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a  b  s  t  r  a  c  t

New  sixteen  uric  acid  metal  complexes  of different  stoichiometry,  stereo-chemistries  and  modes  of inter-
actions  were  synthesized  using  different  metals  Cr,  Mn,  Fe,  Co,  Ni,  Cu,  Cd,  UO2,  Na  and  K. The  synthesized
complexes  were  characterized  by elemental  analysis,  spectral  (IR,  UV–Vis  and  ESR)  methods,  thermal
analysis  (TG,  DTA and  DSC)  and  magnetic  susceptibility  studies.  Molecular  modeling  calculations  were
used  to  characterize  the ligation  sites  of the  free  ligand.  Furthermore,  quantum  chemical  parameters  of
uric acid  such  as the  energies  of  highest  occupied  molecular  orbital  (EHOMO), energies  of lowest  unoccupied
omplexes
ynthesis
pectroscopy
hermal analysis
omputational

molecular  orbital  (ELUMO), the  separation  energy  (�E  =  ELUMO −  EHOMO), the  absolute  electronegativity,  �,
the  chemical  potential,  Pi, the  absolute  hardness,  �  and  the  softness  (�)  were  obtained  for uric  acid.  Eight
different  microbial  categories  were  used  to  study  the  antimicrobial  activity  of  the  free  ligand  and  ten of
its  complexes.  The  results  indicate  that  the ligand  and  its  metal  complexes  possess  antimicrobial  prop-
erties.  The  stoichiometry  of  iron–uric  acid complex  was studied  by  using  different  spectrophotometric
methods.
. Introduction

Uric acid (Fig. 1), is the end product of purine metabolism in
umans. It exists in human blood plasma at considerably high con-
entration [1].  It protects unsaturated fatty acids from air oxidation
nd DNA from damage in systems which generate superoxide and
eroxy radicals. It is a naturally occurring antioxidant can serve as

 nitrogen source for hydrocarbon degrading bacteria [2]. An abun-
ance of uric acid can be found in pathological mineral deposits
uch as kidney stones and gouty arthritis in various forms of metal
alts [3].  Complexes of uric acid with some metal ions, in particular
ith Ca2+ ions, are known to be formed in vivo as gallstones and in

he case of articular gout. Some chemical information is available
bout the interaction of uric acid with bio-metals such as Mg,  Ca, Fe,
o, Cu and Zn. Although metal ions participate in many biological
rocesses, however, there is limited data on the synthesis and phys-

cal and structural properties of pure metal urate salts. In our group,
 series of papers were published to throw light on chemistry of bio-

ogically active compounds including nucleic acid bases and their
omplexes and our research in this direction is continued [4–15].
n the present work, a new series of metal urate complexes were
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synthesized using different metals of Cr, Mn, Fe, Co, Ni, Cu, Cd, UO2,
Na and K. The free ligand and its complexes were examined system-
atically in their solid state using physicochemical, computational
and biological studies.

2. Experimental

2.1. Synthesis of the investigated complexes

The selected metal salts were dissolved in distilled water while
the uric acid ligand was dissolved in an alkaline solution and heated
till complete solubility. The complexes were synthesized using dif-
ferent molar M:L  ratios (1:1, 1:2, 1:3, 2:3 and 2:1) by adding the
ligand solution drop wise with constant stirring to the metal salt,
heating the product for 15 min  and then cooling. In all cases, the
reaction mixture was left overnight and the resulting solid com-
plexes were removed by filtration and then washed several times
with water. Finally, the isolated complexes were dried in the oven.
The metal contents were determined by atomic absorption and
flame photometry techniques as well as usual complexmetric titra-
tion procedures [16]. The carbon, hydrogen and nitrogen contents

were determined. The halogen content was determined by burning
30 mg  of the sample in an oxygen flask in the presence of KOH–H2O2
mixture and titrating with a standard Hg(NO3)2 solution using
diphenylcarbazone as an indicator [17]. The analytical data of the

dx.doi.org/10.1016/j.saa.2012.01.028
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:drmsmasoud@yahoo.com
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Fig. 1. Uric acid structure.

solated complexes, Table 1 depict the formation of complexes with
ifferent stoichiometries.

.2. Physical measurements

The KBr disc infrared spectra of the ligands and their complexes
ere measured over the frequency range 200–4000 cm−1 using

erkin-Elmer Spectrophotometer model. Nujol mull electronic
pectra were recorded using Perkin-Elmer spectrophotometer
odel lambda 4B covering the wavelength range 190–900 nm

ccording to the method described by Lee et al. [18]. Molar
agnetic susceptibilities, corrected for diamagnetism using Pas-

al’s constants were determined at room temperature (298 ◦K)
sing Faraday’s method. The instrument was calibrated with
g[Co(SCN)4] [19]. The ESR spectra of the copper complexes
ere recorded at 100 KHz modulation and 10G-modulation ampli-
ude on Varian E-9 spectrometer. The g values were determined
y comparison with diphenylbicrylhydrazil radical, DPPH, signal
g = 2.0037) [20]. Differential thermal analysis (DTA), thermogravi-

etric analysis (TGA) and differential scanning calorimetry (DSC)

able 1
lemental analysis, m.p, formula, stoichiometries and colour of uric acid (H4L) complexes

Complexes Symbol Color Calcu

C

Cr(H2L).Cl·3H2O I Pale-blue 22.09
(22.5

Cr(H3L)3·6H2O II Pale-blue 27.21
(27.6

Mn  (H2L)·2H2O III Beige 23.34
(23.7

Fe2L·2OH·4H2O IV Brown 16.54
(17.1

Co(H2L)·2H2O V Violet 22.98
(22.1

Co(H3L)2.2H2O VI Violet 27.96
(28.1

Co2(H2L)2H4L·6H2O VII Pale-pink 24.79
(25.6

Ni(H3L)·Cl·3H2O VIII Pale-green 18.97
(19.3

Ni(H4L)2·Cl2·2H2O IX Pale-green 23.91
(24.4

Cu(H3L)2H4L·6H2O X Yellowish green 26.71
(27.1

Cu(H3L)2·H2O XI Pale-green 28.86
(29.3

Cu2·L·4H2O XII Dark green 16.56
(17.3

Cd  (H2L)·2H2O XIII White 19.08
(19.6

UO2(H3L)2·4H2O XIV Yellow 17.74
(18.3

Na2 (H2L)·2H2O XV White 24.18
(24.9

K(H3L)·6H2O XVI White 19.09
(19.6
 Acta Part A 90 (2012) 93– 108

were carried out using a Shimadzu DTA/TGA-50. The rate of heating
was 10 K/min.

2.3. Instrumentation and calculations

The electronic spectra were recorded on a Perkin-Elmer 550 S
using 1 cm quartz cells. The molecular structure of free ligand was
examined by Chem. 3D Program. The semi empirical calculations
were performed with the Hyperchem program Version 5.0.

2.4. Spectrophotometric methods

The molar ratio method [21] permits us to deduce the
composition of complexes in solution from spectrophotometry.
For this method, solutions containing a constant concentration
(4.0 × 10−4 M)  of FeCl3 and variable concentration of Ua (from
1.0 × 10−4 to 3.0 × 10−3 M)  were prepared at the optimum pH. In
order to verify the results of the molar ratio method the com-
plex stoichiometry has also been determined by other methods.
For the straight line method [22], two solutions of FeCl3 and Ua
with concentrations [Fe3+]o and [Ua]o, respectively, were placed in
a measuring flask of volume, V . To the same volume Vo of the Fe3+

component, the volume V of the Ua component is added and the
solution was completed to the mark by a supporting electrolyte. The
final concentrations of the reagents are: [Fe3+] = (Vo[Fe3+]o/V)  and
[Ua] = (Vo[Ua]o/V).  For the continuous variation (Job’s method)
[23,24], a series of solutions is prepared in which the sum of the
total concentration of Ua and Fe(III) is constant, but their pro-
portions are continuously varied. The solutions were obtained by

mixing some different volumes of FeCl3 and Ua. The Ua solutions at
the same concentration as in the mixture were used for corrections
of the Job’s plot. For both the slope ratio and limiting logarithmic
methods [25], two  sets of experiments were constructed. In the first

. All the complexes have m.p  > 300◦ .

lated/(found) %

H N Metal Cl

 1.47 20.61 19.14 13.07
3) (2.11) (20.96) (18.87) (12.81)

 3.17 25.40 7.86 –
4) (3.42) (25.82) (7.91)

 2.33 21.79 21.37 –
1) (2.64) (22.33) (21.74)

 1.93 15.44 30.78 –
1) (2.45) (16.12) (30.25)

 2.30 21.45 22.58 –
5) (2.35) (22.12) (22.32)

 2.33 26.09 13.73 –
3) (2.42) (26.90) (14.1)

 2.75 23.13 16.23 –
3) (2.94) (23.45) (16.35)

 2.85 17.70 18.56 11.22
3) (3.12) (18.14) (18.11) (11.75)

 2.39 22.31 11.70 14.15
5) (2.55) (22.71) (12.04) (13.76)

 3.26 24.93 9.43 –
1) (3.45) (25.11) (9.42)

 1.92 26.93 15.28 –
2) (2.33) (27.12) (15.71)

 1.93 15.46 35.08 –
1) (2.12) (16.10) (34.91)

 1.91 17.80 35.74 –
7) (2.23) (18.22) (36.22)

 2.07 16.56 35.19 –
1) (2.51) (17.08) (35.55)

 2.42 22.57 18.54 –
5) (2.86) (23.11) (18.11)

 4.77 17.82 12.44 –
6) (5.12) (18.11) (11.98)
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et, the concentration of the ligand was kept constant and in excess
t 2.0 × 10−3 M,  while that of FeCl3 was varied from 1.0 × 10−4 to
.0 × 10−4 M.  In the other set, the concentration of FeCl3 was kept
onstant and in excess at 2.0 × 10−3 M,  while the concentration of
he Ua was varied from 1.0 × 10−4 to 6.0 × 10−4 M. The successive

ethod was constructed depending on the changes of both the
oncentrations of the ligand and the metal ion.

.5. Computational study

The molecular structure of free ligand was examined by Chem.
D Program as well as hyperchemistry program. The molecule was
uilt with the GaussView 3.0 implemented in Gaussian 03 package.

. Results and discussions

.1. Molecular modeling

Generally, the molecular modeling calculations are widely
ncreasing nowadays for the expectation of the mechanism of
he reactions and the identification of the products [26]. This
aves time and money. The multidentate ligands including nitro-
en and oxygen atoms are versatile and useful for assembly
ew molecules, because they can coordinate many transition
etal ions. Thus the synthesis and structures of new complexes

re significant for understanding the biological phenomena and
xploiting artificial models [27]. Also, a theoretical support for
he experimental findings regarding the donor atoms could be
btained on comparing the molecular models of the complexes
ith that of the free ligands. Geometrical structure and electronic
roperties of the free ligand, Ua were calculated by optimiz-

ng its bond lengths, bond angles and dihedral angles, collected
n Table 2 and shown in Fig. 2. The calculations are based on
eglecting the possibility of hydrogen bonding. Molecular mod-
ling is a collective term that refers to theoretical methods and
omputational techniques to model the behaviors of molecules
28,29]. Uric acid coordinates to different metal ions through
he protonated N-7 within the imidazole ring and O-14 within
he pyrimidine ring. These two atoms carry more electronega-
ive charge confirming active sites for coordination, Table 1. The
harge values for N-7 and O-14 are −0.166 and −0.346, respectively.
or Ua, the bond lengths are around 1.4 Å. This value decreases
or C(1)–O(13) = 1.223, C(3)–O(14) = 1.218, C(8)–O(10) = 1.218,
(2)–H(12) = 0.999, N(6)–H(11) = 0.995, N(7)–H(16) = 0.992 and
(9)–H(15) = 0.992. It is obvious that all C–N bond lengths > C–O
ond lengths. As the electronegativity increases, the bond length
ecreases [30]. On considering the bond angles of Ua, they were
ound around 120◦ and 109.5◦. These angles are due to sp2 and sp3

ybridization of the atoms. The big deviations appear in the region
here the two rings, six membered pyrimidine and five mem-

ered imidazole rings, are fused together C(3)–C(4)–N(7) = 129.78◦,
(6)–C(5)–N(9) = 129.14◦. The dihedral angles proved the near pla-
arity of the Ua molecule, where the angles were of nearly 180◦

nd 0◦. The difference is due to the syn and anti positions of the
nvestigated atoms, where the anti gives 180◦ and the syn gives 0◦.

.1.1. Theoretical study using hyperchemistry
Quantum chemical parameters of organic compounds are

btained from calculations such as energies of the highest occu-
ied molecular orbital, EHOMO, energies of the lowest unoccupied
olecular orbital, ELUMO, separation energies, �E,  absolute elec-
ronegativities, �, chemical potentials, Pi, absolute hardness, �, and
bsolute softness, � according to the following equations [31,32]:

E = ELUMO − EHOMO
Acta Part A 90 (2012) 93– 108 95

� = −(EHOMO + ELUMO)
2

� = ELUMO − EHOMO

2

� = 1
�

Pi = −�

EHOMO is a quantum chemical descriptor which is often associated
with the electron donating ability of the molecule. The energy of the
lowest unoccupied molecular orbital, ELUMO, indicates the ability
of the molecule to accept electrons. The concepts of the parame-
ters, � and Pi are related to each other. The inverse of the global
hardness is designated as the softness, � [33]. All these quantum
chemical parameters were calculated for Ua (Table 3). According
to the frontier molecular orbital theory, FMO, the chemical reac-
tivity is a function of interaction between HOMO and LUMO levels
of the reacting species [34]. The EHOMO indicates the ability of the
molecule to donate electrons to an appropriate acceptor such as
metal ions with empty molecular orbitals and ELUMO indicates its
ability to accept electrons. The higher is the value of EHOMO of Ua,
the easer is its offering electrons to the unoccupied d-orbital of
metal ion. The calculations showed that the high energy EHOMO
is assigned for the Ua, which is expected to have a good coordi-
nation tendency to metal ions. Ua coordinates to different metal
ions through the protonated N-7 within the imidazole ring and
O-14 within the pyrimidine ring. These two atoms carry more
electronegative charge confirming active sites for coordination.
Furthermore, the HOMO level is mostly localized on the protonated
N-7 within the imidazole ring and O-14 within the pyrimidine ring
indicating their being the preferred sites for nucleophilic attack
at the central metal ions (Fig. 2). This means that these moieties
with high coefficients of HOMO density were oriented toward the
metal ions. The HOMO–LUMO energy gap, �E  approach, which
is an important stability index, is applied to develop theoretical
model for explaining the structure and conformation barriers in
many molecular systems. The high value of �E could be expected
to indicate Ua molecule has high inclination to bind to the metal
ion. Absolute hardness, � and softness, � are important properties
to measure the molecular stability and reactivity. A hard molecule
has a large energy gap and a soft molecule has a small energy gap.
Soft molecules are more reactive than hard ones because they could
easily offer electrons to an acceptor. In a complex formation sys-
tem, the ligand acts as a Lewis base while the metal ion acts as a
Lewis acid. Metal ions are soft acids and thus soft base ligands are
most effective for complex formation. Accordingly, it is concluded
that Ua with a proper value � value has a good tendency to chelate
metal ions effectively. This is also confirmed from the calculated
chemical potential, Pi.

3.2. IR spectra of Ua and its complexes

The fundamental IR bands of Ua and its metal complexes are
given in Tables 4 and 5. The free ligand has major peaks at 3013
and 2871 cm−1 in weak appearance assigned to N–H stretching.
However, strong band at 1680 cm−1 is assigned to C O group. The
bands at 1122, 1434, 878 and 785 cm−1 were assigned to �C–O, �C N,

�OH, �NH, respectively. On the other hand, the �C–N, �(C O) bands at
1326 and 704 cm−1 are strong evidence that the structure of the
ligand is keto–enol tautomerized before complexation with metal
ions [35]. Three oxygen and four NH bonds are available for hydro-

gen bonding formation and thus Ua can be considered as a good
electron donor [36]. The examination of the IR spectra of its metal
complexes shows broad bands in the region of 3450–3510 cm−1 for
the complexes I, III, IV, V, VI, VII, VIII, XII and XIII, which suggests
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Table 2
Molecular modeling data of uric acid (H4L1).

Charge density

Atoms Actual Atoms Actual

C(1) 0.208 N(9) −0.107
N(2)  −0.009 O(10) −0.350
C(3)  0.345 H(11) 0.096
C(4) 0.335 H(12) 0.123
C(5) −0.148 O(13) −0.372
N(6)  −0.139 O(14) −0.346
N(7)  −0.166 H(15) 0.098
C(8)  0.176 H(16) 0.101
Bond  length (A◦)
C(1)–N(2) 1.414 N(6)–C(1) 1.439
C(1)–O(13) 1.223 C(4)–N(7) 1.435
N(2)–C(3) 1.437 N(7)–H(16) 0.992
N(2)–H(12) 0.999 N(7)–C(8) 1.438
C(3)–O(14) 1.218 C(8)–O(10) 1.218
C(3)–C(4) 1.455 C(8)–N(9) 1.457
C(4)–C(5) 1.379 N(9)–H(15) 0.992
C(5)–N(6) 1.409 N(9)–C(5) 1.425
N(6)–H(11) 0.995
Bond angle
O(13)–C(1)–N(2) 118.648 C(5)–C(4)–N(7) 109.612
O(13)–C(1)–N(6) 118.648 C(3)–C(4)–N(7) 129.778
N(2)–C(1)–N(6) 122.705 C(4)–C(5)–N(9) 109.106
C(1)–N(2)–C(3) 121.143 N(6)–C(5)–N(9) 129.142
C(1)–N(2)–H(12) 119.429 C(4)–N(7)–H(16) 127.132
C(3)–N(2)–H(12) 119.429 C(4)–N(7)–C(8) 105.736
N(2)–C(3)–O(14) 122.346 H(16)–N(7)–C(8) 127.132
N(2)–C(3)–C(4) 115.308 N(7)–C(8)–O(10) 125.22
O(14)–C(3)–C(4) 122.346 N(7)–C(8)–N(9) 109.56
C(3)–C(4)–C(5) 120.611 N(9)–C(8)–O(10) 125.22
C(4)–C(5)–N(6) 121.752 C(8)–N(9)–H(15) 127.007
C(5)–N(6)–C(1) 118.482 C(8)–N(9)–C(5) 105.986
C(5)–N(6)–H(11) 120.759 C(5)–N(9)–H(15) 127.007
C(1)–N(6)–H(11) 120.759
Dihedral angle
O(13)–C(1)–N(6)–H(11) −0.0351 C(3)–C(4)–C(5)–N(9) 179.98
N(2)–C(1)–N(6)–C(5) 0.0351 N(7)–C(4)–C(5)–N(6) 180
N(2)–C(1)–N(6)–H(11) 180 N(6)–C(5)–N(9)–H(15) 0.0517
O(13)–C(1)–N(6)–C(5) 180 C(4)–C(5)–N(9)–C(8) 1.5843
O(13)–C(1)–N(2)–H(12) −0.0834 C(4)–C(5)–N(9)–H(15) 180
N(6)–C(1)–N(2)–C(3) −0.1282 N(6)–C(5)–N(9)–C(9) −179.934
O(13)–C(1)–N(2)–C(3) 179.917 C(5)–N(9)–C(8)–N(7) −0.0679
N(6)–C(1)–N(2)–H(12) 179.872 H(15)–N(9)–C(8)–O(10) 1.5843
H(12)–N(2)–C(3)–O(14) 0.100018 C(5)–N(9)–C(8)–O(10) 180
C(1)–N(2)–C(3)–C(4) 0.100018 H(15)–N(9)–C(8)–N(7) 179.946
H(12)–N(2)–C(3)–C(4) −179.9  N(9)–C(8)–N(7)–C(4) 0.100098
C(1)–N(2)–C(3)–O(14) −179.9 O(10)–C(8)–N(7)–H(16) −0.0679
O(14)–C(3)–C(4)–N(7) −0.10083 N(9)–C(8)–N(7)–H(16) 180
N(2)–C(3)–C(4)–C(5) 0 O(10)–C(8)–N(7)–C(4) −179.983
N(2)–C(3)–C(4)–N(7) 179.899 H(16)–N(7)–C(4)–C(3) 0.100098
O(14)–C(3)–C(4)–C(5) 180 C(8)–N(7)–C(4)–C(5) −0.09153
C(3)–C(4)–C(5)–N(6) −0.0809 C(8)–N(7)–C(4)–C(3) 180
N(7)–C(4)–C(5)–N(9) 0.04596 H(16)–N(7)–C(4)–C(5) 180

Fig. 2. The Molecular modeling of uric acid.
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Table 3
The calculated quantum chemical parameters of uric acid.

Parameter Calculated value

HOMO (eV) −8.853
LUMO (eV) −0.730
�E (eV) 8.123
� (electronegativity) 4.792
Pi (chemical potential) −4.792

t
o
c
e
t
t
i
t
o
b
A
c
t
O
�
a
t

+ +

T
F

A

T
F

A

� (hardness) 4.062
� (softness) 0.246

he coordination with water. Meanwhile, the bands in the region
f 3300–3500 cm−1 for the complexes II, IX, X, XI, XIV, XV and XVI
ould be taken as an indication of lattice water. It seems from the
lemental and thermal analyses of these complexes that they con-
ain water molecules in their structures, which is confirmed by
he presence of �OH and metal–oxygen bands attributed to rock-
ng modes in the region of 503–534 cm−1 [37]. For all complexes,
he �C O bands are shifted to lower wave number since the res-
nance increases the single bond character and thus these bands
ecome weaker and are blue shifted or disappeared (complex IV).
lso, the band of �C O is shifted to lower wave numbers in all
omplexes compared to that of Ua, indicating that at least one of
he three carbonyl groups in Ua is coordinated to the metal ions.

ther characteristic feature of Ua complexes is that the doublet
NH bands of the free ligand at 3013 and 2871 cm−1 are strongly
ffected on complexation with the presence of only one band in
he range 2950–3192 cm−1 with different shapes [38]. So the NH

able 4
undamental infrared bands (cm−1) of uric acid and its complexes (I–VII).

Uric acid I II III IV 

– 3350(b) 3457(b) 3510(w) 3500(w) 

3013(w) 3015(m) 3010(w) 3078(m) 3011(m) 

2871(w)
1680(vs) 1670(m) 1666(vs) – 1679(vs) 

– – – 

1587(vs) 1556(w) 1529(w) – 1587(w) 

1434(w) 1430(m) 1454(m) 1407(m) 1404(m) 

1368(m) 1390(s) 1384(s) 1340(w) 1349(w) 

1122(vs) 1105(w) 1120(w) 1135(s) 1119(s) 

1326(m) 1260(m) 1275(m) 1290(m) 1306(m) 

878(m) 871(m) 880(m) 852(m) 870(W) 

785(s) 767(s) 755(m) 770(m) 784(s) 

704(s) 682(w) 680(m) 643(w) 680(w) 

– 507(s) 506(m) 534(s) 504(w) 

– 492(m) 492(w) 434(m) 490(m) 

– 320(w) – – 

bbreviations: vs (very strong), s (strong), m (medium), w (weak).

able 5
undamental infrared bands (cm−1) of uric acid-complexes (VIII–XVI).

VIII IX X XI XII X

3451(b) 3350(w) 3350(b) 3350(w) 3450(b) 3
3015(w) 3050(w) 3135(w) 3137(m) 2950(w) 3
1662(vs) 1664(vs) 1659(s) 1674(s) 1628(vs) 1

1545(m) 1590(w)
1525(w) 1535(m) 1527(m) 1487(w) 1520(w) 1
1420(w) 1450(m) 1429(m) 1436(w) 1463(w) 1
1380(s) 1385(s) 1384(s) 1350(w) 1383(s) 1
1050(m) 1124(m) 1137(s) 1115(m) 1113(m) 1
1280(w) 1285(m) 1278(m) – 1222(w) 1
847(m) 871(w) 871(w) 878(m) 837(m) 8
753(m) 783(m) 784(s) 784(m) 766(m) 7
704(w) 690 (w)  695(m) 706(m) 708(w) 7
503(w) 506(m) 503(m) 509(w) 514(w) 5
491(s) 492(m) 491(w) 485(w) 480(w) 4
350(w) 352(w) – – – –

bbreviations: vs (very strong), s (strong), m (medium), w (weak).
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groups either participate in bond formation with the metal ions
or tautomerized with the adjacent groups to form the keto–enol
tautomers [35]. Also, the band at about 785 cm−1 for Ua is affected
on complexation and �N–H is shifted to lower wave number in all
complexes. In general, one can say that the N–H group is mandatory
site for the metal–ligand binding. All Ua complexes gave new well
characterized bands due to �M–O and �M–N stretching vibrations
at 496–534 cm−1 and 492–440 cm−1, respectively. For the com-
plexes I, VIII and IX, another characteristic band due to M–Cl in
320–352 cm−1 region appears. These new bands are not present in
the free ligand [39,40]. The appearance of �C N, �C–N, �N–H, �C O,

�C O, �OH and �N–H in Ua and its complexes with different degrees
is strongly evident that the ligand is tautomerized [35]. Ua  can form
chelate ring system because it has more than one point of attach-
ment to the metal. This chelate system contains five membered
rings [38] that give high stability to the newly formed complexes.
So, Ua acts as a bidentate ligand through one coordinating group
C O and one acidic group NH, also it acts as a tetradentate in case
of the complex XII and a hexadentate ligand in case of the complex
IV. Ua can bind to the alkali metals such as Na+ and K+ in different
ratios (2:1 and 1:1), respectively [41]. This is because Na+ has small
size than K+ and the charge density on Na+ is higher than K+. So,
in case of Na+ the most stable complex is with the ratio 2:1 but
in case of K+ the most stable complex is with the ratio 1:1. Fur-

thermore, Na is considered harder than K . Therefore, there are
stronger interactions between nitrogen or oxygen and Na+ than
those of nitrogen or oxygen and K+ according to the hard and soft
acid base principle (HSAB) which states that a hard acid prefers to

V VI VII Assignments

3455(b) 3450(b) 3450(b) �O–H of H2O
3192(w) 3158(m) 3120(w) �N–H

1613(m) 1674(m) 1675(s) �C O

– 1545(w) –
1535(m) 1532(w) 1600(m) �C C

1405(w) 1440(m) 1460(w) �C N

1375(s) 1390(s) 1383(m) �C–C

1126(s) 1005(s) 1138(m) �C–O

1225(w) 1290(m) 1250(w) �C–N

880(W) 872(m) – �OH

783(S) 782(m) 784(m) �(N–H)

613(w) 683(m) 679(w) �(C O)

504(m) 508(s) 506(w) �M–O

485(w) 492(m) 492(w) �M–N

– – – �M–Cl

III XIV XV XVI Assignments

450(b) 3350(m) 3300(b) 3320(m) �O–H of H2O
184(w) 3011(w) 3040(m) 3010(w) �N–H

691(s) 1674(vs) 1660(vs) 1668(vs) �C O

596(m) 1520 (m)  1529(m) 1533(w) �C C & �C N

417(m) 1432(w) 1429(w) 1437(m)
371(s) 1342(w) 1382(m) 1387(s) �C–C

124(s) 1123(m) 1005(m) 1010(w) �C–O

280 (w) 1310 (w) 1257(m) 1262(m) �C–N

32(w) 878(w) 880(w) 850(w) �OH

68(m) 785(m) 783 (m) 786(s) �(N–H)

11(s) 707(w) 620(w) 695(w) �(C O)

15(m) 501(m) 496 499(w) �M–O

70(w) 440(w) 470(w) 440(w) �M–N

 – – – �M–Cl
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Table 6
Coordination bond length r (Å) of some uric acid complexes.

Complex rM–N (Å) rM–O (Å)

V 0.463 0.865
VI 0.633 0.866
VII 0.423 0.447
VIII 0.477 0.650
IX 0.496 0.653
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Table 7
Nujol mull electronic absorption spectra �max (nm), room temperature effective
magnetic moment values (�eff , 298 ◦K) and geometries of complexes.

Complex �max (nm) �eff Geometry

I 250(m),300(s),510(b) 3.85 Oh

II 310(vs),425(b),580(b) 3.87 Oh

III 353(m),570(b) 5.77 Td

IV 230(vs),305(s),372(w),500(b) 5.91 Oh

V 235(s),310(s),550(b) 4.92 Td

VI 255(s),305(s),600(b) 5.12 Oh

VII 300(s),540(b) 5.31 Oh

VIII 240(m),290(m),380(w),660(b) 3.32 Oh

IX 300(s),670(b) 3.41 Oh

X 294(w),342(m),724 (b) 1.85 Oh

XI 275(s),380(m),600(b) 2.11 Td
X 0.601 0.597
XI 1.210 0.810
XII 0.453 0.473

eact with a hard base and a soft acid prefers to react with a soft
ase [42]. The IR spectrum of the complex XIV displays two bands
t 908 and 800 cm−1, assigned to �3 and �1 vibrations of the diox-
uranium ion, respectively [43]. The �3 value is used to calculate
he force constant (F) of �U O by the method of McGlynn et al. [43].

�3)2 = (1307)2(FU−O)
14.103

he force constant obtained for uranyl complex was  then substi-
uted into the following relation to give an estimate of the U–O
ond length in Å [44]. The calculated FU–O and RU–O (U–O bond

ength) values are 6.81 mdynes Å−1 and 1.74 Å, respectively which
all in the usual range of the uranyl complexes

U−O = 1.08(FU−O)−1/3 + 1.17

.2.1. Calculation of the coordination bond length
The calculations are based on recording the change in the fre-

uency of the band positions of the free ligand with respect to its
omplexes. If the C N or C O groups obtained by tautomerism are
uggested to bind to the metal ion, the coordination bond length
r) can be determined from the following equation [45–47].

�  =
(

32	˛

˛2

)  (
�x=y − �x−y




)
exp

(
−2	

√
2r

a

)

� is the shift in the oscillator frequency (�� �ligand − �complex)
nd  ̨ is the bond polarizability. The  ̨ values were computed based
n published data for complexes of similar structures to the present
omplexes, which are 48.61, 46.59 and 42.50 for cobalt, nickel and
opper, respectively [46]. The lattice constant, a, of the metal salt
re 3.5, 3.524 and 3.614 for cobalt, nickel and copper, respectively
47]. The frequency of the oscillator with a double bond, �x  y are
(C N) and �(C O), respectively. The frequency of the oscillator
ith a single bond, �x  y are �(C–N) and �(C–O), respectively. 
 is

he length of the oscillator coordinated to the metal ion. From such
ata, the r-values for the bond between the metal and the nitrogen
tom of the C N group and the oxygen atom of the C O group are
omputed [48] and collected in Table 6. For these complexes, the
alues of the calculated coordination bond length of the transition
etal complexes decrease in the sequence either to the oxygen or

he nitrogen atom: Ni < Co < Cu. For the tetrahedral complex XI, the
oordination bond length is longer than that of the octahedral Co(II)
nd Ni(II) complexes. Thus, the geometry of the complex compound
lays a major factor for controlling such trends. In general, the M–O
ond length is greater than that of M–N  but the reverse case is
bserved in case of the complexes X and XI.

.3. Electronic spectral and magnetic studies
Nujol mull electronic absorption spectral data (�max, nm), room
emperature effective magnetic moment values (�eff, 298 ◦K) and
eometries of the investigated complexes are given in Table 7. The
XII 280(m),338(m),672(b) 1.98 s.p
XIV  278(s),430(b),500(b) 1.91 Oh

nujol mull electronic absorption spectra for the pale-blue com-
plexes I and II showed three bands at 250, 300 and 510 nm and 310,
425 and 580 nm,  respectively due to 4A2g → 4T2g (F), 4A2g → 4T1g(F)
and 4A2g → 4T1g(P) transitions, respectively. So that, these two
complexes have octahedral geometries in high spin state [49]. Such
Oh geometry is further deduced from the �eff values, which equals
3.85 and 3.87 B.M, respectively. The beige complex III has the
room temperature �eff value of 5.77 B.M typifying the existence
of Td configuration in high spin state. The electronic spectra of the
black complex IV gave bands at 300, 340, 475 and 635 nm and
230, 305, 372 and 500 nm.  These bands are due to CT (t2g → �*)
and CT (� → eg), respectively. Its room temperature �eff value is
5.91 B.M, typifying the existence of Oh configuration in high spin
state. The nujol mull electronic absorption spectra of the complex
V gave bands at 235, 310 and 450 nm.  The latter broad band is
assigned to 4A2 → 4T1(P) transition indicating the tetrahedral struc-
ture [50]. The �eff magnetic moment value 4.92 B.M verified such
geometry. However, the electronic spectra of complexes VI and VII
(Table 7) gave bands in the range of 251–600 nm.  The first band
is of charge transfer nature and the latter broad band is assigned
to 4T1g(F) → 4T1g(P) transition. Their magnetic moment values are
5.12 and 5.31, respectively typifying Oh geometry [51]. The nujol
mull electronic spectra of the nickel complexes VIII and IX (Table 7)
gave bands in the wavelength ranges of 240–380 and 660–670 nm
due to 3A2g → 3T1g(P) and 3A2g → 3T1g(F) transitions, respectively
and when gathered with the magnetic moment values (3.32 and
3.41 B.M.), a high spin octahedral structure is assigned [52]. The
electronic spectral data of the yellowish-green complex X show
bands at 294, 342 and 672 nm.  The latter broad band is assigned
to the transition 2Eg → 2T2g (D) and is assignable to octahedral
environment (Table 7). The electronic absorption spectra of the
pale-green complex XI gave broad bands with maxima at 275, 380
and 600 nm.  The presence of the bands at 380 and 368 nm in the
copper complexes may  be due to the destabilization of the energy
of the lone pairs of electrons on complex formation and they are
assigned to the transition 2T2g → 2Eg of a tetrahedral structure. The
slightly higher �eff values above that for the spin–orbit only arises
from slight mixing of multiplete excited state in which spin–orbit
coupling is appreciable. On the other hand, the spectra of the dark-
green complex XII gave bands at 280, 338 and 672 nm typifying
the presence of square planar stereochemistry. The white complex
XIII is diamagnetic with a tetrahedral environment (�eff = zero).
The nujol mull electronic absorption spectra of the yellow com-
plex XIV gave bands at 278, 430 and 500 nm (Table 7). The strong
band at 430 nm was  assigned to charge transfer probably due to

* 1 + 2
n–� transition. The band at 500 nm was attributed to Eg → пu

transition [53–55].  The room temperature magnetic moment, �eff
value of this complex is 1.91 B.M. In general, all the data typified
the existence of low spin octahedral configuration. The electronic
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Fig. 3. The structures of the synthesized complexes.
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Fig. 4. X-Band ESR spectra of (a) XI and (b) X.

pectra, magnetic moment values and infrared spectra concluded
he structures shown in Fig. 3.

.4. ESR measurements

The ESR spectrum of the octahedral copper complex X showed
nisotropic spectrum of an axial–elongated type (Fig. 4). It gave two
-values, g// = 2.45 and g⊥ = 2.09. For this complex, g// > g⊥ assigns
hat the unpaired electron is in the dx2−y2 orbital [56,57]. The room-
emperature ESR spectrum of XI complex (Fig. 4) is nearly of similar
pectral pattern. It is isotropic in nature with gs = 2.16 and A = 200
×10−4). The data showed very broad signals, which may  be due
o the polymeric nature of these complexes. The ESR spectrum
f the square–planar complex XII showed anisotropic spectrum
f an axial–elongated type (Fig. 5). It gave two g-values, g// = 2.48
nd g⊥ = 2.11. The G value, 4.36, for this complex indicated strong
nteraction between the ligand and the metal ion. g// > g⊥ suggests
hat dx2−y2 ground state is present [58,59]. The 〈g〉 value is calcu-
ated from the relation [60]: [〈g〉 = (g// + 2 g⊥)/3] and equals 2.23, for

his complex. The deviation of the <g> value from that of the free
lectron (2.0023) is due to the covalence property with a further
upport for tetrahedral-distorted symmetry associated with dx2−y2

tate rather than dz2 state [13,61]. The structure can be confirmed

Fig. 5. X-B and ESR spectra of the complex, XII.
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by nujol mull electronic spectra, IR and magnetic moment values.
Generally, CuII complexes having a lower symmetry than octahe-
dron undergo a free rotation or give complexes containing grossly
misaligned tetragonal axes of magnetically dilute interaction lead-
ing to isotropic spectral feature [6].  It is possible to measure ˛2,
where  ̨ is the coefficient of the ground state dx2−y2 orbital, from
the expression [62]:

˛2 = A//

0.036
+ (g// − 2.0023) + 3

7(g⊥ − 2.0023)
+ 0.04

where A// is the parallel coupling constant expressed in cm−1. The
˛2 -values for CuII complexes lie in the range of 1.078–0.888 indi-
cating that these complexes are not purely covalent in accord with
the results obtained from IR and electronic spectral measurements
[7,63].

3.5. Thermal analysis

3.5.1. The DTA and TGA data
The DTA data of the free ligand (Table 8) showed one broad

characteristic endothermic agitation peak at 437.4 ◦C with acti-
vation energy of 91.87 kJ/mol and a reaction order of 0.67 which
corresponds to decomposition of purine ring with the major final
formation of acetonitrile. This can be proved by TGA data which
gave well defined one peak. Ua contains in its structure purine
ring which is believed to exhibit a high thermal stability [64]. It
starts to decompose at 400 ◦C. The DTA and TGA data of the synthe-
sized Ua complexes are given in Table 8 and showing a number of
endothermic peaks. The data allow the following observations and
conclusions:

(i) The octahedral uric acid complexes I, IV and VIII gave three well
defined TGA peaks. The dehydration processes of coordinated
water molecules [65] take place in the first two  successive
steps in the temperature range 307–579 K. The last exother-
mic  peaks are corresponding to decomposition step with the
formation of metal oxides as final products such as Cr2O3 [66],
Fe2O3 and Ni2O3 [67]. In the temperature range 573–773 ◦C,
four DTA peaks overlapped with each other gave one TGA step
which corresponds to decomposition of the ligand and forma-
tion of Fe2O3.

(ii) From TGA data, the complex V gave three well defined peaks.
The dehydration of coordinated water molecules takes place
in the first step only in the temperature range 305–421 K. The
last two  exothermic peaks are corresponding to decomposition
step and formation of the basic cobalt cyanide, Co(OH)CN as a
final product [10].

(iii) The octahedral complex XIV gave four well defined TGA peaks
(Fig. 6 and Table 8). The dehydration processes of lattice water
molecules [65] take place in the first two successive steps in
the temperature range 343–589 K. The last two steps are due
to thermal agitation with formation of UO2 as a final product.
The DTA curves confirm these results which gave four peaks.

The calculated activation energy, Ea, entropy of activation, �S#

and the change in enthalpy, �H# for any phase transformation
are collected in Table 8. The change of entropy, �S#, values for
all complexes are nearly of the same magnitude and lie within the
range from (−0.28) to (−0.32) kJ K−1 mol−1. It is concluded that the
transition states are more ordered, i.e. in a less random molecular
configuration than the reacting complex. The fraction appeared in

the calculated order of the thermal reaction, n, also confirms that
the reactions proceeded in complicated mechanisms. The calcu-
lated values of the collision number, z showed a direct relation to
Ea.
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Table 8
DTA analysis of Uric acid (H4L) and their metal complexes.

Compound Type Tm (◦K) Ea (kJ mol−1) n ˛m �S# (kJ K−1 mol−1) �H# (kJ mol−1) 103 (Z S−1) T (◦C) TGA Wt.  loss (%) Assignment

Calcd. (%) Found. (%)

Ua Endo 710 91.87 0.67 0.702 −0.306 −217.3 0.015 358.9–493.6 75.54 76.03 Decomposition of purine ring and
formation of acetonitrile

I  Endo 353 95.83 1.16 0.605 −0.294 −103.8 0.032 35.9–175.7 20.64 15.95 Dehydration of 1.5 coordinated water
molecules and HCl

Endo  385 313.67 1.65 0.537 −0.286 −109.9 0.097
Endo  505 133.24 1.26 0.589 −0.297 −150.0 0.031 175.7–260.0 8.77 5.99 Loss of 1.5 coordinated H2O molecules
Exo  649 271.52 1.11 0.613 −0.295 −191.7 0.050 260.0–441.4 52.06 42.33 Decomposition of the rest ligand and

formation of Cr2O3

IV Endo 453 209.02 1.58 0.546 −0.291 −132.1 0.055 83.0–197.4 6.99 6.59 Loss of 1.5 coordinated water molecules
Exo  525 142.91 1.41 0.568 −0.297 −156.1 0.033 197.4–306.0 11.66 12.00 Loss of 2.5 coordinated H2O molecules
Exo  633 404.23 0.89 0.653 −0.291 −184.6 0.076 306.0–495.5 38.87 46.84 Decomposition of the rest ligand and

formation of Fe2O3

Exo 655 405.83 1.84 0.516 −0.292 −191.4 0.075
Exo 704 1129.69 1.62 0.541 −0.284 −200.8 0.193
Exo 757 19.12 1.31 0.582 −0.320 −242.3 0.003

V  Endo 358 38.08 1.26 0.589 −0.302 −108.1 0.012 33.4–173.3 13.68 14.21 Removal of two  coordinated water
Exo  613 297.92 1.36 0.574 −0.294 −180.0 0.058 173.3–448.2 41.81 42.23 Elimination of 2HCN and 2CO

550.0–731.0 5.32 4.72 Elimination of 0.5N2 and formation of
Co(OH)CN

VIII  Endo 358 65.82 0.93 0.646 −0.297 −106.4 0.022 34.4–140.0 14.22 14.59 Dehydration of 2.5H2O coordinated
molecules

Endo  385 299.04 1.78 0.522 −0.286 −110.1 0.093
Endo  406 375.28 1.43 0.565 −0.285 −115.7 0.111
Endo  463 140.88 1.21 0.596 −0.295 −136.7 0.036 140.0–264.6 14.37 10.83 Loss of 0.5 H2O + HCl
Exo  528 45.27 1.26 0.589 −0.307 −162.0 0.010 264.6–462.5 44.88 34.68 Loss of N2, 2HCN, 1.5C, 1.5CO and

formation of Ni2O3

Exo 608 388.86 1.14 0.608 −0.291 −177.1 0.076
Exo  703 305.71 1.44 0.563 −0.296 −207.9 0.052

XII  Endo 377 15.89 1.22 0.596 −0.309 −116.8 0.005 31.8–148.0 12.35 10.49 Dehydration of 2.5 coordinated H2O
Exo  491 227.68 1.02 0.629 −0.292 −143.5 0.056 148.0–335.8 33.75 29.75 Elimination of 1.5 H2O,  2CO, N2, C and

formation of basic copper cyanide
Exo  625 434.64 1.26 0.589 −0.291 −181.8 0.084
Exo  663 467.67 1.11 0.613 −0.291 −193.1 0.085

XIV  Endo 383 28.39 0.85 0.661 −0.305 −116.9 0.009 70.2–189.0 6.63 6.84 Dehydration of 2.5 outer sphere H2O
Endo  478 35.34 1.93 0.507 −0.307 −146.8 0.009 189.0–316.7 Dehydration of 1.5 outer sphere H2O
Exo  653 295.66 0.95 0.641 −0.295 −192.4 0.055 316.7–477.9 40.78 42.48 Loss of 4HCN, N2, 5CO
Exo  730 545.14 1.36 0.574 −0.292 −212.8 0.089 477.9–564.5 8.55 8.98 Decomposition of the rest ligand and

formation of UO2
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curves of the complex XIV.
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Table 9
Thermal transitions of uric acid (H4L1) and some complexes.

Compound Thermal transitions (◦C)

Tg Tc Tm

Ua – 435.6 457.0
I  104.0 210.0 365.5
IV  100.6 248.7 386.0
Fig. 6. TGA and DTA 

.5.2. Differential scanning calorimetry, DSC
DSC is a technique used to study the thermal transitions of

 compound such as glass transition, melting and crystallization.
lotting heat flow against temperature gave three regions. In the
rst region, glass transition temperature can be determined by
aking the middle of the incline, in the second region, it can be
etermined by taking the temperature at the lowest point of the

ip and in the third region, melting temperature can be determined
y taking the temperature at the top of the peak. Thermal transi-
ion of Ua and their complexes are collected in Table 9. Ua has no
lass transition temperature since there are no thermal changes

V  88.6 153.9 313.1
VIII 70.8 146.7 416.8
XII  95.5 214.0 380.2
XIV 129.7 189.1 458.7
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Fig. 7. DSC curves for the complex XIV: (a) dependence of heat flow on temperature,
(b)  dependence of specific heat on temperature, and (c) variation of Cp/T versus T2.
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ntil 417.3 ◦C i.e. it decomposes at higher temperature. The glass
ransition temperature for all complexes can be determined from
SC graph since they exhibit dehydration process due to lattice and
oordinated water molecules followed by thermal agitation decom-
osition. This is compatible with the explanation of TGA for these
omplexes. The complex XIV has the highest value of Tg (Table 9 and
ig. 7) where this complex contains two molecules of Ua forming
n octahedral geometry with two water molecules. The crystal-
ization temperature of Ua is 435.6 in which it will gain enough
nergy to move into very ordered arrangements and then it gives
ff heat through an exothermic transition. DSC plot is used to care-
ully determine the melting temperature through an endothermic
ransition and thus, Ua must absorb heat until all the crystals have

elted. Melting temperature of Ua and their complexes are ranged
etween 233.5 and 458.0 ◦C. From DSC also, the heat capacity can be
etermined by dividing the heat flow by the heating rate. The varia-
ion of Cp versus T can be represented using Debye model according
o the following relations

p = aT + b
CP

T
= ˛T2 + 
here a and  ̨ are slopes, b and  are intersection. By applying this
odel to the complex XIV (Fig. 7) the first part represent depen-

ence of heat flow on temperature. From this curve, glass transition
rystallization and melting temperature can be determined. The
econd part represents the dependence of specific heat on temper-
ture while the third part shows the variation of Cp/T with T2.
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3.6. Biological activity

Eight microorganisms representing different microbial cat-
egories, three Gram-positive (Bacillus subtilis,  Streptococcus
penumonia and Staphylococcus aureas)  and two Gram negative
(Escherichia coli and Pesudomonas sp.) bacteria and three yeasts
(Candida, Aspergillus nigaer and penicillium sp.) were used to study
the biological activity of Ua and ten of its complexes. The data allow
the following observations and conclusions (Table 10):

1. The metal complexes have higher activity [66,67] than the free
ligand. Such increased activity of the metal chelates could be
explained on the basis of overtones concept and chelation theory
[68]. The cell permeability, the lipid membrane that surrounds
the cell, favors the passage of only lipid soluble materials on
the basis that liposolubility is an important factor that con-
trols antimicrobial activity. On chelation, the polarity of the
metal ion is reduced to a greater extent due to the overlap of
the ligand orbital and partial sharing of the positive charge of
the metal ion with the donor groups. Furthermore, it increases
the delocalization of p- and d-electrons over the whole chelate
and enhances the lipophilicity of the complex. The increased
lipophilicity enhances the penetration of the complexes into
lipid membranes and blocking of metal binding sites on the
enzymes of the microorganism.

2. The complexes of square planar geometry exhibited antimicro-
bial activity such as observed for complex XII. Accordingly, the
antimicrobial activity of the complex seems to be highly affected
by its structural geometries [69].

3. Generally, the studied complexes have higher activity for Gram
(+) than for Gram (−) bacteria (Table 10). The highest active com-
pound for Gram (−) bacteria is octahedral complex IV while
square planar complex XII is the highest active for Gram (+)
bacteria. On the other hand, most compounds showed higher
antifungal activity.

4. Because the metal complexes have higher activities than the free
ligands, one can say that many drugs may  possess modified phar-
macological and toxicological properties when administered in
the form of metallic complexes [70]. Probably the most widely
studied cation in this respect is Cu(II), since many copper com-
plexes have been proven beneficial against several diseases such
as tuberculosis, rheumatoid, gastric ulcers and cancers [70–73].

5. Compounds with noticeable activity may  be considered as a start
point for development of some new antimicrobial activity.

Generally, the biological activities of the complexes can be
arranged as: tetrahedral > square planar > octahedral complexes
and this may  be attributed to the steric hindrance of the ligands
in Oh field.

3.7. Optimal conditions for formation of the urate complexes

Uric acid reacts with trivalent iron to form a brown complex.
The effect of pH on the absorption spectra of Fe(III)–ligand mixture
was studied by mixing 1 × 10−4 M of the metal ions with 3 × 10−4 M
ligand under a controlled pH values. The pHs were adjusted using
portions of 0.1 M HNO3 and 0.1 M KOH and the absorbance values
of the solutions were measured in the range of � = 300–500 nm.  It
is evident from the results, the absorbance gave maximum value

at pH 3.5 for Fe(III)–ligand mixture at �max = 350 nm. The valid-
ity of Beer’s law checked under the optimum condition gave good
straight line and the molar absorpitivity were calculated for the
mixture at different �max (Fig. 8).



104 M.S. Masoud et al. / Spectrochimica Acta Part A 90 (2012) 93– 108

Table 10
Biological activities of ligands and some of their complexes.

G+ bacteria G− bacteria Yeast
Bacillus subtilis Streptococcus penumonia Staphylococcus aureas E. coli Pesudomonas Sp Candida Aspergillus nigaer Penicillium Sp

Ua + − + + + − − +
II ++  +++ + +++ + + +++ ++
III  ++ +++ +++ ++ + + +++ ++
IV  + +++ ++ +++ +++ + +++ +
V  ++ − − + +++ − + +
VIII  +++ ++ +++ + ++ + ++ +++
XII +++ +++ +++ +  + ++ − +++
XIII ++  +++ + − + + +++ +
XIV  + + − − + ++ + +
XV  ++ +++ + +++ + +++ − +
XVI  − + ++ + + +++ + ++

(−) inactive, (++) moderately active, (+) slightly active, (+++) highly active.
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Fig. 8. Confirmation of the B

.7.1. The molar ratio method
When Fe3+ reacts with Ua, it gives the colored complex Fe(Ua)n.

f the concentration of Fe3+ is kept constant while that of Ua is var-
ed, the absorbance of the complex, As will equal: As = ε
[Fe(Ua)n].
t is assumed that Beer’s law is obeyed and ε is the molar extinction
oefficient, 
 is the cell thickness in cm.  Some of the graphs plotted
or the molar ratio method were shown in Fig. 9.

As the concentrations of the ligand increases, the bands become
ore intense. The position of �max for the iron–uric acid system
s 350 nm.  The stoichiometry of the reaction is obtained by plot-
ing the absorbance of the resultant solution against the molar
atio of the variable concentration of the ligand to the constant

Fig. 9. Determination of the Fe(Ua)n complex by molar ratio method.
aw for the Fe(Ua)n complex.

concentration of the metal. If the system forms a stable complex
which does not show appreciable dissociation, such a plot gives a
sharp break which corresponds to the stoichiometry of this com-
plex. Linear extrapolation of the curve is made where the curved
plot becomes parallel to the molar ratio axis after the addition of
an excess of the variable component. The data indicated that the
composition of the formed complex, Fe(Ua)n is 1:2 and 1:6 (metal
ions:ligand) (Fig. 10 and Table 11).

3.7.2. The straight line method
When Fe3+ reacts with Ua,  it gives the colored complex Fe(Ua)n.

The dissociation constant Kd can be calculated as follows:
Kd = [Fe3+][Ua]n

[Fe(Ua)n]

Fig. 10. Molar ratio plot for iron–uric acid reaction.
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Table 11
pKa values and the stoichiometry of iron–uric acid complex using different spec-
trophotometric methods.

Methods Fe–uric-acid pKa

Molar ratio 1:2,1:6 –
Straight line (simple plot) 1:1, 1:2, 1:3 –
Straight line (logarithmic plot) 1:1 7.70
Continuous variation 1:2 4.85
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D

T
a
1
o
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1
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f
t
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F
m

Slope ratio 1:1 –
Limiting logarithmic 1:1 –

he equilibrium concentrations, [Fe3+]e and [Ua]e can be calculated
s follows:

[Fe3+]e = [Fe3+] − [Fe(Ua)n]
[Ua]e = [Ua] − n[Fe(Ua)n]
[Ua]e = [Ua] − n([Fe3+] − [Fe3+]e)

pplying Beer–Lamberts law (
 =1 cm):

Fe(Ua)n] = As

ε

y mathematical treatment of the above equation, it is concluded
hat:

1
Vn

= CD

KdAs
− D

Kd

here

 = [Fe3+]oεVo

V

nd

 =
(

[Ua]oVo

V

)n

he straight-line method carried out using constant [Fe3+]
t 4.0 × 10−4 M while the [Ua] varied within the range

 × 10−4–3.0 × 10−3 M and the pH of solution was adjusted at
ptimum value. The plot of (1/V)n vs. 1/As, where (n = 1, 2, 3) gave

 linear relationship (Fig. 11)  if the value of n is the same as in the
quilibrium equation.

This is valid in cases of n = 1, 2 and 3 to point to the formation of
:1, 1:2 and 1:3 species for iron–uric acid complexes (Table 11).
hus, a series of complexes in equilibrium to each other were
ormed. If the complex is strongly dissociated: Kd/DVn � 1and

hus:

s = CDVn

Kd

ig. 11. Determination of the stoichiometry of Fe(Ua)n complex by straight-line
ethod.
Fig. 12. Straight line logarithmic plot for iron–uric acid reaction.

log As = log
CD

Kd
+ n log V

Plotting log As vs. log V gave a straight line from which the values
of n and log CD/Kd can be derived from the slope and intercept,
respectively (Fig. 12). Therefore, the equilibrium constant and the
stoichiometry of the complexes can be evaluated. The data verified
the stoichiometry of 1:1 iron–uric acid complex (Table 11).

3.7.3. The continuous variation method (Job’s method)
To determine n for Fe(Ua)n, solutions of [Fe3+] and [Ua] of the

same molar concentrations are mixed in varying proportions so the
total number of moles of Fe3+ and Ua together are always constant.
The difference between the absorbance value measured and the
value for no reaction is plotted against the mole fraction of Fe3+

and Ua. The resulting curve should have a maximum if the prop-
erty measured has a larger value for the complex than for Fe3+ and
Ua, or a minimum if this property is smaller. Sometimes the deter-
mination of the stoichiometry of formed complexes is wavelength
dependent. It was  pointed out that the continuous variation method
should not give a maximum as an indication for the complex. But,
however, the appearance of a shoulder in the curve might be taken
as an indication for the existence of a complex having the corre-
sponding composition. The data was  recorded at 350 nm (Fig. 13),
for iron–uric acid complex.

The absorbance-mole fraction plots are of broad feature where
dissociation of these complexes is suggested with iron–uric acid.
If the concentration of Fe(Ua)n is C and its absorbance would be
the same as the absorbance Am which is the limiting absorbance

reached when large excess of Ua presents in solution. Actually, the
formation of complexes is not quite complete at the end point and
thus absorbance of Fe3+ at that point is smaller than Am and can
be calculated by taking the intersection value of the two straight

Fig. 13. Determination of the stoichiometry of Fe(Ua)n complex by continuous vari-
ation method.
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ig. 14. Slope-ratio method for iron–uric acid reaction in aqueous media. (a) Vari-
ble  uric acid concentration. (b) Variable Fe concentration.

ines. For calculating the dissociation constant of a complex of the
ype Fe(Ua)2, where C is the initial concentration and K1:2 is the
quilibrium constant:

[Fe(Ua)2] = C
(

A

Am

)
[Fe3+] = C

(
1 − A

Am

)
nd

Ua−] = 2C
(

1 − A

Am

)

K1:2 = [Fe3+][Ua−]2

[Fe(Ua)2]

K1:2 = 4C2(1 − A/Am)
(A/Am)

he results confirmed the composition of the formed complex as
:2 (Table 11).

.7.4. The slope ratio method
When m moles of Fe3+ react with n moles of Ua,  the complex

em(Ua)n is formed. If the concentration of Ua is kept constant and
n sufficient excess to make dissociation negligible, the equilibrium
oncentration of the complex Fem(Ua)n will be essentially propor-
ional to the analytical concentration of Fe3+ added in the reaction,
hus: [Fem(Ua)n] = CFe3+ /m

By applying in Beer’s law:

s = ε

(

CFe3+
m

)
f absorbance is plotted against different analytical concentrations
f Fe3+, keeping the concentration of Ua constant and in excess, a
traight line is obtained with a (slope)1 of ε
/m. Similarly, if the con-
entration of Fe3+ is kept constant in excess and the concentration
f Ua is varied so that:

Fem(Ua)n] = CUa

n

nd accordingly

s = ε

(

CUa

n

)
 straight line is obtained when absorbance is plotted against dif-
erent analytical concentrations of Ua,  keeping the concentration
f Fe3+ constant with (slope)2 of ε
/n. Therefore,

(slope) n
1

(slope)2
=

m

he absorbance of the two sets of solutions was  measured at
max = 350 nm (Fig. 14).
Fig. 15. limiting logarithmic method for iron–uric acid reaction in aqueous media.
(a)  Variable uric acid concentration. (b) Variable Fe concentration.

It was  found that the data obtainable from this method confirms
the stoichiometry 1:1 for iron–uric acid complex.

3.7.5. The limiting logarithmic method
The limiting logarithmic method was  based on the same mode

of thinking given for the slope ratio method by plotting the loga-
rithmic values of the absorbance versus the logarithmic values of
the variable concentrations (Fig. 15).

The stoichiometry of the complex reaction is assigned based on
the ratio of the slopes of the two straight lines obtained. It was
found that the data obtainable from this method confirms the sto-
ichiometry 1:1 for iron–uric acid complex.

3.7.6. The successive method
This method was constructed depending on the changes of both

the concentrations of the ligand and the metal ion. So, the stability
constant of the formed complex can be calculated. When m moles
of Fe3+ react with n moles of Ua,  the complex Fem(Ua)n is formed.
The charge on the complex could be determined by knowing the
values of n and m. However, these values are omitted for simplicity.
The concentrations of Fe3+ and Ua− can be calculated as follows:

CFe = [Fe] + [Fe(Ua)n]

CUa = [HUa] + [Ua−] + [Fe(Ua)n]

If  ̌ is the stability quotient of Fem(Ua)n and Ka is the dissociation
of the ligand, it may  be shown that:

HUa ↔ H+ + Ua−, Ka = [H+][Ua−]
[HUa]

Fe3+ + Ua− ↔ Fe(Ua)n,  ̌ = [Fe(Ua)n]
[Fe3+][Ua−]

From these two equations, the following equation is deduced:

ˇ

1 + ([H+]/Ka)
= [Fe(Ua)n]

[Fe3+]([HUa] + [Ua−])

If the reaction is measured at constant pH, the left-hand side of the
above equation is constant and symbolized by q. By applying Beer’s
law for 1 cm optical path length:

Ccomplex = As

ε
[Fe3+] = CFe3+ − Ccomplex

[Ua−] = CUa− − Ccomplex
So, the q value becomes:

q = (As/ε)
(CFe3+ − (As/ε))(CUa− − (As/ε))
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Table 12
The molecular extinction ε and the formation constant q for iron–uric acid complex.

Iron–uric acid complex at �=285 nm ε q

23228.9 27718
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compound: the keto-tautomer of metal (II)–milrinone complex, J. Mol. Struct.
Fig. 16. Successive method for iron–uric acid reaction.

here As is the absorbance due to Fem(Ua)n, ε is the molar extinc-
ion coefficient of the formed complex.

 = (As/ε)

CFe3+ CUa− + (As/ε)2 − As/(CFe3+ + CUa− )

he value (As/ε)2 is neglected with no appreciable error so that:

1
qε

= CFe3+ CUa− − [(As(CFe3+ + CUa− )/ε

As

CFe3+ CUa−

As
= 1

qε
+ (CFe3+ + CUa− )

ε

he plot of the left-hand side of the above equation, CFe3+ CUa− /As

ersus (CFe3+ + CUa− ) gave a straight line with a slope equals to 1/ε
nd an intercept of 1/qε. The values of the overall formation con-
tant and the molecular extinction coefficients for this system are
ollected in Table 12 and Fig. 16.  The reported stoichiometry for the
ron barbituric acid complexes(13) are 1:1 and 1:3. However, in case
f the iron–uric acid, the stoichiometries are 1:1, 1:2, 1:3 and 1:6.
his means that uric acid has high reactivity to chelate with iron to
orm different stoichiometries more than in barbituric acid.

. Conclusion

Uric acid, as one of biologically active compound formed in the
uman body, makes an important interaction with transition metal

ons to form complexes. These complexes have different geometries
nd possess biological activities more than uric acid itself.
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