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ABSTRACT. This article summarizes the protonation and complexation equilibrium constants of nicotinic acid
(NA) using different analytical techniques and software’s. Additionally, Raman, IR, and NMR spectra were done
for nicotinic acid ligand and for its solid complexes with copper(II), cobalt(Il) and nickel(I) metal ions.
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INTRODUCTION

Nicotinic acid (pyridine 3-carboxylic acid, niacin) is a water-soluble B group vitamin that is
derived from pyridine with a carboxyl group at the 3-position [1, 2] (Scheme 1). Nicotinic acid
is a digestive aid that helps the body to derive energy from carbohydrates, fats and proteins. This
vitamin B; does not free in the body because human do not have the ability to synthesize enough
nicotinic acid. This compound is an essential component of a balanced diet, such as wheat,
yeast, pork and beef liver. Although nicotinic acid is present in food, most of the niacin is
produced synthetically by chemical oxidation or ammoxidation of alkyl pyridines [1]. In vivo,
nicotinic acid is needed to synthesis co-enzymes; nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate (NADP) that are used by dehydrogenase in tissue
respiration [3]. The main function of nicotinic acid is as a lipid lowering agent to prevent heart
disease and stoke [4]. As a lipid lowering agent, nicotinic acid works by reducing the amount of
LDL and triglycerides that are made by liver. In addition, from several researches it was found
that nicotinic acid has unique pharmacological properties for arthritis, asthma, diabetes and anti-
aging nutrient [3].

The main deficiency disease that caused by lack of nicotinic acid is called pellagra. These
diseases affect the gastrointestinal tract, lesions of skin and central nervous system [5]. The
symptoms of pellagra are dermatitis, diarrhea and even mental disorder.
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Scheme 1. Structure of nicotinic acid.
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The complex formation between nicotinic acid and metal ions has not been studied
extensively yet. The protonation constants determination of nicotinic acid has been studied
using spectrophotometry. Nicotinic acid has an acid group and a basic group in which the
equilibrium of this acid when act as a base is shown in Scheme 2, while the acid equilibrium
when act as acid is shown in Scheme 3 [6]. In 1995, Coughlin and Stone [7] studied the
adsorption ability of picolinic acid and nicotinic acid to several divalent metal ions. In their
result, the authors stated that picolinic acid adsorbs better than nicotinic acid and nicotinic acid
is unable to act as chelate for metal ions. Other studies also stated that pyridine-3-carboxylic
acids cannot act as chelating ligand, although they can possibly bridge metal atoms in several
ways, as shown in Scheme 3 or act as monodentate donors [3, 8]. As a bridging ligand, nicotinic
acid has been used to bridge nickel ion in a 3D nicotinic acid bridged nickel polymer. In this
kind of 3D structure, nicotinic acid has been found in two different coordination modes. The
first mode is bridging mode where each ligand bridges two metal atoms and the second mode is
terminal mode where it is bonded to one metal atom only by one of its two carboxyl oxygen

atoms [9].
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Scheme 2. Nicotinic acid equilibrium when acting as a base.
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Scheme 3. Nicotinic acid equilibrium when acting as an acid.
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The behavior of nicotinic acid as monodentate ligand was also observed in the case of
divalent copper complex. An infrared spectra study of nicotinic acid complexes with divalent
copper revealed that the carboxyl group of nicotinic acid remains unchanged which indicates
that there is no metal to oxygen coordination in this complex. Furthermore, the complex shows
appreciable change on the pyridine part of nicotinic acid molecule [10]. Cooper et al. [11] in
1984 publish a research paper which can explain this monodentate behavior of nicotinic acid
clearly. They study the structure and biological activity of trivalent chromium and some divalent
metal ions coordinated with nicotinic acid for their glucose tolerance factor properties. The
interesting part of their result is that they found that only trivalent chromium ion was
coordinated to the carboxyl oxygen of nicotinic acid while the other metal ions were coordinated
to the pyridine nitrogen of nicotinic acid. They explained these phenomena according to the
theory of hard and soft acids and bases (HSAB). Trivalent chromium ion is a hard base so it has
preference to coordinated with the carboxyl oxygen which is a hard acid instead of the pyridine
nitrogen. On the other hand, all the divalent metal ions they used in their study are soft base, so
they will coordinate with pyridine nitrogen of nicotinic acid.

Another report stated that nicotinic acid may also act as a neutral ligand, ligating the metal
ion through its N atom, as found in its copper(I) and gold(III) complexes, or as nicotinate anion
that forms complexes with lanthanides of type [Ln(nic);.2H,0], (Ln = Pr(Ill), Gd(Ill) and
Ho(IIl)) by two carboxylate O atoms forming a four member chelate ring, thus acting as a
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bidentate ligand. Furthermore, three complexes in the silver(I)-nicotinic acid were reported,
namely orthorhombic catena-[pyridine-3-carboxylato-(0,0’)]silver(I), triclinic ammonium
bis[pyridine-3-carboxylate-(O,N,N”)]silver(I)monohydrate and catena-(hydrogen bis[pyridine-3-
carboxylato-(N,N”)]silver(I)) [12]. The interaction between nicotinic acid and iron has been
studied by Appleby and co-workers [13]. They did not determine the stability constants of the
complex, but from their results, the effect of nicotinic acid-iron bond can be known from
diminished apparent affinity of leghemoglobin for oxygen. This study also compared several
ligands which have similar structure with nicotinic acid and found that the high affinity binding
of ligand requires an unsubstituted pyridine ring nitrogen atom and an ionized carboxyl group in
the 3-position of the ring or on the other hand can be said that nicotinic acid shows higher
affinity as compared to the other ligands with similar structure. Urbanska and Podsiadly [3]
studied the complex of nicotinic acid and nickel [13] using pH-potentiometric titration and
polarographic at 20 °C in 0.1 M NaClO, medium. They reported the protonation constant values
for first and second protonation of 2.11 and 4.66, respectively, using pH-potentiometric and 2.34
and 4.81, respectively, using polarographic measurement. The authors identified that the
interaction between nicotinic acid-Ni [13] is a weak interaction with the stability constant values
of log B, = 2.66 and 3.05 for pH-potentiometric and polarographic measurement, respectively.
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Scheme 4. Possible bridge metal atoms of nicotinic acid.

Also, nicotinic acid complexes of several metal ions [14-18] were investigated using various
techniques such as pH-potentiometric titration, polarography, and UV-visible
spectrophotometry. The complex formation of divalent transition metal ions (copper(ll),
cobalt(Il) and nickel(Il)), and nicotinic acid were recently studied in our laboratory in aqueous
solutions using pH-potentiometric technique in the absence and in the presence of glycine
peptides and their overall stability constants in aqueous solutions were obtained and explained
by the HYPERQUAD 2008 program using the potentiometric data [19-29]. The different
representative complex species distribution diagrams were obtained using HYSS 2009 software
[19]. The UV-visible spectroscopic, cyclic voltammeteric and conductometric titration
measurements were performed to confirm the stoichiometric ratios of metal complexes [19].
The results were supported by quantum chemical calculations [19]. Also, six mixed ligand
complexes involving copper(Il), cadmium(II), manganese(Il), iron(III), nickel(II), and lead(II)
metal ions, nicotinic acid, and glycine were synthesized. Full elucidation of the molecular
structures for the synthesized mixed ligand complexes were confirmed using detailed
spectroscopic IR, 'H-, "C-NMR, and XRD techniques [20-29]. Furthermore, cytotoxic and
antioxidant activities of the synthesized solid complexes were tested to evaluate their
bioactivities [20-29].

EXPERIMENTAL

All chemicals were analytical grade and were used as provided by the suppliers without further
purification. Nicotinic acid (MW = 123.5; 98% purity) was purchased from Sigma Aldrich
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(USA). Metal salts that were used in this investigation are cobalt nitrate hexahydrate
(Co(NOs),.6H,0) and nickel chloride hexahydrate (NiCl,.6H,0) from Across Organics (USA),
copper chloride dihydrate (CuCl,.2H,0) from Sigma Aldrich (USA). Sodium hydroxide (NaOH,
96% purity, Yakuri Pure Chemical, Kyoto, Japan) used in titration was first standardized by
using potassium hydrogen phthalate (KHP, 99.95% purity, Sigma Aldrich St. Louis, MO).
Hydrochloric acid (37.6% purity, Fischer Scientific, Bridgewater, NJ) used to acidify the
solution was standardized against NaOH. All solutions were prepared freshly before use, using
ultra pure water obtained from an ultrapure water system with a resistance of 18.3 MQ-cm™.

Metal-NA binary complexes were synthesized by dissolving ligand NA (0.12 g, 1 mmol) in
15 mL H,O0, the ligand was dissociating by adding a few drops of 5 M NaOH solution until pH
11.0 was reached. Five milliliters metal salt in H,O (1 mmol, 0.17 g CuCl,-2H,0, 0.24 g
NiCl,-6H,0, 0.30 g Co(NOs),6H,O was added into the ligand solution. The pH then was
adjusted by adding a few drops of 5 M NaOH. The mixture was allowed to react for 6 h with
constant stirring. After reaction, the mixture was filtered to remove any solid residues and the
solution was freeze dried, then washed with ethanol and dried in a 50 °C oven for 4 h. The dried
complex was stored in an anhydrous desiccator at room temperature.

Micro-Raman Spectrometer analysis system (Raman RS-2000) with laser source
(wavelength = 532 nm) at UniNanoTech/UniD2G (National Taiwan University of Science and
Technology) was used to analyze the solid complexes. '"H NMR spectra were measured on a
Bruker AVIII-600MHz FT-NMR in D,O solution. IR spectra were recorded on a Bio-Rad FTS-
3500 instrument on KBr disc with spectra range of 400-4000 cm.

RESULTS AND DISCUSSION

Complex between metal ion and ligand can occur since the negative charged ligand tends to
bind with the positive charged metal ion. Some of these complexes are known to escalate the
biological properties of the original ligand thus triggered many researchers to develop new
novel complexes between a biologically active ligand and metal ion (usually the transition metal
groups) to improve the ligand biological properties. Several analyses which are frequently used
to determine the structure of the complex are elemental analysis, Fourier transform infrared
(FTIR) spectroscopy, UV-Vis spectroscopy, nuclear magnetic resonance (NMR), and Raman
spectroscopy [30-32]. Additionally, the conductivity and magnetic susceptibility behavior of the
compounds were often observed. The conductivity analysis of the compounds helps to
determine the electrolyte behavior, while the magnetic susceptibility analysis helps in
determining the magnetic behavior. To prove that the synthesized complexes are more
beneficial compare to that of the non-metal organic ligand, some in vitro biological activity
assays such as antioxidant and antimicrobial activities are popularly employed. The word
synthesis refers to production of complex compounds by reactions from simpler compounds. In
this work, complex compounds were made by combining ligand NA with transition metal ion.
The concept of this synthesis reaction was based on metathesis reaction. Firstly, the H atoms of
the ligand donor group were allowed to dissociate by the addition of sodium hydroxide, and the
Na” will substitute the H". Next, metal salt such as CuCl,, Zn(NQOs),, NiCl,, Co(NO;), and
MnCl, was added. Since the divalent charged cation (Cu®', Ni*', and Co") has higher charge
than monovalent Na" ion, thus the ligand tends to bind divalent cation and formed the chelate
complex. Overall, the reaction can be written as: nNaOR + MCl,, — M(OR), + nNaCl.

Raman spectral data done for nicotinic acid [33] and three of its copper(Il), nickel(II), and
cobalt(Il) metal complexes are given in Table 1 and shown in Figure 1. Nicotinic acid molecule
has 14 atoms with 36 normal modes of vibrations and the optimization was done with C; point
group symmetry. The 36 normal modes of vibrations are distributed amongst the symmetry
species as 25 planar and 11 non-planar vibrations. The CH stretching vibrations are observed in
the range 624-647 cm’ for the pyridine molecule and like benzene derivatives as in Table 1.
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The ring stretching vibrations are very much important in the spectrum of pyridine and its
derivatives and are highly characteristic of the aromatic ring itself (Table 1).

Table 1. Characteristic Raman spectral parameters of nicotinic acid ligand (NA) and its copper(Il),
cobalt(Il), and nickel(II) metal complexes.

RA assignment NA ligand/complex species
NA CuNA NiNA CoNA
v(C=0) 1692 1692 1692 1692
v(ring)na 1599 1599 1605 1602
1634 1586
1627
v(C-N) 1389
v(C-C) 1321 1299 1305
1308 1283 1241
3(C-N) 1202 1198 1198 1176
1189 1186
V(ting)nic 1047 1044 1037 1034
S(CHyring 644 644 644 647
624 624

Counts (a.u.)

16‘00 14:00 12‘00 10‘00 860 660
RAMAN Shift (cm™1)

Figure 1. Raman spectral data of nicotinic acid ligand (NA) and its copper(Il), cobalt(Il), and
nickel(II) metal complexes.

The essential infrared spectral absorption patterns of the synthesized complexes are shown
in Figure 2. The careful inspection of the IR spectra of free nicotine (NA) ligand [33] and its
synthesized binary complexes was made in order to facilitate the assignment of these bands in
the free ligand and its metal complexes as shown in the IR charts. It was concluded that, there is
not straight regularity in the change of wave numbers of the analyzed bands along with the
position of the nitrogen atom in the aromatic ring. That means, electronic charge distribution of
the whole molecule differ depending on the position of the nitrogen in the ring in the presence
of metal ions. "H NMR and *C NMR spectra of free nicotine (NA) ligand and its synthesized
copper(1l), cobalt(Il), and nickel(II) metal complexes could be found in Figure 3. The nuclear
magnetic resonance spectral data were recorded in DMSO-d, for all complexes, taking TMS as
internal standards and shown in Figure 3. From the proton and carbon assignments for the free
nicotine (NA) ligand and its synthesized metal complexes shown in Figure 2, the comparison
between peaks of free ligand and their complexes appeared clearly, in which there are blue
shifted in the assignment’s values of protons and carbons because of the metal-ligand complex
formation.
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Figure 2. IR Spectral data of copper(Il), cobalt(Il), and nickel(II) complexes of nicotinic acid

(NA).
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Figure 3. H' and *C NMR spectral data of nickel(I)-nicotinic acid complex.

CONCLUSION

In terms of the nature of the metal ions: The stability constant of a trivalent metal ion increases
with the increase of atomic number of the metal. The stability constant of divalent metal ion
increases with decreasing of ionic radius of the metal ion, with copper as an exception due to
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Jahn-Teller effect. The trend of stability constants of divalent metal ions with ligand agrees with
Irving-William series, Cu®" > Ni*" > Co™". IR, raman and NMR spectral data confirmed the
previous binding modes of nicotinic acid.
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