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The novel complexes derived from some pyrazole derivatives ligands: 2,4-dihydroxybenzylidene-
3ʹ-imino-5ʹ-methylpyrazole (L1); salicylidene-3ʹ-imino-5ʹ-methylpyrazole (L2); 2-hydroxynaphthylidene-
3ʹ-imino-5ʹ-methylpyrazole (L3) and LaCl3, Ce(NO3)3 and Nd(NO3)3 were prepared and characterized 
using elemental analysis (C, H, N, M), mass spectrometry, FT-IR spectroscopy, electrical conductivity and 
thermal gravimetric analysis (DTA/TG). 

The electrical conductivity of 0.001 M solutions in DMSO revealed that the electrolytic behavior of 
all formed complexes as 1:1 (coordination sphere cation : ionization sphere ions) ratio for the complexes 
derived from L1 and L2 ligands while L3 gave 1:2 electrolyte ratio.The thermal analysis (DTA/TG) 
of the synthesized complexes revealed the presence of two types of water molecules, one as water of 
crystallization and the other as coordinated water which acts as a ligand. The complexes could be formulated 
as [M(L)2·(H2O)n]·Z·mH2O for L = L1 and L2, [M(L)·(H2O)n]·2Z·mH2O for L = L3 (Z = Cl– for M = La(III) 
and Z = NO3

– for M = Ce(III) and Nd(III)). The Nd(III)–L3 complex exhibits promising catalytic activity 
towards the aerobic oxidation of p-phenylenediamine (PPD) to the corresponding semi-oxidized form 
(PPD+). Furthermore, the antimicrobial activity of the investigated complexes was tested and discussed. 
The simulated molecular structure and the energy of the formed complexes were performed using the 
ChemOffice program suite. The relation between the spatial arrangement of the formed complexes and its 
antimicrobial activity was evaluated.

Keywords:  lanthanide(III) solid complexes; catalytic activity; antibacterial properties;  
thermal and conductivity properties; simulated molecular structure

СИНТЕЗА И ПРИМЕНA НА НЕКОИ КОМПЛЕКСИ НA ЛАНТАНOИД(III) ЈОНИТЕ  
СО НЕКОИ ЛИГАНДИ ИЗВЕДЕНИ ОД ПИРАЗОЛ

Беа синтетизирани и карактеризирани нови комплекси изведени од некои деривати на пиразолот 
како лиганди: 2,4-дихидроксибензилиден-3ʹ-имино-5ʹ-метилпиразол (L1); салицилиден-3ʹ-имино-
5ʹ-метилпиразол (L2); 2-хидроксинафтилиден-3ʹ-имино-5ʹ-метилпиразол (L3), со LaCl3, Ce(NO3)3 и 
Nd(NO3)3 кои беа карактеризирани со елементарна анализа (C, H, N, M), масена спектрометрија, 
FT-IR спектроскопија, електрична спроводливост и термичка гравиметриска анализа (DTA/TG). 
Електричната спроводливост на 0,001 M раствори во DMSO покажa дека сите образувани комплекси 
се однесуваат како електролити, и тоа како комплекси од типот 1:1 за комплексите изведени од 
лигандите L1 и L2, додека комплексите со L3 даваат однос 1:2. Термичката анализа (DTA/TG) на 
синтетизираните комплекси покажа присуство на два типа молекули на вода, една кристална и една 
координирана вода која има улога на лиганд. Образуваните комплекси имаат формули од типот 
[M(L)2·(H2O)n]·Z·mH2O за L = L1 и L2, [M(L)·(H2O)n]·2Z·mH2O за L = L3 (Z = Cl– за M = La(III) и Z 
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= NO3
– за M = Ce(III) и Nd(III)). Комплексите со Nd(III)–L3 покажуваат задоволителна каталитичка 

активност при аеробна оксидација на p-фенилендиамин (PPD) до соодветната семиоксидирана 
форма (PPD+). Дискутирана  и тестирана е антимикробната активност на комплексите. Моделирана 
е и симулирана молекуларната структура и енергија на образуваните комплекси со програмскиот 
пакет ChemOffice. Проценета е врската меѓу просторниот распоред на образуваните комплекси и 
нивната антимикробна активност. 

Клучни зборови: комплекси на лантаноид(III) јоните во цврста фаза; каталитичка активност;  
антибактериски особини; термички особини и спроводливост;  
моделирање на молекуларна структура

1. INTRODUCTION

The chemistry of pyrazole derivatives has 
aroused much interest due to their versatile ap-
plication in medicine and biological activities [1]. 
Pyrazole and substituted pyrazoles are pharma-
ceutical reagents used as inhibitors and deactiva-
tors of liver alcohol dehydrogenase [2–4]. Some 
pyrazole derivatives have been used as insecti-
cides [5], thermally stable materials [6, 7] and as 
cotton azo-dyes [8, 9]. The lanthanide complexes 
of some Schiff bases which have luminescence 
properties could be used as sensor for many ap-
plications purposes. The main species formed in 
aqueous solutions containing some Schiff bases 
have been determined by analysis of the lumines-
cence spectra, lifetimes of Eu(III) excited states 
and vibronic interaction as well as structural fea-
tures of the Eu(III) coordination sphere. The po-
tential application of the lanthanide complexes as 
new luminescence materials have been discussed 
[10]. Also, some Schiff base complexes have been 
used as promising catalysts which could be ap-
plied as green chemistry reagents [11]. Recently, 
lanthanide complexes derived from some Schiff 
bases were used in DNA cleavage which could 
find pharmaceutical use [12]. Five-coordinate 
lanthanide complexes derived from some Schiff 
bases have been prepared and characterized [13]. 

The synthesis and the physicochemical 
properties of the ligands under investigation (L1, 
L2 and L3) were previously reported [14]. How-
ever, a literature survey has indicated that no work 
has been done on the synthesis of lanthanide(III) 
complexes derived from these ligands. Accord-
ingly, the present study involves the physico-
chemical properties of the synthesized solid com-

plexes derived from these ligands and La(III), 
Ce(III) and Nd(III) metal ions. The catalytic be-
havior of these complexes was tested towards the 
aerobic oxidation of p-phenylenediamine (PPD). 
Furthermore, the biological activity was tested 
using some Gram-positive and Gram-negative 
bacteria and the relationship between the structure 
and the activity will be discussed.

2. EXPERIMENTAL 

2.1. Chemicals

The ligands 2,4-dihydroxybenzylidene-
3ʹ-imino-5ʹ-methylpyrazole (L1); salicylidene-
3ʹ-imino-5ʹ-methylpyrazole (L2) and 2-hydro-
xynaphthylidene-3ʹ-imino-5ʹ-methyl-pyrazole 
(L3) were prepared as described previously [14]. 
The metal salts were obtained from Aldrich. All 
reagents were of AR grade. All organic solvents 
were of analytical grade and used without extra 
purification.

2.2. Preparation of complexes

All the complexes were prepared by mix-
ing 2:1 stoichiometric amounts of the ligand (2 
mmol, 0.434 g for L1, 0.402 g for L2 and 0.503 g 
for L3) in hot ethanol (20 cm3) and metal ions (1 
mmol) in hot ethanol (minimal amount). The pre-
pared metal salt solution was added dropwise to 
the ligand solution with stirring, and the mixture 
was refluxed for one hour. The solid complexes 
formed after partial evaporation of the solvent. 
The precipitated complexes were then removed 
by filtration, washed with ethanol and Et2O and 
dried in vacuum.–
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The antimicrobial activities were measured 
by the hole diffusion method. Five mm wells were 
made in Czapek’s agar medium using a stainless 
steel cork borer. The wells were filled with the 
tested substances (50 ppm). The medium was 
seeded with propagules of either the Gram-nega-
tive bacteria (Escherichia coli and Pseudomonas 
aeruginasa) or Gram-positive bacteria (Bacillus 
subtilis and Staphyllococcus aureus) as testing 
microorganisms. The compound is considered ef-
fective if it inhibits the growth of the testing mi-
croorganism. This was determined by the clear 
zone shown around the wells measured in mm 
(diameter of the zone). Wells containing either 
solvent alone or distilled water served as a control.

2.3. Instrumentation

C, H and N were measured using CHN-
Rapid Fa. Heraeus analyzer, each measurement 
was repeated twice. Thermal analyses (DTA/
TGA) were carried out using a Shimadzu DTA-
50 instrument using a platinum cell under a dy-
namic flow of nitrogen at a heating rate of 10 ºC 
min–1. Electrical conductivity measurements were 
carried out at 25 ºC on freshly prepared 10–3 M 
DMSO solution using a WTW conductivity meter 
model LF-42 fitted with a LTA-100 conductivity 
cell. IR spectra were recorded in the range 4000-
400 cm–1 in KBr discs on a Perkin-Elmer 883 
spectrophotometer. UV/Vis spectra were meas-
ured at room temperature on a Beckman model 
5260 spectrophotometer in 1 cm quartz cells. 
Mass spectra of the complexes were obtained us-
ing a Varian mass spectrometer model MAT711, 
by using electron energy of 70 eV and final tem-
perature of 250–300 ºC.

3. RESULTS AND DISCUSSION

3.1. General properties

The formed solid complexes from the 
reactions of L1, L2 and L3 (Scheme 1) with 
LaCl3, Ce(NO3)3 and Nd(NO3)3 in ethanol-wa-
ter medium gave 1:2 (metal : ligand) complexes 
for L1 and L2, while L3 gave 1:1 complexes. 

The formed com plexes could be formulated as: 
[M(L)2·(H2O)n]·Z·mH2O for L = L1 and L2, 
[M(L)·(H2O)n]·2Z·mH2O for L = L3, where (M) 
represent the metal ion, (n) and (m) are variable 
numbers for each complex, while Z = Cl– or NO3

–. 
The complexes were yellow, pale orange, green-
ish yellow non-hygroscopic powders, soluble in 
methanol, ethanol, dimethylsulfoxide (DMSO) 
and dimethylformamide (DMF), but insoluble in 
acetone, benzene and ether (Table 1). The puri-

Scheme 1. The IUPAC name and configuration  
of the L1, L2 and L3 ligands

2,4-dihydroxybenzylidene-3’-imino-5’-methylpyrazole 
 (L1)

Salicylidene-3’-imino-5’-methylpyrazole (L2)

2-hydroxynaphthylidene-3’-imino-5’ 
-methylpyrazole (L3)

Intrahydrogen bond structure
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ties were confirmed by chemical analysis, melting 
point and TLC (silica gel GF 254 type 60, mesh 
size 50–250, eluted with H2O-ethanol).

3.2. Electrical conductivity

The molar conductance of the formed com-
plexes in DMSO (Table 1) indicated that, they act 
as good electrolytes [15, 16]. The values of the 
conductivity (Table 1) could be represented as 
[A]B species for M(III)–L1 and M(III)–L2 com-
plexes, while M(III)–L3 gave [A]·2B species (A 
= coordination sphere, B = Cl– or NO3

– as ioniza-
tion sphere) [17].

3.3. Infrared spectra

The main IR bands and their assignment 
are listed in Table 2. Significant frequencies were 
selected by comparing the IR spectra of the free 
ligands with those of the metal complexes [14]. 
The band at 3740–2500 cm–1 range, present in all 
complexes as a broad band, indicates the presence 
of water molecules which exist in the coordination 
and ionization sphere. This fact was also indicated 
by the results of the elemental and thermal analy-
sis. The sharp band present at 3283, 3281, 3282 

cm–1 for La(III)–L1, Ce(III)–L1 and Nd(III)–L1 
complexes respectively, indicates the presence of 
the phenolic O–H (in para position) without com-
plexation. The absorption peaks of the C–O bond 
observed in the 1356–1322 cm–1 region in the 
spectra of the free ligands [14] are moved to high-
er wavenumber and became weaker in the spectra 
of the complexes. This supports bonding of the 
metal ions to the phenolic O–H after deprotona-
tion [18–20]. Since the OH group is located at the 
ortho-position relative to the central C=N, it can 
be predicted that, the nitrogen of this bond, and 
not of the pyrazole ring, is involved in the com-
plex formation, which gives a stable six-mem-
bered chelate ring [18]. The spectra of the pyra-
zole ring which gave nearly no change to slightly 
blue shift in the complexes compared to the par-
ent ligands [14] could be attributed to the shar-
ing effect of the chelated metal ion on the stretch-
ing vibration of this ring. A strong band found in 
1608–1600 cm–1 in the spectra of the complexes 
could be assigned as C=N stretching vibration 
[21]. The observed shift in the C=N stretching vi-
bration confirms the formation of a certain bond 
between the imine nitrogen and the metal ion [14, 
21]. Meanwhile the relatively low shift supports 
the following points: (1) lanthanide metal ions are 

T a b l e  2
Characteristic IR spectral data of the ligands and their complexes

Compounds ν (H2O) ν (OH, NH, CH) ν (C=N) ν (C-O) ν (MO) ν (MN) 

L1 (C11H11N3O2)
[La(C11H10N3O2)2(H2O)4]·Cl·2H2O 
[Ce(C11H10N3O2)2(H2O)5]·NO3·H2O 
[Nd(C11H10N3O2)2(H2O)5]·NO3·2H2O 

–
3680–2500 bra

3685–2520 br
3681–2525 br

3284 s, 3180–2900 br
3283 sh
3281 sh
3282 sh

1611 s
1608 m
1610 s
1609 m

1333 vs
1341 w
1340 m
1374 m

–
535 w
533 w
536 w

–
435 w
424 w
427 w

L2 (C11H11N3O)
[La(C11H10N3O)2(H2O)4]·Cl·3H2O 
[Ce(C11H10N3O)2(H2O)4]·NO3·2H2O 
[Nd(C11H10N3O)2(H2O)5]·NO3·2H2O 

–
3680–2510 br
3682–2508 br
3685–2513 br

3380–2950 br
–
–
–

1622 s
1610 s
1609 s
1610 s

1356 w
1396 w
1392 s
1385 s

–
515 w
513 w
510 w

–
475 w
480 w
482 w

L3 (C15H13N3O)
[La(C15H12N3O)(H2O)6]·2Cl·2H2O 
[Ce(C15H12N3O)(H2O)6]·2NO3·H2O 
[Nd(C15H12N3O)(H2O)7]·2NO3·2H2O

–
3725–2522 br
3686–2500 br
3740–2514 br

3340–2930 br
–
–
–

1617 m
1609 m
1600 m
1600 m

1339 m
1285 m
1374 m
1385 m

–
550 w
552 w
555 w

–
467 w
470 w
476 w

abr – broad, s – strong, vs– very strong, m – medium, sh – shoulder, w – weak
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more oxygen favorable than nitrogen, (2) enhance 
the presence of intrahydrogen bond in the ligands 
formed between the lone pair of nitrogen elec-
trons of the C=N group and the hydrogen of the 
OH group in the ortho-position (Scheme 1). The 
appearance of two new bands at low frequency 
ranges at 555–510 cm–1 and 482–424 cm–1 are as-
signed as ν(M–O) and ν(M–N), respectively, sup-
porting chelation through the oxygen and nitrogen 
atoms [17, 21] (Table 2).

3.4. DTA/TG analysis

The application of TGA and DTA to evalu-
ate solid-state reactions involving weight loss (or 
gain) has been studied by a number of research-
ers [22, 23]. The measurements were carried out 
in the temperature range 25–400 ºC. The thermal 
analysis data of the solid complexes (Table 3) 
(Figures 1–3 as example) gave rise to the follow-
ing observations:

T a b l e 3 
The thermal gravimetric analysis data for the synthesized complexes

Complexes T (oC)
Weight loss %

Peak type
Assignment

Found Calculate

[La(L1)2(H2O)4]·Cl·2H2O 

[Ce(L1)2(H2O)5]·NO3·H2O 

[Nd(L1)2(H2O)5]·NO3·2H2O 

[La(L2)2(H2O)4]·Cl·3H2O 

[Ce(L2)2(H2O)4]·NO3·2H2O 

[Nd(L2)2(H2O)5]·NO3·2H2O 

[La(L3)(H2O)6]·2Cl·2H2O 

[Ce(L3)(H2O)6]·2NO3·H2O 

[Nd(L3)(H2O)7]·2NO3·2H2O

93
143
241
323

102
152
361

113
158
348

83
132
230

89
141
339

94
150
349

70
168
263

65
161
357

68
156
370

5.41
9.73
5.03

–

2.33
12.40
8.01

4.92
12.20
8.40

7.82
10.35
5.11

5.23
10.32
8.76

5.11
12.36
8.66

6.21
17.96
11.91

3.02
16.69
19.82

5.38
18.71
18.64

5.04
10.08
5.11

–

2.43
12.13
8.48

4.71
11.78
8.24

7.71
10.28
5.21

5.07
10.14
8.87

4.92
12.29
8.60

5.96
17.89
12.08

2.81
16.88
19.67

5.29
18.53
18.51

Endo
Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Endo
Endo
Exo

Water of crystallization (2H2O)
Coordinated water (4H2O)
HCl liberation
Solid state reaction

Water of crystallization (H2O)
Coordinated water (5H2O)
HNO3 liberation

Water of crystallization (2H2O)
Coordinated water (5H2O)
HNO3 liberation

Water of crystallization (3H2O)
Coordinated water (4H2O)
HCl liberation

Water of crystallization (2H2O)
Coordinated water (4H2O)
HNO3 liberation

Water of crystallization (2H2O)
Coordinated water (5H2O)
HNO3 liberation

Water of crystallization (2H2O)
Coordinated water (6H2O)
2HCl liberation

Water of crystallization (H2O)
Coordinated water (6H2O)
2HNO3 liberation

Water of crystallization (2H2O)
Coordinated water (7H2O)
2HNO3 liberation



31Preparation and applications of some complexes derived from lanthanides(III) ions with some ligands...

Maced. J. Chem. Chem. Eng. 32 (1), 25–39 (2013) 

Fig. 1. DTA (- - - -) and TGA (_____) diagram for La(III) – L3 complex

Fig. 2. DTA (- - - -) and TGA (_____) diagram for Ce(III) – L3 complex

Fig. 3. DTA (- - - -) and TGA (_____) diagram for Nd(III) – L3 complex
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1. All complexes gave endothermic peak in the 
65–113 ºC range accompanied by weight loss 
in the TGA diagram which could be denoted 
as liberation of water of crystallization; the 
percent weight loss transformed to the num-
ber of water molecules as shown in Table 3. 
The thermal stability order of this type of 
water is as follows:
a) M(III)–L1 complexes > M(III)–L2 com-

plexes > M(III)–L3 complexes
b) La(III)–L complexes < Ce(III)–L com-

plexes < Nd(III)–L complexes when L = 
L1 and L2, while L3 gave the following 
order: La(III)–L3 complexes > Ce(III)–
L3 complexes < Nd(III)–L3 complexes

2. The endothermic peak centered at 130–158 
ºC range for all complexes could be due to 
the liberation of the coordinated water mol-
ecules [24, 25]. M(III)–L3 complexes gave 
the largest thermal stability (156–168 ºC) 
compared to M(III)–L1 (143–158 ºC) and 
M(III)–L2 (132–150 ºC). Therfore the ther-
mal stability of the coordinated water could 
be as follows: M(III)–L3 > M(III)–L2 ≤ 
M(III)–L1 complexes. The thermal stability 
trends of the complexes with respect to the 
metal ions is in the following order: Nd(III) 
> Ce(III) > La(III) for L1 and L2 ligands, 
whereas with L3 has the following trend: 
La(III) > Ce(III) > Nd(III). The percent 
weight loss in TG diagram corroborate the 
postulated structure of the M(III)–L com-
plexes (Scheme 2).

3. La(III)–L complexes gave extra exothermic 
peaks at 241, 230 and 263 ºC for L = L1, 
L2 and L3, respectively. The percent of the 
weight loss indicates that at these tempera-
tures the HCl molecules could be liberated 
[18].

4. The NO3
– group could be liberated as HNO3 

for Ce(III)–L and Nd(III)–L complexes with 
exothermic peaks at temperature ranges 
(348–361 ºC), (339–349 ºC) and (357–370 

ºC) for L = L1, L2 and L3, respectively [17, 
18].

3.5 Mass spectra

The mass spectra of the complexes under 
investigation gave the molecular ion peak as 
([M(L1)2]·Z)+, ([M(L2)2]·Z)+ and ([ML3]·2Z)+ 
(where Z = Cl– when M = La(III) and Z = NO3

– 
when M = Ce(III) or Nd(III)) (Table 4). Each 
molecular ion peak could be accompanied 
by some extra peaks which depends on the 
occurrence of the isotopes of each atom in 
the formed complexes and their abundance. 
As a result, the molecular ion peak and the 
molecular ion peak +2 for Ce(III) complexes 
clearly appeared due to presence of the 
predominant isotopes of the Ce(III) [Ce(140) 
88.48% and Ce(142) 11.08%]. On the other 
hand, Nd(III) complexes gave the molecular 
ion peak, molecular ion +2 and +4 due to the 
isotopes Nd(142) 24.13%, Nd(144) 23.80% and 
Nd(146) 17.19%, respectively. The absence of 
the other seven isotopes was maybe due to their 
lower abundance [Nd(143) 12.18%, Nd(145) 
8.30%, Nd(148) 5.76% and Nd(150) 5.64%]. 
The absence of the H2O molecules in the 
molecular ion peak, could be atrtributed to the 
measurement conditions (carried out at T = 200 
ºC). The m/z value for the molecular ion peaks 
and other fragment peaks gave strong support to 
the postulated structures of the solid complexes 
under consideration [26, 27] (Scheme 2). 
Generally, the similarity of the fragments of the 
La–L, Ce–L and Nd–L (L = L1, L2) complexes 
could be attributed to the similarity of the 
structure of these complexes, while a different 
behavior was found for the M–L3 complexes.  
The stepwise fragmentation of the La–L1 
complex was postulated as an example (Figure 
4). The charges on the fragments were omitted 
for simplification.

The m/z values for the molecular ion 
peaks, thermal analysis, the elemental analysis 
(C, H, N, M), conductivity measurements and 
the IR spectra could be represented the structure 
of the synthesized complexes as shown in 
Scheme 2.
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T a b l e  4

The most significant (m/z) for the mass spectra 
of the synthesized compounds

Complex m/z (%) Assignment
La(III)–L1
Ce(III)–L1
Nd(III)–L1

La(III)–L2
Ce(III)–L2
Nd(III)–L2

La(III)–L3
Ce(III)–L3
Nd(III)–L3

608 (6), 607 (15)
635 (8)
643 (7), 641 (10), 639 (11)

576 (4), 575 (7)
603 (10)
611 (4), 609 (7), 607 (8)

462 (6), 461 (5), 460 (8)
515 (18)
521 (10), 519 (11), 517 (8)

([La(L1)2]·Cl)+

([Ce(L1)2]·NO3)
+

([Nd(L1)2]·NO3)
+

([La(L2)2]·Cl)+

([Ce(L2)2]·NO3)
+

([Nd(L2)2]·NO3)
+

([LaL3]·2Cl)+

([CeL3]·2NO3)
+

([NdL3]·2NO3)
+

3.6. Catalytic activity

The catalytic activity of the Nd(III)–L3 
complex was investigated in respect to the aero-
bic oxidation of the one-electron oxidation sys-
tem of p-phenylenediamine (PPD) to the corre-
sponding oxidized form PPD+ (Wurster’s salt). 
The obtained PPD+ has an appreciable t1/2 in 
methanol and absorbs strongly in the visible re-
gion with λmax at 460 nm [28–30]. The catalytic 
oxidation reaction was followed spectrophoto-
metrically by monitoring the increase in PPD+ 
absorbance at 460 nm as a function of time. 
Plots of the absorbance versus time are linear. 
The slope of the line is equal to the reaction 
rate constant, k. The oxidase catalytic activity 
(OCA) of the examined complexes obtained as 
%PPD oxidation (%PPD+ formed) calculated 
from the absorbance ratio of the sample (Δ1) 
to the control (Δ2) (without metal complex) as:

The absorbance of PPD+ was followed 
after the oxidation of PPD with a solution 
of the complexes under investigation. The 
Nd(III)–L3 complex gave a rate constant, k = 
6.3 ×10–3 (M–1s–1), with OCA = 73. The ob-
tained results could be rationalized as follows: 

M Z n m
La(III) Cl- 4 2
Ce(III) NO3

- 5 1
Nd(III) NO3

- 5 2

M Z n m
La(III) Cl- 4 3
Ce(III) NO3

- 4 2
Nd(III) NO3

- 5 2

M Z n m
La(III) Cl- 6 2
Ce(III) NO3

- 6 1
Nd(III) NO3

- 7 2

Scheme 2. The postulated structure of the 
M(III)–L complexes
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Fig. 4. The postulated fragments of the La(III) – L1 complex
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Introduction of PPD to the Nd(III)–L3 complex 
which bonds with Nd(III).
1. Then PPD reduces the Nd(III) to Nd(II) and 

forms PPD+ which separates from the com-
plex.

2. Simultaneously, the PPD+ absorption ap-
pears and the further increase of the PPD+ 
band can be explained by a slow oxidation 
of the Nd(II) by air oxygen.

3. The Nd(III) complex is re-reduced imme-
diately to Nd(II) complex which produces 
PPD+ again, as long as PPD is present.

Generally the previous steps depend on the 
Lewis acidity of the central metal ion and the 
M(II)/M(III) redox potential [31].

3.7. Biological activities

Several pyrazole and pyrazoline substitu-
tion products are used in medicine [1]. Generally, 
the binding of metal ions with organic ligands 
enhances the biological activities of these ligands 
[32, 33]. The antimicrobial activity of the com-
plexes derived from the ligands under consid-
eration with Cu(II), Ni(II) and Co(II) have been 
tested. The tested complexes were not antimicro-
bially active [18]. Recently, Gd(III) complexes 
have often been used in clinical MRI to increase 
the contrast by selectively relaxing the water mol-
ecules near the complex; Eu(III) gave nearly the 

same effect. Due to the importance of the lantha-
nide metal ions in contemporary clinical systems, 
we wanted to test the activity of the lanthanide 
complexes on the biological system.

The La(III), Ce(III) and Nd(III) complexes 
under investigation were tested as antibacterial 
active agents using 50 ppm concentration in etha-
nolic medium. The Gram-negative bacteria used 
were Escherichia coli and Pseudomonas aerugi-
nasa, and Gram-positive bacteria were Bacillus 
subtilis and Staphyllococcus aureus. The obtained 
activities are shown in Table 5. The free metal 
ions and free ligands were inactive under the same 
experimental conditions. The obtained data could 
be discussed collectively as the follows:

1. The M(III)–L3 complexes have the largest 
activity followed by M(III)–L1 and finally 
M(III)–L2, so they could be arranged as: 
M(III)–L3 > M(III)–L1 > M(III)–L2.

2. The complexes under investigation have 
greater activity towards the Gram-negative 
bacteria (Escherichia coli and Pseudomonas 
aeruginasa) than to Gram-positive bacteria 
(Bacillus subtilis and Staphyllococcus 
aureus).

3. Collectively, the Nd(III)–L complexes gave 
the greaterst activity with respect to the 
other complexes and could be arranged as: 
Nd(III)–L > Ce(III)–L > La(III)–L.

T a b l e 5
Antibacterial activities of the synthesized compounds

Compound Gram–positive bacteria Gram–negative bacteria
B. subtilis S. aureus E. coli P. aeruginosa

La(III)–L1
Ce(III)–L1
Nd(III)–L1

7
8
7

7
7
16

8
7
7

15
9
18

La(III)–L2
Ce(III)–L2
Nd(III)–L2

7
5
5

5
5
8

7
8
7

5
7
7

La(III)–L3
Ce(III)–L3
Nd(III)–L3

14
16
18

8
17
8

18
17
19

9
16
18
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The greatest activity of the M(III)–L3 complexes 
maybe due to the greater ionic character of 
these complexes, which could be represented 
as [A]2+·2B– type and this form could facilitate 
the penetration of these compounds through 
the lipoid layers of the microorganism mem-
brane as lipophilic reagents [1, 34]. Also, 
these complexes have minimum steric effect 
compared to the M(III)–L1 and M(III)–L2 
complexes, which leads to easier penetration 
of the bacteria wall. The Nd(III)–L1 gave high 
activity toward S. aureus (Gram-positive) and 
P. aeruginosa (Gram-negative) larger than 
toward B. subtilis and E. coli – this could 
lead to a particular complex design specific 
towards these bacteria, however the reason 
needs extensive work from bactriolegests. The 
activity was found in the low active range (6–9 
mm) to moderate active (15–19 mm) at the 
concentration used (50 ppm). Generally, the 
Nd(III) gave the largest activity, maybe due to 
the high electronegativity and the smallest size, 
compared to La(III) and Ce(III) [1, 34].

3.8. Molecular mechanical calculation (MM2) 
and molecular modeling

Molecular mechanics (CS Chem3D 7.0 
as a stand alone application within the package 
program CS ChemOffice) describes the energy 

of a molecule in terms of a set of classically de-
rived potential energy functions. The potential 
energy functions and the parameters used for 
their evaluation are known as a “force-field”. 
Molecular mechanics typically treats atoms as 
spheres, and bonds as springs. The mathemat-
ics of spring deformation (Hooke’s law) is used 
to describe the ability of bonds to stretch, bend, 
and twist. Non-bonded atoms (greater than two 
bonds apart) interact through Van der Waals 
attraction, steric repulsion, and electrostatic 
attraction/repulsion. These properties are easi-
est to describe mathematically when atoms are 
considered as spheres of characteristic radii. 
The total potential energy of a molecule can be 
described by the following summation of in-
teractions [35–37]. Total Energy = Stretching 
Energy + Bending Energy + Torsion Energy + 
Non-Bonded Interaction Energy. The molecular 
mechanics MM2 force fields method, with min-
imum RMS gradient = 0.1 was used to improve: 
(a) The Energy Minimization for locating stable 
conformations, (b) Single point energy calcula-
tions for comparing conformations of the same 
molecule.

Table 6 and Figure 5, shows the results 
which obtained from the MM2 calculations 
which carried out on the different spatial ar-
rangement of the synthesized complexes to 
obtain the most stable structure which give the 

T a b l e 6

The types and the values of energy which evaluated from  
the molecular modeling calculation

Energy type [La(L1)2.(H2O)4]
1+ [La(L2)2.(H2O)4]

1+ [La(L3).(H2O) 6]
2+

Stretching 76.27a 78.35 148.28
Bending 59.13 57.56 64.46
Stretching-bending –1.43 –1.42 –4.16
Torsion 189.80 188.53 184.98
Non-1,4VDW –7.95 –8.30 –4.14
1,4VDW 164.45 163.88 156.28
Dipole/Dipole 3.97 4.06 16.87
Total energy 484.23 482.66 562.58

aThe units are kcal/mole for all energy types. The values of the energy terms shown here are  
approximate and can vary slightly based on the type of processor used to calculate them.
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least total energy using the job type: Minimize 
Energy to Minimum RMS Gradient of 0.100. 
The values of the total energy were found to be 
at 482.66–562.58 kcal/mol range for complex-
es derived from La(III) ions (as representative 
example). The torsion and the 1,4VDW param-
eters could be assigned as the predominate en-
ergies which indicating the high energy for the 
through-space interaction of atoms separated 
by two atoms (more than two bonds) [35–38]. 
The total steric energy order for the coordina-
tion sphere for the synthesized La(III)–L com-
plexes could be arranged as the following:

La(III)–L3 > La(III)–L1 ≥ La(III)–L2

Collectively, the values of the different 
types of the energy for all complexes are nearly 
similar, with some exception for the stretching 
and dipole/dipole interaction for the La(III)–
L3 which has the largest value (Table 6). The 
increasing of the dipole/dipole energy which 
in consequence increasing the polarity of the 
complexes beside the larger ionic charge (2+) 
for the La(III)–L3 complex enhancement the 
penetration of the compounds through the cell 
membrane of the cell of the microorganism 
which translated to the higher biological 
activity. From the MM2 calculation and 
molecular modeling work, could be formulated 
the coordination sphere of the complexes under 
investigation as shown in the Figure 5, which 
supports the postulated structures obtained 
previously from the experimental works 
(Scheme 2 and Figure 4). 

4. CONCLUSIONS

L1 and L2 gave 1:2 (metal : ligand) ratio 
complexes while L3 gave 1:1 ratio complexes. 
All formed complexes are non-hygroscopic 
powders, soluble in polar solvents and conduct 
electricity which can give rise to versatile 
choices in their applications. The M(III)–L1 
complexes have the highest thermal stability. 
The Nd(III)–L3 complex gave a pronounced 
catalytic activity towards the aerobic oxidation 

(a)

(b)

Fig. 5. The MM2 calculated structure of the La(III) – L 
complexes, where (a): L = L1, (b):  

L = L2 and (c): L = L3
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of the one-electron oxidation system of 
p-phenylenediamine (PPD) to the corresponding 
oxidized form PPD+. The M(III)–L complexes 
have antimicrobial activity in the following 
order: M(III)–L3 > M(III)–L1 > M(III)–L2. 
The Nd(III)–L complexes showed the largest 
activity compared to the other complexes and 
could be arranged as: Nd(III)–L > Ce(III)–L > 
La(III)–L. The MM2 calculation reveal that, the 
total steric energy for the coordination sphere 
for the synthesized La(III)–L decreased as 
follows: La(III)–L3 > La(III)–L1 ≥ La(III)–L2. 
The well defined structure and the properties 
of the complexes under investigation give rise 
to the idea about using these complexes as 
thermal and/or bio-sensors and also in industrial 
applications such as catalytic reagent for some 
reactions.
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