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Lanthanide-mediated triangular cationic assemblies: structural and

physico-chemical properties†

Soumaila Zebret,a Nathalie Dupont,b Céline Besnard,c Gérald Bernardinellic and Josef Hamacek*a

This contribution investigates LnIII complexes formed with a small ditopic ligand, L1, and their structural, thermodynamic and 

photophysical properties. The spectrophotometric and NMR titrations evidence the triangular assemblies [Ln3(L1-H)3]
6+ at 

stoichiometric conditions and their properties are discussed in relation to L2-containing analogues. In addition, the dinuclear species, 
[Ln2(L1-H)]

5+, i s  observed with an excess of metal.

Introduction

The number of specific applications of lanthanides in different
domains of materials and life sciences1 is continuously growing.
Although the starting materials are usually chosen from amongst
the existing compounds, further optimization of molecular
systems requires the fine tuning of the structure and, conse-
quently, of their optical and paramagnetic properties. This is also
the case of LnIII-containing complexes applied in medical
imaging and sensing.2 Starting with small, very stable mono-
nuclear complexes with 1,4,7,10-tetraazacyclododecane-N,N’,
N",N"-tetraacetic acid (DOTA) and diethylenetriaminepentaacetic
acid (DTPA) derivatives, large polynuclear systems have been
developed in order to improve, for instance, their relaxivity.3

Nowadays, there is a sizeable effort aimed at optimizing poly-
nuclear complexes for multimodal applications, whereby a single
molecule simultaneously integrates good relaxivity probes and
optical or PET reporters.4 Nevertheless, this task remains chal-
lenging because of antagonistic coordination requirements for
these imaging modes.

In order to develop multifunctional lanthanide-based devices,
we have embarked on a project aimed at designing new organic
receptors suitable for the preparation of multifunctional (e.g.,
heteronuclear) LnIII complexes. In addition to the family of tri-
podal ligands providing tetranuclear tetrahedral complexes,5

small ditopic ligands, L1 and L2 (Scheme 1), have been

designed by attaching pyridyl chromophores to a N-β-dicarbonyl
moiety. This type of ligand is reminiscent of β-diketonate com-
pounds known for their good sensitization of LnIII luminescence.
Indeed, the N-β-dicarbonyl moiety can complex LnIII in a biden-
tate fashion, but examples are rare.6 On the contrary, LnIII com-
plexes involving two pyridyl moieties connected in this way
have not been previously studied, although bis(2-pyridylcarbo-
nyl)amine has already been applied in the complexation of tran-
sition metal ions.7

In our recent work, we have reported on the trinuclear com-
plexes, Ln3(L2-3H)3.

8,9 The crystal structures revealed their tri-
angular topology, where three ligands are interconnected with
three metal ions. Each metal ion is heptacoordinated and the two
remaining positions are occupied by water molecules. However,
this feature does not prevent the good sensitization of EuIII lumi-
nescence, which occurs due to the high conjugation over the
ligand.8 On the other hand, the self-assembly of L2 with GdIII

cations accumulates high amounts of paramagnetism and water
relaxivity (r1 ∼ 9.5 s−1 mM−1 per Gd) is higher than, or compar-
able to, other complexes possessing two coordinated water mol-
ecules.10 However, a significant drawback of the trinuclear
system is the relatively modest thermodynamic stability, which
excludes these compounds from their immediate use in medical
fields until a significant improvement in their stability can be
achieved. Nevertheless, this interesting polynuclear system has
the potential for further improvement of its properties.

Initially, the above-mentioned trinuclear EuIII and GdIII com-
plexes have been prepared by lanthanide-assisted hydrolysis with

Scheme 1 The chemical structures of L1 and L2.
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the methylester precursor, L1.8 However, free L2 could not be
prepared from L1 by a simple hydrolysis of the ester groups due
to the simultaneous attack of the central amide group. Conse-
quently, the reaction of L2 with LnIII cannot be studied directly.
Therefore, we report here on the formation and characterisation
of LnIII complexes with L1 in order to get insight into the spe-
ciation of LnIII complexes with N-β-dicarbonyl containing
ligands, and to better understand this polynuclear system. The
structural characterization of L1 and its lanthanide complexes
has been completed by NMR, spectrophotometric and photophy-
sical studies.

Results and discussion

X-Ray crystal structure of L1

The ligand L1 was prepared according to the previously
described procedure.8 Its 1H NMR spectrum in CDCl3 shows 5
signals, which is compatible with an average C2v symmetry. The
recrystallisation of L1 from dichloromethane provides transpar-
ent crystals suitable for X-ray analysis. The refined parameters
are summarized in Table 1 and the crystal structure of L1 is
shown in Fig. 1. The diffraction data show an almost planar
configuration of L1, whereby the planes defined by the two pyri-
dines of L1 are slightly distorted by 14.6°. One ester group is
almost coplanar with one pyridine ring (5.1°), while the second
group is turned by 33.6° (Fig. 1b) to minimize the dipole–dipole
and steric interactions. The coordinating atoms of pyridine and
the terminal carbonyl groups form a potentially pentadentate
cavity. The amidic carbonyls are directed out of the cavity and
potentially represent a bidentate site. The crystal packing
(Fig. S1†) shows the stacking interactions between the almost
parallel pyridine moieties of the neighbouring ligands with a dis-
tance of 3.35 Å.

Preparation and characterization of LnIII complexes with L1

(Ln = Eu, Tb)

The lanthanide complexes with L1 are prepared by mixing equi-
molar amounts of lanthanide triflate salts and L1 in acetonitrile.
The 1H NMR spectrum of the EuIII complex shows a significant

Table 1 Crystallographic data and selected bond lengths

L1 [Eu3(L1-H)3]
6+ [Tb3(L1-H)3]

6+

Empirical formula C16H13N3O6 C63.30H49.95F18N13.65O36S6Eu3 C66H54F18N15O36S6Tb3
Formula weight 343.3 2568.2 2644.3
Crystal system Monoclinic Orthorhombic Orthorhombic
Space group P21/c Fdd2 Fdd2
a/Å 7.1099(4) 55.860(11) 55.75(2)
b/Å 18.8042(11) 18.930(6) 18.937(15)
c/Å 11.6038(7) 38.762(9) 38.852(11)
α/° 90 90 90
β/° 98.278(7) 90 90
γ/° 90 90 90
V/Å3 1535.22(16) 40 988(18) 41 018(38)
Z 4 16 16
R(int) 0.06 0.0573 0.1072
R1 0.030 0.0394 0.0654
wR2 0.029 0.114 0.2082
GoF 1.22(2) 1.10 1.148
Flack parameter — 0.045(7) 0.01(1)
T/K 150 220(2) 220(2)
No. meas. 14 164 171 515 60 755
No. uniq. 3301 25 011 23 410
No. obs. (I > 2σ) 1749 23 103 17 382
Density/g cm−3 1.485 1.665 1.713
μ/mm−1 0.116 2.05 2.28
Ln(1)–Ln(2) — 6.40(2) 6.35(2)

Fig. 1 The X-ray crystal structure of L1. Front (a) and side (b) views.
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chemical shift of the ligand protons and the presence of four
signals indicates a relatively high symmetry (Fig. 2). Indeed, the
formation of the trinuclear complex, [Eu3(L1-H)3]

6+, is
confirmed by ESI-MS spectroscopy. The solid complexes were
obtained by precipitation from their concentrated solutions. The
off-white material is highly hygroscopic and difficult to isolate.
Nevertheless, slow recrystallization from acetonitrile gives crys-
tals suitable for X-ray crystallography. The direct addition of
water to the solution of Eu3(L1-H)3(CF3SO3)6 rapidly provokes
the complete decomplexation of the ligand, whose hydrolysis
may then slowly occur.

X-Ray crystal structure of LnIII complexes (Ln = Eu, Tb)

The refinement of the crystallographic data shows the formation
of trinuclear triangular complexes with both lanthanide cations.
The isolated complexes are isostructural with similar cell
volumes and differ only in the number of uncoordinated aceto-
nitrile molecules included in the model. The obtained structural
parameters for the EuIII and TbIII complexes are summarized in
Table 1, but only the crystal structure of Eu3(L1-H)3(CF3SO3)6
is discussed in detail here (Fig. 3 and S2†). As expected, the
complexes adopt a similar triangular topology as their analogues
with L2. Three cations are interconnected by three ligands and
form an equilateral triangle. The LnIII cations are globally nine-
coordinated. The seven coordinating atoms come from the two
L1 ligands and the two remaining positions are occupied by
triflate anions. This compensates for the positive charge associ-
ated to lanthanides and allows the overall charge of the complex
to be zero. The crystal structure data show an overall C3h sym-
metry of the complex, which agrees well with the experimental
1H NMR data.

The coordination sphere can be described as a distorted mono-
capped tetragonal antiprism, whose base is composed of the
three nitrogen atoms of L1 and one triflate oxygen (N10b, N13b,
N21b and O68). The second face is formed by two carboxylate
(O4b and O23b) and two carbonyl oxygens (O12a and O15a).
The capping oxygen O111 comes from the second triflate anion
(Fig. 3b). The average intermetallic distance, Eu–Eu, is equal to
6.40 Å. The coordination of LnIII is accompanied by the rotation
of the terminal carbonyl groups toward the metal ion. The ester
groups are almost coplanar with the pyridine ring. Upon coordi-
nation with metal ions, the angle between the pyridine moieties
of the same L1 ligand (between 140° and 153°) decreases in
comparison with free L1 (165.5°), which suggests a larger
bending angle of the complexed L1. Interestingly, the

Fig. 2 The 1H NMR spectra of L1 (a) and [Eu3(L1-H)3]
6+ (b). The

complex is formed upon the addition of 1 eq of Eu(CF3SO3)3 to L1.
Small amounts of the second complex (*) can be observed.

Fig. 3 Crystal structure of Eu3(L1-H)3(CF3SO3)6. (a) The ORTEP
view (50% ellipsoid). (b) The detailed view of the EuIII coordination
sphere in the pentadentate cavity including atom numbering.
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coordination bonds with TbIII are, on average, shorter than with
EuIII, which translates to a slight shortening of the metal–metal
distances in the TbIII complex with respect to the EuIII one
(Table S1†). This contraction is illustrated by the superposition
of both crystal structures in Fig. S3.† Contrary to the L1 struc-
ture, hydrogen bonding and π–π stacking interactions are
missing in the crystal packing of the complexes (Fig. S4†).

The photophysical properties of the EuIII complex

The EuIII complexes with L2 have excellent photophysical prop-
erties despite the presence of coordinated water molecules.8

Therefore, we were interested in the properties of the parent com-
plexes with L1 in solution and in the solid state for the sake of
comparison. Taking into consideration the hygroscopic proper-
ties of Eu3(L1-H)3(CF3SO3)6, the crystals were rapidly trans-
ferred from acetonitrile under an inert atmosphere into the
spectrometer. The high-resolution emission spectrum of the EuIII

complex is shown in Fig. 4. An analysis of the main EuIII tran-
sition bands shows three components for 5D0 →

7F1, five for
5D0 →

7F2 and nine components for 5D0 →
7F4. This splitting

pattern is the same as for Eu3(L2-3H)3(H2O)6
8 and confirms the

low local symmetry (Cs) of the Eu
III coordination sphere.

As shown in Fig. S5,† the resolution of the emission bands
belonging to Eu3(L1-H)3(CF3SO3)6 depends on the temperature.
Although the spectra exhibit similar shapes, a decrease in the
emission intensity at room temperature is observed together with
a concomitant band broadening associated with the amplification
of molecular vibrations. The absence of structural changes with
the temperature is confirmed by the fitted lifetimes, which do not
significantly vary, and their average value is equal to 0.43(5) ms.
Table 2 shows the lifetimes for three different emission wave-
lengths (581, 593 and 616.5 nm) as a function of temperature .

The excitation spectra recorded at 10 K show the same profile
(Fig. S6†), and a single peak is present for Eu(5D0 ←

7F0) at
580 nm. This indicates that there is one type of EuIII coordi-
nation site in this compound. The energy of the Eu(5D0 ←

7F0)
transitions depends on the composition of the coordination
sphere and this value can be estimated using Frey and Horrocks
equation (eqn (1)),11 in which ν̃0 = 17 374.0 cm−1 is the energy
of the Eu(5D0 ←

7F0) transition in the free metal ion, CCN is
equal to 1.0 for the nine-coordinated EuIII cation, ni is the

number of atoms of type ‘i’ and δi is the capacity of the atom, i,
to accept the electronic density of the metal ion.

ν̃ ¼ ν̃0 þ CCN �
X

niδi ð1Þ

The coordination sphere is considered to be that shown by the
crystal structure: two heterocyclic nitrogens (δN = −15.3), the
two oxygens of the ester groups (δOester = −11.1), two amidic
carbonyls (δOamide = −15.7), one nitrogen (δN− = −17.8)8 and
two triflate oxygens. Since the value δ for the triflates is
unknown, let’s consider the value reported for the charged car-
boxylate oxygens (δO = −17.2)11 as a reasonable approximation.
The application of eqn (1) gives the value 17 237.6 cm−1

(580.1 nm). The experimental position of the Eu(5D0 →
7F0)

transition was found to be 17 223.7 cm−1 at 10 K, which corre-
sponds to 17 235.6 cm−1 at 295 K by taking into account the
temperature correction of 1 cm−1/24 K.12 The latter value thus
agrees well with the prediction, since such a small difference is
lower than the width of the half-height of the excitation band
(30 cm−1).

The luminescence properties of Eu3(L1-H)3(CF3SO3)6 dis-
solved in acetonitrile are similar to those found in the solid state.
The related emission spectra are shown in Fig. S7† and the life-
time is equal to 0.48(2) ms at 298 K (λex = 280 nm). Similar life-
times are found for EuIII complexes containing two coordinated
water molecules, including the trinuclear complexes with L2.
Consequently, this suggests the presence of two water (or
solvent) molecules in the first coordination sphere instead of
triflates. The absolute quantum yield for [Eu3(L1-H)3]

6+ in
acetonitrile amounts to 4.8%. This value is about three times
lower compared to the analogous complexes with L2 in water,
but it remains a respectable yield measured for an unsaturated
complex. For a solution concentration of ∼10−4 M, the distri-
bution of the species, which can be calculated using the HySS
program and the stability constants (vide infra), show an almost
quantitative presence of the trinuclear complex (91%) and, thus,
it has the main contribution to the quantum yield.

Speciation of the EuIII-L1 system with NMR and

spectrophotometry

To yield global information about the EuIII-L1 system, the spe-
ciation of the EuIII complexes was investigated with 1H NMR.
The solutions with different [Eu]/[L1] ratios were prepared in
CD3CN and allowed to equilibrate. The observed spectral

Table 2 The luminescence lifetimes as a function of temperature (10 –
300 K, λex = 280 nm)a

Temperature/K τ581/ms τ593/ms τ616.5/ms

10 0.43 0.45 0.44
77 0.42 0.44 0.42
100 0.41 0.44 0.42
150 0.40 0.42 0.40
200 0.40 0.43 0.41
250 0.41 0.45 0.44
300 0.43 0.51 0.51

a The errors on the lifetime determination are 0.05 ms.

Fig. 4 The emission spectrum of Eu3(L1-H)3(CF3SO3)6 in the solid
state measured at 10 K with an excitation wavelength 280 nm.
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variations are given in Fig. S8.† With the stepwise addition of
EuIII, the ligand peaks decrease (see for instance the amide
proton at 13 ppm) and a new set of peaks emerge until about 1
equivalent has been added. This first complex is related to the
stoichiometry [Eu]/[L1] = 1 and corresponds to the trinuclear
species, [Eu3(L1-H)3]

6+, which has been previously character-
ized by NMR and crystallography. Further metal additions
provoke the formation of a new species that becomes dominant
in an excess of metal.

The second complex is almost quantitatively formed at three
equivalents of europium. The resolution of the peaks in the 1H
NMR spectrum increases with the addition of the metal, which
improves the metal–ligand exchange and points to the unsatu-
rated character of this complex. In order to match the observed
high symmetry (one set of signals), we suggest the formation of
a dinuclear complex, where one metal ion is coordinated to the
pentadentate site and the second is coordinated to the bidentate
site with the carbonyl groups. Moreover, a significant upfield
shift of all the proton signals is apparently induced by an
additional of the EuIII cation. Nevertheless, the presence of the
presumed dinuclear complex, [Eu2(L1-H)]

5+, could not be
confirmed with ES-MS measurements due to its relative fragility
and a likely easy dissociation in the electrospray. The relative
evolution of the species is illustrated with a qualitative distri-
bution diagram tracing the selected peak area vs. the [Eu]/[L1]
ratio (Fig. 5).

The spectrophotometric titrations of L1 with LnIII triflates (Eu
or Tb) were carried out in dry acetonitrile and the metal salts
were added up to three equivalents. A significant increase in the
absorbance between 255 and 330 nm with a concomitant batho-
chromic shift is observed in the course of the titration (Fig. 6).
This is attributed to the combination of n → π*, π → π* and
intramolecular charge transfer13 transitions due to the extended
conjugation upon coordination with EuIII. Additionally, it
confirms the implication of both the sites in the complexation.
During the titration, two clear isosbestic points are observed.
The first one, at 228 nm, indicates the equilibrium between L1

and the first complex. The second point at 256 nm corresponds
to the equilibrium between the first and the second complex.
Finally, the statistical treatment of the spectrophotometric data

confirms the formation of a trinuclear species at an equimolar
ratio and a dinuclear complex in an excess of metal, according to
the equilibria described in equations (2) and (3). This model is
in agreement with the NMR titration and the fitted stability con-
stants are summarized in Table 3.

3LnðIIIÞ þ 3L1 ����
����!
βLn3L13

½Ln3ðL1 - HÞ3�
6þ

βLn3L13 ð2Þ

2LnðIIIÞ þ L1 ����
����!
βLn2L1

½Ln2ðL1 - HÞ�5þ βLn2L1 ð3Þ

The variation of the EuIII species concentration calculated
with the fitted stabilities is given in Fig. S9.† The distribution
curves are closely related to the experimental curves obtained
with the NMR titration (Fig. 5). The fitted electronic spectra of
the complexes are given in Fig. 6b. It is worth noting that the tri-
nuclear species with L1 has an absorption profile similar to the
analogous trimetallic complex with L2, which indicates similar
energy levels within both complexes.

Fig. 5 An experimental distribution diagram for the EuIII–L1 com-
plexes along the 1H NMR titration. The peak area of the methylester
protons (H5) vs. the [Eu]/[L1] ratio.

Fig. 6 (a) The variation of the absorption spectra for the titration of L1
with EuIII. (b) The calculated electronic spectra of the species observed
within the titration.
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Conclusions

The coordination behaviour of L1 in the presence of LnIII has
been investigated by means of classical physico-chemical
methods (NMR, ES-MS and spectrophotometry). The X-ray data
allow the molecular structure of L1 to be established and expli-
citly confirm the formation of the [Ln3(L1-H)3]

6+ complex
expected for [Ln]/[L1] = 1 : 1. Due to the intrinsic ligand preor-
ganization, the metal ions are easily complexed in the pentaden-
tate binding site. The isolated EuIII triangular complex has
similar photophysical properties to the complex with L2, except
it has a lower quantum yield. In an excess of the metal, specia-
tion studies reveal the formation of a new, probably dinuclear,
complex where two metal ions are bound to both the coordinat-
ing segments of L1. The stability constants of the trinuclear
complexes are relatively modest because of an incomplete
charge compensation.

Experimental

Solvents and starting materials

These were purchased from Acros Organics or Sigma–Aldrich
and used without further purification unless otherwise stated.
The perchlorate lanthanide salts were prepared from the corre-
sponding oxides (Aldrich, 99.99%) and dried according to the
published procedures. The LnIII content of the solid salts was
determined by complexometric titrations with Titriplex III
(Merck) in the presence of urotropine and xylene orange. The
ligand, L1, was prepared according to the published procedure.8

The crystals that were suitable for diffraction measurements were
obtained by slow cooling of a hot dichloromethane solution of
L1.

Synthesis of LnIII complexes with L1 (Ln = Eu or Tb). The
lanthanide complexes were prepared by mixing the lanthanide
triflate salts with L1 in acetonitrile. The precipitated compounds
were recrystallized from hot acetonitrile.

Eu3(L1-H)3(CF3SO3)6.
1H NMR (CD3CN): δ = 6.99 (t, 2H,

CH), 6.28 (d, 2H, CH), 5.96 (s 6H, CH3,), 4.56 (s, 2H, CH)
ppm. ESI-MS (CH3CN): m/z calcd for [Eu3(L1-H)3(CF3SO3)5]

+:
2228.11; found 2227.75. Calcd for [Eu3(L1-H)3(CF3SO3)4]

2+:
1039.52; found 1039.8. Calcd for [Eu3(L1-H)3(CF3SO3)3]

3+:
643.3; found 643.9.

Details about the refinement of the crystallographic data for

Ln3(L1-H)3(CF3SO3)6·xCH3CN (Ln = Eu, Tb). Among the six
triflate molecules, two are disordered. One was refined with two
components, sharing an oxygen atom (O135), using restrains on
the distances and anisotropic displacement parameters. The
occupancies of each group were refined, their sum being

constrained to one. The second one (containing S991 and S201)
was refined using two components that were regularized and
refined as a rigid body. For this position, the description of the
disorder is not optimal, as shown by the small density peaks still
present in the last difference Fourier map and the strong restrains
and constrains (EADP on F and O atoms) that had to be applied
to the displacement parameters in order to get the refinement to
converge. For the Tb complex, two acetonitrile solvent mol-
ecules are included in the model and the rest of the solvent mol-
ecules are taken into account by the Squeeze/bypass
procedure.14 A higher quality of data for the Eu complex
allowed a better modelling so that the solvent was modelled
using eight acetonitrile molecules, seven of them being not fully
occupied. However, not all the solvent molecules have been
found and there are still small voids in the structure and some
remaining density that can be attributed to acetonitrile molecules
with very weak occupancies. They were not included in the
model since this did not significantly improve the fit.

Photophysical measurements. The emission and excitation
spectra of the powder samples were measured on a Horiba Fluo-
rolog 3 instrument with an excitation wavelength of 270 nm. In
order to exclude second order light from the excitation wave-
length, a cut-off filter at 536 nm was used. Luminescence life-
times were measured by exciting the powder samples at 355 nm
with a pulsed Nd) : YAG laser (Quantel Brilliant, 7 ns pulse
width). The measuring time corresponded to the deactivation
time of the sample. The obtained signal was then integrated. The
detection system consisted of a Spex 270M monochromator, a
Hamamatsu photomultiplier and a Stanford research system SR
400 photon counter. The luminescence spectra and decay
profiles in solution were recorded with a Perkin–Elmer LS-50
spectrometer. The quantum yield of Eu3(L1-H)3(CF3SO3)6 in
acetonitrile has been calculated according to the equation Φx/Φr

= (Ar(ν̃)Ir(ν̃)nx
2Dx)/(Ax(ν̃)Ix(ν̃)nr

2Dr), where ‘x’ refers to the
sample and ‘r’ to the reference (a solution of [Eu(terpy)3]

3+ in
acetonitrile, Φabs = 1.3%);15 A is the absorbance, ν̃ is the exci-
tation wavenumber used, I is the intensity of the excitation light
at this energy, n is the refractive index and D is the integrated
emitted intensity.

Spectrophotometric titration. These were performed with a
J&M diode array spectrometer (Tidas series) using Hellma
optodes (optical path length: 0.1 cm) immersed in a thermostated
titration vessel (293 K). 20 ml of L1 (3.00 × 10−4 M) dissolved
in acetonitrile was titrated with LnIII triflate acetonitrile solutions
(∼2.4 × 10−3 M) using an automatic burette setup (Metrohm).
The mathematical treatment of the spectrophotometric titrations
was performed with the SPECFIT program.16 The distribution
curves were calculated with the HySS program.17
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Table 3 Stability constants for the LnIII complexes with L1
(spectrophotometry, acetonitrile, 298 K)

log βLn2L1 log βLn3L13

Eu 9.3(1) 24.7(1)
Tb 9.4(2) 25.1(2)
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