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PREFACE 

The thesis entitled "INVESTIGATIONS ON THE SOL VENT 

EXTRACTION AND LUMINESCENCE OF LANTHANOIDS WITH 

MIXTURES OF HETEROCYCLIC ~-DIKETONES AND VARIOUS 

NEUTRAL OXO-DONORS" embodies the results of investigations 

carried out on the solvent extraction of trivalent lanthanoids with various 

heterocyclic ~-diketones in the presence and absence of neutral oxo-donors 

and also on the luminescent studies of Eu3
+ -heterocyclic ~-diketonate 

complexes with Lewis bases. The primary objective of the present work is 

to generate the knowledge base, especially to understand the interactions of 

lanthanoid-heterocyclic ~-diketonates with various macrocyclic ligands 

such as crown ethers and neutral organophosphorus extractants, with a 

view to achieve better selectivity. The secondary objective of this thesis is 

to develop novel lanthanoid luminescent materials based on 3-phenyl-4-

aroyl-5-isoxazolones and organophosphorus ligands, for use m 

electroluminescent devices. The thesis comprises of seven chapters. 

The introductory chapter highlights the need for the development of 

new mixed-ligand systems for the separation of lanthanoids. A general 

introduction on the solvent extraction chemistry has also been given in this 

chapter. Further, the development and importance of novel luminescent 

lanthanoid-~-diketonate complexes for display devices have been brought 

out towards the end of this chapter. 

The second chapter gives a comprehensive review of literature on 

the recent developments in the synergistic solvent extraction of trivalent 

lanthanoids with heterocyclic ~-diketones in the presence of various neutral 

oxo-donors. This chapter also incorporates the latest developments on the 

luminescence of lanthanoid-~-diketonate complexes. 
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The syntheses of various para substituted derivatives of 4-aroyl-5-

isoxazolones and their characterization by various spectroscopic techniques 

have been described in chapter 3. This chapter also brings out the results of 

the investigations carried out on the solvent extraction behaviour of 

trivalent lanthanoids with 4-aroyl-5-isoxazolones in the presence and 

absence of various crown ethers such as 18C6, DC 18C6, DB 18C6 and 

B 18C6. An attempt has also been made to understand the interactions of 

crown ethers with 4-aroyl-5-isoxazolonate complexes of lanthanoids using 

elemental analysis, IR and IH NMR spectral studies. 

Chapter 4 embodies the results of the studies carried out on the 

synergistic extraction of trivalent lanthanoids with sterically hindered 1-

phenyl-3-methyl-4-pivaloyl-5-pyrazolone in the presence of various 

structurally related crown ethers. The correlation between the selectivity 

and the distance between the donating oxygen atoms of 1-phenyl-3-methyl-

4-pivaloyl-5-pyrazolone has been detailed in this chapter. 

4-Acylbis(pyrazolones) of varying polymethylene chain length have 

been synthesized and utilized for studying the extraction behaviour of 

trivalent lanthanoids m the presence and absence of neutral 

organophosphorus extractants and the results are given in chapter 5. The 

extraction efficiency of lanthanoids has been correlated with the 

polymethylene chain length, phosphoryl oxygen donor basicity values and 

31p NMR chemical shift values of the complexes of Eu3+ with 4-

sebacoylbis( 1-phenyl-3-methyl-5-pyrazolone) in the presence of various 

organophosphorus extractants. 

The syntheses, characterization and photophysical properties of 

Eu3+-4-aroyl-5-isoxazolonate complexes in the presence of Lewis bases 

like trioctylphosphine oxide or triphenylphosphine oxide have been 

Vlll 



described in chapter 6. The photophysical properties of these complexes 

have been compared with the commercial phosphor Y203:5%Eu. 

The contributions to the new knowledge arising out of this thesis 

have been highlighted in the concluding chapter. The relevant references 

used in this work have been cited towards the end of the thesis. 
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Inspite of the fact that p-diketones represent one of the oldest 

classes of chelating ligands, their coordination chemistry continues to 

attract much interests due to the recent industrial applications of several of 

their metal derivatives [Pettinari et al. 2004]. Several research groups 

recogmze the potential of p-diketones as complexing agents in the 

extraction separation of lanthanoids in combination with many adduct 

fanning reagents [Bond et al. 2000; Mathur 1983]. Lanthanoid-p

diketonates . were also found to be useful as NMR shift reagents [Mehrotra 

et al. 1978]. They were extensively used in the synthesis of electro

ceramics e.g., superconductors such as LnBa2Cu307_o and La2_xSrxCu04, 

piezoelectrics such as LaCu02 and buffer layers of LaAI03 [Malandrino et 

al. 1998]. They may also find application in the synthesis of LaF 3 films 

[Malandrino et al. 1995; Malandrino et al. 1996]. Progress has been made 

in the search for new lanthanoid-p-diketonates as sources of luminescence, 

with application in the fabrication of polymer, light emitting diodes for low 

cost, full color, flat-panel displays [Huang et al. 2001; Kido and Okamoto 

2002; Thompson et al. 2002; Molina et al. 2003]. Recently, some 

lanthanoid-p-diketonate adducts containing particular Lewis bases such as 

I-N-alkyl-4-alkyloxy-2-hydroxy-benzaldimines were also proven to 

exhibit interesting mesomorphic properties [Binnemans and Lodewyckx 

2001 ]. 

The pnmary objective of the present work is to generate the 

knowledge base, especially to understand the interactions of lanthanoid-
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heterocyc1ic ~-diketonates with various macrocyc1ic ligands such as crown 

ethers and neutral organophosphorus extractants, with a view to achieve 

better selectivity. The secondary objective of this thesis is to develop new 

lanthanoid luminescent materials involving heterocyclic ~-diketones such 

as 3-phenyl-4-aroyl-5-isoxazolones and neutral oxo-donors for use in 

electroluminescent devices. 

1.1. Separation of Lanthanoids: Solvent Extraction 

The separation of trivalent lanthanoids offers a formidable challenge 

in the field of separation science in view of their similar physico-chemical 

properties. With increasing demand for lanthanoid elements and their 

compounds individually and collectively, based on their newer and proven 

applications in modem technology, the separation and purification of these 

elements has gained considerable importance over the years. It is well 

known that separation processes based on ion exchange technique yield 

high purity compounds of lanthanoids. However, these processes are time 

consuming and inherently expensive. Methods based on liquid-liquid 

extraction emerged as a novel and unique technique for the separation of 

metal ions because of its simplicity, versatility, easy recovery and ready 

adaptability to scaling up of the process. Various kinds of acidic 

organophosphorus extractants such as D2EHP A, EHEHP A and Cyanex 

272 have been widely used in the Rare Earth Industry for the separation 

and purification of these metal ions [Powell 1979; Reddy et al. 1995b]. 

However, even with these extractants, a large number of separation steps 

are necessary to obtain highly purified lanthanoids in view of their lower 

separation factors. The average separatioR factors between adjacent 

lanthanoids in most cases vary between 1.5 and 2.5 [Pierce and Peck 
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1963]. Thus there is a growmg interest m the development of new 

extraction systems including the use of ion-specific compounds and mixed

ligand systems for the separation of lanthanoids. 

EHEHPA 

CYANEX272 

The introduction of cation-selectivity into synergistic solvent 

extraction systems is best accomplished by the use of crown ethers that 

fann both stable in-cavity complexes with the target cation and have 

adequate functionalisation to impart organophilicity. The former criterion 

requires some understanding of the coordination chemistry and 

particularly, knowledge of the solution speciation of the cation and 

extractants. However, remarkably few studies of synergistic extraction 
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have probed the cation coordination environment [Mathur and Choppin 

1993; Bond et al. 2000]. Significant fundamental and developmental 

research is still required; however, only with well-planned and carefully 

executed research, will the potential of size selective synergism be realized. 

Hence, in the present work, an attempt has been made to understand the 

interactions of various neutral oxo-donors with lanthanoid-p-diketonate 

complexes. 

1.2. Luminescence of Lanthanoid-J3-diketonate Complexes 

Efficient light converting molecular devices (LCMDs) may find 

several applications, such as luminescent probes, in biomedical assays and 

time resolved microscopy, fluorescent lighting, luminescent sensors for 

chemical speCIes, electroluminescent devices, UV -dosimeters, or 

antireflection coating for solar cells. Besides the quantum yield of a 

LCMD, other aspects, such as light output, solubility, volatility and photo-, 

thennal-, and thennodynamic stabilities may be critical to many 

applications and must also be controlled [de Sa et al. 2000]. 

Molecular lanthanoid chelates containing p-diketonates have been 

successfully used in the production of emission layers in organic 

electroluminescent devices [Kido and Okamoto 2002; de Sa et al. 2000]. 

Organic light emitting diodes (OLEDs) have been intensively studied 

throughout the world owing to their potential application in the next 

generation of full-color, flat panel displays. Organic and polymeric 

electroluminescence across the whole visible region from blue to red has 

been demonstrated and the efficiency, brightness and device lifetime are 

rapidly approaching commercial target figures. However, it is difficult to 

achieve pure emission colors from small organic molecules or conjugated 
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polymers because their emission spectra typically have a full-width at half 

maximum wavelength of ca. 1 00 nm, which is not well suited for actual 

display applications. 

Luminescent lanthanoid complexes are good candidates to solve this 

problem because lanthanoid-based materials can generate extremely pure 

5 7 
emission due to the Do --.. F2 transition from central Eu3+ ion [Kido et 

al. 1990; Baldo et al. 1998; Robinson et al. 2000; Wang et al. 2001; Hong 

et al. 2001; Sun et al. 2002]. In addition to the spectral profile of the 

complexes, the excitation mechanism of the central metal ion also differs 

widely from that of organofluorescent compounds. Further, in the organic 

fluorescent compounds, the excited energy of the triplet state will be 

degraded through thennal deactivation processes without the emission of 

photons. In contrast, for lanthanoid complexes with n-conjugated ligands 

such as ~-diketonates, the lanthanoid ions are excited via intramolecular 

energy transfer from the triplet excited states of the ligands. 

The interest in the photophysical properties of Ln3
+ ion complexes 

has been greatly intensified after Lehn's proposition that such complexes 

could be seen as LCMDs, coining the tenn "antenna effect" to denote the 

absorption, energy-transfer, emission sequence involving distinct absorbing 

(the ligand) and emitting (the lanthanoid ion) components of the 

supramolecular species, thus overcoming the very small absorption 

coefficients of the lanthanoid ions. Luminescence in lanthanoid organic 

compounds is due to intramolecular energy transfer from the excited ligand 

triplet state to the chelated ion. The efficiency of this energy transfer 

depends on the efficiency of the organic ligand absorption, the ligand-to

metal energy transfer and the lanthanoid luminescence [Sabbatini et al. 

1993; de Sa et al. 2000]. To improve the energy transfer to the lanthanoid 
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ions, the triplet states of the ligands must be closely matched to or slightly 

above the emitting resonance levels of the metal ion. 

energy transfer 

ISC 

TJ ---
~ -------- ... 

417nm 430nm 525nm 535nm 

555nm 
6 14nm 

585nm 

5 

3 
1 

organic ligand states E 3+· 
U lOn states 

Energy transfer in lanthanoid complexes 

The excitation energy of the ligand triplet state, which may be directly 

generated by carrier recombination, can also utilize to excite the emitting 

center. Thus there is no limitation, upto 100%, of the internal quantum 

efficiencies for devices using lanthanoid ion-chelate as emitters. 

Therefore, in the present work, investigations have been carried out 

to develop novel europium complexes as the emitting layer involving 
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heterocyclic ~-diketones In the presence of vanous neutral 

organophosphorus reagents. 

1.3. Solvent Extraction: General 

Solvent extraction highlights the usefulness of phase distribution 

and is based on the principle that a solute can distribute itself in a certain 

ratio between two immiscible solvents. In this method, a solute distributes 

itself between an aqueous and organic phase. According to Gibbs phase 

rule, 

P+V=C+2 (1) 

(where P, the number of phases, V, the variance or degrees of freedom and 

C, the number of components). The distribution of a solute between two 

immiscible solvents is univariant at constant temperature and pressure. 

That is, if we choose the concentration of the solute in one phase, its 

concentration in the other phase is fixed. 

The distribution law, stated by Berthelot and Jungfleisch, states that 

at a particular temperature for a solute 'X' distributing between two 

immiscible solvents 1 and 2, at equilibrium, the ratio of concentrations of 

the two phases is a constant, provided the nature of the species is the same 

in both the phases. 

D = [XJI/[Xh (2) 

The constant, D, is known as the distribution or extraction coefficient. The 

chemical potential of the solute is the same in each phase at equilibrium, 

provided temperature and pressure are constant, i.e., 

III = 112 (3) 

where the subscripts 1 and 2 refer to the respective solvent phases. 

Substituting suitable expressions of 11, 
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11/ + RT In ml + RT In YI = 1l2° + RT In m2 + RT In Y2 (4) 

where Ilo represents the chemical potential of the solute in a hypothetical 

ideal 1 molal solution, rn, the solute concentration in molality and y, the 

molal activity coefficient. The molal distribution coefficient, 

D= m2 = Yl e-(~20-~10)/RT 
ml Y2 

(5) 

For a system in which the two solvents are completely immiscible 

under all circumstances the exponential term is a constant, K, so that 

D= m2 =llK (6) 
m) 12 

Thus, D depends on the activity coefficients of the solute in each of the 

phases. When the activity coefficients approach unity, i.e., at low 

concentrations, D becomes constant. The distribution coefficient is related 

to the percentage extraction, E, by the equation 

E = lOaD 
Vaq 

D+--
Vorg 

(7) 

where Vaq and Vorg are the volumes of the aqueous and organic phases, 

respectively. The separation factor, S.F., is given by 

(8) 

where DI and D2 are the distribution coefficients for elements 1 and 2, 

respectively. 

1.3.1. Synergistic solvent extraction 

The phenomenon in which two extractants taken together extract a 

metal ion species with much higher efficiency as compared to the normal 
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additive effect of these extractants (separately) is called 'synergism'. The 

converse of this effect is called 'antagonism'. 

An increase in the hydrophobic character of the extracted metal 

complex is observed in the synergistic extraction of mixed complexes. 

Three different mechanisms are postulated [Choppin and Morgenstem 

2000]. The first one involves the opening of one or more of the chelate 

rings and occupation by the adduct molecule(s) of the vacated metal 

coordination site(s). In the second mechanism, the metal ion is not 

coordinately saturated by the ligand and hence, it retains residual water in 

the coordination sphere, which can be replaced by the adduct molecules. 

The third mechanism involves an expansion of the coordination sphere of 

the metal ion to allow bonding of the adduct molecules. 

1.3.2. Measure ofsynergism 

The synergistic coefficient (S.C.) may be described by 

D(1,2) 

S.c. = log DJ + D2 

where DJ, D2 and D(1,2) are the distribution coefficients of a metal ion with 

two extractants taken separately and with the mixture of the two 

extractants, respectively. When S.C. > 0, the extraction is synergistic. The 

cases where S.C. < 0 involve an antagonistic effect. 
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Literature Review 
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2.1. Synergistic Solvent Extraction of Trivalent Lanthanoids: 

Literature Review 

The extraction of trivalent lanthanoids with mixtures of various ~

diketones and adduct forming reagents has been extensively investigated 

and these data are well documented in reviews on "Synergistic extraction 

of lanthanides and actinides" [Mathur 1983; Bond et al. 2000]. 

2.1.1. Extraction of lanthanoids with 4-acyl-5-pyrazolones in the 
presence and absence of various neutral oxo-donors 

I-Phenyl-3-methyl-4-acyl-5-pyrazolones, which are heterocyc1ic ~

diketone ligands, have been widely used as extractants for many metal 

ions. These reagents are so called "hard bases", having coordinating 

oxygen atoms and are suitable especially for the extraction of "hard acids" 

such as lanthanoids. The nature of the substituent in the 4-positiorr of 

pyrazolone ring causes significant variations in the electronic, steric and 

solubility parameters of the ligand, thereby affecting complexation and 

extraction behaviour. Further, these ligands were found to have longer 

distances between the two donating oxygens (bite size) as compared to the 

conventional ~-diketones, such as acetylacetone and HTT A, according to 

the estimation by molecular orbital calculations. 
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~R CH3 HPMAP 
N""-

C(CH3h \ -- R= 
HPMPP ON ': ~IJ Ph HPMBP 

\ ~ O--H CF3 HPMTFP 

Recently, the relationship between the bite size of the 4-acyl-5-pyrazolones 

and the selectivity in the extraction of lanthanoids has been investigated 

and reported that the 0---0 distance is one of the most significant factors 

that governs the selectivity in the complexation of 4-acyl-5-pyrazolones 

with metal ions [Umetani et al. 2000]. 

2.1.1.a. Extraction of Ln3
+ ions with 4-acyl-5-pyrazolones: 

The extraction equilibrium of trivalent lanthanoids with 4-acyl-5-

pyrazolones (HP) has been well studied by many investigators and simple 

metal chelate fonnation has been reported [Roy and Nag 1977; Umetani et 

al. 1980; Sasaki and Freiser 1983; Sasayama et al. 1983; Umetani and 

Freiser 1987; Mukai et al. 1990; Saleh et al. 1990; Sujatha et al. 1994; 

Luxmi Vanna et al. 1996; Thakur et al. 1996; Sujatha et al. 1996; Mukai et 

al. 1997; Umetani et al. 2000; Mukai et al. 2003]. 

L 3+ 3 HP Kex Q L P 3 H+ n aq + org =='~ n 3 org + aq 

On the other hand, the formation of self-adducts have been noticed in the 

extraction of Ln3
+ ions with HPMTFP and HPMBP [Dukov and Genov 

1986; Dukov and Genov 1986a; Mathur and Khopkar 1987; Mathur and 

Khopkar 1988; Dukov and Genov 1988; Dukov 1992; Santhi et al. 1994; 

Reddy et al. 1995; Dukov and J ordanov 1996; Dukov and J ordanov 1996a; 
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Dukov 1997; Dukov and lordanov 1998; lordanov et al. 2002; lia et al. 

2003]. 

KexO 
3+ ' + Ln aq + 4 HPorg LnP3·HP org + 3 H aq 

where HP = HPMTFP. The equilibrium constants of Ln3
+ ions with various 

4-acyl-5-pyrazolones were found to increase monotonically with 

decreasing ionic radii of Ln3
+ ions [Sasaki and Freiser 1983; Umetani and 

Freiser 1987; Dukov and Genov 1988; Saleh et al. 1990; Dukov 1992; 

Santhi et al. 1994; Sujatha et al. 1994; Reddy et al. 1995; Dukov and 

lordanov 1996; Luxmi Vanna et al. 1996; Thakur et al. 1996; Sujatha et al. 

1996; Umetani et al. 2000; lordanov et al. 2002]. Further, a linear 

relationship between log Kex and pKa values of various 4-acyl-5-

pyrazolones in the extraction of Ln3
+ ions has also been observed [Umetani 

et al. 1980; Sasayama et al. 1983; Mukai et al. '1990; Saleh et al. 1990; 

Mukai et al. 1997; Umetani et al. 2000; Mukai et al. 2003]. 

2.1.1.h. Extraction of Ln3
+ ions with mixture of 4-acyl-5-pyrazolone 

and crown ethers: 

The synergistic extraction of Eu3
+ ion with mixtures of HPMTFP 

and crown ether, DC 18C6 or B 15C5 has been investigated [Mathur and 

Khopkar 1988] in chlorofonn and the extraction equilibrium has been 

reported as: 

3+ Ksyn,1 + 
Eu aq+ 4 HPorg + DC18C6org EuP3·HP.DCI8C6org + 3 H aq 

3+ Ksyn,n + 
Eu aq+ 3 HPorg +n B15C5org EuP3·nBl5C5org + 3 H aq 

where HP = HPMTFP and n = 1 or 2. The high stability of the synergistic 

complexes has been attributed to the attachment of more than one oxygen 

atom of crown ether with the metal chelates. 
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Partitioning of Pr3+, Gd3
+ and Yb3

+ by B 15C5 and HPMBP in CCI4, 

C6H6 or CHCl3 is reported and the number of B 15C5 molecules in the 

extracted complexes is shown to vary with the diluent [Dukov 1992]. Slope 

analyses indicate that Ln(PMBPhB 15C5 is extracted into CHCl3 or C6H6, 

while a mixture of mono and bis B 15C5 adducts is observed in CCI4• 

The extraction of Ln3
+ ions with HPMTFP in the presence of 

various crown ethers, 18C6, DB 18C6, 15C5 or B 15C5 into CHCl3 has 

been investigated and found significant synergistic enhancement in the 

extraction of these metal ions (l0-100 fold in the case ofNd3+; 2-40 fold in 

the case of Eu3+ and 1-20 fold in the case of Tm3+) [Thakur et al. 1996]. 

The synergistic equilibrium constants of Ln3
+ ions are found to increase 

monotonically with decrease in ionic radii of these metal ions. The organic 

phase stability constants of the synergistically extracted species with 

various crown ethers follow the order: 18C6 > 15C5 > B 15C5 > DB 18C6, 

which is also the basicity sequence of these CEs. The sharp decrease in the 

complexation from 18C6 to DB 18C6 for these trivalent metal ions mostly 

reflects the increasing steric effects as well as decreasing basicity. 

2.1.1.c. Extraction of Ln3
+ ions with mixture of 4-acyl-5-

pyrazolones and neutral organophosphorus extractants: 

The synergistic extraction of Ln3
+ ion with HPMBP from nitrate 

solutions in the presence of various neutral organophosphorus extractants 

such as TBP and TOPO has been well studied and these data are covered in 

a review on synergism of trivalent lanthanides and actinides [Mathur 

1983]. The synergistic species extracted into the organic phase have been 

established as Ln(PMBPh(TBP)2, Ln(PMBPh(TOPO)2 and 

Ln(PMBP)2·N03(TOPO)2. 
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Mixed-ligand chelate extraction of Ln3+ ions with HPMTFP in the 

presence of various phosphine oxides, TOPO, CMPO and MBDPO from 

perchlorate solutions into chloroform has been studied [Umetani and 

Freiser 1987]. Ln3+ IOns are found to be extracted as 

Ln(PMTFPh(TOPOh, Ln(PMTFP)3.CMPO, respectively. On the other 

hand, with mixtures of HPMTFP and MBDPO, the extracted species are 

found to be Ln(PMTFP)3.MBDPO or Ln(PMTFPh,(CI04) (MBDPO)2' The 

synergistic equilibrium constants of these systems do not increase 

monotonically with increase in atomic number, but have a maximum at 

Eu3
+ or H03+. The stability constants of these mixed-ligand complexes 

decrease rrionotonically with increase in atomic number. Generally, in 

mixed-ligand extraction system of lanthanoids, the decrease of the adduct 

fonnation constants could be explained by a diminution of the co

ordination power of the lanthanoid ion resulting from a stable chelate, with 

a consequently less stable adduct formation. In addition, the Ln3+ ion, to 

which three molecules of chelating agents have already been co-ordinated, 

allows space for the adduct forming reagent in proportion to its ionic 

radius, so that steric hindrance for adduct formation increases with atomic 

number. Hence, when the equilibrium constant of the adduct formation 

reaction decreases rapidly, the reversal of the extractability, i.e., the 

extraction constant, takes place. Although, addition of an adduct-forming 

reagent can bring a decrease of the separation factor, it is notable that 

addition of TOPO or MBDPO improves the separation of the heavier 

lanthanoids by virtue of a surprising increase in the extractability of lighter 

metals to a greater extent than that of the heavier ones. 

The synergistic extraction of Ln3+ ions with 4-acyl-5~pyrazolones in 

the presence of sterically hindered branched chain extractant, B2EHSO, 

TPhPO or bifunctional organophosphorus extractants, CMPO and CMP 
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has been investigated and significant enhancement in the extraction 

efficiency has been reported (l0-100 fold) [Luxmi Varma et al. 1996; 

Sujatha et al. 1996; Reddy et al. 1995; Santhi et al. 1994]. The synergistic 

extraction equilibria of Ln3
+ ions with various 4-acyl-5-pyrazolones in the 

presence ofB2EHSO has been reported as: 

3+ Ksyn,n + 
Ln aq+ 3 HPorg +n B2EHSOorg LnP3.nB2EHSOorg + 3 H aq 

where HP = HPMBP, HP MAP and HPMTFP and n = 0, 1 and 2. On the 

other hand, in the presence of bifunctional organophosphorus extractants, 

the synergistic equilibrium has been reported as: 

3+ 
Ln aq+ 3 HPorg + Sorg 

where S = CMPO or CMP. The addition of a B2EHSO improves the 

selectivity among these lanthanoids. However, the addition of bifunctional 

organophosphorus extractants decreases the selectivity. The IR spectral 

data indicates that CMP acts as a bidentate ligand in these mixed-ligand 

complexes [Luxmi Varma et al. 1996]. The equilibrium constants of the 

synergistic complexes have been deduced by non-linear regression analysis 

and are found to increase monotonically with decreasing ionic radii of 

these metal ions. The adduct formation constants of these mixed-ligand 

complexes decrease with decrease in ionic radii of these metal ions. 

Steric effects of ortho substituents of I-phenyl-3-methyl-4-aroyl-5-

pyrazolones on the synergistic extraction of Ln3
+ ions with TOPO have 

been studied. Obvious steric hindrance by ortho substituent was observed 

in the extraction reactions especially in the adduct formation reactions. The 

steric hindrance is determined by three factors: bulkiness of the 

substituents, proximity of the neutral ligand to the metal chelate and the 

crowdedness of the ligands around the central metal ion [Mukai et al. 1990; 

Mukai et al. 1997; Mukai et al. 2003]. 
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The substituent effect of several I-phenyl-3-methyl-4-acyl-5-

pyrazolones on the adduct formation between Eu3
+ chelate and TOPO in 

C6H6 has been studied by liquid-liquid extraction [Sasayama et al. 1983]. 

The Eu-acylpyrazolonates react with TOPO to form adduct of the EuR3L 

type for an aliphatic group and EuR3L2 type for an aromatic and 

trifluoromethyl groups. The stability of adducts increases in the order: 

aliphatic < aromatic < trifluoromethyl. A steric effect of the terminal group 

on adduct formation was observed for 2-, 3- and 4- methyl substituted 

benzoyl pyrazolonates of Eu3
+ ion. 

R 

Phenyl 

2 - chlorophenyl 

2,4 - dichlorophenyl 

4 - chlorophenyl 

2 - methylphenyl 

3 - methylphenyl 

4 - methylphenyl 

Tritluoromethyl 

Cyclohexyl 

2 - naphthyl 

n-Heptyl 

Methyl 
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2.1.2. Extraction of lanthanoids with 4-acyl-5-isoxazolones in the 
presence and absence of various neutral oxo-donors 

Preliminary studies show that 4-acyl-5-isoxazolones (acyl = acetyl 

and benzoyl) are potential extractants for f-elements [Jyothi and Rao 1988; 

Jyothi and Rao 1989; Jyothi and Rao 1990]. Among 4-acyl-5-isoxazolones, 

HPBI has come to occupy a special place in the solvent extraction of metal 

ions due to its lower pKa value (1.23). 

N-- R R= -0 : HPBI 

I o 
-CH3 : HPAI 

The extraction behaviour of trivalent lanthanoid ions (Ln3+) into 

chloroform from perchlorate solutions with HPBI has been investigated 

[Le et al. 1993]. The results have demonstrated the formation of simple 

metal chelates. 

KexO 

Ln 3\q + 3 HPBlorg "" '... Ln(PBIh org + 3 H+ aq 

The extraction of lanthanoids increases with increasing atomic number (log 

Kex, La = -l.77; log Kex, Pr = -1.20; log Kex, Eu = -0.39; log Kex, Ho = -0.36; log 

Kex, Yb = -0.30). The equilibrium constants of the simple metal chelates of 

Ln3
+ ions with HPBI (log Kex, Eu = -0.39) are found to be much higher than 

that with HTTA (log Kex, Eu = -7.66) and 4-acylpyrazolones (log Kex, Eu with 

HPMTFP = -3.78; log Kex, Eu = -5.33 with HPMBP). Synergistic effects 

have been observed in the extraction of Ln3
+ ions in the presence of adduct 
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fonning reagent like TOPO. The synergistic extraction equilibrium of Ln3
+ 

ions with HPBI in the presence of TO PO has been reported as: 

3+ KSyn,m + 
Ln aq + 3 HPBIorg + m TOPOorg _ ... Ln(PBIhmTOPOorg + 3H aq 

where m = 0, I and 2. The synergistic equilibrium constants were found to 

increase monotonically with increase in atomic number up to Eu3
+ ion and 

thereafter show a decreasing trend unlike that of simple metal chelates. 

The synergistic extraction of Ln3
+ ions with HPBI in the presence of 

various crown ethers such as 18C6, 15C5, B 15C5 or DB 18C6 has been 

studied. The addition of CE to the metal chelate system not only enhances 

the extraction efficiency (l02
) but also improves the selectivity among 

these metal ions. The equilibrium constants of the synergistically extracted 

complexes are found to increase monotonically with decreasing ionic radii 

of Ln3
+ ions. Further, it also improves the selectivity among Nd-Eu pairs. 

The complexation strength of Ln3
+ ions with various CEs follows the order: 

18C6 > 15C5 > B15C5 > DBI8C6, which is in accordance with the 

basicity of crown ethers [Reddy et al. 1997]. 

An attempt has also been made to use various 4-acyl-5-isoxazolone 

derivatives in the presence of TBP for the extraction of Ln3
+ ions and 

reported the extracted species as LnX3.2TBP where X denotes the anion of 

4-acyl-5-isoxazolone [Odashima et al. 1995]. 

2.2. Luminescence of Organolanthanoid Complexes: 

Literature Review 

Advances in the development of efficient light conversion molecular 

devices (LCMD) based on lanthanoid complexes are brought out in a 

recent review article [de Sa et al. 2000]. A critical review on the use of 
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organolanthanoid metal complexes as emitting layers in electroluminescent 

devices is also available [Kido and Okamoto 2002]. 

Molecular lanthanoid chelates containing 4-acylpyrazol-5-onate 

ligands have been successfully used in the production of emission layers in 

organic electroluminescent devices [Kido and Okamoto 2002; Gao et al. 

1998]. 

The photoluminescence (PL) and electroluminescence (EL) 

properties of PMIP complexes of Lu3
+ ion in the presence of TPhPO, bipy 

and phen have been investigated. The PL intensity of complex containing 

TPhPO is about 100 times higher than that of complexes containing bipy 

and Phen as adduct fonning reagents. Blue light originating from 

Lu(PMIPk2TPhPO, with a luminescence of 119 cd m-2 was obtained by 

constructing a con figured device. Although the PL intensity of complexes 

containing bipy and Phen was weaker than that of Lu(PMIPk2TPhPO 

complex, they displayed a better EL perfonnance because of fonnation of 

the exciplex. Further, the above results indicate that not only complexes 

with high PL intensities can be used as emitters in OLEDs, but also that 

those showing weak or no PL have potential applications if they can fonn 

exciplexes with a high EL efficiencies [X in et al. 2003]. 

Photoluminescence and electroluminescence of a series of terbium 

complexes based on 1-phenyl-3-methyl-4-acyl-pyrazolone-5 were 

investigated [Gao et al. 1999]. It is clear from the results that when the 

substituent at the 4th position changes from a strong electron attracting 

group as in PMFP-Tb-TPhPO to an electron donating group as in PMOP

Tb-TPhPO, the quantum efficiency of the complex increases remarkably. 

The neutral ligands such as TPhPO, Phen, dipyridine, water also affect the 

photoluminescence and electroluminescence of terbium complexes. A 

photochemical explanation for the influence of the acyl group and the 
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neutral ligand on the photoluminescence was proposed in relation to 

ligand-to-metal energy transfer. The electroluminescence of terbium 

complexes having a neutral ligand comes from both the light emitting layer 

and the hole transport layer while the electroluminescence of the terbium 

complex without a neutral ligand is pure green coming solely from the light 

emitting layer. It therefore demonstrates that the former has higher electron 

transport ability than the latter. 

Q 
neutral ligand :~Tb ___ o~ 

'o-{ "cH3 

R 

TPhPO 

Dipy 

neutral ligand 

Phen 
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Recently, the synthesis and characterization of new lanthanoid 

complexes of the fonnula [M(Q)3(H20)(EtOH)], NBu4[M(Q)4] and 

[M(Qh(L)] (M= Eu or Tb; HQ = I-phenyl-3-methyl-4-R-pyrazol-5-one; R 

= cyclopentylcarbonyl and cyclopentylpropionyl; L = 1,1 O-phenanthroline 

(phen) or 4,7-diphenyl-l,lO-phenanthroline (bathophen)) are reported 

[Pettinari et al. 2004a]. Luminescence studies have been perfonned and the 

data suggested a strong influence of the nature of the acyl moiety in Q 

ligands and of phenyl groups in bathophen on luminescence properties. 
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HQ R'= o 
HQEtcP R'=~ 

Structure of the proligands HQcP and HQEtcp. 

A senes of ternary mixed-ligand 4-acyl-5-pyrazolone lanthanoid 

complexes: LnQ3.2H20 (where Ln3
+ = Tb3

+ or Gd3
+ and Q = I-phenyl-3-

methyl-4-acyl-pyrazolone-5 where acyl = propionyl, acetyl, isobutyryl, 

neovaleryl or benzoyl) have been synthesized and characterized by FT-IR, 

UV-spectra and TG-DTA analysis [Zhou et al. 1997]. Room temperature 

phosphorescence was observed from the Gd3
+ complexes by excitation of 

the sample with the fourth harmonic frequency ofNd:YAG laser beam (A. = 

266 nm) and the triplet energies of the pyrazolone ligands were evaluated. 

Both the fluorescence intensity and fluorescence lifetime of terbium 

complexes depend on the structure of the ligands. The crystal structure of 

[Tb(PMPPh2H20].EtOH was determined by X-ray diffraction and the 

complex was found to be mononuclear. Tb3
+ ion is coordinated to 8 oxygen 

atoms (six of which are from the 3 bidentate pyrazolone ligands and the 

other 2 are from the two coordinated water molecules) to form a square 

antiprism coordination polyhedron. It has been concluded from the above 

study that the substitution of the benzoyl group with an acyl group may 

decrease the electron conjugate system to yield a ligand with a higher 

triplet energy level, so that ligand-to-metal energy transfer may proceed 

much more easily. 
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The time resolved emISSlOn spectra and lifetimes of a senes of 

lanthanoid-acylpyrazolone complexes were measured under 266 nm laser 

excitation. The phosphorescence spectra of the triplet states of the Gd3+ 

complexes were observed at room temperature. The relative efficiencies of 

intramolecular energy transfer from the triplet state of different ligands to 

the 5D4 level of Tb3
+ ion have been quantitatively calculated on the basis of 

the exchange-interaction theory. The properties and functions of ligand

localized excited singlet and triplet states have been discussed and 

identified the triplet energy level as one of the key parameters in 

intramolecular energy transfer. The illumination efficiency of the Tb3
+ 

complex is associated with two factors: one is the lifetimes of the singlet 

and triplet states of the ligand and the 5D4 level of Tb3
+ ion and the other is 

the intersystem-crossing rate of the ligand and the energy transfer rate from 

triplet state to the 5D4 level [Ying et al. 1996]. 

Influence of ligands on the photoluminescent properties of Eu3
+ ion 

in Eu-~-diketonates/poly(methylmethacrylate) doped systems have been 

studied. The three kinds of Eu-p-diketonates, Eu(DBM)3, Eu(BA)3 and 

Eu(TI A)3 were doped in PMMA matrix. Eu3
+ ions in the doped 

Eu(DBM)3IPMMA systems have two distinct symmetric sites and the 

emission band changes greatly with the compositions. The results highlight 

that the interaction between the chelate molecules and between the chelate 

and PMMA are different for Eu(DBM)3, Eu(BA)3 and Eu(TTAh- For 

Eu(DBM)3, the carbonyl groups coordinate to the Eu3
+ ion resulting in the 

variation of the first coordination sphere around the Eu3
+ ion, leading to the 

great change in the photoluminescence properties. On the other hand, 

crystallites formed in the doped systems due to the stronger interaction 

between the chelates, may be the T[-T[ interactions between the phenyl 

groups, causing the inhomogeneous broadening of the emis'sion bands. For 
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Eu(BA)3 and Eu(TTA)3, these two chelates dispersed well in PMMA due 

to the interaction between -CH3 groups in PMMA and -CH3 and -CF 3 

groups in the chelate, the emission bands are narrower than those of the 

corresponding Eu(DBM)3 sample, and the first coordination sphere around 

Eu3
+ ion keeps, resulting in similar photoluminescent properties [Liu et al. 

2004]. 

Oxadiazole-functionalised Eu3
+ dibenzomethanate and oxadiazole 

functionalised Tb3
+ (DBM) complexes have been used as emitting layers in 

OLEDs [Wang et al. 200 I ; Liang et al. 2003] 

A novel Eu3
+ complex, tris( dibenzoylmethanato )(2-4'-

triphenylamino )imidazo [4,5-t] I, I O-phenanthroline-europium(III), 

Eu(DBM)3(TPIP), was synthesized by integrating light-emitting-centre, 

hole-transporting triphenylamine and electron-transporting phenanthroline 

fragments into one molecule and utilized as emitting layer in the 

electroluminescence devices [Sun et al. 2003; Bian et al. 2004]. 

[Eu(DBMkHPBM], [Eu(DBMkPhen], [Eu(DBM)3.bath] and 

[Eu(DBMkEPBM] were prepared and used as emitting materials in 

organic electroluminescent materials [Liu et al. 1997; Hong et al. 1997; 

Huang et al. 2001]. 

Synthesis, characterization and photoluminescent properties of the 

Eu(ppa)3.2H20 and Eu(ppakPhen have been reported. The study reports a 

new complex of Eu3
+ ion with a p-diketone with a phenyl group attached to 

the centre of the coordination ring, which represents an efficient antenna 

molecule for the transfer of the absorbed energy to lanthanoid ion. The 

ternary complex, Eu(ppakPhen synthesized present a strong luminescence, 

5 7 
with the characteristic very sharp bands of the transitions Do--' FJ (J = 

3+ 5D --. 7F I 
0-4) of Eu (band widths of 0 2 at 610.6 nm = 15 cm- and 
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5 7 
DO----" Fo at 578.8 nm = 12 cm-I), becoming a promising candidate as 

luminescent material for photoluminescence applications [Ribeiro et al. 

2004]. 

Adducts of the type Ln(NTAhL (Ln = Eu3+, Gd3+; L = DAB, 

DMSO, Phen, bipyrimidine, bipy, H20) have been prepared and 

characterized by elemental analyses, thermogravimetric analyses, IR and 

Raman spectroscopy and photoluminescence spectroscopy. It has been 

found that the 5Do quantum efficiency for these complexes vary 

considerably depending on the nature of L, decreasing in the order L = 

DMSO (62%), phen (40%), bipyrimidine (39%), H20 (29%) and DAB (2-

3%). The low 5Do quantum efficiencies for the DAB adducts can be 

reliably assigned to a non-radiative decay through the LMCT state of Eu3
+ 

ion, which is at rather low energies in these diimine compounds [Femandes 

et al. 2004; Carlos et al. 2003]. 

The excitation spectra of Eu(TTFAh5Mphen in solid state and in 

solution show strong sensitization of Eu3
+ emission. The efficiency of the 

ligand-to-metal energy transfer is confirmed by very pronounced emission 

from 5DI energy level of Eu3
+ ion. The strong temperature dependence of 

the luminescent decay times, suggests the presence of thermally activated 

energy back transfer from Eu3
+ energy levels to the ligand triplet state and 

perhaps LMCT states take part in this process. Considerably lower decay 

times in alcohol solutions suggest efficient quenching of the Eu3
+ red 

emission by OH modes [Gawryszewska et al. 2004]. 

Luminescent properties of supramolecules of 2-

thenoyltrifluoroacetonate of Eu3
+ ion and crown ethers as ligands have 

been investigated. The emission spectrum of the DB 18C6 system shows 

5 7 
only one peak for the Do ~ Fo transition indicating the presence of a 
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single chemical environment around the Eu3
+ ion. In contrast, 18C6 system 

presents two sites of symmetry for the Eu3
+ ion. The above results suggest 

that Eu3
+ supramolecules are promising photochemically stable compounds 

to be used as luminescent probes [Felinto et al. 2003]. 

Structure, photophysics and magnetism of Eu mixed complex, 

[Eu(HFAA)3 .bipy.H20] in the solid state and in solution have been 

investigated and important characteristics of this material has been 

correlated with donor-acceptor properties of the substituents in ligands. X

ray single crystal study shows that Eu3
+ ion is coordinated by six oxygen 

atoms of HF AA, 2 N-atoms of 2,2' -bipyridine molecule and one molecule 

of water. The emission properties of the complex were strongly dependent 

on the energy of the excitation beam and on temperature. Strong 

dependence of emission intensity and composition of the spectra in the 

5 7 
range of the Do~ F1,2 transitions indicate the possible role of 2,2'-

bipyridine molecules in intra- and inter-molecular energy transfer. 

Magnetic data obtained down to 1.7K showed the existence of some 

7F ~ 7F 
discrepancies between the spectroscopically determined 0 I 

splitting and that obtained from the magnetic data [Thompson et al. 2002]. 

Eu(MHD)3.o-phen has been prepared and characterized by means of 

a luminescence spectrum and by complete structure determination by X-ray 

diffraction. The p-diketonate ligand is unsymmetrical with a methyl group 

at one end and an isobutyl group at the other. The luminescence spectrum 

is typical for low-symmetry complexes of this type with a single sharp 

5 7 
Do--' Fo transition at 579.9 nm accompanied by a weak shoulder. The 

5D --. 7F 5D ~ 7F 
o I and 0 2 transitions are completely resolved with 

weak additional transitions that are most likely vibronic in origin. The X-
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ray structure shows a single eight-coordinate coordination geometry that 

approximates a square antiprism [Thompson and Berry 2001]. 

The photophysical properties of Eu3
+, Gd3

+ and Tb3
+ complexes with 

2-hydroxy-2,4,6-cyc1oheptatrien-l-one have been investigated. The results 

show that the ligand triplet states are at lower energies than the Eu3+ and 

Tb3
+ emitting states, thus quenching the luminescence from these ions by 

non-radiative relaxation to the ground state [Santos et al. 1997]. 

The influence of the donor-acceptor properties and of the size of the 

ligands on the spectroscopic characteristics of a series of Eu(DPMh-Phen 

compounds was investigated. The dependencies of the Stark splitting of the 

Eu3
+ energy levels, the efficiency of the excitation of Eu3

+ ion through the 

ligand bands, vibration frequencies, and patterns of vibronic sidebands 

with variation of the phenanthroline substituent were examined. Crystal 

field parameters were calculated. It was shown that the steric factors are 

significant in determining the structure of the compound. The same 

7 5 
intensity distribution patterns of vibronic sidebands of the Fo ----.. D2 

transition m excitation spectra of different ~-diketonates were 

demonstrated. Eu(DPMh-Phen compounds containing phenyl derivatives 

of phenanthroline, exhibit the highest luminescence [Tsaryuk et al. 2000; 

Malta et al. 1996]. 

The synthesis, characterization and photophysical properties of 

Tm(ppah.2H20 complex have been reported. Its characterization has been 

carried out by EDT A titration and TGA analysis, which indicates the 

presence of the tris-~-diketonate complex with two water molecules 

completing the metal coordination sphere. The photophysical analyses of 

the Tm(ppah.2H20 complex were carried out at room and liquid nitrogen 

temperatures (77K). The excitation and absorption spectra showed a broad 

band centered at 335 nm, which is ascribed to the complex since ppa 
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absorbance maXImum IS centered at 295 nm. The emISSIOn spectra 

presented the characteristic bands of Tm3+ due to the 104~ 3H6 (478 

10 ~3F 10 --..3H 3H ~ 3H nm), 4 4 (650 nm), 4 5 (770 nm) and 4 6 (790 

nm) transitions [Serra et al. 1998]. 

The solid state photophysical properties (luminescence spectra, 

quantum yield and decay times) of the complexes Ln(bzac)3.L (Ln = Eu3
+ 

or Gd3+; L = H20, Phen, PhenNO) were investigated down to 77K and 

compared to those of the related complexes Eu(btfahL. Quantum yield 

values were enhanced by PhenNO molecule. This can be ascribed to a 

decrease in the non-radiative 5Do relaxation rates. Further, the quantum 

yields are larger for the btfa complexes, probably due to the presence of the 

electron withdrawing CF 3 groups [Junior et al. 1997]. 

Syntheses, luminescence and quantum yields of Eu3
+ mixed 

complexes with 4,4,4-trifluoro-l-phenyl-l,3-butanedione and PhenNO or 

H20 have been described. The more pronounced temperature dependence 

of the quantum yield (q) and the larger difference between the q values 

upon ligands and the direct Eu3
+ excitation for the hydrated compounds 

show that there are other quenching processes operative, besides the 

expected multiphonon relaxation via the water vibrations. The results 

clearly show that the substitution of the water molecules by phenNO leads 

to greatly enhanced q values (30% vs. 66% upon ligand excitation at 300K) 

and longer 5Do life times (380 JlS vs. 670 JlS, respectively). This can be 

ascribed to a more efficient ligand-to-metal energy transfer and to less 

efficient non-radiative 5DO relaxation processes [de Mello Donega et al. 

1996; de MelloDonega et al. 1997]. 

The synthesis, characterization and spectroscopic properties of the 

complex Eu(TTAh2DBSO have been described. Experimental and 
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theoretical results on ligand field parameters, 4 f-4 f intensities and 

intramolecular energy transfer processes are described. The characteristic 

emission spectrum of the Eu3
+ ion shows a very high intensity for the 

5 7 
hypersensitive Do~ F2 transition, pointing to a highly polarizable 

chemical environment around the Eu3
+ ion. Lifetime measurements 

confirm that the Eu3
+ luminescence has a higher efficiency than in the case 

of the hydrated compound. The theoretical model developed was proved to 

be very useful in predicting coordination geometries and electronic 

structure of the organic part of rare earth coordination compounds. 

Lifetime measurements confirm that the Eu3
+ luminescence has a higher 

efficiency than in the case of hydrated compounds [Malta et al. 1997]. 

Organic-inorganic hybrids, named di-ureasils and described by 

polyether based chains grafted to both ends to a siliceous backbone through 

urea cross linkages, were used as hosts for incorporation of the well-known 

coordination complex of the Eu3
+ ions described by the formula 

[Eu(ITAh2H20]. These materials enhanced the quantum efficiency for 

photoemission of Eu3
+ ions. The enhancement can be explained by the 

coordination ability of the organic counterpart of the host structure which 

is strong enough to displace water molecules in [Eu(TTA)3(H20)2] from 

the lanthanoid neighbourhood after the incorporation process. High 

intensity of Eu3
+ ion emission was observed with a low non-radiative decay 

rate under ultraviolet excitation. The quantum efficiency calculated from 

the decay of 5Do emission was 74%, which is in the same range of values 

previously obtained for the most efficient Eu3
+ coordination compounds. 

Thus this approach makes the compounds introduced potentially interesting 

for application in luminescent devices [Molina et al. 2003]. 

Fluorescence lifetimes and energy transfer of rare earth ~-diketone 

complexes (EuL3Phen) (L = acac, TF A, HF AA and TT A) in organized 
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molecular films have been investigated. Both the fluorescence lifetime and 

the fluorescence intensity of the lanthanoid complexes have been found to 

vary with the ~-diketone ligand and were found to be longer in Langmuir

Blodgett (LB) films than that in solution. These investigation results help 

in further understanding the intra- and inter-molecular energy transfer 

processes of lanthanoid complexes in organized molecular films [Zhang et 

al. 1997; Zhang et al. 1997 a; Zhang et al. 2000]. 
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Investigations on the Interactions of Structurally 
Related Crown Ethers with 3-Phenyl-4-aroyl-5-
isoxazolone Complexes of Trivalent Lanthanoids 
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Although there have been many studies on the synergistic extraction 

of trivalent lanthanoids using oxo-donors as adduct fonning reagents in the 

presence of 1 ,3-~-diketones, improvement in the selectivity among these 

metal ions has been hardly achieved [Mathur 1983; Bond et al. 2000]. 

However, a remarkable increase in the extractability and selectivity has 

been reported in the extraction of trivalent lanthanoids with 18C6 or 

DCl8C6 in the presence of HTTA [Kitatsuji et al. 1995] or 

benzoyltrifluoroacetone [Reddy et al. 1998]. This has been attributed to the 

characteristic ion-pair extraction of the lighter lanthanoids with 1,2-

dichloroethane containing HIT A or Hbtfa and 18C6 or DC 18C6, in which 

the cationic complex, Ln(TT A)2.CE+ or Ln(btfa)2.CE+ was fonned and 

extracted. Also, this has been interpreted on the basis of the size-fitting 

effect in the complex fonnation of the lighter lanthanoids with CE. 

Macrocyc1ic crown ethers (CE) have unique complexation 

properties for metal ions, i.e., the size selectivity originates from the correct 

fit of a metal ion into the cavity of the crown ether. This property of crown 

ethers renders them attractive as size selective extractants for the extraction 

separation of a series of metals such as alkali, alkaline earths and possibly 

lanthanoids. 

The extraction of trivalent lanthanoids with mixtures of crown 

ethers and 1 ,3-~-diketones involves a variety of geometric (cavity size and 

steric repulsion between extract ants ), enthalpic (donor basicity) and 

entropic effects (cation dehydration) [Bond et al. 2000; Mathur and 
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Choppin 1993]. The crown ethers do exhibit synergistic behaviour but the 

fit of the cation and crown cavity size does not seem to be a significant 

factor in some of these 1,3-p-diketone complexes. 

lS-crown-6 

r 01 
~o 0) 
~o 0 

~OJ 
Benzo-lS-crown-6 

Dicyclohexano-lS-crown-6 

Dibenzo-lS-crown-6 

Further, it has also been reported that these metal ions may interact with 

only a few of the potential donor oxygens and steric effects are probably 

significant in establishing this number. These factors prompted us to 

investigate the nature of the interactions of structurally related crown ethers 

with heterocyclic lipophilic ketone, namely, 3-phenyl-4:.aroyl-5-

isoxazolone complexes of lanthanoids. 

Among 3-phenyl-4-acyl-5-isoxazolones (1), HPBI has come to 

occupy a special place in the solvent extraction of metal ions due to its 

lower pKa value [Le et al. 1993; Reddy et al. 1995a; Torkestani et al. 1996; 

Sahu et al. 2000]. The lower pKa value of HPBI (1.23) is due to the 

electron delocalization induced by the isoxazolone moiety. This property 
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makes 3-phenyl-4-acyl-5-isoxazolone an interesting class of p-diketones 

with potential application as reagent in the extraction separation of metal 

ions complexing from strong acid media [Mohapatra and Manchanda 1993; 

Manchanda et al. 1996; Sahu et al. 1999; Reddy and Meera 2001]. 

N-- R 
R= -0 :HPBI 

I 

o -CH3 : HPAI 

1 

In the solvent extraction separation of metal ions, fluorinated substituents 

have often been introduced in extractant molecule. The acidity of the 

extractant is, thus, enhanced by the strong electron withdrawing nature of 

the fluorinated substituent, and thus the metal ions are extractable from 

more strongly acidic solutions. Hence, in the present study, various para

substituted 4-aroyl derivatives of 3-phenyl-5-isoxazolones, namely, 3-

phenyl-4-( 4-fluorobenzoy 1)-5 -isoxazo lone (HFB PI) and 3 -p heny 1-4-( 4-

toluoyl)-5-isoxazolone (HTPI), by introducing both electron withdrawing 

(oF) and electron donating (-CH3) groups, have been synthesized and 

utilized to study their effects on the extraction behaviour of Ln3
+ ions in the 

presence and absence of various crown ethers. 

3.1. Experimental 

3.1.1. Apparatus 

A well-type NaI(Tl) Gamma Scintillation Counter supplied by 

Nucleonix Systems, India, was used for the measurement of the gamma 
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were performed with a Perkin-Elmer Series 2 Elemental Analyser 2400. A 

Nicolet Impact 400D IR Spectrophotometer using potassium bromide 

pellet, was used to obtain IR spectral data and a Bruker 300 MHz NMR 

spectrometer was used to obtain IH NMR spectra of the extractants and 

extracted complexes in CDCl3 and CDCh-DMSO-d6 or acetone-d6 media, 

respectively. An Orion 720A Ion Analyzer (Beverly, USA) was used for 

pH measurements. Semi empirical molecular orbital calculations were 

carried out using Titan Version 1 from wave function Inc., 18401, Von 

Karman, Suite 370, Irvine, CA 92612 [Stewart 1989]. All the computer 

programs were written in FORTRAN 77 and executed on a Pentium PC 

(HCL, India). 

3.1.2. Chemicals 

Radio isotopes 147Nd (t1/2 = 10.98d), 152,154Eu (t1/2 = 13.33y) and 

170Tm (t1l2 = 128.6d) were supplied by the Board of Radiation and Isotope 

Technology (BRIT), India. Crown ethers; 18C6, DC 18C6, B 18C6, 

DB 18C6, EU(N03)3.6H20, 3-phenyl-S-isoxazolone, benzoic anhydride, 

sodium benzoate and various acid chlorides were obtained from Aldrich 

Chemical Company. 

Stock solutions of Nd3+, Eu3
+ and Tm3

+ ions were prepared by 

dissolving appropriate amounts of Nd20 3, EU203 and Tm203 (Rare Earth 

Products, Cheshire, U.K., 99.99 %) in concentrated nitric acid and made up 

to the required volume with distilled water. The stock solutions were 

standardized by titrating against standard solution of EDTA at pH = S.O 

acetate buffer with xylenol orange indicator [Reddy et al. 1989]. Initial 

lanthanoid ion concentration was maintained at 1.0 x 10-6 mol dm-3 for all 
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the extraction studies. Ionic strength was maintained at 1.0 mol dm-3 using 

sodium nitrate. 

Syntheses of /igands 

3-Pbenyl-4-benzoyl-5-isoxazolone: HPBI was synthesized by the 

benzoylation of 3-phenyl-5-isoxazolone [Korte and Storiko 1961] (Scheme 

3.1). Stoichiometric amounts of 3-phenyl-5-isoxazolone, benzoic 

anhydride and sodium benzoate were refluxed in dry l,4-dioxane for 3 hrs. 

The reaction mixture was cooled and filtered. The filtrate was diluted with 

distilled water and acidified with Hel. The precipitate was filtered, dried 

and recrystallized from ethyl acetate. 

Scheme 3.1 

3-Pbenyl-4-aroyl-5-isoxazolones: HFBPI and HTPI were synthesized 

from 3-phenyl-5-isoxazolone and corresponding acid chlorides [Korte and 

Storiko 1961] (Scheme 3.2). The crude products were filtered, dried and 

recrystallized from ethyl acetate. The synthesized 3-phenyl-4-aroyl-5-
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isoxazolones were identified by elemental analyses, IR and IH NMR 

spectral data. All other chemicals used were of analytical reagent grade. 

Ca(OHh .. 
1,4-dioxane 

R 

Scheme 3.2 

R= F : HFBPI 
CH3 : HTPI 

HPBI : M.P. 146°C; IH NMR data: 86.94-8.06 (m, lOH, phenyl); IR (KBr) 

data (u cm-I) : 3052, 1699, 1613, 1489,831; Elemental analysis: calculated 

forC I6HIINO), C 72.45; H 4.15; N 5.28; Found: C 72.27; H 4.18; N 5.17 

%; HIPI : M.P. = 145°C; IH NMR data: 86.93-7.37 (m, 9H, phenyl); 2.31 

(3H, methyl); IR data (u cm-I): 2600, 1699, 1613, 1600, 830; Elemental 

analysis: calculated for C I7H I3N03, C 73.12; H 4.66; N 5.02; Found: C 

73.52; H 4.73; N 5.31 %; HFBPI : M.P. = 149°C; IH NMR data: 86.80-

7.40 (m, 9H, phenyl); IR data (u cm-I) : 2600, 1702, 1620, 1583; Elemental 

analysis: calculated for C I6H ION03F, C 67.84; H 3.53; N 4.95; Found: C 

67.56; H 4.08; N 4.95 %. In the IH NMR spectra of HPBI, HTPI and 

HFPBI (Figs. 3.1-3.3), peaks observed at 85.90, 84.08 and 83.57, 

respectively, correspond to the enolic -OH in these compounds, which 

were found to have exchanged on addition of D20. Thus, confirming the 

existence of these compounds in the enolic form. The absence of a peak at 

83.8 corresponding to the methylene proton at the fourth position of the 
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isoxazolone ring, further confirms the existence of various 3-phenyl-4-

aroyl-5-isoxazolones quantitatively in the enolic form. 

I 
,.". 

HPBI 

o 

Fig. 3.1. IH NMR spectrum ofHPBI. 
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Fig. 3.2. IH NMR spectrum of HT PI. 
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Fig. 3.3. IH NMR spectrum ofHFBPI. 

3.1.3. Solvent extraction and analytical procedure 

Equal volumes of aqueous (1.0 mol dm-3 sodium nitrate of pH = 2.0 

containing 1.0 x 10-6 mol dm-3 Ln3
+ ions spiked with the respective tracers 

of trivalent lanthanoids) and organic phases were equilibrated for 60 min in 

a small stoppered glass centrifuge tupe using a mechanical shaker at 303 ± 

I K. Preliminary experiments showed that the extraction equilibrium was 

attained within 40 min. The solutions were then allowed to settle, 

centrifuged, separated and assayed radiometrically using a NaJ(TI) gamma 

scintillation counter. The distribution ratio, D, of Ln3
+ ion was detennined 

as the ratio of the radioactivity of nuclide present in the organic phase to 

that in the aqueous phase. All the experiments were perfonned in duplicate 
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and the general agreement with distribution ratio values obtained was 

within ± 5%. 

3.1.4. Preparation of metal complexes 

The metal complexes were prepared by the following procedure: 

Aqueous NaOH (3mmol) was added slowly to an ethanol solution 

containing 3mmol 3-phenyl-4-aroyl-5-isoxazolone with stirring giving a 

clear light yellow solution. Aqueous solution of Immol EU(N03h-6H20 

was added slowly to the above solution with constant stirring at room 

temperature. The resultant mixture was continually stirred for about 10h. 

The white precipitate obtained was collected and washed thoroughly with 

ethanol, water and ethanol, respectively, stored in a desiccator and dried 

over fused CaCh [Yang and Yang 1995]. 

The ternary complex of HFBPI--crown ether with Eu3
+ ion was 

synthesized as follows: Stoichiometric amounts of europium nitrate 

solution were added to a well stirred solution of HFBPI in ethyl acetate and 

the resultant mixture was stirred for 1 h. To this, crown ether dissolved in 

ethyl acetate was added and the resultant mixture was refluxed for 5 h in 

order to ensure completion of the reaction. The precipitates formed were 

filtered, recrystallized in ethyl acetate and dried in a desiccator over fused 

eaCh. The complexes were characterized by IR and IH NMR spectral data. 

The metal ions in the complex were determined by the following method. 

A definite quantity of the complex was decomposed with a small amount 

of concentrated HN03 solution by heating and the excess acid was 

evaporated off. The residue was diluted with distilled water and the 

lanthanoid ion concentration was determined spectrophotometrically by 

Arsenazo 1 method [Snell 1978]. 
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3.2. Results and Discussion 

3.2.1. Extraction of trivalent lanthanoids with 3-phenyl-4-aroyl-5-

isoxazolones 

The extraction behaviour of Nd3+, Eu3+ and Tm3+ ions from 1.0 mol 

dm-3 sodium nitrate solution of pH = 2.0 with HFBPI alone in chloroform 

has been investigated as a function of the extractant concentration (HFBPI 

= 0.006-0.03 mol dm-3) and the results are depicted in Fig. 3.4. For 

comparison extraction studies have also been performed with HPBI (0.01-

0.04 mol dm-3) and HTPI (0.01-0.06 mol dm-3) and the results are given in 

Figs. 3.5 and 3.6. The relevant log-log plots (Figs. 3.4-3.6) gave straight 

lines with slopes of three for all the trivalent lanthanoids, indicating the 

extraction of simple metal chelates, Ln(FBP1h Ln(TPI)3 and Ln(PBI)3 with 

HFBPI, HTPI and HPBI, respectively. These, in conjunction with slopes of 

three observed with pH variation experiments (PH = 1.5-2.0) at constant 

HFBPI (0.02 mol dm-3) or HPBI (0.02 mol dm-3) or HTPI (0.02 mol dm-3) 

concentration, confirm the extraction of simple metal chelates (Figs. 3.7-

3.9). Similar simple metal chelate formation for the extraction of trivalent 

lanthanoids from perchlorate solutions into chloroform with HPBI has also 

been reported elsewhere [Le et al. 1993; Reddy et al. 1997; Sahu et al. 

1999]. The above results indicate that three moles of 3-phenyl-4-aroyl-5-

isoxazolone react with one mole of Ln3+ ion, releasing three moles of H+ 

IOns. 
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Fig. 3.4. Effect ofHFBPI concentration on the extraction ofNd3
+, Eu3

+ and 

Tm3
+ ions. Aqueous phase = 1.0 mol dm-3 NaN03 of pH = 2.0 + Ln3

+ = 1.0 

x 10.6 mol dm-3• 
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Fig. 3.5. Effect of HPBI concentration on the extraction of Nd3
+, Eu3

+ and 

Tm3
+ ions. Aqueous phase = 1.0 mol dm-3 NaN03 of pH = 2.0 + Ln3

+ = 1.0 

x 10.6 mol dm-3• 
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Fig. 3.6. Effect of HTPI concentration on the extraction of Nd3
+, Eu3

+ and 

Tm3
+ ions. Aqueous phase = 1.0 mol dm-3 NaN03 of pH = 2.0 + Ln3

+ = 1.0 

x 10-6 mol dm-3• 
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Fig. 3.7. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ Ions. 

Aqueous phase = 1.0 mol dm-3 NaN03 + Ln3
+ = 1.0 x 10-6 mol dm-3

, 

[HFBPI] = 0.02 mol dm-3
. 
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Fig. 3.8. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions. 

Aqueous phase = 1.0 mol dm-3 NaN03 + Ln3
+ = 1.0 x 10-6 mol dm-3

, 

[HPBI] = 0.02 mol dm-3
. 
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Fig. 3.9. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions. 

Aqueous phase = 1.0 mol dm-3 NaN03 + Ln3
+ = 1.0 x 10-6 mol dm-3

, 

[HTPI] = 0.02 mol dm-3
. 
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Based on the preceding studies, the extraction equilibria of Nd3+, 

Eu3
+ and Tm3

+ ions with chelating extractants, HX (HFBPI, HTPI or 

HPBI) alone may be expressed as: 

3+ 
Ln aq + 3 HXorg 

Kex,o + 
:::;::::='~ LnX30rg + 3 H aq (1) 

where Kex,o denotes the equilibrium constant. 

[ + 3 LnX 3 ] org [H ] 
K _ aq 

ex,O - [Ln 3+ ] [HX] 3 
aq org 

(2) 

Then the distribution ratio, D, from Eqs. (1) and (2) can be expressed as 

3 
Kex O[HX] org 

D= ' 
[H+]3 aq 

(3) 

The equilibrium constants for the above complexes were determined 

by a non-linear regression analysis as described below and are given in 

Table 1. 

(1) Assume values for Kex,o 

(2) Value of D under the given conditions are calculated from Eq. (3) and 

compared with the experimental values 

(3) The value of equilibrium constant which leads to a minimum root mean 

square fractional error, y 

y = _1 f{DcOI'; - Dexp,;}2 (4) 
N 1=1 Dexp,; 

for all the experimental data, is taken as the equilibrium constant for the 

system under consideration. The equilibrium constants thus calculated refer 

only to concentration quotients, calculated on the assumption that the 

activity coefficients of the species involved do not change significantly 
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under the experimental conditions. The partition coefficients of 4-aroyl-5-

isoxazolones (log KD,HPBI = 2.88 in chloroform-water system) [Le et al. 

1993] in organic solvents are generally very high. Hence, no correction is 

required for the partitioning of ligands into the aqueous phase. 

It is clear from Table 3.1 that the log equilibrium constants of these 

Ln3
+ ions with various 4-aroyl-5-isoxazolones increase with decreasing 

ionic radii of the Ln3
+ ions. Since the ionic radii of Ln3

+ ions become 

smaller, with increase in atomic number, the charge density also increases. 

Consequently, the Ln3
+ ions are well extracted with increase in atomic 

number. Thus, the strength of the electrostatic interaction between the 

extractant anion and the lanthanoid cation increases as the size of the latter 

decreases [Preston and du Preez 1990]. Comparing the equilibrium 

constants of various 3-phenyl-4-aroyl-5-isoxazolones for the extraction of 

lanthanoids from nitrate solutions (Table 3.1) with their pKa [Odashima et 

al. 1995] values, it can be concluded that log equilibrium constant value 

increases as pKa value decreases. The results demonstrate that the 

extraction efficiency of Ln3
+ ions follows the order: HFBPI > HPBI > 

HTP!. It is interesting to note that the substitution of fluorine in the 4th 

position of the benzoyl moiety in HPBI molecule significantly improves 

the extraction efficiency of these metal ions. On the other hand, the 

substitution of an electron-releasing group like methyl (-CH3) diminishes 

the extraction efficiency. 

The extraction efficiency of vanous 4-aroyl-5-isoxazolones 

(LogKex,HFPBI = 0, LogKex, HPBI = -0.27, LogKex, HTPI = -1.01) is found to be 

significantly higher than that of 4-acylpyrazolones (LogKex, HPMTFP = -3.78, 

LogKex, HPMBP = -5.33) by comparing the equilibrium constant values of 

Eu3
+ ion with these reagents. 
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Table 3.1. Two phase equilibrium constants of Nd3
+, Eu3

+ and Tm3+ -4-

aroyl-3-phenyl-5-isoxazolones -chloroform systems. 

Extractant pKa 0---0 Log Equilibrium constant 
distance NdJ + EuJ + TmJ+ 

A 
HFBPI 0.65 2.72 -0.69 ± 0.01 0.00 ± 0.02 0.19 ± 0.02 

HPBI 1.23 2.72 -1.59 ± 0.01 -0.27 ± 0.02 -0.17 ± 0.02 

HTPI 1.48 2.72 -2.11 ± 0.02 -1.01 ± 0.01 -0.75 ± 0.01 

Table 3.2 gives the separation factors (S.F.) between these Ln3
+ ions 

defined as the ratio of respective equilibrium constants with various 4-

aroyl-5-isoxazolones. It is clear from the results that the selectivity among 

Ln3
+ ions with various 4-aroyl-5-isoxazolones follows the order: HPBI > 

HTPI > HFBPI. This trend clearly highlights that the separation of 

lanthanoids becomes poorer as the extractability increases. Further, these 

results also strongly suggest the relationship between the selectivity and 

pKa value of the ligand. The separation factors observed with various 4-

aroyl-5-isoxazolones, especially, between Eu and Nd pair, are comparable 

with that obtained in the presence of EHEHPA (EulNd = 3.94) [Bautista 

1995] and D2EHPA (EulNd = 12.5) [Pierce and Peck 1963; Reddy 1995b], 

which are widely used as extractants in the Rare Earth Industry. 

Recently, the 0---0 distance has been identified as one of the most 

significant factors that governs the selectivity in the complexation of p

diketones with metal ions [Umetani et al. 2000]. Hence in the present 

study, the 0----0 distances in the para-substituted 4-aroyl-5-isoxazolones 

have been determined by semi-empirical PM3 molecular orbital calculation 

taking into account the hydrogen bond (Table 3.1) (Fig. 3.10). From the 0-
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··0 distances (bite size) it is clear that para substitution in 3-phenyl-4-

aroyl-5-isoxazolones ultimately does not induce any steric repulsion 

between the 3-phenyl group and the 4-aroyl group, thus unaffecting the 0-

·0 distance. The larger 0---0 distance in 4-aroyl-5-isoxazolones would 

decrease the stability of the intramolecular H-bonding resulting in a great 

enhancement of acidity. Thus, it is clear from the present study that the log 

Kex values of lanthanoids with various para-substituted 3-phenyl-4-aroyl-5-

isoxazolone vary in accordance with the substituent on the benzoyl moiety 

of isoxazolone, which ultimately reflects on the acidity of the ligand (pKa). 

Table 3.2. Separation factors between Nd3
+, Eu3

+ and Tm3
+ ions with 4-

aroyl-5-isoxazolone systems. 

Extraction system Separation Factor 
(S.F.) 

Eu/Nd Tm/Eu 
HPBI 20.80 1.24 

HFBPI 4.88 1.55 

HTPI 12.66 1.80 

EHEHPA 3.94 24.00 

D2EHPA 12.50 161.00 

3.2.2. Solid complexes of Eu3
+ ion with varIOus 4-aroyl-5-

isoxazolones and their characterization 

Elemental analyses of complexes 

The analytical data presented in Table 3.3 show that Eu3
+ ion has 

reacted with 4-aroyl-5-isoxazolones in the metal:ligand mole ratio of 1 :3. 
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Fig. 3.10. Keto-enol structures of 4-aroyl-5-isoxazolones suggested by 

PM3 molecular modeling. 
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Table 3.3. Elemental analyses of the binary complexes of Eu3
+ ion with 3-

phenyl-4-aroyl-5-isoxazolones. 

Compound 
% Carbon % Hydrogen % Nitrogen % Europium 

Found Found Found Found 

(Calcd.) (Calcd.) (Calcd.) (Calcd.) 

HPBI 72.27 (72.45) 4.18 (4.15) 5.17 (5.28) 

HFBPI 67.56 (67.84) 4.08 (3.53) 4.95 (4.95) 

HTPI 73.52 (73.12) 4.73 (4.66) 5.31 (5.02) 

Eu(PBI)3.2 H2O 58.42 (58.78) 3.88 (3.47) 4.49 (4.28) 15.47 (15.51) 

tu(FBPlhJ H2O 54.29 (55.70) 3.28 (3.0) 4.06 (4.06) 14.62 (14.44) 

Eu(TPI)3J H2O 58.63 (59.88) 4.27 (3.91) 4.40 (4.11) 14.52 (14.61) 

IR spectra of binary complexes 

The IR spectra of the Eu3
+ binary complexes show a broad 

absorption in the region 3000-3500 cm- l indicating the presence of water of 

hydration in the complex [Figs. 3.11-3.13]. The existence of hydrated 

lanthanoid-p-diketonate complexes is well documented [Pettinari et aI. 

2004; Mathur and Choppin 1993; Zhou et al. 1997; Ying et al. 1996]. The 

carbonyl stretching frequency has been shifted from 1702, 1699 and 1706 

cm-I in the free HFBPI, HPBI and HTPI, respectively, to 1646, 1620 and 

1640 cm-I in Eu-FBPI, Eu-PBI and Eu-TPI complexes indicating the 

involvement of carbonyl oxygen in complex formation. 
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Fig. 3.11. IR spectrum of Eu3+-HFBPI binary complex (KBr). 



Chapter 3 55 

3400 

HPBI 

1620-1--lI 

I 

1699 

300D :2SJO 2000 1500 1000 500 

Wave Ilwnbers (cm-I) 

Fig. 3.12. IR spectrum ofEu3+-HPBI binary complex (KBr). 
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Fig. 3.13. IR spectrum of Eu3+-HTPI binary complex (KBr). 
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'H NMR spectra of binary complexes 

The 'H NMR spectra of the Eu3
+ binary complexes showed all 

expected signals for 4-aroyl-5-isoxazolone protons. The integration of the 

bands was in accordance with the formulae proposed. A clear indication of 

the complex formation of 4-aroyl-5-isoxazolone derivatives is given by the 

absence of the enolic -OH peaks, present in the free ligands. Signals for 

water protons were also noticed in all the complexes. The signals of phenyl 

protons have always been shifted to up fields upon coordination with the 

metal ion in all the complexes (Figs. 3.14-3.16). The signal of -CH3 group 

in HTPI complex has also been shifted to up field upon coordination with 

Eu3
+ ion (Table 3.4). 

* 

pp. 

Fig. 3.14. 'H NMR spectrum of Eu(TPIh.3H20 (acetone-d6*). 
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* 

pp. 

Fig. 3.15. IH NMR spectrum of Eu(PBlk2H20 (acetone-d6*). 

* 
Eu(FBPlh· 3H20 

Fig. 3.16. IH NMR spectrum of Eu(FBPlk3H20 (acetone-d6*). 
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Table 3.4. IH NMR spectral data of free ligands and binary complexes of 

Eu3
+ ion. 

Compound Phenyl protons -CH3 protons 

HPBI 6.94-9.29 ---

HTPI 6.93-7.36 2.31 

HFBPI 6.80-7.40 ---

Eu(PBIh- 2H2O 5.07-6.97 ---
Eu(TPIh- 3H2O 4.99-6.57 2.13 

Eu(FBPIh- 3H2O 5.15-6.62 ---

From the results of the extraction data, elemental analyses and IR 

spectral data, it is clear that Eu3+ ion is interacting with three molecules of 

4-aroyl-5-isoxazolones, releasing three H+ ions. In Eu(PBIh- 2H20, the 

eight oxygen atoms form square-antiprism coordination polyhedra around 

the central Eu3+ ion as observed in the X-ray crystal data of I-phenyl-3-

methyl-4-propionyl-5-pyrazolonate complex of Tb3+ ion [Zhou et al. 1997; 

Vicentini et al. 2000]. In Eu(FBPIh- 3H20 and Eu(TPIh- 3H20, the nine 

oxygen atoms form tri-capped trigonal prismatic geometry around the Eu3+ 

ion. The proposed structure of the extracted complex is shown in Fig. 3.17. 
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Fig. 3.17. Proposed structure of Eu(FBPIk 3H20 or Eu(TPIk 3H20, 

(R = F or CH3)' 
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3.2.3. Extraction of Ln3
+ ions with mixtures of HFBPI and 

structurally related crown ethers 

The extraction equilibria of Ln3
+ ions with a chelating agent, HFBPI 

(HX) in the presence of CE can be expressed as 

(4) 

where m = 0 or 1. Then distribution ratio, DSyn,m from Eqs. (3) & (4) can be 

written as 



Chapter 3 

DSyn,m = 

3 
[HX] org 

1 
where [CE] = [CElnitial /(1 +-) 

KD 

61 

(5) 

(6) 

The equilibrium concentration of 18C6 was calculated using the partition 

coefficient (log KD,18C6 = 0.8) taken from the literature [Sahu et al. 2000]. 

Since the partition coefficients of DC 18C6 and DB 18C6 (log KD,DB 18C6 = 

3.8; log KD,DCI8C6 = 3.52) are known to be quite large, no correction is 

necessary for the partitioning of CEs into the aqueous phase. It is assumed 

that this is also true for B 18C6. The interaction between the chelating agent 

and a neutral oxo-donor in chloroform are, in general, weaker when the 

diluent itself has strong interaction with the oxo-donor [Sekine et al. 1983; 

Torkestani et al. 2000]. Hence, it is assumed that there is negligible 

interaction between HFBPI and CEs in chloroform. The adduct formation 

reaction in the organic phase and the stability constant, PI, is given by 

LnX30rg + CE org :::;;_;r:=~"'~ LnX 3' CE org (7) 

PI = K syn, I / Kex,o (8) 

For confirming the above extraction equilibria, the extraction of 

Nd3
+, Eu3

+ and Tm3+ ions from 1.0 mol dm-3 NaN03 solution of pH = 2.0 

with mixture of HFBPI and various crown ethers into chloroform has been 

investigated. HFBPI has been chosen for synergistic extraction studies in 

view of its high extraction efficiency. It was found that the extraction of 
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these metal ions into chloroform with CE alone was negligible under the 

present experimental conditions. However, with mixtures of HFBPI and 

CEs a very high synergistic enhancement factor of the order of 102 

(Synergistic enhancement factor = Dsyn,ml (DHFBPI + DCE), where Dsyn,m = 

distribution ratio with HFBPI + CE; DHFBPI = distribution ratio with HFBPI 

alone and DCE = distribution ratio with CE alone) has been observed in the 

extraction of these metal ions (Table 3.5). It is clear from Table 3.5 that the 

synergistic enhancement factors of these Ln3
+ ions increase with increasing 

concentration of the CE in the order DC18C6 > 18C6 > B18C6 > DB18C6. 

This may be due to a difference in the extent of complexation of various 

CEs with lanthanoid chelates in the synergistic extraction systems. The 

extent of complexation essentially depends on relative sizes of the cation 

and the crown cavity, number of oxygen atoms in the polyether ring, 

coplanarity of the oxygen atoms, symmetrical placement of oxygen atoms, 

basicity of the oxygen atoms, steric hindrance in the polyether ring and 

electrical charge on the metal ion [Pedersen 1967]. 

The effect of HFBPI concentration (0.001-0.005 mol dm-3
) on the 

extraction efficiency of Ln3
+ ions has been investigated in the presence of 

various structurally related CEs (0.002 mol dm-3
) from 1.0 mol dm-3 

sodium nitrate solution of pH = 2.0. It is clear from the plots (Figs. 3.18-

3.21) oflog {Dsyn,m[H+f/(l+[CE](Ksyn,)IKHFBPI)} (rearrangement ofEq. (5» 

vs. log [HFBPI]org that at constant CE concentration only three HFBPI 

moieties are attached to the synergistic species in all the systems studied 

here. The extraction efficiency of Ln3
+ ions from 1.0 mol dm-3 sodium 

nitrate solution of pH = 2.0 has been studied as a function of CE 

concentration; 18C6 (0.002-0.02 mol dm-3
), B18C6 (0.001-0.006 mol dm

\ DB18C6 (0.002-0.02 mol dm-3
) or DC18C6 (0.001-0.006 mol dm-3

) in 

the presence of HFBPI (0.002 mol dm-3
) and the results are shown in Figs. 
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3.22-3.25. The plots of log {(Dsyn.m[H+]3/[HFBPI]3)-KHFBPI} vs. log [CE]org 

at constant HFBPI concentration gave slopes of unity for all the metal ions, 

indicating the participation of only one CE molecule in the synergistic 

extracted species. These, in conjunction with the slopes of three observed 

with pH variation (l.5-2.0) experiments with a mixture of constant HFBPI 

(0.002 mol dm-3) and CE (0.002 mol dm-3) concentrations (Figs. 3.26-3.29) 

confirm the extraction of Ln(FBPI)3.CE complexes. Similar types of 

complexes have been noticed by many investigators in the extraction of 

Ln3+ ion with 1,3-B-diketones like HTTA and 4-acylpyrazolones in the 

presence of various CEs [Bond et al. 2000]. 

Table 3.5. Synergistic enhancement factors of Ln3
+ ions with HFBPI in the 

presence of crown ethers (CEs). 

Crown Concn. of Concn. of Synergistic Enhancement Factors 
Ether HFBPI CE 

(mol dm-3) (mol dm-3) NdJ + EuJ + TmJ + 

DCl8C6 2 x IO-J 2 x 10-3 1.56 x 102 1.25 X IOL 1.41 X IOL 

2 x 10-3 4 x 10-3 3.13 x 102 2.50 x 102 2.82 x 102 

2 x 10-3 6 x 10-3 4.69 x 102 3.75 x 102 4.43 x 102 

.18C6 2 x 10-3 6 x 10-3 1.56 X 10L 1.25 X 10L . 1.47 X IOL 

2 x 10-3 8 x 10-3 2.06 x 102 1.65 x 102 1.94 x 102 

2 x 10-3 1 x 10-2 2.63 x 102 2.08 x 102 2.42 x 102 

.B18C6 2 x 10-J 2 x IO-J 0.38 X 10L 0.31 X 10L 0.33 X 10L 

2 x 10-3 4 x 10-3 0.75 x 102 0.61 x 102 0.65 x 102 

2 x 10-3 5 x 10-3 0.94 x 102 0.79 x 102 0.81 x 102 

DBl8C6 2 x IO-J 4 x IO-J 0.25 X 10L 0.25 X 10L 0.27 X IOL 

I 2 x 10-3 8 x 10-3 0.49 x 102 0.50 x 102 0.56 x 102 

2 x 10-3 1 x 10-2 0.61 x 102 0.63 x 102 0.71 x 102 
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Fig. 3.18. Effect of HFBPI concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant DC 18C6 concentration (0.002 mol dm-3

). 
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Fig. 3.19. Effect of HFBPI concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant 18C6 concentration (0.002 mol dm-3

). Aqueous 

phase = 1.0 mol dm-3 NaN03 of pH = 2.0 + Ln3
+ = 1.0 x 10-6 mol dm-3

. 
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Fig. 3.20. Effect of HFBPI concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant B 18C6 concentration (0.002 mol dm-3

). Aqueous 

phase = 1.0 mol dm-3 NaN03 of pH = 2.0 + Ln3
+ = 1.0 x 10-6 mol dm-3 
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Fig. 3.21. Effect of HFBPI concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant DB 18C6 concentration (0.002 mol dm-3

). 
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Fig. 3.22. Effect of DC 18C6 concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant HFBPI concentration (0.002 mol dm-3

). 

;;: 3 
= Tm3+ "" ::I: 

::c: 2.5 , 
""'"' ';..... - Nd3+ ~ 

2 r::cI 
~ 

== ..... .., 
1.5 ;- Eu3+ 

~ 
E ,,-

I Slope = 1.0 ± 0.05 i:;-
S, -ell 
c 0.5 ...:l 

-3 -2.6 -2.2 -1.8 -1.4 
Log [18C6)org 

Fig. 3.23. Effect of 18C6 concentration on the extraction ofNd3
+, Eu3

+ and 

Tm3
+ ions at constant HFBPI concentration (0.002 mol dm-3

). 
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Fig. 3.24. Effect of B 18C6 concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant HFBPI concentration (0.002 mol dm-\ 
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Fig. 3.25. Effect of DB 18C6 concentration on the extraction of Nd3
+, Eu3

+ 

and Tm3
+ ions at constant HFBPI concentration (0.002 mol dm-\ 
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Fig. 3.26. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions. 

Aqueous phase = 1.0 mol dm-3 NaN03 + Ln3+ = 1.0 x 10-6 mol dm-3
, 

[HFBPI] = 0.002 mol dm-3
, [DC18C6] = 0.002 mol dm-3
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Fig. 3.27. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions. 

Aqueous phase = 1.0 mol dm-3 NaN03 + Ln3+ = 1.0 x 10-6 mol dm-3
, 

[HFBPI] = 0.002 mol dm-3
, [18C6] = 0.002 mol dm-3

• 
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Fig. 3.28. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions. 

Aqueous phase = 1.0 mol dm,3 NaN03 + Ln3
+ = 1.0 x 10'6 mol dm,3, 

[HFBPI] = 0.002 mol dm,3, [DB18C6] = 0.002 mol dm,3. 
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Fig. 3.29. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions. 

Aqueous phase = 1.0 mol dm'3 NaN03 + Ln3
+ = 1.0 x 10'6 mol dm,3, 

[HFBPI] = 0.002 mol dm,3, [B18C6] = 0.002 mol dm'3. 
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The equilibrium constants of the above synergistic complexes of these 

metal ions were deduced by a non-linear regression analysis and are given 

in Table 3.6. It is evident from Table 3.6 that the synergistic constant 

(Ks)'ll,) increases with decreasing ionic radii of these metal ions, for all the 

systems studied here. In polar diluents, this can be attributed to the 

increasing coulombic interactions with charge density of the Ln3+ ions 

[Manchanda et al. 1988]. 

Table 3.6. Two phase equilibrium constants of Nd3+, Eu3+ and Tm3+_ 

HFBPI-CE-chlorofonn systems. 

,Extraction System Log Synergistic constant (log K syn,) 

, Nd j + Eu j + Tm"+ 

1 HFBPI + DC 18C6 4.20 ± 0.02 4.80 ± 0.02 5.04 ± 0.02 

I HFBPI + 18C6 3.75 ± 0.02 4.36 ± 0.02 4.64 ± 0.02 

HFBPI + B 18C6 3.54 ± 0.02 4.18 ± 0.02 4.40 ± 0.01 

HFBPI + DB 18C6 3.08 ± 0.02 3.76 ± 0.02 4.00 ± 0.02 

The increase in the extractability of lanthanoid complexes from 

Nd3
+ to Tm3+ ion can be due to the increase in electrostatic interactions 

between the cation and the ligand with decrease in ionic radii. The stability 

constants, ~), for the organic phase synergistic reaction of Ln3+-HFBPI 

chelate with various CEs were calculated according to Eq. (8) and are 

given in Table 3.7. The complexation strength of trivalent lanthanoids with 

various CEs follows the order: DC 18C6 > 18C6 > B 18C6 > DB 18C6. The 

sharp decrease in the complexation from 18C6 to B 18C6 and to DB 18C6 

mostly reflects increasing steric effects and decreasing basicity. This seems 

reasonable, since the extensive thennodynamic studies on cation-crown 
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ether complexation have shown that the cation binding ability of the CE 

containing benzo groups is lower than that for the parent CE, and have 

demonstrated that the diminished complex stability is due to the decreased 

electron density of donor oxygens produced by the electron withdrawing 

aromatic ring [Liu et al. 2000]. The cyclohexano group has a less dramatic 

effect on the stability of the complex and on cation selectivity [Izatt et al. 

1985]. Aliphatic substituents in the ligands do not alter the binding 

properties to any measurable extent as observed in our present study. The 

higher extractability of these Ln3
+ ions with DC 18C6 or 18C6 can also be 

explained on the basis of size fitting effect of these CEs. The DC 18C6 and 

18C6, with cavity sizes of 2.6-3.2 A, complex more strongly with metal 

ions such as lanthanoids having ionic diameters (2.06-1.72 A) close to the 

cavity size. On the other hand, the theory of cavity ion fit leads to the 

assumption that lanthanoids are too small to be stabilized by the size effect 

ofDB18C6 (4.0 A) [Izatt et al. 1985; Liu et al. 2000]. 

Table 3.7. Organic phase synergistic stability constants of Nd3
+, Eu3

+ and 

Tm3+-HFBPI-CE-chloroform systems. 

Extraction System Log Stability Constant (log PI) 
NdJ+ EuJ+ TmJ+ 

HFBPI + DC 18C6 4.89 ± 0.02 4.80 ± 0.02 4.84 ± 0.02 

HFBPI + 18C6 4.44 ± 0.02 4.36 ± 0.02 4.45 ± 0.02 

HFBPI + B 18C6 4.23 ± 0.02 4.18 ± 0.02 4.21 ± 0.01 

HFBPI + DB 18C6 3.77 ± 0.02 3.76 ± 0.02 3.81 ± 0.02 

It is clear from Table 3.7 that the stability constants of these Ln3
+ 

ions with various CEs do not follow a simple pattern with decrease in ionic 
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radii of these metal ions unlike that of synergistic constants. The unusual 

behaviour observed in the present investigations of CEs with Ln3+ ions in 

the presence of HFBPI may be due to a variety of geometric (cavity size 

and steric repulsion between the extractant classes), enthalpic (donor 

basicity) and entropic (cation dehydration) effects [Bond et al. 2000]. 

3.2.4. IR and 1 H NMR spectral data of Eu-FBPI-CE complexes 

The IR spectra of the Eu3
+ ternary complexes (Figs. 3.30-3.32) show 

a broad absorption in the region 3000-3500 cm-!, indicating the presence of 

water molecule in the complex. The presence of water molecules has also 

been reported elsewhere in the complexes of Eu3
+ ion such as in 

[Eu(ITA)3(H20)2(l8C6)2] and [Eu(TTA)2(H20)2(DB 18C6)2] [Felinto et al. 

2003]. The stretching frequencies of the C=O group of HFBPI have been 

shifted from 1702 cm-! to Uc=o: 1646 (Eu-FBPI-DCI8C6), 1640 (Eu-FBPI-

18C6) and 1660 (Eu-FBPI-DBI8C6) cm-I, which suggests that the 

carbonyl group is involved in the complex formation. The IR bands of C

O-C and Ph-C-O stretching vibrations in CE ligands show a significant 

shift to lower frequencies or diminution in intensity on complexation with 

the metal ion. The C-O-C vibrations at 1096, 1116 and 1136 cm-! of 

DCI8C6, 18C6 and DBI8C6, respectively appear at 1089, 1116 and 1129 

cmol in the respective complexes with less intensity. This suggests the 

involvement of oxygen of the CE in complex formation. 

Table 3.8 shows the !H NMR chemical shifts of free HFBPI, 18C6, 

DC 18C6, DB 18C6 and complexes of these ligands with Eu3
+ ion. For 

DCl8C6 alone, in the !H NMR spectra, the CE protons were observed as a 

singlet at 3.67ppm, and the CH2 protons of the cyclohexane were observed 

as a mUltiplet at 1.88-1.29ppm [Pedersen 1967]. 
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Fig. 3.30. IR spectrum of ternary complex of Eu3
+ ion with HFBPI and 

18C6 (KBr). 
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Fig. 3.31. IR spectrum oftemary complex of Eu3
+ ion with HFBPI and 

DB 18C6 (KBr). 
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Fig. 3.32. IR spectrum oftemary complex of Eu3
+ ion with HFBPI and 

DC18C6 (KBr). 



Chapter 3 76 

In the complex, the CE protons were observed at 3.50 ppm and 2.70 ppm 

(up field) of equal intensity, indicating non-unifonn interactions of ethereal 

oxygens of DC 18C6 with Eu3
+ ion. On the other hand, CH2 protons of 

cyclohexane were observed as a multiplet at 1.19-1.97 ppm. For 18C6 

alone, a singlet is observed at 3.68 ppm. In the complex, Eu-FBPI-18C6, 

two singlets were observed at 3.86 ppm and 3.84 ppm (down field) 

confinning non-unifonn interactions of ethereal oxygens of 18C6 with 

EuJ
+ ion. The CE protons observed at 4.03 ppm and 4.17 ppm in the free 

ligand, DB 18C6, are observed at 4.04, 4.17 and 4.24 ppm in the complex, 

Eu-FBPI-DB 18C6, indicating non-unifonn interactions of ethereal oxygens 

ofDB18C6 with Eu3
+ ion (Figs. 3.33-3.35). It can be concluded from the 

IH NMR studies that lanthanoids may not interact unifonnly with all the 

potential donor oxygens of CEs. This is in good agreement with the earlier 

reports of the extraction of lanthanoids with 2-thenoyltrifluoroacetonate 

(HTTA) complexes in the presence of CEs [Mathur and Choppin 1993]. 

Table 3.9 gives the separation factors (S.F.) between these trivalent 

metal ions, defined as the ratio of the respective equilibrium constants in 

the HPBI, HFBPI, HTPI and HFBPI + CE systems. It is clear from the 

table that the addition of a CE to the metal chelate system enhances the 

extraction efficiency significantly, but, at the same time, it diminishes the 

selectivity among these trivalent metal ions. Better selectivity has been 

well documented in the case of lanthanoids with HTTA or Hbtfa in the 

presence of CEs due to ion pair extraction of lighter lanthanoids. However, 

in the present study, no such behaviour .has been observed. Thus the 

decrease in selectivity in the present system may be due to the fonnation of 

simple metal chelate in the presence of CEs. 
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Fig. 3.33. IH NMR spectrum ofEu3+-HFBPI-18C6 ternary complex 

(CDC13-DMSO-d6). 
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Fig. 3.34. IH NMR spectrum of Eu3+-HFBPI-DB 18C6 ternary complex 

(CDCI3-DMSO-d6). 
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Fig. 3.35. IH NMR spectrum of Eu3+-HFBPI-DC18C6 ternary complex 

(CDCh-DMSO-d6). 
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Table 3.8. IH NMR spectral data of free ligands and 

metal-chelate-CE complexes. 

Compound Phenyl Crown ether protons 

protons (ppm) 

(ppm) 

18C6 --- 3.68 

DC18C6 --- 3.67, 1.88-1.29* 

DB18C6 6.87 4.03,4.17 

HFBPI 6.80-7.39 ---
Eu(FBPI)3· 18C6 6.16-8.11 3.86,3.84 

Eu(FBPI)3.DC 18C6 5.7-6.76 3.50,2.70,1.19-1.97* 

Eu(FBPI)3.DB 18C6 6.88-8.09 4.04, 4.17, 4.24 

*-cyc1ohexyl -CH2 protons 

80 

Table 3.9. Separation factors between Nd3
+, Eu3

+ and Tm3
+ ions with 

HPBI, HFBPI, HTPI and HFBPI + CE systems. 

Extraction system Separation Factor 
(S.F.) 

EulNd TmlEu 
HPBI 20.80 1.24 

HFBPI 4.88 1.55 

HTPI 12.66 1.80 

HFBPI + DC 18C6 3.97 1.74 

HFBPI + 18C6 4.07 1.92 

HFBPI + B 18C6 4.30 1.66 

HFBPI + DB 18C6 4.78 1.75 
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Synergistic Solvent Extraction of Trivalent 
Lanthanoids with Mixtures of I-Phenyl-3-methyl-
4-pivaloyl-5-pyrazolone and Structurally Related 
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I-Phenyl-3-methyl-4-acyl-5-pyrazolones (1) form an interesting 

class of ,B-diketones capable of extracting metal ions, particularly the 

"hard" metal ions, such as lanthanoids from relatively strong acidic 

solutions due to their lower pKa values (2.56-4.01) as compared to the 

familiar ,B-diketone, 2-thenoyltrifluoroacetone (HTTA; pKa = 6.25) 

[Umetani and Freiser 1987; Reddy et al. 2000; Umetani et al. 2000; 

lordanov et al. 2002]. The nature of the su~stituent in the 4-position of 

pyrazolone ring causes significant variations in the electronic, steric, and 

solubility parameters of the ligand, thereby affecting complexation and 

extraction behaviour of metal ions. 

CH3 HPMAP 

R 
C(CH3h HPMPP 

Ph HPMBP 

CF3 HPMTFP 

1 

Further, these ligands were found to have longer distances between the two 

donating oxygens (bite size) as compared to the conventional p-diketones, 

such as acetyl acetone and HTTA, according to estimation by molecular 

orbital calculations (Table 4.1) [Umetani et al. 2000]. Recently the 

relationship between the bite size and the selectivity in the extraction of 

Ln3
+ ions has been investigated and reported that the 0---0 distance is one 

of the most significant factors that governs the selectivity in the 
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complexation of ,B-diketones with metal ions. Our investigations in the 

previous chapter show that the para substitution by an electron 

withdrawing (-F) or electron-donating (-CH3) group on the benzoyl moiety 

of HPBI was unable to narrow the distance between the two donating 

oxygen atoms. Hence, if we can modify the structure of the ,B-diketone by 

introducing bulky groups to create a steric effect, this distance, may 

intentionally be controlled, and consequently the extractability and / or the 

selectivity can be improved. These factors prompted us to synthesize 1-

phenyl-3-methyl-4-pivaloyl-5-pyrazolone (HPMPP) by introducing a 

bulky group (pivaloyl) at the 4-position of the pyrazolone ring to create a 

steric effect and consequently, reducing the bite size that may enhance the 

selectivity among the Ln3
+ ions. 

Table 4.1. Bite size of some of the ~-diketones determined by seml

empirical MNDOIH molecular orbital calculation. 

0---0 distance 

~-Diketone (bite size), A 

HPMTFP 2.66 
HPMBP 2.65 
HPMAP 2.60 
HPMPP 2.48 
HTTA 2.50 

This chapter incorporates the results of the investigations carried out 

on the extraction of Ln3
+ ions with HPMPP in the presence and absence of 

various macrocyclic crown ethers. 
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4.1. Experimental 

4.1.1. Chemicals 

Synthesis of I-phenyl-3-methyl-4-pivaloyl-5-pyrazolone (HPMPP) 

HPMPP was synthesized by the acylation of I-phenyl-3-methyl-5-

pyrazolone with pivaloyl chloride as described in Scheme 4.1 [Jensen 

1959]. 

Me Me 

~~ Me" ,Me Ca(OHh f'JUM. e Me 
N + Cl .......... "...C... ----_~ Ph-N 

/ C Me 1 4 D' ,-', Me Ph 11 , - IOxane, I I 

o 0 reflux 0' / 
"H ooO 

Scheme 4.1 

Me Me Me 

N~-~ 
~ j 

Ph/' ~H 0 

- 1 ~ 

, , I I I I I I , I I I I I I I , I IIDI 6 2 

Fig. 4.1. IH NMR spectrum ofHPMPP. 
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Purity of the synthesized ligand was established by elemental analyses, IR 

and IH NMR (Fig. 4.1) spectral data. Recrystallization from ethyl acetate

hexane mixture gave pale yellow crystals, M.P. 93-94oC. Elemental 

analysis: Ca1c. for CI5HISN202: C, 69.74; H, 7.02; N, 10.84. Found: C, 

69.65; H, 6.82; N, 10.96%. IH NMR data (CDCI3): 8 1.38 (9H, s, pivaloyl 

CH)), 2.61 (3H, s, CH3 of the ring), 7.22-7.32 (lH, t, Ar-p-H), 7.38-7.48 

(2H, t, Ar-m-H), 7.77-7.87 (2H, d, Ar-o-H) (Fig. 4.1). No enolic proton 

peak is observed in the IH NMR of HPMPP, although it exists 

quantitatively in the enolic form in organic solvents, which can be assured 

by the lack of a peak for the methyne proton at the 4th position. IR data: 

u (cm-I): 2820-3118, 1646, 1620, 1545, 1500, 1387, 1328, 1116, 957, 844, 

738, 692. The methods of preparation of stock solutions of metal ions and 

apparatus used are the same as described in Chapter 3. Initial metal ion 

concentration was maintained at 1.0 x 10-4 mol dm-3 for all the extraction 

studies. Sodium acetate (0.01 mol dm-3
) was used as the buffering 

component and the aqueous phase pH was adjusted to the desired value 

with HCI or NaOH solution. All other chemicals used were of analytical 

reagent grade. 

4.1.2. Solvent extraction and analytical procedure 

The solvent extraction and analytical procedure used for the 

determination of metal ions are the same as described in Chapter 3. 

Preliminary experiments showed that the extraction equilibrium was 

attained within 40 min. 
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4.1.3. Preparation of metal complexes 

The procedure followed for the synthesis of Eu-PMPP and Eu

PMPP-DCI8C6 complexes is the same as that described in Chapter 3. 

4.2. Results and Discussion 

4.2.1. Extraction of Ln3
+ ions with HPMPP 

The extraction behaviour of Nd3
+, Eu3

+ and Tm3
+ ions from 0.1 mol 

dm-3 perchlorate solution with HPMPP alone in chloroform as a function of 

the extractant concentration (0.005--0.05 mol dm-3
) and pH (4.90-5.95), 

respectively, has been investigated. The relevant log-log plots (Figs. 4.2-

4.3) gave straight lines with slopes of three, indicating the extraction of 

simple metal chelates, Ln(PMPPh 

-14 

-15 

1= -16 
::I:: 
~ -17 -en 
o -18 
~ 

-19 

-20 

-3 -2.5 

/ Eu
3
+ 

/ ~ Nd" 

~3.0±O.1 
-2 -l.5 -1 -0.5 

Log [HPMPP]org 

Fig. 4.2. Effect of HPMPP concentration on the extraction of Ln3
+ ions. 

Aqueous phase = 0.1 mol dm-3 NaCI04 + 0.01 mol dm-3 NaOAc + Ln3
+ = 1 

x 10-4 mol dm-3 of pH = 5.87. 
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~ 0 Tm3+ ~ en 
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Fig. 4.3. Effect of pH on the extraction of Ln3
+ ions at constant HPMPP 

concentration (0.03 mol dm-3). Aqueous phase = 0.1 mol dm-3 NaCI04 + 

0.01 mol dm-3 NaOAc + Ln3
+ = 1 x 10-4 mol dm-3. 

The fonnation of simple metal chelates, Ln(PMTFP)3 for the extraction of 

Ln3
+ ions with HPMTFP in chloroform has been well documented 

[Umetani and Freiser 1987; Thakur et al. 1996]. 

Based on the preceding studies, the extraction equilibria of Nd3
+, 

Eu3
+ and Tm3

+ ions with a chelating extractant, HPMPP alone may be 

expressed as: 

3+ KHPMPP + 
Ln aq + 3 HPMPP org b Ln(PMPP)3 org + 3 H aq (l) 

where KHPMPP denotes the equilibrium constant and is given by 

[Ln (PMPP)3] [H+ ] 3 
K _ org aq 

HPMPP - [Ln 3 + ] [HPMPP] 3 
aq org 

(2) 

Then the distribution ratio, D, can be expressed as: 
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3 
D= KHPMPP [HPMPP] org 

[H+]3 
(3) 

aq 

The equilibrium constants of the above extracted complexes were 

detennined by non-linear regression analysis (as described in chapter 3) 

and are given in Table 4.2. The equilibrium constants thus calculated refer 

only to concentration quotients, calculated on the assumption that the 

activity coefficients of the species involved do not change significantly 

under the present experimental conditions. It can be seen from Table 4.2 

that the equilibrium constants (KHPMPP) of these trivalent metal ions 

increase with decreasing ionic radii of the Ln3
+ ion. A similar trend has 

been observed with other derivatives of 4-acylpyrazolones such as HP MAP 

[Sasaki and Freiser 1983], HPMTFP [Mathur and Khopkar 1987] and 

HPMBP [Santhi et al. 1994] in the extraction of Ln3
+ ions. The equilibrium 

constants (Log Kex) of various 4-acyl-5-pyrazolones for the extraction of 

Eult ion have been correlated with their pKa values [Sasaki and Freiser 

1983; Mathur and Khopkar 1987] in Fig. 4.4 and it is clear that the Log Kex 

value increases as pKa value decreases. 

Table 4.2. Two phase equilibrium constants of Ln3
+ -HPMPP-crown ether

chlorofonn systems. 

Extraction System Log Equilibrium constant 

(log KHPMPP or log KSyn,l) 

NdJ+ EuJ+ TmJ+ 

HPMPP -13.09 ± 0.02 -11.82 ± 0.03 -10.25 ± 0.03 

HPMPP + 18C6 -9.73 ± 0.02 -8.55 ± 0.02 -7.70 ± 0.01 

HPMPP + DC 18C6 -9.95 ± 0.02 -8.69 ± 0.03 -7.94±0.01 

HPMPP + DB18C6 -10.99 ± 0.03 -9.32 ± 0.02 -8.19 ± 0.01 
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Fig. 4.4. Correlation between the pKa values of 4-acylpyrazolones and the 

Log Kex values of Eu3
+ ion. 

4.2.2. Solid complex of Eu3
+ IOn with HPMPP and its 

cfraracterization 

Solid complex of Eu3+ ion with HPMPP has been synthesized and 

characterized by IR and I H NMR spectral data. 

IR spectral data of Eu-PMPP complex 

IR spectrum of the Eu3+ -PMPP complex shows a broad absorption 

in the region 3000-3500 cm-I indicating the presence of water of hydration 

in the complex. The presence of water 'molecules in the extracted p

diketone complexes of Ln3
+ ion is well documented [Mathur and Choppin 

\993]. The carbonyl stretching frequency has been shifted from 1620 in the 

free HPMPP to 1613 cm-I in Eu3+-PMPP complex indicating the 

lnvo\vement of carbonyl oxygen in complex formation (Fig. 4.5). 
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Fig. 4.5. IR spectrum of Eu3
+ -HPMPP binary complex (KBr). 
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I H NMR spectral data of Eu3+-PMPP complex 

The IH NMR spectrum of Eu3+-PMPP complex showed all expected 

signals for HPMPP protons. The signals of phenyl protons (7.87-7.22 ppm) 

have always been shifted to up field (7.75-7.19 ppm) upon coordination 

with the metal ion (Fig. 4.6). The pivaloyl CH3 groups and the CH3 group 

of the pyrazolone ring have been shifted from 1.38 to 1.33 and 2.60 to 2.54 

ppm, respectively, on complexation. Signals for water protons were also 

noticed in the IH NMR spectrum. 

I 
PI>" 

Eu-Pl\rIPP complex 

I 
6 

Fig. 4.6. IH NMR spectrum of Eu3+-HPMPP binary complex (acetone-d6*). 

From the results of the extraction data, elemental analyses and IR 

spectral data, it is clear that Eu3
+ ion is interacting with three molecules of 

HPMPP, releasing three H+ ions. The proposed structure of the extracted 

complex is shown in Fig. 4.7. 
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Fig. 4.7. Proposed structure of Eu3+-HPMPP binary complex. 

Table 4.3 gives the separation factors (S.F.) between Ln3+ lons 

defined as the ratio of the respective equilibrium constants with HPMPP. 

The S.F. values obtained especially between Eu and Nd pair with HPMPP 

is found to be significantly higher than that obtained with D2EHP A or 

EHEHP A, which are widely used as extractants in the Rare Earth Industry 

[Bautista 1995; Pierce and Peck 1963; Reddy 1995b]. 

Table 4.3. Separation factors between Nd3+, Eu3+ and Tm3+ ions. 

Extraction Systems Separation Factors 
(S.F.) 

Eu/Nd Tm/Eu 
HPMPP 19.00 37.00 
HFBPI 4.88 1.55 
HPBI 20.80 1.24 
HTPI 12.66 1.80 
EHEHPA 3.94 24.00 
D2EHPA 12.50 161.00 
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Also the S.F. value with HPMPP is found to be higher than that obtained 

with 4-aroyl-5-isoxazolones (chapter 3). This indicates that the separation 

becomes poorer as the extractability increases. This would strongly suggest 

the relationship between the selectivity and the 0---0 distance of the ~

diketones. The ~-diketones with shorter 0---0 distances (HPMPP = 2.48 

A) were found to have better selectivity than those with longer 0---0 

distances (HFBPI, HTPI and HPBI = 2.72 A). 

4.2.3. Extraction of Ln3
+ ions with mixtures of HPMPP and 

structurally related crown ethers 

The extraction equilibria of Ln3
+ IOns with a chelating agent, 

HPMPP in presence of crown ether (CE) can be expressed as: 

3+ KSyn,m + 
Ln aq+3 HPMPPorg+m CEorg' . Ln(PMPPh mCEorg+3Haq (4) 

where m = 0 or l. The distribution ratio, DSyn, I can be written as 

3 
[HPMPP] org {KHPMPP + Ksyn,l [CE ]org} 

DSyn,l = 

1 
where [CE] = [CE]. 't' 1/ (1 +-) org lID la K 

D 

(5) 

(6) 

The equilibrium concentration of 18C6 was calculated using the partition 

coefficient (log KD,18C6 = 0.8) taken from the literature [Sahu et al. 2000]. 

Since the partition coefficients of DC 18C6 and DB 18C6 (log KD,DB 18C6 = 

3.8; log KD,DC18C6 = 3.52) are known to be quite large, no correction is 

necessary for the partitioning of CEs into the aqueous phase [Mohapatra 

and Manchanda 1991; Reddy et al. 1997]. The interaction between the 
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cheiating agent and a neutral oxo-donor in chlorofonn are, in general, 

weaker when the diluent itself has strong interaction with the oxo-donor 

[Sekine et al. 1983]. Hence, it is assumed that there is negligible interaction 

between HPMPP and crown ethers in chlorofonn. The adduct fonnation 

reaction in the organic phase and the stability constant, Ph is given by 

Ln(PMPP)30rg + CEorg fJ) • Ln(PMPPhCEorg (7) 

PI = K Syn,) I K HPMPP (8) 

The extraction of Nd3+, Eu3+ and Tm3+ ions from 0.1 mol dm·3 

sodium perchlorate solution of pH = 5.87 with mixtures of HPMPP and 

i8C6, DCI8C6, or DB18C6 in chlorofonn has been studied. It was found 

that the extraction of Ln3+ ions into chlorofonn was negligible with crown 

ether alone under the present experimental conditions. However, with 

mixtures of HPMPP (0.01 mol dm-3
) and crown ethers (0.005 mol dm-3

), 

considerable synergistic enhancement (Synergistic enhancement factor = 

DSyn,l I (D HPMPP + D CE), where DSyn,1 = distribution ratio with HPMPP + 

CE; D HPMPP = distribution ratio with HPMPP alone and D CE = distribution 

ratio with CE alone) in the extraction of these metal ions has been observed 

(Table 4.4). It is clear from Table 4.4 that the synergistic enhancement 

factor of a particular Ln3+ ion decreases from 18C6 to DB 18C6, and this 

can be attributed to steric effects. 

The effect of HPMPP concentratiop. (0.004-0.04 mol dm-3
) on the 

extraction efficiency of Ln3+ ions has been investigated in the presence of 

various structurally related CEs (0.005 mol dm-3
) from 0.1 mol dm-3 

sodium perchlorate solution of pH = 5.87. It is clear from the plots (Figs. 

4.8-4.10) of log {DSyn,l [H+] 3 I (1 + (KSyn,)IKHPMPP) [CE])} (rearrangement 
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ofEq. (S» vs. log [HPMPP]org that at constant CE concentration only three 

HPMPP moieties are attached to the synergistic species in all the systems 

studied here. The extraction efficiency of Ln3+ ion from 0.1 mol dm-3 

sodium perchlorate solution of pH = S.87 has been studied as a function of 

CE concentration; 18C6 (0.006-0.04 mol dm-3), DC18C6 (0.003-0.01 mol 

dmo3
) or DB 18C6 (0.004-0.0S mol dm

03
) in the presence of constant 

concentration of HPMPP (0.01 mol dm-3) and the results are given in Figs. 

4.ll-4.13. The plots of log {(DSyn,J [H+] 3 / [HPMPP]3) - KHPMPP} vs. log 

[CE]org at constant HPMPP concentration gave slopes of unity for all the 

metal ions, indicating the participation of only one crown ether molecule in 

these synergistic extracted complexes. These, in conjunction with slopes of 

three (Figs. 4.14-4.16) observed with pH variation (4.9-S.9S) experiments 

with a mixture of constant HPMPP (0.01 mol dm-3) and CE (O.OOS mol dm
o 

3) concentrations, indicated the extraction of the species Ln(PMPPhCE. 

Synergistic complexes containing one molecule of crown ether have been 

reported [Thakur et al. 1996] for the extraction of Ln3+ ions with mixtures 

ofHPMTFP and various crown ethers in chloroform. 

The involvement of one molecule of benzo-1S-crown-S (B lSCS) in 

the synergistic extraction of Ln3+ ions with HPMBP and B lSCS in 

chloroform has also been reported elsewhere [Dukov 1992]. The 

equilibrium constants of the synergistic complexes of these Ln3+ ions were 

deduced by a non-linear regression analysis and are given in Table 4.2. It 

can be clearly seen from Table 4.2 that the synergistic constant (Ksyn,\) 

increases with decreasing ionic radii of these metal ions for all the systems 

studied here. Similar trends have been noticed in the extraction of Ln3+ ions 

with mixtures of 4-acylpyrazolones and various CEs in chloroform [Dukov 

1992; Thakur et al. 1996]. The increase in the extractability of lanthanoid 

complexes from Nd3+ to Tm3+ ion can be due to the increase in electrostatic 
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interactions between the cation and the ligand with decrease in ionic radii. 

In polar diluents, this can be attributed to the increasing coulombic 

interactions with charge density of the lanthanoid ions [Manchanda et al. 

1988]. 
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Fig. 4.8. Effect of HPMPP concentration on the extraction of Ln3
+ ions at 

constant 18C6 concentration (0.005 mol dm-3
). 
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Fig. 4.9. Effect of HPMPP concentration on the extraction of Ln3
+ ions at 

constant DC 18C6 concentration (0.005 mol dm-3
). 
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Fig. 4.10. Effect of HPMPP concentration on the extraction of Ln3
+ ions at 

constant DB 18C6 concentration (0.005 mol dm-3
). 
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Fig. 4.11. Effect of 18C6 concentration on the extraction of Ln3
+ ions at 

constant HPMPP concentration (0.01 mol dm-3
). 
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Fig. 4.12. Effect of DC 18C6 concentration on the extraction of Ln3
+ ions at 

constant HPMPP concentration (0.01 mol dm-3
). 
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Fig. 4.13. Effect of DB 18C6 concentration on the extraction of Ln3
+ ions at 

constant HPMPP concentration (0.01 mol dm-3
). 
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Table 4.4. Synergistic enhancement factors of Nd3
+, Eu3+ and Tm3+ ions 

with HPMPP (0.01 mol dm-3
) in the presence of various CEs (0.005 mol 

dm·\ 

Synergistic Enhancement Factors 
Extraction System NdJ + EuJ + Tm3+ 

HPMPP+18C6 24.0 17.2 4.5 

HPMPP+DC 18C6 17.3 16.2 4.3 

HPMPP+DB 18C6 2.5 5.6 3.0 

The stability constants, PJ, for the organic synergistic reactions of Ln3
+_ 

HPMPP chelate with various CEs were calculated according to Eq. (8) and 

are given in Table 4.5. It can be seen from Table 4.5 that the log PI values 

with 18C6 and DC 18C6 decrease with increasing atomic number of these 

Ln3
+ ions unlike that of KSyn,l. On the other hand, the log PI values of 

DB 18C6 show an increasing trend up to Eu3
+ ion and then follow a 

decreasing trend. 

Table 4.5. Stability constants (PI) for organic phase synergistic reaction of 

Ln3+-HPMPP chelates with CEs in chloroform. 

Extraction System Log PI 
Nd3+ Eu3+ Tm3+ 

HPMPP+18C6 3.36 ± 0.02 3.27 ± 0.03 2.54 ± 0.03 
HPMPP+DC 18C6 3.54 ± 0.02 3.12 ± 0.02 2.31 ± 0.01 
HPMPP+DB 18C6 2.10 ± 0.03 2.50 ± 0.02 2.06 ± 0.02 

In general, the complexation strength of Ln3
+ ions with various crown 

ethers follows the order: 18C6 > DC 18C6 > DB 18C6. The sharp decrease 

in the complexation from 18C6 to DB 18C6 mostly reflects increasing 
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steric effects and decreasing basicity. This seems reasonable, since the 

extensive thennodynamic studies on cation-CE complexation have shown 

that the cation binding ability of the CE containing benzo groups is lower 

than that for the parent CE and have demonstrated that the diminished 

complex stability is due to the decreased electron density of donor oxygens 

produced by the electron withdrawing aromatic ring [Liu et al. 2000]. The 

cyc1ohexano group has a less dramatic effect on the stability of the 

complex and on cation selectivity [Izatt et al. 1985]. A similar trend was 

observed in the extraction of Eu3
+ ion with HPMTFP in the presence of 

these CEs. The higher extractability of Ln3
+ ions with DC 18C6 or 18C6 

can also be explained in tenns of size fitting effect of these CEs as 

described in the previous chapter. The adduct fonnation constant (log PI = 

3.27) of Eu-HPMPP-18C6 system is less than that of Eu-HPMTFP-18C6 

(log PI = 4.56) [Thakur et al. 1996]. It is well known that stable adduct 

fonnation reactions are usually brought out by strong acidic extractants like 

HPMTFP (pKa value = 2.56) as compared to the present system, HPMPP 

(pKa = 4.26). Thus it can be concluded that the unusual behaviour observed 

in the present investigations of CEs with Ln3
+ ions in the presence of 

HPMPP may be due to a variety of geometric, enthalpic, and steric effects 

and may not be simply due to the cation size/cavity size relationship. 

4.2.4. IR spectral data of Eu-PMPP-DC18C6 complex 

In the IR spectrum of Eu-PMPP-DC 18C6 complex (Fig. 4.17), the 

carbonyl stretching frequency of HPMPP has been shifted from 1620 to 

1613 cm-I, suggesting the involvement of carbonyl oxygen in complex 

formation. The C-O-C bond shows a shift from 1096 in DC 18C6 to 1089 
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cm-' in the complex indicating the involvement of oxygen of DC 18C6 in 

complex formation_ 

Eu-PIHPP-DClSC6 compl~x 

1613 

1096 

Fig. 4.17. IR spectrum of ternary Eu3+-HPMPP-DC18C6 complex (KBr). 

Table 4.6 gives the separation factors (S.F.) between these Ln3
+ 

ions, defined as the ratio of the respective equilibrium constants in the 

HPMPP and HPMPP + CE systems. The addition of 18C6 or DC 18C6 to 

the metal chelate system decreases the selectivities among these Ln3+ ions. 

Contrary to this, the addition of DB 18C6 to the metal chelate system 

significantly improves the selectivity between Nd-Eu pair. 
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Table 4.6. Separation factors between Nd3
+, Eu3

+ and Tm3+ ions with 

HPMPP and HPMPP + CE systems. 

Extraction Systems Separation Factors 
(S.F.) 

Eu/Nd Tm/Eu 
HPMPP 19.00 37.00 
HPMPP + 18C6 15.00 7.00 
HPMPP + DC 18C6 18.00 5.70 
HPMPP + DB 18C6 47.90 13.00 
EHEHPA 3.94 24.00 
D2EHPA 12.50 161.00 
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A large number of acidic and neutral organophosphorus extractants 

have been widely employed industrially for the solvent extraction 

leparation of lanthanoids [Bautista 1995; Powell 1979]. However, these 

reagents display various shortcomings such as poor selectivity, third phase 

fonnation etc. [Reddy et al. 1995]. Thus, there is a growing interest in the 

development of new and more selective solvent extraction reagents for the 

extraction and separation of trivalent lanthanoids in view of the ever

increasing demand for high purity lanthanoid elements, individually and 

collectively. 

I-Phenyl-3~methyl-4-acyl-5-pyrazolones (A) are well known 

heterocyclic p-diketone type chelating ligands coordinating to the metal ion 

with oxygen atoms as "hard" Lewis bases. 

4-Acylpyrazolones 

A 

HPMAP 

HPMPP 

HPMBP 

HPMTFP 

Further, these ligands have a strong affinity towards "hard" Lewis acids 

like lanthanoids [Umetani et al. 2000; Bond et al. 2000]. 

A 4-acylbis(pyrazolone) CB) designed by combining two I-phenyl

j·methyl-4-acyl-5-pyrazolone subunits linked by a polymethylene chain of 
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varying lengths -(CH2)n- (n = 0-8, 10, 20) exhibit several unique properties 

such as larger partition coefficients than the parent 4-acyl-5-pyrazolone and 

has two ~-diketone donor sites on both sides of the polymethylene chain, is 

expected to give specific complexation towards metal ions depending on 

the polymethylene chain length. The dependence of the polymethylene 

chain length of 4-acylbis(pyrazolone) on the extraction behavior of Cu2+, 

Ni2+, Zn2+, Am3+, Cm3+, Cf3+, Dol+, Th4+, Np4+ and Pu4+ has been well 

documented [Miyazaki et al. 1989; Miyazaki et al. 1991; Reddy et al. 

2000; Takeishi et al. 2001]. 

B 

A synergistic effect is often set to bring about enhanced extraction 

but poorer separation among the metal ions. However, interestingly, in the 

extraction of Zn2+ and Ni2+ with 4-acylbis(pyrazolones), an enhanced 

extraction and an improved separation have been reported in the presence 

ofTOPO as a synergist [Miyazaki et al. 1991]. The above factors prompted 

us to synthesize various derivatives of 4-acylbis(pyrazolones) of varying 

polymethylene chain length and investigate their extraction behavior with 

Ln3+ ions. The orientation and steric effects of the polymethylene 

substituent were examined by semi-empirical PM3 molecular mode ling 

calculations. Further, the effect of addition of various mono- (TOPO and 
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IDP) and bifunctional (CMPO) organophosphorus extractants on the 

extraction ofLn3
+ ions with 4-acylbis(pyrazolone) has also been evaluated. 

o 
H 3C(H2C)30 , ~/O(CH2)3CH3 

I 
O(CH2hCH3 

TOPO 
TBP 

CMPO 

5.1. Experimental 

5.1.1. Instrumentation 

A Hitachi (Tokyo, Japan) 220 double-beam mlcroprocessor

controlled spectrophotometer was used for measuring absorbance. 31p 

NMR spectra of the synergistic complexes (in CDCl3 and 85% H3P04 as 

an external standard) were recorded using a Bruker 121.47 MHz NMR 

spectrometer. The methods for the preparation of stock solutions of Ln3
+ 

ions and other instruments employed in this chapter are the same as 

described in chapter 3. 
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5.1.2. Materials 

TBP, TOPO and the starting materials (l-phenyl-3-methyl-5-

pyrazolone and various acid dichlorides) for the syntheses of ligands were 

obtained from Sigma-Aldrich. CMPO was synthesised and purified by 

standard procedures [Mathur et al. 1992; Gatrone et al. 1987]. All the other 

chemicals used were of analytical reagent grade. 

Syntheses of ligands: 

Various 4-acylbis(pyrazolones) were prepared by the acylation of 1-

phenyl-3-methyl-5-pyrazolone with the corresponding acid dichloride 

[Jensen 1959] (Scheme 5.1). 

Cl Cl , / 
C- (CH2)n-C 

II ~ o 0 

Ca(OHh 

1,4-dioxane, 
reflux for 6 hrs. 

n = 4, H2AdBP; n = 6, H2SuBP; 

n = 8, H2SbBP & n = 10, H2DdBP 

Scheme 5.1 

The crude compounds were recrystallized from chloroform-hexane mixture 

and dried under reduced pressure. The purity of the compounds was 
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established by elemental analyses, IR and IH NMR spectral data (Figs. 5.1-

5.4). 

4-Adipoylbis(1-phenyl-3-methyl-5-pyrazolone) (H2AdBP): M.P. 199°C; 

Elemental analysis: Calc. for C26H2604N4: C, 68.12; H, 5.68; N, 12.23. 

Found C, 68.27; H, 6.19; N, 12.04 %; IH NMR data (CDCh/TMS): 87.80-

7.83,7.42-7.47,7.28-7.31 (m, lOH, Ph); 2.80-2.83 (t, 4H, (CH2)2); 2.49 (s, 

6H, CH3); 1.88 (m, 4H, (CH2)2) (Fig. 5.1); IR (KBr) data (u cm-I): 3409 

(br, OH); 1633 (s, C=O); 1593 (s, phenyl C=C); 1560 (s, pyrazolone ring). 

N CH) 

o-N~ H)C 

- Ho-Y~kD 
HO loh 

-t r-

~~ 
r-

-
0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 

7 6 3 o 

Fig. 5.1. IH NMR spectrum ofH2AdBP. 

4-Su beroylbis(1-phenyl-3-methyl-5-pyrazolone) M.P. 

216°C; Elemental analysis: Calc. for C28H3004N4: C, 69.13; H, 6.17; N, 

11.53. Found C, 69.22; H, 6.43; N, 11.43 %; IH NMR data (CDChITMS): 

07.81-7.84,7.42-7.47,7.28-7.31 (m, lOH, Ph); 2.74-2.79 (t, 4H, (CH2)2); 

2.48 (s, 6H, CH3); 1.79 (m, 4H, (CH2)2); 1.49 (m, 4H, (CH2)2) (Fig. 5.2); 

IR (KBr) data (u cm-I): 3409 (br, OH); 1627 (s, C=O); 1596 (s, phenyl 

C=C); 1546 (s, pyrazolone ring). 
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Fig. 5.2. 'H NMR spectrum ofH2SuBP. 

4-Sebacoylbis(l-phenyl-3-methyl-5-pyrazolone) (H2SbBP): M.P. 136°C; 

Elemental analysis: calculated for C30H3404N4: C, 70.03; H, 6.61; N, 10.89. 

Found C, 69.48; H, 6.51; N, 10.67 %; 'H NMR data (CDCh/TMS): 8 7.81-

7.84,7.42-7.47,7.28-7.30 (m, 10H, Ph); 2.71-2.76 (t, 4H, (CH2)2); 2.48 (s, 

6H, CH3); 1.73-1.77 (m, 4H, (CH2)2); 1.39 (m, 8H, (CH2)4) (Fig. 5.3); IR 

(KBr) data (u cm-I): 3430 (br, OH); 1633 (s, C=O); 1593 (s, phenyl C=C); 

1553 (s, pyrazolone ring). 

4-Dodecandioylbis(1-phenyl-3-methyl-5-pyrazolone) (H2DdBP): M.P. 

152°C; Elemental analysis: calculated for C32H3S04N4: C, 70.84; H, 7.01; , 
N, 10.33; Found C, 71.32; H, 7.45; N, 10.35 %; H NMR data 

(CDChITMS): 8 7.81-7.84, 7.42-7.47, 7.28-7.30 (m, lOH, Ph); 2.71-2.76 

(t,4H, (CH2)2); 2.48 (s, 6H, CH3); 1.69-1.77 (m, 4H, (CH2)2); 1.33 (m, 

12H, (CH2)6) (Fig. 5.4); IR (KBr) data (u cm-I): 3436 (br, OH); 1620 (s, 

C=O); 1593 (s, phenyl C=C); 1560 (s, pyrazolone ring). 



Chapter 5 

Fig. 5.3. lH NMR spectrum ofH2SbBP. 

I 
6 

I 
5 

Fig. 5.4. lH NMR spectrum ofH2DdBP. 

5.1.3. Solvent extraction and analytical procedure 

I 
o 

112 

Equal volumes of aqueous (1.0 mol dm-3 NaN03 and 1.0 x 10-4 mol 

dm·3 Ln3
+ ions) and organic phases were shaken at 303 ± 1 K for 60 min. 

Preliminary experiments showed that the extraction equilibrium was 
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attained within 15 min. The Ln3
+ ion in the aqueous phase was determined 

spectrophotometrically by Arsenazo-1 method [Snell 1978]. After allowing 

the phases to settle, 5.0 cm3 aliquots of the aqueous phase were pipetted 

into a 25.0 cm3 beaker and 1.0 cm3 ammonium acetate (0.1 mol dm-3
) 

solution and 5.0 cm3 Arsenazo 1 (0.01 %) solution were added. After 

adjusting the pH to 7.5, the solution was made up to 25.0 cm3
. The 

absorbances of the solutions were measured at 575 nm and the metal 

concentrations were computed from the respective calibration graphs. The 

Ln3
+ ion concentration in the organic phase was obtained by material 

balance. These concentrations were used to obtain the distribution ratio, D, 

defined as D = [Ln3
+]org / [Ln3

+]aq. All the experiments were performed in 

duplicate and the general agreement with D values obtained was within ± 

5%. The extracted complexes were deduced from the distribution data by 

both graphical and theoretical methods taking into account aqueous phase 

complexation of Ln3
+ ion with inorganic ligands and plausible complexes 

extr~cted into the organic phase. 

S.2. Results and Discussion 

5.2.1. Extraction of Ln3
+ ions with various 4-acylbis(pyrazolones) 

The extraction behaviour of Nd3
+, Eu3

+ and Tm3
+ ions as a function 

ofH2SbBP concentration (0.01-0.03 mol dm-3
) was investigated from 1.0 

mol dm-3 NaN03 solutions of pH = 3.0 containing 1.0 x 10-4 mol dm-3 Ln3
+ 

ion as the aqueous phase and the results are depicted in Fig. 5.5. The 

extraction efficiency of Ln3
+ ion increases linearly with increasing 

concentration of H2SbBP in the organic phase. Also the extraction 

efficiency increases monotonically with increase in the atomic number of 
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Ln3
+ ion. From the slopes of the log-log plot it is clear that two moles of 

H2SbBP are involved in the extracted complexes. The effect of pH (2.75-

3.06) on the extraction behaviour of Ln3
+ ion at constant H2SbBP (0.02 mol 

dm·3) shows an inverse dependence on acidity (Fig. 5.6). 

1 

~ 0 Tm3+ 
OJ) 
0 
~ 

-1 
Slope = 2.0 ± 0.05 

-2 

-2.2 -1.8 -1.4 

Log [H2SbBP] 

Fig. 5.5. Effect of H2SbBP concentration on the extraction of Ln3
+ ions. 

OJ) 
o 

1 

0.5 

o 

~ -0.5 

-1 

-1.5 

2.65 2.75 

• 
Slope = 3.0 ± 0.1 

2.85 2.95 3.05 3.15 

pH 

Fig. 5.6. Effect of pH on the extraction of Ln3
+ ions. 

[H2SbBP]=O.02 mol dm-3
• 
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A slope of 3.0 ± 0.1 observed in log D vs. pH plot, indicates the release of 

three hydrogen ions by the interaction of Ln3+ ion with two moles of 

H2SbBP. 

Based on the preceding studies, the extraction equilibrium involved 

in the extraction of Ln3+ ions from dilute nitric acid solutions with 4-

acylbis(pyrazolone) (H2X) alone may be expressed as: 

Kex 
Ln 3+ aq + 2 H2X org ==~ Ln(X)(HX)org + 3 H+ aq (1) 

where Kex denotes the equilibrium constant. 

[Ln(X)(HX)]org [H+ ]~q 
Kex = ------'---------"-

[Ln3+] [H
2

X]2 
aq org 

(2) 

Ln3
+ ions in the aqueous phase form a variety of complexes with nitrate 

ions. Then the total concentration of Ln3+ ion ([Ln3+h) in the aqueous 

phase can be expressed as: 

[Ln3+Jr = [Ln3+] + [Ln(N03i+] + [Ln(N03)2 +] 

= [Ln3+] (1 + /31 [N03- ] + /h. [N03- ]2) (3) 

where /31 and /h. are the stability constants [Smith and Martell 1976] of the 

following reactions: 

Ln 3+ + N03-
/31 Ln(N03)2+ (4) 

Ln 3+ + 2 N03-
/h. + 

Ln(N°3)2 (5) 

The distribution ratio, D, of Ln3+ ion can be written from Eqs. (2) & (3) as: 

2 
Kex [H2X] org 

D= (6) 

The Kex values of the extracted complexes were determined by non-linear 

regression analysis with the aid of suitable chemically based model 
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developed taking into account the aqueous phase complexation of Ln3+ ion 

with inorganic ligands and all plausible complexes extracted into the 

organic phase using Eq. (6), as described in Chapter 3. The Kex values thus 

calculated refer only to concentration quotients, calculated on the 

assumption that the activity coefficients of the species involved do not 

change significantly under the present experimental conditions. The log Kex 

values ofH2SbBP (Log Kex,Nd = -5.64 ± 0.04, Log Kex,Eu = -5.21 ± 0.03 and 

Log Kex,Tm = -4.79 ± 0.04) increase with decreasing ionic radii of Ln3
+ ion. 

In a polar diluent such as chloroform, this can be attributed to the 

increasing coulombic interactions with charge density of the Ln3
+ IOn 

[Manchanda et al. 1988]. The increase in the extractability across the Ln3
+ 

series can be due to the increase in electrostatic interactions between the 

cation and the ligand with decrease in ionic radii. The trend observed in the 

present system is similar to that of various 4-acyl-5-pyrazolones [Umetani 

et al. 2000; Bond et al. 2000]. 

Fig. 5.7 shows the results on the effect of polymethylene chain 

length of bis(pyrazolone) on the extraction of Eu3
+ ion. Solubility 

limitations and third phase formation have prevented the extraction studies 

with H2SuBP (n = 6). Extraction efficiency of Eu3
+ ion increases with an 

increase in the number of -CHz- groups from n = 4 to n = 8 and thereafter it 

decreases. This has been attributed to the increasing steric effect, caused by 

increasing polymethylene chain length from n = 8 to n = 10. The effect of 

hydrogen ion concentrations on the extraction of Eu3
+ ion with various 4-

acylbis(pyrazolones) has also been investigated and observed an inverse 

dependence on the acidity (Fig. 5.8). The Log Kex values of Eu3
+ ion with 

various 4-acylbis(pyrazolones) follow the order: H2SbBP (-5.21 ± 0.03) > 

H2AdBP (-5.75 ± 0.04) > H2DdBP (-6.02 ± 0.04). A similar trend has also 
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been observed in the extraction of trivalent actinides [Takeishi et al. 2001; 

Reddy et al. 2000]. 

1 

Slope = 2.0 ± 0.1 

o c 

-1 

-2 

-2.5 -2 -1.5 -1 

Fig. 5.7. Effect of [H2X] on the extraction of Eu3
+ ion a: H2SbBP, b: 

H2AdBP and c: H2DdBP. 
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~ -0.5 
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~ -1 

-1.5 

-2 

Slope = 3.0 ± 0.05 

2.5 2.7 pH 2.9 

a 

b 

c 

3.1 

Fig. 5.8. Effect of pH on the extraction of Eu3
+ ion a: H2SbBP, b: H2AdBP 

and c: H2DdBP. 
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In order to have a better understanding of the effect of 

polymethylene chain length on the extraction efficiency of Ln3
+ ion, semi

empirical PM3 molecular orbital calculations were carried out for 4-

acylhis(pyrazolones) by considering the H-bonding [Stewart 1989]. The 

keto-enol structures of various bis(pyrazolone) derivatives are shown in 

Fig. 5.9. The 0---0 distance (distance between the carbonyl oxygens 

connected to the polymethylene chain), thus calculated are correlated with 

the Log Kex values of Eu3
+ ion (Fig. 5.10). The Log Kex values increase to a 

maximum with increasing 0---0 distance up to 12.18 A (n = 8) and then 

decreases for a distance> 12.18 A. 

Thus, a minimum distance of 12.18 A between the carbonyl 

oxygens connected to the polymethylene chain, is required to achieve an 

optimal extraction of Ln3
+ ions. Further, for a distance greater than 12.18 

A, the decrease in the extraction efficiency of Ln3
+ ions may be due to 

steric factors. From the molecular modeling calculations, it can be 

concluded that the differences in the number of methylene groups and 

rigidity of these groups in the ligands, hence different steric effects and 

different orientations of the displaceable hydroxyl groups in the ligands are 

apparently the vital factors that govern the complexation of Ln3
+ ion. 
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1 2 

3 4 

Fig. 5.9. Keto-enol structures of 4-acylbis(pyrazolones) suggested by 

molecular modeling: 1. H2AdBP 2. H2SuBP 3. H2SbBP 4. H2DdBP. 
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-7 
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Fig. 5.10. Correlation between the 0---0 distance (A) of 4-

acylbis(pyrazolones) and Log Kex values ofEu3
+ ion. 
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IR spectrum of the Eu3
+ -H2SbBP binary complex shows a broad 

absorption in the region 3000-3500 cm"I indicating the presence of water 

molecules in the complex (Fig. 5.11). The presence of water molecules in 

the extracted ~-diketone complexes of Ln3
+ ion is well documented 

[Mathur and Choppin 1993]. Further, strong bands due to uc=o, UC=N, and 

Uc=c of the aromatic rings were observed in the 1500-1650 cm"I region, 

where the carbonyl band (1633 cm"I) was shifted to lower frequency 

(1625 cm"\ suggesting the involvement of oxygen of the carbonyl group 

in the complex formation with Eu3
+ ion. The above results clearly show 

that Ln3
+ ion is interacting with three of the ~-diketone donor sites of the 

two H2SbBP molecules involved in the extraction process, releasing three 

If ions to the aqueous phase as shown in Fig. 5.12. 



Chapter 5 121 

Eu-Sb complex 

3440 

- 1000 

Fig. 5.11. IR spectrum of binary Eu3
+ -H2SbBP complex. 
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Fig. 5.12. Proposed structure of the extracted binary complexes. 
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5.2.2. Extraction of Ln3
+ ions with mixtures of H~bBP and neutral 

organophosphorus extractants 

In view of the better extraction efficiency observed, H2SbBP was 

chosen for further experimentation, especially to study the synergistic 

extraction In the presence of vanous mono and bifunctional 

organophosphorus extractants (S). To evaluate the synergistic effect, the 

extraction behaviour of Ln3
+ ions from 1.0 mol dm-3 sodium nitrate 

solution of pH = 3.0 with mixtures ofH2SbBP and S was investigated. The 

extraction efficiency of Ln3
+ ion was found to be negligible with S alone 

under the investigated conditions. However, with mixtures of H2SbBP and 

S, considerable synergistic enhancement in the extraction efficiency of 

Ln3
+ ions was observed (Table 5.1). Synergistic enhancement factor was 
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also found to increase with increasing concentration of S. It is clear from 

the plots (Figs. 5.13-5.15) of log Dsyn,m vs. log [H2SbBP] at constant S that 

two molecules of H2SbBP are involved in the synergistic extracted 

complexes. Further, the extraction efficiency of Ln3+. ion increases linearly 

with increasing H2SbBP concentration. The effect of concentrations of 

various S on the extraction efficiency of Ln3+ ion was also examined at 

constant H2SbBP concentration (Figs. 5.16-5.18). The extraction efficiency 

of Ln3
+ ion was found to increase linearly on increasing the concentration 

ofS. From the log-log plots, it is clear that one molecule of S is involved in 

the synergistically extracted complexes. The effect of pH on the extraction 

behaviour of Ln3+ ions at constant H2SbBP and S concentrations shows an 

inverse dependence on acidity and indicates the release of three H+ ions to 

the aqueous phase by reacting with three p-diketone donor sites of two 

molecules ofH2SbBP (Figs. 5.19-5.21). 
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Fig. 5.13. Effect of concentration ofH2SbBP on the extraction ofNd3+ ion 

at a: [S] = 0, b: [TBP] = 0.1 mol dm-3, c: [CMPO] = 0.005 mol dm-3, d: 

[TOPO] = 0.01 mol dm-3. 
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Fig. 5.14. Effect of concentration of H2SbBP on the extraction of Eu3
+ ion 

at a: [S] = 0, b: [TBP] = 0.1 mol dm-3
, c: [CMPO] = 0.005 mol dm-3

, d: 

[TOPO] = 0.01 mol dm-3
. 
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Fig. 5.15. Effect of concentration of H2SbBP on the extraction of Tm3
+ ion 

at a: [S] = 0, b: [TBP] = 0.1 mol dm-3
, c: [CMPO] = 0.005 mol dm-3

, d: 

[TOPO] = 0.01 mol dm-3
• 
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Fig. 5.16. Effect of concentration of S on the extraction of Nd3
+ ion at 

constant [H2SbBP] = 0.005 mol dm-3 for TOPO and O.Olmol dm-3 for TBP 

andCMPO. 

Table 5.1. Synergistic enhancement factors of Ln3
+ ions with H2SbBP in 

the presence of neutral organophosphorus extractants. 

Synergistic enhancement 
S [H2SbBP] [S] factors 

Ndj + Eu j + Tm j + 

5 x 10-3 7 x 10-3 15 16 59 
TOPO 5 x 10-3 8 x 10-3 17 17 63 

5 x 10-3 1 x 10-.2 21 22 79 

1 x 10-2 7 x 10-3 14 13 20 
CMPO 1 x 10-2 8 x 10-3 16 14 22 

1 x 10-2 1 X 10-2 20 18 27 

1 x 10-2 5 x 10-2 4 4 9 
TBP 1 x 10-2 10 X 10-2 8 8 17 

1 x 10-2 15 X 10-2 12 12 26 
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Fig. 5.17. Effect of concentration of S on the extraction of Eu3
+ ion at 

constant [H2SbBP] = 0.005 mol dm-3 for TOPO and O.Olmol dm-3 for TBP 

andCMPO. 
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Fig. 5.18. Effect of concentration of S on the extraction of Tm3
+ ion at 

constant [H2SbBP] = 0.005 mol dm-3 for TOPO and O.Olmol dm-3 for TBP 

andCMPO. 
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Fig. 5.19. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions; 

[H2SbBP] = 0.005 mol dm-3 and [TOPO] = 0.01 mol dm-3
• 
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Fig. 5.20. Effect of pH on the extraction of Nd3
+, Eu3

+ and Tm3
+ ions; 

[H2SbBP] = 0.01 mol dm-3 and [TBP] = 0.1 mol dm-3
• 
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Fig. 5.21. Effect of pH on the extraction ofNd3+, Eu3+ and Tm3+ ions; 

[H2SbBP] = 0.01 mol dm-3 and [CMPO] = 0.005 mol dm-3
• 
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Based on the preceding results, the synergistic extraction 

equilibrium of Ln3
+ ion with H2SbBP in the presence of TBP, CMPO or 

TOPO (S) may be expressed as: 

K 
Ln 3+ aq + 2 H2Xorl m S org 4 syn, '!! Ln(X)(HX).mSorg + 3 H~ 

(7) 

where m = 0 or 1. Ksyn,m represents the synergistic equilibrium constant. 

[Ln(X)(HX) mS] [H+]3 
K = mg ~ 

syn,m [Ln3 +] [H X]2 [S]m 
aq 2 org org 

(8) 

Thus the distribution coefficient, Dsyn,m, from Eqs. (3) and (8) can be 

written as 

[H2X]2org {Kex + Ksyn,m [S t org} 

DSyn,m = 
[H+]3 (1+ Pl[N03-] + P2 [N03- ]2) 

(9) 
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The interactions between a p-diketone and a neutral oxo-donor in 

chlorofonn are in general, weaker when the diluent itself has strong 

interaction with the neutral oxo-donor [Sekine et al. 1983]. Hence, it is 

assumed to have negligible interaction between H2SbBP and S in 

chlorofonn. 

The adduct fonnation reaction in the organic phase and the stability 

constant, Ks, is given by 

Ln(X)(HX)org + m S org ::::;;:::::=~ Ln(X)(HX). m Sorg (10) 

(11) 

The equilibrium constants of synergistic complexes (Ksyn,l) of these metal 

ions were deduced by non-linear regression analysis and are given in Table 

5.2. The Ksyn,1 value increases with decreasing ionic radii of these metal 

ions, for all the systems studied here. 

The stability constant, Ks, for the organic phase synergistic reaction 

of Ln3
+ ion-H2SbBP chelate with S has also been calculated according to 

Eq. (11) and are given in Table 5.3. The complexation strength ofLn3
+ ions 

with various S follows the order: TOPO > CMPO > TBP, which is in 

accordance with their oxygen basicity values. 

Fig. 5.22 shows the correlations of Log Ksyn,l values of Ln3
+ ions 

and the oxygen basicity values ofS in tenns of their KH values, where KH is 

the equilibrium constant for the HN03 uptake by S expressed 

HN03· S org . 
, of vanous S [Sahu et al. 

2000J. The sharp decrease of Log Ksyn,l value of Ln3
+ ions from TOPO to 

TBP mostly reflects in the decrease of their KH values. On the other hand, 

in the case of CMPO the Log Ksyn,l values are found to be almost equal to 
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that of TOPO even though their KH values are widely different. This may 

be due to the bidentate nature of CMPO in the complexation with Ln3+ ions 

[Nakamura and Miyake 1994]. 

Table 5.2. Two phase equilibrium constants (Ksyn,l) for organic phase 

synergistic reaction of Ln3
+ -H2SbBP with S in chloroform. 

Log synergistic constant (Log K~'iJ1J) 
Extraction system NdJ+ EuJ+ TmJ+ 

H2SbBP + TOPO -2.90 ± 0.03 -2.36 ± 0.02 -1.15±0.03 

H2SbBP + CMPO -2.92 ± 0.02 -2.40 ± 0.03 -1.60 ± 0.02 

H2SbBP + TBP -4.32 ± 0.02 -3.76 ± 0.03 -2.80 ± 0.02 

Table 5.3. Organic phase synergistic stability constants of Ln3
+ -H2SbBP-S 

in chloroform. 

Log stability constant (Log Ks) 
Extraction system NdJ+ EuJ+ TmJ+ 

H2SbBP + TOPO 2.74 ± 0.03 2.85 ± 0.02 3.63 ± 0.03 

H2SbBP + CMPO 2.72 ± 0.03 2.81 ± 0.02 3.19 ± 0.03 

H2SbBP + TBP 1.32 ± 0.03 1.44 ± 0.02 1.99 ± 0.02 
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Fig. 5.22. Correlation between the basicity values of neutral oxo-donors 

and Log KSyn•J values ofLn3+ ions. 1. TBP 2. CMPO 3. TOPO. 

5.2.3. Correlation of 31 P NMR chemical shifts of neutral 
organophosphorus extractants with the synergistic equilibrium 
constants 

31p NMR spectral data may help in studying the influence of neutral 

organophosphorus extractants in the synergistic extraction systems, as 

there exists a strong correlation between the electron donor density on 

oxygen of p=o group in neutral organophosphorus extractant molecule and 

the extraction efficiency [Ionova et al. 2001]. Fig. 5.23 shows that the Log 

KS)n,1 value of Eu3+ ion increases linearly with increase in 8 e Ip) NMR 

chemical shift of the neutral O-bearing organophosphorus extractant (TBP 

< CMPO < TOPO). However, CMPO was found to have deviated from 

linearity. It may be due to the bidentate nature of CMPO in the complex 

formation with Eu3+ ion as is also evident from the IR spectral data (Fig. 

).24) of Eu3+-H2SbBP-CMPO complex, where both p=o (1266 cm-I) and 
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C=O (1633 cm-I) stretching frequencies of CMPO have been shifted to 

;ower wave numbers (1211 & 1622 cm- l 
, respectively), indicating the 

involvement of oxygen atoms of both carbonyl and phosphoryl groups in 

complexation. 

-1 
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::.:: -3 
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Fig. 5.23. Variation of Log Ksyn,l values of Eu3
+ ion with 8 3lp NMR 

chemical shift values of neutral organophosphorus extractants. 1. TBP 2. 

CMPO 3. TOPO. 

Thus, the donor ability of the phosphoryl oxygen, which is 

correlated with the 8 e1p) NMR chemical shift (i.e., a high electron density 

on the oxygen atom induces a low electron density on the phosphorus atom 

and thus a high value of the 8 e1p) NMR chemical shift) is the key 

parameter for the increase in the extraction efficiency of Ln3
+ ion with 

H2SbBP in the presence of neutral organophosphorus extractants. 
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En-Sb-CMPO 
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Fig. 5.24. IR spectrum oftemary Eu3+-H2SbBP-CMPO complex (KBr). 

In the extracted complexes of Eu3+-H2SbBP-TOPO and Eu3+_ 

H2SbBP-TBP, the P=O stretching frequencies (1143 and 1277 cm-I of the 

free ligands) were shifted to lower wave numbers (1140, 1264 cm-\ 

respectively in TOPO and TBP) indicating the involvement of phosphoryl 

oxygen in the complex formation. Further, in the synergistic extracted 

complexes, the carbonyl stretching frequency of H2SbBP (1633 cm-I) was 

also shifted to lower frequencies (1622, 1629 & 1622 cm -I in Eu3
+_ 

H2SbBP-CMPO, Eu3+-H2SbBP-TOPO and Eu3+-H2SbBP-TBP, 

respectively) indicating the involvement of carbonyl oxygen of H2SbBP in 
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the complex formation with Eu3
+ ion (Figs. 5.24-5.26). The IR spectra of 

the Eu3
+ ternary complexes show a broad absorption in the region 3000-

J500 cm-' indicating the presence of water molecules in the complexes. 

3461 

TBP 

300D :moo 1000 

W.' .... "unb"'·. «m-I) 

Fig. 5.25. IR spectrum of ternary Eu3+-H2SbBP-TBP complex (KBr). 
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Eu-Sb-TOPO 

1143 

- ... ... .... ... 'OIl -

Fig. 5.26. IR spectrum of ternary Eu3+-H2SbBP-TOPO complex (KBr). 

Table 5.4 gives the separation factors (S.F.) between these Ln3+ 

ions, defined as the ratio of the respective equilibrium constants in H2SbBP 

+ Sand H2SbBP systems. The addition of a neutral oxo-donor to the Ln3+

chelate system significantly improves the selectivity among Eu3+ -Tm3+ and 

Tm3+_Nd3+ pairs. On the other hand, a moderate increase in the S. F. value 

has been observed in the case of Eu3+-Nd3+ pair. However, the separation 

factors observed in the present synergistic systems are found to be lower 

than EHEHPA (Eu/Nd = 3.94) system [Bautista 1995], which is widely 

used as an extractant in Rare Earth Industry. Thus, the present synergistic 
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systems may find potential applications for the extraction and separation of 

lanthanoids as a group from mineral resources. 

Table 5.4. Separation factors between Ln3
+ ions with H2SbBP and H2SbBP 

+ S systems. 

Extraction system Separation Factors (S.F.) 

Eu/Nd Tm/Eu Tm/Nd 
H2SbBP 2.72 2.63 7.17 

H2SbBP + TOPO 3.49 16.15 56.40 

H2SbBP + CMPO 3.32 6.36 21.10 

H2SbBP + TBP 3.58 9.26 33.19 



Chapter 6 

Luminescent Properties of Eu3
+ mixed complexes 

of3-Phenyl-4-aroyl-5-isoxazolone and Lewis Bases 



Chapter 6 138 

Europium complexes have been regarded as attractive for use as 

luminescent materials because of their red emissions (615 nm). 

Characteristic emissions of Eu3
+ complexes mainly come from electric 

dipole transitions. Transition from the 4f inner shell of free Eu3
+ ion is 

forbidden because it does not correlate with the change of parity. However, 

transitions that are forbidden by odd parity become partially allowed by 

mixing 4f and 5d states through ligand field effects of designed Eu3
+ 

complexes. Eu3
+ complexes that exhibit both high emission quantum yields 

and fast radiation rates are desirable luminescent materials for several 

applications. To increase emission quantum yields, it is first necessary to 

suppress radiationless transitions caused by vibrational excitations. 

According to the energy gap theory, such radiationless transitions are 

promoted by ligands and solvents with high frequency vibrational modes. 

Suppression of such vibrational excitations in Eu3
+ complexes requires 

deuteration of C-H and O-H bonds or replacement of C-H bonds with C-F 

bonds in ligating molecules [Hasegawa et al. 2003]. Second, geometric 

structures of Eu3
+ complexes should be eight-coordinate (square-antiprism 

structure) in order to achieve stronger electric dipole radiation. Square anti 

prism structured Eu3
+ complexes are expected to have increased radiation 

rates and quantum yields because of increases in 5Do ~ 7F2 emlSSIOns 

(electronic dipole transition), related to odd parity. Phosphine oxide ligands 

can produce anti symmetrical structures that promote faster radiation rates 

[Gao et al. 1999]. Further, increased emission quantum yields can be 

expected for europium p-diketonate complexes with phosphine oxide 
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Iigands, because phosphine oxide molecule prevents coordination of water 

or solvent molecules and lowers vibrations. 

It is clear from the literature review that a large number of 1 ,3-~

diketones have been used along with various adduct forming reagents for 

the preparation of lanthanoid luminescent complexes [de Sa et al. 2000; 

Kido and Okamoto 2002]. Recently, 4-acyl-5-pyrazolonates have also been 

used for the preparation of terbium and europium luminescent complexes 

[Pettinari et al. 2004a]. The luminescence data suggested a strong influence 

of the nature of the acyl moiety in these complexes on luminescence. 

However, to our knowledge, no heterocyclic 4-aroyl-5-isoxazolones 

have been so far utilized in the preparation of LCMDs. The above factors 

prompted us to synthesize europium-4-aroyl-5-isoxazolonate complexes 

with TOPO or TPhPO as adduct forming reagents with a view to study their 

I photophysical properties for use in electroluminescent devices as emitting 

layers. 

N:..--
1 o 

R= F : HFBPI 
H : HPBI 

3-phenyl-4-aroyl-S-isoxazolones 

TOPO 

o 
11 

Ph-P-Ph 
1 

Ph 

TPhPO 
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6.1. Experimental 

6.1.1. Instrumentation 

The excitation and luminescence spectra of the powdered samples 

were obtained by using a SPEX-Fluorolog DM3000F spectrofiuorometer 

with double grating 0.22m Spex 1680 monochromators, and a 450 W 

Xenon lamp as the excitation source using the front face mode. The 

lifetime measurements were carried out at room temperature using SPEX 

1934D phosphorimeter, accessory coupled with the spectrofiuorometer. 

The decay curves were recorded monitoring the hypersensitive 

500 7F 
--. 2 transition of the Eu3

+ ion. The photophysical properties such 

as emission spectra, excitation spectra and lifetime measurements were 

carried out using Y203:5%Eu phosphor as the standard. Thermogravimetric 

analysis studies were carried out using TGA-50H (Shimadzu, Japan). The 

instruments used for IR and C, H and N analyses were the same as that 

described in chapter 3. 

6.1.2. Chemicals 

The commercial Y 203: 5% Eu phosphor used in our experiments was 

kindly supplied by Prof. E. Zych, (Warsaw University, Poland) as a gift 

sample. TOPO and TPhPO were obtained from Sigma Aldrich. HPBI and 

HFBPI were synthesized by the method described in chapter 3. All the 

other chemicals used were of analytical reagent grade. 
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6.1.2.a. Syntheses of complexes 

The various binary and ternary complexes of Eu3
+ ion have been 

synthesized as described in scheme 6.1 using stoichiometric amounts of 

europium nitrate, 4-aroyl-5-isoxazolones and Lewis base in ethanol 

medium in the presence ofNaOH. 

F : HFBPI R= 
H : HPBI 

NaOH fEtOH .. 

m = 3 for HFBPI 
m = 2 for HPBI 

<i? NaOH fEtOH 
+ 2 /P .... C H .. 

CaH17 Cl Ha 17 
a 17 

R= F : HFBPI 
H : HPBI 

R 

3 
::c 

"'0 O-N 

~ /~--': \ 

-- ___ Eu -c( 

o / \ 
0,' ',0 , , 

''''-' 

R 
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R = F : HFBPI n = 2 & m = I for HPBI 
H : HPBI n = I & m = 2 for HFBPI 

R 

Scheme 6.1 

6.2. Results and Discussion 

6.2.1. Characterization of Eu3
+ complexes 

The synthesized complexes were characterized by C, H, and N 

analyses (Table 6.1), IR spectral studies (Table 6.2), and thermogravimetric 

analysis (Figs. 6.1-6.2). 

The IR spectra of the complexes of Eu3
+ show a broad absorption in 

the region 3000-3500 cm-I, indicating the presence of water molecules in 

the complexes (Eu(PBlh2H20; Eu(PBlh2TPhPO.H20; Eu(FBPlh3H20 

and Eu(FBPlhTPhPO.2H20). The carbonyl stretching frequencies have 

been shifted from 1699 cm- l (HPBI) and 1702 cm-I (HFBPI) to lower 

frequencies in all the complexes, indicating the involvement of carbonyl 

oxygen atoms in complexation (Table 6.2). The P=O stretching frequencies 

have also been shifted to lower frequencies in the complexes indicating the 

involvement of phosphoryl oxygen of TOPO or TPhPO in complex 

fonnation with Eu3
+ ion. 
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Table 6.1. Elemental analyses. 

, 
I 

I 
%C %H %N %Eu 

Complex Calcd. Calcd. Calcd. Calcd. 
(found) (found) (found) (found) 

Eu(PBI)3.2H20 58.78 3.47 4.28 15.51 
(58.42) (3.88) ( 4.49) (15.47) 

Eu(PBI)3.2TOPO 67.08 7.69 2.44 8.85 
(67.57) (7.76) (2.73) (8.93) 

Eu(PBIh2TPhPO. H2O 66.38 4.08 2.76 10.01 

I Eu(FBPIh3H2O 
(66.11 ) (3.86) (3.05) (10.10) 
54.75 3.13 3.99 14.44 

(54.29) (3.29) (4.06) (14.62) 
Eu(FBPIh2TOPO 65.04 7.28 2.37 8.57 

(65.17) (7.68) (2.56) (8.63) 
Eu(FBPIhTPhPO.2H2O 60.85 3.50 3.20 11.58 

(61.09) (3.08) (3.63) (11.61) 

Table 6.2. IR spectral data of Eu3+-isoxazolonate-neutral 

organophosphorus reagent complexes. 

Complex / Ligand C=O P=O 
stretching stretching 

frequencies frequencies 
(cm-I) (cm-I) 

HPBI 1699 -
HFBPI 1702 -
TOPO - 1143 
TPhPO - 1182 
Eu(PBI)3.2H20 1620 -
Eu(PBI)3·2TOPO 1651 1134 
Eu(PBI)3.2TPhPO. H2O 1646 1165 
Eu(FBPI)3.3H2O 1646 -
Eu(FBPI)3.2TOPO 1646 1136 
Eu(FBPIh TPhPO.2H2O 1646 1155 
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Fig. 6.1 shows the thennogravimetric analysis (TGA) results for 

Eu(FBPlk3H20. The precursor Eu(FBPlk3H20 undergoes a mass loss of 

5% up to 100-17 5°C, which corresponds to the removal of three water 

molecules coordinated to the metal ion (5.13%, calculated). Further, 

decomposition takes place between 200 and 575°C. There is no step 

characteristic of "free" ligand, indicating that the ligands are coordinated to 

the metal centers. On the other hand, for the complex, Eu(FBPlk2TOPO, 

a plateau was observed between 50-230°C indicating the absence of water 

molecules (Fig. 6.2). 
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Fig. 6.1. TG Analysis for Eu(FBPI)3.3H20. 

From the above results, it is evident that the coordination number is 

eight m complexes Eu(PBI)3.2TOPO and 

Eu(FBPlk2TOPO and nine in Eu(PBlk2TPhPO.H20, Eu(FBPlh3H20 

and Eu(FBPI)3.TPhPO.2H20 complexes. The eight oxygen atoms fonn 

square-antiprism coordination polyhedra around the central Eu3
+ ion in the 
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fonner complexes and the nine oxygen atoms form tri-capped trigonal 

prismatic geometry around the Eu3
+ ion in the latter complexes. 
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Fig. 6.2. TG Analysis for Eu(FBPI)3.2TOPO. 

6.2.2. Photophysicai studies 

The typical excitation spectra of Eu(PBI)3.2TOPO and 

Eu(FBPI)3.2TOPO at 303K are shown in Figs. 6.3 & 6.4, respectively. The 

excitation spectra evidence an efficient ligand-to-metal energy transfer, 

since the most intense feature is a broad band corresponding to transitions 

populating ligand-centered excited states. All weak bands of f-f transitions 

3 7p 5D of Eu + ion are hidden by the strong band except 0 ----.. 2 and 

IF 5 
I ~ Dl bands, appeared as weak bands at 463.6 nm and 534 nm, 

respectively. The relative intensity of the broad UV band to the intrinsic 

Eu3
+ lines in fact shows the so-called 'antenna' role played by the 

heterocyclic ~-diketone molecule. 
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Fig. 6.3. The excitation spectrum of the 5Do emission (A-em 614 nm) of Eu3
+ 

ion in Eu(PBIh2TOPO complex. 
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Fig. 6.4. The excitation spectrum of the 5Do emission (A-em 614 nm) of Eu3
+ 

ion in Eu(FBPIh2TOPO complex. 
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The luminescence spectra of Eu3
+ complexes with HPBIIHFBPI in 

the presence of TOPOffPhPO at 303K are shown in Figs. 6.5-6.6. For 

comparison, the emission spectrum of Y203: (5%) Eu phosphor is also 

given in Fig. 6.7. The emission spectra of the complexes display 

characteristic sharp peaks associated with the 500 ----.. 7FJ transitions of 

50 7 
the Eu3

+ ion. The five expected Stark components of the 0 ----.. F 0-4 

50 7F 
transitions are well resolved and the hypersensitive 0 ----.. 2 transition 

is very intense, pointing to a highly polarizable chemical environment 

around the Eu3
+ ion. Further, an important result is that the emission band 

(525 run), corresponding to the emission from the lowest triplet state of the 

ligand, is not observed in these Eu3
+ complexes indicating that energy 

transfer from the lowest triplet state of 4-aroyl-5-isoxazolone to the Eu3
+ 

ion is efficient. 
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Fig. 6.5. Emission spectra of Eu-FPBI complexes. 
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Fig. 6.6. Emission spectra of Eu-PBI complexes. 
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Fig. 6.7. Emission spectrum OfY203: 5%Eu phosphor. 
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The logarithmic decay profiles for the phosphorescence lifetime of 

Eu3
+ complexes with HFBPIIHPBI and TOPOrrphPO are shown in Figs. 

6.8-6.9. The solid line indicates the best fitted line with respect to 

experimental values along with the measured data points for respective 

5D --.. 7F 
systems. The decay curves are monitored from 0 2 transitions. 

The radiative decay curves have been fitted with the following equation: 

It = 10 e-tlt 

where 10 is the initial intensity at t = 0, It is the decay intensity after time t 

and '[ is the lifetime. With the help of Origin programme, the decay curves 

are well fitted with a single exponential decay and automatically the 

lifetime, 't can be evaluated by taking the first e-folding time of decay 

curve. 
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Fig. 6.8. Decay profiles of the 5Do level in Eu-FBPI complexes. The solid 

line represents the decay curve with best fit. 
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Fig. 6.9. Decay profiles of the 5Do level in Eu-PBI complexes. The solid 

line represents the decay curve with best fit. 

Table 6.3. Lifetime Cr) of the emitting levels in the Eu-HPBIIHFBPI

TOPOrrphPO complexes at 303K. 

Complex Lifetime CL) ~s 
Eu(FBPIk3H2O 184 ± 2.0 
Eu(FBPI)3' TPhPO .2H2O 317 ± 2.0 
Eu(FBPIk2TOPO 774 ± 3.0 
Eu(PB 1)3 .2H2O 177 ± 1.0 
Eu(PBI)3.2TPhPO. H2O 534 ± 2.0 
Eu(PBIk2TOPO 1066 ± 3.0 
Y203:(5%) Eu 1096 ± 7.0 

As can be seen from the magnitudes of the measured (Table 6.3) 

lifetimes, relatively shorter 'texpt (184 Jls and 177 Jls) were obtained for 

Eu(FBPIk3H20 and Eu(PBI)3.2H20, respectively, due to dominant non

radiative decay channels associated with vibronic coupling due to the 
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presence of water molecules. Shorter lifetimes due to the presence of water 

molecules have been well documented for Eu(btfah2H20 (380 Ils) and 

Eu(bzac h2H20 (300 Ils) complexes [Junior et aI. 1997]. On the other 

hand, Eu(FBPlh2TOPO and Eu(PBI)3.2TOPO complexes exhibit longer 

lexpt of 774 IlS and 1066 IlS compared to t expt of 317 IlS and 534 IlS for 

Eu(FBPlhTPhPO.2H20 and Eu(PBlh2TPhPO.H20, respectively, due to 

dominant muItiphonon relaxation in the latter complexes. This is in good 

agreement with the observed IR P=O stretching frequencies of 1134 cm-1 

for Eu(PBlh2TOPO and 1165 cm-1 for Eu(PBlh2TPhPO.H20 complexes 

since muItiphonon relaxation is proportional to these frequencies. Further, 

the present lifetime values are found to be significantly hjgher than that of 

Eu(bzachPhen (410 Ils) or Eu(bzachPhenNO (855 Ils) [Junior et al. 

1997]. Also, the lifetime obtained for Eu(PBlh2TOPO (1066 Ils) is found 

to be comparable to that of the standard phosphor (1096 Ils). Thus 

Eu(PBI)3.2TOPO may find potential applications as emitting layers in 

electroluminescent devices. 
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Summary and Conclusions 
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The conclusions drawn from the work reported in this thesis are 

described below: 

1. Para-substituted 4-aroyl derivatives of highly acidic heterocyclic p

diketones, 3-phenyl-5-isoxazolones, namely, 3-phenyl-4-(4-

fluorobenzoyl)-5-isoxazolone (HFBPI) and 3-phenyl-4-( 4-toluoyl)-

5-isoxazolone (HTPI), by introducing both electron withdrawing (

F) and electron donating (-CH3) groups, have been synthesized and 

characterized by elemental analyses, IR and 1 H NMR spectral data. 

The synthesized ligands have been utilized for the extraction of 

trivalent lanthanoids from dilute nitric acid solutions in the presence 

and absence of various crown ethers. For comparison, studies have 

also been performed with HPBI. The extraction data have been 

analyzed by both graphical and theoretical methods. The 

equilibrium constants for the extracted complexes have been 

deduced by a non-linear regression analysis with the aid of suitable 

chemically based models developed taking into account, aqueous 

phase complexation and all plausible complexes extracted into the 

organic phase. The equilibrium constants have been correlated with 

the pKa values of these ligands. The 0---0 distances between the 

two oxygens in the para-substituted 4-aroyl-5-isoxazolones have 

been determined by semi-empirical PM3 molecular orbital 

calculation taking into account the hydrogen bond. The selectivity 
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among these Ln3
+ ions has been determined and compared with 

commercially available extractants, D2EHP A and EHEHPA. Solid 

complexes of Eu3
+ ion with HFBPI alone and with mixtures of 

HFBPI and various crown ethers have been isolated and 

characterized by IR and lH NMR spectral data to further clarify the 

nature of the extracted complexes. The conclusions drawn from the 

above investigations are listed below: 

(i) The extraction efficiency of trivalent lanthanoids with 

various para-substituted 4-aroyl-5-isoxazolones follows the 

order: HFBPI > HPBI > HTPI. The substitution of an 

electron withdrawing fluorine atom in the fourth position of 

the benzoyl moiety in HPBI molecule significantly improves 

the extraction efficiency of these metal ions as compared to 

HPBI. On the other hand, the substitution of an electron

releasing group (-CH3) diminishes the extraction efficiency 

as compared to HPBI. Further, the extraction efficiency 

observed with various 4-aroyl-5-isoxazolones, is found to be 

significantly higher than that with ~-diketones like 4-

acylpyrazolones and HIT A. 

(ii) The results demonstrated that these trivalent metal ions have 

been extracted into chloroform as Ln(FBPI)3 with HFBPI 

alone and as Ln(FBPI)3·CE in the presence of a CE (18C6, 

DC 18C6 or DB 18C6). 

(iii) Comparing the equilibrium constants of various 3-phenyl-4-

aroyl-5-isoxazolones for the extraction of lanthanoids from 

nitrate solutions with their pKa values, it can be concluded 
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that log equilibrium constant value increases as pKa value 

decreases. 

(iv) The 0---0 distances (bite size) obtained by semi-empirical 

PM3 molecular modeling calculations for various 3-phenyl-

4-aroyl-5-isoxazolones clearly highlight that the para

substitution in 3-phenyl-4-aroyl-5-isoxazolone does not 

affect the 0---0 distances (0---0 distance for HPBI = 2.72A; 

HFBPI = 2.72A; HTPI = 2.72A) between the two donating 

oxygen atoms. The larger 0---0 distances observed in 4-

aroyl-5-isoxazolones would decrease the stability of the 

intramolecular H-bonding resulting in a great enhancement of 

acidity. 

(v) The elemental analyses of solid complexes show that Eu3
+ 

ion has reacted with HFBPI or HTPI or HPBI in the 

metal:ligand mole ratio of 1 :3. 

(vi) The FT-IR spectra and elemental analyses data of the binary 

complexes indicate the presence of water molecules in the 

coordination sphere of the metal ion. The stretching 

frequencies of the C=O group of HFBPI have shifted to 

lower frequencies, indicating the involvement of carbonyl 

oxygen in the complex fonnation with Ln3
+ ions. The 

absence of enolic -OH peak in the IH NMR spectra of 

complexes further supports complex fonnation of Eu3
+ ion 

with these ligands. 

(vii) The selectivity among Ln3
+ ions with vanous 4-aroyl-5-

isoxazolones follows the order: HPBI > HTPI > HFBPI. This 

trend clearly highlights that the separation of lanthanoids 

becomes poorer as the extractability increases. These results 
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also strongly suggest the relationship between the selectivity 

and pKa value of the ligand. The S.F. values observed with 

various 4-aroyl-5-isoxazolones, especially, between Eu and 

Nd pair, are comparable with that obtained in the presence of 

EHEHP A and D2EHP A, which are widely used as 

extractants in the Rare Earth Industry. Hence such systems 

would be of practical value in the extraction separation of 

these metal ions. 

(viii) The addition of a· CE to the metal-chelate systems 

significantly improves the extraction efficiency of these 

metal ions but, at the same time, it diminishes the selectivity 

among these metal ions. This may be due to the absence of 

ion pair extraction of lighter lanthanoids in the presence of 

CEs. 

(ix) The complexation strength of Ln3
+ ions with various CEs 

follows the order: DC 18C6 > 18C6 > B 18C6 > DB 18C6. The 

sharp decrease in the complexation from 18C6 to B 18C6 and 

to DB 18C6 mostly reflects increasing steric effects and 

decreasing basicity. The higher extractability of these Ln3
+ 

ions with DC 18C6 or 18C6 can also be explained on the 

basis of size fitting effect of these CEs. 

(x) The stretching frequencies of the C=O group of HFBPI have 

been shifted to lower frequencies in the IR spectra of all 

ternary complexes which suggests that the carbonyl group is 

involved in the complex formation. The IR bands of C-O-C 

and Ph-C-O stretching vibrations in CE ligands show a 

significant shift to lower frequencies or diminution in 
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intensity on complexation with the metal ion indicating the 

involvement of oxygen of the CE in the adduct formation. 

(xi) IH-NMR studies of ternary complexes highlight that Ln3
+ ion 

may not be interacting uniformly with all the potential donor 

oxygens of CEs in the presence of chelating agent, HFBPI. 

(xii) The stability constants of these trivalent lanthanoids with 

various CEs do not follow a simple pattern with decrease in 

ionic radii of these metal ions unlike that of synergistic 

constants. The unusual behaviour observed in the present 

investigations of CEs with Ln3
+ ions in the presence of 

HFBPI may be due to a variety of geometric (cavity size and 

steric repulsion between the extractant classes), enthalpic 

(donor basicity) and entropic effects (cation dehydration). A 

better understanding of the interactions of crown ethers with 

metal-chelate systems require more detailed investigations of 

the solution structures of these complexes by X-ray 

absorption fine structure (XAFS) measurements. 

2. I-Phenyl-3-methyl-4-pivaloyl-5-pyrazolone (HPMPP) has been 

synthesized by introducing a bulky pivaloyl group at the 4th position 

of the pyrazolone ring with a view to reduce the bite size and to 

achieve better selectivity among the Ln3+ ions. The extraction 

behaviour of Nd3
+, Eu3

+, and Tm3
+ ions from perchlorate solutions 

into chloroform with HPMPP in the presence and absence of various 

crown ethers, 18C6, DC18C6, and DB18C6 has been studied. 

Binary and ternary solid complexes of Eu3
+ ion with HPMPP and in 

the presence of DC 18C6 have been synthesized and characterized 
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by spectroscopic techniques. The conclusions from the above 

findings are as follows: 

(i) The results demonstrated the extraction of the speCIes as 

Ln(PMPP)3, with HPMPP alone, and Ln(PMPP)3.CE, in the 

presence of crown ethers. 

(ii) The S.F. values obtained especially between Eu and Nd pair 

with HPMPP is found to be significantly higher than that 

obtained with D2EHPA or EHEHPA. Also the S.F. value with 

HPMPP is found to be higher than that obtained with 4-aroyl-

5-isoxazolones. This may be due to shorter 0---0 distance in 

HPMPP (2.48A) than 10 para-substituted 4-aroyl-5-

isoxazolones (2.72A). Further, this would strongly suggest the 

relationship between the selectivity and the 0---0 distance of 

the ~-diketones. Thus HPMPP may find potential application 

in the separation of lanthanoids. 

(iii) The increase in the extractability of lanthanoid complexes from 

Nd3
+ to Tm3

+ ion can be due to the increase in electrostatic 

interactions between the cation and the ligand with lIecrease in 

ionic radii. 

(iv) The addition of a CE to the metal-chelate system not only 

enhances the extractability of these metal ions but also 

improves the selectivities among Nd-Eu pair, especially with 

DB18C6. 

(v) The complexation strength of Ln3
+ ions with various crown 

ethers follows the order: 18C6 > DC 18C6 > DB 18C6. The 

sharp decrease in the complexation from 18C6 to DB 18C6 

mostly reflects increasing steric effects and decreasing basicity. 
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The FT -IR spectra of binary and ternary complexes show the 

involvement of carbonyl and po\yether oxygen atoms in 

complex formation with Ln3
+ ion. 

3. Various 4-acylbis(pyrazolones), namely, 4-adipoylbis(1-phenyl-3-

methyl-5-pyrazolone) (H2AdBP), 4-suberoylbis( I-phenyl-3-methyl-

5-pyrazolone) (H2SuBP), 4-sebacoylbis( I-phenyl-3-methyl-5-

pyrazolone) (H2SbBP), 4-dodecandioylbis( I-phenyl-3-methyl-5-

pyrazolone) (H2DdBP) have been synthesized and characterized by 

elemental analyses, IR and IH NMR spectral data. These ligands 

have been utilized in the investigations on the extraction behavior of 

Ln3
+ ions from nitrate solutions in the presence and absence of 

neutral organophosphorus extractants (TOPO, TPhPO and CMPO). 

The orientation and steric effects of the polymethylene substituent 

have been examined by semi-empirical PM3 molecular modeling 

calculations. The equilibrium constants of the extracted complexes 

have been deduced by non-linear regression analysis and have been 

correlated with the polymethylene chain length. The synergistic 

equilibrium constants have been correlated with the donor ability of 

the phosphoryl oxygen of the neutral organophosphorus extractants 

in terms of their 3lp NMR chemical shifts and their nitric acid 

uptake constant (KH) values. The extracted complexes have been 

characterized by IR and 3lp NMR spectral data to understand the 

interactions of neutral organophosphorus extractants with metal 

chelates. The conclusions from the above investigations are as 

follows: 



Chapter 7 160 

(i) The extracted complexes have been elucidated as: 

Ln(X)(HX) in the presence of H2X (H2AdBP, H2SbBP or 

H2DdBP) alone and as Ln(X)(HX).S in the presence of a 

neutral organophosphorus extractant (S), respectively. 

(ii) The extraction of Ln3
+ ions with 4-acylbis(pyrazolones) was 

found to increase monotonically with increasing atomic 

number of these metal ions. 

(iii) 4-acylbis(pyrazolones) showed an initial increase in the 

extraction efficiency of Ln3
+ IOn with increasing 

polymethylene chain length, -(CH2)n-, from n = 4 to 8 and 

thereafter a decreasing trend, for n = 10. Thus, a minimum 

distance of 12.18 A between the carbonyl oxygens connected 

to the polymethylene chain, is required to achieve an optimal 

extraction of Ln3
+ ions. Further, for a distance greater than 

12.18 A, the decrease in extraction efficiency can be due to 

steric factors. 

(iv) From the molecular modeling calculations, it can be 

concluded that the differences in the number of methylene 

groups and rigidity of these groups in the ligands, hence 

different steric effects and different orientations of the 

displaceable hydroxyl groups in the ligands are apparently 

the vital factors that govern the complexation of Ln3+ ion. 

(v) The addition of a neutral organophosphorus extractant to the 

Ln3
+ -chelate system improves both the extraction efficiency 

and the selectivity appreciably among these Ln3
+ ions. 

(vi) The complexation strength of Ln3
+ ions with neutral 

organophosphorus extractants follows the order: TOPO > 

CMPO> TBP. The sharp decrease of Log Ksyn,I value of Ln3
+ 
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ions from TOPO to TBP mostly reflects in the decrease of 

their phosphoryl oxygen basicity values. 

(vii) The Log Ksyn,l values of Eu3
+ ion increase linearly with 

increase in 8e1p) NMR chemical shift of the neutral 0-

bearing organophosphorus extractant. However, CMPO was 

found to deviate from linearity. It may be due to the bidentate 

nature of CMPO in the complex formation with Eu3
+ ion as is 

also evident from the IR spectral data, where both p=o and 

C=O stretching frequencies of CMPO have shifted to lower 

wave numbers, indicating the involvement of oxygen atoms 

of both carbonyl and phosphoryl groups in complexation. 

4. Eu-4-aroyl-5-isoxazolonate complexes of the type Eu(XhL (X = 

anion of 3-phenyl-4-aroyl-5-isoxazolone; L = TOPO or TPhPO) 

have been synthesized and characterized by elemental analyses, 

thermogravimetric analysis, IR and photoluminescence 

spectroscopy. The conclusions from the above studies are as 

follows: 

(i) The analytical data show that Eu3
+ ion reacted with HPBI and 

HFBPI in the metal: ligand mole ratios of 1 :3. The same 

metal: ligand ratio is valid in the ternary complexes of Eu

HFPBIIHPBI-TOPOITPhPO. 

(ii) The IR spectra of the complexes of Eu3
+ IOn 

(Eu(FBPI)3.3H20 or Eu(PBI)3.2H20) show a broad 

absorption in the region 3000-3500 cm-I, indicating the 

presence of water of hydration in the complexes. This is also 

in consistent with the TG analyses, where a small weight loss 
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frequencies have been shifted to lower frequencies in all the 

complexes, indicating the involvement of carbonyl oxygen 

atoms in complexation. 

(iii) The P=O stretching frequencies have also been shifted to 

lower frequencies in the complexes indicating the 

involvement of phosphoryl oxygen of TOPO or TPhPO in 

complex formation with Eu3
+ ion. 

(iv) The excitation spectra evidence a ligand-to-metal energy 

transfer, since the most intense feature is a broad band 

corresponding to transitions populating ligand-centered 

excited states. 

(v) The room temperature photoluminescence spectra of the 

complexes display characteristic sharp peaks associated with 

5D 7 
the 0 ~ FJ transitions of the Eu3

+ ion. Further, the 

emission spectra of the Eu3
+ ion shows a very high intensity 

5D 7F 
for the hypersensitive 0 ~ 2 transition pointing to a 

highly polarizable chemical environment around the Eu3
+ ion. 

(vi) The results clearly show that the substitution of water 

molecules by TOPOffPhPO m the Eu-isoxazolonate 

complexes leads to longer 5Do lifetimes (184 JlS for 

Eu(FBPI)3.3H20 vs. 774 JlS for Eu(FBPI)3.2TOPO and 177 

JlS for Eu(PBlk2H20 vs. 1066 JlS for Eu(PBlk2TOPO). 

This can be ascribed to a more efficient ligand-to-metal 

energy transfer and to less efficient non-radiative 5Do 

relaxation processes. 
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(vii) The shorter lifetime of the 5Do level in the hydrated complex 

is associated with the non-radiative decay channel associated 

with vibronic coupling due to the presence of water 

molecules. 

(viii) The lifetime of Eu(PBlk2TOPO (1066 Ils ) is found to be 

significantly higher than that of Eu(PBI)3.2TPhPO.H20 (534 

Ils). This may be due to the presence of water molecules in 

the latter complex. 

(i~) The complex Eu(PBlk2TOPO shows a long 5Do lifetime 

(1066 Ils), which is comparable to that of standard 

commercial Y203:(5%)Eu phosphor (1096 Ils). Thus the 

complex Eu(PBI)3.2TOPO may find potential applications in 

electroluminescent devices as emitting layers. 



References 



References 165 

Baldo, M.A., O'Brien, D.F., You, Y., Shoustikov, A., Sibley, S., 

Thompson, M.E., and Forrest, S.R., 1998, "Highly efficient 

phosphorescent emission from organic electroluminescent devices," 

Nature, 395, pp. 151-154. 

Bautista, R.G., 1995, "Separation Chemistry" in Handbook on the Physics 

and Chemistry of Rare Earths, 21 Edited by Gschneidner, K.A. and 

Eyring, L. Elsevier Science B.V. North-Holland, pp. 1-27. 

Bian, Z., Gao, D., Wang, K.Z., Jin, L.P., and Huang, C.H., 2004, "Pure red 

organic electroluminescent devices using a novel europium(III) 

complex as emitting layer," Thin Solid Films, 460, pp. 237-241. 

Binnemans, K., and Lodewyckx, K., 2001, "Coordinately unsaturated 

metal centers as building blocks for high coordination number 

metallomesogens," Angew. Chem. Int. Ed. Engl. 40(1), pp. 242-244. 

Bond, A.H., Dietz, M.L., and Chiarizia, R., 2000, "Incorporating size 

selectivity into synergistic solvent extraction: A review of crown 

ether-containing systems," Ind. Eng. Chem. Res., 39, pp. 3442-3464. 

Carlos, L.D., de Mello Donega, C., Albuquerque, R.Q., Junior, S.A., 

Menezes, J.F.S., and Malta, O.L., 2003, "Highly luminescent 

europium(III) complexes with naphtoiltrifluoroacetone and dimethyl 

sulphoxide," Mol. Phys., p. 1037. 

Choppin, G .R., and Morgenstern, A., 2000, "Thermodynamics of solvent 

extraction," Solv. Extr. Ion Exch., 18, pp. 1029-1049. 



References 166 

de Mello Donega, C., Junior, S.A., and de Sa, G.F., 1996, "Europium(III) 

mixed complexes with ~-diketones and 0- phenanthroline-N-oxide 

as promising light-conversion molecular devices," Chem. Commun., 

pp. 1199-1200. 

de Mello Donega, C., Junior, S.A., and de Sa, G.F., 1997, "Synthesis, 

luminescence and quantum yields of Eu(III) mixed complexes with 

4,4,4-trifluoro-l-phenyl-l,3-butanedione and 1,10- phenanthroline

N-oxide," J Alloys Compd., 250, pp. 422-426. 

de Sa, G.F., Malta, O.L., de Mello Donega, c., Simas, A.M., Longo, R.L., 

Santa-Cruz, P.A., and da Silva Jr., E.F., 2000, "Spectroscopic 

properties and design of highly luminescent lanthanide coordination 

complexes," Coord. Chem. Rev., 196, pp. 165-195. 

Dukov, I.L., 1992, "Synergistic extraction of lanthanides with mixtures of 

I-phenyl-3-methyl-4-benzoyl pyrazol-5-one and benzo-15-crown-

5," Solv. Extr. Ion Exch., 10, pp. 637-653. 

Dukov, I.L., 1997, "Temperature effect on the synergistic solvent 

extraction of some lanthanides with mixtures of I-phenyl-3-methyl-

4-benzoyl-pyrazol-5-one and aliquat 336," Hydrometallurgy, 44, pp. 

21-27. 

Dukov, I.L., and Genov, L.C., 1986, "Solvent extraction of some 

lanthanides with mixtures of I-phenyl-3-methyl-4-benzoyl-pyrazol-

5-one and 1-(2-pyridylazo)-2-naphtol," Solv. Extr. Ion Exch., 4(1), 

pp. 95-108. 

Dukov, I.L., and Genov, L.C., 1986a, "Synergistic solvent extraction of 

lanthanides with mixtures of I-phenyl-3-methyl-4-benzoyl-pyrazol-

5-one and aliquat 336," Solv. Extr. Ion Exch., 4(5), pp. 999-1008. 

Dukov, I.L., and Genov, L.Ch., 1988, "Synergistic solvent extraction of 

lanthanides with mixtures of I-phenyl-3-methyl-4-benzoyl-pyrazol-



References 167 

5-one and tri-n-octylamine," So Iv. Extr. Ion Exch., 6(3), pp. 447-

459. 

Dukov, I.L., and Jordanov, V.M., 1996, "Synergistic solvent extraction of 

lanthanides with mixtures of I-phenyl-3-methyl-4-benzoyl-pyrazol-

5-one and aliphatic amines: Influence of the ammonium salt ions," 

Monatshefte Fur Chemie, 127, pp. 1109-1114. 

Dukov, I.L., and Jordanov, V.M., 1996a, "Synergistic solvent extraction of 

lanthanides with mixtures of I-phenyl-3-methyl-4-benzoyl-pyrazol-

5-one and methyldioctylamine," ACH-models in Chemistry, 133(3), 

pp. 443-448. 

Dukov, I.L., and Jordanov, V.M., 1998, "Synergistic solvent extraction of 

lanthanides with mixtures of I-phenyl-3-methyl-4-benzoyl-5-

pyrazolone and primary ammonium salts," Hydrometallurgy, 48, pp. 

145-151. 

i Felinto, M.C.F.C., Tomiyama, C.S., Brito, H.F., Teotonio, E.E.S., and 

: Malta, O.L., 2003, "Synthesis and luminescent properties of 

supramolecules of ~-diketonate of Eu(III) and crown ethers as 

ligands," J. Solid State Chem., 171, pp. 189-194. 

I 
I 

Femandes, J.A., Ferreira, R.A.S., Pillinger, M., Carlos, L.D., Gonclaves, 

I.S., and Claro, PJ.A.R., 2004, "Spectroscopic studies of 

europium(lII) and gadolinium(III) tris-p-diketonate complexes with 

diazabutadiene ligands," Eur. J. Inorg. Chem., pp. 3913-3919. 

: Gao, X.C., Cao, H., Huang, C., Li, B., and Umitani, S., 1998, 

I 

I 

I 

"Electroluminescence of a novel terbium complex," Appl. Phys. 

Left., 72(18), pp. 2217-2219. 

Gao, X.C., Cao, H., Huang, C.H., Umitani, S., Chen, G.Q. and Jiang, P., 

1999, "Photoluminescence and electroluminescence of a series of 

terbium complexes," Synth. Met., 99, pp. 127-132. 



References 168 

Gatrone, R.C., Kalpan, L., and Horwitz, E.P., 1987, "The synthesis and 

purification of the carbamoylmethylphosphine oxides," So Iv. Extr. 

Ion Exch., 5(6), pp. 1075-1116. 

Gawryszewska, P., Oczko, G., Riehl, J.P., Tsaryuk, V., and 

Legendziewicz, J., 2004, "Excited state energetics and spectroscopic 

characterization of a chiral mixed chelate complex containing 

Eu(III)," J. Alloys Compd., 380, pp. 352-356. 

Hasegawa, Y., Yamamuro, M., Wad a, Y., Kanehisa, N., Kai, Y., and 

Yanagida, S., 2003, "Luminescent polymer containing the Eu(III) 

complex having fast radiation rate and high emission quantum 

efficiency," J. Phys. Chem. A, 107, pp. 1697-1702. 

Hong, Z., Li, W., Liang, C., Vu, J., Sun, G., Liu, X., Liu, Y.L., Peng, 1., 

and Lee, S. T., 1997, "Electron-transport properties of rare earth 

chelates in organic electroluminescent devices," Synth. Met., 91, pp. 

271-273. 

Hong, Z.R., Liang, C.J., Li, R.G., Li, W.L., Zhao, D., Fan, D. Wang, D.Y., 

Chu, B., Zang, F.X., Hong, L.S., and Lee, S.T., 2001, "Rare earth 

complex as a high-efficiency emitter in an electro luminescent 

device," Adv. Mater. 13, pp. 1241-1245. 

Huang, L., Wang, K.Z., Huang, C.H., Li, F.Y., and Huang, Y.Y., 2001, 

"Bright red electro luminescent devices using novel second-ligand

contained europium complexes as emitting layers," J. Mater. Chem., 

11, pp. 790-793. 

Ionova, G., Ionov, S., Rabbe, c., Hill, C., Madic, C., Guillaumont, R., and 

Krupa, J .C., 2001, "Mechanism of trivalent actinide/lanthanide 

separation using bis(2,4,4-trimethylpentyl)dithiophosphinic acid 

( cyanex 301) and neutral O-bearing co-extractant synergistic 

mixtures," Solv. Extr. Ion Exch., 19, pp. 391-414. 



References 169 

lzatt, R.M., Bradshaw, 1.S., Nielsen, S.A., Lamb, J.D., and Christens en, 

1.1., 1985, "Thermodynamic and kinetic data for cation-macrocycle 

interaction," Chem. Rev., 85, pp. 271-339. 

Jensen, B.S., 1959, "The synthesis of 1-phenyl-3-methyl-4-acyl

pyrazolones-5," Acta Chem. Scand., 13, pp. 1668-1670. 

Jia, Q., Liao, W., Li, D., and Niu, C., 2003, "Synergistic extraction of 

lanthanum(III) from chloride medium by mixtures of 1-phenyl-3-

methyl-4-benzoyl-pyrazolone-5 and triisobutylphosphine sulphide," 

Anal. Chim. Acta, 477, pp. 251-256. 

Jordanov, V.M., Atanassova, M., and Dukov, I.L., 2002, "Solvent 

extraction of lanthanides with 1-phenyl-3-methyl-4-benzoyl-5-

pyrazolone," Sep. Sci. Tech., 37, pp. 3349-3356. 

Junior, S.A., de Almeida, F.V., de Sa, G.F., and de Mello Donega, c., 
1997, "Luminescence and quantum yields of Eu3

+ mixed complexes 

with 1-phenyl-1,3-butanedione and 1,10-phenanthroline or 1,10-

phenanthroline-N-oxide," J. Lumin., 72-74, pp. 478-480. 

Jyothi, A. and Rao, G.N., 1988, "Studies in the extraction of metals with 3-

phenyl-4-acetyl-5-isoxazolone," Bull. Chem. Soc. Jpn., 61, pp. 

4497-4499. 

Jyothi, A. and Rao, G.N., 1989, "Studies on extraction of lanthanum(III), 

cerium(III), europium(III), thorium(III) and uranium(VI) with 3-

phenyl-4-acetyl-5-isoxazolone (HPAI)," Polyhedron, 8(8), pp. 

1111-1116. 

Jyothi, A. and Rao, G.N., 1990, "Solvent extraction behaviour of 

lanthanum(III), cerium(III), europium(III), thorium(III) and 

uranium(VI) with 3-phenyl-4-benzoyl-5-isoxazolone," Talanta, 

37(4), pp. 431-433. 



References 170 

Kido, J., Nagai, K., and Ohashi, Y., 1990, "Electroluminescence In a 

terbium complex," Chem. Lett., 4, pp. 657-660. 

Kido, J., and Okamoto, Y., 2002, "Organo lanthanide metal complexes for 

electroluminescent materials," Chem. Rev., 102, pp. 2357-2368. 

Kitatsuji, Y., Meguro, Y., Yoshida, Z., Yamamoto, T., and Nishizawa, K., 

1995, "Synergistic ion-pair extraction of lanthanide(III) with 

thenoyltrifluoroacetone and crown ether into 1,2-dichloroethane," 

So Iv. Extr. Ion Exch., 13(2), pp. 289-300. 

Korte, F., SWriko, K., 1961, "Uber die umlagerung von 4-acyl

isoxazolonen-(5) und verwandten heterocyc1en," Chem. Ber. 94, pp. 

1956-1965. 

Le, Q.T.H., Umetani, S., Takahara, H., and Matsui, M., 1993, "Liquid

liquid extraction of lanthanides with a highly acidic extractant, 3-

phenyl-4-benzoyl-5-isoxazolone, in the presence and absence of tri

n-octyl phosphine oxide," Anal. Chim. Acta, 272, pp. 293-299. 

Liang, F., Zhou, Q., Cheng, Y., Wang, L., Ma, D., Jing, X. and Wang, F., 

2003, "Oxadiazole-functionalised europium(III) ~-diketonate 

complex for efficient red electroluminescence," Chem. Mater., 15, 

pp. 1935-1937. 

Liu, Y., Han, B.H., and Chen, Y.T., 2000, "The complexation 

thermodynamics of light lanthanides by crown ethers," Coord. 

Chem. Rev., 200-202, pp. 53-73. 

Liu, L., Li, W., Hong, Z., Peng, J., Liu, X., Liang, C., Liu, Z., Yu, J., and 

Zhao, D., 1997, "Europium complexes as emitters in orgamc 

electroluminescent devices," Synth. Met., 91, pp. 267-269. 

Liu, H.G., Park, S., Jang, K., Feng, X.S., Kim, C., Seo, HJ. and Lee, Y., 

2004, "Influence of ligands on the photoluminescent properties of 



References 171 

Eu3
+ in europium p-diketonateIPMMA-doped systems," J Lurnin., 

106, pp. 47-55. 

Luxmi Varma, R., Sujatha, S., Reddy, M.L.P., Rao, T.P., Iyer, C.S.P., and 

Damodaran, A.D., 1996, "Bis(2-ethylhexyl)-N,N

diethylcarbamoylmethyl phosphonate as a synergist in the extraction 

of trivalent lanthanides by I-phenyl-3-methyl-4-trifluoroacetyl

pyrazolone-5," Radiochirn. Acta, 72, pp. 133-136. 

Malandrino, G., Licata, R., Castelli, F., and Fragala, I.L., 1995, "New 

thermally stable and highly volatile precursors for lanthanum 

MOVCD: synthesis and characterization of lanthanum p-diketonate 

glyme complexes," Inorg. Chern., 34, pp. 6233-6234. 

Malandrino, G., Incontro, 0., Castelli, F., and Fragala, I.L., 1996, 

"Synthesis, characterization, and mass transport properties of two 

novel gadolinium(III) hexafluoroacetylacetonate polyether adducts: 

promising precursors for MOCVD ofGdF3 films," Chern. Mater., 8, 

pp. 1292-1297. 

Malandrino, G., Benelli, C., Castelli, F., and Fragala, I.L., 1998, 

"Synthesis, characterization, crystal structure and mass transport 

properties of lanthanum p-diketonate glyme complexes, volatile 

precursors for metal-organic chemical vapor deposition 

applications," Chern. Mater., 10, pp. 3434-3444. 

Malta, O.L., Santos, M.A.C., Thompson, L.C., and Ito, N.K., 1996, 

"Intensity parameters of 4f-4f transitions In the 

Eu( dipivaloylmethanate)3 1,1 O-phenanthroline complex," J Lurnin., 

69, pp. 77-84. 

Malta, O.L., Brito, H.F., Menezes, IF.S., Silva, F.R.G., Junior, S.A., 

Junior, F.S.F., and de Andrade, A.V.M., 1997, "Spectroscopic 

properties of a new light-converting device 



References 172 

Eu(thenoyltrifluoroacetonate)3 2( dibenzyl sulfoxide). A theoretical 

analysis based on structural data obtained from a sparkle model," J 

Lumin., 75, pp. 255-268. 

Manchanda, V.K., Chang, C.A., and Peng, J., 1988, "The effect of the 

diluent on the extraction of lanthanide complexes of macrocyclic 

ionophores," Solv. Extr. Ion Exch., 6, pp. 835-857. 

Manchanda, V.K., Mohapatra, P.K., and Veeraraghavan, R., 1996, "3-

phenyl-4-benzoyl-5-isoxazolone: A promising chelate extractant for 

actinide separation from acidic nuclear waste solutions," Anal. 

Chim. Acta, 320, pp. 151-154. 

Mathur, J.N., 1983, "Synergism of trivalent actinides and lanthanides," 

So Iv. Extr. Ion Exch., 1(2), pp. 349-412. 

Mathur, IN., and Khopkar, P.K., 1987, "Liquid-liquid extraction of 

trivalent actinides and lanthanides with I-phenyl-3-methyl-4-

trifluoroacetyl pyrazolone-5," Polyhedron, 6(12), pp. 2099-2102. 

Mathur, J.N., and Khopkar, P.K., 1988, "Use of crown ethers as synergists 

in the solvent extraction of trivalent actinides and lanthanides by 1-

phenyl-3-methyl-4-trifluoroacetyl pyrazolone-5," So Iv. Extr. Ion 

Exch., 6(1), pp. 111-124. 

Mathur, J.N., Murali, M.S., Natarajan, P.R., Badheka, L.P., and Banerji, 

A., 1992, "Extraction of actinides and fission products by 

octy l(phenyl)-N ,N -diisobuty1carbamoylmethylphosphine oxide from 

nitric acid media," Talanta, 39(5), pp. 493-496. 

Mathur, J.N., and Choppin, G.R., 1993, "The interaction of crown ethers 

with p-diketonate complexes of f-elements," So Iv. Extr. Ion Exch., 

U,pp.I-18. 

Mehrotra, R.C., Bohra, R., and Gaur, D.P., 1978, "Metal p-diketonates and 

Allied Derivatives," Academic Press: NewY ork. 



References 173 

Miyazaki, S., Mukai, H., Umetani, S., Kihara, S., and Matsui, M., 1989, 

"Steric effects of polymethylene chain length on the liquid-liquid 

extraction of copper(lI) with bis( 4-acylpyrazol-5-one) derivatives," 

Inorg. Chem., 28, pp. 3014-3017. 

Miyazaki, S., Mukai, H., Umetani, S., Kihara, S., and Matsui, M., 1991, 

"Steric effects of polymethylene chain length on the liquid-liquid 

extraction of Ni(lI) and Zn(lI) with bis( 4-acylpyrazol-5-one) 

derivatives in the presence or absence of tri-n-octylphosphine 

oxide," Anal. Chim. Acta, 249, pp. 525-532. 

Mohapatra, P .K., and Manchanda, V.K., 1991, "Complexation of 

americium (Ill) with crown ethers in aqueous phase," Radiochim. 

Acta, 55, pp. 193-197. 

Mohapatra, P.K., and Manchanda, V.K., 1993, "3-phenyl-4-benzoyl-5-

isoxazolone: A novel extractant for tetravalent neptunium," 

Radiochim. Acta, 61, pp. 69-72. 

Molina, C., Dahmouche, K., Messaddeq, Y., Ribeiro, SJ.L., Silva, M.A.P., 

de Zea Bermudez, V., and Carlos, L.D., 2003, "Enhanced emission 

from Eu(lIl) p-diketone complex combined with ether-type oxygen 

atoms of di-ureasil organic-inorganic hybrids," J Lumin., 104, pp. 

93-101. 

Mukai, H., Miyazaki, S., Umetani, S., Kihara, S., and Matsui, M., 1990, 

"Steric effect of ortho-substituents of I-phenyl-3-methyl-4-aroyl-5-

pyrazolones on the synergic extraction of lutetium with 

trioctylphosphine oxide," Anal. Chim. Acta, 239, pp. 277-282. 

Mukai, H., Umetani, S., and Matsui, M., 1997 "The synergic extraction of 

rare earth metals with ortho-substituted I-phenyl-3-methyl-4-aroyl-

5-pyrazolones and trioctylphosphine oxide," Anal. Sci., 13, 

Supplement, pp. 145-148. 



References 174 

Mukai, H., Umetani, S., and Matsui, M., 2003, "Steric effect of ortho 

substituents of 1-phenyl-3-methyl-4-aroylpyrazol-5-ones on the 

synergic extraction of scandium and lanthanum with tri-n

octylphosphine oxide," So Iv. Extr. Ion Exch., 21(1), pp. 73-90. 

Nakamura, T., and Miyake, C., 1994, "NMR study of lanthanide(lll) 

nitrate-CMPO extraction system (11) molecular movement of CMPO 

and La(III)(N03)3-CMPO complex and ligand-exchange reaction for 

Eu(III)-CMPO and Gd(III)-CMPO systems," So Iv. Extr. Ion Exch., 

12(5), pp. 951-965. 

Odashima, T., Satoh, S., Sato, T., and Ishii, H., 1995, "Solvent extraction 

of some tervalent lanthanoids with 4-acyl-3-phenyl-5-isoxazolones," 

So Iv. Extr. Ion Exch., 13(5), pp. 845-854. 

Pedersen, C.J., 1967, "Cyclic polyethers and their complexes with metal 

salts," J. Am. Chem. Soc., 89, pp. 7017-7036. 

Pettinari, C., Marchetti, F., and Drozdov, A., 2004, "p-Diketones and 

Related Ligands," in Comprehensive Coordination Chemistry 11 

From Biology to Nanotechnology. Volume 1: Fundamentals: 

Ligands, complexes, synthesis, purification, and structure, pp. 97-

115. 

Pettinari, C., Marchetti, F., Cingolani, A., Drozdov, A., Timokhin, I., 

Troyanov, S.I., Ts aryuk , V., and Zolin, V., 2004a, "Syntheses, 

structural and spectroscopic investigation (lR, NMR and 

luminescence) of new terbium and europium acylpyrazolonates," 

Inorg. Chim. Acta, 357, pp. 4181-4190. 

Pierce, T.B., and Peck, P.F., 1963, "The extraction of the lanthanide 

elements from perchloric acid by di-(2-ethylhexyl) hydrogen 

phosphate," Analyst, 88, pp. 217-221. 



References 175 

Powell, J.E., 1979, "Separation Chemistry" in Handbook on the Physics 

and Chemistry of Rare Earths, 9, Edited by Gschneidner, K.A. and 

Eyring, L. Elsevier Science B.V. North-Holland, pp. 81-109. 

Preston, J.S., and du Preez, A.C., 1990, "Solvent extraction processes for 

the separation of the rare earth elements," in Proc. Int. Solvent 

Extraction Coni Process metallurgy 7A, Kyoto, Japan'ISEC, Part 

A, pp. 881-894. 

Reddy, M.L.P., Ramamohan, T.R., and Damodaran, A.D., 1989, "Liquid

Liquid extraction studies for the preparation of rare earth oxides. 

Part I - Purification of yttrium concentrate," Trans. Indian Inst. Met. 

42, p. 69-74. 

Reddy, M.L.P., Damodaran, A.D., Mathur, J.N., Murali, M.S., and lyer, 

R.H., 1995, "Mixed-ligand chelate extraction of trivalent 

lanthanides and actinides with I-phenyl-3-methyl-4-benzoyl

pyrazol one-5 and dihexy 1-N ,N -diethy 1 carbamoylmethyl 

phosphonate," J. Radioanal. Nucl. Chem., Articles, 198(2), pp. 367-

374. 

Reddy, M.L.P., Luxmi Vanna, R., Ramamohan, T.R., Prasada Rao, T., 

lyer, C.S.P., Damodaran, A.D., Mathur, J.N., Murali, M.S., and lyer, 

R.H., 1995a, "Mixed-ligand chelate extraction of trivalent 

lanthanides and actinides with 3-phenyl-4-benzoyl-5-isoxazolone 

and neutral oxo-donors," Radiochim. Acta, 69, pp. 55-60. 

Reddy, M.L.P., Rao, T.P., and Damodaran, A.D., 1995b, "Liquid-liquid 

extraction processes for the separation and purification of rare 

earths," Min. Proc. Extr. Met. Rev., 12, pp. 91-113. 

Reddy, M.L.P., Luxmi Varma, R., Ramamohan, T.R., Damodaran, A.D., 

Thakur, P., Chakravortty, V., and Dash, K.C., 1997, "Synergistic 

solvent extraction of trivalent lanthanides with mixtures of 3-



References 176 

phenyl-4-benzoyl-5-isoxazolone and crown ethers," So Iv. Extr. Ion 

Exch., 15, pp. 49-64. 

Reddy, M.L.P., Luxmi Vanna, R., and Ramamohan, T.R., 1998, 

"Enhanced extraction and separation of trivalent lanthanoids with 

4,4,4-trifluoro-1-phenyl-1,3-butanedione and crown ether," 

Radiochim. Acta, 80, pp. 151-154. 

Reddy, M.L.P., Sahu, S.K., and Chakravortty, V., 2000, "4-Acylbis(l

phenyl-3-methyl-5-pyrazolones) as extract ants for f-elements," So Iv. 

Extr. Ion Exch., 18, pp. 1135-1153. 

Reddy, M.L.P., and Meera, R., 2001, "Crown ethers as size selective 

synergists in the solvent extraction of thorium(IV) and uranium(VI) 

with 3-phenyl-4-( 4-fluorobenzoyl)-5-isoxazolone," Radiochim. 

Acta, 89, pp. 453-459. 

Ribeiro, A.O., Calefi, P.S., Pires, A.M., and Serra, O.A., 2004, 

"Characterization and ~pectroscopic studies of Eu3
+ complexes with 

3-phenyl-2,4-pentanedione," J. Alloys compd., 374, pp. 151-153. 

Robinson, M.R., O'Regan, M.B., and Bazan, G.C., 2000, "Synthesis, 

morphology and optoelectronic properties of tris[(N-

ethylcarbazolyl)(3' ,5' -hexyloxybenzoyl)methane ] (phenanthroline )

europium," Chem. Commun., pp. 1645-1646. 

Roy, A., and Nag, K., 1977, "Solvent extraction behaviour of lanthanides 

with 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone," Indian J Chem., 

15A, pp. 474-476. 

Sabbatini, N., Guardigli, M., and Lehn, J.M., 1993, "Luminescent 

lanthanide complexes as photochemical supramolecular devices," 

Coord. Chem. Rev., 123, pp. 201-228. 

Sahu, S.K., Chakravortty, V., Reddy, M.L.P., and Ramamohan, T.R., 1999, 

"Synergistic extraction of trivalent lanthanoids with 3-phenyl-4-



References 177 

benzoyl-5-isoxazolone and various sulphoxides," Radiochim. Acta, 

85, pp. 107-111. . 

Sahu, S.K., Chakravortty, V., Reddy, M.L.P., and Ramamohan, T.R., 2000, 

"The synergistic extraction of thorium(IV) and uranium(VI) with 

mixtures of 3-phenyl-4-benzoyl-5-isoxazolone and crown ethers," 

Talanta, 51, pp. 523-530. 

Saleh, M.I., Ahmad, M., and Darns, H., 1990, "Solvent extraction of 

lanthanum(III), europium(III) and lutetium(III) with fluorinated 1-

phenyl-3-methyl-4-benzoyl-5-pyrazolones 

Talanta, 37(7), pp. 757-759. 

into chloroform," 

Santhi, P.B., Reddy, M.L.P., Ramamohan, T.R., Mathur, J.N., Murali, 

M.S., and Iyer, R.H., 1994, "Synergistic solvent extraction of 

trivalent lanthanides and actinides by mixtures of I-phenyl-3-

methyl-4-benzoyl-pyrazolone-5 and neutral oxo donors," So Iv. Extr. 

Ion Exch., 12(3), pp. 633-650. 

Santos, B.S., de Mello Donega, C., and de Sa, G.F., 1997, "Photophysical 

properties of Eu3
+, Gd3

+ and Tb3
+ complexes with 2-hydroxy-2,4,6-

cyc1oheptatrien-l-one," J. Lumin., 72-74, pp. 535-537. 

Sasaki, Y., and Freiser, H., 1983, "Mixed ligand chelate extraction of 

lanthanides with I-phenyl-3-methyl-4-acyl-5-pyrazolones," Inorg. 

Chem., 22, pp. 2289-2292. 

Sasayama, K., Umetani, S., and Matsui, M., 1983, "The substituent effect 

on the synergic extraction of europium and scandium with I-phenyl-

3-methyl-4-acylpyrazol-5-one and tri-n-octylphosphine oxide," 

Anal. Chim. Acta, 149, pp. 253-258. 

Sekine, T., Saitou, T., and Iga, H., 1983, "Association of p-diketones with 

trioctylphosphine oxide in solvent extraction systems," Bull. Chem. 

Soc. Jpn., 56, pp. 700-706. 



References 178 

Serra, O.A., Nassar, EJ., Calefi, P.S., and Rosa, I.L.V., 1998, 

"Luminescence of a new Tm3
+ p-diketonate compound," J Alloys 

Compd., 275-277, pp. 838-840. 

Smith, R.M., and Martell, A.E., 1976, Critical Stability Constants, Vol. 4: 

Inorganic complexes, Plenum Press, New York. 

Snell, F .D., 1978, "Photometric and fluorometric methods of analysis: 

metals," Part 2, Wiley-Interscience, New York, pp. 1855-1890. 

Stewart, JJ.P., 1989, "Optimisation of parameters for semi-empirical 

methods. I. Method," J. Computational Chemistry, 10, pp. 209-221. 

Sujatha, S., Reddy, M.L.P., Ramamohan, T.R., Damodaran, A.D., Mathur, 

J.N., Murali, M.S., Nagar, M.S., and Iyer, R.H., 1994, "Synergistic 

solvent extraction of trivalent lanthanides and actinides by mixtures 

of I-phenyl-3-methyl-4-acetyl-pyrazolone-5 and neutral oxo-donors, 

Radiochim. Acta, 65, pp. 167-172. 

Sujatha, S., Reddy, M.L.P., Luxmi Vanna, R., Ramamohan, T.R., Rao, 

T.P., Iyer, C.S.P., and Damodaran, A.D., 1996, "Synergistic solvent 

extraction of trivalent lanthanides by mixtures of I-phenyl-3-

methyl-4-trifluoroacetyl-pyrazolone-5 and neutral oxo-donors," J of 

Chem. Engg. Japan, 29(1), pp. 187-190. 

Sun, P.P., Duan, J.P., Shih, H.T., and Cheng, C.H., 2002, "Europium 

complex as a highly efficient red emitter in electroluminescent 

devices," Appl. Phys. Left., 81(5), pp. 792-794. 

Sun, M., Xin, H., Wang, K.Z., Zhang, Y.A., Jin, L.P., and Huang, C.H., 

2003, "Bright and monochromatic red light-emitting 

electroluminescence devices based on a new multi functional 

europium ternary complex," Chem. Commun., pp. 702-703. 

Takeishi, H., Kitatsuji, Y., Kimura, T., Meguro, Y., Y oshida, Z., and 

Kihara, S., 2001, "Solvent extraction of uranium, neptunium, 



References 179 

plutonium, amencmm, cunum and califomium ions by bis( 1-

phenyl-3-methyl-4-acylpyrazol-5-one) derivatives," Anal. Chim. 

Acta, 431, pp. 69-80. 

Thakur, P., Dash, K.C., Reddy, M.L.P., Luxmi Varma, R., Ramamohan, 

T.R., and Damodaran, A.D., 1996, "Crown ethers as synergists in 

the extraction of trivalent lanthanides by I-phenyl-3-methyl-4-

trifluoroacetyl pyrazolone-5," Radiochim. Acta, 75, pp. 11-16. 

Thompson, L.C., and Berry, S., 2001, "Structure and emission spectrum of 

the o-phenanthroline adduct of ~ tris(6-methyl-2,4-

heptanedionato)europium(III)," J. Alloys Compd., 323-324, pp. 177-

180. 

Thompson, L., Legendziewicz, 1., Cybinska, J., Pan, L., and Brennessel, 

W., 2002, "Structure, photophysics and magnetism of a europium 

mixed complex, Eu(HF AA)3bipy.H20, in the solid state and 

solution," J. Alloys Compd., 341, pp. 312-322. 

Torkestani, K., Blinova, 0., Arichi, J., Goetz-Grandmont, G.J., and 

Brunette, J.P., 1996, "Synergistic extraction of copper(II) and other 

divalent metals with 3-phenyl-4-acylisoxazol-5-ones and I-phenyl-

3-methyl-4-acylpyrazol-5-ones III the presence of tri-n

octylphosphine oxide in toluene," So Iv. Extr. Ion Exch., 14(6), pp. 

1037-1056. 

Torkestani, K., Goetz-Grandmont, G.J., and Brunette, J.P., 2000, 

"Synergistic extraction of some divalent metal cations with 3-

phenyl-4-benzoylisoxazol-5-one and P=O donor ligands III 

chloroform," Analusis, 28, pp. 324-329. 

Tsaryuk, V., Legendziewicz, J., Puntus, L., Zolin, V., and Sokolnicki, J., 

2000, "Optical spectroscopy of the adducts of europium 



References 180 

tris( dipivaloylmethanate) with derivatives of 1,1 O-phenanthroline," 

J Alloys Compd., 300-301, pp. 464-470. 

Umetani, S., Matsui, M., Toei, J., and Shigematsu, T., 1980, "The solvent 

extraction of europium and barium with l-aryl-3-methyl-4-aroyl-5-

pyrazolones," Anal. Chim. Acta, 113, pp. 315-321. 

Umetani, S., and Freiser, H., 1987, "Mixed-ligand chelate extraction of 

lanthanides with I-phenyl-3-methyl-4-(trifluoroacetyl)-5-pyrazolone 

and some phosphine oxide compounds," Inorg. Chem., 26, pp. 

3179-3181. 

Umetani, S., Kawase, Y., Le, Q.T.H., and Matsui, M., 2000, 

"Acylpyrazolone derivatives of high selectivity for lanthanide metal 

ions: effect of the distance between the two donating oxygens," J 

Chem. Soc., Dalton Trans., pp. 2787-2791. 

Vicentini, G., Zinner, L.B., Schpector, J.Z., and Zinner, K., 2000, 

"Luminescence and structure of europium compounds," Coord. 

Chem. Rev., 196, pp. 353-382. 

Wang, J., Wang, R., Yang, J., Zheng, Z., Carducci, M.D., Cayou, T., 

Peyghambarian, N., and J abbour, G .E., 2001, "First oxadiazole

functionalized terbium(III) ~-diketonate for organic 

electroluminescence," JAm. Chem. Soc., 123, pp. 6179-6180. 

Xin, H., Shi, M., Li, F.Y., Guan, M., Gao, D.Q., Huang, C.H., Ibrahim, K. 

and Liu, F .Q., 2003, "Photoluminescence and electroluminescence 

properties of three ternary lutetium complexes," New J Chem., 27, 

pp. 1485-1489. 

Yang, L., and Yang, R., 1995, "Synthesis and crystal structure of the 

dinuclear complex of 1 ,5-bis(l '-phenyl-3' -methyl-5' -pyrazolone-

4')-1,5-pentanedione with samarium," Polyhedron, 14, pp. 507-510. 



References 181 

Ying, L., Vu, A., Zhao, X., Li, Q., Zhou, D., Huang, C.H., Umetani, S., and 

Matasai, M., 1996, "Excited state properties and intramolecular 

energy transfer of rare-earth acylpyrazolone complexes," J Phys. 

Chem., 100(47), pp. 18387-18391. 

Zhang, RJ., Liu, H.G., Yang, K.Z., Si, Z.K., Zhu, G.Y., and Zhang, H.W., 

1997, "Fabrication and fluorescence characterization of the LB films 

of luminous rare earth complexes Eu(TT A)3Phen and 

Sm(TTA)3Phen," Thin Solidfilms, 295, pp. 228-233. 

Zhang, RJ., Liu, H.G., Zhang, C.R., Yang, K.Z., Zhu, G.Y., and Zhang, 

H.W., 1997a, "Influence of several compounds on the fluorescence 

of rare earth complexes Eu(IT A)3Phen and Sm(TTA)3Phen in LB 

films," Thin Solidfilms, 302, pp. 223-230. 

Zhang, RJ., Yang, K.Z., Vu, A.C., and Zhao, X.S., 2000, "Fluorescence 

lifetime and energy transfer of rare earth p-diketone complexes in 

organized molecular films," Thin Solidfilms, 363, pp. 275-278. 

Zhou, D., Li, Q., Huang, C.H., Yao, G., Umetani, S., Matsui, M., Ying, L., 

Vu, A. and Zhao, X., 1997, "Room-temperature fluorescence, 

phosphorescence and crystal structure of 4-acylpyrazolone 

lanthanide complexes: Ln(Lh2H20," Polyhedron, 16(8), pp. 1381-

1389. 


	TITLE
	CERTIFICATE
	LIST OF PUBLICATIONS
	CONTENTS
	PREFACE
	ABBREVIATIONS
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	References

