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STABILITIES AND TRANSFER ACTIVITY
COEFFICIENTS FROM WATER TO POLAR
NONAQUEOUS SOLVENTS OF BENZO-
15-CROWN-5- AND 15-CROWN-5-ALKALI
METAL ION COMPLEXES

YASUYUKI TAKEDA*, MUNEHIRO TANAKA,
HIROAKI YAMADA and SHOICHI KATSUTA

Department of Chemistry, Faculty of Science, Chiba University,
Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

(Received 11 September 2000; In final form 23 March 2001)

Stability constants (Kyp) of 1:1 benzo-15-crown-5 (B15C5) complexes with alkali metal ions
were conductometrically measured in water at 25°C. Transfer activity coefficients of B15C5 and
15-crown-5 (15C5) from water to polar nonaqueous solvents were determined at 25°C. By using
these data and the literature values, transfer activity coefficients of the B15C5 and 15C5
complexes with alkali metal ions from water to the polar nonaqueous solvents were calculated
to study the solute-solvent interaction of the crown ether complexes. The stability of the B15CS
complex is lower in water than in any other nonaqueous solvent. The Ky, value for BISCS is
always smaller than the corresponding Ky value for 15C5. The interaction of the BI5CS or the
15C5 complex with the solvents depends on the alkali metal ion in the crown cavity. All the
B15C5 and 15C5 complexes undergo hydrophobic hydration, which is particularly stronger for
the B15C5 complexes with Na™® and K . The unexpectedly lowest stability of the B15C5- or
the 15C5-alkali metal ion complex in water among all the solvents is caused by the hydrogen
bonding between ether oxygen atoms of uncomplexed B15C5 or 15C5 and water.

Keywords: Stability constants; Transfer activity coefficients from water; Benzo-15-crown-5;
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INTRODUCTION

Generally, a crown ether selectively forms a stable complex with the cation
whose size best matches the cavity. The selectivity and the stability are
influenced by solvent properties. For example, benzo-15-crown-5 (B15C5,
Fig. 1) and 15-crown-5 (15C5, Fig. 1) show higher selectivity for Na™ over
K™, Rb*, and Cs™ in acetonitrile than in methanol [1]. In water, little
selectivity of 15CS5 for the alkali metal ions is observed [2]. Unexpectedly the
stability of crown ether-metal ion complexes is much lower for water than
for polar nonaqueous solvents [3].

In this work, complex-formation constants of B15C5 with alkali metal
ions were measured in water by conductometry at 25°C; transfer activity
coefficients of B15C5 and 15C5 from water to polar nonaqueous solvents
were determined at 25°C. By using these data and the literature values, the
transfer activity coefficients of the B15C5- and the 15C5-alkali metal ion
complexes from water to the polar nonaqueous solvents were obtained to
study the solute-solvent interaction of the crown ether complexes. The
unexpectedly much lower stability of the B15C5 and the 15C5 complexes in
water was elucidated.

EXPERIMENTAL

Materials

Benzo-15-crown-5 (Merck Japan Ltd.) was dissolved in heptane, filtered
while hot, and then recrystallized from heptane twice. It was dried at 40°C
in a vacuum prior to use. 15-Crown-5 (Nisso Co., Ltd.) was purified by
distillation under vacuum. Analytical-grade LiCl- H,O and NaCl were
purchased from Merck Japan Ltd. They were used without further
purification. The purification methods of DMF [4] and DMSO [5] were
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FIGURE 1 Structures of BI5C5 and 15C5.
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described elsewhere. Analytical-grade tetradecane (TD) from Wako Pure
Chemicals Ltd. was used without further purification. The conductivity of
water was less than 6 x 10~ 7Scm '

Apparatus and Procedure for Conductometry

The conductivity measurements were performed with a Fuso conductivity
apparatus, Model 362B, at 25+ 0.02°C. Two cells were used, with cell
constants of 0.1962 and 0.1876cm .

The experimental procedure to obtain formation constants of B15C5
complexes with alkali metal ions in water was almost the same as that
described in a previous paper [6]. The concentration range of the alkali
metal chlorides was (1.4—4.2) x 10> M.

Distribution Coefficients of B15C5 and 15C5

A 12mL portion of an aqueous (5.3 x 107 %=3.7x 107*M), a DMF
(2.6 x107*=2.1x 10" M), or a DMSO solution (3.1 x 107°—2.6 x
1072M) of B15C5 and an equal volume of tetradecane in a stoppered
glass tube (volume 30 mL) were shaken in a thermostated water bath at 25 +
0.2°C for more than 2h and centrifuged. The B15C5 in the TD phase was
extracted into water. The BI5C5 concentration in the aqueous phase was
spectrophotometrically determined at 273nm (e =2.51 x 10°cm~'M ).
The experimental procedure for determining the distribution constants of
15C5 was much the same as that described previously [7]. The initial
concentration of 15C5 was from 2.8 x 10™% to 6.3 x 10 ?M. The exper-
iments were performed at 25 £+ 0.2°C. The distribution constants (Kp ) of
B15C5 and 15C5 are listed in Table 1.

TABLE I Distribution constants of 15C5 and B15C5 at 25°C

Crown ether System Kp1 log Kp 1.
15C5 TD/H,O (2.66 +0.03) x 103 —2.575
TD/DMF (3.95 £ 0.06) x 10> —1.403
TD/DMSO (4.70 +0.09) x 102 —1.328
BI5C5 TD/H,0 (1.66 +0.02) x 10! —0.780
TD/DMF (1.61 +0.06) x 10> —1.793
TD/DMSO (1.47 £0.04) x 1072 —1.833

Kp 1 =[L], /[L]s,, s; and s, denoting solvents s; and s,, respectively. Each distribution
constant value is the average of 814 measurements. The uncertainties are the standard
deviations.
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RESULTS AND DISCUSSION

The molar conductivity (A4) vs. [L];/[M]; plots for the BISC5-Lit and -Na™
systems in water are given in Figure 2, [L]; and [M], designating total
concentrations of a crown ether and an alkali metal ion, respectively.

The analysis of the conductometric data for obtaining the formation
constants (Kyip) of BISC5 1:1 complexes with Li*t and Na™ was the same
as that described elsewhere [6], where Ky =[MLT]/[MT][L]; Mt and L
denote an alkali metal ion and a crown ether, respectively. It is assumed that
the association between a cation and an anion is negligible in water.
Corrections for viscosity changes due to solute were neglected. The log Ky
values together with literature ones are summarized in Table II.

The logarithm of the transfer activity coefficient of a crown ether-alkali
metal ion complex between solvent s; and solvent s, (log 72 (ML")) is
calculated as follows:

log *'7*(ML") = (logKmr),, — (log Km),,
+ log "2 (L) + log '*(M"), (1)
where 1% (M) designates the transfer activity coefficient of an alkali metal

ion between solvent s; and solvent s,; (log Ky )s denotes the log Ky value
in solvent s; 192 (X) = [X]| /[X];,. A positive log *7*(X) value means that

1200
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FIGURE 2 A vs. [L]/[M]; plots for BI5C5-Li" and -Na™ systems in water at 25°C. [Li], =
1.7 x 1073M; [Na],=1.0 x 103 M.



Il 3o ¢
L] 3y,
el 104

for] 704 5

"SUONRIAOP PIEPUE]S O} I SONUIELIUN SY ], "SIUDWAINSLIU / —G JO AFLIGAE Y} ST 1a)em UL DG Jo anjea Ty Sof yoey |
‘[9] “yoy ur pajrodar anfea TWy oY) WIGUuod 03 19pI0 Ul [9] “Joy SUILIdOUOD BIep AJIANONPUOD YY) WOIJ PAJBINO[BIAL SBM )67 18 Dd Ul Xd[dwod | BN-GDGT © Jo anjea Ty oy

9] 304

6] 304

8] o4

HRTRREN N

- - - - qt'€ ILT L0 38¢°0 v 8L'C 86'¢ 6v'C |

(€1 ! iL6'1 91 8C'¢ 66'C 0L°0 JEC0FSY0 000F 0LV ey 8¢'S STy + BN

- - - - - 1€°C - JE10F9L°0 9T LL'E yes o'y +11
SO61 SOS1d SOSI Sos1g SOGI 2SOS18 ySOSI SOS1d pSOS1 SOS19 qSOS1 SOS1E

uoi Nﬁxm?\

OSWWa ANd HOHD OH od NV oy

DoST 18 §OST PUB ¢OGI4 Jo senjea (wp, _[ow/TNy)ToT 1 T14V.L

1102 Alenuer €2 SO T

1Y papeo |umog



14: 05 23 January 2011

Downl oaded At:

464 Y. TAKEDA et al.

the chemical species X undergoes stronger solvation in s; than in s,. The
reverse holds for the negative log 8% (X) value. The log 420 values at
25°C of ML™, L, and M ™" are listed in Table I11.

For the same ML ™, the stability of ML ™ is always lower in water than in
any other solvent (Tab. II). This can be explained by using Eq. (2) derived
from Eq. (1).

(log Knp), — (log KmL)y,o = log *y"*°(ML")
— log "O(M*) — log *y"™°(L).  (2)

B15C5 is more strongly solvated in the nonaqueous solvents than in water
(log yM20(B15C5) > 0). This causes the lower stability of M(B15C5)™" in the
nonaqueous solvents than in water. However, for AN, PC, and CH;0H,
log s4"0(M ™) < 0 and log Sy"O(ML ) > 0 except for Li(B15C5)™ in PC
result in (log Knp)s > (1og Kmr)py,0: in DMF and DMSO, the Na(B15C5) "
complex is much more strong_ly solvated than in water, leading to
(log Knmp)s > (log Kmp )y, o despite log Sy™M:9(Na™) > 0. Contrary to B15C5,
15CS5 is more strongly solvated in water than in the nonaqueous solvents
(log $4M:9(15C5) < 0). This is one of the factors determining the lower
stability of M(15C5) " in water than in the nonaqueous solvents. Moreover,
for AN and PC, both log *4™O(M™) <0 and log 40 (M(15C5)") >0
contribute to (log Knip)s > (log Kmp)y,o: for CH30H, log $y™:0(M*) <0
favors the higher stability of M(15C5)+ in CH30H than in water de-
spite  log CHOHAH:0(ML ™) <0; for DMF and DMSO, log $7H:©
(Na(15C5)*) >0 makes a contribution to (log Kyp)s > (log KmL)y,0
in spite of log 74MO(Na™) > 0.

The Born-Haber cycle for the 1:1 complexation of M+ with L in a
solvent s is shown below:

+ +
My + Ly > ML',

(KML)g
SAM") (L) *A(ML")
M, + Ly———> ML
(KML)s

where g denotes gas. The log Ky value of BI15CS is always smaller than
the corresponding log Ky value of 15CS5 (Tab. II). Because B15CS5 has
two aromatic ether oxygen atoms, the (Kyi), value is expected to be
larger for 15C5 than for BI5CS5. This favors the greater (Kyp)s value of
15C5 compared with B15C5. It follows from the log $y™:©(L) and
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log sy™:© (ML™) values of B15C5 and 15C5 that log H:0~4¢(B15C5) <
log M20~2(15C5) and log "204¢(M(B15C5)") < log ":04¢(M(15C5)™). For
s=H,0, the greater log "2948(ML") and log "29+2(L) values of 15C5
make more and less favorable contributions, respectively, to the larger Ky
value of 15C5, compared with B15C5.

The log *4H:9(ML™) of B15C5 for a given solvent varies with the alkali
metal ion. The same holds for 15C5 (Tab. III) [7]. The interaction of the
ML™* complex with solvents depends on the alkali metal ion in the crown
cavity. Although the log 4H9(M™) value of Na™ is smaller than that of
K™ for s=AN and PC and that of Li* for s = CH5;OH, for the same crown
ether and solvent, the NaL " complex shows the highest lipophilicity among
all the alkali metal ions, except for the 15C5/PC system where the
log Sy"™2O9(ML™) values of Na™ and K" are nearly equal. The solvation
power for the M ion is greater for water than for AN, PC, and CH;0H
(Tab. III). It thus appears that, among all the alkali metal ions, the size-
fitted Na™ ion is most effectively dehydrated and shielded by B15C5 and
15C5 and the NaL™ complex undergoes the strongest hydrophobic
hydration. This is supported by the fact that the log Sy™O(ML™) —
log Sy"29(M™) value of Na™ is the largest for the same system. The
log*y*S(M ") value decreases in the order Na®™ >K™* > Li" for s=AN
and Lit >Na® >K™* for s=CH;OH. When s=AN and CH;OH, the
log *y"“ (ML) value of B15C5 decreases in the order Li" >Na™ > K™
and Li"™ >Na™® >K™, respectively; that of 15C5 in the order Na™ >
K . The order of the log*y*“(ML™) value is consistent with that of the
corresponding log®y*“(M ™) one, except for the log *NyPC(Li(B15C5)™)
value. Generally, a similar tendency is observed for the order of the
log CH:OHAAN(MLT) value of B15C5 or 15C5 for the alkali metal ions and
that of the log “MOH,AN(M™) value. When both s; and s, are polar
nonaqueous solvents, the order of the log s142(ML™") value of B15C5 or
15C5 among the alkali metal ions is governed largely by that of the
difference in the solvation power for the alkali metal ion M between s; and
s,. The above-mentioned transfer phenomena for ML and M ™' between
polar nonaqueous solvents also show that, among all the alkali metal
ions, the largest log *4M9(ML™) value of Na™ is largely attributed to the
strongest enforcement of hydrogen-bonded structure of water for the NaL*
complex.

The log $4M20(Na(B15C5)") — log $y™:0(Na(15C5)™) value is equal or
nearly equal to the corresponding log 420 (B15CS) — log $+H:©(15C5)
value, except for s=AN. Since the additivity of the functional group
contribution is valid [12], these differences correspond to the value of
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e, — Hcn, % 2, where Icu, and Ilcy, denote the contributions of a
benzo group and a methylene group to the log *y9(L) value, respectively.
This shows that the Na™ ion equally interacts with every oxygen atom of
B15C5 and 15C5, and that it is effectively screened in a similar manner by
B15C5 and 15C5; the difference in the solvation power for the Na™ ion
in the B15C5 cavity between s and water is nearly equal to that in the
15C5 cavity between s and water. No explanation for the case of s=
AN can be offered at the present stage. The log Sy™°(K(B15C5)") —
log sy™:9(K(15C5)") value is slightly lower than the corresponding
log Sy™:9(Na(B15C5)") — log $4M20(Na(15C5)*) value, indicating that
the difference in the solvation power for the size-misfitted K" ion in the
B15CS5 cavity between s and water differs from that in the 15C5 cavity
between s and water, because it can be considered that the K™ ion interacts
with every oxygen atom of BI15C5 and 15CS5.

From Table III, the solvation power for ML™ and M ™ increases as
follows:

Li(B15C5)" PC < H,0 < AN < CH;0H,

Na(B15C5)" H,0 <« CH;0H < PC < AN < DMF < DMSO,
K(B15C5)" H,0 < CH30H < PC < AN,

Na(15C5)"  CH;3;0H < H,0 < PC < AN < DMF < DMSO,
K(15C5)*  CH3;0H < H,0 < PC < AN,

Lit AN < PC « CH3;0H < HQO,
Na* PC < AN < CH3;0H < H,0 <« DMF < DMSO,
K* CH;0OH < PC < AN < H;0.

The solvation ability for BI5SC5 and 15C5 increases in the order as follows:

B15C5 H,0 < CH3;0OH < DMF ~ PC =~ DMSO < AN,
15C5  CH3;0H ~ DMSO ~ DMF < AN < PC < H,O0.

From the above data, in general, the order of the solvation ability for the
ML™ complex is governed by that for the M ion, except for the cases of
CH;O0H for NaL ™ and water. The interaction of the alkali metal ion in the
complex with solvents partially remains after complexation. The solvation
ability of water for the M ™ ion is the highest except for DMF and DMSO,
but that for Na(B15C5)" and K(B15C5)™ the lowest and for the other
ML ™ complexes the second lowest. All the ML™' complexes undergo
hydrophobic hydration, which is particularly stronger for the BI15C5
complexes with Na™ and K ¥ owing to the benzo group.

For s =AN, PC, and CH;OH, the log $4"©(ML™) value is larger than
the corresponding log $y™:©(L) value except for the cases of Li(B15C5)™
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when s=AN and PC. The alkali metal ion is more strongly solvated by
water than by AN, PC, or CH;OH. However, when B15C5 or 15C5 forms
a complex with the alkali metal ion, the complex ion becomes more
soluble in the nonaqueous solvent than in water, compared with the free
crown ecther. This is attributable to hydrophobic hydration of the bulky
complex ion caused by the drastically decreased hydrogen bonding be-
tween the ether oxygen atoms and water and the greatly reduced hydra-
tion of the alkali metal ion upon complexation. The Li* ion is much
more strongly solvated by water than by AN or PC compared with the
other alkali metal ions. The negative value of log Sy"2©(Li(B15C5)") —
log $yM29(B15C5) when s= AN and PC is due to the strong interaction of
the Li* ion with water in the BI5C5 complex. For s= DMF and DMSO,
the log Sy™:9(NaL') value is also greater than the corresponding
log $4M2O(L) value. The log $y":°(NaL"') — log *4H:9(L) value of DMF
or DMSO is larger than that of AN, PC, or CH3;OH. This is caused by the
stronger interaction of the Na™ ion in the crown ether complex with DMF
or DMSO because the Na™ ion is much more strongly solvated by DMF
and DMSO than by water compared with AN, PC, and CH3;OH. It can be
concluded from the above discussion that the hydrogen bonding between
ether oxygen atoms of B15C5 or 15C5 and water is responsible for the
unexpectedly lowest stability of the B15C5- or the 15CS-alkali metal ion
complex in water among all the solvents.
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