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Abstract 

The stability trends across the lanthanide series of complexes with the polyaminocarboxylate ligands 

TETA
4−

 (H4TETA=2,2′,2′′,2′′′‐(1,4,8,11‐tetraazacyclotetradecane‐1,4,8,11‐tetrayl)tetraacetic acid), 

BCAED
4− 

(H4BCAED=2,2′,2′′,2′′′‐{[(1,4‐diazepane‐1,4‐diyl)bis(ethane‐2,1‐diyl)]bis(azanetriyl)}tetraacetic 

acid), and BP18C6
2−

 (H2BP18C6=6,6′‐[(1,4,10,13‐tetraoxa‐7,16‐diazacyclooctadecane‐7,16‐

diyl)bis(methylene)]dipicolinic acid) were investigated using DFT calculations. Geometry optimizations 

performed at the TPSSh/6‐31G(d,p) level, and using a 46+4f
n
 ECP for lanthanides, provide bond lengths of 

the metal coordination environments in good agreement with the experimental values observed in the X‐ray 

structures. The contractions of the Ln
3+

 coordination spheres follow quadratic trends, as observed previously 

for different isostructural series of complexes. We show here that the parameters obtained from the 

quantitative analysis of these data can be used to rationalize the observed stability trends across the 4f period. 

The stability trends along the lanthanide series were also evaluated by calculating the free energy for the 

reaction [La(L)]
n+/−

(sol)+Ln
3+

(sol)→[Ln(L)]
n+/−

(sol)+La
3+

(sol). A parameterization of the Ln
3+

 radii was performed 

by minimizing the differences between experimental and calculated standard hydration free energies. The 

calculated stability trends are in good agreement with the experimental stability constants, which increase 

markedly across the series for BCAED
4−

complexes, increase smoothly for the TETA
4−

 analogues, and 

decrease in the case of BP18C6
2−

 complexes. The resulting stability trend is the result of a subtle balance 

between the increased binding energies of the ligand across the lanthanide series, which contribute to an 

increasing complex stability, and the increase in the absolute values of hydration energies along the 4f 

period. 
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Introduction 

The selective complexation of metal ions represents a coordination chemistry problem of great importance in 

different areas,
[1]

 including the design of metal complexes for diagnostic and imaging applications with 

lower toxicities,
[2]

 therapeutic agents for the treatment of metal intoxication,
[3]

 the preparation of selective 

metal extractants for hydrometallurgy,
[4] 

and the separation of metal ions (i.e., Am
3+

 and Cm
3+

) for nuclear 

waste management.
[5]

 The selective complexation of the trivalent lanthanide ions (Ln
3+

) constitutes a 

particularly difficult problem, as they possess very similar physical and chemical properties. The Ln
3+

ions 

behave as hard cations according to the classification of Pearson
[6]

 and they have similar radii, with the 

overall contraction of the ionic radius along the series from La
3+

 to Lu
3+

 being only approximately 16 %.
[7]

 In 

addition, the trivalent actinide ions (An
3+

) are also hard Lewis acids with the same charge and similar ionic 

radius. As a result, both the separation of Ln
3+

ions into individual elements and the separation of the 

Ln
3+

 and An
3+

 ions for nuclear waste management represent difficult tasks.
[8]

 

The stable complexation of Ln
3+

 ions in aqueous solutions is often achieved with either non‐macrocyclic 

poly(aminocarboxylate) ligands such as ethylenediaminetetraacetic acid (EDTA
4−

) and diethylene triamine 

pentaacetic acid (DTPA
5−

), and macrocyclic homologues such as 1,4,7,10‐tetraazacyclododecane‐1,4,7,10‐

tetraacetic acid (DOTA
4−

; Scheme 1).
[9]

 The stability of the corresponding Ln
3+

 complexes often increases 

from La
3+

 to Lu
3+

 along the lanthanide series owing to the increased charge density of the metal ion. This is, 

for instance, the case of the [Ln(EDTA)(H2O)q]
−
 complexes, for which the stability constants increase by 

four orders of magnitude across the lanthanide series (log KLuEDTA−log KLaEDTA=4.34).
[10]

 It has been shown 

that this trend can be magnified by increasing the length of the ethylene spacer of EDTA
4−

 with a 1,4‐

dimethyl‐1,4‐diazepane, to give BCAED
4−

(H4BCAED=2,2′,2′′,2′′′‐{[(1,4‐diazepane‐1,4‐diyl)bis(ethane‐2,1‐

diyl)]bis(azanetriyl)}tetraacetic acid; Scheme 1, see also Figure 1). The stability of the complexes with this 

ligand show an impressive increase across the series, the Lu
3+

 complex being eight orders of magnitude more 

stable than the La
3+

 homologue (log KLuBCAED−log KLaBCAED=8.2).
[11]

 

 

 

Scheme 1. Ligands discussed in the present work. 



 
 

 

Figure 1. Variation of the stability constants (log KML values) across the lanthanide series for different Ln
3+

 complexes 

with polyaminocarboxylate ligands. The solid lines are simply a guide for the eye. Ionic radii were taken from Ref. 

7 assuming coordination number 9. 

 

For a second class of ligands, such as DTPA
5−

 derivatives, the stability of the corresponding Ln
3+

 complexes 

increases across the series, reaches a plateau, and then declines,
[12]

 which probably reflects an increased 

steric strain for the smallest Ln
3+

 ions. Finally, a reduced group of ligands, such as diaza[18]crown‐6[13]
 and 

diaza[15]crown‐5[14]
 derivatives that contain different pendant arms, form complexes with decreasing 

stability across the lanthanide series. Among this group, BP18C6
2−

 (H2BP18C6=6,6′‐[(1,4,10,13‐tetraoxa‐

7,16‐diazacyclooctadecane‐7,16‐diyl)bis(methylene)]dipicolinic acid) was shown to provide an 

unprecedented selectivity for the large lanthanide ions (log KCeBP18C6−log KLuBP18C6=6.9).
[15]

 

The computational treatment of lanthanide complexes still represents a challenging task for computational 

chemists. For instance, a limited number of semiempirical or empirical methods are available for these 

systems.
[16]

 Moreover, the computational modeling of compounds that contain such heavy atoms requires an 

adequate treatment of relativistic effects, and for some purposes spin–orbit coupling.
[17]

 However, the 

emergence of different computational approaches, such as the methods based on density functional theory 

(DFT), and the development of relativistic and quasi‐relativistic effective core potentials for elements below 

the third period of the periodic table,
[18]

 has facilitated the growth of theoretical studies in this area. 

Herein, we report a DFT study that aims to understand the reasons behind the different stability trends 

observed for Ln
3+

 complexes in aqueous solution. For this purpose, we have investigated the 

[Ln(BCAED)]
−
 and [Ln(BP18C6)]

+
 complexes, which present the largest size discrimination of Ln

3+
 ions 

reported to date, as well as opposite stability trends. As a representative example of those systems providing 

a conventional behavior across the lanthanide series, we have chosen the [Ln(TETA)]
−
 

(H4TETA=2,2′,2′′,2′′′‐(1,4,8,11‐tetraazacyclotetradecane‐1,4,8,11‐tetrayl)tetraacetic acid) complexes (Figure 

1),
[19,20]

 which have been structurally characterized using X‐ray crystallography
[21,22]

 and do not contain 

coordinated water molecules such as the DOTA
4−

 analogues. The results reported herein provide a new 

methodology for predicting size‐discrimination effects for Ln
3+

 ions and therefore aid ligand design for 

specific applications. 

 

 



 
 

Computational Methods 

All calculations were performed by employing DFT within the hybrid meta‐generalized gradient 

approximations (meta‐GGA) with the TPSSh exchange‐correlation functional,
[23]

 and the Gaussian 09 

package (Revision A.02).
[24]

 We have selected the TPSSh functional on the basis of previous studies that 

showed it provides more accurate geometries of Ln
3+

complexes than the popular B3LYP functional,
[25]

 as 

well as accurate 
17

O Aiso values of the coordinated water molecule for different Gd
3+

 complexes with 

polyaminocarboxylate ligands.
[26]

 Full geometry optimizations of the [Ln(TETA)]
−
, [Ln(BCAED)]

−
, and 

[Ln(BP18C6)]
+
systems (Ln=La, Ce, Nd, Gd, Tm, or Lu) were performed by using the large‐core relativistic 

effective core potential (LCRECP) of Dolg et al. and the related [5s4p3d]‐GTO valence basis set for the 

lanthanides,
[27]

 and the standard 6‐31G(d,p) basis set for C, H, N, and O atoms. This LCRECP includes 

46+4f
n
 electrons in the core for the lanthanide, thus leaving the outermost 11 electrons (5s, 5p, 5d, and 6s) to 

be treated explicitly. The use of LCRECP has been justified by the fact that 4f orbitals do not significantly 

contribute to bonding owing to their limited radial extension relative to the 5d and 6s shells.
[28,29]

 LCRECP 

calculations were shown to provide good results in DFT studies that focus on the structure, dynamics, and 

estimates of relative energies of Ln
3+

 complexes.
[30]

 Since LCRECP calculations include the 4f electrons in 

the core, they were conducted on a pseudosinglet state configuration. No symmetry constraints were imposed 

during the optimizations. The default values for the integration grid (75 radial shells and 302 angular points) 

and the self‐consistent field (SCF) energy convergence criteria (10
−8

) were used in all calculations. The 

stationary points found on the potential‐energy surfaces as a result of the geometry optimizations have been 

tested to represent energy minima rather than saddle points by means of frequency analysis. Gibbs free 

energies were obtained at T=298.15 K within the harmonic approximation. 

Solvent effects (water) were evaluated by using the polarizable continuum model (PCM) in which the solute 

cavity is built as an envelope of spheres centered on atoms or atomic groups with appropriate radii. In 

particular, we used the integral equation formalism (IEFPCM)
[31] 

variant as implemented in Gaussian 09 with 

the radii and nonelectrostatic terms obtained by Truhlar et al. (SMD solvation model).
[32]

 In the SMD model 

the boundary between the solute cavity and the solvent continuum is defined to enclose a superposition of 

nuclear‐centered spheres with a given intrinsic Coulomb radii. A key point of the present study is the 

accurate calculation of hydration free energies of the Ln
3+

 ions. Thus, the lanthanide radii used for SMD 

calculations were parameterized by minimizing the differences between the experimental and calculated 

hydration free energies for the reaction [Eq. (1)]:
[33]

 

 

 Ln3+
(g) ⇌ Ln3+

(sol)         (1) 

 

Since hydration free energies used a gas‐phase standard state of 1 atm, the standard hydration free energy 

was calculated by taking into account the concentration change between the gas‐phase standard state (P=1 

atm) and the liquid‐state standard state (1 mol L
−1

) [Eq. (2)]: 

 

 ∆𝐺°hyd = ∆𝐺sol + 𝑅𝑇 ln (𝑀sol/𝑀g)       (2) 

 

The second term in Equation (2) equals 1.87 kcal mol
−1

 for T=298.15 K, P=1 atm, and Msol=1 M. 



 
 

The PCM radii obtained at the TPSSh/LCRECP level and the corresponding hydration free energies are 

given in Table 1. The optimized PCM radii and the ionic radii of the trivalent Ln
3+

 ions provide a linear 

relationship (R
2
=0.998; Figure S1 in the Supporting Information), which supports the reliability of both the 

calculated radii and the LCRECP approach. Furthermore, calculations performed with the popular hybrid‐

GGA functionals B3LYP and B3PW91, and the hybrid meta‐GGA functional M06 provide hydration free 

energies that are in very good agreement with the experimental values. An excellent agreement between 

experimental and calculated ΔG°hyd values is also observed with MP2 calculations in combination with the 

LCRECP approach, and with TPSSh calculations together with the all‐electron second‐order Douglas–Kroll–

Hess (DKH2) method and the all‐electron scalar relativistic basis set of Pantazis and Neese.
[35] 

Somewhat 

larger deviations from the experimental values were found when using the small‐core relativistic effective 

core potential (SCRECP) approach in combination with the associated ECP28MWB_GUESS basis 

set.
[36]

 Overall, these results indicate that the PCM radii reported in Table 1 can be used confidently with 

different functionals in combination with RECPs or all‐electron relativistic approaches. The PCM radii given 

in Table 1 were subsequently used for the calculations performed on the [Ln(TETA)]
−
, [Ln(BCAED)]

−
, and 

[Ln(BP18C6)]
+
 systems. No scaling factor was applied to the PCM radii for the calculation of the 

electrostatic interactions (α=1.0). 

Basis‐set superposition errors (BSSEs), which are an undesirable consequence of using finite basis sets that 

leads to an overestimation of the binding energy, were calculated using the standard Counterpoise 

method
[37]

 with calculations performed in the gas phase.
[38]

 

 

Table 1. Parameterized PCM radii and ionic radii [Å] for Ln
3+

 ions and comparison of experimental and calculated 

hydration free energies [kcal mol
−1

]. 

 

 PMC Ionic    ΔG°hyd    

 radii radii[a] Exptl[b] B3LYP/LC B3PW91/LC M06/LC MP2/LC TPSSh/SC TPSSh/DKH2 

La 1.874 1.216 −788.1 −787.8 −787.6 −787.6 −787.8 −790.9 −787.9 

Ce 1.840 1.196 −802.4 −802.5 −802.2 −802.3 −802.4 −806.1 −799.8 

Pr 1.822 1.179 −810.1 −810.3 −810.1 −810.1 −810.2 −815.0 −810.5 

Nd 1.808 1.163 −816.5 −816.4 −816.2 −816.2 −816.3 −819.6 −816.5 

Sm 1.770 1.132 −833.5 −833.8 −833.6 −833.6 −833.7 −836.7 −833.9 

Eu 1.755 1.120 −841.1 −840.9 −840.7 −840.7 −840.8 −843.6 −838.5 

Gd 1.746 1.107 −845.2 −845.1 −844.9 −845.0 −845.0 −847.9 −845.0 

Tb 1.735 1.095 −850.5 −850.4 −850.2 −850.2 −850.2 −852.8 −850.4 

Dy 1.715 1.083 −859.9 −860.3 −860.1 −860.2 −860.2 −862.7 −860.3 

Ho 1.710 1.072 −862.7 −862.7 −862.5 −862.5 −862.5 −864.8 −862.6 

Er 1.701 1.062 −867.4 −867.2 −867.0 −867.0 −867.2 −869.0 −867.1 

Tm 1.681 1.052 −877.3 −877.5 −877.3 −877.3 −877.3 −879.4 −877.4 

Yb 1.668 1.042 −884.1 −884.3 −884.1 −884.1 −884.1 −894.9 −884.3 

Lu 1.659 1.032 −888.1 −888.9 −888.7 −888.7 −888.7 −889.7 −888.8 

 

[a] Data for coordination number 9 from Ref. 7. [b] Experimental data from Ref. 34 corrected as described in Ref. 33. 

 

 

 



 
 

Results and discussion 

Optimized geometries 

The solution structure of the [Ln(BP18C6)]
+
 complexes has been investigated in detail by using NMR 

spectroscopy and DFT calculations at the B3LYP/LCRECP/6‐31G(d) level.
[15] 

Our calculations performed 

with the TPSSh functional provide Ln–donor distances somewhat shorter than those obtained with B3LYP, 

which is in line with our previous computational studies.
[25]

 The TPSSh/LCRECP/6‐31G(d,p) calculations 

provide a minimum energy conformation that corresponds to the Δ(δλδ)(δλδ) isomer, which is in agreement 

with the analysis of the 
1
H NMR spectroscopic paramagnetic shifts induced by Ce

3+
 and Pr

3+
.
[15]

 The 

optimized geometries of [Ln(BP18C6)]
+
 complexes present nearly undistorted C2 symmetries (Figure 2, see 

also Table S1 in the Supporting Information). 

 

 

Figure 2. Structures of the a) [Gd(BCAED)]
−
, b) [Gd(TETA)]

−
, and c) [Gd(BP18C6)]

+
 complexes optimized in 

aqueous solution at the TPSSh/LCRECP/6‐31G(d,p) level. Hydrogen atoms have been omitted for clarity. 

 

The optimized structures of [Ln(TETA)]
−
 complexes also show nearly undistorted C2symmetries (Figure 2). 

The distances between the Gd
3+

 ion and the donor atoms of the ligand in [Ln(TETA)]
−
 are in reasonably 

good agreement with those observed in the solid state for the Eu
3+

 analogue,
[22]

 with an unsigned mean 

deviation of 3.8 %. The agreement between the experimental and calculated Ln–O distances is excellent 

(<0.05 Å), with the main difference between the experimental and calculated distances being the 

overestimation of the Ln–N distances in the calculated structures by approximately 0.15 Å. A similar trend 

can be observed by comparing the experimental and calculated structures of [Gd(BCAED)]
−
 (see Tables S2 



 
 

and S3 in the Supporting Information) with an unsigned mean deviation of 2.1 %. The overestimation of the 

Ln–N bond lengths can be ascribed to two effects: 1) the fact that LCRECP calculations provide bond 

lengths approximately 0.02–0.07 Å longer than the corresponding small‐core calculations;
[28,39]

 and 2) the 

overestimation of the Ln–N donor distances often observed for geometries optimized in the gas phase with 

respect to those optimized in aqueous solution.
[40,41]

 In spite of these limitations, LCRECP calculations have 

been shown to provide valuable information on the structure, dynamics, and energetics of many 

Ln
3+

 complexes.
[30,42] 

 

 

Figure 3. Variation of the calculated bond lengths of the metal coordination environments for [Ln(BCAED)]
−
 and 

[Ln(BP18C6)]
+
 complexes at the TPSSh/LCRECP/6‐31G(d,p) level. See Figure 2 for labeling. The solid lines represent 

quadratic fits of the data to y=a+bx+cx
2
 with R

2
>0.999. 

 

A careful analysis of the bond lengths of the Ln
3+

 coordination environments across the lanthanide series 

provides some insight into the stability trends observed for this series of complexes (Figure 3, see also Figure 

S2 in the Supporting Information). Indeed, the Ln–donor distances in [Ln(BCAED)]
−
 complexes decrease 

sharply across the lanthanide series as should be expected according to the lanthanide contraction. A similar 



 
 

situation is observed for [Ln(TETA)]
−
 complexes, although we notice that 1) the average Ln–N bond lengths 

are longer for [Ln(TETA)]
−
 than in [Ln(BCAED)]

−
, and 2) some of the Ln–N distances in [Ln(TETA)]

−
 

complexes such as Ln–N2 and Ln–N4 decrease only moderately along the lanthanide series from 2.864 (La) 

to 2.779 Å (Lu). This represents a contraction of these bond lengths of only 0.085 Å, whereas the contraction 

of the Ln–N1 and Ln–N3 distances is considerably more important (0.150 Å). In the case of [Ln(BP18C6)]
+
 

complexes, this effect is even more important, with the Ln–N1 and Ln–N2 distances decreasing slightly from 

La to Gd, and then increasing along the second half of the lanthanide series. In addition, the Ln–O2 and Ln–

O4 distances experience a contraction of only 0.061 Å across the series. These geometrical data indicate that 

the structural correspondence between the binding sites offered by the ligand and the small Ln
3+

 ions follows 

the trend BCAED
4−

>TETA
4−

>BP18C6
2−

, which is in accordance with the experimental stability trends. 

Raymond et al.
[43]

 reported a detailed investigation of the X‐ray structures of isostructural Ln
3+

 complexes 

that showed that the average bond lengths decrease quadratically along the series. Subsequent computational 

investigations of the [Ln(H2O)9]
3+

 and [Ln(H2O)8]
3+

 species also revealed a quadratic decrease in the Ln–

OH2 bond lengths across the 4f period.
[44]

 The bond lengths of the metal coordination environment in the 

three series of complexes investigated here indeed follow quadratic trends with respect to the number of 4f 

electrons of the Ln
3+

 ion (Figure 3). The average bond lengths of the Ln
3+

 coordination sphere also follow the 

expected quadratic trend (Figure 4), thus providing the fitting parameters shown in Table 2. The results of 

the quadratic fits of the data reported previously for [Ln(H2O)8]
3+

are also given in Table 2 as a representative 

example of a series of complexes with an unconstrained coordination environment.
[45]

 Following the work of 

Raymond et al., the fitting parameters b and c were normalized by applying a scaling factor of 1/a.
[43]

 The 

fitting parameters obtained in the present work are very similar to those reported by Raymond et al. for 

different series of isostructural Ln
3+

 complexes, which confirms the validity of our approach. The scaled 

parameters b* and c* show a uniform variation for the three series of complexes, so that b* becomes more 

negative and c* increases following the sequence BP18C6
2−

→TETA
4−

→BCAED
4−

. Both b* and c* 

approach the values obtained for [Ln(H2O)8]
3+

following this sequence, which is also reflected in the values 

of c and b. Thus, an increased constraint for the coordination of the ligand to the Ln
3+

 ions across the 4f 

period is reflected in more negative b* values and more positive c* parameters. The variation in these 

parameters for the ligands investigated here parallels the stability trends observed along the 4f period. 

 

 

Figure 4. Variation of the average calculated bond lengths of the metal coordination environments for [Ln(BCAED)]
−
, 

[Ln(TETA)]
−
, and [Ln(BP18C6)]

+
 complexes at the TPSSh/LCRECP/6‐31G(d,p) level. The solid lines represent 

quadratic fits of the data according to y=a+bx+cx
2
 with R

2
>0.999. 



 
 

Table 2. Results of the quadratic fits (y=a+bx+cx
2
) for the Ln–donor lengths calculated  

for different series of complexes.
[a] 

 

 BP18C6
2−

 TETA
4−

 BCAED
4−

 [Ln(H2O)8]
3+

 

a(σ) 2.732(1) 2.652(1) 2.610(2) 2.556(2) 

10
2
 b(σ) −1.23(5) −1.68(6) −1.90(6) −2.04(6) 

10
4
 c(σ) 2.62(38) 3.48(34) 3.66(45) 3.92 

10
3
 b*=b/a −4.510 −6.332 −7.266 −7.997 

10
4
 c*=c/a 0.960 1.313 1.401 1.532 

10
2
 c/b −2.13 −2.08 −1.93 −1.92 

R
2
 0.9994 0.9997 0.9996 0.9993 

 

[a] Bond lengths for the [Ln(H2O)8]
3+

 complexes taken from Ref. 45. 

  

 

Gas‐phase energetics 

To gain further insight into the reasons behind the stability trends observed for Ln
3+

complexes across the 4f 

period, we calculated the free energy (ΔGg) for the following reaction [Eq. (3)]: 

 

 [La(𝐋)]𝑛+/−
(g) + Ln3+

(g) → [Ln(𝐋)]𝑛+/−
(g) + La3+

(g)    (3) 

 

in which L represents a given ligand (BCAED
4−

, TETA
4−

, or BP18C6
2−

) and Ln refers to different 

lanthanides across the series (Ce, Nd, Gd, Tm, or Lu). The results are shown in Table 3 and Figure S3 (see 

the Supporting Information). 

The ΔGg values given in Table 3 include BSSE corrections that arise from the formation of the Ln–donor 

bonds of [Ln(L)]
n+/−

 and the breaking of the La–donor bonds in the La
3+

 analogue. BSSEs were found to 

decrease along the lanthanide series from La to Lu as a consequence of the contraction of the Ln
3+

 valence 

orbitals (Table S4 in the Supporting Information). However, we notice that this variation is not completely 

uniform, and, for instance, Tm
3+

complexes give smaller BSSEs than their Lu
3+

 counterparts. The overall 

change in BSSE energy across the series from La to Lu is significant and amounts to 5.35, 6.05, and 2.39 

kcal mol
−1

 for TETA
4−

, BCAED
4−

, and BP18C6
2−

 complexes, respectively. 

Our calculations show that ΔGg values become more negative on proceeding to the right across the 

lanthanide series for the three series of complexes, which is a consequence of the increased charge density of 

the metal ion (Figure S3 in the Supporting Information). Although the overall free‐energy change across the 

series from La to Lu varies in the order BCAED>TETA>BP18C6, the results indicate that in the gas phase 

the three series of complexes should increase their stabilities across the 4f period. We therefore conclude that 

solvent effects play a crucial role in the observed experimental stability trends. 

 

 

 



 
 

Table 3. Calculated solvation free energies and Gibbs free energies for Equations (3) and (4) [kcal mol
−1

]. 

 

  ΔGg 
[a]

 ΔGsol(LnL) ΔGaq
calc

d
 

ΔGaq
exptl [b]

 

TETA
4−

 La 0.00 −92.25 0.00 – 

 Ce −10.71 −92.78 3.06 – 

 Nd −28.87 −92.38 −0.60 – 

 Gd −60.78 −92.54 −3.97 −3.27 
[c]

 

 Tm −96.13 −91.61 −6.29 – 

 Lu −107.82 −91.19 −6.76 – 

BCAED
4−

 La 0.00 −82.57 0.00 – 

 Ce −11.02 −82.60 3.25 – 

 Nd −29.91 −81.38 −0.32 −2.84 

 Gd −63.73 −79.53 −3.59 −5.98 

 Tm −102.22 −78.65 −9.10 – 

 Lu −114.70 −78.47 −10.60 −11.21 

BP18C6
2−

 La 0.00 −66.71 0.00 – 

 Ce −9.82 −67.32 3.87 −0.16 

 Nd −23.99 −66.80 4.32 0.86 

 Gd −50.23 −66.06 7.52 2.67 

 Tm −79.18 −66.40 10.33 7.37 

 Lu −88.89 −66.69 11.13 9.20 

 

[a] BSSE corrections taken into account with the counterpoise method. [b] Calculated 

using ΔG=−RT ln K and the equilibrium constants given in Figure 1 (determined at 298 

K). [c] Value obtained for the Eu complex. 

 

 

Energetics in aqueous solutions 

The evolution of the stability of [Ln(TETA)]
−
, [Ln(BCAED)]

−
, and [Ln(BP18C6)]

+
 complexes along the 

lanthanide series in aqueous solutions was evaluated by calculating the Gibbs energy for Equation (4) from 

the thermodynamic cycle presented in Scheme 2. 

 

 [La(𝐋)]𝑛+/−
(sol) + Ln3+

(sol) → [Ln(𝐋)]𝑛+/−
(sol) + La3+

(sol)   (4) 

 

Thus, the Gibbs free energy for Equation (4) was computed as Equation (5): 

 

 ∆𝐺aq = ∆𝐺g + ∆𝐺sol([Ln(𝐋)]𝑛+/−) + ∆𝐺sol(La3+) − ∆𝐺sol(Ln3+) −

∆𝐺sol([La(𝐋)]𝑛+/−)         (5) 

 

 



 
 

 

Scheme 2. 

 

The calculated hydration free energies of the different complexes as well as the computed ΔGaq values are 

shown in Figure 5 and Table 3. As expected on account of their similar structure, hydration free energies do 

not vary significantly across the lanthanide series for complexes with a given ligand. The hydration energies 

vary in the following order: [Ln(TETA)]
−
>[Ln(BCAED)]

−
>[Ln(BP18C6)]

+
. The electrostatic potential on the 

molecular surface of [Gd(TETA)]
−
 (Figure 6) shows that the surface of the complex

[46]
 can be divided in two 

regions: a hydrophilic region that contains the carboxylate groups and is characterized by a negative 

electrostatic potential, and a hydrophobic hemisphere on the opposite side of the chelate, as noticed 

previously for related systems.
[47]

 In the case of [Ln(BCAED)]
−
 complexes, the negatively charged groups of 

the ligand point to different sides of the molecule, which results in a lower negative electrostatic potential 

that is spread over a larger portion of the molecular surface. Finally, the surface of [Ln(BP18C6)]
+
 is 

characterized by a smaller negative electrostatic potential that occupies a small region of the molecular 

surface, as expected on account of the reduced number of carboxylate groups of the ligand. 

 

 

Figure 5. Gibbs free energies computed for Equation (4) in aqueous solutions. 

 

Our calculations provide Gibbs free energies in aqueous solution that are in very good agreement with the 

experimental stability trends (Figure 5). Since hydration energies do not change substantially for a given 

series of Ln
3+

 complexes, the different stability trends observed across the 4f period are the result of a subtle 



 
 

balance between two factors: 1) The increasing hydration free energies of the Ln
3+

 ions across the series 

owing to their increased charge density, and 2) the increasing binding energy of the ligand to the metal ion 

across the series reflected in the calculated ΔGg values. Since most polyaminocarboxylate ligands are better 

ligands for the Ln
3+

 ions than water, in the absence of increasing steric constraints for the coordination of the 

Ln
3+

 ions across the series, the ΔGg values clearly compensate the increasing hydration energies of the 

cations. As a result, most complexes with polyaminocarboxylate ligands show an increasing stability along 

the 4f series. This is the case of [Ln(TETA)]
−
 complexes, and particularly of the [Ln(BCAED)]

−
 analogues.  

 

 

Figure 6. Computed TPSSh/LCRECP/6‐31G(d,p) electrostatic potential (hartree) of [Gd(TETA)]
−
 (top), 

[Gd(BCAED)]
−
 (middle), and [Gd(BP18C6)]

+
 (bottom) on the molecular surfaces defined by 0.001 

electrons bohr
−3

 contours of the electron density. Note the different scale used for [Gd(BP18C6)]
+
. 

 

However, the situation is different for [Ln(BP18C6)]
+
 complexes, in which the ligand is particularly well 

suited for the coordination of the large Ln
3+

 ions. In this system, the increasing ΔGg values cannot 



 
 

compensate the increasing hydration free energies upon a decrease in the ionic radius of the metal ion, which 

results in an unusual drop in complex stability across the 4f series. 

A comparison between the energetic trends shown in Figures 1 and 5 clearly provide evidence of a gratifying 

qualitative agreement between the experimental and calculated trends. To further check the validity of our 

approach, we have calculated the experimental ΔGaq values from the equilibrium constants determined 

experimentally using potentiometric measurements.
[11,15,20]

 A comparison of the two sets of data (Table 3) 

provides evidence of a satisfactory agreement between them, particularly if one considers: 1) the 

experimental errors in both stability constants and hydration free energies of the Ln
3+

 ions; 2) the effect of 

the electrolyte used to keep the ionic strength for potentiometric measurements constant; and 3) the intrinsic 

errors associated with the computational methodology used (density functional, basis sets, solvation model, 

and so forth). 

 

Conclusion 

We have developed a computational approach that allows a rational analysis of the stability trends of 

lanthanide complexes along the 4f period. The optimized structures of three representative series of Ln
3+ 

complexes provide evidence of a quadratic decrease of the average Ln–donor distances across the series. We 

have shown that the parameters obtained from the fittings of these geometrical data may be used to assess the 

degree of increasing steric compression around the metal ion across the series. The subsequent energetic 

analysis performed for the three series of complexes not only provides a qualitative justification of the 

observed stability trends, but also gives a fairly good quantitative agreement with the experimental results. 

Since hydration free energies of isostructural Ln
3+

complexes do not change substantially across the series, 

the overall stability trend is mainly determined by the increased electrostatic interaction between the ligand 

and the metal ion across the 4f series, and to what extent this contribution compensates the more negative 

hydration energies of the Ln
3+

 ion. Owing to the difficulties associated with the separation and purification of 

the Ln
3+

 ions, the results reported here represent a significant advance for the prediction of stability trends of 

lanthanide complexes, with great potential impact for the design of more efficient ligands for 

Ln
3+

 discrimination. Furthermore, the same computational approach could be in principle extended to any set 

of related metal complexes with primarily electrostatic metal–ligand bonds (i.e., alkaline, alkaline‐earth, or 

actinide ions), with great potential impact on the rationalization and prediction of their coordination 

chemistry. 
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