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ARTICLE INFO ABSTRACT
Keywords: We report a stepwise strategy for synthesizing a multifunctional Fe304/Y1.76Ybg 2Erg 0403@SiO2-[Eu
Multifunctional platform (dbm)s(pamba)] hybrid (dbm: 1,3-diphenyl-1,3-propanedione, pamba: 4-(aminomethyl)benzoic acid-derived
Magnetite . ligand) combining magnetic responsiveness with dual downshifting/upconversion luminescence for security
Eunabr ﬁmlssmn ink applications. The architecture was assembled through Fe3O4 co-precipitation, homogeneous precipitation of
ore-she the Y503:Yb*/Er®* shell, silica coating, and surface functionalization with isocyanate groups followed by car-
boxylic acid grafting. Carboxylate groups were coordinated to Eu>*, while dbm’ ligands occupied the remaining
coordination positions, promoting efficient sensitization of Eu®* luminescence. The final hybrid retained soft-
magnetic behavior (Ms = 0.89 g~!; negligible coercivity), exhibited strong orange upconversion under 980
nm excitation from Yb'/Er®* centers and intense Eu®' downshifting emission under 340 nm excitation
(intrinsic quantum yield = 52%), and yielded a PVA-based multifunctional ink preserving luminescent duality
and magnetic response. This system demonstrates the versatility of multifunctional magnetic nanoparticle/
lanthanide hybrid platforms for next-generation security ink systems and devices in advanced anti-counterfeiting

applications.

1. Introduction more than USD 20 billion in damages within the United States [1-3].
Commonly counterfeited items include coins, checks, banknotes [1],
Counterfeiting represents a significant global challenge with sub- artworks, legal and criminal documents [4,5], and packaging for
stantial implications for economic stability and public security. In 2022, high-value goods [6], all of which require stringent authentication
financial losses associated with counterfeit U.S. dollars were estimated procedures. The continuous evolution of counterfeiting techniques,
at approximately USD 80 million, while forged checks alone resulted in driven by increasingly sophisticated fabrication tools and digital
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printing technologies, highlights the urgent need for innovative, robust,
and reliable anti-counterfeiting solutions [7].

The anti-counterfeiting and forensic fields have increasingly turned
to advanced materials designed to enhance both security and informa-
tion protection. Technologies such as plasma processing, holographic
patterns, magnetic inks, and luminescent systems have been widely
explored for these purposes [8]. Among them, luminescent materials
have received particular attention due to their distinctive emission
features, including multicolor outputs, tunable lifetimes ranging from
milliseconds to nanoseconds, and sensitivity to external stimuli such as
light, heat, or electric fields. These properties enable the development of
highly secure optical tags and encryption systems that are difficult to
replicate [9]. Rare earth ions (RE3M) have attracted significant interest
in the formulation of security inks owing to their remarkable photo-
physical characteristics, such as sharp emission bands, long-lived
excited states, high color purity, and tunable visible and near-infrared
emissions [10-15]. Recent advances have demonstrated the versatility
of RE>"-doped systems in multifunctional anti-counterfeiting technolo-
gies, enabling the integration of optical encoding, stimulus-responsive
behavior, and advanced information protection within a single mate-
rial architecture [16,17]. Representative examples, together with the
systems summarized in Table 1, highlight the growing interest in
RE®*-based platforms [18-20].

In this context, inorganic-organic hybrids doped with RE°™ ions have
emerged as promising platforms for luminescent anti-counterfeiting
applications, as these materials can be formulated as security inks and
incorporated into authentication labels, encrypted barcodes, and QR
codes [21]. Their combination of sharp emission profiles, high chemical
and thermal stability, low toxicity, and straightforward synthesis, results
in desirable optical performance and enhances the reliability of
authentication technologies [22]. Notably, formulations based on Y203:
Eu>" phosphors dispersed in poly(vinyl alcohol) (PVA) have shown
potential for luminescent signature hand-drawn, offering inherent
resistance to replication and excellent durability [23,24]. PVA further
provides additional advantages such as an environmentally friendly and
non-toxic polymer matrix, which is particularly relevant when security

E3+

Table 1

Comparison of representative multifunctional anti-counterfeiting materials re-
ported in recent literature, including their main advantages and limitations
relative to the Fe304/Y1.76Ybo 20Er0.0403@SiOo-[Eu(dbm)s(pamba)] hybrid
developed in this work.

Material/System Advantages Limitations

BiOCLYb®>/Ho>"[18] Dynamic and

rewritable anti-

No magnetic
functionality; response

counterfeiting; strongly dependent on
multiple optical external

responses; photoactivation
concealment, processes.

activation, and erasure
capability.

Multicolor emission;
stimulus-responsive

[SbClg]®™ to Ln®* (Ln®* =
Ho®", Er®") in Cs,NaGdClg

Moisture sensitivity may
limit long-term

[19] behavior; efficient environmental stability;
STE—Ln®" energy no magnetic response.
transfer.

Flexible and
stretchable substrate
compatibility;
waterproof and
transparent films

Bi,Ti4O11: YD Er®* @TPU
thermoplastic
polyurethane (TPU)[20]

Primarily optical
authentication; absence
of magnetic encoding.

Fe304/ Combines optical and Partial nanoparticle
Y1.76Ybo.20ET0,0403@Si02- magnetic aggregation observed in
[Eu(dbm) 3(pamba)] authentication in a TEM images.

(this work) single platform; dual

excitation-dependent
emission and thermal
stability; compatible
with ink formulations.
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inks are intended for direct human contact or for hand-drawn on sen-
sitive surfaces [24].

The integration of magnetic and luminescent functionalities repre-
sents a promising avenue toward multimodal anti-counterfeiting sys-
tems. Magnetic inks based on ferrite or Fe3O4 nanoparticles are
employed in Magnetic Ink Character Recognition (MICR) since they can
generate instantaneous, high-resolution magnetic responses under
controlled magnetic fields, enabling rapid retrieval, identification, and
quantitative analysis of encoded information [25,26]. When applied to
documents such as bank cheques or payment vouchers, the hand-drawn
characters can be automatically read and authenticated using MICR
readers [26,27]. As example, recent studies have demonstrated that
silicon-based nanostructured security inks can achieve dual-encryption
performance through the combination of multicolor fluorescence and
longitudinal (T;) and transverse (Ts) relaxation contrast [25]. Never-
theless, despite these advances, most reported systems remain pre-
dominantly limited to optical responses or require complex activation
processes, while relatively few materials simultaneously combine mag-
netic responsiveness, visible and near-infrared luminescence, thermal
stability, and direct applicability as stable drawn inks.

Building upon these advancements, the present study introduces a
multifunctional magnetic-luminescent core@shell architecture that in-
tegrates both upconversion and downshifting emission within a single
magnetic framework [28]. Based on a previously established synthetic
protocol [29], the system reported here consists of a magnetic Fe3O4
core, a Y203:Yb(10 at%)Er(2 at%) upconverting phosphor shell, and an
outer silica layer functionalized with [Eu(dbm)s(pamba)] downshifting
complex

(dbm™ 3-diphenyl—1,3-propanedione; pamba: 4-(aminomethyl)
benzoic acid derivative), as illustrated in Fig. 1. When dispersed in a
PVA polymer matrix, this architecture enables magnetic responsiveness
and dual-mode luminescence as a function of the excitation wavelength.

2. Results and discussion
2.1. Structure and morphology

The samples were synthesized following a protocol previously re-
ported by our group for the preparation of FesO4 -+ Y503:Yb3Y,
Tm3+@Sioz—[Eu(4—Cl—btfa)3(pamba)] with 1-(4-chlorophenyl)—4,4,4-
trifluoro—1,3-butanedione (4-Cl-btfa) ligand [29], as detailed in Sup-
plementary Note S1. To ensure practical feasibility for
anti-counterfeiting  applications, the upconverting phosphor
Y1.76Ybg 20Erp.0403 was deposited onto Fe3O4 magnetic nanoparticles
(sample S01), yielding the composite Fe304/Y1.76Ybg.20Er0.0403 (sample
S02). The selection of Er®* as the luminescent activator instead of Tm>"
was motivated by its intense green and red upconversion emissions,
which provide highly distinguishable and robust optical signatures.

In the second coating step, a dense silica layer was deposited,
yielding Fe304/Y1.76Ybo.20Er0.0403 @SiO2 (S03). The silica surface was
first functionalized with isocyanate (-NCO) groups using 3-(triethox-
ysilyl)propyl isocyanate as the silane precursor, yielding Fe3O4/
Y1.76Ybg 20Erg.0403 @SiO2-NCO (S04). Subsequently, the ligand 4-
(aminomethyl)benzoic acid (pamba), bearing both an amino (-NH3) and
a carboxylic acid (-COOH) group, was covalently anchored onto the
surface via reaction of its -NHy moiety with the surface -NCO groups,
affording Fe304/Y1.76Ybo.20Er0.0403@SiO2-pamba (S05). Eu®" ions
were then coordinated to the terminal -COO™ groups of the grafted
organic ligand, referred to here as pamba, and their coordination
spheres were completed with the B-diketonate ligand 1,3-diphenylpro-
pane-1,3-dionate (dbm’). This process yielded the final materials
F8304/Y1,76Yb0.20Er0.0403@Si02— [Eu(pamba)(HZO)n] (806) and F6304/
Yl_76Yb0,20Er0A0403@Si02-[Eu(dbm)g(pamba)] (507) The dbm™ hgand
promotes efficient ligand-to-Eu®" intramolecular energy transfer via the
antenna effect, resulting in intense downshifting luminescence. Addi-
tional synthesis and characterization details are provided in
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Fig. 1. Schematic representation of the multifunctional hybrid system based on a Fe304/Y1 76YDbg.20Er0.0403@SiO; core@shell architecture functionalized with the
[Eu(dbm)s(pamba)] complex. The illustration is not drawn to scale and does not represent the actual dimensions of the hybrid material.

Supplementary Note S1.

The successful formation of Fe3O4 and Y7 76Ybg 20Erg04O03 phases
was confirmed by powder X-ray diffraction (PXRD), Fig. S1. Fe3O4
crystallizes in the inverse spinel structure with space group Fd-3m [30],
while Yj 76Ybg.20Erg 0403 adopts a cubic structure with space group
Ia—3 [31] Fig. S2. The absence of additional diffraction peaks indicates
that Yb3* and Er®* were successfully incorporated into the Y»0j3 lattice
[32], which is consistent with the similar ionic radii of Y3+ (0.90 [o\),
Yb3* (0.87 A), and Er®* (0.89 A) in octahedral coordination [33,34]. It
should be noted that the reflections associated with the Fe3O4 phase are
not observed in the PXRD pattern of sample S02 (Fig. S1). This is
attributed to the large phosphor-to-magnetite mass ratio (100:1),
together with the nanometric size of the Fe304 nanoparticles, which
results in significant peak broadening [35,36]. Moreover, the weak
magnetite reflections are largely marked by the intense diffraction peaks
of the Y1_76Yb0_20Er0.0403 phOSphOI‘ [37,38]

Surface chemical modifications were monitored by Fourier-
transform infrared (FTIR) spectroscopy (Fig. S3). For sample S02, the
broad band in the 500-600 cm ! region is characteristic of metal-
oxygen vibrational modes (Fe-O). This stretching vibration arises from
both tetrahedral (A-side) and octahedral (B-side) coordination envi-
ronments [39]. Lower-frequency vibrational modes are consistent with
Y-O lattice vibrations [40], indicating successful incorporation of the
Y203 phase; the broad nature of those bands is typical of nanocrystalline
oxides. After silica coating (S03), IR bands appeared at 1068 cm 2,
950 cm’l, and 790 cm™!; the bands at ~1068 cm ™! and 790 ecm ™! are
assigned to Si-O-Si antisymmetric and symmetric stretching, respec-
tively. In addition, Si-O-Si bending vibration is detected near 450 cm L.
The presence of Si-OH stretching band at 950 cm ™}, together with the
other three IR bands, confirms the formation of silica shell [41].

The functionalization with pamba (S05) led to the emergence of
bands at 1540 cm™", 1460 cm ™}, and 1364 cm™!, assigned to the anti-
symmetric and symmetric stretching modes of carboxylate groups
(Fig. S3) [42,43]. After anchoring the Eudt complex (S07), further
vibrational bands appeared between 1600-1450 cm ™! region, charac-
teristic of the aromatic vibrations of dbm™ ligand, together with bands in
the 1250-1100 cm ™! range, associated with C-O and C-C stretching
modes [44]. Overall, the systematic evolution of the IR spectra provides
compelling evidence of sequential surface chemistry modification,
thereby confirming the stepwise functionalization of the hybrid
nanostructure.

Zeta potential (ZP) measurements for samples suspended in water
(pH = 7.64) further corroborated the systematic surface modifications

(Fig. S4). Each synthetic step induced predictable changes in the elec-
trokinetic potential, consistent with the evolving surface chemistry
previously reported by us [29]. The Y;.76Ybg.20Erg 0403 particles (S02)
exhibited a positive surface charge and high isoelectric point (IEP).
Upon silica deposition, the ZP shifted towards negative values and
subsequently evolved in a manner consistent with the successive surface
functionalization steps [45].

The morphology of the intermediate materials was investigated by
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). The SEM image (Fig. S5) reveals spherical Fe304 nano-
particles (S01) with an average diameter of approximately 29 nm and
homogenous size distribution. TEM images (Fig. 2a) display well-
defined lattice fringes corresponding to the crystallographic planes of
magnetite, confirming the high crystallinity of the material [46]. The
interplanar spacings measured from these images, summarized in
Table S1, are in good agreement with the expected values for Fe3O4. In
addition, the energy dispersive X-ray spectroscopy (EDS) analysis
(Fig. S6) confirms the presence of Fe and O in proportions consistent
with stoichiometric magnetite [47,48].

Following the growth of the Y; 76Ybg 20Er(.0403 layer (S02), the TEM
image (Fig. 2b) reveals additional lattice fringes assigned to the cubic
Y203 phase, confirming the presence of the phosphor and its high
crystallinity. Sample SO3 exhibits a slight tendency toward aggregation
(Fig. 2c¢), a behavior commonly observed in materials subjected to
sequential surface functionalization. High-resolution TEM further re-
veals the presence of a non-crystalline outer layer with an average
thickness of approximately 4.7 nm, which is assigned to the SiO5 shell,
in agreement with the FTIR results [49]. The EDS spectrum (Fig. S7)
qualitatively indicates the presence of yttrium, ytterbium, silicon, and
iron, consistent with the expected elemental composition of the com-
posite, further supporting the successful formation of the nano-
composite. Importantly, the crystallographic planes detected in SO3 can
be indexed to both Fe3O4 and Y203, indicating that the crystallinity of
both phases is preserved after silica deposition [50].

It is important to note that due to the aggregation observed after the
coating steps, the system presents a multicore@shell-like morphology,
in which multiple Fe304/Y1.76Ybg 20Er0.0403 cores are embedded within
a continuous silica matrix. Additionally, the low contrast of the amor-
phous SiO; layer and the similar electron densities of the inorganic
phases hinder the direct visualization of well-defined interfaces in TEM
images. Nevertheless, the presence of a non-crystalline outer layer sur-
rounding crystalline domains, together with complementary evidence
from FTIR, zeta potential, EDS, and PXRD analyses, supports the
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Fig. 2. High-resolution TEM (HRTEM) images of the samples: (a) FesO4 nanoparticles (S01), showing indexed (111) lattice fringes characteristic of the magnetite
phase; (b) Fe304/Y1.76Ybo.20Er0.0403 (S02) highlighting the indexed (220) plane of Fe304 and the (222) plane of Y,03; (c) Fe304/Y1.76Ybo.20Er0.0403@SiO5 (S03),
displaying the (220) reflection of Fe3O4, the (211) reflection of Y»03, and a non-crystalline silica shell. The crystallographic planes were selected from representative

regions of the HRTEM images for Miller index assignment.

successful formation of silica-coated hybrid structures consistent with a
multicore@shell architecture.

2.2. Magnetic properties

The magnetic behavior of the materials was evaluated at 300 K
through magnetization (M vs. H) measurements. The magnetization
curve follows the same trend observed for the analogous Fe304 + Y203:
Yb,Tm@SiOy hybrid systems [29], which exhibited low saturation
magnetization and negligible coercivity at room temperature due to the
diamagnetic contribution of the coated layers (Fig. 3a and b). In the
present study, the Fe3O4 core (S01) (Fig. 3c and d), shows a clear
ferrimagnetic hysteresis loop at 300 K, with a saturation magnetization
of 68.37 g! and a coercivity of 81.49 Oe, confirming the presence of
stable magnetic domains in the uncoated magnetite [51-53]. The pro-
nounced magnetic response is typical of nanoscale Fe3O4 and consistent
with well-crystallized inverse spinel magnetite cores. After coating with
the upconverting Y; 76Ybg 2Erg 0403 @SiO2 phosphor and silica shell
(S03), ferrimagnetic behavior is retained (Fig. 3b), although with
markedly reduced magnetic parameters (M; = 0.89 g! and H, =
13.29 Oe). This decrease is mainly attributed to the dilution effect
caused by the diamagnetic silica shell and rare-earth oxide layer, a trend
widely reported for Fe3O4-based core@shell architectures [54,55]. The
reduced coercivity further reflects the partial suppression of interpar-
ticle magnetic coupling due to the physical separation introduced by the
silica coating.

Despite the pronounced decrease in magnetization, SO3 maintains a
measurable magnetic response at 300 K, indicating that the phosphor
and silica coatings are sufficiently thin so that the core’s ferrimagnetism
is not completely quenched. Taken together, these results confirm that
the synthetic procedure yields a Fe3O4-based core@shell system with
preserved magnetic behavior.

2.3. Luminescent properties

After confirming the successful synthesis of the hybrid material and
the preservation of its magnetic properties, the luminescent behavior of
the final composition (S07) was investigated. Figure 4a shows the
upconversion spectrum of SO7 under 980 nm laser excitation (500 mW).
The two emission bands in the green spectral region are attributed to the
Er®* 2Hp; /2,453/2—>4115/2 transitions, whereas the dominant emission
band in the red spectral range arises from the Er’t 4F9/2—>4115/2 transi-
tion [56,57].

Fig. S8 shows the dependence of the Er®* emission intensity on the
excitation power. The intensity of both green (®°Hyq /2,483/2—>4115/2) and
red (4F9/2—>4115 /2) emissions increases with increasing laser power,
exhibiting the characteristic behavior of upconversion systems [58]. In
the 500-1000 mW range, the slope of the log I vs. log P plot is close to 2
(Fig. S9), indicating a two-photon process. This result is consistent with
the I a P" dependency, where I is the emission intensity, P is the exci-
tation power, and n corresponds to the number of photons involved in
the upconversion mechanism [59]. The observed behavior agrees with
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Fig. 3. (a) Magnetic hysteresis loops of Fe3O4 (S01) and Fe304/Y1.76Ybo 20Er0.0403@SiO2 (S03) measured at 300 K. (b) Magnetic hysteresis loops of Fe3O4/
Y1.76YD0.20Er0,0403@Si0; (S03) measured at 300 K. Magnification of the magnetic hysteresis loops (c) Fe304 (S01) and (d) Fe304/Y1.76YDbo.20Er0.0403@SiO5 (SO3)
measured at 300 K.
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Figure 4. 298 K upconversion emission spectrum (UC) under 980 nm excitation (500 mW) and downshifting emission spectrum (DS) (Aexe = 340 nm) of Fe304/

Y1.76Ybg.20Er0.0403@SiO2-[Eu(dbm)z(pamba)] (S07) as (a) powder or (b) PVA ink. The insect shows the corresponding CIE 1931 chromaticity diagram, highlighting
the emission coordinates associated with Er** upconversion and Eu®>* downshifting luminescence.

the typical Yb>*—Er®* upconversion pathway, in which Yb3" acts as the 2Hy1 o, *S3/2 and *Fy,, emitting levels, giving rise to the observed
efficient sensitizer by absorbing NIR radiation and transferring energy green and red emissions (Fig. S10) [60,61].
sequentially to Er>* ions. These successive energy-transfer steps popu- After analyzing the Er®t/Yb%" upconversion process, the down-

late higher excited states of Er>*, followed by nonradiative relaxation to shifting luminescence of the Eu®" complex anchored on the particle
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surface was investigated. The excitation spectrum monitored at the Eu®*
emission (Fig. S11) shows a broad absorption band between
330-400 nm region, which is attributed to the n-t* transition of the
B-diketonate dbm’ ligand. This feature provides clear evidence of the
antenna effect operating in the hybrid system, whereby the organic
ligand efficiently absorbs UV radiation and transfers the energy to Eu®*
ions, resulting in enhanced Eu®" emission [44,62].

In the emission spectrum of Fe304/Y; 76Ybg.20Erg 0403@SiO2-[Eu
(dbm)s(pamba)], Figure 4a, recorded under 340 nm excitation, sharp
emission bands are observed and assigned to the Eudt 5D0—>7F 1(J=0-4)
transitions, confirming the presence of Eu>" complexes anchored onto
the silica surface. The hypersensitive >Dg—’Fj transition dominates the
spectrum, resulting in intense red emission, which indicates that Eu>*
ions are in low-symmetry coordination sites lacking an inversion center.
This behavior is consistent with coordination environments involving
mixed ligands, such as carboxylate and p-diketones groups [63,64].

The emission colors of SO7 were evaluated by the CIE 1931 chro-
maticity diagram (Fig. 4a), while additional details regarding the
calculation are provided in Supplementary Note S8. Under NIR excita-
tion (980 nm), the chromaticity coordinate is positioned in the orange
region of the diagram, exhibiting a dominant wavelength (Agom) of
585.4 nm and a color purity of 99.1%. This emission originates from the
Er®* upconversion emission sensitized by Yb®* ions. Conversely, under
UV excitation (Aexe = 340 nm), the chromaticity coordinate shifts to-
ward the red region, with Agoy, = 609.6 nm and a color purity of 99.6%,
corresponding to the characteristic Eu>* downshifting emission. These
results demonstrate the dual-mode luminescent behavior of Fe304/
Y]_76Yb0.20Er0_0403@Si02- [Eu(dbm)g(pamba)] (807), in which the
emission color can be selectively modulated by the excitation wave-
length, highlighting its potential for advanced anti-counterfeiting and
optical encoding applications.

The photophysical dynamics of lanthanide(III) luminescence in SO7
was investigated by time-resolved spectroscopy. The decay profiles of
the Er>t emission monitored under 980 nm excitation (Fi g.S12a, b and
c), corresponding to the 2H11 /2 483/2, and 4F9/2 excited levels, are
described by mono-exponential functions. This behavior indicates a
dominant relaxation pathway for Er>* ions, suggesting a relatively ho-
mogeneous local environment within the Y,O3-based host lattice [65].
The extracted lifetimes are 0.20 ms for the 2Hy; ,2 level, 0.18 ms for the
483/2 level, and 0.19 ms for the 4F9/2 level. These values are consistent
with those typically reported for Er>*-doped oxide and hybrid matrices
[66,67].

The decay profile of the Eu>* emission sensitized via the antenna
effect is best fitted by a biexponential function, indicating the coexis-
tence of two distinct Eu>* emissive environments, Fig. S12d. The shorter
lifetime component, (t; = 0.18 ms), is associated with Eut centers
more strongly coupled with high-energy vibrational oscillators (O-H, N-
H, or C-H), which enhance nonradiative relaxation, likely due to partial
coordination by water molecules. In contrast, the longer lifetime
component (T2 = 0.45 ms) is attributed to Eu®* ions in more shielded
coordination environments, consistent with coordination by f-diketo-
nate ligands [68-71]. The resulting average lifetime was determined to
be T = 0.37 ms.

To further elucidate the balance between radiative and nonradiative
pathways governing the depopulation of the Eu®" 5Dy emissive level, the
intrinsic emission quantum yield (d)EE) was determined as the ratio be-
tween the radiative decay rate (Ar.q) and the total decay rate, as defined
in Eqn (S2). Details of the calculations are provided in Supplementary
Note S10 [72]. The Fe304/Y1.76Ybg.20Er0.0403@SiO5-[Eu
(dbm)s(pamba)] hybrid exhibits an intrinsic quantum yield of 52%,
which is a consequence of the relatively high radiative decay rate (A, =
1408.89s™!) and balanced nonradiative contribution Ay =
1293.81 s71). The intrinsic emission quantum yield is consistent with
those typically reported for Eu®t p-diketonate-based hybrids
(~40-70%) [73,74], evidencing that the coordination environment
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provided by the dbm™ and pamba ligands, together with the rigid SiO,
framework, effectively reduces vibrational quenching and favors bright
Eu®" luminescence [75].

2.4. Luminescent inks

Based on the results presented and discussed above, a luminescent
PVA-based ink was prepared by incorporating the Fe304/
Y1.76Ybo.20Er0, 0403@8SiO2-[Eu(dbm)s(pamba)] hybrid, as described in
Supplementary Note S1. Under UV excitation (Aexe = 340 nm), the ink
deposited on both glass slides and black paper exhibit intense red
emission (Fig. 5). Moreover, using a 980 nm laser pointer, the charac-
teristic upconversion emission of the ink can be readily observed by the
naked eye. In contrast, under white-light illumination, the substrates
remain essentially non-emissive, reflecting the optical transparency of
the ink on glass and its low visual contrast on the black paper.

The luminescent performance of the ink was further confirmed by
recording emission spectra under excitation at 980 nm and 340 nm,
selectively addressing the Yb>*/Er®* upconversion process and the dbm™
sensitized Eu®* downshifting emission, respectively (Fig. 4b). Under
980 nm excitation, the upconversion spectrum displays the character-
istic Er®* transitions 2Hyp /2 483/2, and 4F9 /2—>4115 /2, indicating that the
upconversion mechanism is preserved after dispersion in the PVA ma-
trix. Analysis of the corresponding CIE 1931 chromaticity coordinates
reveals a shift of the dominant wavelength to 571.3 nm relative to the
free-standing hybrid, accompanied by slight decrease in color purity to
97.5%.

Under 340 nm excitation, the downshifting emission spectrum dis-
plays the characteristic Eu" ff transitions, in agreement with the
behavior observed for the hybrid in powder form. The corresponding
CIE 1931 chromaticity coordinates yield a dominant wavelength of
612.0 nm and a color purity of 96.6%, slightly lower than those
measured prior to incorporation into the PVA matrix. As observed for
the Er>" emission, this modest reduction in color purity is attributed to
refractive index changes introduced by the polymeric environment,
which affect light propagation and spectral balance within the medium.
Overall, these results confirm that the dual-mode luminescent response
is preserved after processing into an ink, underscoring the robustness of
the hybrid material for anti-counterfeiting applications.

To further verify the magnetic functionality of the formulated ink, an
alternative composition employing a FegO4 to Y1 76Ybg 20Erg 0403 mass
ratio of 1:50 was evaluated resulting in enhanced magnetic respon-
siveness. As show in Fig. 6, the magnetic-luminescent ink can be effi-
ciently attracted and lifted by the neodymium magnet, demonstrating
that the magnetic properties of the Fe304 core are preserved after sur-
face functionalization and incorporation into the polymer matrix.

Thermogravimetric analysis (TG/DSC) of the PVA ink containing S07
(Fig. S13) was performed to evaluate the thermal behavior and thermal
stability of the multifunctional formulation. The TG curve shows an
initial mass loss below ~100 °C, attributed to the removal of physically
adsorbed water and residual solvents. A more pronounced mass-loss
process is observed between ~220 and 465 °C, associated with the
progressive decomposition of the organic fraction present in the ink
formulation. Above this temperature range, the mass gradually stabi-
lizes, indicating the formation of a more thermally stable residual
fraction.

The DSC curve (Fig. S13) exhibits broad thermal events throughout
the heating process, reflecting the complex multicomponent nature of
the formulation. A marked thermal event centered near ~465 °C is
associated with the main degradation stage of the organic components,
while a second broader event extending to higher temperatures in-
dicates the progressive decomposition of the remaining constituents.

Despite this complexity, the thermal analysis demonstrates that the
ink remains stable below ~150 °C, which is fully compatible with
conventional coating, printing, and hand-drawn application conditions.
Furthermore, the ZP values remained nearly constant over 12h



A.L. Costa et al.

Visible light

Materials Research Bulletin 204 (2026) 114282

Glass slide Visible light

UV radiation

Glass slide

Black paper
£
5

Visible light UV radiation

Fig. 5. Dual-excitation luminescence response of the PVA-based ink containing the Fe304/Y1 76Ybg 20Er( 0403@SiO»-[Eu(dbm)s(pamba)] hybrid (S07). Near-infrared
excitation at 980 nm (left) produces upconversion emission dominated by Er®" electronic transitions, whereas ultraviolet excitation at 340 nm (right) yields intense
red emission arising from energy transfer to Eu>*. The central image shows the ink under white-light illumination. Images on the far right display the ink deposited
on glass and black paper under visible light and UV irradiation, highlighting excitation-selective emission and contrasting luminescent hand-draw. The observed
luminescent markings correspond to the acronym LLuMeS, referring to the Laboratory of Luminescence in Materials and Sensors, and to the official logo of Sao Paulo

State University (Universidade Estadual Paulista, UNESP).
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Fig. 6. Magnetic manipulation of the PVA-based ink containing the FesO4/
Y1.76Ybog.20Er0,0403@SiO5-[Eu(dbm)s(pamba)] hybrid using a neodymium
magnet. The formulation employs a Fe3z04:Y; 76Ybo 20Erg 0403 mass ratio of
1:50, demonstrating preserved magnetic responsiveness after functionalization
and incorporation into the polymer matrix.

(Fig. S4), varying from + 2.85 to + 3.23 mV, indicating good dispersion
reproducibility and satisfactory colloidal stability during both prepara-
tion and application stages. Collectively, these results support the suit-
ability of the formulation as a multifunctional anti-counterfeiting ink for
rapid authentication applications, including hand-drawn security
markings and stamps.

3. Conclusion

In this work, we successfully optimized a multifunctional magnetic
and luminescent hybrid system based on the Fe304/Y1 76Ybg.20Er0 04.
O3@SiO9-[Eu(dbm)s(pamba)] architecture. Structural and surface ana-
lyses (PXRD, FTIR, zeta potential, and EDS) confirmed the formation of
the expected phases and the effectiveness of the sequential silica coating
and Eu®" complex functionalization. Electron microscopy revealed
core@shell morphology with silica-derived non-crystalline layers, while
magnetic measurements verified preservation of the ferrimagnetic
behavior despite reduced saturation magnetization. The hybrid material

exhibited orange upconversion emission under 980 nm excitation and
red downshifting luminescence under 340 nm excitation, associated
with Er¥" and Eu®" centers, respectively. When incorporated into a PVA
matrix to produce a luminescent ink, the system retained its dual-mode
emission response, showing only minor shifts in dominant wavelength
and color purity due to polymer-RE>" ion interactions. The ink also
remained magnetically responsive, enabling combined luminescent and
magnetic detection. Overall, these results demonstrate robustness and
versatility of this core@shell platform, highlighting its potential for
multifunctional devices, particularly in security and anti-counterfeiting
applications where dual-mode luminescence and magnetic responsive-
ness are highly desirable.
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