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Abstract 

  A bioinorganic approach into the problem of the isomorphous substitution of calcium(II) by lanthanide(III) ions in 

biological system is explored through absorption difference and comparative absorption spectroscopy involving 4f-4f transitions. 

The interaction of Pr(III) and Nd(III) with uracil induced substantial changes in the intensities of 4f-4f bands and their 

perturbation was reflected through oscillator strength and Judd-Ofelt intensity (Tλ) parameters. Intensification of these bands 

became more prominent in presence of Ca(II) thereby suggesting that the changes in the oscillator strengths of different 4f-4f 

bands and Judd-Ofelt intensity (Tλ) parameters can be followed to predict in vivo intracellular complexation of uracil with Ca(II) 

in vitro as both Pr(III) and Nd(III) have unique similarity in their coordination with Ca(II). 
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1. Introduction 

 The unique spectroscopic and paramagnetic 

properties of lanthanide ions have made them a fascinating 

field of research in bioinorganic and coordination Chemistry 
1,2

. Also their ability to substitute Ca(II) in isomorphous 

manner are gaining increasing importance for the perception 

of structural features of biomolecules so as to stimulate 

biological and biochemical research 
3
. The Ca(II) has 

become involved in a vast array of intracellualar and 

extracellular biochemical processes and structures 
4
. It is an 

essential component in the biominerilization of teeth, bones 

and shells, mainly in the forms of hydroxyapatite, calcite or 

aragonite. Within the cell, Ca(II) has a large number of 

diverse roles in metabolic regulation, nerve transmission, 

muscle contraction, cell motility, etc. This metal ion is also 

able to act as a “second messenger’ activating various 

intracellular protein systems. Outside the cell, processes 

such as protein stability and enzyme catalysis may be 

Ca(II)-dependant. In biological processes, calcium ions 

commonly exert their effects by binding to proteins, 

normally via aspartate or glutamate residues and peptide 

oxygen 
5
. The Ca(II) ion is almost spectroscopically silent, 

having no UV-Vis electronic spectrum and no EPR signal. 

Information regarding the structures of the binding sites in 

Ca(II)-binding protein is difficult to obtain using techniques 

other than X-ray protein crystallography. Lanthanide(III) 

ions occur in only trace amounts in organisms and do not 

seem to play any biological role. Moreover, Ln(III) ions are 

considered only slightly toxic. The trivalent lanthanides, 

however, interact with biological materials in specific ways 

which along with their magnetic and spectroscopic 

properties make them very informative substitution probes 

for calcium-containing biological material 
6
. Isomorphous 

substitution of metal ions in biological materials is indeed 

less sensitive to charge than to size.  The lanthanide ions 

have several properties that facilitate Ca(II) substitution 
6,8

. 

In many cases, the similarity in size and coordination 

geometries results in functional substitution. However, the 

difference in charge may eventually induce changes in the 

conformation of the biomolecules and/or in their activity. In 

some cases, it has been shown that Ca(II) substitution by 

Ln(III) probes is indeed perfectly isomorphous, for instance 

in thermolysin 
7
. For other systems, for instances in 

calmodulin, Ln(III) probes do not seem to be the ideal 

models for study 
7
. As the key point to the success of many 

biological investigations on Ca(II)-binding biomolecules is 

the assumption that Ln(III) ions replace Ca(II) 

isomorphously, it is important to establish what changes, if 

any, occur upon metal ion substitution. Despite size 

similarities, it is possible that Ln(III) ions may bind to 

Ca(II)-binding site in a significantly different manner than 

Ca(II) does. To contribute to this research area, we have 

recently initiated [9-12] a systematic comparative study of 

the coordination chemistry of trivalent lanthanides with 

ligands containing donor groups of biological relevance 

including DNA and amino acids. With these consideration 

in mind, we have explored the binding nature of uracil with 

Pr(III) in presence of Zn(II) in previous paper [13]. In the 
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present paper we herein report the interaction of Pr(III) and 

Nd(III) with uracil in presence of Ca(II) in different aquated 

organic solvents by following absorption difference and 

comparative absorption spectroscopy involving 4f-4f 

transitions to predict in vivo intracellular complexation of 

uracil with Ca(II) in vitro. The corresponding changes in the 

oscillator strengths of different 4f-4f bands and 

experimentally determined Judd-Ofelt intensity (Tλ) 

parameters are correlated with the binding of uracil. The 

values of other energy interaction parameters namely Slator-

Condon (Fk), nephelauxetic (β), bonding b
1/2

 and covalency 

(δ) parameters have been calculated to support the intensity 

data. 

 

2. Experimental Methods and Materials 

2.1. Materials 
The solvents and chemicals used were of A.R./G.R. grade 

from Merck E. Neodymium nitrate hexahydrate and 

praseodymium nitrate hexahydrate of 99.999% purity were 

procured from CDH, Mumbai. Ca(II) nitrate (Aldrich USA) 

and uracil of A.R./G.R. grade was purchased from SRL 

India and used as such.  

The absorption spectral data are recorded on Perkin Elmer 

Lambda -35 UV-Vis Spectrometer equipped with a device 

for kinetic and high resolution spectral analysis. The 

concentrations of Nd(III), Pr(III), uracil and Ca(II) were 

maintained at 0.01 mol L
-1

 and spectral analysis were 

carried out by using different solvents. 

 

2.2. Method 
The energy of 4f-4f transitions are composed of 

two main components :  coulombic Fk and spin-orbit 

coupling 4f parameters, represented in the form of equation 

as follows fsok

k

obs AFfE 4   

                  

(1) 

where
kf and soA are the angular counterpart of coulombic 

and spin-orbit interaction, while Fk (Slator-Condon inter-

electronic parameter) and 
f4  are the radial integral  known 

as Lande’s parameter. The values of inter-electronic 

repulsion parameters i.e., Slator-Condon, Fk’s and Spin-orbit 

coupling Lende’s parameter, ξ4f  are determined by using the 

method outlined in our earlier papers [14,15 ]. 

  If the f-orbital’s are involved in covalent bond 

formation with the ligand, the metal wave function can be 

expressed [16] as 

||4)1( 2/12/1

4 ligandf bfb                                    

                    (2) 

where b
1/2

 measures the amount of 4f-orbital mixing, i.e. 

covalency. Sinha [17] has proposed a δ scale to express the 

covalency. Both the parameters b
1/2 

and δ are related to the 

nephelauxetic effect, i.e. β. The covalency parameter (β, b
1/2

, 

δ) of the complexes have been calculated using the 

relationship [16-18 ] :  
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where Fk 
c
(k=2,4,6) and Ec

k 
 the Slator-Condon and Racah 

parameters for complex, and Fk 
f
  and Ef

k
  for free ions 

respectively. 
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  The intensity of the absorption band is measured by 

experimentally determined oscillator strength (Pobs), which 

is directly proportional to the area under the absorption 

curve and is found out by Gaussian curve analysis [19] as 

2/1max

9106.4   P      

      (6) 

where max is the molar extinction coefficient and 2/1  is 

the half band width. The calculated oscillator strength of the 

induced dipole transition  π J →  π ’J’  of the energy  (cm
-1

) 

in accordance with Judd [20] and Ofelt [21] can be 

expressed as  
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Which can be reduced to 
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where U
(λ)

 is the matrix element of unit tensor operator 

connecting initial |j

nf   and final j
nf | through 

three phenomenological parameters Tλ (λ=2,4,6) called 

Judd-Ofelt parameters. These parameters are related to the 

radial wave function of the states and ligand field 

parameters that characterize the surrounding field. The three 

parameters T2, T4 and T6 are related to the radial part of the 

4f
n
 wavefunction of the perturbing configuration. The values 

of Tλ parameters have been computed by using the matrix 

elements given in our earlier paper [14].  

 

3. RESULTS AND DISCUSSIONS 

The absorption spectra of Nd(III) and Pr(III) has been 

carried out in aqueous and aquated organic solvents and 

their interaction with uracil in presence of Ca(II) is 

correlated with changes in the oscillator strengths and 

Judd-Ofelt (Tλ) parameters. The 4f-4f bands of Nd(III)and 

Pr(III) are used as a marker bands to investigate the 

interaction of Nd(III) and Pr(III) with uracil in solution.  

 

3.1. Interaction of Nd(III)-uracil in presence of Ca(II) 

  We see that there is a red shift as uracil is added to 

Nd(III) and further shift towards longer wavelength on 

addition of Ca(II) (Fig. 1).  The binding of Nd(III)-uracil 

brings about the changes in energies of various 4f-4f bands 

which causes the degree of lowering in the energy 

interaction parameters, Slator-Condon inter-electronic 

repulsion, which leads to the nephelauxetic effect and the 

intensifications of the f-f transitions. Nephelauxetic effect 

is taken as a measure of metal-ligand covalent bonding. 
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This effect may be visualized to be due to an expansion of 

the wave functions which results from interaction between 

the metal cations and neighbouring ligands. 

 Table-1 listing the variation of the magnitude of energy 

interaction parameters like Slator-Condon (Fk), 

nephelauxetic ratio (β), bonding (b
1/2

) and percentage 

covalency (δ) for Nd(III), Nd(III):uracil and 

Nd(III):uracil:Ca(II) in different solvents reveals that the 

addition of uracil to Nd(III) brings about lowering of these 

parameters indicating the expansion of 4f orbitals on 

interaction. Since lanthanides are hard metal ions in the 

Pearson classification scheme [22] they prefer hard donor 

sites like oxygen atoms. This implies that interaction of 

Nd(III) with uracil is generally predominant with the 

carbonyl group of uracil. Hence the bonding between 

Nd(III) and uracil is basically electrostatic in nature as 

indicated by the absolute values of nephelauxetic effect (β), 

covalency (δ) and bonding parameters (b
1/2

) thereby 

suggesting that the mode of binding of uracil to Nd(III) 

involves predominantly ionic mode [23]. The absolute 

values of the oscillator strength and Judd-Ofelt intensity (Tλ) 

parameters are determined under the different experimental 

conditions and are listed in Table-2.  Table 2 has shown that 

the addition of uracil to Nd(III) brings about a noticeable 

enhancement in the oscillator strength of 4f-4f bands 

irrespective of solvent nature. Consequently, marked 

variation in the experimentally determined Judd-Ofelt (T) 

intensity parameters was found. This intensification of 4f-4f 

bands can be interpreted in terms of interaction of 4f-orbital 

with ligand wavefunction. The intensification of bands and 

red shift were taken as an evident for the involvement of 

ligand in complexation. These suggest the binding of the 

uracil to Nd(III) in solution. Besides, the shape of 4f-4f 

bands and absorption spectra pattern as a whole has been 

found to be quite similar to that shown by Nd(III) aquo ion 

suggesting almost similar nonacoordinated environment 

around Nd(III) in Nd(III)-uracil complex in solution. Fig.1. 

also shows that the addition of Ca(II) to Nd(III)-uracil in 

1:1:1 stoichiometry brought significant changes in the 

energies and intensity parameters. 4f-4f bands showed 

gradual increase in the intensity along with significant red 

shift, an indication that addition of Ca(II) to Nd(III):uracil 

(1:1:1) strengthened the binding of uracil to Nd(III). This 

means that the increased probability of interaction of 4f-

orbital with ligand wavefunction . 

 The 
4
I9/2 → 

4
G5/2  transition of Nd(III) is considered 

as hypersensitive transition as it obeys selection rules for 

quadrupole transitions and undergoes very high 

intensification on complexation [24,25]. Small changes in 

the immediate coordination environment around Nd(III) 

brings about wide variation of oscillator strength. The other 

transitions of Nd(III) are reported to  very sensitive even on 

minor changes in the coordination environment [10,11]. 

Iftikar [26] has reported a marginal increase (15%) in the 

oscillator strength of the non-hypersensitive transitions, 

contrary to the several fold increase shown by 

hypersensitive 
4
I9/2 → 

4
G5/2 transition. Table 2 clearly shows 

the variation of the oscillator strength of 
4
I9/2 → 

4
G7/2, 

4
I9/2 → 

4
F3/2, 

4
I/2   →

4
F5/2, and 

4
I9/2  →

4
F7/2 which do not obey the 

selection rule, yet these show significant sensitivity 

evidenced by large variation of oscillator strength which is 

almost same as shown by hypersensitive 
4
I9/2 → 

4
G5/2   

transition. We are reporting the high sensitivity of these 

non-hypersensitive transitions. It appears that the nature of 

ligand and lability and geometry of complex species induce 

the unusual sensitivity to these non-hypersensitive 

transitions. 

 Solvents have been found to play a significant role 

in the interaction of Nd(III) with uracil. Comparative 

absorption spectra of Nd(III):uracil in different aquated 

organic solvents (Fig. 2) clearly shows  the affinity of 

solvents towards the Nd(III) coordination environment. 

DMF appears to have strongest influence on Nd(III):uracil  

followed by dioxane and least in acetonitrile. This means 

that DMF has larger impact in promoting 4f-4f electric 

dipole intensity, which is in accordance with our previous 

studies
 
[10]. This large increase in oscillator strength in 

DMF might be due to ligand polarization effect. The 

difference in oscillator strength in different solvents may 

be associated to ligand (solvent) structure and their 

coordination behaviours. The DMF has two coordination 

sites but it generally binds via oxygen when it coordinates 

to hard acids like lanthanides.  

 The red shift observed in the energies of all the 4f-

4f bands are considered as marker for quantitative analysis 

in Nd(III) ion. Although we have found red shift in 

energies of all transitions, the effect is more pronounced in 

DMF. The red shift is due to the expansion of the metal 

orbital radius which leads to nephelauxetic effect. At the 

same time, the nephelauxetic effect brings about a 

shortening of the metal-ligand bond length thereby 

increasing the probability of interaction between metal and 

ligand orbital. This clearly shows the involvement of uracil 

in the inner sphere coordination around the metal ion. 

Though the ligand environment has only weak influence on 

the electronic cloud of the Nd(III), the 4f shell is efficiently 

shielded by the close 5s and 5p shells. This clearly shows 

without doubt that the interaction of Nd(III)-uracil is 

effected significantly by the nature of solvents. All results 

obtained clearly suggest that minor coordination changes 

around the Nd(III)  are caused by different coordinating 

sites of uracil, solvent nature, coordination number, nature 

of Nd(III):uracil band which do induce significant variation 

in the intensity of 4f-4f transitions.  

 

3.2. Interaction of Pr(III)-uracil with Ca(II) 

 The interaction of Pr(III) with uracil indicates 

noticeable changes in the energy interaction parameters as 

observed in the Nd(III) ion which became more prominent 

in presence of Ca(II). However, the changes in the 

nephelauxetic parameter, β is varied significantly and 

found to be less than unity thereby suggesting that the 

Pr(III)-uracil bond is a more covalent type than the Nd(III)-

uracil bond in similar experimental conditions (Table-3). 

The different solvents and their different compositions 

have a momentous effect on the biological activities of 

uracil (Fig.3).  
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Table 1:  

Computed values of Slator-Condon(Fk), spin-orbit coupling constant (ξ4f),  nephelauxetic ratio (β), bonding (b
1/2

) and covalency 

parameters (δ) for the complexation of Nd(III) with uracil in presence and absence of Ca(II) in aqueous and aquated organic 

solvents at 25
0
C. 
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Table 2: 

 Experimental values of oscillator strength (Pexpx10
-6

) and Judd-Ofelt (Tλ ) parameters for the 

complexation of Nd(III) with uracil  in different aquated organic solvents at 25 ⁰C. 
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Table 3: 

Computed values of energy interaction parameters Slator-Condon (Fk), Spin-orbit coupling constants (ξ4f), nephelauxetic ratio(β), 

bonding (b
1/2

) and covalency (δ) parameters for Pr(III); Pr(III):uracil; Pr(III):uracil:Ca(II) in different solvents. 
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Table 4: 

Experimental values of oscillator strength (Px10
-6

) and Judd-Ofelt (Tλ) parameters for Pr(III); Pr(III):uracil; Pr(III):uracil:Ca(II) in 

different solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IJCBS, 7(2015):68-78 

 

Devi 2015     75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IJCBS, 7(2015):68-78 

 

Devi 2015     76 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



IJCBS, 7(2015):68-78 

 

Devi 2015     77 
 

 

 

All the four transitions of Pr(III) (
3
H4→

3
P2,

 3
H4→

3
P1,

 

3
H4→

3
P0  and 

3
H4→

1
D2) show a significant changes in the 

spectral pattern with the changes in the values of oscillator 

strengths (Fig. 4 & Table 4).  This means that the all the 

four band of Pr(III) are found to sensitive even on minor 

coordination changes around Pr(III). This enhancement of 

oscillator strength and band shape demonstrated change in 

symmetry of complexes due to the possibility of solvent 

coordination, which enhances the coordination number of 

the metal ion. 

 

4. CONCLUSIONS 

 Electronic spectral studies of the Nd(III) and Pr(III) 

complexes in different solvents, which differ with respect 

to donor atoms, reveal that the chemical environment 

around the lanthanide ion has a great impact on f-f 

transitions and any change in the environment in terms of 

solvent results in modifications of the spectra. However, 

the variation in energy interaction and intensity parameters 

hereby suggest that 4f-4f transitions of Pr(III) are more 

sensitive than that of Nd(III) in similar experimental 

conditions. Besides, the presence of Ca(II) strengthen the 

binding of  Nd(III) to uracil than Pr(III) does. Our results in 

this study seem to confirm that Ln(III) ions have a 

preferences for higher coordination number when bound to 

calcium-selective ligand. This effect should be taken in to 

account when employing Ln(III) ions to probe the structure 

at and about calcium binding sites in biomolecules. 
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