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However, because the concentrations for these experiments are small, an extended version of this

equation known as the McConnell Davidson method is used (Eq.1).

=L 4 1 Eq.1
A eML  eumr, KmL Cm

where b represents the path length of the spectrophotometer; C|_is the total concentration of
ligand added; A is the measured absorbance; epq[_ is the molar absorptivity of the metal
complex; KpL is the stability constant of the metal-ligand complex; and Cwm represents the

concentration of the metal of interest. The advantage of this equation is that after plotting the
reciprocal of the metal concentration on the x-axis and the reciprocal of the absorbance on the y-
axis, a linear graph will form that can give both the molar absorptivity and stability constant

values from just one equation [Fig. 10].

Figure 10. A representative graph of McConnell Davidson Equation
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2.3.2 Job’s plot

Job’s plot is used to determine the stoichiometry or the metal to ligand binding ratio. In
this experiment, the total molar concentration is held constant while the concentration of the
ligand is consecutively increased as the concentration of the metal is decreased. The absorbance
value is measured for each sample and then is plotted against the mole fraction calculated for the
metal of interest. Graphs that form a peak at the 0.5 mole fraction represent a 1:1 metal-ligand

binding ratio [Fig.11]

JOB'S PLOT

Absorbance (4,;,4,nM)

© © o 0o o9 o o
= N W DA OO N 0

o
L 4

o
o
(N

0.4 0.6 0.8

Mole Fraction of M%*

Figure 11. 4 representative Job’s Plot for a metal ion that reacts with a ligand in 1:1 metal

ratio
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3. Results and Discussion
3.1 Stability Constants
Metals combine with ligands according to the following general equation (Eq. 2). M

designates the metal, L designates the ligand, and the M''L designates the Metal-ligand complex.

M?* + L < ML 2)

Km''w = [MLI/(IM*][L]) (3)

In general, metal-thiaether complexes exhibit strong sulfur-to-metal charge transfer bands
in the vicinity of 300 nm in acetonitrile, which facilitate monitoring of the ML complex
concentration. In acetonitrile media, M([9]aneSs)?* complexes showed strong absorbance peaks
around 265 — 340 nm. This peak was used to obtain absorbance data for stability constant
determinations and Jobs’ plot data to determine the ratio of metal to ligand in M([9]aneSs)?*
complexes. These form relatively weak complexes in acetonitrile solution. Therefore, we used
the method of McConnell and Davidson and iterative calculations to determine the molar
absorptivity and stability constant of the complex (Eg. 1). The method allows convenient,
simultaneous determination of both molar absorptivity and stability constant for a given weak
metal-ligand complex. The applicable relationship, as derived from mass balance expressions
and Beer's law, may be written in the form (Eq. (1),

bCL _ _1_ 1
4 ML &vr KmL Cum (1)

where b represents the path length of the spectrophotometric cell; Cy is the total concentration of

ligand added; M represents the metal of interest, which is any transition metal in this case, and
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ML represents the metal-ligand complex; emc is the molar absorptivity of the M''L complex; A is
the measured absorbance corrected for any contribution from un-complexed M(II). The value of
[Cm=M" = Cwm] was calculated iteratively by appropriate software as Cw - [M"L']. A more

appropriate equation for the current metal-ligand complex could be written as Equation (4).

b, _ _ 1 + L (4)

A emanr  €maniKmant(Cuan-IMUIDL)

In the above equation (4), the primed quantity (M''L") indicates any anion complexes that may
form in 0.10 M HCIO4 by plotting bC/A against 1/Cw Yields emsc as the reciprocal intercept and

Kwm''L as the intercept/slope ratio.

Our ligand of interest, 1,4,7-Trithiacyclononane, was reacted with first row transition
metals except the first three, namely, scandium (Sc), titanium (Ti) and vanadium (V). The ligand
was also reacted with cadmium (Cd) and lead (Pb). According to our results, chromium (Cr) and
manganese (Mn) showed very small stability constants of 2.8 x10> M (Table 1) and 2.0 x10%> M
(Table 2) respectively, indicating weak binding with the ligand. Cobalt (Co) and nickel (Ni)
showed slightly stronger binding than chromium and manganese with stability constants of 7.8
x10% M (Table 4) and 5.0 x 10° M* (Table 5) respectively. Both iron (Fe) [8 x10* M (Table
3)] and copper (Cu) [3 x10* M (Table 6)] showed better binding out of all the first row
transition metals. Zinc (Zn) didn’t bind the ligand in measurable quantities. Similarly, lead and
cadmium didn’t bind the ligand at all. For chromium, which showed weak binding the metal
captured the ligand only at higher concentrations of the metal. For manganese, cobalt and nickel
the metal bound the ligand at a much lower concentration of the metal. For both iron and copper,

the metal bound the ligand at much lower concentrations of the metal. The results are tabulated
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for all six transition metal ions complexed with the ligand. McConnell-Davidson plots for all six
metal-ligand complexes are shown in graphs. A summary of the stability constants and molar
absorptivity values determined are given in a separate table [Table 7].

The ligand, 1,4,7-Trithiacyclononane when complexed with first row transition metal
ions in acetonitrile showed peaks in the range from 265 -340 nm on the UV-Visible spectrum.
For a given series of the metal ion, increase in the concentration of the metal ion showed increase
in absorbance of the spectra. This indicated the possibility of interaction between the metal and
[9]aneSs. All parameters determined for M([9]aneSs)2>* complexes of first row transition metals
are tabulated in Table 7. Molar extinction coefficients (€) of M([9]aneSs),?* complexes were
determined to be in the range of 10000 — 34000 M*cm™. The stability constants (log p of
M([9]aneSs).** were found to be in the range of 1.4— 4.9 M (Table 7). An alternate way to
determine stability constant data is to measure the redox potential of these complexes using
cyclic voltammetry (an electrochemical method). The stability constant values determined for the
M([9]aneSs)2** complexes in our study need to be validated by electrochemical methods in order

to derive conclusive data.
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3.1.1 Tables and Graphs for Stability Constants

Table 1 — McConell-Davidson Data for Cr([9]aneSs), in Acetonitrile 0.1M

(NaClOy)

[L]=1.8x10%* M, Cell=1cm

Cr(ClOy)2, mM Absorbance 1/Cr(Cl0s)2, mM* | bCI/A, Mcm
26 0.12 3.9 x10* 1.5 x1073
4.38 0.18 2.3 x10% 1.0 x10°3
6.14 0.24 1.6 x10t 7.5 x104
8.8 0.32 1.1 x10? 5.6 x10*
124 0.49 8.1 x1072 3.7 x10#

y = 3.6x103 x + 1x10*

slope= 3.6x10° Intercept = 1x10*

1/Intercept= Molar Absorptivity

=1.0x10*%M*t cm)

Intercept/Slope= Stability Constant

= 2.8 x10° M*
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Graph 1 - McConell-Davidson Data for
Cr(J9]aneS;), in Acetonitrile 0.1M (NaClO,)
[L]=1.8x10%M, Cell =1 cm

y =0.0036x + 0.0001
1.8E-03 ~

1.6E-03 -
1.4E-03 -
1.2E-03 -
1.0E-03 -

8.0E-04 -

bCl/A, Mcm

6.0E-04 -
4.0E-04 -
=

2.0E-04 -

0.0E+00 T T T T T T T T 1
0.0E+00 5.0E-02 1.0E-01 1.5E-01 2.0E-01 2.5E-01 3.0E-01 3.5E-01 4.0E-01 4.5E-01

1/Cr(C104)2, mM-1

Figure 12. McConnell-Davidson plot of chromium and [9]aneSs
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Table 2 — McConell-Davidson Data for Mn([9]aneSs), in Acetonitrile 0.1M
(NaClO.)
[L]=2.0x10%* M, Cell=1cm

bCI/A, Mcm
Mn(CIOy)2, M Absorbance 1/Mn(CIQ,),, M
)
2.5x 10 0.2 4.0 x 103 1.0 x 10°
)
5.0x10 0.38 2.0 x 10° 5.3 x 10
7.5 x 10 0.59 1.3 x 103 3.4 x 10"
3 0.7 3 4
1.0x10 1.0x10 2.9x 10
3
1.25x10 0.8 8.0 X 10° 2.5 x 10

y=2x107 x+4x10° slope=2x 107 Intercept =4 x 10°

1/Intercept= Molar Absorptivity | Intercept/Slope= Stability Constant

= 2.5x 10%M* cm™) =2.0x10°Mm*t
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Graph 2 - McConell-Davidson Data for
Mn([9]aneS;), in Acetonitrile 0.1M (NaClO,)
[L]=2.0x10%M, Cell =1 cm

y = 2E-07x + 4E-05

0.0E+00 5.0E

+02 1.0E+03 1.5E+03 2.0E+03 2.5E+03 3.0E+03 3.5E+03 4.0E+03 4.5E+03

1/Mn(Cl0,),, M1

Figure 13. McConnell-Davidson plot of manganese and [9]aneS3
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Table 3 — McConell-Davidson Data for Fe([9]aneSs), in Acetonitrile 0.1M

(NaClOy)

[L]=5x10°M, Cell =1 cm

bCI/A, Mcm
Fe(ClOy),, M Absorbance 1/Fe(ClQO,),, M
1.0x10% 0.57 1.0 x 10° 8.8 x 10°
15x10° 0.63 6.7 x 10° 7.9% 10°
2.0x10° 0.76 5.0 x 10* 6.6 x 10°
3.0x10° 081 3.3 x 10° 6.2 x 10°
40x10° 10 2.5x 10* 5.0 x 10°

y = 5x10% + 4x10°

slope=5x101° Intercept = 4x10°

1/Intercept= Molar Absorptivity

=2.50 x 104(M* cm?)

Intercept/Slope= Stability Constant

=8.00 x 10* m*
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Graph 3 — McConell-Davidson Data for Fe([9]aneS;), in
Acetonitrile 0.1M (NaClO,)
[L]=5 x103M, Cell=1cm

v = SE-10 + 4E-05
0.0001

0.00008 Chart Area
0.00008 i

0.30007

030006

0.00005 L

0.00004

bCIfA, Mcm

0.00003
0.00002
0.00001

i
i 20000 A0000 B0000 80000 100000 120000

1/Fe(ClO,),, M1

Figure 14. McConnell-Davidson plot of iron and [9]aneS3
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Table 4 — McConell-Davidson Data for Co([9]aneSs). in Acetonitrile 0.1M
(NaClQy)
[L]=3.0 x10*M, Cell =1 cm

Co(ClOq)2, M Absorbance 1/Co(ClOy),, M1 bCI/A, Mcm
-4
10x10 03 1.0 x 10* 1.0 x 103
-4
1.5x10 0.43 6.7 x 10° 7.0 x 10
-4
20x 10 0.59 5.0 x 103 5.1 x 104
-4
3.0x 10 10 3.3 x 10° 4.0x 10
-4
40x 10 10 2.5 x 10° 3.0 x 10
y=9x108% +7x10°  slope= 9x10® Intercept = 7x10°
1/Intercept=Molar Absorptivity | Intercept/Slope= Stability Constant
=1.43 x104M* cm?) =7.78 x 102 M
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Graph 4 - McConell-Davidson Data for
Co([9]aneS;), in Acetonitrile 0.1M (NaClO,)
[L]=3.0 x10*M, Cell=1cm

1.2E-03 - y = 9E-08x + 7E-05

1.0E-03 -
8.0E-04 -

6.0E-04 -

bCl/A, Mcm

4.0E-04 -

2.0E-04 -

O-0E+00 T T T T T 1
0.0E+00 2.0E+03 4.0E+03 6.0E+03 8.0E+03 1.0E+04 1.2E+04

1/Co(C10,),, M1

Figure 15. McConnell-Davidson plot of cobalt and [9]aneSs
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Table 5 — McConell-Davidson Data for Ni([9]aneSs), in Acetonitrile 0.1M

(NaClO,)
[L]=2.0x10%* M, Cell=1cm
bCI/A, Mcm
Ni(ClOy),, M Absorbance 1/Ni(ClQO,),, M
2
1.0x10 0.62 1.0 x 10 3.2x10*
2
1.5x10 0.71 6.7 x 103 2.8 X104
Z
2.0x 10 0.84 5.0 x 103 2.3x 10
Z
3.0x10 93 3.3 x 10° 2.2 x 10
2
4.0x 10 1.1 25 x 10 1.8x 10

34

y=2.0x10%+1.0x10* slope= 2.0x 108 Intercept=1.0 x 10*

1/Intercept=Molar Absorptivity | Intercept/Slope= Stability Constant

=1.0 x10%M* cm™?) =5.0 x 103 M
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Graph 5 - McConell-Davidson Data for
Ni([9]aneS;), in Acetonitrile 0.1M (NaClO,)
[L] =2.0x 10-4 M, Cell=1cm y = 2E-08x + 0.0001

3.5E-04 -
<
3.0E-04 -
2.5E-04 -

2.0E-04 -

1.5E-04 ~

bCl/A, Mcm

1.0E-04 -

5.0E-05 -

0.0E+00 T T T T T )
0.0E+00 2.0E+03 4.0E+03 6.0E+03 8.0E+03 1.0E+04 1.2E+04

1/Ni(Cl10,),, M1

Figure 16. McConnell-Davidson plot of nickel and [9]aneS3
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Table 6 — McConell-Davidson Data for Cu([9]aneSs), in Acetonitrile 0.1M
(NaClO,)
[L]=4.0x10°M, Cell=1cm

Cu(ClOy)2, M Absorbance 1/Cu(ClQO4)2, Mt | bCI/A, Mcm

1.0x 10° 0.3

1.0 x 10° 1.3x 10*
1.5x 10° 041

6.7 x 10* 9.8x10°
2.0x10° 0.52

5.0 x 10* 7.7x10°
3.0x10° .64

3.3x 104 6.3 x 10°
4.0x10° 73

2.5 x 10 5.5x10°

y=1x10%+3x10°

slope= 1.0 x 107

Intercept = 3.0 x 10°

1/Intercept= Molar Absorptivity

=3.3 x 10*(M™ cmh)

Intercept/Slope= Stability Constant

=3.0 x 10* m*
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Graph 6 — McConell-Davidson Data for Cu([9]aneS;), in
Acetonitrile 0.1M (NaClO,)
[L]=4.0x10°M, Cell=1cm - 105+ 3£.05

0.00024
0.00012
0.0001
0.00008

0.00006

bCI/A, Mcm

0.00004

0.00002

20000 40000 0000 20000 100000 120000

1/Cu(ClO,),, M

Figure 17. McConnell-Davidson plot of copper and [9]aneSs
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Table 7. Physical Parameters for M([9]aneSs)2%* in Acetonitrile Solution at 25 °C, u= 0.10 M?2

Metal lon Amax (NM) | g1, Kwm''e Kwm''e ET (V)P Kem™L°
(M'L) (M emd) M (log B) (log B)
Cr* 310 10000 28 1.4 ND ND
Mn?* 312 25000 200 2.3 ND NDs
Fe?* 265 25000 79522 4.9 ND ND
Co** 337 14286 777.8 2.9 ND ND
Ni®* 310 10000 5000 3.7 ND ND
Cu? 318 33333 30000 4.8 ND ND
Zn?* IS IS IS IS ND ND

&onic strength maintained with 0.1M NaClOg in acetonitrile solution.
Relative to Standard Hydrogen Electrode (SHE).?

¢ = Determined by modified Nernst equation.

n* = other oxidation state of the metal ion

IS = Insignificant, ND = Need to be Determined
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Once the formal potentials are determined for the complexes by electrochemistry, the
stability constants of the other oxidation state of the metal bound complexes will be calculated
using the Nernst equation in the form [Equation 5] by employing the formal potential value for

the M2*™ complex and the stability constant obtained for M([9]aneSs)?*.

2.303RT, K n2+
EM(n2+/n+)Lf = EM(n2+/n+)Sol T F lo KM L [5]

mnty

For example, in the above equation (5), EM"2*"*, " represents the formal potential of the M"2*/ML
complex (assumed to be identical with the half-wave potential), EM">*?*solv' represents the
potential for the solvated M(n2+/n+) redox couple which is determined to be 0.1 V (relative to
SHE) in acetonitrile in the presence of 0.1M NaClO4 . KM"?*L’ and Km*L’ are the conditional

stability constants for the oxidized and reduced species respectively.

Redox potentials are attributed to the = acidity of the sulfur donor atoms. Large formal
potentials indicate a huge difference in stability of the M2*"™ complexes. Interestingly,
according to Rorabacher (Kulailleke 2007) redox potentials are primarily a function of the

stability of the M(n?" L complex.

3.2 Job’s Plot Data

The Job’s plots data were obtained for M([9]aneSs).2* complexes of first row transition
metal complexes based on UV-Visible spectroscopy data. The total number of the moles of the
ligand and metal were kept constant while varying the mole ratios of the metal to ligand. The
absorbance values indicated that the maxima were observed when the metal to ligand mole ratio
was 1:2. This was observed for all of the metal ion complexes for the first row transition metal

ions we studied. The Job’s plot data obtained for Fe([9]aneSs)2%* is shown in Table 8.
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Table 8 — Job’s Plot Data for Fe([9]aneSs), in Acetonitrile 0.1M (NaClOy)

Cell=1cm
Fe(ClO,),, M [9]aneS;, M Absorbance
8 x10°® 1.20 x10* 0.368
1.6 x10° 1.06 x10* 0.657
2.4 x10° 9.30 x10° 1.289
3.2 x10°* 7.97 x10°* 1.295
4.0 x10° 6.64 x10° 1.027
4.8 x10° 5.31 x10° 0.825
5.6 x10° 3.98 x10° 0.662
6.4 x10° 2.66 x10° 0.394
7.2 x10° 1.33 x10° 0.1776

40

*The concentration for the highest absorbance value is when the ligand concentration is double
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Graph 7 — Job’s Plot for Fe(|9]aneSs3). in Acetonitrile 0.1M
(NaClOa,)

1.4

Absorbance (265nm)

e
n

0.2

0 0.00001 0.00002 0.00003 0.00004 0.00005 0.00006 0.00007 0.00008

Iron Concentration

0.00008 0.00007 0.00006 0.00005 0.00004 0.00003 0.00002 0.00001
Ligand Concentration

Figure 18. Job s plot of iron and [9]aneSz shows peak absorbance at metal-ligand binding at
approximately 1:2 ratio
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The iron Job’s Plot gave interesting results. Normally, we would expect ligands to bind to metals
in a 1:1 ratio that would give a Job’s Plot with a peak value where the metal and ligand
concentrations are equal [Fig.11]. With iron, we find that the highest absorbance value of 1.295
[Table 8] was measured when the ligand concentration is almost double (7.97 x107°) the iron
concentration (3.2 x10°). The Job’s plots were performed for all the metal-ligand complexes we

studied.

4. Conclusion

In summary, we are presenting the results of a heavy metal chelator that could function as
a potential selective chelator for mercury. This ligand shows preferential binding for Hg?*. The
chelator binds first row transition metal ions weakly in a ratio of metal to ligand of 1:2. This
suggests that the ligand 1, 4,7-Trithiacyclononane, presumably binds metal ions in an octahedral
geometry, where the metal ion is sandwiched between two molecules of ligands. 1,4,7-
Trithiacyclononane has a smaller cavity size compared to other thiaether macrocyclic ligands
[Fig. 19]. Therefore, it could be difficult for the ligand to accommodate the metal ion with one
ligand. Perhaps it uses two ligands to accommodate the metal in a sandwich form in order to

create a more stable octahedral geometry that is very common with metal-ligand complexes.
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i Ny

1,4,7-Trithiacyclononane Metal bound1,4,7-Trithiacyclononane

+ Mn+ —

(Metal ion sandwiched between two ligands)

Figure 19. Free 1,4,7-Trithiacyclononane ligand and its expected geometry for the metal ion
complex

In a previous investigation in the laboratory, it was found that a ligand containing three
nitrogen atoms bound transition metals in a ratio of metal to ligand 1 to 1 [Fig.20]. In our current
investigation, it was very interesting to see a ligand with three sulfur atoms binding metal ions in

a metal to ligand 1 to 2 ratio.

[ N
—N
N/
N A\ /
N
H;CO O O + Pb2* —» H4CO o~ "0

Figure 20. Free Coumarin chromophore with a ligand containing three nitrogen atoms and its

observed geometry for the metal ion complex

Bakhtari



44

Future Direction
Most importantly, results of this study opened up new areas for investigation as follows.

1. Why is 1,4,7-Trithiacyclononane not specific for transition metal ions in the first row
transition metals? In general, soft ligands such as 1,4,7-Trithiacyclononane that contain
sulfur atoms preferentially bind only soft metals. However, we observed that 1,4,7-
Trithiacyclononane binds both soft and hard metals.

2. Inaprevious investigation in our research laboratory, it has been found that a pyridine
ligand with three nitrogen atoms specifically binds only lead and cadmium (Kulatilleke,
et. al.,). Interestingly, 1,4,7-Trithiacyclononane with three sulfur atoms doesn’t bind lead
or cadmium but mercury with a strong affinity, and other transition metal ions weakly.
What could be the possible reason for this observation?

3. 1,4,7-Trithiacyclononane that contains sulfur is considered a soft Lewis base that prefers
binding soft Lewis acids. However, in our study 1,4,7-Trithiacyclononane bound both
soft and hard Lewis acids. It will be interesting to study this further by reacting the ligand
with other first row transition metals, scandium, titanium and vanadium.

4. What will happen if we attach 1,4,7-Trithiacyclononane to a coumarin ligand?
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