
&Nanoparticles

Reactivity of ZrO(MFP) and ZrO(RP) Nanoparticles with LnCl3 for
Solvatochromic Luminescence Modification and pH-Dependent
Optical Sensing**
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Abstract: The luminescence of the inorganic–organic hybrid
nanoparticles ZrO(MFP) (MFP = methylfluorescein phosphate)

and ZrO(RP) (RP = resorufin phosphate) was modified by ad-

dition of different rare earth halides LnCl3. The resulting
composite materials form dispersible nanoparticles that ex-

hibit modified nanoparticle fluorescence depending on the
rare earth ion. The resulting chromaticity of the lumines-

cence is further variable by the employment of different sol-
vents for ZrO(MFP)-based composite systems. The strong
solvatochromic effect of the MFP chromophore leads to dif-

ferent luminescence chromaticities of the composite materi-

als between green, yellow, and blue in THF, toluene, and di-
chloromethane, respectively. The luminescence of ZrO(RP)-

based composite particles can be modified between the red

and blue spectral regions in dependence on the applied re-
action temperature. Beside a luminescence shift that is de-

rived from nanoparticle modification by LnCl3, a strong turn-
on effect of ZrO(RP) particles results after contact with differ-

ent Brønsted acids and bases in combination with a respec-
tive chromaticity shift. Both effects enable the potential em-
ployment of such particles as highly sensitive optical pH sen-

sors.

Introduction

Luminescent sensors have attracted tremendous attention in
recent years, since photoluminescence processes result in an

analytical signal with high sensitivity and easy accessibility.[1]

For this purpose, different sensing modes such as the lumines-

cence intensity or lifetime can be exploited. Especially sensors
based on fluorescent dyes have been used for a wide range of
applications in chemical analysis, biological research, and clini-
cal diagnostics.[2] The development of composite nanoparticles

based on fluorescent luminophores allows one to add further
advantageous characteristics to the luminescence properties of
the dye.[3] For instance, nanoparticulate sensors can be modi-

fied with a biocompatible matrix that enables the nanoparti-

cles to be used in living cells and can prevent potential inter-
ference of the dye with the cellular environment.[4] Such sys-
tems are widely used as agents for optical imaging techniques

such as different tomographic methods[5] and luminescence
imaging[6] with applications reaching from noninvasive diagno-

sis to in vivo observations of vital functions.[7] Furthermore,
several luminophores can be included in a one-particle system,
which suggests applying these systems as ratiometric sen-
sors.[4c–e]

Luminescent nanosensors can be used for the detection of a
variety of different targets, which include metal cations,[8] sol-
vents,[9] gases,[10] and physical parameters such as tempera-
ture[1a, 11] and pH value.[12] Sensors for metal cations include,
among others, silole nanoparticles for the determination of

CrVI [13] and NaYF:Yb3+/Er3+ upconverting nanoparticles for the
detection of HgII.[14] A large number of biocompatible sensors

based on organic dyes can be used to detect metal cations
that play an important role in metabolic processes (e.g. , Zn2 + ,
Fe2 + , Fe3+ , Mn2 +) in living cells.[15] Temperature-dependent

nanoparticle-based sensors include quantum dots,[16] upcon-
verting nanoparticles that are codoped with lanthanide ions,[17]

and nanoparticles based on fluorescent dyes.[18] ZrO(FMN)
(FMN = flavin mononucleotide) nanoparticles represent the
latter category and show distinct luminescence changes for

different reaction temperatures.[19] Nanoparticles based on
dyes are typically synthesized by coprecipitation of the lumino-

phore and a host matrix material.[20] The combination of suit-
able starting components allows, for instance, the design of

fluorescent nanothermometers that are able to determine the
temperature of a single living cell.[11b] Nanoparticle composites
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for pH sensing can, for instance, be based on CdTe nanocrys-
tals,[21] modified carbon nanodots,[22] or functionalized acrylam-

ide monomers.[23] Depending on their composition, these com-
pounds can be applied for pH detection in solvents and in

living cells. Beside nanoparticle-based sensors, different lantha-
nide-based compounds, such as metal–organic frameworks

(MOFs), can also be applied for the detection of targets such
as distinct metal ions[24] and molecules[25] as well as environ-
mental conditions such as pH[26] value and temperature.[27] The

sensing effect is caused by interaction of the framework with
the analyte, leading to changes in the luminescence properties
of the MOF.[28]

The interaction of a target molecule with a luminescent

sensor can have different effects on the luminescence proper-
ties of the sensor. Numerous sensors are based on a change in

luminescence intensity after contact with an analyte.[1c, 29] Some

detectors show an increase in their luminescence intensity
after interaction with a target (turn-on sensors).[30] In contrast,

the binding between sensor and target molecule can result in
a significant decrease of the luminescence intensity or in com-

plete quenching (turn-off sensors).[31] Multiple turn-on/turn-off
systems that contain fluorescent dyes are based on a photoin-

duced electron transfer mechanism.[1c, 32] Besides intensity-

based sensors, the interaction of a target with a luminescent
detector system can result in a chromaticity shift of the result-

ing luminescence through internal charge-transfer proces-
ses.[1c, 29, 33]

Herein, we present the synthesis and properties of compo-
site materials based on ZrO(MFP) (MFP = methylfluorescein

phosphate) and ZrO(RP) (RP = resorufin phosphate) nanoparti-

cles and rare earth halides. The resulting nanocomposites ex-
hibit various luminescence properties dependent on the partic-

ular fluorophore and the rare earth ion. On the basis of the re-
spective dye, these properties can be influenced with respect

to the luminescence chromaticity by variation of the dispersion
medium or the reaction temperature. Furthermore, interaction

of ZrO(RP) nanoparticles with Brønsted acids or bases leads to

an intensive turn-on effect of the luminescence intensity.
Therefore, ZrO(RP) shows high potential for applications as a

pH detector.

Results and Discussion

General considerations

We selected the luminescent inorganic–organic hybrid nano-

materials ZrO(MFP) and ZrO(RP) as starting components for
LnCl3-functionalized composite materials. Nanoparticles of gen-

eral composition [ZrO]2+[RdyeOPO3]2@ are versatile luminescent
materials that can be synthesized by a simple one-pot reaction

of ZrOCl2 with the sodium salt or acid of the corresponding

dye. The synthesis yields nanoparticles with 30–40 nm diame-
ter in a stable colloidal suspension (Supporting Information:

Table S1, Figures S1–S4).[3, 4b] In contrast to other nanoparticu-
late luminescent materials such as quantum dots, these com-

pounds show high biocompatibility and are therefore suited as
biomarkers for in vivo and in vitro applications.[4b] Whereas the

functional organic anion [RdyeOPO3]2@ determines the lumines-
cence properties of the composite material, the [ZrO]2 + cation

enables the preparation of insoluble nanoparticles (Supporting
Information: Table S2). To synthesize inorganic–organic hybrid

nanoparticles, various dyes such as phenylumbelliferon phos-
phate (PUP), flavin mononucleotide (FMN), methyl fluorescein

phosphate (MFP), resorufin phosphate (RP), and Dyomics-647
uridine triphosphate (DUT) could be applied to achieve differ-

ent luminescence colors that cover the whole visible spectral

region (PUP: blue; FMN, MFP: green; RP: red; DUT: infrared).[34]

The ZrO(MFP) and ZrO(RP) nanoparticles that were used as
starting components for the composite materials in this work
and their respective luminescence properties are depicted in

Figure 1 (see also Supporting Information: Figure S5).

We have previously described the functionalization of green-

emitting ZrO(FMN) nanoparticles with rare earth chlorides.[19]

The resulting composite materials show luminescence proper-
ties that differ from the fluorescence of the original nanoparti-

cles in dependence on the applied rare earth ion and the reac-
tion temperature. Suitable reaction conditions lead to the

preparation of white-light-emitting materials with a high color
rendering index (CRI). Herein, we selected ZrO(MFP) and

ZrO(RP) as starting components for LnCl3-modified composite
materials in order to widen the range of available functionali-
ties in the chromophore in addition to different photolumines-

cence chromaticity.
While MFP exhibits a green chromaticity comparable to that

of FMN, it additionally shows a strong solvatochromic effect.[35]

Thus, the luminescence of the resulting composite materials

LnCl3@ZrO(MFP) [Ln = La (1), Eu (2), Ho (3)] can be varied in de-

pendence on the particular dispersion medium.
RP shows intense orange luminescence and therefore en-

ables the establishment of another luminescence chromaticity
in the resulting composite materials compared to the FMN-

and MFP-containing composites. Similar to ZrO(FMN)-based
composite particles, the YCl3-modified composite YCl3@ZrO(RP)

Figure 1. Composition and constituents (left) as well as excitation and emis-
sion spectra (right) of ZrO(MFP) (a) and ZrO(RP) (b) nanoparticles.
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(4) can exhibit a luminescence chromaticity between the red
and blue spectral regions in dependence on the applied modi-

fication temperature.

Nanocomposites with solvatochromic luminescence proper-
ties based on ZrO(MFP)

For preparation of solvatochromic, luminescent composite par-
ticles LnCl3@ZrO(MFP) [Ln = La (1), Eu (2), Ho (3)] , dispersions

of ZrO(MFP) nanoparticles in different solvents were treated

with equimolar amounts of anhydrous LnCl3. To examine the
solvatochromic effect of the resulting materials, we utilized

THF, toluene, and dichloromethane, which show distinct differ-
ences in polarity, as dispersion media. The reaction of the start-

ing components took place at room temperature and yielded
composite materials 1–3 as orange dispersions. These materials
exhibit luminescence properties that are visible on excitation

with UV light and significantly differ from the fluorescence of
the original MFP. Since the structurally similar ZrO(FMN) parti-

cles show a distinct dependence of their luminescence proper-
ties on the reaction temperature,[19] the synthesis of ZrO(MFP)-
based composite materials was conducted at higher tempera-
tures (85 8C in THF, 130 8C in toluene, 80 8C in dichloro-

methane). However, a higher reaction temperature did not
result in a change of the luminescence properties in THF and
dichloromethane. In toluene, decreased luminescence intensity
was observed, which could be assigned to degradation of the
ZrO(MFP) particles at higher temperatures.

The modification of ZrO(MFP) with LnCl3 leads to a distinct
shift of the green luminescence of the resulting composites 1–

3 to white, as well as to the blue or yellow region of the visible

spectrum. The resulting luminescence chromaticity depends
on the solvent and the lanthanide ion. For instance, La3 +-con-

taining composite 1 exhibits light blue luminescence in THF,
light green luminescence in toluene, and turquoise-green lumi-

nescence in dichloromethane. EuCl3@ZrO(MFP) (2) can exhibit
a white-yellow (THF), green-yellow (toluene), or turquoise-

green (dichloromethane) luminescence color, whereas HoCl3-

modified material 3 shows varying luminescence chromaticity
only in the green spectral region in different solvents. Figure 2

shows photographs depicting the different luminescence prop-
erties of the ZrO(MFP)-based composite materials.

The observed shift of the chromaticity can be assigned to
different changes in the photoluminescence spectra of compo-

site materials 1–3, which are shown in Figure 3 together with

excerpts of the CIE diagram, indicating the resulting lumines-
cence chromaticity. The emission properties of the resulting lu-
minescence are based on the MFP fluorescence band (lmax =

518 nm), which is modified by different processes after contact

with LnCl3.
Modification of ZrO(MFP) with LnCl3 in THF leads to band

broadening of the chromophore’s fluorescence at higher and

lower energies. Depending on the lanthanide ion, one of the
two processes is dominant, leading to a blue- or redshift, re-

spectively. For La3+-based composite 1, a bathochromic shift
of the MFP fluorescence to lmax = 526 nm can be observed.

Furthermore, the luminescence band is significantly broadened

in the blue spectral region, and this leads to a similar lumines-
cence intensity of the MFP band and the band at higher

energy. This results in a chromaticity of composite 1 in THF
close to the ideal white point with a calculated CRI of 69.

In contrast, HoCl3-containing composite material 3 shows
band broadening in the red spectral region, whereas the

Figure 2. Fluorescence of ZrO(MFP) and of LnCl3@ZrO(MFP) composite parti-
cles [Ln = La (1), Eu (2), Ho (3)] as dispersions in THF (a), toluene (b), and di-
chloromethane (c) on excitation by UV light (lExc = 365 nm).

Figure 3. Excitation and emission spectra of ZrO(MFP) and of
LnCl3@ZrO(MFP) composite particles [Ln = La (1), Eu (2), Ho (3)] as disper-
sions in THF (a), toluene (b), and dichloromethane (c) as well as excerpts of
the CIE diagram with resulting chromaticity [lExc = 365 nm, lEm = 530 nm
(ZrO(MFP), a), 520 nm (ZrO(MFP), b,c), 528 nm (1, a), 517 nm (1, b), 490 nm
(1, c), 531, 609 nm (2, a), 518, 609 nm (2, b), 490 nm (2, c), 539 nm (3, a)
509 nm (3, b), 489 nm (3, c)] .
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shoulder in the blue region remains nearly unaltered. This
leads to a bathochromic shift of the MFP fluorescence and to

chromaticity in the yellow spectral region.
For EuCl3@ZrO(MFP) (2), the band broadening takes place in

the red and blue spectral regions to similar extents. However,
in addition to the broad MFP fluorescence, significant 4f–4f

emission bands of Eu3 + can be detected. The transition 5D0!
7F2 (l= 610 nm) has the highest intensity, which increases the
luminescence intensity in the red spectral region and leads to

a chromaticity near the white point with a high CRI of 78. The
presence of the Eu3 + emission can be explained by binding of
the fluorophore or the solvent THF to the lanthanide ion. The
excitation exhibits a broad band at lmax = 432 nm, indicating

energy transfer to the Eu3+ ion through an antenna effect. The
energy transfer can be caused by MFP as sensitizer, as THF

does not exhibit transitions in the respective energy region.

However, the maximum in excitation for the Eu3 + emission at
609 nm does not simply match with the maximum of the free

fluorophore, and this may also indicate a more complex pro-
cess. Additionally, a direct 4f–4f excitation of Eu3+ can be de-

tected with low intensity (lmax = 392 nm).
Thus, the modification of ZrO(MFP) in THF results in different

luminescence chromaticity depending on the rare earth ion in

the composite. The luminescence band in the blue wavelength
region, which can be assigned to an internal charge-transfer

process between the chromophore and the Lewis acid LnCl3,
indicates binding between the two components through the

donor function of the organic anion. The interaction of MFP
with a lanthanide ion results in lower electron density of the

fluorophore and thus in energetic destabilization of the LUMO

of MFP, which causes a blueshift.[1b, c, 36] The magnitude of the
blueshift is dependent on the electronegativity, Lewis acidity,

and the size of the metal ion. The three selected lanthanides
have different ionic diameters (La3+ : 106 pm, Eu3+ : 95.0 pm,

Ho3 + : 89.4 pm), which decrease with increasing atomic
number due to the lanthanide contraction.[37] Therefore, com-

posites 1–3 show distinct variations in the intensity of the

chromophore band. The broad band spanning to the red spec-
tral region can be assigned to the MFP fluorescence and
shows differences in intensity according to the lanthanide
ion.[38] The intensity of both intramolecular charge transfer and
fluorescence of fluorescein-based dyes can also be influenced
by the polarity of the solvent [e(298 K) = 7.58 (THF), 2.38 (tolu-

ene), 8.93 (dichloromethane)] .[39] Consequently, not only the
lanthanide ion but also THF as solvent have distinct influences
on the intensity of all participating luminescence processes.

The modification of ZrO(MFP) in toluene leads to a lumines-
cence modification that varies from the luminescence of the

composite materials in THF. All composite materials 1–3 show
only band broadening of the MFP fluorescence at higher ener-

gies, whereas the emission band shows no significant changes

in the red spectral region. The dipole moment in the excited
state of fluorescein is larger than that in its ground state.

Therefore, a polar solvent like THF leads to stabilization of the
higher polarity of the excited state that results in a smaller

energy gap between HOMO and LUMO, causing a redshift of
the emission.[39a,c] Thus, the band broadening at lower energies

cannot be observed for toluene and dichloromethane. The
emission band in the blue spectral region is most intense for
Ho3 +-containing composite 3 and thus leads to a stronger
blueshift compared with composites 1 and 2. In accordance

with the observation for the EuCl3-modified particles in THF,
composite 2 exhibits significant Eu3 + emission bands. Toluene

as a noncoordinating solvent cannot establish considerable
binding, and thus coordination to the Lewis acidic Ln3 + ions.
Therefore, energy transfer to Eu3+ occurs via the MFP fluoro-

phore, which acts as sensitizer. The additional red Eu3+ emis-
sion in the two-chromophore system 2 leads to a bathochro-
mic shift of the emission to the yellow spectral region.

In contrast to the composite materials in THF and toluene,
dispersions of LnCl3@ZrO(MFP) [Ln = La (1), Eu (2), Ho (3)] in di-
chloromethane cannot be optically distinguished by their chro-

maticity. The chromaticity of the MFP dye is shifted from green

to turquoise for all three lanthanide ions. Unlike the behavior
in THF and toluene, the hypsochromic shift is not caused by

band broadening, but by a shift of the complete emission
band from lmax = 518 nm to lmax = 490 nm, whereas the band

width is slightly reduced. Additionally, no 4f–4f transitions of
Eu3 + can be detected in Eu3+-containing composite 2, and this

indicates the absence of an antenna effect. We assign this to a

reduction of the energy of the fluorophore excited states to a
point below the Eu acceptor level, which thus precludes

energy transfer to Eu.
Fluorescein-based chromophores show a strong solvatochro-

mic effect that to some extent depends on the polarity of the
solvent. The fluorophore can exist in cationic, monoanionic, or

dianionic form,[35, 40] which show differences in their lumines-

cence properties concerning the emission maxima and the
bandwidth. Whereas fluorescein exists in a protonated form in

toluene, it exhibits anionic character in the polar solvents di-
chloromethane and THF. In general, deprotonation of the fluo-

rophore leads to a redshift of the luminescence band. There-
fore, the polarity and acidity of the solvent determine the lumi-

nescence properties of the composite materials.

For additional analysis of the composite systems, material 1
was analyzed by IR spectroscopy. IR spectroscopic analysis of

composite material 1 dried from a dispersion in THF confirmed
the presence of the nanoparticles in the resulting composite.
The MFP component of the microparticle can be identified by
the P@O valence vibration at 1011 cm@1 and the C=C deforma-

tion vibrations (1259 cm@1, 790 cm@1). Additionally, the C@H va-
lence vibration of the solvent THF, which could be detected at
2963 cm@1, indicated remnants of THF in the composite materi-

als that could not be removed under vacuum.

Nanocomposites with temperature-dependent luminescence
properties based on ZrO(RP)

For the synthesis of a composite material with chromaticity in
the red wavelength region, water-free YCl3 was added to a dis-

persion of ZrO(RP) in pyridine under inert-gas conditions. The
composite material YCl3@ZrO(RP) (4) showed only a small

change of the luminescence properties after reaction at room
temperature. Therefore, the reaction mixture was heated to
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100 8C. Increasing the reaction temperature leads to a strong
hypsochromic shift of the RP emission from red via magenta

to blue. Thus, system 4 shows a similar behavior to
LnCl3@ZrO(FMN) composite materials, which also exhibit a

temperature-dependent blueshift of the chromaticity.[19] Similar
to the luminescence behavior of the modified ZrO(MFP) parti-

cles, the emission band of RP in the orange spectral region
constitutes the basis of the emission properties of the compo-
site material. Binding of Y3 + to the dye-containing nanoparticle

results in modification of the emission band, which can result
in a shift of the emission maximum or in band broadening.
The fluorescence of the dye and that of the composite material
can be excited in the UV and in the visible spectral region and
thus is observable in daylight (see Figure 4). In addition to this
temperature-dependent blueshift, a hypsochromic shift of the

chromaticity could also be observed after storage of the com-

posite materials in evacuated ampoules. Thus, the ZrO(RP)-
based particles exhibit high sensitivity to exterior parameters

such as pressure and temperature, and at 77 K (liquid nitrogen)
the particle dispersions lose their luminescence over several

days due to slow degradation, whereas ZrO(MFP)- and
ZrO(FMN)-based composites did not show a comparable effect.

Altogether, ZrO(RP)-based particles show significant lumines-

cence modification of the composite materials for different
stimuli.

Reaction of ZrO(RP) with YCl3 at room temperature led to
band broadening of the RP emission in the red wavelength

region (600–680 nm) with a broad banded shoulder at lmax =

635 nm, whereas the absolute emission maximum of the fluo-

rescence is detected at lmax = 605 nm. The band broadening

correlates with an increasing intensity of the excitation band at
lower energy and results in a bathochromic shift of the lumi-

nescence to the red spectral region. Heating of the dispersion
of composite particles to 100 8C results in further modification

of the luminescence properties. Two processes that lead to a
hypsochromic chromaticity shift are detectable: first, the fluo-

rescence band is hypsochromically shifted from lmax = 605 nm
to lmax = 590 nm without changing its bandwidth. Second, an

additional emission band in the blue spectral region with
lmax = 375 nm occurs. Combination of both processes leads to

a chromaticity shift resulting in a magenta luminescence color.
Storage of the composite particles in evacuated reaction ves-
sels for 7 d also leads to a significant increase of the emission

band in the blue spectral region. Additionally, a band at lower
energy with lmax = 615 nm and a broader band width than the
original RP fluorescence can be observed. The luminescence
shows a significantly smaller amount of the red fluorescence

band and thus indicates degradation of the particles.
To investigate the composite character of 4, the dispersion

(reaction temperature 100 8C) was analyzed by SEM, energy-

dispersive X-ray spectroscopy (EDX), dynamic light scattering
(DLS), and IR spectroscopy. The particle size and size distribu-

tion were determined by DLS. The composite-particle size is
distributed between 800 and 1100 nm (85 % between 1000

and 1100 nm, see Supporting Information: Figure S6). In con-
trast, the size of the pure ZrO(RP) nanoparticles is between 20

and 40 nm.[34] Thus, modification with LnCl3 leads to a signifi-

cant increase of size and aggregation of the particles. SEM
images show particles with diameters of about 1 mm, which ag-

gregate to particles of several micrometers in length after
drying the dispersions, in confirmation of the DLS results. Thus,

the ZrO(RP)-based composite materials form large but floatable
nanoparticulate aggregates, that retain their luminescence

properties in dispersion.

EDX analysis of the dispersions show a Y amount of 3.9 %
and a Cl amount of 6.3 %, confirming the presence of both yt-

trium and chlorine from YCl3 in the formed composite material
(see Supporting Information: Table S3). P and Zr, the elements

representative for the ZrO(RP) nanoparticles, could not be de-
tected. This indicates a presumable core–shell character of the

formed composite materials. Due to its low penetration depth,

the electron beam can only interact with the outer lanthanide-
containing shell. Since Zr and P could not be detected, it can
be concluded that core–shell systems with a ZrO(RP) core and
a shell constituted by Y3 + and Cl@ are formed. This conclusion
coincides with the analysis of the similar particle system
LnCl3@ZrO(FMN), for which an analogous core–shell structure

could be confirmed by comparison of EDX and X-ray fluores-
cence data.[19]

IR spectroscopic analysis of dried dispersions of

YCl3@ZrO(RP) (4) showed the presence of all vibration bands
characteristic of the organic RP unit. For instance, the C=C de-

formation vibration of the aromatic system (1260, 800 cm@1)
and the P@O valence vibration of the phosphate group

(1050 cm@1) are detectable and thus confirm the presence of

RP in the composite material (see Supporting Information: Fig-
ure S1).

Summing up, the ZrO(RP)-based composite 4 shows similari-
ties in its composition and luminescence behavior to the previ-

ously described particle system ZrO(FMN)@LnCl3.[19] Both com-
posites form core–shell systems with a nanoparticle core and a

Figure 4. Excitation and emission spectra of ZrO(RP) and YCl3@ZrO(MFP)
composite particles (4) as dispersions in pyridine for different reaction tem-
peratures and storage conditions (left, lExc = 320 and 365 nm, lEm = 600 nm
(ZrO(RP) in py) and 420 and 450 nm for 4), corresponding photographs in
daylight and on excitation by UV light (lExc = 365 nm, right), and excerpts of
the CIE diagram with resulting chromaticities (bottom).
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lanthanide-containing shell. The luminescence properties of
these systems can be modified in dependence on the reaction

temperature, whereby higher temperature leads to a hypso-
chromic chromaticity shift and instability of the particles if

heated too far. The chromaticity shift enables the generation
of luminescence colors in a broad range between the red and

blue spectral regions for RP-containing particles. In comparison
with the MFP-based materials 1–3, this exchange of the nano-

particle component enables different luminescence properties

and a different temperature- and solvent-dependent behavior
of the resulting composite materials.

Application of ZrO(RP) nanoparticles as pH detector

Besides the change in luminescence properties after interac-

tion with Lewis acids such as LnCl3, ZrO(RP) nanoparticles

show an intensive change of their fluorescence after contact
with Brønsted acids or bases. Therefore, the particle system

shows potential for application as an optical pH detector. To
analyze the detection behavior on contact with acids and

bases, a dispersion of ZrO(RP) in pyridine was treated with HCl
(1.2 m) and NEt3. This led to a distinct modification of the lumi-

nescence emission intensity, chromaticity, and excitation inten-

sity (see Figure 5 a). Addition of HCl to the nanoparticle disper-
sion does not lead to any significant change of the emission

band in terms of emission maxima, bandwidth, or band shape,
and the orange fluorescence chromaticity of the unmodified

ZrO(RP) particles results. However, a significant increase of the
emission intensity can be observed, even by the naked eye.

This intensity increase is accompanied by an additional excita-
tion band at lmax = 375 nm.

Treatment of ZrO(RP) with NEt3 also results in increased
emission intensity. However, this increase in intensity is accom-

panied by a bathochromic shift of the emission that is caused
by band broadening in the red wavelength region with an ad-

ditional local maximum at lmax = 653 nm and a shift of the ab-
solute emission maximum from 602 to 618 nm. This chromatic-
ity shift is reversible, so that the original chromaticity of

ZrO(RP) can be regained by addition of HCl to the nanoparticle
dispersion after addition of NEt3. In contrast, the increase in
emission intensity is irreversible.

The strong increase in intensity by more than five orders of

magnitude after interaction of ZrO(RP) with HCl or NEt3 indi-
cates an increase of the electron density of the fluorophore

during the sensing procedure. Resorufin-based systems can be

employed as turn-on sensors for different target molecules, for
example, hydrazine,[41] nitroxyl (HNO),[42] and acetylcholinester-

ase.[43] Such sensors require functionalization with an electron-
withdrawing group that simultaneously acts as receptor for

the analyte. The aforementioned sensors are based on the re-
sorufin dye, which is connected to an organic unit by an

ester[41, 42] or sulfate group,[43] respectively. Functionalization

with the electron-withdrawing group generates a strong inten-
sity decrease of the resulting fluorescence of the dye. Reaction

with NEt3 or HCl results in elimination of the electron-with-
drawing group and thus in formation of the unmodified fluo-

rophore resorufin. We consider this to be responsible for the
significant increase of the luminescence intensity.[41–43] Such an

effect was also shown for ZrO(UFP) nanoparticles containing

the coumarin derivative umbelliferon phosphate (UFP) as fluo-
rescent dye.[44]

On the basis of this mechanism, a similar sensing mecha-
nism can be suggested for the sensing of Brønsted acids or

bases by ZrO(RP). The functionalization of resorufin with a
phosphate group that is connected to a zirconyl cation, in

principle, results in a luminescence decrease in comparison

with the pure resorufin fluorophore that is caused by the elec-
tron-withdrawing effect of the zirconyl phosphate group. Reac-

tion with HCl or NEt3 presumably results in elimination of the
phosphate group and formation of the pure resorufin fluoro-
phore (see Figure 5 b). This results in a significant intensity in-
crease of the luminescence, since the quenching of the resoru-

fin luminescence by the zirconyl phosphate functionalization is
repealed. Thus, the modification of resorufin by zirconyl-phos-
phate-containing nanoparticles enables the optical detection
of nucleophilic molecules by a strong turn-on effect that could
not be obtained with the pure fluorophore alone.

The proposed sensing mechanism can explain the intensity
increase of the fluorescence after contact with HCl and NEt3,

but does not give any information on why the chromaticity of

the fluorophore is only changed after addition of NEt3 and not
after treatment with HCl. It is likely that resorufin is protonated

in acidic or neutral environment and is in its anionic form after
contact with a Brønsted base. The two species differ in elec-

tron density, which could explain the different chromaticity
after the sensing procedure of NEt3.

Figure 5. Excitation and emission spectra of ZrO(RP) and of ZrO(RP) after ad-
dition of HCl and NEt3 with corresponding photographs in daylight and on
excitation by UV light (lExc = 365 nm) (a) and proposed reaction mechanisms
for the sensing of HCl and NEt3 with ZrO(RP) (b).
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For the quantitative characterization of pH sensing by
ZrO(RP), a dispersion of 3.01 mmol ZrO(RP) in pyridine (0.2 mL)

was titrated stepwise with preset amounts and concentrations
of base, water, or acid (1 mL each: 7.21 mmol NEt3, 55.5 mmol

H2O, and 1.21 mmol HCl per step). The absolute emission inten-
sity was detected after each sensing process by integration of

the emission spectra under identical instrumental conditions.
Figure 6 shows the excitation and emission spectra as well as
the integrated emission intensity in dependence on the

amount of substance ratio of acid/base and ZrO(RP).
In general, a larger amount of analyte leads to an increase in

luminescence intensity, accompanied by a differing increase in
dependence on the target molecule. The addition of amounts

of 1 mL of analyte to a fixed amount of particles results in dif-
ferent ratios due to the different molar masses of the analytes.

For comparison of the results, the intensity increase was de-
scribed by an exponential fit for all three analytes. Thereby, a
calibration for determination of the amount of analyte and the
photoluminescence intensity is available.

The addition of 1 mL of NEt3 to ZrO(RP) results in a sevenfold

increase of the absolute emission intensity and can lead to an
intensity 16 times higher than the original ZrO(RP) intensity on

adding further NEt3.

Addition of water results in a smaller increase of the emis-
sion intensity. Only large amounts of water lead to a significant

intensity increase, which we attribute to partial quenching by
high vibronic states of water countering the effect of RP re-

lease. The intensity increase can be fitted with a biexponential
fit for larger amounts of H2O. In analogy to the titration with

NEt3, a band broadening and, thus, a bathochromic shift of the

chromaticity can be obtained. Accordingly, an identical sensing
mechanism for both targets can be assumed. Presumably, H2O

acts as a Brønsted base, so that the resorufin fluorophore at-
tains its deprotonated form.

The intensity increase after addition of HCl also proceeds ex-
ponentially and leads to an intensity increase up to 13 times

the original luminescence intensity. Thus, the intensity increase
for titration with HCl is comparable with the increase by NEt3

addition, however, without a chromaticity change.

Addition of HCl, NEt3, and H2O leads to modification of the
ZrO(RP) luminescence regarding its absolute emission intensity
as well as its chromaticity. Both values can be referenced to
the pH value of the system, and this demonstrates potential
application of ZrO(RP) as a pH detector.

Conclusion

Functionalization of the luminescent nanoparticle systems
ZrO(MFP) and ZrO(RP) with LnCl3 leads to distinct modification
of the nanoparticle fluorescence that is dependent on different

chemical and physical conditions. The composite systems
LnCl3@ZrO(MFP) [Ln = La (1), Eu (2), Ho (3)] show different lu-
minescence properties dependent on the particular rare earth

ion. Due to the strong solvatochromic effect of MFP, these
properties are further modifiable by the use of different sol-

vents (THF, toluene, dichloromethane). The resulting composite
materials exhibit luminescence properties that are tunable in

the visible spectral region between blue, green, yellow, and

white-light emission. The core/shell composite system
YCl3@ZrO(RP) can exhibit chromaticity that reaches from the

red to the blue spectral region via magenta, in dependence on
the applied reaction temperature. Furthermore, unmodified

ZrO(RP) nanoparticles are applicable as optical pH sensors for
Brønsted acids and bases. The intensive turn-on effect ob-

served can be attributed to the release of RP, which is accom-

panied by a shift of chromaticity for Brønsted bases by depro-
tonation. Chromaticity shift and intensity increase are depen-

dent on the applied acid and base and therefore enable an as-
signment of optical properties to the pH value, for example,

for HCl.

Experimental Section

Synthesis and reagents

Reagents : ZrO(MFP) and ZrO(RP) nanoparticles were prepared, as
described before, by the reaction of an aqueous solution of
ZrOCl2·8 H2O with cyclohexylammonium methylfluorescein phos-
phate and resorufin phosphorous acid, respectively.[34] La2O3

(99.5 %, Merck KGaA), Eu2O3 (99 %, Research Chemicals), Ho2O3

(99.9 %, Research Chemicals), NH4Cl (99.5 %, Gressing GmbH), and
YCl3 (99.9 %, Strem Chemicals) were used without further purifica-
tion. Anhydrous lanthanide chlorides were prepared by the ammo-
nium halide route by reaction of Ln2O3 (Ln = La, Eu, Ho) with NH4Cl
in concentrated HCl.[45] The reaction was followed by thermal de-
composition of the generated salt [NH4]3[LnCl6] and subsequent
purification by sublimation.

Figure 6. Excitation and emission spectra of ZrO(RP) and ZrO(RP) after addi-
tion of different amounts of NEt3 (a), H2O (b), and HCl (c) (left ; deviation:
0.1 mL) as well as integrated emission intensities of ZrO(RP) in dependence
on the amount of substance ratio of NEt3 (a), H2O (b), and HCl (c) (right).
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Synthesis of LnCl3@ZrO(MFP) [Ln = La (1), Eu (2), Ho (3)] compo-
site particles : LnCl3 [3.76 mmol, 922 mg (Ln = La), 972 mg (Ln = Eu),
1.29 mg (Ln = Ho)] was placed in a Duran glass ampoule under
argon atmosphere together with 0.5 mL of a dispersion of
ZrO(MFP) (1.88 mmol, 1.00 mg) in THF, toluene, or dichloromethane,
respectively. The ampoule was repeatedly frozen, evacuated, and
thawed to degas the solvent. A reaction that could be detected by
visible change of the luminescence properties occurred after 1 h at
room temperature. The dispersion and the formed precipitate
were separated under inert gas atmosphere and the resulting pre-
cipitate was dried under vacuum. IR: ñ= 3460 (w), 2963 (m), 1611
(w), 1456 (w), 1411 (w), 1259 (s), 1082 (s), 1011 (s), 865 (w),
790 cm@1 (s).

Synthesis of YCl3@ZrO(RP) (4) composite particles : YCl3

(75.3 mmol, 14.7 mg) was placed in a Schlenk flask together with
5.0 mL of a dispersion of ZrO(RP) (75.3 mmol, 30.0 mg) in pyridine
under inert gas atmosphere. The reaction mixture was heated
under reflux to 100 8C for 24 h. The dispersion was separated from
the formed precipitate and the precipitated composite particles
were dried under vacuum. elemental analysis (%) calcd for
YCl3C17H11N2O7PZr (= YCl3@ZrO(RP)·py, Mr = 672.71 g mol@1): C 30.35,
H 1.65, N 4.16; found: C 29.16, H 2.42, N 4.40; IR: ñ= 3418 (m),
2963 (m), 1613 (w), 1535 (w), 1485 (w), 1413 (w), 1262 (s), 1098 (s),
1022 (s), 801 (s), 676 (w), 485 cm@1 (w).

Photoluminescence spectroscopy

Excitation and emission spectra were recorded by using a Horiba
Jobin Yvon Fluorolog 3 spectrometer with a 450 W Xe lamp and a
FL-1073 photomultiplier tube detector. Emission and excitation
wavelengths were monochromatized through Czerny–Turner
double gratings (1200 grooves mm@1). An edge filter (400 nm) was
used to block the first- and second-harmonic oscillations of the
light source. Excitation spectra were recorded from 250 to 580 nm
and corrected for the spectral distribution of the lamp by using a
photodiode reference detector. 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 manufacturer. All samples were investigated as
dispersions in spectroscopically pure quartz glass cuvettes in front
face mode at room temperature.

Sensing of Brønsted acids and bases

ZrO(RP) (3.01 mmol) in pyridine (0.2 mL) was titrated stepwise with
defined amounts of NEt3, water, and HCl (1 mL each: 7.21 mmol
NEt3, 55.5 mmol H2O, and 1.21 mmol HCl per step). PL excitation
and emission spectra were recorded for each step. The compound
containing cuvettes were mounted in fixed positions inside the
spectrometer to allow for low setup based deviations of PL intensi-
ties.

DLS was performed to determine the particle diameter and particle
size distribution of the dispersions. Measurements were conducted
by using a Malvern Instruments Zetasizer Nano ZS equipped with
an He–Ne laser. Detection was carried out by non-invasive back-
scattering at an angle of 1738 with a 256-channel detector.

SEM was performed with a Zeiss Supra 40 VP scanning electron mi-
croscope with an acceleration voltage of 5–10 kV and 3 mm work-
ing distance. Dispersions were placed on silicon wafers and evapo-
rated.
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