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derivatives
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A new water-soluble Co(II) Schiff-base complex, sodium[{N,N'-bis(5-sulfosalicylidene)-
1,8-diamino-3,6-dioxaoctan}cobalt] dihydrate, abbreviated as Na,[Co(II)L], was synthesized
and characterized. The formation constants and thermodynamic parameters for the interaction
of this complex with imidazole (Im) and I-methylimidazole (Melm) were determined
spectroscopically in aqueous solution, ethanol/water (10/90), and methanol/water (10/90)
under physiological conditions (pH = 7), constant ionic strength (/=0.1 moldm— KNO3), and
various temperatures ranging from 294 to 310 K. Our spectroscopic and thermodynamic results
show that this adduct formation is endothermic and the positive values of ASy” make AG{°
negative. The trend in variation of AHP and ASP® for Im is in the order
water >methanol > ethanol, but for Melm it is in the opposite order which is related to the
hydrogen bonding between solvents and these donors. Formation constants between Melm and
Na,[Co(I)L] in these three solvents are larger than for Im which depends on the electron
donation of methyl on Melm.

Keywords: Benesi—Hildebrand equation; Formation constant; Thermodynamic parameters;
Co(II) Schiff base

1. Introduction

The cobalt complexes derived from tetradentate Schiff-base ligands have immense
importance in biochemistry [1], magnetochemistry, and materials sciences. Some of
these complexes mimic cobalamin (B;,) coenzymes [2-5]. The ability of certain
cobalt(IT) complexes to bind dioxygen reversibly, discovered decades ago [6], is being
studied [7]. Cobalt(IT) Schiff-base complexes are of considerable importance because of
their catalytic activities in the synthesis of important compounds [8—10]. Cobalt
complexes have also shown their role in the development of charge-transfer (CT)
complexes. CT complexes are currently being widely studied [11-15] and a large part of
the existing knowledge of non-covalent binding is based on the measurement of
formation constants in such complexes. The challenge in this field exists in open
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questions such as why transfer of electrons takes place or whether the mixed-stack
organic CT complexes have columns of alternating donor and acceptor mole-
cules, etc. [16-18]. The structural and electronic details of both donors and acceptors
play critical roles in CT complex formation. In continuation of recent publications on
this subject [19-26], herein we report the synthesis and characterization of a new Co(II)
complex of a tetradentate Schiff-base ligand and spectroscopic and thermodynamic
studies of its adduct formation with imidazole (Im) and 1-methylimidazole (Melm) in
three different solutions under physiological condition (pH =7). The Schiff base is
chosen to be sterically and electronically different from our previous reports to obtain
better understanding about the factors affecting complex formation. The ionic strength
was optimized to 7=0.1 moldm > KNOj and the formation constants and thermody-
namic parameters were obtained at various temperatures by spectroscopic
measurements.

2. Experimental

2.1. Materials and instruments

Imidazole (Im) and 1-methylimidazole (Melm) were purchased from Biochemika,
Fluka. 1,8-Diamino-3,6-dioxaoctan, 2-hydroxybenzaldehyde, ethanol, methanol,
diethyl ether, and KNOj all were purchased from Merck. Doubly distilled, deionized
water was used throughout. '"H NMR spectra were recorded on a 500 MHz Bruker
FT-NMR spectrometer in D,O; chemical shifts (§) are given in parts per million. IR
spectra were obtained as KBr pellets using a Bruker FT-IR instrument. Elemental
analyses (C, H, N) were performed using a Heraeus Elemental Analyzer CHN-O-Rapid
(Elemental-Analysesysteme, Gmbh, West Germany). UV-Vis spectra were recorded by
a SHIMADZU UV-Vis 1650 pc spectrophotometer equipped with a water circulator
and thermostatted multicell holder. A Metrohm 757 VA computrace instrument was
employed to obtain a cyclic voltammogram.

2.2. Synthesis of sodium salicylaldehyde-5-sulfonate monohydrate (L)

Sodium salicylaldehyde-5-sulfonate was prepared following the literature method
[27, 28]. "H NMR and other physical properties reported were used to confirm the
synthesis and purity of the product. "H NMR: 9.86 (CHO, 1H, s), 8.02 (C—H 4,, 1H, d),
7.85 (C-Ha,, 1H, dd), 6.97 (C-H4,, 1H, d). Selected IR: 1667 cm~' (CHO).

2.3. Synthesis of sodium[{N,N -bis(5-sulfosalicylidene )-1,8-diamino-3,6-dioxaoctan}-
cobalt] dihydrate (Nay[Co(II)L])

To a solution of sodium salicylaldehyde-5-sulfonate (9.0 mmol, 1.23 g) in water (9 mL)
were added 1,8-diamino-3,6-dioxaoctan (4.5mmol, 0.67g) and Co(CH3;COO),-4H,0
(4.5mmol, 1.12 g). The mixture was stirred under a nitrogen atmosphere for 2h. The
product was obtained as a brown precipitate, which was filtered off under nitrogen and
washed successively with ethanol and diethyl ether and dried by passage of nitrogen at
room temperature. Recrystallization from ethanol gave 1.26g (49%) of analytically
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Scheme 1. Reaction pathway for the synthesis of Na,[Co(II)L].

pure complex which was dried by passage of N». Selected IR data: 1626cm™' (HC=N),
1183, 1038, and 603cm™' (SO3), Ill4ecm™' (C-O-C). Anal. Caled for
CroH24N,Na015S; (%): C, 41.48; H, 4.18; N, 4.88. Found (%): C, 41.32; H, 4.11;
N, 5.01.

3. Results and discussion

3.1. Syntheses

The water-soluble Co(II) complex was prepared by a template method as shown in
scheme 1. In the IR spectrum of the complex, the presence of a sharp band at 1626 cm ™!
is indicative of the formation of the azomethine (CH=N) group. The peak at 1667 cm ™"
of sodium salicylaldehyde-5-sulfonate vanished showing that the carbonyl is converted
to an iminic group. In mononuclear complexes derived from such ligands, the metal
exists in the outer N,O, coordination sphere [29, 30]. IR spectroscopy is important in
supporting this coordination mode. The v(C—O-C) in such ligands and complexes
appears at 1115cm™"; in our complex, v(C—O-C) appears at 1114cm ™" indicating that
Co(II) is not coordinated to the inner oxygens, but is coordinated to the outer
N>O, [31]. In the UV-Vis spectrum an intense band at 313 nm is due to the 7 — 7*
intraligand transition. Elemental analyses are consistent with the proposed complex.

3.2. Electrochemistry

The electrochemical behavior of 10 molL™" solution of the tetradentate Co(II)
Schiff-base complex was studied by cyclic voltammetry in aqueous solution containing
0.1 mol L™" KCI as supporting electrolyte from —2 to +1 V. A working Pt electrode, an
auxillary Pt electrode, and a reference Ag/AgCl electrode were employed for this
electrochemical study. The complex shows an irreversible peak at —0.56V due
to Co"/Co.
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Figure 1. UV-Vis absorption spectra obtained for the mixtures containing Na,[Co(II)L]
(3x 107 moldm™) and Melm (a) 0.54x107* (b) 1.08 x 107* (c) 1.62x 107 (d) 2.16 x 10™* and
() 2.70x10™*molL™"; all taken against pristine solution as reference in ethanolic solution
(I=0.1moldm~ KNO;, T=310K).

3.3. Electronic spectroscopic studies of the interaction of Nay[Co(II)L] with Im
and Melm

Complex formation between the water-soluble Co(II) complex and imidazole or
I-methylimidazole was studied spectroscopically by following the spectral changes due
to stepwise addition of imidazole or 1-methylimidazole to a fixed concentration of
Na,[Co(IT)L] (3 x 10> mol dm*B) in three different media. The experiments were
performed in water, water/methanol (90/10), and water/ethanol (90/10) solutions at
temperatures ranging from 294 to 310 K, and at constant ionic strength (/= 0.1 mol dm
KNO;) and pH =7, against the pristine acceptor solutions as reference for subtracting its
absorbance. Figure 1 shows a sample spectral variation for the interaction of the complex
with Melm in ethanolic solution with the described conditions. By molecular complex
formation between the water-soluble Schiff-base complex (as acceptor) and imidazole
derivative (as donor) with increase in concentration of the donor, a new charge CT peak
appeared at 370 nm with gradually increasing intensity. This molecular complex has
different absorption from the acceptor, while the donor does not have absorption in that
area. All calculations are done at this wavelength.

3.4. Determination of formation constants and interpretation of thermodynamic
parameters

The Benesi—Hildebrand (B—H) equation (equation 1) [32] (for cells with 1cm optical
length) is usually employed for calculation of the formation constants of complexes
with 1:1 (donor:acceptor) stoichiometry:

[ALD], [P, 1

Lo _ i 1
A— A — A g &K’ (M)
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Table 1. Absorbance data for the spectrophotometric determination of the stoichiometry, formation
constant, and corrected molar absorptivity of Na,[Co(I[)L]-Im complex in aqueous solution
(I=0.1 moldm ™3 KNO3) and pH 7.0 against pristine solution as reference.

T (K) 10*[D]y (moldm™) 10°[A], (moldm™) 4 ¢ (dm*mol~'em™) K (dm*mol™!) InkK

294 0.54 3 0.025 2960 8165 9.00
1.08 0.044
1.62 0.053
2.16 0.056
2.70 0.060
298 0.54 3 0.038 3249 12,614 9.44
1.08 0.058
1.62 0.066
2.16 0.071
2.70 0.075
302 0.54 3 0.043 3249 14,057 9.55
1.08 0.060
1.62 0.067
2.16 0.072
2.70 0.078
306 0.54 3 0.048 3555 14,904 9.61
1.08 0.065
1.62 0.075
2.16 0.082
2.70 0.085
310 0.54 3 0.056 4020 15915 9.68
1.08 0.075
1.62 0.086
2.16 0.094
2.70 0.097

here [A], and [D], are the initial concentrations of the acceptor and donor (molcm™"),
respectively. 4 is the absorbance of the mixture at Acr and 4% and A4) are the
absorbance of the acceptor and donor at this A. € is equal to ec — e — ep, the molar
absorptivity of the complex, and ¢4 and ep are those of the acceptor and donor,
respectively. K is the formation constant of the complex. Equation (1) is valid if
[D]o>>[Al]o. The plot of [AJo[D]o/(4 — A — A%) versus [D]y produces a straight line
only if the 1: 1 molecular complex is formed. In the case of 1:2 or mixture of 1:1 and
1:2 complex formation, a curve would be obtained and other equations are necessary
to calculate K [33, 34]. Tables 1-3 show the absorbance data, the concentrations of Im
and the calculated formation constants in the three solvents. Tables 4-6 show these data
for the interactions with Melm. The K measurements were repeated at least two times
and were reproducible. From tables 1-6, it is obvious that the formation constants
between Melm and the acceptor complex are much greater than those of Im, suggesting
that the electronic effect of the methyl group is dominant compared to its steric effect.
Figure 2 shows linear plots of M against [D], for titration of Na,[Co(IT)L] with Melm
in aqueous solution at various temperatures (7=294-310K), where M is [A]o[D]o/
(4 — A% — A%). These plots signify that only 1:1 adduct is formed. Similar plots are
obtained for the other systems.

The thermodynamic parameters of the studied systems were calculated by using the
van’t Hoff equation (equation 2).

—AH° AS°

LnK = RT +R.

2
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Table 2. Absorbance data for the spectrophotometric determination of the stoichiometry, formation
constant, and corrected molar absorptivity of Na,[Co(II)L]-Im complex in methanolic solution (/=0.1 mol
dm ™3 KNO3) and pH 7.0 against pristine solution as reference.

T(K) 10*[D]o (moldm™) 10°[A]p (moldm™) A4 ¢ (dm*mol'em™") K (dm*mol™") InkK

294 0.54 3 0.031 2639 11,695 9.37
1.08 0.043
1.62 0.052
2.16 0.057
2.70 0.060
298 0.54 3 0.032 2648 12,221 9.41
1.08 0.045
1.62 0.052
2.16 0.058
2.70 0.061
302 0.54 3 0.033 2677 13,107 9.48
1.08 0.047
1.62 0.056
2.16 0.058
2.70 0.063
306 0.54 3 0.036 2723 13,652 9.52
1.08 0.047
1.62 0.057
2.16 0.060
2.70 0.065
310 0.54 3 0.038 2767 14,062 9.59
1.08 0.048
1.62 0.058
2.16 0.061
2.70 0.067

Table 3. Absorbance data for the spectrophotometric determination of the stoichiometry, formation constant
and corrected molar absorptivity of Na,[Co(IT)L]-Im complex in ethanolic solution (/= 0.1 moldm* KNO3)
and pH 7.0 against pristine solution as reference.

T(K) 10*[D]y (moldm™3) 10°[A], (moldm™) 4 & (dm*mol'em™!) K (dm’mol™") InK

294 0.54 3 0.032 2730 11,482 9.35
1.08 0.045
1.62 0.052
2.16 0.059
2.70 0.062
298 0.54 3 0.034 2742 12,532 9.44
1.08 0.047
1.62 0.054
2.16 0.060
2.70 0.064
302 0.54 3 0.037 2863 12,841 9.46
1.08 0.050
1.62 0.055
2.16 0.063
2.70 0.068
306 0.54 3 0.037 3021 13,510 9.51
1.08 0.054
1.62 0.061
2.16 0.067
2.70 0.072
310 0.54 3 0.040 3506 13,712 9.53
1.08 0.062
1.62 0.073
2.16 0.078

2.70 0.083
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Table 4. Absorbance data for the spectrophotometric determination of the stoichiometry, formation constant
and corrected molar absorptivity of Na,[Co(II)L]-Melm complex in aqueous solution (/=0.1moldm ™
KNOs;) and pH 7.0 against pristine solution as reference.

T (K) 10*[D]y (moldm™) 10°[A], (moldm™) 4 ¢ (dm*mol~'em™) K (dm*mol™!) InkK

294 0.54 3 0.038 2491 15,316 9.64
1.08 0.058
1.62 0.063
2.16 0.067
2.70 0.071
298 0.54 3 0.043 2990 17,789 9.77
1.08 0.060
1.62 0.067
2.16 0.071
2.70 0.074
302 0.54 3 0.047 3091 18,486 9.82
1.08 0.061
1.62 0.069
2.16 0.075
2.70 0.077
306 0.54 3 0.051 3204 20,339 9.92
1.08 0.067
1.62 0.075
2.16 0.078
2.70 0.081
310 0.54 3 0.057 3543 21,711 9.98
1.08 0.075
1.62 0.083
2.16 0.087
2.70 0.091

Table 5. Absorbance data for the spectrophotometric determination of the stoichiometry, formation constant
and corrected molar absorptivity of Na,[Co(II)L]-Melm complex in methanolic solution (/=0.1 mol dm ™
KNO;) and pH 7.0 against pristine solution as reference.

T(K) 10*[D], (moldm™) 10°[A]p moldm™®) A4 ¢ (dm’mol'em™") K (dm*mol™") InkK

294 0.54 3 0.028 2452 10,592 9.27
1.08 0.039
1.62 0.045
2.16 0.050
2.70 0.056
298 0.54 3 0.032 2780 11,717 9.37
1.08 0.045
1.62 0.056
2.16 0.059
2.70 0.063
302 0.54 3 0.036 2889 12,451 9.44
1.08 0.048
1.62 0.057
2.16 0.065
2.70 0.066
306 0.54 3 0.037 2933 14,265 9.56
1.08 0.054
1.62 0.062
2.16 0.067
2.70 0.069
310 0.54 3 0.038 2965 16,214 9.69
1.08 0.058
1.62 0.068
2.16 0.069

2.70 0.071
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Table 6. Absorbance data for the spectrophotometric determination of the stoichiometry, formation constant
and corrected molar absorptivity of Na,[Co(I)L}-Melm complex in ethanolic solution (/=0.1moldm ™
KNOs;) and pH 7.0 against pristine solution as reference.

T(K) 10*[D]y (moldm™3) 10° [A]y (moldm™) 4 & (dm*mol~'em™") K (dm’mol™') InkK

294 0.54 3 0.021 1740 14,774 9.60
1.08 0.035
1.62 0.037
2.16 0.040
2.70 0.041
298 0.54 3 0.029 2020 16,125 9.69
1.08 0.039
1.62 0.042
2.16 0.047
2.70 0.050
302 0.54 3 0.038 2316 18,772 9.84
1.08 0.045
1.62 0.050
2.16 0.056
2.70 0.059
306 0.54 3 0.038 2489 21,600 9.98
1.08 0.055
1.62 0.059
2.16 0.060
2.70 0.064
310 0.54 3 0.044 2498 22,875 10.04
1.08 0.052
1.62 0.057
2.16 0.063
2.70 0.065
12.00 -
10.00 -
T 8.00 -
= *294 K
=
g 6.00 - =298 K
= 4302K
& 400 ©306 K
2.00 - x310K
0.00

0.00 500 10.00 1500 20.00 2500 30.00
108 [D], (mol.dm3)

Figure 2. Typical plots of M against [D], for Na,[Co(II)L] with Melm in aqueous solution at various
temperatures (7'=294-310 K).
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10.05 -
10.00 -
9.95 A
9.90 4
9.85 A
9.80 A
9.75 -
9.70 A
9.65 A %
9.60 . ; . . ;
320 325 330 335 340 345
103/T (K1)
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Figure 3. Plot of In K against 1/7 for Na,[Co(II)L] with Melm in aqueous solution.

Table 7. The thermodynamic parameter values AH°, AS°, and AG¢° for Na,[Co(I)L] with Im and Melm.

AG¢ (kJmol™")

AHP ASY

Solvent Donor (kJmol™!) (Imol™'K™") 294K 298 K 302K 306 K 310K

w Im 150412 1280+88 —227417 —232+1.6 —23.7+23 —242429 —247+238
M/W Im 94409 109.8+104 —229419 —233+22 —23.5+13 —242434 —24.6+22
E/W Im 8.6+£0.8 10784102 —228+1.8 —233+£1.9 —23.7+4.1 —24.1439 —24.6+238
w Melm 163422 13574146 —23.6+28 —24.1423 —247+45 —252+28 —257+2.8

M/W  Melm 20.6+1.8 146.8+142 —22.6+2.8 —23.24+1.6 —23.7+43 —243+3.0 —2494+3.9
E/W Melm 23.0+2.1 15794147 —-234+25 -240+£19 —247+£2.0 —2534+4.6 —259+54

W: water; M: methanol; E: ethanol

Figure 3 shows a typical plot of InK versus 1/T for Na,[Co(II)L] with Melm in
aqueous solution. The thermodynamic parameters are collected in table 7.

Compared to the previous studies [19, 20], the acceptor property of this Schiff-base
complex is altered by both steric and electronic factors. The steric factor obviously
disfavors complex formation but electronic factors could favor it. The value of AH°
and its sign depend on two factors. One is the heat of bond formation which must be
negative while the other is the positive solvation parameter [20]. The electronic effect in
the acceptor complex is due to the presence of two oxygens in the diamine of the
Schiff-base ligand. In hydrogen-bonding solvents, the initial Schiff-base complex and
the resulting adduct are both subject to hydrogen bonding which affects the value of
AHy. The positive values of AH{® (table 7) indicate that the solvation factor is
dominant. The trend in variations of AH° is in the order water >methanol > ethanol,
rationalized that imidazole is more solvated in water consistent with more hydrogen-
bonding ability of water. On the other hand, the presence of methyl on
I-methylimidazole makes this molecule less soluble in water and with less hydrogen
bonding, consistent with the observed trend of AH° for Melm. The trend for variations
of AS is also consistent with this; the value and the sign of AS;° are dependent on the
nature of solvation which makes its values positive. The values of the obtained
thermodynamic parameters are in reasonable agreement with the previously studied
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cobalamins and the complex is therefore a model for the study of the cobalamin
system [35]. The values of AH® and AS;° are both shifted to more negative values
compared to previous report [19], confirming that the starting acceptor complex is more
subjected to hydrogen bonding.
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