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ABSTRACT: Bis-formazan molecule has been synthesized experimentally and structural and electronic properties
of the bis-formazan molecule have been investigated theoretically by performing semi-empirical molecular orbital
(PM3) calculations. The geometry of the molecule has been optimized and the electronic properties and the vibrational
spectra of the molecule have been calculated in its ground state.
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Introduction

 Formazans are colored compounds ranging from red to
orange or blue depending upon their structures. However
they did not have their deserved place in dying industry
due to their relatively high cost. There are numerous
studies related to formazans such as their synthesis,
structure evaluation, photochromic transitions, tautomer
formation, redox potentials [1-6] and synthesis of crown
formazans [7,8]. Formazans are polydentate ligands with
donor atoms and used for analytical purposes for forming
complexes with trace metals.

The methods based on reduction of tetrazolium salts
are routinely used in biological and biomedical research.
It is known that reduction can be catalyzed by
intracellular enzymes residing in mitochondria,
endoplasmic reticulum, and cytosol as well as
oxidoreductases associated with plasma membranes. The
formazan/tetrazolium system is described as the marker
of vitality. Along this line automated approaches aimed
at determining proliferation and survival of cells
and screening large numbers of drugs have been
designed [9,10-12]. The frequently used formazans in
medicine for this purpose are BTT, MTT, XTT and
WST-1 [13,14].

Capacity of a tetrazolium salt to cross intact plasma
membranes constitutes an important experimental
variable which needs to be controlled in order to correctly
interpret the outcome of tetrazolium assays designed to
measure cellular production of oxygen and superoxide
radicals, activity of mitochondrial, cytosolic, or outer
membrane reductases, measurements of activity of
oxidoreductases, subcellular localization of
oxidoreductases, detection of superoxide radicals, testing
of cell viability and growth, and mycoplasma screening
[14]. In a study using the formazan dye containing a nitro
group, metal-complex formation using iron increased
mutagenicity in the Salmonella bioassay [15].
Quantitative formazan production from tetrazolium salt
XTT was used to detect the antiproliferative properties
of antiviral drugs by prevention of the cytopathic effects
of HIV in cultures of the target cells used [13].

Recently a new rapid screening method for glucose-
6-phosphate dehydrogenase (G6PD) deficiency diagnosis
was described based on a method incorporating a new
formazan substrate (WST-8) and capable of detecting
heterozygous females both qualitatively and
quantitatively. The new, rapid screening method may be
essential for the diagnosis of G6PD deficiency
particularly in rural areas without electricity, and can be
recommended for use in malaria control programmes
[16].

Another widely used application is in microbiology.
Use of the redox dye 5-cyano-2,3,-ditolyl tetrazolium
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chloride (CTC) for evaluating the metabolic activity of
aerobic bacteria has gained wide application in recent
years. Bhupathiraju et al. examined the utility of CTC in
capturing the metabolic activity of anaerobic as well as
aerobic bacteria [9]. Anaerobic bacterial cells also
accumulated intracellular CTC-formazan crystals during
the exponential phase of growth. CTC-formazan
production by all cultures examined was proportional to
biomass production. The highly colored, water insoluble
formazans formed by reduction of tetrazolium salts have
been developed for utilization in radiation processing
dosimetry [17].

Study of formazans by mass spectrometry showed
the protonated formazans to be relatively unstable,
decomposing through several fragmentation pathways.
Regardless of the reagent gas, the decomposition was
always of the same degree and the spectra were closely
similar. The most probable protonation site for the
formazans was estimated by semi-empirical calculations
to be the benzothiazole nitrogen. This result is in
agreement with the experimental data both under EI and
CI, and showed that those tautomeric forms of formazans
having a single bond between C3 and N4 are dominant
in the gas phase [18]. The only theoretical studies on
formazan molecular structure are: formazan and 3-
nitroformazan at ab initio level [19] and 1,3,5-
triphenylformazan [20] using density functional theory
(DFT).

The various synthesized formazans have electron
donating and withdrawing groups attached to the 1-
phenyl [21,22] and 3-phenyl rings [23,24]. Determination
of active/live cells is based on the presence and the
amount of the formazan where better light absorbing
substituents will improve sensitivity of the test system.

The bis-formazan molecule has been synthesized
with the aim of obtaining a less toxic and more suitable
derivative for biomedical applications. We report
quantum chemical study of bis-formazan for the first time
in this study. The experimental procedure and results
obtained for the bis-formazan molecule, and the
theoretical features of the bis-formazan molecule have
been discussed seperately.

Experimental

In this study, 1,4-bis-[3,3'-pheny l-5,5'-(2-
carboxyphenyl)-formaz-1-yl]-benzene-2-sulphonic acid
(bis-formazan, CSPF) was synthesized. The structure of
the formazan thus obtained was elucidated by elemental
analysis, Mass spectroscopy, IR, 1H-NMR and UV-Vis

spectra.

The 1H-NMR spectrum of the formazan synthesized
was measured on a BRUKER 400 MHz 1H-NMR
spectrometer using 10-4 M solution in CDCl

3
. The IR

spectrum was recorded with the use of MATTSON 100
FT-IR spectrometer, using KBr pellet in the range of
4000-400 cm-1. The UV-Vis spectrum was obtained with
UNICAM UV2-100 UV-visible spectrometer in 1 cm
quartz cell, in 10-4 M methanol solution using 325 nm
UV lamb. Elemental analysis was carried out by means
of a CHNS-932 LECO device and electron impact mass
spectrum was taken on a UK Platform-II micromass
spectrometer at 70 eV.

Synthesis of CSPF

Benzaldehyde (2.12 g, 2.04 ml, 0.02 mol) was diluted
with methanol (40 ml). 2-Hydrazynobenzoic acid (3.76
g, 0.02 mol) was dissolved in a mixture of methanol
(80 ml) and water (20 ml). 2-Hydrazynobenzoic acid
solution was added to the benzaldehyde solution with
constant stirring in dropwise fashion adjusting the pH
value to 5-6. A light yellow colored benzaldehyde-2-
carboxyphenyl hydrazone precipitated out. The product
is recrystallized from methanol-water mixture. This
hydrazone was dissolved in methanol (75 ml) water
(25 ml) mixture under reflux. On the other side the
basic buffer solution was prepared by dissolving NaOH
(2.50 g) and sodium acetate (3.50 g) in 200 ml methanol
under reflux and added to the hydrazone solution as
prepared above. This basic buffer and hydrazone solution
mixture was cooled down to –5°C for the coupling
reaction (stock solution).

On the other hand the 2-sulphobenzen-1,4-di-
diazonium chloride solution was prepared with 2,5-
diaminobenzen sulphonic acid (1.88g, 0.01 mol)
concentrated HCl (5 ml) and NaNO

2
 (1.40g, 0.02 mol)

in usual way at -5° – 0°C. This diazonium chloride
solution was added in drop wise manner to basic buffer-
hydrazone solution (stock solution) which was cooled
down to -5° – 0°C with constant stirring. Stirring was
continued for two hours at the same temperature for the
coupling reaction. Care was taken for the temperature
not to exceed -5° – 0°C. The pH was approximately
adjusted to 6 by the addition of HCl for the precipitation
of the product. The mixture was kept in the refrigerator
at the same temperature for five days. The red colored
formazan precipitated out. The product was recrystallized
from methanol-water-dioxin mixture. Yield: 55%; red
crystals; m.p. 255° – 256°C.
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Molecular formula of the synthesized material was
C

34
H

26
O

7
N

8
S. (MW 690.30; Elementary analysis

calculated: C 59.13% H 3.76% N 16.23% S 4.63%,
found: C 59.01% H 3.67% N 16.12% S 4.68%). Spectral
analysis: MS (EI, 70 eV): m/z (%) = 690.12 (0.51) [M+];
658 (2.21); 599 (5.27); 520 (11.48); 300 (47.25); 255
(78.89); 240 (67.33); 188 (22.64).

The NMR data are tabulated in Table 1. UV-Visible
absorption �

max
 values are given in Table 2. The IR (KBr)

spectral data are given in Table 3. Considering all these
experimental findings we have predicted structure of the
synthesized bis-formazan molecule as shown in Figure
1. The experimental IR spectrum of the bis-formazan
molecule (CSPF) is displayed in Figure 2.

Table 1
The 1H-NMR data of CSPF (bis-formazan)

(400 MHz, in CDCl
3
,  in ppm)

Comp. Ar-H N-H COOH SO
3
H

CSPF 8.55-6.90 2.50-2.25 10.90 11.28
(m,21H) (s,2H) (s,2H) (s,1H)

considered to optimize fully the geometry of the bis-
formazan molecule in its ground state.

Table 2: UV-Visible absorption spectra 
max

 values of bis-
formazan (CH

3
OH, 10-4 molL-1).

Comp. �
max1

(nm) �
max2

(nm) �
max3

(nm)
(Abs) (Abs) (Abs)

CSPF 498 (0.762) 352 (0.912) 233 (0.565)
(formazans’ peak)

Geometry optimization is carried out by using a
conjugate gradient method (Polak-Ribiere algorithm [29]),
then the electronic structure and the vibrational spectra
(infrared spectra) of the system have been calculated. The
SCF convergency is set to 0.001 kcal/mol and the RMS
gradient is set to 0.003 kcal/(Å mol) in the calculations.
We have performed all the calculations by using the
HyperChem-7.5 packet program [30].

Figure 1: Experimentally predicted structure of the bis-formazan
molecule.

Method of Calculation

 In the present study, the bis-formazan molecule in the
gas phase, namely an isolated bis-formazan molecule,
has been investigated theoretically by performing semi-
empirical molecular orbital calculations. Preoptimization
has been performed by applying the molecular-mechanics
(MM) method [25] using MM+ force field [26]; this
makes easier to perform full optimization by extended
methods. Semi-empirical self-consistent-field molecular-
orbital (SCF-MO) method at PM3 level [27] within the
restricted Hartree-Fock (RHF) [28] formalism has been

Figure 2: Experimental IR (KBr) spectra of the bis-formazan
molecule (CSPF)

Table 3
The IR spectral data of bis-formazan (KBr, cm-1)

Comp. C=C stretching N=N stretching Aromatic C=C CNNC Skeletal Ar-OH -COOH -SO
3
H

stretching vibration stretching stretching stretching

CSPF 1540-1580 1455-1335 1629 930-600 3600 3400-3300 1420-1330
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Results and Discussion

The molecular formula of the bis-formazan molecule is
C

34
H

26
N

8
O

7
S. The geometry optimization of PM3 method

yields a 3D structure as the stable form with C
1
 symmetry

for the isolated bis-formazan molecule. The optimized
geometry of the bis-formazan molecule is shown in
Figure 3. The optimized structures of bis-formazan
molecule with respect to both MM and PM3 methods
are not the same. The MM optimized structure of bis-
formazan is almost planar; however the PM3 optimization
has changed the MM optimized structure as shown in
Figure 3.

PM3 method considers 250 electrons, 125 doubly
occupied levels, and 226 total number of orbitals for the
bis-formazan molecule. Some of the calculated molecular
properties of the bis-formazan molecule are given in
Table 4. The bond lengths and the calculated excess
charge on the atoms of the bis-formazan molecule are
shown in Figures 4 and 5, respectively. The highest
occupied and the lowest unoccupied molecular orbital
energies (HOMO and LUMO, respectively), and the
frontier molecular orbital energy gap (HOMO-LUMO
energy difference, E

g
) with the calculated dipole moment

value of the system considered are also given in Table 4.
The MO eigenvalue spectrum and the vibrational
spectrum (IR spectrum) with corresponding integrated
infrared band intensities are shown in Figure 6. 3D plots
of HOMO and LUMO are presented in Figure 7. 3D
charge distribution and electrostatic potential plots are
displayed in Figure 8.

Figure 3: The optimized structure of the bis-formazan molecule.
The structure of bis-formazan has C

1
 symmetry in its

ground state; optimization has been performed by PM3
method. Panel (a) shows the ball and stick model picture
of the optimized structure of the bis-formazan molecule.
Panel (b) shows the atomic labels, and panel (c) shows
the number labels of the atoms of the bis-formazan
molecule.

Figure 4: Bond lengths (in Angstrom) of the bis-formazan molecule.
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Table 4
Some of the Calculated Molecular Properties and Energy values (in kcal/mol unless otherwise stated) of the Bis-Formazan

Molecule (according to PM3 method).

Quantity value Quantity value

Surface area (Å2) 852.29 Total Energy -183619.046

Volume (Å3) 1780.82 Binding Energy -8551.972

Hydration energy -33.20 Isolated Atomic Energy -175067.074

log P 2.30 Electronic Energy -1882440.833

Refractivity (Å3) 209.75 Core-Core Interaction 1698821.786

Polarizability 68.33 Heat of Formation 0.253

Mass (amu) 690.69 HOMO (eV) -8.646

Dipole moment (Debye) 3.437 LUMO (eV) -1.512

Zero point energy of vib. 350.663 Eg (eV) 7.134

Figure 5: Excess charge (in units of electron charge e) on atoms of the bis-formazan molecule.
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Figure 6: Vibrational spectra (frequencies and intensities) and MO eigenvalue spectrum of the bis-formazan molecule.

Figure 7: 3D HOMO and LUMO plots of the bis-formazan molecule.
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According to PM3 calculation binding energy of the
bis-formazan molecule is about-8552 kcal/mol, heat of
formation of bis-formazan is about 0.253 kcal/mol and
it is endothermic. On the other hand, according to PM3
calculation frontier molecular orbital energy gap, namely
the HOMO-LUMO gap, E

g
 of the bis-formazan molecule

is about 7 eV. The bis-formazan molecule has a dipole
moment of about 3.4 Debyes. According to the present
calculated dipole moment value, bis-formazan molecule
seems to be polar (hydrophilic). This property of bis-
formazan makes it an active molecule with its
environment that is bis-formazan molecule may interact
with its environment strongly in solution.

According to PM3 calculation charge distribution
shows an interesting feature; the maximum positive
excess charge accumulation is on the sulfur atom (about
+2.41e), on the other hand, the maximum negative excess
charge accumulation appears on the oxygen atom (atom
label # 28, bonded to S atom, which has excess charge
of about -0.88e). Oxygen atoms have considerable
amount of negative excess charge. Charge accumulation
on nitrogen atoms are very small (varying in the range -
0.07 – +0.09). Oxygen atoms in the bis-formazan
molecule may play an important role in structure activity
relationships. This feature also appears in electrostatic
potential plot (see Figure 8).

Again according to PM3 calculations, another
interesting feature appears in the localization of HOMO
and LUMO. HOMO is localized mainly on the atoms
C32, N50, N46, C45. However, LUMO is localized
mainly on the atoms N29, C24, N39, N10. LUMO is
distributed on almost the central part of the molecule;
whereas HOMO is distributed on one of the branches of
the molecule (see Figure 3 for labels). This HOMO-
LUMO localization on the bis-formazan molecule may
show interesting spectroscopic properties, especially in
electronic spectra.

According to PM3 calculations the vibrational
spectra (infrared spectra) of the bis-formazan molecule
(as shown in Figure 6) show an interesting feature. There
are 222 normal modes of vibrations, the first three normal
modes with maximum integrated infrared band intensities
have frequencies of ~ 1976, 1925, and 2976 cm-1, the
corresponding integrated infrared band intensity values
are, respectively, ~ 204, 179, and 132 km/mol. These
normal mode frequencies belong to the vibrations,
respectively: (C13-O12 bond stretchings); (C47-O49
bond stretching); and (C33-C34-C31-C38 torsion angle).
The calculated IR spectra (Figure 6) qualitatively agree
with the experimentally obtained one (Figure 2).
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