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Metal nanoclusters (NCs) have emerged as a class of promising luminescent materials for sensing, but the low luminescence efficiency hindered their applications. In this work, highly luminescent composites were synthesized by encapsulating D-penicillamine (DPA) capped silver nanoparticle-nanoclusters (AgNP-NCs) into zeolitic imidazolate frameworks (ZIF-8) (denoted as AgNP-NCs@ZIF-8) and were applied for simultaneous detection and removal of chromium(Ⅵ). The photoluminescence intensity of the AgNP-NCs was enhanced by (66 ± 5) folds due to the confinement of ZIF-8 shell, and the lifetime was prolonged from (50.9 ± 1.8) ns to (15.9 ± 0.4) μs. More importantly, thanks to the strong luminescent property of AgNP-NCs and porous structure of the ZIF-8 shell, the AgNP-NCs@ZIF-8 composites not only allowed for the detection of Cr(Ⅵ) as luminescent probe but also exhibited good adsorption capacity of Cr(Ⅵ). The luminescence intensity decreased linearly with Cr(Ⅵ) concentration in the range of 40 to 400 μM, and the limit of detection was determined to be (23.5 ± 0.8) μM. They also exhibited high selectivity toward total chromium in various interfering metal ions and good performance in real water samples. These results indicated that AgNP-NCs@ZIF-8 could serve as an attractive candidate for simultaneous detection and removal of Cr(Ⅵ) in environmental monitoring and protection.

Introduction

Luminescent metal nanoclusters (NCs) display amazing photoluminescence (PL) features, including tunable luminescence, large Stokes shift, and good photo-stability.

Significant progress has been achieved in the elaboration of NCs-based sensors for specific analytes in recent years [START_REF] Yuan | Luminescent noble metal nanoclusters as an emerging optical probe for sensor development[END_REF][START_REF] Qian | Engineering luminescent metal nanoclusters for sensing applications[END_REF]. However, the luminescence of most metal NCs is usually weak, which seriously hinders their applications. Therefore, efforts have been devoted to enhancing the luminescence of metal NCs [START_REF] Kang | Tailoring the photoluminescence of atomically precise nanoclusters[END_REF]. Based on aggregate-induced emission enhancement (AIEE), popular strategies to enhance the luminescence of NCs were developed [START_REF] Zhang | Progress in atomically precise coinage metal clusters with aggregation-induced emission and circularly polarized luminescence[END_REF], such as ligand-shell rigidifying [START_REF] Pyo | Ultrabright luminescence from gold nanoclusters: rigidifying the Au(I)-thiolate shell[END_REF], solvent-induced aggregation [START_REF] Kong | Colorimetric detection of water content in organic solvents via a smartphone with fluorescent Ag nanoclusters[END_REF], ion-induced aggregation [START_REF] Basu | Four orders-of-magnitude enhancement in the two-photon excited photoluminescence of homoleptic gold thiolate nanoclusters following zinc ion-induced aggregation[END_REF], and spatial confinement [START_REF] Goswami | Highly luminescent thiolated gold nanoclusters impregnated in nanogel[END_REF], etc. Recently, metal nanoparticles supporting surface plasmon resonance (SPR) has also been applied to enhance the emission of NCs, known as plasmon-enhanced fluorescence (PEF) effect [START_REF] Li | Shell-isolated nanoparticle-enhanced luminescence of metallic nanoclusters[END_REF][START_REF] Zhang | Metal-enhanced fluorescence: Surface plasmons can radiate a fluorophore's structured emission[END_REF]. It is hypothesized that if PEF and AIEE could be incorporated into the same metal NC system, the luminescence efficiency may be further improved due to their synergistic effect.

Metal-organic frameworks (MOFs), as nanomaterials with various advantages and functions, possess tunable pores to accommodate various types of guest species, such as dyes [START_REF] Jiao | Photoresponse within dye-incorporated metal-organic architectures[END_REF], enzymes [START_REF] Liu | Antioxidative composites based on multienzyme systems encapsulated in metal-organic frameworks[END_REF], metal nanoparticles [START_REF] Li | Porous materials confining noble metals for the catalytic reduction of nitroaromatics: controllable synthesis and enhanced mechanism[END_REF], and metal NCs [START_REF] Luo | Fabrication of Au25(SG)18 -ZIF-8 nanocomposites: a facile strategy to position Au25(SG)18 nanoclusters inside and outside ZIF-8[END_REF][START_REF] Luo | Atomically precise metal nanoclusters meet metal-organic frameworks[END_REF], etc.

The encapsulation of metal NCs into MOFs (denoted as NCs@MOF) has been reported to intensify the luminescence because NCs were confined in the rigid structure of MOFs [START_REF] Fan | Silver nanoclusters encapsulated into metal-organic frameworks with enhanced fluorescence and specific ion accumulation toward the microdot array-based fluorimetric analysis of copper in blood[END_REF]. Successful examples, such as AuNCs@ZIF-8 [START_REF] Gao | Embedding nanocluster in MOF via crystalline ion-triggered growth strategy for improved emission and selective sensing[END_REF][START_REF] Cao | Encapsulation of aggregated gold nanoclusters in a metal-organic framework for real-time monitoring of drug release[END_REF][START_REF] Cao | Sensitive monitoring and bioimaging intracellular highly reactive oxygen species based on gold nanoclusters@nanoscale metal-organic frameworks[END_REF],

CuNCs@ZIF-8 [START_REF] Wang | Incorporating copper nanoclusters into metal-organic frameworks: confinement-assisted emission enhancement and application for trinitrotoluene detection[END_REF], and CuNCs@ZIF-90 [START_REF] Gao | Incorporating copper nanoclusters into a zeolitic imidazole framework-90 for use as a highly sensitive adenosine triphosphate sensing system to evaluate the freshness of aquatic products[END_REF], exhibited excellent photoluminescence and detection performance. It would be possible to obtain composites with synergistic effect of PEF and AIEE by support of metal nanoparticles and encapsulation of metal-organic frameworks. Moreover, the porous structure of MOF shells endows NCs@MOF with additional adsorption capability, which benefits the removal of toxic pollutants from the environment [START_REF] Joseph | Removal of contaminants of emerging concern by metal-organic framework nanoadsorbents: A review[END_REF][START_REF] Zhuang | Silver nanoclusters encapsulated into metal-organic frameworks for rapid removal of heavy metal ions from water[END_REF]. Hence, owing to the improved PL performance of NCs and porous structure of MOF shell, NCs@MOF can be considered as a type of promising candidate for simultaneous photoluminescence detection and adsorptive removal of environmental pollutants.

Chromium(Ⅵ), the most harmful metal ion pollutant [START_REF] Zhao | Low-cost devices with fluorescence spots brightness and size dual-mode readout for the rapid detection of Cr(VI) based on smartphones[END_REF], can easily enter cells, damage organisms, and threaten human health [START_REF] Tumolo | Chromium pollution in european water, sources, health risk, and remediation strategies: an overview[END_REF]. Therefore, it is urgently needed to develop advanced strategies for Cr(VI) detection and removal from the environment, especially for simultaneous detection and removal of Cr(Ⅵ) [START_REF] Yoo | A multi-dye containing MOF for the ratiometric detection and simultaneous removal of Cr2O7 2in the presence of interfering ions[END_REF]. Recently, these multifunctional platforms have been constructed. For example, layered double hydroxide composites, coumarin and resorufin dye-containing MOF-801 composites have been reported to be successfully designed for luminescence detection and simultaneous removal of Cr(Ⅵ) [START_REF] Yoo | A multi-dye containing MOF for the ratiometric detection and simultaneous removal of Cr2O7 2in the presence of interfering ions[END_REF][START_REF] Wani | Selective adsorption and ultrafast fluorescent detection of Cr(VI) in wastewater using neodymium doped polyaniline supported layered double hydroxide nanocomposite[END_REF][START_REF] Maitlo | Nanomaterials-based treatment options for chromium in aqueous environments[END_REF].

In this study, we encapsulated D-penicillamine capped silver nanoparticle-nanoclusters (AgNP-NCs) into zeolitic imidazolate frameworks (ZIF-8)

to obtain novel AgNP-NCs@ZIF-8 composite and applied them for simultaneous detection and adsorptive removal of Cr(Ⅵ) as illustrated in Scheme 1. The AgNP-NCs@ZIF-8 exhibited synergistic PEF and AIEE effects, which was considered as a creative luminescence enhancement method for nanoclusters. The luminescence intensity of the AgNP-NCs@ZIF-8 was significantly improved by (66 ± 5) folds compared to that of AgNP-NCs. When the AgNP-NCs@ZIF-8 composites were applied for simultaneous luminescence detection and adsorptive removal of Cr(Ⅵ) in water, they showed not only excellent performance in detection of Cr(Ⅵ) but also a good adsorption capacity of Cr(Ⅵ). To the best of our knowledge, this is the first report on NCs@MOF for simultaneous detection and effective removal of environmental pollutants from water so far. 

Synthesis of AgNP-NCs

The AgNP-NCs were synthesized by a reduction-etching process. Aqueous solution of DPA (0.5 M, 0.4 mL) and freshly prepared aqueous solution of AgNO 3 (0.1 M, 0.5 mL) were added to 4.8 mL ultrapure water. Under vigorous stirring, freshly prepared NaBH 4 ice-cold solution (0.625 mM, 0.16 mL) was added to the above mixture. The colorless transparent solution turned brown-black immediately.

With continuous stirring, the solution gradually turned from brown-black to bright yellow. After etching for 7 h, a transparent yellow aqueous solution of AgNP-NCs was formed. The stirring was stopped and the prepared AgNP-NCs were used for further MOF encapsulation. The reaction time needed to be precisely controlled for reproducibility.

2.4 Synthesis of AgNP-NCs@ZIF-8

The 1 mL as-prepared aqueous solution of AgNP-NCs was mixed with 6 mL 25 mM Zn(NO) 3 •6H 2 O aqueous solution. Then, 6 mL 75 mM 2-MIM aqueous solution was added into the mixture and stirred at room temperature for 20 min. The reacted mixture turned milky, and red emission could be observed under UV radiation. The product was centrifuged, washed three times with ethanol, and then dried overnight in vacuum to obtain the light-yellow powder.

Luminescence detection and removal of chromium(Ⅵ)

For Cr(Ⅵ) detection, 1 mL of 1 mg/mL fresh-prepared AgNP-NCs@ZIF-8 colloidal aqueous solution was mixed with 300 μL K 2 Cr 2 O 7 solution of different concentrations. The total solution volume was diluted to 3 mL with ultrapure water.

The pH of Cr(Ⅵ) solution and ultrapure water was adjusted to 8.5 by NaOH solution, the same as that of AgNP-NCs@ZIF-8 solution. According to the optimum excitation and emission wavelength, the emission spectra and PL intensity at 730 nm were measured at an excitation wavelength of 420 nm after incubating at room temperature for 10 h. Of note, the luminescence of solid powder could last for more than half a year while the colloidal solution in water was not stable enough. Therefore, it was necessary to prepare the AgNP-NCs@ZIF-8 aqueous solution on the same day and precisely control the concentration (1 mg/mL) for good performance in application.

Similar to the procedure of luminescence detection, the adsorption experiments were conducted by mixing AgNP-NCs@ZIF-8 solution with Cr(Ⅵ) solution of 5, 25, 50, 200, 667 μM. The pH of Cr(Ⅵ) solution was also adjusted to 8.5 in advance. After 10 h, the AgNP-NCs@ZIF-8 sorbent was centrifuged from the solution. The Cr(Ⅵ) concentration was determined by the typical absorbance of Cr 2 O 7 2-at 370 nm and the adsorption capacity of AgNP-NCs@ZIF-8 was evaluated by the following equation:

where represents the adsorption capacity of AgNP-NCs@ZIF-8; and represent the Cr(Ⅵ) concentration before and after adsorption, respectively;

represents the weight of sorbent and represents the volume of solution.

For selectivity experiment, aqueous solutions of metal nitrate salts (Na + , Ca 2+ , Zn 2+ , Cr 3+ , Co 2+ , Cd 2+ , Ni 2+ , Pb 2+ , Cu 2+ , K + , Mg 2+ , Mn 2+ , Fe 3+ , Ag + , and Hg 2+ ) were added instead of Cr(Ⅵ) to a final concentration of 25 μM. For a good selectivity toward chromium, the solutions of Cr(Ⅲ), Cr(Ⅵ), and Cu 2+ were pretreated with H 2 O 2 in NaOH solution (pH=8.5) at 60 ℃ for 30 min, where the molar ratio of H 2 O 2 to metal ions was 5:1. Then the mixtures were centrifuged for 10 min at 12000 rpm. The supernatant was collected for the selectivity experiment. A control experiment was also performed at the same time.

In a typical interference experiment, Cr(Ⅵ) solution was added into four random groups of aqueous solutions containing different mixed metal ions, m1: Na + /Ca 2+ /Fe 3+ , m2: K + /Co 2+ /Mn 2+ , m3: Mg 2+ /Ag 2+ /Pb 2+ , m4: Zn 2+ /Ni 2+ /Cd 2+ . The concentration of Cr(Ⅵ) and all the interference metal ions was 100 μM. The mixtures were prepared for luminescence measurements. In the detection and removal experiments, three samples were prepared and the experiments were repeated under the same condition for the repeatability.

Luminescence detection of chromium(Ⅵ) in real samples

To assess the practical applicability for Cr(Ⅵ) detection, the drinking water and the tap water were collected. The drinking water was purchased from Watsons water 3 Results and Discussion

Preparation and Characterization of AgNP-NCs

We first synthesized DPA-capped AgNP-NCs by a reduction-etching process as illustrated in Scheme 1. The absorption and fluorescence spectra were characterized during the reaction to reveal their unique nanoparticle-nanocluster compositions (Fig. 1a and Fig. S1). After the addition of reductant to the mixture of Ag + and ligand, a strong surface plasmon resonance (SPR) absorption peak close to 410 nm was observed in the absorption spectrum (Fig. S1a), and the large AgNPs were non-luminescent. As the large Ag nanoparticles were etched by the thiolated ligands (DPA), a number of small luminescent AgNCs formed. The photoluminescence intensity increased with etching time and reached maxima after 7 hours (Fig. S1b andS1c). When the etching continued to proceed, the photoluminescence intensity started to decrease and the plasmonic absorbance peak decreased as well. The system became non-luminescent after 24 hours. Thus, the reaction time for maximum photoluminescence intensity was optimized to be 7 hours, and the optimal molar ratio of DPA to Ag was obtained to be 4:1 by observing the photoluminescence intensities (Fig. S2).

The AgNP-NCs prepared under the optimal synthesis conditions (DPA/Ag=4:1, etching time 7 h) were further characterized in detail. The formation of DPA-capped AgNP-NCs was confirmed by FTIR. The peak at 2605 cm -1 , corresponding to the S-H stretching vibration of DPA, disappeared in FTIR spectrum of AgNP-NCs (Fig. S3).

This change in FTIR spectra indicated that the S-H bonds were broken and the DPA ligands were anchored on Ag atoms through S-Ag bonds. The absorption spectrum showed an absorption peak at 410 nm (Fig. 1b), which was consistent with surface plasmon resonance (SPR) absorption peak of AgNPs [START_REF] Chen | Photoemission mechanism of water-soluble silver nanoclusters: ligand-to-metal-metal charge transfer vs strong coupling between surface plasmon and emitters[END_REF], indicating the plasmonic feature of these AgNP-NCs. Of note, the molecular-like liganded nanoclusters present multiple bands at wavelengths longer than 410 nm [START_REF] Antoine | Liganded silver and gold quantum clusters: background of their structural, electronic, and optical properties[END_REF][START_REF] Udayabhaskararao | New protocols for the synthesis of stable Ag and Au nanocluster molecules[END_REF]. The AgNP-NCs showed an emission peak at 665 nm (Fig. 1c). The sharp excitation peak at 410 nm (Fig. 1c) overlapped with the SPR peak of AgNPs, so we speculated the luminescence excited at 410 nm originated from plasmon-enhanced fluorescence (PEF) of luminescent nanoclusters. Metal nanoparticles have been demonstrated to enhance the luminescence of various fluorophores due to PEF [START_REF] Li | Plasmon-enhanced fluorescence spectroscopy[END_REF]. TEM image showed that the AgNP-NCs exhibited dot-like morphologies and broad size distribution from 1.6 nm to 4.4 nm (Fig. 1d). The HRTEM showed that the lattice fringes had a spacing of 0.23 nm (Fig. S4), corresponding to the (111) plane of metallic Ag. Size histograms obtained from DLS measurements showed the hydrodynamic diameter was 2.2 nm (Fig. 1e), consistent with the results of TEM. AgNPs with diameters larger than 2-3 nm can support SPR. To further confirm the plasmonic effect of the AgNP-NCs, we probed the electron dynamics of AgNP-NCs by pump intensity-dependent femtosecond transient absorption spectroscopy. As the pump intensity increased from 50 μW to 200 μW, the AgNP-NCs exhibited pump power-dependent dynamics (Fig. 1f). This result corroborated the plasmonic feature of AgNP-NCs, due to the fact that the initial electron temperature of metallic-state particles is highly dependent on the pump laser intensity, and the electron dynamics is thus pump power-dependent [START_REF] Zhou | Evolution from the plasmon to exciton state in ligand-protected atomically precise gold nanoparticles[END_REF][START_REF] Zhou | Optical properties and excited-state dynamics of atomically precise gold nanoclusters[END_REF][START_REF] Higaki | Sharp transition from nonmetallic Au246 to metallic Au279 with nascent surface plasmon resonance[END_REF]. The plasmonic feature existing in large AgNPs and the luminescent feature existing in small AgNCs can be reconciled by a simple core-shell structure with large AgNPs as the core and small AgNCs as the shell as illustrated in Scheme 1. Note that besides the core-shell structure, the superstructure of AgNCs may also be a reasonable explanation [START_REF] Suber | Nanocluster superstructures or nanoparticles? The self-consuming scaffold decides[END_REF], but it is out of the scope of this investigation to discuss the plasmonic effect originating from AgNPs or AgNC superstructures. Since this system exhibited a pronounced hybrid feature of large plasmonic AgNPs and small luminescent AgNCs, we denoted this system with AgNP-NCs. It can be observed that the PEF not only enhanced the emission intensity but also shifted the optimal excitation wavelength from UV to visible region, which benefits the applications of the AgNP-NCs. Inset: Transient absorption data map of the AgNP-NCs with 50 µW pump influence.

Preparation and characterization of AgNP-NCs@ZIF-8

To harness the AIEE effect to enhance the luminescence of NCs by encapsulating them into MOF, it is required that the NCs should have AIEE effect. The AgNP-NCs were first measured to have AIEE effect prior to MOF encapsulation. As demonstrated in Fig. S5a, the photoluminescence intensity of the water-soluble

AgNP-NCs was dependent on the proportion of ethanol ( ) in a mixed ethanol-water solvent. Similar to the phenomena observed in other water-soluble AIEE nanoclusters [START_REF] Yang | Interfacial clustering-triggered fluorescence-phosphorescence dual solvoluminescence of metal nanoclusters[END_REF][START_REF] Goswami | Luminescent metal nanoclusters with aggregation-induced emission[END_REF][START_REF] Xia | Aggregation-induced emission enhancement of gold nanoclusters in metal-organic frameworks for highly sensitive fluorescent detection of bilirubin[END_REF], the photoluminescence intensity of the AgNP-NCs gradually increased with increasing . Solvent-induced aggregation of the AgNP-NCs was further studied by DLS and TEM (Fig. S5b, S5c, and S5d). The AgNP-NCs in ethanol exhibited obvious aggregations with larger sizes compared with that in water. Based on the AIEE feature, AgNP-NCs can be encapsulated into MOF for having stronger luminescence in water.

AgNP-NCs@ZIF-8 with enhanced luminescence was synthesized and the synthesis conditions was optimized. Fig. S6 presented the effect of dosage of different reactants on PL intensity of AgNP-NCs@ZIF-8, including the molar ratio of 2-MIM to Zn and that of Zn to Ag (concentration of Zn was fixed at 11.5 mM according to previously reported synthesis strategies of ZIF-8 with modification [START_REF] Pan | Rapid synthesis of zeolitic imidazolate framework-8 (ZIF-8) nanocrystals in an aqueous system[END_REF]). The molar ratio of 2-MIM to Zn was finally determined to be 3:1 and the molar ratio of Zn to Ag was 17.75:1 according to the maximum photoluminescence intensity of synthesized AgNP-NCs@ZIF-8. The AgNP-NCs@ZIF-8 prepared under optimal synthesis conditions was further characterized in detail. The AgNP-NCs@ZIF-8 exhibited a strong emission peak at 730 nm with a redshift in comparison to that of AgNP-NCs (see Fig. 2a). This redshift was observed at silver nanoclusters/metal-organic shell composites in the previous report [START_REF] Dai | Ratiometric fluorescent detection of phosphate in aqueous solution based on near infrared fluorescent silver nanoclusters/metal-organic shell composite[END_REF], which could be caused by the aggregation of AgNP-NCs in MOF. As compared to pure AgNP-NCs, the luminescence intensity of AgNP-NCs@ZIF-8 increased by (66 ± 5) folds (Fig. 2a). To the best of our knowledge, this luminescence enhancement is the largest among studies on NCs@MOF composites [START_REF] Fan | Silver nanoclusters encapsulated into metal-organic frameworks with enhanced fluorescence and specific ion accumulation toward the microdot array-based fluorimetric analysis of copper in blood[END_REF][START_REF] Gao | Embedding nanocluster in MOF via crystalline ion-triggered growth strategy for improved emission and selective sensing[END_REF][START_REF] Cao | Encapsulation of aggregated gold nanoclusters in a metal-organic framework for real-time monitoring of drug release[END_REF][START_REF] Cao | Sensitive monitoring and bioimaging intracellular highly reactive oxygen species based on gold nanoclusters@nanoscale metal-organic frameworks[END_REF][START_REF] Wang | Incorporating copper nanoclusters into metal-organic frameworks: confinement-assisted emission enhancement and application for trinitrotoluene detection[END_REF][START_REF] Gao | Incorporating copper nanoclusters into a zeolitic imidazole framework-90 for use as a highly sensitive adenosine triphosphate sensing system to evaluate the freshness of aquatic products[END_REF]. Meanwhile, the intensity of two excitation peaks increased together (Fig. 2a), indicating PEF of AgNP-NCs remained. The obvious luminescence enhancement can be easily observed by naked eyes under 365 nm UV radiation (Fig. 2b). This phenomenon was ascribed to the AIEE of AgNP-NCs caused by spatial confinement of the ZIF-8 shell. The vibrational and rotational non-radiation decays were suppressed by exterior spatially confined scaffold so that more excited electrons decayed with emission. The mechanism was further confirmed by the luminescence lifetimes of AgNP-NCs and AgNP-NCs@ZIF-8. The average lifetime was prolonged from (50.9 ± 1.8) ns to (15.9 ± 0.4) μs after encapsulation by ZIF-8 shell (Fig. 2c, 2d, and Table S1). Such a long photoluminescence lifetime is typically observed in spatially confined metal NCs due to the restricted non-radiation decays [START_REF] Gao | Embedding nanocluster in MOF via crystalline ion-triggered growth strategy for improved emission and selective sensing[END_REF][START_REF] Yang | Interfacial clustering-triggered fluorescence-phosphorescence dual solvoluminescence of metal nanoclusters[END_REF][START_REF] Goswami | Luminescent metal nanoclusters with aggregation-induced emission[END_REF]. The synergistic effect of PEF and AIEE has been achieved in AgNP-NCs@ZIF-8.

After the AgNP-NCs were encapsulated into the ZIF-8 matrix, the synthesized AgNP-NCs@ZIF-8 exhibited the spherical morphology and aggregated structures compared to pure ZIF-8 (Fig. S7 and2e). The AgNP-NCs@ZIF-8 composites showed an average diameter of about 40 nm in the TEM image (Fig. 2e). We also obtained the HRTEM image of the AgNP-NCs@ZIF-8 (Fig. 2f). The lattice fringes had a spacing of 0.235 nm, corresponding to the (111) plane of metallic Ag. The spacing of lattice fringes was the same as that of AgNP-NCs (Fig. 2f andS4), further indicating that ZIF-8 encapsulated AgNP-NCs could maintain the structure of AgNP-NCs. CD spectra were also used to characterize the chirality and structure of AgNP-NCs@ZIF-8 (Fig. S8). Compared with ZIF-8, an obvious negative chiral signal appeared at 240 nm in the spectrum of AgNP-NCs@ZIF-8, which proved that chiral AgNP-NCs had successfully embedded in ZIF-8. Due to the combination of AgNP-NCs and Zn 2+ , the CD signal of AgNP-NCs@ZIF-8 showed a red shift (from 215 nm to 240 nm) compared with that of AgNP-NCs, indicating structural transformation of AgNP-NCs after encapsulation. Additionally, the FTIR spectra of AgNP-NCs@ZIF-8 and ZIF-8 exhibited high similarity, demonstrating that AgNP-NCs were embedded into ZIF-8 rather than anchored on the surface of ZIF-8 (Fig. S8).

The pH stability of AgNP-NCs@ZIF-8 was also studied in the range of pH 1.8 -11.5 (Fig. S9a). Photoluminescence intensity of AgNP-NCs@ZIF-8 exhibited a sensitive response to pH, and the maximum intensity was observed at pH 8.5. Thus, the AgNP-NCs@ZIF-8 were used in a weak alkaline environment (pH 8-9.5). TEM images of AgNP-NCs@ZIF-8 at pH 7.5, 8.5, and 11.0 demonstrated the influence of pH on morphology. At pH 8.5, AgNP-NCs@ZIF-8 showed an intact spherical appearance (Fig. S9b). When the solution was adjusted to acidic or neutral, the ZIF-8

shell broke and AgNP-NCs were released, leading to a sharp decline in PL intensity (Fig. S9a andS9c). This hydrolysis phenomenon of ZIF-8 in an acidic environment has been well recognized and applied in drug delivery. [START_REF] Maleki | The progress and prospect of zeolitic imidazolate frameworks in cancer therapy, antibacterial activity, and biomineralization[END_REF] While in the alkaline environment, the ZIF-8 shell was reformed into a petal-like structure (Fig. S9d), similar to that previously reported ZIF-8 core-shell composites. [START_REF] Cui | Mesoporous metal-organic framework with well-defined cruciate flower-like morphology for enzyme immobilization[END_REF][START_REF] Shen | Properties of cobalt-and nickel-doped ZIF-8 framework materials and their application in heavy-metal removal from wastewater[END_REF] This large and thick petal-like shell obstructed luminescence from nanocluster cores, diminishing overall luminescence of the AgNP-NCs@ZIF-8 (Fig. S9a). Due to the luminescence quenching of AgNP-NCs@ZIF-8 in acidic and strongly alkaline environments, pH of the aqueous environment is critical in characterization and application. Thus, pH should be adjusted to a limiting range before testing. And 8.5

was chosen as optimum pH value for further application of AgNP-NCs@ZIF-8. 

Detection and removal of chromium(Ⅵ)

The luminescence of AgNP-NCs@ZIF-8 was monitored in the presence of different Cr(Ⅵ) concentrations. The luminescence intensity of the AgNP-NCs@ZIF-8 decreased with increasing Cr(Ⅵ) concentrations ranging from 0 to 2 mM (Fig. 3a). A good linear relationship was observed in the range from 40 μM to 400 µΜ (Fig. 3b).

The linear equation was determined to be y = 0.00212 x + 0.14408, and the correlation coefficient (R 2 ) was 0.99858. The limit of detection (LOD) was calculated to be (23.5 ± 0.8) μM from D = 3σ/k (σ is the standard deviation and k is the slope of calibration line).

To evaluate the Cr(Ⅵ) adsorption performance of the AgNP-NCs@ZIF-8, the typical absorbance of Cr(Ⅵ) was measured at 370 nm to determine the concentration of Cr(Ⅵ) within the adsorption process. The concentration of Cr(Ⅵ) can be determined by the absorbance value because of the good linear relationship between them in a large concentration range (Fig. S10). During the removal process, the absorbance at 370 nm decreased, indicating the successful removal of Cr(Ⅵ) from the water solution (Fig. S11). The plot of adsorption capacity with respect to incubation time was shown in Fig. S12. After 10 h, the adsorption process tended to steady. The adsorption capacity was studied by measuring the absorbance of different Cr(Ⅵ) concentrations before and after incubation with AgNP-NCs@ZIF-8 for 10 h, the AgNP-NCs@ZIF-8 composites were removed by centrifugation before measurements.

The adsorption isotherm curve was well fitted by the Langmuir model (R 2 =0.96288) (Fig. 3c andS13). The maximum adsorption capacity was calculated to be (7.9 ± 1.3) mg Cr(Ⅵ) per gram of AgNP-NCs@ZIF-8. This capacity was much higher than that of ZIF-8 (0.15 mg/g) [START_REF] Shahrak | Zeolitic imidazolate framework-8 for efficient adsorption and removal of Cr(VI) ions from aqueous solution[END_REF] and was relatively similar to that of doped ZIF-8 composites, like Co@ZIF-8 (20.7 mg/g) and Ni@ZIF-8 (24.8 mg/g) [START_REF] Shen | Properties of cobalt-and nickel-doped ZIF-8 framework materials and their application in heavy-metal removal from wastewater[END_REF].

Furthermore, we also investigated the selectivity of AgNP-NCs@ZIF-8 for the detection of Cr(Ⅵ) over various interfering metal ions (Na + , Ca 2+ , Zn 2+ , Cr(Ⅲ), Co 2+ , Cd 2+ , Ni 2+ , Pb 2+ , Cu 2+ , K + , Mg 2+ , Mn 2+ , Fe 3+ , Ag + , and Hg 2+ ). As shown in Fig. S14, these metal ions had a negligible influence on the luminescence of AgNP-NCs@ZIF-8 except Cu 2+ , Cr(Ⅲ), and Cr(Ⅵ). Although the luminescence quenching ratio of Cr(Ⅲ) was higher than that of Cr(Ⅵ), AgNP-NCs@ZIF-8 colloidal aqueous solution turned to be clear after the addition of Cr(Ⅲ), indicating that the structure of AgNP-NCs@ZIF-8 was destroyed by Cr(Ⅲ). In addition, Cr(Ⅲ) could be conveniently oxidized to Cr(Ⅵ) for the detection of total chromium, so AgNP-NCs@ZIF-8 was applied for detection and removal of Cr(Ⅵ) rather than Cr(Ⅲ).

To shield the interference of Cu 2+ and oxidize Cr(Ⅲ), the sample solution experienced a pretreatment protocol as mentioned in the experimental section and mixed with AgNP-NCs@ZIF-8 for the selectivity experiment. As shown in Fig. 3d, Cr(Ⅲ) and Cr(Ⅵ) pretreated with H 2 O 2 significantly quenched the luminescence of AgNP-NCs@ZIF-8 with a similar quenching ratio, and other competing metal ions still had a negligible influence on the luminescence intensity. Thus, good selectivity toward total chromium was achieved.

The mechanism of the sensitive response of AgNP-NCs@ZIF-8 to Cr(VI) was ascribed to the strong electron transfer, which has been referred in previous reports [START_REF] Zhang | Fluorescent silver nanoclusters for ultrasensitive determination of chromium(VI) in aqueous solution[END_REF]. The nitrogen atoms on the ligands of the nanoclusters formed hydrogen bonds with the oxygen atoms in Cr(VI). So the electron transfer from Ag nanoclusters as electron donor to Cr(VI), resulting in luminescence quenching.

The interference experiment in the presence of mixed metal ions was carried out, and the results are shown in Fig. S15. The fluorescence intensities of AgNP-NCs@ZIF-8 were not affected by the mixed metal ions, whereas the fluorescence was completely quenched when an equal amount of Cr(Ⅵ) (100 μM)

was added into the solutions, further indicating that the interference in Cr(Ⅵ) detection from conventional metal ions could be neglected. The results were also analyzed as shown in For comparison, the selectivity of pure AgNP-NCs toward Cr(Ⅵ) was also investigated. As shown in Fig. S15, the luminescence of pure AgNP-NCs was quenched by several kinds of metal ions, including Mn 2+ , Cu 2+ , Mg 2+ , Co 2+ , and Cr(Ⅵ). The sensitivity of pure AgNP-NCs toward Cr(Ⅵ) was much lower than that of AgNP-NCs@ZIF-8. In addition, Mn 2+ , Mg 2+ , and Co 2+ caused an obvious response to the luminescence of AgNP-NCs but exhibited negligible influence to that of AgNP-NCs@ZIF-8. Similarly, the addition of Cr(Ⅲ) led to an obvious quenching of the luminescence of AgNP-NCs@ZIF-8, while no obvious luminescence change of AgNP-NCs was observed. The results indicated that the interaction between Mn 2+ , Mg 2+ , Co 2+ , and AgNP-NCs were blocked after encapsulation, and Cr(Ⅲ) mainly interacted with the MOF shell and therefore had no influence on the luminescence of AgNP-NCs. Compared to pure AgNP-NCs without MOF shells, the luminescence responses of AgNP-NCs@ZIF-8 towards interference metal ions decreased, and the luminescence quenching ratio toward Cr(Ⅵ) increased (Fig. S15 andS17). Therefore, AgNP-NCs@ZIF-8 showed a more sensitive luminescence response and better selectivity toward chromium after encapsulation. 

Application for detection of chromium(Ⅵ) in real samples

To evaluate the practical application of AgNP-NCs@ZIF-8 for the detection of Cr(VI), we performed the experiments in real water samples. Drinking water and tap water were spiked with Cr(VI) solution at known concentrations. As shown in Table S2, the recoveries from 92% to 110% were obtained both in drinking water and tap water, and the RSDs were less than 13.36%. The result proved minor interference of these samples for the detection of Cr(VI). Therefore, AgNP-NCs@ZIF-8 had good performance in detection of Cr(VI) in real samples.

Conclusions

In summary, AgNP-NCs@ZIF-8 composites were prepared and applied for luminescence detection and adsorptive removal of Cr(VI) in water for the first time.

Red-emitted DPA-capped AgNP-NCs in the size of ~3 nm were synthesized. The origin of luminescence was ascribed to plasmon-enhanced fluorescence. Then they were encapsulated into a ZIF-8 shell to obtain AgNP-NCs@ZIF-8 composites.

AgNP-NCs@ZIF-8 showed an emission peak at 730 nm and excitation peak at 420 nm. The photoluminescence intensity of the AgNP-NCs significantly increased ((66 ± 5) folds) due to the confinement of ZIF-8 via aggregation-induced emission enhancement, and the luminescence lifetime was prolonged from nanoseconds to microseconds (from (50.9 ± 1.8) ns to (15.9 ± 0.4) μs). The AgNP-NCs@ZIF-8 not only allowed for Cr(Ⅵ) detection but also exhibited a good adsorption capacity of Cr(Ⅵ). The luminescence intensity of the AgNP-NCs@ZIF-8 decreased linearly with Cr(Ⅵ) concentrations from 40 to 400 μM, and the LOD was (23.5 ± 0.8) μM. The maximum adsorption capacity calculated by Langmuir model was (7.9 ± 1.3) mg/g. A good selectivity toward total chromium was obtained by sample pretreatments. The recoveries were found to be from 92% to 110% when detecting Cr(Ⅵ) in real water samples. The study opens up a new horizon for NCs@MOF composites in luminescence detection and adsorptive removal of trace contaminants in environmental monitoring and protection.
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 18 Scheme 1. Schematic illustration of the synthesis of AgNP-NCs (Step 1), AgNP-NCs@ZIF-8

(

  Guangzhou, China) and tap water was obtained from the Optics Building on the Minhang campus of East China Normal University. The pH of all water samples was adjusted to 8.5 with NaOH, then Cr(Ⅵ) in water samples was detected by spiking known amount of Cr(Ⅵ) at three different concentrations (50, 100, 200μM) with AgNP-NCs@ZIF-8 as fluorescent sensor. And the experiment was repeated three times for each spike level.

Fig. 1 .

 1 Fig. 1. (a) Variation of PL intensity (red line, λ ex = 410 nm.) and absorption peak intensity (black line, observed at 410 nm) of AgNP-NCs versus reaction time. (b) UV-Vis absorption spectrum of the AgNP-NCs. (c) Excitation and emission spectra of the AgNP-NCs (λ ex = 410 nm, λ em = 665 nm). (d) TEM image and size distribution (inset) of the AgNP-NCs. (e) Hydrodynamic size distribution of the AgNP-NCs obtained by DLS technique. (f) Normalized decay kinetics as a function of pump intensity influence for AgNP-NCs excited at 350 nm and monitored at 456 nm.

Fig. 2 .

 2 Fig. 2. (a) Excitation (dotted lines) and photoluminescence (PL) spectra (solid lines) of AgNP-NCs (black curves) and AgNP-NCs@ZIF-8 (red curves). Spectra of AgNP-NCs was measured at λ ex = 410 nm, λ em = 665 nm and spectra of AgNP-NCs@ZIF-8 was measured at λ ex = 420 nm, λ em = 730 nm. (b) Photographs of AgNP-NCs and AgNP-NCs@ZIF-8 under visible light and under 365 nm radiation. (c) Normalized PL decays of AgNP-NCs at λ ex = 410 nm, λ em = 665 nm. (d) Normalized PL decays of AgNP-NCs@ZIF-8 at λ ex = 420 nm, λ em = 730 nm. (e) TEM image of AgNP-NCs@ZIF-8. (f) HRTEM image of AgNP-NCs@ZIF-8.

Fig. 3 .

 3 Fig. 3. (a) Photoluminescence spectra of AgNP-NCs@ZIF-8 in the absence and presence of different Cr(Ⅵ) concentrations, λ ex = 420 nm. (b) Plot of luminescence quenching ratio (1 -I/I 0 ) of AgNP-NCs@ZIF-8 as a function of Cr(Ⅵ) concentration. I 0 and I denote the luminescence intensity of AgNP-NCs@ZIF-8 in the absence and presence of Cr(Ⅵ), respectively. (c) Adsorption isotherm curve for Cr(Ⅵ) adsorption by AgNP-NCs@ZIF-8 at 293 K. Q e is the adsorption capacity and C e is the equilibrium concentration. (d) Luminescence quenching ratio of AgNP-NCs@ZIF-8 in the presence of different metal ions, λ ex = 420 nm, λ em = 730 nm. All the metal ions were at 25 μM.
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