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Abstract A thermodynamic study of the complexation of
Cu”, Pb2+, Zn’>t and Cd** ions with 1 and 2 in aceto-
nitrile has been carried out. The study was conducted in the
temperature range 283-308 K using a conductometric
technique. The observed molar conductivity, A, was found
to decrease significantly for mole ratios [L]/[M]; less than
unity in all cases. A model involving 1:1 stoichiometry has
been used to analyze the conductivity data. The stability
constant, K, for each 1:1 complex was determined from the
conductivity data by using a nonlinear least-squares curve
fitting procedure. The results show that compound 1 has no
peak selectivity for any of the metal cations, while com-
pound 2 selectively associates with Cu®" and Pb*™.
Complexes of 1 have the following stability order
Pb’* > Cu** > Zn’* > Cd*" and Pb’* > Cu®* for the
complexes of 2. The AH®° and AS° values for the com-
plexation process were obtained from the slope and inter-
cept of the Van’t Hoff plots respectively. All AG® values
were negative and were determined from the Gibbs—
Helmbholtz equation and the significance of these values is
discussed.
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Introduction

Heavy metals such as cadmium, mercury and lead are toxic
substances and required to be removed from environments.
One possible way is to extract these harmful metals from
water or soil by efficient extractants.

Chemists, play a major role in designing and preparing
suitable ligands for this purpose. The complexation ability
of a designed ligand for extracting specific metal ions is an
important factor to be considered. This can be controlled
by a choice of ligating atoms and ring size. The use of
crown ethers, that containing hard atoms such as oxygen
atoms mainly complex hard metal ions such as alkali and
alkaline earth metals, where as those containing soft donor
atoms such as nitrogen or sulfur atoms bind transition and
heavy metal ions [1]. Another type of crown ethers that
designed for chelating transition and heavy metal ions are
mixed crown ethers containing different types of soft
chelating atoms. The metal ion preferences of mixed donor
coordination sites are often difficult to predict especially
when transition and heavy metal ions are involved [2]. It
was shown that the oxygen bearing, thia, or oxathia crown
ethers form stable complexes with soft metal ions [3—10].
Kim et al. synthesized a flexible dibenzo-O4S,-macrocycle
and studied the complexation with Ag™. They obtained the
X-ray structure of the complex and studied the complexa-
tion process in solution by using NMR spectrometry [11].
Demitrieva et al. have synthesized complexes of cis- and
trans-benzodithia-18(21)-crown-6(7) with Pd**. The X-ray
structures of all complexes showed that the soft Pd** is
coordinated to the soft sulfur atoms [12]. The major goal of
this project is to synthesize S/O mixed donor crown ethers
such as the ones shown in Scheme 1 which were prepared
previously [13] and to study their coordination preferences
towards metal ions such as, Pb2+, Cu”, Zn** and Cd>".
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Scheme 1 Structures
of oxathiadibenzocrown
ethers 1 & 2
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Experimental
Materials and experimental procedures

Compounds 1 and 2 were prepared as described in the lit-
erature [13]. Cu(ClO,4),-6H,0 (Aldrich), Pb(ClOy4),-3H,O
(Aldrich), Zn(ClO4),-6H,O (Aldrich), and Cd(ClOy),
(Aldrich) salts were used without further purification. Ace-
tonitrile (HPLC grade, Phamacos Ltd.) was used as a solvent
for crown ethers and the salts. The conductivity of the solvent
was less than 1.0 x 1077 S cm™'. Solutions having metal
jon concentrations of approximately 1.00 x 10™* M were
prepared by dissolving a known mass of each salt in the
respective solvent. These solutions were also used as sol-
vents for preparing the crown ethers solutions with concen-
trations of approximately 1.500 x 10~ M. Conductivity
measurements were carried out with a microprocessor con-
ductivity meter (WTW/LF537) with a calibrated conduc-
tivity cell (WTW/Tetracon 96) having a cell constant of
0.618 cm™'. The cell was calibrated using KCI solutions.
The temperature of the reaction was controlled by using a
thermostated circular water bath with a precision of 0.1 °C
(HAAKE D1) equipped with a refrigerating unit. In order to
determine the complex formation constants with the studied
metal ions, a 50 mL of the desired salt solution was placed in
specially designed water jacketed cell (150 mL, pyrex®)
equipped with a magnetic stirrer and was connected to a
thermostated circulator water bath. The conductance of
the solutions was measured at each of the thermostated
temperature.

Known amounts (0.50 mL) of the solutions of the crown
ethers were added in a stepwise manner using a calibrated
pipette. The conductivity of the mixture was then measured
after stirring and temperature equilibration. This procedure
was repeated in the same manner for each addition. Sta-
tistical analyses and curve fitting were conducted using a
nonlinear least-squares program “Simplex” which was
described elsewhere [14].

The variation of molar conductance (A,) versus the
ligand to cation molar ratio [L]/[M], for complexation of 1
and 2 the metal cations in acetonitrile was plotted for each
system. The stoichiometry for all complexes was shown to
be 1:1, and the stability constants were calculated from the
variation of the molar conductance as a function of [L]/[M];
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mole ratio using a nonlinear least-squares program “Sim-
plex” [15].

Results and discussion

In principle, complex formation can be followed by
observing changes in physical properties such as heat of
reaction, change in colour, conductance or NMR chemical
shifts, which can occur as a result of the complexation.
Such changes provide information about the stoichiometry
and stability of the complex. In this study, complex for-
mation and the thermodynamic parameters were studied by
the change in molar conductance.

The variations of molar conductance (A,,) versus the
ligand to cation molar ratio [L]/[M], for complexation of 1
and 2 with Cu”, Pb2+, Zn** and Cd** metal cations in
AN were studied at 25 °C. [L], is the total concentration of
the ligand and [M]; is the total concentration of the metal
cation. The detailed mathematical treatment is described
elsewhere [15].

In every case the observed molar conductivity, A,
decreases continuously with the mole ratio [L]/[M]; and
starts to level off at a mole ratio close to unity as shown in
Fig. 1 as an example. This observation indicates the for-
mation of 1:1 complexes of the metal cations and com-
pounds 1 and 2.

The 1:1 complexes of M"t (M"" = Cu*t, Pb?t, Zn**
and Cd*") with triazine macrocyclic compounds also has
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Fig. 1 Plot of A versus [L]/[M], for : filled squares 1/Cu** and filled
triangles 1/Pb>TAN at 298 K
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been observed by Pourghobadi and Majidi [16]. They
studied the complexation of triazine macrocycle with Cu**,
Pb”", Zn?* and Cd*" in AN at different temperatures. They
found that the slope of the corresponding molar conduc-
tivity versus Ligand/Metal cation mole ratio plots changes
sharply at the point where the ligand to cation mole ratio is
about 1, which is an evidence for formation of a relatively
stable 1:1 complexes between triazine macrocycle and these
metal cations. There was no change on the observed molar
conductivity, A, accompanied with the addition of 2 solu-
tion into Zn>* or Cd** solutions. This indicates either, there
is no complexes are formed between 2 with both cations or
the mobility of the complexes of these cations with 2 is
similar to the mobility of the metal ions.

The temperature effect on the stability constants was
determined. The experiment was repeated at five different
temperatures. The thermodynamic quantities AH® and AS°
were calculated from the corresponding Van’t Hoff equa-
tion and applying a linear least-square analysis. Plot of log
K versus 1/T for the compound 1 with Pb*" in AN is
shown in Fig. 2 as illustrated example.

Table 1 shows that AH® values for the complexation
process are negative except for 1-Cd*™ complex, and thus
the complexation is as expected enthalpy driven. AS°
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Fig. 2 Plot of log K versus 1/T for the compound 1 with Pb>* (filled
circles), Cu** (filled triangles), Zn*" (filled squares) and Cd*"
(asterisk) in AN

Table 1 Thermodynamic parameters for 1 and 2 with Cu**, Pb>™,
Zn** and Cd®* in AN at 298 K

Medium AH° AS° AG® Log K at
(kJ mol™h) K 'mol™) kImol™") 25°C
1-Cu®’t  —489+25 —792+29 253417 48
1-Pb**  —1459 +73 —3914+196 —293+14 5.0
1-Zn®*  —335+17 —297+17 —247+12 35
1-cd*+ 853+ 43 3422+ 174 —168 £0.8 3.0
2-Cu** —63 £ 0.5 588+ 14 —238+1.1 42
2-Pb**  —1209 £ 6.0 —3074 + 153 —-292+ 14 5.0

values are also negative except for 1-Cd*™ and 2-Cu®"
complexes which means that the complexation is entropic
favored for these two complexes only. In agreement with
most of the published work, this implies that the complex
formation is exothermic process and the complex forma-
tion results a more ordered system. The formation of the
complex results in a more ordered state of the system as the
loosely bound solvent molecules are replaced by a posi-
tively charged species in the crown ether cavity. This
accounts for loss of entropy accompanying complex for-
mation. Results in Table 1 reveals a correlation between
the values of AG® and AS® at 25 °C, the complex with
higher value of AG® have higher (—AS°®) value. This
implies that the more stable complex formation is accom-
panied with a more ordered system, which is due to the
stronger interaction between the crown and the metal ions.

Table 1 also shows that the complexes of Pb>" with both
1 and 2 have the largest negative enthalpy changes, negative
entropy changes and negative free energy changes. This
observation is explained on the following bases: To
accommodate a cation, the crown ether cavity seeks a cer-
tain conformation, such that the repulsion between any
adjacent C—O or C-S dipoles is minimum and the interac-
tion of these dipoles with the cation is maximum. The cation
that best fulfills the requirements should have the large
negative enthalpy and entropy changes. It seems that the
size of Pb®" ion as well as its softness allow it to be included
in the cavity of each of 1 and 2 and has the strongest
interaction with the C-S dipoles. For similar reason both
Pb** and Cu2+, which are considered soft cations, have
stronger interaction with compound 1 which has five S
atoms as compared to compound 2 which contains four S
atoms. Complexes of Pb>" with both ligands are the most
stable, this result is in agreement with the HSAB theory.
Ligands 2 and 1 have four and five sulfur atoms, which are
softer than oxygen atoms and Pb®" is also considered the
softest cation among the cations used in this study [17].

Depending on the values of AG®, Table 1 clearly shows
that ligand 1 form complexes with all cations and the sta-
bility sequence is Pb*" > Cu®" > Zn*" > Cd*", while
ligand 2 was able to selectively bind only Pb*" and Cu*"
with the following sequence; Pb>" > Cu®". Similar trend
was observed by Alpb et al. [18]. They synthesized new
macrocyclic ligands containing nitrogen—sulfur donor
atoms. They studied their extractability and selectivity
toward some transition metal ions. Our ongoing research
on this area is concentrating on preparing ligands that are
selectively bind only one of these cations.

The complex of 1 with Cd*" has the least stability
among the other cations and also has a positive enthalpy
change, but the complex formation is favored by entropic
contribution. This is probably because a weaker interaction
is associated with an entropy loss which is partially
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Fig. 3 Enthalpy entropy compensation for the complexation of 1 and
2 with metal cations studied

compensated by a simultaneous entropic gain due to
greater degrees of freedom of the resulting complex.

The data in Table 1 shows that the values of —AH are
correlated to the values of —AS. Values of —AH increases
as —AS values increases. This phenomena is known as
“enthalpy—entropy compensation”. A plot of TAS® against
AH® (shown in Fig. 3) gave a straight line with a good
correlation. The negative intercept (TAS®) value indicates
that the complex formation is not favored in the absence of
an enthalpic contribution. This emphasizes that the com-
plex formation is entropy unfavored while it is enthalpy
favored. Similar observation was noticed with other sys-
tems [19].

In conclusion, the results of this study revealed that,
variation of the heteroatoms in the crown ether cavity
altered the selectivity. Also it showed that the soft cation
Pb”" form the most stable complexes with our ligands.
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