligand to the increase in the stability of

the complexes on replacement of water by mixed walieixane solvents were estimated. It was shown that
the increase in the stability of sodium crown ether complexes primarily depends on solvation of the complex
cation and desolvation of the central cation. Changes in the conformational Gibbs energy of the ligand and
guantitative parameters of selective solvation of the reagents were estimated.

To control chemical reactions in nonaqueous antemperature range 28318 K by the method of elec-
mixed solvents, it is hecessary to develop a scientifitromotive forces, and to compare the resulting data
approach to selection of the solvents [1]. This is awith those in [3-6].
complicated problem because of an exceptionally
great variety and specificity of chemical reactions in
solutions. One of the lines of attacking the problem
involves a comprehensive study of solvent effects o
similar reactions. An example of such reactions i
complex formation of cations with uncharged and
charged ligands in mixtures of water with various
organic solvents [2].

The logarithms of the stability constants of the
sodium monocoronates are given in Table 1. It is
vident from the table that the stability of these com-
lexes decreases with increasing temperature and
ncreases with increasing dioxane concentration in the
mixed solvent. The role of solvent in complex-forma-
tion reactions is covenient to discuss in terms of
relationships between the excess stability constants of

Earlier we studied the thermodynamics of formathe complexes and the compositions of the mixed
tion of Na complexes with 18-crown-6 in mixtures solvents [8].
of water with methanol, 2-propanol, acetone, and ex
acetonitrile [36]. log KNaL+ = log Km’u — log KR+ 1)

It is of interest to study this reaction in wateli-
oxane mixtures, where one of the components (di-
oxane) has a low dielectric constarD)( and the
second (water), a high dielectric constant. It is known HereK{d - is the experimental stability constant of
also that the K cation is fully complementary to the the sodium coronate in a mixture with the mole frac-
electron-donor cavity of 18-crown-6, whereas the" Nation Xg of a honagqueous solverkgy, - is the excess
cation is smaller than this cavity [7]. Therefore, it stability Constant K3+ is the additive stability
becomes possible to observe in this system a congonstant, KN"’aU IS the stability constant of the com-
bined effect of topological and solvation factors on theplex in water, Kg:*® is the stability constant in the
thermodynamlc characteristics of complex formatiomonaqueous (mlxed) solvent with the maximum frac-
of K* and N& with 18-crown-6. tion of the nonaqueous component, ak§® is the
maximum mole fraction the nonaqueous solvent in
the mixture, whereK{H+ was determined.

log K&, + = log Kng‘a + —X(Iog KSmax log KHzo) )

The aim of this work was a thermodynamic study.
of complex formation of N& with 18-crown-6
in waterdioxane mixtures with dioxane contents It is of interest to compare the energies of complex
of 0, 0.2, 0.4, 0.6, and 0.8 wt fractions and in theformation of Nd with 18-crown-6 in various mixed
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Table 1. Stability constants (logly,., molal scale) of the sodium coronate 18-crown-6Na water-dioxane mixtures

Weight fraction

Temperature, K

of dioxane 283 288 298 308 318
0.00 0.99+0.06 0.96+0.04 0.87+0.05 0.82+0.04 0.74+0.03
0.20 1.07+0.12 1.08+0.10 1.04+0.10 1.00+0.09 0.83+0.09
0.40 1.65+0.11 1.624+0.11 1.53+0.07 1.44+0.07 1.35+0.06
0.60 2.07+0.02 2.02+0.01 1.94+0.02 1.87+0.03 1.75+0.01
0.80 2.58+0.03 2.53+0.02 2.40+0.02 2.27+0.03 2.14+0.04

solvents. We studied mixtures containing an aprotitog Kgs,+ against concentration of the nonaqueous

and a protic solvents (wateacetone and wateaceto-

component in wateaprotic solvent mixtures are

nitrile) and two protic solvents (watemethanol and qualitatively similar to each other up to 0.5 mole
water-2-propanol. As seen from Fig. 1a, the plots offraction of the organic component.
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Fig. 1. Dependence of the excess stability constant of
the 18-crown-6N& complex on the composition of the
(a): 1J waterdioxane,

(2) wateracetone, and3) wateracetonitrile and (b):
(4) water-dioxane, b) watermethanol, and &) water
2-propanol.
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The plots of the logarithms of the excess stability
constants of the sodium coronate in watgganic
solvents containing both protic (water, methanol, and
2-propanol) and aprotic (dioxane) components, against
the mole fractionXg of the organic components are
shown in Fig. 1b. As seen, the &, - — f(Xo) plots
are sharply different aiXg greater than 0.15. The
presence of extrema in these plots points to a different
nature of solvation of the Naand NalL' cations and
the ligand L.

The thermodynamic characteristicAQ, AH, and
TAS) of the complex formation, calculated from the
temperature dependences of the stability constants,
are given in Table 2. The Gibbs energy of the com-
plex formation monotonically varies with the com-
position of waterorganic solvents and thus provides
little information on interparticle interactions because
of the entropyenthalpy compensation [9]. Physically
this means that the enthalpy and entropy components
of the Gibbs energy directly reflect specifics of re-
agentsolvent interactions and characterize qualitative
and quantitative distinctions of systems and processes
under comparison [9].

The changes in the enthalpy and entropy of forma-
tion of the sodium coronates in wateioxane mix-
tures (Fig. 2) point to an enthalpy control of the stabi-
lity of the crown ether complexes, whereas in the
mixed solvent containing 0.049.4 mole fraction of
dioxane stability increase is also controlled by the
entropy of the complex formation.

Entropy-stabilized complexes of Nawith 18-
crown-6 are formed in wateR-propanol mixtures [4],
which is also characteristic of the complex formation
in the watermethanol solvent [3]. At the same time,
the value and sign of the entropy contribution to the
Gibbs energy of the sodium coronate formation ap-
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Table 2. Thermodynamic parameters (kJ/mol) of complex AF!
formation of 18-crown-6 with Nain water-dioxane mix-
tures (molal scale)

Na |_+ + AI:t,NaL" = AI:t,L + AI:t,Na" + AI:ElaL"v 3)

— S H,O _—
AAFNg 1+ = AFRalr — AFN;fu_+ = AI:t,NaL" - AI:t,Na

~ ARy (4)
Temperature, K
Parameter Using published Gibbs energies of transfer of
283 | 288 | 298 | 308 | 318 sodium cationsAG, \+ [12] and the ligandAG,, [7],
we estimated the Gibbs energies of transfer of the
Water sodium coronateAG; y, + The plots of AG, and
AAGy, + against the composition of the watel'r—
:ﬁﬁigés %'53 %'44 %'23 %'08 $'85 oxane mixed solvent are given in Fig. 3.
-TAS£2.5 5 6 6 6 6
0.2 mole fraction of dioxane AE, . 6}
~AG+0.3 5.80| 5.96| 5.94| 590| 5.06 kJ mol ) 1
-AH+2.0 11 11 11 11 11 ot
-TAS£2.0 5 5 6 6 6 b
0.4 mole fraction of dioxane -6
-AG%0.2 894 894 8.73| 850| 8.22 1oL =
-AH+1.7 15 15 15 15 15
-TAS£1.7 6 6 6 7 7
_18F 2
0.6 mole fraction of dioxane
-AG+0.15 11.19| 11.12 | 11.07 | 11.03| 10.66 -24 1 1 1 1 1
-AH+1.2 15 15 15 15 15 0 0.1 0.2 0.3 0.4 0.5
-TASt1.2 4 4 4 4 4 Dioxane, mole fraction
0.8 mole fraction of dioxane
AG4+ Fig. 2. Effect of the waterdioxane solvent on the
_iﬁ;ggS ;':23'98 ;':23'95 ;':23'69 ;':23'39 ;':23'09 D gntropy TASya * (2) enthalpy AHN_aL"’ and
_TAS+0.7 8 8 8 9 9 (3) Gibbs energyAGy, + of complex formation of N&
with 18-crown-6 (rational scale).
preciably depend on the composition of the mixed ar
solvent water2-propanol, whereas in watenethanol AGy, 1
mixtures containing up to 0.7 mole fraction of the kJmort
alcohol the complex is entropy-stabilized. In the
water-acetone solvent [5], the stability of the 0
18-crown-6Na complexes is determined by enthalpy
and entropy contributions. In watexcetonitrile mix- 2
tures [6], the stability of such complexes is mainly _al
controlled by entropy. 3
The interrelation between the energy parameters of
stability of the sodium crown ether complexes 4
(AGyar+ = -RTIN Ky, +, F = G, H, 9 and the energy 8
characteristics of solvation (transfer) of the reagents . .

AFiNat AFgnart @nd AR+ is determined by the 0

following thermodynamic cycle [10, 11]. 0.2

0.4

Dioxane, mole fraction

AF,
MY+ L M ML* water _ . .
Fig. 3. Effect of the waterdioxane solvent on the Gibbs

| | | energy of transfer of the reagents and of fomation of the

lAFL u* lAFL .
AFSy+

Mt + L

\LAFL M+

ML* solvent S
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Fig. 4. Effects of the (a) watemethanol, (b) wate2-propanol, (¢) wateacetonitrile, and (d) wateacetone solvents on
the Gibbs energy of transfer of the reagents and of formation of the sodium crown ether comppxes, \5, (2) AG; |,
(3 AG{NaLt and @) AAGyg, -+

As seen from Fig. 3, the stability of the 18-crown-also from destabilization of the ligand. In mixtures
6Na complexes increases with increasing dioxaneontaining more than 0.65 mole fraction of aceto-
concentration, which is mainly due to enhanced solvanitrile, Na" is destabilized, and the stability of the
tion (stabilization) of the complex ions. It should becomplex increases.

noted that the stability of the complexes in the mixed An increase in the acetone concentration in water

solvents watennethanol,_ yvateQ-propanoI,_ water acetone mixtures (Fig. 4d) increases the Gibbs energy

acetone, anql wateacetonitrile (Fig. 4) also increases f solvation of the crown ether L, the complex-form-

with increasing contents of the nonaqueous solvenﬁ%g ion N&, and the complex catfon NAL therewith

[3-6]. the stabilizing contribution of the complex cation
In the watermethanol (Fig. 4a) and waté&?- overrides the destabilizing effects of the first two

propanol (Fig. 4b) solvents, the stability of the sodiuntactors.

coronate results from destabilization of the ligand and The interaction of the Nacation with the electron-

tehnee r‘;@ngflsé?\gﬁgi” of‘r(t)r?; }%i%refgscieﬂ'% tgaeﬁgﬂbvsﬁhdonor_ cavity of the macroring gives rise to a large

increasing alcohol concentration in the mixed solventrganic cation with a structure depending on the com-
position of the waterorganic mixture [13]. A change

The increase in the stability of the 18-crown-6Na in the composition of the mixed solvent entails a

complexes in aqueous acetonitrile (Fig. 4c) up to achange in the macroscopic properties of the medium,

0.6 mole fraction of acetonitrile is associated withsuch as its dielectric constant. The interaction of the

increased solvation energy of the complex ion andomplex and free cations with the primary solvation
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shell is mostly electrostatic in nature, as demonstrated
by linear dependences of the Gibbs energies of com- AGy

plex formation and transfer of the Nand NaL' ions kJ/mol 1
on the reciprocal of the dielectric constant of the ok /
mixed solvent (Fig. 5). The inflection in th&Gy, - —
f(1/D) plot may be explained by changes in the radii e . 2_
of solvated N& and Nal® in going from water to -8
mixed solvents.

lons and molecules in solutions are almost always -12 1
solvated. Therefore, most reactions are accompanied
by changes in the solvation shells of the reagents -18} 3

(liberation and replacement of solvent molecules and
even increase in their number). The composition of
the solvation shells of reagents in a binary solvent can
considerably differ from the overall composition of

the solution owing to selective solvation. The Gibbs
energy of solvation of reagents in a mixed solvent is
described by Eq. (5) (DO is dioxane) [14].

0.01 0.016 0.022 0.028 0.034 0.040
1/D

Fig. 5. Dependence of the Gibbs energies of transfer of
the N& and Nal* ions and of formation of the sodium
coronate on the reciprocal of the dielectric constant of
AGg(DO-H,0) = AGm, + AGgmg (5) the waterdioxane solvent. 1) AG; g, (2) —AG; NaL*
and @) AGpg*
Here m, and mg are the weight statistical factors

determining the contributions of the Gibbs energies of It is known [15] that the formation of a crown ether
hydration and solvation of a particle in the non-complex with a cation in solution is accompanied by
agueous solvent to the total Gibbs energy of solvatiogonformational preadaptation of the macroring, the

in the binary solvent. energy of which 4G,,,,) depends on the properties of
the cation and the ligand and on the reaction condi-
m, + mg = 1, (6) tions. In can be assumed the total Gibbs energy of the
m, Xp.0 complex formationAG,, + involves a conformational
— = — exp(x), (7)  contribution [8] which is a part of the Gibbs energy
Mg Xpo of solvation of the ligand. In terms of the linear free
AGy; energy principle [16], the Gibbs energy of the com-

=T (8) plex formation in solution has Eq. (9):

AGy + = AGYA% + AGg g+ — [b(AGg \+ + AG
Here AG,; is the Gibbs energy of transfer of the re- G ML SML [P(AGs su
agents from water into the nonaqueous solvent. Thus, + AGgond- ©)
the greater is the difference in the Gibbs energies of
hydration and solvation of particles, the stronger i
the effect of selective solvation on physicochemica
properties of solutions.

Here AGyj% is the Gibbs energy of the complex
ormation in a vacuump is a factor reflecting the
contribution of solvation of the ligand and the cation
to the change in the Gibbs energy of solvation of the
Table 3 lists the weight statistical factors calculatedoronate without inclusion of the conformation com-
by Egs. (6)(8) from the Gibbs energies of transfer of ponent. Change in the conformational Gibbs energy
the particles. Analysis of these values shows that thef the ligand can be estimated by Eq. (10):
Na" cation and the ligand preserve their hydration
shells even at high concentrations of the nonaqueous  AG;y, + = AAGy ¢ + b(AG\+ + AG;)).  (10)
component in mixed solvents, except for wathf
oxane (for the ligand) and watexcetone (for the Here AAG,,; are the changes in the Gibbs energy
cation and the ligand). The Gibbs energy of solvatiorof solvation, resulting from the different conformatio-
of the sodium coronate depends mainly on the solvateal preadaptations of the ligand in water and in a non-
environment ify, 0.29-0.0), except for wate2-pro- aqueous solvent [17]. Whem= 0, AG; \; + = AAG.,p
panol mixtures. As the concentration of the organid.e., the solvation energy of the cationic complex on
component in a mixture increases, the contribution othanging the solvent is determined only by differences
the Gibbs energy of hydration to the total Gibbsin the energy of conformational preadaptation of the
energy of solvation in the binary solvent decreases. ligand.
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Table 3. Gibbs energies of transfer of particles from water into wateganic mixtures and the weight statistical factors
m, and mg of Eq. (5)

Mole fractions of solvent S
Parameter
0.20 0.40 0.60 0.80
NaL* | Na" L NaL* Na' L NaL* Na' L NaL* Na' L
Waterdioxane (S)18-crown-6N&
AGy; -7.1 57| -4.5 -7.1 5.7 | -45 -7.1 57 | -45 -7.1 5.7 -45
m, 0.19] 0.97| 0.39 0.08 0.94| 0.20 0.04 0.87| 0.10 0.01 0.71 0.04

Wateracetone (S)18-crown-6N&
AG; |-430]-26.0| -23]-430]-26.0 |-23 | 430 |-260 |-23 |-43.0]-260 | -23

| oo| o0o0| o061l 00| o00 | 037] 00| 00| 021] 0o | o | 009
Watermethanol (S)18-crown-6N&

AG; -5.7 6.4 75| -5.7 6.4 7.5 -5.7 6.4 7.5 -5.7 6.4 7.5

m, 0.29| 0.98] 0.99] 0.13 0.95| 0.97 0.06 0.90| 0.93 0.02 0.77 0.84
Water-2-propanol (S)}18-crown-6Na

AG; 16| 104 7.2 16| 104 7.2 1.6 104 7.2 16| 104 7.2

my, 0.88| 0.99| 0.99] 0.74 0.99| 0.97 0.56 0.98| 0.92 0.32 0.94 0.82
Water-acetonitrile (S)18-crown-6Na

AG; -6.6 11.2 35| -6.6 11.2 35 -6.6 11.2 35 -6.6 11.2 35

m, 0.22| 0.99] 0.94] 0.10 0.99| 0.86 0.05 0.94| 0.73 0.02 0.96 0.51

Table 4. Parameters of Eqg. (10)

System AGy + AG AGy b AAG ot ra
H,O-CH;OH-Na"-18-crown-6 <0 >0 >0 -0.46 2.55 0.945
H,0-2-PrOH-Na"™—18-crown-6 >0 >0 >0 0.51 -1.55 0.980
H,0-C,HgO,~Na"-18-crown-6 <0 >0, <0 <0 -0.5 -5.01 0.990
H,O-CH3CN-Na"™-18-crown-6 <0 <0 >0 -0.01 -6.50 0.991
H,0-(CHs),CO-Na‘-18-crown-6 <0 <0 <0 1.43 -2.18 0.997

& (r) Correlation coefficient.

The values oAAG,, s andb, calculated by Eq. (10) increase in the concentration of the nonaqueous com-
are given in Table 4. These values show that, excegonent in the systems under consideration is accom-
for the watermethanol solvent, conformational trans-panied by stabilization of certain of the reagents and
formations of crown ethers are thermodynamicallydestabilization of the others.
preferred in nonaqueous media (2-propanol, aceto-
nitrile, acetone, and dioxane) compared to water EXPERIMENTAL
(AAG, < 0), thus stabilizing coronates. The stability The stability constants of NdLcomplexes were
of sodium coronates in passing from water to water determined using galvanic circuits without transfer:
acetonitrile mixtures predominantly depends on con-  Gjass electrode (Na|NaCl + L|AgCl, Ag

formational transformations of the ligantd £ 0). Glass electrodes reversible to Nins (ESL-51-
The negative values of the factbrindicate that an 07) were used as indicator electrodes.
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The technigque of potentiometric experiments, the 8.
purification and preparation of salts and crown ethers,
and the procedure for calculating thermodynamic
constants and energetic parameters of complex forma-
tion were described earlier {8]. 9.

Dioxane was purified according to [18]. The purity
of the product was controlled by densimetry. Mixed
water-dioxane solvents were prepared by the gravi-
metric method.
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