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ABSTRACT: Metal—organic frameworks (MOFs) with intrinsic lumines-
cent properties, modular structure, and tunable electronic properties,
provide unique opportunities for designing target-specific molecular sensors
by systematically choosing their constituent building blocks. We report a
simple one-step MOF-based sensing platform for phosphate (P) detection
that combines the luminescent properties of 2-aminoterephthalic acid
(ATA) with the affinity of rationally selected nodes in UiO-66-NH, to bind
with P. This MOF possesses an electron-donating amine group that
controls the light-harvesting characteristics of the linkers. Substituting Zr4
node with Ceq or Hf; results in a series of isostructural MOFs with distinct
optical properties that are nonexistent in the unsubstituted MOF. We have
utilized these MOFs to quantitatively measure P, using its ability to bind g g
strongly to metal nodes inhibiting the LMCT process and altering the

linker’s photon emission. Using this system, detection limits of 4.5, 7.2 and 10.5 #M were obtained for the UiO-66-NH,(Ce), UiO-
66-NH,, and UiO-66-NH,(Hf) respectively, adopting a straightforward single step procedure. These results demonstrate that the
selection of metal nodes in a series of isostructural MOFs can be used to modulate their electronic properties and create sensing
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probes possessing the desired characteristics needed for the detection of environmental contaminants.

1. INTRODUCTION

Phosphorus is an essential element found in the composition
of many biological molecules such as DNA, RNA, ATP, and
phospholipid in cell membranes and others." Inorganic
phosphates are used in agricultural practices as fertilizers to
supply plants with nutrients and increase food production.
With the increased use, alarming levels of phosphates have
been found in water bodies and agricultural runoft entering
lakes and stimulating the growth of harmful algae blooms that
spread on water surfaces preventing access of oxygen and
sunlight.z’3 As aresult, CO, levels increase, forming dead zones
leading to deterioration in water quality with many adverse
effects on plants and animals.” The imbalance in this
environment severely affects the photosynthesis and oxygen
levels, endangering the sustainability of the aquatic ecosystem.”

Conventional and newly discovered materials such as
activated carbon, MOFs,®’ metal nanoparticles,8 graphene
composites,” and others can be used to bind to phosphate (P)
and prevent pollution. Identification of zones with high P
concentrations that are at risk of eutrophication requires
effective tools for monitoring P levels.'” The conventional
analytical test for P detection relies on a tedious and laborious
method employing molybdenum blue that involves using a
number of reagents and incubation steps, and requires
sequential mixing and time monitoring.'"”'> Materials such as
MOFs, nanoparticles, metal complexes can be used as potential
probes for P but in order to be used for sensing, in addition to
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P-recognition, they require a transduction modality so that
binding can be measured by methods such as fluorometric,''*
colorimetric,">'® and electrochemical techniques.'’~"” Despite
the discovery of many materials with P-binding ability, their
use as probes and detection tools that can measure P in
eutrophic zones is still limited. In addition, a fundamental
understanding of the molecular origin of P recognition and
detection capability is still needed to rationally design effective
monitoring tools.

The modular nature along with the ability to engineer MOFs
with fluorescence capabilities provides a means for MOFs to be
used as sensors or probes for detecting target analytes.
Replacing the metal node, functionalizing the linker, or doping
give rise to products with desired characteristics for specific
applications in photocatalysis,20 sensing,21 water treatment,””
and toxic chemicals neutralization.”””* UiO-66 is one of the
most studied MOFs due to its high chemical stability,
tunability, and the rich defect chemistry.”> Partial or complete
metal (M) substitution in the Zr,0,(OH), node with Ti, Hf,
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Figure 1. Graphical representation of the phosphate-caused increase in the MOF fluorescence. P is represented as green spheres, while metal

clusters are depicted as orange spheres.

Figure 2. SEM images of (a) UiO-66-NH,(Ce), (b) UiO-66-NH,, and (c) UiO-66-NH,(Hf) and their corresponding elemental mapping.

and Ce and adding functional groups on the link’s benzene
rings enable modulation of their optical properties. Their
luminescence originating from the emitted photons when
excited electrons in the singlet state (S,) return to the ground
state (S,)”° is particularly useful and amenable to chemical
sensing. Changes in luminescence have been utilized in sensin:
of DNA,*’ temperature,28 metal ions,*”*° pH,31 and others.’
Among possible metals that can be used to construct porous
frameworks, lanthanides provide electronic configurations
giving rise to luminescent properties and affinity towards P
that, when combined, show great promise for optical-based
chemical sensing.33 Despite the similar connectivity in Zr, Ce,
and Hf-based UiO-66-NH,, Ce-based MOFs appear to have
the highest affinity for P binding, as revealed in several
examples demonstrated in the enhanced phosphate ester bond
cleavage,”* DNA hydrolysis,”® and a superior P removal from
eutrophic water.® This enhanced performance was ascribed to
the possible formation of hybrid orbitals between Ce' 4f
orbitals and P=0 bond orbitals.”® We previously found an
enhanced uptake of P from eutrophic water using UiO-66(Ce).
Here, we explored the insertion of amine groups on the
terephthalic acid (TA) linker to enhance the UiO-66-NH,(M)
fluorescence and studied its interaction with P with the goal of

designing a single step fluorescence detection tool, Figure 1.
The results provide a mechanistic investigation demonstrating
how the use of different metal nodes affects the binding and
fluorescence properties when three isostructural MOFs are
exposed to P oxyanions. This study enables the rational
selection and design of novel sensing probes for rapid one-step
detection of P in water environments.

2. RESULTS AND DISCUSSION

The synthesis of UiO-66-NH,(M) was accomplished by
combining ZrV, HfY, and Ce'V metal salts with 2-amino-
terephthalic acid (ATA) in DMF or water as the main solvents
in the presence of acetic acid as a common modulator. The
activated microcrystalline frameworks are characterized by
good yields, permanent microporosity, and adequate thermal
stability, Figure S2. These isostructural MOFs have twelve-
connected octahedral clusters [MzO,(u3-OH),]"*" bridged
ideally by 12 ATA linkers in fcu topology. Several studies have
reported the coexistence of defect sites in UiO-66 and its
analogues in the form of missing linkers and missing
clusters.”**’ > We utilized acetic acid as a modulator to
minimize the variation of synthetic conditions and maintain a
nearly similar defect compensation chemistry. Unlike UiO-
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Figure 3. (a) PXRD patterns of UiO-66-NH,(M). (b) FTIR spectra of UiO-66-NH,(Ce), (c) UiO-66-NH,, and (d) UiO-66-NH, (Hf).

66(M), UiO-66-NH,(M) could not be obtained using similar
synthesis protocol due to the ease of Ce'" reduction during
synthesis, especially at high temperatures with redox active
linkers (Ce'l/Ce'V: 1.61 V vs SHE).* Scanning electron
microscope (SEM) images of the three MOFs revealed a
microcrystalline nature, with UiO-66-NH, being more
crystalline with distinguishable octahedral crystals (Figure
2a—c). The presence of P was evident in the energy dispersive
spectrometry (EDS) mapping after MOF exposure to P and
subsequent washing to remove any loosely adsorbed P, as
described in the Experimental Section. In addition, EDS
spectra display the elemental composition of the three MOFs
as shown in Figure SI. The presence of P after successive
washing suggests the formation of a strong chemical
interaction between P and the MOFs’ metal nodes.

PXRD patterns of the three UiO-66-NH,(M) MOFs
indicate their isostructural nature with matching reflections
in good agreement with the reported crystal structures (Figure
3a). FTIR spectra of the three MOFs shown in Figure 3b—d
are dominated by the linker’s vibration bands. The bands that
appeared at around 1568 and 1382 cm™" correspond to the v
(COO07) and v, (COO™) vibrational modes, respectively. The
peak at 1505 nm is related to the C=C ring stretching, while
the C—H bending vibration can be seen at 1025 cm™". A small
band appeared at 766 cm™' corresponding to COO™ bending
vibration."" Tt is worth mentioning that the calculated values of
Av(COO7) = 1, (COO07) — 1, (COO™) followed the same
trend in the electronegativity for the three metals according to
the Pauling and Allen scales. The Av values (Zr(193) >
Hf(187) > Ce(168)) decrease as the electronegativity
decreases from Zr to Ce. This trend is similar to those
observed in other M-TA based MOFs.** UiO-66-NH,(M)
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samples were treated with different concentrations of P
corresponding to MOF/P mole ratios of 1:0.22, 1:1 and
1:4.6. These samples were stirred with P solutions for an hour
followed by several washing/centrifugation cycles then drying
in oven at 80 °C overnight. The highlighted bands that appear
around 1000 cm ™" in the MOFs’ spectra after P treatment are
related to P—O vibrations. This clearly indicates the presence
of P groups bound within the MOF matrix is not affected even
after extensive washing. Interestingly, only UiO-66-NH,(Ce)
showed a P signature at low concentrations, which is expected
to result in a lower detection limit and improved selectivity, as
discussed later.

It was previously demonstrated that defect sites in UiO-
66(M) MOFs are responsible for their improved catalytic
activity.””*~* The charges on these sites arise from missing
linkers and are neutralized by compensating labile ligands. The
nature of these compensating species at the defect sites present
in the UiO-66 family depends on the synthetic approach.’”
Terminating species such as formate from DMF decom-
position,"’8 — OH/ -OH2,46’47 monocarboxylic modulator,*®
and chlorides® were all reported as labile ligands saturating
these sites, as estimated by potentiometric acid—base titration,
NMR, and TGA analysis.”>>"

Spectroscopy Measurements. Some UiO-66 MOFs with
functionalized ligands are capable of harvesting light, which
provides opportunities to study the change of the linker’s
chemical environment upon interaction with guest molecules
via fluorescence measurements. ATA with an amine function-
ality is special and effective in light-harvesting as the addition
of NH, group shifts the light absorption of TA to the visible
region. When UiO-66-NH, is irradiated with light, ligand—
metal charge transfer (LMCT) occurs though the transfer of

https://doi.org/10.1021/acs.inorgchem.3c02318
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Figure 4. Fluorescence emission spectra (a, ¢, e) and calibration curves (b, d, and f) of UiO-66-NH,(Ce), UiO-66-NH,, and UiO-66-NH, (Hf)

when excited at 328 nm, respectively.

excited electrons from the ATA linker to the Zr'V-oxo cluster
reducing Zr'"V to Zr'"' as evidenced by EPR spectroscopy.””
However, the detected amount of Zr'™ is very low and
dependent on the solvent and temperature.”

The charge transfer in this system and in the UiO-66-
NH,(Hf) is suboptimal due to the high energy of their d
orbitals rendering their highest occupied (HOCO) and lowest
unoccupied (LUCO) crystal orbitals transitions to be ligand-
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based.”* On the contrary, the low lying 4f empty orbital of Ce'"
and the ease of Ce'" reduction render the LMCT energetically
favorable, where these 4f orbitals work as electron trap. The
presence of amine groups in UiO-66-NH,(Ce) made the
LMCT more negative (favorable).>> Upon the addition of
increasing concentrations of P to all three MOFs, a turn-on
fluorescence signal appeared at 430 nm and increased gradually
with P concentration (Figure 4a—f). Additionally, this signal is

https://doi.org/10.1021/acs.inorgchem.3c02318
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Figure S. Fluorescence signals at 430nm after the addition of S0 #M of interfering ions to (a) UiO-66-NH,(Ce), (b) UiO-66-NH,, and (c) UiO-

66-NH, (Hf). (d) pH on the MOFs’ emission intensity.

slightly blue-shifted with the addition of higher concentrations
of P, which is probably due to the breakage of M-O bond.

In addition to having an isostructural nature, all three UiO-
66-NH,(M) showed noticeable fluorescence responses in the
presence of P in solution. Although all MOFs responded to the
presence of P and demonstrated turn-on fluorescence signals at
around 430 nm, they showed different sensitivity, selectivity,
and detection limits. At low P concentrations, Zr and Hf
MOFs showed limited response even after an extended 1 h
incubation time. After reaching a threshold concentration, the
fluorescence response became more pronounced, and the
signal at 430 nm became more visible (Figure 4d,f). UiO-66-
NH,(Ce) showed higher sensitivity to low concentrations of P
with no “low response” areas when the experiment was run
under similar conditions (Figure 4b). From the linear regions
in the calibration curves, the calculated LOD are 4.5, 7.2, and
10.5 uM for UiO-66-NH,(Ce), UiO-66-NH,, and UiO-66-
NH, (Hf), respectively.

The effect of several species that exist and are known to
interfere with the fluorescence signal was further investigated
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to quantify the accuracy of the method. Monovalent and
divalent anions and oxyanions were added to MOF solutions,
and the fluorescence was measured and compared, Figure Sa—
c. As seen in the bar graphs, P makes the major contribution to
the fluorescence turn-on in all the MOF solutions. Fluoride,
carbonate, and acetate have significantly smaller effects on the
MOFs’ fluorescence, while other species tested (NaClO,,
NaBr, NaCl, Nal, Na,SO,, NaNO,, and NaNO;) did not cause
any noticeable change in the emission. In these experiments,
the effect of these ions was measured separately, while they all
might be present in P contaminated areas to a certain degree.
For this reason, an additional experiment was performed where
we combined all the interfering species with P and exposed
them to the MOF solutions. In the case of UiO-66-NH,(Ce),
the combined solution causes the MOF to generate a
fluorescence signal with the same intensity as that generated
by P only. This observation could be explained by a higher
affinity of the Ce'V-oxo cluster to bind with P. The same effect
was noticed in UiO-66-NH, and UiO-66-NH,(Hf) to some
extent, with a slight decrease in the intensity of the signal

https://doi.org/10.1021/acs.inorgchem.3c02318
Inorg. Chem. 2023, 62, 20970—20979


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02318?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02318?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02318?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02318?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
1.0 (a) ATA b —— Ui0-66-NH,(Ce) P ]
05{b)
ATA-NaOH
0.8 [
- ~ 0.4
3 3
0.6 s}
o [
Q Q 0.3
% % Wavg‘l’gngth (nm) ﬁ'o
-E 0.4 K]
S &
<} o vV  \. Z= -
a »n
Q 2 0.2
< 0.2 < —— Ui0-66-NH,(Ce)
b [——15uM P
30uMP
——50 yM P
01— 6opmp
0.0 1 1 1 1 1 1 1 —80 iM P . ,
250 275 300 325 350 375 400 250 300 350 400
Wavelength (nm) Wavelength (nm)
—— UiO-66-NH, NaOH 0.7 —— Ui0-66-NH,(H) P
(C) —— Ui0-66-NH, P | (d) — Uio-GG-NH;Hf) NaOHl
0.5} 0.6
- -
3 3
o4 =09
g g
. . . 0.4
g 20 wad@fength (nmi*® 400 g ; . )
S 0.3F— UiO-66-NH,| s 0.3k \:;snaveleng:;iu(nm) “@
g 15uM P [
< ——30uMP g —— Ui0-86-NH,(Hf)
0.2} S0ump 0.2
——60 UM P
——115 M P
——170 uM P 0.1
0.1 1 1 1 1 1 1 1
250 300 350 400 450 500 250 300 350 400 450 500

Wavelength (nm)

Wavelength (nm)

Figure 6. UV—vis spectra of (a) ATA, (b) UiO-66-NH,(Ce), (c) UiO-66-NH,, and (d) UiO-66-NH,(Hf) before and after the addition of NaOH

and P.

(a)

- Ui0-66-NH,(Hf)
+NaOH
Ui0-66-NH,

FI. Intensity (a.u.)

400 450
Wavelength (nm)

350

240H(b) Ideal UiO-66-NH,232.4%
220+
g«200 ‘\g Ideal UiO-66-NH,(Ce) 194.8 %
2 180} \ \ Ideal UiO-66-NH,(Hf) 177.5 %
2
s
[
S
(=2}
®
H

400
Temperature °C

800

Figure 7. (a) Emission spectra of UiO-66-NH,(M) after the addition of NaOH, and (b) TGA curves of the MOFs in air.

generated by the combined solutions, as compared to the
addition of P only to these MOFs. The effect of the solution
pH on the emission intensity before and after P addition was
also demonstrated in Figure S5d, showing an obvious
dependence on the pH of the environment. At low pH values,
the response of the three MOFs to P is low due to the possible
protonation of phosphates. At high pH values, these MOFs
have high fluorescence before the addition of P. This behavior
was expected as hydroxyl ions cause the perturbation of
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metal—linker bonds, leading to linker release and a strong
emission, as discussed in the following section.

To understand the effect of P on the turn-on fluorescence
signal, UV/Vis spectra of the MOFs were recorded before and
after exposure to P and NaOH (Figure 6a—d). The UiO-66
family is known to be less stable at high pH leading to a
complete structural collapse.’® The strong affinity between
high-valence metal ions and hydroxyl anions leads to the
collapse of the frameworks though the replacement of the
linkers by OH™.>” The ATA spectrum shows two absorbance

https://doi.org/10.1021/acs.inorgchem.3c02318
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peaks at 255 and 345 nm originating from the aromatic ring’s
sp® bonds and the amine functionality, respectively (Figure
6a).>® The 345 nm peak that appeared due to the interaction of
the nitrogen’s lone pair with the 7*-orbital of the ring is blue-
shifted to 325 nm after the addition of NaOH, which is
expected due to the increased dissolution and deprotonation of
the ATA causing a shift and increase in the signal.”” The effect
of benzoic acid deprotonation on its absorption spectra was
previously shown to cause a blue-shift after the formation of
benzoate anions in water, supporting the current ﬁndings.60
Introducing NaOH to UiO-66-NH,(M) leads to MOF
destruction and the release of deprotonated ATA as evidenced
by the disappearance of the MOF absorbance peaks and the
appearance of the ATA ones. Introducing various (low)
concentrations of P to each of the MOF solutions leads to a
constant change in the MOF absorbance maxima, indicating a
possible alteration in the ligand connectivity (Figure 6b—d).
Upon adding a very high concentration of P, the spectra of all
the three isostructural MOFs became similar to that of the
unprotonated ATA, indicating the attack of P on the SBU and
the release of high amounts of ATA in solution.

Monitoring the MOFs’ fluorescence after the addition of
NaOH gave similar results, as shown in Figure 7a. The
addition of NaOH to the MOFs has the same turn-on effect as
that of P via enhancing the emission at 430 nm due to the
perturbation of M-ATA bonding.

In order to investigate the reason for the presence of low
response areas, the infrared spectra of the MOF samples with P
concentration in the low regions were inspected, as shown in
Figure 3. The mole ratio used in preparing the samples with
spectra labeled as 1:0.22 MOEF/P corresponds to a
concentration of 3.15 yuM P in the calibration curve that lies
within the low response region. The P—O vibration peak at
1000 cm™ is distinguishable only in the spectrum of UiO-66-
NH,(Ce) at this low concentration but not detectable in the
spectra of the other MOFs. Acetic acid is not expected to play
a major role in this optical response as it has been shown to
leach out upon suspending UiO-66 in water, where water
molecules substitute acetate anions.”’ Whether this substitu-
tion is partial or full (depending on the pH), it gives an idea of
how labile acetates are at the surface of the secondary building
units (SBUs). This substitution would leave active sites ready
for P binding, enhancing detection sensitivity and enabling
sensing of P at low concentrations. Despite the similar physical
properties of Ce, Zr, and Hf as they belong to group IV
elements, their M—O bond strength is different.** Ce forms a
slightly weaker bonding with carboxylates compared to Zr and
Hf, which has been demonstrated by the decreased mechanical
stability of UiO-66(Hf)>Ui0-66 > Ui0-66-Ce.”” In our
system, thermogravimetric analysis (TGA) of the MOFs
revealed that the stability followed the previously mentioned
trend (Figure 7b). Moreover, by monitoring the defect density
of the MOFs from the TGA curves, UiO-66-NH,(Ce) has
almost no defects unlike UiO-66-NH, and UiO-66-NH,(Hf).
The latter two MOFs have about 1.5 missing linkers per
cluster, as shown in Figure S3. The complicated synthesis of
Ui0-66-NH,(Ce) due to the ease of Ce' reduction with ATA
made it challenging to control its defect density. Based on
these observations, the low response areas might be due to the
higher stability of UiO-66-NH, and UiO-66-NH,(Hf) that
resist the substitution of ATA with P to a certain extent, unlike
UiO-66-NH,(Ce). Moreover, upon addition of P to the
MOFs, P first binds to the defect sites and then replaces the

linkers at higher concentrations.”> Since UiO-66-NH, and
Ui0-66-NH, (Hf) have defect sites, P binds first at these sites,
causing no change to the MOFs’ fluorescence. After these sites
are saturated with P, the excess P leads to metal—ATA bonds
dissociation and enhancement of the ATA fluorescence. The
lack of defects in UiO-66-NH,(Ce) might contribute to the
higher sensitivity to low P concentrations.

To test the practicality of this method for detecting P in real
samples, water from the Delaware river was tested. The water
samples were filtered through a syringe filter to remove most of
the particulate matter. Samples were spiked with P to reach a
final concentration of 40 uM then tested with UiO-66-
NH,(Ce). The water pH was about 7.8, and the emission
intensities were converted to P concentrations and are
compared in Figure S4. As shown, the calculated concen-
trations were slightly higher than the added concentration due
to the possibility of the presence of small amounts of organic
matter, or other unknown interfering species that might
increase the fluorescence intensity.

3. CONCLUSION

In summary, we have demonstrated the use of three
isostructural UiO-66-NH, metal—organic frameworks con-
structed from group (IV) metal ions as fluorescent probes for
the detection of phosphate oxyanions in solution. Despite their
structural similarity, UiO-66-NH,(Ce) showed better sensing
performance with a lower limit of detection of 4.5 yM for Ce-
Ui0-66-NH,(Ce) as compared to 7.2 and 10.5 uM for UiO-
66-NH, and UiO-66-NH,(Hf), respectively. Additionally, this
MOF revealed a higher binding affinity and selectivity for P in
the presence of interfering species, such as S0,*”, CH,COO7,
Clo,”, F-, CI5, Br-, I, NO,-, NO;~, and HCO,". The
fluorescence enhancement is ascribed to the perturbation of
the linker-metal bonds caused by the binding of P to the metal
nodes. This study provides mechanistic information demon-
strating that highly porous materials can be used as probes for
detection of P upon functionalization of their linkers to impart
fluorescence properties. By changing the metal cluster in the
MOFs, different sensitivity and selectivity toward P were
obtained reflecting the importance of the careful selection of
the MOF components and their impact on sensing perform-
ance. Further studies are recommended to involve the
investigation of fluorescence lifetime measurements, and
implementing the new materials in field deployable devices
to improve field monitoring of P levels for the benefit of
environmental and agricultural communities.

4. EXPERIMENTAL SECTION

All chemicals were purchased from commercial vendors and used as
received. Ammonium cerium nitrate (98.5%), 2-aminoterephthalic
acid (ATA) (98%), sodium phosphate (96%), and dimethylforma-
mide (DMF) were purchased from Sigma-Aldrich. Hafnium ((IV)
chloride (99.9%) was purchased from ThermoFisher, and zirconium
(IV) chloride anhydrous (%98) was obtained from Spectrum.
UiO-66-NH, was prepared by dissolving ZrCl, (2.744 mmol) in 80
mL of DMF, ATA (2.744 mmol) in 80 mL of DMF and 200 mol
equiv of acetic acid. Mix all solutions after fully dissolving the
components by sonication for 20 min. Place the sealed bottle in oven
at 120 °C for 24 h. The precipitate was collected by centrifugation
and washed several times with DMF and ethanol then dried under
vacuum at 120 °C overnight giving a 728 mg Ui0-66-NH,.**
UiO-66-NH,(Hf) was synthesized by dispersing ATA (5 mmol)
and HfCl, (5.2 mmol) in 50 mL of solution of water/acetic acid
(30:20, v/v) then refluxed for 20 h. The precipitate was filtered and
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soaked in anhydrous methanol for 3 days, which was replaced by fresh
methanol every day. The product is collected and dried under vacuum
at 120 °C for 24 h yielding a 1865 mg UiO-66-NH,(Hf).*®

UiO-66-NH,(Ce) was prepared by dissolving 1.5 mmol of
ammonium cerium nitrate in 11 mL of acetic acid/H,O (3:8).
Ethanol (20 mL) was added to the previous solution followed by
adding 1.5 mmol of ATA while stirring at room temperature for 2 h.
The precipitate was collected by filtration and washed with water and
ethanol (three times each) and dried under vacuum at 80 °C
overnight yielding a 122 mg Ui0-66-NH,(Ce).*

Fluorescence measurements. Aqueous suspensions of UiO-66-
NH, (M) were prepared by dispersing 1.25 mg of MOF powder in S0
mL of water under sonication for 5 min. Different concentrations of P
(30 pL) were separately added to 3 mL MOF solutions and incubated
for 60 min at room temperature. The fluorescence spectra were
measured with a 328 nm excitation wavelength and the calibration
curves were constructed by plotting the maximum emission intensities
at 430 nm. To test the interferences effect, 4.243 yL from 35.35 mM
stock solutions of interfering ions were separately added to 3 mL of
Ui0-66-NH,(M) solutions and incubated for 60 min. Additionally, all
interfering ions and P were combined and added to a separate MOF
solution to examine their effect on P induced emission. The intensities
of the emission peaks at 430 nm were compared for all interfering
species tested under the same conditions. The limits of detection
(LOD) were calculated from LOD = 3.36/S, where ¢ is the standard
deviation and § is the slope of the calibration curve.

UV-Vis Measurements. 2 mL aliquots from UiO-66-NH,(M)
solutions were placed in cuvettes to which various concentrations of P
and NaOH solutions were added.

Materials Characterization. The powder X-ray diffraction
(PXRD) measurements were performed on a Malvern PANalytical
X’Pert PRO MRD diffractometer using a Si crystal zero background
holder. ThermoScientific Nicolet iS-10 was used to record the
Infrared absorption spectra (520—4000 cm™ region). Thermogravi-
metric analysis (TGA, TA QS0) was used to assess the thermal
stability of the MOFs until 800 °C and heating rate of 10 °C/min.
Fluorescence spectra were recorded on Cary Eclipse spectropho-
tometer from Agilent. UV—vis spectra were recorded on Agilent 8453
spectrophotometer. Microscope images were recorded with JEOL
JSM 7900FLV FE-SEM under 500V bias in Gentle Beam (GB) Mode.
Energy Dispersive Spectra were recorded using Oxford Instruments
AZtec 65 mm EDS Detector with the AZtec Software Package.
Samples were prepared by mixing MOF solutions with 4.6 equivalent
P for an hour then washed several times with water and dried at 80 °C
overnight. Nitrogen adsorption and desorption isotherms were
recorded on a Quantachrome Autosorb IQ automated gas sorption
instrument at 77 K using nitrogen gas (Airgas, 99.999%).
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