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Abstract

Due to the high correlation of anions in waters to environmental quality and human health,
thus there is urgent need for developing simple and effective sensors to discriminate multiple
anions. Herein, a machine learning-assisted fluorescent sensor array based on two luminescent
metal-organic frameworks (LMOFs, UiO-66-NH> and UiO-66-OH) was developed for
simultaneous discrimination of five anions (F~, PO4>~, ClOs*, NO;~, and SO4*"). Wherein,
UiO-66-NH> and UiO-66-OH were designed by anchoring 2,5-diaminoterephthalic acid and
2,5-dihydroxyterephthalic acid on UiO-66, respectively, which exhibited blue and green
fluorescence emission, possessing good fluorescence property. Interestingly, the anions could
effectively enhance the fluorescence intensity of UiO-66-NH> and UiO-66-OH to generate
diverse fluorescence responses and unique fingerprints, which could be utilized to develop a
fluorescence sensor array for the sensitive identification of five anions and their mixtures.
Under the optimized conditions, the limit of detection (LOD) of the proposed array for anions
detection was about at 2.14-3.51 uM with a satisfactory accuracy. More importantly, the
integration of machine learning algorithm and sensor array has successfully achieved accurate
identification and prediction of five anions in real water samples, affirming its practicability in
actual samples. Our findings provided a promising tool for detecting multiple anions, and
inspired potentials of the combination of sensor arrays and machine learning algorithm for
pollution control in real waters.

Keywords: anions detection, sensor array, metal-organic frameworks, environmental

monitoring
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1. Introduction

Anions play an irreplaceable role in the ecological system, while excessive anions can pose
a huge threat to environment quality and human health (Al-Saidi and Khan 2022; Goshisht and
Tripathi 2021). For instance, chronic exposure of fluoride (F°) with high levels can lead to acute
gastric and kidney problems or even skeletal fluorosis, and the high concentration of phosphate
(PO+*) can induce the detrimental effects on aquatic ecosystems, leading to serious human
diseases such as hyperparathyroidism (Lin et al. 2019; Yi and Zhang 2020). In addition,
excessive nitrate (NO5") can induce eutrophication in waters, while perchlorate (ClOs*) with
high toxicity also poses threats to human health (Amali et al. 2021; Cao et al. 2019; Liu et al.
2022). To date, various well-established instrumental techniques for anions detection have been
reported (Kodamatani et al. 2023; Liu et al. 2023; Norton et al. 2021; Wu et al. 2020; Zhou et
al. 2014), whereas these methods were hampered for wide applications by sophisticated
equipment, time-consuming detection, and tedious procedures for pretreatment (Amali et al.
2021; Fang and Naidu 2023; Guo et al. 2017; Moumen et al. 2022; Wang et al. 2017). Besides,
novel methods based on the specific probes can only accomplish the rapid detection of one or
two anions (Zhang et al. 2020). Therefore, it is desirable to develop efficient methods for the
identification of multiple anions.

Recently, great efforts have been devoted to explore sensor arrays as an artificial tongue (Wei
et al. 2024; Xu et al. 2024), which mimic the mammalian tasting system for the identification
of contaminants (Ihde et al. 2022; Meng et al. 2023; Wu et al. 2023), proteins (Lu et al. 2022;
Wang et al. 2018), and pathogens (Yu et al. 2023; Zhou et al. 2019), etc. Wherein, fluorescent
sensor arrays have attracted wide attentions in the sensing field due to rapid detection, high
sensitivity, and capability of multitarget detection, whereas traditional fluorescent sensor arrays
often rely on multiple independent sensing elements, which requires higher cost, complicated
synthesis, and time-consuming (Nawaz et al. 2020; Sharifi et al. 2021; Zhang et al. 2020). In
addition, the application of fluorescent sensor arrays for real samples was still limited. To
simply the composition of a sensor array, a basic probe modified with different functional
groups as the sensing elements could be an effective strategy to construct sensor arrays, which

exhibited the following advantages: (i) sensing units prepared by a basic material

3
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functionalized with various ligands is relatively simple, which requires the similar synthesis
method, circumventing the tedious synthesis process; (ii) functional groups were used to bind
with various targets, which enabled them to be excellent cross-reactive probes for constructing
sensor array. Meanwhile, machine learning, as a powerful data processing tool, presented
remarkable capabilities in clustering, regression, and prediction analysis, which could enhance
the performance of sensor arrays in actual samples (Jing et al. 2024; Li et al. 2024; Song et al.
2024). Thus, we speculated that machine learning-supported sensor array based on a basic
material functionalized with various ligands could realize the low-cost, rapid, and efficient
screening, showing the great potentials for the intelligent recognition of multiple anions in
environments.

In this study, we prepared two luminescent metal-organic frameworks (LMOFs, UiO-66-
NH> and UiO-66-OH) by using UiO-66 as basic material functionalized with different ligands
to construct a fluorescence sensor array assisted by machine learning for the screening of five
anions (Scheme 1). Wherein, the fluorescence intensity of two LMOFs enhanced upon the
addition of anions owing to the diverse interactions between anions and LMOFs, resulting in
unique fluorescence patterns. And five anions and their mixtures were successfully
discriminated by the constructed sensor array through the pattern recognition methods. More
importantly, powered by machine learning, the proposed sensor array showed good

performance in identifying anions in real environmental waters.

2. Materials and methods

2.1 Preparation of UiO-66-NH2 and UiO-66-OH

Ui0O-66-NH> were synthesized according to the reported literature (Sun et al. 2016; Sun et
al. 2020). Typically, ZrCls (30 mg, 0.129 mmol) and BDC-(NHz)> (20 mg, 0.110 mmol) were
dissolved in 2 mL of DMF, and then benzoic acid (600 mg, 4.918 mmol) was added into the
above solution and sufficiently dissolved. The above mixture was transferred into hydrothermal
reactor and heated to 120 °C for 12 h. Following, the precipitates were collected by
centrifugation, and then washed with DMF and acetone for three times, respectively. UiO-66-

NH:; was obtained by drying at 80 °C.
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The preparation of UiO-66-OH was relied on the previous study with minor modification
(Wang et al. 2021). ZrCls (69.91 mg, 0.3 mmol) and BDC-(OH) (59.4 mg, 0.3 mmol) were
dissolved in the mixed solution containing DMF (21 mL) and acetic acid (7 mL) under vigorous
stirring for 15 min. Then, the above solution was heated to 120 °C in oil bath under gentle
stirring for 8 h, and white precipitates were collected by centrifugation. Following, the
precipitates were collected by centrifugation, and then washed with DMF and acetone for three
times, respectively. UiO-66-OH was obtained by drying at 80 °C.

2.2 Fabrication of fluorescent sensor array for multiple anions identification

The fluorescent sensor array was comprised of two LMOFs (UiO-66-NH;> and UiO-66-OH),
five anions (F-, PO4>", C104*, NO3", and SO4*), and five replicates. Wherein, 50 pL of UiO-66-
NH: and UiO-66-OH were separately added into the 5 columns (5 replicates) and 6 rows (blank
and 5 anions), and then 50 pL of anion solutions was added into the corresponding rows for
incubating 10 min at room temperature. The fluorescence intensities of the mixtures of LMOFs
and anions in the wells were recorded with emission wavelength of 450 nm (UiO-66-NH>) and
536 nm (UiO-66-OH) under an excitation wavelength of 350 nm. Then, the relative
fluorescence intensity (F/Fp) was collected, and F and Fy represented the fluorescence
intensities of the two MOFs with and without the presence of anions, respectively. Last. the
obtained fluorescence response data (2 LMOFsx5 anionsx5 replicates) was processed by LDA
and HCA for anions identification. In addition, the identification of different concentrations of
individual anions and their mixtures was also accomplished by the proposed fluorescent sensor
through the similar method.

2.3 Machine learning-assisted sensor array for anions in actual samples

The application of the proposed sensor array was studied by detecting anions in actual water
samples (e.g. river water, tap water, and lake water). Wherein, tap water was collected from
our laboratory, meanwhile, and river and lake water samples were obtained from Zhenjiang
city in Jiangsu Province. After being filtered, these water samples were spiked into different
anions, which were detected by the developed sensor array to assess the potentials of the sensor
array in identifying multiple anions in real water samples.

Artificial neural networks (ANN), as one of the representative algorithms of machine

learning, are mathematical models that simulate the neural network of the human brain (Ray et
5
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al. 2024), which are further employed to combine with the proposed sensor array for assess the
performance in actual water samples. Wherein, we used the MATLAB for the analysis and
processing of different anions. Five anions (F-, PO4*, Cl04*, NOs", and SO4>") and one blank
water were tested, each with seven parallel samples and two attribute values (UiO-66-NH; and
UiO-66-OH), resulting in a total of 84 data points, and original data set were divided into the
training set (n=60) and the testing set (n=24), respectively. The ANN algorithm was primarily
implemented using the “neural network™ module, and a confusion matrix was utilized to verify

its effectiveness in distinguishing real samples.

3. Results and discussion

3.1 Characterization of UiO-66-NH2 and UiO-66-OH

UiO-66-NH> and UiO-66-OH with different ligands (BDC-(NH2), and BDC-(OH),) were
obtained by a facile solvothermal method (Fig. 1a). Wherein, UiO-66-NH> exhibited typical
octahedral morphology in TEM images, and the average size was about 250 nm (Fig. 1b),
which was also evidenced by the SEM images (Fig. 1¢). The generated UiO-66-NH> was
further assessed by the element distribution of C, N, O, and Zr on a line scan and mapping
images (Fig. 1d-e). Meanwhile, the correct preparation of UiO-66-OH was also identified by
TEM and SEM. Interestingly, the morphology of UiO-66-OH was determined to be a spherical
structure with a size of about 100 nm (Fig. 1f-g). In addition, the elements of C, N, O, and Zr
were obviously observed in the EDS elemental line scan and corresponding element mapping
(Fig. 1h-i), which verified the successful preparation of UiO-66-OH. Then, the preparation of
the UiO-66-NH> and UiO-66-OH were further evaluated by ultraviolet absorption, XRD, FTIR,
XPS, and nitrogen adsorption/desorption. Shown in Fig. 2a, UiO-66-NH> had an absorption
peak at 260 nm and a wide absorption in the range of 270-340 nm. Wherein, the absorption of
UiO-66-NH> near 260 nm was attributed to the absorption overlap between the n-n* electron
transition of the organic connector in the benzene ring and the Zr-O cluster in the metal
coordination center (Chun-Yi Sun 2013), and the absorption band around 270-340 nm was
attributed to the N-n* transition of the lone pair of electrons on the ligand amino group (Huilin
Zhu 2019). Meanwhile, UiO-66-OH had two wide characteristic absorption peaks at 230-270
nm and 320-425 nm. In addition, the XRD patterns of the obtained UiO-66-NH, displayed

6
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three characteristic peaks of 7.36°, 8.48°, and 25.68° (Fig. 2b), which were attributed to the
crystal face of (111), (002), and (600), and the sharp peaks also indicated a high degree of
crystallinity (Fan et al. 2023). Meanwhile, the similar crystal planes were also observed in XRD
patterns of UiO-66-OH (Xin et al. 2022). The FTIR spectra of UiO-66-NH> and UiO-66-OH
were displayed in Fig. 2¢. the UiO-66-NH; had a wide absorption peak around 3430 cm™,
which was ascribed to N-H stretching vibration of NH> groups. The peak observed at 1250 cm’
"'and 1338 cm ™! were attributed to the stretching of the C-N bond between carbon and nitrogen
in the aromatic group (Fan et al. 2023). For UiO-66-OH, the peak was at 1240 cm™! was related
to C-O stretching of OH functional groups on benzene rings (Rada et al. 2016). In addition, the
peaks ranging from 600 to 800 cm ™! in UiO-66-NH; and UiO-66-OH could be ascribed to the
Zr-O functional group, implying the coordination between Zr*" and O atoms in BDC-(NH.)>
and BDC-(OH); (Sun et al. 2020).

In addition, as depicted in Fig. 2d and 2g, the characteristic peaks of O 1s, N 1s, C 1s, and
Zr 3d appeared in the XPS spectrum of UiO-66-NH; and UiO-66-OH, and the elemental
contents of Zr in UiO-66-NH; and UiO-66-OH were 6.13% and 16.75% (Table S1 and S2),
respectively, indicating that the successful preparation of two LMOFs. Interestingly, the N 1s
peak of UiO-66-NH; was sharper than that of UiO-66-OH, which was attributed to the
abundance of -NHz groups in UiO-66-NH>. Wherein, two peaks at 182.98 and 185.38 eV in
the Zr 3d spectrum of UiO-66-NH; were ascribed to the binding energies for Zr 3ds» and Zr
3ds» (Fig. 2e), and similar results were observed in UiO-66-OH (Fig. 2h). Meanwhile, as
shown in Fig. 2f and 2i, the three peaks of C 1s spectrum in UiO-66-NH; and UiO-66-OH
were classified as C-C, C-O, and O-C=0O (Wang and Wang 2022). In addition, the O 1s
spectrum of UiO-66-NH> was divided into three peaks at 530.3, 531.3, and 532.6 eV (Fig. S1),
which were accounted for the binding energies of Zr-O-Zr, Zr-OH, and -OH, respectively,
demonstrating the coordination between Zr*" and O atoms in BDC-NH, (Zhu et al. 2014).
Similarly, the O 1s spectrum of UiO-66-NH> was given Fig. S2, suggesting the combination of
Zr*" and O atoms in BDC-(OH).. Besides, the Brunauer-Emmett-Teller (BET) surface area of
UiO-66-NH; and UiO-66-OH were 614.1 m?/g! and 1364.6 m?/g’!, respectively, and the UiO-
66-NH> had smaller pore size (3.89 nm) than that of UiO-66-OH (4.91 nm) (Fig. S3).
Meanwhile, the UiO-66-NH; and UiO-66-OH7 presented positive (+48.6 mV) and negative
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charges (-3.43 mV), respectively (Fig. S4). All these results revealed the form of UiO-66-NH>
and UiO-66-OH.
3.2 Luminescent property of UiO-66-NH2 and UiO-66-OH

Following, the fluorescence properties of UiO-66-NH> and UiO-66-OH was further studied.
Seen in Fig. 2j, the synthesized UiO-66-NH> and UiO-66-OH presented fluorescence emission
at 450 nm and 536 nm under an excitation wavelength of 350 nm, respectively. Then, the
luminescent property of UiO-66-NH> and UiO-66-OH were further evaluated by fluorescence
lifetime and stability. As shown in Fig. 2k and Table S2, the average fluorescence lifetime of
Ui0-66-NH>2 and UiO-66-OH were 15.74 ns and 3.24 ns, respectively, indicating the good
luminescent property of two LMOFs. To further study the fluorescence stability of UiO-66-
NH; and Ui0O-66-OH, two MOFs were assessed in some external environments including UV
irradiation, long storage, and different pH. Shown in Fig. SS, the synthesized UiO-66-NH> and
Ui0O-66-OH could maintain good fluorescence performance after the treatment of UV
irradiation and different pH. Meanwhile, after the storage of 30 days, the fluorescence
intensities of UiO-66-NH> and UiO-66-OH only decreased about 15-20% (Fig. 2i), indicating
the good fluorescence and stability. Thus, all the above proofs also confirmed the good
luminescent performance of UiO-66-NH; and UiO-66-OH.
3.3 Fluorescence sensor array for discrimination of anions

Ui0-66-NH> and UiO-66-OH were unitized to design a fluorescence sensor array for rapid
discrimination of five anions, including F-, PO4>", ClO4*, NO5", and SO4* (Fig. 3a). The
sensing mechanism of the proposed sensor array was relied on the fluorescence response
patterns (F/Fy) of anions to two LMOFs with an excitation wavelength of 350 nm, wherein F
and Fy described the emission intensities of two MOFs at in the presence or absence of anions
in the reaction systems, respectively. As shown in Fig. 3b, the fluorescence intensities of two
LMOFs increased with the addition of anions, and the increase degree varied with the types of
LMOFs and anion. Wherein, the enhancement effect of F* on UiO-66-OH was the most
significant (about 3 times), followed by PO4*, NOs, SO4*, and ClOs*. By contrast, the
addition of PO4*" could observably improve the fluorescence response of UiO-66-NHa,
followed by F. And radar plot of fluorescence responses also indicated that the proposed sensor

array showed a good separation ability for these anions (Fig. 3¢). In addition, the corresponding
8
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heat map illustrated the different fluorescence response of UiO-66-NH> and UiO-66-OH to six
anions (Fig. 3d). The obtained fluorescence response patterns were processed by linear
discriminant analysis (LDA) and hierarchical cluster analysis (HCA). Wherein, the LDA results
showed distinct distributions of five anions, with no overlap observed (Fig. 3e), revealing that
the developed sensor array could be employed for anions identification. Meanwhile, five anions
were correctly distributed to their respective groups with no misclassification (Fig. 3f).
Therefore, the above results suggested that the proposed fluorescence sensor array realized
rapid discrimination of anions with high confidence.
3.4 Sensing mechanisms of fluorescence sensor array for anions

To explore the sensing mechanism of the proposed fluorescence sensor array toward anions,
we chose UiO-66-NH> and F as an example to uncover the underlying principles. Despite the
introduction of F~ could enhance the fluorescence intensity of UiO-66-NH>, the fluorescence
lifetime of UiO-66-NH> could not improve (Fig. 4a and Table S2). Thus, we speculated that
the enhanced fluorescence behavior of UiO-66-NH> may be related to the interaction between
F~ and UiO-66-NH, which rearranged the electron cloud of whole framework (Huilin Zhu
2019; Qiaoyin Li 2023). First, the radius of F~is about 1.33 A, which is smaller than the pore
sizes of UiO-66- NHz, thus F~ can access to UiO-66-NH: to couple the ligand, and then transfer
the absorbed energy to the ligand and sensitize its luminescence (Qiaoyin Li 2023; Yaqiong
Zhang 2021). Then, the interactions between F~ and UiO-66-NH> was revealed by XRD, TEM,
zeta potentials, and XPS studies. As shown in Fig. 4b, the combination of F~ and UiO-66-NH>
had no obvious effects on the morphology of UiO-66-NH;, but the F element was evenly
distributed on UiO-66-NH», confirming the interaction of F~ and UiO-66-NH: (Fig. 4c).
Meanwhile, the measured zeta potential changes of UiO-66-NH; from +48.6 to +41.8 mV after
the addition of F~ (Fig. 4d), suggesting the combination of F~ and UiO-66-NH> (Huilin Zhu
2019). Then, XPS was also performed to study the interactions between F~ and UiO-66-NH,.
As shown in Fig. 4e, a new peak of F 1s at 685.0 eV was observed in the XPS spectrums of
Ui0O-66-NH; after the addition of F-, which was attributed to that F~ could access to UiO-66-
NHa for coupling the ligands (Cam Loc Luu 2015). Meanwhile, the binding energy of N1s in
UiO-66-NH2+F shifted from 399.6 to 399.9 eV, which was ascribe to formation of hydrogen

bond between F~ and amino group (Fig. 4f), resulting in the increase of negative charge density
9



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

on the N atoms and the decrease of the binding energy of N in amino groups. These resulted
demonstrated that the fluorescence enhancement of UiO-66-NH» induced by F~ was attributed
to the interaction of F~ with free amino groups of NH>-UiO-66.

3.5 The fluorescent sensor array for the quantification of anions

Based on the above findings, the proposed sensor array can be used to quantify the five
anions (F-, PO4>, C104*, NOs", and SO4%). To achieve optimal performance, some parameters
in terms of incubation time and probe concentration were assessed. As depicted in Fig. S6a, to
balance the two signals of UiO-66-NH; and UiO-66-OH for anions analysis, the optimized
incubation time was determined to be 4 min. Meanwhile, the proposed sensor array could
effectively distinguish the five anions when the ratio of UiO-66-NH; or UiO-66-OH and anions
were 2:1 (Fig. S6b). Under the above optimal conditions, we tested the ability of sensor array
to distinguish different concentrations of individual anions. Wherein, F~ with different
concentration (10-100 uM) were efficiently distinguished by the HCA and LDA (Fig. 4g and
4h). Meanwhile, the value of factor 1 in LDA and the concentration of F in the range of 10-
100 uM presented a good linear correlation(Fig. 4i), and the limit of detection (LOD) for F
was calculated about 2.31 uM based on the 3o/k (Wei et al. 2023). In addition, quantitative
results for other four anions (NOs~, ClO4", PO4>", and SO4>") were obtained in Fig. S7, and the
calculated LODs were 3.15, 3.21, 2.14, and 3.51 uM, respectively (Table S3).

Following, the capacity of the proposed sensor array for the identification of anions mixtures
was further studied. The mixtures of ClO4” and F~ with varying molar ratios were prepared
(ClO47/ F = 0:100, 20:80, 50:50, 80:20, and 100:0), which was detected by the sensor array.
As shown in Fig. 4j and 4k, LDA results indicated that ClO4/ F~ mixtures at different molar
ratios could be identified, and HCA results showed the accurate classification of ClO4/ F
mixtures into their respective categories. Meanwhile, the ternary mixtures (ClO4, PO4>, and
SO4%) at different molar ratios were further studied, and the results indicated that the proposed
sensor array also exhibited good identification capabilities for ternary mixtures of anions (Fig.
41 and S8). Therefore, these findings demonstrated that a blend comprising various phenolic
pollutants could be detected by using the proposed Pt-based nanozyme sensor array. In addition,
multiple typical cations (Na*, K*, Mg?*, Zn?", Fe?*, and Ca*") was introduced into the sensor

array as the interfering substance. As shown in Fig. S9, all interfering substances were
10
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completely separated from anions, indicating the excellent anti-interference ability. These
results proved the good performance of the proposed sensor array for the identification of
anions and their mixtures, laying a good foundation for the detection of anions in actual
samples.

3.6 Fluorescent sensor array for the detection of real water samples

To evaluate the applications for the identification of multiple anions in real samples, three
real water samples (river water, tap water, and lake water) were selected. Wherein, three water
samples were spiked into different anions and detected by the proposed sensor array. As shown
in Fig. S10, five anions and blank groups in river water samples were well separated, and the
LDA results showed distinct distributions of blank samples and five phenolic pollutants, with
no overlap observed. Similarly, consistent results were obtained in tap water and lake water
samples (Fig. S11 and S12), indicating the good distinguishing capacity of the proposed sensor
array for anions in tap water samples.

Moreover, the artificial neural network (ANN), an algorithm to imitate the structure and
function of a biological neural network, was employed to integrate with the nanozyme sensor
array for further assess the actual performance of the proposed sensor array. First, 71.4% and
28.6% of original data set (two LMOFs x five anions and 1 blank groupx7 replicates) of river
water samples were divided into the training set (n=60) and the testing set (n=24), respectively
(Fig. 5a), and schematic of ANN algorithm for five anions in river water samples was presented
Fig. 5b. As shown in Fig. Sc-f, the results of ANN algorithm demonstrated that the accuracy
of training and test sets were all 100%. Meanwhile, training and test sets obtained from the
original data of tap water and lake water samples also achieve good accuracy (Fig. S13 and
S14). The above results indicated that machine learning-assisted sensor arrays enabled precise
qualitative identification of phenolic pollutants in actual water samples. To further assess the
applicability in real samples, machine learning-assisted sensor array was employed to identify
15 blind samples in different water samples, respectively. As shown in Fig. 5g, the predicted
and true results in river water samples were highly consistent in the confusion matrix, achieving
an overall accuracy of 100%, and similar results were obtained with tap water and lake water
samples (Fig. S15). Meanwhile, the detection results were also provided in Tables S4-S6. In

conclusion, machine learning-supported nanozyme sensor array based on four Pt nanozymes
11
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enabled the screening of phenolic pollutants in real samples.

4. Conclusion

In conclusion, a machine learning-supported fluorescent sensor array composed of UiO-66-
NH> and UiO-66-OH was successfully developed for the rapid discrimination of five anions.
The proposed sensor array exhibited fluorescence enhancing responses to different anions,
generating diverse response patterns for discrimination, which could accurately discriminate
individual anions at different concentrations and their mixtures. In addition, the integration of
machine learning and fluorescent sensor array enabled the good performance for discriminating
anions in real water samples and blind samples, which could carve a promising way to expand

the application of sensor arrays for environmental monitoring.
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Fig. 2. (a) Ultraviolet absorbance spectra, (b) PXRD patterns, and (c) FT-IR spectra of UiO-

66-NH> and UiO-66-OH. (d) XPS spectra of UiO-66- NHo. (e) Zr 3d and (f) C 1s XPS spectra

of UiO-66- NH,. (g) XPS spectra of UiO-66-OH. (h) Zr 3d and C 1s (i) XPS spectra of UiO-

66-OH. (j) Fluorescence spectra of UiO-66- NH» and UiO-66-OH. (k) Fluorescence lifetime of

UiO-66-NH; and UiO-66-OH. (1) The stability of two LMOFs under long storage.
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Fig. 3. (a) Schematic diagram showing the fabrication of the fluorescence sensor array based
on two LMOFs for anions detection. (b) Fluorescent intensity ratio (F/Fy) responses and (c)
Radar plot of Ui0O-66-NH, and UiO-66-OH to five anions (F~, PO4>~, C104~, NOs~, and SO4%).
(d) Two-dimensional heat map generated from fluorescence patterns of fluorescence sensor

array. (¢) HCA and (f) LDA plot for the identification of five anions derived from the

fluorescence-response patterns.
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Fig. 4. (a) Fluorescence lifetime of UiO-66-NH> and UiO-66-NH:> in the presence of F". (b)
XRD patterns of UiO-66-NH> before and after treated with F. (c) EDS mapping images of
UiO-66-NH> before and after treated with F~. (d) Zeta potentials of UiO-66-NH> before and
after treated with F. (e) XPS spectra of UiO-66- NH» before and after treated with F~. (f) XPS
spectra of N1s for UiO-66-NH: before and after treated with F~, respectively. (g) HCA and (h)
LDA plot for fluorescence response patterns toward different concentrations of F. (i) Linear
relationships between PC1 and various concentrations of F. (j) HCA and (k) LDA plot for
fluorescence response patterns toward pure ClO4, pure F~, and the mixtures of C1O4 and F".

(1) LDA plot for fluorescence response patterns toward pure ClO4~, pure SO4>, pure PO+,
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and the mixtures of C104~, SO4>", and PO4>".
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Fig. 5. Machine learning-supported fluorescent sensor array for the identification of five anions
in river water samples. (a) Heatmaps of randomly divided training sets (n=60) and test sets
(n=24). (b) Schematic of ANN algorithm for five anions in river water samples. Comparison
of (¢) training set predicted results and (d) test set predicted results. Confusion matrix for (e)
training data and (f) test data. (g) Corresponding confusion matrix for five anions in blind river

water samples.
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Highlights (for review)

Highlights

(i) Two luminescent metal-organic frameworks were prepared by modifying BDC-
NH: and BDC-OH on UiO-66.

(i1) A fluorescent sensor array was established for simultaneous discrimination of five
anions and their mixtures.

(iii)Assisted by ANN algorithm, fluorescent sensor array achieved accurate

identification and prediction of five anions in real water samples.
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