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a b s t r a c t

The complexes of Sm(III) and Tb(III) with 2-aminobenzoic acid (anthranilic acid, AA) and 2-amino-5-
chlorobenzoic acid (5-chloroanthranilic acid, AACl) were synthesized and characterized based on elemental
analysis, IR and mass spectroscopy. The data are in accordance with 1:3 [Metal]:[Ligand] ratio. On the
basis of the IR analysis, it was found that the metals were coordinated to bidentate anthranilic acid via
the ionised oxygen of the carboxylate group and to the nitrogen of amino group. While in 5-chloroanth-
ranilic acid, the metals were coordinated oxidatively to the bidentate carboxylate group without bonding
to amino group; accordingly, a chlorine-affected coordination and reactivity-diversity was emphasized.
Thermal analyses (TGA) and biological activity of the complexes were also investigated. Density Func-
tional Theory (DFT) calculations at the B3LYP/6-311++G (d,p)_ level of theory have been carried out to
investigate the equilibrium geometry of the ligand. The optimized geometry parameters of the complexes
were evaluated using SDDALL basis set. Moreover, total energy, energy of HOMO and LUMO and Mullikan
atomic charges were calculated. In addition, dipole moment and orientation have been performed and
discussed.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Anthranilic acid is biosynthesized from chorismic acid. It plays a
vital part in the biosynthesis of tryptophan and its derivatives via

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2014.04.134&domain=pdf
http://dx.doi.org/10.1016/j.saa.2014.04.134
mailto:hmamoustafa@yahoo.com
http://dx.doi.org/10.1016/j.saa.2014.04.134
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa


A.A. Essawy et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 131 (2014) 388–397 389
the attachment of phosphoribosyl pyrophosphate to the amine
group, as well as in several types of alkaloids [1]. Anthranilic acid
is a versatile and low cost starting material in organic synthesis
to generate the benzyne intermediate and to synthesize benzo-
fused heterocycles [1]. Industrially, anthranilic acid is used as an
intermediate for production of dyes, pigments, and saccharin. It
and its esters are used in preparing perfumes to imitate jasmine
and orange, pharmaceuticals and UV-absorber as well as corrosion
inhibitors for metals and mold inhibitors in soya sauce.

In addition, anthranilic acid could be commonly used as fluores-
cent tag in detection of monosaccharides using liquid chromatog-
raphy or capillary electrophoresis. It provides a monosaccharide
labeling with a highly reproducible and accurate results [2].
Recently, a series of N-benzoyl anthranilic acid derivatives were
prepared as inhibitors of penicillin binding proteins [3]. Other lit-
eratures [4,5] showed that substitution of the amino group in AA
by different substituted aryl or heteroaryl moieties could markedly
modulate the anti-inflammatory activity. The compound N-pheny-
lanthranilic acid is used as a common intermediate in the synthesis
of pharmaceutically important molecules such as antimalarials and
antineoplatics [6].

Fluorescent rare earth complexes are of great interest owing to
their broad applications in biochemistry, material chemistry, medi-
cine and so forth. Rare earth complexes with carboxylic acids may be
used as structural and functional probes of biological macromole-
cule systems [7]. It was found that the complex of a reactive ternary
Tb(III) could be excited by 365 nm ultraviolet, and emitted green
light attributed to the characteristic emission of Tb(III) ion [8].

Investigation of coordination compounds of samarium and ter-
bium ions with organic ligands has been attracted significant
attentions that focus on several potential applications of its lumi-
nescence [9–11]. Such as application in the lighting industry, abil-
ity to provide electroluminescent material for organic light
emitting diodes (OLEDs) [12] and optical fibers for telecommunica-
tions, a capacity to yield functional complexes for biological assays
and medical imaging purposes [13–15].

Anthranilic acid offers two possible coordination sites, one car-
boxylic and one amino group. The coordination of metal ions
toward the ligand is discussed very controversial in the literature.
For example, a bidentate binding mode via the two oxygen atoms
of the carboxylic group was postulated for Tb(III) anthranilate
complexes in solid state [16,17]. Other authors suggested that
the coordination of the metal ion takes place via a chelate forma-
tion through the nitrogen atom of the amino group and one oxygen
atom of the carboxylic group [18,19].

Large discrepancies have been published for the interaction of
anthranilic acid with trivalent lanthanides [20]. By employing an
alternative synthetic route, a range of lanthanoid anthranilates
were synthesized and characterized. The results reveal a diverse
range of structural classes exhibited by lanthanoid anthranilates
[21]. This prompted us to confirm the pattern of coordination in
these complexes using for the first time a dual experimental and
theoretical insight. Sm(III) and Tb(III) anthranilate and 5-chloro-
anthranilate solid complexes were synthesized then spectroscopi-
cally characterized and subjected to extensive theoretical
calculations. The DFT calculations for the model systems correlate
well with experimentally determined metrical parameters. More-
over, the thermal stability of the reported metal complexes as well
as their biological activities has been studied.

Experimental

Materials and reagents

All chemicals and reagents were of reagent grade quality and
were used as received without further purification. Anthranilic
acid, (2-amino benzoic acid, AA) and chloroanthranilic acid
(2-amino-5-chloro benzoic acid, AACl) were provided from Fluka.
Terbium chloride hexahydrate, TbCl3�6H2O was obtained by
treating Tb4O7 (99.9%, Chempur) with concentrated HCl and the
surplus HCl was removed by evaporation. The residue was dis-
solved with deionized water and evaporated for three times
results finally to the crystals of hexahydrate terbium chloride.
Samarium chloride hexahydrate, SmCl3�6H2O (99.9%) was pro-
vided from Sigma–Aldrich. Bi-distilled water is usually used in
all preparations.
Instrumentation

Elemental microanalyses of the separated solid chelates for C, H,
N were performed in the Microanalytical Center at Cairo Univer-
sity. The analyses were repeated twice to check the accuracy of
the data. Infrared spectra were recorded on a Perkin–Elmer FTIR
type 1650 spectrophotometer in the region 4000–400 cm�1 as
KBr discs. The absorption spectra were recorded with a double
beam Perkin–Elmer Lambda 25 UV–Visible spectrophotometer.
The pH was measured using pHs-JAN-WAY 3330 research pH
meter at 25 �C. The thermal analysis (TG and DTA) were carried
out in dynamic nitrogen atmosphere (20 mL min�1) with a heating
rate of 10 �C min�1 using Shimadzu TG-60H and DTA-60H thermal
analyzers.
Synthesis of metal complexes

As an example, the anthranilate complex with Tb3+ ions was
simply prepared by adding (126 mg) sodium bicarbonate of pure
grade (Aldrich) to a hot water–ethanol solution (30 mL, 10:20 v/v)
of an equimolar amount of AA (206 mg). The mixture was stirred
for 15 min at 70 �C. After that, ethanolic solution (10 mL) of
TbCl3�6H2O (186.69 mg, 0.5 mmol) was added drop wisely under
continuous stirring. The resulting mixture was kept under stirring
for 4 h at 60 �C forming a white precipitate. The precipitate was
separated by filtration and washed with bidistilled water to sepa-
rate sodium chloride from the solid formed complex which is
insoluble in water. The complex dissolves readily in DMF, DMSO
and in hot absolute ethanol. The complex was recrystallized from
ethanol to give 231 mg of pure compound (Yield 81.6%). The same
procedure was performed to synthesize the samarium anthranilate
complex (Yield 80.3%) and in the synthesis of both samarium and
terbium chloroanthranilate complexes giving yields of 85.7% and
84.8%, respectively.
Biological activity

The in vitro antimicrobial activity of the free ligand and their
complexes were tested against the bacteria: Staphylococcus aureus
(gram +ve) and Escherichia coli (gram �ve) in Mueller Hinton-Agar
medium and fungi: Aspergillus flavus and Aspergillus niger in YPD-
agar medium. The standard disc-agar diffusion method [22] was
followed to determine the antibacterial and antifungal activity of
the synthesized compounds. The tested compounds were dissolved
in DMF (which has no inhibition activity), to get concentrations of
100 mg/mL. Uniform size filter paper disks (3 disks per compound)
were impregnated by equal volume (0.1 mL) from the specific con-
centration of dissolved tested compounds and carefully placed on
incubated agar surface. After incubation for 48 h at 37 �C, inhibi-
tion of the organisms which evidenced by clear zone surround each
disk was measured and used to calculate the mean of inhibition
zones [21,23].



Table 1
Elemental analysis and mass spectrometry data for AA and AACl lanthanide
complexes.

Complex C% Found
(Calc.)

H% Found
(Calc.)

N% Found
(Calc.)

Mass spectrometry

M. Wt m/z

Sm(AA)3; 44.7 3.3 7.7 558.76 543[p-O]+

Sm[C7H6NO2]3 (45.1) (3.2) (7.5)
Tb(AA)3; 43.9 3.2 7.4 567.32 568[p]+

Tb[C7H6NO2]3 (44.5) (3.2) (7.4)
Sm(AACl)3; 36.8 2.4 6.4 662.23 663[P]+
Sm[C7H5NO2Cl]3 (37.9) (2.7) (6.3)
Tb(AACl)3; 38.5 2.5 6.3 670.80 671[p]+

Tb[C7H5NO2Cl]3 (37.9) (2.7) (6.2)
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Computational method

Calculations have been performed using Khon–Sham’s DFT
method subjected to the gradient-corrected hybrid density func-
tional B3LYP [24]. This function is a combination of the Becke’s
three parameters non-local exchange potential with the non-local
correlation functional of Lee et al. For each structure, a full geom-
etry optimization was performed using this function [25] and the
6-31G� bases set [26] as implemented by Gaussian 09 package
[27]. No symmetry constrains were applied during the geometry
optimization.
Results and discussion

Elemental analysis

The results of elemental analyses and mass spectrometry of the
reported complexes are in good agreement with those required by
the proposed molecular formulae (Table 1). It is clear from these
data that the complexes are formed in 1:3 [Metal]:[Ligand] ratio.
Mass spectra of the complexes Sm(AA)3, Tb(AA)3, Sm(AACl)3 and
Tb(AACl)3 displayed molecular ion peaks at m/z = 543, 568, 663,
and 671, respectively. The molecular ion peak at 543 corresponds
to the parent molecular ion peak [p-O]+, whereas the remainder
ion peaks were referred to the molecular ion peak [p]+. The molec-
ular formulae of the complexes; Sm(AA)3, Tb(AA)3, Sm(AACl)3

and Tb(AACl)3 were found as Sm[C7H6NO2]3, Tb[C7H6NO2]3,
Sm[C7H5NO2Cl]3 and Tb[C7H5NO2Cl], respectively.
IR spectroscopy

In order to study the types of bonding between the ligands and
metal ions and to elucidate the structure of the obtained com-
plexes, their IR spectra were recorded. The IR data of AA and AACl
and their samarium and terbium complexes are listed in Table 2.
The IR spectra of the complexes are compared with those of the
free ligands in order to determine the coordination sites that
may be involved in chelation. The carboxylic and amine groups
Table 2
Important IR data for AA and AACl and their Sm(III) and Tb(III) complexes.

aIR cm�1

Compound m(C@O) mas(NH2) Dmas (NH2) ms(NH2) Dms(NH2) m(CAN) mas

(AA) 1664(m) 3324(s) – 3240(s) – 1291(m) 158
Sm(AA)3 – 3475(m) +155 3424(m) +184 1252(m) 151
Tb(AA)3 – 3486(m) +162 3363(m) +123 1257(m) 152
(AACl) 1671(s) 3466(s) – 3356(s) – 1237(s) 158
Sm(AACl)3 – 3479(m) +13 3365(m) +9 1245(m) 151
Tb(AACl)3 – 3481(m) +15 3369(m) +13 1245(m) 151

a s, strong; m, medium; w, weak; b, broad.
are the possible bonding sites in the anthranilic acid with
lanthanides.

The IR spectrum of anthranilic acid (AA) displayed two strong
bands at 3324 and 3240 cm�1 due to mas(NH2) and ms(NH2) stretch-
ing frequencies, respectively, while the absorption band resulting
from the deformation dNH2 was found at 1618 cm�1 [28]. Further-
more, two important stretching vibrations were observed at 1664
and 1291 cm�1. The band at 1664 cm�1 was attributed to the
C@O stretching vibration of the carboxyl group and that occurred
at 1291 cm�1 could be ascribed to the CAN stretching vibration
[29]. Also, the IR spectrum of (AA) displayed two medium stretch-
ing bands at 1585 and 1420 cm�1 which corresponded to the
asymmetric and symmetric stretching vibration of the carboxylate
group (masCOO� and msCOO�), respectively [28,30].

Similarly, the IR spectrum of the 5-chloroanthralinic acid (AACl)
showed two strong bands at 3466 and 3356 cm�1 due to mas(NH2)
and ms(NH2) stretching frequencies, respectively. The two bands at
1595 and 1237 cm�1 corresponded to the deformation dNH2

vibration and the m(CAN) stretching vibration, respectively.
Furthermore, the IR spectrum showed a band at 1671 cm�1 corre-
sponded to m (C@O) and two bands at 1588 and 1483 cm�1 referred
to masCOO� and msCOO� stretching frequencies, respectively. In the
IR spectra of the reported complexes, the bands corresponding to
the C@O vibrations at 1664 and 1671 cm�1 (Table 2) disappeared
entirely as reported in literature [28].

o-Anthranilate lanthanide complexes
The IR spectrum of the complex Sm(AA)3 displayed stretching

bands at 3475 and 3424 cm�1 due to mas(NH2) and ms(NH2) vibra-
tions, respectively. Also, the complex Tb(AA)3 showed two stretch-
ing bands at 3486 and 3363 cm�1 referred to mas(NH2) and ms(NH2)
vibrations, respectively. These values showed significant frequency
shifts with respect to the corresponding values of the free ligands.
The shift values range from 123 to 184 cm�1, (Table 2). The rela-
tively high shift values Dmas(NH2) and Dms(NH2) may indicate the
coordination of Sm(III) and Tb(III) to o-anthranilic acid via the
amine group (NH2) [31]. This type of bonding could be ascertained
by the lower frequency shift in the mCAN vibration by 39 and
34 cm�1 in the IR spectra of the two complexes Sm(AA)3 and
Tb(AA)3, respectively. In addition, the appearance of m(MAN)
stretching bands at 425 for Sm(AA)3 and at 448 cm�1 for Tb(AA)3

confirmed the coordination of Sm(III) and Tb(III) to AA via the
amine group (NH2).

The carboxylic group is the second group participating in the
bond of the anthranilic acid with lanthanides. Just as in the spectra
of anthranilates of d-electron elements, the bands of asymmetric
and symmetric vibrations of the COO� group in the spectra of
samarium and terbium anthranilates are displaced to lower fre-
quencies [32]. The peaks due to masCOO� of the two complexes
Sm(AA)3 and Tb(AA)3 were shifted to lower frequencies by 68
and 63 cm�1 and the lower shifts in msCOO� were found to be 20
and 18 cm�1, respectively (Table 2). The shifts in the asymmetric
and symmetric stretching frequencies of the COO� species in the
COO� D mas COO� ms COO� Dms COO� (mas-ms) COO� m(MAO) m(MAN)

5(b, m) – 1420(m) – +165 – –
7(s) �68 1400(s) �20 +117 528(w) 425(w)
2(s) �63 1402(s) �18 +120 527(w) 448(w)
8(s) – 1483(s) – +105 – –
0(s) �78 1427(m) �56 +83 570(w) –
0(s) �78 1427(s) �56 +83 572(w) –
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IR spectra of lanthanide complexes indicate that o-anthranilate is
coordinated to Sm(III) and Tb(III) via the oxygen of the carboxylate
group. This is confirmed by the appearance of new mMAO stretch-
ing bands at 528 and 527 cm�1 for Sm(III) and Tb(III) complexes,
respectively.
5-Chloroanthranilate lanthanide complexes
The IR spectra of the complexes Sm(AACl)3 and Tb(AACl)3 dis-

played stretching medium bands at 3479 and 3481 cm�1 due to
mas(NH2) and at 3365 and 3369 cm�1 due to ms(NH2) with lower
shifts with respect to those of the free ligands (Table 2). The rela-
tively small shift values of Dmas(NH2) and Dms(NH2) may indicate
that the amine group (NH2) in the chloroanthranilate may not par-
ticipate in the coordination to Sm(III) and Tb(III) in their chloro-
anthranalate complexes. This could be ascertained from the
absence of m(MAN) stretching band in the IR spectra of the two
complexes Sm(AACl)3 and Tb(AACl)3. Comparing the Dmas(NH2)
and Dms(NH2) values of the anthranilate and the chloroanthranilate
Sm(III) and Tb(III) complexes, revealed that the shift values for the
anthranilate complexes (123–184 cm�1) are higher than the corre-
sponding values of the chloroanthranilate complexes (9–15 cm�1).
This indicates the participation of the anthranilate NH2 group in
the coordination to samarium and terbium while in chloroanthran-
ilate complexes; chlorine atom greatly dimensioned the contribu-
tion of this coordination site.

The carboxylate group can participate in bonding of the
5-chloroanthranilate with lanthanides. On complexation, the
masCOO� and msCOO� bands in samarium and terbium complexes
showed lower shifts by 78 and 56 cm�1, respectively, with respect
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Scheme 1. The proposed structures of: (a) samarium and terbium
to the corresponding species in the ligands. The shift values of the
bands to lower frequency indicate the degree of bond covalency.
The lower shift of the peak masCOO� (1585 cm�1) was found to be
40–50 cm�1 for Cd, Ni, Co, Zn, Cu anthranilates [33]. Whereas in
Sm (III) and Tb (III) anthranilate and 5-chloroanthranilate com-
plexes; the shift values were found to be 63–78 cm�1. The rela-
tively higher shifts in the antisymmetric and symmetric
stretching frequencies of the COO� species in the IR spectra of
the 5-chloroanthranilate complexes may indicate the coordination
of the ligand to Sm(III) and Tb(III) via the two carboxylate oxygen
atoms forming four membered ring. This is confirmed by the
appearance of new mMAO stretching band at 570 and 572 cm�1

in the IR spectra of Sm(III) and Tb(III) complexes, respectively.
According to elemental analysis data and interpretation of IR

spectra, samarium (III) and terbium (III) ions were expected to be
coordinated to the o-anthranilate ion through a nitrogen atom of
NH2 group and oxygen of the carboxylate group [34], forming six
membered ring in each complex, Sm(AA)3 or Tb(AA)3. On the other
hand, Sm(III) and Tb(III) ions were bonded to the 5-chloroanthran-
ilate ions through the two oxygen of the carboxylate ion forming
four membered ring in Sm(AACl)3 or Tb(AACl)3 complex. The pro-
posed structures of the reported complexes are shown in
Scheme 1.
Thermogravimetric analysis

Thermogravimetry provides more insight into the composition
and structure of the complexes. Thermal studies could be carried
out using thermogravimetry (TG) and (DTG) techniques. Thermal
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anthranilate complexes and (b) chloroanthranilate complexes.



Table 3
Thermal analysis data for samarium and terbium complexes.

Complex Decomposition step, K DTG max, K an Weight loss% Mol. wt Found (Calc.) Species eliminated Solid residue Found, (calc.) %

Sm(AA)3 Sm[C21H18N3O6] 330–637 598 1 10.04 56.10 (56.08) C3H6N 29.82 (29.78)
637–726 671 1 35.82 200.15 (200.17) C11H6NO3 SmO
726–923 735, 875 2 24.32 135.89 (136.13) C7H6NO2

Sm(AACl)3 Sm[C21H15N3O6Cl3] 563–626 605 1 9.87 65.36 (65.57) C2H6 + ½ Cl2 34.40 (34.19)
626–774 719 1 49.98 331.01 (331.17) C11H6N3 + Cl2 + 5/2 O2 SmO + 5C
774–936 825 1 5.93 39.27 (39.06) C3H3

Tb(AA)3 Tb[C21H18N3O6] 423–700 674 1 63.72 361.47 (364.36) C20H18N3 + 2 O2 36.28 (35.76)
TbO2 + C

Tb(AACl)3 Tb[C21H15N3O6Cl3] 321–520 403 1 5.20 34.90 (35.5) ½ Cl2 35.31 (35.62)
520–1074 746 1 59.49 399.00 (396.31) C17H15N3 + 2O2 + Cl2 TbO2 + 4C

a n = Number of decomposition steps.
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Fig. 1. (a) UV absorption spectra of AA (spectrum 1), Sm3+-(AA)3 (spectrum 2) and
Tb3+-(AA)3 (spectrum 3). (b) UV absorption spectra of AACl (spectrum 1), Sm3+-
(AACl)3 (spectrum 2) and Tb3+-(AACl)3 (spectrum 3). [Experimental conditions:
concentration of ligand and complexes were 1 � 10�5 mol. L�1, solvent = ethanol].
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analysis is used to: (i) get information about the thermal stability
of the metal complexes, (ii) suggest the presence of crystalline
and hydrated water molecules and (iii) suggest a general scheme
for thermal decomposition of the complexes. The results of thermal
decomposition of the metal complexes indicated the absence of
any type of water molecules as shown in Table 3.

Thermogravimetric analysis of Sm(AA)3 and Tb(AA)3 complexes
The TG plot of Sm(AA)3, Sm[C21H18N3O6], complex displayed

four decomposition steps. Since the third and fourth decomposi-
tion steps were confused, three resolved and well-defined decom-
position steps could be considered. The first decomposition step
occurred in the temperature range 330–637 K with a net weight
loss of 10.04% corresponding to elimination of (C3H6N) species
(10.04% cal). The second decomposition peak occurred in the tem-
perature range 637–726 K with a weight loss of 35.82% and corre-
sponded to the material decomposition (C11H6NO3) moieties
(35.82% cal). The third decomposition step occurred in the temper-
ature range 726–923 K with a weight loss of 24.32% corresponding
to the elimination of (C9H4N2) species (24.36% cal) to give finally
the residue SmO (29.82%).

Thermal studies of the complex Tb(AA)3, Tb[C21H18N3O6], were
carried out using thermogravimetry (TG) and (DTG) techniques.
The TG plot of the complex showed one decomposition step in
the temperature range 423–700 K giving a net weight loss of
63.72% corresponding to elimination of (C20H18N3 + 2O2) species
(64.22% cal) to give finally the residue (TbO2 + C) with 36.28%.

Thermogravimetric analysis of Sm(AACl)3 and Tb(AACl)3 complexes
The TG plot of Sm(AACl)3, Sm[C21H15N3O6Cl3], complex dis-

played three resolved and well-defined decomposition steps. The
first decomposition step occurred in the temperature range
563–626 K with a net weight loss of 9.87% corresponding to elim-
ination of (C2H6 + ½Cl2) species (9.90% cal). The second decompo-
sition peak occurred in the temperature range 626–774 K with a
weight loss of 49.98% and corresponded to the material decompo-
sition (C11H6N3 + Cl2 + 5/2O2) moieties (50.01% cal). The third
decomposition step occurred in the temperature range
774–936 K with a weight loss of 5.93% corresponding to the elim-
ination of (C3H3) species (5.90% cal) to give finally the residue
(SmO + 5C) species (34.40%).

The TG plot of Tb(AACl)3, Tb[C21H15N3O6Cl3], complex displayed
two resolved and well-defined decomposition steps. The first
decomposition step occurred in the temperature range
321–520 K with a net weight loss of 5.20% corresponding to elim-
ination of ½Cl2 species (5.29% cal). The second decomposition peak
occurred in the temperature range 520–1074 K with a weight loss
of 59.49% and corresponded to the material decomposition
(C17H15N3 + Cl2 + 2O2) moieties (59.08% cal) to give finally the
residue (TbO2 + 4C) species (35.31%).
The sum of the eliminated and solid residual species for all lan-
thanide complexes confirmed their molecular formulae (Table 3).
Absorption spectra

The UV absorption spectra of 1 � 10�5 mol. L�1 ethanolic solu-
tion of AA, AACl and their tris-samarium and terbium complexes
are presented in Fig. 1. Fig. 1A reveals a broad UV absorption band
at kmax = 331 nm with e value around 21780 mol.�1 L cm�1. This
band could be assigned to p–p� transition in AA (spectrum 1).
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Upon addition of Sm(III) ions, a slight blue shift and enhancement
of the absorbance value due to complex formation, (spectrum 2). A
similar behavior was also observed in case of Tb3+ ions (spectrum
3). Moreover, the estimated e values for the Sm(AA)3 and Tb(AA)3

complexes amount, respectively to 31,600 and 34,000 mol.�1

L cm�1 with a noticeable increase compared to free ligand. Com-
pared to AA ligand and their Tb(III) or Sm(III) complexes, the mon-
itored UV absorption spectra of ligand AACl (kmax 348 nm,
e = 30,760 mol.�1 L cm�1), their Tb(III) and Sm(III) counterparts
(Fig. 1B) indicate increased blue shift by 4–7 nm and higher esti-
mated e values 38200 and 42,000 mol.�1 L cm�1, respectively.
These results reflect and further confirm the role of Cl atom in rein-
forcing lanthanoid-AACl coordination through two oxygens of car-
boxylate group rather than the preferential O- and N-coordination
sites elucidated in lanthanoid-AA complexation.

Biological activity

The antibacterial activity of the parent ligands and their metal
complexes against A. flavus and Canidia albicans fungi, S. aureus
(G+) and E. coli (G�) bacteria was tested in order to assess their
potential antimicrobial effects [35–37]. The biological activity of
the ligands and their metal complexes were also compared with
tetracycline (Antibacterial agent) and Amphotericin B (Antifungal
agent). Such organisms can achieve resistance to antibiotics
through biochemical and morphological modification [27]. In the
present work all the synthesized complexes gave no inhibition
zone diameters values towards A. flavus fungus. The two ligands
AA, AACl and their complexes showed a considerable biological
activity towards S. aureus (G+) and E. coli (G�) bacteria with inhi-
bition zone diameters ranging from 10 to 17 mm/mg sample
(Fig. 2). The ligands and their complexes gave inhibition zone
diameters values ranging from 10 to 12 mm/mg sample towards
C. albicans fungus with the exception of Tb(AA)3 which showed
no biological activity towards this type of fungi [38]. Most of the
reported complexes showed enhanced biological activity towards
S. aureus (G+), E. coli (G�) bacteria and C. albicans fungus with
respect to that of the free ligands AA and AACl. These results mean
that, the activity of the studied ligands against different microor-
ganisms is generally enhanced by chelation with the biologically
active metal. This would suggest that chelation could facilitate
the ability of such complexes to cross a cell membrane and can
be explained by Tweedy’s Chelation Theory [39]. On chelation,
Fig. 2. Antimicrobial activity of AA and AACl ligand
the delocalization of p-electrons over the whole chelate ring will
be increased and that enhance the penetration of the complexes
into lipid membranes and blocking the metal binding sites in the
enzymes of microorganisms. Furthermore, AACl and their Sm(III)
and Tb(III) showed relatively higher biological activity than AA
and Ln-(AA)3 counterparts. This refers to a role of Cl atom in
increasing the biological activity. Also, the tested complexes may
disturb the respiration process of the cell and consequently block
the synthesis of proteins leading to no further growth of the
organisms [40]. The variation in the activity values of different
compounds against different organisms depends on either the
impermeability of the cells of the microbes or on the differences
in ribosome of microbial cells [41].

Molecular orbital calculations

From the elemental analysis and spectroscopic data, Sm(I) and
Tb(I) ions were expected to be coordinated to AA ions through a
nitrogen atom of NH2 group and oxygen of the carboxylate group
forming the six membered ring complexes. On the other hand,
Sm(I) and Tb(I) ions were bonded to AACl ion through only
the two oxygen of the carboxylate ion forming four membered ring
complexes. In this section, we try to study the ground state geom-
etry of the two ligands AA and AACl and their complexes with
Sm(I) and Tb(I) ions and to explain why AA bonded through
N10 and O8-atoms, and AACl bonded through O8 and O9-atoms.

Geometry and ground state of ligands
The optimized structure of the two ligands AA and AACl are

depicted in Fig. 3 with numbering of the atoms. The energies of
the ground state computed by B3LYP/6-311++G�� are presented
in Tables 4 and 5. In addition, the computed parameters were com-
pared with the corresponding values obtained from the experi-
mental data. The optimized bond length of CAC in phenyl ring
falls in the range from 1.393 to 1.428 Å which are in good agree-
ment with those of experimentally reported values (c.f. Table 4).
The optimized C2ACl11 bond length obtained by B3LYP/6-
311++G�� is 1.741 Å which is also in good agreement with the
experimental value 1.744 Å [42]. For the CAO bonds, the optimized
length is slightly shorter than the experimental values (c.f. Table 4).
The bond angles for DFT – B3LYP/6-311++G�� reported in Table 4
are slightly better than the HF-method compared to experimental
results. The computations overestimate the <HNH and <OCO
s and their samarium and terbium complexes.



Fig. 3. Optimized geometry, vector of dipole moment, numbering system, net charges and HOMO and LUMO charge density maps for AA and AACl ligands using B3LYP/6-
311G��.
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angles. From the analysis of geometric parameters; we notice such
differences between calculated and measured values. These dis-
crepancies can be explained by the fact that the calculations
assume an isolated molecule where the intermolecular columbic
interactions with the neighboring molecules are absent, whereas
the experimental results correspond to interact molecules in the
crystal lattice for a similar compound.

The ligand AA is considered as electron donor, whereas, ligand
AACl is electron acceptor as indicated from the EHOMO and ELUMO

(c.f. Table 5). The ligand AA is more reactive than AACl as reflected
from energy gap values (c.f. Table 5). From the computed net
charge on active centers, it was found that the most negative cen-
ters in AA are N10 and O8. Whereas in ligand AACl, the most neg-
ative centers are O8 and O9. The reason why AA ligand bonded
through N10 and O8 while AACl ligand bonded through O8 and
O9-atoms. The computed dipole moment of AA ligand is 8.38D.
Insertion of Cl-atom in C5-atom as in AACl increases the dipole
moment to 10.19D indicating that the vector of the dipole moment
of Cl-atom is in the same direction of the vector of AA-ligand.

Geometric parameters of the complexes
Tables 6–9 in addition to Fig. 4 present the optimized geometry,

numbering system, the vector of the dipole moment, the energetic,
dipole moment, energy gap, energy of HOMO and LUMO, net
charge on active centers, bond lengths, bond angles and dihedral
angles of all metal complexes studied in this work. In the com-
plexes of Sm(AA)3 and Tb(AA)3 the metal ion coordinates with
N10, O12, N27, O26 and N42, O39 to form six-member ring.



Table 4
Bond lengths, Bond angles and dihydral angles for AA and AACl using B3LYP/6-
311++G��.

Parameter AA AACI Expt[57]

Bond length, Å
C1AC2 1.399 1.399 1.374
C1AC6 1.398 1.391 1.403
C2AC3 1.401 1.392 1.385
C3AC4 1.393 1.388 1.366
C4AC5 1.415 1.422 1.411
C5AC6 1.428 1.429 1.411
C6AC7 1.546 1.522 1.464
C7AO8 1.277 1.269 1.320
C7AO9 1.252 1.264 1.229
C5AN10 1.369 1.370 1.364
N10AH15 1.006 0.983 0.879
N10AH16 1.031 0.999 0.879
C2ACl11 – 1.714 1.744

Bond angle, degree
<C1 C6 C5 118.1 1119.0 119.67
<C1 C2 C5 118.6 120.4 121.6
<C2 C3 C4 120.2 119.5 120.9
<C3 C4 C5 121.1 121.0 121.6
<C4 C5 C6 118.9 118.6 117.3
<C5 N10 H16 114.1 118.8 118.5
<C1 C6 C7 118.8 117.1 121.5
<O8 C7 O9 126.8 122.3 121.4
<H15 N10 H16 124.9 121.3 119.1
<C1 C2 Cl11 – 120.0

Table 5
Total energy, energy of HOMO and LUMO, energy gap and dipole moment for AA and
AACl using B3LYP/6-311++G��.

Parameter AA AACl
B3LYP/6-31++G�� B3LYP/6-31++G��

ET, au �475.6737 �935.2676
EHOMO, au �0.06282 �0.6454
ELUMO, au 0.08358 0.07876
Eg, eV 3.98 19.68
l, D 8.39 10.19

Table 6
Total energy, energy of HOMO and, LUMO, energy gap and dipole moment for the
studied complexes using SDDALL.

Parameter Sm(AA) Tb(AA) Sm(AACl) Tb(AACl)
OAN OAN OAO OAO

ET, au �905.6308 �1070.4615 �947.9705 �1113.142
EHOMO, au �0.35752 �0.34257 �0.31084 �0.30478

�0.35751 �0.31082
ELUMO, au 0.04446 0.04504 0.04397 0.04493

0.04454 0.04399
Eg, eV 10.93 10.54 9.65 9.51
l, D 19.13 9.70 13.03 12.97
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In complexes of Sm(AACl)3 and Tb(AACl)3, the metal ion coordi-
nates with O14, O15, O27, O28 and O40, O44 to form four member
ring. The geometric changes that are observed in the ligand moiety
itself are insignificant except C (phenyl) with NH2 and COOH
groups show shortness upon complexation with the metal ion.
The bonds between M and the ligand sites in M(AA)3 complexes
i.e. MAN and MAO are too long, 2.730 Å for MAN10, 2.758 Å for
MAN27, 2.728 Å for MAN42, 2.160 Å for MAO12, 2.182 Å for
MAO26 and 2.171 Å for MAO39 compared to the typical MAN
and MAO bonds [43]. The too long MAN bonds for M(AA)3 com-
plexes mean that the ionic character of these bonds is small. In case
of M(AACl)3, the MAO bonds is of the same range of the typical
MAO bonds [44]. This means that, the ionic character in case of
M(AACl)3 complexes is greater than the M(AA)3 complexes. Also,
the charge on the metal ion in the complex is much less than 3,
hence, the comparison between the calculated (B3LYP/6-
311++G��) and the typical M(I)AN and M(I)AO is not very pre-
cise. The calculated values of the bond angles (between metal ion
and binding sites) < MNC and <OMN, in case of M(AA)3 vary
between 61� and 124� which compare nicely with the experimen-
tal data obtained from X-ray data for Oh complexes indicates octa-
hedral geometry [45]. In case of M(AACl)3 complexes, the <OMO,
<MOC and <OCO angles vary between 55� and 95� which compare
with the experimental data reported in literature [46]. The values
of the dihedral angles around metal ion (c.f. Tables 7 and 8) in
M(AA)3 complexes, are far from 0.0� or 180� which indicate that
the metal ion is not in the same plane of the donating sites. On
the other hand, the dihedral angles of the M(AACl)3 complexes
(c.f. Tables 7 and 8) are 0.0� and 180� indicating that the metal
ion is in the same molecular plane of the donating sites.

All the studied complexes are polar compounds as it is evi-
dent from the magnitude of their dipole moment (c.f. Table 6).
As the energy gap of the studied complexes decreases, the
reactivity of the complexes increases. In our complexes, the
reactivity follows the order Tb(AACl)3 > Sm(AACl)3 > Tb(AA)3 >
Sm(AA)3. The complexes of M(AACl)3 are donor complexes than
M(AA)3 complexes as reflected from its ionization energy (c.f.
Table 6).
Charge distribution analysis
Table 9 presents the net charge on active centers of the studied

metal complexes and the amount of charge transferred from the
ligands to the central metal ions, i.e. (AA)3 ? M and (AACl)3 ? M.
The results of Table 9 show that Sm(AA)3 metal ion received
1.116 e, Tb(AA)3 metal ion received 1.227e, Sm(AACl)3 metal ion
received 1.599e and Tb(AACl)3 received 1.592e from its surround-
ing ligands. Also from the results of Table 9, there is a large electron
back-donation from the metal ion to the donating sites N10, O12,
N27, O26, N42 and O39 in (AA) and O14, O15, O27, O28, O40 and
O41 in (AACl). These results are further confirmed by comparing
the values of the calculated charge on the liganding atoms in the
complexes and on the same atoms in the free ligand. In the all
studied complexes, the charge density increases on the donating
atoms after complexation.
Structure activity relationship
The biological activity of the prepared complexes can be corre-

lated to the calculated geometrical parameters and ground state
properties. From Fig. 2 and Tables 5, 6 and 9 one can reveal the
following:

– The higher reactivity of Sm(AACl)3 and Tb(AACl)3 complexes
over Sm(AA)3 and Tb(AA)3 can be explained in terms of the
energy gap which measure the reactivity, as the energy gap
decreases the reactivity increases, and the amount of electronic
charge transfer from the ligand to the central metal ion
increases.

– Theoretically, the reactivity of the prepared complexes follows
the order: Tb(AACl)3 > Sm(AACl)3 > Tb(AA)3 > Sm(AA)3 which is
of the same order of the reactivity towards G� and G+ (c.f.
Fig. 2).

– The Mullikan electronic charge from the ligand to the central
metal ion of the studied complexes follows the order:
Sm(AACl)3 > Tb(AACl)3 > Tb(AA)3 > Sm(AA)3 which is of the
same order of the reactivity towards G� and G+ (c.f. Fig. 2).



Fig. 4. Final geometry, numbering system and vector of The dipole moment for metals complexes using SDDALL.

Table 7
Bond lengths, bond angles and dihydral angles for the metal-AA complexes using
SDDLL.

Parameter AA Parameter AA

Sm Tb Sm Tb

MAN10 2.730 2.614 C24AO25 1.214 1.233
MAO12 2.160 2.128 C37AO38 1.208 1.222
MAN27 2.758 2.789 <O12 M N10 68.8 70.1
MAO26 2.182 2.183 <O26MN27 65.7 67.0
MAO39 2.171 2.158 <O39 M N42 64.5 61.6
MAN42 2.728 2.569 <M N42 C31 124.1 115.6
C31AN42 1.460 1.459 <N42 C31 C36 125.8 122.2
C13AC36 1.397 1.401 <C31 C36 C37 115.6 122.8
C36AC37 1.504 1.499 <C36 C37 O39 �157.8 114.5
C37AO39 1.306 1.312 <M N10 C4 C3 54.7 �163.7
O12AC7 1.314 1.306 <M O12 C7 C5 58.7 �62.4
C5AC7 1.500 1.513 <M O26 C24 C16 58.2 �86.7
C4AC5 1.409 1.407 <M N27 C21 C20 �160.6 161.8
C4AN10 1.453 1.464 <M O39 C37 C36 57.3 �6.3
C21AN27 1.454 1.455 <M N42 C31 C32 �167.1 131.1
C16AC21 1.396 1.395
C16AC24 1.502 1.489
C24AO26 1.308 1.304
C7AO11 1.225 1.225

Table 8
Bond lengths, bond angles and dihydral angles for the metal-AACl complexes using
SDDLL.

Parameter AA-CI Parameter AA-CI

Sm Tb Sm Tb

MAO14 2.377 2.357 <M O15 C13 C4 179.0 179.7
MAO15 2.381 2.327 <O15 C13 C4 C3 0.11 0.44
MAO27 2.405 2.364 <M O28 C26 C22 �179.9 �179.9
MAO28 2.359 2.320 <O28 C26 C22 C21 �0.3 0.11
MAO40 2.355 2.326 <M O40 C39 C38 �179.7 �179.5
MAO41 2.398 2.357 <O40 C34 C38 C33 0.384 �0.11
C4AC13 1.448 1.446
C22AC26 1.448 1.446
C38AC39 1.450 1.447
C2ACl 8 1.829 1.830
C20ACl 29 1.829 1.830
C24ACl 43 1.830 1.830
<O14 M O15 54.8 55.5
<M O14 C13 27.5 27.8
<O14 C13 O15 116.4 115.3
<M O15 C13 94.3 95.3
<O27 M O28 54.7 55.5
<O40 M O41 63.5 62.9
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Table 9
Net charges on metals and active centers of the studied complexes.

Center AACl AA Center AA CI

Sm Tb Sm Tb

M 1.884 1.773 M 1.401 1.408
N10 �0.933 �0.951 O14 �0.784 �0.769
O12 �0.971 �0.900 O15 �0.689 �0.677
O11 �0.525 �0.514 O27 �0.777 �0.776
O26 �0.980 �0.884 O28 �0.690 �0.670
N27 �0.912 �0.916 O40 �0.691 �0.678
O25 �0.513 �0.563 O41 �0.779 �0.774
N42 �0.923 �0.948 N7 �0.864 �0.870
O39 �0.967 �0.988 N23 �0.866 �0.894
O38 �0.502 �0.525 N42 �0.870 �0.868
(AA)3 ? M 1.116 1.227 (AACl)3 ? M 1.599 1.592
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Conclusions

Four solid lanthanide complexes of Sm(III) and Tb(III) with
Antharnilic acid (AA) and chloroanthanilic acid (AACl) were pre-
pared and isolated. According to elemental analysis, IR, mass spec-
troscopy, and thermal analyses, these complexes are structurally
formulated in 1:3 [Metal]:[Ligand] ratio. From the IR spectra, it is
clear that the active site in AA is O8 and N10 but in AACl is O8
and O9. Therefore, a chlorine-affected coordination and reactiv-
ity-diversity was emphasized. The complexes have not water mol-
ecules inside or outside the coordination sphere of the central
metal according to thermal analysis. The theoretical calculations
of the ligand and their complexes show a difference in the geomet-
ric parameters between calculated and experimental results. These
discrepancies can be explained by the fact that the calculations
assume an isolated molecule where the intermolecular columbic
interaction with the neighboring molecules are absent, whereas
the experimental results corresponds to interacting molecules in
the crystal lattice for a similar compound. Also the calculation
shows that, the ligand AA is considered as electron donor and more
reactive than ligand AACl. Insertion of chlorine atom as in AACl
ligand increases the value of the dipole moment. The values of
the dihedral angles around metal ion in M(AA)3 complexes are
far from 0.0� or 180� which indicate that the metal ion is not in
the same plane of the donating sites. On the other hand, the dihe-
dral angles of the M(AACl)3 complexes are 0.0� and 180� indicating
that the metal ion is in the same molecular plane of the donating
sites. All the studied complexes are polar as it is evident from
the magnitude of their dipole moment. The reactivity of the com-
plexes follows the order Tb(AACl)3 > Sm(AACl)3 > Tb(AA)3 >
Sm(AA)3. Most of the reported complexes showed enhanced bio-
logical activity towards S. aureus (G+) and E. coli (G�) bacteria
and C. albicans fungus with respect to that of the free ligands AA
and AACl.
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