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ABSTRACT

Lanthanide-based optical emitters are emerging as promising materials for quantum applications because of the long optical
coherent lifetimes associated with their narrow emission lines. In this work, we investigate a series of lanthanide molecular
complexes with a highly rigid tetrapodal benzimidazolic ligand (L) as potential highly coherent quantum light sources suitable
for on-chip integration. The LnL complexes show sensitized Ln-centered emission in the visible and near-infrared spectral
ranges with a well-resolved fine structure of the J sublevels. Remarkably, the EuL complex exhibits a single line related to the
purely electric dipole °D,—F, transition, of particular interest in quantum photonics. Notably, this formally forbidden line
likely originates from an LMCT state, rather than from low symmetry or strong crystal-field effects. This mechanism enables
the appearance of the band while maintaining a limited electric inhomogeneity of the ligand system, as supported by Judd-Ofelt
analysis. These features contribute to the significant reduction of the room-temperature inhomogeneous linewidth (~500 GHz)
compared to typical zero-phonon lines of polyaromatic molecules in polymers. Importantly, these favorable properties persist in
doped silica-based SiCO and PMMA films. Additionally, the doped SiCO film provides high excitation selectivity, minimal host
autofluorescence, and broad color tunability.

1 | Introduction particularly promising as quantum emitters as they can provide

competitive performance in terms of coherence, scalability, and

Quantum photonic technologies represent the future paradigm
for efficient data communication, computing, information stor-
age, cybersecurity, and sensing [1]. Novel sources of quantum
light, offering optical properties modulation by chemical engi-
neering together with the flexibility for on-chip integration in
quantum devices, are highly sought after to overcome the limits
imposed by traditional inorganic materials, such as bulky crystals
and quantum dots [1, 2]. In this context, single molecules are

compatibility with diverse integrated platforms [3]. Moreover,
chemical tailoring at the atomic and molecular scale can open
novel opportunities for the control of the interactions between
quantum systems (e.g., nuclear spins) and light, as well as
simultaneously engineer the quantum properties of photons
[4-7]. This can be achieved by exploiting the intrinsically well-
defined transition electric (and magnetic) dipole moments in
molecules, allowing for optically narrow linewidths, typically
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corresponding to zero-phonon lines, and long coherence lifetimes
of the emitted light. Single organic molecules, mostly belonging
to the class of polyaromatic hydrocarbons, are currently attracting
much interest as quantum emitters due to their accessibility, large
quantum yields, and their high rigidity, resulting in well-aligned
ground and upper states and therefore enhanced zero-phonon
lines [8-11]. Increasing the rigidity of the system, leveraging on
the high purity and structural definition of molecular materials,
and embedding them as dopants into suitable hosts, can lead
to significant control of the inhomogeneous broadening of lines
due to phonon states even out of cryogenic temperatures [12-
14]. In addition, the incorporation of such quantum sources in
dielectric media is necessary to allow their combination with
metal mirror cavities for signal enhancement while avoiding plas-
mon quenching caused by the direct contact of the emitter with
the metal surface [15]. However, the optical tunability and the
physical and chemical versatility (e.g., wavelength modulation,
multifunctionality, solubility, compatibility with various photonic
chip platforms) of polyaromatic hydrocarbons are highly limited.
In this framework, luminescent lanthanide (Ln)-based molecular
complexes with organic ligands can represent an empowered
class of quantum light sources, leveraging on the enhanced
chemical versatility from ligand modification and the unique
optical properties of trivalent Ln ions (Ln*"). Indeed, Ln emission
lines, stemming from intra-shell transitions essentially involving
core-like 4f orbitals, are barely influenced by the external environ-
ment, intrinsically narrow, unaffected by spectral diffusion, and
characterized by long optical coherence lifetimes [4-7, 16-18]. In
molecular Ln complexes, the organic ligand acts as a sensitizing
antenna, able to harvest light with high efficiency and transfer
it directly to the Ln emitter. This mechanism allows overcoming
the intrinsically weak absorption of the Ln emitters, enabling
efficient optical pumping and the on-demand control of photon
emission [19]. Furthermore, their high chemical versatility allows
for finely tailoring the Ln optical properties by modulating the
local symmetry and ligand field effects influencing orbital mixing
and transition lines splitting, intensity, and width [20, 21]. The
design of Ln-based molecular quantum light sources requires
the use of organic ligands suitable to bestow high rigidity to
the molecular structure to minimize phonon-mediated relaxation
pathways and reduce inhomogeneous line broadening. At the
same time, a rigid ligand system introduces symmetry constraints
that can affect the oscillator strengths of selected Ln-centered
transitions, which obey electric or magnetic (or mixed) dipole
selection rules, making the rational design of such quantum
emitters a challenging task. The investigation of Ln molecular
complexes as quantum light sources, which can open wide, so
far largely unexplored, opportunities for even more sophisti-
cated quantum systems, for example optical-spin polarization
[4], has only emerged in the last few years, whereas currently
available research is mostly focused on fully inorganic materials
[17]. Therefore, more extended studies are highly demanded to
improve the understanding of how to control the quantum states
of Ln emitters by molecular engineering, and how these features
respond to modifications of the chemical surroundings when
the emitter is incorporated into matrices suitable for on-chip
integration.

In this work, we present an in-depth investigation of the
structure-properties relationship of a class of Ln ions (Ln =
Eu, Tb, Sm, Gd, Nd, Er, Yb) complexes with the neutral

tris((AH-benzo[d]imidazol-2-yl)methyl)amine ligand (L) showing
sensitized optical Ln-centered emission in the visible and near-
infrared (NIR) spectral ranges. The tris-benzimidazolic L ligand
has been selected for its optical properties of UV absorber, able
to undergo energy transfer to Ln ions with high-lying emitting
levels, such as Eu and Tb, and for its ability to coordinate the
metal ions in a highly rigid tetrapodal fashion [22, 23], resulting
in remarkably well-resolved Ln-centered emission lines in the
LnL complexes. To explore the potential of the synthesized
compounds for on-chip integrated quantum light sources, they
were incorporated into suitable transparent and flexible silica-
based thin films, obtained from natural chemical precursors,
representing the ideal dielectric medium for the combination
with metal optical cavities. We highlight the role of symmetry,
ligand-metal interaction, and rigidity of the system, on the emis-
sion lines of the Ln ions, particularly focusing on the influence of
different phases (solution, crystalline state and doped transparent
films) on the spectral properties of Eu*, the most promising
quantum light emitter in relation to its purely electric dipolar
D, —’F, transition [4-6], giving rise to emission at 580 nm.
Remarkably, we found that this transition is governed by low-
lying charge transfer states rather than the commonly accounted
mixing of J-levels induced by strong crystal field effects and low
symmetry, with important consequences on the inhomogeneous
linewidth in both the single crystals and in the doped films. The
discussed results can provide novel guidelines for the rational
design of Ln-based single-molecule quantum emitters that are
integrable on photonic platforms. Finally, we show that EuL and
TbL-doped hybrid silica films display remarkable, highly selec-
tive wavelength-dependent emission color tunability suitable for
applications not only in quantum photonics, but also in optical
multiplexing and anticounterfeiting.

2 | Results and Discussion
2.1 | Synthesis and Crystal Structure Description

LnL complexes (Ln = Nd, Sm, Eu, Gd, Tb, Er, Yb) were synthe-
sized though a one-pot reaction by directly adding a solution in
ethanol (EtOH) of the appropriate Ln nitrate salt to a solution
of the ligand L in the same solvent at room temperature which
yielded the immediate precipitation of the complexes as white
microcrystalline powders (Figure 1). Prismatic single crystals
suitable for structural investigation by X-ray diffraction (scXRD)
were obtained for EuL and TbL by slow diffusion of the Ln ion-
containing solution into the solution of the ligand L in EtOH.
The compounds crystallize in the cubic Pa-3 space group, and
the molecular arrangement consists of a mononuclear complex
which can be formulated [LnL(NO;);], where the trivalent Ln
ion is coordinated by one L ligand and three nitrate ions, in
agreement with previous reports [22, 23]. The molecular structure
of EuL is depicted in Figure 2a as a representative example,
while the structure of the Tb*" analog is reported in Supporting
Information together with crystallographic data (Figure S4 and
Table S1). In the mononuclear unit, the central trivalent Ln ion
is deca-coordinated through four N-donor atoms (three of the
imidazolic units and one of the aminogroup) of the L ligand
acting as tetrapodal chelator, and six O-donor atoms by three
nitrate ions, adopting a distorted bicapped square antiprism
geometry (D4, Figure 2b) as confirmed by continuous shape
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NJQN + Ln(NO;);. 6H,0

FIGURE 1 | General reaction scheme for the synthesis of LnL complexes.

FIGURE 2 | (a) Capped stick representation of the unit cell of EuL (view along the a-axis) in which the partially disordered water is omitted for

clarity. (b) Coordination geometry of the Ln** ion. (c) Capped stick representation of the EuL-water dimer. (d) Capped stick representation of the
EuL-EuL dimer. Hanging hydrogens are represented as balls. Color codes: light blue, Eu; red, O; blue, N; gray, C; white, H.

analysis (Tables S2 and S3). When considering the inequivalence
of the N and O donor atoms, the local symmetry around the
Ln center lowers to C; (see Supporting Information for details).
All the LnL complexes herein investigated are isostructural,
as confirmed by powder-XRD (pXRD, Figure S5) and FT-IR
(Figure S6) data. Thermogravimetric investigation indicates that
the complexes are stable up to 300°C (Figure S7), suggesting
that they are suitable for integration into hybrid systems through
functional processing or material transformation.

It is well known that the intermolecular interaction pattern
influences crystal packing and can drive the formation of

supramolecular structures with desired shape and functions
[24]. In this respect, several interesting noncovalent interac-
tions occur in the complexes. First, the complexes include a
solvated water molecule, which, although partially disordered,
is hydrogen bonded to one of the noncomplexed oxygen atoms
of a coordinated nitrate with an interaction energy of 13.4 kJ
mol™! (Figure 2c). Second, two complex molecules interact with
each other through several C—H,,y,***O hydrogen bonds and
one N—H***O hydrogen bond, with an interaction energy of
133.0 kJ mol™ (Figure 2d). Such an array of hydrogen bonds
certainly increases the rigidity of the complexes. The formation
of these hydrogen bonds is further confirmed by the Quantum
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FIGURE 3 | (a)Normalized electronic absorption (dotted lines) and DR spectra (solid lines) of EuL (red), YbL (blue), SmL (orange), and ligand L
(gray) in MeOH solution and in the solid state, respectively; (b) DFT-calculated HOMO and LUMO orbitals in EuL.

Theory of Atoms in Molecules (see Supporting Information
Figure S9).

2.2 | Optical Properties

The electronic absorption spectra of the LnL compounds in
MeOH solution and in the solid state (diffuse reflectance, DR,
Figure 3a; Figure S8) are dominated by a broad and intense
set of bands in the UV region (1,, = 282 nm) attributed to
ligand-centered transitions accompanied by a series of narrow
peaks characteristic of intra-shell f-f transitions of the specific
Ln ion (Figure S8b), with the only exception of the optically-
silent Gd** having hardly accessible high-lying energy levels in
the UV. The similarity of the spectral features of the L ligand in
the complexes and the free form suggests a negligible influence
of the coordination on its electronic properties [25]. According
to Density Functional Theory (DFT) and Time Dependent-DFT
(TD-DFT) calculations (Figures S10 and S11 and Table S4), the
main ligand-centered absorption features are located well-below
300 nm and are attributed to singlet 7—7* transitions. Nonethe-
less, in the DR spectra of EuL and YbL, an additional broad
band appears at longer wavelengths, and it is more redshifted in
EuL (4,,,, = 348 nm) than in YbL (4,,,, = 316 nm). Given the
isostructurality of all the complexes, this additional band cannot
be ascribed to ligand-mediated supramolecular interactions, but
it is clearly related to the nature of the metal ion. We attribute
this optical feature to possible ligand-to-metal charge transfer
(LMCT) occurring in the Eu** and Yb** complexes, in view of
the fact that these ions display the highest reduction potential
among the trivalent Ln ions because of the half-filled and filled
configurations of their divalent species [26]. DFT calculations
on EuL (Figure 3b) and TbL (Figure S12) show that, while
the Highest Occupied Molecular Orbital (HOMO) is localized
exclusively on the benzimidazole rings of the L ligand, the
Lowest Unoccupied Molecular Orbital (LUMO) involves the f-
orbitals of the Ln ion with some contribution of the coordinated
nitrate ions. Even if the localization and shape of the frontier
MOs are similar in the two complexes, a significantly higher
energy is calculated (Table S5) for the LUMO in TbL, justify-
ing the lower accessibility of this state with respect to EuL.
These observations may corroborate the hypothesis of a possible

internal CT transition occurring in EuL and, potentially, YbL
complexes.

On excitation in the UV range (280 nm), all complexes, with
the exception of ErL, exhibit the characteristic sharp f~f peaks
related to the Ln ion-centered emission as shown by the photo-
luminescence (PL) spectra in Figure 4a—e and Figure S13. In the
case of GdL, where no ligand-to-metal sensitization can occur,
a broad ligand-centered band is detected, which peaks around
460 nm (Figure 4f). Time-resolved measurements reveal that its
decay dynamics are considerably faster than in the free L ligand
(Figure S14a). In the presence of the optically silent Gd** ion,
this behavior is likely attributed to ligand singlet depopulation
related to effective intersystem crossing to excited ligand triplet(s)
favored by the heavy-atom effect [19, 27, 28]. Based on these
observations and the PL data at 77K (Figure Sl4a,b), we attribute
the observed emission band to residual ligand fluorescence. The
excitation (PLE) spectra of the complexes (Figure S15), monitored
at the wavelength of the most intense Ln-centered peak, reveal a
broad band that is consistent with the absorption profile of the
ligand L, which functions as an antenna chromophore, together
with a set of narrow peaks characteristic of f-f transitions in
the case of EuL, TbL, SmL, and NdL. Interestingly, for both
EuL and YbL, the PLE spectra display a broad-shaped band
at a lower wavelength that is coherent with the LMCT spectral
profile observed in the DR spectra, thus significantly extending
the spectral range for sensitized emission in these complexes.
The attribution of this spectral feature to a LMCT transition
is further corroborated by its significantly higher sensitivity to
temperature with respect to the higher-energy ligand-centered
transition (Figure S16a,b).

The time-resolved PL data (Figures S17 and S6; Table 1) indicate
that all Ln ions decay monoexponentially upon indirect sensitiza-
tion through the antenna ligand, in agreement with the presence
of a single population of emitters. The similarity of the retrieved
decay time constants in the solid state and in ACN solution
indicates that the molecular structure is well-preserved when the
complexes are dispersed in the solvent (Table S6). The relatively
short values observed for the NIR emitters (YbL and NdL) and
the absence of any detectable emission in ErL are likely related
to the occurrence of vibrational quenching related to C—H groups
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FIGURE 4 | PL spectra of LnL complexes in the crystalline state (4,, = 280 nm): (a) EuL, (b) SmL, (c) TbL, (d) YbL, (¢) NdL, and (f) GdL.
TABLE 1 | Time-resolved PL data for LnL complexes in the solid influenced by the coordination environment, as well as weaker

state upon excitation at 280 nm.

Sample Aem [nm] Tops [MS]?
EuL 620 1250(4)
SmL 600 38.3(1)
TbL 550 1370(6)
YDbL 959 4.34(1)
NdL 1064 <1

27, = Observed decay time constant from monoexponential fitting.

and N—H groups in the structures of the complexes (Figure
S18b and related discussion) [29]. These vibrational quenching
phenomena account for the relatively small absolute quantum
yield values measured in ACN solution (Tables S7 and S8).

The Ln-centered PL spectra of all the complexes display a
relatively highly resolved fine structure that is coherent with the
rigid and well-defined ligand field environment provided by the
tetrapodal L ligand moiety. The PL spectrum of the EuL complex
is particularly meaningful to retrieve information on the relation-
ship of the optical features with the structural arrangement. As
shown in Figure 3a, it displays the typical narrow lines related
to the D, —»’F; (J/ = 0-4) transitions and is dominated by an
intense set of peaks around 615-630 nm, corresponding to the
so-called hypersensitive electric (pseudo)quadrupolar transition
D, — F,, which is considered to be highly sensitive to the local
symmetry of the Eu** environment. Additionally, less intense
peaks are observed around 595 nm (°D, — ’F,), which are related
to a magnetic dipole (MD)-allowed transition generally poorly

peaks in the 650-750 nm range attributed to the D, —"Fy,
transitions. The relative intensity and fine structure of these
peaks, originating from the splitting of the J sublevels of the 'F,
term at room temperature, are coherent with the D,y symmetry
of the Eu*" ion environment, possibly lowered by structural
distortion (see Supporting Information for further discussion)
[20]. Interestingly, the peak related to the purely electric dipolar
(ED) °D, — F, transition, virtually prohibited by selection
rules, is observed at approximately 580 nm. This transition is
of particular interest in quantum information processing since
it is related to non-degenerate states, and its pure ED nature
makes it nearly independent of fluctuations of the magnetic field,
giving rise to long optical coherence lifetime [4-6]. The origin
of the appearance of this peak in Eu** molecular complexes
is still subject to debate, but it is typically correlated to a low
symmetry environment or J-mixing related to relatively strong
crystal field effects, as corroborated by numerous studies in
popular -diketonate complexes showing particularly intense °D,,
— F, peaks [30, 31]. Nonetheless, low-lying CT states have
also been proposed as accountable for the appearance of this
transition in view of possible mixing with Eu®* 4f states [20, 32].
Remarkably, this latter circumstance seems herein the most likely
given the above considerations about the presence of an LMCT
transition in the absorption spectrum of EuL. To further elucidate
this point, we retrieved the Eu** radiative lifetime (z,,4) through
Einstein’s equation for spontaneous emission, which basically
depends on the ratio between the integrated intensity of the PL
spectrum and the intensity of the environment-independent MD
D, — ’F, band [33]. The retrieved value of 7,,; = 2.99 ms, which
increases to 4.66 ms at 77 K (Figure S19), is indicative of a weaker
crystal field and a higher symmetry environment with respect
to archetype f-diketonate complexes such as Eu(BTFA);(H,0),
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FIGURE 5 | PL spectra (4,, = 280 nm) of EuL in the solid state (a), in ACN solution (b), and in doped SiCO (c) and PMMA (d) matrix. Optical

bandpass was 0.1 nm.

(Tyaq = 1.61 ms, Figure S20) and [Eu(DBM),Phen] (7,,4 = 0.80 ms)
[31] (BTFA = benzoyltrifluoro acetonate; DBM = dibenzoyl
methanoate) showing detectable >°D, — ’F,, transitions. Moreover,
it is interesting to note that the intensity and width of the D, —
"F, peak in EuL is unchanged when lowering the temperature
to 77 K, even if phonon suppression likely leads to a symmetry
increase, as suggested by the observed increase of the radiative
lifetime (Figure S19). These observations point out the possible
role of the LMCT state, rather than local symmetry, in enhancing
this peak in EuL, allowing for its appearance also in a highly rigid
environment, which certainly is a favorable requisite to reduce
optical decoherence.

While the described structural and optical properties indeed
make EuL a promising material for molecular quantum light
sources, the exploration of its processing potential for on-
chip integrated devices and the study of the influence of host
platforms on its spectral features are imperative for practical
applications. We therefore doped EuL into dielectric and optically
transparent media, suitable to be combined with metal mirror
cavities for optical signal coherent enhancement and acting as
spacers between the emitter and the metal surface to avoid
metal quenching. We selected the silica-based SiCO polymeric
matrix (Figures S22-S24), which yields mechanically flexible
and shrinkage-resistant films thanks to the long alkyl chains
of the castor oil co-precursor [34], along with the highly pop-
ular PMMA (polymethyl-methacrylate) polymer host, to afford
doped EuL@SiCO and EuL@PMMA films (~1 mm thick,
1 % wt.). Figure 5 shows a comparison of the extended PL

TABLE 2 | Photophysical data for EuL in different phases.

Sample %rad [T]* Tyaq [mS] 7o [mS]® g, [%]°
Crystals 282 2.99 1.250(4) 42
ACN solution 425 2.48 L171(3) 47
EuL@SiCO 410 2.40 1.089(8) 45
EuL@PMMA 353 2.81 0.290(1) 10

%yad = 1/T,qq, radiative rate.

bz.»s values obtained from monoexponential fitting of decay curves for the
samples Crystals, ACN solution and EuL@SiCO. In the case of EuL@PMMA
the reported value refers to the intensity average lifetime (z,, = Za;7;%/Za;T;; a,
amplitude) from biexponential fitting.

CPru = Tobs/Trad» BUT intrinsic quantum yield.

spectra (550-850 nm) of EuL in different phases, as crystals,
in acetonitrile (ACN) solution, as well as in SiCO and PMMA
doped films, while Tables S9 and S10 report the retrieved values
of oscillator strengths and branching ratios for the D, — ’F,
transitions of Eu*'. It is noteworthy that we were also able
to detect the weak D, — ’F; (~750 nm) and °D, — ’F,
(~850 nm) peaks, rarely reported in the literature, for every
phase investigated. This latter transition is particularly rele-
vant to retrieve some specific information about the rigidity
of the emitter’s environment, as discussed later. Table 2 sum-
marizes the main photophysical data from time-resolved PL
measurements.
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TABLE 3 | Experimental Judd-Ofelt parameters (€2;) and asymmetric ratio (R,/,) for EuL complex in the crystalline state, ACN solution, and

incorporated into SiCO or PMMA matrices.

Sample Q, (107%° cm?) Q, (107%° cm?) Q; (10720 cm?) R,
Crystals 5.95 2.32 2.52 3.35
ACN solution 8.64 3.38 4.27 4.82
EuL@SiCO 10.22 3.37 1.32 5.77
EuL@PMMA 7.53 2.39 1.21 4.24

As expected, a loss of the spectral fine structure resolution is
observed when EuL is dispersed in solution, which is more
accentuated in the doped polymeric films as a consequence
of increased inhomogeneous line broadening due to phonon
effects and possible local distortion related to the interaction
with the matrix. This observation is supported by the observed
decrease of the radiative lifetime with respect to the crystalline
state, as reported in Table 2. On the other hand, in solution
and in the doped SiCO film, the retrieved decay times from
monoexponential fitting only slightly differ from the value
observed in the crystalline state, suggesting that the structure
of the complex is well preserved and its rigid nature protects
the Eu* emitter from external detrimental quenching effects by
the solvent and polymer host. Remarkably, the D, — ’F, peak
remains detectable in all phases and is even enhanced in intensity
in both EuL@SiCO and EuL@PMMA. It is interesting to note
that the LMCT band is still visible in the PLE spectra of EuL and
YbL in solution and in the SiCO film (Figure S25), and it may still
be accountable for the appearance of the °D, — ’F, transition line.
This also represents strong evidence that the molecular structure
is preserved upon dispersion in solution or in the polymer
matrix. To further investigate the role of host interactions in
shaping the optical properties of EuL, we applied the Judd-Ofelt
formalism to retrieve information about the local environment
of the Eu** emitter, including its symmetry, polarizability, and
rigidity [35, 36].

The Judd-Ofelt parameters of the EuL complex in ACN solution,
in the solid state, and incorporated into SiCO and PMMA matrices
were calculated using LUMPAC 2.0 [37] software and are summa-
rized in Table 3. The Q, values increase upon incorporation into
the PMMA and SiCO matrices, indicating insertion into a more
polarizable environment and a decrease in the local symmetry
around the Eu** ion, which is directly correlated to the observed
enhancement of the hypersensitive °D, — ’F, transition, consis-
tent with the increasing trend of the R,; (= I°D, — "F,)/ICD,
— 7F))) ratios on going from the crystalline state to the SiCO
film. In solution, €, is also raised, suggesting possible solvent-
induced distortion and vibrational effects partially disrupting the
symmetry. However, the retrieved values are significantly lower
than those typically found in f-diketonate complexes [38, 39],
indicating a higher symmetry of the coordination environment
in EuL, which is overall well preserved even upon incorporation
into the films. This observation is particularly relevant when
considering that hypersensitivity (to which (2, is directly related)
can be associated with an inhomogeneous distribution of oscil-
lating electric dipoles related to the surrounding ligand system,
which can strongly interact with the pseudo-quadrupolar (and
ED) 4f transitions [40]. Therefore, the reduced 2, value observed

in EuL, indicating reduced electric inhomogeneity, is again a
favorable factor for limiting the decoherence of quantum light
from the Eu*" emitter. The Q, values can be grouped into two
sets: ACN solution and SiCO film, which exhibit higher values,
and crystals and PMMA film, which show lower ones. Although
the physical meaning of this parameter is not fully understood, we
can tentatively rationalize the increase in 2, in terms of shorter
Eu-ligand bond distances, suggesting stronger interactions of the
complex with ACN and SiCO compared to PMMA, where the
Q, value remains similar to that of the crystalline phase [41,
42]. Finally, the Q4 parameter, which is related to the rigidity of
the system, follows the expected trend: it decreases progressively
from solution to crystals and then to the polymeric films,
reflecting the increasing rigidity of the surrounding medium.
The SiCO and PMMA doped films exhibit comparable Q, values,
evidencing an equivalent rigidity effect of the SiCO matrix over
the immediate surroundings, and hence spectral features, of
Eu’*, despite its significantly higher mechanical flexibility with
respect to PMMA [43]. System rigidity is important to reduce
inhomogeneous line broadening, a crucial aspect to achieve
potential quantum light sources for optical quantum information
storage applications. Therefore, we inspected the full widths at
half-maximum (FWHM) of the purely ED D, — ’F, transition
peak for EuL in the different phases at room temperature, which
are summarized in Figure 6. While the presence of a single peak
again confirms that the molecular structure of the complex is
fully preserved when dispersed in the solvent or in the polymer
hosts, the FWHM value is indicative of the small fluctuations of
the surrounding environment of Eu*" sites across the material,
possibly due to small distortions related to phonon effects or
interactions with the matrix. It can be noticed that the retrieved
values in the SiCO (~31 cm™') and PMMA films (~26 cm™) only
increase by less than 70 % with respect to the value obtained in the
single crystals (~18 cm™). These values are much smaller than
those found for Eu®* in glasses (in the range 100-150 cm™) [44,
45], underlining the potential superiority of rationally designed
Ln molecular complexes over traditional inorganic materials
for optical quantum applications. Moreover, the high rigidity
imposed by the tetrapodal L ligand leads to a reduced linewidth
with respect to the bidentate 8-diketonate complexes (Figure S21).
Remarkably, while the observed inhomogeneous linewidths of
about 500 and 900 GHz in the crystals and in the polymeric
hosts at room temperature are higher than the few tens of
GHz measured for Eu** doped in inorganic hosts (150 GHz)
[46] or in molecular complexes (<100 GHz) [4-6] at cryogenic
temperatures (< 4.2 K), they are lower than the thousands of GHz
found for the conventional terrylene molecular quantum emitters
doped into polymer hosts [3, 47]. These figures of merit, which
are favorable for the exploitation of EuL as a promising source

Advanced Optical Materials, 2026

7of11

85U8017 SUOWWOD BAIER.D 3(gedlidde ay) Aq peusenob afe saofe YO ‘8sn Jo SNl 1o} Al 8Ul|UO /8|1 UO (SUO N PUO-PUE-SWBIAO0" AB 1M AeIq 1 Ul |Uo//ScIY) SUONIPUOD PUe SWLB | 8L 88S *[9202/20/c2] Uo AreiqiT auliuo A8]IM ‘S[eIUS O 8uowsld e AiseAIuN Ad 428805202 WOPe/Z00T OT/I0p/W0d 48| im AIq1jpuluo"psoueApe//Sdny wouy papeojumod ‘0 ‘TL0TS6TZ



PL Intensity (a. u.)

17320 17280 17240

17200 17320 17280 17240 17200

PL Intensity (a. u.)

17320 17280 17240
Energy (cm™)

17200 17320 17280 17240 17200

Energy (cm™)

FIGURE 6 | Comparison of the PL spectral shape of the purely ED D, — ’F,, transition peak for EuL in different phases at room temperature: (a)
crystals; (b) ACN solution; (¢) EuL@SiCO; (d) EuL@PMMA. The retrieved FHWM values and related uncertainties are indicated (details in Supporting

Information). Optical bandpass was 0.1 nm.

of highly coherent light in quantum devices, likely stem from
the highly rigid molecular structure and the described peculiar
electronic properties of the L ligand.

2.3 | Color-Tunable SiCO Films

The observed excitation wavelength-dependent PL properties
of the visible-emitting EuL and TbL complexes (Figure S25b),
combined with the intrinsic optical features of the SiCO polymer
host, bestow notable color-tunability properties on the doped
films, which can be of interest in various optical applications,
such as anticounterfeiting and optical multiplexing. As shown
in Figure S23, the undoped SiCO film displays broad emission
in the blue region of the visible spectral range (4,,,, = 478 nm)
upon excitation in the 300-370 nm region [32]. From the com-
parison with the PLE spectra of EuL@SiCO and Tb@SiCO
in Figure S25b, it becomes evident that the SiCO excitation
range is only partially overlapping with that of TbL, which is
significantly blueshifted, while it overcomes the intensity of the
LMCT band for EuL because of the concentration mismatch
between the polymer host and the doped complex. As a result,
the excitation—emission maps of EuL@SiCO and TbL@SiCO
materials, reported in Figure 7a,b, respectively, reveal a strong
dependence of the emission profile and perceived color on the
excitation wavelength. In the EuL@SiCO sample, excitation in
the 260-290 nm range selectively enhances the characteristic red
emission bands of Eu**, resulting in a saturated red chromaticity.
As the excitation wavelength regularly increases, subtle shifts in
the relative intensities of Eu*"-centered and SiCO emission peaks
induce variations in the emitted color (Figure 7c,d), as confirmed
by the corresponding displacement of coordinates in the CIE
chromaticity diagram (inset in Figure 7a), where excitation at the

longest wavelengths (330-400 nm) results in a purple emission
color stemming from the combination of the simultaneously-
excited red and blue components of Eu** and the SiCO polymer.
Conversely, upon selective irradiation in the 260-290 nm range,
the TbLL@SiCO sample exhibits intense green emission domi-
nated by the 545 nm transition (Figure 7e). This green emission
is strongly quenched at higher excitation wavelengths, where
the emission of the SiCO polymer host becomes predominant,
yielding blue emission (Figure 7f). The observed excitation-
dependent shift in the emission profiles of the LnL@SiCO films
underscores the role of ligand-to-metal charge transfer and host-
sensitization processes in governing the photophysical behavior,
enabling tunable color output through selective excitation. It is
worth underlining that the negligible autofluorescence of the
SiCO matrix upon irradiation at wavelengths below 300 nm
is extremely advantageous to the removal of the background
interference typically observed in several optical applications,
including quantum photonics, involving luminescent materials
doped in a polymer host, commonly PMMA [48].

Upon prolonged UV irradiation at 333 nm, EuL@SiCO exhibited
nearly unchanged photoluminescence for over 2 h of illumination
time, followed by a gradual reduction of the overall photolumi-
nescence intensity attributed to progressive photochemical reac-
tions such as ligand oxidation, polymer backbone degradation, or
disruption of the Eu* coordination environment, as illustrated
in Figure 7g. However, the emission intensity stabilized after
about 5 h at roughly 55 %-60 % of the initial value, indicating
that a portion of the luminescent centers remains intact and
that the system reaches a quasi-equilibrium state where further
degradation proceeds at a significantly slower rate. Interestingly,
the chromaticity diagrams (CIE 1931) reveal a concurrent shift
in emission coordinates over time, consistent with alterations
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FIGURE 7 | 3D excitation-dependent emission maps (1, = 250-400 nm) of EuL@SiCO 1 % (a) and TBL@SiCO 0.5 %. (b) Corresponding 2D maps
are reported in Figure S24. Photographs of EuL@SiCO under UV light (¢), 4., = 280 nm; (d), 4., = 365 nm, and under white light, (h) and (i); Photographs
of TBL@SiCO under UV light (e), 4., = 280 nm; (f), 4, = 365 nm; (g) Time-dependent variation in spectral area and emission color upon continuous
UV irradiation of EuL@SiCO (4,, = 333 nm) with corresponding CIE1931 chromaticity diagrams.

in the spectral distribution, leading to almost pure white light
generation (CIE coordinates x = 0.36, y = 0.33) at long exposure
times.

3 | Conclusion

In conclusion, we investigated the synthesis and the structure-
properties relationship of a series of luminescent Ln complexes
with the tris-benzimidazolic L ligand to be proposed as potential
coherent quantum light sources. In the complexes, the L ligand
coordinates the metal center in a tetrapodal fashion, where the
coordination sphere is completed by three chelating nitrate ions.
This molecular arrangement, together with an extended network
of intramolecular hydrogen bonds in the crystalline state, affords
a highly rigid molecular structure. As a result, the Ln-centered
emission spectral profiles, obtained upon photoexcitation in the
ligand absorption band, show a particularly well-resolved fine
structure with narrow lines related to the J sublevels of the
4f levels. In particular, the photoluminescence spectrum of the
europium EuL derivative displays the appearance of a single
line related to the purely electric dipolar *D,—F, transition,
which is of high interest in quantum photonics applications due
to its intrinsic long optical coherence lifetime. Remarkably, we
found that the origin of this line, which is formally prohibited by
selection rules, may be related to the occurrence of a LMCT state,
taking place solely in the europium and ytterbium complexes,
rather than to the typically accounted low symmetry or strong
crystal field effects. Importantly, this mechanism allows for the
appearance of the °D,—’F, band while observing low hypersen-
sitivity, as demonstrated by Judd-Ofelt calculations, indicating a
limited electric inhomogeneity of the ligand system. Moreover,

thanks to the high rigidity of the coordination environment, the
inhomogeneous linewidth (~500 GHz) at room temperature is
significantly reduced with respect to that of the zero-phonon
lines of polyaromatic hydrocarbon molecules in polymer hosts,
traditionally investigated as molecular single photon emitters.
These figures of merit, which are largely maintained when EuL
is incorporated into transparent polymer silica-based (SiCO)
and PMMA films, are favorable for limiting the decoherence of
quantum light from the Eu** emitter. Finally, the high excitation
selectivity of the highly transparent and flexible SiCO films
doped with EuL and TbL complexes allows for avoiding the
interfering background autofluorescence of the host in photonics
applications. At the same time, it delivers wide color tunability
of the emission upon changing the excitation wavelength, which
can be exploited in several fields such as anti-counterfeiting. This
study highlights the importance of molecular engineering for a
rational design of Ln-based quantum light sources and opens
novel, promising pathways for their on-chip integration.

[CCDC 2505974-2505975 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif].
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