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Here, we describe two sets of thermodynamic ionic radii (r1 and r2) of lanthanide ions derived from the analysis of large set of the stability constants log1 and log2 of the ML and ML2 complexes of lanthanide ions M (from Ce 3+ to Lu 3+ ) with organic ligands (L) in water. It has been demonstrated that the stability constants of two metals Mi and Mj with a given ligand L are related by simple equations log1 j = r1 i /r1 j. log1 i and log2 j = r2 i /r2 j. log2 i which formally correspond to purely electrostatic interactions between spherical cations with organic molecule. Predictive performance of these equations was assessed in 5-fold cross-validation procedure. The standard deviation (s) of predictions varies from 0.3 to 1.0 for log1 and from 0.4 to 1.2 for log as a function of the difference of Shannon ionic radii (rij) of Mi and Mj: s1 = 0.27 + 4.25rij for log1 and s2 = 0.39 + 5.16rij for log. The new radii r1 and r2 steadily decrease across the Ln series, i.e., they follow the same trend as Shannon effective radii of lanthanide ions. The calculations were performed using experimental data on 2854 log1 values for 445 organic ligands and 947 log2 values for 156 organic ligands in the complexes with 13 metals.

Introduction

Lanthanides (Ln) are widely used in modern innovative technologies including lanthanidedoped nanomaterials, superconductors, and magnetic resonance imaging [START_REF] Speghini | Synthesis of Upconverting Nanomaterials: Designing the Composition and Nanostructure[END_REF][START_REF] Bunzli | Luminescence Bioimaging with Lanthanide Complexes[END_REF][START_REF] Chen | Lanthanide-Doped Luminescent Nanomaterials. From Fundamentals to Bioapplications[END_REF][START_REF] Cotton | A Perspective on Lanthanide Chemistry[END_REF][START_REF] Li | Luminescent Rare Earth Complexes as Chemosensors and Bioimaging Probes[END_REF] . Industrial applications of rare earths have developed in metallurgy, magnets, ceramics, electronics, chemical, optical, medical, nuclear technologies. The published data on world rare earth production demonstrates that annual production exceeded 120000 metric tons of rare earth oxides [START_REF] Gupta | Extractive Metallurgy of Rare Earths[END_REF] . The chemical properties of lanthanides are very similar, because when moving from La to Lu, the structure of the external electron shell of the Ln 3+ cations remains and electrons fill only the inner 4f layer [START_REF] De Bettencourt-Dias | Introduction to Lanthanide Ion Luminescence[END_REF] . Similar chemical properties lead to the big difficulty in lanthanide separation processes. Currently, pure compounds of these metals are produced by their extraction separation in two-phase system from aqueous solution into organic solvent using organic molecules (ligands, extractants), capable to form with Ln 3+ ions complexes soluble in organic solvents [START_REF] Krishnamurthy | Extractive Metallurgy of Rare Earths[END_REF][START_REF] Alyapyshev | Recovery of Minor Actinides from High-level Vastes: Modern Trends[END_REF][START_REF] Ustynyuk | N'-Dialkyl-N,N'-diaryl-1,10-phenanthroline-2,9-dicarboxamides as donor ligands for separation of rare earth elements with a high and unusual selectivity. DFT computational and experimental studies[END_REF] . Extraction technologies of the same type are used for the separation of lanthanides and actinides in the nuclear fuel cycle [START_REF] Alyapyshev | Recovery of Minor Actinides from High-level Vastes: Modern Trends[END_REF] . The development of highly selective ligands is of great importance because differences in the stability constants of the complexes have been used for effective separation of lanthanides [START_REF] Gupta | Extractive Metallurgy of Rare Earths[END_REF] .

For this purpose, quantum-chemical modeling is widely used and makes it possible to significantly reduce the number of compounds to be synthesized and studied experimentally [START_REF] Ustynyuk | Quantum chemical modelling of extraction separation of minor actinides and lanthanides: the state of the art[END_REF][START_REF] Lan | Recent advances in computational modeling and simulations on the An(III)/Ln(III) separation process[END_REF] .

Computational costs are significantly lower for a combination of quantum chemistry and machine learning methods [START_REF] Montavon | Machine learning of molecular electronic properties in chemical compound space[END_REF][START_REF] Pereira | Machine Learning Methods to Predict Density Functional Theory B3LYP Energies of HOMO and LUMO Orbitals[END_REF][START_REF] Solov'ev | Predictive Models for HOMO and LUMO Energies of N-Donor Heterocycles as Ligands for Lanthanides Separation[END_REF] or machine learning methods using experimental data regarding the stability constants of the complexes and various quantitative parameters of extraction. Different machine learning methods (MLR, SVM, ANN, kNN and others) and various types of descriptors were involved for regression modeling of stability constants of the Ln 3+ -ligand complexes in solution [START_REF] Solov'ev | Classification of Metal Binders by Naive Bayes Classifier on the Base of Molecular Fragment Descriptors and Ensemble Modeling[END_REF][START_REF] Solov'ev | New Approach for Accurate QSPR Modeling of Metal Complexation: Application to Stability Constants of Complexes of Lanthanide Ions Ln3+, Ag+, Zn2+, Cd2+ and Hg2+ with Organic Ligands in Water[END_REF][START_REF] Solov'ev | Complexation of Mn2+, Fe2+, Y3+, La3+, Pb2+, and UO22+ with Organic Ligands: QSPR Ensemble Modeling of Stability Constants[END_REF][START_REF] Tetko | Benchmarking of Linear and Non-Linear Approaches for Quantitative Structure-Property Relationship Studies of Metal Complexation with Organic Ligands[END_REF][START_REF] Dioury | QSPR Prediction of the Stability Constants of Gadolinium(III) Complexes for Magnetic Resonance Imaging[END_REF][START_REF] Svetlitski | QSPR Modelling of Lanthanide-Organic Complex Stability Constants[END_REF][START_REF] Kiani-Anbouhi | Prediction of the complexation stabilities of La3+ ion with ionophores applied in lanthanoid sensors[END_REF][START_REF] Kiani-Anbouhi | Application of QSPR for prediction of the complexation stabilities of Sm(III) with ionophores applied in lanthanoid sensors[END_REF][START_REF] Qi | Correlation Analysis of the Structures and Stability Constants of Gadolinium(III) Complexes[END_REF] .

Most of these models were developed on small training sets and validated on only one specifically selected test set [START_REF] Solov'ev | Classification of Metal Binders by Naive Bayes Classifier on the Base of Molecular Fragment Descriptors and Ensemble Modeling[END_REF] ; only some modeling workflows involved a cross-validation step and ligands of various organic classes [START_REF] Solov'ev | New Approach for Accurate QSPR Modeling of Metal Complexation: Application to Stability Constants of Complexes of Lanthanide Ions Ln3+, Ag+, Zn2+, Cd2+ and Hg2+ with Organic Ligands in Water[END_REF][START_REF] Solov'ev | Complexation of Mn2+, Fe2+, Y3+, La3+, Pb2+, and UO22+ with Organic Ligands: QSPR Ensemble Modeling of Stability Constants[END_REF][START_REF] Tetko | Benchmarking of Linear and Non-Linear Approaches for Quantitative Structure-Property Relationship Studies of Metal Complexation with Organic Ligands[END_REF][START_REF] Solov'ev | The complexation of metal ions with various organic ligands in water: prediction of stability constants by QSPR ensemble modelling[END_REF][START_REF] Solov'ev | QSPR Ensemble Modelling of the[END_REF][START_REF] Solov'ev | QSPR ensemble modelling of alkaline-earth metal complexation[END_REF][START_REF] Solov'ev | Stability Constants of Complexes of Zn2+, Cd2+, and Hg2+ with Organic Ligands: QSPR Consensus Modeling and Design of New Metal Binders[END_REF] .

Linear free energy relationships (LFERs) are used as a simple method for stability constant predictions. The basis of LFER is the existence of a linear relationship between the logarithm of the equilibrium constants (free energies) for two reactions at the varied reagent or parameter of equilibria [START_REF] Dimmock | Approaches to predicting stability constants[END_REF][START_REF] Hancock | Approaches to Predicting Stability Constants. A Critical Review[END_REF] , e.g. for the series of ligands L, the presence of a regression equation between the stability constants (logK) of the complexes of two metal ions Mi and Mj: logKMiL = a + b . logKMjL. Choppin established LFER of the stability constants of aminocarboxilate ligands between Am 3+ and Nd 3+ 31 .

The LFER of the stability constants of the trivalent actinides (Pu, Am, Cm, Bk and Cf) and the similarly sized lanthanides were used to estimate the stability constants for 91 amino(poly)carboxilates [START_REF] Uhnak | Prediction of trivalent actinide amino(poly)carboxylate complex stability constants using linear free energy relationships with the lanthanide series[END_REF] . Simple regression equations without the intercept term a (logKMiL = b . logKMjL) are discovered between Co 2+ and Ni 2+ , Co 2+ and Cu 2+ , Ni 2+ and Cu 2+ for various 272, 221 and 339 organic ligands, respectively [START_REF] Solov'ev | QSPR Ensemble Modelling of the[END_REF] , and between Al 3+ and Fe 3+ , In 3+ and Fe 3+ , Th 4+ and VO 2+ , for small series of the ligands [START_REF] Solov'ev | The complexation of metal ions with various organic ligands in water: prediction of stability constants by QSPR ensemble modelling[END_REF] .

In this paper, we analyze the relationships log i = a + b . log j between the stability constants (log) of the complexes of ith and jth lanthanide ions M 3+ (from Ce 3+ to Lu 3+ ) with diverse organic ligands (L). The calculations were performed on the stability constants log1  logK1 and log2 respectively for the complexation reactions M 3+ + L = (M 3+ )L and M 3+ + 2L = (M 3+ )L2 in water at 298 K and an ionic strength 0.1 M. All pair combinations of lanthanide ions were studied excepting Pm 3+ . Using developed LFER for every pair of lanthanides, two sets of "thermodynamic" ionic radii of lanthanide ions r1 for (M 3+ )L and r2 for (M 3+ )L2 were derived for an accurate prediction of stability constants for ith lanthanide ion using stability constants for jth lanthanide ion. That let us to predict the stability constants log1 and log2 of numerous potential complexes for different lanthanide/ligand combinations. The standard deviations of the predictions are defined by a difference of ionic radii of two metal ions involved in the calculations.

Methods

Data Sets

The datasets used in this study comprise the logarithms of the stability constants (log1  logK1 and log2) for the ML and ML2 complexes of 13 lanthanide ions (Ce 3+ , Pr 3+ , Nd 3+ , Sm 3+ , Eu 3+ , Gd 3+ , Tb 3+ , Dy 3+ , Ho 3+ , Er 3+ , Tm 3+ , Yb 3+ , Lu 3+ ) with various organic ligands in water. The experimental log1 and log2 values were critically selected from the IUPAC Stability Constants Database (SC DB, version 5.86, Academic Software) [START_REF] Pettit | IUPAC Stability Constants Database[END_REF] at standard temperature 298 K and an ionic strength I = 0.1 M. A few log1 and log2 values were corrected to specified temperature and ionic strength using the van't Hoff equation and the Davies equation, respectively, by the procedures included in SC DB. If several values of log1 (log2) were available for a particular ligand, the most recent data or the data consistent with respect to different experimental methods were chosen.

The number of ligands in each metal dataset is given in Table 1. The smallest subset used in this study corresponds to Lu 3+ ligands (53 log2 values), while the largest one to Gd 3+ ligands (308 log1 values). The ranges of stability constant values vary from 0.2 (Nd 3+ ) to 26.4 (Yb 3+ ) for log1 and from 2.8 (Er 3+ ) to 33.1 (Eu 3+ ) for log2 (Fig. 1). The datasets contain 445 (156) organic ligands and 2854 (947) log1 (log2) values. The ligands include derivatives of cyclic and acyclic polydentate molecules of various organic classes. As a rule, the organic ligand has several functional groups. Groups of the ligands can include amino, mercapto and hydroxy derivatives of carboxylic acids; various aminocarboxylates; different aminoacids and their oligomers; derivates of phosphoric and phosphinic acids; alkyl-and aminophosphonic acids; cyclic and acyclic polydentate ligands with the terminal carboxy groups separated by various cyclic or acyclic spacers; various sulfonic acids; ternary amines with phosphono and carboxy groups; mono-and dipodands of ternary amines; phenols, nitroso and amino derivatives of phenols; adenosine and guanosine derivatives; crown-ethers, thia-, and aza-crowns with neutral and acidic lariat groups, cryptands; pyridines; phenanthroline and 1,3-dione derivatives; cyclodextrins, etc.

(Supplementary Material: Table SM1 and the Structure Data Files: Ln_logBeta1_445L.SDF and Ln_LogBeta2_156L.SDF).

The external test set includes 12 polydentate cyclic and acyclic organic ligands and 31 log1 values. The datasets comprise recent experimental log1 for lanthanides Ce 3+ , Eu 3+ , Gd 3+ , Ho 3+ , Lu 3+ and Sm 3+ (Table SM10).

Table 1. The complexation of lanthanide ions (M 3+ ) with diverse organic ligands (L) in water at 298 K and an ionic strength 0.1 M. The numbers of studied ligands for the equilibria M 3+ + L = (M 3+ )L (log1) and M 3+ + 2L = (M 3+ )L2 (log2 

Computational Procedures

2D structures of the ligands, names of lanthanide ions and corresponding log1 and log2 values resulted from searching in SC DB were converted into the Structure Data Files (SDF) which served as the initial data for the LFER modeling. The SDF manager EdiSDF [START_REF] Solov'ev | Structure-Property Modelling of Complex Formation of Strontium with Organic Ligands in Water[END_REF][START_REF] Varnek | Substructural Fragments: An Universal Language to Encode Reactions, Molecular and Supramolecular Structures[END_REF][START_REF] Solov'ev | Editor of Structure -Data Files[END_REF][START_REF] Varnek | ISIDA -Platform for Virtual Screening Based on Fragment and Pharmacophoric Descriptors[END_REF] was used to prepare the datasets and to build LFERs. An EdiSDF option was used for calculations and graphical analysis of linear regressions between each pair of quantitative data fields of SDF.

The program LanComSim (Lanthanide Complexation Similarity) [START_REF] Solov'ev | Lanthanide Complexation Similarity[END_REF] was created for predicting the stability constants log1 and log2 on the basis of thermodynamic ionic radii of lanthanides (see sections 3.2 and 3.4).

The external 5-fold cross validation (5CV) [START_REF] Solov'ev | QSPR Models on Fragment Descriptors In Tutorials in Chemoinformatics[END_REF] and external test set were applied to validate relationships with using thermodynamic ionic radii for predicting the stability constants. Predictive performance of the relationships has been estimated by root mean squared error RMSE and squared determination coefficient 𝑅 𝑑𝑒𝑡 2 estimated on the combination of external test sets in 5CV or on the external test set: Here 𝑦 𝑖 and ŷ 𝑖 are, respectively, experimental and predicted values of log1 (log2) for ith ML (ML2) complex, n is the number of data points (the stability constant pairs, ligands), < 𝑦 > is the mean of experimental log1 (log2) value. The Pearson's correlation coefficient (R), the standard deviation (s) and the Fisher criterion (F) are used to describe regression equations.

𝑅𝑀𝑆𝐸 = [ 1 𝑛 ∑(𝑦 𝑖 -ŷ 𝑖 ) 2 𝑛 𝑖=1 ] 1/2 𝑅 𝑑𝑒𝑡 2 = 1 -∑(𝑦 𝑖 -ŷ 𝑖 ) 2 / ∑(𝑦 𝑖 -< 𝑦 >) 2 𝑛 𝑖=1 𝑛 𝑖=1 log1 

Results and Discussion

From Linear Free Energy Relationships (LFER) to Thermodynamic Ionic Radii

The LFER method was applied to predict the stability constants of the complexes of lanthanide ions (M 3+ ) with diverse organic ligands (L). The modeling was performed on the stability constants log1 and log2 of the complexations M 3+ + L = (M 3+ )L and M 3+ + 2L = (M 3+ )L2 in water at 298 K and an ionic strength 0.1 M, respectively. For the series of the diverse sets of the ligands L (Table 1, Supporting information: Table SM1), the regression equations 1 and 2 between the stability constants of the complexes were built for all pairs of lanthanide ions Mi and Mj.

log1 j = a + b . log1 i (1) log2 j = a + b . log2 i (2)
Here a and b are coefficietnts of the equation for the ith and jth lantanide ions and series of the ligands. For 13 lanthanide ions from Ce 3+ to Lu 3+ excepting Pm 3+ , 156 regression equations (eqs) 1 (2) were built for all pairs of metal ions (Tables SM2 andSM3). Eqs have the reasonable squared correlation coefficient (R 2 ) and standard deviation (s): 0.960 ≤ R 2 ≤ 0.999 and 0.16 ≤ s ≤ 0.97 for the 156 eqs. 1, and 0.890 ≤ R 2 ≤ 0.999 and 0.17 ≤ s ≤ 1.9 for the 156 eqs. 2 (Tables SM2 andSM3).

For eqs, the number of the data points (n) changes from 111 (Ce 3+ vs. Tm 3+ ) to 223 (Nd 3+ vs. Sm 3+ ) for log1 and from 29 (Ce 3+ vs. Lu + ) to 73 (Sm 3+ vs. Gd 3+ ) for log2.

The calculated intercept term a and its standard deviation sa vary respectively from -0.24 to 0.37 and from 0.02 to 0.18 in eq. 1, from -0.41 to 1.2 and from 0.27 to 0.73 in eq. 2. The a and sa values are very similar (Tables SM2 andSM3) and compatible with random errors of log1 (log2) [START_REF] Pettit | IUPAC Stability Constants Database[END_REF] , therefore we built simple linear regressions 3 and 4 without the intercept term a:

log1 j = b . log1 i (3) log2 j = b . log2 i (4)
The standart deviations of eqs. 1 and 3 can be compared by F-test = s 2 eq 1/s 2 eq 3 [START_REF] Muller | Tafeln der mathematischen Statistik[END_REF] . F-test varies from 0.90 to 1.01, and the critical value of F155, 155; 0.95 40 is 1.32 at the 0.10 significance level, we can conclude that seq 1 = seq 3. Therefore, the simple eq. 3 can be used instead of the eq. 1 predicting log1 (Table SM4). The similar conclusion is true concerning eq. 4 and the log2 predictions (Table SM5). The simple eqs. 3 and 4 have as good statistical parameters as the eqs. 1 and 2: 0.960 ≤ R 2 ≤ 0.999 and 0.16 ≤ s ≤ 0.97 for the 156 eqs. 3, 0.879 ≤ R 2 ≤ 0.999 and 0.17 ≤ s ≤ 2.0 for the 156 eqs. 4 (Tables SM4 andSM5).

The simple equation 3 (4) means, that the coefficients b of the ensemble of the 156 eqs.

(Tables SM4 andSM5) are interdependent, where one is the product of two others, and this indicates high complexation thermodynamics similarity of the lanthanide ions. Every lanthanide ion can be described by one characteristic r1 (r2) for the ML (ML2) complex: log1 j /log1 i = r1 i /r1 j = b (log2 j /log2 i = r2 i /r2 j = b) according to eq. 3 (4). The system of the 156 equations r1 i /r1 j = b (r2 i /r2 j = b) for log1 (log2) was solved to calculate 13 unknown characteristics r1 (r2) applying nonlinear regression analysis using the simplex algorithm [START_REF] Himmelblau | Applied Nonlinear Programming[END_REF] . Two sets of "thermodynamic" ionic radii r1 and r2 for the lanthanide ions were derived (Table 2) for an accurate prediction of the stability constant log1 j (log2 j ) for jth lanthanide ion and the given ligand using the stability constant for ith lanthanide ion and eq. 5 (eq. 6). R 2 and s for eqs. 3 (4) and 5 ( 6) are very similar:

for most metal pairs, the difference is in the fourth (R 2 ) and third (s) decimal places (Tables SM4 -SM7

).

log1 j = r1 i /r1 j log1 i (5)

log2 j = r2 i /r2 j. log2 i (6)
The radii r1 and r2 vary from 0.983 to 1.087 (r1) and from 0.970 to 1.160 (r2). From Ce 3+

to Lu 3+ , r1 decreases by 9.5%. However, this decrease is not monotonous. The radius r1 is reduced by 7.1% from Ce 3+ to Sm 3+ , becomes about constant (Sm 3+ -Gd 3+ ) and then declines slightly by 1.7% (Tb 3+ -Lu 3+ ). The radius r2 decreases by 16.3% (Ce 3+ -Lu 3+ ), the increment is also not monotonous with a knee at Sm 3+ (Fig. 2). The new radii r1 and r2 steadily decrease across the Ln series, i.e., they follow the same trend as Shannon effective radii 42 of lanthanide ions. The radius r2 corresponds to the Shannon effective ionic radius rCN8 for ion coordination number (CN) 8 (Fig.

2):

r2 = (-0.027  0.047) + (1.028  0.045)rCN8, n = 13, R 2 = 0.979, s = 0.008

From Ce 3+ to Eu 3+ , the radius r1 corresponds to the Shannon ionic radius rCN7 (Table SM11), then it decreases to a lesser extent across the Ln series as compared with rCN7, and from Er 3+ to Lu 3+ it is very close to the Shannon radius rCN8 (Fig. 2). The thermodynamic radius r2 of the ML2 complexes containing two ligands naturally correcponds to the Shannon radius with a higher coordination number compared to the thermodynamic radius r1 of the ML complexes. Ionic radii of Ln 3+ cations decrease steadily across the Ln series, hence heavier Lns often have lower coordination numbers than lighter Lns [START_REF] Mills | Ligand Design in Modern Lanthanide Chemistry[END_REF] , but heavier Lns have higher stability of the complexes than lighter Lns according to the thermodynamic radii r1 and r2. A similar relationship was observed in the series of transition metals [START_REF] Tsebrikova | Complexation of the new tetrakis[methyl(diphenylphosphorylated)] cyclen derivative with transition metals: First examples of octacoordinate zinc(II) and cobalt(II) complexes with cyclen molecules[END_REF] : coordination number of metal ion in complexes decreases in the Co 2+ L -Ni 2+ L -Cu 2+ L order, but log1 increases for the same ligand. 

Predicting the Stability Constants by Thermodynamic Ionic Radii

The fivefold external cross validation (5CV) [START_REF] Solov'ev | QSPR Models on Fragment Descriptors In Tutorials in Chemoinformatics[END_REF] was used to evaluate the predictive performance of the relationships 5 and 6. In this procedure, the entire dataset of the ligands was split into five non-overlapping pairs of training and test sets. Each training set covers 4/5th of the initial dataset while the related test set covers the remaining 1/5th. The "thermodynamic" radius r1 (r2) fitted on the i-th training set were applied to the corresponding test set, thus, all the ligands of the initial data set are predicted including various combinations of lanthanide ion pairs. The relationship 5 (6) performs well in cross-validation comparing 25474 (8002) experimental and predicted log1 (log2) pairs (Fig. 3). Squared determination coefficient 𝑅 𝑑𝑒𝑡 2 is high: 0.987 (r1) and 0.982 (r2). Root mean squared error RMSE is 0.57 (r1) and 0.76 (r2) which is compatible with the systematic errors in known experimental log1 (log2) values [START_REF] Pettit | IUPAC Stability Constants Database[END_REF] .

An accuracy of the predictions depends on similarity of metal ion pairs in eqs. 5 and 6. The standard deviations of the linear regressions 5 and 6 on the base of the radii r1 and r2 (Tables SM6 andSM7) increase as a function of the difference of Shannon ionic radii (rij) of Mi and Mj (Fig. 4), and the predicted log1 and log2 by eqs. 5 and 6 are described with well defined standard deviations s1 and s2, respectively: Here r is the Shannon effective ionic radius for coordination number 8 [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomie Distances in Halides and Chaleogenides[END_REF] . The regression equations 7 and 8 demonstrate that the estimated standard deviation s increases with the rij difference from 0.3 to 1.0 for log1 and from 0.4 to 1.2 for log2. The thermodynamic radii r1 and r2 give a possibility to avoid labour-consuming experimental measurements of the stability constants for every lanthanide ion. For instance, it is enough to evaluate the stability constants of the complexes of metal ions such as Nd 3+ , Tb 3+ and Tm 3+ . This ensures low standard deviations of the predicted constants for the 10 remaining lanthanides. For 10 of 445 ligands (Tables SM8 andSM9 in SM), the pairs of the experimental log1 (log2) values for two different metal ions are incompatible with the regression equation 5 (6). The difference between the experimental and predicted stability constants varies from 2.6 to 5.8 (log1) and from 2.9 to 8.4 (log2) which significantly exceeds the standard deviation estimated by eqs. 7 and 8. This could be explained by either exceptional selectivity of these ligands to some specific lanthanide ions or, most likely, inaccurate experimental estimations of stability constants.

s1 = 0.27 + 4.25rij ( 
It is known, that the logarithm of a ratio of the stability constants for two cations log(1 j /1 i ) is used as a complexation selectivity measure [START_REF] Solov'ev | Complexation of Phosphoryl-Containing Mono-, Bi-and Tri-Podands with Alkali Cations in Acetonitrile. Structure of the Complexes and Binding Selectivity[END_REF] . The equation 5 (6) demonstrates that high complexation selectivity log(1 j /1 i ) = (1 -r1 j /r1 i )log1 i (log(2 j /2 i ) = (1 -r2 j /r2 i )log2 i ) among the lanthanide ions can be reached by ligands, the complexes of which are characterized very high stability constants. In the case of extraction Ln separation in two-phase system from aqueous solution into organic solvent, the high stability constant is important in the organic phase [START_REF] Alyapyshev | Recovery of Minor Actinides from High-level Vastes: Modern Trends[END_REF][START_REF] Ustynyuk | Quantum chemical modelling of extraction separation of minor actinides and lanthanides: the state of the art[END_REF][START_REF] Ivanova | Effect of the 2-[(diphenylphosphoryl)metoxyphenyl]diphenylphosphine oxide derivative structures on the extraction and ion-selective properties toward rare-earth elements[END_REF] and easier to implement, because the stability of the complexes in many organic solvents is much higher than in water [START_REF] Pettit | IUPAC Stability Constants Database[END_REF][START_REF] Solov'ev | Supramolecular chemistry .60. Solvent effects on crown ether complexations[END_REF] . In addition, the formation of the ML2 complexes is preferable, as a rule, due to the higher solubility in organic solvent compared to the ML complexes.

External Test Set

The relationship 5 was also tested on the log1 predictions for the external test set of the complexes of recently synthesized organic ligands. The set includes 12 ligands [START_REF] Kálmán | Synthesis, Potentiometric, Kinetic, and NMR Studies of 1,4,7,10-Tetraazacyclododecane-1,7-bis(acetic acid)-4,10-bis(methylenephosphonic acid) (DO2A2P) and its Complexes with Ca(II), Cu(II), Zn(II) and Lanthanide(III) Ions[END_REF][START_REF] Försterová | Thermodynamic study of lanthanide(III) complexes with bifunctional monophosphinic acid analogues of H4dota and comparative kinetic study of yttrium(III) complexes[END_REF][START_REF] Baranyai | The effects of intramolecular H-bond formation on the stability constant and water exchange rate of the Gd(III)-diethylenetriamine-N'-(3-amino-1, 1-propylenephosphonic)-N,N,N'',N''-tetraacetate complex[END_REF][START_REF] Aguilar-Pérez | Phosphate Ester Hydrolysis by Hydroxo Complexes of Trivalent Lanthanides Stabilized by 4-Imidazolecarboxylate[END_REF][START_REF] Marques | 13-and 14-membered macrocyclic ligands containing methylcarboxylate or methylphosphonate pendant arms: Chemical and biological evaluation of their 153Sm and 166Ho complexes as potential agents for therapy or bone pain palliation[END_REF] for which the experimental data were not presented in SC DB. The ligands are 12-, 13-and 14-membered azacrowns containing acetate or/and methylenephosphonate pendant groups (Table SM10 in SM). The log1 values were predicted for the 31 complexes at 298 K and an ionic strength 0.1 M excepting 4-imidazolecarboxylic acid for which an ionic strength was 0.05 M. The predicted log1, pred demonstrate reasonable agreement (Rdet 2 = 0.989 and RMSE = 0.74) with the observed log1, exp (Fig. 5).

Predictor of stability constants

A predictor of the stability constants log1 (log2) of the ML (ML2) complexes of lanthanide ions M 3+ with diverse organic ligands (L) in water was created on the base of the relationships 5 -8 and the "thermodynamic" ionic radii r1 and r2 (Table 2). The predictor is publically available on the server http://vpsolovev.ru/programs/ [START_REF] Solov'ev | Lanthanide Complexation Similarity[END_REF] 

Conclusions

The LFER method was used to study relationships between the stability constants log1 (log2) of the ML (ML2) complexes for different pairs of lanthanide ions M 3+ with the same ligands (L). It was shown that the LFERs log1 j = a + b . log1 i (log2 j = a + b . log2 i ) derived from the analysis of large set of the stability constants are able to predict the stability constants with high accuracy compatible with the systematic errors in known experimental log1 (log2) values. Here i and j are indexes of pairs of lanthanide ions from Ce 3+ to Lu 3+ for the complexes M i L and M j L (log1), M i L2 and M j L2 (log2) in water at 298 K and an ionic strength 0.1 M. Then we demonstrated that the intercept term a is not significant, and simple ratios can be used, from which it follows that every lanthanide can be described by the thermodynamic ionic radius r1 (r2) for the ML (ML2) complexes, and the stability constants of two metal ions Mi and Mj with a given ligand L are related by the simple equations log1 j = r1 i /r1 j. log1 i and log2 j = r2 i /r2 

= a + b . log1 i (log2 j = a + b . log2 i )
for the stability constant log1 (log2) of the complexation M 3+ + L = (M 3+ )L (M 3+ + 2L = (M 3+ )L2) of lanthanide ions M 3+ i and M 3+ j with the organic ligands (L) in water at 298 K and an ionic strength 0.1 M. Table SM4 (SM5) contains the statistical parameters of 156 regression equations log1 j = b . log1 i (log2 j = b . log2 i ) for the stability constant log1 (log2) of the complexation M 3+ + L = (M 3+ )L (M 3+ + 2L = (M 3+ )L2) of lanthanide ions M 3+ i and M 3+ j with the organic ligands. Table SM6 (SM7) contains the statistical parameters of 156 regression equations log1 j = r1 i /r1 j. log1 i (log2 j = r2 i /r2 j. log2 i ) for the stability constant log1 (log2) of the complexation M 3+ + L = (M 3+ )L (M 3+ + 2L = (M 3+ )L2) of lanthanide ions M 3+ i and M 3+ j with the organic ligands. Table SM8 (SM9) includes the several pairs of the experimental log1 (log2) values which are incompatible with the equations log1 j = r1 i /r1 j. log1 i (log2 j = r2 i /r2 j. log2 i ). Table SM10 comprises experimental and predicted stability constants log1 for the external test set. Table SM11 contains effective ionic radii of the lanthanide ions for different coordination numbers.

The Structure Data Files Ln_logBeta1_445L.SDF and Ln_LogBeta2_156L.SDF comprise experimental data: 2D structures of ligands, 2854 log1 values for 445 organic ligands and 947 log2 values for 156 organic ligands for the ML and ML2 complexes of 13 lanthanide ions (Ce 3+ , Pr 3+ , Nd 3+ , Sm 3+ , Eu 3+ , Gd 3+ , Tb 3+ , Dy 3+ , Ho 3+ , Er 3+ , Tm 3+ , Yb 3+ , Lu 3+ ) in water at standard temperature 298 K and an ionic strength I = 0.1 M. Fig. 4 The standard deviations (s1 and s2) of the linear regressions log1 j = r1 i /r1 j. log1 i (a) and log2 j = r2 i /r2 j. log2 i (b) versus the difference of Shannon ionic radii (rij) of lanthanide ion pairs M 3+ i and M 3+ j.

FIGURE CAPTIONS

Fig. 5 Experimental versus predicted stability constants log1 for the external test set.

TABLES CAPTIONS Table 1. The complexation of lanthanide ions (M 3+ ) with diverse organic ligands (L) in water at 298 K and an ionic strength 0.1 M. The numbers of studied ligands for the equilibria M 3+ + L = (M 3+ )L (log1) and M 3+ + 2L = (M 3+ )L2 (log2).

Table 2. Thermodynamic ionic radii r1 and r2 of lanthanide ions Ln 3+ .

Fig. 1

 1 Fig. 1 Ranges of experimental log1 (a) and log2 (b) for the ML (a) and ML2 (b) complexes. The left and right boundaries of the boxes indicate the 25 th and 75 th percentiles; a line within the box marks the median. Error bars of the boxes indicate the 90 th and 10 th percentiles.

Fig. 2 .

 2 Fig. 2. Thermodynamic ionic radii r1 (a) and r2 (c), Shannon effective ionic radii (Å) for coordination numbers 8 (b), 7 (d) and 6 (e) of lanthanide ions Ln 3+ .

Fig. 3

 3 Fig. 3 Predictive performance of the relationships 5 and 6 in 5CV procedure: predicted versus experimental stability constant log1 (a) and log2 (b).

Fig. 4

 4 Fig.4 The standard deviations (s1 and s2) of the linear regressions log1 j = r1 i /r1 j. log1 i (a) and log2 j = r2 i /r2 j. log2 i (b) versus the difference of Shannon ionic radii (rij) of lanthanide ion pairs M 3+ i
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 5 Fig. 5 Experimental versus predicted stability constants log1 for the external test set.

Fig. 1

 1 Fig. 1 Ranges of experimental log1 (a) and log2 (b) for the ML (a) and ML2 (b) complexes. The left and right boundaries of the boxes indicate the 25 th and 75 th percentiles; a line within the box marks the median. Error bars of the boxes indicate the 90 th and 10 th percentiles.

Fig. 2 .Fig. 3

 23 Fig. 2. Thermodynamic ionic radii r1 (a) and r2 (c), Shannon effective ionic radii (Å) for coordination numbers 8 (b), 7 (d) and 6 (e) of lanthanide ions Ln 3+ .

  ).

	0	5	10	15	20	25	5	10	15	20	25	30
	no. metal		the number of ligands						
		ion		log1		log2						
	1	Ce 3+		198		66						
	2	Pr 3+		240		83						
	3	Nd 3+		277		88						
	4	Sm 3+		249		83						
	5	Eu 3+		239		79						
	6	Gd 3+		308		95						
	7	Tb 3+		186		82						
	8	Dy 3+		221		77						
	9	Ho 3+		202		64						
	10 Er 3+		190		61						
	11 Tm 3+		157		58						
	12 Yb 3+		198		58						
	13 Lu 3+		189		53						

Table 2 .

 2 Thermodynamic ionic radii r1 and r2 of lanthanide ions Ln 3+ .

	no. metal ion	r1	radius	r2
	1	Ce 3+	1.087		1.160
	2	Pr 3+	1.064		1.136
	3	Nd 3+	1.047		1.113
	4	Sm 3+	1.015		1.066
	5	Eu 3+	1.012		1.061
	6	Gd 3+	1.015		1.051
	7	Tb 3+	1.000		1.038
	8	Dy 3+	0.998		1.029
	9	Ho 3+	0.997		1.018
	10	Er 3+	0.995		1.013
	11	Tm 3+	0.989		1.000
	12	Yb 3+	0.984		0.997
	13	Lu 3+	0.983		0.970

  Predictive performance of these equations was assessed in 5-fold cross-validation procedure. The standard deviation (s) of predictions varies from 0.3 to 1.0 for log1 and from 0.4 to 1.2 for log as a function of the difference of Shannon ionic radii (rij) of Mi and Mj: s1 = 0.27 + 4.25rij for log1 and s2 = 0.39 + 5.16rij for log. The new radii r1 and r2 steadily decrease across the Ln series, i.e., they follow the same trend as Shannon effective radii of lanthanide ions. The calculations were performed using experimental data on 2854 log1 values for 445 organic ligands and 947 log2 values for 156 organic ligands in the complexes with 13 metals. Using the developed program LanComSim we predicted unknown 2931 (1081) of log1 (log2) values of the potential complexes.Table SM1 contains the names of the studied organic ligands. Table SM2 (SM3) contains the statistical parameters of 156 regression equations log1 j
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A predictor 38 of the stability constants log1 (log2) of the ML (ML2) complexes of lanthanide ions M 3+ with diverse organic ligands (L) in water is freely available as the program LanComSim (Lanthanide Complexation Similarity) under Windows operating systems.
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