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Summary. Fe(III), Co(II), Ni(II), and Cu(II) complexes of the title azodyes have been synthesized and

characterized by elemental analysis, molar conductance, TGA, DTA, magnetic susceptibility measure-

ments, IR, electronic and ESR spectral studies. The spectral studies suggest an octahedral geometry

for Fe(III) and Co(II) complexes but a square planar geometry for Ni(II) and Cu(II) complexes.

The kinetics of the catalysed oxidation of N,N,N0,N0-tetramethyl-p-phenylenediamine dihydrochloride

(TMPPD) with mononuclear and binuclear copper complexes were studied to check the activity of

these copper complexes in oxidizing organic amines. The electrochemical behaviour of the metal com-

plexes was studied using DC polarography and cyclic voltammetry. Antimicrobial activity of the azo

compounds and its complexes have been tested against different microorganisms.
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Introduction

Azo compounds have played an important role in the development of coordination
chemistry as they readily form stable complexes with most transition metal ions.
Metal complexes with hydroxy- and carboxyphenylazo compounds were of interest
to many authors. Several complexes with metal ions from the first transition series
have been prepared and characterized using elemental analysis, IR spectra, mag-
netic moment, electronic spectra, and conductometric measurements [1–3].

Azo compounds containing a heterocyclic moiety were found to form readily
complexes with transition metal ions. Pyrazolone azodyes have drawn the attention
of some research concerning their importance in dye industry as well as analytical
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application [4]. Their excellent ability to form metal complexes attracted the atten-
tion of coordination chemists to study their reaction with transition metal ions [5–7].

The coordination abilities of 2-(arylazo)imidazole [8, 9], 2-(napthylazo)imid-
azole [10], benzimidazols [11], and arylazopyrimidine [12] have been used suc-
cessfully to synthesis various metal complexes.

Metal chelates of some transition metal ions with chromone azodyes were
synthesized and characterized by several techniques [13].

Pyrimidine azodyes are also very important, therefore their complexes were
prepared and characterized [14–16] by analytical and spectral methods.

The metal complexes of azodyes derived from �-diketone were the subject of
many investigations, especially with those of hydroxynaphthalene or salicylic acid
[17, 18]. Many azo compounds find uses in pharmaceutical analysis [19, 20]. Also,
the azo compounds and their complexes have been used in the stabilization of low
valent metal redox state [21, 22] as well as in organic synthesis [23, 24]. Although
a variety of systems has been employed for the synthesis of azodyes, there remains
much scope for the design and development of new chromophores.

In this work we describe Fe(III), Co(II), Ni(II), and Cu(II) complexes of azodye
compounds (Fig. 1) prepared by reaction of the azodyes with the metal salts in
refluxing ethanol.

Results and Discussion

Table 1 lists some analytical data for the azodyes and its metal complexes. The
ligands are soluble in most common organic solvents such as DMF, DMSO, etha-
nol, and methanol whereas the complexes are insoluble in common organic sol-
vents. The molar conductance values in DMF (10�3 M solutions) are too low, hence
the complexes can be regarded as non-electrolytes [25], which reflects the coordi-
nated nature of the chloride ions in the Fe(III) complexes.

Thermal Analysis

The thermal gravimetric analysis of the mononuclear and binuclear complexes 8, 9,
10, 13, 14, and 16 were studied from ambient temperature up to 800�C. The stages
of decomposition, temperature ranges, and decomposition products as well as
found and calculated mass loss percentage of the metal complexes under investiga-
tion are shown as follows:

For mononuclear Ni(II) and Cu(II) complexes with (H4LI) 9 and 13, the ther-
mograms show that the weight losses within the temperature ranges 28–122.8�C
(% mass loss found 12.9, calculated 13.1) and 30–102�C (% mass loss found 8.0,

Fig. 1. Structures of azodyes
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calculated 8.3) which are attributed to volatilization of one lattice water molecule
followed by loss of the two coordinated water molecules for complex 9 and two
lattice water molecules for complex 13 are associated with the endothermic peak
at 112�C and the broad endothermic peak at 98�C in the DTA thermogram for
complexes 9 and 13, respectively. The removal of two coordinated water mole-
cules takes place within the temperature range 102–185�C (% mass loss found
8.1, calculated 8.3) with an endothermic peak at 121�C for complex 13. The

Table 1. Magnetic and molar conductivity values

No Complex Formula
�eff

BM

L
O�1 cm2 mol�1 ð10�3M in DMFÞ

H4LI C14H10N2O6 – –

302

H4LII C18H12N2O6 – –

352

1 [FeH2LICl3H2O]2H2O C14H18N2O11ClFe 5.7 9.1

481.34

2 [Fe2LICl26H2O]4H2O C14H26N2O16Cl2Fe2 4.8 11.2

585.8

3 [FeH2LIICl3H2O]3H2O C18H22N2O12ClFe 5.9 14.7

549.84

4 [Fe2LIICl26H2O]4H2O C18H28N2O15Cl2Fe2 4.4 13.3

694.68

5 [CoH2LI4H2O]2H2O C14H20N2O12Co 4.3 10.4

466.93

6 [Co2LI8H2O]3H2O C14H28N2O17Co2 4.7 15.1

613.86

7 [CoH2LII4H2O]3H2O C18H24N2O13Co 4.8 11.9

534.93

8 [Co2LII8H2O]4H2O C18H32N2O18Co2 4.6 12.7

681.86

9 [NiH2LI2H2O]H2O C14H14N2O9Ni da 11.4

412.7

10 [Ni2LI4H2O]2H2O C14H18N2O12Ni2 d 13.8

523.4

11 [NiH2LII2H2O]2H2O C18H18N2O10Ni d 15.2

480.7

12 [Ni2LII4H2O]2H2O C18H20N2O12Ni2 d 9.1

573.4

13 [CuH2LI2H2O]2H2O C14H16N2O10Cu 1.8 11.7

435.5

14 [Cu2LI4H2O]2H2O C14H18N2O12Cu2 1.8 12.3

533.04

15 [CuH2LII2H2O]2H2O C18H18N2O10Cu 1.9 14.2

485.54

16 [Cu2LII4H2O]3H2O C18H22N2O13Cu2 1.85 13.1

601.08

a d¼ diamagnetic
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temperature range 122.8–345�C (% mass loss found 33.8, calculated 33.4) is
attributed to loss of salicylic acid associated with an exothermic peak at 218�C
for complex 9 and the loss of a N2 molecule within the temperature range
345–412�C (% mass loss found 6.5, calculated 6.8) with the exothermic peak at
378�C. Thermogram for complex 13 shows that the weight loss at the temperature
range 185–390�C (% mass loss found 37.6, calculated 38.1) is due to loss of
salicylic acid followed by loss of a N2 molecule in one step with a broad exother-
mic peak at 285�C. The temperature ranges 412–695�C (% mass loss found 46.9,
calculated 47.2) and 390–760�C (% mass loss found 46.1, calculated 45.8) asso-
ciated with broad exothermic peaks at 527�C and 476�C represent the decomposi-
tion of the remainder ligand molecule leading to NiO for complex 9 and CuO for
complex 13.

The thermal gravimetric analysis of the binuclear Co(II) and Cu(II) complexes
8 and 16 with H4LII show that the temperature ranges 30–115�C (% mass loss
found 10.7, calculated 10.5) and 30–142�C (% mass loss found 8.7, calculated 9.0)
display the volatilization of four and three water molecules associated with
endothermic peaks at 112�C and 115�C in the DTA thermogram. The temperature
ranges 115–320�C (% mass loss found 21.1, calculated 21.1) and 142–272�C
(% mass loss found 12.5, calculated 12.0) are attributed to loss of eight and four
coordinated water molecules with endothermic peaks at 183�C and 214�C for
complexes 8 and 16. The removal of a N2 molecule takes place at 320–380�C
(% mass loss found 4.0, calculated 4.1) and 272–333�C (% mass loss found 4.3,
calculated 4.6) associated with exothermic peaks at 368�C and 385�C. The final
stage of pyrolysis in the temperature ranges 380–785�C (% mass loss found 64.7,
calculated 64.3) and 333–778�C (% mass loss found 74.6, calculated 74.5) is the
decomposition of the metal complexes leading to CoO and NiO with broad
exothermic peaks at 590�C and 562�C for complexes 8 and 16, respectively.

The thermograms of binuclear Ni(II) and Cu(II) complexes of H4LI 10 and 14
show that the temperature ranges 30–81.5�C (% mass loss found 7.1, calculated
6.8) and 30–135�C (% mass loss found 6.9, calculated 6.7) are attributed to vola-
tilization of two lattice water molecules associated with endothermic peaks at 71�C
and 95�C for complexes 10 and 14, respectively. The four coordinated water mole-
cules are eliminated for both complexes 10 and 14 within the temperature ranges
81.5–263�C (% mass loss found 13.9, calculated 13.7) and 135–258�C (% mass
loss found 13.2, calculated 13.5) confirmed with endothermic peaks at 164�C and
183�C in DTA thermograms. The weight loss of temperature ranges 263–344�C
(% mass loss found 5.6, calculated 5.3) and 258–327�C (% mass loss found 5.1,
calculated 5.2) is due to the removal of a N2 molecule. This step is confirmed with
exothermic peaks at 285�C and 305�C for complexes 10 and 14. The last step of
decomposition lies within the ranges 344–765�C (% mass loss found 73.6, calcu-
lated 74.4) and 327–750�C (% mass loss found 75.1, calculated 74.8) associated
with exothermic peaks at 498�C and 536�C for complexes 10 and 14, correspond-
ing to the decomposition of the remainder ligand leading to NiO and CuO for
complexes 10 and 14.

Based on the data gained from thermal analysis, the decomposition of mono-
nuclear and binuclear complexes 9 and 10 as an example can be represented as
shown in Schemes 1 and 2.
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IR Spectra

In order to ascertain the mode of bonding of the azodyes to the metal ions, the IR
spectra of the free azodyes were compared with those of its metal complexes
(Table 2). The bands due to the �N¼N of the free azodyes H4LI and H4LII at 1420
and 1425 cm�1 were observed at nearly the same position indicating non-coordina-
tion of the azo N-atoms. The phenolic C–O stretching vibrations appeared at slightly
higher values (1231–1244 cm�1) than that observed for the free ligands, confirming
the alternative coordination through the phenolic oxygen atom [26]. For the acid
moiety the bands of the carboxylic group were observed in the regions 1563–1624
and 1387–1396 cm�1 arising from asymmetric [�asy(COO�)] and symmetric
[�sym(COO�)] stretching modes of this group. This indicates the contribution of

Scheme 1
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the carboxyl group to the metal ion in the metal complexes. The difference between
the asymmetric and symmetric stretching frequencies of the carboxylic group lies
in the 176–228 cm�1 range indicating the monobasic monodentate nature of the
carboxyl group, hence exhibiting a free carbonyl group [27]. The bands due to
the OH-groups at 3200–3350 (�OH) and 1260–1280 (�OH) cm�1, display on obvious
decrease in their intensity for the mononuclear complexes and they disappeared
completely from the spectra of the binuclear ones. This behaviour is explained on
the basis that the metal ion replaces two protons from the molecule. In the spectra
of the complexes, the new bands in the range 455–483 cm�1 can be assigned to the
�M–O modes [28]. The IR spectra of all complexes show broad bands within the
ranges 3399–3435, 760–786, and 583–625 cm�1. These bands may by assigned to
�OH stretching, rocking, and wagging modes of coordinated water molecules [29].

The above results indicate that the azodyes behave as dibasic bidentate ligands
towards the metal ion in mononuclear complexes and as tetrabasic tetradentate
ones towards the two metal ions for the binuclear ones.

Scheme 2
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Magnetic Measurement and Electronic Absorption Spectra

The magnetic moments, Table 1, of the mononuclear Fe(III) complexes 1 and 3
are 5.7 and 5.9 BM per Fe atom. These values are consistent with the acceptable
values (5.92 BM) for the high spin Fe(III) ion (S¼ 5=2) [30]. The magnetic
moment values for binuclear Fe(III) complexes 2 and 4 are 4.8 and 4.4 BM
per Fe atom, respectively, which is lower than that corresponding to the spin
only value for five unpaired electrons of a high spin d5 system in octahedral
structure. This is presumably caused by spin–spin coupling due to the existence
of metal–metal interaction between the iron atoms in the crystal lattice of the
binuclear complexes. The metal–metal interaction would occur between two
Fe(III) ions from different molecules [31]. The electronic spectra, as nujol mull,
Table 2, of the Fe(III) complexes show one band at 18858–21278 cm�1 which
can be assigned to 6A1g ! 4T2g transition, characteristic of octahedral geometry
[32].

The values of magnetic moments of the Co(II) complexes 5–8 are 4.3–4.8 BM,
respectively, lying within the range reported for octahedral Co(II) [33]. The elec-
tronic spectra of the Co(II) complexes consist of two bands at 14706–15200 and
22480–23145 cm�1 which can be assigned to 4T1g ! 4A2g (F) and 4T1g ! 4T1g

(P) transitions, respectively, confirming the octahedral stereochemistry of the com-
plexes [34, 35].

The mononuclear and binuclear Ni(II) complexes 9–12 are diamagnetic and their
electronic spectra show one band at 21472–22472 cm�1 which can be assigned to
1A1g ! 1B1g transition [36] with the Ni(II) present in square planar environment.

Table 2. IR, electronic absorption spectra, and geff values of complexes

No IR (cm�1) Electronic
spectra (cm�1)

geff

�OH �C–O �symðCOO�Þ �asymðCOO�Þ �M–O

1 3300 1233 1580 1390 460 21276 2.1986

2 3250 1238 1565 1392 466 20000 2.1454

3 3300 1233 1590 1392 455 202408 2.1856

4 3200 1240 1578 1386 478 18858 2.1246

5 3300 1238 1595 1388 455 14786, 22960 2.0295

6 3250 1237 1590 1390 455 14890, 22727 2.1394

7 3220 1242 1620 1390 474 15200, 22480 2.1480

8 3150 1234 1615 1392 465 14706, 23145 2.0678

9 3400 1236 1610 1388 482 21860 –

10 3300 1242 1615 1390 475 22398 –

11 3300 1234 1605 1392 482 21472 –

12 3250 1244 1595 1396 470 22368 –

13 3270 1236 1585 1386 464 16667, 20402 2.0925

14 3150 1246 1595 1390 460 17680, 21204 2.1290

15 3300 1238 1615 1392 475 17980, 22048 2.1420

16 3200 1234 1624 1394 480 18486, 21964 2.0210
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The Cu(II) complexes 13–16 have a magnetic moment of 1.65–1.8 BM corre-
sponding to one unpaired electron [37]. The electronic transition spectra display
two bands at 16667–18486 and 20402–22048 cm�1 which can be assigned to
2B1g ! 2Eg transition and charge transfer band, respectively, confirming square
planar geometry around Cu(II).

ESR Spectra

X-band ESR spectra of the mononuclear and binuclear Fe(III), Co(II), and Cu(II)
complexes were measured in the solid state at 300 K in order to gain knowledge
about the geometries around these metal ions. The geff values are depicted in
Table 2.

The ESR spectra of mononuclear Fe(III) complexes 1 and 3 exhibit intense
sharp signals showing the sixtet fine structure characteristic of high spin d5

Fe(III) in octahedral environment [38]. For binuclear complexes 2 and 4
the spectra show some broadening and the fine structure tends to be blurred
due to iron–iron interaction. This is further confirmed from the geff-values being
lower for the binuclear complexes than in the case of mononuclear ones.
For mononuclear Co(II) complexes 5 and 7, the ESR spectra (Fig. 2) show the
normal broadened signals with no hyperfine structure characteristic of Co(II) high
spin octahedral structure [39]. The ESR spectra of mononuclear and binuclear
Cu(II) complexes 13–16 give broad signals with no hyperfine structure and the
g-values indicate that Cu(II) complexes have square planar geometry around the
Cu(II) ion.

The more positive contribution in the geff values of the complexes under inves-
tigation than the value of a free electron (2.0023) indicates the covalent nature of
bonding between the metal ion and ligand molecules [40].

Based on the results obtained above, the structures of the metal chelates can be
represented as shown in Scheme 3.

Fig. 2. X-Band ESR spectra of mononuclear Co(II) complexes 5 and 7
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Catalytic Activity

The kinetics and mechanism of the oxidation of N,N,N0,N0-tetramethyl-p-phenyl-
enediamine dihydrochloride (TMPPD) catalysed by mononuclear and binuclear
copper complexes (13 and 14) were studied to check the activity of these copper
complexes for this reaction. It has been reported [41, 42] that the N-substituted
PPDs (TMPPD) undergo oxidation in two steps each comprising a single electron
transfer (Scheme 4).

It is known that p-semiquinonediimine, Sþ, is the first oxidation product of a
N-substituted PPD, R [43–45]. Fig. 3 shows time resolved spectra for the reaction of

Scheme 3

Scheme 4
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complex 13 with TMPPD. N,N,N0,N0-Tetramethyl-p-semiquinonediimine exhibits
two bands at 612 and 565 nm, whereas, with complex 14 it exhibits two bands at
613 and 565 nm. Therefore, the formation rate for p-semiquinonediimine can easily
be followed at 565 nm. At this wavelength, the measured absorbance is directly
proportional to the change in concentration of the corresponding p-semiquinonedi-
imine [46], Fig. 4. In addition to the two step oxidation according to Eqs. (1) and (2),

Fig. 3. Time resolved spectra for the reaction between 1�10�4 M mononuclear Cu(II) complex 13

with 1�10�4 M TMPPD

Fig. 4. Formation of p-semiquinonediimine after mixing 1�10�4 M TMPPD with 1�10�4 M mono-

nuclear Cu-complex 13 (^) and 1�10�4 M binuclear Cu-complex 14 (*), respectively
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a synproportionation takes place between the reduced and the totally oxidized form,
as shown in Eq. 3 [43, 44].

½CuII-complex� þ R�!k1
Sþ þ ½CuI-complex� ð1Þ

Sþ þ ½CuII-complex� �!k2
Tþ þ ½CuI-complex� þ Hþ ð2Þ

Rþ Tþ þ HþÐ
k3

k�3

2Sþ ð3Þ

The relative values of k3 and k�3 were found to be strongly dependent on the
substituents on the p-phenylenediamine [43, 44]. The irreversible formation rate of
p-semiquinonediimine, Sþ, is given by Eq. (4).

d½Sþ�=dt ¼ k½R�½CuII-complex� ð4Þ
The actual concentrations of both R and the complex can be expressed by the
difference between their initial concentrations and the actual concentration of
p-semiquinonediimine, Sþ, as given by Eq. (5).

½R� ¼ ½R�o � ½Sþ� and ½CuII-complex� ¼ ½CuII-complex�o � ½Sþ� ð5Þ
Substituting Eq. (5) into Eq. (4) results in Eq. (6).

d½Sþ�=dt ¼ kð½R�o � ½Sþ�Þð½CuII-complex�o � ½Sþ�Þ
d½Sþ�=dt ¼ k½R�o½CuII-complex�o � k½Sþ�ð½R�o þ ½CuII-complex�oÞ þ k½Sþ�2

ð6Þ
Since A¼ "s [Sþ] and path length¼ 1 cm substitution gives Eq. (7).

dA=dt ¼ k"s½R�o½CuII-complex�o � kA½Sþ�ð½R�o þ ½CuII-complex�oÞ þ kA2="s

ð7Þ
The absorbance change, dA=dt, was obtained by means of a mirror ruler at several
points of the measured absorbance-time curves. The plot of dA=dt versus A gives a
straight line with negative slope. The initial absorbance change dA=dto was deter-
mined from the intercept at zero time, i.e. at A ¼ Ac

o, where Ac
o is the absorbance

caused by the complex (Fig. 5). Therefore, Eq. (7) becomes Eq. (8).

dA=dto ¼ k"s½R�o½CuII-complex�o ð8Þ
This means that the reaction is first-order in respect to both amine and oxidant. By
substituting in Eq. (8), the rate constant, k, was found to be 1.58�10�4 M�1 s�1 and
5.03�10�4 M�1 s�1 for complex 13 and complex 14, respectively.

It is clear that the activity of the binuclear complex 14 is more than three times
of that of the mononuclear complex 13. This may be attributed to the increased
number of catalysis centers, mainly the copper ions.

The redox potential values for the mononuclear Cu(II) complex 13 and
the binuclear one 14 amount to �0.11 and �0.2 V vs. SCE whereas that of
N,N,N0,N0-tetramethyl-p-phenylenediamine dihydrochloride (TMPPD) is 0.21 V
vs. SCE [47]. These values reveal that the electron transfer from TMPPD according
to Eq. (1) requires a lower energy in case of the binuclear complete than the
mononuclear one. This was gathered from the values of the equilibrium constants
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of the redox reaction determined from the potentials of the systems involved in the
reaction using the relation logK ¼

�
Eox�Ered

0:059

�
n where Eox is the potential of

TMPPD, Ered the potential of Cu(II) complexes 13 or 14 obtained from the DC
polarographic waves (Table 3), and n is the number of electrons involved in the
reaction which equals unity.

The log K values obtained amount to 5.424 and 6.949 for complexes 13 and 14,
respectively, which supports the higher reactivity of complexes 13 and 14.

Electrochemical Studies

The DC polarograms of the ligands display a single wave with E1=2 at �0.1 V. This
polarographic wave was attributed to the reduction of the azo center to the amine
stage through the consumption of four electrons (Eq. (9)).

Ar�N¼N�Arn þ 4e� þ 4Hþ �!Ar�NH2 þ H2N�Ar= ð9Þ

Fig. 5. Dependence of the formation rate of p-semiquinonediimine (dA=dt) on its corresponding

concentration (measured as absorbance at 565 nm) according to Eq. (8) for the reaction of 1�10�4 M

Cu-complex 13 (^) and 1�10�4 M Cu-complex 14 (*), respectively, with 1�10�4 M TMPPD

Table 3. Polarographic data obtained for some complexes in 0.1 M KCl at 25�C; values of �na and �

were calculated from reciprocal slope (S1) of the log(I=Id� I)�E plots

No Id=�A �E1=2=V Slope (S1)=mV �na � (na¼ 2)

(a) (b) (a) (b) (a) (b) (a) (b) (a) (b)

H4LI 1.85 – 0.1 – 268.8 – 0.22 – 0.11 –

1 2.43 0.28 0.14 1.62 217.3 115.2 0.27 0.5 0.13 0.25

5 1.08 0.33 0.1 1.4 152.9 190.11 0.38 0.3 0.19 0.15

9 1.0 0.48 0.17 1.13 225.4 66.66 0.26 0.88 0.13 0.44

13 1.25 0.38 0.2 1.43 294.2 314.7 0.2 0.19 0.10 0.10

14 1.98 0.60 0.11 1.13 261.09 325.7 0.22 0.18 0.11 0.09

16 2.03 0.35 0.12 1.74 321.5 186.5 0.18 0.31 0.09 0.15
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The electrode reaction proceeds in an irreversible manner as gathered from
the analysis of the wave. The probable value of the transfer coefficient (�), as
calculated from the slope of the logarithmic analysis, amounts to 0.22 for na¼ 1.
This reveals that the rate determining step in the electrode reaction involves one
electron.

The cyclic voltammogram of the ligand gave a single 4-electrons irreversible
peak (Ep¼ 0.57 V) which is in good accordance with those of the azo compounds
having a similar structure investigated by Eriksson et al. [48].

The number of electrons involved in the overall reduction process of the azo
center was found to equal 4, corresponding to its cleavage reduction to two amine
derivatives which agrees well with the behaviour of similar compounds reported by
Eriksson et al. [49].

The polarograms of the metal complexes 1, 5, 9, 13, 14, and 16, exhibit two
waves, the first one is due to the reduction of the N¼N group of the ligand whereas
the more negative wave represents the reduction of the complexed metal ions. The
E1=2 values for the ligand and metal ions in the complexes lie at more negative
potentials compared to those of the free ligand and the non complexed metal ions.
Analysis of the waves due to the reduction of the metal ions and the ligand revealed
that the electrode reaction proceeds in an irreversible manner. The most probable
values of � and na are given in Table 3. The height of the ligand wave is almost
double that for the metal ion in case of the mononuclear complexes 1, 5, 9, and 13
but both waves have equal heights with the binuclear ones 14 and 16. Since the
reduction of the metal ion involves the consumption of two electrons, then the
reduction of the azo center would involve four electrons, supporting the results
gained from the height of the wave of the free ligand (Table 3). It is worthy to
mention that the reduction wave of Cu2þ joins strongly the ligand wave.

The effect of Hg-height at mercury head indicated that the reduction waves are
mainly controlled by diffusion with partial kinetic or adsorption contribution.

The cyclic voltammograms of the complexes were recorded in the region for
the reduction of the metal ions only for the Co(II) and Ni(II) complexes 5, 6, and 9
(Fig. 6).

Fig. 6. Cyclic voltammograms of complex 5 at different scan rates
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The CV gave single cathodic peaks but no anodic peaks were observed, which
supports the irreversible nature of the electroreduction of the complexed metal
ions. The peak potential Ep shifts to more negative potential with scan rate whereas
ip increases obviously. This behaviour supports the irreversible diffusion controlled
behaviour of the electrode reaction. This trend finds further evidence from the
linear plot of Ep vs. v1=2 and ip vs. v.

Biological Activity

A primary study of the Minimum Inhibitor Concentrations (MIC) of the azo com-
pounds and its complexes on Gram positive bacteria (Staphylococcus aures and
Bacillus subtilis) and Gram negative bacteria (Escherichia coli and Pseudomonos
aeruginosa) are recorded in Table 4.

From Table 4, it is clear that the MIC is much larger for metal complexes than
for the ligand. Such increased activity of metal chelates can be explained on the
basis of chelation theory [50]. Chelation considerably reduces the polarity of the
metal ions because of partial sharing of its positive charge with the donor groups
and increased �-electrons delocalization over the whole chelate ring. Such chelates
could enhance the lipophilic character of the central metal atom. This increased
lipophility leads to break down of the permeability barrier of the cell and thus
retards the normal cell processes [51]. The general trend of MIC against
Gram positive and Gram negative bacteria was found to lie in the order
15 > 14 > 13 > 3 > 1 > 7 > 5 > 10 > 9.

The mononuclear and binuclear Cu(II) complexes have a relatively higher
activity against Gram positive and Gram negative bacteria, whereas the mononu-
clear and binuclear Ni(II) complexes have the lowest activity.

Table 4. Minimum Inhibator Concentration (�g=cm3) of azo compounds and complexes against

Gram positive and Gram negative bacteria

Organism Gram Gram

positive bacteria negative bacteria

Compound B-su St-aur E-coli Ps-aur

H4LI 200 250 150 200

H4LII 250 150 200 250

1 100 50 100 100

3 100 3.1 50 100

5 150 150 100 200

7 150 100 100 150

9 200 150 200 150

10 150 200 100 150

13 3.1 100 3.1 50

14 50 3.1 50 3.1

15 3.1 3.1 50 3.1
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Experimental

The chemicals used for preparing the azodyes and the metal complexes were of reagent grade from

BDH. The azodyes were prepared by coupling the diazonium salt of 4-aminosalicylic acid with

salicylic acid or 1-hydroxy-2-naphthoic acid in alkaline solution following the known procedure

[52]. The products were recrystallised from ethanol and the purity of the azodyes was confirmed by

constancy of melting points and IR spectra. A solution of metal chloride (1 or 2 mmol) in ethanol was

added to a hot solution of the azodyes (1 mmol) in the same solvent. The complex started to form after

reflux for 2 h. After cooling, the precipitated complex was filtered off, washed with hot ethanol several

times, dried in vacuo over P4O10, and then stored in a desiccator over CaCl2.

Elemental analyses (C, H and N) were performed at the central microanalytical laboratory, Cairo

and Tanta Universities; their results agreed favourably with the calculated values. The metal contents

were determined by EDTA complexometric titration [53] and atomic absorption technique. IR spectra

were recorded on a Perkin Elmer 1430 infrared spectrometer as KBr pellets. The electronic absorption

spectra of the solid complexes were obtained on a Shimadzu 240 UV-Vis spectrophotometer using the

Nujol mull method. Magnetic susceptibilities were determined on a Johnson Matthey magnetic sus-

ceptibility balance at room temperature (25�C) using Hg[Co(SCN)4] as calibrant. Diamagnetic correc-

tions were calculated from Pascal’s constants. The ESR spectra were measured on Joel-X-band model

JES FE2 XG spectrometer equipped with an E-101 microwave bridge. The thermal studies (TGA and

DTA) were achieved using a Shimadzu TG 50 thermal analyzer.

Kinetic measurements were carried out on a Shimadzu 240 UV-Vis spectrophotometer. The optical

path length was 1 cm and the course of the reaction was followed at 565 nm which is the wavelength of

maximum absorbance of the corresponding p-semiquinonediimine formed from TMPPD. The solu-

tions of TMPPD and the oxidants were prepared immediately before being used. Stock solutions were

prepared with doubly distilled water purged with N2 gas for ca. 30 min. The metal complexes’

solutions were prepared in DMF=H2O (50% v=v).

The pen recording polarograph Sargent-Welch model 4001 was used for studying the polarographic

behavior of the azo compounds and their metal ion complexes under investigation. The cell described

by Meites [54] was used for recording the polargramms at a dropping mercury electrode (DME)

(m¼ 1.03 mgs�1, t¼ 3.3 s, and mercury height h¼ 60 cm) and a saturated calmol electrode (SCE)

as a reference electrode, supplied by Sargent-Welch.

The cyclic voltammogramms of the complexes under investigation were recorded using a poten-

tiostate model 264 A (PAR-from EG&G). The 303A electrode assembly, supplied by EG&G, with a

hanging mercury drop electrode (area¼ 2.6� 10�2 cm2) as a working electrode, a Pt wire as a counter

electrode, and Ag=AgCl=KCls as reference electrode was used.

The nutrient agar solid medium contained per 1000 cm3 (pH¼ 7.2): beef extract 3 g, peptone 5 g,

nail 5 g, and agar 20 g. It was sterilized in high pressure steam for 30 min, serial dilutions of the

azodyes and its complexes were prepared containing 250�g=cm3 down to 3�g=cm3. The bacteria used

for testing the biological activity of the ligands and their complexes were Gram positive bacteria

(Staphylococcus aures and Bacillus subtilis) and Gram negative bacteria (Escherichia coli and

Pseudomonos aeruginosa) provided by the biology department. It was found that these bacteria exhibit

obvious sensitivity towards organic and organometallic compounds.
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