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The influence of the central metal ion on the stability constants of complexes of thorium, lanthanum, neodymium,

europium, and lutetium with phosphonate ligands based on 2, 2′-bipyridine and 1, 10′-phenanthroline has been

studied. Solutions in acetonitrile were investigated using spectrophotometric titration at a constant temperature

of 25± 0.1◦C. Absorption spectra were obtained for the studied phosphonate ligands and their complexes. The

metal-to-ligand ratios in the formed complexes were determined using spectrophotometric titration curves and the

method of isomolar series. Factor analysis was used to determine the number of independent absorbing components

in the chemical system. The stability constants of lanthanide and thorium complexes with phosphonate ligands were

calculated using the HypSpec2014 program. Dependence curves of the complex stability constants on the ionic

radii of the metals were plotted.
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1. Introduction

Thorium and lanthanide compounds are widely used

as refractory materials [1], optical and electrochemical

sensors [2,3]. Much attention is paid to the development

of fluorescent probes for the detection and quantification

of their content in the field [2,4,5]. Detection of thorium

ions (Th4+) among lanthanide ions becomes a difficult task

due to the proximity of their ionic radii. A highly sensitive

fluorescent probe was developed in the study in Ref. [6]
for detection of thorium (IV) ions in real water samples

and showed excellent selectivity and sensitivity to thorium

ions (Th4+) compared to other competing metal ions. The

successful application of the developed sensor probe for the

recognition of thorium ions in E.coli cells was also reported

in Ref. [6].

The demand for energy for industry and high-

performance computing is growing with the growth of the

world’s population and the exponential growth of industry.

Currently, fossil fuels such as natural gas, oil and coal do

not have analogues that could meet the current demand

for energy at an acceptable cost. The nuclear energy

is one of the solution for the global energy crisis. If

functioning nuclear reactors are completely replaced by fast

neutron reactors, then nuclear power can be considered as

a sustainable source of clean energy. High energy intensity

and low greenhouse gas emissions are the main advantages

of nuclear energy. According to studies in Ref. [7–9],
over the past twenty years, approximately 11 to 20% of

the world’s energy needs have been met through nuclear

energy. According to calculations by the International

Atomic Energy Agency, a nuclear reactor with a capacity

of 1,000MW will annually produce about 30 tons of high

level solid waste (HLSW). At the same time, a coal-fired

power plant of similar capacity produces 300,000 tons of

ash annually [10]. The amount of HLSW produced by

nuclear power plants is significantly less than the amount

of waste from other methods of electricity production.

The disadvantages include the possibility of radioactive

contamination and the problem of storing radioactive waste.

Thus, proper management of HLSW and spent nuclear

fuel (SNF) and their safe decommissioning are among the

main problems of electricity generation at nuclear power

plants. The SNF waste account for the largest proportion

of high-level nuclear waste in different countries that apply

an open fuel cycle strategy. Spent nuclear fuel can be

considered either as waste that will eventually be packaged

and disposed of, or as recyclable raw materials for the

extraction of uranium and plutonium, followed by the

preparation of highly radioactive waste containing mainly

fission and activation products (minor actinides). In some

countries, liquid waste immobilization is chosen instead of

SNF processing, where the waste is converted to solid form

through vitrification and deep geological burial, which will

lead to an increase in the volume of SNF as the use of

nuclear energy increases. Nuclear waste recycling is the

most effective method of solving this problem, as it reduces

waste disposal time by a factor of 100 and reduces storage

capacity by a factor of 4−6 [10].
More and more attention is paid to thorium fuel due

to the continued consumption of uranium resources, since
232Th can be converted into 233U by absorbing slow
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neutrons [7,11]. Monazite and xenotime are ores of rare

earth elements and thorium. Thorium fuel reactors should

include appropriate reprocessing technology in their design.

The process of reprocessing spent fuel from thorium-

fueled reactors has been developed based on PUREX

technology (plutonium-uranium recovery by extraction, wa-

ter extraction or extraction-sorption technology based on

tributyl phosphate (TBP)). The THOREX (thorium-uranium

extraction) spent thorium fuel reprocessing process includes

the joint extraction of uranium-233 and thorium. The

process is based on solvent extraction of thorium and

uranium using TBP and is considered the most efficient

way to extract uranium and thorium.

The extraction and separation of lanthanides and thorium

is necessary for the disposal of highly radioactive waste. The

fractionation with the release of long-lived and radiotoxic

nuclides, followed by separation into separate fractions in

accordance with half-lives and chemical behavior is one

of the strategies for handling them. Then, particularly

strong matrices are created for each fraction for safe

burial. The fractionation technology has a problem in the

extraction separation of actinides and lanthanides due to the

proximity of chemical properties, including ionic radii. For

example, the ionic radii of cations are very close; among

lanthanides, there are isostructural analogues of americium

and curium cations present in HLSW: r(Am3+) ∼ r(Nd3+).
This complicates the separation of minor actinides and

lanthanides by existing methods. Lanthanides and actinides

are elements that preferentially bind to heavy oxygen donor

atoms in the complexation reaction. Complexation is a

useful tool for separating metal ions if it is used for

systems consisting of two immiscible liquid phases. In

such cases, the selectivity of complexation is a valuable

characteristic, therefore, knowledge of the stability constants

of f -element complexes is necessary to study the extraction

separation of actinides and lanthanides. A good correla-

tion was observed in Ref. [12] between the distribution

coefficients and stability constants of methyl-substituted

BPDA complexes (N6, N6′-diethyl-N6, N6′-bis(R-phenyl)-
2, 2′-bipyridine]-6, 6′-dicarboxamides) with lanthanides in

”
dry“ acetonitrile (with water content of 40± 5 ppm).
The authors suggested that the separation of light lan-

thanides is mainly determined by the stability constant of

the corresponding complexes and, to a lesser extent, by the

hydration of metal ions. In contrast, the separation of heavy

lanthanides is better explained by taking into account the

effects of hydration. In this regard, the following metals

were selected for the study: thorium, lanthanum, lutetium,

neodymium and europium. Thorium, in turn, belongs

to a number of actinides, since thorium-232 is the most

common natural isotope of thorium. Europium has similar

properties to americium. Six electrons are located in 4 f -
and 5 f -orbitals, respectively, in the europium ion and the

Americium ion. The neodymium ion is often compared to

americium and curium ions because their ionic radii are

very close. Lanthanum and lutetium are located at the

beginning and end, respectively, in the lanthanide series.

N N

–O R

–O P

OR

O

P–O

OR

R

N N

–O R

–O P

O

O

P–O

O

Figure 1. Structure on the left: tetraR[2, 2′-bipyridine]-6, 6′-diyl
bis(phosphonate); radical R = isopropyl (iPr), cyclohexyl (cHex).
The structure on the right is tetracyclohexyl-1,10-phenanthroline-

2,9-diyl bis(phosphonate). Designations: 1,10-phenanthroline =
phen, [2, 2′-bipyridine] = bipy. Next, the structure on the left: bipy-

PO-(OiPr)4, bipy-PO-(OcHex)4; the structure on the right: phen-

PO-(OcHex)4.

2. Objects and methods of research

The structures of the studied compounds are shown in

Fig. 1 (the synthesis is described in Ref. [13]). Acetonitrile
(99.95%, Biosolve) was used as a solvent for spectropho-

tometric studies. Acetonitrile was previously dried over

molecular sieves (zeolite KA, 3,AA, HKC Corp.) to

maintain a constant water content in the solvent. The

water content in the solvent was determined using the

Karl Fischer method using a Karl Fischer coulometric

titrator (DL-32, MettlerToledo). The water content in

acetonitrile was 40± 5 ppm. Metal nitrate crystallohydrates

M(NO3)x · nH2O (M = La, Nd, Eu, Lu, Th, where x = 3,

4, n = 4−6, purity > 99%, IREA). Absorption spectra were

recorded in the wavelength range 200−500 nm (with 1 nm

interval) using a Hitachi U−1900 spectrophotometer in a

10mm quartz spectrophotometric cuvette (Hellma). A

constant temperature of 25± 0.1◦C was maintained in

the cuvette using circulation bath with a temperature

controller (Model 1162A, VWR).
The analytical absorption wavelength of the complex (λan)

for determining its composition was measured using the

Firordt method as Ax − AL = f (λ), where Ax is the optical

density of a mixture of ligand and metal solutions (see
above), AL is the optical density of the free ligand solution.

The wavelength value corresponding to the maximum on

the constructed curve f (λ) was taken as λan. Solutions of

ligands (bipy-PO-(OiPr)4, bipy-PO-(OcHex)4 and phen-PO-

(OcHex)4), salts of metal nitrates (La, Nd, Eu, Lu, Th) were
prepared for determining the time of chemical equilibrium.

The optical density of an equivalent mixture of solutions of

ligands and salts of metal nitrates was recorded for 15 min

(900 s) at the absorption wavelength of the complex (for
bipy-PO-(OiPr)4, bipy-PO-(OcHex)4 − 300 nm, for phen-

PO-(OcHex)4 − 286 nm), using acetonitrile as a reference

solution. The time of establishment of equilibrium in the

system is defined as the moment after which no further

change in optical density is observed.

Solutions of metal ligands and nitrates in acetonitrile

were prepared by weighing precise weights of ligands and
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metal nitrate crystallohydrates. A solution of the ligand

(2 · 10−5 M) was placed in the cuvette for determining

the equilibrium constant of the complexation reaction.

Suspensions of metal nitrate salts are prepared in a ligand

solution. After that, aliquots of the metal nitrate salt solution

(2 · 10−3 M) were added to the cuvette. Absorption

spectra were recorded after each addition of a metal nitrate

solution until an excess of 3 equivalent metal salt was

reached.

Based on the equations of material balance,

Booger−Lambert−Beer law and the law of additivity

of optical densities, equations are derived for calculating

the equilibrium concentrations of the complex, ligand,

and metal (the charge of the metal ion is omitted for

convenience) [14–19]. The equilibrium constant K
is calculated by the equation: K = [ML][L]−1[M]−1.

The obtained spectrophotometric data were processed

using the HypSpec 2014 program [14]. This program

takes into account the present reagents and equilibrium

constants nk . The objective function is given in matrix

notation as U = rTW r , where r is the remainder vector,

r = (yobt
− y calc), y are optical density matrices, W is the

weight matrix. The target function was minimized by using

the Gauss−Newton−Marquardt method generalized by the

system of equations

(JTW J + λD)1p = JTW r,

where J is the Jacobian, 1p is the vector of shifts to be

applied to the parameters, D is assumed to be equal to

the diagonal elements JTW r , λ is the Marquardt parameter.

The Jacobian elements are obtained from the equations of

Bouguer−Lambert−Beer law:

Aλ = l
∑

j=l,na

εi, j c j,

∂Aλ

∂x
= l

∑

j

ελ, j
∂c j

∂x
,

Jacobian

0 . . . 0
∂A1

∂ε1,1
. . . ∂A1

∂ε1,na

0 . . . 0

0 . . . 0

0 . . . 0

0 . . . 0

0 . . . 0

: . . . :

0 . . . 0

∂A2

∂ε2,1
. . . ∂A2

∂ε2na

: . . . :

0 . . . 0

∂A2

∂ε2,na
. . . 0

: . . . :

0 . . . ∂Anl
∂εml,1

.

In addition, the system is subject to the condition of

fulfilling the equations of the material balance:

TM = [M] +
∑

k=1,nk

pkβk [M]pk [L]qk [ML]r k = [M] +
∑

pkck .

This equation is for the salt of metal nitrate

(M(NO3)x · nH2O), similar equations are made for L

and ML. Moreover, the total concentration of TM is
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Figure 2. Phosphonate absorption spectra: bipy-PO-(OiPr)4
(red curve), bipy-PO-(OcHex)4 (blue dashed curve), phen-PO-

(OcHex)4 (green curve).

obtained based on the initial amount of the substance nM,

the concentration in the burette aM, the initial volume v0

and the added volume of the aliquot v . Thus, the three

equations of the material balance have the form

nM + vaM

v0 + v
= [M] +

∑

k=1,nk

pkck,

nL + vaL

v0 + v
= [L] +

∑

k=1,nk

qkck ,

nML + vaML

v0 + v
= [ML] +

∑

k=1,nk

rk ck .

The number of independent absorbing components in

a solution can be determined in HypSpec 2014 using

the method of factor analysis of the matrix of exper-

imental values of optical densities [15]. Each absorb-

ing component of the solution has a
”
single“ spectrum,

which is a spectrum for a single concentration and a

single optical path length. In this case, the number

of nonzero eigenvalues will be equal to the number of

independent absorbing components of the chemical sys-

tem.

The stoichiometry of the complex was confirmed using

the isomolar series method (the Ostromyslensky−Zhoba

method) [18,19], where the ratio of isomolar concentrations

of reactants (only the ratio m : n) corresponds to the

maximum yield of the complex compound MmLn . The

analysis was performed by preparing solutions of both

components (reagent and metal) of the same molar con-

centration and mixing them in ratios (most often from 1 : 9

to 9 : 1), keeping the total volume of the solution unchanged

(VM + VL = V = const). At the same time, the total number

of moles of both components in the total volume of the

mixture always remains constant (CM + CL = C = const).
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Figure 3. Changes in the absorption spectra of solutions during complex formation: ligand solution (solid curve), added excess thorium

nitrate crystallohydrate (dashed curve); (a) formation of a thorium complex with the bipy-PO-(OcHex)4 ligand, (b) formation of a thorium

complex with the phen-PO-(OcHex)4 ligand.
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Figure 4. Spectrophotometric data: 0.5 thorium equivalents were added to the phosphonate, titration was carried out to 3 equivalents;

(a) bipy-PO-(OcHex)4, (b) phen-PO-(OcHex)4.

When low-stability complex compounds are formed, there

will be no sharp break in the curves. The maximum

is determined by extrapolating the sections of the curve

corresponding to an excess of one of the components in the

solution, which contributes to a shift in equilibrium towards

the formation of a complex.

3. Experimental results

3.1. Absorption spectra

The absorption spectra of phosphonates are shown in

Fig. 2, where, two peaks were observed at wavelengths of

240 and 282 nm regardless of the substituent in the structure

of 2, 2′-bipyridine ligand (bipy-PO). At wavelengths of 234
and 273 nm for tetracyclohexyl-1,10-phenanthroline phos-

phonate (phen-PO-(OcHex)4). The addition of metal nitrate

crystallohydrate to the ligands resulted in a bathochromic

shift of 18 nm for 2, 2′-bipyridine phosphonates (Fig. 3, a)

and 13 nm for 1, 10′-phenanthroline-phosphonate (Fig. 3, b).
The stability constants of complexes of metal nitrate salts

with phosphonates were determined by spectrophotometric

titration. Fig. 4 shows examples of spectrophotometric

titrations between thorium nitrate salts with phosphonates

(respectively, bipy-PO-(OcHex)4 and phen-PO-(OcHex)4).
A kinetic experiment was performed for bipyridine phos-

phonates at a wavelength of 300 nm and for phenanthroline

phosphonate at 286 nm. It was found that the equilibrium

in the complexation reaction is established quickly, and

the absorption is stabilized during 5−10 s regardless of the

studied metal nitrate salt.

3.2. Composition of the complex in solution

The composition of the equilibrium solution was deter-

mined using the titrimetric method, the method of factor

analysis and the method of isomolar series. Using the

titrimetric method (Fig. 5, a and 6, a), it was found that
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Figure 5. Determination of the composition of the bipy-PO-(OcHex)4 ligand complex with thorium nitrate using the following methods:

(a) titration curve; (b) isomolar series; factor analysis — (c) eigenvectors (where 1−3 — unit spectra), (d) eigenvalues (where values

are — eigenvalues in factor analysis).

there is a sharp bend in the titration curves at the first

equivalent of the added metal salt. This indicates that the

composition of the complexes corresponds to the metal-

ligand ratio 1 : 1. This is also additionally confirmed by the

isomolar series method, where Figures 5, b and 6, b show a

sharp break at a ratio of 0.5, which indicates the formation

of only one high-strength metal-ligand complex 1 : 1. The

method of factor analysis of optical density matrices for

each of the studied systems was used to show that

three independent absorbing components are present in the

solution: a free ligand, a free metal, and a complex in

Fig. 5, c, d and 6, c, d.

3.3. Stability of complexes

The stability constants of complexes between metal

nitrate crystallohydrates and phosphonates were determined

by spectrophotometric titration and processed using the

HypSpec 2014 program. The calculated stability constants

of the complexes are presented in the table and in Fig. 7

in comparison with the previously published constants of

complexes with neodymium and europium nitrates [13].
The ionic radii of lanthanides and thorium were taken from

Ref. [20,21] to illustrate the dependence of the stability

constants of complexes on the ionic radius of the metal.

The comparison of the stability constants of thorium com-

plexes with isopropyl-substituted ligand (bipy-PO-(OiPr)4)
(lg βThL = 7.62 ± 0.05) and a cyclohexyl-substituted ligand

(bipy-PO-(OcHex)4) (lg βThL = 7.08± 0.03) showed that

the stability values of the complexes are almost close with a

difference of 0.46 orders of magnitude. This was observed in

Ref. [13] for the stability constants of neodymium complexes

with cyclohexyl-substituted ligand (bipy-PO-(OcHex)4)
(lg βNdL = 7.52± 0.06) and isopropyl-substituted ligand

(bipy-PO-(OiPr)4) (lg βNdL = 6.79 ± 0.03) with a differ-

ence in 0.64 orders of magnitude. It also follows from

the table that the stability constants of the complexes bipy-

PO-(OiPr)4 and bipy-PO-(OcHex)4) with lanthanum (re-
spectively lg βLaL = 7.51 ± 0.07 and lg βLaL = 7.38 ± 0.09)
and lutetium (accordingly, lg βLuL = 7.36 ± 0.05 and

lg βLuL = 7.47± 0.14) match within the margin of error.

Fig. 7 showed that, regardless of the size of the substituent in

the bipyridine phosphonate structure, the stability constants

of lanthanide complexes are almost equal. The replacement

of the structural framework of the phosphonate ligand from

bipyridine to phenanthroline leads to the formation of a

Optics and Spectroscopy, 2025, Vol. 133, No. 5
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(a) titration curve; (b) isomolar series; factor analysis — (c) eigenvectors (where 1-3 is the unit spectra), (d) eigenvalues (where values

are the eigenvalues in factor analysis).

Stability constants of complexes with metal nitrates (lg βML)

Phosphonate La3+ Nd3+ Eu3+ Lu3+ Th4+

bipy-PO-OiPr 7.51± 0.07 6.79± 0.03 [12] 7.49± 0.07 [12] 7.36± 0.05 7.62± 0.05

bipy-PO-OcHex 7.38± 0.09 7.52± 0.06 [12] 7.74± 0.07 [12] 7.47± 0.14 7.08± 0.03

phen-PO-OcHex 6.17± 0.13 7.23± 0.07 [12] 7.54± 0.19 [12] 6.77± 0.07 6.92± 0.08

pronounced maximum on the europium ion on the curve

of dependence of the stability constant of complexes on the

ionic radius of the metal.

4. Conclusion

It has been established that, regardless of the phosphonate

structure, a one-to-one metal-ligand complex is formed.

The presence of a bipyridine fragment in the phosphonate

structure does not lead to a significant difference in the

dependence of the stability of complexes on the ionic radius,

regardless of the size of the substituents in the ligand

structure. Regardless of the size of the bulk substituent

in the bipyridine phosphonate structure, the stability values

of the complexes coincide within the margin of error. On

the contrary, the presence of a phenanthroline fragment in

the ligand structure leads to the formation of a maximum

difference in the stability constants of complexes with the

europium ion in a series of f -elements with an increase

in the ionic radius of the metal. It can be assumed

that the rigid structure of a phosphonate ligand based on

1,10′-phenanthroline will be most suitable for the selective

separation of metal ions in the development of a new

reagent.
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