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The formation constants, Ky, for 1:1 complexes of 15-crown-5 (15G5), 18-crown-6 (18C6), and dibenzo-
24-crown-8 (DB24C8) with alkali metal ions and the limiting ionic molar conductivities, 4°, of the complexed
cations in propylene carbonate have been determined at 25 °C conductometrically. The Kyy,+ value series about
the same alkali metal ion among the crown ethers are given in the order 18C6»>DB24C8>15C5. The Ky+
sequences of the alkali metal ions with 15C5, 18C6, and DB24C8 are Lit>Nat>K+*>Rb*>Cst, K+>Nat>
Rb+>Cst, and Nat>K*>Rb*+>Cs*, respectively. The indication is that the ability of the alkali metal ions
to form complexes with the three crown ethers is not always affected primarily by the relative sizes of the alkali

metal ions and the crown ether cavity.

In each case of 18C6 and DB24C8 the A° values of the alkali metal ions

are nearly equal, while in the case of 15C5 there are considerably differences, suggesting that in the former case
the charge of the alkali metal ion trapped in the crown ether cavity is effectively shielded. This is not true in

the latter case.

It is known that crown ethers interact with certain
cations, especially with alkali and alkaline earth metal
ions, to form stable stoichiometric complexes. The
stability of the complexes is governed by the solvent
medium, the relative sizes of the cation and the crown
ether cavity, the number of binding sites in the crown
ether ring, and the flexibility of the crown ether.)
The crown ether complexes in the crystalline state
have been investigated by X-ray crystallography® and
those in solution by spectroscopy® and conducti-
metry.!™% The studies show that in many cases the
cation is held in the crown ether cavity and surrounded
by the oxygen atoms of the crown ether ring. The
structure of the complex in solution is not always
however the same as in the crystalline state.

The crown ethers used in this work are 15-crown-5
(15C5), 18-crown-6 (18C6), and dibenzo-24-crown-8
(DB24C8). The sizes, the cavity sizes, and the number
of donor oxygen atoms of these three compounds are
different from one another. Moreover, 15C5 and
18C6, whose oxygen atoms are coplanar and sym-
metrically distributed in the crown ether ring, are
rigid crown ethers, while DB24C8, whose configuration
is termed cylindrically symmetrical, is a flexible crown
ether.’® 1In this paper, the formation constants for
1:1 complexes of 15C5, 18C6, and DB24C8 with
alkali metal ions and the limiting ionic molar con-
ductivities of the complexed cations in propylene car-
bonate (PC) have been determined conductometrically
in order to study the factors influencing complex
formation between crown ethers and alkali metal ions
and the behavior of the complexed cations in PC,
respectively. PC has a high dielectric constant (e,=
64 at 25°CH») and moderate Lewis base and weak
Lewis acid properties.®) PC was used as the solvent
since almost all univalent metal perchlorates are nearly
completely dissociated in PC solution.?:¢?)

Experimental

Materials. 15C5, 18C6, and DB24C8 were obtained
from Nisso Co., Ltd. 15C5 was purified by distillation
under vacuum (bp 115—129 °C, 1.5 mmHg). 18C6 was
recrystallized from acetonitrile and, prior to use, dried at
70 °C in a vacuum oven, The method of purification of

DB24C8 was previously described.”? Rubidium and caesium
perchlorates were prepared by adding an equimolar perchloric
acid solution to an aqueous solution of rubidium bromide
and caesium hydroxide respectively. Lithium, sodium,
and potassium perchlorates were purchased commercially.
All perchlorates were recrystallized from water five times
and, prior to use, dried at 150 °C in a vacuum oven. PC
was distilled twice under nitrogen at approx. 12 mmHg.
The middle 70% of the distillate was used. The water
content of the finally purified PC determined by Karl Fischer
titration was less than 0.019%. The conductivity of the final
product was less than 5x 10-8 (-1 cm-1

Apparatus  and  Procedure. The conductance meas-
urements were conducted on a Yanagimoto conductivity
apparatus, model MY-7, in a water bath thermostated
at 25.0040.01 °C. Two cells were used with cell constants
of 0.09317; and 0.2046, cm™1.

The experimental procedure to obtain formation constants
of crown ether complexes with alkali metal ions is as follows;
a PC solution of the alkali metal perchlorate (4x 10-%+—5X
10—+ M, 200 cm?®) was placed in the cell (volume 300 cm?)
and the resistance of the solution measured. A step-by-step
increase in the crown ether concentration was effected by
a rapid transfer from the PC solution of the crown ether
(5% 103—2x 102 M) to the cell using a pipet, until the
total concentration of the crown ether was approx. five
times as large as that of the alkali metal perchlorate. The
resistance of the solution in the cell was remeasured after
each transfer.

The experimental procedure to obtain limiting ionic
molar conductivities of the alkali metal ion—crown ether
complexes was as follows; a PG solution of the crown ether
(2x10-3 M, 200 cm?®) was placed in the cell and the resist-
ance of the solution measured. Then a step-by-step increase
in the alkali metal perchlorate concentration was effected
by a rapid transfer from the PC solution of the alkali metal
perchlorate (2x10-2 M) to the cell with a pipet, until the
total concentration of the alkali metal perchlorate was
approx. twice as large as that of the crown ether. The
resistance of the solution in the cell was remeasured after
each transfer.

Results

The molar conductivity, 4, »s. [L],/[M], plots in
PC at 25 °C are given in Figs. 1—3, where [L], and
[M], are the total concentrations of the crown ether
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Fig. 1. A4 vs. [L];/[M]; curves for 15C5-alkali metal
perchlorate systems in PC at 25 °C.
A: Lit, [J: Nat, O: K+, A: Rb*, @: Cst, [M];=
5x 10— M.
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Fig. 2. A us. [L];/[M]; curves for 18C6-alkali metal
perchlorate systems in PG at 25 °C.
A: Lit, [J: Nat, O: Kt, A: Rb*, @: Gs*, [M];=

5x10-¢* M.
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Fig. 3. A us. [L];/[M], curves for DB24C8-alkali metal
perchlorate systems in PC at 25 °C.
A: Lit, []: Nat, O: K+, A: Rb*, @: Cs*, [M];=
4x 104 M.

and the alkali metal ion respectively. Figures 1, 2,
and 3 correspond to the cases of 15C5, 18C6, and
DB24C8 respectively. The 4 vs. [L],/[M], plots in
Figs. 1—3 show a decrease of 4 with an increase in
the crown ether concentration except for the 15C5-
Lit and Na* and the Li*-18C6 and DB24C8 systems.
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Those for the 15C5-Lit and Nat systems show an
increase of A as the 15C5 concentration increases.
In the Li*-18C6 and DB24C8 systems, there is a neg-
ligible change in 4 in spite of an increase in the crown
ether concentration, consequently the conductometric
determination of the complex formation constant was
impossible. The association between a cation, i.e.,
an alkali metal ion and a tetraalkylammonium ion,
and a perchlorate ion in PC is negligible,®%" and
therefore it is assumed on this basis that the association
between the alkali metal ion-crown ether complex
and the perchlorate ion in PC is also negligible under
the highly dilute experimental conditions mentioned
above. From Figs. 1—3, in the cases of the 15C5-
Lit and Na*, the 18C6-Nat, K+, Rbt*, and Cs*, and
the DB24C8-Nat systems, the slope of each curve
changes sharply at the point when [L],/[M],=1, in-
dicating that the crown ether forms a 1:1 complex
with the alkali metal ion in PC under these experimental
conditions.® For the 15C5 and DB24C8-K+t, Rb,
and Cst systems, no such clear breaking point was
observed. From the literaturel®1¢1f18) however, it is
assumed that 15C5 and DB24C8 form 1:1 complexes
with K+, Rb+, and Cs* in PC under these experimental
conditions.
The equilibrium equation is given by

Mt 4 L ML+ )

«M], [Lle—(1—o)[M], (I—e)[M],,
where M+, L, and « are the alkali metal ion, the crown
ether, and the fraction of free alkali metal ions re-

spectively. Accordingly, the complex formation con-
stant, Ky, +, is defined by

R
premm——

O [MLY] 1—a
Kot = NEILT = oL @
The observed conductivity, &, is written as
£ = Kmc10, + FMLC104> (3)

where £umcio, and £umwcio, are the conductivities of the
alkali metal perchlorate and alkali metal crown ether
perchlorate respectively. The molar conductivities are
given by

_ Fkumcio. _ Fmci04
Anoroe = “ppy = any, @
AML6104 _ Emrcios _  Fuicios (5)

ML) (1—)[M].’

where Aycio, and Ayrcio, are the molar conductivities
of the alkali metal perchlorate and alkali metal crown
ether perchlorate respectively. Equation 3 may be
transformed wvia Eqs. 4 and 5 to give

4 = = adycio, + (1 =) Ayrcio, (6)

I3
M],
Since the crown ether concentration was kept low
(<2.5x 1073 M), corrections for viscosity changes were
neglected. Substituting from Eq. 6 into Eq. 2 gives

-AMCIO - A
4 7
A—Awrood L1’ @

KML’ =

where
M](Aycio,—A4)

AMCIO¢ - AMLCIOA

[L] = [L]. —
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TapLe 1. log (Kyy+/mol-' dm?®) varues aT 25°C
15C5 18C6 DB24C8
70 CH,
wt9 OH
PC H,O™ PC H,0™) pc [ Hzém 2
Li+ 4.2, — — — — —
Na+ 3.7 0.70 5.64 0.80 4.1, 1.54
K+ 3.4, 0.74 6.2, 2.03 3.7, 2.42
Rb+ 3.0, 0.62 5.3, 1.56 3.5 2.55
Cst 2.6, 0.8 4.4 0.99 3.4 2.48

The procedure for obtaining the K+ value is as
follows. The Ayicio, value is estimated from the A
values at the points of large [L], to [M], ratios. Using
this Ayuvcio, value, the Ky, + values in Eq. 7 is calculated.
The actual Ky+ and Aurcio, values are calculated by
a nonlinear least-squares analysis.’® The log K+
values are listed in Table 1.

The procedure for obtaining the limiting ionic molar
conductivity, 1°, of the alkali metal ion—crown ether
complex is as follows. The mass balances are

[M], = [M*] + [ML*], ®
[L] = [L] + [ML+]. ©

From Egs. 2, 8, and 9, the following quadratic equation
follows;
Kyy [ML*]? — {1+ Kyy+([M];+ [L],) } [ML*]

+ Ky [ML[L]y = 0. (10)
The [M+] value is obtained from Eq. 8 using the [ML+]
value calculated from Eq. 10. The #ucio, value in
Eq. 3 at this [M*] point can be obtained from the
previous Amcio,—[MC1O,]¥/2 plots in PC at 25 °C.1)
Then, the Aurcio, value at this [ML*] point can be
calculated from Egs. 3 and 5 using this #&mcio, value.
The limiting molar conductivity, 4°, of the alkali
metal crown ether perchlorate is determined by
extrapolation of the calculated Auycio, values from
Ayrci0,—[MLCIO,]*2 plots for ten-odd concentration
points. From this 4° value, the 2° value of the alkali
metal ion-crown ether complex in PC at 25°C is
computed, using the A° value of the perchlorate ion,
1°=18.24 -1 cm? mol-15) The A° values of the alkali
metal ion—crown ether complexes are given in Table
2, together with the 1° values of the alkali metal ions
in PC at 25 °C.

Discussion

The log K+ value series about the same alkali
metal ion among the crown ethers in PC are from Table

TapLe 2. (1°/) ! cm? mol-!) VALUES OF ALKALI METAL
ION-CROWN ETHER COMPLEXES AND ALKALI METAL
1ons IN PC ar 25°C

15C5 18C6 DB24C8
Li* 8.5, 9.2, — —
Nat 9.7, 10., 8.5, 7.5,
K+ 11.9, 8.6, 8.9, 7.4,
Rb+ 12.4, 8.3, 8.8, 7.3
Cst 13.2, 9.4, 8.7, 7.3

1 in the order 18C63>»DB24C8>15C5. A complex
is more stable the greater the number of oxygen atoms,
provided the oxygens are coplanar and symmetrically
distributed in the crown ether ring.!® 15C5 and
18C6 structurally obey these criteria and the log Ky +
values of 15C5 and 18C6 in both PC and aqueous
solutions (Table 1) show the same tendency as stated
above. The log K+ values of DB24C8 in PC (Table
1) are smaller than expected based on the greater
number of donor oxygen atoms (eight) compared to
those of 15C5 and 18C6 (five and six respectively),
as found in the calorimetric titration study of the
DB24C8 complexes with cations.'® This may be
largely attributed to the entropy contribution due to
the ring flexibility!® of DB24C8.

The log Ky;+ values of 15C5, 18C6, and DB24C8
for the alkali metal ions have been plotted as a function
of the crystal ionic radius in Fig. 4. Figure 4 shows
that the log Ky;+ values of these crown ethers for
the same alkali metal ion are much larger for PC
than for aqueous and 70 wt%, CH;OH solutions. This
indicates that the alkali metal ions are more strongly
solvated by water and methanol than PC. The data
in Fig. 4 together with the fact that the dielectric
constant, ¢, value sequences of the three solvents
are Hy,O (e,=78 at 25 °C1))>PC (g,=64 at 25 °C5)>
70 wt% CH,;OH (e,=47 at 25 °C!9) indicates that
the dielectric constant of the solvent is not always a

70
6.0r
50}
40F
30t

log(Ky+/ mol-tdm3)

20t
10r

0 1
05 , ]1
Li* Na*

Rc IK

Fig. 4. Plots of log Ky1+ at 25 °C vs. crystal ionic radius,
R.(Mt), of alkali metal.
O: 15C5, [J: 18C6, A: DB24C8.
——: PC, present work, ——: H,0, Ref. 1b,
- 70 wt% CH;OH in H,O, Ref. lc.

[ ]

K* Rb* Cs*
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TaBLE 3. CRYSTAL IONIC RADII OF ALKALI METALS AND
CAVITY RADII OF CROWN ETHERS (A)

Crystal ionic

Cation radius® Crown ether Cavity radius'®
Lit+ 0.60 15GC5 0.85—1.1
Na+ 0.95 18C6 1.3—1.6

K+ 1.33 DB24C8 2.25—2.5
Rb+ 1.48

Cst+ 1.69

dominant factor.in the alkali metal ion—crown ether
complexing. The log Ky;+ series of 15C5 for the
alkali metal ions in PC are in the order Li+>Nat>
K+>Rb*+>Cst (Table 1), showing that the ability
of the alkali metal ions to form complexes with 15C5
in PC is sensitive to the ratio of the ionic size to the
cavity size except in the case of Lit (Table 3), while
that in the aqueous solution is not (Fig. 4 and Table
3). The differences in the log Ky, + values of 15C5
for the neighboring alkali metal ions increase from
water to PC (Table 1). It is interesting that Li+
forms a more stable complex with 15C5 than Nat+
in PG, although Li+ is more strongly solvated by PC
than Na+%*) and Nat fits more closely into the 15C5
cavity than Lit (Tables 1 and 3). From Table 1,
the log Ky;+ sequences of the alkali metal ions with
18C6 in PC and aqueous solutions are K+>Na+>
Rb+>»Cst and K+>Rb+>Cst>Nat respectively, in-
dicating that the selectivity of 18C6 for the alkali
metal ions in PC and aqueous solutions primarily
depends on the ratio of the ionic size to the cavity
size of 18C6 (Table 3) and that the log K+ sequences
of the complex in PC differ from those in the aqueous
solution. The log Ky,+ series of DB24C8 for the
alkali metal ions in PC are given in the order Na*+>
K+>Rb*>Cs+, although the more the size of the
alkali metal ion decreases, the more strongly it is solvat-
ed by PC®) and as the size of the alkali metal ion
increases, the crystal radius approaches the cavity
radius of DB24C8 (Tables 1 and 3). The log Ky~
sequences of the complex with DB24C8 in PC entirely
differ from those in the 70 wt% CH;OH solvent.
It may be seen from Table 1 that in the case of each
crown ether system an increase in log Ky,;* in moving
from aqueous and 70 wt9%, CHZ;OH solutions to PC
increases with a decrease in the size of the alkali metal
ion. Based on the above observations, both the sta-
bilities and selectivities on complexation appear to
reflect the competition between ligand coordination
and solvation.

As can be seen from Table 2, the A° value of the
alkali metal ion is much larger than that of the cor-
responding alkali metal ion—crown ether complex except
for the cases of 15C5-Lit and Nat systems, indicating
that the size of the moving entity in PC is much larger
for the alkali metal ion-crown ether complex than
for the corresponding alkali metal ion. On the con-
trary the Li* and Nat ions are bulkier than the com-
plexes of 15C5 with these ions in PC respectively.
The 4° values of the alkali metal ion—crown ether
complexes are larger for 18C6 than for DB24C8 and
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the size of DB24C8 is larger than that of 18C6. It
thus appears that the relative sizes of the two crown
ethers are the main factor influencing the mobilities.
The A° values of the complexes of 15C5 with Nat
and Cs* are larger than those of 18C6 with Na+ and
Cs* respectively, which is the same tendency as that
found in the 18C6 and DB24C8 systems. Those of
15C5 with K+ and Rb* are smaller than those of
18C6 with K+ and Rb* respectively, although the
size of 15C5 is smaller than that of 18C6.

In each case of 18C6 and DB24C8 the 1° values
of the alkali metal ions are nearly equal (Table 2),
suggesting that the charge of the alkali metal ion
trapped in the crown ether cavity is effectively shielded
by the crown ether and that in each case of 18C6 and
DB24C8 the complexes with the alkali metal ions are
approximately equal to each other in size. That the
A° values of 15C5 for the alkali metal ions are con-
siderably different from each other is in remarkable
contrast to the cases of the 18C6 and DB24C8 systems
(Table 2). A possible explanation for this is that it
may be impossible for 15C5 to effectively screen the
surface charge of the alkali metal ion held in its cavity
because of its smaller size compared to 18C6 and
DB24C8 (Table 3). Thus the 15C5 complexes with
the alkali metal ions would more strongly undergo
specific solvation by PC molecules than would 18C6
and DB24C8. It is of interest to note that in the
cases of the 15C5 and 18C6 systems the Nat and K+
complexes, where Na* and K+ most closely fit into
the cavities of 15C5 and 18C6 respectively (Table
3), have the largest mobilities of all the alkali metal
ion complexes respectively (Table 2).

According to Lehn!'V) and Boileau ¢t al.,% the crystal
ionic radii, R,(ML*), of the alkali metal ion-15C5
and 18C6 complexes have been approximately evaluat-
ed from the crystal ionic radii R,(M*), of the cations
located within the central molecular cavity and from
the ligand volume V;:

Ro(ML*) = {R(M*)? + 3V /47)V/2
V, may be approximated by summing the van der
Waals volumes of the atoms or groups forming the
ligand. Values of R, (ML+*) are given in Table 4
together with the calculated Stokes’ radii, R,(ML"),
of the alkali metal ion-15C5 and 18C6 complexes
from the equation R, (ML+)=0.819/9,1°, where 7, is
the viscosity of the pure solvent. Table 4 shows
that the R,(ML*) value about the same alkali metal
ion in PC is much smaller than the R,(ML+) one for
15C5 and 18C6, which is the same and opposite trends

TABLE 4. STOKES’ RADII, R, AND CRYSTAL IONIC RADII,
R, OF ALKALI METAL ION-CROWN ETHER COMPLEXES (A)

15C5 18C56

Cation RN —_—
R, R, R, R.

Li* 3.4, 4.5 — —
Na+ 3.2, 4.6 3.8, 4.8
K+ 3.7, 4.6 3.6, 4.9
Rb+ 3.8, 4.6 3.6, 4.9
Cst 3.4, 4.6 3.6, 4.9




76 Yasuyuki Takepa, Hisao YAno, Masayuki Isuisasui, and Hiroshi Isozumi

for tetraalkylammonium (R, <R,) and alkali metal
ions (R;»R,) in PC respectively.”» The crystal ionic
radii of the alkali metal ion—15C5 and 18C6 complexes
are nearly identical with those of tetrapropylammonium
(4.52 A12) and tetrabutylammonium ions (4.94 A1?)
respectively (Table 4). The A° values of the alkali
metal ion-15C5 and 18C6 complexes are however
smaller than those of tetrapropylammonium (11.0,%)
and tetrabutylammonium ions (9.32;%) respectively
(Table 2).
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