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ARTICLE INFO ABSTRACT
Handling Editor: Dr. J.P. Landers Rapid and reliable phosphate (Pi; PO3~) sensing is of critical importance for environmental monitoring, yet
remains challenging due to signal instability and limited field deployability of existing methods. Herein, we
Keywords: report a self-calibrating dual-channel fluorescent sensor based on a metal-organic framework (MOF), denoted as
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9-AA@Eu-ZIF-8@TTA, for rapid and visual Pi detection. The sensor is rationally constructed through a modular
host-guest and coordination assembly strategy, in which a Pi-insensitive blue-emissive dye (acridin-9-amine, 9-
AA) is encapsulated within Eu3+—doped ZIF-8 as an internal reference, while a red-emissive Eu®*-TTA coordi-
nation complex serves as the responsive channel. Pi detection is governed by a competitive coordination
mechanism, where Pi preferentially binds to Eu®*, displacing the antenna ligand TTA and selectively quenching
the Eu®*-centered emission at 617 nm without affecting the reference signal. This dual-channel response enables
reliable ratiometric quantification of Pi over a linear range of 0-80 pM with a detection limit of 0.48 pM and a
rapid response time of 0.5 min. The sensor exhibits excellent stability over a wide pH range (3—11) and high
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selectivity against competing ions. Importantly, the distinct red-to-blue fluorescence transition under UV exci-
tation allows direct visual discrimination of Pi levels, while smartphone-based RGB analysis enables instrument-
free quantitative readout. Accurate Pi determination in real water samples further demonstrates the practical
applicability of this sensor. This work provides a versatile MOF-based design strategy for constructing robust
ratiometric fluorescent sensors through the integration of host-guest chemistry and analyte-triggered coordi-

nation interactions.

1. Introduction

Phosphate (Pi; PO3) plays a dual role as an indispensable nutrient
and a potential environmental pollutant, depending on its concentration
and distribution [1,2].

In aquatic ecosystems, Pi is a critical nutrient that supports the
growth of plants and microorganisms [3]. However, excessive Pi inputs
from agricultural runoff and domestic wastewater are a primary cause of
eutrophication, leading to harmful algal blooms, oxygen depletion, and
severe ecological imbalance [4,5]. In biological systems, Pi is integral to
energy metabolism (ATP), nucleic acid synthesis (DNA/RNA), and
maintenance of cellular membranes (phospholipid bilayers) [6-8].
However, abnormal Pi levels are closely associated with metabolic dis-
orders and cardiovascular diseases [9-12]. Accordingly, the develop-
ment of reliable, sensitive, and selective methods for Pi detection is of
significant importance for environmental monitoring, clinical di-
agnostics, and food safety.

A variety of analytical techniques have been developed for Pi
determination, including colorimetric assays [13-16], electrochemical
methods [17-20], spectrophotometric approaches [2,21,22], and chro-
matographic techniques [23]. Despite their widespread use, these
methods often rely on elaborate sample pretreatment, sophisticated
instrumentation, and time-consuming procedures, which limit their
applicability in real-time monitoring and field-deployable analysis.
Fluorescence-based sensing has therefore emerged as an attractive
alternative due to its high sensitivity, rapid response, and operational
simplicity [24-26]. Among these strategies, ratiometric fluorescent
probes, which employ dual-emission signals for self-calibration, provide
improved quantitative accuracy by minimizing the influence of envi-
ronmental fluctuations and instrumental variations [27-31]. Moreover,
the visually distinguishable color changes associated with ratiometric
responses enable intuitive signal readout under ultraviolet illumination,
rendering such probes highly suitable for portable and on-site sensing
platforms. To date, numerous ratiometric fluorescent probes have been
reported for Pi detection [3,32-36]. Nevertheless, many existing sys-
tems still suffer from intrinsic limitations, including insufficient stability
in aqueous media, signal cross-talk between emissive components,
complex fabrication procedures, or inadequate selectivity in the pres-
ence of competing anions, which restrict their practical applicability in
complex samples.

Metal—organic frameworks (MOFs) have attracted increasing
attention as fluorescence sensing platforms due to their high porosity,
large surface area, and structural tunability [29,37-39]. Compared with
conventional small-molecule probes, MOF—based sensors can enrich
target analytes, thereby amplifying sensing responses, and have been
successfully explored for Pi detection in aqueous environments [3,
32-36]. In particular, the strong coordination affinity between Pi and
Eu>" ions has been widely exploited to construct Pi-responsive lumi-
nescent sensors based on ligand displacement, antenna deactivation, or
framework perturbation mechanisms, which collectively originate from
the strong Eu-O-P coordination interactions [3,36,40-43]. However, in
many reported Eu*-based MOF sensors, Pi binding often induces un-
controlled and nonlocalized perturbation of the Eu®t coordination
environment, which may lead to emission crosstalk between multiple
emissive components and, in some cases, partial framework degradation
[36,41,42]. As a consequence, the stability of the reference signal and
the reliability of ratiometric quantification are frequently compromised

under practical sensing conditions. Therefore, the rational integration of
a Pi-responsive Eu®"-centered emission with a stable and Pi-insensitive
internal reference within a single MOF platform—while enabling
spatially confined and precisely regulated modulation of the Eu* co-
ordination environment—remains a critical challenge for the develop-
ment of robust ratiometric Pi sensors.

Herein, we report a rationally designed dual-channel MOF-based
fluorescent sensor that directly addresses the above challenge through a
facile and modular assembly strategy, enabling the spatial and func-
tional integration of a stable internal reference and a selectively
responsive Eu®*-centered emission within a single framework. The
resulting composite, denoted as 9-AA@Eu-ZIF-8@TTA, is constructed
via a combination of host-guest encapsulation and coordination as-
sembly. In this system, a blue-emissive dye, acridin-9-amine (9-AA), is
physically confined within the pores of Eu>*-doped ZIF-8 and serves as a
Pi-insensitive internal reference, while coordination of the antenna
ligand 2-thenoyltrifluoroacetone (TTA) to Eu’t centers generates a red-
emissive responsive channel. Pi sensing is governed by a competitive
coordination mechanism, in which Pi preferentially binds to Eu>" and
selectively displace the TTA ligand, resulting in efficient quenching of
the Eu*-centered emission without perturbing the reference signal.
This localized and selective modulation produces a pronounced ratio-
metric fluorescence response (Fg17/F460), enabling accurate and self-
calibrated Pi detection accompanied by a distinct red-to-blue color
transition under UV excitation. Furthermore, integration of the ratio-
metric color response with smartphone-based RGB analysis allows visual
signals to be converted into quantitative data, providing a practical
route for instrument-free and on-site Pi monitoring. More broadly, this
work establishes a general MOF-based design strategy for constructing
robust ratiometric fluorescent sensors by integrating host—guest chem-
istry with analyte-triggered coordination interactions.

2. Experimental section
2.1. Materials

All chemicals and reagents were purchased from commercial sup-
pliers and used as received unless otherwise stated. Sodium phosphate
(NagPOg4, 99.9%) and thenoyltrifluoroacetone (TTA) were purchased
from Shanghai Macklin Reagent Co., Ltd, China. Zinc (II) nitrate hexa-
hydrate (Zn(NO3)3-6H20, 99%), 2-methylimidazole (99%), acridin-9-
amine (9-AA, 99.9%) and europium (III) nitrate hexahydrate (Eu
(NO3)3-6H50, 99.9%) were obtained from Alfa Aesar Chemical Co., Ltd,
China. Sodium phosphite (NagHPO3-2H20, 99%), sodium pyrophos-
phate (Na4P207, 99%), trimethyl phosphate (TMP) and dimethyl
methylphosphonate (DMMP) were bought from Aladdin Chemistry Co.
Ltd. (Shanghai, China). Throughout all experiments, ultrapure water
with a resistivity of 18.2 MQ cm, produced by a Milli-Q water purifi-
cation system (Millipore), was used. Filter papers were provided by
Cytiva Biotechnology (Hangzhou) Co., Ltd.

2.2. Instruments

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker
D8 Advance diffractometer using Cu Ka radiation (A = 1.5406 /i’\).
Fourier-transform infrared (FT-IR) spectra were collected in the range of
4000-400 cm ™! on a Nicolet 380 spectrometer using KBr pellets. UV-vis
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absorption measurements were carried out using a PerkinElmer Lambda
950 spectrophotometer. Steady-state fluorescence emission spectra were
measured on a Hitachi F-7000 fluorescence spectrophotometer. Time-
resolved fluorescence decay measurements were performed by time-
correlated single-photon counting (TCSPC) using a Horiba FluoroLog-3
system equipped with a DeltaDiode-365 pulsed laser. The morphology
and elemental distribution of the samples were examined by trans-
mission electron microscopy (TEM) and energy-dispersive X-ray spec-
troscopy (EDS) mapping on an FEI Tecnai G2 F20 microscope.
Hydrodynamic particle size distributions were determined by dynamic
light scattering (DLS) using a Malvern Zetasizer Nano instrument. X-ray
photoelectron spectroscopy (XPS) measurements were carried out on a
Thermo Scientific ESCALAB 250Xi spectrometer with monochromated
Al Ka radiation.

2.3. Material synthesis

2.3.1. Synthesis of 9-AA@Eu-ZIF-8

2-Methylimidazole (2.0 g, 24.36 mmol) was dissolved in Hy0
(8.0 mL). Separately, 9-AA (2.0 mg, 0.015 mmol) was dissolved in
methanol (1.0 mL), and Zn(NO3)3-6H20 (200 mg, 0.67 mmol) and Eu
(NO3)3-6H20 (100 mg, 0.22 mmol) were each dissolved in H20 (2.0 mL).
The Zn(NO3)3-6H20, Eu(NO3)3-6H0, and 9-AA solutions were com-
bined and stirred for 2 min, followed by dropwise addition of the 2-
methylimidazole solution. The mixture was then stirred at room tem-
perature for 30 min. The resulting suspension was collected by centri-
fugation, washed with water and ethanol, and dried to afford 9-AA@Eu-
ZIF-8. For comparison, Eu-ZIF-8 was synthesized under identical con-
ditions without 9-AA.

2.3.2. Synthesis of 9-AA@Eu-ZIF-8@TTA

9-AA@Eu-ZIF-8@TTA was prepared by dispersing 9-AA@Eu-ZIF-8
(50.0 mg) in deionized water (30 mL), followed by addition of 2-thie-
noyltrifluoroacetone (TTA, 20 mg). The suspension was stirred at
room temperature for 20 min. The solid was collected by centrifugation,
washed with water and ethanol, and dried to afford 9-AA@Eu-ZIF-
S8@TTA.

2.4. Sensing experiment

A 1 mM Pi stock solution was prepared using deionized water. For
fluorescence measurements, 9-AA@Eu-ZIF-8@TTA (4.0 mg) was
dispersed in water (2.0 mL) and sonicated for 5 min to obtain a homo-
geneous suspension (2 mg mL™Y). The suspension was transferred to a
1 cm quartz cuvette, and the Pi stock solution was added stepwise. After
mixing and an equilibration time of 0.5 min, fluorescence spectra were
recorded from 380 to 700 nm with excitation at 365 nm.

2.5. Determination of Pi in real samples

To evaluate the practical applicability of the Pi sensor, spike-and-
recovery experiments were carried out using real water samples,
including tap water and lake water. Tap water was collected directly
from the laboratory supply, while lake water samples were collected
from Baigui Lake (Pingdingshan, Henan Province, China). Prior to
analysis, all samples were filtered through 0.22 pm membrane filters
before being spiked with Pi standard solutions at different concentra-
tions. Fluorescence measurements were performed in quintuplicate
under identical conditions, and the Pi concentrations were quantified
using the established calibration curve. The recovery values were
calculated to assess the accuracy and reliability of the proposed sensing
method.
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3. Results and discussion
3.1. Probe design strategy and structural characterization

As illustrated in Scheme 1, the ratiometric fluorescent sensor was
constructed through a two-step assembly strategy. In the first step, the
blue-emissive dye acridin-9-amine (9-AA) was encapsulated within the
pores of an Eu*-doped ZIF-8 framework to yield 9-AA@Eu-ZIF-8.
Subsequently, the antenna ligand 2-thenoyltrifluoroacetone (TTA) was
introduced and coordinated to the Eu®" centers, affording the final dual-
channel composite, 9-AA@Eu-ZIF-8@TTA. In this design, the physically
confined 9-AA serves as a stable and Pi-insensitive internal reference,
while the TTA-sensitized Eu>" emission acts as the Pi-responsive chan-
nel. Owing to the strong coordination affinity between Pi ions and Eu*
ions, Pi competitively disrupts the Eu*-TTA coordination, leading to a
distinct ratiometric fluorescence response.

The successful synthesis and structural integrity of the materials
were confirmed by PXRD, FT-IR spectroscopy, XPS, UV-vis absorption
spectroscopy, and TEM-EDS. To verify that the stepwise assembly does
not compromise the crystallinity of the host framework, PXRD pattern
was first performed. As shown in Fig. 1a, the PXRD pattern of the as-
synthesized ZIF-8 agrees well with the simulated pattern, confirming
the formation of a highly crystalline framework. Notably, the PXRD
patterns of Eu-ZIF-8, 9-AA@Eu-ZIF-8, and 9-AA@Eu-ZIF-8@TTA closely
match that of pristine ZIF-8, indicating that Eu" incorporation, guest
encapsulation, and subsequent ligand coordination do not disrupt the
host framework structure.

To further elucidate the chemical evolution during the stepwise as-
sembly of the composite, FT-IR spectroscopy was employed (Fig. 1b).
The characteristic vibrational bands of the ZIF-8 framework remain well
preserved following Eu®* incorporation, confirming the structural
integrity of the MOF upon metal doping. Subsequent encapsulation of 9-
AA induces no substantial spectral alterations relative to Eu-ZIF-8,
indicating that 9-AA is physically encapsulated within the pores
without perturbing the framework. Upon postsynthetic coordination
with TTA, a new intense absorption band emerges at approximately
1108 cm ™!, which can be assigned to the antisymmetric C-F stretching
vibration of the CF3 group in the coordinated TTA ligand. Concomi-
tantly, the original band at ~1172 cm™}, associated with imidazolate
ring vibrations of the ZIF-8 framework, undergoes a slight red shift to
~1180 cm ™}, likely due to vibrational coupling and local environmental
perturbations caused by the nearby Eu-TTA complex. These collective
spectral alterations, occurring without disruption to the core ZIF-8
framework bands, provide compelling evidence for the effective coor-
dination of TTA to the Eu®* centers within the composite. Consistently,
UV-vis absorption spectroscopy (Fig. 1c) reveals characteristic absorp-
tion features corresponding to both 9-AA and TTA in 9-AA@Eu-ZIF-
8@TTA, further demonstrating their effective integration within the
Eu-ZIF-8 framework.

The elemental composition of the composite was further investigated
by XPS analysis. As shown in Fig. 2a, the survey spectrum of 9-AA@Eu-
ZIF-8@TTA confirms the presence of Zn, Eu, N, F, and S elements. High-
resolution XPS spectra (Fig. 2b-f) display characteristic peaks at
1022.1 eV for Zn 2p, 1135.2 and 1164.7 eV for Eu 3d, 688.4 eV for F 1s,
and 164.5 eV for S 2p, respectively, verifying the coexistence of the ZIF-
8 framework, Eu>* species, and the coordinated TTA ligand in the final
composite.

Finally, the morphology and elemental distribution of the 9-AA@Eu-
ZIF-8@TTA composite were systematically investigated by TEM coupled
with EDS elemental mapping. As shown in Fig. 3 and Fig. S1, the com-
posite displays a well-defined polyhedral morphology characteristic of
pristine ZIF-8, demonstrating that the framework integrity is well pre-
served throughout the multistep assembly process. The particle size of
the composite is estimated to be approximately 300—400 nm (Fig. S2).
As shown in Fig. 3b-f, the corresponding EDS elemental maps reveal a
homogeneous spatial distribution of Zn, Eu, C, and N, which originate
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Scheme 1. Fabrication process of 9-AA@Eu-ZIF-8@TTA fluorescent probe and its fluorescence sensing diagram for Pi.

_
&

9-AA@Eu-ZIF-8@TTA g !

9-AA@Eu-ZIF-8 @
L Eu-ZIF-8 \}

ZIF-8 @
N

10 20

Intensity(a.u.)

Simulated ZIF-8

20 (degsl")ee) 0 *

(b)

Ey

Tranmission (a.u.)

——9-AA@Eu-ZIF-8@TTA,

——9-AA@EW-ZIF-8

u-ZIF-8 '

4000 3500

3000 2500 2000 1500

Wavenumbers (cm™)

o
~
° S =y
Y B3 =

Normalized intensity
o
<

—— 9-AA@Eu-ZIF-8@TTA
——9-AA@Eu-ZIF-§
Eu-ZIF-8

——ZIF-8
——TTA
——9-AA

300 400 500

600
Wavelength (nm)

700 800

Fig. 1. (a) PXRD patterns of 9-AA@Eu-ZIF-8@TTA, 9-AA@Eu-ZIF-8, Eu-ZIF-8, ZIF-8 and simulated ZIF-8. The photographs of 9-AA@Eu-ZIF-8@TTA, 9-AA@Eu-ZIF-
8, Eu-ZIF-8 and ZIF-8 are shown in the inset. (b) FT-IR spectra of 9-AA@Eu-ZIF-8@TTA, 9-AA@Eu-ZIF-8, Eu-ZIF-8 and ZIF-8. (c) UV-vis absorption spectra of 9-
AA@Eu-ZIF-8@TTA, 9-AA@Eu-ZIF-8, Eu-ZIF-8, ZIF-8, 9-AA and TTA.

@

Intensity (a.u.)

—~
(=N
=

Intensity (a.u.)

(b) [Eu3d region 11352 (©) [F 15 region 688.4
A . 9-AA@Eu-ZIF-8@TTA
8
Zn2p 11647
Nls —_ —_
Bu3d % g g
u < <
Zn2p 9-AA@Eu-ZIF-8 = g
£ 2
N s g g
= &
Zn2p ZIF-8
Nls
T T T T T T , T T T T ———— T
1200 1000 800 600 400 200 0 1200 1180 1160 1140 1120 1100 698 696 694 692 690 688 686 634 682 680 678
Binding energy (eV) Binding energy (eV) Binding energy (¢V)
N Is region 399.2 (e) Zn 2p region 1021.9 (f) S 2p region 164.5
- =
=3 =3
<
< 1045.3 <
z z
Z iz
g >
g ]
= S
. - : - . . . . T T T T T T T T T T T T T T T T
410 408 406 404 402 400 398 396 394 392 1050 1045 1040 1035 1030 1025 1020 1015 174 172 170 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2. Full XPS spectra of 9-AA@Eu-ZIF-8@TTA, 9-AA@Eu-ZIF-8 and ZIF-8 (a); Eu 3d (b), F 1s (¢), N 1s (d), Zn 2p (e) and S 2p region of 9-AA@Eu-ZIF-8@TTA.

from the ZIF-8 framework and coordinated organic ligands. In addition,
the presence of F and S elements, characteristic of the TTA antenna
ligand, is clearly observed and uniformly distributed throughout the

particles. The high degree of spatial overlap among these elemental
signals provides compelling evidence for the successful and homoge-
neous incorporation of Eu* ions together with the coordinated TTA
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Fig. 3. The TEM images (a, b) and EDS mapping images (c-h) of 9-AA@Eu-ZIF-8@TTA.

ligand within the ZIF-8 host matrix. 8@TTA, and 9-AA@Eu-ZIF-8@TTA were systematically examined by
three-dimensional excitation—emission matrix (3D-EEM) fluorescence
3.2. Photoluminescence analysis spectroscopy (Fig. 4). As shown in Fig. 4a, two well-resolved' emission
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P . P 3+
The photoluminescence properties of 9-AA, 9-AA@Eu-ZIF-8, Eu-ZIF- blue emission of 9-AA and the characteristic red emission of Eu
600 558.0 600 :
(a) e (b) 1.000E+4
502.0
550 474.0 550 8744
446.0
4180 7488
- 390.0 gy
500
g 500 362.0 g 6231
~—~ 334.0 s
= 3060 8
.2 450 s -2 450 4975
=
= 250.0 s
g 222.0 § 3719
>/ 1940 400
m 400 166.0 = .
138.0
110.0
350 82.00 350 1206
54.00
00 Do 300 -
400 450 500 550 600 650 700 SO0 Rl = S00L Sasl 00 =G0 00
Emission (nm) Emission (nm)

600 1.000E+4 600 1.000E+4
(C) 9372 (d) ”
4 8744 8738
550 a6 550
7488 7475
—~ —~
g 500 9= 500
= 6231 = 6213
N SN
= 5603 =
.2 450 w15 S 450 4950
= 4347 =
- —
S EUUNSS) 3688
[;3 400 3091 Gj 400
2463 2425
1834
350 1206 350 1163
578.1
300 4 -50.00 300 ~100.0
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700

Emission (nm) Emission (nm)

Fig. 4. 3D-EEM spectra of 9-AA solution (a), 9-AA@Eu-ZIF-8 (b), Eu-ZIF-8@TTA (c) and 9-AA@Eu-ZIF-8@TTA (d) powders.
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(Fig. 4b and c), respectively, thereby confirming the coexistence of both
luminophores within the composite.

To gain deeper insight into the excitation—emission behavior, the
luminescence characteristics of the as-synthesized materials were
further investigated using conventional two-dimensional excitation and
emission spectroscopy (Fig. S3). Upon excitation at 365 nm, 9-AA@Eu-
ZIF-8 displays a single intense blue emission band centered at 460 nm,
originating from the encapsulated 9-AA molecules. Following coordi-
nation of the antenna ligand TTA, the resulting 9-AA@Eu-ZIF-8@TTA
exhibits a sharp red emission peak at 617 nm, corresponding to the
5Dy—"F, transition of Eu®". The coexistence of these two spectrally
distinct emission channels provides a solid basis for ratiometric fluo-
rescence sensing. Furthermore, excitation spectra recorded at the blue
emission of 9-AA and the red emission of Eu>* demonstrate that both
luminophores can be efficiently excited at a single wavelength of
365 nm. Given the widespread availability of 365 nm UV lamps for vi-
sual inspection, the Pi-induced color change of the probe suspension can
be directly correlated with its fluorescence spectroscopic response.
Accordingly, 365 nm was selected as the excitation wavelength for all
subsequent sensing experiments.

To further corroborate the spectroscopic findings and evaluate the
visual fluorescence response, the luminescence behavior of the powder
samples under 365 nm ultraviolet (UV) excitation was systematically
evaluated (Fig. S4). Under UV illumination, pristine 9-AA and Eu-ZIF-
8@TTA exhibit no detectable visible emission. In contrast, the com-
posite samples display distinct fluorescence responses, with 9-AA@Eu-
ZIF-8 emitting blue light and Eu-ZIF-8@TTA exhibiting red emission.
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Notably, 9-AA@Eu-ZIF-8@TTA produces intense orange-red lumines-
cence, indicating the successful co-integration of 9-AA, Eu®", and the
antenna ligand TTA within a single framework, along with efficient
energy transfer among the constituent components.

3.3. Fluorescence titration of Pi

Based on the well-defined dual-emission behavior and single-
wavelength excitation capability discussed above, the Pi sensing per-
formance of 9-AA@Eu-ZIF-8@TTA was systematically evaluated. As
shown in Fig. 5, increasing the Pi concentration from 0 to 105 pM results
in pronounced changes in the fluorescence spectra, where the Eu*-
centered emission at 617 nm decreases progressively, while the 9-AA
emission at 460 nm remains essentially unchanged. This well-resolved
dual-emission behavior enables reliable ratiometric quantification of Pi.

To establish suitable sensing conditions, the response kinetics and pH
tolerance of the probe were evaluated. As illustrated in Fig. 5a, the
ratiometric signal (Ig17/1460) reaches a steady state within 0.5 min after
Pi addition (Fig. S5), indicating a rapid response. The probe also
maintains stable ratiometric performance over a broad pH range of
3-11 (Fig. S6). Accordingly, a reaction time of 0.5 min at neutral pH
was selected for subsequent measurements.

Under these optimized conditions, the ratiometric signal (Ig17/1460)
decreases monotonically with increasing Pi concentration, whereas the
reference emission at 460 nm remains nearly constant (Fig. 5a). A good
linear relationship (R% = 0.992) is obtained between Ie17/1460 and Pi
concentration over the range of 0-80.0 pM (Fig. 5c¢). The limit of
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Fig. 5. (a) Fluorescence emission spectra of 9-AA@Eu-ZIF-8@TTA composite in the presence of different Pi concentrations. Inset: the photographs before and after
the addition of 105.0 uM Pi. (b) The response of fluorescence intensity of 9-AA@Eu-ZIF-8@TTA composite at 460 nm and 617 nm to different concentrations of Pi. (c)
The linear relationship between Fg17/F460 and the concentration of Pi. (d) The corresponding change of CIE chromaticity coordinates calculated from the emis-

sion spectra.
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detection (LOD), calculated to be 0.48 pM based on 3c/k, is well below
the Pi thresholds specified in environmental protection guidelines. As
summarized in Table 1, although the detection limit of 9-AA@Eu-ZIF-
8@TTA is not the lowest among reported MOF-based probes, it
uniquely integrates a dual-emission ratiometric response, a competitive
coordination mechanism, rapid response (0.5 min), wide pH tolerance,
and direct visual readout under UV illumination.

In addition to spectroscopic quantification, the probe exhibits a
distinct fluorescence color transition from red to blue under 365 nm UV
illumination as the Pi concentration increases (Fig. 6a), consistent with
the ratiometric fluorescence response. This visual change is accompa-
nied by a corresponding shift in the CIE chromaticity coordinates from
(0.4390, 0.2774) to (0.2262, 0.1623) (Fig. 5d). To enable semi-
quantitative analysis, the fluorescence images were further processed
using a smartphone-based color analysis application to extract the red
(R) and blue (B) channel intensities. As shown in Fig. 6a, the R/B ratio
decreases monotonically with increasing Pi concentration and exhibits a
good linear relationship described by R/B = 2.559 — 0.0328 [Pi]
(R? = 0.98), demonstrating that the visual fluorescence response can be
converted into a quantitative colorimetric parameter for on-site and
instrument-free semi-quantitative Pi detection.

Beyond sensitivity and visual readability, the photostability is a
critical parameter for practical applications. Therefore, the ratiometric
fluorescence response of 9-AA@Eu-ZIF-8@TTA was monitored over
seven consecutive days under identical conditions. As shown in Fig. 57,
the fluorescence intensity ratio (Ig17/I460) remains nearly constant
throughout the testing period, with only negligible fluctuations
observed. This excellent signal stability indicates that the probe main-
tains its structural integrity and sensing performance over time, thereby
supporting its suitability for long-term storage and repeated use in
practical Pi monitoring applications.

3.4. Selectivity assessment

The selectivity and anti-interference capability of the 9-AA@Eu-ZIF-
8@TTA probe toward phosphate (Pi) were systematically evaluated in
the presence of various potential interfering species. As illustrated in
Fig. 6b, a series of common ions, including Zn2+, Niz+, K', Nat, Mg2+,

2+ a2+ A13t Radt - <2 2- - pe— - Q2- :
Cu“", Co“", Al°", Fe”", HCO3, SO3, CO5, NO3, Br, I, S, and cit-
rate, exerted no obvious interference on the determination of Pi. For Pi

Table 1
Comparison with some MOFs-based fluorescent probes for Pi detecting.
Materials Type of Response LOD Linear Ref
probe time (min) (uM) range (uM)

CDs/Zn-TCPP Ratiometric 9 0.13 0-131.25 [44]
(BPDC)

CDs/ Ratiometric 10 0.27 1-120 [45]
AuNCs@ZIF-8

Ru@UiO-66- Ratiometric 5 0.029 0.1-12, [32]
NH, 12-20

Zr-PDI Turn-on 60 0.023 2-60 [33]

PMOF@AI,03 Turn-on 10 0.16 0-180 [34]

Tb-BTC Turn-off 40 2.97 5-90 [35]

GCDs/Eu-BDC Ratiometric 4 0.070 0-10, [31

10-45

UiO-66(Fe/Zr)- Ratiometric 35 0.085 0.2-266.7 [46]
NH,

Tb/Eu-MOF Ratiometric 2 0.084 0-6.0 [36]

Eu/Ce/UiO-66- Ratiometric 1 0.247 0.3-20 [47]
(COOH),

RhB@UiO-66- Ratiometric 120 2.0 80-400 [48]
NH,

UiO-66-NHy/ Ratiometric 10 0.087 1-200 [40]
Eu**@MOF-
808

COF-MOF Ratiometric 10 0.95 5-100 [43]

9-AA@Eu-ZIF- Ratiometric 0.5 0.48 0-80 This
8@TTA work

Analytica Chimica Acta 1408 (2026) 345572

analogs, such as PO3~, P,04~, trimethyl phosphate (TMP) and dimethyl
methylphosphonate (DMMP), negligible interference was also observed
except for pyrophosphate. Nevertheless, pyrophosphate is rarely present
in biological and environmental samples [42], which confirms that the
proposed method possesses excellent selectivity for Pi. The high speci-
ficity of this ratiometric probe toward Pi can be attributed to the
stronger affinity of tetrahedrally coordinated Pi with Eu®" compared to
other spherical or linear ions [49]. Notably, this observation is consis-
tent with previous reports [42], which have demonstrated that pyro-
phosphate is the primary interfering phosphorus-containing species in
Eu-based Pi sensing systems. Obviously, these results clearly show that
the ratiometric fluorescent probe has good anti-interference ability and
is well-suited for Pi detection in real water samples.

3.5. Application

To evaluate the practical applicability of the 9-AA@Eu-ZIF-8@TTA
probe, spike-and-recovery experiments were carried out using tap
water and lake water samples containing different concentrations of Pi.
Concurrently, the concentrations of Pi were quantified via the standard
phosphomolybdenum blue spectrophotometry to validate the analytical
accuracy of the proposed approach. Each measurement was performed
in quintuplicate, and the results are summarized in Table 2. The deter-
mined Pi concentrations agree well with the spiked values and the
standard method, affording satisfactory recoveries in the range of
97.0—103.2% with low relative standard deviations (RSD <3.92%).
These results clearly demonstrate the accuracy, reliability, and practical
feasibility of the proposed probe for Pi detection in complex environ-
mental water matrices.

3.6. Mechanism

To elucidate the sensing mechanism, a series of control experiments,
including PXRD, FT-IR, XPS, TEM-EDS and fluorescence lifetime ana-
lyses, were systematically conducted after exposure of the probe to
excess Pi. As shown in Fig. 7a, the PXRD pattern of 9-AA@Eu-ZIF-
8@TTA remains identical to that of the pristine material after Pi treat-
ment, indicating that the ZIF-8 framework retains its crystallinity and
that structural collapse is not responsible for the observed fluorescence
changes.

Given that no structural degradation was observed, FT-IR spectros-
copy was subsequently employed to probe changes in the coordination
environment. Upon the addition of Pi, noticeable changes are observed
in the spectral region related to the Eu®* coordination environment. In
particular, the vibrational features associated with the Eu3"™-TTA com-
plex are significantly attenuated, indicating partial or complete disso-
ciation of the TTA antenna ligand from the Eu®' centers. Meanwhile,
two new absorption bands emerge at around 1070 and 588 cm™!, which
can be assigned to the P-O stretching and bending vibrations of Pi
species coordinated to Eu®*, respectively. Notably, the characteristic
bands of the ZIF-8 framework remain essentially unchanged after Pi
addition, suggesting that the competitive coordination process occurs
preferentially at the Eu®* sites without disrupting the MOF structure.
These FT-IR results provide direct spectroscopic evidence for the Pi-
induced coordination substitution mechanism responsible for the se-
lective quenching of Eu®" emission.

XPS analysis further provides elemental-level evidence supporting
the proposed mechanism. As shown in Fig. 7c, Pi treatment leads to the
disappearance of the F 1s and S 2p signals associated with the TTA
ligand. In contrast, the persistence of the Zn 2p, C 1s, N 1s, and Eu 3d
peaks confirms that the overall framework composition remains intact.
These observations indicate that Pi ions preferentially coordinate to
Eu®* centers, displacing the TTA ligand and thereby disrupting the an-
tenna effect responsible for Eu®*-centered emission.

To provide spatially resolved confirmation of the proposed mecha-
nism, TEM-EDS elemental mapping was performed after Pi treatment. As
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R/B =2.559 - 0.0328 [Pi]
R*=0.98
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Fig. 6. (a) Linear plot of color change (R/B) of 9-AA@Eu-ZIF-8@TTA suspension solution vs. Pi concentration; the inset shows the photographs irradiated with a UV
lamp at 365 nm. (b) Fluorescence responses of 9-AA@Eu-ZIF-8@TTA composite to Pi (80.0 pM) and various interferents 80.0 pM). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Detection of Pi in real samples (n = 5).
Samples Spiked PBS* This work Recoveries RSD
(M) (uM)° (M)* (%) (%)
Tap water 0 N.D* N.D¢ - -
20.0 19.7 20.3 101.5 3.82
40.0 40.8 39.3 98.2 2.74
60.0 59.7 61.4 102.3 4.13
Lake 0 N.D N.D - -
water 20.0 19.6 19.4 97.0 4.27
40.0 40.3 41.3 103.2 3.92
60.0 59.7 58.9 98.2 1.95

@ Phosphomolybdenum blue spectrophotometry.
b Mean.
¢ Not detected.

shown in Fig. 8, the composite maintains its characteristic morphology,
while the uniform distribution of Zn, N, and C further confirms the
structural stability of the ZIF-8 framework. Importantly, a distinct P
signal is detected, and its spatial overlap with Eu indicates direct coor-
dination of Pi to the Eu>" sites. Taken together, the combined spectro-
scopic and microscopic results consistently support a competitive
coordination mechanism, in which Pi binds strongly to Eu®*, displacing
the sensitizing TTA ligand and ultimately leading to quenching of the
Eu®*-centered red emission.

To clarify the sensing mechanism for Pi, we carried out time-resolved
fluorescence measurements on both emission channels of 9-AA@Eu-ZIF-
8@TTA over a range of Pi concentrations. The blue band at 460 nm
arises from the encapsulated 9-AA fluorophore, whereas the red band at
617 nm is associated with Eu>*-centered emission. Because these two

signals originate from distinct emissive species, their absolute lifetimes
are not directly comparable. However, the more relevant question is
whether either decay pathway is perturbed upon Pi addition. As shown
in Fig. 9, the decay traces for both channels remain essentially un-
changed in the presence of Pi. Importantly, to further confirm that the 9-
AA reference signal is intrinsically insensitive to Pi, control experiments
were performed on 9-AA@ZIF-8 (i.e., without Eu®t or TTA). The fluo-
rescence lifetime of 9-AA in this control system also showed no detect-
able change upon Pi addition (shown in Fig. S8), confirming that the
photophysical properties of the encapsulated 9-AA are not affected by Pi
under the experimental conditions. More importantly, although the
Eu>* emission intensity is markedly reduced in the steady-state spectra,
its lifetime shows no appreciable variation. This observation argues
against a dynamic quenching pathway as the dominant mechanism and
instead points to a static quenching process associated with coordination
changes in the local Eu®* environment. Considered together with the
PXRD, FT-IR, XPS, and TEM-EDS results, these observations support a
competitive coordination mechanism: Pi preferentially binds to Eu®*
centers and displaces coordinated TTA ligands, thereby disrupting
ligand-to-metal energy transfer and decreasing the population of emis-
sive Eu>*-TTA sites. The net effect is a pronounced loss of Eu>"-centered
emission intensity without a measurable change in the decay behavior of
the remaining emissive centers.

4. Conclusion

In summary, a self-calibrating dual-emissive MOF-based fluorescent
probe, 9-AA@Eu-ZIF-8@TTA, has been developed for the sensitive and
selective detection of Pi. By spatially integrating a photostable internal
reference (9-AA) and a Pi-responsive Eu*-centered emission within a
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Fig. 7. (a) PXRD spectra of 9-AA@Eu-ZIF-8@TTA before and after the addition of excess Pi. (b) FT-IR spectra of 9-AA@Eu-ZIF-8@TTA before and after the addition
of excess Pi. (c) XPS spectra of 9-AA@Eu-ZIF-8@TTA before and after the addition of excess Pi.
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Fig. 9. Fluorescence decay (Aem = 617 nm) (a) and (Aep, = 460 nm) curves of 9-AA@Eu-ZIF-8@TTA ratiometric probe after adding different concentrations of Pi.

ZIF-8 framework, the probe enables reliable ratiometric fluorescence
sensing with a linear response over the range of 0-80 pM and a detection
limit of 0.48 pM. The sensing performance is further underscored by
rapid response kinetics, broad pH tolerance, and excellent selectivity
against competing species. Importantly, the probe allows direct visual
readout under UV illumination and enables semi-quantitative analysis
through smartphone-based RGB evaluation, highlighting its potential
for instrument-free on-site detection. Mechanistic investigations reveal
that Pi selectively coordinates to the Eu®' centers, displacing the
sensitizing TTA ligand and suppressing Eu>" emission through a
competitive coordination process. Beyond Pi detection, this work es-
tablishes a general and versatile design strategy for constructing robust
ratiometric sensing platforms by integrating host-guest encapsulation
with analyte-triggered coordination chemistry in MOF systems.
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