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Crystal engineering of monometallic lanthanide(III)
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hydrazone Schiff-base ligand†
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A comprehensive series of mononuclear Ln(III) complexes based on N3-tridentate Schiff-base ligand L have

been synthesized using triflate or nitrate lanthanide(III) metal salts. X-ray structural characterization shows

that the obtained complexes exhibit a variety of coordination modes around the Ln(III) centers tuned

through appropriate counterions and reaction conditions. Examination of the above-mentioned factors

reveals that, in the case of all lanthanide assemblies, we observe anion-driven structural diversity. Tuning of

the crystal structure of the formed supramolecular systems is also highly influenced by the lanthanide

contraction phenomenon, directly resulting in a series of isostructural groups, with general formulae of

[ML2(OTf)nX3−n](OTf)3−n, if n = 2, X = MeCN (except for Yb), and if n = 1, X = MeOH in the triflate series, and

[ML(NO3)3(X)](Y), where X and Y represent MeOH, MeCN or H2O, respectively, in the nitrate series. The

present study gives insight into the lanthanide contraction phenomenon within the tridentate

N-heterocyclic coordination architectures of Ln(III) systems and can serve for targeted manipulation of

properties through molecular tectonics and crystal engineering aspects in the domains, where subtle

changes of the Ln(III) coordination spheres are important like molecular magnetism or catalysis.

Introduction

Self-assembly and self-organization of individual molecules
into highly ordered supramolecular systems with specific
arrangements of separate molecular moieties forming given
assemblies are essential processes in supramolecular
chemistry.1–4 However, while these phenomena are well-
recognized in many scientific fields and for numerous
chemical compounds,5–12 it remains a challenge to control
the characteristics and complexity of creating supramolecular
systems. Consequently, various factors that could significantly

impact self-sorting and self-assembly events such as external
variables (reaction conditions, temperature, concentration,
solvent, stoichiometry, pH, etc.) and so-called ‘molecular
codes’ (size and shape, steric effect, hydrogen bond
complementarity, charge transfer and coordination sphere)13

have been studied over many years. The aim is to gain better
insights into possibilities of forming a wide range of
structures for final supramolecular architectures, related to
the presence of different intermolecular forces like hydrogen
bonds, metal–ligand interactions, or other weak non-covalent
interactions such electrostatic, van der Waals and
π-interactions.14–18 Therefore, the above-mentioned
dependencies are crucial when it comes to the rational design
of supramolecular systems, especially concerning their related
properties resulting from their rich structural diversity.
Hence, it is necessary to continue exploring such influences
to better understand the interactions arising at the molecular
level. In the literature, numerous examples of different
coordination compounds exist, whose properties depend
entirely on their crystal structure motifs. The specific
influence of the coordination sphere around the metal ions
has been widely studied recently, notably in terms of
magnetic behavior characteristics, where slow magnetic
relaxation processes can be tuned by the coordination
geometry determined by (i) the ligand field, (ii) the presence
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of additional coordinated solvent molecules, (iii) coordination
anion effects, (iv) electrostatic effects, e.g. the symmetry of
charge distribution around the metal ions, or by (v) guest
molecules, e.g. the lattice solvents.19–25 Among various types
of ligand molecules that display flexibility and structural
tunability, our attention has focused on hydrazone-type
ligands, which continuously remain of great interest due to
facile synthesis methods and subsequent formation of
metallosupramolecular architectures with multifunctional
characteristics. Considering the design of metal complexes
based on f-electron metal ions, the lanthanide contraction
phenomenon has been taken into consideration for its
influence on preferences for coordination motifs of individual
metal ions in the presence of different coordinating ligand
molecules. Additionally, lanthanide contraction can directly
influence properties, which is another crucial aspect in the
field of coordination chemistry, where structural diversity is a
determining factor of possible applications of Ln(III)
supramolecular systems.26,27 The complexes for the further
study of luminescence/magnetism properties among different
coordination modes/metal ions have been synthesized based
on the following aspects. The chemistry of lanthanide-based
assemblies is constantly being developed towards fascinating
coordination properties of lanthanide ions with the possibility
of creating various supramolecular architectures
(mononuclear/polynuclear systems) and also their intriguing
photophysical and magnetic properties, which determine
their possibilities of multifunctional applications related to
NIR emission, CPL studies, optical probes and sensing/
imaging materials, host–guest chemistry featuring
luminescence characteristics or storing and processing
information at the molecular level featuring magnetic
properties.28

The N3-tridentate hydrazone Schiff-base ligand has been
structurally designed in a way to minimize the possibility of
the creation of more complicated systems such as hydrogen
bonded supramolecular networks, which could have been
made possible due to the introduction of methyl groups on
nitrogen atoms into the ligand scaffold, which blocked such
types of supramolecular interactions and formed
monometallic, single molecule complexes. This is especially
directed in the aspects of designed complexes with magnetic
properties and possible applications as effective Single-Ion
Magnets. Based on our experience and the literature
knowledge, we suppose that designed monometallic
lanthanide complexes based on hydrazone ligand L will
demonstrate wide tuning of properties with slight structural
changes. This supposition is supported by known examples
of such complexes based on similar ligands with
characteristics like magnetic behavior,29–31 biomimetic
systems,32 biological activities,33,34 catalytic35–37 and
luminescence properties.38,39 Previously, we demonstrated
that monometallic complexes of Er(III) and Yb(III) with ligand
L can exhibit field-induced Single-Ion Magnet behavior,
resulting from the appropriate tuning of the ligand donor
atoms around the prolate lanthanide(III) ions.40 Due to the

importance of these aspects in observing slow magnetic
relaxation and the temperature at which it occurs, we decided
to investigate how the parent composition of these complexes
changes within the same ligand scaffold. In our investigation,
we will consider: (i) the lanthanide contraction phenomenon,
(ii) the influence of counterions and (iii) synthetic
conditions.

Here, we report the synthesis of monometallic lanthanide
complexes with tridentate ligand L, using a number of triflate
or nitrate lanthanide(III) metal salts, with the aim of
structurally characterizing them and examining the influence
of utilizing appropriate counterions/lanthanide ions on
tuning the crystal structure of the formed supramolecular
systems. All of the complexes were characterized via FT-IR
and mass spectra analysis, particularly emphasizing single
crystal X-ray diffraction studies so that even subtle changes
in the supramolecular compound architectures can be
discerned as a function of the Ln(III) salt as well as the
reaction conditions. We observe multi-level control of the
structure of simple Ln–L complexes, finding that the crystal
structures of these assemblies clearly depend on several
factors used during the synthesis (Fig. 1). Firstly, the
counterion chosen during the synthesis directly influenced
the stoichiometry of the ligand to metal ratio of the obtained
complexes – 2 : 1 in the triflate series or 1 : 1 in the nitrate
series. Secondly, the choice of the lanthanide(III) ion affects
the specific coordination sphere of the central ion, mainly
coordinating a different number of triflate anions, different
coordination modes – monodentate or bidentate of the
nitrate counterions, or preferences of the Ln(III) center to be
coordinated by the different donor atoms from various
solvent molecules, as a consequence of lanthanide
contraction. These detailed dependences are essential for
designing supramolecular systems with the desired structure
and for fine-tuning the properties of the formed
lanthanide(III) complexes at the molecular level.

Experimental
Reagents and physical measurements

Organic compounds, metal salts and solvents were of
analytical grade quality and were supplied by Aldrich. All
manipulations were performed under aerobic conditions
using solvents and chemicals as received unless otherwise
stated. ESI mass spectra of methanolic solutions ∼10−4 M
were determined using a Waters Micromass ZQ spectrometer.
IR spectra were obtained with a Bruker FT-IR IFS 66/s
spectrophotometer and peak positions are reported in cm−1.
All NMR spectra were recorded on a Bruker-600 MHz-
AvanceNEO spectrometer.

Synthesis of the lanthanide complexes

Ligand L was prepared as reported by us previously.41

However, we obtained a single crystal suitable for X-ray
analysis in another form of the ligand, upon
transformation to its hydrobromide salt and using slow
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diffusion of iPr2O into the methanolic solution at 4 °C.
Changing the ratio of L : Ln(III) salt has not resulted in
compounds with different stoichiometry but only to a
decrease in the overall yield. Therefore, the presented
procedure allows for the most efficient synthesis of
compounds 1–25. The molar ratio of the ligand to the
corresponding metal salt for complexes 1–12 was 2 : 1. For
complexes 13–25, the molar ratio of the ligand to the
corresponding salt was 1 : 1. Complexes 10, 11, 22 and 24
were obtained by us previously40 and for the sake of
completeness, they are presented here as well. Synthetic
procedure details and characterization of the lanthanide
complexes are depicted in the ESI.†

X-ray crystallography

Diffraction data were collected by the ω-scan technique on
Agilent Technologies four-circle diffractometers: for 1, 7a,
19 and 23 at 295(2) K on a SuperNova with an Atlas CCD
detector, equipped with a Nova microfocus CuKα radiation
source (λ = 1.54178 Å), for 2, 5, 6, 11, 15 and 20 at room
temperature, for 9, 13, 16, 17, 18, 22 and 24 at 120(1) K,
for 2a, 3, 4, 7, 8, 10, 14 and 21 at 100(1) K on an
Xcalibur with an Eos CCD detector and graphite-
monochromated MoKα radiation (λ = 0.71069 Å), for Tb-
perchlorate using graphite-monochromated MoKα radiation
(λ = 0.71073 Å), at 100(1) on a Rigaku XCalibur four-circle
diffractometer with an EOS CCD detector and for LH·Br−

and Eu-hydrogen at 130(1) K, and for 25 at room
temperature, with mirror-monochromated CuKα radiation
(λ = 1.54178 Å), at 100(1) on a Rigaku SuperNova four-
circle diffractometer with an Atlas CCD detector. The data
were corrected for Lorentz-polarization as well as for
absorption effects.42 Precise unit-cell parameters were
determined by a least-squares fit of reflections of the
highest intensity, chosen from the whole experiment. The
structures were solved with SIR92 (ref. 43) and refined

with the full-matrix least-squares procedure on F2 using
SHELXL-2013.44 The scattering factors incorporated in
SHELXL97 were used. All non-hydrogen atoms were refined
anisotropically, and hydrogen atoms in the complexes as
well as methyl and hydroxyl hydrogens in LH·Br− were
placed in idealized positions and refined as ‘riding models’
with isotropic displacement parameters set at 1.2 (1.5 for
methyl or hydroxyl groups) times Ueq of appropriate carrier
atoms. In the structures of 7, 8, 10, and 11, voids filled
with diffused electron density were found; as the modelling
of solvent molecules was in these cases unsuccessful, the
SQUEEZE procedure45 was applied. Crystals of 17, 22 and
24 were found to be two-component twins and this was
taken into account both in data reduction and structure
refinement. The crystallographic data and parameters are
presented in Tables S1–S3.† Values of the Flack parameter46

for 2–5 (Pca21) do not allow the absolute structure to be
determined. It should be noted, however, that due to the
presence of mirror planes in the point-group symmetry,
both the molecule and its mirror image are present in the
crystal structures. Large values of the Flack parameter may
be caused not only by experimental reasons but also by
pseudo-centrosymmetry of the structures (80–90%).
Crystallographic data (excluding structure factors) for the
structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, no. CCDC-2338931 (LH·Br−),
CCDC-1005948 (1), CCDC-1005949 (2), CCDC-1052303 (2a),
CCDC-1052299 (3), CCDC-1005950 (4), CCDC-1005951 (5),
CCDC-1005952 (6), CCDC-1052307 (7), CCDC-1052306 (7a),
CCDC-1052308 (8), CCDC-1435578 (9), CCDC-1052304 (10),
CCDC-1435579 (11), CCDC-1435580 (13), CCDC-1052302 (14)
CCDC-1435581 (15), CCDC-1435582 (16), CCDC-1435583
(17), CCDC-1435584 (18), CCDC-1052300 (19), CCDC-
1006326 (20), CCDC-1052301 (21), CCDC-1435585 (22),
CCDC-1052305 (23), CCDC-1435586 (24), CCDC-2338933
(25), CCDC-2338932 (Tb-perchlorate) and CCDC-2338934
(Eu-hydrogen).

Fig. 1 The coordination behavior of the N3-tridentate Schiff-base ligand L with various lanthanide(III) salts influences the formation of
supramolecular architectures. Schematic representations illustrate the rich structural diversity resulting from the influence of variable factors.
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Results and discussion
Synthesis of monometallic lanthanide complexes

The reaction between the N3-tridentate hydrazone Schiff-base
ligand L and trivalent lanthanide salts (Ln(CF3SO3)3 or
Ln(NO3)3) in a mixture of acetonitrile/methanol at room
temperature leads to isolation of various monometallic
lanthanide(III) complexes, which can be divided into several
groups depending on the structure formed according to the
following general formulae: [ML2(OTf)nX3−n](OTf)3−n, where n
is 1, 2 or 3 respectively and X denotes the coordinating
solvent molecules or [ML(NO3)3(X)](Y), where X and Y denote
the coordinating solvent molecules. The triflate-based
systems exhibit a 2 : 1 ligand-to-metal ion ratio, while the
nitrate systems demonstrate a 1 : 1 ratio, noting that eventual
variations do not change the composition of the complex,
only the final yield of the isolated architectures. Specifically,
the triflate group can be divided into 4 sub-groups: (i)
[ML2(OTf)3] n = 3 (M – La, Pr, Nd, Sm, Eu, Gd – 1–6); (ii)
[ML2(OTf)2(MeCN)](OTf) n = 2 (M – Tb – 7a; Ho – 9); (iii)
[ML2(OTf)(MeOH)2](OTf)2 n = 1 (Tb – 7; Dy – 8; Er – 10); (iv)
[YbL2(OTf)2](OTf) – 11, where lanthanide contraction is the
primary factor for variation of counterion/solvent molecules
in the first/second coordination sphere of the Ln polyhedron.
The nitrate group is less diversified, with 2 sub-groups: (i)
[ML(NO3)3(X)](Y), where all nitrates remain as bidentate
modes (M – La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho – 13–21); (ii)
[ML(NO3)3(X)](Y), where one of the nitrate anions is present
in the monodentate mode (M – Er – 22, Yb – 24, Lu – 25),
while X and Y denote solvent molecules: MeOH, MeCN, H2O
or DMSO, respectively. All complexes have been fully
characterized by spectroscopic (FT-IR) and spectrometric
(ESI-MS) methods, followed by X-ray crystallography, clearly
indicating the formation of specific assemblies. The infrared
spectra (Fig. S1†) and mass spectra analysis (Fig. S2†) for one
complex from both the nitrate and triflate series are
presented as representative examples. Analysis of the IR
spectra (Fig. S1†) of complexes from both the triflate
(complex 8) and nitrate series (complex 20) confirms the
presence of the Schiff-base ligand within the structure by the
appearance of bands in the range from 1438–1322 cm−1

attributed to the CN stretching mode. The bands at 3404
cm−1 (8) and 3374 cm−1 (20) are assigned to the O–H
stretching mode of the methanol molecule present in the
crystal structure of the complexes, coordinated or not
coordinated to the Ln(III) center. In the IR spectrum of
complex 8, characteristic bands indicating the presence of
triflate anions are observed. Specifically, the ν(SO3) and
ν(CF3) asymmetric stretching bands appeared at 1303 cm−1

and 1231–1222 cm−1, respectively, while the ν(SO3) and ν(CF3)
symmetric stretching bands were observed at 1169 cm−1 and
1029 cm−1. For complex 20, the spectrum displays vibrations
indicating the presence of coordinated nitrate groups. The
asymmetric stretching band ν(NO2) appeared at 1497 cm−1,
the symmetric stretching band ν(NO2) ranged from 1291–
1238 cm−1 and the band at 1049 cm−1 was attributed to the

ν(NO) stretching from nitrate anions. The mass spectra of
terbium(III) complex 7 with triflate counterions (red frame)
and complex 19 with nitrate counterions (blue frame) showed
distinct mass fragmentation patterns with different ion peak
intensities, where we can distinguish peaks originating from
the protonated ligand molecule and lanthanide complexes
with variable arrangements of ligand molecules, counterions
or solvent molecules (Fig. S2†). Considering representative
examples of mass spectrum analyses for Tb(III) complexes
with different counterions and the synthesized lanthanide
series, it is suggested that nitrate analogues with only one
coordinating ligand L are more stable than triflate
complexes. In some cases, the intensity of the signal from
the protonated ligand molecule – 216 [LH]+ is less intense in
nitrate complexes, but more notably, the intensity of signals
from complex entities – 315 (100) [TbL(NO3)3(H2O)2(CH3OH)
+ 2H+]2+ and 498 (45) [TbL(NO3)2]

+ is higher than in triflate
analogues – 554 (20) [TbL(CF3SO3)(CH3OH)–H+]+ and 887 (15)
[TbL2(CF3SO3)2]

+. Characterization for the diamagnetic Lu(III)
triflate (12) and Lu(III) nitrate (25) complexes as
representative examples was further supported by 1H NMR
spectroscopy. The investigated 1H NMR spectra of both
complexes clearly show significant shifts in proton signals
compared to the 1H NMR spectrum of ligand L recorded in
acetonitrile-d3 (Fig. S3†). The notable shifts were observed for
protons from the pyridine: H1–H4 (downfield), imine: H6

(downfield) and imidazole moieties: H8 (upfield) and H9

(downfield), which additionally confirms the coordination of
the lanthanide(III) ions in both triflate and nitrate Lu(III)
compounds through nitrogen atoms from the pyridine, imine
and imidazole moieties from the ligand molecule. Comparing
proton signals in the NMR spectra of complexes 12 and 25,
we are able to observe slight differences in shifts, suggesting
that in the case of these two complexes, different systems are
formed. In the case of the nitrate complex (25), it is a 1 : 1
ligand-to-metal ratio system, which has been additionally
confirmed by the obtained crystal structure, where the
lutetium(III) ion is coordinated by one ligand molecule, three
nitrate counterions and an additional DMSO molecule. In the
case of the triflate complex (12), as the spectrum differs from
the representative spectrum of the nitrate analogue of the 1 :
1 system, we can predict that in this complex, two ligand
molecules take part in the coordination of the lanthanide(III)
ion, as has been observed in other crystal structures of the
triflate complexes through the whole lanthanide series
synthesized here.

Single crystal X-ray analysis

General information. Single X-ray diffraction studies reveal
that the crystal structures of the ligand L complexes with the
rare earth elements can be divided into a number of
isostructural series depending on the choice of appropriate
salts used during the synthesis. Factors such as the molar
ratio of the ligand to metal ion and crystallization conditions
also influence these structural dependencies. High degrees of
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isostructurality can be seen from the similarity of unit cell
parameters (cf. the Experimental section) as well as from the
identical positions of the molecules in the unit cells. Actually,
the atomic coordinates from one complex in the series could
be transferred to any of the other structures from the same
series and – after literally a few cycles of refinement – ended
up in the final model. It might be noted that in the crystal
structures, there are neutral complexes (1–6, 13–25),
monocationic (7a, 9, 11) and dicationic ones (7, 8, 10). The
structures with the neutral complexes (and sometimes
solvent molecules) are by far the most popular ones;
moreover, the charged complexes are always accompanied by
triflate and not nitrate anions. These dependences are
crucial, particularly in applications where subtle changes in
the central metal ion environment is of importance. In fact,
in the crystal structures of supramolecular systems are
present different counterions and solvent molecules, as well
as, their specific arrangement in the coordination sphere;
this can greatly influence the magnetic behavior of Single-
Molecule Magnets, which seems to be a rational direction in
designing new compounds as a way to affect the desirable
properties of the obtained architectures.19,21,23,25,47 In the
case of the nitrate series of complexes, we observe anion-
driven self-assembly shifted toward the formation of
monometallic lanthanide assemblies in 1 : 1 ligand-to-metal
ratio systems. This is due to the strong affinity of lanthanide
ions to oxygen atoms and the strong preference of Ln(III)
centers to adopt a coordination number of 9 or 10 in such
systems. The coordinated nitrate ions (usually in bidentate
mode) then push the second ligand molecule out of the
coordination sphere of lanthanide(III) ions and form stable
complexes. As a result, the coordination sites are filled with
only one ligand molecule, three nitrate counterions and one
solvent molecule, in contrast to the triflate series, where two
ligand molecules to a metal ion are always coordinated.

Triflate series. Analysis by single-crystal X-ray diffraction
reveals three distinct types of monometallic structurally
analogous groups among the investigated lanthanide
assemblies in the triflate series. These groups correspond to
complexes with the following molecular formulae: 1)
[LnL2(SO3CF3)3]: 1 (La), 2 (Pr), 3 (Nd), 4 (Sm), 5 (Eu), and 6
(Gd), 2) [LnL2(SO3CF3)2CH3CN]

+(SO3CF3)
−: 7a (Tb) and 9 (Ho)

and 3) [LnL2(SO3CF3)(CH3OH)2]
2+2(SO3CF3)

−: 7 (Tb), 8 (Dy),
and 10 (Er). Additionally, there are two distinct complexes
that differ in certain aspects from any of the isostructural
groups within the triflate series: 4) [PrL2(SO3CF3)3]CH3CN: 2a
and 5) [YbL2(SO3CF3)2]

+SO3CF3
−: 11 (Fig. 2).

The complexes forming specific groups (1–3) are
isomorphous and crystallize in identical space groups:
orthorhombic Pca21 (complexes 1–6), monoclinic P21/c
(complexes 7a, 9) and monoclinic P21/n (complexes 7, 8, 10),
respectively. The other two complexes crystallize in
monoclinic P21 and triclinic P1̄ space groups for complex 2a
and 11. Molecular structures for representative isostructural
and single complexes from the triflate series are provided in
Fig. S4.† For all lanthanide(III) complexes from this series,

some similarities and general differences are observable,
which will be described upon in detail. When the triflate
lanthanide(III) salts are used during the synthesis, the formed
complexes always consist of the Ln(III) center coordinated by
six nitrogen atoms originating from pyridine (atoms N1A/B),
imine (atoms N8A/B) and imidazole (atoms N14A/B) groups –

three from each of the two ligand molecules. Generally, the
remaining coordination sites are filled by oxygen atoms from
triflate anions or, in some cases, donor atoms of oxygen/
nitrogen from solvent molecules (methanol, acetonitrile). As
a result, the coordination number is mostly 9, except for the
complex with the Yb(III) ion (11), where a lower coordination
number of 8 is observed. The choice of different
lanthanide(III) ions also influences the coordination modes
present in monometallic complexes. Apart from the
coordination of two ligand molecules to the metal ion, the
coordination spheres are further filled by various additional
molecules (counterions or solvent molecules), with their
arrangement being a fundamental distinction in these
supramolecular systems. In general, four groups of
compounds can be identified, where metal ions are
coordinated by the same donor atoms. This diversity in
coordination modes for selected lanthanide ions is
represented in Fig. 3a–d, shown as representative examples.

When we get insight into the isostructural groups, we can
observe common features among cationic complexes with

Fig. 2 Coordination modes present in the crystal structures of
monometallic complexes from the triflate series.
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terbium (7, 7a), holmium (9), dysprosium (8) and erbium (10)
metal ions. These complexes exhibit crystal structures that
also contain diffuse electron density regions, probably filled
by the disordered water molecules, which is not observed in
the case of neutral complexes with other lanthanide
complexes from the triflate series. Based on the crystal
structures of the obtained triflate complexes, generally there
are compounds where besides nitrogen atoms from the
ligand molecule, coordination sites are filled differently: 1)
three oxygen atoms from monocoordinated CF3SO3

− anions
are present (complexes 1–6), 2) only two oxygen atoms from
monodentate CF3SO3

− anions are observed (complex 11), 3)
two oxygen atoms from monodentate CF3SO3

− anions and an
additional nitrogen atom from the acetonitrile molecule are
found (complexes 7a, 9) and 4) solely one oxygen atom from
a monodentate CF3SO3

− anion and two additional oxygen
atoms from methanol molecules are identified (complexes 7,
8, 10). Therefore, for most systems in this series, we can
observe the relationship that if three triflate anions present
in the structure of the complex participate in the
coordination lanthanide ion, the coordination sphere
remains unoccupied by any other solvent molecules. The only
exception to this observation occurs in complex 2a, where the
crystal structure shows an additional acetonitrile molecule,
not coordinated to the central ion. According to this, for the
complex with the praseodymium(III) ion, two similar
supramolecular systems were obtained. This difference
directly results from the varied selection of crystallization
conditions, which influence the crystal packing of the
mononuclear assemblies (Fig. S5†). This phenomenon is

quite interesting, because a minor change, such as an
additional solvent molecule in the crystal structure of the
supramolecular system, gives a non-centrosymmetric group
to the 2a lanthanide(III) complex. Another dependency
observed in these systems is that when the lanthanide ion is
coordinated by only one triflate counterion, it is consistently
coordinated also by two oxygen atoms from methanol
molecules. On the other hand, when the lanthanide ion is
coordinated by two triflates, it is typically also coordinated by
a nitrogen atom from an acetonitrile molecule. In such cases,
the crystal structure contains one or two additional triflate
counterions, which are not coordinated to the central ion
and balance the charge of monocationic or dicationic
assemblies, respectively. This dependency is not observed in
complex 11, where the crystal structures exhibit only two
coordinated oxygen atoms originating from monodentate
CF3SO3

− counterions. Therefore, this complex forms a
cationic system where the positive charge is balanced by a
single triflate counterion. Unlike the other complexes that
involve two coordinated triflate anions, there are no solvent
molecules coordinated to the Ln(III) center in complex 11. In
accordance with the lanthanide contraction, a noticeable
trend is the displacement of triflate anions from the
coordination sphere in favor of solvent molecules. This
change significantly influences the final charge of the
obtained complexes, a crucial factor in various scientific
fields with regard to inducing desirable properties in
designed supramolecular systems. We can observe these
dependences for example in the field of molecular
magnetism, where certain structural differences in the crystal
structures, like the cationic or neutral character of the metal
complex, can affect the magnetic anisotropy of these
compounds. This in turn can determine whether they behave
as a Single-Molecule Magnet or not, as demonstrated for
different metal complexes with d- or f-electron systems.48,49

Fig. 3 Coordination polyhedron representation for (a) Pr1 (2), (b) Yb1
(11), (c) Tb1 (7a) and (d) Dy1 (8) as representative examples of
coordination modes present in monometallic lanthanide complexes in
the triflate series, considering coordinating to the lanthanide ions
oxygen atoms from methanol or triflate molecules and nitrogen atoms
from acetonitrile and ligand molecules; for clarity, only coordinating
nitrogen atoms (N1A/B, N8A/B and N14A/B) from the ligand molecule
are shown, with the rest of the molecule omitted.

Fig. 4 Crystal packing representation for each isostructural group of
complexes from the triflate series: (a) 6, (b) 7a, (c) 10, and (d) 11 along
the a axis for (a) and (c) and along the b axis for (b) and (d).
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Moreover, the overall charge of metal complexes significantly
influences catalysis, when the charge-controlled catalyst can
influence greatly specific activation processes and types of
reactions having a direct impact on the activity and selectivity
of the catalyst, important factors in defining an effective
catalyst.50,51

Complexes from the triflate series, despite crystallizing in
different space groups belonging to distinct crystallographic
classes, exhibit quite similar geometries. However, several
differences are observed at the level of the crystal structure
architecture. The crystal packing motifs of each isostructural
group of complexes are presented in Fig. 4.

The crystal packing for distinct isostructural groups differs
mainly in the distribution of individual complex molecules
within the crystal lattice. Notably, in the demonstrated
representative complexes 6, 7a and 10, the unit cells contain
four molecules as a repetitive entity. In contrast, complex 11
contains only two molecules of the individual lanthanide
complex. The type of crystal structure observed in the
lanthanide assemblies significantly influences the final
supramolecular motifs in these systems. It is noteworthy that
in the triflate series, hydrogen bonding is present only in the
dicationic complexes (7, 8, 10). Within the crystal structure of
these complexes, the O–H⋯O hydrogen bonds are formed
between the triflate oxygen atom (not coordinated to the
Ln(III) center) and the methanol oxygen atom involved in the
coordination sphere (Fig. S6†). This observation highlights
the impact of crystal packing effects in these supramolecular
systems, particularly the presence of H-bond interactions in
the triflate complexes. The presence of hydrogen bonds is
crucial in supramolecular chemistry, as these non-covalent
interactions provide the structural complexity and molecular
diversity of the obtained supramolecular assemblies, offering
opportunities to influence and control their specific
properties.52–54

Nitrate series. X-ray crystallographic analyses revealed
numerous similarities among all lanthanide(III) complexes
from the nitrate series, as well as subtle differences that will
be detailed below. Firstly, if nitrate salts are used instead of
triflate ones, all complexes consistently crystallize as
monometallic species, but what it is worth mentioning that
each assembly crystallizes in the same P1̄ space group
belonging to the triclinic crystal system. This contrasts with
the triflate series, where distinct crystallographic groups were
observed for specific metal ions. Besides the lower ligand-to-
metal ratio and generally higher coordination numbers, a
significant difference distinguishes these supramolecular
systems from the complexes in the triflate series. The
complexes in this series can mostly be categorized into very
similar, but slightly different isostructural groups with the
general formula: [LnL(NO3)3(X)](Y), where X and Y denote
solvent molecules (such as methanol, acetonitrile, water or
dimethyl sulfoxide) present in the crystal structures of
monometallic lanthanide(III) assemblies (Fig. 5).

In the case of the nitrate complexes, the coordination of
the Ln(III) center involves three nitrogen atoms from the

ligand molecule: specifically, from pyridine (atom N1A),
imine (atom N8A) and imidazole (atom N14A) moieties.
Besides that, the main differences are variable solvent
molecules, particularly those coordinating to the metal ions,
as well as those present in the outer coordination sphere, not
coordinated to the Ln(III) center. Distinct groups of
compounds can be identified, where coordination sites are
completed with solvent molecules of water or methanol.
When the Ln(III) center is coordinated by one oxygen atom
from a water molecule, the outer coordination sphere
predominantly contains a methanol molecule. This
observation is consistent for complexes 16 (Sm), 17 (Eu), 19
(Tb), and 20 (Dy) with the formula [LnL(NO3)3(H2O)]CH3OH.
In contrast, when one oxygen atom from a methanol
molecule participates in the coordination of a metal ion, the
general observation is that the outer coordination sphere is
occupied by acetonitrile molecule, which we can observe in
complexes with the formula [LnL(NO3)3CH3OH)]CH3CN,
specifically, complexes 13 (La), 15 (Nd), 18 (Gd), 21 (Ho) and
24 (Yb). However, there is one exception in complex 14 (Pr),
where instead of an acetonitrile molecule, another methanol
molecule is present with half occupancy, not coordinated to
the central ion. Fig. S7† provides the molecular structures for
representative nitrate complexes. We can generally observe a
dependence on the influence of the coordinating solvent
molecule (water or methanol) on the molecules present in
the crystal structure that are not coordinated to the
lanthanide(III) ions (methanol or acetonitrile, respectively).
However, such situations are not observed for complexes 22

Fig. 5 Coordination modes present in the crystal structures of
monometallic complexes from the nitrate series.
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(Er) and 23 (Tm) with formulae: [ErL(NO3)3H2O] and
[TmL(NO3)3CH3OH]LH+NO3

−, respectively. In the case of the
complex with the erbium(III) ion, where the coordination sites
are additionally completed by one water molecule, no other
solvent is involved in the outer coordination sphere, despite
using identical reaction conditions and similar crystallization
process via slow diffusion methods in either MeOH or the
MeOH, MeCN/iPr2O system – yielding different outcomes
compared to analogous complexes 16, 17, 19 and 20. In those
cases, the coordinated water molecule pushes out the
methanol molecule, which is present in the crystal structure.
In the complex with the thulium(III) ion, despite the
observation of a coordinated methanol molecule, there is an
absence of an acetonitrile molecule in the crystal structure.
This contrasts with analogous complexes where one
coordinated methanol molecule was present, even though
the crystallization conditions for obtaining crystals suitable
for X-ray analysis remained identical (via slow diffusion
methods in the MeOH, MeCN/iPr2O system). Instead of an
acetonitrile molecule, the crystal structure also contains the
ionic pair LH+ and NO3

−. This occurrence is unique
compared to other nitrate complexes due to the reaction
conditions applied, involving a higher amount of ligand.
Consequently, this case differs significantly from all other
complexes within the nitrate series. These two distinct
complexes, differing significantly from the others, strongly
indicate a particular preference for a specific coordination
environment among the metal ions of the Ln(III) complexes
in the nitrate series. In addition to the coordination of
lanthanide(III) ions by nitrogen atoms from ligand molecules
and oxygen atoms from different solvent molecules, the
coordination sites in these assemblies are filled also by
oxygen atoms from three molecules of counterions. The
specific coordination of these counterions appears to be a
variable factor affecting the achievable coordination number
of the Ln(III) center for these systems. For nearly all systems,
it is evident that each nitrate anion remains in a bidentate
mode and consequently, the metal ion is coordinated by six
oxygen atoms – two oxygen atoms from each of the three
nitrate anions present in the structure of complexes 13–21
containing La(III), Pr(III), Nd(III), Sm(III), Eu(III), Gd(III), Tb(III),
Dy(III) and Ho(III) rare earth cations, respectively. The
coordination modes of nitrate anions in complexes 22–24
with Er(III), Tm(III) and Yb(III) metal ions differ significantly.
These compounds exhibit similar geometries, involving three
nitrates, but with only two in a bidentate mode and one in a
monodentate mode. As a result, in these systems, the
lanthanide(III) ion is coordinated by five oxygen atoms from
nitrate anions, which is probably a result of their prolate
electronic character. We can also observe such a situation in
the case of the obtained crystal structure for complex 25 with
a Lu(III) metal ion (Fig. S8†), where two of the nitrates remain
in a bidentate mode, while one of them remains in a
monodentate one. In this compound, beyond coordination
by three nitrogen atoms from the ligand molecule, the
lanthanide ion is coordinated by an oxygen atom from a

dimethyl sulfoxide molecule, which is directly related to the
synthetic conditions used. The coordination of the central
atom in complexes 22–25 by one nitrate anion in a
monodentate mode directly leads to lower coordination
numbers (9 instead of 10) for these assemblies compared to
the other supramolecular systems in this series, significantly
influencing the coordination geometry. Over the whole
nitrate series, the appearance of nitrate anions in bidentate
mode is noticeable, a trend also observed in the literature
referring to rare earth compounds with similar coordination
sites.29,30,39,55 Generally, two isostructural groups of
compounds can be identified where metal ions are
coordinated by the same donor atoms and in the same way.
This includes consideration of not only the solvent molecules
not coordinated to the Ln(III) center, but also two examples of
compounds differing solely in the solvent present in the
outer coordination sphere, as well as an individual case of a
complex that differs from any within these groups. This
diversity is demonstrated in Fig. 6, illustrating various
coordination modes exhibited by selected lanthanide ions as
representative examples.

Lanthanide complexes from the nitrate series display very
similar geometries as they crystallize in the same space
groups, and all of them are neutral species. However, despite
this similarity, several differences are observed at the level of
the crystal structure architecture. Notably, in complexes
where a molecule of methanol is involved in coordination
sites (complexes 13, 14, 15, 18, 21, 24), the formation of O–
H⋯O hydrogen bonding between the OH group from the
methanol molecule and the nitrate oxygen atom,

Fig. 6 Coordination polyhedron representation for (a) Gd1 (18), (b)
Sm1 (16), (c) Er1 (22) and (d) Yb1 (24) as representative examples of
coordination modes present in monometallic lanthanide complexes in
the nitrate series, considering coordinating to the lanthanide ions
oxygen atoms from water, methanol or nitrate molecules, as well as
nitrogen atoms from ligand molecules; for clarity, only coordinating
nitrogen atoms (N1A, N8A and N14A) from the ligand molecule are
shown, with the rest of the molecule omitted.
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coordinating with the lanthanide ions, leads to differences in
the supramolecular structures formed by these molecules,
illustrated in Fig. S9.† Examining the crystal packing in the
nitrate complexes, we note a consistent distribution in the
crystal lattice, wherein the unit cells of complexes contain, as
a repetitive entity, two molecules of the individual lanthanide
complex.

When considering complexes, where a water molecule is
involved in the coordination sites of the Ln(III) center
(complexes 16, 17, 19, 20), a similar trend is observed with
the presence of an intramolecular hydrogen bond O–H⋯O
formed between the coordinated water molecule and the
molecule of methanol present in the outer coordination
sphere. In particular, the specific arrangement of the created
supramolecular structure in these complexes is significantly
influenced by the additional hydrogen bond between a
molecule of coordinated water from one single lanthanide
complex and a coordinated nitrate anion from another (Fig.
S10†).

Relationships among other similar architectures and a
brief review of the literature. Based on the crystal structures
of the lanthanide complexes obtained by our research and
the literature survey, we can demonstrate that even subtle
changes can directly impact the resulting crystal architectures
of analogous systems using similar types of hydrazone
ligands, especially taking into consideration the variety of (i)
counterions, (ii) lanthanide ions or (iii) building blocks,
substituents, and donor atoms in the ligand scaffolds.
Specifically, when considering lanthanide complexes based
on the same tridentate Schiff-base ligand, but using
lanthanide perchlorate salts during synthesis, a significant
preference for forming complexes in a 2 : 1 ligand-to-metal
ratio is evident, similar to analogous complexes with triflate
anions. During the synthesis of perchlorate complexes, we

found some synthetic challenges, in particular, the tendency
to form products in an oily form, leading to difficulties in
purification and resulting in a very low yield of completed
complexation reactions. Despite these challenges, we
managed to obtain crystals suitable for X-ray analysis,
exemplified by a complex named Tb-perchlorate. Analysis of
the obtained crystal structure proved similarities between
these complexes with lanthanide perchlorate counterions and
triflate complexes. The Ln(III) center is coordinated by six
nitrogen atoms from two ligand molecules and both
perchlorate and triflate anions exhibit a preference not to
coordinate with the metal ions, unlike the stronger
coordination preferences observed for nitrate analogues. As a
result of these supramolecular preferences in the crystal
structures of the Tb-perchlorate complex (Fig. S11†), only one
perchlorate anion is observed to coordinate, while the other
two remain in the outer coordination sphere, not coordinated
to the Tb(III) center. The coordination sites are filled by
solvent molecules, in a similar relation found in complex 7 of
the terbium(III) ion with triflate counterions.

The obtained crystal structure of the complex named Eu-
hydrogen containing the europium(III) ion (Fig. 7), with an
identical ligand molecule except for the substitution of the
methyl group with a hydrogen atom on the imidazole ring,
clearly demonstrates the significant influence of different
groups in ligand molecules on the formed assemblies.
Comparing this structure with the analogous complex 5 with
Eu(III), we can conclude that: a) the lanthanide contraction
may not exert as strong an effect as anticipated (larger
lanthanide ions are not always coordinated by three triflate
counterions) and b) the introduction of a hydrogen bond
donor into the ligand encourages the displacement of one
triflate in the outer coordination sphere, leading to observed
effects on crystal packing. This change creates a network of

Fig. 7 Formation of a supramolecular hydrogen bond network in complex Eu-hydrogen with the europium(III) ion based on a modified hydrazone
ligand molecule, namely changing the methyl group from the imidazole moiety into a hydrogen atom.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

19
/2

02
4 

3:
36

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/d4ce00450g


4176 | CrystEngComm, 2024, 26, 4167–4180 This journal is © The Royal Society of Chemistry 2024

hydrogen bonds in complete contrast to complex 5, where no
hydrogen bonds are present (Fig. 7). These dependencies
serve as excellent examples illustrating that these types of
ligands play a crucial role and exert a strong influence on
self-assembly and self-organization processes in
supramolecular chemistry.

It is worth mentioning that complexes formed with rare
earth elements (such as gadolinium and terbium metal ions)
with nitrate counterions and a very similar N3-tridentate
Schiff-base ligand with a benzimidazole moiety, previously
obtained by us,55 are quite comparable to the complexes
reported here. Lanthanide cations remain the same 10-
coordinated, which we can see mainly in the nitrate series
presented here. The coordination modes are also very similar
– Gd(III) or Tb(III) ions are coordinated by three nitrogen
atoms from the ligand molecule and six oxygen atoms from
three bidentate nitrate anions. Additionally, the coordination
sites are also filled by one molecule of the solvent,
specifically an acetonitrile molecule in these cases. While
differences can be observed at the level of the crystal
structure architecture (such as crystallizing in different space
groups), the series of nitrate complexes with ligand molecules
like ligand L generally display very similar geometries.
Interestingly, dissimilar dependencies are noted when
considering complexes formed by various lanthanide ions
with ligand L in the triflate series, as well as complexes with
a similar ligand with a benzimidazole group published
previously. When the mentioned ligand reacts with
europium(III) trifluoromethanesulfonate – even with a ligand-
to-metal ratio of 1 : 1 during the reaction – a monometallic
complex is formed, where the coordination sphere of the
central ion is occupied by 9 nitrogen atoms from three ligand
molecules, and the charge is balanced by three triflate
counterions that are not coordinated to the Ln(III) center. It is
particularly interesting that in the case of complexes in the
triflate series discussed in this work, even 1 mole of Ln(CF3-
SO3)3 reacts with 3 moles of Schiff-base L, an excess of ligand
remains unreacted despite heating and the application of
solvothermal reaction conditions. Consequently, the
coordination sites are filled by six nitrogen atoms from two
ligand molecules and oxygen or nitrogen atoms from triflate
modes or solvent molecules. When comparing this situation
with the synthesis of complexes from the nitrate series, we
notice a similar correlation. Increasing the molar ratio of the
ligand to metal ion during the synthesis does not result in
more coordinated ligand molecules to the Ln(III) center, but
it leads solely to the protonation of an additional ligand
molecule. This observation is confirmed by the obtained
crystal structure of the complex with the thulium(III) ion (23),
wherein the excess ligand crystallizes as a protonated
molecule associated with the lanthanide complex. In
summary, for complexes synthesized with ligand L and those
with a quite similar ligand featuring a benzimidazole group,
both with triflate anions, several differences are observed. It
appears that the presence of an H-bond donor can
significantly influence the final metal-to-ligand ratio within

these analogous supramolecular assemblies. Even a slight
change in the ligand molecule can greatly affect the preferred
stoichiometry and geometry of the formed complexes, which
is important when considering the design of supramolecular
systems with specific coordination sites and resulting
properties. Hydrazone ligands, known for their high
flexibility, exhibit a rich structural diversity, which is the
result of possibilities for modifying ligand scaffolds through
the selection of various building blocks during their
synthesis.56–59 It appears that the introduction of additional
groups with their variable character can significantly impact
the structures formed within lanthanide supramolecular
assemblies based on these types of ligands. When comparing
the behavior of the assembly using the N3-tridentate ligand L
studied here with similar hydrazone ligand scaffolds, where
coordination sites are changed by substituting nitrogen
donor atoms with oxygen atoms, several dependencies on the
formed structure can be observed. It is evident that the
character of the oxygen donor atoms notably influences their
preferences towards complexity. Despite the preference of all
mentioned ligands to coordinate via two nitrogen atoms and
one oxygen atom, their assembly properties are quite
different in the presence of nitrate or chloride lanthanide
metal salts. Among them, only one demonstrates identical
anion-driven tunability to the ligand L synthesized by us, in
the presence of nitrate counterions. This highlights the
importance of small structural differences in the design of
supramolecular systems with specific coordination sites.
When a phenol moiety, potentially a donor of an oxygen
atom from a hydroxy group, is introduced into the ligand
molecule, reactions in the presence of nitrate or chloride
lanthanide salts consistently lead to obtaining 1 : 2 metal :
ligand species.60,61 On the other hand, when the ligand
scaffold contains a carboxyl group involved in the
coordination of the Ln(III) center, assemblies formed with
nitrate anions maintain a molar ratio of the metal to ligand
of 1 : 1,30 as exactly observed in the synthesis of lanthanide
nitrate complexes here. Moreover, with this type of N,N,O-
hydrazone Schiff-base ligand, we also observe anion-driven
self-assembly (utilization of chloride salts leads to formation
of 1 : 2 metal : ligand complexes) and fine-tuning solvent
characteristics are noted, showing structure-dependent
magnetic properties.

Contraction effect and comparison between subgroups. In
the case of all monometallic lanthanide(III) complexes
synthesized here, several general similarities are observed.
Firstly, the coordination number is generally 9 or 10 – where
in the latter case, the nitro groups are involved. It is
interesting to note that in almost all complexes, nitrate
anions are consistently bidentate, with an exception observed
in the complex with Tm(III) and analogous complexes with
Er(III), Yb(III) and Lu(III) ions, where one of the nitrate ions
remained in a monodentate mode. Secondly, the
coordination schemes exhibit strong similarity (ESI† contains
the figures showing the comparison of the coordination
modes). Moreover, the coordination is close to the more or

CrystEngCommPaper

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

19
/2

02
4 

3:
36

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/d4ce00450g


CrystEngComm, 2024, 26, 4167–4180 | 4177This journal is © The Royal Society of Chemistry 2024

less distorted tricapped trigonal prism fashion, quite typical
for rare earth elements. Additionally, the ligand molecules
are nearly planar and the dihedral angles between the planar
fragments are quite similar in all complexes. The
phenomenon of lanthanide contraction has a more
significant effect on the coordination motifs present in the
series of Ln(III) complexes with triflate anions than in the
series with nitrate anions. First, in the triflate series, more
types of monometallic structurally analogous groups can be
observed among the studied lanthanide assemblies, and the
complexes forming specific groups belong to a larger number
of crystallographic space groups, while in the nitrate series
only one crystallographic space group can be observed for all
complexes and very similar isostructural groups of formed
assemblies. Therefore, in the nitrate series of the whole
lanthanide ion series, the coordination modes generally
differ only in coordinated solvent molecules to the metal ion.
Lanthanide contraction has effect on coordination modes in
the nitrate series for the smallest lanthanides, where a lower
coordination number is observed for ions such as Er(III),
Tm(III), Yb(III) and Lu(III), and as a result, one of the nitrate
anions adopts the monodentate mode. In the triflate series,
the lanthanide contraction phenomenon mainly affects the
number of coordinated triflate anions to a metal ion,
resulting in a greater number of different isostructural
groups of complexes in this series. Among lanthanide ions, it
can be observed that triflate anions are pushed out of the
coordination sphere with a decrease in the ionic radius of
the f-elements. Generally, in both the triflate and nitrate
series, we can observe that with increasing atomic number of
the metal cation, Ln–N and Ln–O bonds shorten (bond
lengths are provided in Tables S4–S9†), which is worth taking
into consideration the lanthanide contraction. We note that
the lengths of specific bonds in these systems, especially
those between the lanthanide ions and the donor atoms from
the ligand molecules or solvent and counterion molecules,
are affected by lanthanide contraction in various ways. We
observe that the individual elements of the complexes are
influenced differently, and there is no uniform dependency
among all these factors. When examining the bonding
between the Ln(III) center and nitrogen atoms from two
ligand molecules in the triflate series, a noticeable trend of
decreasing bond lengths from lanthanum(III) to ytterbium(III)
metal ions is observed. We can also note that the changing
bond lengths between individual atoms exhibit an identical
distribution. This is apparent in the following bonds: Ln–
N8A (nitrogen atom from the imine moiety) and Ln–N14A
(nitrogen atom from the imidazole ring) within the same
ligand molecule, as well as Ln–N8B (nitrogen atom from the
imine moiety) and Ln–N14B (nitrogen atom from the
imidazole ring), also from the same ligand molecule and it is
also observed in Ln–N1A and Ln–N1B (nitrogen atoms from
pyridine rings) originating from two distinct coordinated
ligand molecules (Fig. 8). The situation is quite different in
the nitrate series concerning Ln–N bonding in these systems.
Although, in general it can be stated that bond lengths

between Ln–N1A, N8A and N14A decrease from La(III) to
Lu(III), a precise distribution according to the lanthanide
contraction is not observed, due to significant deviations
found in their lengths, as depicted in Fig. 9. We observe that
the bonds between lanthanide ions and nitrogen atoms from
pyridine (N1A), imine (N8A) and imidazole (N14A) moieties
within this series are influenced differently. However, it is
notable that all of them exhibit a very similar tendency of
changes in lengths. In accordance with the lanthanide
contraction and the coordination modes in these
supramolecular assemblies, we can observe a significant
influence on the bond lengths between the metal ions and
the coordinated oxygen atoms of solvents or counterion
molecules. In the triflate series, where at least one
coordinated triflate anion to the lanthanide(III) ion is always
present, several factors affect changes in Ln–O (triflate anion)
bond lengths. The increase in the atomic number of the
metal cation generally results in the shortening of Ln–O
bonds in these systems. Interestingly, a general gradual
change in the average bond lengths is observed, decreasing
from 2.541–2.459 (Å) in complexes 1–6, where the
coordination of the metal ion involves three oxygen atoms
from triflates. However, when the coordination modes
change, especially when counterions are displaced from the
coordination sphere in favor of coordination by different
solvent molecules such as methanol or acetonitrile, the
average Ln–O bond length between the metal ion and oxygen
atoms from triflate anions rapidly decreases to the value of
2.356 (Å). Subsequently, in complexes 7–10, with coordinated
one or two triflate anions and two methanol molecules or

Fig. 8 (Top) Comparison of bond lengths between lanthanide(III) ions
and particular nitrogen atoms from ligand molecules (N1A/B, N8A/B
and N14A/B); (bottom) comparison of average bond lengths between
the Ln(III) center and oxygen atoms from triflate anions.
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one acetonitrile molecule, respectively, these bond lengths
are maintained at a similar level. Moreover, when the
coordination number is reduced from 9 to 8, as seen in the
single case of complex 11 with the Yb(III) ion, where one of
the three triflate counterions is forced out to the outer
coordination sphere without any other additional molecule
taking its place, a notable and more significant decrease in
the bond length is observed. In this specific complex, the Ln–
O bond length from the triflate anion is 2.245 (Å) (Fig. 8). We
also observe the influence of lanthanide contraction
regarding Ln–O bonding between lanthanides and oxygen
atoms from coordinated nitrate counterions in the nitrate
series (Fig. 9). As coordination motifs change, the lengths
between these individual atoms also vary within these
assemblies. When considering Ln–O average bonds changing
from nitrate counterions, all of which are present as
bidentate modes (complexes 13–21), we can identify a notable
distribution of decreasing average bond lengths from 2.623
(Å) in La(III) to 2.483 (Å) in Ho(III) assemblies. When analyzing
lanthanide compounds wherein significant changes occur in
coordination motifs – specifically, a decrease in the
coordination number from 10 to 9 due to the metal ion's
coordination by one of the three NO3

− anions in a
monodentate mode (complexes 22–24) – a noticeable
decrease in the average lengths of these Ln–O bonds is

observed, except for complex 25. The trend of decreasing
bond lengths remains, with values changing from 2.401 (Å)
in Er(III) to 2.393 (Å) in Tm(III) and 2.385 (Å) in Yb(III)
complexes. Bond lengths between oxygen atoms from water,
methanol or dimethyl sulfoxide molecules and the Ln(III)
center are also influenced by the lanthanide contraction,
gradually decreasing (with some exceptions) from 2.504 (Å) to
2.242 (Å) (Fig. 9).

Conclusions

We synthesized and structurally characterized series of
monometallic complexes with a number of lanthanide metal
ions – La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and
Lu. It was found that the obtained compounds demonstrate
anion-driven self-assembly, as the utilization of appropriate
counterions allows for obtaining 1 : 1 (nitrate anions) or 2 : 1
(triflate anions) ligand-to-metal ratio systems, independent of
the lanthanide(III) ion or the reaction conditions used. The
obtained crystal structures of the complexes exhibit a
diversity of coordination modes around the lanthanide ions,
allowing the classification of complexes into a variety of
isostructural groups. Structural dependencies within each
series of complexes (triflate vs. nitrate) were examined to
estimate the influence of the lanthanide contraction
phenomenon, counterions or solvent molecules on the
formed assemblies. Based on the rich structural diversity of
the presented systems, we further aim to undertake studies
related to molecular magnetism, biomimetics and
absorption/emission characteristics.
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