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Abstract Proton NMR was used to study the complexa-
tion reaction of Ag* with octathia-24-crown-8 (OT24C8) in
a number of binary dimethylsulfoxide (DMSO)-nitroben-
zene (NB) mixtures at different temperatures. In all cases,
the exchange between free and complexed OT24C8 was
fast on the NMR time scale and only a single population
average 'H signal was observed. The formation constants
of the resulting 1:1 complexes in different solvent mixtures
were determined by computer fitting of the chemical shift-
mole ratio data. There is an inverse relationship between
the complex stability and the amount of DMSO in the
solvent mixtures. The enthalpy and entropy values for the
complexation reaction were evaluated from the tempera-
ture dependence of formation constants. In all solvent
mixtures studied, the resulting complex is enthalpy stabi-
lized but entropy destabilized. The TAS® versus AH® plot of
all thermodynamic data obtained shows a fairly good linear
correlation indicating the existence of enthalpy—entropy
compensation in the complexation reaction.
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Introduction

According to the “hard—soft” acid-base theory, the com-
plexing ability of crown ethers toward soft heavy metal
ions is quite low [1-3]. However, the substitution of some
oxygen atoms of crown ethers by sulfur atoms, results in a
considerable increase in the stability of metal complexes
with cations such as Ag*, Hg?* and TI* ions in solution.
Thus, the coordination chemistry of macrocyclic thioether
ligands has received an increasing attention during the past
two decades [4-8].

These ligands typically bind metal ions much more
strongly than simple mono- or bidentate thioethers and,
consequently, their use as ligating agents has permitted the
synthesis of the first homoleptic thioether complexes of a
wide variety of d- and p-block elements including Au*,
Ag*, Cu**, Pb**, Cd** and Hg?* ions [4—17]. Furthermore,
because of their selective complex formation with soft
transition and heavy metal ions as well as their negligible
water solubilities, thiocrown ethers have been extensively
used as suitable ion-carriers in solvent—solvent and solid
phase extractions [17-21], ion-transport [22—-25] and PVC-
membrane ion-selective electrode studies [17, 26-29]. It is
interesting to note that moderate m-acidity of thioethers
[30] will result in the stabilization of lower oxidation states
of transition and heavy metal ions to afford interesting
complexes of unusual reactivity [4, 5, 7].

In the last decade, we have frequently used proton NMR
as a powerful technique to study the thermodynamics and
kinetics of complexation of several crown ethers, including
some aza- and thiacrowns, in several non aqueous solvents
and solvent mixtures [31-39]. In this work, we studied the
stoichiometry and thermodynamics of complexation of Ag*
with octathia-24-crown-8 (OT24CS8) in a number of binary
dimethylsulfoxide (DMSO)-nitrobenzene (NB) binary
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mixtures, using the '"H NMR technique. It should be noted
that the crystalline structure of the polymeric 2:1 (metal-to-
ligand) complex {[Ag2(0T24C8)]2+}°o has already been
reported in the literature [14]. However, to the best of our
knowledge, there is no previous report available on the
complexation of silver ion with OT24CS8 in solution.

oS

S

L]
k/s\_/s \)

0T24C8

Experimental

Reagent grade OT24C8 (Aldrich) and silver nitrate (Fluka)
were of the highest purity available and used without fur-
ther purification except for vacuum drying. Reagent grade
deuterated dimethylsulfoxide (DMSO, Merck) and extra
pure nitrobenzene (NB, Merck) were used to prepare the
solvent mixtures by weight.

"H NMR spectra were recorded on a Bruker Avance
(DPX) 200FT Spectrometer with a field strength of 4.7
Tesla (a frequency of 200.13 MHz) equipped with a
temperature controller. In all experiments, TMS was used
as an internal standard. The temperature of the probe was
adjusted to an accuracy of 0.1 °C using a heating element.
Throughout the whole temperature range used, it was found
that 10-min thermostatting prior to data collection was
adequate for each sample to reach the equilibrium tem-
perature.

Results and discussion

A series of binary DMSO-NM mixtures containing
OT24C8 (4.0 x 10> M) in the presence of different
amounts of Ag® were prepared and allowed to reach
equilibrium, and then 'H NMR spectra of the resulting
solutions were recorded at 20.0, 30.0, 40.0 and 50.0 (z0.1)
°C. At all mole ratios studied, only one population average
'H signal was observed for HT24CS, indicating a fast
exchange of the thiocrown ether between the free and the
silver ion-complexed situation. Sample "H NMR spectra at
various [Ag*]/[OT24C8] mole ratios in 60% DMSO—-40%
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NB at 20.0 °C, showing a unique signal due to the —-CH,—
CH, groups of the ligand, are shown in Fig. 1. The
resulting chemical shift-mole ratio plots in pure DMSO and
three different solvent mixtures of 80% DMSO-20% NB,
70% DMSO-30% NB, and 60% DMSO-40% NB at vari-
ous temperatures are shown in Fig. 2.

An increase in the silver ion concentration gradually
shifts the corresponding proton resonance of OT24C8
up-field, until a silver ion/OT24C8 mole ratio of about 1 is
reached. This behavior is clearly indicative of the forma-
tion of a 1:1 complex in all solvent mixtures studied.
Formation constants of the resulting 1:1 complexes were
calculated by fitting, with the program KINFIT [40], the
observed proton chemical shifts at various [Ag*)/
[OT24C8] mole ratios to a previously derived equation
[41], which expresses the observed chemical shifts as a
function of the complex formation constant, and the con-
centration of the free and complexed ligand. An example of
computer fit is shown in Fig. 3 and all the Ky values
calculated are summarized in Table 1. As it is seen from
Fig. 3, there is a satisfactory agreement between the
calculated and observed chemical shifts, supporting the
formation of a 1:1 complex in solution.

To have a better understanding of the thermodynamic of
the complexation reaction, it is useful to consider the

Intensity

1 1 1
3.6 35 34 3.3 32 31

Chemical Shift (ppm)

Fig. 1 Proton NMR spectra of OT24C8 at various [Ag*]/[OT24C8]
mole ratios in 40% NB-60% DMSO mixture at 20 °C. [Ag*)/
[OT24C8] mole ratios are: (1) 0.00, (2) 0.10, (3) 0.23, (4) 0.35, (5)
0.45, (6) 0.55, (7) 0.62, (8) 0.69, (9) 0.75, (10) 0.80, (11) 0.85, (12)
0.90, (13) 0.98, (14) 1.28, (15) 1.38, (16) 1.49, (17) 2.00, (18) 2.50,
(19) 3.00, (20) 3.50, (21) 4.00
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Fig. 3 Computer fit of the chemical shift mole ratio data for
complexation Ag* with OT24C8 at 50 °C in 80% DMSO: (—)
Experimental point, (M) theoretical point

enthalpic and entropic contributions of the reaction. The
AH® and AS° values for the complexation reaction were
evaluated from the temperature dependence of K; by
applying a linear least-squares analysis according the van’t
Hoff Eq. 1:
2.303 log Ky = —(AH°/RT) + (AS°/R) (1)
The van’t Hoff plots of log Ky versus 1/T for the com-
plex in different solvent mixtures are shown in Fig. 4 and
all AH® and AS° values, evaluated in the usual manner from

[Ag')/[0T24C8]

[Ag')/[OT24C8]

the slope and intercept of the resulting linear plots,
respectively, are also included in Table 1.

It is interesting to note that, Blake et al. have isolated in
crystalline form a 2:1 metal-to-ligand complex between
silver ion and OT24C8 from a CH,Cl,-acetonitrile mixture
(1:1 v/v), using a 2:1 metal to ligand reaction molar ratio
[14]. A single crystal X-ray structure determination [42]
confirmed the product to be a one-dimensional polymer
{[Ag,(OT24C8)]**}.., in which each Ag® ion is coordi-
nated to four S-donors in a distorted tetrahedral geometry.
The four S-donors come from two different ligand mole-
cules to generate an infinite ladder polymer along the b
axis. Within the ladder, pairs of symmetry-related Ag” ions
are coordinated between two macrocyclic ligands, so that
all eight S-donors of each OT24C8 molecule are engaged
in coordination. However, our solution studies, in solvent
mixtures different from that used in the preparation of
{[Ag2(0T24C8)]2+},,°, revealed no evidence for the for-
mation of a 2:1 complex in solution.

In order to obtain some information about the possible
structures the 1:1 [Ag(OT24C8)]* complex, the molecular
structures of the uncomplexed OT24C8 and that of its
1:1complex with Ag* ion were predicted by theoretical
calculations, performed by employing the HYPERCHEM
software version 7.0 [43]. The structure of the free ligand
was calculated, starting from standard bond lengths and
bond angles, and its geometry was fully optimized by
minimizing the energy with respect to geometrical vari-
ables without any symmetry constraint, using the 3-21 G*
basis set. The optimized structure of the ligand was then
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Table 1 Formation constants and thermodynamic parameters for complexation Ag* with OT24C8 in binary DMSO-NB mixtures

Solvent Log Ky (M) AH® (kI mol™)  AS° J mol 'K  AG® (kJ mol™)
20 °C 30 °C 40 °C 50 °C

100% DMSO 4.24 + 0.06 4.06 = 0.04 3.89 + 0.05 3.76 = 0.08 -28.8 £ 1.8 23 +4 21722
80% DMSO 4.49 + 0.06 4.37 = 0.04 4.17 = 0.02 3.94 + 0.02 -33.0+2.8 -26+5 -25.0£3.2
70% DMSO 473 +0.11 4.51 =0.07 4.31 = 0.04 4.12 + 0.05 -36.3 £0.2 -33+1 -26.0 £ 0.5
60% DMSO 4.99 + 0.09 4.81 = 0.07 4.52 + 0.06 4.30 = 0.07 422 %19 48 + 4 274 +£24

55 at all reaction molar ratios explored (see Fig. 1) would be

consistent with this structure for the 1:1 complex formed in

S.0F 4 solution. A different structure for the 1:1 complex, in

:; which some, but not all, of the sulfur atoms are coordinated

L to silver ion, is expected to result in a more complicated
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Fig. 4 van’t Hoff plots for Ag"™—OT24C8 system in (1) DMSO, (2)
80% DMSO, (3) 70% DMSO, and (4) 60% DMSO

used to calculate the structure of its silver complex, using
the ab initio calculations at the 3-21 G* level of theory
without any symmetry restriction. The optimized structures
of the ligand and its 1:1 silver ion complex are shown in
Fig. 5.

The free ligand possesses an open more or less flat two-
dimensional conformation in which SCH,CH,S moieties
adopt linear arrangements with six S donors in exo and two
in endo orientations. In the 1:1 complex with Ag™ ion, the
ligand is twisted around the silver ion with all donating
sulfur atoms coordinated to the central metal ion, to form a
three-dimensional ‘wrap around’ complex. The observation
of a sharp singlet in the proton NMR spectra of the ligand

Fig. 5 Optimized structures of
OT24C8 (A) and Ag*"-OT24C8
B)
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proton NMR spectrum.

The data given in Table 1 clearly illustrate the funda-
mental role of the solvent properties on the complexation
reaction of Ag® ion with OT24C8. The stability of the
complex increases with increasing the amount of nitro-
benzene in the solvent mixture, at all temperatures studied.
It is well known that the solvating ability of the solvent, as
expressed by the Gutmann donor number [44] plays an
important role in complexation reactions [1, 2, 31-39].
DMSO is a solvent of high solvating ability (DN = 29.8),
which can strongly compete with the thiacrown ether for
Ag* ion. Thus, it can be expected that addition of NB as a
low donicity solvent (DN = 4.4) to DMSO will increase
the extent of interaction between the macrocycle’s donor
atoms and the silver ion. It should be noted that the
somewhat lower dielectric constant of NB (34.8) in com-
parison with that of DMSO (45.0) would cause the elec-
trostatic contribution to the bond formation to increase with
increasing the amount of NB in the solvent mixture.

There is actually a linear relationship between log K¢ of
the complex [Ag(OT24C8)]* and the mole fraction of
nitrobenzene (Xyg) in the mixed solvent, at all tempera-
tures studied (Fig. 6).The same trend has already been
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Fig. 6 Linear correlation between log Ky and mole fraction of NB
(Xng) in the complexation reaction of Ag* with OT24C8 at (1) 20 °C,
(2) 30 °C, (3) 40 °C, and (4) 50 °C

reported for the formation of various complexes in differ-
ent solvent mixtures [45-49]. It seems reasonable to
assume that the preferential salvation of Ag* ion by DMSO
is mainly responsible for such a monotonic dependence of
the formation constants of the complex on the solvent
composition.

The thermodynamic data in Table 1 revel that, in all
solvent mixtures, the resulting [Ag(OT24C8)]* complex is
enthalpy stabilized but entropy destabilized. It should be
noted that, in the course of complexation reaction, the
conformational change of the macrocyclic ligand from a
rather flexible conformation in the free state to a rigid one
in the complexed form (Fig. 5) results in the decreased
entropy of the system [49, 50].

Table 1 shows that the thermodynamic data for the
formation of the [Ag(OT24C8)]" complex vary signifi-
cantly with the solvent properties. An increase in NB
content of the solvent mixture results in the shift of both
AH°® and AS° values to more negative values. The com-
petition of the solvent molecules with OT24C8 for Ag* ion
is expected to decrease with increasing NB content of the
solvent mixture: consequently, the cation-ligand interaction
becomes stronger, resulting in more negative AH® values.
On the other hand, as the cation-macrocycle binding be-
comes stronger, the degree of freedom of the resulting
complex is diminished, mainly because of the increased
rigidity of the complex structure. Thus, the negative change
in entropy may cancel some of the enthalpic gain resulted
from stronger binding.

A fairly good linear correlation between AH® and TAS°
values, as it can be seen from Fig. 7, indicates the existence
of an enthalpy—entropy compensation in the complexation
reaction between Ag* ion and OT24CS8 in the solvent
systems studied. The existence of such a compensating
effect between AH® and AS°® values, which has been fre-
quently reported for a variety of metal-ligand systems [48,
49, 51-53], would cause the overall change in Gibbs
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Fig. 7 Enthalpy—entropy compensation in complexation reaction of
Ag* with OT24C8 in different DMSO-NB mixtures: (1) 60% DMSO,
(2) 70% DMSO, (3) 80% DMSO, (4) 100% DMSO

energy of the complex to be smaller than might be ex-
pected from the change in either AH® or AS° independently.
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