
Fluorescence Turn-on Detection of Perfluorooctanoic Acid (PFOA)
by Perylene Diimide-Based Metal−Organic Framework
Rana Dalapati, Matthew Hunter, Mostakim SK, Xiaomei Yang, and Ling Zang*

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 32344−32356 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A novel, water-stable, perylene diimide (PDI) based metal−organic
framework (MOF), namely, U-1, has been synthesized for selective and sensitive
detection of perfluorooctanoic acid (PFOA) in mixed aqueous solutions. The MOF
shows highly selective fluorescence turn-on detection via the formation of a PFOA-
MOF complex. This PFOA-MOF complex formation was confirmed by various
spectroscopic techniques. The detection limit of the MOF for PFOA was found to be
1.68 μM in an aqueous suspension. Upon coating onto cellulose paper, the MOF
demonstrated a significantly lower detection limit, down to 3.1 nM, which is mainly due
to the concentrative effect of solid phase extraction (SPE). This detection limit is lower
than the fluorescence sensors based on MOFs previously reported for PFAS detection.
The MOF sensor is regenerable and capable of detecting PFOA in drinking and tap
water samples. The PDI-MOF-based sensor reported herein represents a novel
approach, relying on fluorescence turn-on response, that has not yet been thoroughly
investigated for detecting per- and polyfluoroalkyl substances (PFAS) until now.
KEYWORDS: Metal−organic framework (MOF), Perfluorooctanoic acid (PFOA), Fluorescent sensor, Fluorescence turn-on,
Perylene diimide (PDI)

■ INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are a large group
of laboratory-made fluorinated hydrocarbons (FHC) used to
manufacture hydrophobic coatings and products.1 PFAS are
present in a variety of products, including nonstick cooking
surfaces, furniture, aqueous film forming foam (AFFF) for fire
extinguishing, adhesives, food packaging, clothing, and the
insulation of electrical wire.2−4 The most used PFAS are
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS).5,6 PFOA has found extensive applications in the
manufacturing of various industrial and consumer goods,
including notable products such as Teflon and Gore-Tex. Due
to robust carbon−fluorine bonds, PFOA does not readily
degrade in the environment, resulting in its widespread
accumulation and bioaccumulation. Through industrial
production and widespread utilization, PFOA can easily
permeate soil, sludge, groundwater, and air. Early epidemio-
logical studies found “probable links” between PFOA exposure
and high cholesterol, pregnancy-induced hypertension, thyroid
illness, kidney and testicular cancer.7 The research has also
disclosed that PFAS may affect the growth and learning
behavior of newborns, reduce vaccine-induced immunity in
children, affect the body’s natural hormone production and
immune system, and increase the risk of some cancers.
According to a recent report, several lakes are highly
contaminated near the U.S. military bases where PFAS-based
foam is used for fire quenching.8,9 Because of their high

stability and persistence in the environment, PFAS compounds
have a predisposition to bioaccumulate. The uptake of PFAS
into plants and fish can occur within contaminated areas and
can subsequently move into the food chain, potentially
affecting wildlife and humans who consume these organisms.
In this way, toxic PFAS compounds are bioaccumulated and
subsequently biomagnified up the food chain.10−12 PFAS are
already found in the blood of people and animals in various
countries all over the world, which is alarming considering
their adverse health effects.13,14 Therefore, the detection of
toxic PFAS in contaminated water is becoming increasingly
essential.
Currently, the standard detection techniques for PFAS

primarily rely on liquid chromatography coupled with mass
spectrometry.15,16 The EPA approved official analytical
techniques (e.g., Method 533, 537 and 1633) to study
different PFAS concentrations in water samples including
drinking water. These methods rely on solid-phase extraction
(SPE)-enabled liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS).17−19 Although the LC-MS method is
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accurate, it requires highly trained laboratory personnel,
complex instrumentation, difficult sample preparation, and
tedious data collection. In recent years, numerous efforts have
attempted to design new PFAS detection platforms that are
not mass spectrometry dependent, are cost-effective, have fast
response times, and are easy to use for onsite PFAS
detection.20−23 Among all the new detection techniques
developed, optical sensors based on molecular or nano-
structured materials have intrinsic advantages like fast response
time, easy operation, cost effectiveness, naked eye identi-
fication, and the potential to build hand-held sensor devices for
onsite detection. Particularly, fluorescent sensors have
attracted increasing interest due to high sensitivity toward
target analytes. There have been several fluorescent sensors
recently developed to detect PFAS.24−32 Unfortunately, most
of these reported sensors lack sufficient selectivity, making it
difficult to distinguish between different PFASs. Considering
real-world applications where mixtures of PFASs may exist, it is
essential to develop a new fluorescent sensor that can
discriminatively detect different PFASs. Selective detection of
PFAS is also critical for assessing the transport of different
types of PFAS in the environment and monitoring the
effectiveness of on-site abatement processes.
Fluorescent metal−organic frameworks (MOFs) have

evolved as a new-generation functional material because of
their ultrahigh porosity, large surface area, structural diversity
and tunability.33,34 Owing to these unique properties, a large
number of MOF-based sensors have been developed in recent
years for a broad range of applications in the fields of turn-on
and turn-off fluorescence sensing.35−37 These applications
include detection of volatile organic compounds,38 explo-
sives,39,40 biomolecules,41,42 carcinogens,43 heavy metals,44,45

anticounterfeit materials,46 and many more.47−49 Very recently,
three known zirconium porphyrinic MOFs (PCNs, i.e., PCN-
222, PCN-223, and PCN-224) have been explored for PFAS
detection using sensor arrays,50 which all rely on fluorescence
“turn-off” response upon interacting with PFASs. However, the
“turn-off” approach may result in false positives in detection
due to the unspecific fluorescence quenching caused by other
contaminants in the sample, considering their application in
real sample analysis. In contrast, using fluorescence “turn-on”
probes that switch their fluorescence from “off” (or low
intensity) to “on” (or high intensity) would help enhance the
signal-to-noise ratio by reducing the background signal, which
should result in improved detection sensitivity. Therefore, we

believe that developing new fluorescence “turn-on” sensors
based on MOF materials remains crucial for the detection and
discrimination of PFAS present in environmental samples.
Herein we report the design and synthesis of a non-

fluorinated, water-stable MOF with hydrophobic 3,4,9,10-
Perylenetetracarboxylic diimide (PDI) as the ligand (Figure 1),
namely, U-1 (U= University of Utah), for discriminative
fluorescence turn-on detection of PFOA over PFOS and other
common alkyl acids. Considering PFOS and PFOA are the two
most prevalent forms of PFAS contaminating the environment,
this work focused on the detection of these two compounds
with sensitivity and selectivity as primary foci. Molecules and
materials of PDIs show high thermal stability and photo-
stability under ambient conditions, which makes them a
suitable platform for optoelectronic device fabrication for
chemical sensing.51,52 Numerous PDI molecules yield well-
defined supramolecular nanostructures driven by self-assem-
bly.53,54 The PDI molecules, with coordinating carboxyl or
pyridyl functional groups, undergo a coordination-driven self-
assembly with metal ions.55−57 Coordination driven self-
assembly generally forms one-dimensional or two-dimensional
morphologies, which inhibits the porosity of coordination
compounds. Very few PDI based, porous MOFs have been
reported as of yet due to these drawbacks.49,58−60

The newly reported PDI-based MOF, U-1, is comprised of a
methyl functionalized 1,2,6,7-tetrachloroperylene-3,4,9,10-tet-
racarboxylic acid diimide ligand (H2L) and Zr6(μ3-O)4(μ3−
OH)4 clusters. The tetrachloro-substitution increases the
solubility of the PDI ligand during MOF synthesis, whereas
the judicious incorporation of methyl groups increases the
hydrophobicity around the Zr6 SBUs in the MOF. This
minimizes the interaction with water molecules, which in turn
helps to enhance the stability of the MOF in water. We chose
zirconium metal ion for the MOF synthesis because of its
binding affinity toward PFAS molecules, like PFOA, that
contain carboxylic groups.61,62 The PDI-based MOF showed a
rapid fluorescence turn-on response toward PFOA in aqueous
solutions. Although similar in structure, PFOS did not
demonstrate a significant turn-on response compared to
PFOA. This reusable MOF sensor can detect the presence of
PFOA in real water samples, including tap water and drinking
water. The rapid turn-on sensing via a MOF-PFOA complex
formation mechanism may soon lead to this material being an
efficient dual sensor and absorber for PFAS. To the best of our
knowledge, this is the first example of a MOF-based

Figure 1. (a) Chemical structure of the PDI based ligand, H2L, used in this study; (b) Connection mode of Zr-cluster and molecular arrangement
of the ligand, and (c) a-Axis crystal structure of U-1.
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fluorescence turn-on sensor for the rapid, discriminative
detection of PFOA in water samples.

■ EXPERIMENTAL SECTION
Materials and Physical Measurements. All reagent grade

starting materials and PFASs were used as received from commercial
suppliers. Milli-Q water was used for the preparation of the analyte
stock solutions. Fourier transform infrared (FT-IR) spectra were
collected in the region of 440−4000 cm−1 with a Nicolet iS50 FT-IR
spectrometer. Thermogravimetric analyses (TGA) were carried out
with a TA Instruments Discovery SDT 650 thermogravimetric
analyzer in the temperature range of 30−700 °C in an air atmosphere.
Ambient-temperature powder X-ray diffraction (PXRD) patterns were
measured on a Bruker D2 Phaser X-ray diffractometer operated at 30
kV and 10 mA by using Cu Kα (λ = 1.5406 Å) radiation. The
nitrogen sorption isotherms up to 1 bar were recorded using a
Micromeritics 3Flex gas sorption analyzer at −196 °C. Before the
sorption measurement, the compound was degassed at 80 °C for 24 h
under a dynamic vacuum. Steady-state fluorescence studies were
carried out using an Agilent Cary Eclipse fluorescence spectropho-
tometer. Fluorescence images were taken with a Leica DMi8
fluorescent microscope. NMR data were recorded on a Varian
Mercury 400 MHz spectrometer. X-ray photoelectron spectroscopy
(XPS) measurements were performed using a Kratos Axis Ultra DLD
X-ray spectrometer. Thermo Scientific Advantage Data System
software was used for data analysis, with the C 1s reference peak at
284.8 eV. A Bruker maXis II ETD Q-TOF LC/MS instrument was
used to obtain high-resolution ESI MS data. Scanning electron
microscopy (SEM) images were obtained on an FEI Nova NanoSEM
scanning electron microscope.
Synthesis of H2L ligand. 1,6,7,8-tetrachloroperylene-3,4,9,10-

tetracarboxylic acid dianhydride (1.00 g, 1.89 mmol), 4-amino-2-
methylbenzoic acid (2.85 g, 18.9 mmol), and propionic acid (25 mL)
were stirred at 150 °C for 20 h. The resulting mixture was then cooled
to room temperature, followed by the addition of water to the
mixture. The resulting precipitate was filtered, washed with a mixture
of methanol and water (1:1), and dried under a vacuum to obtain an
orange solid. This solid was then subjected to recrystallization twice
with DMF, resulting in the final desired product (orange powder).
Yield: 1.06 g (70%)

1H NMR (400 MHz, DMSO) δ: 8.61 (s, 4H), 7.98 (d, 2H), 7.35
(m, 4H), 2.59 (s, 6H). ESI-MS (m/z): [M-H+] Calcd 793.98, found
792.97. The NMR and mass spectra of the H2L ligand are shown in
Figures S1 and S2.
Synthesis of U-1. A mixture of ZrCl4 (29 mg, 0.125 mmol), H2L

ligand (50 mg, 0.0625 mmol) and trifluoroacetic acid were dissolved
in 15 mL of N,N-dimethylformamide (DMF) by sonication for 10

min. The resulting dark red solution was transferred into a Teflon
liner and heated at 100 °C for 24 h. After being cooled to room
temperature, the red powder was collected by filtration and washed
with large volumes of DMF and acetone. After filtration, the MOF
sample was dried in an oven.
Activation of the As-Synthesized Material. The U-1MOF (30

mg) was stirred for 24 h in 50 mL of chloroform to replace the high
boiling point solvent, DMF. The powder sample was then separated
and heated in a vacuum oven at 80 °C for 24 h to completely remove
chloroform. This desolvated U-1 MOF sample was used for further
analysis.
Pawley Refinement. The powder X-ray diffraction (PXRD)

pattern of U-1 was measured in a reflection geometry using CuKα1
radiation and indexed with the help of STOE WinXPow software63

(Found: I-centered cell, a = b = 18.885(13) Å and c = 83.056(22) Å
with a space group, I 4l/a). In U-1, the model of the methyl
functionalized PTCDI ligand molecule was similar to the ligand
molecule used previously by Lü et al. to make Zr-PDI MOF.58 This
structural simulation and refinement are necessary since the ligand
molecule in U-1 has a methyl-functional group, and trifluoroacetic
acid (TFA) was used as a modulator. The simulated structure was
obtained by imposing the structure of Zr-PDI, converting the ligand
molecule, and subsequently optimized by force-field calculation using
the universal force field as implemented in the Materials Studio
software.64 An attempted full Pawley refinement of this model was not
possible, which we attribute to the length of the ligand molecule, the
large unit cell, and the low number of reflections above 20°. Some
relevant cell parameters for the modeling are summarized in Table S1
and the final plot is shown in Figure S3. The simulated PXRD data
correlate suitably with the experimental data (Figure 2), although the
peak intensities deviate from the data stated above.
Sensing Experiments for PFAS. The suspension of activated U-

1 MOF was prepared by dispersing 6 mg of the MOF powder in 3 mL
of DMF. The mixtures were sonicated for 30 min to create
homogeneity throughout the dispersion before fluorescence measure-
ments were taken. 0.2 mL of the as-prepared stock solution were
mixed with 2.8 mL of water/DMF (60/40 v/v) in a quartz cuvette
(final MOF concentration: 0.13 mg/mL). The emission spectra of the
U-1 MOF suspension were obtained at an excitation wavelength (λex)
of 490 nm. The analytes and interferents used for the sensor testing
experiments were PFOA, PFOS, octanoic acid, lauric acid, trifluor-
acetic acid (TFA), and cetyltrimethylammonium bromide (CTAB),
for which 10 mM stock solutions were prepared in water. Selected
PFAS and other interferents were added gradually into the U-1
suspension, and the mixture was thoroughly mixed before recording
the fluorescence spectra. The spectra were recorded three times for

Figure 2. (a) PXRD patterns measured with the as-synthesized and activated U-1 MOF in comparison to the simulated patterns. (b) Stability tests
of the U-1 MOF sample treated under various conditions as characterized by PXRD measurement.
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each sample, and the averaged data were plotted to ensure accuracy
and reliability.
Filter Paper Based PFOA Detection. The U-1 MOF was coated

on Whatman filter paper (∼1 × 1 cm) by immersing the paper in a
MOF suspension made in ethanol, followed by oven drying. The
process was repeated three times to increase MOF loading on the
paper strip. The MOF loading amount was ∼5 mg/cm2 (measured by
taking weight before and after loading). Fifteen μL of various low
concentration (10−50 nM) solutions of PFOA were added to paper
strips (∼1 cm × 1 cm) and solvents were subsequently dried. The
process was repeated five times (total volume added 75 μL) to ensure
adequate accumulation of PFOA. Finally, 10 μL DMF was added to
the PFOA accumulated paper and emission intensity was measured.
Regeneration of MOF. After each consecutive sensing cycle, the

MOF suspension was carefully transferred to a centrifuge tube. The
solution was then subjected to centrifugation for 10 min at 4000 rpm.
The supernatant solution was decanted, and 10 mL of a 30/70 v/v
mixture of 0.1 M HCl and methanol was added. This mixture was
sonicated for 30 min before being centrifuged at 4000 rpm for 10 min
to collect the MOF particles. This process was repeated three times.
The MOF was then washed twice with deionized water followed by
acetone and collected via centrifugation. The regenerated MOF was
dried in a vacuum oven at 60 °C before the next sensing experiment.
Quantum Yield Calculation. The fluorescence quantum yield of

the U-1 MOF, before and after PFOA sensing, was evaluated by the
Parker-Rees method using Rhodamine 6G as a standard fluorophore.
The Parker-Rees equation can be written as follows:65,66

= (A F n /A F n )u s u u
2

u s s
2

s (1)

Where Φs represents the quantum yield of the reference compound
(Rhodamine 6G, with a value of 0.95) and Φu denotes the quantum
yield of the MOF sample. As and Au stand for the absorbances of
Rhodamine 6G and the MOF sample at the excitation wavelength
(490 nm), respectively. To mitigate the reabsorption of fluorescence
light passing through the samples, the absorbance maxima were
maintained below 0.1. Fs and Fu denote the integrated fluorescence
intensity areas of Rhodamine 6G and the MOF sample when excited
at the same wavelength, respectively. The refractive indices of the
solvents for the MOF sample suspension and Rhodamine 6G are
denoted by nu and ns respectively.

■ RESULTS AND DISCUSSION
Synthesis and Activation of U-1 MOF. Initially, we

followed the synthesis procedure recently reported by Lü et al.
on the only other perylene diimide based MOF (Zr-PDI) with
a similar PDI ligand by using acetic acid as a modulator.58

Unfortunately, we did not obtain any crystalline MOF material
with our new PDI ligand (H2L). As a result, we explored
alternative synthesis conditions using different zirconium salts
(ZrCl4 and ZrOCl2·8H2O) and dimethylformamide (DMF) as
a solvent. We varied the temperature and time of the reaction,
as well as tested different modulators: benzoic acid, acetic acid,
formic acid, proline, and trifluoroacetic acid. This was done to
increase the crystallinity of the MOFs (Table S2). Optimized
synthesis conditions were achieved by using ZrCl4 as the metal
salt, trifluoroacetic acid as the modulator, and DMF as the
solvent. Crystalline powder of U-1 MOF was obtained by
heating the reaction mixture for 24 h at 100 °C. The significant
difference in synthesis protocol between U-1 and the previous
Zr-PDI MOF is the methyl modification at the benzoic group
of the PDI ligand, which changes the local hydrophobicity
around the metal cluster.
Structure Description. U-1 MOF was produced by the

solvothermal reaction between H2L (Figure 1a) and ZrCl4 in
DMF at 100 °C with TFA as a modulator. The PXRD patterns
of U-1 were in tetragonal crystal system with the space group I

41/a with a = b = 19.2570(6) Å and c = 83.1554(7) Å. The
Pawley refinement data indicates that U-1 is isostructural with
the Zr-PDI MOF recently reported by Lü et al.,58 for which a
similar tetrachloro-substituted PDI ligand was used, but
without the methyl modification at the benzoic group. The
six vertices of the Zr6(μ3-O)4(μ3−OH)4 octahedral cluster are
occupied by Zr(IV) centers and the eight triangular faces are
alternatively capped by four μ3−OH and four μ3-O groups.
The [Zr6(μ3-O)4(μ3−OH)4]12+ SBU is coordinated by 12
carboxylate units, 8 H2L ligands, and 4 TFA molecules. The
asymmetric unit of U-1 contains two crystallographically
independent Zr atoms, one L2− ligand molecule, one TFA
molecule and two μ3-O atoms (Figure S4). Due to the
electrostatic repulsion and steric hindrance arising from the
tetrachloro- and methyl- substitutions, the central conjugated
ring of H2L ligand is highly twisted with a dihedral angle
∠(C−C−C−C) of 36.9° (Figure S5). This twisted structure of
the H2L ligand in the crystalline U-1 MOF highlights the axial
chirality of the PDI-based ligand. As depicted in Figure 1b and
c, the Zr6(μ3-O)4(μ3−OH)4 SBUs are connected to each other
via the L2− ligands, which form a 3D polymeric structure due
to chirality differences. The results of Pawley refinement
confirmed that the simulated and experimental PXRD data are
identical to each other for U-1 (Figure 2a).
Characterization of U-1. The phase purity of U-1 was

confirmed by PXRD measurements. The as-synthesized MOF
material showed a good resemblance to the simulated PXRD
pattern (Figure 2a). The PXRD pattern of activated U-1 also
well-matched with the simulated PXRD pattern. This suggests
that the guest-free form of U-1 has the same structural
framework as that of the parent sample, implying the
mechanical robustness of the framework during the activation
process. The high intensity peaks in ATR-IR spectra around
1680 and 1383 cm−1 for U-1 arise from the asymmetric and
symmetric − COO− stretching vibrations, respectively, caused
by the metal coordinated L2− ligands (Figure S6). The peak
near 1201 cm−1, corresponding to C−F stretching, confirms
the presence of a TFA molecule in the framework. The SEM
images (Figure S7) reveal a uniform distribution of micro-
meter-sized MOF particles with minimal presence of
amorphous materials, which provide additional confirmation
of the material’s phase purity.
MOFs constructed with large ligand molecules tend to

undergo pore collapse upon solvent removal. Strong
mechanical robustness and permanent porosity are remarkable
properties for current MOFs constructed with PDI ligands
(length >24 Å). N2 sorption experiments were conducted to
check the permanent porosity of the activated U-1 MOF. The
N2 sorption isotherms of U-1 agree with IUPAC classifications,
following type I behavior (Figure S8). From the N2 adsorption
isotherm, the specific BET surface area of U-1 was calculated
to be 1263 m2 g−1. This again indicates that the U-1 MOF can
retain its porosity during the activation process.
To verify the chemical stability of U-1 MOF, the powder

material was immersed in different kinds of liquids (i.e.,
ethanol, acetonitrile, THF, DMF etc.) overnight. The MOF
material was then recovered by centrifugation, and the PXRD
patterns were recorded. The PXRD patterns of the solvent
treated MOFs remained almost unchanged compared to the
untreated sample (Figure 2b). These results suggest that the
framework of U-1 was unaffected when it was dispersed in
various liquids. For PFAS detection applications, U-1 must
survive different pH media in industrial wastewater or
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environmental water. To confirm the framework stability of U-
1 in varying pH environments, the MOF powder was treated
with HCl (pH = 2) and NaOH (pH = 10) solutions for 12 h.
The PXRD patterns were then acquired. As depicted in Figure
2b, the PXRD patterns remain almost unchanged upon
treatment in acid or base, further affirming strong chemical
stability, which is conducive to sensor applications in a broad
range of water samples. In addition to chemical stability, U-1
also shows thermal stability up to 400 °C, as confirmed by
thermogravimetric analyses (Figure S9). Thermal and chemical
stabilities of U-1 prove the relevance of the material for use in
real-field chemical detection.
Photophysical Behavior. PDIs have received considerable

attention as fluorophores due to their high photo and thermal
stability in ambient conditions.52,67−69 Based on the high
structural tunability at the bay and imide positions, numerous
molecules of PDI, and the assembled materials, have been
developed as chemical sensors.70−72 The PDI based
fluorophore shows interesting emissive behavior in a fully
dissolved state in solution. A strong tendency toward
intermolecular π−π stacking of PDI molecules leads to
aggregation-caused quenching (ACQ), which decreases the
emission in an aggregated or solid state. Such an ACQ
phenomenon restricts the application of PDIs as a solid-state
sensor material. Prevention of close π−π stacking in solid state
PDI is challenging. In MOFs, the ligand molecules can self-
assemble via metal coordination in a well-defined manner in
the crystal system. This is unique and not applicable to other
types of self-assembly processes. The formation of a PDI
ligand-based MOF could be beneficial to mitigate the ACQ
effect on PDI fluorophores.
To verify this hypothesis, we first performed fluorescence

microscopy measurements on the free ligand H2L and U-1
MOF deposited on a glass substrate (Figure S10a and b). U-1
shows much stronger red emission compared to that of the free
ligand under the same imaging condition. The observation is
consistent with the fluorescence spectral measurement
performed on the same samples (Figure S10c), for which the
U-1MOF exhibits broad emission bandwidth maximum at 580
nm, while the aggregate of H2L ligand shows much weaker
emission with maximum wavelength shifted to ca. 605 nm. Red
shift of emission band is characteristic of aggregation of PDI
molecules.52 The blue shift of emission maximum and increase
in intensity observed for the U-1 MOF is caused by the
coordination of the PDI ligand to Zr(IV), which in turn
weakens the π−π stacking of PDI backbones and subsequently
the ACQ effect. The presence of close shell d0 electronic
configuration of the Zr4+ metal ion also excludes any possibility
for paramagnetic fluorescence quenching of the ligand
molecules.73 The UV−vis spectrum of U-1 MOF shows two
strong absorption bands near 543 and 496 nm, with a broad
shoulder peak around 456 nm (Figure S11). This characteristic
absorbance of U-1 MOF could be assigned to the 0−0, 0−1,
and 0−2 transition energies of the PDI molecule.74 When
compared to the molecularly dispersed state of H2L ligand in
solution phase with emission maximized at 552 nm (Figure
S12), the fluorescence spectrum measured for the U-1 MOF
demonstrates an ∼4 nm red shift. This implies a conforma-
tional change of the p-conjugation structure of PDI backbone,
particularly the dihedral twisting angle around the four chloro-
moieties. Additionally, when compared to the solid state and
dispersed state emission of U-1 in a binary water/DMF
mixture, a significant blue shift was observed in the dispersed

state (Figure S13). This can be attributed to the structurally
relaxed state achieved through polar solvation processes in the
high dielectric environment, as opposed to the solid state.75

The interesting fluorescence behavior of the current MOF in
both solid and dispersed states motivated us to investigate the
impact of solvents on the MOF’s emission. The fluorescence
emission intensity of the MOF is notably reduced in water, the
most polar solvent among those tested, as shown in Figure
S14. On the contrary, solvents with lower polarity, such as
methanol and tetrahydrofuran, exhibit higher fluorescence
levels. This trend can be attributed to the pronounced dipole−
dipole interactions between the twisted perylene core of the
MOF and the solvent molecules, which is particularly evident
in highly polar solvents. Consequently, solvents with elevated
polarity effectively inhibit the radiative relaxation of the
perylene core through strong interactions, leading to a decrease
in the MOF’s fluorescence. The MOF demonstrates its lowest
fluorescence intensity in water, owing to its highest polarity
among the selected solvents. The photostability of a potential
sensor material remains a critical factor considered for real-
world applications. Particularly, some PDI based materials may
not be photostable under continuous irradiation.76,77 The
MOF suspension was continuously irradiated with UV light (λ
= 365 nm, 6 W, provided by UVGL-58 hand-held UV Lamp)
and emission maxima were monitored in time intervals. As
depicted in Figure S15, almost no change in emission intensity
was observed for U-1 MOF even after 30 min of UV light
irradiation. This confirms the photostability of the current,
developed MOF. These results enabled us to develop the U-1
MOF as a fluorescence turn-on sensor for chemicals like PFOA
(vide inf ra) that may compete for binding with the same metal
center, resulting in turning on the fluorescence emission of
PDIs.
Detection of PFOA. As mentioned above, the unique

photophysical property and porous nature of U-1 MOF
encouraged us to check its response toward PFOA. The Zr-
PDI MOF, recently reported, does not possess the methyl
groups at the phenyl moiety.58 These prefunctionalized
hydrophobic groups are especially critical for enhancing the
binding and detection of hydrophobic target analytes, such as
PFAS compounds, leveraging the strong hydrophobic inter-
actions. The use of a methylated ligand also helps maintain
hydrophobic pore walls of MOF, thus enhancing water
stability, and helping preserve the porosity that is crucial for
the internal diffusion of PFAS. Additionally, being a non-
fluorinated ligand, it is less toxic compared to other
hydrophobic, water-stable MOFs.78,79 The fluorescence spectra
of the dispersed MOF powder in water/DMF (60/40: v/v)
was recorded with incremental additions of aqueous PFOA
solution (Figure 3). A rapid turn-on response was observed
with the addition of PFOA to the MOF suspension. The visible
reddish-yellow emission was observed upon increasing the
concentration of PFOA (inset of Figure 3), implying the
feasibility of quick detection of PFOA by naked-eye visual-
ization of the bright emission formation. The UV−vis
spectrum of the MOF suspension was recorded after the
PFOA sensing experiment and compared with the spectrum of
the MOF suspension prior to PFOA addition. After PFOA
sensing, the UV−vis spectra of U-1 MOF retain about the
same shape with the two prominent peaks around 543 and 496
nm slightly blue-shifted to 540 and 492 nm, respectively
(Figure S16). In our sensing experiments, 490 nm (close to
one of the two absorption maxima) was chosen as the
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excitation wavelength to monitor the turn-on emission in
response to PFOA binding. The slight blue shift observed in
the absorption spectra can be attributed to structural changes
in the MOF induced by PFOA binding, as elaborated in the
mechanism section. The fluorescence quantum yield of the
system also increased from 0.0 to 0.02 after PFOA addition
(Figure S17 and S18).80,81

To assess the response time of the U-1 MOF for detecting
PFOA, time-dependent experiments were carried out with
various concentrations of PFOA solutions (Figure S19). For
each concentration of PFOA, the emission intensity (at λmax =
561 nm) of U-1 MOF suspension was measured as a function
of time after addition of PFOA. The results demonstrate that
the U-1 MOF exhibits a rapid response, taking less than 5 min
to reach adsorption equilibrium with PFOA. We are aware that
the sensing response time observed is relatively longer when
compared to other MOF based sensors used for detection of

small ions or molecules.82,83 The relatively long response is
primarily attributed to the slow diffusion of PFOA within the
nanopores of MOF. The adsorption equilibrium of PFOA is
determined by the complexation of the carboxylic headgroup
of PFOA with the Zr(IV) ion in conjunction with the
hydrophobic interaction between the fluorinated alkyl chain of
PFOA and the chlorinated backbone of PDI. While the
mesoporosity of MOF enhances the adsorption capacity, the
spatial confinement may also limit the diffusion kinetics. This
represents a typical trade-off in materials design and
optimization.
To check the selectivity of U-1 MOF toward PFOA, another

common PFAS compound, PFOS, was also tested under the
same conditions. Surprisingly, only a slight turn-on response
was observed for PFOS (Figure 4). This is likely due to the
relatively weaker complexation of the sulfonic group
(compared to the carboxylic group of PFOA) with the Zr(IV)
ion. Indeed, while ligands with carboxylic groups are common
for the synthesis of stable MOFs, it is rare to have a MOF
synthesized from sulfonic based ligands. Trifluoroacetic acid
(TFA), a short chain analogue of PFOA, was also tested and
demonstrated a much lower response under the same
conditions compared to PFOA (Figure 4). This indicates
that the long alkyl chain of PFOA plays a crucial role in the
strong binding interaction with the MOF, for which the longer
chains exhibit stronger hydrophobic interactions with the PDI
ligand. In addition to fluorinated compounds, other long chain
carboxylic acids (octanoic acid and lauric acid) and common
surfactants such as cetyltrimethylammonium bromide
(CTAB), were also examined for the same sensing response.
These compounds have an alkyl structure similar to that of
PFOA, but without fluorination. Interestingly, no significant
turn-on response was observed from octanoic or lauric acid.
This is likely due to the lower hydrophobicity of non-
fluorinated alkyl chains, which in turn reduces the binding
interaction with PDI ligands in the MOF. More remarkably,
the addition of CTAB did not result in any turn-on response.
Rather, it caused a slight decrease in emission intensity (Figure
4). This is not surprising when taking the positively charged
headgroup of CTAB into account, which would not compete
for the complexation with the metal center. Additional testing
was also carried out using other fluorinated substances, namely,

Figure 3. Fluorescence spectra of U-1 MOF suspension (0.13 mg/
mL) measured in a binary solvent of water/DMF (60/40, v/v) in the
presence of increasing concentration of PFOA (excitation wavelength
λex: 490 nm). Inset: naked eye visualization of the fluorescence
emission change of U-1 MOF in a cuvette in the presence of PFOA
(0.3 mM).

Figure 4. Bar plot showing the relative fluorescence intensity change of U-1 MOF toward PFOA in comparison to other potential interferents as
tested individually (a) and coexisting with the interferents (b). The test was performed in a binary solvent of water/DMF (60/40, v/v), and the
concentration of U-1 MOF is 0.13 mg/mL, while the concentrations of PFOA and each interferent are 0.3 mM.
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pentafluorobenzoic acid (PFBA), 1H,1H,2H,2H-perfluoro-1-
hexanol, and 1H,1H-pentadecafluoro-1-octanol. As depicted in
Figure 4a, no significant turn-on response was observed from
these fluorinated analytes, which further suggests the high
selectivity of U-1 MOF toward PFOA.
To further examine the sensitivity of the U-1 MOF, we

performed another set of experiments wherein the interferent
compounds were added together with PFOA in equal amount.
As depicted in Figure 4b, the U-1 MOF exhibited a similar
turn-on signal with no significant influence from the
coexistence of interferents. The original fluorescence spectra
measured for the experiments shown in Figure 4a and b are
presented in Figure S20 and S21. In addition to long chain
acids and surfactants, polyaromatic hydrocarbons (PAHs) and
their derivates, halogenated acids and nitroaromatics are also
considered a major class of water pollutants.84 PAHs are
fluorescent in nature and can give false positive responses for
any turn-on sensor. The common PAHs (naphthalene,
anthracene, fluorene, and pyrene) and their derivatives (e.g.,
9,10-phenanthrenequinone, 2-bromofluorene) were tested
along with other previously stated interferents. Interestingly,
no turn-on was observed in the presence of these PAH
molecules (Figure S22). This result confirms that the U-1
MOF would not show any false turn-on responses in the
presence of fluorescent PAH molecules. It is also significant
that even in the presence of PAH molecules, U-1 shows a
significant turn-on response toward PFOA (Figure S23−28). A
significant interference from the 2-bromofluorene molecule
was observed (Figure S29). The presence of a heavy atom, in
this case bromine, can quench the fluorescence of the system
significantly.85 The additional testing with halogenated acids
(2,4,6- trichlorobenzoic acid and 3,5-dichlorobenzoic acid)
and nitroaromatics (4-nitrophenol and 4-nitrotoluene) reveals
that their presence does not significantly affect the sensing
behavior of the current MOF (Figure S30 and S31). The
chlorobenzoic acid does not alter the fluorescence of the MOF
significantly, whereas nitroaromatics, well-known quenchers of
MOF fluorescence,86 show an insignificant amount of
fluorescence quenching. More importantly, MOF shows a
significant turn-on response toward PFOA even in the
presence of these interferences. These findings further

highlight the selectivity of U-1 MOF toward PFOA, paving
the way to application development in real practices, where
multiple compounds coexist in water samples.
The sensing experiments were conducted in a mixture of

water and DMF, while the PFOA analyte was introduced solely
in water to examine the impact of increasing the water content
in the sensing system. To assess the effect of the water content
on the emission behavior, fluorescence spectra of the MOF
were measured using different ratios of water to DMF in
solution. As illustrated in Figure S32, there was a rapid decline
in the emission intensity of the MOF with increasing water
content. This observation aligns with the findings of the
solvent-dependent study mentioned earlier. These results
strongly suggest that the turn-on response observed in the
MOF can be solely attributed to the presence of PFOA.
Reusability is a crucial parameter in sensor development,

ensuring prolonged usage and cost-effectiveness. The reus-
ability of the current MOF sensor was tested for up to five
cycles following sensing experiments. After each sensing cycle,
the MOF was recovered by washing with a 30/70 (v/v) binary
mixture of 0.1 M HCl in methanol.61 As illustrated in Figure
S33, the MOF continues to exhibit a turn-on signal, even after
five sensing cycles. The slight decrease in sensitivity observed
with each cycle can be attributed to the incomplete rinsing of
the adsorbed PFOA, which results in a relatively higher
emission background (I0).
To estimate the limit of detection (LOD), the emission

intensity of U-1 MOF dispersed in water/DMF (60/40 v/v)
was measured at increasing concentrations of PFOA in the
range 0−20 μM. As shown in Figure 5a, the emission intensity
increases linearly with the concentration of PFOA within the
testing concentration range, which yields a LOD of 1.68 μM
following the IUPAC 3σ criterion. To further improve the
LOD, we coupled the fluorescent sensing with solid phase
extraction (SPE) by depositing the U-1 MOF powder within
the matrix of filter paper. The cellulose fibril network of paper
provides an ideal substrate for dispersing the MOF powder and
forming a stable uniform film.87 The high porosity of MOF and
cellulose substrate enables a significant SPE effect that helps
concentrate the PFOA compounds from low concentration
samples. This allows for detection of PFOA at much lower

Figure 5. (a) Emission intensity measured for U-1MOF dispersed in water/DMF (60/40 v/v) at concentration of 0.13 mg/mL as a function of the
concentration of PFOA present; (b) similar titration performed for U-1 MOF deposited on a ∼1 × 1 cm filter paper (at a loading density of 5 mg/
cm2) upon drop-casting of different concentrations of PFOA at a fixed volume of 75 μL. (Inset: digital image of a MOF coated filter paper.).
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concentrations as shown in Figure 5b. From the linear
relationship between the emission intensity of the MOF and
the concentration of PFOA, an LOD of 3.1 nM was obtained.
This low LOD is comparable with other fluorescence-based
sensor materials developed recently (Table S3). For each
concentration tested in Figure 5b, a total of 75 μL of aqueous
solution of PFOA was slowly cast onto the MOF-coated paper
so that no water extruding occurred and the evaporation of
water gradually concentrated PFOA in the matrix. Depending
on the evaporation temperature and time, the concentrative
factor (equivalent to the volume ratio of the water before and
after evaporation) can be precisely controlled, providing high
measurement reproducibility. The similar SPE effect was also
reported recently for a fluorescent sensor for detecting organic
amines like aniline in aqueous samples, for which the LOD was
also pushed down to the nM level through effective
concentration by SPE.88 The LOD in combination with low
cost and simple operation, intrinsic traits of paper-based
sensors, provides great potential for the MOF materials
reported herein to be further developed for practical use in
quick on-site detection of PFAS. Moreover, by tuning the
ligand structure and binding groups, the reported approach can
be extended to detection of other PFAS.
The identification of PFOA in the blood of individuals

without occupational exposure to the chemical initially pointed
to residential drinking water as the primary source of human
exposure. Therefore, it is necessary for a PFOA sensor to be
capable of operating effectively in complex, real-world systems.
Sensing experiments for PFOA were conducted using tap and
drinking water samples to address this need for reliability in
diverse environmental matrices. The titration plot depicted in
Figure S34 indicates that the MOF could detect PFOA in both
drinking and tap water. The LOD was determined to be 1.73
and 2.03 μM for the drinking and tap water, respectively
(Figure S35). Compared to the test with deionized water
samples, the LOD obtained in drinking water remains about
the same (1.68 vs 1.73 μM), while the LOD obtained with tap
water samples is slightly higher, which us likely attributed to
the presence of unidentified interferences (e.g., ions) in the tap
water. Standard recovery experiments were performed, wherein
PFOA solutions prepared in tap or drinking water were spiked
as internal standards.89 U-1 suspensions were treated with
three different concentrations of PFOA (5, 10, 15 μM), and
the fluorescence emission intensities were recorded. The

measured concentrations closely matched the spiked concen-
trations of PFOA, yielding recovery percentages exceeding
91% (Table S4). These promising outcomes underscore the
broad scope and practical utility of the current U-1 MOF for
PFOA sensing in real-world scenarios.
Mechanisms of PFOA Binding with U-1 MOF. From the

fluorescence sensing response obtained above for PFOA in
comparison with other analytes, the binding of PFOA within
the MOF depends on both the complexation with the metal
ion and the hydrophobic interaction with the PDI ligands. The
strong binding of PFAS results in conformational change of the
π-conjugation structure of PDI backbone, particularly the
dihedral twisting angle around the four chloro-moieties. Such
conformational change in turn leads to an increase in emission
intensity (vide inf ra). There remains a possibility that the
intercalation of PFOA may destroy the intrinsic structure of
the U-1 MOF, thus releasing the free ligand of PDI, leading to
fluorescence turn-on. To exclude this possibility, the structural
integrity of U-1 MOF powder was verified by PXRD
measurements before and after the PFOA treatment. Almost
no change in PXRD patterns was observed for the MOF
sample after being tested with PFOA (Figure 6a), implying
that the framework structure of the U-1 MOF remained robust
upon PFOA binding. The SEM image was acquired after the
sensing experiments and compared with that of the MOF
before PFOA sensing (Figure S36). No major changes were
observed for the MOFs’ shape and size, which further confirms
the robustness of the MOF. Minor agglomeration of MOF
particles was observed after sensing test with PFOA. The
overall hydrophobicity of the MOF may have increased by
PFOA adsorption during the sensing event, leading to
increased hydrophobic interactions among the MOF particles
and, consequently, particle agglomeration.

19F-NMR spectroscopy was also used to examine any
inclusion of PFOA molecules inside the MOF after the sensing
experiment. The MOF was collected after the sensing
experiment and then digested with tripotassium phosphate.
The 19F NMR spectrum of the digested MOF was recorded
and compared with pure PFOA. As depicted in Figure 6b, the
digested MOF shows a 19F NMR pattern about the same as
that obtained from pure PFOA (Figure S37), for which the
peaks from −118.3 to −126.2 ppm correspond to the fluorine
atoms attached to C2−C7 carbons, and the peak near −81.0
ppm corresponds to chemical shifting of the terminal − CF3

Figure 6. (a) PXRD patterns of the U-1MOF before and after the sensing experiment with PFOA. (b) 19F NMR spectra of the digested MOF after
experimentation with PFOA.
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functional group.90 The similarity in the 19F NMR pattern
confirms the inclusion of PFOA into the MOF during the
sensing test. An additional peak observed at −76.2 ppm in
Figure 6b suggests the presence of TFA molecules, which were
used as modulator for the synthesis of U-1 MOF.
XPS was employed to analyze the surface changes of the U-1

MOF upon PFOA adsorption. The XPS survey scans of U-1
MOF before and after test with PFOA, and pure PFOA are
shown in Figure S38, with the data of Zr 3d and F 1s binding
energies summarized in Table S3. The analysis reveals that U-1
MOF has characteristic Zr 3d peaks located at 183.71 and
186.11 eV, indicating the presence of Zr4+.91 Moreover, the F
1s binding energies of the MOF were found to be at 689.0 and
687 eV. Upon adsorption with PFOA, a shift in the F 1s
binding energies was observed, with values of 688.91 and
685.60 eV, which agrees with the chemical changes induced in
the trifluoromethyl groups due to adsorption in the MOF.
Interestingly, the characteristic Zr 3d binding energies also
shifted from 183.71 and 186.11 eV to 184.05 and 186.30 eV,
respectively, indicating a perturbation in the coordination
environment induced by PFOA binding.91 Binding to a
fluorinated compound causes the loss of electron density
over zirconium, which in turn increases its 3d3/2 and 3d5/2
binding energies in the MOF.92 All of the data presented
confirm the successful adsorption of PFOA into the MOF.
The fluorinated hydrophobic chain, along with a polar

carboxylic acid group, plays a pivotal role for the selective
sensing of PFOA. An additional fluorescence experiment was
performed to support this hypothesis. A series of short-chain
perfluoroalkyl carboxylic acids (PFCAs) were treated with U-1
MOF suspension and changes in emission spectra were
recorded. As depicted in Figure S39, the trifluoroacetic acid
and shortened fluoroalkyl carboxylic acid show minimal
responses. However, a steady increase in turn-on signal was
found with increasing the length of fluoroalkyl chain. This
confirms that the sensing response is dependent on both the
hydrophobic chain and polar carboxylate functional group of
PFCAs.
Computational Modeling of PFOA@U-1 Interactions.

Increasing binding affinity for longer-chain perfluoroalkyl
carboxylic acids (PFCAs) compared with short chain PFCAs
was observed in U-1. A combined experimental and theoretical
study was undertaken to understand the molecular-level
interactions between MOF and PFOA, aiming to gain insights
into the sensing mechanism. It is known that PFOA exhibits
significantly stronger acidity than its corresponding fatty acid,
implying that the interaction between PFOA and MOF could
entail a covalent interaction. The shift in Bragg diffraction peak
positions toward lower 2θ values after PFOA sensing was
confirmed by PXRD analysis (Figure S40). This low-angle shift
suggests an increase in cell volume after PFOA interaction.93

To confirm this change, a Pawley refinement was attempted
postsensing. The new model was constructed by replacing
coordinating TFA molecules with PFOA. The asymmetric unit
of PFOA@U-1 contains two crystallographically independent
Zr atoms, one L2− ligand molecule, one PFOA molecule and
two μ3-O atoms (Figure S41). The results of Pawley
refinement revealed that the simulated and experimental
PXRD data were identical for the PFOA@U-1 system (Figure
S42 and table S6), with the cell volume expanded to 2.7%.
Notably, the highly twisted PDI backbone with a dihedral
twisting angle ∠(C−C−C−C) of 36.9° was drastically reduced
to 26.4°after the incorporation of PFOA (Figure S43). The

PFOA-induced fluorescence turn-on can be explained by the
relaxation of the twisted structure of the perylene core. The
increased dihedral angle of the H2L ligand found in the U-1
MOF results in a reduced effectiveness of the overlap between
the p orbital and the sp2 hybridized orbital. This decreased
overlap with the p orbital leads to a breakdown of conjugation
within the ligand, ultimately resulting in fluorescence
quenching.94−96 Conversely, after the coordinating interaction
of PFOA with U-1, the MOF underwent structural changes at
the molecular level, and the perylene core attained more
planarity in geometry. Through this, a more conjugated state is
achieved. Such a change in the perylene core is likely
responsible for the restoration of fluorescence and the
observed turn-on response.
DFT calculations were further employed to investigate the

origin of interactions of PFOA with the MOF. PFOA
molecules were introduced at the adsorption sites (Zr6 SBU)
in a model of U-1 that was previously identified and confirmed
by XPS and X-ray structure refinement. The resulting
optimized structure of PFOA@U-1 is displayed in Figure
S44. The Zr6 node at the adsorption site features a Zr-
coordinated TFA molecule that enables hydrogen bonding
interactions with PFOA via − CF3 functional groups, while Zr
sites promote additional coordinative bonding. The adsorption
of PFOA near the Zr6 node is visualized in Figure 7, showing

that the PFOA@U-1 system is stabilized by strong H-bonding
interactions (RCOOH···F−C, 1.97 Å), accompanied by strong
coordinate bonding (RCOOH−Zr, 2.18 Å). Such strong
coordinate bonding is in line with the proposed complex
formation mechanism as derived from experimental data.

■ CONCLUSION
In summary, we report on the synthesis and systematic
exploration of a robust, fluorescent PDI-based MOF, namely,
U-1, for the detection of PFOA through a fluorescence turn-on

Figure 7. DFT-optimized geometries of the PFOA−PDI ligand−Zr6
node domains within PFOA@U-1 are depicted at the adsorption site.
Additionally, a zoomed-in view of the respective adsorption site shows
dashed lines representing hydrogen bonding and covalent interactions
of the RCOOH···F−C and RCOOH−Zr6 motifs, respectively.
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response. Our findings reveal that U-1 MOF exhibits
outstanding stability in various chemical environments. The
fluorescent sensing of U-1 MOF is relatively selective toward
PFOA when tested in the solution phase. The same
fluorescence turn-on response was also observed for the solid
phase by depositing the MOF onto a filter paper. Built upon
the effective SPE effect, the LOD of the sensor film was
decreased to 3.1 nM. Detailed structural analysis suggests that
the fluorescence turn-on is predominated by two cooperative
interactions, the complexation between the carboxylic group of
PFOA and the zirconium metal center, and the hydrophobic
interaction between the fluorinated alkyl chain of PFOA and
the PDI ligand. The work presented herein showcases the great
potential of PDI-based MOFs as fluorescent probes for the
sensitive and selective detection of PFAS, for which the
detection selectivity can be further improved by tuning the
ligand structure and the porosity of MOFs.
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