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Abstract The complexation reaction of phenylaza-15-
crwon-5, 4- nitrobenzo- 15-crown-5, and benzo-15-
crown-5 with Ag*, TI™ and Pb>" ions in methanol solu-
tion have been studied by a competitive potentiometric
method. The Ag*/Ag electrode used both as an indicator
and reference electrode in a concentration cell. The emf
of cell monitored as the crown ethers concentration
varies through the titration. The stoichiometry and sta-
bility constants of resulting complexes have been
evaluated by MINIQUAD. The stoichiometry for all
resulting complexes was 1:1. The stability of these metal
ions with derivatives of 15-crown-5 are in order pheny-
laza-15-crown-5 > Benzo-15-crown-5 > 4-nitrobenzo-15-
crown-5, and for the each used crown ethers are as
Pb>* > Ag* > TI*. The effect of the substituted group on
the stability of resulting complexes was considered. The
obtained results are novel and interesting.

Keywords Competitive potentiometry -
Ag*/Ag electrode - Phenylaza-15-crown-5 -
4-Nitrobenzo-15-crown-5 - Stability constant - methanol

Introduction

The post transition metal ions such as Pb**, Ag*, and TI*
play important role in biological, environmental and
industrial process [1, 2]. Since these metal ions are among
the hazardous substance, the research for monitoring and
control of them are very interested for environmental
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analysis and environmental engineering. Through the
synthesis of crown ethers by Pedersen’s pioneering work,
followed by that Lehn and Cram, opened up the field of
supramolecular chemistry [3, 4]. In this field the recogni-
tions of selectivity behavior of macrocyclic polyethers and
ligand designing which were using it in various analytical
applications [5, 6], stimulating many researchers to syn-
thesize of the new derivatives of macrocyclic polyetheres
compounds [7, 8]. Thus great number of crown ether
derivatives were synthesized [7, 8]. Introducing other het-
eroatom into macrocycle ring, such as N and S drastically
changes the behavior of these compounds [9]. Currently,
our research group has been interested to the chemistry of
dibenzopyridino-18-crown-6 with several metal ions [10-
14], phenylaza-15-crwon-5, 4-nitrobenzo- 15-crown-5[15].
We also used dibenzopyridino-18-crown-6, dicyclohexyl-
18-crown-6 for ion-transport of the Pb** Ag*, and TI**
through bulk liquid membrane [16-18]. Among the
recently synthesized crown ethers, phenylaza-15-crown-5
is a new one [19], and also 4- nitrobenzo-15-crown-5,
which the reports about their chemical behaviors are rare
[7, 8]. Recently, we were stimulated to study the com-
plexation reaction of phenylaza-15-crown-5, 4-nitrobenzo-
15-crown-5, benzo-15-crown-5 with various groups of
metal ions [15]. So, comparison of chemical behavior of
these crown ethers with Ag®, TI* and Pb** in methanol
solution was the major goal of this work. Since the
potentiometric system is simple, facile and accurate tech-
nique for complexation studies, we have interested using
Ag*/Ag electrode as a sensor for monitoring the equilib-
rium concentration of free metal ions [20, 21]. We also
compared the obtained results with literature and our pre-
vious work [7, 8, 15]. Throughout the discussion of the
results, we have considered the effect of the substituted
group on the stability of resulting complexes.
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Experimental

Reagent grade benzo-15-crown-5 (B15C5,I), phenylaza-15-
crown-5 (PhA15C5,1I),and 4-nitrobenzo-15-crown-5
(NB15CS5, III) and the nitrate salts of silver, thallium, and lead
(all from Merck) were of the highest purity available and used
without any further purification except for vacuum drying
over P,Os, Scheme 1. Absolute methanol (Merck) was used
as solvent. Tetrabutylammonium perchlorate (TBAP) was
prepared from the 1:1 mixture of reagent grade perchloric acid
and tetrabutylammonium bromide (both from Merck). The
resulting TBAP salt was recrystallized three times from triply
distilled deionized water and dried at 110 °C for 72 h. The
stock solution of crown ethers (0.02 M) and metal ion
(0.01 M) were prepared and kept under dark condition.

A concentration cell was used for monitoring the con-
centration of silver ion during the potentiometer titration of
Ag* ion with a solution of the crown in the presence and
absence of other metal ions [20-22]. The concentration of
free silver ion was monitored with a silver electrode;
potentials being measured with a digital voltmeter (model
624 Metrohm). The reference electrode was also an Ag*/
Ag electrode, immersed in a known solution of AgNO;
(1.0 x 10> M) in methanol and separated 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 25 + 0.1 °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
I1=0.05M using TBAP as supporting electrolyte. The
schematic diagram of the used cell is:

Ag | Ag" (1.0 x 1073 M), M™ (1.0 x 1073 M),
TBAP (5 x 1072 M) | | TBAP (5 x 107> M),
(1.0 x 107> M) Ag™ | Ag

To evaluate the stability constants, the following
procedure was conducted. The silver electrode was

(11I)

Scheme 1 Structures of crown ethers
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placed in the reaction vessel containing 10 ml of 0.05 M
TBAP in methanol. The reference compartment contained
0.05 M TBAP and 1.0 x 107 M silver nitrate in the same
solvent. First, a concentrated silver nitrate (0.01 M) was
added gradually until Ag* ion concentration of 1.0 x 10~
3M was achieved, and the cell potential was measured. A
Plot of emf versus log [Ag™] was strictly linear (slope: 59.3,
intercept: 217.2, R>: 0.9966) at 25 °C. The same solution
was then back titrated with concentrated crown solutions
(0.02 M), in the presence and absence of other metal ions
M"™, in the same solvent.

Results and discussion

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

Ky,
Ag*t + crown = Ag" — crown (1)

The stability constants of the M™*(M"™: Ag*, TI* and
Pb2+) ion complexes, Ky, with each crown ether (Eq. 2)
can be determined by the double decomposition reaction of
M"™ with the corresponding Ag* complex (Eq. 3).
Monitoring the equilibrium concentration of silver ion in
the presence of M™ ions using the equilibrium constant
Kk = Kpm/Ka for reaction (3) together with the stability
constant K, obtained from direct titration of Ag”* ion with
the ligand.

K
M™ 4 crown=M"" — crown (2)

K
M™ 4+ Ag* — crown=M"" — crown + Ag" (3)

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

[M"* ] = [M™] + [M™ — crown] (4)

[crown],,; = [crown] + [Ag+ — crown] + [M™" — crown]
(5)

The MINIQUAD program was used to compute the
formation constants Ka, and the resulting Ky from
potential-concentration data [23-25]. By using the
Gauss—Newton least-squares method, MINIQUAD refines
the formation constants of the simultaneous complexation
equilibria. Using the initial estimates of the formation
constants, the set of simultaneous normal equations is built
up and then solved in order to obtain the corrections to be
applied to the K values. The new values of the formation
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constants are a better approximation to the final values and,
consequently, are employed in the next refinement cycle.
Such an iterative procedure provides K values that result in
the best agreement between calculated and experimental
data. The acceptance of final results at the desired
significance levels is based wupon such statistical
parameters as standard deviation, sum of square of
residuals, y* value as a measure of the normality of
residuals and R factor.

During the running MINIQUAD program for each
experimental point of a titration curve the mass balance
Egs. (4, 5) must be valid. In these equations the Cag. , Crt,
Ccrown are the total (analytical) concentration of the inde-
pendent reactants: Ag*, M™, and crown The program
computes the values of the formation constants, which
minimize the sum of the squared residuals between
observed and calculated analytical concentration

U= (C - cey (©)

where the sum covers all the mass balance equations for all
experimental points.

For evaluation of stability constants of each used 15-
crown-5 with Ag*, TI*and Pb** ions, potentiometric titra-
tion of Ag* with a solution of the desired crown in absence
and presence of metal ions have been done at 25 °C as
described in the experimental section [20-22, 26]. The
potentiometric profiles are shown in Fig. 1, 2, 3. These
plots show the variation of difference potential (AE) versus
addition of crown ethers to solution. It also emphasizes that
the complex reaction have been take placed. It is obvious
that the extent of variation of AE depends on the strength of

T T
0 0.5 1 1.5 2

Mole ratio (Cr/Cyy)

Fig. 1 Potential difference versus mole ratio (L/M) plots for
complexation of a AgNOj3 (1.0 x 107> M) solutions with phenylaza-
15C5 (0.02 M) in the presence of equimolar concentrations of (1)
TI* ,(2) Ag* and (3) Pb** in methanol at 25 °C and ionic strength
0.05 M TBAP

AEmYV)

0 0:5 1 115 2
Mole ratio (Cr/Cyy)

Fig. 2 Potential difference versus mole ratio (L/M) plots for
complexation of a AgNO; (1.0 x 1073 M) solutions with B15C5
(0.02 M) in the presence of equimolar concentrations of (1) TI*,(2)
Ag" (3) Pb** in methanol at 25 °C and ionic strength 0.05 M TBAP

resulting complex, so it is expected that AE for phenylaza-
15-crown-5 was more than others (Fig 1). Since the
MINIQUAD program is robust for model selection [27], it
was used to support the stoichiometry of resulted com-
plexes and compute the formation constants K, and Ky
from the resulting potential-concentration data [23-27].
The resulting data are listed in Table 1.

From the consideration of data given in Table 1, two
trends are obvious among these stability constants. First,
from metal ions view, the sequence of stability of resulting
complexes varies in the order as phenylaza-15-crown-
5 > Benzo-15-crown-5 > 4-nitrobenzo-15-crown-5. Sec-
ond for each used crown ethers, it could be seen a general

12

Mole ratio (C/Cyy)

Fig. 3 Potential difference versus mole ratio (L/M) plots for
complexation of a AgNO; (1.0 X 107 M) solutions with NB15C5
(0.02 M) in the presence of equimolar concentrations of (1) TI*,(2)
Ag" (3) Pb** in methanol at 25 °C and ionic strength 0.05 M TBAP
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Table 1 The logarithm of stability constants (log K¢+ ¢*) for
resulting complexes of NB15CS5, B15C5 , phenylaza-15C5 with some
post heavy metal ions in methanol at 25 °C, and ionic strength 0.05 M
TBAP

Cation  Size (13\) NB15C5 B15C5 phenylaza-15C5

Pb>* 2.38 333+£0.02 3.61+£0.03 3.82+0.02
2.36"

Agt 2.30 323 +£0.02 351 +£002 3.73+0.01
3.06"

TI* 3.0 313 £0.03 336+0.02 3.45=+0.02
3.00°

Na* 2.04 273 £0.02° 3.27+0.01° 3.83 +0.02°
3.05°
2.87¢

*Standard deviation, The sum of squares of residuals (8.2-8.8 x 10’8),
% and R values associated with formation constants were in the range
of 0.4-2.30 x 107, 2.2-56.7 and 0.01-0.04, respectively

a, b, c, d: Ref. [7, 8]
e: Ref. [15]
2 Cal, ° Pol , ¢ ISE, ¢ Pot , ® Na*-ISE

trend for their complexes in order as Pb** > Ag*™ > TI*.
This trend is clearly in accordance to both size and charge
effects, and is quite expected. All these cations have less
proper size for fitting into 15-crown-5 ring (1.72-1.82 A)
and soft behavior [30, 28, 29]. Among these the Pb>* with
radius (2.38 A) has more charge and formed stronger
complex. TI" has larger size (3 A), which has less fitting
into 15-crown-5 ring (1.72-1.82 A) and formed weaker
complex [30, 4]. In our experimental set up for all metal
ion (especially TI*), the molar concentration ratio of crown
ethers to the metal ion (Cy/Cy) was varied up to ratio about
2:1. Thus 1:1(M: L) was the major stoichiometry of com-
plexes, but if the excess amount of crown ethers is added,
the 1:2 (M: L) stoichiometry is also is realizable [31]. Ag*
has relatively proper size (2.3 A) and softer behavior for
complex formation with these crown ethers. So the
sequence of Ag*-complexes varies as phenylaza-15-crown-
5 > Benzo-15-crown-5 > 4-nitrobenzo-15-crown-5. The
variation, which has seen is mainly due to different sub-
stitution groups on 15-crown-5 ring. The effect of
introducing such groups as phenylaza-, 4-nitrobenzo, and
benzo- into 15-crown-5 ring has been described before
[15]. The stability of the Ag*- phenylaza-15-crown-5
complex could be partly due to the stronger interaction of
the nitrogen of the ligand as a soft base with Ag* ion as a
much softer acid than other used cations [28, 29]. The
induction effect and flexibility of phenyl- group which
should increase the electron density around the nitrogen
atom in the 15-crown-5 ring may have importance role. In
this series, nitrobenzo group because of its electron

@ Springer

withdrawing effect of both nitro and benzo group which
lower the electron density on oxygen ring and considerably
decreases interaction of this crown ethers with Ag+, TI,
Pb** [15].

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 [7], 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*, and TI", the cation size can be considered primarily
responsible for the complexing characteristics. Bivalent
cations such as Pb®* cation are strongly solvated. So
considerably more energy must be expended in the
desolvation step than for univalent cations. Contributions
of the solvent-complex and even solvent-ligand interac-
tions on the stability of the resulting complexes cannot
be ignored [32, 33].

To compare the results of this work with the literature,
stability constants for the complexation of benzo-15-
crown-5, 4-nitrobenzo-15-crown-5, and phenylaza-15-
crown-5 with Ag*, TI* and Pb>* ions, these data are sum-
marized in Table 1. We also compare the recently
published results of this used crown ethers with Na* ion
[15]. The trend of stability of complexes of Na* ion is also
has the same order as phenylaza-15-crown-5 > Benzo-15-
crown-5 > 4-nitrobenzo-15-crown-5. The full agreement
has been seen between the trend of these results and our
previous study. It should be interested to say that the
potentiometric sensor in these two studies is different. The
latter was Na*- ISE and the former Ag/Ag*. Some varia-
tions are observed for benzo-15-crown-5, which may be
due to various accuracy and reproducibility of different
experimental techniques and used conditions such as: sol-
vent, electrolyte, and ionic strength [34, 35]. The behavior
of phenylaza-15-crown-5 with Na* ion has not seen with
TI* ion, because the distance of 7 system of phenyl ring
with p, d and f orbital are so far that interaction between
them are negligible [15]. Since the electronic configuration
of Ag* and Pb**, are 4d'® and 5d'° 6p” respectively, it is
possible that the vacant orbital of the valance shell of Ag*
and Pb** interacted with 7 system of phenyl group in
phenylaza-15-crown-5 to stabilize the Pb**-phenylaza-15-
crown-5 and Ag*-phenylaza-15-crown-5 complexes. The
rigidity of other two used crown ethers, will not give the
metal ion thus chance to have this kind of interaction.
There are no any report about the chemical behavior of
phenylaza-15-crown-5 and 4-nitrobenzo-15-crown-5 in the
literature for comparison [7, 8, 15]. So the obtained results
in particular stability constants of complexes of phenylaza-
15-crown-5 and 4-nitrobenzo-15-crown-5 with Ag*, TI*,
Pb>* ions are precise, novel and interesting.
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