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Abstract. Stability constants of  1 : 1 16-crown-5 (16C5)-metal  ion complexes were determined in water 
at 25°C by conductometry and potentiometry with ion-selective electrodes. The selectivity sequences of  
16C5 in water for univalent and bivalent metal ions are Ag + > Na + > T1 + > K + and Sr 2+ > Ba 2+ >> 
Pb 2+, respectively. The stability of  a given 16C5-metal ion complex in water is much lower than might 
be expected on the basis of the solvation power (i.e. relative solubility of the metal ion) of water for the 
metal ion. The same tendency is observed for the cases of  15-crown-5 (15C5)-metal  ion complexes. 
Transfer activity coefficients (y) o f  15C5 and 16C5 for tetradecane (TD)/water, TD/methanol, TD/ace- 
tonitrile, and propylene carbonate/water systems were determined at 25°C. From these data, contribu- 
tions of  a methylene group and an ether oxygen atom to the log ~, value of a crown ether were then 
obtained. The y values from water to acetonitrile, propylene carbonate, and methanol of  15C5- and 
16C5-univalent metal ion complexes (syn2°(ML+)) were calculated, s, M +, and L being a solvent, a 
univalent metal ion, and a crown ether, respectively. The log syH2°(ML+) value is greater than the 
corresponding log syH2°(L) value. The log sym°(M+)  values are negative. This indicates that, although 
the M + ions are more soluble in water than in the nonaqueous solvents, when the crown ether forms a 
complex with the M + ion, the complex becomes more soluble in the nonaqueous solvents than in water, 
compared with the free crown ether. It was concluded from this finding that the unexpectedly low 
stability of  the crown e the r -M + complex in water is attributed to strong hydrogen bonding between 
ether oxygen atoms of the free crown ether and water. 

Key words. Stability constant, transfer activity coefficient, 15-crown-5, 16-crown-5, metal ions, com- 
plexes, water, nonaqueous solvents. 

1. Introduction 

Both 15-crown-5 (15C5) and 16-crown-5 (16C5) have five donor ether oxygen 
atoms and have the most suitable cavity sizes for Na + of all the alkali metal ions. 
But, the structure of 15C5 is symmetric, whereas that of 16C5 is less symmetric 
because of the introduction of an extra methylene group into the 15C5 ring. 
Examination of CPK molecular models shows that Na + is better accommodated in 
the 16C5 cavity, and the donor ether oxygen atoms of 16C5 arrange more neatly 
around Na ÷, compared with 15C5. Stabilities and solvation behavior of 15C5- and 
16C5-metal ion complexes in nonaqueous solvents have been systematically studied 
by conductometry [1, 2]. In addition, the role of 15C5 and 16C5 in the metal ion 
extraction process have been clarified from the standpoint of equilibrium [3, 4]. In 
general, the selectivities of 15C5 and 16C5 for alkali metal ions show a correlation 
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between size and fit in both homogeneous and solvent extraction systems. For the 
homogeneous system, the donor number of the solvent is a dominant factor 
governing the stability of the of 15C5- or 16C5-alkali metal ion complex; there is 
no relationship between the stability of the crown ether-alkali metal ion complex 
and the dielectric constant of the solvent. For the extraction system, the ion-pair 
extraction constant of 15C5 or 16C5 varies with a cation of the same charge held 
in the cavity (anion = picrate ion); namely, the crown ethers cannot effectively 
shield the cation. 

The principal objects of this study are to obtain the contributions of a methylene 
group and an ether oxygen atom to a transfer activity coefficient of a crown ether 
and to clarify the factors responsible for the unexpectedly low stability of a crown 
ether-metal ion complex in water. Generally, the contribution of a methylene 
group to a partition constant of an organic compound has been determined from 
the slope of a straight line given by plots of ion-pair extraction constants of the 
tetraalkylammonium salt (or a cationic alkanesulfonate dye) against the number of 
carbon atoms of the tetraalkylammonium ion (or the alkanesulfonate ion). How- 
ever, the overall ion-pair extraction process comprises one or two ionic reaction 
processes, for example an ion-association process of the cation with the anion in 
water. Consequently, 15C5 and 16C5 were chosen because they are electrically 
neutral and, moreover, 16C5 has an extra methylene group compared with 15C5. 
Scarcely any data on the stabilities of 16C5-metal ion complexes in water have 
been reported. In the present study, transfer activity coefficients of 15C5 and 16C5, 
and formation constants in water and transfer activitiy coefficients of 15C5- and 
16C5-metal ion complexes are determined at 25°C. Effects on the stabilities in 
water and properties of the solute-solvent interaction of the crown ether complexes 
are discussed. 

2. Experimental 

2.1. MATERIALS 

15-Crown-5 (Nisso Co., Ltd.) was purified by distillation under vacuum (bp. 
129-131°C, 3 mmHg (1 mmHg--- 133.322 Pa)). The preparation of 16C5 was per- 
formed according to a reported procedure [5]. Extremely pure NaC1, KC1, RbC1, 
CsC1, Sr(NO3)2, Ba(NO3)2, and analytical grade TINO3 were purchased from 
Merck Japan Ltd. They were used as received. Analytical grade AgNO3, Pb(NO3)2, 
NaOH, and picric acid were obtained from Wako Pure Chemicals Ltd. The purities 
of AgNO3 and Pb(NO3)2 were determined by KC1 and EDTA titration, respec- 
tively. The concentrations of solutions of NaOH and picric acid were determined by 
neutralization titration. 

Reagent grade propylene carbonate (PC) and analytical grade acetonitrile (AN), 
methanol, and CHC13 were Wako Pure Chemicals Ltd. products. The method of 
purification of AN [6], PC [1], and methanol [7] was as previously described. 
Chloroform was distilled once at atmospheric pressure. The middle 70% of the 
distillate of the solvents was used. Analytical grade tetradecane (TD) from Wako 
Pure Chemicals Ltd. was used without further purification. The conductivity of 
water was less than 3 x 10  - 7  ~'~--1 c m - l .  
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2.2. APPARATUS AND PROCEDURE FOR CONDUCTOMETRY AND POTENTIOMETRY 

The conductance measurements were performed with a Fuso conductivity appara- 
tus (Model 362B) at 2 5 _  0.005°C. Two cells were used, with cell constants of  
0.09032 and 0.08137 cm -1. The experimental procedure to obtain the formation 
constants of the 16C5-T1 +, Sr 2+, and Ba 2+ complexes in water was almost the 
same as that described in a previous paper [1]. 

The emf measurements were conducted at 2 5 _  0.05°C with a Denki Kagaku 
Keiki ion meter apparatus (Model IOC-10) which permits readings to within 
0.1 mV. For  Na + and K +, a Horiba 1512A-06T Na+-selective electrode and a 
Toko Kagaku 1200 K+-selective electrode were used, respectively. The Denki 
Kagaku Keiki 7080 Ag+-selective electrode and the 7180 PbZ+-selective electrode 
were used for Ag + and Pb 2+, respectively. Horiba 2535A-06T (AgIAgC1 electrode) 
and Denki Kagaku Keiki 4083 (AglAgC1 electrode) were used as references for 
Na +, K + measurements, and for Ag +, Pb 2+ measurements, respectively. Experi- 
ments for obtaining the formation constants of 16C5-Na +, K +, Ag +, and Pb 2+ 
complexes in water were carried out according to the method of  Frensdorff [8]. 
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Fig. 1. Potentiometric titration curves for 16C5-NaCl, KC1, AgNO3, and Pb(NO3) 2 systems in H 2 0  
at 25°C. [ N a ] t  = 8.0 X 10 3 M. [K]t = 8.0 X 10 -3 M. [ A g ] t  = 8.0 x 10 -4 M. [Pb] t  = 8.0 x 10 -4 M. 
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Potentiometric titration curves for the 16C5-Na +, K +, Ag +, and Pb 2+ systems are 
shown in Figure 1. Here, AE is the difference in the emf between the metal salt 
solution and that containing 16C5; [L]t and [M]t denote total concentrations of 
16C5 and the metal salt, respectively. 

2.3. D I S T R I B U T I O N  COEFFICIENTS OF 15C5 A N D  16C5 

For the PC/water system, a 6 mL aqueous solution of the crown ether (1.5 x 10 - 5 -  
6.1 x 10-4M: 1M = 1 mol dm -3) and an equal volume of PC in a stoppered glass 
tube (volume 30 mL) were shaken in a thermostated water bath at 25 _+ 0.2°C for 
2 h and centrifuged. A 5 mL portion of  the aqueous phase, a 7 mL portion of  an 
aqueous solution (pH 10.6-11.4) containing NaOH (1.1 x 10-1M) and picric acid 
(1.0 x 10-1M), and 12 mL CHC13 were placed in a stoppered glass tube (No. 1), 
agitated for 2 h at 0°C, and centrifuged. In order to complete the complexation with 
Na + of  uncomplexed crown ether in the CHC13 phase in the No. 1 stoppered glass 
tube, a 6 mL portion of  the CHC13 phase and an equal volume of  an aqueous 
solution (pH 10.6-11.4) containing NaOH (1.1 × 10-1M) and picric acid (1.0 x 
10-1M) were placed in a stoppered glass tube, agitated for 2 h  at 0°C, and 
centrifuged. The picrate in the CHC13 phase was back-extracted into 0.01M NaOH 
aqueous solution and the picrate concentration was determined. No increased 
picrate extraction into the CHC13 phase was observed. A ( 1 2 -  2 n ) m L  portion of 
the aqueous phase in the stoppered glass tube (No. n) and an equal volume of 
CHC13 were placed in a stoppered glass tube (No. (n + 1)), shaken for 2 h at 0°C, 
and centrifuged. This procedure was repeated until n = 2 (or 3). The picrate in the 
CHC13 phase in the stoppered glass tube (No. n) was back-extracted into 
( 1 2 - 2 n )  mL of  0.01M NaOH aqueous solution (volume ratio 1"1), and the 
picrate concentration was determined spectrophotometrically (2max=356nm, 
e = 1.45 x 104cm ~ M-~). This procedure was repeated until n - - 3  (or 4). The 
concentration of the crown ether which distributed itself into the 6 mL aqueous 
phase was calculated from the total concentration of the extracted crown e ther -  
sodium picrate complex in a series of  these extractions. The distribution coefficient 
values ([L]s~/[L]s2: see below) of 15C5 and 16C5 are given in Table I. 

For  the TD/water, TD/methanol,  and TD/AN systems, a 7 m L  aqueous, 
methanol, or acetonitrile solution of  the crown ether (2.6 × 10-4--5.8 × 10-2M) 
and an equal volume of  tetradecane in a stoppered glass tube were shaken in the 
thermostated water bath at 25 _ 0.2°C for 2 h and centrifuged. A 6 mL portion of  

Table I. Distribution constants of 15C5 and 16C5 at 25°C 

System 15C5 16C5 

TDa/H20 (2.2+0.1) x 10 -3 (8.7+0.4) x 10 -3 
TD~/CHaOH (4.33 + 0.06) × 10 -2  (6.6 + 0.1) × 10 -2  
TDa/AN (2.1 +0 .1)  × 10 -2  (3 .8+0 .1 )  × 10 -2  
P C / H 2 0  0.59 + 0.05 0.78 + 0.04 

a TD denotes tetradecane. Each distribution constant value is the 
average of 9-15 measurements. The uncertainties are the standard 
deviations. 
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the TD phase and an equal volume of water were placed in a stoppered glass tube, 
agitated for 2 h at 25°C, and centrifuged. A 5 mL portion of  the aqueous phase, 
a 7 m L  portion of an aqueous solution (pH 10.6-11.4) containing NaOH 
(1.1 x 10-1M) and picric acid (1.0 x 10-1M), and 12 mL CHC13 were placed in a 
stoppered glass tube (No. 1), agitated for 2 h at 0°C, and centrifuged. The following 
procedure was almost the same as that described in the preceding section for the 
PC/water system. The extraction procedure and back-extraction procedure for the 
crown ether-sodium picrate complex were repeated until n = 2 and 3, respectively. 
The distribution coefficient values of 15C5 and 16C5 are listed in Table I. 

3. Resul ts  

The analysis of the potentiometric data for obtaining the formation constants 
(KML) of  16C5 complexes with Na +, K +, Ag +, and Pb 2+ was the same as that 
described by Frensdorff [8] (KML = [MLm+]/[Mm+][L], M m+ being a metal ion). 
The analysis of the conductometric data for obtaining KML values of 16C5 
complexes with T1 +, Sr 2+, and Ba 2+ was the same as that described elsewhere [1]. 
In this study, it is assumed that the association between a cation and an anion is 
negligible and that 16C5 forms a 1 : 1 complex with a metal ion. The log KML values 
are summarized in Table II. 

Molar conductivity (A) vs. [L]t/[M]t plots for the 16C5-T1 +, Sr 2+, and Ba 2+ 
systems are given in Figure 2. For  the 16C5-RbC1 and CsC1 systems, there is a 
negligible change in A despite an increase in the 16C5 concentration. Consequently, 
the KML values could not be determined. This is attributed to either the unstable 
complex or nearly equal mobilities of the complex and the corresponding metal ion. 
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Fig, 2. A vs. [L]t/[M]t curves for 16C5-T1NO3, Sr(NO3)2, and Ba(NO3) 2 systems in H20 at 25°C. 
[T1] t = (9.3-9.7) x 10 -3 M. [Sr]t = 3.0 × 10 -3 M. [Ba]t = 3.0 × 10 -3 M. 



164 YASUYUKI TAKEDA AND TOKUTARO KIMURA 

t"-,l 

e/l 
0 

O 

0 

~ ~.~ 

~ N  

N ~  

. . . . . . .  g b ~  

+1 +1 +1 +1 +1 +1 +1 ~ ~ 

. ~  

Zo 

M ~  

~ m  

t"q 

cq 



AQUEOUS STABILITY AND TRANSFER OF CROWN-METAL COMPLEXES 165 

For  the T1 + system, the A vs. [L]t/[M]t plot shows a decrease in A with an increase 
in [L]t, and the reverse is true for the Sr 2+ and Ba 2+ systems. In the case of  T1 +, 
the 16C5 complex is less mobile than the uncomplexed cation, whereas the reverse 
holds for the cases of  Sr 2+ and Ba 2+. This is attributable to the much stronger 
hydration of the bivalent cation compared with the monovalent  cation. It  follows 
from this finding that dehydration of the free metal ion occurs upon complexation. 
Values of  [Sr]t and [Ba]t are nearly equal and the A value of the Ba system at the 
point of  large [L]t/[M]t value is larger than that of  the Sr system (Figure 2). This 
reflects the difference between the interaction with water of  Sr 2+ in the 16C5 
complex and that of  Ba 2+ in the 16C5 complex. 

4. Discussion 

4.1. STABILITY OF CROWN ETHER COMPLEXES 

Table II  shows that the selectivity sequences of  16C5 in water for univalent and 
bivalent metal ions are Ag + > Na + -> T1 + > K + and Sr 2+ > Ba 2+ >> Pb 2+, respec- 
tively. From 15C5 to 16C5, the selectivity of the crown ether for Na  + over K + is 
enhanced. This is due to the lower stability of  the 1 6 C 5 - K  + complex compared 
with the 15C5-K  + complex. The selectivity sequence of 16C5 for Ag + and T1 + is 
the reverse of  that of 15C5. Except for Pb 2+, the selectivity sequence of 16C5 for 
the bivalent metal ions in water is identical with that of  15C5. The stability of the 
16C5-Pb  2+ complex is much lower than expectations based on stabilities of the 
other 16C5- and 15C5-M 2+ complexes. The ionic size of Pb 2+ is nearly equal 
to that of  Sr 2+. The Gibbs free energy of hydration (AG°/kJ mo1-1) of  Pb 2+ 
( - 1 4 9 7  kJ mol -~ [19]) and Sr 2+ ( - 1 4 4 7  kJ mol -~ [19]) are almost the same. But 
16C5 forms a much more stable complex with Sr 2+ in water than it does with Pb 2+, 
whereas the stabilities of  the 15C5-Sr 2+ and - P b  2+ complexes are much the same. 

The 16C5 complex in water is slightly more stable for Na  +, Ag +, Sr 2+, or Ba 2+ 
and less stable for K +, T1 +, or Pb 2+ than the corresponding 15C5 complex. It  has 
been reported, on the basis of  an examination of CPK molecular models, that Na  + 
is more suited to the size of  the 16C5 cavity (0.9 A) than the 15C5 cavity (0.85 A), 
and the donor oxygen atoms of 16C5 are more closely arranged around Na  + in 
comparison with 15C5; however, the lower symmetry of 16C5 causes a more 
unfavorable orientation of the donor oxygen atoms for the less well fitting cations 
Li +, K +, Rb +, and Cs + [2]. Ag + is nearly equal to Na  + in ionic size. T1 + and 
Ba 2+ are less well fitting cations. Sr 2+ and Pb 2+ have sizes more suitable for the 
16C5 cavity than the 15C5 cavity. Thus, this explanation holds for the stability 
tendency for the 16C5- and 15C5-M + complexes in water, but does not always 
hold for the cases of  M 2+. The unexpected behavior of  the Ba 2+ and Pb 2+ 
complexes cannot be explained at the present time. 

The difference in the log K~L values in water between Ba 2+ and K + is increased 
from 15C5 to 16C5. In the case of 15C5, the Ag + complex is less stable in water 
than the Pb 2+ complex, but the reverse is true for the case of  16C5. Although the 
ionic sizes of  K + and Ba 2+ and those of Ag + and Pb 2+ are almost the same, a 
remarkable enhancement of  selectivity in water for Ba 2+ and Ag + over K + and 
Pb 2+, respectively, is caused by an extra methylene group in the 16C5 ring. 
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Table II shows that the stability of  a given 16C5-metal  ion complex in water is 
by far the lowest of  all the solvents. The same tendency is observed for the cases of  
15C5-metal  ion systems. This is attributed to the highest solvation power of  water 
of  all the solvents for a metal ion (i.e. the relative solubility of  the metal ion), which 
is derived from the data on transfer activity coefficients of  the metal ion [20]. 
However, the stability of  the crown ether-metal  ion complex in water is much lower 
than might be expected on the basis of  the solvation power of  water for the metal 
ion. Log KML values of  the 15C5-Na + complex at 25°C are 1.97 in D M F  and 1.31 
in DMSO [21]. Although the solvation power of  water for Na + is lower than that 
of  D M F  and DMSO [22], the 15C5-Na + complex is less stable in water 
(log KML = 0.70) than in D M F  and DMSO. Hydrogen bonds between ether oxygen 
atoms of the crown ether and water are responsible for the much lower stability of  
the crown ether-metal  ion complex in water than in all the other solvents. 

4.2. TRANSFER ACTIVITY COEFFICIENTS OF CROWN ETHERS 

The transfer activity coefficient (sl~ S2(L)) of  a crown ether (L) between solvent s l and 
solvent s2 is defined as follows: 

~1~;$2(L) = [L]~,/[L]s2. 

This is the partition constant of  the crown ether. 
Contributions of  a methylene group (HcH2) and an ether oxygen atom (17o) 

to log~'?S2(L) between st and s~ at 25°C can be estimated from log S'TS~(L) 
values of  15C5 and 16C5; namely, HCH 2 -  log ~17~2(16C5) -- log s17~2(15C5) and 
H o = (log ~'7~2(L) - Hc ,2  x a) + b, where a and b denote the number of  methylene 
groups and ether oxygen atoms, respectively. The contribution of a benzo group 
(IIc6i~4) to log ~ly~2(L) between sl and sz at 25°C can be calculated from log ~,~2(L) 
values of  benzo -  and dibenzo-crown ethers by using the IICH 2 and II o values; that 
is, 1-Ic6~a = {log ~7~2(L) - FIcH2 x a -- Ho x b} + c, c being the number of  benzo 
groups. The I I c .  2, Ho,  and Hc6 . ,  values are summarized in Table III, together with 
experimental log ~?S2(L) values of  crown ethers at 25°C and those estimated from 
the empirical parameters. Except for the cases of 18C6, B18C6, and DB21C7 for the 
PC/H:O system, B18C6 for the A N / H 2 0  system, and DB18C6 for the CH3OH/HaO 
system, experimental and calculated log s~y~2(L) values of  a given crown ether are 
consistent with each other within an error of  +0.22. The additivity of  the 
contribution of  a functional group to the log ~1~2(L) value of  a crown ether is valid. 

The solubility of  an ether oxygen atom, a methylene group, and a benzo group 
increases in the order TD < CH3OH < AN < PC < H:O,  H 2 0  < PC < AN < 
CH3OH < TD, and H 2 0  << PC << CH3OH < AN, respectively. The solubility se- 
quences of the first two for the solvents are completely the reverse of each other. 
The ether oxygen atom is hydrophilic, whereas methylene and benzo groups are 
hydrophobic. The benzo group is much more lipophilic than the methylene group. 
The hydrophilicity of the ether oxygen atom is due to hydrogen bonding between 
the ether oxygen atom and water. The lower than expected solubility of  the ether 
oxygen atom and the h igher  than expected solubility of the methylene group in 
C H  3 OH cannot be explained at the present stage of  our investigation. 
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4.3.  T R A N S F E R  A C T I V I T Y  C O E F F I C I E N T S  O F  C R O W N  E T H E R - M E T A L  I O N  C O M P L E X E S  

The logarithm of the transfer activity coefficient of a crown ether-metal ion 
complex between solvent s~ and solvent s2 (log sl]~Sz(ML m+) [29]) is calculated as 
follows: 

log s17s2(MLm+ ) = (log KML)~I -- (log KML)~2 + log slT~2(L ) + log ~,7~2(Mr~+), 

(1) 
where sly~2(M m+) [29] denotes the transfer activity coefficient of a metal 
ion between solvent Sl and solvent s2; (1ogKML)s refers to the log K~L value in 
solvent s. A positive log ~TS2(ML m+) value means that the ML m+ complex under- 
goes stronger solvation in s~ than in s2. The reverse holds for the negative 
log s,~S2(MLm+) value. The log s~H2°(ML+) and log ~TH2°(M +) values at 25°C are 
summarized in Table IV. 

In each case of 15C5 and 16C5, the log ~TH2°(ML +) value for a given solvent s 
varies with the univalent metal ion in the complex. This reflects the difference in 
interactions with solvents of univalent metal ions in the complexes among the 
univalent metal ions. Neither 15C5 nor 16C5 can effectively shield the univalent 
metal ion trapped in the cavity from surrounding solvents. For the AN/H20 and 
PC/H20 systems, the smaller an alkali metal ion, the more soluble it is in water. 
For the CH3OH/H20 system, K + and Rb + are more soluble in water than in 
CH3OH compared with Na + and Cs +. However, except for the 15C5-Na + 
complex in PC, the hydrophobicity of the crown ether-alkali metal ion complex 
increases from Cs + to Na +. This indicates that the more closely the alkali metal ion 
fits into the crown ether cavity, the more effectively the crown ether shields the 
alkali metal ion from water. 

The log ~7 H2°(ML+) value is larger than the corresponding log ~7 H2°( M +) value, 
indicating that when a monovalent metal ion forms a complex with 15C5 or 16C5, 

T a b l e  I V .  L o g  s T u z ° ( M L +  ) a n d  l o g  s T H 2 ° ( M + )  v a l u e s  a t  2 5 ° C  

s = A N  P C  C H 3  O H  

l o g  s T r t 2 ° ( M + )  [20] 

N a  + - 2 . 3  - 2 . 9 4  - 1.4 

K + - 1.3 - 1.54 - 1.7 

R b  + - 1.I  - 1.2 z - 1.7 

C s  + - 0 . 8  - 0 . 9  4 - -  1.6 

A g  + 3.9 - -  3.8 - 1.2 

T1 + - 1.5 - 1.65 - 0 . 6  

L = 16C5 15C5  16C5  1 5 C 5  16C5  15C5  

l o g  S T n 2 ° ( M L +  ) 

N a  + 1.7 1.4 1.9 - 0 . 2  

K + 1.2 1.0 1.29 0 .9  o 

R b  + - 0 .7  - 0.97 

C s  + - 0 .6  - 0 .7  

A g  + - - - 0 .7  

T1 + - _ _ 2.18 

1.0 

- 0 . 1  

- 0 . 1  

- 0 . 4  

- 0 . 9  

- 1 . 0  

0.2 
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the complex becomes more soluble in the nonaqueous solvents than in water, 
compared with the monovalent metal ion. Except for Ag + in AN, the M + ion is 
most strongly solvated in H 2 0  among all the solvents. Thus, both 15C5 and 16C5 
effectively screen the M + ion in the complex from water, and raise the lipophilicity 
of the M + ion. The difference in the value of log sTH2°(ML+ ) - l o g  STn2°(M+ ) 
between Na + and K + is greater for 16C5 than for 15C5. It follows from this that 
16C5 more effectively screens Na + than K + compared with 15C5. Table IV shows 
that the 16C5-M + complex is more lipophilic than the corresponding 15C5-M + 
complex. Except for the cases of Na + complexes when s = PC and CH3OH, the 
difference in the log sTH2°(ML +) value between 16C5 and 15C5 is roughly equal to 
the corresponding IIcH 2 value. This is attributed only to the lipophilicity of the 
extra methylene group in the 16C5 ring. In the cases of the Na + complexes when 
s = PC and CH3OH, the lipophilicity of the extra methylene group and specific 
solute-solvent interactions of the Na + complexes are responsible for the unexpect- 
edly larger lipophilicity of the 16C5-Na + complex compared with the 15C5 
complex. 

The log ~TH2°(ML +) value is greater than the corresponding log sTH2°(L) value. 
Although the M + ions in Table IV are more soluble in water than in the 
nonaqueous solvents, when the crown ether forms a complex with the M + ion, the 
complex becomes more soluble in the nonaqueous solvents than in water, compared 
with the free crown ether. It has been reported that, upon complexation of a crown 
ether with a M m+ ion, hydrogen bonding to the ether oxygen atoms is greatly 
decreased as a result of ionic Mm+--O bonding [23]. It can be concluded that the 
higher lipophilicity of the crown e the r -M + complex compared with the uncom- 
plexed crown ether is attributable to an enforcement of the hydrogen-bonded 
structure of water for the bulky crown ether complex caused by the considerably 
reduced hydrogen bonding between ether oxygen atoms and water. The above 
discussion strongly supports the conclusion in the preceding section that the strong 
hydrogen bonding between the ether oxygen atoms of  the free crown ether and 
water causes the unexpected lowest stability of the crown ether-metal  ion complex 
in water of all the solvents. 

From the log CH3°HTS(ML+ ) values, all the ML + complexes are less soluble in 
CH3OH than in AN and PC except for the 15C5-Na + complex in PC. Except for 
the 15C5 Na + complex, the log eCyAn(ML+) values vary from -0 .1  to 0.27. This 
indicates that the solvation ability of AN for the ML + complex is almost the same 
as that of PC. 
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