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ABSTRACT
For the preparation of luminescent materials with dual emission that combine two different luminescence processes with revers-

ible switchability, the Eu3+-containing metal–organic framework (MOF) 3∞[Eu2(BDC)3]·2DMF·2H2O (EuBDC) (BDC= benzene

dicarboxylate) was combined with zirconyl-containing nanoparticles ZrO(FMN) (FMN= flavin mononucleotide) and ZrO(MFP)

(MFP = methyl fluoresceinphosphate), respectively. The resulting composite materials form dispersions in various media and

combine the green luminescence of the nanoparticles with the red luminescence of the Eu3+-containing MOF. Switching between

the different chromaticities is enabled without a chemical transformation of the emitter but by variation of the excitation

wavelength, as the emission processes of the two composite components exhibit different excitation wavelengths. While the

FMN-containing composite particles own a red/green luminescence, the chromaticity of the MFP-containing system is further

influenced by a strong solvatochromic effect of the nanoparticles. Therefore, further luminescence colors that comprise a large

part of the visible spectrum can be generated in dependence of the solvent/dispersion media.

1 | Introduction

Stimuli-responsive compounds, also called smart materials, have
gained enormous interest in science and technology in recent
years [1–9]. Such materials undergo changes in certain properties
after variation of an external condition. For instance, physical
or chemical stimuli like temperature [10–14], light irradiation
[15–20], magnetic changes [21–23], voltage [24], or pH value
[25–29] can induce a change of properties.

Particularly light-responsive materials have gained attention in
the field of stimuli-responsive materials [1, 2, 18, 19, 30–32].
Optical switchable smart materials can, for instance, be used
as biomarkers for in vivo detection in various biomedical proce-
dures like protein tracking [33–35], fluorescence resonance
energy transfer imaging [36–39] or imaging of hydrogen peroxide

[40]. For this purpose, different photo-switchable fluorescent
proteins can be applied [33–39]. Other fields of application for
photo-switchable materials are rewritable data storages [41, 42],
optical switches [43] and chemical sensors [44]. For these
applications, mostly photochromic materials are used. These
materials can change their physical properties like transmission,
reflection, or fluorescence after a photochemical reaction
[41, 42, 45]. A huge variety of materials like carbocyanine
dyes [46], spiropyran-based polymer nanoparticles [47], Eu3+-
containing metal–organic frameworks (MOFs) [48] or EuSiWMo/
agarose composite films [49] can be applied as photochromic
switches. Multimaterial MOF patterning is possible by inks
from MOF crystal suspensions [50].

Especially, lanthanide-containing MOFs exhibit remarkable opti-
cal properties enabling sensing of chemical and physical changes,
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which are mostly based on changes of their luminescence [51–
53]. Amongst them, the series of lanthanide-containing MOFs
featuring different lanthanide ions and benzene dicarboxylate
as linker (LnBDC), with the europium-variant being most prom-
inently investigated [54–56].

However, several systems for photochromic switching have the
disadvantage that the luminescence change of the material is
accompanied by a photochromic structural change that is irrevers-
ible, leading to an explicitly limited use as photochromic systems
[34, 35]. To address this, we generated the composite materials
3
∞[Eu2(BDC)3]·2DMF·2H2O@ZrO(FMN) (EuBDC@ZrO(FMN)
(1), with FMN= flavin mononucleotide, BDC = benzene dicarbox-
ylate) and 3

∞[Eu2(BDC)3]·2DMF·2H2O@ZrO(MFP) (EuBDC@
ZrO(MFP) (2), with MFP = methyl fluoresceinphosphate) as opti-
cal switchable materials. Due to their two-component character,
the composite materials described in this report enable a reversible
switching between the luminescence of the Eu3+-containing MOF
and of the nanoparticles just by variation of the excitation wave-
length. Only very few examples of reversible switchable materials
have been reported in literature so far, including fluorescent pro-
teins and spiropyran-based polymer nanoparticles [47, 57, 58].

2 | Results and Discussion

The inorganic–organic hybrid materials ZrO(FMN) and
ZrO(MFP) were selected as starting components for the MOF-
functionalized multi-luminescent composite particles. Nano-
particles of the type [ZrO]2+[RdyeOPO3]

2− can be synthesized
by a one-pot reaction of ZrOCl2 with sodium salts of the particu-
lar dyes. The particles show a diameter of 30–40 nm, form stable
colloidal dispersions, and show high biocompatibility, leading to
applications as biomarkers for in vitro and in vivo applications
[59, 60]. The luminescence of the nanoparticles is determined by
the anionic dye and can therefore show luminescence chroma-
ticities in the whole visible spectral region. The ZrO-based nano-
particles used in this work both show green luminescence
and were already thoroughly characterized [59, 60]. We chose
these particles to ensure a distinction by luminescence chroma-
ticity between the red-emitting Eu3+-based MOF and the
nanoparticle-based fluorophore. Furthermore, MFP-based par-
ticles were used to examine a dependence of the chromaticity
on different solvents, since fluorescein-based chromophores
show a strong solvatochromic effect [61]. The used nanoparticles
ZrO(FMN) and ZrO(MFP) and their respective luminescence
properties are depicted in Figure 1.

As the second emissive component, we selected the luminescent
MOF 3

∞[Eu2(BDC)3]·2DMF·2H2O (EuBDC) [54–56]. Besides its
highly intensive Eu3+-4f-based emission in the red wavelength
region, this MOF shows high moisture- and air-stability and sta-
bility toward all solvents that were applied as dispersion media
(pyridine, THF, toluene). Here, we utilized the MOF for further
functionalization of the nanoparticles in different solvents.
Lanthanide-containing MOFs that are based on trivalent lantha-
nide ions can show luminescence and intense emission proper-
ties that are based on a sensitizer effect of the MOF linker
followed by emission based on the 4f–4f transitions of Ln3+

[62]. In our case, the parity-forbidden nature of these transitions

can be overcome by excitation of the organic ligand BDC2− that
acts as a sensitizer and transfers its energy to the Ln3+ ion
[62, 63].

We were able to use ZrO(FMN) and ZrO(MFP) nanoparticles as a
basis for luminescent LnCl3-modified composite particles and for
pH-dependent optical sensing in the past [64, 65]. Additionally,
the MOF EuBDC was used as luminescent compound for the
preparation of different luminomagnetic microscale composite
materials based on Fe3O4/SiO2 composite particles [20, 66].
Further developing these results, we now used a solvothermal
approach for the functionalization of ZrO-based nanoparticles
with the MOF EuBDC. In principle, different ratios of both
components can be combined. As the emission intensity of
the MOF is much stronger than that of the two fluorophore nan-
particle systems, a 1:1 stoichiometric ratio is dominated by the
Eu-based emission. For the FMN-containing composite mate-
rial 3

∞[Eu2(BDC)3]·2DMF·2H2O@ZrO(FMN) (1, EuBDC@
ZrO(FMN)), therefore, we used a ratio of ZrO(FMN):EuBDC
of 5:1 to obtain a similar intensity of the luminescence processes
of both compounds. The reaction was performed under solvother-
mal conditions in pyridine at 180 °C. The second luminescent
composite material 3

∞[Eu2(BDC)3]·2DMF·2H2O@ZrO(MFP) (2,
EuBDC@ZrO(MFP)) was successfully prepared at room tempera-
ture in toluene and THF as dispersion media.

Although the porosity of the MOF system is utilized for the inter-
action of the composites with solvents, EuBDC was not activated
before or after composite formation, because for the dual emis-
sion, the materials are not used in a porous form, as the photo-
physical properties, including the solvatochromic effects, rely on
filled pores.

2.1 | Properties of EuBDC@ZrO(FMN) (1)

The composite material EuBDC@ZrO(FMN) (1) as a dispersion
in pyridine shows intensive luminescence properties upon exci-
tation via UV light that can be varied depending on the excitation
wavelength in terms of the luminescence chromaticity. While
excitation with λexc = 300 nm results in red luminescence, exci-
tation wavelength of λexc = 365 nm results in green lumines-
cence. This property can be explained by the two-component
character of the composite material: The green emission is based
on the nanoparticle chromophore ZrO(FMN), while the MOF
component Eu(BDC) shows a red luminescence chromaticity
of 4f-based Eu3+-emission, as described before. Since both emis-
sion processes exhibit different excitation ranges, the resulting
emission can in principle be decoupled to a dual emission and
chromaticity being excitation dependent. One of the two emis-
sion processes is dominating so that only a very weak modifica-
tion of the luminescence of the single components is observed.
The luminescence spectra and corresponding chromaticity of 1
are depicted for different excitation wavelengths in Figure 2.

For an excitation wavelength of λexc = 300 nm, the emission spec-
trum is dominated by the sharp 4f–4f transitions of Eu3+. For
EuBDC, the transition 5D0→

7F2 exhibits the highest intensity due
to the centrosymmetric surrounding of the Eu3+ ion [61, 67]. This
transition is hypersensitive, i.e., it depends on the local symmetry
of the lanthanide ion and the dipole moment of the referring
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transition (see also Figures S1 and S2 for more detailed depictions
of the spectra and Figure S13 for a Jablonski diagram of the rele-
vant photophysical processes of the components and composites)
[68, 69]. The antenna effect of the BDC2− anion is visible in the
excitation spectrum by an excitation band with λmax = 302 nm
that reaches up to a wavelength of 330 nm. Additionally, weak
direct 4f–4f excitation of Eu3+ can be observed at 394 nm with
significantly lower intensity than the ligand excitation. The nano-
particle fluorescence of ZrO(FMN) can be excited over a broad
UV region with a maximum at λmax = 350 nm. However, the
intensity of the ZrO(FMN) emission for λexc < 330 nm is signifi-
cantly lower than the MOF emission and, thus, the emission
spectrum is dominated by the red Eu3+-emission.

For excitation wavelengths λexc > 330 nm, both luminescence
processes can be observed, but the nanoparticle fluorescence is
significantly more intense so that green chromaticity results orig-
inating from the nanoparticle fluorescence. Excitation of 1 with
λexc = 365 nm leads to a broad band emission with λmax = 540 nm
that can be assigned to the FMN fluorophore. Compared to the
unmodified ZrO(FMN) particles, the emission maximum shows a

bathochromic shift of 10 nm. This indicates an interaction of the
fluorophore with the Lewis acidic Eu3+ ions of the MOF, possibly
by interaction with the functional groups of the nanoparticles
(see Figure 1). The existence of the Eu3+ luminescence outside
of the excitation range of the BDC2− ligand indicates a sensitizer
effect of the FMN chromophore by an energy transfer from the
excited states of the nanoparticles to excited 4f-states after con-
nection to the Eu3+ ions without an energy exchange of BDC2−

and FMN. The antenna effect of FMN is significantly weaker
than the energy transfer of BDC2−, which causes a lower inten-
sity of the Eu3+ emission for higher excitation wavelengths
(λexc > 330 nm). Thus, the Eu3+ excitation occurs by two different
mechanisms for the different excitation wavelengths. Since the
4f–4f transitions of Eu3+ show a narrow band character, they
comprise a smaller wavelength region than the broad band lumi-
nescence of ZrO(FMN) and therefore show only a weak influ-
ence on the resulting chromaticity of the composite so that
the chromaticity of the composite can also be green with addi-
tional emission from Eu3+-states showing a mixed color like
other composite materials with different luminescence processes
[70, 71]. This energy transfer is also indirect proof for the

FIGURE 1 | Composition and constituents (left) as well as referring emission and (a) excitation spectra (right) of ZrO(FMN) and (b) ZrO(MFP).
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formation of a composite material. No opposite energy transfer
from excited states of the MOF components to the ZrO(FMN) par-
ticles is observed for an excitation of the MOF at λexc = 300 nm.

Therefore, the composite EuBDC@ZrO(FMN) (1) combines two
different luminescence processes that are reversibly selectable by
variation of the excitation energy. The material exhibits an easily
readable chromaticity difference of the emission between green
and red and, hence, shows a remarkable potential for application
as optically switchable material, which is fast, as it does not
require a chemical transformation for the dual emission.

In order to further characterize the luminescence properties
of composite 1, luminescence lifetime measurements by deter-
mination of the overall process decay time were executed (see
Table S1). For the emission of the nanoparticle fluorophore
(λexc = 365 nm, λem = 540 nm), a bi-exponential decay with
τ1 = 4.4 ns and τ2 = 7.0 ns could be calculated. Thus, the lifetime
is slightly shorter than for the unmodified fluorophore FMN
(τ ≈ 5 ns) [72, 73], indicating a weak influence of energy transfer
to the Eu3+-containing MOF on the π-system of the fluorophore.
The lifetime of the 4f–4f transitions of Eu3+ (λexc = 300 nm, λem =
618 nm) can also be described by a bi-exponential fit with signif-
icantly longer lifetimes of τ1 = 0.4 ms and τ2 = 1.2 ms. The long
lifetime is reasonable due to the parity forbiddance of the 4f–4f
transitions and coincides well with the lifetimes of reported
Eu3+-based luminescent compounds, such as coordination poly-
mers [74, 75].

For further characterization of composite material 1, the disper-
sion in pyridine was evaporated and the dried material analyzed
via SEM/EDX, elemental analysis, powder X-ray diffractometry
and IR spectroscopy. Characterization via electron microscopy of

the MOF-functionalized system 1 shows the formation of aggre-
gates of different sizes, which show a diameter up to 15 μm (see
Figure S3). The agglomeration of the nanoparticles to micropar-
ticles after modification with a Ln-containing compound could
already be observed for the functionalization of ZrO(FMN) with
LnCl3 in a previous work [64, 65].

The distribution of the single components and therefore the
homogeneity of the composite material was analyzed via an
EDX mapping. Figure 3 shows the distribution of the elements
Zr, P, Eu, and O in the composite material EuBDC@ZrO(FMN)
(1). All elements can be detected in the complete examined
region of the sample, but show varying concentrations of the sin-
gle elements in different areas of the material. Spots with a high
Eu concentration can be assigned to a high modification of the
ZrO(FMN) with the MOF component. The concentration of O in
the composite remains nearly unaltered in the whole examined
region, since O can be detected in the carboxylate-based MOF as
well as in the zirconyl- and phosphate-containing nanoparticles.

The element ratio detected via EDX shows a higher amount of the
nanoparticle elements Zr and P in comparison with Eu (see Table
S2). The detected Zr:Eu ratio of 3:1 can be assigned to a ratio
ZrO(FMN):EuBDC of 6:1 based on the chemical formulas, and
the latter values coincide with the ratio of substances used for
the synthesis (ZrO(FMN):EuBDC = 5:1, as chosen to reach an
equal intensity of the dual emission). The ratio of both components
can be further confirmed via elemental analysis. The amounts of C,
H, and N can be assigned to a ratio ZrO(FMN):EuBDC of 5:1 and
are therefore in accordance with the EDX investigations.

The identity of the MOF component 3∞[Eu2(BDC)3]·2DMF·2H2O
(EuBDC) was also investigated by powder X-ray diffraction

FIGURE 2 | Excitation and emission spectra as well as chromaticity of the composite system EuBDC@ZrO(FMN) (1) in pyridine for different

excitation wavelengths (λexc = 365 nm (left), λexc = 300 nm (right)) and excerpt of the CIE diagram with resulting color points (center).
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(PXRD) analysis of the dried composite particles 1 (see Figure S4).
The resulting composite shows reduced crystallinity of the MOF,
whereas the fluorophore particles are noncrystalline. The compos-
ite material shows similar reflection positions to EuBDC, such as
the main reflection of the MOF at 2θ = 9.7° and significant
reflections at 2θ = 9.1°, 10.4°, 10.9°, and 18.9°. However, some
intensities differ, as, e.g., the MOF reflection at 2θ = 9.1° shows
a significantly higher intensity in the composite material in rela-
tion to the other reflections, while the reflection at 2θ = 15.6°,
being of high intensity in EuBDC, can hardly be detected in 1.
As a result, the identity of EuBDC can be confirmed with minor
variation of the PXRD pattern, hinting at partial exchange of the
solvent molecules water and DMF by pyridine, or at possible pre-
ferred orientation of the crystallites that could be assigned to a
preferred orientation of the MOF layer during the composite
formation.

IR spectroscopic investigations of 1 show the vibration bands typ-
ical for the FMN chromophore, such as the P─O vibration of the
phosphate group (1008 cm−1) or the C═C deformation vibration
of the aromatic systems (1709 cm−1) (see Figure S5). The har-
monic C═O vibration of the carbonyl groups (3420 cm−1) and
the O─H vibration (3500 cm−1) of the nanoparticles show a
weaker intensity in the composite material, indicating interac-
tion of the MOF components with the oxo and hydroxyl groups
of the nanoparticles.

2.2 | Properties of EuBDC@ZrO(MFP) (2)

The composite material EuBDC@ZrO(MFP) (2) also shows
intensive luminescence properties that differ depending on the
excitation wavelength and the applied solvent. In analogy to 1,
the luminescence properties are dominated by the 4f-based Eu3+-
emission for λexc = 300 nm and by the MFP fluorescence for λexc =
365 nm. This results in different chromaticities of the composite
that are reversibly switchable by variation of the excitation wave-
length. Again, dual emission by applying different excitation

energies is observed without the need for a chemical transforma-
tion. The respective photophysical processes described for 1 also
apply for 2. However, composite material 2 also shows some dis-
tinct differences to 1.

In contrast to the ZrO(FMN)-based composite 1, the EuBDC-
functionalized ZrO(MFP) nanoparticles 2 show distinctively less
emission of Eu3+ for higher excitation wavelengths and, thus,
hardly any energy transfer from the zirconyl fluorophore to
the MOF and excited states of Eu3+ leading to a stronger separa-
tion into dual emission of either the fluorophore or of the MOF
EuBDC (Figure 4; see also Figures S6–S9 for more detailed depic-
tions). Contrary to the FMN-based composite 1, for λexc = 365 nm
in the MFP-containing composite 2, only the most intensive tran-
sition 5D0→

7F2 (λmax = 614 nm) can be detected in the emission
spectra. Hence, the energy transfer from excited states of FMN to
the metal ion is more effective than for MFP as sensitizer, which
results in a more intensive Eu3+ emission for 1 outside of the
excitation range of BDC2−.

In addition, with 2, dual emission dispersions were successfully
prepared with different solvents as dispersion media. Depending
on the dispersion media, further chromaticity changes are
induced by an intensive solvatochromic effect that leads to dif-
ferent chromaticities of 2 in toluene (nonpolar) and THF (polar).
It is known that fluorescein-based luminophores can exhibit a
strong dependence of their luminescence properties on the sol-
vent that is caused by the strength of the hydrogen bonding
between solvent and chromophore as well as by the polarity
of the solvent [76, 77]. The MFP- and EuBDC-containing com-
posite 2 combines dual emission and luminescence switching
due to the two-component character of the system with the sol-
vatochromic effect of ZrO(MFP). The different chromaticities as
well as the corresponding excitation and emission spectra of 2 in
THF and toluene are depicted in Figure 4. The solvatochromic
effect of MFP is even visible for excitation wavelengths with
higher energy (λexc = 300 nm), because the nanoparticles can still
be excited in this region. This results in an orange luminescence

FIGURE 3 | SEM images and corresponding EDX element mapping of dried EuBDC@ZrO(FMN) (1) for the elements Zr, P, Eu, and O.
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of composite 2 in a dispersion of toluene with λexc = 300 nm that
can be shifted to the green spectral region by variation of the exci-
tation wavelength to λexc = 365 nm.

A dispersion of the composite material in THF shows a bright
pink luminescence chromaticity for λexc = 300 nm, and instead
of green, a light blue chromaticity for excitation at λexc = 365 nm.

Thereby, the ZrO(MFP) nanoparticles show a broad emission
band with two local maxima. While one of the maxima is
observed in the green spectral region, the other one can be
detected in the blue wavelength region. Both emission maxima
show identical excitation bands and are therefore assignable to
the excitation of the singlet state of the fluorophore. The relative
intensity of both maxima is heavily influenced by the particular

solvent. For an excitation wavelength of λexc = 365 nm, 2 shows
an absolute emission maximum at λmax = 515 nm in toluene and
a further secondary emission band with λmax = 425 nm, whereas
in THF the absolute emission maximum is at λmax = 416 nm with
a secondary emission maximum at 520 nm. While the band in the
green region exhibits the 2.5-fold intensity of the blue emission
for toluene, in THF, the blue emission at higher energies is two
times more intensive than the green emission band. This results
in a green luminescence chromaticity of the particles in toluene
and blue in THF (λexc = 365 nm).

The ability of a solvent to form hydrogen bonds with the chro-
mophore results in a shift of the excitation and emission spectra.
Since the ZrO(MFP) nanoparticles were synthesized in water, the
chromophore will likely be present in its protonated form [59].

FIGURE 4 | Excitation and emission spectra as well as chromaticity of the composite system EuBDC@ZrO(MFP) (2) in toluene (top) and THF

(bottom) for different excitation wavelengths (λexc = 365 nm (left), λexc = 300 nm (right) and excerpt of the CIE diagram with resulting color points

(center).
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THF can act as a Brønstedt base and form hydrogen bonds with
the chromophore, while toluene does not form hydrogen bonds
with the MFP fluorophore unit. Accordingly, fluorescein shows a
significant blue shift for solvents that are able to form hydrogen
bonds [78], which explains the different luminescence properties
of the composite EuBDC@ZrO(MFP) (2) in toluene and THF.

For composite 2, the described solvatochromic effect can be
combined with the switchability to the red emission of the
Eu3+-containing MOF component by variation of the excitation
wavelength. Though the nanoparticle emission shows a signifi-
cantly weaker intensity than the Eu3+ emission bands for λexc =
300 nm, it nevertheless can influence the resulting chromaticity.
In THF, the nanoparticle fluorescence causes a small blue shift
of the emission band, resulting in a pink chromaticity of the com-
posite. In contrast, the luminescence is shifted toward the green
spectral region in toluene, resulting in an orange luminescence
chromaticity. The relative intensities of the Eu3+ emission are
identical in both solvents. Therefore, only the solvatochromic
effect of the organic fluorophore is responsible for the different
luminescence chromaticities in THF and toluene at λexc = 300 nm.

Luminescence lifetimes of the MFP-based composite 2 were also
determined and can be calculated with a bi- or a tri-exponential
decay, the latter with τ1 = 0.7 ns, τ2 = 3.2 ns, and τ3 = 11.2 ns for
the MFP emission bands (λexc = 365 nm, λem = 420, 540 nm) (see
Table S3). Both emission maxima show the same lifetimes and
coincide with the fluorescence lifetime of fluorescein (τ =
4.1 ns) [79]. Since both emission maxima show the same life-
times, it can be confirmed that both bands are assignable to
the MFP fluorescence process. The Eu3+ emission of the MOF

component (λexc = 300 nm, λem = 615 nm) was calculated with
a bi-exponential decay and lifetimes of τ1 = 0.5 ms, τ2 = 1.2 ms.
These values are in good accordance with the lifetimes of com-
posite 1 as well as with Eu3+-containing coordination polymers
[74, 75]. Also, see Figure S13 for a Jablonski diagram of the rele-
vant photophysical processes.

To characterize the chromaticity dependence of the switchable
emission of 2 on the particular excitation wavelength more delib-
erately, emission spectra of the composite dispersed in THF were
recorded within an excitation range between 300 and 370 nm
with stepwise variation of the excitation wavelength (step width
1 nm). Selected excitation and emission spectra in dependence on
the excitation wavelength and the resulting color points are
depicted in Figure 5 for a step width of 5 nm.

The respective detailed photoluminescence spectroscopy investi-
gation of 2 in THF shows that an increasing excitation wave-
length leads to a continuous decrease of the Eu3+ emission as
well as to an increase of the intensity of the MFP emission (see
Figure 5b and Figure S10 for more details). This results in a blue
chromaticity shift of the luminescence with increasing excitation
wavelength (see Figure 5c). It is obvious that the main color
change occurs in the excitation wavelength region between
300 and 325 nm. A further increase of the excitation wavelength
leads only to a minor blue shift of the luminescence. This phenom-
enon can be explained by analyzing the intensity progression of
the excitation spectra for the Eu3+ and the MFP emission (see
Figure 5a). The broad excitation band of the BDC2− ligand as sen-
sitizer for the Eu3+ emission (λem = 615 nm) shows an excitation
maximum at λmax = 300 nm and a strong decrease in the region of

FIGURE 5 | (a) Excitation wavelength dependent luminescence properties of the composite EuBDC@ZrO(MFP) (2) in THF: Excitation spectra for

the two different emission maxima with marked chromaticity regions of the emission, (b) emission spectra in dependence on the excitation wavelength

(λexc = 300–370 nm), and (c) excerpt of the CIE diagram with resulting color points in dependence on the excitation wavelength.
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305–325 nm. The excitation band of the blue MFP fluorescence
(λem = 425 nm) increases in the whole excitation region up to
λmax = 370 nm. From 325 nm on, the 4f–4f transitions of Eu3+

show rather weak intensity and have only a minor influence
on the resulting chromaticity, leading to blue luminescence.
Therefore, the complete chromaticity change between red and
blue takes place between excitation wavelengths of 305 and
325 nm and proceeds along the line of purples of the CIE diagram.
The chromaticity change occurs continuously in the region of 300–
325 nm. This enables a highly sensitive determination of the exci-
tation wavelength by means of the chromaticity of the composite
particles.

At the intersection of both excitation spectra (λexc = 315 nm),
the red emission of Eu3+ and the blue luminescence of the nano-
particles are weighted similarly and add up to a chromaticity
(x = 0.29, y = 0.29) in the proximity of ideal white point of
the visible spectrum (x = 0.33, y = 0.33). Furthermore, upon exci-
tation at λexc = 315 nm, the luminescence of composite 2 shows a
very high color rendering index of 99, which is significantly
higher than the CRIs of established illuminants [80].

For the structural characterization of 2, the particle dispersion in
THF was evaporated and analyzed via scanning electron micros-
copy (SEM), PXRD, and IR spectroscopy. In analogy to composite
1, electron microscopic investigations of the dried particles show
an aggregation of the nanoparticles to microparticles after
removal of the solvent (see Figure S11). The resulting agglomer-
ates show particle sizes of 1–10 μm.

PXRD analysis shows a broad intensity region in the diffracto-
gram that indicates a high amorphous content of the sample
(see Figure S12). This background was also detectable for the
unmodified ZrO(MFP) particles and is assignable to residues that
could not be removed even under vacuum and at high temper-
atures (T = 150 °C). This was also evident by the high viscosity of
the sample. Despite the high amorphic character of the particles,
crystalline amounts could also be detected in composite 2 that
confirm the identity of the MOF 3

∞[Eu2(BDC)3]·2DMF·2H2O
(EuBDC) by the main reflections of EuBDC being detectable
at 2θ = 15.9° and 24.4°.

IR spectroscopy was used to confirm the presence of the
ZrO(MFP) nanoparticles in the composite. This is evident by
the P─O vibration of the phosphate group (1008 cm−1) and the
C═C deformation vibrations (1258 cm−1, 787 cm−1). Further-
more, the C─H stretching vibration of THF (3000 cm−1) can
be detected and confirms, together with the previous analytical
methods, the presence of residues of the solvent in the composite
material.

3 | Conclusion

Functionalization of luminescent zirconyl-based nanoparticles
with the luminescent Eu3+ containing MOF EuBDC leads
to preparation of the multi-luminescent composite materials
EuBDC@ZrO(FMN) (1) and EuBDC@ZrO(MFP) (2). These
materials form particle composites that allow for dual emission
of light. Both materials combine two different luminescence

processes that show distinct differences in terms of their emission
chromaticity and their excitation energy. By variation of the exci-
tation wavelength, optical switching of the chromaticity of the
composite materials can be enabled without a chemical transfor-
mation being required for the dual emission. Therefore, both
materials show significant potential as sensitive and reversible
optical switches and an “on-the-fly”-detectable emission color
difference. While the FMN-based material 1 is variable between
the red and green spectral region, the MFP-containing composite
2 complements the switchability by a strong solvatochromic
effect of the nanoparticle compound. Therefore, an even higher
variety of the resulting chromaticity can be accessed. Based on
the polarity of the solvent, variation of the excitation wavelength
can lead to a solvatochromic chromaticity shift from orange to
green in toluene and from pink to blue in THF. Scaling of the
chromaticity change enables calculation of the excitation wave-
length by the chromaticity point according to CIE. Additionally,
EuBDC@ZrO(MFP) can be run close to a white light emitter with
a high CRI under certain excitation conditions.

4 | Experimental Section

4.1 | Synthetic Procedures

4.1.1 | Reagents

ZrO(FMN) and ZrO(MFP) were prepared according to references
[59] and [60] by reaction of an aqueous solution of ZrOCl2·8H2O
with sodium riboflavin-5 0-monophosphate dihydrate and cyclo-
hexylammonium methylfluorescein phosphate, respectively. After
synthesis, ZrO(FMN) particles were dispersed in pyridine, and
ZrO(MFP) particles were dispersed in THF and toluene, respec-
tively. Nitric acid (Otto Fischar GmbH & Co. KG), terephthalic
acid (abcr, 98%), and Eu2O3 (99%, Research Chemicals) were used
without further purification.

4.1.2 | Synthesis of 3
∞[Eu2(BDC)3]·2DMF·2H2O (EuBDC)

Eu(NO3)3·5H2O was synthesized prior to the MOF synthesis
according to ref. [81] by dissolving Eu2O3 in 6M nitric acid
and subsequent removal of the solvent under vacuum at 100 °C.
Na2BDC was synthesized according to reference [82] by reac-
tion of NaOH with terephthalic acid (H2BDC). The MOF
3
∞[Eu2(BDC)3]·2DMF·2H2O (EuBDC) was synthesized by reac-
tion of Na2BDC with Eu(NO3)3·5H2O in DMF/H2O and subse-
quent removal of the solvent under vacuum according to
reference [61].

4.1.3 | Synthesis of 3
∞[Eu2(BDC)3]·2DMF·2H2O@ZrO(FMN) (1)

3
∞[Eu2(BDC)3]·2DMF·2H2O (2.50 μmol, 2.45 mg) was placed
together with 1.0 mL of a dispersion of ZrO(FMN) (12.5 μmol,
7.00 mg) in pyridine in a Duran glass ampoule and subsequently
frozen with liquid nitrogen and degassed. After evacuation and
sealing of the ampoule, the reaction mixture was heated up to
180 °C for 24 h. The dispersion was separated from the precipitate
for analysis. The precipitate was dried under vacuum and pre-
pared for the remaining analytical investigations.
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Elemental analysis calculated for Eu2C115H125N22O66P5Zr5
(=(EuBDC)(ZrO(FMN))5) (M = 3778.43 g mol−1): C: 35.56,
H:3.33, N: 8.16%. Found: C: 36.52, H: 4.18, N: 9.07%. MIR:
(3179 (w), 2924 (w), 2853 (w), 1709 (m), 1580 (w), 1546 (m),
1466 (w), 1357 (w), 1221 (w), 1008 (s), 997 (w)) cm−1.

4.1.4 | Synthesis of 3
∞[Eu2(BDC)3]·2DMF·2H2O@ZrO(MFP) (2)

3
∞[Eu2(BDC)3]·2DMF·2H2O (1.87 μmol, 1.83 mg) was placed
together with 0.5 mL of a dispersion of ZrO(MFP) (1.87 μmol,
1.00 mg) in THF and toluene, respectively, in a round flask.
The reaction mixture was stirred for 24 h at room temperature.
The dispersion was prepared for photoluminescence analysis.

For further analytical investigations, 3∞[Eu2(BDC)3]·2DMF·2H2O
(37.6 μmol, 36.8mg) and 10mL of a dispersion of ZrO(MFP)
(37.6 μmol, 20.0mg) in THF were placed in a Schlenk flask and
stirred at room temperature. The viscous reaction product could
not be dried under vacuum at 150 °C.

MIR: (2963 (m), 1410 (w), 1258 (s), 1080 (m), 1008 (s), 849 (w),
787 (s), 728 (w) cm−1.

4.2 | Analytical Investigations

4.2.1 | Photoluminescence Spectroscopy

Excitation and emission spectra were recorded using a Horiba
Jobin Yvon Fluorolog 3 spectrometer with a 450W Xe lamp, a
FL-1073 photomultiplier tube detector, and Czerny–Turner dou-
ble gratings (1200 grooves per mm) emission and excitation
monochromators. An edge filter was used to block the 1st and
2nd harmonic oscillations of the light source. Excitation spectra
were recorded from 250 nm to 520 nm and corrected for the spec-
tral distribution of the lamp using a photodiode reference detec-
tor. Emission spectra were recorded from 380 nm to 800 nm
and corrected for the spherical response of the monochromator
and the detector using correction spectra provided by the man-
ufacturer. All samples were investigated as dispersions in spec-
troscopically pure quartz glass cuvettes in front-face mode at
room temperature.

4.2.2 | Luminescence Lifetimes

Lifetimes of the luminescence processes were determined
by investigation of the overall process decay time using an
Edinburgh Instruments FLS920 spectrometer. The samples were
prepared as dispersions in spectroscopically pure quartz glass
cuvettes. Decay times were recorded by time-correlated single
photon counting (TCSPC) using a microsecond flashlamp with
λexc = 300 nm for the Eu3+ emissions and a pulsed picosecond
laser diode (λexc = 375 nm, 5mW) for nanoparticle-based lumi-
nescence processes. The emission was collected at right angles to
the excitation source, and a single-photon avalanche diode
(SPAD) was used as a detector. The resulting intensity decays
were calculated via a tail fit analysis procedure (Edinburgh
F900 analysis software). The quality of the fit was confirmed
by low χ2 values (χ2 < 1.3).

4.2.3 | PXRD

Powder diffraction analysis was performed on a Bruker D8
Discover diffractometer with Da Vinci design equipped with a
focusing Göbel mirror and a linear LynxEye detector. Powders
were prepared by grinding with a mortar and placed on a
low-background silicon wafer. All samples were measured in
parallel beam geometry in reflection mode using CuKα radiation
(λ = 1.54056 Å).

4.2.4 | SEM and Energy Dispersive X-Ray Spectroscopy (EDX)

The surface structure of the composite materials was investi-
gated using a field emission scanning electron microscope
(FE-SEM) Ultra plus (Zeiss) with a GEMINI e-beam column
and a Schottky emitter. Elemental analysis and mapping were
carried out via EDX using a silicon drift detector (SDD) X-Max
50 mm2 (Oxford Instruments) at 20 keV for all composite mate-
rials. Samples were prepared on a self-adhesive graphite patch.

4.2.5 | IR Spectroscopy

IR spectra were recorded over the range from 4000 to 700 cm−1

using a Nicolet 830 FT-IR spectrometer in transmission mode
and the software OMNIC 32.

4.2.6 | Elemental Analysis

CHN analysis was carried out on a Vario micro cube (Elementar
Analysensysteme GmbH).
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