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Abstract 

The coordination properties of the macrocyclic receptor N,N′-bis[(6-carboxy-2-pyridyl)methylene]-1,10-

diaza-15-crown-5 (H2bp15c5) towards the lanthanide ions are reported. Thermodynamic stability constants 

were determined by pH-potentiometric titration at 25 °C in 0.1 M KCl. A smooth decrease in complex 

stability is observed upon decreasing the ionic radius of the Ln
III

 ion from La [log KLaL = 12.52(2)] to Lu 

[log KLuL = 10.03(6)]. Luminescence lifetime measurements recorded on solutions of the Eu
III

 and 

Tb
III

 complexes confirm the absence of inner-sphere watermolecules in these complexes. 
1
H and 

13
C NMR 

spectra of the complexes formed with the diamagnetic La
III

 metal ion were obtained in D2O solution and 

assigned with the aid of HSQC and HMBC 2D heteronuclear experiments, as well as standard 2D 

homonuclear COSY and NOESY spectra. The 
1
H NMR spectra of the paramagnetic Ce

III
, Eu

III
 and 

Yb
III

complex suggest nonadentate binding of the ligand to the metal ion. The syn conformation of 

the ligand in [Ln(bp15c5)]
+
 complexes implies the occurrence of two helicities, one associated with the 

layout of the picolinate pendant arms (absolute configuration Δ or Λ), and the other to the five five-

membered chelate rings formed by the binding of the crown moiety (absolute configuration δ or λ). A 

detailed conformational analysis performed with the aid of DFT calculations (B3LYP model) indicates that 

the complexes adopt a Λ(λδ)(δδλ) [or Δ(δλ)(λλδ)] conformation in aqueous solution. Our calculations show 

that the interaction between the Ln
III

 ion and several donor atoms of the crown moiety is weakened as the 

ionic radius of the metal ion decreases, in line with the decrease of complex stability observed on proceeding 

to the right across the lanthanide series. 

Keywords: picolinate ligands; crystal structures; lanthanide complexes; crown ethers; stability in solution 

 

Introduction 

The lanthanides constitute an unique series of elements characterized by the common +III oxidation state and 

the so called lanthanide contraction, the small monotonous contraction of the ionic radius upon increasing 

atomic number.
1
 However, the overall relative contraction of ionic radius on going from La

III
 (1.216 Å for 

CN 9) to Lu
III

 (1.031 Å for CN 9) amounts only to ca.15%.
2
 As a consequence, the Ln

III
 ions possess similar 

physical and chemical properties, the separation of lanthanides into individual elements being rather 

https://doi.org/10.1039/C0DT00746C


 
 

difficult.
3
 Thus, the design of systems that can selectively recognize a given Ln

III
 ion, or at least a particular 

group of them, remains a challenging task for coordination chemistry.
4
 As far as coordination chemistry in 

aqueous solution is concerned, the Ln
III

 ions are dominated by their oxophilicity,
5
 as well as by their 

tendency to adopt high coordination numbers (typically 8 or 9).
6
 As a result, stable Ln

III
 complexation in 

aqueous solution is normally achieved by using octa- or nona-dentate ligands containing negatively charged 

oxygen donors such as carboxylates or phosphonates.
7
 Besides negatively charged oxygen groups, 

these ligands often contain N-donor atoms such as amine or pyridine nitrogen atomsthat contribute to form 

stable complexes in aqueous solutions. For instance, several macrocyclic receptors containing pyridine units 

either within the macrocyclic framework
8
 or as pendant arms

9
 have been shown to provide stable 

Ln
III

 complexation inwater. Furthermore, polydentate ligands containing picolinate groups also form stable 

complexes with the Ln
III

 ions inwater.
10,11

 

The stability trends for Ln
III

 complexes in aqueous solution usually fall within one of the following 

categories: (i) In the most common case, the stability constants increase across the lanthanide series from 

La
III

 to Lu
III

, as expected on the basis of the simple electrostatic interaction between the metal ion and the 

donor atoms of the ligand;
12

 (ii) For a second group of ligandsthe stability of the corresponding 

Ln
III

 complexes increases across the series, reaches a plateau, and then declines;
13,14

 (iii) The third class 

of ligands includes a few macrocycles such as ba18c6 (Scheme 1), for which the stability decreases along the 

lanthanide series.
15

 However, independently of the stability trend, most of the ligands provide limited 

discrimination along the lanthanide series, except for a few cases where an important selectivity was found 

for the heavier lanthanides.
16 

 

 

Scheme 1. Ligands discussed in the present work. 

 

Macrocyclic receptors such as crown ethers possess a high level of preorganization that often results in 

superior selectivities of their complexes with metal ions in comparison to those of acyclic ligands.
17,18

 Three 

major strategies emerge for achieving effective complexation of a particular metal ion with a 

macrocyclic ligand:
19,20

 (i) the use of donor set variation to tune the affinity of the receptor towards particular 



 
 

metal ions; (ii) the use of ring size variation to maximize the thermodynamic stability of the complex by 

matching the radius of the metal ion and the hole size of the macrocyclic moiety (the hole-size effect); and 

(iii) the introduction of adequate pendant arms to improve the selectivity for a particular metal ion with 

respect to the parent macrocycle. The match between these structural properties of the ligand and the 

coordination properties of the metal ion usually determines the stability of the corresponding complex. 

In a recent paper we reported the complexation properties towards the Ln
III

 ions of the macrocyclic receptor 

containing picolinate pendant arms bp18c6 (Scheme 1).
21

 This receptor shows an unprecedented selectivity 

for the large Ln
III

 ions. The La
III

and Ce
III

 complexes show the highest log KML values among the different 

Ln
III

 ions, with a dramatic drop of the stability being observed from Ce
III

 to Lu
III

 as the ionic radius of the 

Ln
III

 ions decreases (log KCeL − log KLuL = 6.9). This drop in the log KML values is six orders of magnitude 

higher than that observed for ba18c6 (1.4). In the [Ln(bp18c6)]
+
 complexes the metal ion is directly bound to 

the ten donor atoms of the bp18c6 ligand, but the interaction between the Ln
III

 ion and several donor atoms 

of the crown moiety is weakened as the ionic radius of the metal ion decreases. Instead, the stability of the 

Ln
III

 complexes of bp12c4 increases across the lanthanide series, reaches a plateau close to the middle of the 

series, and then slightly decreases for the smallest lanthanides.
22

 In the [Ln(bp12c4)]
+
 complexes the metal 

ion is directly bound to the eight donor atoms of the ligand. The lower denticity of bp12c4 in comparison to 

bp18c6 allows the additional coordination of water molecules to the metal ions. Indeed, the hydration 

numbers obtained from luminescence lifetime measurements in aqueous solution of the Eu
III

 and 

Tb
III

 complexes suggest an equilibrium between a dihydrated (q = 2), ten-coordinate and a monohydrated 

(q = 1), nine-coordinate species.
23

 

As a continuation of our previous work, herein we report the complexation properties towards the Ln
III

 ions 

of the macrocyclic ligand N,N′-Bis[(6-carboxy-2-pyridyl)methylene]-1,10-diaza-15-crown-5 (H2bp15c5, 

Scheme 1). The aim of this work is to evaluate the effect that macrocyclic ring size variation has on the 

stability and structure in solution of the Ln
III

complexes with the series of ligands bp12c4, bp15c5 and 

bp18c6. Thermodynamic stability constants of the Ln
III

 complexes of bp15c5 have been determined by 

pH potentiometry. Aiming to rationalize the stability trend observed across the lanthanide series the structure 

of the Ln
III

 complexes was studied by using 
1
H and 

13
C NMR techniques in D2O solution. Luminescence 

lifetime measurements on the Eu
III

 and Tb
III

 complexes have been carried out to determine the hydration 

number of the complexes in solution. In addition, the complexes were characterized by density functional 

theory (DFT) calculations carried out at the B3LYP level. 

 

Results and discussion 

Ligand protonation constants and stability constants of the metal complexes 

The protonation constants of bp15c5 as well as the stability constants of its metal complexes formed with 

Ca
II
 and several Ln

III
ions were determined by potentiometric titration in 0.1 M KCl; the constants and 

standard deviations are given in Table 1, which also lists the protonation and stability constants reported for 

the related systems bp12c4,
22

bp18c6,
21

ba15c5
24

 and ba18c6
15

(Scheme 1). The protonation constants reported 

in Table 1 for bp15c5 (8.34, 6.85 and 3.05, I = 0.1 M KCl) differ significantly from the values measured 

at I = 0.1 M KNO3 (8.21, 7.19, 3.43 and 2.53),
25

 which most likely reflects a different ability of the two 

anions to bind protonated forms of the ligand.
26

 The ligand protonation constants are defined as in eqn (1), 

and the stability constants of the metal complexes are expressed in eqn (2): 

 

   𝐾𝑖 =
[H𝑖L]

[H𝑖−1L][H
+]

      (1) 



 
 

   𝐾ML =
[ML]

[M][L]
      (2) 

 

In comparison to the bisacetate derivative of the same macrocycle (ba15c5, Scheme 1), bp15c5 has lower 

protonation constants for the first and second protonation steps, which occur on the amine nitrogen atoms. 

This is in line with previous investigations, which showed that the replacement of the carboxylate groups of 

edta by pyridinecarboxylate units leads to a decrease in the basicity of the two amine nitrogen atoms.
27,28

 The 

basicity of the amine nitrogen atoms varies in the following order: bp12c4 > bp15c5 > bp18c6. Thus, the 

basicity of the pivotal nitrogen atoms decreases as the size of the crown moiety increases, in agreement with 

the trend observed for the bisacetate derivatives ba15c5 and ba18c6. The third protonation process in bp15c5 

is attributed to the protonation of the pyridylcarboxylate groups.
29,30 

 

Table 1. Ligand protonation constants and thermodynamic stability constants of bp15c5 and its metal complexes as 

determined by pH-potentiometry [I = 0.1 M KCl]. Data reported previously for related ligands are provided for 

comparison. 

 

 bp15c5 bp12c4
a
 bp18c6

b
 ba15c5

c
 ba18c6

d
 

log K1 8.34(4) 9.16 7.41 9.02 8.45 

log K2 6.85(4) 7.54 6.85 8.79 7.80 

log K3 3.05(4) 3.76 3.32 2.95 2.90 

log K4   2.79 2.36     

      

log KLaL 12.52(2) 16.81 14.99 10.11 12.21 

log KCeL 12.32(2) 16.94 15.11 10.89 12.23 

log KEuL 12.01(2) 18.62 13.01 11.85 12.02 

log KGdL 11.41(3) 18.82 13.02 11.66 11.93 

log KDyL 10.83(4) 18.11 11.72 11.55 11.57 

log KYbL 9.99(4) 18.08 8.89 10.76 10.90 

log KLuL 10.03(6) 
e 

8.25 10.33 10.84 

log KCaL 7.54(8) 12.09 
e 

8.74 8.39 

 

a Ref. 22. b Ref. 21. c Ref. 24. d Ref. 15. e Not determined. 

 

 

Potentiometric titrations of H2bp15c5 have been carried out in the presence of equimolar Ln
III

 and Ca
II
 ions 

in order to determine the stability constants of the corresponding metal complexes (Table 1). The variation of 

the stability constants across the lanthanide series for the complexes of bp15c5 is compared to those of 

bp12c4 and bp18c6 in Fig. 1. The bp15c5 complex of La
III

 shows the highest log KML value among the 

different Ln
III

 ions, with a smooth drop of the stability being observed from La
III

to Lu
III

 as the ionic radius of 

the Ln
III

 ions decreases. The opposite trend is observed for most classical polydentate acyclic and 

macrocyclic ligands in aqueous solution, whose stability constants with Ln
III

 ions increase from La
III

 to 

Lu
III

 due to the increasing charge density of the metal ions. The trend observed for bp15c5 is also different to 

that observed for ba15c5, for which the stability constants increase across the series for the large Ln
III

 ions, 

reach a maximum close to the centre of the series, and then decline (Table 1, Fig. 1). The stability constants 

observed for bp15c5 complexes follow a trend that is similar to that reported for bp18c6.
21

 However, the 

stability drop observed for bp15c5 complexes (Δlog KML = log KLaL − log KLuL = 2.5) is less important than 

that determined for the bp18c6 analogues (Δlog KML = log KLaL − log KLuL = 6.7). As a consequence, the 
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complexes of bp18c6 are more stable than the bp15c5 counterparts for the large Ln
III

 ions, while for the 

heaviest lanthanides the complexes of bp15c5 become slightly more stable than those derived from the 

large crown moiety. However, the ligand containing the smallest crown moiety fragment, bp12c4, forms 

complexes that are more stable than the bp15c5 and bp18c6 analogues along the whole lanthanide series 

(Fig. 1). It is rather obvious that among this series of ligands the 12-membered macrocyclic ring of bp12c4 

provides the best fit with the Ln
III

 ions. The complexes of bp12c4 are more stable than the edta
31

 counterparts 

for the large Ln
III

 ions, while this situation is reversed close to the end of the lanthanide series. This is a 

consequence of the different stability trends of edta and bp12c4 complexes along the series. Indeed, Ln
III

-

edta complexes represent a classical example for which the stability is increasing along the lanthanide series, 

while the bp12c4 counterparts show a stability trend similar to that observed for dtpa
31

 complexes (Fig. 1). A 

comparison of the stability constants obtained for bp15c5 and bp18c6 complexes with those reported for the 

corresponding bisacetate derivatives shows that the replacement of the carboxylate groups of ba15c5 and 

ba18c6 by pyridinecarboxylate units leads to an increased stability of the complexes with the large Ln
III

 ions 

(see data for bp15c5 and ba15c5 in Fig. 1). 

 

 

Fig. 1. Variation of the stability constants (log KML values, I = 0.1 M KCl, 25 °C) across the lanthanide series for 

bp15c5 complexes and related systems. The solid lines are simply a guide for the eye. Ionic radii were taken from 

reference 2 assuming coordination number 9. 

 

Photophysical properties 

The absorption spectra of the [Ln(bp15c5)]
+
 complexes (Ln = Eu or Tb) are dominated by a weak absorption 

band at ca. 273 nm typical of the picolinate chromophore (Fig. 2, see also Table 2).
33

 The emission spectra of 

both complexes recorded under excitation through the ligand bands show the typical narrow transitions 

characteristic of the corresponding metal ion as a consequence of ligand-to-metal energy transfer.
34

 In the 

case of the Eu
III

 complex the 
5
D0 → 

7
FJ transitions are observed around 580 (J = 0), 593 (J = 1), 612 (J = 2), 

652 (J = 3) and 678 nm (J = 4). For the Tb
III

 analogue the typical 
5
D4 → 

7
FJ are observed around 623 (J = 3), 

584 (J = 4), 545 (J = 5) and 490 nm (J = 6). Recording the excitation spectra with emission monitored on the 

http://pubs.rsc.org/en/content/articlehtml/2011/dt/c0dt00746c#cit2


 
 

most intense emission band of the lanthanide cations (
5
D0 → 

7
F2 at 612 nm for Eu

III
 and 

5
D4 → 

7
F5 at 545 nm 

for Tb
III

) afforded a perfect match with the corresponding absorption spectra, thereby unambiguously 

confirming the antenna effect.
33

 The absolute quantum yields of the metal centred luminescence amount to 

0.13 (Eu
III

) and 2.5% (Tb
III

). These data show that picolinate units of bp15c5 allow relatively efficient 

sensitization of the Tb
III

 luminescence as a result of an efficient ligand-to-metal energy transfer and effective 

shielding of the metal ion from radiationless deactivation (see below). The quantum yield observed for the 

Eu
III

 complex is considerably lower than that determined for the Tb
III

 analogue, as usually observed for 

Ln
III

complexes containing picolinate units.
11

 The quantum yields determined for the Eu
III

 and Tb
III 

complexes 

of bp15c5 are however considerably lower than those reported for the corresponding tri(dipicolinates), which 

amount to 24% (Eu
III

) and 22% (Tb
III

).
35

 

 

Table 2. Spectroscopic properties of the Eu
III

 and Tb
III

 complexes of bp15c5. 

 

  [Eu(bp15c5)]
+
 [Tb(bp15c5)]

+
 

λ max/nm (ε/M
−1

 cm
−1

)
[a]

 273 (4200) 273 (5500) 

τ (H2O)/ms 0.924(2) 2.50(1) 

τ (D2O)/ms 1.474(2) 2.99(1) 

Δkobs 0.404 0.07 

Φ(H2O) (%)
a
 0.13 2.5 

q 0.2
b
 0.1

c
 

  0.1
d
   

 

a Absolute quantum yields measured relative toquinine sulfate in diluted acidic 

solution (absolute quantum yield: 0.546).
32

 b eqn (3). c eqn (4). d eqn (5). 

 

 

 

 

Fig. 2. Absorption (dotted blue lines), excitation (solid blue lines) and emission spectra of [Ln(bp15c5)]
+
 complexes 

(Ln = Eu or Tb) as recorded from 10
−5

 M aqueous solutions at pH 7.0. 



 
 

The number of inner sphere water molecules (q) can be determined by using luminescence lifetime 

measurements on solutions of Eu
III

 or Tb
III

 complexes in H2O and D2O.
36,37

 This method is based on the fact 

that O–H oscillators of coordinated water molecules quench the Ln
III

 excited state more efficiently than O–D 

oscillators of D2O. Considering that the most common coordination numbers for Ln
III

 complexes in solution 

are 8 and 9, as well as the nonadentate nature of the bp15c5 ligand, one would expect the [Ln(bp15c5)]
+ 

systems to exist in solution as q = 0 complexes. However, several examples of ten-coordinated Ln
III 

complexes in aqueous solution have been reported in the literature,
38,39

 including the [Eu(bp12c4)(H2O)2]
+ 

complex.
23

Therefore, the presence of one inner-sphere water molecule for the [Ln(bp15c5)]
+
 complexes 

should be considered. 

The emission lifetimes of the Tb(
5
D4) and Eu(

5
D0) excited levels of [Ln(bp15c5)]

+
 complexes were measured 

in 10
−5

 M D2O and H2O solutions of the complexes, and used to calculate the number of coordinated water 

molecules q according to the method proposed by Parker and co. [eqn (3) and (4)]:
40 

 

   𝑞Eu = 1.2(Δ𝑘obs − 0.25)     (3) 

 

   𝑞Tb = 5.0(Δ𝑘obs − 0.06)     (4) 

 

In these equations Δkobs = kobs(H2O) − kobs(D2O) and kobs = 1/τobs. These calculations provide q values of 0.2 

(Eu
III

) and 0.1 (Tb
III

). The use of the expression proposed by Horrocks et al.
41

 for Eu
III

 complexes [eqn (5)] 

provides a similar result (Table 2), with an estimated uncertainty for q of ±0.1. 

 

   𝑞Eu = 1.11(Δ𝑘obs − 0.31)     (5) 

 

These results indicate the absence of inner-sphere water molecules in the [Ln(bp15c5)]
+
 complexes, which 

probably results in nine-coordinate complexes. 

1
H and 

13
C NMR spectra 

The 
1
H and 

13
C NMR spectra of the diamagnetic [Ln(bp15c5)]

+
 complexes (Ln = La or Lu) were recorded in 

D2O solution at pD = 7.0 (Fig. 3). The spectra of both complexes are very similar, suggesting that they adopt 

similar structures in aqueous solution (Fig. S1, ESI†). The spectra of the La
III

 analogue were assigned with 

the aid of HSQC and HMBC 2D heteronuclear experiments as well as standard 2D homonuclear COSY 

and NOESY experiments (Table 3). The two picolinate pendant arms are magnetically non-equivalent, which 

results in a C1 symmetry of the complex in solution. This is confirmed by the 
13

C NMR spectrum, which 

shows 24 signals for the 24 carbon nuclei of the ligand backbone. The signals due to protons H7a, H7b, 

H18a and H18b show AB spin patterns where the larger shifts for H7b and H18b result from the combined 

deshielding effects of thepyridyl ring current and the polarizing effect of the Ln
III

 ion on the C–H bond 

pointing away from it (Fig. 3).
42

 These results indicate a slow interconversion between the Δ and Λ optical 

isomers arising from the different orientation of the two pendant arms (see below). The axial and 

equatorial protons of the macrocyclic fragment are magnetically non-equivalent. This indicates that the 

interconversion between the δ and λ conformations of the five-membered quelate rings formed upon 



 
 

coordination of the crown moiety is slow in the NMR time-scale, pointing to a relatively rigid structure of 

the crown moiety in solution. This is compatible with a nonadentate binding of the macrocyclic ligand to the 

Ln
III

 ions. 

 

Table 3. 
1
H and 

13
C NMR Shifts (ppm with respect to TMS) of [La(bp15c5)]

+
 recorded in D2O solution (pD = 7.0) at 

298 K. See Scheme 2 for labelling
a
. 

 

H3 8.03 H13ax 3.68 C1 173.3 C16 68.9 

H4 8.14 H13eq 2.91 C2 150.6 C17 55.1 

H5 7.70 H14ax 3.45 C3 123.8 C18 63.4 

H7a 3.97 H14eq 2.61 C4 140.8 C19 158.6 

H7b 4.52 H15ax 3.70 C5 125.8 C20 124.6 

H8ax 2.72 H15eq 3.45 C6 157.7 C21 141.1 

H8eq 3.12 H16ax 3.96 C7 64.2 C22 123.5 

H9ax 3.74 H16eq 3.13 C8 54.4 C23 149.1 

H9eq 3.21 H17ax 2.74 C9 71.2 C24 173.1 

H10ax 3.60 H17eq 2.74 C10 69.6     

H10eq 3.91 H18a 4.16 C11 69.6     

H11ax 3.81 H18b 4.40 C12 68.1     

H11eq 4.18 H20 7.73 C13 55.8     

H12ax 4.15 H21 8.13 C14 53.0     

H12eq 4.15 H22 8.07 C15 68.8     

 

a 
2
 J 18a–18b = 16.8 Hz; 

2
J7a–7b = 15.4 Hz. 

 

 

 

Fig. 3. 
1
H NMR spectrum (500 MHz) of [La(bp15c5)]

+
 recorded in D2O solution (pD = 7.0) at 298 K. The asterisk 

denotesMeOH coming from the ligand synthesis. See Scheme 2 for labelling. 



 
 

The specific CH2 proton assignments of the axial and equatorial H7–H18 protons were not possible on the 

basis of the 2D NMR spectra. However, it is known from previous 
1
H NMR studies on Ln

III
 complexes with 

macrocyclic ligands that the ring axial protons experience strong coupling with the geminal protons and the 

vicinal axial protons, while the equatorial protons provide strong coupling with the germinal protons only.
43 

Indeed, the 
3
JH–H coupling constants characterising the coupling between vicinal pairs of protons (axial–axial, 

axial–equatorial and equatorial–equatorial) follow the Karplus equation [
3
JH–H = 7-cosϕ+5cos2ϕ, 

where ϕ represents the H–C–C–H dihedral angle].
44

 According to our DFT calculations (see below), 

the ϕ values involving axial–axial vicinal protons are close to 180° (171–178°), while the dihedral angles 

defined by axial–equatorial and equatorial–equatorial vicinal protons fall within the range 43–77°. Thus, the 

specific assignment of the axial and equatorial protons could be achieved in some cases by observing the 

coupling pattern of the proton signals. For instance, the signals due to protons H14 and H13 observed at 2.61 

and 2.91 ppm (Fig. 3), could be assigned to equatorial protons, as the spin coupling pattern is dominated by 

a 
2
JH–H of 12–13 Hz, the 

3
JH–H values being substantially smaller (< 4 Hz). In other cases the assignments of 

the equatorial and axial protons could be achieved by observing the cross-peaks in the COSY spectra, as 

axial protons are expected to give two strong cross-peaks (geminal and axial–axial), whereas 

equatorial protons should show one strong (geminal) and two weak (equatorial–equatorial and equatorial–

axial) cross-peaks. 

The 
1
H NMR spectra of the paramagnetic Ce

III
, Eu

III
 and Yb

III
 complexes were also obtained in D2O solution. 

The protonspectra consist of 30 signals, which again points to a C1 symmetry of the complexes in solution 

(Fig. 4). The binding of a ligandto a paramagnetic Ln
III

 ion generally results in large NMR frequency shifts at 

the ligand nuclei, with magnitudes and signs depending critically on both the nature of the lanthanide ion and 

the location of the nucleus relative to the metal centre.
45

 This is indeed the case of the paramagnetic 

[Ln(bp15c5)]
+
 complexes (Fig. 4), for which the 

1
H NMR signals are observed in the range 16 to −8 (Ce

III
), 

19 to −18 (Eu
III

) and 70 to −45 ppm (Yb
III

). The 24 
1
H NMR signals due to protons 7–18 (Scheme 2) can be 

grouped into two different sets according to their relative line broadening, 12 resonances being appreciably 

sharper than the remaining ones (Fig. 4). These two sets of signals correspond to two sets of Ln
III

-proton 

distances, the broader resonances being associated to the axial protons, which are closer to the metal 

ion.
46

 Unfortunately, an assignment of the spectra was not possible due to the large number of proton signals 

and the low symmetry of the complex. However, the spectra confirm a nonadentate coordination of 

the ligand to the metal ions in aqueous solution. 

 

 

Scheme 2. Ligand bp15c5
2−

 and its labelling scheme used for NMR spectral assignment. 



 
 

 

Fig. 4. 
1
H NMR spectra (300 MHz) of [Ln(bp15c5)]

+
 complexes (Ln = Ce, Eu or Yb) recorded in D2O solution  

(pD = 7.0) at 298 K. 

 

DFT calculations 

Aiming to obtain information about the structure in solution of the [Ln(bp15c5)]
+
 complexes we have 

performed DFT calculations based on the B3LYP model. On the grounds of our previous experience,
47,48

 in 

these calculations we have used the effective core potential (ECP) of Dolg et al.
49

 and the related [5s4p3d]-

GTO valence basis set for the lanthanides, while the remaining atoms were described by using the 6-31G(d) 

basis set. This ECP includes 46+4f
n
 electrons in the core, leaving the outermost 11 electrons to be treated 

explicitly. 

In our previous papers we have shown that in the [Ln(bp12c4)]
+
 and [Ln(bp18c6)]

+
 complexes 

the ligand adopts a syn conformation, with the two pendant arms being oriented to the same side of the 

macrocyclic fragment.
21,23

 Furthermore, previous investigations on Ln
III

 complexes derived from 1,10-diaza-

15-crown-5 containing coordinating pendant arms have also revealed a syn conformation of the ligand in the 

corresponding complexes.
50

 Thus, it is reasonable to assume that the complexes of bp15c5 will adopt a 

similar structure. A syn conformation of the ligand in [Ln(bp15c5)]
+
 complexes implies the occurrence of 

two helicities: one associated with the layout of the picolinate pendant arms (absolute configuration Δ or Λ), 

and the other to the five five-membered chelate rings formed by the binding of the crown moiety (each of 

them showing absolute configuration δ or λ).
51,52

 A detailed analysis of the coordinative properties of the 

bp15c5 ligand indicates that there are up to 64 possible conformations (32 enantiomeric pairs of 

diasteroisomers) of the complexes of this ligand combining different helicities of the pendant arms and the 

five-membered rings formed upon coordination of the crown moiety.
25

 Thus, in order to reduce the 

computational cost of the conformational analysis, we initially investigated the conformational space at the 

HF/3-21G level by performing full geometry optimizations of the 32 diasteroisomeric forms of the 

complexes with the ligand adopting a syn conformation. The ten most stable conformations for each complex 

were then fully optimized at the B3LYP/6-31G(d) level. Full geometry optimization of each conformation 

performed in vacuo was followed by single point energy calculations in aqueous solution (C-PCM model). 



 
 

The minimum energy conformation obtained from our calculations for all Ln
III

 ions investigated corresponds 

to the Λ(λδ)(δδλ) form (Fig. 5). A second diastereoisomeric form, Λ(λδ)(δλλ), is close in energy to the 

former one, particularly for the large lanthanides; the energy difference between these two forms amounts 

only to 0.85 kJ mol
−1

 for La
III

, and it increases to 4.10 kJ mol
−1

 for Lu
III

. The remaining conformations 

investigated show high relative energies with respect to the minimum energy conformation (8.3–37.8 kJ 

mol
−1

). The relative energies of most of conformations investigated show a smooth change along the 

lanthanide series from La
III

 to Lu
III

. However, two conformations [Λ(δδ)(δδδ) and Λ(λδ)(δδδ), Fig. 5] show 

an abrupt destabilization upon decreasing the ionic radius of the Ln
III

 ion from Eu
III

 to Ho
III

, and then become 

more stable for Lu
III

. This abrupt change in the energetic trend from Eu
III

 to Ho
III

 is due to the decoordination 

of one of the oxygen atoms of the crown moiety [O(5), Fig. 6], leading to eight-coordinate complexes. This 

result is in line with a better fit of the crown moiety size of the ligand and the large Ln
III

 ions. 

 

 

Fig. 5. C-PCM relative free energies of different diasterisomeric forms of [Ln(bp15c5)]
+
 complexes (Ln = La, Eu, Ho 

or Lu) in aqueous solution. 

 

 

Fig. 6. Minimum energy conformation of the [Gd(bp15c5)]
+
 complex obtained from DFT calculations. Hydrogen atoms 

are omitted for simplicity. 



 
 

In a recent paper we have shown that our computational procedure provides relative free energies of 

Ln
III

 DOTA-like complexes that deviate from the experimental values by 0.8–4.6 kJ mol
−1

.
48

 Furthermore, a 

single species in solution is observed in the NMR spectra of the [Ln(bp15c5)]
+
 complexes (Ln = La, Ce, Eu, 

Yb or Lu). Thus, we may conclude that most likely the [Ln(bp15c5)]
+
 complexes adopt a Λ(λδ)(δδλ) 

conformation in aqueous solution. 

Table 4 shows the bond distances of the metal coordination environment calculated for the Λ(λδ)(δδλ) 

conformation of [Ln(bp15c5)]
+
 complexes, while the optimized geometry of the Gd

III
 complex is shown 

in Fig. 6. Most of the distances between the Ln
III

 ions and the donor atoms of the ligand decrease along the 

lanthanide series, as usually observed for Ln
III

 complexes as a consequence of the lanthanide 

contraction.
1
 However, the distances between the Ln

III
 ion and two of the oxygen atoms of the crown moiety 

[O(4) and O(5)] follow a different trend. Indeed, these distances decrease along the series from La
III

 to Gd
III

, 

and then increase for the smaller Ho
III

 and Lu
III

 ions. Thus, the interaction between the Ln
III

 ion and several 

of the donor atoms of bp15c5 is weakened as the ionic radius of the metal ion decreases. These results 

clearly indicate a better match between the binding sites offered by the ligand structure and the binding sites 

required by large Ln
III

 ions, which results in a drop of the complex stability upon decreasing the ionic radius 

of the metal ion. 

In a previous paper we have reported the X-ray single structure of the [Cd(bp15c5)] complex,
25

 where the 

metal ion is seven-coordinate. Interestingly, in [Cd(bp15c5)] the two donor atoms of the ligand that remain 

uncoordinated correspond to those for which a lengthening of the Ln-donor distances is predicted by our 

DFT calculations [O(4) and O(5)]. Thus, the lengthening of the distances between the metal ion and these 

donor atoms appears to be a general strategy adopted by bp15c5 to accommodate small metal ions. 

 

Table 4. Bond distances [Å] of the metal coordination environments obtained for the Λ(λδ)(δδλ) conformation of 

[Ln(bp15c5)]
+
complexes at the B3LYP/6-31G(d) level

a
. 

 

  La Nd Gd Ho Lu 

Ln(1)–O(1) 2.398 2.343 2.285 2.245 2.192 

Ln(1)–O(2) 2.371 2.314 2.253 2.213 2.165 

Ln(1)–O(3) 2.657 2.599 2.534 2.490 2.436 

Ln(1)–O(4) 2.843 2.825 2.821 2.839 2.902 

Ln(1)–O(5) 2.777 2.753 2.737 2.743 2.771 

Ln(1)–N(1) 2.717 2.668 2.614 2.577 2.532 

Ln(1)–N(2) 2.976 2.936 2.894 2.866 2.840 

Ln(1)–N(3) 2.819 2.780 2.737 2.714 2.686 

Ln(1)–N(4) 2.630 2.570 2.508 2.466 2.415 

 

a Geometry optimizations were performed in the gas-phase. See Fig. 6 for labelling. 

 

 

Conclusions 

The dianionic nonadentate bp15c5 receptor forms moderately stable complexes with the Ln
III

 ions in aqueous 

solution. The stability constants determined for the [Ln(bp15c5)]
+
 complexes are considerably lower than 

those of the analogues derived from bp12c4, but close to those of [Ln(bp18c6)]
+
 complexes, particularly for 

the heaviest Ln
III

 ions. The bp15c5 ligand provides a nonadentate binding to the Ln
III

 ions along the whole 

lanthanide series from La
III

 to Lu
III

, resulting in q = 0 complexes. This is in contrast with the situation 

observed for the [Ln(bp12c4)]
+
 complexes, for which an equilibrium between q = 1 and q = 2 species exists 



 
 

around the middle of the lanthanide series. The drop of stability in [Ln(bp15c5)]
+
 complexes upon decreasing 

the ionic radius of the metal ion is attributed to the better match between the binding sites offered by the 

ligand structure and the binding sites required by large Ln
III

 ions. 

 

Experimental section 

Solvents and starting materials 

N,N′-Bis[(6-carboxy-2-pyridyl)methylene]-1,10-diaza-15-crown-5 (H2bp15c5) was prepared as previously 

reported by us.
25

 All other chemicals were purchased from commercial sources and used without 

further purification, unless otherwise stated. 

Physical methods 

1
H and 

13
C NMR spectra were recorded at 25 °C on Bruker Avance 300 and Bruker Avance 500 MHz 

spectrometers. For measurements in D2O, tert-butyl alcohol was used as an internal standard with 

the methyl signal calibrated at δ = 1.2 (
1
H) and 31.2 ppm (

13
C). Spectral assignments were based in part on 

two-dimensional NOESY, COSY, HMQC, and HMBCexperiments. Electronic spectra in the UV-Vis range 

were recorded at 25 °C on a Perkin–Elmer Lambda 900 UV-Visspectrophotometer using 1.0 cm quartz cells. 

Excitation and emission spectra were recorded on a Perkin–Elmer LS-50Bspectrometer. Luminescence 

lifetimes were calculated from the monoexponential fitting of the average decay data, and they are averages 

of at least 3–5 independent determinations. Quantum yields of the metal centred luminescence were 

measured relative to quinine sulfate in diluted acidic solution (absolute quantum yield: 0.546).
32

 

Potentiometric measurements 

The stock solutions of LnCl3 were prepared from LnCl3·xH2O. The concentration of the solutions was 

determined by complexometric titration with a standardized Na2H2EDTA solution (H4EDTA = 

ethylenediaminetetraacetic acid) usingxylenol orange as indicator. Ligand stock solutions were prepared in 

double distilled water and the exact ligandconcentration was determined from the potentiometric titration 

curves with KOH. 

Ligand protonation constants and stability constants of Ln
III

 complexes were determined by pH-

potentiometric titration at 25 °C in 0.1 M KCl. As observed for bp18c6 and bp12c4,
21,22

 the stability 

constants could be determined from direct potentiometric titrations, as complex formation was fast. The 

samples (3–5 ml) were stirred while a constant N2 flow was bubbled through the solutions. The pH of the 

titration mixture was adjusted by addition of a known volume of standard aqueous HCl. The titrations were 

carried out adding standardized KOH solution with a Methrom 702 SM Titrino automatic burette. A 

Metrohm 692 pH/ion-meter was used to measure pH. The H
+
 concentration was obtained from the measured 

pH values using the correction method proposed by Irving et al.
53

 The ligand and metal–ligand (1 : 1) 

solutions (3.5 mM) were titrated over the pH range 2.0 < pH < 12.0. The titration data for Ln
III

 complexation 

were successfully refined assuming the presence of only 1 : 1 metal–ligand species in solution; in all cases 

only data corresponding to the lower portions of the titration curves were employed for the calculations in 

order to avoid complications arising from competing hydrolysis/precipitation at higher pH values. The 

protonation and stability constants were calculated from parallel titrations with the program 

PSEQUAD.
54

 The errors given correspond to one standard deviation. 

Computational methods 

All calculations were performed with the Gaussian 03 package (Revision C.01).
55

 Full geometry 

optimizations of the [Ln(bp15c5)]
+
(Ln = La, Ce, Pr, Nd, Eu, Gd, Ho, Yb or Lu) systems were performed in 



 
 

vacuo at the HF level by using the effective core potential (ECP) of Dolg et al. and the related [5s4p3d]-

GTO valence basis set for the lanthanides,
49

 and the 3-21G basis set for C, H, N and O atoms. The ten most 

stable conformations obtained from HF calculations were then fully optimized employing hybrid DFT with 

the B3LYP exchange–correlation functional
56,57

 and the 6-31G(d) basis set for the ligand atoms. In aqueous 

solution relative free energies of the different isomers were calculated from solvated single point energy 

calculations on the geometries optimized in vacuo. Solvent effects were evaluated by using the polarizable 

continuum model (PCM). In particular, we used the C-PCM variant
58

 that employs conductor rather than 

dielectric boundary conditions. The solute cavity is built as an envelope of spheres centered on atoms or 

atomic groups with appropriate radii. Calculations were performed using an average area of 0.2 Å
2
 for all the 

finite elements (tesserae) used to build the solute cavities. For lanthanides the previously parameterized radii 

were used.
59

 Final free energies include both electrostatic and nonelectrostatic contributions. 
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†
 Electronic supplementary information (ESI) available: NMR spectra recorded for the La

III
 and Lu

III
 complexes of 

bp15c5, 
1
H NMR chemical shift data for the paramagnetic [Ln(bp15c5)]

+
 complexes (Ln = Ce

III
, Eu

III
 or Yb

III
, and 

optimized Cartesian coordinates of the [Ln(bp15c5)]
+
 complexes (B3LYP). See DOI: 10.1039/c0dt00746c. 
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