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1. Introduction

Solid-state supramolecular assembly,
luminescence thermometry and solution-state
photoisomerization studies in lanthanide
polyoxazamacrocyclefy
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Macrocyclic ligands provide a modular platform for luminescent lanthanide materials, yet predictive
control over supramolecular nuclearity and functional response remains challenging. Here, we study a
family of polyoxazamacrocycles bearing phenolate-based pendant arms — phenol (LAzH3), 3-ethoxy-
phenol (LBxH,) and 4-(phenylazo)phenol (LC;H,) — and assess how pendant-arm identity and lanthanide
ion (Dy**, Nd*") influence supramolecular assembly and photophysical behaviour. All metal ion/ligand
combinations form inseparable mixtures of predominantly monometallic 1+1 species, nevertheless, the
presence of dimetallic 2+2 species cannot be excluded. The assemblies adopt eight- or nine-coordinate
lanthanide environments linked by macrocyclic donors, bound solvent and phenolate bridges, while
lanthanide contraction does not dictate nuclearity, highlighting the intrinsic ambivalence of the N3O,/
phenolate motif toward monomer—dimer outcomes. Semiempirical and DFT-level calculations provide
insight into the multidimentional energy landscape of the macrocycle and coherent thermodynamic
explanation for the coexistence of the 1:1 and 2:2 motifs. Despite such structural heterogeneity, functional
solid-state lumienscence thermometry is realized through ligand—metal selection. All LA,- and LB,-based
Nd*" and Dy** complexes exhibit solid-state lanthanide-centered emission, with Nd/LA, and Dy/LB,
enabling reliable intensity-ratio thermometry in near-infrared and visible-range, respectively. By contrast,
azophenol-functionalized Ln/LC, complexes exhibit photoresponsive behaviour exclusively in solution.
Guided by design principles established in our earlier published six-membered macrocyclic systems, we
assess here the transferability of azobenzene-based photoswitching to a five-donor polyoxazamacrocyclic
scaffold. UV excitation induces azobenzene isomerization with partial, acid/base-gated reversibility, while
no detectable solid-state emission is observed for these complexes, which indicates that solution-phase
photoresponse is tolerant to nuclearity ambiguity but sensitive to macrocyclic framework and excitation
window. Together, these observations benchmark the transferability of pendant-arm design strategies
across lanthanide macrocyclic platforms.

coordination modes and tunable physicochemical responses.'”
Macrocycles are typically accessed through covalent synthesis,

Lanthanide-containing macrocyclic coordination compounds
continue to attract intense interest as their properties emerge
from the cooperative interplay of the organic host and the
metal center, enabling multifunctional behaviour, diverse
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dynamic covalent chemistry, or noncovalent self-assembly, yet all
of these routes can suffer from modest ring-closing efficiencies.®
High-dilution protocols and template-directed strategies have
therefore been developed to favor cyclization, with metal ions,
counter-anions, and even solvent molecules serving as structure-
directing elements.”® Despite these advances, lanthanide com-
plexes remain challenging to control: pH, temperature and
solvent can steer speciation, while the high coordination num-
bers and adaptable geometries of Ln*" cations frequently lead
to mono- versus polymetallic ensembles and coordination
polymorphism.'*™® The outstanding optical and magnetic
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attributes of rare-earth ions - sharp f-f bands, long excited-state
lifetimes, magnetic anisotropy and photostability'®* - have
propelled macrocyclic Ln*" assemblies into applications spanning
chemosensing, bioimaging and MRI contrast, optoelectronics,
anti-counterfeiting and data storage.’*™*' In particular, lumines-
cence thermometry — non-contact readout of temperature with
high sensitivity - has emerged as quickly growing area in which
coordination complexes are attractive because their emission can
be rationally tuned through primary and secondary coordination-
sphere design.””™*” Macrocyclic platforms further offer chemical
and thermal robustness along with geometry-dependent energy-
transfer pathways that can impart reversible thermo-responsive
behaviour.**>* Key determinants of emissive performance
include the ligand skeleton and donor set, substituent electronics,
secondary-sphere effects e.g., coordinating solvents or counter-
anions, noncovalent interactions e.g., hydrogen bonding, and the
identity of the Ln*" ion, all of which govern sensitization effi-
ciency, quenching channels and temperature dependences.*’ >’

Macrocycles derived from 2,6-diformylphenol commonly
incorporate phenolic oxygen donors into the ring framework,
yet phenolic pendant-arm designs remain comparatively
43105859 yarious derivatives of phenolic units can modulate
the electronic interactions between the ligand and the metal center
allowing for efficient emission from the lanthanide(u) ion. Thus,
introduction of phenolic groups can significantly improve optical
responses of designing Ln®** complexes, because of its light-
harvesting character, which influences the enhancement of the
antenna effect by absorbing and transferring excitation energy to
Ln*" ion. Moreover, negatively charged phenolic units have a huge
impact on coordination geometry around the metal centres, like
influence on coordination numbers, coordination of additional
molecules, ligand skeleton conformational preferences and its
flexibility, proton-responsive behaviour, which are essential aspects
of tuning optical or magnetic properties.®*** For the symetric, di-
substituted 15-membered polyoxaaza pyridine-based macrocycle
(15-pyN;0,), prior studies have focused on the benzimidazol-2-yl-
methyl,®® 2-pyridylmethyl,®® ®’acetate,®® or pyridine-N-oxide®®
pendant-arms. While their coordination behaviour was studied
mainly with d-block metal ions®*~*® (and in one case Ln**)*” and
primarily for magnetic properties, phenolic pendant-arms have
not been yet explored (Fig. 1).

Here we introduce a family of Nd** and Dy** complexes with
polyoxaza macrocycles bearing a common N;O, donor set and two
phenolate pendant-arms of systematically varied structure - phenol
LA,H,, ethoxyphenol LB,H, and phenylazophenol LC,H,. We
investigate how metal-ion size and ligand electronics/geometry
dictate self-assembly, solid-state photophysics and solution diazo-
benzene behaviour, including their final application in optical
thermometry (Fig. 1). Spectroscopic and structural characterization
reveal that ionic radius or substituent class do not have dominant
effect on the structure formation, and that all assemblies form
equilibriating mixtures of 1+1 (mononuclear) and 2+2 (dinuc-
lear) metal:ligand complexes. We show emissive behaviour
for Nd** (NIR) and Dy*" (visible) systems, attribute differences
to substituent-dependent antenna/energy-transfer pathways and
coordination environment, and establish structure-property
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Fig. 1 Overview of the literature background and the studied macrocyclic
ligand coordination with Ln** metal ions, highlighting structure-emission
correlations and optical thermometry in the solid-state, alongside photo-
switching behaviour in solution.

correlations relevant to molecular thermometry. Finally, using
the azobenzene-based ligand LC,H,, we probe photoisomeriza-
tion in the free ligand and its Ln®" complexes, clarifying how
metal coordination and external stimuli regulate reversibility of
the process. Together, these results expand pendant-phenolate
macrocyclic chemistry to lanthanides, map the speciation land-
scape of 15-pyN;O,-type hosts and provide design rules for solid-
state, temperature-responsive Ln*" emitters.

2. Results and discussion

2.1. Design rationale

Macrocycles with tunable (1) ligand cavity size, (2) number and
identity of donor atoms and (3) substituents on the ligand frame-
work can coordinate various trivalent lanthanide ions to form
thermodynamically robust complexes.>" Predicting and control-
ling the resulting coordination motifs remains challenging, as the
flexible high-coordination behaviour of Ln** ions often yields
mono- versus polymetallic species, while lanthanide contraction
and variable ligand stoichiometries complicate the outcome,
further modulated by ligand identity, counterions and reaction
parameters.”””> Numerous synthetic strategies address this spe-
ciation through judicious control of solvent, pH, temperature and
templation, nevertheless, general design rules are still developing,
underscoring the need for continued study.'®”'® Guided by these
considerations, we targeted modular macrocyclic platforms whose
structures can be systematically altered to probe structure-prop-
erty relationships ion lanthanide photophysics (Fig. 2). Specifi-
cally, we selected a polyoxaaza, pyridine-containing macrocycle as
a precursor for luminescent Ln** assemblies based on: (1) the
established affinity of O/N-donor atoms for Ln** ions,”>7* (2) the
presence of N-H sites amenable to N-alkylation, thus enabling
straightforward introduction of pendant groups,” and (3) the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Post-synthetic modification of macrocyclic precursor LH, at the N-H sites to give symmetrically disubstituted macrocycles (LA;H,, LB;H,,
LC,H,) using two routes: reductive amination with aldehyde linkers (AH, BH) and a Mannich reaction with phenolic component (CH) and

paraformaldehyde.

opportunity to tune ligand electronic structure via pendant-arm
choice - a key factor for optimizing the antenna effect and
maximizing energy transfer to the Ln*" center.”®””

2.2. Strategies for ligand synthesis, its protonation- and ion-
tiggered conformational changes

The polyoxaaza macrocycle precursor (LH,) was synthesized
following the reported protocol,”® by the Mg”>*-templated con-
densation of a pyridine dialdehyde with the corresponding
diamine to promote macrocyclization, followed by demetalla-
tion and reduction of the C—=N imine bonds (for full proce-
dures and data see Experimental section, SI). Post-synthetic
installation of symmetrical pendant-arms afforded three dis-
ubstituted macrocycles — LA,H,, LB,H, and LC,H, - that differ
in their aryl substituents (phenol, ethoxyphenol and phenyl-
azophenol, respectively; Fig. 2). An aryl unit was chosen to
provide a chromophore for antenna-based sensitization of Ln**
emission,”” while phenolic OH groups were incorporated as
additional donor sites to reinforce coordination and support
the higher coordination numbers characteristic of Ln** ions.”

Pendant-arm installation proceeded via N-H functionalization
of LH, (Fig. 2). While alkylation with halo-substituted reagents
bearing amide, carboxylate or aryl groups is common for related
scaffolds®®%°™°%7>7% we adopted two complementary routes here.
Reductive amination of LH, with commercially available alde-
hydes furnished LA,H, and LB,H, (conditions guided by the
literature®®), whereas a Mannich reaction between LH, and a
phenolic component and paraformaldehyde provided the
azobenzene-bearing LC,H,, mirroring successful symmetric
functionalization of analogous diaza-crown macrocycles.”
Complete synthetic schemes, together with characterization
of intermediates and products, are compiled in Fig. S1-S8
and in Experimental section (SI). Under various synthetic/
crystallization conditions - particularly in the presence of acids
or bases - the ligands displayed protonation and ion-pairing at
the macrocyclic nitrogens to give isolable salts (e.g., [NH]'CI,
[NH]'CF3S05 ), or adducts with small cations (e.g., Na*). Single-
crystal X-ray diffraction (X-ray crystallography section, SI) con-
firms these formulations and reveals conformational shifts
of the macrocycle upon protonation/ion binding that are
informative for subsequent coordination design (structures
summarized in Fig. S1-S8; additional spectroscopic data in
Fig. S9 and S20).

This journal is © The Royal Society of Chemistry 2026

2.3. Synthesis of lanthanide complexes and solution
characterization

Complexes were obtained by combining 1.0 equivalent of ligand
(LA,H,, LB,H, or LC,H,) with 1.0 equivalent of Ln(OTf); (Dy or Nd)
in CH;CN, in the presence of 2.0 equivalents of Et;N to generate
the coordinating phenolate donors (see Experimental section, SI).
FT-IR signatures diagnostic of coordination — together with close
agreement between Nd** and Dy*" series - indicate high isostruc-
turality across metal ions and pendant-arm variants (Fig. S18-S20).
MS analyses show that, under these conditions, the systems form
equilibriating mixtures of 1:1 (mononuclear) and 2:2 (dinuclear)
metal:ligand assemblies (Fig. 3). In the ESI-MS, two dominant
signals are observed: a major 1:1 species with 100% relative
intensity that is consistent with single Ln*" bound to a doubly
deprotonated ligand, and a minor 2:2 species (ca. 5% relative
intensity) assigned to a dimeric assembly featuring two ligands
and two metals, plausibly stabilized by p-phenolate O-bridging
between Ln’" centers (Fig. $21-S28). The distribution thus favours
monometallic 1:1 complexes under our standard conditions, while
revealing intrinsic propensity for higher nuclearity consistent with
the high coordination demands of Ln*" ions, as further confirmed
by X-ray analyses (see X-ray crystallography section, SI). Thus,
generally, we denoted Ln-complexes, as Ln/LX,, where Ln (Nd**
or Dy*"), X (A, B, C), where the speciation to LnLX, and Ln,(LX,), is
present. Conformational changes are also observed here in the
context of metal-free systems as well as in the presence of sodium
ions or protonated salts (Fig. S29).
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Fig. 3 Schematic representation of the synthesis and formation of 1+1
and 2+2 lanthanide macrocyclic complexes.
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To probe complex formation in solution-state, we recorded
'H NMR spectra for diamagnetic La** assemblies generated
in situ by mixing LB,H, with La(OTf); in CD;CN and Et;N (to
deprotonate the phenols), with and without added urea as a
neutral O-donor (Fig. S30a). For comparison, spectra of isolated
La®" complexes obtained via the standard precipitation workup
were also acquired (see Experimental section, SI).

Across all conditions, the spectra are highly similar, indicat-
ing that the in situ-formed Ln*'-macrocycle adducts correspond
to those isolated from bulk synthesis and that the system
rapidly approaches a thermodynamic equilibrium. Neither tem-
perature increase, extended reaction time, nor addition of urea
produced significant spectral changes. Notably, partial signal
duplication in several regions is consistently observed, support-
ing the presence of more than one species in solution (and in
the solids), most plausibly a mixture of mono- and dinuclear
assemblies, in line with our structural and analytical assign-
ments. To gain insight into the role of ionic radius, we com-
pared La®* with the smaller Lu*" under analogous conditions.
ESI-MS collected directly from the in situ mixtures (Fig. S30b
and c) shows similar mono/di signals for both La** and Lu**
mixtures. However, because dimeric Ln*" assemblies can par-
tially dissociate to monometallic ions under ESI conditions,
these distributions cannot be taken as definitive speciation. In
contrast, the "H NMR spectrum for Lu®" is notably less complex
than for La®", which most plausibly indicates a greater predo-
minance of mononuclear species for the smaller Lu** ion,
whereas La*" retains a clearer mono/di mixture. Overall, the
equilibrated mono/di manifold is radius-tunable: weakly per-
turbed for Nd*" — Dy’*, but decisively biased at the extremes
(La — Lu), where contraction stabilizes lower-nuclearity solu-
tions without altering the fundamental coordination motifs. We
emphasize that this interpretation remains tentative: beyond
possible ESI-induced dissociation, we cannot exclude contribu-
tions from syn/anti stereoisomers analogous to those observed
previously in 6-membered macrocyclic related systems.®!

2.4. Solid-state structural analysis: predominant phase and
thermodynamic equilibrium

To unambiguously determine structures of syntheiszed com-
plexes, attempts to grow single crystals were made. Compre-
hensive crystallographic metrics are compiled in the SI (X-ray
crystallography section); crystal/data-collection/refinement
parameters are in Tables S1-S3 and selected geometry/confor-
mational data in Tables S4 and S5. As suggested by solution
studies, we envisage that solid-state assemblies can lead to
systems with 1:1 M:L ratio, but mono vs. dimetallic equilibria
might be present in the system. Single-crystal X-ray diffraction
across the ligand series (LA,, LB,, LC,; ligands written without
H, to reflect phenolate deprotonation upon binding) reveals
two recurring architectures: monometallic 1:1 complexes and
dimetallic 2:2 assemblies. In the 1:1 form, the lanthanide is
eight-coordinate (CN = 8): the macrocycle donates N3O, from
the ring plus two phenolate O-donors from the pendant-arms,
and a neutral O-donor (H,0, DMSO or urea) occupies the eighth
site. In the 2:2 form, each metal retains the macrocycle’s N30,
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set and phenolate donors, with two phenolates bridging the two
metals and, depending on the system, an additional OH™ or
neutral O-donor completing a nine-coordinate (CN = 9) environ-
ment at each Ln>" center (Fig. 4). Dimeric sets in the case of LA,
based systems, essentially lead to monometallic species, since
asymmetric unit is doubled into the structure of the dimetallic
complex (Fig. 4i and j). The 15-membered polyoxaaza ring is
conformationally versatile (compare also with semiempirical
and DFT-level calculations at the end of this Section). Relevant
torsion angles and intra-ring heteroatom distances (Table S4)
show no simple correlation between ring conformation and
speciation (free/protonated/mono- or dinuclear), consistent
with a shallow conformational landscape that accommodates
both CN = 8 and CN = 9 coordination. Crystal packing is
supported by often disordered counter-ions and co-crystallized
solvents, which establish hydrogen-bonded networks that sta-
bilize the complexes (Fig. $29). Unless otherwise stated, discus-
sion is limited to the primary coordination sphere; outer-sphere
species are fully reported in the SI (see Tables S1-S3).

Across ligands, parallel speciation is observed - even under
identical slow-diffusion conditions - confirming that each Ln/
ligand pair can yield both 1:1 and 2:2 products (Fig. 4). For LC,,
we obtained DyLC,(H,0) (CN = 8; N30, + 20(PhO™) + H,0) and
Dy,(LC,),(OH ")/Nd,(LC,),(OH ™) (CN = 9; p-phenolate + p-OH ™
bridging). For LA,, DyLA,(H,0) mirrors the LC, mononuclear
coordination (CN = 8), while Nd,(LA;),(H,0), achieves CN = 9
via two p-phenolates but no OH™ bridging; instead, one aqua
per metal completes the inner sphere. For LB,, crystallization
problems with oily products were overcome by slow evaporation
from DMSO, affording DyLB,(DMSO) (CN = 8; DMSO O-bound).
Guided by this, introducing urea during complexation yielded
DyLB,(urea) and NdLB,(urea), both 1:1, CN = 8 with urea as the
neutral donor. Thus, mononuclear complexes consistently feature
N/O donors from the macrocycle plus two phenolates and a neutral
O-donor, whereas dinuclear complexes employ p-phenolate bridg-
ing (£p-O) to reach CN = 9. Finally, while lanthanide contraction
(Nd** larger vs. Dy** smaller) could, in principle, bias coordination
number or bridging mode, the present data show no systematic
change in CN or bridging pattern between Nd*" and Dy** under
our conditions. Speciation is instead governed primarily by the
phenolate-rich inner sphere and availability of auxiliary
O-donors, reflecting the high coordination demands and strong
Ln*" -0 affinity intrinsic to this ligand family (see Tables S1-S5
for comparative metrics).

To transition from liquid-phase to the solid state and check
homogeneity and purity of the powders for luminescence stu-
dies, PXRD analyses were performed. For Dy/LB, complex, the
experimental PXRD pattern reflects with simulated pattern from
theoretically optimized structure of monometallic DyLB,(urea)
crystals (Fig. S31). Importantly, for the related Dy/LC, system,
obtained mono- and dimetallic crystal structures allowed us to
determine that these complexes exhibit clearly distinct theore-
tical PXRD fingerprints (Fig. $32). This indicates that changes in
nuclearity of the complexes lead to differences in the solid-state
arrangement. On this basis, demonstrated PXRD data Dy/LB,
complex (further investigated as luminescent thermometer)

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 X-ray crystal structures of Ln-macrocyclic complexes (a—g). Schematic representation of formation of 1+1 (mononuclear) and 2+2 (dinuclear)
Ln-macrocyclic complexes with Dy** and Nd** ions, showing coordination-sphere schematics (h). All phenolic pendant-arms are deprotonated
(phenolate); counter-ions are omitted. Asymmetric units of DyLA,(H,O) and Nd,(LA;)>(H,O), complexes (i and j).

strongly suggests that the monometallic complex represents the
predominant crystalline phase in the bulk sample. In contrast,
obtained Nd/LA, complex as amorphous powder does not
exhibit long-range structural order, as evidenced by the absence
of distinct diffraction peaks in the PXRD pattern. To check the
homogeneity of the Ln/LA, system, the comparison of theore-
tical PXRD pattern for DyLA,(H,O) crystals and experimental
PXRD pattern for the Dy/LA, bulk sample analogous to the
obtained bulk sample of Nd/LA, complex were investigated
(Fig. S33). This comparison was possible, as the investigation of
simulated PXRD patterns for crystals of dimetallic Lny(LC,),
systems, confirms high isostructurality even the metal ions is
changed from Dy** to Nd** (Fig. $32). This is plausibly due to the
dimeric assembly being a doubled asymmetric unit of the
complex (Fig. 4i and j). Here, when urea molecule is not intro-
duced to the Ln*" complex, main peaks observed in the experi-
mental PXRD pattern generally match the theoretical spectrum of
a monometallic complex, but problems with the crystallinity of
the sample make diffraction peaks hard to compare, because
of its intensity (Fig. S33). Despite the absence of enough crystal-
line of the samples based on LA, and LC, to confirm the high
homogeneity of the samples, Ln*" complexes were intentionally
investigated as luminescent reference materials. The role was to
evaluate the impact of different pendant-arms in the ligand
skeleton on the observed emission behaviour, which may be
another step forwards the rational design of similar systems in

This journal is © The Royal Society of Chemistry 2026

terms of optical properties. Importantly, the crystallinity of the
sample was demonstrated to have no significant impact on the
emission properties in the solid state. This conclusion is sup-
ported by the comparative luminescence measurements per-
formed for the Dy/LB, complex, where the emission spectra of
obtained powdered sample and crystalline material (for details,
see experimental section, in SI) were found to be almost identical
(Fig. S34). These results confirm that the observed emissive
behaviour is controlled mainly by the local coordination environ-
ment rather than by long-range structural order. In conclusion,
our comprehensive characterization demonstrates that in the
solid samples the minor presence of dinuclear species does not
dominate the overall structural and luminescent properties of the
compounds investigated. The observed solid-state behaviour
should be interpreted in the context of the intristic conforma-
tional flexibility of the macrocyclic skeleton.

To further support the above discussion and to gain insight
into the intrinsic structural flexibility of the macrocyclic scaffold,
the conformational landscape of the ligand was investigated
through a combined conformational sampling and quantum
mechanical refinement strategy. Three forms of the LB,H, ligand
were chosen, based on the X-ray structures: neutral, diprotonated
([LH,>"B,H,](CF;S03), triflate salt), and deprotonated (sodium
NaLA,H(CH;0H) complex) forms. Extensive conformational sam-
pling using CREST revealed a highly populated conformational
space for all protonation states of the macrocycle. For the neutral,
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protonated, and deprotonated systems, 802, 1233, and 854 con-
formers were identified, respectively. In all cases, the complete
conformational ensemble was confined within an energy window
of approximately 25 kJ mol ™. The distribution of conformational
energies is illustrated in the comparative energy distribution plot
(Fig. S35a). The energy profiles show a continuous distribution of
conformers across the entire energy range rather than a sharp
clustering around a single global minimum. This behavior
indicates the absence of a strongly dominant conformation and
suggests that the macrocyclic framework possesses a shallow
multidimensional potential energy surface. Further evidence of
this behavior is provided by the cumulative energy distribution
plot (Fig. S35b). The cumulative curves increase smoothly over
the entire energy interval, indicating that numerous conforma-
tional states are accessible within a relatively narrow energy
window. In contrast, a system dominated by a single well-
defined minimum would exhibit a steep initial rise in the
cumulative distribution followed by a plateau. The gradual
increase observed here therefore reflects the presence of many
closely spaced low-energy conformational minima. The nearly
identical cumulative profiles obtained for the neutral, proto-
nated, and deprotonated species further indicate that protona-
tion has little influence on the intrinsic conformational flexibility
of the macrocycle, suggesting that the shallow energy landscape
is an inherent feature of the scaffold. To verify that this behavior
persists at a higher level of theory, representative low-energy
conformers extracted from the CREST ensembles were optimized
using density functional theory. The resulting relative Gibbs free
energies are summarized in Fig. S35¢, which presents the corres-
ponding energy ladder diagram. The calculations confirm that
several conformers remain thermodynamically accessible in all
protonation states. In the protonated system, the optimized
structures are essentially isoenergetic, with relative free ener-
gies confined within approximately 2 kJ mol~", indicating near-
degeneracy of the accessible conformations. The neutral system
displays a somewhat broader distribution, extending to about
9 kJ mol™*, while the deprotonated species shows the widest
range, reaching roughly 17 k] mol '. Nevertheless, even in
these cases multiple geometrically distinct conformers remain
within thermally accessible energy ranges, and no single con-
formation emerges as overwhelmingly dominant. Taken
together, the conformational sampling and DFT refinement
results demonstrate that the macrocyclic scaffold is character-
ized by a shallow and densely populated potential energy sur-
face. The presence of numerous low-energy minima indicates a
high degree of intrinsic structural plasticity. In such systems,
relatively small perturbations - such as coordination to a metal
center, interactions with counterions, or crystal packing effects
- can stabilize different conformational basins of the under-
lying energy landscape. As a consequence, structurally distinct
assemblies may arise from the stabilization of alternative low-
energy conformations that already exist within the conforma-
tional manifold of the free ligand. Accordingly, experimental
observations should be interpreted not as lack of purity, but as
a manifestation of closely spaced thermodynamic minima
inherent to the ligand architecture.
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2.5. Luminescence and temperature-dependent properties of
lanthanide complexes

The selected complexes were chosen for further investigation as
luminescent temperature sensors, and their thermal stability
was evaluated through thermogravimetric analysis (TGA) (Thermo-
gravimetric analysis section, SI, Fig. S36 and S37). Solid-state
luminescence studies were performed for all synthesized lantha-
nide complexes to investigate their photophysical properties, and
the corresponding emission spectra are shown in Fig. S38. The
observable emission of these systems from lanthanide ions
depended precisely on the nature of the pendant-arms attached
to the macrocycle. In complexes with the LC, macrocycle (4-
hydroxyazobenzene pendant-arms), the lanthanide emission is
quenched, plausibly due to the quenching effects of the ligands
and/or low energy of the triplet states, hampering effiecient energy
transfer to the excited states of Ln*" ions. While complexes with
the LA, and LB, macrocycles (phenol or ethoxyphenol pendant-
arms) showed lanthanide luminescence in the solid state. This
observation highlighted the importance of structure-property
relationships to observe efficient energy transfer to the Ln** centre
and generate photoluminescence from lanthanide ions in these
systems. Moreover, the type of lanthanide ion (Dy** vs. Nd*")
strongly influences the emission intensity in complexes based on
LA, and LB, macrocycles.

These findings emphasize that both the architecture of the
ligand and the choice of metal centre are key factors in tuning
the photophysical properties of lanthanide complexes and
optimizing their performance as solid-state emissive materials.
The most intensive emission of lanthanide ion was observed for
Dy*" complex with LB, macrocycle and Nd** complex with LA,
macrocycle (Fig. 5a, b and Fig. S$38). This is because the
pendant-arms of the organic moieties modulate the energy
transfer to the emitting lanthanide ions in the selected macro-
cyclic complexes.

The emission spectra for the LA, and LB, macrocyclic
complexes with Nd** and Dy*" ions were recorded at ambient
conditions using LED-based UV light source (A = 370 nm) for
excitation. The LA, complex with Nd** ions shows three character-
istic emission bands in the range from 800 to 1100 nm, as a result
of intraconfigurational, 4f-4f radiative transitions (Fig. 5a), namely
a band at 820 nm (*Fs, — Iy, transition), 890 nm (*Fz, — ‘o)
and at 1050 nm (*F3, — “I;15,). On the other hand, the emission
spectrum of the complex with Dy*" shows seven disticts emission
bands in the range of 450-780 nm, namely the bands centered at
455 nm (Y5, — °Hysp transition), 480 nm (*Fop —
6H15/2), 545 nm (4115/2 - 6H13/2)y 580 nm (4F9/2 - 6H13/2)y
620 nm (*Lisp, — °Hgp), 665 nm (*Fgp — °Hop), and 755 nm
(*Fo — ®Hy,,), as shown in Fig. 5b. The luminescence properties
of both macrocyclic complexes are a result of initial UV excitation
of the organic ligand, followed by the intersystem crossing (ISC)
from the excited singlet (S;) to triplet (Ty) state, the subsequent
energy transfer (ET) from the excited triplet states of the organic
ligands to the emitting lanthanide ions, and the final emission
from their lowest excited states to the given ground levels, as
presented in the energy level diagram in Fig. 5c. Specifically, after
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the energy transfer to the higher excited states of Ln>", the non-
radiative relaxation occurs to the lower-lying levels. In case of Dy**
the lowest excited level is “Fy,, which is thermally-coupled with
the *I,5, level lying around 940 cm ™' above, causing emissions
located in a visible range, ranging from 470 to 750 nm. In case
when energy is transferred to Nd*" ions, the non-radiative,
multi-phonon relaxation occurs to the first excited state *Fy0,
which is thermally-coupled with the “Fs;, excited level, lying
around 1080 cm ™' above, leading to the emissions located in a
NIR range, i.e. from 800 to 1100 nm. Such thermally-coupled
levels (TCLs) are in thermal equilibrium and conform Boltz-
mann distribution, so they can undergo thermal excitation
(Fig. 5c¢). For example, temperature elevation will cause inten-
sification of Nd*" emission at 820 nm (higher energy level), in
the cost of decreasing emission intensity at 890 nm (lower
energy level).

A detailed temperature-dependent analysis is presented in
the following section. The temperature-dependent emission spec-
tra of the Nd/LA, complex were investigated in the T-range from
90 to 540 K (Fig. 6a). In general, the normalized emission spectra
show a relative increase in intensity of the high-energy emission
band centered at 820 nm, which gradually increases with tem-
perature, in respect to the low-energy band at 890 nm. This effect
is caused by the mentioned thermalization effects between the
TCLs of Nd*', i.e. *F3/, and “Fs,, states. On the other hand, in the
case of emission band centroids for peaks centered at 890 and
1050 nm (Fig. S39a and b), they show negligible, almost linear
blueshift (A2 ~ —0.012 and —0.006 nm K, respectively). More-
over, their full width at half maximum (FWHM) increases with
temperature elevation (Fig. S39¢). By determining the integrated
intensities of the mentioned bands, we calculated the lumines-
cence intensity ratio (LIR) 820/890 nm, and plotted it as a function
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Fig. 6 Temperature-dependent emission spectra of the macrocyclic complex Nd/LA; (a) and Dy/LB; (d) ions. The determined LIR values for the
thermalized emission bands of Nd/LA; (b) and Dy/LB, (e) complexes as a function of temperature. Absolute (left y-axis; black curve) and relative (right
y-axis; red curve) sensitivity, calculated based on the 820/890 nm (c) and 450/480 nm (f) LIR parameters, for Nd>* and Dy** complexes, respectively.
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of temperature (Fig. 6b). Due to the very low intensity (close to the
noise level) of the band at around 820 nm at low temperatures,
and ineffective thermalization in the cryogenic T-range (devia-
tions from the perfect Boltzmann-type distribution), the deter-
mined LIR values start to show a monotonic increasing tendency
above 290 K (useful for thermometry operating range).

The resulting LIR values were fitted to the Boltzmann
equation:

I AE
LIR=—=8B — 1
5 X exp (kB T> (1)
where B is 19.54 and AE is 1154 cm ™. Using the LIR parameter
as a function of temperature, the absolute sensitivity (S,) was
calculated using the following equation (eqn (2)):

OLIR
T @

The S, increases with temperature from S, ~ 1.29 x 10> K " at
290 K t0 5.06 x 10> K ' at 540 K (Fig. 6¢; left y-axis). However, in
the case of the LIR factor, the most important thermometric
parameter to estimate the performance of the temperature sensor
is the relative sensitivity (S,), which was calculated using eqn (3).
The determined relative sensitivity decreases with temperature
increase from 1.93% K " at 290 K to 0.57% K" at 540 K.

1 |OLIR

S, = 1009
! %LIR oT

®)

Next, the temperature-dependent emission properties of the
LB, complex with Dy** ions were investigated in the T-range
from 90 to 490 K (Fig. 6d and Fig. S40). Luminescence inten-
sities for all emission bands varied up to ~400 K, and then
decreased as a function of temperature (Fig. S39d). However,
the band at 450 nm show the relative increase of luminescence
intensity, compared to the 480 nm band, due to thermalization
effects between the *Fo,, and “I,5,, excited levels of Dy**, as can
be clearly seen in the normalized spectra in Fig. 6d. A slight,
monotonic blueshift of all band centroids (Fig. S39e) and
apparent band broadening, i.e. FWHM increase (Fig. S39f),
was observed for almost all emission bands as a function of
temperature. We used the relative change in intensity for the
bands located at 450 and 480 nm, corresponding to the s —
®H;s5,, and *Fy, — °H;5, transitions, in order to determine the
LIR 450/480 nm, as the most reliable thermometric parameter,
which changes monotonically within a broad T-range. The LIR
was fitted to the Boltzmann equation (eqn (1)), where B is
1.68 and AE is 946 cm™ ", showing effective thermalization of
the 'I;5, level (Fig. 6e) above 200 K. The corresponding S,
parameter starts to increase from ~1.38 x 10™* K ' at ~240 K,
where thermalization start to occur, up to 5.89 x 10~ * K at
490 K (Fig. 6f). In contrast, the S, value decreases gradually
from 2.36% K * at 200 K up to 0.56% K ' at 490 K. Despite
slightly smaller S,, the Dy/LB, macrocyclic complex shows the
most promising spectroscopic and thermometric properties for
optical temperature sensing, due to much higher luminescence
intensity (Fig. S38), and monotonic change of the LIR para-
meter within a broader T-range than the Nd/LA, complex, due
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to specific structure-related optical properties of the Dy’ *-based
macrocycle compound with ethoxyphenol pendant-arms.

2.6. Photoresponsive behaviour in solution-state

The azobenzene unit is a well-known photoswicthable moiety
capable of reversible trans—cis isomerization under light exctita-
tion, in which characteristic absorption bands from these two
isomers makes them distinguishable.®” Here, we investigated
the LC,H, ligand with azobenzene pendant-arms, as well as its
lanthanide complexes — Nd/LC, and Dy/LC, complexes with the
aim of studying their potential for light-responsive behaviour.
Upon irradiation of the free ligand LC,H, within the range (315-
500 nm) using selected wavelengths, noticeable spectral changes
were observed (Fig. S41a). The most observable changes occurred
upon irradiation of 360 nm, corresponding to the absorption
maximum of the ligand. Additionally, evidence of isomerization
was also detected upon irradiation at 405 nm. In both cases the
spectra were almost recovered after 10 minutes of keeping
irradiated sample in the dark. Nevertheless, the observed spectral
changes did not induce photochromic behaviour of the system.
Significant activity was observed however upon coordination with
Nd** or Dy** lanthanide ions. Importantly, photoirradiation of
lanthanide systems leads to enhanced stabilization of the cis
isomer. This strongly indicates that coordination of Ln** metal
ion plays an important role in photoresponsive and photochro-
mic behaviour in these systems. Metal ion coordination through
ligand skeleton and the negatively charged oxygen donors from
phenolate moieties can impact the energetic profiles for the
effective ¢rans-to-cis isomerization. For the Nd/LC, complex, a
wavelength screening was performed in chloroform solution to
determine the most efficient excitation range for photoisomeriza-
tion. The results indicated efficient isomerization upon exposure
to near-UV light at 270 nm. From 300 nm to 560 nm, no
significant changes were observed in the absorption spectrum,
indicating that isomerization at these wavelengths is not efficient
(Fig. S41Db). Irradiation at 270 nm led to decrease in the intensity
of the trans-band (around 390 nm), accompanied by the appear-
ance and growth of the cis-band (around 520 nm) - pink line,
confirming the photoinduced isomerisation process (Fig. 7a and
Fig. S41b). This behaviour is consistent with our previously
published results on azobenzene containing lanthanide com-
plexes based on a different macrocyclic skeleton, where photo-
response was tiggered by further UV region, and most of Ln**
complexes, exhibited dual photoisomerization regions under
both UV (320 nm) and visible light (520 nm) irradiation.*" In
those systems, the reverse cis-to-trans isomerization was induced
by contact with glass surface. Similar observations were made in
the present study, although the reversibility was notably reduced.

This potentially indicated partial degradation®® in the chloro-
form solution of the lanthanide complex due to the high-energy
UV light required for isomerisation activation, as spectra was no
more recoverable, even after prolonged (24 hours) contact with
the glass surface (Fig. 7a). Therefore, in the subsequent experi-
ments, we employed irradiation at a slightly lower-energy wave-
length (285 nm), which still proved effective for inducing
isomerization and could minimaze degradation effects. We

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00750c

Open Access Article. Published on 22 May 2026. Downloaded on 5/23/2026 1:36:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

before light irradiation
0.5eq TFA

before light irradiation

View Article Online

Paper

20eqTFA
——20eqTFA+2.0eq TEA
——1.0eq TFA + glass
—— TFA exc.

—— before light irradiation
——270 nm (30 min)
———270 nm (30 min) + glass (5 min)

—— 270 nm (20 min) 270 nm (35 min) + glass (5 min) — 10eqTFA
270 nm (35 min) —— 270 nm (35min)+ glass (24 hours) — eg TFA + 1.0 eq TEA
08 08— :
before UV before
a) SIore b) uv

| 1

Absorbance
Absorbance
°
b
L

o
N
L

\ HZeqTFA+

2eq
TFA

before UV

% | o)

Absorbance

2eq TEA

T T T T N T i
250 300 350 400 450 500 550 600 2% 300 350 400
Wavelength (nm)

d) ~——Nd(CF;80,),LCH, ——Nd(CF,S0,),LC,H, + 0.5 eq TFA
— Nd(CF;S0;),LCH, + 2 eq TEA Nd(CF;80;,);LC,H, + 0.5 eq TFA +2 eq TEA
——Nd(CF;80,);,LC,H, + glass (S min) ___Nd/LC,

Nd(CF,S0,),LC,H, + glass (20 min) & ] &
= ' %

Nd(CF3S03),LC,H, > :
In situ prepared . TEAjglass /\;
0.6 4 — X
g - .
s »
2 044 /
2 /
] {
0.24
\ /\ -
00 T : ; e ’
250 300 350 400 450 500 550 “)

Wavelength (nm)

Wavelength (nm)

protonation sites
in the [Ln:L]

T T T T T
450 500 550 600 250 300 350 400 450 500 550 600

Wavenlength (nm)

ssible H

complex

isomerization |
through
tautomerisation |
mechanism

Fig. 7 UV-Vis absorption spectra changes for Nd/LC, after contact with the glass, followed by irradiation at 270 nm (a), UV-Vis absorption spectra
changes under defined conditions of Nd/LC, lanthanide complex (acid—base equilibrium) (b), Dy/LC, lanthanide complex after contact with the glass,
followed by irradiation at 270 nm (c) and in situ prepared Nd(CF3SO3)sLC,H, complex under defined conditions (d) with the comparison to the absorption
spectra of deprotonated Nd/LC, complex. The photos inserted into the graphs show specific changes in the colour of the solutions. Graphical
representation of protonation and its effect on the photoresponsive behaviour of the macrocyclic lanthanide assemblies (e); for better demonstration of
the process, the phenolic arm is presented as non-coordinating, but solution and solid-state studies demonstrate coordination in the deprotonated form;

the mechanism is presented based on monometallic Ln-assemblies.

observed the same trends of changes in the absorption spec-
trum as at 270 nm. The cis-rich solution reached its maximum
after 135 minutes of irradiation, as indicated by the lack of
increasing intensity of the band assigned to the cis-isomer
(Fig. S42a). The cis-rich solution was also irradiated with visible
light (480 nm and 520 nm) to induce reversion to the trans-form,
however it caused only a slight reversion in the cis-absorption
band intensity. Leaving this sample for 24 hours in the day light,
caused disappearance of characteristic band of the cis-isomer,
whereas the sifted band assigned to the trans-isomer remains
unchanged (Fig. S42a). This findings indicate that such pro-
longed irradiation with high-energy light may induce some
degradation pathway, and that the process is no longer rever-
sible, contrary to the 6-membered macrocyclic azobenzene/
phenoxide system.®’ We also investigated the effect of acid
and base addition on the isomerization process (Fig. 7b). We
found that trifluoroacetic acid (TFA) favours the formation of
the cis-isomer, accompanied by a colour change form yellow to
orange, suggesting a mechanism based on a protonation/depro-
tonation equilibrium. Contact of this solution with borosilicate
glass or addition of a base such a triethylamine (TEA), restores
absorption spectra and the yellow colour of the solution. The
reversibility is achieved with significantly higher efficiency than
in the case of UV-induced photoisomerization. However, in the
presence of excess of TFA, the cis-band disappears completely,
and the process is no longer reversible, which may indicate

This journal is © The Royal Society of Chemistry 2026

metal ion decoordination (Fig. 7b). Analogous experiments with
the Dy/LC, complex confirmed similar behaviour. Efficient
photoisomerization was observed at 270 nm, with partial rever-
sibility upon contact with glass (Fig. 7c). However, as with the Nd/
LC, complex, reduced reversibility indicates sample fatigue or
partial degradation under prolonged UV exposure. For Dy*" based
complex acid/base interactions again play an important role in
modulating the cis-trans equilibrium (Fig. S42b). Furthermore, an
in situ preparation of the Nd(CF;SO;);LC,H, complex without
deprotonation of phenol groups, resulted in an immediate cis-like
spectrum, which reverted after base addition (TEA) or upon
contact with glass, however longer time was required — 20 minutes
(Fig. 7d). Additionally, it is clearly visible that the addition of TFA
as a protonating medium shifts the equilibrium further towards
the cis-form, which is observed as a significant increase in the
intensity of the absorption band around 500 nm. The entire
process is also reversible upon introduction of TEA, and the
resulting absorption spectrum matches the Nd/LC, complex
spectrum almost exactly (Fig. 7d). It should be noted that proto-
nation of the ligand molecule (LC,H,) by TFA addidtion (even
with excess) does not induce the appearance of band in the Vis-
region of the spectrum, which is typically assigned with the cis-
form of azobenzene moiety, and thus not induce any colour
change (Fig. S42c). This indicates that metal coordination plays
a crucial role in designing such photoswitchable systems based
on the skeleton on this azobenzene macrocycle. All studies

J. Mater. Chem. C


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00750c

Open Access Article. Published on 22 May 2026. Downloaded on 5/23/2026 1:36:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

connected with the protonation and deprotonation behaviour
influences the photostationary state on our Ln-systems. Thus,
we hypothesize that protonation of the phenolic lariat arms can
promotes intramolecular proton transfer to the azo group, gen-
erating a hydrazone-type tautomer in which the N-N single bond
lowers the rotational barrier for the isomerization (Fig. 7e).

3. Conclusions

Across the polyoxaaza, pyridine-containing macrocycles studied
here, two recurring architectures — 1:1 (monometallic) and 2:2
(dinuclear) - are obtained irrespective of the pendant-arm
identity (LA,, LB,, LC,) or mid-series ion size (Dy** vs. Nd*).
This parallel speciation reflects the intrinsic coordination beha-
viour of the phenolate-rich macrocycle: the ring N3O, donors
enforce binding while phenolates promote p-OH /p-phenolate
bridging and high effective coordination numbers. Solution
NMR and ESI-MS indicate a thermodynamically equilibrated
mono <=> di manifold, with lanthanide-radius effects modest
for Nd**/Dy** but becoming more pronounced at the series
limits (La — Lu), where smaller ions bias toward mononuclear
solutions. The combined semiempirical and DFT-level compu-
tations further confirm the intrinsic conformational degeneracy
across all protonation states of the macrocyclic scaffold, and a
coherent thermodynamic explanation for the coexistence of 1:1
and 2:2 coordination motifs. Pendant-arm electronics govern
emissive behaviour in the solid state: LC, (azobenzene)
quenches Ln** emission, whereas LA, (phenol) and LB, (ethoxy-
phenol) support efficient antenna-mediated sensitization, with
Dy/LB, and Nd/LA, giving the robust luminescent output and
reliable thermometric response, despite the observed 1:1/2:2
coexistence of complexes. In solution, azobenzene photoisome-
rization is coordination-enhanced (the free ligand is photoactive
at a different wavelength and its cis form is less stable, whereas
the Ln*" complexes exhibit shifted absorption and significantly
enhanced cis stability). Near-UV excitation triggers trans — cis
conversion, while acid/base inputs offer a more reversible
handle on the cis-trans balance, albeit with reduced reversibility
under sustained high-energy irradiation or excess acid and
overall inferior characteristics when compared with 6-donor
analogues.®" Together, these findings provide structure-guided
rules for lanthanide macrocycle design within the 5-donor N;0,
ligand scaffolds. Tailoring pendant-arm electronics and mana-
ging the radius-sensitive mono/di equilibrium enable solid-state
emitters and practical LIR-type thermometers. This integrated
approach links ligand architecture through speciation and
energy-transfer pathways, offering a clear route to multifunc-
tional, responsive Ln*" materials.
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