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Synopsis. The complex formation reaction between crown
ethers and bivalent transition metal ions was investigated.
Although the obtained equilibrium constants were generally
small, there was a case where the constant was larger than that
for the crown ether—alkali metal system. From kinetic studies
the reactions were found to obey the Eigen’s mechanism.

It is well known that crown ethers can stably capture
various metal ions in their cavities. A number of studies
on such complex formations were carried out for an
interest in the reaction itself, or for the purpose of metal
separation or analysis.) However, the target metal has
been restricted mostly to alkali and alkaline earth metals
so far. Further, relatively few studies have been
reported on the kinetics of complex formation reaction
although they are important to elucidate the reaction
mechanism.

In this work we attempted to investigate both equi-
libria and kinetics of the complex formation reaction
between crown ethers, not containing N or S, and biva-
lent transition metal ions, for which little information is
available in the literature.

Experimental

Materials. Benzo-15-crown-5 (BI5CS) and dibenzo-18-
crown-6 (B218C6), purchased from Nacalai Tesque, Inc., were
employed in this work. The metal ions used were Co?*, Ni2*t,
Cu?*, and Zn?t. Metal solutions were prepared by dissolving
their perchlorates in acetonitrile or methanol.

Equilibrium and Kinetic Experiments. Equilibrium con-
stants were determined spectrophotometrically. An example
of the metal-induced spectral change is shown in Fig. 1. In
the case of reactions of Zn2* or Co?* with B15C5 in acetoni-
trile, the equilibrium constants were directly determined by

using the molar absorption coefficients of the complexes since
the equilibrium constants were large enough to evaluate these
coefficients accurately. In other cases where the equilibrium
constants were small, they were determined as follows. The
metal concentration was adjusted to be much higher than the
crown ether concentration so that the former was approxi-
mately constant before and after the complex formation.
Thus, the absorbance (Abs) obtained by substracting the metal
ion absorbance from the total absorbance is given by

Abs=e[C]+ e[ MC2*] (1)

Here [C] and [MC2*] are the concentrations of crown ether
and the complex, respectively, and &; and &z are molar absorp-
tion coefficients. The total concentration of crown ether,
[Cl:, and the equilibrium constant, Ku, are given by Egs. 2 and
3.

[Cl=[C]+[MC*] @
Ku=[MC*]/([C][M=*]) ©)]

where M2* denotes a metal ion.
gives the following formula:

Combination of Egs. 1—3

-1 1 1 1
Abs/[Cl—e1  e—&2 = Ku(ei—&) [Mz]

@

Kwm can hence be determined from a plot of —1/(Abs/[Cli—¢1)
against 1/[M2*]. An example of such plots is shown in Fig.
2. Linear relations were observed in all cases: this ensures the
formation of 1:1 complexes assumed in Eq. 3. Almost the
same equilibrium constants were obtained at two or three
wavelengths near 280 nm in every case.

The rate of complex formation was measured with a
stopped flow apparatus (Otsuka Electronics Co., Ltd., RA-
401) by following the temporal change in absorbance at 280
nm. To simplify the analysis, the metal concentration was
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Fig. 1.
Solvent: acetonitrile.

UV absorption spectra of B15C5 in the absence and presence of Zn2*.
[B15C5]=2.0X10~4 moldm™3.

1: [Zn2t]=0, 2: [Zn2*}=8.8X10—5 mol dm=3, 3: 1.8X 104 moldm~3, 4: 3.5X10~

moldm™3, 5:3.5X10—3 moldm3,
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Fig. 2. Relation between —1/(A4bs/[C)l—¢1) and 1/
[Co%*] at various wavelengths. Crown ether:
B218C6, Solvent: acetonitrile, [C}=2.0X10* mol
dm™3.
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Fig. 3.
water mixtures.

Equilibrium constant in various acetonitrile-
Crown ether: B15C5.

always sufficiently higher than that of crown ether.
All the experiments were carried out at 298 K.

Results and Discussion

Equilibrium Constant.
obtained are listed in Table 1.

The equilibrium constants
The values of Km with
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BI5SCS in methanol are three orders-of-magnitude
smaller than that for the Nat-B15C5 system in
methanol.2? One of the reasons for this result is that
“soft” transition metal ions do not easily form a com-
plex with “hard” crown ether.?» The sequence of K,
Co2t<Niz*<Cu?*>Zn?*, follows the Irving-Williams
order,* which generally holds for the equilibrium con-
stants of transition metals. A similar tendency was
observed also with B218C6 in acetonitrile.

However, the sequence of Ku for BI5SCS in acetoni-
trile is quite different from those in the above two
systems. The value of Ku for Zn?* is especially large
and is larger than that of Na*-B15C5 system (3.5X10% at
295 K5). The ionic radius of Zn2* is the largest among
the four metal ions® and is closest to the 15C5 cavity
radius.)? One of the causes for the unusual Kum
sequence in this solvent may be the metal-crown ether
size fitting. However, further investigation is necessary
to settle this problem.

Figure 3 shows the values of Ky in various acetoni-
trile-water mixtures. The value of Ku decreases as the
water content increases. This suggests that an increase
in the water content leads to an increase in the hydration
number of the metal ion, thereby enhancing the total
strength of the metal ion solvation and suppressing the
complex formation. In the region of higher water con-
tent, the variation of log Km for Zn?* was found to
parallel that for Ni2*, though the number of data points
is limited. This indicates that the linear free energy
relationship” holds between the complex formation of
Zn?* and that of Ni2*. On the other hand, as the water
content decreases, the log Km value for Zn2* gradually
deviates from the parallel relation, probably in accord-
ance with the anomaly for the complex formation of
Zn2t in pure acetonitrile mentioned above.

Rate of Complex Formation. The reaction between
a crown ether and a metal ion is expressed as Eq. 5.

ki
Mzt +C <—k:—’ Mmczt %)

The pseudo-first-order rate constant, k, with respect to
[C] is given by

kpy=k:[M2*]+ k1 Km ©)

The relations between &, and the metal concentration
are shown in Fig. 4. In line with Eq. 6, linear relations
were obtained. The obtained complex formation rate
constants, k1, and Ku thus obtained are listed in Table 2.
Good agreement is seen between the Ky values obtained
from this kinetic study and those from the equilibrium
study mentioned above.

If the reaction obeys the Eigen’s mechanism,® the
complex formation rate constant, ki, is given by Kosksol
(Kos: equilibrium constant of the outer compleXx, s
rate constant of solvent exchange). Since the value of

Table 1. Equilibrium Constants, Km/dm?3 mol—?

Crown ether Solvent Cozt Niz+ Cuzt Zn2t
B15C5 Methanol 3.410.5 7.81£0.8 4.9+0.3X10! 1.940.3
B15C5 Acetonitrile 1.1340.1X103 3.5+0.4X10* 4.8+0.3X102 5.430.6X104
B218C6 Acetonitrile 1.440.1X10t 3.8+0.6X101 2.91+0.1X102 2.240.2X10t
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Table 2. Rate and Equilibrium Constants

k1 K K k) Kol ko

dm3mol—ts—? dm3 mol—! dm3 mol—1! s—1 s—1
Ni 7.0X102 4.1X10! 3.5X10! 2.2X103 2.0X108°
Zn 1.7X108 4.9X104 5.4X104 5.3X108 3.0X107?

Crown ether: B15C5, Solvent: acetonitrile
a) Obtained from kinetic studies.

b) Obtained from equilibrium studies.

¢) Equilibrium

constant of outer complex, estimated from Fouss’s equation!? by using 5X10~1° m as minimum

separation distance between molecules.

d) Rate constant of solvent exchange.

¢) Rate con-

stant of acetonitrile exchange, cited from Ref. 9. f) Rate constant of water exchange, cited from

Ref. 10.
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Fig. 4. Relation between k, and metal concentration.
Crown ether: B15CS5, Solvent: acetonitrile.
(a) [B15C5]=2.0X10-3 moldm=3, (b) [BISC5}—
7.0X107% moldm3.

k1/ Ko for Ni2* is almost in accord with the rate constant
for acetonitrile exchange,? we conclude that the reac-
tion obeys the Eigen’s mechanism. As far as we know,
the rate of exchange of acetonitrile molecules coordi-

nated to Zn2* in the bulk of the solution has not been
reported. Although the value of ki/ Ko for Zn2t is
somewhat smaller than the rate constant of water
exchange,!® it is presumed that the reaction for Zn?*
also obeys the Eigen’s mechanism because the rates of
water exchange are 3—16 times those of acetonitrile
exchange for other bivalent transition metals.1!)

Maynard et al.!3 studied the 18-crown-6 ether com-
plexation of alkali metal ions in nonaqueous solvents,
and speculated that the reactions consisted of succesive
steps involving both ion desolvation and ligand re-
arrangement, and also that the rearrangement of the
macrocyclic ligand was the slowest step. However, the
reaction in the present case obeyed the Eigen’s mecha-
nism and therefore an ion desolvation should be the
rate-determining step. Because the ion desolvation
rates for bivalent transition metals are much slower than
those for alkali metals, the rate of ligand rearrangement
may become faster relatively.
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