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Abstract. Complexation study of acetohydroxamic (AHA) ligand with La(III), Nd(III), Eu(III), Er(III), and
Lu(III), as representative of lanthanide (Ln) series, has been described, in presence of pure nitrate and
combination of nitrate and perchlorate ions using various spectroscopic analysis and density functional theory
(DFT) calculations. Nuclear magnetic resonance (NMR) spectroscopy reports the bidentate mode of coordination of Z-Keto tautomer of AHA monomer with La(III). Formation of 1:3 Nd(III)-AHA complexes in
presence of pure nitrate and a combination of nitrate and perchlorate ions has been observed from ultravioletvisible (UV-Vis) spectroscopy analysis. The geometrical parameter analysis exhibit the bidentate mode
coordination fashion of the AHA monomer which corroborates the NMR results. The geometrical parameter,
frontier orbital(HOMO-LUMO), global reactivity descriptors and local reactivity descriptors analysis supports the ﬁndings of the spectroscopy titration methods that stability of Ln-AHA complexes decreases in the
presence of pure nitrate ions than in presence of both perchlorate and nitrate ions. The trend of theoretical
NMR chemical shifts of AHA and La(III)-AHA complexes support the experimental NMR chemical shifts.
This work helps to measure subtle differences in complexation behaviour of AHA with Ln in presence of pure
nitrate and a combination of nitrate and perchlorate ions quantitatively, providing information about the LnAHA structural environment.
Keywords. Density functional theory; global and local reactivity descriptors; NMR; UV-Vis; lanthanides.

1. Introduction
Acetohydroxamic acid (AHA) is an organic bidentate
(O, O donor) ligand and acts as a hard Lewis base that
interacts with the high charge density metals (Pu(IV),
Np(IV), and U(VI)) to form 5-membered chelate
rings.1–5 AHA (CH3CONHOH) has been widely used
to strip tetravalent actinides due to its preference to
reduce tetravalent metals over other oxidation state
metals in the solvent extraction process (UREX and
PUREX) and hence have become essential in reprocessing for spent nuclear fuel (SNF).2–7 During the
nuclear ﬁssion reactions, the radioactive decay of

uranium and plutonium produces many elements
including lanthanides such as Eu(III) and Nd(III).
These lanthanides poison the fuel and so it can’t be
safely used anymore for energy production.5–9 Hence
the study of AHA complexation with lanthanide ions
is highly necessary in order to attain an in-depth
understanding of those advanced reprocessing techniques. AHA also survive the strongly acidic and
radioactive operation conditions as they decompose
into gases and nitrous acid at high temperature and
highly acidic conditions and hence they do not
increase the mass of the aqueous waste in solvent
extraction processes.10
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Different spectroscopy methods have been used by
researchers in order to investigate the complexation of
AHA with lanthanides and actinides.7–15 Chung et al.,
studied the complexation of U(VI), Ce(III), and Nd(III)
with AHA in aqueous 1.0 M perchlorate ionic strength by
pH-spectral titration method at 25 °C. 7 Sinkov et al. have
studied AHA complexes with trivalent f-Block metal
cations Pu(III) and Am(III) by optical absorbance spectroscopy in aqueous solution at 2.0 M NaClO4 ionic
strength.8,9 Pathak et al., have reported photoluminescence studies on the complexation of Eu(III) and Tb(III)
with acetohydroxamic acid in the nitric acid medium at
pH = 3.11 Formation of 1:1 and 1:2 complexes of U(VI)
with hydroxamic acids, (salicyl-hydroxamic and benzohydroxamic) and 1:1 complex of U(VI) with benzoic acid
have been studied by Glorius et al. via time-resolved
laser-induced ﬂuorescence spectroscopy (TRLFS) analysis which showed a decrease in ﬂuorescence intensity
with an increase in the concentration of the hydroxamic
ligands.12 Tkac et al., have analyzed spectrophotometrically the complexation of AHA with zirconium (IV),
uranium (VI), and iron (III) in various ionic strengths at
25 °C, and the stability constant values show that zirconium-AHA complexes are much stronger than uranylAHA complexes which show AHA is a promising complexant to separate zirconium from uranium in the UREX
process.13 Density functional theory calculations have
been used to study the simple derivative of hydroxamic
acid, formohydroxamic acid (FHA), and its interaction
with various solvent molecules.15–17 Selective ﬂoatation
behavior of diaspora over alumino-silicates minerals has
been studied by quantum chemical calculation based
theoretical studies by Jiang et al., to show the use of
hydroxamic acid as a collector in selective ﬂoatation.18–24 Both experimental and density functional theory calculations have been performed in order to show
that deprotonation occurs from nitrogen in the Z-amide
tautomer conﬁguration of FHA.25–27 During the ﬂoatation of bastnaesite and monazite minerals, the interaction
of hydroxamic acid (collector) and cerium hydroxides
been studied by A. Savaramini et al., using density
functional simulations in order to show the stability of the
complexes formed between solvated Ce(III), the REEs
present in minerals, and hydroxamic acid collector as a
function of pH.22 During surface interaction of alkyl
hydroxamic acid and sodium silicate on carbonatite
gangue minerals (including calcite, dolomite, and
ankerite), ankerite afﬁnity has been found to be more
towards alkyl hydroxamic acid (collectors) than calcite
and dolomite by Dariush Azizi et al., using density
functional theory calculations.23 Stronger chemical
reactivity of dianion of cyclohexyl hydroxamic acid
(CHA) or benzoyl hydroxamic acid (BHA) has been
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observed than their anions and neutral molecule by Gang
Zhao et al. using density functional theory calculations.24
Lanthanide complexation with AHA has already
been reported in the perchlorate medium in the literature.8–10 However, 20% of nuclear waste contains
nitric acid besides perchloric acid. Nitrates are also
present in nuclear waste due to the different processes
such as pH control of nuclear power plant cooling
towers and removal of isotopes from radioactive
waste. But, the complexation behavior study of lanthanide with AHA in excess of nitrate medium is
minimal. This paper addresses the study of lanthanides-AHA complexation in excess of nitrate
medium (i.e., pure 2M nitrate solution) and combination of nitrate and perchlorate medium as well as their
differences with the behavior of lanthanides-AHA
complexation in pure perchlorate medium.
The structural characterization of trivalent lanthanides Nd(III), Eu(III), and La(III)-AHA complexes
in nitrate medium has been studied and evaluated using
optical absorbance, luminescence, and nuclear magnetic resonance spectroscopy technique. Nuclear magnetic resonance (NMR) spectroscopy has been used to
study the bonding characteristics of La(III)-AHA
complex. The difference between the resonance frequency of the observed proton in AHA and La-AHA,
(i.e., chemical shift), shows the change that occurs
during complexation. The optical absorbance (UV-Vis
spectroscopy) study of Nd(III)-AHA complexes has
been performed in f-f transitions to understand the
structure and composition of the complexes. The stability constants of the complexes formed have been
calculated using UV-Vis and Time-resolved laser-induced ﬂuorescence spectroscopy (TRLFS). The
quenching effect of AHA on lanthanides has been
explained via the TRLFS study. Density functional
calculations have been carried out in order to understand
the stability of the Ln-AHA complexes formed. The
interaction energy calculations in both vacuum and
solvent (water) phase, frontier orbital (HOMO-LUMO),
global (Ionization Potential (IP), Electron-afﬁnity (EA),
Chemical Hardness and Electrophilicity index and local
(Fukui functions) reactivity descriptor analysis have
been reported in the paper.

2. Experimental
2.1 Specimen preparation
Deionized water has been used for the preparations of
water-based solutions in this study using a Milli-Q
(Millipore) puriﬁcation system as ions present in the
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normal water can interfere with the experiments. The
stock solution of NaOH, 0.93 mol L-1, has been prepared for pH adjustments in titration experiments.
AHA has been procured from Aldrich. For spectrophotometric titrations (UV-Vis spectroscopy) studies in nitrate medium, 350 mmol L-1 concentration of
AHA has been prepared in 2 mol L-1 NaNO3 solution.
Nd(III) solution of 5mM concentration has been prepared by dissolving Nd(NO3)3.6H2O in 2 mol L-1
NaNO3 solutions. Similarly, for spectrophotometric
titrations, studies in perchlorate medium 400 mmol
L-1 concentration of AHA have been prepared in
2 mol L-1 NaClO4 solution. Nd(III) solution of 5 mmol
L-1 concentration has been prepared by dissolving
Nd(NO3)3.6H2O in 2 mol L-1 NaClO4 solution. For
Fluorescence titrations, 5 mL of 70 mmol L-1 concentration of AHA has been prepared in 2 mol L-1
NaNO3 solutions. Eu(III) solution of 5 mM concentration has been prepared by dissolving Eu(NO3)3.
6H2O in 2 mol L-1 NaNO3 solutions. The pH of all the
solutions has been raised with NaOH to pH 9.0-9.5 to
increase the concentration of deprotonated ligand (pKa
of AHA is 9.02) and to maintain the ionic strength of all
solutions at 2 mol L-1. The concentration of deprotonated ligand has to be increased as the ligand becomes
more electron-rich, which increases the reactivity of the
AHA with rare earth ion.
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Jasco V530 double beam UV-Vis absorption spectrophotometer. In ﬂuorescence titrations, the metal
cation containing solution at 5 mM and pH 9 has been
titrated with AHA solution at 70 mmol L-1 and pH 9.
The readings have been recorded using a Horiba PTI
Quantamaster-400 Fluorescence spectrophotometer
and analyzed using HYPSPEC software.31 This software has been used to determine stability constants
from spectrophotometric data (titration data, pH
measurements). The spectral data obtained by titration
method (UV-Vis and ﬂuorescence) which are proportional to the concentration of species in the solution,
along with pH measurements are entered into the
HYPSPEC software. The initial concentration of the
metal and ligand (in burette) solutions are also given
as input to HYPSPEC software. Stability constants get
automatically updated after reﬁnement.28–31
For, Ln3þ þ AHA $ LnðAHAÞ2þ reaction, the
stability constant value ðlogb1 Þ can be calculated using
the equation.
½LnðAHAÞ2þ 
logb1 ¼  3þ 
Ln ½AHA 

1

H and 13C-NMR spectra of AHA in dimethyl
sulphoxide (DMSO-d6) medium have been recorded.
La(NO3)3 is, subsequently, added to the AHA solution,
and again 1H and 13C-NMR spectra of the La-AHA
complex are recorded. All the NMR spectra have also
been recorded using a Varian 500 MHz NMR
spectrometer.

2.3 Spectrophotometric and Fluorescence
Titrations
In spectrophotometric titrations, the metal cation
containing NaNO3 solution at 5 mmol L-1 and pH 9
has been titrated directly in the spectrophotometric cell
with portions of 20 lL AHA ligand solutions at
350 mmol L-1 and pH 9. Similarly, the metal cation
containing NaClO4 solution at 5 mmol L-1 and pH 9
has been titrated with several portions of the AHA
ligand solution at 400 mmol L-1 and pH 9. All the
UV-Vis absorption spectra have been recorded on a

ð1Þ

For, Ln3þ þ 2ðAHA Þ $ Lnð AHAÞþ
2 reaction, the
stability constant value ðlogb2 Þ can be calculated using
the equation.
logb2 ¼ 

2.2 NMR Spectroscopy
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½Lnð AHAÞþ
2

3þ
Ln ½AHA 2

ð2Þ

For, Ln3þ þ 3ðAHA Þ $ LnðAHAÞ3 reaction, the
stability constant value ðlogb3 Þ can be calculated using
the equation.
logb3 ¼ 

½LnðAHAÞ3 

Ln3þ ½AHA 3

ð3Þ

Stepwise stability constant for each Ln-AHA complexation has been calculated. Subtracting the formation/stability constant value of Ln-(AHA)n-1 (logb2 Þ
from that of Ln-(AHA)n ðlogb1 Þ complexation we get
stepwise stability constant for each Ln-AHA
complexation.
2.4 Simulation details
DEF2-TZVP basis set and B3LYP functional has been
used for C, N, H, O, and lanthanides. B3LYP is an
exchange-correlation functional developed by
LeeYang-Parr.32 The DEF2-TZVP basis set is one of
the orbital auxiliary basis sets proposed by Alrichs and
coworkers at Karlsruhe. This is the triple zeta basis set
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for valence electrons, including polarization functions.33,34 It gives good results in case of comparison
with experimental data mainly with conjugated system.35 TURBOMOLE 7.0 package36 has been used for
density functional theory calculations. The interaction
energy in the vacuum phase and solution phase (water)
in the presence of nitrate ions and perchlorate ions has
been calculated using the mathematical equation:

have been performed on the optimized structures of
AHA, AHA-, La3?-AHA-NO3 complexes in DMSO
solutions. The NMR chemical shifts of all the above
complexes have been subsequently calculated by
B3LYP/6-311??G(d,p) using GIAO approximation.

DEcomplex in the presence of nitrate ions
¼ DEðAHAÞn LnnðNO3  ÞnðH 2 OÞ

 nDEAHA þ DELn þ nDENO3  þ nDEðH 2 OÞ

3.1 NMR spectroscopy analysis

ð4Þ
where DEcomplex in the presence of nitrate ions is the binding
energy of AHA-Ln complex in the presence of nitrate
ions, DEðAHAÞn LnnðNO3  ÞnðH 2 OÞ is the optimized energy
of AHA-Ln-H2O-nitrate complex, DEAHA is the optimized energy of acetohydroxamic ligand (AHA), DELn is
the optimized energy of lanthanides (Ln), DENO3  is the
optimized energy of nitrate molecule, DEðH 2 OÞ is the
optimized energy of the water molecule and n is the
number of molecules present in complexes.
DEcomplex in the presence of perchlorate ions
¼ DEð AHAÞ LnnðClO ÞnðH OÞ
n

4

2

 nDEAHA þ DELn þ nDEClO4 þ nDEðH 2 OÞ


ð5Þ

where DEcomplex in the presence of both perchlorate is the binding
energy of AHA-Ln complex in the presence of perchlorate ions, DEð AHAÞ LnnðClO ÞnðH OÞ is the optin

4

3. Results and Discussion

The structural feature of AHA and La-AHA complexes
formed is elucidated using 1H and 13C NMR spectroscopy studies. Figures 1a, b and 2a, b show the 1H and
13
C NMR spectra of AHA in dimethyl sulﬁde medium
respectively. In the 1H NMR spectra, the ‘N-H’ proton
appeared at 10.351 ppm, whereas the broad peak at
8.696 ppm can be attributed to the ‘O-H’ proton. 13C
NMR spectra show the appearance of the ‘C=O’ peak at
166.782 ppm, which corroborates well with the literature reports for the hydroxamic acid derivatives38,39.
Moreover, the peak position suggests that the AHA
molecule is present in the Z-keto form (refer Figure S1,
SI), as reported by Kaczor et al.38 In the case of the
La(III) complex, however, the peak that corresponds to
the ‘O-H’ proton almost disappeared, indicating the
deprotonation of the OH group for complexation with
La(III) ion. It is interesting to note here that the peak for
the ‘N-H’ proton does not disappear, and it has slightly
shifted to the downﬁeld (10.456 ppm) due to the transfer

2

mized energy of AHA-Ln-H2O-perchlorate complex,
DEAHA is the optimized energy of acetohydroxamic
ligand (AHA), DELn is the optimized energy of lanthanides (Ln), DEClO4 is the optimized energy of
perchlorate molecule, DEðH 2 OÞ is the optimized energy
of the water molecule and n is the number of molecules present in complexes. Gabedit 2.5 software37 has
been used for geometrical and frontier orbital
(HOMO-LUMO (Highest occupied molecular orbital
and Lowest unoccupied molecular orbital)) analysis.
Global reactivity descriptors such as Ionization
Potential (IP), Electron-afﬁnity (EA), Electronegativity (v), Chemical potential (l), Chemical Hardness (g)
and electrophilicity index (x) have been calculated
using charged systems of the complexes (refer to
equations 1–6 given in SI). Local reactivity descriptors
such as Fukui functions have been analyzed using
Gabedit 2.5 software (refer to equations 7–8 given in
Supplementary Information). Theoretical isotropic
chemical shielding of 1H and 13C NMR calculations

Figure 1. NMR Spectra of (a) 1H1-AHA (b) 1H1-AHALa.
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Figure 2. NMR Spectra of (a)
La.
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13

C-AHA (b)

13

C-AHA-

of electron cloud from the AHA moiety to La(III) ion.
The theoretical NMR chemical shift trend described in
section 3.5 substantiate the above experimental NMR
chemical shift trend though there is disagreement in
chemical shift values. The theoretical downﬁeld
chemical NMR shift of N-H proton in AHA upon
complexation with La(III) substantiates the decrease in
electron cloud in AHA due to transfer of electron cloud
from AHA to La3? ion. The experimental downﬁeld
chemical shift value of the ‘N-H’ proton at 10.456 ppm
suggests that the AHA forms a complex with the La(III)
ion in its Z-keto form as in the case of the E-Keto form
up-ﬁeld shift for the ‘N-H’ proton (refer Table S3,
SI38,39). This is further conﬁrmed by the position of the
‘C=O’ in the 13C-NMR spectra at 167.647 ppm in
Z-keto form whereas as in the E-Keto form this peak
appears at[170 ppm (refer Table S3, SI38,39). From the
NMR studies, we, therefore, can predict the mode of
binding of AHA in its complex with La(III) (refer
Figure S2, SI).
3.2 Nd (III)-AHA UV-Vis spectroscopy analysis
The spectral changes for Nd(III) in the presence of AHA
in nitrate medium has been shown in Figure S4, SI.
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The characteristic bands from 560 nm to 600 nm
which correspond to the hypersensitive 4I9/2 ? 4G5/2,
2
G7/2 transitions (4f transitions which are sensitive to
the coordination environment) of Nd(III) have been
used to probe its complexation effectively with AHA
as changes in this part of the spectra has been observed
upon AHA addition. Bathochromic and hyperchromic
shift of wavelengths of Nd(III) spectra on increasing
the concentration AHA has been observed. The pH of
the AHA (pKa = 9.2) solution has been increased to
9.0-9.5 in order to increase the deprotonated ligand
(AHA) and thus, increasing the electron density on the
AHA. AHA will have more tendency to transfer its
electron density to the Nd(III) metal ion. This charge
transfer from AHA to Nd(III) thus requires less
energy/higher wavelength which explains the bathochromic shift of wavelengths of Nd(III) spectra on
AHA addition. The hyperchromic shift of wavelengths
is due to the increase in molar absorption coefﬁcient
which indicates the increase in intermolecular interaction of Nd(III) with increasing concentration of the
AHA ligand. Similar changes have been observed in
combination of both the perchlorate and nitrate medium. Nd(III) ion forms three (1:1, 1:2, and 1:3) complexed species with the ligand AHA, according to an
analysis by HYPSPEC software.31 The formation
constant values calculated are listed in Table 1.
According to the formation constant values, the
Nd(III)-AHA complex formed is more stable in combination of perchlorate and nitrate medium than the
Nd(III)-AHA complexes formed in pure nitrate medium. This observation nicely corroborates with the fact
that weaker interactions of perchlorate ions with lanthanides (Ln) as compared to the nitrate ions makes
the interaction of Ln-AHA stronger in the perchlorate
medium as compared to that in nitrate medium. This is
the reason for the presence of the nitrate ions in the
ﬁrst coordinated sphere of the metal ions showing
bidentate coordination in lanthanide complexes in
contrast to the perchlorate ions present in the outer
sphere coordination of the lanthanide complexes. The
nitrate ions in the ﬁrst coordinated sphere of the LnAHA complex weakens Ln-AHA interaction and the
presence of perchlorate in the outer coordinated sphere
of the Ln-AHA complex strengthens the Ln-AHA
interaction; hence the Ln-AHA-nitrate complex is less
stable than the Ln-AHA-perchlorate-nitrate complex.
Figure 3a–d indicates that the molar absorption spectra
are different in pure nitrate and combination of both
perchlorate and nitrate media for all the observed
species of Nd(III), viz., molar absorbance spectra of
Nd(III) in the absence of AHA (Nd0) and that of its
1:1 and 1:2 and 1:3 complexes with AHA. The slight
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Table 1. Formation constants calculated for Nd-AHA, Nd-(AHA)2, and Nd(AHA)3 complexes.

Species
stoichiometry

Log10b for
Nd(NO3)3
with AHA at
2.0 mol L-1
ionic strength
(NaNO3)

1:1
1:2
1:3
1:4

4.57 ± 0.03
8.16 ± 0.06
10.34 ± 0.06
–

Stepwise Log10b
Log10b for
Stepwise Log10b
for Nd(NO3)3 Nd(NO3)3 with
for Nd(NO3)3
with AHA at 2.0
with AHA at 2.0
AHA at 2.0
mol L-1 ionic
mol L-1 ionic
mol L-1 ionic
strength
strength
strength
(NaNO3)
(NaClO4)
(NaClO4)
4.5739 ± 0.03
3.59 ± 0.04
2.18 ± 0.03
–

5.17 ± 0.05
9.46 ± 0.09
12.33 ± 0.14
–

5.17 ± 0.05
4.29 ± 0.06
2.87 ± 0.09
–

Log10b for
Nd(III) with
AHA at 2.0
mol L-1 ionic
strength
(NaClO4)9–11
6.19
11.97
15.85
17.32

±
±
±
±

0.06
0.05
0.11
0.02

Stepwise Log10b
for Nd(III) with
AHA at 2.0 mol
L-1 ionic
strength
(NaClO4)9–11
6.19
5.78
3.88
1.47

±
±
±
±

0.06
0.05
0.11
0.02

Figure 3. (a) Nd(III) in absence of AHA (Nd0); (b) Nd-AHA (1:1) complex; (c) Nd-AHA (1:2) complex; (d) Nd-AHA
(1:3) complex, (Blackline: Nitrate medium; Red line: Perchlorate medium).

difference in spectra between pure nitrate and a
combination of perchlorate and nitrate medium is due
to the differences in complexes formed. Nd(NO3)3 in
the absence of AHA(Nd0) shows a molar absorbance
(e) = 4.8 at 575.0 nm wavelength in combination of
perchlorate and nitrate medium whereas, in pure
nitrate medium, the same appears at 577 nm wavelength with e = 4.33. The data obtained for Nd3? in
perchloric acid solution in a spectrophotometric study

of Nd(III) complexation in chloride solutions by A.
A. Migdisov and A. E. William Jones shows molar
absorbance value at 575.0 nm at 25 °C.40 Absorption
spectra of perchlorate solutions of Nd(III) containing
0.1 mol L-1 Nd2O3 and 0.4 mol L-1 HClO4 in a
spectrophotometric study of complex formation by
neodymium in chloride solutions at different temperatures by S. A. Stepanchikova and G. R. Kolonin41
show absorbance spectra value for Nd(III) at 17300 cm-1,

J. Chem. Sci. (2021)133:60

i.e., 575.03 nm at 25 °C. The absorbance spectra of
Nd(III)-perchlorate medium in the absence of AHA
occurs at 575 nm, which matches with the Nd(III)
absorbance spectra in the pure perchloric acid medium
which in turn match with Nd(III) aqua ion absorbance
spectra. This shows that in combination of both perchlorate and nitrate medium, the Nd(III) complex,
which is formed, is [Nd(H2O)9]3?. In the pure nitrate
medium, the Nd(III) complex contains nitrate ions in
the ﬁrst coordinated sphere of the complex. 1:1 complex of Nd3? and AHA shows molar absorbance (e) =
7.065 at 578.0 nm wavelength in the combination of
perchlorate and nitrate medium, whereas the same
appears at 579.8 nm, e = 7.23 in pure nitrate medium.
The 1:2 complex, on the other hand, shows molar
absorbance (e) = 9.266 at 582.69 nm in combination of
both perchlorate and nitrate medium, and in pure
nitrate medium, the same appears at 581.3149 nm, e =
9.4016. Similarly, the differences in the spectra
between both mediums in the above two cases are due
to the presence of more number of inner-coordinated
sphere nitrate ions in the complex in pure nitrate
medium and fewer or no inner-sphere coordinated
nitrate ions in the complex in a combination of both
perchlorate and nitrate medium. There is no difference
in molar absorbance spectra of Nd-(AHA)3 between
both the mediums, as in both cases, the molar absorbance peak occurs at 583 nm, e = 12.63. This can be
attributed to the absence of any nitrate coordination in
the inner sphere in this complex even in the pure
nitrate medium, thereby making the complex similar
to that formed in the combination of perchlorate and
nitrate medium.
3.3 Eu(III)-AHA ﬂuorescence study analysis
The luminescence property of Eu(III) is derived from
its incompletely ﬁlled 4f shell electrons, which are
shielded by the 5s and 5p closed shells. Hence, they do
not participate directly in bonding and interact much
less strongly with the environment. Eu3? ion emission
lines appear in the visible region. The characteristic
peak at 617 nm is for 5D0-7F2 hypersensitive and
electric dipole transitions, 592 nm is for 5D0-7F1
magnetic dipole transitions, and 690 nm is for 5D07F4, electric dipole transitions which are sensitive to
Eu3? environment. 9–11 These transitions are very
informative in complexation studies with other
ligands.9–11 Fluorescence investigations have been
carried out to understand the complexation behavior of
Eu(III) with AHA employing a series of samples
having Eu: AHA in the ratio (1:14) maintaining I = 2M
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(NaNO3). Similarly, the same ﬂuorescence experiments have been carried out, maintaining I = 2M
(NaClO4). The results have been recorded. As reported
previously, quenching in the ﬂuorescence of Eu(III)
has been observed that upon the addition of AHA both
in perchlorate and nitrate media. There are two types
of ﬂuorescence quenching, viz. static and dynamic
quenching. Static quenching occurs due to the ground
state complex formation between ﬂuorophore (Eu3?)
and quencher (AHA) whereas dynamic quenching
occurs due to the diffusion of quencher to a ﬂuorophore in its excited state. Fluorescence quenching
occurs due to static or dynamic or both the quenching
mechanisms. In the earlier reports (Pathak et al.) the
decrease in ﬂuorescence intensity of Eu(III) with
increasing concentration of AHA has been attributed
to the dynamic quenching, which needs to be investigated further for a better understanding of the EuAHA interactions responsible for the quenching of
Eu(III) luminescence in the presence of AHA molecules. The measurement of ﬂuorescence intensity and
lifetime time data can help us to determine the type of
quenching and also the binding constant for the ground
state quenching complex (for static quenching) or the
rate constant (for dynamic quenching) can be estimated. In the case of dynamic quenching, the following Stern-Volmer equation holds true:
F0
¼ 1 þ K sv ½Q
F

ð6Þ

where F0 and F are the ﬂuorescence intensities observed
in the absence and presence, of quencher respectively.
[Q] is the quencher concentration, and KSV is the SternVolmer quenching constant. K SV ¼ kq s0 , where kq is the
quenching rate constant (and s0 is the excited state
lifetime in the absence of quencher.
In the case of pure static quenching, the SternVolmer equation changes to,
F0
¼ 1 þ K½Q
F

ð7Þ

where K is the formation constant of the ground state
Eu-AHA complex responsible for the static quenching.
In the case of both pure static and dynamic quenching
F0
F vs. [Q] graph shows a straight line with a slope equal
to K and Ksv, respectively. In the case of dynamic
quenching,FF0 ¼ ss0 , hence it follows the equation:
s0
¼ 1 þ kq s0 ½Q
s
s0
s

ð8Þ

vs. [Q] plot should be a straight line in case of
dynamic quenching. In the case of static quenching as
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kq=0, s0 ¼ s. Hence in the case of pure static
quenching, no change in lifetime value is observed.
In the case of the presence of both static and
dynamic quenching, the following equation holds true:
F0
¼ ð1 þ kq s0 ½QÞð1 þ K½QÞ
F

ð9Þ

In this case FF0 Vs. [Q] plot deviates from linearity as
F0
F follows a quadratic equation of [Q] as per equation
9. In our present work, the Eu(III) complexation of
AHA has been studied at two different pH media (pH
2 and 9). These pH conditions have been judiciously
chosen, such that in one case (pH 9), a signiﬁcant
portion of the AHA molecules would be present in the
deprotonated form as the pKa value of AHA is 9.02. It
can be deprotonated further during complexation with
the Eu(III) ion, whereas in the other case (for pH 2),
the AHA molecules would remain solely in the protonated form. In the case of our ﬂuorescence investigations of ﬂuorophore Eu(III) with quencher AHA at
pH 9, FF0 vs. [Q] shows a non-linear curve indicating
the presence of both static and dynamic quenching
mechanisms (refer Figures S5(a) and S5(b), SI). But in
the case of the ﬂuorescence investigations of Eu(III)
with quencher AHA at pH 2, FF0 vs. [Q] and ss0 vs. [Q]
follows a linear equation showing the presence of only
pure dynamic quenching (refer Figures S5(c) and
S5(d), SI) as the static quenching is blocked at such a
low pH due to the absence of deprotonated AHA
molecules required to form the ground-state complex
with Eu(III). As discussed earlier, the rate constant can
be estimated from FF0 vs. [Q] and ss0 vs. [Q] plots. From
equation 8, (ss0 ¼ 1 þ kq s0 ½Q), kq can be estimated.
Further, equation 9 can be rearranged to

1
¼ kq s0 þ K þ kq s0 K½Q
½Q

F0
F

ð10Þ

We can now get a linear plot for ((FF0 )-1)/[Q]) vs.
[Q], and substituting the value of kq obtained previously from equation 8, the value of K (the equilibrium
constant of the Eu-AHA complex responsible for static
quenching) can be calculated. From the experimental
data and using the above calculations, the log K value
Eu-AHA complex calculated is 4.332, as shown in
Figure 4, which corroborates nicely with the stability
constant (log b) value of the 1:1 Nd-AHA complex
determined from the UV-Vis absorption spectroscopy
studies. In this ﬂuorescence experiment, the amount of
ﬂuorophore Eu(III) and quencher (AHA) is not enough
for the formation of Eu-(AHA)2 and Eu-(AHA)3
complexes, so we could only calculate the formation

constant of 1:1 Eu-AHA complex. In case of further
increasing AHA concentration, the ﬂuorescence
intensity becomes too poor to obtain reliable data.
Moreover, in the presence of multiple ground state
complexes, equation 7 becomes inapplicable, and the
binding constant values cannot be extracted from the
ﬂuorescence and lifetime spectra. We, therefore,
restricted to the quencher (AHA) concentration such a
way that only 1:1 complex is formed between ﬂuorophore (Eu(III)) and quencher (AHA).
3.4 Density functional theory calculation analysis
To represent the differences in Ln(III)-AHA complexes in the presence of pure water molecules, pure
perchlorate ions, both perchlorate and nitrate ions, and
pure nitrate ions, La-(H2O)9, La(AHA)(H2O)7,
La-(AHA)3(H2O)3,
La-AHALa(AHA)2(H2O)5,
(NO3)2-(H2O)3, La-AHA-NO3-(H2O)5, La-(AHA)2NO3-(H2O)3, La-(AHA)-ClO4-(H2O)6, La-(AHA)(ClO4)2-(H2O)5, La-(AHA)2-(ClO4)-(H2O)4, La-AHANO3-ClO4-(H2O)4 and La-(AHA)2-NO3-ClO4-(H2O)2
have been optimized. The optimized structures are
represented in Figure 5.
The change in bond in lengths of La-O (N-H) and
La-O(C-O) in La(III)-AHA-H2O, La(III)-AHA-perchlorate, La(III)-AHA-nitrate complexes has been
given in Table S6, SI. The interaction energy in vacuum and solvent (water) phase (Figure 6) of La(III)AHA complexes respectively shows clearly the less
favorability of La(III)-AHA complexes in presence of
nitrate ions than in the presence of perchlorate ions
and water molecules. The interaction energies of
La(III)-AHA in the presence of water molecules,
perchlorate ions, both perchlorate and nitrate ions,
nitrate ions have been given in Table S7, SI and Figure 6. The order of feasibility of La(III)-AHA

Figure 4. Variation of
concentration.

F0
F 1

½Q

as a function of quencher
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Figure 5. Optimized structures of (a) La-(H2O)9 (b) LaAHA-(H2O)7 (c) La-(AHA)2-(H2O)5 (d) La-(AHA)3-(H2O)3
(e) La-(AHA)4(f) La-AHA-NO3-(H2O)5 (g) La-(AHA)2NO3-(H2O)3 (h) La-AHA-(NO3)2-(H2O)3 (i) La-(AHA)ClO4-(H2O)6 (j) La-(AHA)-(ClO4)2-(H2O)5 (k) La-(AHA)2(ClO4)-(H2O)4 (l) La-AHA-NO3-ClO4-( H2O)4 (m) La(AHA)2-NO3-ClO4-(H2O)2.

complexes in presence of perchlorate, nitrate ions and
water molecules as observed is: water molecules [
perchlorate ions [ both perchlorate and nitrate ions [
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nitrate ions as evident from Figure 6. This indicates
the formation of less feasible complexes in the presence of nitrate ions than in the presence of perchlorate
ions in the Ln(III)-AHA complexes. The optimized
complexes of La(III), Nd(III), Eu(III), Er(III), and
Lu(III) with AHA are given in supplementary information in Figures S8, S9, S10, S11 (Supplementary
Information). Experimentally 2M of perchlorate
competes with 55 M of water, hence water plays a
dominant role. As a result, a comparison of for lanthanide (La(III), Nd(III), Eu(III), Er(III), Lu(III))
complexes between water and nitrate medium have
been presented in Figure 7. The bond length between
lanthanides and oxygen atoms present in AHA, interaction energies, and solvation energies have been
calculated from the optimized structures of
Ln(AHA)(H2O)7, Ln(AHA)2(H2O)5, Ln-(AHA)3(H2O)3, Ln-(AHA)4, Ln-AHA-(NO3)2-(H2O)3, Ln-AHANO3-(H2O)5, Ln-(AHA)2-NO3-(H2O)3 complexes and
presented in Table S12 and Table S13, SI. From the
bond length distances between Ln-O(O-H bond in
AHA) and Ln-O(N-H bond in AHA), it has been
observed that across the lanthanide series due to lanthanide contraction, the Ln-O bond shortens, i.e., Ln-O
bond in the complex becomes stronger as we move
across lanthanide series. Table S12, SI shows that LnO(NH) bonds are always shorter than the Ln-O(CO)
bonds, which is due to the acidic bonding after
deprotonation in the case of the former and coordinate
bonding in the latter case. This supports the mode of
bonding predicted by NMR spectroscopy in the LnAHA complex (Figure 1). The interaction energy of
the complexes (refer Figure 7 and Table S13, SI)
formed increases as we move along the lanthanide

Figure 6. Comparison of Interaction energy change among La(III)-AHA complexes among perchlorate, nitrate, and both
perchlorate and nitrate medium.
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lower in the nitrate medium as compared to that in the
perchlorate medium. DFT studies on the Ln3? complexes of AHA complexes are, therefore, found to help
rationalize the experimental observations.
(*M-Ln-AHA-M represents La-AHA-(H2O)7 in
case of presence of water molecules, La-(AHA)-ClO4(H2O)6 in case of presence of only perchlorate ions,
La-AHA-NO3-ClO4-(H2O)4 in case of presence of
both perchlorate and nitrate ions and La-AHA-NO3(H2O)5 in the presence of only nitrate ions.
(*M-Ln-2AHA-M represent La-(AHA)2-(H2O)7 in
case of presence of only water molecules, La-(AHA)2(ClO4)-(H2O)4 in case of presence of only perchlorate
ions, La-(AHA)2-(NO3)-(H2O)3 in case of presence of
only nitrate ions and La-(AHA)2-(NO3)-(ClO4)(H2O)2 in case of presence of both perchlorate and
nitrate ions.)
3.5 Theoretical NMR analysis

Figure 7. Comparison of Interaction energy change in
vacuum and solution phase across the lanthanide series.

series, in the presence of water and nitrate ions as
expected from increasing ionic potential of the Ln3?
along with the series. Figure 7 shows the increase in
value of interaction energy with an increase in the
number of AHA ligand in the complexes in the presence of water molecules and nitrate ions in both the
vacuum and solvent (water) phase. In the presence of
nitrate ions, the interaction energy value decreases
with respect to the complexes in the presence of water
molecules in both vacuum and solvent (water) phase.
The interaction energy calculations of Ln-AHA complexes in the presence of perchlorate ions, nitrate ions,
combination of both perchlorate and nitrate ions and
water molecules agrees with the ﬁnding from UV-Vis
absorption spectrophotometric titration studies that
Ln-AHA complexes are less stable in the presence of
nitrate ions than in the perchlorate ions. However, the
formation of 1:4 complex is unfavorable due to its
lower interaction energies in the case of all the lanthanide ions studied, and therefore no signature of 1:4
complex is observed while studying the Nd3? complexation with AHA using UV-Vis absorption spectrophotometric titrations. It is interesting to note here
that both in the vacuum and solution phase, the AHA
complexation is weaker in the presence of nitrate ions
which is also reﬂected in our experimental results
where formation constants of the Nd3? complexes are

Figure S14 (a), (b), (e), (f), (g) (Supplementary
Information) shows 1H NMR spectroscopy of
AHA,AHA-(caused due to deprotonation in solvent
phase), La-AHA-NO3-(H2O)5, La-(AHA)2-NO3(H2O)3 and La-(AHA)3-NO3-(H2O) complexes. The
optimized structures of AHA-, La-AHA-NO3-(H2O)5,
La-(AHA)2-NO3-(H2O)3 and La-(AHA)3-NO3-(H2O)
complexes with atom labels are represented in Figure S15, SI. The values of 1H and 13C NMR Chemical
shifts of AHA, AHA-and La(III)-AHA complexes
calculated are given in Table S16, SI. The O-H protons
in AHA are acidic and hence they are exchangeable
which causes deprotonation in AHA to form AHA-. In
AHA-, due to deprotonation of the O-H group in AHA
in the solvent phase, there is an increase in electron
cloud in AHA moiety. Hence there is an up-ﬁelded
shift in AHA-. From 1H NMR spectra it has been
observed that upon AHA complex formation with
lanthanum, the proton peaks are down-ﬁelded due to
the transfer of electron cloud from AHA molecule to
La(III) ion. With the increase in the number of AHA in
La(III)-AHA complexes, the electronegativity effect
increases, and hence proton peaks are up-ﬁelded due to
increasing electron density. The other proton NMR
peaks in La-AHA-NO3-(H2O)5, which appear between
2 to 6 ppm are due to the O-H groups of water
molecules in La(III)-AHA complexes. Increase in the
electronegative group (AHA-) in the La-(AHA)2-NO3(H2O)3 and La-(AHA)3-NO3-(H2O) complexes causes
more de-shielding effect and therefore larger chemical
shift (down-ﬁeld) in O-H protons of water molecules
in the complexes. The large downﬁeld shift in O-H

J. Chem. Sci. (2021)133:60

protons of water molecules in the complexes may also
be due to the exchange of hydrogen ions with the
DMSO solvent as these protons are acidic and highly
exchangeable.
Figure S14 (c), (d), (h), (i), (j), SI shows 13C NMR
spectroscopy of AHA,AHA-, La-AHA-NO3-(H2O)5,
La-(AHA)2-NO3-(H2O)3 and La-(AHA)3-NO3-(H2O)
complexes. There is an up-ﬁeld shift in the case of
‘C=O’ in AHA-due to the increase in electron cloud as
a result of deprotonation. There is a downﬁeld shift in
the peak of C of CH3 in AHA due to a decrease in
electron density. The downﬁeld shift of the ‘C=O’
peak in 13C NMR spectroscopy of La-AHA-NO3(H2O)5, La-(AHA)2-NO3-(H2O)3 and La-(AHA)3NO3-(H2O) complexes occurs due to the transfer of
electron density from the AHA molecule to the La(III)
ion during La(III)-AHA complexation. Up-ﬁeld shift
has been observed in the ‘C=O’ peak with an increase
in electronegative AHA-molecule due to the shielding
effect i.e. increase in electron density. Theoretical

Figure 8. Change in HOMO-LUMO gap across lanthanide series.
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NMR chemical shifts of AHA and La(III)-AHA
complexes substantiate the experimental NMR chemical shifts even though there is a disagreement between
the theoretical and experimental NMR chemical shift
values of labile proton of AHA and La(III)-AHA
complexes.
3.6 Frontier orbital analysis
Figure 8, shows that across the lanthanide series, the
HOMO-LUMO gap decreases from La(III) to Eu(III)
and then increases from Eu(III) to Lu(III). Empty f
shell element (La) and completely ﬁlled f shell element (Lu) have the highest HOMO-LUMO gap. A
high HOMO-LUMO gap means more activation
energy is required for the complexation of lanthanides
with AHA. A low HOMO-LUMO gap means less
activation energy is required for the complexation of
lanthanides with AHA. Figure 9 shows that in Eu(III)9H2O complexes the HOMO part is mainly contributed by the oxygen atoms of the water molecules
and the LUMO part is mainly contributed by Eu(III).
In Eu-AHA-7H2O, Eu-(AHA)2-5H2O and Eu-(AHA)33H2O complexes the HOMO part is mainly contributed by the oxygen, carbon, and nitrogen atoms of
the AHA molecule, and the LUMO part are contributed by the Eu(III) and oxygen, carbon, and
nitrogen atoms of AHA molecule. In Eu-AHA-NO35H2O, Eu-(AHA)2-NO3-3H2O, and Eu-AHA-(NO3)23H2O complexes, the HOMO part is mainly contributed by oxygen, carbon, and nitrogen atoms of
AHA, and the LUMO part is mainly by the oxygen
atoms of NO3 and Eu(III). Similar results have been

Figure 9. HOMO-LUMO gap of (a) Eu-H2O (b) Eu-AHA- (H2O)7 (c) Eu-(AHA)2-(H2O)5 (d) Eu-(AHA)3-(H2O)3 (e) EuAHA-NO3-(H2O)5 (f) Eu-(AHA)2-NO3-(H2O)3 (g) Eu-AHA-(NO3)2-(H2O)3.
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Table 2. Ionization Potential (IP), Electron afﬁnity (EA),
Electronegativity (v), Chemical potential (l), Chemical
Hardness (g) and Electrophilicity index (x) across lanthanide series in Ln(H2O)9 (b) Ln(AHA)(H2O)

(c) Ln(AHA)2(H2O)5 (d) Ln(AHA)3(H2O)3 (e) Ln(AHA)
(NO3)(H2O)5 (f) Ln(AHA)(NO3)2 (H2O)3 (g) Ln(AHA)2
(NO3)(H2O)3

Ln-(H2O)9 (a)

La
Nd
Eu
Er
Lu

IP

EA

v

0.88
0.89
0.89
0.89
0.89

0.36
0.48
0.59
0.38
0.38

0.62
0.69
0.74
0.64
0.64

l
-

0.62
0.69
0.74
0.64
0.64

Ln-AHA-(H2O)7 (b)
g

x

IP

EA

v

0.26
0.21
0.15
0.26
0.26

0.74
1.14
1.81
0.79
0.79

0.63
0.62
0.62
0.64
0.64

0.22
0.22
0.36
0.23
0.23

0.43
0.42
0.49
0.44
0.44

Ln-(AHA)2-(H2O)5 (c)

La
Nd
Eu
Er
Lu

IP

EA

v

0.43
0.42
0.43
0.43
0.43

0.09
0.09
0.22
0.09
0.09

0.26
0.26
0.33
0.26
0.26

l
-

0.26
0.26
0.33
0.26
0.26

La
Nd
Eu
Er
Lu

EA

v

0.58
0.57
0.58
0.58
0.58

0.22
0.20
0.28
0.17
0.17

0.40
0.39
0.43
0.38
0.38

l
-

0.40
0.39
0.43
0.38
0.38

-

g

x

0.21
0.20
0.13
0.21
0.21

0.44
0.44
0.92
0.46
0.46

g

x

0.18
0.18
0.12
0.18
0.19

0.06
0.06
0.18
0.06
0.06

g

x

0.17
0.17
0.165
0.195
0.19

0.65
0.62
0.68
0.51
0.53

0.43
0.42
0.49
0.44
0.44

Ln-(AHA)3-(H2O)3 (d)
g

x

IP

EA

v

0.17
0.17
0.11
0.17
0.17

0.20
0.20
0.51
0.20
0.20

0.33
0.32
0.32
0.33
0.34

- 0.04
- 0.04
0.09
- 0.04
- 0.04

0.15
0.14
0.21
0.15
0.15

Ln-AHA-NO3-(H2O)5 (e)
IP

l

l
-

0.15
0.14
0.21
0.15
0.15

Ln-AHA-(NO3)2-(H2O)3 (f)
g

x

IP

EA

v

0.18
0.19
0.15
0.21
0.21

0.45
0.40
0.62
0.34
0.34

0.64
0.63
0.64
0.64
0.64

0.3
0.29
0.31
0.25
0.26

0.47
0.46
0.475
0.445
0.45

l
-

0.47
0.46
0.475
0.445
0.45

Ln-(AHA)2-NO3-(H2O)3 (g)

La
Nd
Eu
Er
Lu

IP

EA

v

0.42
0.40
0.39
0.41
0.41

0.10
0.12
0.21
0.09
0.09

0.26
0.26
0.30
0.25
0.25

l
-

0.26
0.26
0.30
0.25
0.25

g

x

0.16
0.14
0.09
0.16
0.16

0.21
0.24
0.50
0.20
0.20

observed in the case of La-AHA, Nd-AHA, Eu-AHA,
Er-AHA, Lu-AHA complexes.

3.7 Global reactivity descriptors
Chemical parameters like ionization potential, electron-afﬁnity, electronegativity, chemical potential,
chemical hardness, and electrophilicity index have
been calculated and listed in Table 2. Electrophilicity
index value depends on both the reactivity fundamental indicators, chemical potential, and chemical
hardness. Electrophilicity index values, given in
Table 2, decrease with an increase in the number of
AHA in the Ln-AHA-H2O complexes. Hence, the
reactivity of the complexes decreases which increases

Figure 10. Change in Ln-AHA complexes in presence of
perchlorate, nitrate ions, and water molecules.
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the stability of the complexes formed. In the presence
of nitrates the electrophilicity index increases and
hence the reactivity of the Ln-AHA complexes
increases leading to a decrease in the stability of the
complexes. The electrophilicity index shows a high
value in the case of Eu-AHA complexes indicating the
least stability of Eu(III)-AHA complexes among all
the Ln-AHA complexes. The calculated chemical
parameters are given in Table 2.
4. Conclusions
Different spectroscopy methods (NMR, UV-Vis, and
ﬂuorescence spectroscopy) have been implemented to
study the ligand-metal structural environment in LnAHA (Ln-Nd(III), Eu(III), and La(III)) complexes in
nitrate and a combination of both perchlorate and
nitrate medium. Density functional theory calculations
give deep insight into the structural evolution of LnAHA (Ln-La(III), Nd(III), Eu(III), Er(III), and Lu(III))
complexes in the presence of nitrate and perchlorate
ions. The inferences of the present study are summarized below:
NMR spectroscopy study indicates the bidentate
coordination mode of Z-Keto tautomer of AHA.
Spectroscopic titration methods (UV-Vis spectroscopy analysis) show the formation up to 1:3
Nd(III)-AHA complexes in pure nitrate medium and a
combination of both nitrate and perchlorate medium
which is in contrast to the 1:4 Nd(III)-AHA complexes formed in pure perchlorate medium. Formation constant values show the formation of less
stable complexes in pure nitrate medium than the
combination of nitrate & perchlorate medium or pure
perchlorate medium.
From the Eu(III)-AHA ﬂuorescence spectra analysis,
it has been observed that ﬂuorescence quenching of
Eu(III) lifetime occurs in the presence of AHA. The
underlying reason for this quenching effect has been
attributed to only dynamic quenching in the literature.
But it has been observed that at pH 9, the quenching
effect is due to the presence of both static and
dynamic quenching. Due to the low quencher
concentration of AHA in ﬂuorescence spectra analysis the formation constant value for only 1:1 Eu(III)AHA complex has been calculated from the Eu(III)AHA which matches with formation constant value
1:1 Nd(III)-AHA complex from UV-Vis spectra
analysis.
Geometrical parameters, the interaction energy
calculated in both vacuum and solution phases the
frontier orbital (HOMO-LUMO), global (ionization
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potential, electron-afﬁnity, electronegativity, chemical hardness, and electrophilicity index), and local
reactivity descriptor (Fukui function) (refer section
SI.17) calculated using DFT substantiate the experimental ﬁndings that AHA-Ln complexes are less
favorable in the presence of nitrate ions than in the
presence of perchlorate ions. Theoretical NMR
chemical shifts of AHA and La(III)-AHA complexes substantiate the experimental NMR chemical
shifts.
The compendium of the study beneﬁts the scientiﬁc/
technical community to have a better understanding of
the differences in Ln-AHA complexation in the presence of nitrate and perchlorate ions so that one can use
these differences to choose better methods to remove
lanthanides from nuclear waste in order to reuse it as a
fuel for energy production.
The summary of the changes in Ln-AHA complexes in the presence of perchlorate, nitrate ions,
and water molecules have been presented in Figure 10. The calculated interaction energy of Ln(III)
with AHA in both vacuum and solvent (water) phase
is less in the presence of nitrate ions in the complexes than in the presence of H2O and perchlorate
ions. Hence this shows the Ln-AHA complexes are
less stable in presence of nitrate ions than in H2O
and perchlorate ions. The electrophilicity index
values and Fukui function calculations also indicate
more stability of Ln-AHA-perchlorate complexes
than Ln-AHA-H2O and Ln-AHA-nitrate complexes.
This indicates the bidentate mode of nitrate coordination leads to a decrease in strength of AHA
coordination with Ln(III) which results in a decrease
in stability of Ln-AHA complexes in the presence of
nitrate ions as compared to the presence of H2O
molecules and perchlorate ions.
Supplementary Information (SI)
Figures S1–S5 and Tables S1–S16 are available at www.ias.
ac.in/chemsci.
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