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Abstract

The complexation of some alkali and alkaline earth cations with 18-crown-6(18C6), dibenzo-18-crown-6 (DB18C6),
dicyclohexyl-18-crown-6 (DCY18C6), and dibenzopyridino-18-crown-6 (DBPY18C6) in a methanol solution has been
studied by a competitive potentiometric titration using Ag™/Ag electrode as a probe. The stoichiometry and stability
constants of the resulting complexes have been evaluated by the MINIQUAD program. The stoichiometry for all resulting
complexes was 1:1. The order of stability of Ag™ complexes with desired crown ethers varied as DBPY18C6 > DCY18C6
> 18C6 > DB18C6. The stability of the resulting complexes for each of these crown ethers varies in the order of Kt >
Na%t and Ba>* > Sr’* > Ca?* > Mg?™. For each of the used metal ions the major sequence of the stability constants of the

resulting complexes varies as DCY18C6 > 18C6 > DB18C6 > DBPY 18C6 with minor exceptions.

Introduction

The recognition of the complexing ability of crown ethers
with alkali and alkaline earth cations by Pedersen and oth-
ers [1-3] opened a new area in alkali and alkaline earth
metal chemistry [4, 5]. The lack of ability of alkali and
alkaline earth metal ions for complexation with N and S
donor ligands decreased the attention of researchers for the
complexation study of these cations before the 1970s [6,
7]. However, after some reports on the selectivity behavior
of macrocyclic polyethers with alkaline cations and sim-
ilar behavior of these compounds with natural macrocyclic
compounds such as valinomycin [8, 9], attempts to use
crown ethers for analytical purposes increased [7, 10, 11].
The easy and selective ion transport and also ion selective-
electrode designing for alkali cations such as KT, and Na™
with natural macrocyclic compounds such as some antibiot-
ics, stimulated analytical chemists to apply these compounds
as carriers and ionophores in analytical techniques [9, 12—
14]. Due to the importance of some alkali and alkaline earth
metal ions in vital, agricultural, biological and industrial
processes, we are interested in a systematic study on the
complexation of a series of 18-crown-6 with these cations for
further analytical purposes [10, 11, 14]. Among these series
dibenzopyridino-18-crown-6is a new one, and reports about
it are quite rare [4, 5, 16-21]. Previous studies show that
introducing a pyridyl unit into an 18-membered ring drastic-
ally decreases the complexing ability of these compounds
toward alkali and alkaline metal ions [22, 23]. Therefore, a
comparison of the complexation ability of dibenzopyridino-
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18-crown-6 with other18-crown-6 complexes with K™, Na*,
Ba’T, Sr?*, Ca>* and Mg?T in methanol solution was the
major goal of this paper. A simple potentiometric system
through using an Ag™/Ag electrode as a probe was the
measurement technique [20, 24].

Experimental

Reagent grade 18-crown-6 (18C6, I), dibenzo-18-crown-6
(DB18C6, II), dicyclohexyl-18-crown-6 (DCY18C6, III),
dibenzopyridino-18-crown-6 (DBPY18C6, IV, Figure 1),
and the nitrate salts of silver, sodium, potassium, mag-
nesium, calcium, strontium and barium (all from Merck)
were of the highest purity available and used without any
further purification except for vacuum drying over P>0Os.
Absolute methanol (Merck) was used as the solvent. Tet-
rabutylammonium perchlorate (TBAP) was prepared from
the 1:1 interaction of reagent grade perchloric acid and
tetrabutylammonium bromide (both from Merck). The res-
ulting TBAP salt was recrystallized three times from triply
distilled deionized water and dried at 110 °C for 72 h. Stock
solutions of crown ethers (0.02 M) and metal ions (0.01 M)
were prepared and kept in the dark.

An AgT/Ag concentration cell was used for monitoring
the concentration of silver ion during the potentiometric ti-
tration of Ag™ ion with a solution of the crown ether in the
presence and absence of other metal ions [24, 25]. The con-
centration of free silver ions was measured with a metallic
silver electrode (Metrohm), potentials being measured with
a digital voltmeter (model 624 Metrohm). The reference
electrode was an AgT/Ag electrode, immersed in a known
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Figure 1. Chemical structures of ligands.

solution of AgNO3 (2.50 x 10~* M) in methanol and separ-
ated from the test solution by a salt bridge containing 0.1 M
TBAP in the same solvent. In all experiments, the cell was
thermostated at the desired temperature of £0.05 °C, using
a Huber thermostat. All titrations were carried out using a
Metrohm electronic burette with a precision of £0.001 ml.
In all experiments, the ionic strength was kept constant
at I = 0.05 M using TBAP as supporting electrolyte. The
schematic diagram of the cell is:

AglAgt(2.50 x 104 M), M"*(2.50 x 10~* M), TBAP (5 x
1072 M) || TBAP (5 x 1072 M), (2.50 x 10~* M) Ag*lAg

To evaluate the stability constants, the following pro-
cedure was conducted. The silver electrode was placed
in the reaction vessel containing 20 ml of 0.05 M TBAP
in methanol. The reference compartment contained 0.05
M TBAP and 2.50 x 10~* M silver nitrate in the same
solvent. First, a concentrated silver nitrate (0.01 M) was
added gradually until an Ag™ ion concentration of 2.50 x
10~* M was achieved, and the cell potential was measured.
The plot of emf versus log [Ag] was strictly linear (slope:
58.9 mV/decade, intercept: 215 mV, r: 0.9980) at 25 °C.
The same solution was then titrated back with concentrated
crown solutions (0.02 M), in the presence and absence of
other metal ions M™T, in the same solvent.

Results and discussion

The stability constant of the Ag™-crown complex (Equation
(1)), Kag, was determined by simple potentiometric titration
of a solution Ag* ion with a solution of the ligand (crown
ether):

KAg
Ag™ + crown = AgT-crown. (1)

The stability constants of the M"* (KT, Nat, Mg>*,
Ca’T, Sr?* and Ba") ion complexes, Ky, with each crown
ether (Equation (2)) were determined by the double de-
composition reaction of M"* with the corresponding Ag™
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Figure 2. Potential difference versus mole ratio (L/M) plots for complexa-
tion of 2 2.50 x 1074 M AgNO3 solution with 0.02 M: (1) DBPY18C (2)
DCY18C6 (3) 18C6 (4) DB18C6 in 0.05 M TBAP methanol at 25 °C.

complex (Equation (3)) by monitoring the equilibrium con-
centration of silver ion in the presence of M™* ions using the
equilibrium constant Kg = Kym/Kag for reaction (3) together
with the stability constant Ka, obtained from direct titration
of Ag™ ion with the ligand.

Km
M"™t + crown = M"*-crown )

K
M"* + Ag*-crown = M™ -crown + Ag™*. 3)

In this case, the total concentrations of M™* and each crown
is written as

[M" o = [M™F] + [M"*-crown] “)

[crown]o; = [crown] + [AgT-crown] + [M""-crown]. (5)

The MINIQUAD program was used to compute the form-
ation constants Kap and the resulting Ky from potential-
concentration data [26, 27]. The acceptance of the final
results at the desired significance levels is based upon such
statistical parameters as standard deviation, sum of square of
residuals, x 2 value as a measure of the normality of residuals
and R factor.

Potentiometric titration of Ag™ solution with a solution
of the desired crown ether in the absence and presence of
metal ions was done at 25 °C as described in the proced-
ure section [24, 25, 28]. The potentiometric profiles are
shown in Figures 2, 3. These plots are well S-shaped and
clearly show the 1:1 stoichiometry. The MINIQUAD pro-
gram was used to support the stoichiometry and compute
the formation constants Kag and Ky from the resulting
potential-concentration data [26—28]. The resulting data are
listed in Table 1.



Table 1. Logarithm of stability constants (Log K¢ & o*) for resulting complexes of a series
18-crown-6 with some alkali and alkaline earth cations in methanol at 25 °C, and ionic strength

0.05 M TBAP

Cation  Size (AA) DBPYI8C6 DCYI8C6  18C6 DB18C6

Agt 2.30 564 +£0018  4.62+001 429 +0.01 4.16 £ 0.01
4.58 4+ 0.03>¢  4.04bc

Nat 2.04 396 +0.01  433+003 4.25+0.04 4.15+0.01
4354 0.020¢  4.36b¢

K+ 2.76 4154002 496+003 5.06=+0.07 4.86 £ 0.04
5.93b.c 4.8>¢ 6.06b-d

Mgt 144 2844004 357+001 336+0.06 3.15 +0.02

Ca®t 20 3.04+£0.03  3.944+0.01 4.16 +0.03 3.34 4+ 0.01
3.90b-¢ -

s>t 236 403+£002 487+004 4.75+£0.09 3.96 % 0.03
- 3.55b.¢

Ba2t 270 464+001 498+008 4.87+£0.09 4.43 £0.01
7.04 £0.08>d 42804

* Standard deviation. The sum of residuals, x, and R values associated with determination of
formation constants were in the range of 0.4 x 10782230 x 10_8, 2.2-56.7 and 0.01-0.04,
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respectively.

a Reference [20]: 5.63 &+ 0.01.
b Reference 4, 5].
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Figure 3. Example of potentiometric titrations plots for a 2.50 x 1074 M
AgNOj3 solution with DBPY18C6 (0.02 M) in the absence (2) and presence
of equimolar concentrations of other metal ions in 0.05 M TBAP methanol
at 25 °C: (1) Mg2™; (3) Nat; (4) Kt; (5) Sr2T; (6) Ba?t.

From the consideration of data given in Table 1, two
general trends are obvious. First, for AgJr ion, the se-
quence of stability of resulting complexes varies in the order
as DBPY18C6 > DCY18C6 >18C6>DB18C6 and for al-
kali and alkaline earth metal ions as DCY18C6 >18C6 >
DB18C6 > DBPY18C. Second, for each desired crown, we
can also see a general trend as K > Na™ for alkaline and
Ba’t > Sr?* > Ca®t > Mg?* for alkaline earth metal ions.

This trend is clearly in accordance with the size effect for
fitting into 18-membered rings [1-3, 22].

In the sequence of Agt-complexes, this cation has a
proper size (2.30 AA) for fitting into an 18-crown-6 ring
(2.68-2.86 AA) [2, 3, 29], But the variation seen among
the Ag*-complexes is mainly due to different substitution
groups on 18-crown-6 ring. The effect of introducing such
groups as dicyclohexyl-, and dibenzo- into 18-crown-6 has
been described before [30-31]. The unexpected stability of
the AgT-DBPY 18C6 complex could be partly caused by the
stronger interaction of the pyridino nitrogen of the ligand as
a soft base with Ag™ ion which is a much softer acid than
other used cations [20, 32].

Consider now the major sequence of the stability con-
stants for alkali and alkaline earth ions in the order DCY18C
> 18C6 > DB18C6 > DBPY 18C6 with some minor excep-
tions. This general trend is expected, because the presence
of cyclohexyl groups allows pumping the electrons into the
ligand ring and increasing the basicity of the oxygen atoms,
while the flexibility of the ligand remains more or less the
same as 18C6. The commercial DCY18C6 is a mixture
of two isomers and this may cause the unexpected res-
ults. The effect of the substitution of two benzo-groups of
the 18C6 macro ring causes a remarkable lowering of the
complex stability. It should be noted that introducing two
electron withdrawing groups reduces the donicity of the oxy-
gen atoms in the ring and hence the cation—crown interaction
[30, 31].

Comparison of the stability of DBPY 18C6 with DB18C6
complexes according to the suggested sequence is the inter-
esting result of this work. Introducing a pyridyl group into
DB18C6 ring caused a macrocycle with three aromatic moi-
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eties, which substantially reduces the affinity of the donor
atoms towards hard metal ions such as alkali and alkaline
earth cations. In DBPY 18C6, the presence of a pyridyl group
increases the rigidity of the macrocycle, and on the other
hand pyridino nitrogen in the 18-membered ring increased
the softness of this ligand remarkably. A few exceptions in
18-crowns-6 trend are (i) 18C6 ~ DCY18C6 for Kt and
18C6 > DCY18C6 for Ca>* (ii) DBPY18C6 > DB18C6
for Ba>*. These exceptions may be due to conditions such
as unpredicted commercial DCY18C6 behavior and more
solvated M-18C6 complexes in comparison with DCY 18C6.

In the latter trend (for each crown) the Ba®™ is an inter-
esting case with ionic radius of 1.35 AA [30] which nicely
fits into the cavities of 18-ring crowns. Other cations of
the alkaline earth series with smaller ionic sizes are too
loose for the size of 18- crowns-6 cavities. On the other
hand, among the alkaline earth metal ions, the Ba2™t is re-
latively softer (absolute hardness 12.8 eV) than others such
as Mg2Jr (absolute hardness 32 eV), so due to the HSAB
(Hard and Soft Acid and Base) principle the stronger in-
teraction between DBPY18C6 and Ba2t is expected [33].
Therefore, relatively moderate stability constants for compl-
exation of DBPY 18C6 with other alkaline ions are observed.
The DBPY18C6 has relatively softer behavior than 18C6,
so the sequence of DBPY18C6 > DBI18C6 for Ba’t —
complexes is quite expected. Another important parameter,
which can affect the stability constants, is the free energy of
the desolvation of cations. So, the Mngr is more solvated
than Ba®*, the balance of the strength of the interactions
and the free energy of desolvation increases the stability
constants of alkaline earth cations as Ba>* > Sr?t > Ca**+
> Mg?t.

Moreover, it should be noted that the thermodynamic
stability constants are not just a measure of the absolute
strength of the complexes, an understanding from the ‘ion-
in-the-hole’ model [4], but a measure of the relative strength
as compared to the ionic solvation. Thus, only for the
weakly solvated larger univalent ions such as Ag™, K*, and
Na', the cation size can be considered to be primarily re-
sponsible for the complexing characteristics. While in the
case of bivalent cations such as Mg>t, Ca**, Sr’*, and
Ba’* the cation is so strongly solvated that considerably
more energy must be expended in the desolvation step than
for univalent cations. Contributions of the solvent-complex
and even solvent-ligand interactions on the stability of the
resulting complexes cannot be ignored [34].

In order to compare the results of this work with data
from the literature, the stability constants for the complex-
ation of 18C6 and DCY18C6 with some alkali and alkaline
earth metal ions are summarized in Table 1. For 18C6 and
DCY18C6 the stability constants measured are in agreement
with values from the literature. Some variation are seen
which may be due to the accuracy and reproducibility of
different experimental techniques [35]. In this work we have
done a systematic comparison study of a series of 18-crown-
6 with alkali and alkaline earth metal ions with an Ag*/Ag
electrode about which there is no not any report in the liter-
ature [4, 5]. The obtained results, in particular the stability

constants of complexes with DBPY 18C6 in comparison with
other crowns are novel and interesting.
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