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The complex formation of Hg?* ion with five recently synthesized benzo-substituted
macrocyclic diamides in binary nitromethane + dimethylformamide mixtures was stud-
ied by differential pulse polarography at 25°C. The stoichiometry and stability of the
complexes were determined by monitoring the shift in the Hg*" differential pulse peak
potential against the macrocycles concentration. In all cases studied, it was found that the
stability of the resulting 1:1 complex decreases drastically by increasing the amount of
dimethylformamide in the binary mixtures. The observed stability order in a given sol-
vent mixture is discussed in terms of the cavity size, structural flexibility and nature of
the substituted on the macrocyclic diamide ring.
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Since the first synthesis of macrocyclic crown ethers by Pedersen [1], study of
these ligands and their metal ion complexes have received increasing attention [2,3].
By variation of ring parameters and structural units such as ring size, number and type
of donor atoms and nature of substituted macrocyclic ligands, which can selectively
bind cations, anions and even molecular compounds have been prepared [3,4]. It is
well known that the substitution of some oxygen atoms of crown ethers by nitrogen or
sulfur atoms drastically alter the complexing ability of the ligands towards different
metal ions [2].

The design and synthesis of new functionalized macrocyclic ligands for specific
analytical applications is a subject of continuous recent interest [5,6]. The in-built
configuration rigidity induced by N-substituted amides present in the periphery of
benzomacrocycles invokes pre-organization leading to ionophore selectivity [7,8]. A
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number of macrocyclic diamides have been shown to possess wide application in se-
lective metal cation extraction [9,10].

We have recently reported the successful use of some benzo-substituted macro-
cyclic diamides in construction of Sr**, Zn*" and Cu*” PVC membrane sensors
[11-13] and in polarographic study of mercury complexes in binary
acetonitrile-water mixtures [8]. In this paper we report the differential pulse
polarographic studies of mercury complexes with 1,13-diaza-2,3;11,12-dibenzo-
4,7,10-trioxacyclopentadecane-14,15-dione (M;), 1,13-diaza-2,3;11,12-
dibenzo-4,7,10-trioxacycloheptadecane-14,17-dione (M,), 1,13-diaza-2,3;11,12 -
dibenzo-4,7,10-trioxacyclononadecane-14,19-dione (M;), 1,13-diaza-2,3;11,12; 15,18-
tribenzo-4,7,10-trioxacyclononadecane-14,19-dione (My) and 1,13 -diaza-
2,3;11,12;15,17-tribenzo-4,7,10-trioxacyclooctadecane-14,18-dione (Ms) in binary
nitromethane-dimethylformamide mixtures (see Fig. 1).
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Figure 1. Structures of benzo-substituted macrocyclic diamides used.

EXPERIMENTAL

Reagents grade tetrabutylammonium perchlorate (TEAP, Merck) was used without any further puri-
fication except for vacuum drying over P,Os. HPLC grade nitromethane (NM) and dimethylformamide
(DMF) (both from Fluka) were used to prepare the solvent mixtures by weight. My, M,, M3, My and M5
were synthesized, purified and dried as described elsewhere before [7].

The polarographic measurements were carried out with a dropping mercury electrode (DME) in a
three-electrode arrangement. The counter electrode was a platinum wire with a considerably larger sur-
face area than that of the DME. A silver | silver chloride | saturated KCl reference electrode was placed ina
0.1 M TEAP solution in non-aqueous solvents (DMF + NM mixture) connected to the electrolyzed solu-
tion by means of a bridge containing the base electrolyte. All the solutions were deaerated for 10 min with
pure argon and an inert atmosphere was maintained over the solution during the oxidation. A Polarecord
E-506 Metrohm Herisau instrument was used for the polarographic measurements. The usual instrumen-
tal parameters were: constant drop time, 0.8 s; mercury height, 50 cm; scan rate, 5 mV st pulse duration,
0.02 s; pulse magnitude, 40 mV. All experiments were carried out at 25 + 0.1°C using a model FK2 Haake
thermostat with water bath.
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The determination of the stability constants of Hg*"-crown ether complexes, studied in different sol-
vents, was based on measurements of the half-wave potentials £/, brought about by the addition of an in-
creasing amount of the ligands [14]. In all experiments the concentration of TEAP, as supporting
electrolyte, was kept constant at 0.025 M and the concentration range of the macrocyclic ligands added
was 1.0 x 107 to 107> M.

Itis well known that mercury from the DME can be oxidized anodically to its bivalent state leading to
the overall electrode process [15].

Hg=Hg*" +2¢” (1)

In the presence of most complexing agents, this oxidation reaction can be facilitated by chemical
complexation following the electrochemical oxidation of mercury [15].

Hg+pL=[HgL,]*' +2 ¢ )

The half-wave potential £, of this process is related to the ligand concentration [L] and the stability con-
stant 3, by the well-known equation [14]

RT 2-hpt

E n p(D')uB,;[L](pil) (3)

0
Ey, = Ey, +

where D and D' are the diffusion coefficients of the ligand and complex in solution respectively; the ratio
of these two values is reasonably assumed to be unity [14]. It has been reported that the peak potential £,
in differential pulse polarography is related to the half-wave potential £,/ of the corresponding d.c.
polarogram by the expression [16] £, = E;, — AE/2, where AE is the magnitude of the differential pulse. In
cases where AE is small, £, lies very close to the value of E;; [17]. Itis clear that E, and E,; are linearly re-
lated and thus it is possible to replace £}, with £, in (3). The free ligand concentration [L] in equilibrium
with Hg?" depends on the total concentration C;. of ligand and pH according to the equation

[L] = CL/aL(H) (4)

where ap ) is the proton side reaction coefficient. Considering the fact that £, = E,, substitution of [L]
from (4) into (3) and rearrangement gives:

RT 207
—In ) 0L(Ll(ul)) (5)

. RT RT. .,
EP:EHg—Elan—ElncY U+2F

In the mixed solvents used there is no proton side reaction and o (1) can be taken as unity, Thus, (5) can be
simplified to:
RT RT o N RT 27D

Ep:Eflg—Elan—ElnCL 2F1n P

(6)

where Ey, is the formal potential of the Hg”'/Hg couple. The reported value for E}, in aqueous solution is
0.589 V vs. SCE at an ionic strength of 1.0 M [18]. Unfortunately, reports on Ej, in mixed and
non-aqueous solutions are quite sparse [19]. But, as in aqueous solution, the formal potentials should be
very close to the mercury electrode potentials. Therefore, in the mixed solvents used in this study, the oxi-
dation potentials of the mercury electrode were used for £z, in (6) [20]. The oxidation potentials of the
mercury electrode in the nitromethane + dimethylformide mixtures used were obtained from the intersec-
tion of the anodic pulse polarograms of the corresponding 0.025 M TEAP solutions in the absence of any
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ligand with their base lines. Errors associated with the potentials were reported as £SD from at least three
replicate measurements. However, it should be noted that, owing to some differences in the properties of
various solvents used, the existence of some different contributions from possible liquid junction poten-
tials (although at a low relative level) to be measured Ej, values cannot be neglected.

RESULTS AND DISCUSSION

In all five nitromethane + dimethylformamide mixtures used, the electrochemical
process for the oxidation of mercury electrode was reversible and diffusion con-
trolled. As an example, the anodic differential pulse polarograms of the mercury elec-
trode in the presence of ligand M, in different solvent mixtures are shown in Fig. 2. It
is interesting to note that, in all cases studied, the peak potentials for electrochemical
oxidation of mercury in the presence of different macrocyclic diamides were found to
be independent of the ligand concentration, while only an increase in the peak current
was observed with increasing ligand concentration. This behavior, which is in accor-
dance with P =1 in (6), indicates the formation of 1:1 complexes of Hg*" with the lig-
ands in solutions.

The E,,,; vs. log [1/(Iq — I)] for the corresponding dc polarograms gave straight
lines of Nernstian slope corresponding to a reversible two-electron oxidation (30 + 2
mV). The observation of relatively narrow differential pulse peaks in all cases studied
further supports the reversible behavior of the Hg®/Hg*" couple [16]. This reversible
behavior indicates that the exchange between the Hg* -crown species is rapid on the
measurement time scale.

The anodic oxidation potentials of the mercury electrode in various solvent mix-
tures were measured and are given in Table 1. [tis interesting to note that there is a rel-
ative good linear correlation between the oxidation potential of mercury and the
molar fraction X, of DMF in the mixed solvent. The higher the molar fraction of
DMF, the easier is the oxidation and dissolution of Hg® in the solution.
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Figure 2. Anodic differential pulse polarograms of mercury electrode in 0.025 M TEAP in different
nitromethane-dimethylformamide mixtures in the presence of 5x107> M of ligand M, at 25°C
W% of nitromethane in the solvent mixtures is: 1 (100%), 2 (90%), 3 (80%), 4 (70%), 5 (60%),
6 (50%).
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Table 1. Oxidation potentials of mercury electrode in nitromethane and different nitromethane + dimethyl-
formamide mixtures containing 0.025 M TEAP at 25°C

Solvent composition

(Wt% of DMF in NM) Potential/mV
0 860 + 10
10 830+ 10
20 795+ 10
30 754+ 10
40 746 + 10
50 739+ 10

The formation constants of the resulting 1:1 complexes were determined from the
following simplified equation by the measurement of £, and E, in the presence and
absence of ligands, respectively:

E, - Ejj, = — (RT/2F)In, (7

Since E, and E j;, are measured under the same experimental conditions, except for the
presence of neutral crown ethers in the case of £, the effects of possible liquid junc-
tion potentials would cancel out in (7).

All calculated formation constants for the resulting 1:1 complexes between Hg2+
ion and ligands M|—M; in different nitromethane + dimethylformamide mixtures at
25°C are summarized in Table 2. It is immediately obvious that the solvent properties
have a very fundamental effect on the stability and selectivity of the resulting com-
plexes. In all cases, the stability of the complexes decreases drastically with increas-
ing weight percent of dimethylformamide in the mixed solvent. It has been shown that
the solvating ability of the solvent, as expressed by the Gutmann donicity number
[21], plays an important role in the complexation reactions [3,22,23].

Table 2. Stability constants of Hg®* complexes with different benzo-substituted macrocyclic diamides in
nitromethane and nitromethane + dimethylformamide mixtures at 25°C.

Ligand Logp,
Solvent composition wt%
of dimethylformamide 0 10 20 30 40 50
in nitromethane
M, 8.20+0.1 6.24+0.1 3.58+0.07 2.00+0.07 <2 <2
M, 8.62+0.1 6.62+0.1 4.00+£0.05 1.09+0.12 1.09+0.12 <2
M; 7.62+007 5.89+0.1 3.2440.07 1.53+0.1 <2 <2
M, 6.96£0.05 5.11£0.07 2.93%0.1 <2 <2 <2

Ms 6.42+0.05 4.44+0.07 2.5+0.1 <2 <2 <2
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Dimethylformamide is a solvent of high solvating ability (DN =26.6) [24], which
can compete strongly with the ligands for Hg”" ion. Thus, it is not surprising that the
addition of dimethylformamide to nitromethane as a low donicity solvent (DN =2.7)
[24] will decrease the extent of interaction between the ligand donating atoms and
Hg”" ion.

Itis interesting to note that, in all cases studied, there is actually a linear relation-
ship between log3; and the mole fraction Xpyr of dimethylformamide in the mixed
solvents. The same trend has already been reported for a variety of complexes in dif-
ferent solvent mixtures [8,25].

From Table 2 it can be seen that the stability of the resulting 1:1 complexes of
Hg2+ ion with different macrocyclic diamides decreases in the order M, > M; > M3 >
M, > M. There are at least three factors which can make significant contributions to
the stability of the metal ion complexes with benzo-substituted macrocyclic dia-
mides: (1) The cavity size-cation diameter ratio, (2) the nature of substituents on the
macrocyclic ring, (3) the conformations of the free and complexed macrocyclic lig-
ands.

As canbe seen from Fig. 1, the total number of ring atoms in the benzo-substituted
macrocylic diamides used is 15 for My, 17 for M, 18 for My and 19 for M; and Ms. The
Hg”*"ion with an ionic radius of 1.19 A [26] seems to have the best fitting condition in-
side the 17 membered crown used (M,), resulting the most stable complexes in the se-
ries. On the other hand, the macrocycles M; and M3 with smaller (15-membered) and
larger (19-membered) cavity sizes respectively, form mercury complexes of lower
stability.

The substitution of a third benzo group in the structure of macrocycles My and M5
will result in diminished complexing ability of these ligands, so that the resulting
Hg*" in complexes are the least stable in the series. This is due to a combination of the
decreased donating ability of the macrocycles diamide group, related to the electron
withdrawing effect of the benzo group, and reduced flexibility of the macrocyclic
rings. However, some higher stability of the mercury complex with M4 over that of M5
is most possibly due to a better fitting condition of former ligand for Hg*" ion.
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