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Multinuclear, self-assembled lanthanide complexes present
clear opportunities as sensors and imaging agents. Despite the
widely acknowledged potential of this class of supramolecule,
synthetic and characterization challenges continue to limit
systematic studies into their self-assembly restricting the
number and variety of lanthanide architectures reported
relative to their transition metal counterparts. Here we present
the first study evaluating the effect of ligand backbone
symmetry on multinuclear lanthanide complex self-assembly.
Replacement of a symmetric ethylene linker with an unsym-
metric amide at the center of a homoditopic ligand governs
formation of an unusual Ln6L6 complex with coordinatively

unsaturated metal centers. The choice of triflate as a counter-
ion, and the effect of ionic radii are shown to be critical for
formation of the Ln6L6 complex. The atypical Ln6L6 architecture
is characterized using a combination of mass spectrometry,
luminescence, DOSY NMR and EPR spectroscopy measurements.
Luminescence experiments support clear differences between
comparable Eu6L6 and Eu2L3 complexes, with relatively short
luminescent lifetimes and low quantum yields observed for the
Eu6L6 structure indicative of non-radiative decay processes.
Synthesis of the Gd6L6 analogue allows three distinct Gd⋯Gd
distance measurements to be extracted using homo-RIDME EPR
experiments.

Introduction

In recent years significant advances in the synthesis and
characterization of self-assembling lanthanide multinuclear
architectures[1] have enabled the potential applications of these
complexes in imaging,[2] magnetism[3] and sensing[4] to begin to
be realized. In particular lanthanide complexes exhibit clear
advantages over their transition metal counterparts as they are
frequently luminescent,[4a,5] are able to incorporate ancillary
ligands that do not bridge between multiple ions,[6] and exhibit
fewer restrictions on the coordination number and geometry at
the metal sites.[1a,7]

Challenges of rationally designing self-assembling lantha-
nide complexes and characterizing the often paramagnetic
complexes do however continue to limit the number and
variety of lanthanide architectures published. In particular, the
effect of ligand symmetry on lanthanide complex formation has
remained underexplored despite a growing body of work
demonstrating that incorporation of reduced symmetry compo-
nents within transition metal–organic assemblies[8] enables the
formation of reduced symmetry binding pockets with the

capacity to bind complex guests.[9] In addition, reducing ligand
symmetry facilitates the incorporation of more functional
groups within a ligand of a given size. Unsymmetric ligands[10]

are defined in two classes: i) those incorporating a symmetric
backbone and differing in their binding sites (also known as
heteroditopic), or ii) those which have equivalent binding sites
but an unsymmetric backbone. For lanthanide complexes,
research into the formation of helicate structures generated
with heteroditopic ligands has enabled controlled self-assembly
of bimetallic systems with useful magnetic and imaging
properties.[11] The overall architectures formed with the hetero-
ditopic ligands, typically Ln2L3 helicates, are however not
observed to vary from the structures obtained with the parent
homoditopic ligands.

To our knowledge no studies with supramolecular lantha-
nide complexes have been reported where the removal of
symmetry within the spacer backbone has been investigated.
Herein we report the formation of an unexpected Ln6L6 complex
when an unsymmetric ligand (L1; Figure 1) is employed in self-
assembly reactions with lanthanide triflates of appropriate ionic
radii. By contrast, utilizing a symmetrical ligand (L2) of
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comparable length with equivalent binding sites generates
well-recognized Ln2L3 and Ln4L6 complexes. The hexanuclear
architectures are characterized using a combination of NMR, ion
mobility mass spectrometry, luminescence and EPR techniques,
and their luminescence properties differ from those observed
with the Ln2L3 and Ln4L6 complexes due to their differing
coordination environments.

Results and Discussion

A new unsymmetric bistridentate ligand (L1; Figure 1) was
synthesized via the amide condensation of 4,4’-diaminobenza-
nilide and the acid chloride of dipicolinate methyl ester. Ligand
L1 incorporates a central amide moiety that reduces the overall
symmetry of the molecule compared with classical homoditopic
ligands, which commonly display C2-symmetry. The central
amide moiety thus introduces the possibility for isomer
formation in multinuclear species, where the ligands may be
arranged in a head-to-head or a head-to-tail configuration.[11]

The amide functionality also provides potential opportunities
for hydrogen bonding[13] to guest molecules or adjacent ligands.
Based on previously reported work we hypothesize that three
equivalents of ligand could be combined with two equivalents
of lanthanide metal salt to generate common supramolecular

architectures including Ln2L3 helicates[14] and Ln4L6
tetrahedra.[4a,15] Initial mass spectrometry studies supported
formation of a multinuclear species with a 1 :1 ratio of Eu(III)
metal ions to ligand, inconsistent with our initial hypothesis
that triple helicate or tetrahedral structures would form.
Subsequent characterization supported the formation of a Ln6L6
circular helicate complex (1; Figure 1) in the presence of Eu(III)
ions and revealed the effect of lanthanide ionic radius on the
outcome of the self-assembly reactions.

Characterisation of unexpected Eu6L6 complex

Self-assembly reactions performed in acetonitrile at 333 K with
two equivalents of europium(III) triflate and three equivalents of
ligand generated a complex, broadened 1H NMR spectrum
consistent with the coordination of paramagnetic europium
ions to L1. By contrast, the mass spectrum clearly displayed
intense peaks for a single multinuclear complex (Eu–1) with a
Eu6L6 formula, and ten to fifteen triflate counterions (Figure 2a).

Repeating the self-assembly reaction with a 1 :1 Eu :L1
stoichiometry, reflecting the dominant species observed by
mass spectrometry, enabled a better defined 1H NMR profile to
be obtained (Figure S10). The number of resonances in the
1H NMR spectrum is suggestive of isomer formation, with
isomers possible due to cis/trans isomerisation of the amide
bond as well as head-to-tail coordination isomers[11] arising
from the variable orientation the unsymmetric ligand L1
(Supporting Information S4.2). 1H DOSY NMR analysis of this
mixture at 6.02 mM Eu(III) concentration supported formation
of a single species with a hydrodynamic radius of 1.52 nm,
whilst 1H DOSY NMR spectra collected at higher Eu(III) concen-
trations suggested a larger hydrodynamic radii (2.97 nm)
indicative of aggregate formation, most likely a dimer. By
comparison, DOSY analysis of the ligand in the absence of
metal ions gave a hydrodynamic radius of the ligand as 0.62 nm
(Figure S3).

We next evaluated the role of triflate counterions in the self-
assembly reaction. Low temperature 19F NMR spectra (Fig-
ure S12) revealed multiple fluorine environments suggestive of
coordination of triflate to the europium metal centers. Relative

Figure 1. Synthesis of Eu6L6 circular helicate (Eu–1) from L1 and europium(III)
triflate. The highest symmetry isomer of Eu–1 is shown for simplicity,
however, NMR analysis indicates a mixture of isomers coexist in solution
(Supporting Information S4.2). The Eu6L6 model was generated using
Avogadro[12] and does not include counterions or solvent molecules.

Figure 2. Mass spectra for complex Eu–1: a) ESI mass spectrum; b) simulated and experimentally observed isotope pattern for [Eu–1(OTf)14]
4+; and c) IM–MS

data for three Eu–1 cations. For each ion, one TWCCSN2 distribution from one data set was fitted to a Gaussian distribution. The ionic diameter calculated from
the TWCCSN2 measurement is consistent with modelling and DOSY experimental data.
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integration of the 19F NMR signals for free and bound triflate
supports three triflate ions occupying a unique chemical
environment. Self-assembly reactions performed in CD3CN with
EuCl3 · 6H2O or Eu(NO3)3 · 5H2O in place of Eu(OTf)3 yielded only
insoluble products. Complexation reactions of L1 and Eu(OTf)3
in the presence of dodecaisopropylbambus[6]uril which is
known to bind triflate counterions,[16] also failed to yield soluble
products. Together these results support an active role for
triflate in the formation of Eu--1.[17] We therefore hypothesize
that up to three counterions coordinate alongside acetonitrile
solvent molecules to fulfill the coordination sphere require-
ments of the europium(III) ions within the complex. Attempts to
observed bound 13CD3CN, were inconclusive with no signals
consistent with bound solvent observable by 13C NMR spectro-
scopy (Figure S18); we attribute this to signal broadening upon
coordination to the paramagnetic Eu(III) center.

Further support for the proposed Eu6L6 circular helicate
structure was obtained using ion mobility mass spectrometry
(IM–MS), which measures the mass and structure of an analyte
in the same experiment.[18] Structural information is provided in
form of collisional cross sections (CCS), which correspond to the
size and shape of the analyte as well as to the interactions with
a neutral buffer gas (here we use nitrogen). Analysis of the
different charge states corresponding to complex Eu–1 indi-
cated that the sequential loss of counterions did not signifi-
cantly alter the TWCCSN2 of the cation (Figure 2c), which suggests
a minor impact of the triflate counterions on the overall
structure.

Mass to charge peaks corresponding to the cation with
three or less triflate ions, which we postulate are coordinated
directly to the metal center, were not observed under the
conditions of the experiment. TWCCSN2 values of Eu–1 were
converted to an ionic diameter of 3.33 nm, based on the
assumption of a hard sphere model,[19] which was in good
agreement with the hydrodynamic radius calculated by 1H
DOSY NMR spectroscopy (Table S12). Closer examination of the
mass spectra also revealed evidence for the formation of
aggregates consistent with concentration dependent changes
in the hydrodynamic radii observed during DOSY NMR analysis.

Structural models of the proposed circular helicate complex
with cis and trans amide configurations, as well as a linear Eu6L6
structure were generated using Avogadro[12] (Figure S51). The
maximum dimension for each model was measured at 3.8, 4.0
and 6.3 nm for the circular helicate with cis amide linkages,
trans amide linkages and the linear structure, respectively. For
both helicate models, the maximal diameter of the model was
slightly larger than the experimentally determined diameters
obtained by DOSY NMR (3.04 nm) and ion mobility mass
spectrometry (3.33 nm), indicating that in solution the helicate
may exist in a more closely packed configuration (Table S12).
Formation of a catenated structure ((Eu3L3)2) could be ruled out
on the basis of the collision induced dissociation studies
(Figure S48) which indicated fragments of varying sizes were
routinely produced and did not show preferential formation of
a Eu3L3 fragment.[20] Despite exhaustive attempts to isolate
crystals of a Ln6L6 complex no suitable conditions were found,
this we attribute to the presence of a mixture of isomeric

species (Supporting Information S4.2) in solution as well as
labile Ln� L bonds which were readily disrupted by many of the
solvents introduced during attempts to isolate the complex.

Luminescence studies were also undertaken on the reaction
mixture in CD3CN, enabling the determination of the lifetime
and quantum yield of Eu6L6. Ligand sensitized europium(III)
luminescence (λexc=330 nm, λem=617 nm) afforded a typical
emission spectrum with four discernable bands corresponding
to the (5D0!

7FJ J=0� 4 transitions). The luminescence lifetime
recorded at the emission maximum (617 nm) enabled measure-
ment of the luminescence lifetime (τ) as 305 μs and the
quantum yield (Φ) was determined as 0.9%. These compara-
tively low values support our hypothesis that the dipicolinic
acid moieties do not fully saturate the lanthanide coordination
sphere, and counterions and solvent, which allow for non-
radiative decay pathways, are included within the metal
coordination sphere.[21]

Effect of lanthanide salt on supramolecular architecture

Following characterization of the Ln6L6 structure with europium
we sought to explore whether this structure was uniquely
formed with europium(III) triflate or if it could be made with
alternative lanthanide ions.[22] Mass spectrometric analysis of
reaction mixtures generated from 1 :1 ratios of lanthanide
triflates, where Ln=Sm(III), Tb(III) or Gd(III), and L1 in acetonitrile
supported the formation of Ln6L6 complexes in all cases
(Figures S22, S24 and S26). For the Sm(III) reaction mixture
DOSY NMR confirmed exclusive formation of a single species
with a hydrodynamic radius comparable to that reported for
the Eu6L6 structure under similar conditions (Figure S20). More-
over, pulsed Hahn Echo Detected Field Sweep (EDFS) measure-
ments at 5 K (Figure S53), of the Gd6L6 complex (Gd–1)
displayed broad signals due to a large distributed zero-field
splitting (ZFS) parameter indicative of Gd(III) coordination to
dipicolinic acid moieties.[23]

To extract inter- spin distance information from the
complex, Relaxation Induced Dipolar Modulation Enhancement
(RIDME) experiments were performed at Q-band (33.62 GHz)
(Figure S55). This single frequency technique is described in
detail elsewhere.[24] Homo-spin RIDME has been successfully
applied for distance determination in Gd(III) containing
complexes,[25] but to our knowledge not yet in systems
containing more than two Gd(III) centres. The RIDME measure-
ment of the sample in a mixed solution of CD3CN :d8-toluene/
7 :3 (200 μM) after being flash frozen in liquid N2 and storing at
� 80 °C gave sharp distances with maxima of 1.5 nm, 2.5 nm
and 3.2 nm. These values are consistent with the modelled
hexanuclear structure and correlate more closely with the
Gd⋯Gd distances in the model where each of the amide bonds
is held in a cis configuration (Figure 3).

When the lanthanide triflate was changed to lutetium(III) or
ytterbium(III), mass spectrometry revealed mixtures of self-
assembled products containing Ln2L3 and Ln4L6 supramolecular
architectures (Figures S31 and S34). These metal to ligand ratios
are commonly observed in metal–organic self-assembly reac-
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tions and correspond to triple helicate and tetrahedral
architectures, respectively. Both architectures would be ex-
pected to incorporate fully saturated metal ion coordination
spheres with three tridentate chelates bound at each metal
center, and thus would be differentiated from Ln6L6 structures
by their photophysical properties.

For the mixture generated with lutetium(III) triflate, no
evidence for formation of a Lu6L6 complex was observed under
any conditions. The Lu2L3 and Lu4L6 complexes were observed
to form cleanly by mass spectrometry, whilst 1H NMR spectro-
scopic analysis of the mixture supported multiple ligand
environments consistent with formation of constitutional
isomers where each ligand resonance was found in several
similar chemical shift environments (Figure S30). The DOSY
analysis identified two discrete species with hydrodynamic radii
of 1.54 and 1.81 nm which are consistent with Lu2L3 and Lu4L6
structures, respectively, based on comparison with single-crystal
X-ray structures[4a] of structurally related complexes found in the
literature. By contrast, mass spectrometry analysis of reaction
mixtures generated using ytterbium(III) triflate indicated the
mixture consisted of three complexes with Yb2L3, Yb4L6 and
Yb6L6 metal:ligand ratios. The 1H NMR spectrum of a mixture
generated from a 1 :1 combination of Yb(OTf)3 and L in
acetonitrile indicated multiple peaks across the chemical shift
range � 30 to 25 ppm (Figure S32).

The observation that Yb(III) and Lu(III) are able to generate
the predicted self-assembly products with 2 :3 M :L stoichiom-
etry in contrast to reactions performed with Sm(III), Tb(III), Gd(III)
and Eu(III) can be rationalized when considering the relative
nine coordinate ionic radii of the metal ions.[26] Previous
reports[22,27] have highlighted that the ionic radii of lanthanide

ions plays a significant role in determining the outcome of
supramolecular self-assembly reactions. In this study, nona-
coordinated Yb(III) and Lu(III) have the smallest ionic radii (<
110 pm) and are able to accommodate three tridentate binding
sites for L1. The other cations investigated all have notably
larger nine coordinate ionic radii (>110 pm)[26] and either
support formation of a Ln6L6 complex, or in the case for La(III)
and Nd(III) which have the largest ionic radii, generate
featureless spectra and/or precipitate inconsistent with forma-
tion of discrete polynuclear species. Reactions with Y(OTf)3,
which has an intermediate ionic radius larger than Yb(III) but
smaller than Tb(III), also failed to generate discrete complexes
(Figure S35).

Role of amide linkage in ligand

We next evaluated the outcome of europium self-assembly
reactions with a structurally related ligand (L2; Figure 4)) which

Figure 3. a) Schematic model of M6L6 circular helicate indicating the three distinct Gd⋯Gd distances (Gd1⋯Gd2, Gd1⋯Gd3 and Gd1⋯Gd4); b) tabulated
measurements of distances taken from models generated with Avogadro[12] and c) five pulse RIDME trace (black), fit (red) and background (blue) determined
by neural network analysis of Gd-1 after storing at � 80 °C, measured at Q-band (33.62 GHz), at a temperature of 5 K with Tmix=100 μs, d) Corresponding
distance distribution with 95% confidence interval shown as the blue shaded region, with the maxima of each peak of the distribution annotated.

Figure 4. Single crystal X-ray structure[28] of L2 incorporating a central
� CH2CH2� linkage in place of the amide (� CONH� ) within L1.

Wiley VCH Freitag, 15.12.2023

2371 / 325750 [S. 153/155] 1

Chem. Eur. J. 2023, 29, e202302497 (4 of 6) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202302497



incorporates a symmetrical ethylene linkage in place of the
amide in L1.

Ligand L2 was prepared following a similar synthetic
protocol used in the preparation of L1 and utilized in self-
assembly reactions with europium(III) triflate in a 1 :1 and 2 :3
metal: ligand ratio. Following self-assembly, 1H NMR spectro-
scopic analysis indicated broadened NMR resonances consistent
with coordination of the ligand to the paramagnetic metal
centre in both reactions. Closer analysis of the 1H NMR spectra
revealed significant differences between the two samples, with
more features being observed in the 2 :3 metal: ligand ratio
reactions. Only one fluorine environment was observed by
19F NMR spectroscopy in both reaction mixtures consistent with
bulk triflate anions. Mass spectrometry data for both reaction
mixtures also supported different compositions. At 1 : 1 metal:
ligand ratios, signals corresponding to EuL2 and Eu2L22

complexes were identified, whilst 2 : 3 metal: ligand ratios
resulted in observation of Eu2L23 and Eu2L22 complexes under
comparable measurement conditions. Luminescence measure-
ments of the reaction mixture generated with two equivalents
of europium(III) triflate and three equivalents of L2 supported
exclusion of solvent molecules from the inner coordination
sphere of the lanthanide ions. Furthermore, significantly longer
luminescence lifetimes (1.43 ms) and improved quantum yields
of 11% (versus the 0.9% recorded for Eu–1) were recorded for
reaction mixtures generated with europium(III) triflate and L2.

The structures observed by mass spectrometry for reactions
with L2 all correspond to low nuclearity ions, indicating that the
amide linkage within L1 is required for formation of the
hexanuclear Ln6L6 complex. We thus propose that formation of
the Ln6L6 structure may be governed by the increased rigidity
of L1 versus L2 which together with the functional groups in
the ligand disfavours formation of a close packed Ln2L3 helicate.

Conclusions

Exclusive formation of a hexanuclear Ln6L6 structure is demon-
strated with europium(III), samarium(III), terbium(III) and
gadolinium(III) triflate salts. The cationic radius is one determi-
nant of the architecture whilst inclusion of the triflate counter-
ion is also shown to be essential for formation of this structure.
Replacement of the central amide moiety in ligand L1 with a
symmetric ethylene bridge generates a second ligand (L2) of
comparable span to L1. Despite the similar ligand parameters
and shared metal coordination sites, ligand L2 does not support
formation of the Ln6L6 complex indicating that the central
moiety influences the outcome of the self-assembled structure.
An improved understanding the parameters which govern
lanthanide based self-assembly is essential if the full potential
of these multinuclear architectures is to be realized. Here, we
show how the change in architectural type determined by the
cation, anion and ligand can dictate formation of a Eu6L6
structure with open coordination sites which detrimentally
impacts the luminescence properties of the complex but offers
the opportunity for appropriately chosen guest molecules to

interact with the supramolecular architecture; work towards this
is currently ongoing.

Experimental Section
General Ln6L6 self-assembly procedure: L1 (1 equiv.) and Ln(OTf)3
(1 equiv.) were dissolved in CD3CN (0.5 mL), resulting in a pale-
yellow solution. The solution was sealed in a J-Young NMR tube,
and three vacuum/N2 fill cycles were applied to degas the solution,
before being heated (333 K, 24 hr).

Eu6L16 (6.02 mM Eu concentration): 19F NMR(470 MHz, 298 K,
CD3CN): � 79.54 (Int=5), � 75.76 (Int=1) ppm. DOSY diffusion
coefficient (CD3CN, 298 K): 4.309×10� 10 m2 s� 1. Accurate mass m/z:
[Eu2L12.(OTf)2]

4+ =427.514 (� 6.316 ppm), [Eu2L12 . (OTf)3]
3+ =

619.002 (� 5.816 ppm), [Eu6L16 . (OTf)10]
8+ =715.247(� 5.173 ppm),

[Eu2L13 . (OTf)3]
3+ =804.056 (� 4.726 ppm), [Eu6L16.(OTf)11]

7+ =

838.990 (� 5.006 ppm), [Eu6L16 . (OTf)12]
6+ =1003.980 (� 5.478 ppm),

[Eu6L16 . (OTf)13]
5+ =1234.167(� 4.537 ppm), [Eu6L16 . (OTf)14]

4+ =

1579.697 (� 4.178 ppm), [Eu6L16 . (OTf)15]
3+ =2156.248

(� 3.525 ppm).

EuL2/Eu2L22: L2(5.0 mg, 9.28 μmol, 1 equiv.) and Eu(OTf)3 (5.56 mg,
9.28 μmol, 1 equiv.) were dissolved in CD3CN (0.5 mL), resulting in a
pale-yellow solution. The solution was sealed in a J-Young NMR
tube and subject to three vacuum/N2 fill cycles to degas the
solution, before being heated (333 K, 24 hr). Accurate mass m/z:
[EuL2.(OTf)]2+ =420.027 (� 5.476 ppm), [EuL2 . (OTf)2]

+ =989.005
(� 5.460 ppm), [Eu2L22 . (OTf)4]

2+ =989.005 (� 5.763 ppm)Da.

Eu2L23/Eu2L22: L2(5.0 mg, 9.28 μmol, 3 equiv.) and Eu(OTf)3
(3.71 mg, 6.19 μmol, 2 equiv.) were dissolved in CD3CN (0.5 mL),
resulting in a pale-yellow solution. The solution was sealed in a J-
Young NMR tube and subject to three vacuum/N2 fill cycles before
being heated (333 K, 24 hr).19F (470 MHz, 298 K, CD3CN):
� 79.27 ppm. Accurate mass m/z: [Eu2L23 . (OTf)]

5+ =413.468
(� 4.595 ppm), [EuL2 . (OTf)]2+ =420.027 (� 5.476 ppm), [L2+H]+ =

539.190 (� 5.749 ppm), [Eu2L23 . (OTf)2]
4+ =554.073 (� 4.332 ppm),

[EuL22 . (OTf)]
2+ =689.119 (� 4.644 ppm), [Eu2L23 . (OTf)3]

3+ =789.08
(� 5.449 ppm), [EuL2 . (OTf)2]

+ =989.005 (� 5.460 ppm),
[Eu2L22 . (OTf)2]

2+ =989.005 (� 5.763 ppm), [Eu2L23 . (OTf)4]
2+ =

1258.098 (� 4.690 ppm), [EuL22 . (OTf)2]
+ =1527.190 (� 4.125 ppm).

Deposition Number(s) 2291650 (for L2) contain(s) the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service.
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