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Abstract

The binding mode of coumarin-3-carboxylic acid (HCCA) to La(III) is elucidated at experimental and theoretical level. The complex-
ation ability of the deprotonated ligand (CCA�) to La(III) is studied using elemental analysis, DTA and TGA data as well as FTIR, 1H
NMR and 13C NMR spectra. The experimental data suggest the complex formula La(CCA)2(NO3)(H2O)2. B3LYP, BHLYP, B3P86,
B3PW91, PW91P86 and MPW1PW91 functionals are tested for geometry and frequency calculations of the neutral ligand and all of
them show bond length deviations bellow 1%. B3LYP/6-31G(d) level combined with large quasi-relativistic effective core potential
for lanthanum is selected to describe the molecular, electronic and vibrational structures as well as the conformational behavior of
HCCA, CCA� and La–CCA complex. The metal–ligand binding mode is predicted through molecular modeling and energy estimation
of different La–CCA structures. The calculated atomic charges and the bonding orbital polarizations point to strong ionic metal–ligand
bonding in La–CCA complex and insignificant donor acceptor interaction. Detailed vibrational analysis of HCCA, CCA� and La(C-
CA)2(NO3)(H2O)2 systems based on both calculated and experimental frequencies confirms the suggested metal–ligand binding mode.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The coumarin derivatives are known to have diverse
applications as anticoagulants, spasmolytics, anticancer
drugs or as plant growth regulating agents [1–4]. Their
complexation ability in respect to different metal ions has
been studied and discussed widely in a considerable num-
ber of investigations [5–9]. It has been found that the bind-
ing of a metal to the coumarin moiety retains or even
enhances its biological activity [10–12]. The investigation
of the binding properties of coumarin derivatives to differ-
ent metal ions is essential for understanding the factors
controlling their biological activity. Coumarin-3-carboxylic
acid (HCCA) has previously been used as a ligand in com-
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plexation reactions with Cu(II) [13] and Sn [14,15] and ser-
ies of lanthanide cations (Dy(III), Er(III), Eu(III), Gd(III),
Tb(III) and Sm(III)) [16,17]. Different modes of binding of
the deprotonated ligand (CCA�) were found depending on
the type of the metal ion and on the reaction conditions.
For Cu and Sn complexes, the authors have assumed that
the deprotonated carboxylic group acts as a bidentate che-
lating ligand or as a monodentate bridged ligand [13–15].
Similar binding was obtained in lanthanide complexes of
carboxylic acid derivatives [18–22]. Another bidentate type
of coordination of CCA� was suggested for Dy(III),
Er(III), Eu(III), Gd(III), Tb(III) and Sm(III) complexes,
namely through the oxygen atom of the carbonylic group
and the oxygen atom of the deprotonated carboxylic group
[16,17]. The suggestion has been based on spectroscopic
data for HCCA ligand (or its potassium salt, KCCA)
and the corresponding metal complexes (D = mas(COO) �
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ms(COO)) [13–15]. The authors pointed out however, that D
criterion should be used carefully for prediction of the car-
boxylate group binding type [23].

Recently, we synthesized and experimentally character-
ized a new La(III) complex of CCA�. Unfortunately we
did not succeed in obtaining of single crystal suitable for
X-ray diffraction analysis and hence the complex crystal
and molecular structures are not known. Therefore, we
undertook a combined theoretical and experimental study
aiming to determine the CCA� binding mode and the
molecular geometry of its La(III) complex. The frequency
calculations contribute to more reliable assignment of the
bands of the HCCA, CCA� as well as of its La complex.
The application of the spectroscopic D criterion for study-
ing the CCA� binding mode to Ln(III) is uncertain due to
the following reasons. The vibrational spectrum of the neu-
tral HCCA is not a good basis for tracking the ligand
vibrational changes because the ligand in the complex is
deprotonated, CCA�. Moreover, HCCA spectrum is com-
plicated due to the intramolecular H-bonding, including
the carboxylic group. On the other hand, the vibrations
of CCA� in the corresponding potassium salt are affected
by the potassium bonding as well as by the crystal packing
effect. The unaffected vibrations of the deprotonated ligand
are accessible through gas phase frequency calculations.
The subsequent comparison of the calculated vibrational
spectrum of CCA� with that of La(III)–CCA complex will
help to overcome the uncertainty of the vibrational
predictions.

In this paper La–CCA binding mode is investigated
both theoretically and experimentally. DFT calculations
of the molecular and electronic structures as well as of
the vibrational spectra of HCCA, CCA�, La(CCA)2+,
LaðCCAÞþ2 and La(CCA)2(NO3)(H2O)2 model systems
are performed. For estimation of the most preferred reac-
tive sites for electrophilic attack and metal binding the
molecular electrostatic potential (MEP) of CCA� is calcu-
lated in the gas phase and in solvent environment. The
metal–ligand interaction is further studied on the basis of
NBO charges, bonding orbital polarization and the shape
of the HOMO of CCA�. Elemental analysis, DTA,
TGA, FTIR, 1H NMR, 13C NMR data and detailed vibra-
tional analysis of the species mentioned above are used to
prove the theoretical predictions.

2. Experiment

2.1. Synthesis of La(III) complex with coumarin-3-

carboxylic acid

The starting compounds for preparation of the metal
complex, La(NO3)3 Æ 6H2O and coumarin-3-carboxylic acid
(used as a ligand) are Merck products, p.a. grade.

The complex is synthesized by reaction of the lantha-
num(III) salt, La(NO3)3 Æ 6H2O, with coumarin-3-carbox-
ylic acid in a 1:2 metal to ligand molar ratio. The
complex is prepared by adding ethanol solution of La(III)
salt to ethanol solution of the ligand. The reaction mixture
is stirred for 1 h at 25 �C. The precipitate is filtered, washed
several times with ethanol and dried in a desicator to con-
stant weight. The same complex we obtained by treating of
the reactants in a 1:1 and 1:3 metal to ligand molar ratio.
The La(III) complex is insoluble in water, methanol and
ethanol and well soluble in DMSO.

2.2. Analytical and spectroscopic measurements

The carbon, hydrogen and nitrogen contents of the new
La(III) compound are determined by elemental analysis.
The metal ion is determined after mineralization and it is
confirmed by TGA. The water content is determined by
Metrohn Herizall E55 Karl Fisher Titrator and it is also
confirmed by TGA. The experiments of DTA and TGA
are carried out using a derivatograph produced by the firm
MOM (Budapest). Samples with particle size below
0.25 mm are placed in platinum crucibles. The heating rate
is 10 �C/min until 900 �C. The inert substance is Al2O3.
The 1H NMR spectra are recorded at room temperature
on Brucker 250 WM (250 MHz) spectrometer in DMSO-
d6. The 13C NMR spectra are recorded also at room tem-
perature on Brucker 250 WM (62.9 MHz) spectrometer
in DMSO-d6. The chemical shifts are in ppm, downfield
from TMS. The FTIR spectra are recorded in KBr
(4000–400 cm�1) using IFS25 Bruker spectrometer. The
resolution is 1 cm�1.

3. Computational procedure

To check the reliability of the DFT methods to repro-
duce the geometrical and vibrational parameters of HCCA,
geometry optimizations are performed with B3LYP,
BHLYP, B3P86, B3PW91, PW91P86 and MPW1PW91
functionals, as implemented in Gaussian98 [24] and Gauss-
ian03 [25] packages. Post Hartree-Fock MP2 method is
also applied. The effects of polarization and diffuse func-
tions on the hydrogen atoms as well as of diffuse functions
on the carbon and oxygen atoms are estimated using 6-
31G(d) and 6-31++G(d,p) basis sets. Recent investigations
have shown that B3LYP method is reliable for description
of geometrical parameters and electronic structure as well
as for studying the conformational behavior of coumarins
[26–28]. The reliability of B3LYP method to reproduce the
ground state geometry of lanthanide complexes has also
been demonstrated [29]. For La(CCA)2+, LaðCCAÞþ2 and
La(CCA)2(NO3)(H2O)2 model systems the core electrons
of lanthanum are described with quasi-relativistic effective
core potential (ECP) optimized by the Stuttgard–Dresden
group [30–32]. The large core ECP (MWB46) that consid-
ers the 4f electrons in the core and the 5s, 5p, 5d and 6s
electrons in the valence shell (11 valence electrons) is
applied to La(III). As it is stated in the literature, the 4f
electrons do not take part in the metal–ligand bond
because of their contraction in the core [29]. The large core
ECP is used in combination with the optimized basis set
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(7s6p5d)/[5s4p3d]. To obtain the lowest energy structures
of HCCA, CCA�, La(CCA)2+, LaðCCAÞþ2 and La(CCA)-
(NO3)(H2O)2 a conformational search is performed at
B3LYP/6-31G(d) level of the theory. All the geometries
are optimized without symmetry restrictions by the gradi-
ent procedure. The minima on the potential energy surfaces
are qualified by the absence of negative eigenvalues in the
diagonalized Hessian matrix, giving imaginary normal
vibrational mode. The vibrational modes are analyzed by
means of the atom movements, calculated in Cartesian
coordinates and by visual inspection of the vibrational
modes animated with ChemCraft program [33]. The La–
CCA interaction energies of La(CCA)2+ and LaðCCAÞþ2
structures are calculated according to the formula,
DEint = E[La(CCA)n] � E(La3+) � nE(CCA�), n = 1, 2,
whereas that of La(CCA)2(NO3)(H2O)2 complex, using
the equation, DEint = E[Lacomplex] � E[(La(NO3)-
(H2O)2)2+] � ce:hsp sp="0.25"/>2E(CCA�). All the species
used for calculation of DEint are at their optimized geome-
tries. The interaction energies are corrected with basis set
superposition error (BSSE) and ZPVE values. The BSSE
is computed using the counterpoise method [34] (as it is
implemented in Gaussian03). The polarization of the bond-
ing orbitals and the natural atomic charges are calculated
applying the natural bond orbital scheme (NBO) [35,36].
4. Results and discussion

4.1. Characterization of the La(III) complex with coumarin-

3-carboxylic acid

4.1.1. Physicochemical data

The elemental analysis of the new La(III) compound
showed the following data: C = 38.99; H = 2.48;
N = 2.19. The data are in a very good agreement with
the calculated ones, C = 39.02; H = 2.28; N = 2.28%,
for La(CCA)2(NO3)(H2O)2, LaC20H14NO13. The forma-
tion of the La(III) complex of CCA� is confirmed by
DTA and TGA. At the beginning of the DTA-curve of
the complex (�120 �C) a clearly manifested endothermic
effect is observed due to the hygroscopic moisture
released. A steady weight loss is recorded on heating
up to �210 �C corresponding to the elimination of two
molecules of water per molecule lanthanum(III) complex.
The amount of the weight loss, determined also by Karl
Fisher analysis, is correlated with the intensity of the
endothermic effect and with the respective decrease in
the mass. The water molecules eliminated at �210 �C
are assumed as coordinated ones. A similar behavior
has often been observed in related lanthanide complexes
of coumarins [16,37]. On heating the complex further,
the decomposition step corresponds to the loss of two
molecules of the ligand, which is in agreement with the
empirical formula. The exothermal effects at 360 �C and
500 �C, resulting from the decomposition of the organic
matter, dominate in the thermogram of the complex.
The further weight loss recorded up to 650 �C indicates
the formation of thermally stable oxide.

4.1.2. 1H NMR and 13C NMR spectra

The 1H NMR and 13C NMR spectra of HCCA and its
La(III) complex are measured and analyzed to confirm the
complex formation. The chemical shifts of the 1H NMR
and 13C NMR spectra in DMSO-d6 are presented below
(Fig. 1).

HCCA (C10H6O4):
1H NMR (DMSO-d6): 8.68 (H4), 7.83 (H5), 7.67 (H7),

7.38 (H8), 7.32 (H6), 13.2 (H15);
13C NMR (DMSO-d6): 164 (C11), 157 (C2), 155 (C9),

148 (C7), 134 (C4), 130 (C5), 125 (C6), 118 (C3), 117
(C10), 116 (C8).

La(CCA)2(NO3)(H2O)2:
1H NMR (DMSO-d6): 8.53 (H4), 7.70 (H5), 7.57 (H7),

7.24 (H8), 7.19 (H6);
13C NMR (DMSO-d6): 169 (C11), 160 (C2), 154 (C9),

147 (C7), 134 (C4), 130 (C5), 125 (C6), 123 (C3), 119
(C10), 116 (C8).

A survey of the spectral data reveals downfield chemical
shifts of the protons in the La(III) complex spectrum rela-
tive to the free ligand. The ligand shows a peak at 13.2 ppm
due to the carboxylic proton. This peak is absent in the
spectrum of the complex due to the deprotonation of the
carboxylic group. In the 13C NMR spectrum of the com-
plex the largest upfield chemical shifts (3–5 ppm) are
observed for C2, C3 and C11 (Fig. 1, HCCA) carbon
atoms which are neighbors of the carboxylic and carbony-
lic oxygens and this finding confirms their participation in
La(III)-CCA interaction. The other carbon atoms are only
slightly affected by the coordination of the metal.

4.2. Geometry optimization of the neutral ligand (HCCA),

conformations, hydrogen bonding

The availability of experimental X-ray structure of
HCCA gives us the opportunity to test different DFT level
of calculations and to select the most reliable one for the
geometry and frequency parameters [38]. Density function-
als, B3LYP, BHLYP, B3P86, B3PW91, PW91P86,
MPW1PW91 and MP2 method with 6-31G(d) basis set
are applied. The average deviations of the bond lengths
and the bond angles of HCCA, obtained with the methods
above, are given in Table 1. As it is seen from Table 1, all
functionals and MP2 method reveal very good perfor-
mance showing bond length deviations bellow 1% (with
exception of PW91P86, 1.06%). The results show that
BHLYP/6-31G(d) geometry parameters are in best agree-
ment with the experimental ones, whereas PW91P86 best
reproduces the experimental vibrational frequencies, Table
1. Obviously, the best BHLYP functional for HCCA geom-
etry is not the best one for its vibrational frequencies. A
survey of the results in Table 1 shows further that
B3LYP and B3PW91 functional are good compromise
for geometry and frequency calculations of HCCA.



Fig. 1. B3LYP/6-31G(d) optimized geometries of HCCA, CCA�, La(CCA)2+, La(CCA1)2+ and LaðCCAÞþ2 .
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B3LYP functional, however, gives slightly better results for
the calculated vibrational frequencies. Since we intend to
use mainly the calculated frequencies for prediction of
the metal–ligand binding in the La–CCA complex we
selected the B3LYP functional for the calculations in our
theoretical study. Moreover, Maron and Eisenstein have
shown that B3LYP (as B3PW91 and MP2 methods) is suit-
able for calculations of structural parameters of lanthanide
complexes [29]. It should be, however, noted that B3PW91
is the other functional that could be used for these
calculations.

Our B3LYP/6-31G(d) conformational analysis shows
that among the four possible conformations of HCCA,
localized as minima on PES, one is stabilized with intramo-
lecular HB and reveals the lowest energy. This conforma-
tion is that found in the solid state using X-ray
diffraction method (Fig. 1) [38]. The average deviations
of the bond lengths and the bond angles from the corre-
sponding experimental values are 0.91% and 0.57%, respec-
tively. The inclusion of polarization functions on the H
atoms and diffuse functions on all atoms in the basis set,
6-31++G(d,p), gives similar deviations, 0.96% for the bond
lengths and 0.51% for the bond angles. Generally, the CAC
and CAO bond lengths, calculated at B3LYP/6-31G(d)
and B3LYP/6-31++G(d,p) levels, are slightly longer than
the experimental values. The only exception of this obser-



Table 1
Calculated geometrical parameters (bond lengths in Å, angles in deg) and H-bond energy (kcal/mol) of HCCA at different levels of theory

Data Experimental [38] B3LYP/
6-31G(d)

BHLYP/
6-31G(d)

B3P86/
6-31G(d)

B3PW91/
6-31G(d)

PW91P86/
6-31G(d)

MPW1PW91/
6-31G(d)

MP2/
6-31G(d)

B3LYP/
6-31++G(d,p)

Average deviation

Bond lengths (%) 0.91 0.44 0.66 0.75 1.06 0.52 0.94 0.96
Bond angles (%) 0.57 0.44 0.45 0.45 0.49 0.44 0.55 0.51
Frequencies (%) 3.55 8.23 4.15 3.93 1.42 4.79 – 2.81
Scale factor 0.966 0.924 0.961 0.963 0.998 0.955 – 0.973

Geometrical parameters

O13AH15 0.93(3) 0.99 0.97 0.99 0.99 1.01 0.99 0.99 0.99
O12� � �H15 1.72(3) 1.76 1.77 1.73 1.75 1.72 1.74 1.78 1.75
O12� � �O13 2.589(2) 2.662 2.648 2.639 2.650 2.653 2.644 2.676 2.649
O13AH15� � �O12 153(3) 149 148 150 150 152 150 149 149

H-bond energy 5.34 5.21 5.86 5.52 6.17 5.55 4.26 5.15
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vation is found for O1AC9 bond, which is underestimated.
Apparently, the inclusion of diffuse functions and p polar-
ization function for the hydrogens does not lead to better
coincidence with experiment. Therefore, the calculations
are further performed applying the less time consuming
6-31G(d) basis set. Similar results we obtained in a recent
theoretical study of 7-hydroxy-4-methylcoumarin (mendia-
xon) [28].

To estimate the strength of the intramolecular HB, the
relative energies of two conformations, HCCA and
HCCA1, are calculated and compared, Fig. 1. The HCCA1
structure is obtained from HCCA (angle s = 0�) by rota-
tion of H15 around C11AO13 bond (angle s = 180�) and
subsequent unconstrained DFT minimization. Selected
geometrical parameters of the equilibrium structures of
HCCA and HCCA1 are presented in Table 2. Due to the
lack of HB in HCCA1 structure, the C2AO12 and
O13AH15 bond lengths are shorter whereas the
C11AO13 bond length is longer with respect to that in
HCCA. The O12� � �H15AO13 HB energy is estimated as
a difference between the total electronic energies of the
Table 2
Selected experimental and calculated geometrical parameters for HCCA
La(CCA)2(NO3)(H2O)2 structures (bond length in Å, angle in deg)

Geometrical parameters HCCA
Experimental [38]

HCCA
Calculated

HCCA1
Calculated

C2AC3 1.452(3) 1.460 1.472
C2AO12 1.216(2) 1.222 1.202
C3AC11 1.501(3) 1.511 1.492
C11AO13 1.328(3) 1.337 1.344
C11AO14 1.199(3) 1.212 1.218
O12AH15(La) 1.72(3) 1.763 –
O13AH15(La) 0.93(3) 0.989 0.976
OwALa
ONO3ALa
C2AC3AC11 119.7(2) 121.3 122.9
C3AC2AO12 125.3(2) 125.6 128.4
C3AC11AO13 116.7(2) 116.7 114.8
C11AO13AH15(La) – 109.3 105.3
C2AO12AH15(La) – 97.9 –
O12AH15(La)AO13 153(3) 149.3

a Parameters for the second ligand CCA� (atoms labeled with 0 in Figs. 1, 3
H-bonded structure, HCCA, and the free of hydrogen
bonding one, HCCA1. The structural and energetic charac-
teristics of O12� � �H15AO13 HB are estimated applying dif-
ferent density functionals and post-Hartree-Fock (MP2)
methods, Table 1. The HB energies calculated using the
density functionals and 6-31G(d) basis set are between
5.21 and 6.17 kcal/mol which is in the range of normal
HBs (2–10 kcal/mol) [39]. The B3LYP functional with the
larger basis set, 6-31++G(d,p), produces lowering of the
HB energy from 5.34 to 5.15 kcal/mol. The MP2 calcula-
tions give the highest deviation from the experimental
O � � � O and O � � � H distances and hence they predict the
lowest stabilization HB energy (the weakest HB).

4.3. Geometry optimization of the deprotonated ligand

(CCA�), HOMO, MEP, NBO analysis

Since the active form of the ligand in solution is the
anion, CCA� (Fig. 1) the equilibrium geometry of CCA�

is further calculated and discussed. The optimized CCA�

structure at B3LYP/6-31G(d) level is minimum in C1
and calculated for HCCA1, CCA�, La(CCA)2+, LaðCCAÞþ2 and

CCA�

Calculated
La(CCA)2+

Calculated
LaðCCAÞþ2
Calculated

La(CCA)2(NO3)(H2O)2

Calculated

1.469 1.413 1.441/ 1.441a 1.453/1.454a

1.204 1.306 1.257/ 1.257 1.236/1.235
1.559 1.500 1.521/ 1.522 1.533/1.530
1.249 1.384 1.326/ 1.326 1.296/1.299
1.251 1.196 1.213/ 1.212 1.226/1.225
– 2.233 2.438/ 2.439 2.536/2.565
– 2.113 2.227/ 2.227 2.452/2.427

2.619/2.650
2.575/2.563

121.3 124.9 124.4/ 124.5 123.7/123.4
129.1 125.9 126.9/ 126.9 116.6/116.7
113.0 115.1 116.4/ 116.5 127.7/127.6
– 143.0 145.1/ 145.0 146.3/145.2
– 134.4 132.5/ 132.5 136.9/132.5

77.7 73.4/ 73.6 68.5/68.7

).
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symmetry. The C11AO13 and C11AO14 bond lengths are
very close (1.249 Å and 1.251 Å) and the carboxylic group
is twisted with respect to the plane of the coumarin ring
(the dihedral angle C2AC3AC11AO13 is 43.26�).

Due to the presence of two donor groups in CCA�,
C@O and COO�, different binding modes are possible.
The binding mode of CCA� to the metal cation depends
on the type of the metal and the character of the metal–
ligand interaction [13–17]. To elucidate the inherent prop-
erties of the CCA� ligand, which determine its behavior
upon interaction with La(III) we consider its highest occu-
pied molecular orbital (HOMO) and its molecular electro-
static potential (MEP) (Fig. 2).

According to the frontier molecular orbital theory, apart
from the electrostatic interactions, the overlap of orbitals
may favor the reaction between an electron donor and an
electron acceptor [40]. The population analysis of CCA�

shows that HOMO orbital (Fig. 2a) contains mainly p-
orbitals of O13 and O14 and hence the COO� group
should be preferred for the metal binding. Such metal–
CCA binding (monodentate and/or bridged) was reported
for the complexes of Cu(II) and Sn [13–15] Thus, the
metal–ligand interaction in these complexes is expected to
be of predominantly donor-acceptor character. However,
in most of the known lanthanide complexes, the metal–
ligand interaction is mainly electrostatic by nature and
therefore more suitable and informative characteristic of
the reactive sites of the ligand is the molecular electrostatic
potential. MEP at a given point r(x,y,z) in the vicinity of a
molecule is defined in terms of the interaction energy
between the electrical charge (generated from the molecule
electrons and nuclei) and a positive test charge (a proton)
Fig. 2. The shape of HOMO of CCA� (a) and the molecular electrostatic
potential of CCA�, mapped onto an isosurface of electron density with
0.001 e�/bohr3 (b).
located at r. The MEP values are calculated on molecular
surface defined by electron density 0.001 electron/bohr3

[41,42]. 3D contour map of MEP for CCA� is presented
in Fig. 2b (the surface clipping plane coincides with the
plane of the coumarin ring). Most favorable regions for
electrophilic attack are those corresponding to the minima
of the electrostatic potential values. As it is seen from
Fig. 2b, there are two regions with comparatively large neg-
ative MEP values, they are concentrated between O12 and
O13 atoms (denoted as V1) and between O13 and O14
(denoted as V2) and they could not be attributed to the def-
inite atom(s) of the molecule. Due to the small difference
between V1 and V2 in the gas phase (�0.2272 a.u. and
�0.2265 a.u., respectively) the MEP values can not be used
for reliable estimation of the most reactive site in CCA�.
Therefore, we studied further the effect of the solvent (eth-
anol) on the MEP values, simulating the solvent environ-
ment. Single point calculations are performed using the
CPCM solvation model [43]. Qualitatively, the results are
similar to those obtained in the gas phase, however, the
MEP values corresponding to V1 and V2 regions become
more negative (�0.2591 a.u. and �0.2566 a.u., respec-
tively). Although the difference between V1 and V2 in sol-
vent environment is slightly larger (D = 0.0025 a.u.) as
compared to that in the gas phase, it is still insufficient to
give preference to one of the binding sites. Thus, it could
be concluded that both binding modes are probable and
the choice depends on the electrophilic nature.

4.4. Modeling of the La–CCA binding mode

To assess the metal–ligand binding properties of CCA�

in the La(III) complex we undertook further modeling of
the two possible binding types of CCA�, La(CCA)2+ and
La(CCA1)2+ as shown in Fig. 1. For La(CCA)2+ we sug-
gest that the deprotonated ligand binds bidentate through
the carbonylic oxygen (O12) and the deprotonated carbox-
ylic oxygen (O13), as it was reported for Dy(III), Er(III),
Eu(III), Gd(III), Tb(III) and Sm(III) complexes of this
ligand [16,17]. For the second model, La(CCA1)2+, we
accept that the ligand binds bidentate through the oxygens
of the carboxylic group (O13 and O14). The relative stabil-
ity of La(CCA)2+ and La(CCA1)2+ species is evaluated on
the basis of their electronic energies. The La(CCA)2+ is
lower in energy by 30.62 kcal mol�1 and hence, it could
be suggested that the preferred binding of CCA� to La(III)
is that through the carbonylic and the deprotonated car-
boxylic oxygen atoms, La(CCA)2+ (Fig. 1). Therefore,
namely this binding mode is applied in modeling of
LaðCCAÞþ2 and La(CCA)2(NO3)(H2O)2 systems. A confor-
mational search is performed for the last two systems start-
ing with cis and trans orientations of the ligands. In Cs

symmetry, the cis- and trans-conformers of LaðCCAÞþ2
show negative eigenvalues in the diagonalized Hessian
matrix, (imaginary normal vibrational mode) indicating
that the structures are not minima. The calculations in C1

symmetry indicate one minimum structure of LaðCCAÞþ2



Table 3
Selected atomic natural charges (e�) of CCA�, HCCA , La(CCA)2+ and
La(CCA)2(NO3)(H2O)2 species

Atom CCA� HCCA La(CCA)2+ La(CCA)2(NO3)(H2O)2

O12 �0.554 �0.599 �0.947 �0.740/�0.737a

O13 �0.711 �0.698 �1.067 �0.935/�0.944
O14 �0.749 �0.589 �0.457 �0.643/�0.639
H/La 0.513 2.578 2.572

a Parameters for the second ligand CCA� (atoms labeled with 0 in Figs.
1, 3).
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in pseudo-trans conformation (Fig. 1) regardless of the
starting geometries. Two minima, pseudo-cis and pseudo-

trans, are found for La(CCA)2(NO3)(H2O)2 structures in
C1 symmetry. The pseudo-trans conformation is preferred
by 1.87 kcal/mol (Fig. 3).

Large interaction energy (BSSE and ZPVE corrected) is
calculated for La(CCA)2+ complex which is in line with the
high Coulomb attraction (DEint = �547.2 kcal mol�1). For
comparison, the H–CCA interaction energy (bond depro-
tonation energy of HCCA) is calculated of �356.2 kcal
mol�1.

The influence of the other ligands in the complex (the
second CCA� ligand, NO�3 and two H2O) on the LaAO
bond lengths and on the metal–ligand interaction energy
is estimated with two additional model structures,
LaðCCAÞþ2 and La(CCA)2(NO3)(H2O)2 (Figs. 1 and 3,
respectively). The binding of a second CCA� molecule in
LaðCCAÞþ2 structure (Fig. 1) as well as of two H2O and
one NO�3 ligands in La(CCA)2(NO3)(H2O)2 complex
(Fig. 3) produces elongation of the LaAO12 and LaAO13
bond lengths and decrease of the bite angle OALaAO with
�4� as compared to that in La(CCA)2+ (see Table 2). In all
the three La–CCA models, the LaAO12 bond length is
longer than LaAO13 one with �0.1–0.2 Å. The calculated
LaAO12 bond length values of 2.536/2.565 Å in La(C-
CA)2(NO3)(H2O)2 are in line with the LaAO bond lengths
found in lanthanum complexes with b-diketonates [44,45].
Two H-bonds in the optimized geometry of La(CCA)2-
(NO3)(H2O)2 stabilize the system additionally, Hw � � � OCO
(1.89 Å, 1.93 Å) (Fig. 3). Our calculations reveal that the
La–CCA interaction energy becomes less negative with
increasing the ligand number indicating weaker metal–
ligand interaction. It is �547.2 kcal mol�1 in La(CCA)2+,
�404.6 kcal mol�1 in LaðCCAÞþ2 and �205.7 kcal mol�1

in La(CCA)2(NO3)(H2O)2 complex. The BSSE corrections
for La(CCA)2+, LaðCCAÞþ2 and La(CCA)2(NO3)(H2O)
systems are 2.5%, 3.2% and 4.9% from the DEint,
respectively.

As seen from Table 3, in La(III) complex the charge of
La is lower than +3 (+2.57). The natural ground state con-
figuration of lanthanum in La(CCA)2(NO3)(H2O)2 is
Fig. 3. B3LYP/6-31G(d) optimized ge
6s(0.15)4f(0.07)5d(0.18)6p(0.02)6d(0.02)7p(0.01). As it is
seen, slight ligand! La charge transfer is supposed and
therefore, the metal–ligand bonding in the La complex is
classified as predominantly ionic.

The analysis of the geometrical parameters of CCA�,
HCCA, La(CCA)2+ and La(CCA)2(NO3)(H2O)2 species
reveals that the coumarin bond length changes produced
from H–CCA and La–CCA interactions follow the same
trend as in the free anion, Table 2. As it is expected, the
most affected coumarin bonds are those that take part in
the formation of the six-membered H-bonded ring and in
the chelate ring of La(III). As seen from Table 2, going
from CCA� to HCCA and La(CCA)2+, the C2AO12 and
C11AO13 bond lengths increase while the C2AC3,
C3AC11 and C11AO14 bond lengths decrease. The bond
length variations upon interaction of CCA� with H+ and
La(III) are explained in terms of the NBO analysis.
Selected atomic charges are given in Table 3, the bonding
orbital polarizations are summarized in Supplementary
Materials, Table S1. The bonding orbital polarization
(BOP) of CCA� is accepted as a basic polarization whereas
the bonding orbital polarizations of HCCA and
La(CCA)2+ are considered as induced polarizations. When
the direction of the induced polarization coincides with
that of the basic one the resultant BOP increases, the cova-
lent contribution decreases, causing an increase of the bond
length. Conversely, when the induced polarization is oppo-
site to the basic one the resultant BOP decreases, the cova-
lent contribution increases and the bond length decreases.
ometry of La(CCA)2(NO3)(H2O)2.
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With the help of the detailed geometrical analysis of the
species mentioned above (Table 2) the coumarin bond
changes upon bidentate binding of CCA� to La(III)
(through carbonylic O12 and carboxylic O13) in La(C-
CA)2(NO3)(H2O)2 are elucidated. The bonds containing
atoms involved in the CCA-La binding show different
behavior, going from HCCA to La(CCA)2(NO3)(H2O)2,:
R(C2AO12) slightly lengthens (0.02 Å) whereas
R(C11AO13) shortens (0.03 Å). At the same time, in the
La complex the free R(C11AO14) and R(C3AC11) are
elongated as compared to HCCA. The R(C2AC3) remains
unchanged both in HCCA and its La complex.
4.5. FTIR spectra and vibrational analysis

To confirm the predicted binding mode of CCA in the
La(III) complex, detail vibrational analysis based on com-
parison of the experimental and the calculated vibrational
frequencies of HCCA, CCA� and La(CCA)2(NO3)(H2O)2

is performed. In HCCA the vibrational modes related to
C@O and COOH groups are affected by intramolecular
H-bonding. Therefore, the vibrational structure of non
H-bonded conformer, HCCA1, is also considered. For
comparison, the vibrational spectrum of isolated CCA�

ligand is calculated and discussed. Selected calculated
(scaled with 0.966) and experimental IR frequencies and
their intensities for HCCA, CCA� and La(CCA)2-
(NO3)(H2O)2 are presented in Table 4. The full list of the
calculated scaled vibrational frequencies of HCCA, CCA�

and La(CCA)2(NO3)(H2O)2 species, their assignments as
well as the experimental IR spectrum of HCCA and its
La(III) complex are given in Supplementary Materials,
Table S2.

On the basis of the calculations, the broad band at
3176 cm�1 is assigned to the m(OH) vibrational mode. It
should be mentioned that due to the intramolecular
O� � �HAO hydrogen bond in HCCA, the m(OH) band is
shifted to lower frequency (with 275 cm�1) in comparison
with that of the non-bonded HCCA1 conformer. This band
is not detected in the complex spectrum, indicating that the
deprotonated ligand participates in the complex. Addi-
tional bands at 3576, 3522 and 3435 cm �1are observed in
the complex IR spectrum due to the m(OH) modes of the
coordinated water molecules.

According to our calculations, the strong IR bands at
1746 cm�1 and 1685 cm�1 in the spectrum of HCCA are
assigned to the m(C@O) modes of the carboxylic and the
carbonylic group, respectively. The high IR intensity of
these bands is retained in the La(III) complex spectrum
and they both are shifted to lower frequency:
1746! 1712 cm�1 for the m(C@O)carboxylic and
1685! 1675 cm�1 for the m(C@O)carbonylic. The observed
m(C@O) behavior is in keeping with the calculated C@O
length changes in the complex (HCCA ! La(CCA)2-
(NO3)(H2O)2)): R(C@O)carboxylic (1.212! 1.225 Å) and
R(C@O)carbonylic (1.222! 1.235 Å). The result obtained
supports the suggested bidentate binding of CCA� through
the carboxylic O13 and the carbonylic O12 atoms.

It should be noted, however, that the shifts of
m(C@O)carbonylic, and m(C@O)carboxylic are unexpected if
we accept a coordination of C@Ocarbonylic group to La(III)
(Dm = 10 cm�1) and uncoordinared C@Ocarboxylic (Dm =
34 cm�1), Table 4. To explain the unusual behavior of
the m(C@O)carboxylic and m(C@O)carbonylic bands, we con-
sider the calculated vibrational data of CCA�, HCCA,
La(CCA)2(NO3)(H2O)2, Table 4. The comparison of the
calculated IR spectrum of CCA� with the experimental
one of La(CCA)2(NO3)(H2O)2 gives information about
the ligand frequency changes upon the La complex forma-
tion. An inspection of the calculated m(C@O)carboxylic mode
of CCA� (1700 cm�1) and of La(III) complex (1725 cm�1)
reveals that in the complex, the mas(COO) mode is shifted to
higher frequencies with 25 cm�1, indicating unidentate
binding of the COO� group to La(III). The interaction of
La(III) with O13AC11@O14 produces an elongation of
the C11AO13 bond length and shortening of the
C11@O14 one, which is in agreement with the positive fre-
quency shift of the uncoordinated m(C@O) mode in the
complex. The protonation of the CCA� and the intramo-
lecular H-bond formation in the HCCA provoke larger
positive frequency shift of m(C11@O14) mode
(1700 cm�1! 1787 cm�1), which exceeds that in the
La(III) complex (1725 cm�1).

On the other side, in the calculated La(III) complex
spectrum, the m(C@O)carbonylic mode is shifted to lower fre-
quencies with 120 cm�1 (as compared to the corresponding
mode in CCA�) due to the metal bonding to the carbonylic
oxygen atom. The calculations show that the intramolecu-
lar H-bonding in the HCCA and the La(III)AOcarbonylic

(CCA�) binding produce similar m(C@O)carbonylic fre-
quency changes (as compared to that of CCA�). Hence,
the m(C@O)carbonylic bands in the HCCA and the La com-
plex spectra appear at similar frequencies (1684,
1675 cm�1).

According to our DFT calculations the strong IR band
at 1208 cm�1 is assigned to the m(CAO)carboxylic mode of
HCCA. The m(CAO)carboxylic frequency changes are in rela-
tion with the strength of the H+A�OAC@O interaction in
HCCA or of the La3+A�OAC@O interaction in La(III)–
CCA complex. The band due to the m(CAO)carboxylic mode
in the La(III) complex appears at higher frequency
(1355 cm�1) as compared to that in HCCA (1208 cm�1)
indicating weaker electrostatic La(III)AO13 interaction.

Since a bidentate binding of the COO� group to Cu(II)
was reported in the literature [18,46] we checked whether
this binding is also possible for the La(III) complex with
CCA�. We calculated the vibrational spectrum of the
La(CCA1)2+ model system (Fig. 1) and compared it with
the experimental spectrum of the La(III) complex with
CCA�. According to the spectroscopic criteria for biden-
tate COO� binding in M–L complexes, mas(COO�) should
appear at lower frequency than that of the ligand
[23,47,48]. In agreement with our calculations, the carbox-



Table 4
Selected experimental IR frequencies of HCCA and its La(III) complex, calculated frequencies (scaled with 0.966 factor) and intensities (km mol�1) of
HCCA, CCA� and La(CCA)2(NO3)(H2O)2 at B3LYP/6-31G(d) level of theory

HCCA CCA� La(CCA)2(NO3)(H2O)2 Assignment

Experimental Calculated Calculated Calculated Experimental

IR Frequency I Frequency I Frequency I IR

3691 116 3576m mas (OH)w

3636 114 3522m mas(OH)w

3433 261 3435s ms(OH)w

3360 440 overlap ms(OH)w

3176w 3283 329 m(OH)
3558HCCA1

1746vs 1787 333 1700 559 1725 177 1712vs m(C@O)carboxylic

(1741HCCA1) 1709 1793 (mas(COO) for CCA)
(1788La(CCA))
(1208La(CCA1))

1685s 1706 518 1784 291 1657 242 1684sh m(C@O)carbonylic

(1797HCCA1) 1650 1351 1675s
(1431La(CCA))
(1805La(CCA1))

1589 517 1572vs m(NO)free
1633 61 1642m d(HOH)w

1422s 1424 569 – – d(COH)ip

(1371HCCA1)

1374m 1357 15 1334 4 1351 13 1405s m(CC)+d(CCH)ip

(1353HCCA1) 1351 2 1385vs

1228s 1221 80 1234 8 1208 15 1218w m(C9AO1)lactone

1208 6

1208s 1199 96 1296 282 1303 166 1355m m(CAO)carboxylic

(1166HCCA1) 1297 588 (ms(COO) for CCA)
(979La(CCA))
(1093La(CCA1))

989m 999 50 880 71 1014 5 1022w m(C2AO1)lactone

1014 32

802s 771 72 d(COH)op

(609HCCA1)

787 16 786w d(ONO)
772 462 766s d(HOH)w

760 58 751sh m(LaAO)carboxylic

755 47
660 130 649w d(HOH)w

526 253 521br d(H2O) libration

471 29 476w m(LaAO)carbonylic

468 55
218 49 Ringip

211 10
266 22 m(LaAOw)
247 113
232 120 m(LaAONO3)
225 12
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ylic mas(COO�) and ms(COO�) modes in case of bidentate
binding of the carboxylic group, (La(CCA1)2+ model,
(Fig. 1) should appear at 1208 cm�1 and 1093 cm�1, respec-
tively. In line with the model calculations, the m(C@O)carbonylic

of the free carbonylic group should appear at 1805 cm�1
(the calculated value for HCCA is 1706 cm�1). Such a rais-
ing of m(CO)carbonylic frequency up to 1805 cm�1 as well as a
lowering of mas(COO�) and ms(COO�) frequencies to 1208
and 1093 cm�1 are not observed in the experimental La(III)
complex spectrum and hence bidentate binding of the car-
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boxylic group of CCA� in the complex could not be
suggested.

According to our calculations, the following bands,
observed in the IR spectrum of La(CCA)2(NO3)(H2O)2

are assigned to the vibrational modes of the NO3 group:
1572 cm�1 – m(NO)free; 1258 cm�1 – m(NO)bonded; 1022 –
d(ONO); 786 – d(ONO) and 713 cm�1 – d(ONO). The cal-
culated NO3 vibrational modes are in good agreement with
literature data [16,49].

Because of the predominant electrostatic character of
the LaAO bonding the bands corresponding to the
m(LaAO) modes are weak and their assignment is unreli-
able. On the basis of our calculations the bands observed
at 751 cm�1 and 476 cm�1 are assigned to m(LaAO)carboxylic

and m(LaAO)carbonylic modes, respectively. The calculations
predict that the bands due to m(LaAO)water and
m(LaAO)NO3 modes should appear at 266/247 cm�1 and
232/225 cm�1.

5. Conclusions

The binding mode of coumarin-3-carboxylic acid
(HCCA) in its La(III) complex is investigated both experi-
mentally and theoretically. On the basis of elemental anal-
ysis, DTA and TGA data, FTIR, 1H NMR and 13C NMR
spectra of the complex, the following formula is suggested,
La(CCA)2(NO3)(H2O)2. The B3LYP/6-31G(d) level of the-
ory is selected as a good compromise for geometry and fre-
quency calculations of HCCA and CCA�. The molecular
electrostatic potentials of CCA� calculated in the gas phase
and in solvent environment show two regions suitable for
electrophilic attack: between the deprotonated carboxylic
and the carbonylic oxygens (V1) and between both carbox-
ylic oxygens (V2). V1 and V2 MEP values are very close
and could not be used to suggest the binding mode. The
larger stabilization energy of La(CCA)2+ as compared to
La(CCA1)2+ supports the bidentate binding mode of
CCA� through the deprotonated carboxylic oxygen and
the carbonylic oxygen. The NBO analysis of La(CCA)2-
(NO3)(H2O)2 complex suggests predominantly ionic charac-
ter of the La–CCA bond with slight ligand! metal charge
transfer. The comparative vibrational analysis performed
for all the species studied, HCCA (H-bonded), HCCA1
(non H-bonded), CCA�, La(CCA)2+, La(CCA1)2+ and
La(CCA)2(NO3)(H2O)2 complex explains the vibrational
behavior of the ligand modes sensitive to H-bonding and
to interaction with La(III) and confirms the bidentate coor-
dination of CCA� to La(III) through the carbonylic oxygen
and the deprotonated carboxylic oxygen.
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