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§
Molecular Photonics Group, Van ‘t Hoﬀ Institute for Molecular Sciences, University of Amsterdam, P.O. Box 94157, 1090 GD
Amsterdam, The Netherlands
∥
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ABSTRACT: We report a detailed characterization of Eu3+
and Tb3+ complexes derived from a tripyridinophane macrocycle bearing three acetate side arms (H3tpptac). Tpptac3−
displays an overall basicity (∑ log KiH) of 24.5, provides the
formation of mononuclear ML species, and shows a good
binding aﬃnity for Ln3+ (log KLnL = 17.5−18.7). These
complexes are also thermodynamically stable at physiological
pH (pEu = 18.6, pTb = 18.0). It should be noted that the pGd
value of Gd-tpptac (18.4) is only slightly lower than that of
commercially available MRI contrast agents such as Gd-dota
(pGd = 19.2). Moreover, a very good selectivity for these ions
over the endogenous cations (log KCuL = 14.4, log KZnL = 12.9,
and log KCaL = 9.3) is observed. The X-ray structure of the
terbium complex shows the metal coordinated by the nine N6O3 donor set of the ligand and one inner-sphere water molecule.
DFT calculations result in two Eu-tpptac structures with similar bond energies (ΔE = 0.145 eV): one structure in which the
water is coordinated to the metal ion and one structure in which the water molecule is farther away from the ion, bound to the
ligand with an OH−π bond. By detailed luminescence experiments, we demonstrate that the europium complex in aqueous
solution presents a hydration equilibrium between nine-coordinate, dehydrated [Eu-tpptac]0 and ten-coordinate, monohydrated
[Eu-tpptac(H2O)]0 species. A similar trend is observed for the terbium complex. Despite the presence of this hydration
equilibrium, the H3tpptac ligand sensitizes Eu3+ and Tb3+ luminescence eﬃciently in buﬀered water at physiological pH.
Particularly, the terbium complex displays a long excited-state lifetime of 2.24 ms and an overall quantum yield of 33% with a
brightness of 3600 M−1 cm−1. Such features of Ln3+ complexes of H3tpptac indicate that this platform appears to be particularly
appealing for the further development of luminescent lanthanide labels.

■

species (H2O2, •OH, 1O2, and NO), metal cations (e.g., K+,
Cu2+, and Zn2+), anions (e.g., HCO3−, PO43−, and F−) and
small organic molecules (e.g., uric acid, sugars, and thiols).
Through ﬂuorescence microscopy techniques, the beneﬁt of
lanthanide probes was also exploited for imaging cells,
organisms, tissues, and laboratory animals. These numerous
and various applications were summarized in several review
articles that have appeared during the past ﬁve years.1

INTRODUCTION
In the last few decades, luminescent lanthanide complexes
(especially those of Eu3+ and Tb3+) have proven their worth as
chemical tools for luminescent labels in bioanalytical and
biomedical sciences. These lanthanide complexes have already
found commercial use as probes in heterogeneous and
homogeneous immunoassays for enzyme activity, binding
assays, or applications in molecular biochemistry. These
complexes have also been exploited for the speciﬁc detection
of a variety of biorelevant parameters and analytes. Among
them are pH value, temperature, reactive oxygen or nitrogen
© 2020 American Chemical Society
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These applications are due to the speciﬁc photophysical
properties of luminescent Eu(III) and Tb(III) chelates. They
display long emission lifetimes in the millisecond range, which
allow the use of the time-resolved ﬂuorescence technique,
implementing simple and inexpensive instrumentation. In this
technique, time-resolved measurements overcome the shortlived ﬂuorescence background present in most biological
materials and light scattering from the instrument optics,
improving greatly the signal to noise ratio.2 Their photophysical parameters (lifetime, shape of emission spectrum,
intensity of the emission) are modulating depending on the
environment of the lanthanide ion and thus allow the detection
of analytes modifying this environment.3 They are useful
donors in Förster resonance energy-transfer assays to measure
binding events, associated with the lengthening of the
ﬂuorescence lifetime of acceptors and measurable distances
on the order of 100 Å.4 Luminescent lanthanide chelates show
also reduced photobleaching and higher photostability in
comparison to organic ﬂuorophores.5 This feature is advantageous for imaging applications, allowing long and repeated
exposures to excitation light, for instance, to study intracellular
processes.
Among the numerous examples of luminescent lanthanide
complexes, most of the investigated macrocyclic ligands are
built on a limited number of coordinating core structures, such
as cyclen (1,4,7,10-tetraazacyclododecane) or tacn (1,4,7triazacyclononane) bearing side arms containing chromophoric
unit(s) both to contribute to coordination and to act as an
antenna, and acetic-, amide-, or phosphorus-based functional
groups. Such ligands have been investigated because of the
high thermodynamic stability of lanthanide complexes derived
from dota (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) and nota (1,4,7-triazacyclononane-1,4,7-triacetate).6 In
order to extend the family of macrocyclic scaﬀolds suitable for
luminescent lanthanide probes, we have been interested in
designing lanthanide complexes based on a tpp platform for a
long time (tpp, tripyridine pyridinophane = 2,11,20triaza[3.3.3.](2,6)-pyridinophane, Chart 1). The tpp platform
contains, in an 18-membered macrocyclic structure, 3
secondary amino groups and 3 pyridine rings which are
known to generate the antenna eﬀect.7 The introduction of
three monodentate side arms could fulﬁll the high coordination (8−10) required by Ln3+ ions in aqueous solutions for
stable and soluble complexes in water. The presence of three
pyridine units in the macrocyclic backbone might generate (i)
a signiﬁcant rigidiﬁcation of the ligand bringing a positive eﬀect
on rapid complexation kinetics and high kinetic inertness in
biological media of the resulting complexes, (ii) an antenna-tometal photosensitization step occurring between partners in a
rigid conformation, thus allowing improvement of the energytransfer rates, (iii) an extension of conjugation of the pyridine
ring through its 4-position to enhance the antenna eﬀect, and
(iv) enhancement of the absorption cross section of the ligand
and consequently the brightness of the lanthanide complexes.
The use of multiple antennae around a single lanthanide ion
and the extension of conjugation of the pyridyl ring may be
exempliﬁed by the H3tpatcn ligand (Chart 1) and related
ligands.8,9 Derivatives of H3tpatcn are recently receiving
particular attention for the design of very eﬃcient luminescent
lanthanide complexes emitting in the visible or near-infrared
region and which beneﬁt, in some cases, from nonlinear twophoton excitation.9a,e

Chart 1. Chemical Structures of H3tpptac and Other
Ligands Discussed in This Work

A few papers have been devoted to the tpp ligand and its
derivatives. The ﬁrst synthesis of tpp was reported by Lee et al.
in 1996, but the binding properties of this ligand were only
studied 17 years later.10 In 2013, Castro et al. described the
synthesis of its lanthanide complexes and their coordination
properties in the solid state and in aqueous solution.11 These
authors also reported the same types of studies concerning
Ln3+ complexes derived from a tpp platform containing three
acetamide pendant arms (tpptam, Chart 1).12 On the other
hand, we reported recently a new synthetic strategy to access
chelators derived from a tpp platform bearing acetate or mixed
acetate/methyl phosphonate side arms.13
In this context, we were interested in evaluating the
physicochemical properties of Ln3+ complexes derived from
the H3tpptac ligand (tripyridine pyridinophane triacetic acid,
Chart 1), taken as a prototype of the tribranched tpp family. In
this paper, we present a detailed investigation of the
thermodynamic stabilities and photophysical properties of
some Ln-tpptac complexes in aqueous solution. The
thermodynamic properties of Ln(III) complexes (Ln = La,
Eu, Gd, Tb, Yb) have been determined by using potentiometric titrations and compared to the stabilities of Cu2+, Zn2+,
Mn2+, and Ca2+ analogues. We also present a detailed
photophysical study of the Eu3+ and Tb3+ complexes of this
ligand to help in a better understanding of the role played by
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The number of coordinated water molecules q was determined by
comparison of the lifetimes of Ln(III) complexes in water (τH)/
deuterated water (τD) and using eq 114

various factors that determine their luminescence properties.
Moreover, the solid-state structure of the Tb complex is
reported and the structure of the Eu complex is investigated by
using density functional theory (DFT) calculations. Additionally, a comparison is made on the basis of structural, stability
constant, and photophysical data for the complexes derived
from H3tpptac and H3tpatcn ligands.

■

q = A(1/τH − 1/τD)

(1)

where A = 1.05 for Eu(III) and 4.2 for Tb(III) and τ is given in ms, or
the reﬁned eq 2 taking into account the second coordination sphere
interaction of water molecules15,16

EXPERIMENTAL SECTION

q = A(1/τH − 1/τD − B)

Synthesis of Ln-tpptac Complexes. The synthesis of the ligand
H3tpptac was reported in a recent paper, and the ligand was isolated
as its hexahydrochloride salt.13 1H NMR (300 MHz, D2O): δ 4.14 (s,
6 H, 3 × CH2), 4.85 (s, 12 H, 6 × CH2), 7.54 (d, J = 7.6 Hz, 6H, 6 ×
CH), 7.97 (t, J = 7.6 Hz, 3H, 3 × CH) ppm. Anal. Calcd for
C27H30N6O6·6HCl·0.25H2O: C, 42.79; H, 4.85; N, 11.09. Found: C,
42.81; H, 4.81; N, 10.94.
LnCl3·6H2O (55.7 μmol) in 2 mL of water was added to a solution
of H3tpptac·6HCl (40 mg, 50.6 μmol) in water (5 mL), with the pH
adjusted to 6 with 0.1 N NaOH. The mixture was stirred for 24 h at
room temperature, and then the pH of the solution was brought to 8
using a 1 N NaOH solution in water. After centrifugation, the solution
was evaporated to dryness and the residue was puriﬁed by a Waters
Sep-Pak column (C18, 10 g), eluting ﬁrst with pure H2O to remove all
inorganic salts and then with a H2O/MeOH mixture to recover the
complex. The Ln-tpptac complexes were isolated in 90−95% yields.
An Arsenazo test conﬁrmed the absence of free lanthanide ions, and
the absence of free ligand was conﬁrmed by mass spectrometry.
Eu-tpptac. MS (ESI)+: m/z 683.1 (86%) [151Eu-tpptac + H]+,
685.1 (100%) [153Eu-tpptac + H]+, 705.1 (28%) [151Eu-tpptac +
Na]+, 707.1 (31%) [153Eu-tpptac + Na]+, 721.1 (40%) [151Eu-tpptac +
K]+, 723.1 (50%) [153Eu-tpptac + K]+. HRMS (ESI)+: m/z calcd for
[C27H27N6O6151Eu + H]+ 683.1269, found 683.1274; calcd for
[C27H27N6O6151Eu + Na]+ 705.1088, found 705.1093. λabs (Tris
buﬀer, pH 7.4): 267 nm (ε = 11900 M−1 cm−1). λem (Tris buﬀer, pH
7.4, λexc = 267 nm) 578 (relative intensity, corrected spectrum 0.5),
593 (33), 618 (100), 650 (6), 689 nm (81).
Tb-tpptac. MS (ESI)+: m/z 691.1 (100%) [Tb-tpptac + H]+, 729.1
(20%) [Tb-tpptac + K] + . HRMS (ESI) + : m/z calcd for
[C27H27N6O6Tb + H]+ 691.1324, found 691.1346; calcd for
[C27H27N6O6Tb + K]+ 729.0883, found 729.0910. λabs (Tris buﬀer,
pH 7.4): 267 nm (ε = 11000 M−1 cm−1). λem (Tris buﬀer, pH 7.4, λexc
= 267 nm) 490 (relative intensity, corrected spectrum 34), 544 (100),
585 (28), 622 nm (15).
Gd-tpptac. HRMS (ESI)+: m/z calcd for [C27H27N6O6Gd + Na]+
712.1131, found 712.1163. λabs (Tris buﬀer, pH 7.4): 267 nm (ε =
11600 M−1 cm−1).
Photophysical Experiments. Absorption measurements were
done with a Hewlett-Packard 8453 temperature-controlled spectrometer in 10 mm quartz cuvettes. Emission and excitation spectra and
luminescence decays at room temperature of the lanthanide
complexes were measured using a Cary Eclipse spectroﬂuorimeter
equipped with a xenon ﬂash lamp source and a Hamamatsu R928
photomultiplier. At liquid nitrogen temperature, an LS-50B
PerkinElmer spectroﬂuorimeter equipped with a xenon ﬂash lamp
source, a Hamamatsu R928 photomultiplier, and an L2250136 lowtemperature accessory was used. Excitation spectra were corrected for
the excitation light intensity, while emission spectra were corrected for
the instrument response.
High-resolution spetra were recorded on a FluoTime 300 lifetime
ﬂuorescence spectrometer from PicoQuant (Berlin, Germany) using a
Xe ﬂash lamp (100 Hz repletion rate) for excitation at 267 ± 10.6 nm.
Lifetimes τ (uncertainty ≤5%) were determined by monitoring the
decay at a wavelength corresponding to the maximum intensity of the
emission spectrum, following pulsed excitation. They are the average
values from at least ﬁve separate measurements covering two or more
lifetimes. The luminescence decay curves were ﬁtted by an equation
of the form I(t) = I(0) exp(−t/τ) by using a curve-ﬁtting program.

(2)

where A = 1.11 and B = 0.31 for Eu(III), A = 5 and B = 0.06 for
Tb(III), and τ is given in ms.
The luminescence quantum yields (uncertainty ±10%) were
determined by the method described by Haas and Stein17 using as
standards [Ru(bpy)3]2+ in aerated water (Φ = 0.04)18 for the Eu(III)
complex or quinine sulfate in 1 N sulfuric acid (Φ = 0.546)19 for the
Tb(III) complex and corrected for the refractive index of the solvent.
They were measured according to conventional procedures with
diluted solutions (optical density <0.05).
The intrinsic luminescence eﬃciency (ΦEu) can be calculated by
the equation below according to the literature20
ΦEu = k r /(k r +

∑ knr) = τobs/τR

(3)

where τobs is the emission lifetime determined experimentally and τR is
the radiative lifetime, which was obtained from eq 4
1/τR = k r = AMD × n3 × (I∑ Fj/IF1)

(4)

where I∑Fj is the integrated intensity of the entire emission spectrum,
IF1 is the integrated intensity of the purely magnetic dipole transition
5
D0 → 7F1, AMD is the emission probability of the magnetic dipole
transition (14.65 s−1 for Eu(III)), and n is the refractive index of the
solution (1.33 for aqueous solutions).
X-ray Crystallographic Study. All data were collected at low
temperature using oil-coated shock-cooled crystals on a Bruker-AXS
APEX II diﬀractometer with Mo Kα radiation (λ = 0.71073 Å). The
structure was solved by direct methods,21 and all non-hydrogen atoms
were reﬁned anisotropically using the least-squares method on F2.22
CCDC-1964484 contains supplementary crystallographic data.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
Treatment of Disordered Water Molecules. All oxygen atom
positions correspond to relatively high residual electron density. At
the beginning of the water treatment each oxygen atom had an
individual occupancy variable, and in order to avoid correlations
between occupancies and U values, the U values of all water oxygen
atoms have been reﬁned with one common variable. The next step
was to perform an accurate analysis of the occupancies of neighboring
oxygen atoms, in order to avoid the presence of more than 100% of a
water molecule in one single area, which would make no sense, from
either a chemical or a crystallographic point of view. In order to
stabilize the following anisotropic reﬁnement, the occupancy values
have been ﬁxed based on the corresponding reﬁned values.
Altogether, 10.5 water molecules have been reﬁned on 23 positions
in order to absorb “diﬀuse water electron density”.
Determination of Protonation and Stability Constants. The
potentiometric titrations were carried out at 298.1 ± 0.1 K using 0.1
M KCl as the supporting electrolyte. The experimental procedure
(buret, potentiometer, cell, stirrer, microcomputer, ...) has been fully
described elsewhere.23 The acquisition of the EMF data was
performed with the computer program PASAT.24 The reference
electrode was an Ag/AgCl electrode in a saturated KCl solution. The
glass electrode was calibrated as a hydrogen ion concentrated probe
by the titration of previously standardized amounts of HCl with CO2free NaOH solutions and the equivalent point determined by Gran’s
method,25 which gives the standard potential, E°′, and the ionic
product of water (pKw = 13.73(1)).
1498
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Table 1. Properties of DFT Calculated Structures (in Vacuo) of the tpptac Complexes with Europium or Terbiuma
compd

Ln−H2O (Å)

Ln−O (Å)

Ln−O (Å)

Ln−O (Å)

μ (D)

E (eV)

Tb-H2O (X)
Tb-H2O
Eu-H2O (1)
Eu-H2O (2)
Eu
Tb

2.385
2.686
2.926
5.401

2.341
2.214
2.302
2.286
2.281
2.227

2.365
2.233
2.318
2.281
2.281
2.227

2.366
2.236
2.325
2.280
2.281
2.227

14.42
14.30
15.87
15.21
15.04

−453.58088
−454.34394
−454.48902
−440.30423
−439.40109

a

Given are selected distances between the lanthanide ion (Eu(III) or Tb(III)) and the oxygen atoms in the structure as well as the total dipole
moment (μ) and the total bond energy (E, in eV). For comparison the distances for the X-ray structure are given as well (Tb−H2O (X)).

Figure 1. (a) Evolution of the emission spectrum of a solution of H3tpptac upon the addition of increasing aliquots of EuCl3 (0 → 2 equiv) in Tris
buﬀer (pH 7.4). The inset shows the total emission intensity as the function of EuCl3 added. (b) Plot of emission intensity of the 5D0 →7F2
transition (618 nm) vs time after mixing H3tpptac and EuCl3 (1 equiv) in Tris buﬀer (pH 7.4) at room temperature.
and output ﬁles are provided as Supporting Information. The results
were visualized with UCSF Chimera.35

The computer program HYPERQUAD was used to calculate the
protonation and stability constants.26 The pH range investigated was
2.0−11.0, and the concentration of the ligand and metal ions was
about 1 × 10−3 M with 1:1 M(III):L and M(II):L constant molar
ratios. The diﬀerent titration curves for each system (at least two)
were treated either as a single set or as separated curves without
signiﬁcant variation in the values of the stability constants. Finally, the
sets of data were merged together and treated simultaneously to give
the ﬁnal stability constants. The distribution diagrams were calculated
using the HySS software.27
Spectra for pH-dependent UV−visible measurements ([H3tpptac]
= 5.0 × 10−5 M) were recorded with an Agilent 8453 UV−vis
spectrometer at 293.15 K. Spectra for pH-dependent 1H NMR
measurements were recorded on a Bruker Advance DPX 300 MHz
instrument operating at 299.95 MHz for 1H. tert-Butyl alcohol was
used as a reference standard (δ 1.24 ppm for 1H).28 Adjustments to
the desired pH were made using drops of DCl and/or NaOD
solutions. The pD was calculated from the measured pH values using
the correlation, pH = pD − 0.4.29
Computational Methods. Structures were optimized with the
ADF DFT package (SCM, version 2017) using the default SCF
convergence criterion (1 × 10−6) on the Lisa cluster of SURFsara.30,31
As a starting structure, the X-ray structure of [Tb-tpptac(H2O)]0 was
used, which was modiﬁed accordingly.
All geometry optimizations using unrestricted Hartree−Fock of the
neutral complexes (with six unpaired electrons) were conducted using
the zero-order regular approximation (ZORA) for relativistic eﬀects32
and Perdew and Wang (PW91) exchange and correlation for the
GGA part of the density functional.33 ADF basis sets TZ2P were used,
with a small frozen core. A similar approach has been used for other
metal complexes.34 For the Eu-H2O (1) complex (see Table 1), the
starting structure was ﬁrst minimized with a force ﬁeld. ADF input

■

RESULTS AND DISCUSSION
Synthesis and Characterization of Ln-tpptac Complexes. Luminescence spectroscopy was used to investigate
the complex formation and stoichiometry of Ln-tpptac
complexes in aqueous solution. Titration experiments for
Tris buﬀer solution (pH 7.4) of ligand and LnCl3 salts (Ln =
Eu, Tb) showed that the addition of increasing amounts of ion
up to 1 equiv resulted in an increase in the total integrated
emission of the lanthanide, after which a plateau in the
emission intensity was reached (Figure 1a). In these
experiments, the metal luminescence lifetime is independent
of the amount of Ln3+ salt added. These observations show
that, at room temperature, the formation of the complex is fast
and complete following the addition of 1 equiv of the
lanthanide ion. The ESI+-MS spectra, obtained with aqueous
solutions containing the ligand and Eu3+ or Tb3+ in a 1:1 ratio
are in agreement with results from luminescence titrations.
These spectra are characterized by the absence of peaks
ascribable to the free ligand and the presence of peaks
corresponding to one positively charged species, [Ln-tpptac +
H]+ or sodium and potassium adducts. In addition, in order to
obtain preliminary information about the rate of complex
formation, the ligand (c = 1.0 × 10−6 M) was mixed with 1
equiv of Eu3+ in Tris buﬀer (pH 7.4) and the emission
intensity of the metal was recorded with the passing of time
(Figure 1b). This experiment showed that the ligand possesses
rapid chelation kinetics under mild conditions (∼10 min at
1499
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room temperature). This fast formation kinetics can be
attributed, at least in part, to preorganization of the H3tpptac
ligand due to the presence of three intracyclic pyridine rings.
This observation is consistent with previous ﬁndings related to
the faster formation rates of Ln-pcta complexes in comparison
to those of Ln-dota complexes.36 Consequently, the Ln3+
chelates derived from H3tpptac were prepared at room
temperature in aqueous solutions at pH 6 with an appropriate
slight molar excess (ca. 10%) of the lanthanide salt to avoid the
presence of free ligand and were isolated by puriﬁcation using a
Waters Sep-Pak column.
We have recorded the 1H NMR of the Eu complex in D2O
at 298 K and pD 7.0 (Figure 2). This spectrum shows two sets

Figure 3. Structure of [Tb-tpptac(H2O)]0 in the solid state.
Hydrogen atoms and noncoordinating water molecules are omitted,
and carbon atoms are depicted as spheres for clarity. Tb, N, and O
atoms are presented at the 30% thermal ellipsoid probability level.
Bond distances of the metal coordination environment (Å): Tb−O1,
2.365(4); Tb−O3, 2.341(4); Tb−O5, 2.366(4), Tb−O7, 2.385(4);
Tb−N1, 2.668(5), Tb−N2, 2.707(5), Tb−N3, 2.669(5); Tb−N4,
2.717(5); Tb−N5, 2.678(5); Tb−N6, 2.708(5).

Moreover, two complexes formed a head-to-head dimer in
the unit cell (see Figure 4) with strong hydrogen bonds and an

Figure 2. 1H NMR spectrum of the Eu-tpptac complex recorded in
D2O solution at 298 K and pD 7.0 (500 MHz).

of signals spread between −10 and +10 ppm as a result of the
paramagnetic lanthanide ion. The major set of nine signals may
be related to a complex with an eﬀective C3 symmetry as
reported by Castro et al. for Eu and Yb complexes derived
from the tpptam ligand.12 The second set of 1H NMR signals is
probably related to the presence of a second complex species
in solution.
Despite several attempts, suitable crystals of the Eu complex
for X-ray diﬀraction analysis could not be grown. On the other
hand, single crystals of the Tb complex were obtained by slow
evaporation of aqueous solution of the complex. A view of the
structure of Tb-tpptac and selected bond lengths related to the
coordination environment of the metal are given in Figure 3
(more complete information including crystal data and bond
angles is given in Tables S1 and S2). The complex crystallizes
as a mononuclear species in the triclinic space group P1̅. The
terbium ion is 10-coordinated, being bound to the six nitrogen
atoms (three Ntert and three Npy) of the macrocyclic backbone
and to the three oxygen atoms of the carboxylate functions,
while a water molecule completes the metal coordination
sphere. The shortest contacts are Tb−Ocarboxylate bonds with
values between 2.34 and 2.37 Å, and even the Tb−Owater
distance (2.385 Å) is in the same range, while Tb−Npy and
Tb−Ntert are signiﬁcantly longer with average values of 2.67
and 2.71 Å, respectively. The metal cation and the ligand form
a bowl-like structure with the carboxylate oxygen atoms as legs
and the terbium and nitrogen atoms as the bowl hosting the
water molecule coordinated to the metal center.

Figure 4. Dimeric structure of [Tb-tpptac(H2O)]0.

O−O distance of 2.214 Å. This dimer could be seen as a
cagelike structure encapsulating the two water molecules. To
the best of the authors’ knowledge, such a dimer cage is unique
in lanthanide structures. Furthermore, 10.5 molecules of water
have been reﬁned on a total of 23 positions, mainly located on
the “back side” of the dimer, forming hydrogen bonds with the
carboxylate oxygen atoms of the complexes with O−O
distances varying from 2.66 to 3.01 Å.
A 10-coordinate environment of the Tb3+ ion is also
observed in the solid-state structure of the analogue [Tbtpptam]3+, the tenth coordination site being occupied by an
oxygen atom of a nitrate ion.12 The average bond distances
involving the donor atoms of the ligand (H3tpptac or tpptam)
are similar in the two corresponding terbium complexes.
Particularly, no signiﬁcant diﬀerence was observed in Tb−O
(carboxylate or amide) bond lengths, although an amide
oxygen has less negative charge density than a carboxylate
oxygen. Additionally, we should note that the introduction of
three acetate or acetamide side arms in the tpp platform
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Figure 5. (a) Comparison of the structures of the two Tb(III) hydrate structures (X-ray Tb, brown; DFT Tb, blue). The RMSD for 70 atoms is
0.395 Å. (b) Comparison of the ligands of the calculated structures of the Tb(III) and Eu(III) hydrate structures (Tb, brown; Eu, blue; ions and
water molecules removed before comparison). The RMSD for 66 atoms is 0.205 Å. (c) Comparison of the structures of the hydrate and nonhydrate Eu(III) structures (DFT) (Eu-tpptac, blue; Eu-tpptac-H2O, in brown; water molecule removed before the comparison). The RMSD for 67
atoms is 0.013 Å.

The DFT calculations on [Tb-tpptac-H2O]0 reproduce the
X-ray structure well (with a RMSD of 0.395 Å; RMSD = rootmean-square deviation of atomic positions), indicating the
appropriateness of the method (see Figure 5a). Comparison of
the calculated hydrated Eu and Tb complexes, however, results
in nonoverlapping structures due to a diﬀerent arrangement of
the lanthanide ions in the cleft of the ligand. This is related to
the metal ion−carboxylate distances (see Table 1). The ligand
structures, however (removing ions and water), are very similar
(RMSD of 0.205 Å; see Figure 5b). The calculated structures
of the Eu complexes (with and without the water molecule) are
virtually identical (RMSD for 67 atoms is 0.013 Å; see Figure
5c).
In the two hydrated complexes (of Eu(III) and Tb(III)), the
distance between the water molecule and the ion and the
carboxylate−ion distances are slightly diﬀerent (see Table 1).
On average the distance between the Tb(III) and the oxygen
atom of the carboxylate group is 2.22 Å, while for the Eu(III)
complex it is 2.31 Å. The europium ion is positioned slightly
higher in the bowl of the ligand. (compare Tb-H2O and EuH2O (1) in Table 1). The large intrinsic dipole moment of the
neutral metal complex, related to the metal ion−carboxylate
interactions, is slightly modulated by the coordinating water
molecule by its distance to the ion (from 15.2 to 14.3 D; see
Table 1).
Figure 6 shows a space-ﬁlling representation of the Eutpptac structure clearly displaying the vacant water coordination site as well as the carboxylates protecting the lanthanide
ion.
Slight modiﬁcation of the starting structure for the DFT
calculations of the Eu complex with a molecular mechanics
force ﬁeld (in comparison to starting from the structure based
on the X-ray study of [Tb-tpptac(H2O)]0) results in two
structures for the hydrate. These structures diﬀerentiate in the
position of the water molecule. It is either coordinated to the
Eu(III) ion or the water molecule interacts with the π systems
of the ligand, showing a typical OH−π bond, with a distance of
∼2.6 Å between the proton and the center of the pyridine ring.
The two binding modes of the water molecule to Eu-tpptac are
presented in Figure 7 (data are given in Table 1). The
calculated bond energies in vacuo indicate only a slight bond
energy diﬀerence of 0.145 eV between these two structures.
This energy diﬀerence is expected to be even smaller in an
aqueous environment. The small energy diﬀerence between
the metal-coordinated and noncoordinated water in the Eu
complex agrees with the experimentally observed luminescent
behavior (vide infra).

lengthens the Tb−Npy and Tb−Ntert bond distances in the
range 0.10−0.15 Å.11 In [Tb-tpptac(H2O)]0, the Tb−
Ocarboxylate distances are slightly shorter and the Tb−N
distances are slightly longer than those reported for the 10coordinate terbium complex derived from the related 18membered dipyridinophane H4pyta complex ([Tb-pyta]−;
average distances Tb−O 2.50 Å, Tb−Npy 2.58 Å, Tb−Ntert
2.63 Å).37 On comparison of [Tb-tpptac(H2O)]0 and [Gd-Nac3[18]aneN3O3]0 complexes, the average bond distances M−
Ocarboxylate and M−Ntert are similar, whereas M−Npy distances
are longer by 0.14 Å than those of M−Oether, presumably
because of a better ﬂexibility of the H3N-ac3[18]aneN3O3
ligand.38 Interestingly, [Gd-N-ac3[18]aneN3O3]0 is a 9coordinated complex where the Gd3+ ion is surrounded by
ligand donor groups with no coordinated inner-sphere water
molecule. In [Tb-tpptac(H2O)]0, the coordinated water
oxygen is 2.385 Å from the terbium cation, and this value is
comparable with the Ln−OH2 distance reported in the [Dytpptacm]3+ complex and in other polyaminopolycarboxylate
terbium complexes.12,39
Computational Results. DFT calculations were performed in order to get more structural and energetic
information regarding ﬁve complexes. Results on the hydrated
and nonhydrated Tb(III) and Eu(III) complexes with the
tpptac ligand are presented in Table 1 and Figures 5−7. It is
noted that our computational results contain two hydrated
complexes of Eu with diﬀerent water−ion distances. The
structure of the tpptac ligand is very similar in all structures,
but the positions of the metal ion and of the water molecule
show (slight) diﬀerences.

Figure 6. Space-ﬁlling representation of Eu-tpptac displaying the free
water coordination site more clearly (left), as well as the triacetate
side of the complex (right). DFT calculated structure.
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Figure 7. Space-ﬁlling representation of (right) [Eu-tpptac(H2O)]0
displaying the water coordination more clearly (Eu-H2O (1)), as well
as (left) a structure where the water molecule shows an interaction
with the π system of the ligand (see Eu-H2O (2) in Table 1 for
numerical data). DFT calculated structures.

Figure 8. Distribution diagram for the ligand H3tpptac as a function
of the pH (H3tpptac = H3L, [H3tpptac] = 10−3 M).

related to potentiometric studies of polyaminopolycarboxylate
ligands with pyridine rings showed that the highest
protonation constant corresponds to the protonation of a
tertiary nitrogen atom, while the protonation of the pyridine is
associated with log KH ≈ 6 or is not observed.7a,42,46
To get insight into this point, we have combined pHdependent UV−visible spectroscopy and 1H NMR measurements. The variations with pH of the absorbance of the
pyridine band at 270 nm (Figures S5−S7) show a signiﬁcant
decrease in intensity (about 20%) from pH 9 to 5 in
correspondence to the ﬁrst three protonation steps, while they
remain practically constant above and below this pH range.
The variation of the 1H NMR spectrum with pH is illustrated
in Figure 9 and Figure S8. Due to the C3 symmetry of the
ligand, its 1H NMR spectrum displays only two resonances for
the pyridine protons and two singlets for the methylene
spacers and the methylene groups of side arms. The 1H signals
attributable to the methylene protons of the acetate groups are
those experiencing the largest upﬁeld shifts (Δδ = 0.2 ppm)
from pH 1 to 3, while the changes in the chemical shifts of the
1
H signals of the methylene groups of the macrocyclic core and
of the aromatic signals are not signiﬁcant in this pH range. At
pH 6 the signals of the methylene groups of the macrocycle
core are rather broad and undergo large upﬁeld shifts (Δδ =
1.1 ppm) until the protonation is complete at pH 10. A similar
trend is observed for the methylene groups of the acetate arms.
Above pH 6 the aromatic signals also undergo upﬁeld shifts
(Δδ ≈ 0.3−0.4 ppm).
In accord with the values derived for the protonation
constants, above pH 9 the spectra remain practically
unchanged, suggesting that there is no protonation process
in highly basic medium. All these variations in the 1H NMR
spectra in combination with the changes in the UV−vis spectra
suggest that the ﬁrst three proton bindings of tpptac3− would

Protonation Constants of the Ligand and Stability of
the Corresponding Complexes. The protonation constants
of the ligand, deﬁned in eq 5, were determined via
potentiometric titrations in aqueous solution. The values are
given in Table 2 along with previously reported values for
macrocyclic polyaminopolycarboxylate ligands incorporating
one or two pyridine ring(s), and H4dota was used as the
reference ligand. All of these data have been determined under
the same experimental conditions: 0.1 M KCl ionic strength
and 25 °C.
[HiL]
[Hi − 1][H+]

KiH =

(5)

3−

The ligand tpptac has nine basic centers, but only four
constants could be determined in the pH range available for
the potentiometric titrations. This is illustrated in the species
distribution diagram of the ligand as a function of the pH
(Figure 8). At physiological pH (7.4), the predominant species
are the H2L− and HL2− species and the full deprotonated
species (L3−) is the predominant species at pH >8.0. In
comparison to the series of azapyridino macrocycles reported
in Table 2, the protonation constants determined for tpptac3−
are rather low. The ﬁrst protonation constant (log K1H = 7.89)
is much lower (1.5−2.8 log units lower), and the ﬁrst three
protonation constants of this ligand range from ca. 8 to 7
logarithmic units with a separation of only 0.54 log unit (versus
a 10.7−2.6 range with 0.5 < Δ log KH < 3.6). The fourth
constant determined for tpptac3− (log K4H = 2.30) is similar to
those of other ligands except for pyta4−.
The ﬁrst three protonation steps should occur on either the
amine or pyridine groups, while the low value of the fourth
step is typical of protonation of a carboxylate group linked to a
protonated nitrogen atom. A survey of the literature data

Table 2. Logarithms of the Protonation Constants for tpptac3− and Related Ligands in Aqueous Solutions at 25 °C and I = 0.10
M in KCl
tpptac3−b
H

log K1
log K2H
log K3H
log K4H
∑ log KiH

7.89(1)
7.35(1)
6.99(1)
2.30(1)
24.5

a

pcta3−c
10.73(5), 10.6
7.52(9), 7.6d
4.2(1), 4.4d
2.4(1)
24.85

d

bp2a2−e

pyta4−f

N-ac3[18] aneN3O33−g

dota4−h

9.57(1)
5.99(3)
2.59(1)
2.22(1)
20.37

9.37
8.81
5.80
4.71
28.69

9.57(2)
8.15(3)
7.67(1)
2.05(3)
27.44

11.41
9.83
4.38
4.63
30.25

Values in parentheses are standard deviations in the last signiﬁcant ﬁgure. bThis work. cData from ref 40. dData from ref 41. eData from ref 42.
Data from ref 43. gData from ref 44. hData from ref 45.

a
f

1502

DOI: 10.1021/acs.inorgchem.9b03345
Inorg. Chem. 2020, 59, 1496−1512

Article

Inorganic Chemistry

related ligands such as pcta3− and pc2a2− (N4O3 and N4O2
sets, 12-membered ring).40,42 The presence of three pyridine
rings and the existence of only three aminoacetate groups
contribute strongly to a lower overall basicity of tpptac3− in
comparison to that of pyta4− (N6O4 donor set, 18-membered
ring) with a decrease of about 4 log units. A signiﬁcant change
in the overall basicity is observed between the 18-membered
macrocyclic ligands tpptac3− and N-ac3[18]aneN3O33−. The
replacement of three dimethyleneoxy moieties by three
pyridine rings leads to a decrease of 3 log units. A similar
behavior is also observed for the 12-membered macrocycles
pcta3− and N-ac3[12]aneN3O3−.40,44 The value obtained for
tpptac3− is also clearly lower than that of dota4−, anticipating a
lower stability of the complexes reported here. Nevertheless,
the low overall basicity of tpptac3− is interesting from a
coordination point of view, since it reduces the competition
between the metal ions and the protons for the ligand which
may lead to achieving high percentages of complexation even
at low pH values (vide infra).
Complex stability constants, KML, have been determined for
complexes formed with various Ln3+ ions (Ln = La, Eu, Gd,
Tb, Yb) by potentiometric titrations and are reported in Table
3.
The complexation kinetics of H3tpptac with these ions are
fast enough for direct potentiometric titrations, avoiding the
use of an out-of-cell (batch) method. The stability constants of
the complexes have been calculated from the titration curves
obtained at a 1:1 metal to ligand ratio; the best ﬁtting was
obtained by using the model that includes the formation of ML
and MHL species in equilibrium. The speciation diagrams of
Eu3+ and Tb3+ as representative examples are given in Figure
10 (other data are given in Figures S9−S11). These species
distribution diagrams for the Ln complexes indicate that
dissociation of the complexes takes place only at pH 3.8. At pH
3, the protonated complexes predominate, while the nonprotonated complexes were the single species in aqueous
solution at pH 5−11. The stability of the Ln-tpptac complexes
is quite large and lies in the range of 17.5−18.7 log units, with
the highest value observed for Eu-tpptac. The complex stability
increases from the early lanthanides at about the middle of the
series and slightly decreases for the heavier lanthanides. This
tendency agrees with that reported for H5dtpa and several
macrocycles containing pyridine rings such as H3pcta and
H2bpdpa.36,47,48 This is in contrast with the macrocyclic
polyaminocarboxylate ligands such as H4dota, H5pepa, and
H6heha, which form complexes of increasing stability all across
the lanthanide series.45,47
As expected from the total basicity values, the present
stability constants for Ln-tpptac complexes do not appear as
large as the reported values for Ln-pyta (log KLnL ≈ 22) or
Lndota (log KLnL = 22−25).43,45 In spite of the comparable
total basicities of the ligands H3tpptac and H3pcta and the
presence of two additional coordinating groups (two pyridine
nitrogens) in the former, the stability of lanthanide complexes

Figure 9. Plot of the species distribution diagram for H3tpptac along
with variations with pH of the 1H NMR chemical shifts of (a) the
methylene signals “c” (red circles) and “d” (blue circles) and (b) the
aromatic signals “a” (red circles) and “b” (blue circles). Δδ was
calculated in both drawings as the diﬀerence with respect to the δ
values of the ligand at pH 1.45. pH values: 1.45, 3.05, 4.03, 4.71, 6.02,
7.19, 7.52, 8.11, 8.55, 8.96, 10.23, and 11.69. H3tpptac = H3L.

be somehow shared by the amine and the pyridine groups. The
eﬀective involvement of the pyridine rings in the protonation
process may justify the low overall basicity of the ligand.
Moreover, the basicity found for the ﬁrst step of tpptac3− is
even lower than that reported for bp2a2−, a related cyclic ligand
having only two amino carboxylates and two pyridine rings.
The crystal structure of this compound in its tetraprotonated
form shows the location of the protons in the pyridine and
carboxylate sites and not in the tertiary amine groups.42
The overall basicity (∑ log KiH) of tpptac3− (N6O3 donor
set, 18-membered ring) is comparable to that of structurally

Table 3. Logarithms of the Stability Constants of H3tpptac with Diﬀerent M3+ and M2+ Ions Determined in 0.1 M KCl at 25 °C
equilibrium reaction

La(III)

Eu(III)

Gd(III)

Tb(III)

Yb(III)

Cu(II)

Zn(II)

Mn(II)

Ca(II)

M + H + L ⇆ MHLa
M + L ⇆ ML
pM (pH 7.4)

20.86(3)b
17.60(2)
17.65

21.74(6)
18.69(4)
18.6

21.37(4)
18.30(3)
18.4

21.23(4)
17.96(3)
18.01

20.67(2)
17.44(1)
18.01

20.83(2)
14.39(5)
14.49

19.92(2)
12.89(7)
13.08

18.98((2)
12.97(4)

9.28(1)

Charges omitted. bValues in parentheses are standard deviations in the last signiﬁcant ﬁgure.

a
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Figure 10. Distribution diagrams for the systems M3+-H3tpptac (M = Eu, Tb) and M2+-H3tpptac (M = Cu, Zn) as a function of pH (H3tpptac =
H3L, [H3tpptac] = 10−3 M).

Table 4. . pGd Values of Representative Chelators
ligand
pGd
a

H3tpptac

H3pctaa

H2bp2ab

18.4

17.3

13.3

H4Pytac

H3N-ac3[18]aneN3O3d

H4dotae

H5dtpaf

H4edtag

19.25

15.7

19.2

18.9

15.3

b

c

Calculated from data reported in ref 36; I = 1 M KCl. Calculated from data reported in ref 42; I = 0.1 M KCl. Calculated from data reported in
ref 43; I = 0.1 M KCl. dCalculated from data reported in ref 44; I = 0.1 M KCl. . eTaken from ref 49; I = 0.1 M KCl. fTaken from ref 46a; I = 0.1 M
KCl. gCalculated from data reported in ref 50; I = 0.1 M KCl.

We have also investigated the complex stability of
bioavailable cations, such as Cu2+, Zn2+, Mn2+, and Ca2+, in
order to determine the selectivity of H 3 tpptac. The
corresponding speciation diagrams are reported in Figure 10
and Figures S12 and S13. Except for Ca2+, the experimental
data could be ﬁtted with the introduction of a monoprotonated
complex. In the case of the ﬁrst three ions, the stability
constants (KML) drop by 3−4.5 orders of magnitude in
comparison to Ln stability constants. These results arise
certainly from the more diﬃcult adjustment of the ligand to
these divalent metal ions, due to the inherent rigidity of the
pyridine rings. With regard to Ln3+ ions, these M2+ ions have
more stereochemical requirements for speciﬁc coordination
chemistry. These log KCu,Zn values are several orders of
magnitude less than those of the related pyridine ligands
H3pcta and H4pyta and reference polyaminocarboxylate
ligands H4dota and H5dtpa (Table S3). As an example, the
stability constants of [Cu-dota]2− and [Zn-dota]2− are about 7
and 10 log units higher, respectively. In comparison with these
ligands, H3tpptac forms Ln3+ complexes of very high selectivity
over these bioavailable cations. We can also note that Ca2+
forms a complex of relatively low stability with H3tpptac.

is lower for H3tpptac than H3pcta (about 1.5 log units for the
europium complex for example).36 This may be related to the
ﬂexibility within these macrocycles, which outweighs basicity
considerations. While H3pcta has some ﬂexibility region
(diethylenetriamine core) as part of its macrocyclic ring,
H3tpptac does not have such ﬂexibility. When a metallic
complex is used under physiological conditions, its pM value is
considered to be more accurate than its KML value. The pM
value corresponds to the concentration of the free metal ion in
the solution (pM = −log [M]) at pH 7.4) and is usually
calculated in the presence of 100% ligand excess ([ligand]total =
10 μM, [M]total = 1 μM). These values are reported in Table 3.
In order to compare the stability of Ln-tpptac to those of other
lanthanide complexes, we have selected pGd values (Table 4)
because of the greatest availability of stability constants for
Gd3+ complexes. In addition, the relevance of these complexes
as contrast agents in magnetic resonance imaging is well
established. Table 4 shows that the H3tpptac ligand has a pGd
value higher than those presented by [Gd-edta]− and the
related pyridine complexes [Gd-bp2a]+ and [Gd-pcta]0 and
only slightly lower than those of commercially available MRI
contrast agents such as [Gd-dtpa]2− and [Gd-dota]−.
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Photophysical Properties of Eu-tpptac and Tb-tpptac
Complexes. The main spectroscopic properties measured for
Eu- and Tb-tpptac in air equilibrated Tris buﬀer solutions (50
mM, pH 7.4) are presented in Table 5. The photophysical
properties obtained from the isolated complexes agree with
those obtained when the complexes were formed in situ with
equimolar solutions of LnCl3 and ligand.
Table 5. Lifetimes, Overall Quantum Yields and the
Number of Coordination Water Molecules of Ln-tpptac and
Ln-tpatcn Complexes (Ln = Eu, Tb) in Tris Buﬀer (pH 7.4)

λmax (nm)
ε (M−1 cm−1)
τH2O298K [τH2O77K] (ms)
τD2O298K [τD2O77K] (ms)
q(H2O)
ΦovH2O [ΦovD2O] (%)

Eu-tpptac

Tb-tpptac

267
11900
0.78 [0.82]
1.99 [1.97]
0.82b
[0.52]c
4.8 [11.8]

267
11000
2.24
3.34 [3.40]
0.62b
[0.44]d
33 [50 ]

Eutpatcna

Tbtpatcna

274
14400
1.08
1.47
−0.04

274
15800
2.00
2.14
0.0

9.0

60.0

a

Data from ref 8. bNumber of coordination water molecules
calculated according to the equations of Horrocks and Sudnick.14
c
Number of coordination water molecules calculated according to the
equations of Supkowski and Horrocks.15 dNumber of coordination
water molecules calculated according to the equations of Beeby et
al.16

Europium Complex. The UV/vis absorption spectrum of
the complex displays a broad emission band at 267 nm which
can be attributed to π−π* transitions centered on the pyridyl
moieties. In comparison to the free ligand, this absorption
band is shifted toward lower energy, indicating an electronic
interaction between the light-absorbing pyridine and the lightemitting europium center. The range of this red shift (∼4 nm)
is largely exempliﬁed in the literature for the complexation of
lanthanide ions by pyridine ligand.7,51 The molar absorption
coeﬃcient (ε = 11900 M−1 cm−1) is also in line with the
presence of three pyridine units (εpy = 3900 M−1 cm−1 for
Eupcta).52 Excitation (λexc = 267 nm) at 298 K gives a typical
europium(III) emission spectrum containing the expected
sequence of 5D0 → 7FJ transitions with J = 0−4 being visible
(Figure 11a). The strongest emission band is located at 618
nm, corresponding to the Eu(III)-centered 5D0 → 7F2
hypersensitive transition (45% of the total integral intensity).
The higher intensity of this transition in comparison to that of
the magnetic-dipole-allowed 5D0 → 7F1 transition points to a
low symmetry of the ligand ﬁeld around the metal. As
expected, the metal luminescence excitation spectrum is
located on the absorption range of the ligand and has shape
similar to that of the absorption spectra, indicating a ligand-tometal intersystem energy transfer (Figure 11b). No transition
corresponding to the Eu(III) absorption levels, especially the
7
F0 → 5L6 transition (393 nm), is observable in the excitation
spectrum.
At 298 K, the emission decay of Eu-tpptac can be ﬁtted with
a monoexponential function and is in the millisecond range (τ
= 0.78 ms). This value is longer than that observed from the
tpp ligand containing three acetamide pendant arms (τ = 0.57
ms) but shorter than reported for the H3tptacn ligand
functionalized with three picolinate arms (τ = 1.08 ms).8,12
Experimental luminescence lifetimes of the Eu-tpptac complex
were also recorded in D2O solution, and lifetime data in H2O
and D2O were analyzed in order to assess the hydration

Figure 11. (a) Corrected emission spectrum of Eu-tpptac in Tris
buﬀer (pH 7.4) at 298 K, λexc = 267 nm, and excitation and emission
band passes 5 nm. (b) Normalized UV−vis (solid line) and corrected
excitation (dashed line) spectra (λem = 618 nm) of Eu-tpptac in Tris
buﬀer (pH 7.4). (c) Corrected emission spectrum of Gd-tpptac in
MeOH/EtOH 4/1 solution at 77 K and λexc = 267 nm. (d) Corrected
emission spectrum of Tb-tpptac in Tris buﬀer (pH 7.4) at 298 K, λexc
= 267 nm, and excitation and emission band passes 5 nm.

number q of these complexes (i.e., the number of metal-bound
water molecules). By using the phenomenological Horrocks
and Sudnick equation,14 the hydration state of the excited state
of the complex is 0.82, which points to the presence of one
inner-sphere water molecule in solution. We have also made
use of a revised equation, established by Supkowski and
Horrocks, taking into account interactions generated by water
molecules in the second coordination sphere (i.e., closely
diﬀusing water molecules).15 By using this equation, a value of
q = 0.52 was obtained. It should be noted that a similar q value
(q = 0.5−0.6) was reported for the [Eu-tpptam]3+ complex in
aqueous solution by taking into account the inﬂuence of N−H
oscillators on the luminescence lifetime.12 This non-integer
value may imply a hydration equilibrium between q = 0 and q
= 1 species in solution.The presence of hydration equibria in
solution involving 10-coordinate Eu(III) complexes has been
recently reported.53 In the case of an Eu(III) complex of a
nonadentate ligand based on the pyclen macrocycle containing
two picolinate and one acetate arms, Le Fur et al. reported the
presence of a hydration equilibrium involving a monohydrated
species (q = 1) with coordination number 10 and a 9coordinate nonhydrated species (q = 0) species with an
apparent hydration number of 0.4.53 We have also used the
aﬃnity of the ﬂuoride ion for the lanthanides to evidence the
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presence of directly coordinated water molecules.54 As
expected, the lifetime in H2O was increased by a factor of
1.7 (τ = 1.33 ms) in the presence of saturating ﬂuoride ion (0.4
M, KF). The incorporation of ﬂuoride ion in the inner sphere
of the metal was also reﬂected by important changes in the
shapes of the 5D0 → 7FJ transitions (J = 1, 2, and 4) and the
I7F2/I7F1 and I7F4/I7F1 ratios (decrease of 15−20%, Figure S14).
Similar luminescence lifetimes of Eu-tpptac were observed at
77 K, indicating that the hydration sphere of the metal does
not change by lowering the temperature. This also suggests
that a back-energy-transfer process between the acceptor
manifold excited states of the europium ion (5DJ, J = 0−3) and
the donor triplet excited state 3ππ* of the ligand or a
quenching mechanism via low-lying LMCT (ligand-to-metal
charge transfer) states does not occur for this complex. In
either case of these quenching mechanisms, luminescence
lifetimes would be signiﬁcantly higher at 77 K than at 298 K.55
To gain additional information about the presence of an
equilibrium of two species in aqueous solution, the emission
spectrum was determined on a higher-resolution spectrum
recorded at 298 K in H2O (Figure 12). In the 583−600 nm

tentatively assigned the component at high energy to the 10coordinated species with q = 1 and the component at lower
energy to the nonhydrated 9-coordinated species. The
proportion of these two bands is in agreement with the
apparent hydration number (0.52) obtained from luminescence lifetime measurements. Frey and Horrocks58 showed
that the energy of the 5D0 → 7F0 transition (ν̃obs) can be
calculated from eq 6
νobs
̃ = ν0̃ + CCN ∑ niδi

(6)

i

where CCN is a coeﬃcient associated with the coordination
number of the europium ion (1.0 for CN = 9 and 0.95 for CN
= 10), ni the number of coordinated atoms i, δi the energy shift
parameter for atom i, and ν̃0 the energy of the 5D0 → 7F0
transition of the free ion (17374 cm−1). By using the
nephelauxetic parameters δC = −15.53 cm−1 for the
carboxylate oxygen, δN = −15.08 cm−1 for amine nitrogen,
and δNpy = −16.67 cm−1 for the pyridine nitrogen donors,59 the
energy of the component at lower energy (17227 cm−1)
matches reasonably well with the theoretical value for a
N3Npy3O3 environment with no inner-sphere water molecule
(17232 cm−1). Considering a 9-coordinated complex where
one amine nitrogen or pyridine nitrogen donor is substituted
by a water molecule (N2Npy3O3Ow or N3Npy2O3Ow environment), the application of eq 6, with δw = −10.34 cm−1 for
inner-sphere water molecule,59b gives theoretical estimations of
ν̃ in worse correlation (Δν̃ > 10 cm−1). This is in agreement
with an NMR study and computational work where no
indication is found for a sp3 nitrogen atom inversion. When the
CCN value of 0.95 for a total coordination number of 10
(N3Npy3O3Ow environment) is taken into account, the
phenomenological equation predicts a transition energy of
17230 cm−1 for the species observed at 17254 cm−1. This
inconsistency can be tentatively explained by diminishing the
nephelauxetic parameters of coordinating atoms in a 10coordination environment but arises certainly from the very
poor number of decadentate species used for the determination of the CCN value (CN = 10), in contrast with the
determination of the CCN value for nonadentate species.58 For
Eu-tpptac, a better ﬁt between experimental and calculated
values implies a CCN value of 0.8 for decadentate species (ν̃calc
= 17252 cm−1). For similar reasons, Latva and Kankare
proposed a CCN value of 1.21 for a total coordination number
of 8 instead of the original value of 1.06 proposed by Frey and
Horrocks.58,59b
The overall quantum yields were determined in 50 mM Trisbuﬀered solutions at pH 7.4 in H2O (ΦH2O = 4.8%) and in
D2O (ΦD2O = 11.8%), using [Ru(bpy)3]Cl2 as a reference.
These values take into account the eﬃciency of the overall
energy-transfer process from the pyridyl sensitizers to the
europium ion states. The overall quantum yield of sensitized
emission (Φov, as determined experimentally) can be broken
up into three contributions (eq 7)60

Figure 12. High-resolution emission spectrum of the Eu-tpptac
complex in H2O recorded at 298 K (λexc = 267 ± 10.8 nm). Insert:
enlargement of the 5D0 → 7F0 transition region and the corresponding
individual Lorentzian signals.

region, the 5D0 → 7F1 transition displays at least ﬁve
components (lines and shoulders), suggesting the presence
of more than one equivalent site for the Eu(III) ion.56 The 5D0
→ 7F0 transition is broad (full width at half-height: 28 cm−1),
and asymmetric on its low-energy side, strongly indicative of
the presence of two emissive Eu(III) species in solution. In
fact, the 5D0 → 7F0 transition occurs between nondegenerate
energy levels; a single environment gives rise to only a single
transition.56 When this 5D0 → 7F0 band was deconvoluted by
using pure Lorentzian functions, a satisfactory ﬁt of the data
was obtained when two components were taken into account:
a transition centered at 580.47 nm (47% of the emitted
intensity) and a transition centered at 579.57 nm (53% of the
emitted intensity). The presence of these two bands could be
related to the existence of a hydration equilibrium. Indeed, two
components of the 5D0 → 7F0 transition separated by ∼0.5−1
nm were previously observed for diﬀerently hydrated species of
Eu(III) complexes.53,57 On the basis of these literature data, we

Φov = ηisc × ηEt × ΦLn = ηsens × ΦLn

(7)

where ηisc and ηEt reﬂect the eﬃciency of intersystem crossing
(1ππ* → 3ππ*) and ligand to metal energy transfer (3ππ* →
Ln*), respectively. These two terms correspond to the
sensitization eﬃciency, ηsens (ηsens = ηisc × ηEt). The intrinsic
quantum yield, ΦLn, corresponds to the quantum yield of the
lanthanide ion when it is excited into its own levels. In the case
of the europium(III) ion, ΦEu may be calculated from the
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experimental data (spectrum, Φov, and lifetimes) according to
eqs 3 and 4 in the Experimental Section. These calculated
photophysical parameters for Eu-tpptac are gathered in Table
6. In H2O solution, we calculated ΦEu = 18%, corresponding to

intensity, and the lifetime of Eu-tpptac did not diﬀer after 48 h
incubation. This result suggests a high kinetic inertness of the
complex. Similar results were observed when Eu-tpptac (10
μM) was challenged by an excess of Cu2+ and Zn2+ cations (1
mM). These results indicate the high resistance of the complex
to transchelation and transmetalation reactions.
Terbium Complex. Under excitation into the ligand
absorption, the emission spectrum of Tb-tpptac displays four
distinct peaks at 490, 544, 585, and 622 nm with weak signals
in the 640−700 nm range which are assigned to the 5D4 →7FJ
transitions (J = 6−0) of the Tb3+ ion (Figure 11d). The
spectrum is dominated by the 5D4 → 7F5 transition at 544 nm,
which gives an intense green luminescence output for the
solution. In contrast to the Eu3+ ion, the large degeneracy of
excited and ground states of the Tb3+ ion does not enable a
detailed analysis of the composition of the inner coordination
sphere of the complex. The lifetime determined in Trisbuﬀered solution is 2.24 ms at room temperature, among the
highest values of Tb3+ complexes based on pyridinic
chromophores in aqueous solution.7b,51c,52,61 The experimentally determined numbers of coordinating water molecules are
q = 0.62 and q = 0.44 by using the original equation and the
revised equation taking into account the outer-sphere
contribution, respectively.14,16 This result points to the
presence of a hydration equilibrium as for the europium
complex. Lifetimes of the 5D4 level in D2O solution at 298 and
77 K are similar, indicating that a back energy transfer 5D4
(Tb) → 3ππ* (ligand) is not operative. According to the work
of Latva et al., the energy gap 5D4−3ππ* (ΔE ≥ 3400 cm−1) is
so large as to prevent back energy transfer.62 The overall
luminescence quantum yield of the complex is 7-fold higher
than the corresponding Eu(III) yield, reaching the substantial
value of 33% in aqueous solution. This can be attributed to the
lower susceptibility of Tb3+ vs Eu3+ luminescence toward
quenching by the hydroxyl groups of the solvent, and especially
to the lower gap of the triplet state of the H3tpptac ligand with
the terbium emitting state. The value of Φov in D2O (50%) is
in accordance with the dependence of the luminescence
quantum yields of Tb(III) polyaminocarboxylate chelates on
the triplet state energies of the ligand.62 In addition, we can
note that Tb-tpptac displays a quantum yield (33%) and a
brightness (B = 3600 M−1 cm−1) close to those reported for a
terbium-based commercial luminescent probe (Φov = 32% and
B = 3600 M−1 cm−1) for Tb-(DTPA-Cs124).63
Comparison between Ln-tpptac and Ln-tpatcn
Complexes. It is interesting to compare the thermodynamic
stability and the photophysical performances of Ln-tpptac
complexes to the corresponding complexes formed with the
H3tpatcn ligand reported by Mazzanti and co-workers.8 This
ligand (Chart 1) can be considered as the prototype of ligands
which have been designed to sensitize several lanthanide ions
(Eu3+, Tb3+, Sm3+, Yb3+) and to maximize the excitation
wavelength and the brightness of the corresponding complexes.9 The two ligands share structural features such as a
macrocyclic backbone, a similar ligand denticity (nonadentate
ligand), a similar number and type of coordinating atoms, and
an overall neutral charge of their Ln(III) complexes. However,
they diﬀer from one another in the size of the macrocyclic
backbone (18-membered vs 12-membered) and in the
arrangement of pyridine chromophoric units (intracyclic vs
pendant arms).
Despite the great attention paid recently to the study of the
ligand H3tpatcn and derivatives for the development of

Table 6. Calculated Photophysical Parameters for Eu-tpptac
and Eu-tpatcn Complexes in Tris Buﬀer (pH 7.4) and
Energy Information of Triplet State

I∑Fj/IF1b
kr (s−1)c
kobs (s−1)b
ΦEu (%)c
ηsens (%)c
Φov (%)b
Σknr (s−1)c
E(3ππ*) (cm−1)d

Eu-tpptac in
H2O

Eu-tpptac in
D2O

Eu-tpatcn in
H2Oa

6.7
230
1282
18
27.0
4.8
1048
23900

6.6
228
502
45
26.7
11.8
279
23900

8.3
295
926
32
28.2
9.0
627
24000

a
Data from ref 8. bExperimentally measured parameters. cCalculated
parameters; see the Experimental Section. dDetermined as the λmax
value of the phosphorescence spectra of the corresponding Gd(III)
complexes.

a poor metal-centered emission. This parameter is mainly
dependent on the presence of metal-coordinated water
molecules, and consequently we calculate ΦEu = 45% in
D2O, in agreement with a rather eﬃcient metal-centered
emission and a satisfying structural and electronic optimization
of the metallic coordination sphere. As expected, the
sensitization eﬃciencies, which are independent of the
presence of inner-sphere water molecules, are comparable in
H2O and D2O solutions. The calculated value of ηsens (27%) is
modest, although the antennae are ligated to the metal. The
sensitization eﬃciency is highly dependent on the energy gap
between the sensitizer excited state (3ππ*) and the Ln(III)
emitting level. The triplet state energy of the ligand under the
perturbation caused by coordination to a lanthanide ion was
measured as usual from the ligand phosphorescence spectrum
of the corresponding gadolinium complex. At 77 K in a 4/1
methanol/ethanol mixture, Gd-tpptac exhibits ligand phosphorescence as a broad emission band between 350 and 550
nm with a maximum at around 418 nm and an emission
lifetime of 17.2 ms (Figure 11c). Unfortunately, due to the lack
of vibrationally structured phosphorescence emission bands, it
is not possible to determine the ν̃00 value of the triplet level in
the complex. However, we can regard that this triplet energy
level lies in the 28600−23900 cm−1 range (i.e., the domain
ranging from the left edge to the maximum of the
phosphorescence spectra). Looking at this energy range, we
think it is likely that the excitation energy may be primarily
transferred to the 5D3 (24500 cm−1), 5D2 (21500 cm−1), or
5
D1 (19000 cm−1) levels of the Eu(III) ion that decay
nonradiatively to the lower-lying 5D0 (17300 cm−1). During
this transfer from upper 5DJ levels to the emitting 5D0 level,
quite signiﬁcant energy losses can consequently take place,
diminishing the overall quantum yield.
At last, we explored the resistance of Eu-tpptac in regard to
metal dissociation and this behavior was monitored by
luminescence experiments. We challenged the complex at
room temperature with 150 equiv of competing H5dtpa ligand
in Tris buﬀer at pH 7.4 (K(Eu-dtpa) = 2.5 × 1022). Under
these conditions, the shape of the emission spectrum, the total
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for these two luminescence parameters in comparison to Eutpatcn in H2O. In the same way, Tb-tpptac displays in D2O a
higher emission lifetime than Tb-tpatcn and an emission
quantum yield in the same range.

luminescent lanthanide probes, only two thermodynamic
studies of their metallic complexes have been undertaken.
The stability constant for Ln-tpatcn was determined only for
the terbium complex and was reported as KTbL = 17.4 (pTb =
14.9) by Mazzanti and co-workers.8 More recently, Tripier and
co-workers reported stability constants for Cu-tpatcn (log KCuL
= 16.21) and Zn-tpatcn (log KZnL = 15.95) in a work on
copper-based radiopharmaceuticals.64 Although the basicity of
tpatcn3− (∑ log KiH = 25.8) is higher than that of tpptac3− (∑
log KiH = 24.5), the stability constant of Tb-tpatcn is 0.6 log
unit lower than our calculated log KML value of 18.0 for Tbtpptac. This suggests a geometrically more favorable
conformation of the latter ligand for the coordination of
Tb3+ in comparison to that of the former. Additionally, our
ligand can be also regarded for the terbium complex as a better
ligand than H3tpatcn over the pH range 5−10, as illustrated in
Figure 13. Moreover, the enhanced stability of Tb-tpptac and

■

CONCLUSIONS

Some lanthanide complexes derived from a tpp platform and
various side arms have been recently reported, but their
thermodynamic stability constants and detailed photophysical
properties were not undertaken. In this work, we have studied
these physicochemical properties of lanthanide complexes
derived from the H3tpptac ligand, taken as a prototype of the
tribranched tpp family.
The stability constants of Ln-tpptac complexes were
determined by pH-potentiometry and are in the range 3.0 ×
1017 to 5.0 × 1018. Importantly, these Ln3+ complexes are
thermodynamically stable at physiological pH with pLn values
in the range of those of Ln-dota and Ln-dtpa complexes. The
H3tpptac ligand shows also a great selectivity for lanthanide
ions versus biogenic metal ions (Cu2+, Zn2+, Mn2+, and Ca2+),
preventing transmetalation reactions.
Analysis of emission spectrum and emission lifetimes of the
Eu3+ complex shows that this complex exists in aqueous
solution as a mixture of non-hydrated and monohydrated
species. From luminescence lifetime data, a similar behavior is
assumed for the Tb3+ complex. DFT results show a small
energy diﬀerence between water coordinated to the Eu(III)
ion within the bowl of the ligand and water that interacts with
the π system of [Eu-tpptac]0, which agrees with the
experimentally observed luminescent properties. A molecular
structure determination of the Tb3+ complex by X-ray
crystallography is fully consistent with the presence of a 10coordinated species, implying all coordinating atoms of the
ligand and one inner-sphere water molecule. Owing to the high
value of ligand triplet state energy and the greater sensitivity of
Eu3+ vs Tb3+ luminescence toward quenching by metalcoordinated water molecules, H3tpptac is a better sensitizer of
Tb3+ than of Eu3+ ion. Despite the presence of a hydration
equilibrium, the terbium complex displays a long excited state
lifetime of 2.4 ms and a high overall quantum yield of 33% in
H2O solution at pH 7.4. On the other hand, the europium
complex displays signiﬁcant luminescence parameters in D2O
solution (τ = 1.99 ms and Φov = 11.8%).
On the basis of these data, the H3tpptac ligand seems to be
an attractive structural entry for constructing eﬃcient Ln3+based luminescent probes in aqueous solution. Further
reﬁnement of the ligand structure may arise from the following.
(i) The absorption maximum should shift to a longer
wavelength more suitable for biological applications and a
higher extinction coeﬃcient to increase the brightness of
complexes. In this direction, the introduction of a suitable
substitution into the pyridine units is well documented.9h (ii)
The capacity of a water molecule to bind the metal ion should
be eliminated by, for example, the substitution of carboxylate
groups by phosphate or phosphinate groups.13,65 (iii) The
ligand should be able to conjugate the complexes to
biomolecules (antibody, protein, ...). The synthetic pathway
of a tpp platform allows the introduction of a reactive group on
a single pyridine unit.13 This work is currently in progress.

Figure 13. Variation of the conditional stability constant of the Tb3+
complexes of H3tpptac (●) and H3tpatcn (□) as a function of the pH.

mainly the reduced stability of Cu-tpptac or Zn-tpptac
signiﬁcantly improved the selectivity constant of this ligand,
log K(Tb/Cu) = 3.6 and log K(Tb/Zn) = 5.1, over that of
H3tpatcn, log K(Tb/Cu) = 1.2 and log K(Tb/Zn) = 1.5.
Overall, our ligand can be regarded as a better and more
selective chelator for Ln3+ in comparison to H3tpatcn from a
thermodynamic point of view.
In contrast with Eu- and Tb-tpptac, luminescence experiments showed than Eu- and Tb-tpatcn exist as single and
nonhydrated species in aqueous solution. This was further
demonstrated by an X-ray structure of Tb-tpatcn in which the
9-coordinated Tb3+ ion is only bound by the 9 donor atoms of
the ligand, with no water molecule present in its coordination
sphere. An inspection of the photophysical data of Eu-tpptac
and Tb-tpatcn complexes (Tables 5 and 6) deserves several
comments. (i) In comparison to Eu-tpptac, Eu-tpatcn displays
an absorption maximum shifted by 7 nm and a ε value 1.2
higher, due to the connection of a carboxylate substituent at
the 2-position of the pyridine ring. (ii) The eﬃciency of energy
transfer, ηsens, is similar for the two kinds of complexes in the
range 25−30%. Looking at the triplet state energies, the
position is fairly similar (23900/24000 cm−1 considering the
maximum of the emission band in corresponding Gd3+
complexes), so that the energy gap (3ππ* → Eu*) should be
comparable for both ligands. (iii) In the two complexes, the
main factor that limits the observed overall quantum yield is
the rather low eﬃciency of energy transfer, ηsens. (iv) Due to
the presence of a hydration equilibrium, the emission lifetime
of Eu-tpatcn is longer and the overall quantum yield higher in
H2O solution than those observed for Eu-tpptac. On the other
hand, we can note that Eu-tpptac shows in D2O higher values
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