Silver-induced reconstruction of an adeninate-based metal-organic framework for encapsulation of luminescent adenine-stabilized silver clusters
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Abstract
Bright luminescent silver-adenine species were successfully stabilized in the pores of the MOF-69A metal-organic framework, starting from the intrinsically blue luminescent bio-MOF-1 material (zinc adeninate 4,4’-biphenyldicarboxylate). Bio-MOF-1 is transformed to the zinc biphenyldicarboxylate MOF-69A framework by selectively leaching structural, sacrificial adenine linkers from the original framework using solutions of silver nitrate in aqueous ethanol. Simultaneously, bright blue-green luminescent silver-adenine clusters are formed inside the pores of the recrystallized MOF-69A matrix with high local concentrations. The structural transition and concurrent changes in optical properties were characterized using a range of structural, physicochemical (PXRD, FTIR, SEM, TA, N2 physisorption, ICP, XPS) and spectroscopic techniques (steady-state and time-resolved luminescence, quantum yield determination, fluorescence microscopy).
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Introduction
The electronic and optical properties of silver are heavily influenced by the number of silver atoms in the aggregate, ranging from single ions over clusters of a few atoms and larger nanoparticles to the bulk material.1 The typical band structure of bulk silver with freely moving electrons causes good electrical conduction and ensures reflective optical properties. Reducing the physical size of silver to nanoparticles considerably alters its catalytic, chemical, electrical, optical and magnetic properties, which are all size and shape dependent.2 For instance, the collective light responsive oscillation of the conduction band electrons, known as surface plasmon resonance (SPR), endows silver nanoparticles with bright colors.3 Sub-nanometer sized silver clusters exhibit an electronic structure fragmented into discrete energy levels. The size of these clusters ranges from a few to up to ten silver atoms with sizes comparable to the Fermi wavelength of electrons, which is approximately 0.5 nm for silver. These discrete energy levels allow molecular-like electronic transitions stimulated by light, generally in the UV-Vis region with subsequent luminescence from the clusters.1 Because of these discrete energy levels and luminescence, small metal clusters are of considerable importance as their electronic behavior and properties bridge ionic and nanoparticle/metallic behavior.1,3-5 Their interesting luminescent properties give possibilities for interesting applications, such as fluorescent markers for biological imaging2 or as secondary lights sources in fluorescence lamps6. Beside their luminescent properties, these silver nanoclusters also deploy unique catalytic properties.7,8
The inherent tendency of free small metal clusters to aggregate to non-luminescent metallic silver nanostructures and nanoparticles has led to the development of strategies to stabilize them. The two most popular strategies are (i) to exploit the large affinity of silver for nitrogen-containing DNA bases in short single stranded oligonucleotides (ssDNA) and to subsequently reduce the silver ions with NaBH49-15, and (ii) the use of microporous host materials allowing confinement of the clusters, e.g. in the sodalite cages of zeolites. In the latter case, the reduction is performed either thermally or by UV or X-ray irradiation.6,16-21 Other, less frequently used stabilizing materials employed for luminescent silver cluster entrapment are cryogenic noble gas matrices22,23, inorganic glasses24,25, silver oxide films11 and dendrimers26.
Another class of porous materials called metal-organic frameworks (MOFs) has emerged recently and these are also suitable hosts for the stabilization of luminescent silver clusters. These microporous materials consist of metal ion nodes and multitopic organic linkers that assemble into interesting porous, three-dimensional architectures. Because of their high surface areas and functionalizable porous structures27-29, research on MOFs has strongly expanded30, with the discovery of a myriad of new structures and more recently many innovative applications.27,29,31 These comprise gas storage32 and separations33, liquid phase separations of hydrocarbons and key molecules34-36 for the (bio-)chemical industry, catalysis37-41, inherent framework luminescence for sensing42-44 and drug delivery45, among others.
MOFs are known for the stabilization of other luminescent species, like CdSe quantum dots.46 However, to the best of our knowledge, the present work represents the first report describing the formation of oligoatomic luminescent silver clusters confined in a porous metal-organic framework. By exploiting the large affinity of ionic silver to adenine and the rigid confining scaffold of bio-MOF-1, it was possible to stabilize and characterize luminescent silver-adenine clusters. Our approach differs from related studies in literature in which non-luminescent metal nanoparticles47-52 and metallic microstructures53 have been reported. 
Experimental
Synthesis of screened MOFs
All materials for the initial screening were synthesized according to literature procedures: UiO-6654, MOF-80855, MIL-140C36, MIL-53(Al)56, MIL-68(Al)57 modulated with 3.33 equivalents of trifluoro-acetic acid, MIL-96(Al)58 and ZIF-859. All materials were washed three times with the corresponding solvents used in their synthesis, followed by three washing steps with ethanol to remove unreacted metal salts and linkers. All chemicals were obtained commercially and used without further purification.
Bio-MOF-1 was synthesized following the procedure described by An et al.45. Prior to material synthesis, 4,4’-biphenyldicarboxylic acid (4,4’-BPDA) was synthesized from its dimethyl ester. A similar synthesis procedure was used to make a bio-MOF analogue, containing 4,4’-trans-stilbenedicarboxylic acid (4,4’-trans-SBDA), known as ZJU-48.60 The resulting powders were recovered by vacuum filtration, five times suspended in fresh N,N-dimethylformamide (DMF) (50 mL) to remove unreacted metal salts and linkers, before being dried in air and finally overnight at 80°C.
Silver loading on MOFs
For a typical silver loading experiment, 250 mg of MOF was added to 10 mL 40 mM solution of AgNO3 in different EtOH-H2O solvent ratios, according to literature procedure49. Because of the presence of a mild reducing alcohol, these solutions have the intrinsic property of reducing silver ions. The suspensions were agitated overnight (16 h) at 300 rpm and the powders were collected using vacuum filtration. Subsequently, the powders were air-dried while stored in darkness to avoid light-induced reduction of silver ions during drying and storage. For bio-MOF-1 various EtOH-H2O ratios were tested to find the optimal reduction conditions. All chemicals were used without further purification.
Structural and physicochemical characterization
Crystallinity and structure of all synthesized materials were confirmed via powder X-ray diffraction (PXRD). Reflection patterns were recorded on a STOE STADI MP in Bragg-Brentano mode (2θ - θ geometry; CuKα1, 1.54060 Å) using a linear position sensitive detector. 
Liquid phase 1H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer equipped with a BBI 5 mm probe. Signal due to the presence of water were suppressed by applying an adapted pulse program: p1 8 μs; pl1 -1 db; pl9 50 db; o1P on the resonance signal of water, determined from a previous 1H-NMR measurement: ds 2; ns 32; d1 5s; aq 2.55 s; sw 16. Prior to the NMR measurements, 1 mg of powder sample was digested in 700 µL DMSO-d6 with 30 µL of a 40% solution of HF in water. 
Fourier transform infrared spectroscopy measurements (FTIR) were performed on a Bruker IFS 66v/S spectrometer. Thin transparent wafers of KBr mixed with 1 wt% of sample were prepared and dried at 60°C and 80°C. 
Scanning electron microscopy (SEM) micrographs were recorded using a JEOL-6010LV SEM after depositing a palladium/gold layer on the samples using a JEOL JFC-1300 autofine coater under Ar plasma. 
Nitrogen sorption measurements were performed on a Micromeritics 3Flex surface analyser at 77 K after sample activation under vacuum at 373K for 4 h. 
Thermogravimetric analysis (TGA) of the samples was performed using a TA Instruments Q500 thermogravimetric analyzer. The samples were treated under an oxygen flow with a linear heating ramp of 10°C/min to 650 °C. 
The metal contents of the powders were determined with inductively coupled plasma (ICP) using an Agilent ICP-MS 7700X. 50 mg of the MOF powders were digested in a mixture of 0.5 mL concentrated HNO3 and 3 mL solution of 40% HF in water. Additionally, X-ray Photo-electron Spectroscopy (XPS) was performed on the MOF powders to probe differences in the metal content at the outer surface compared to the bulk of the material. The instrument used was a Thermo Scientific™ K-Alpha™ X-ray Photoelectron Spectrometer (XPS) System with an AlKα source producing x-rays with energy hν = 1486.7 eV that are focussed to a 200 x 200 μm2 spot. An electron flood gun was applied during the XPS measurements to minimize charging effects. Photoelectron spectroscopy in air (PESA) was used to measure the ionization potentials of the MOF powders using a Riken Keiki spectrophotometer (Japan) model AC-2. The conditions employed during the measurements were a scanning energy range from 4.4 to 6.2 eV with a measurement interval of 0.05 eV, an integration time of 10 s and UV power of 600 nW.
Optical characterization
For optical characterization of pristine bio-MOF and silver-loaded materials, the powders were loaded in quartz cuvettes (Hellma) with a path length of 1 mm, sealed by a Teflon stopper. Steady state measurements (two-dimensional excitation-emission profiles and luminescence quantum yield) and time-resolved measurements (time-resolved luminescence decay) were performed on the powder samples. Individual crystallites were also probed with confocal and wide-field fluorescence microscopy. For full information on the used optical setups, see Supporting Information.
Results and Discussion
Study of water-stable MOFs and selection of nucleobase containing MOFs
Aqueous conditions are preferred for loading silver ions onto porous materials like MOFs, since water is an excellent solvent for most ionic silver sources like silver nitrate. Among the large number of MOF structures only a few are truly water stable. The best known water-stable MOFs are zirconium-based (e.g. UiO-66, MIL-140C and MOF-808) with strongly hydrolysis-resistant Zr-carboxylate bonds. Other water-stable MOFs are aluminum-based (e.g. MIL-53, MIL-68 and MIL-96) and the zinc-imidazolate, zeolitic ZIF-8 framework.
Typical reducing treatments for generating silver clusters are chemical reduction with NaBH4 or H2, thermal activation or reduction by electromagnetic radiation (gamma rays, x-rays and UV light). Thermal reduction as performed in zeolites is less suitable for MOFs, since in general the thermal stability of MOFs is limited to 300-400°C, with only a few exceptions (e.g. UiO-66, MIL-140C). Therefore, we attempted to create luminescent silver clusters by introducing silver ions from mixtures of water and ethanol to generate a mildly reducing environment. However, during the preliminary screening, these conditions did not result in the formation of luminescent clusters in most materials. Even thermal treatments at 300-450°C, as for zeolites17, of silver-loaded and thermally stable materials (e.g. UiO-66 and MIL-140C) yielded no luminescent silver clusters. Therefore, our attention turned towards another group of potentially water stable MOFs: these so-called bio-MOFs and related materials are based on the DNA nucleobase adenine as one of the linkers in the framework, in combination with dicarboxylates45,60-66 or tricarboxylates67,68, and various metal ions (Zn2+, Co2+ and Cu2+). Literature on these materials however, only confirms water stability for bio-MOF-14 and bio-MOF-1. Other reported adenine-containing MOFs contain either adenine as the only linker69,70, heavy metals (Cd2+)71; the pore structures are less accessible72-74 or they lack the important property of being water stable.
Exploratory experiments with the nucleobase-containing frameworks bio-MOF-1 resulted in immediate formation of a luminescent silver phase for bio-MOF-1, in sharp contrast to all other water-stable MOFs and ZJU-48 tested under the same circumstances. In fact, this specific nucleobase-containing bio-MOF-1 is a logical candidate for the stabilization of luminescent silver clusters: it combines a strong chemical analogy with ssDNA systems, which are known to stabilize luminescent silver clusters, with the rigid confinement of such clusters in microporous materials, like zeolites.
A detailed description of the structure of the two tested adeninate MOF structures, bio-MOF-145 and ZJU-4860, is given in respective publications and discussed in Figure S.1 in the Supporting information. Basically, in these structures adenine occupies the major part of the coordination sphere of Zn2+, while the carboxylates are used to space these zinc-adeninate clusters. This type of coordination yields adenine moieties at well-defined positions at the corners of large square, unidimensional pores with a diameter of about 1 nm. The pore walls consist of the organic carboxylate linkers. An important property of bio-MOF-1 is cation exchange capacity.45,60  Typically, N,N-dimethylammonium (DMA+), a by-product of the DMF synthesis resides in the pores of bio-MOF-1 for charge compensation. This DMA+ can be exchanged for many other organic45,64,75,76 or inorganic77-79 cations. In principle, this ion exchange should also be possible with silver ions. Stabilization of cationic or metallic luminescent silver clusters in this case would therefore be by two possible mechanisms: (i) interaction of silver with adenine due to the high affinity of Ag+ to DNA nucleobases, either in its ionic or in a reduced state, or (ii) by ionic interactions holding cationic silver clusters in the anionic framework, as in the case of silver-containing zeolites.
Structural transformation of bio-MOF-1 to MOF-69A
Even though bio-MOF-1 and ZJU-48 are stable in pure water, their structures fully degrade when exposed to aqueous solutions of silver ions (40 mM) at a 1-1 ratio of silver to adenine. Bio-MOF-1 is transformed into another crystalline material, as evidenced by the X-ray diffraction pattern in Figure 1A. In contrast, the crystalline structure of ZJU-48 undergoes a transformation to a nonporous, barely? crystalline silver adeninate phase upon contact with ionic silver as shown in Figure S.2. This instability of both adeninate MOFs is most likely due to the strong interactions between silver ions and the nitrogen atoms of the adeninate linkers. PXRD patterns of bio-MOF-1 samples with silver-adenine ratios lower than one contain the original reflections of bio-MOF-1 but also new emerging reflections originating the transformed phase, as shown in Figure S.3. These strong interactions can be understood in view of the Pearson hard/soft acid/base (HSAB) theory, which states that a soft acid (e.g. Ag+) will preferably interact with bases of an intermediately soft nature (e.g. adeninate) and not with hard bases (e.g. carboxylates). The new crystalline product that remains after the transformation of bio-MOF-1 could either be a crystalline framework built from silver and adenine or from the two other building blocks of bio-MOF-1, viz. Zn2+ and 4,4’-BPDA.
It seems unlikely that the newly formed crystalline phase is a silver-adeninate, since a white gel precipitates from an equimolar aqueous mixture of silver nitrate and adenine, with PXRD reflections above 10° 2ϑ. The resulting pattern is very different from the PXRD diffractogram obtained for the silver-transformed bio-MOF-1. Therefore, more plausible candidate structures for the new crystalline phase are Zn carboxylates like IRMOF-10, the 4,4’-BPDA isostructural form of MOF-5, or MOF-69A80, the 4,4’-BPDA isostructural form of MOF-69C. The latter material contains rods of tetrahedral and octahedral Zn2+ ions interconnected with a dicarboxylic acid to form unidimensional diamond-shaped channels. Since it is known from literature81,82 that MOF-5 converts to MOF-69C in excess of water, MOF-69A seems to be the most likely structure of these Zn2+-carboxylate frameworks. When modeling the structure parameters for silver transformed bio-MOF-1 samples with the Pawley fitting method a good match is obtained with the theoretical structure parameters of MOF-69A80, as shown in Figure 1B. The small deviation of non-matching intensities and peak shifts in these data compared to the literature values can be explained by the fact that the silver-transformed bio-MOF-1 material still contains some silver-adenine, which is distorting the MOF-69A framework to which it normally does not belong and does not dissolve in water when silver ions are present. Thus, the post-synthetic transformation of the well-known bio-MOF-1 using silver ions quite expectedly results in MOF-69A. No reflections of Ag0 nanoparticles were observed in PXRD at the typical diffraction angles of 38.1° and 44.3° 2ϑ. This was confirmed by Auger spectra of silver obtained by XPS (Figure S.14) which do not show any evidence of the typical peaks associated with Ag0 nanoparticles or metal. Furthermore the so-called modified Auger parameters(reference: Gaarenstroom, S. W. & Winograd, N. J. Chem. Phys. 67, 3500-3506 (1977)) calculated from the XPS data are characteristic of small silver clusters (Reference to: Fonseca, A. M. & Neves, I. C. Microporous Mesoporous Mater. 181, 83-87 (2013); and our submitted paper on silver clusters in zeolites). Photoelectron spectroscopy in air (PESA) showed ionisation energies of the silver‑transformed MOFs of 5.62 ± 0.05 eV and 5.52 ± 0.11 eV, with these values probably coming from the MOF framework itself (5.30 ± 0.04 eV before transformation) or possibly the silver clusters, but certainly not metallic silver whose work function is ~4.3 eV [reference to Kaye and Laby, Tables of Physical & Chemical Constants (16th edition 1995)]. For the sake of comparison, attempts were made to directly prepare MOF-69A. However no phase-pure MOF-69A powder could be synthesized when following literature procedures80,83,84.
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Figure 1: (a) Powder X-ray diffractograms: (1) theoretical pattern of bio-MOF-1, (2) as synthesized bio-MOF-1, (3) bio-MOF-1 after Ag-induced structural transformation, and (4) theoretical MOF-69A pattern; (b) Pawley fit of the MOF-69A material obtained by Ag-induced transformation of bio-MOF-1; (c) Calculated structure parameters and literature values for MOF-69A.
While Zn2+ and 4,4’-BPDA both end up in the MOF-69A framework, the fate of the adenine remains to be clarified. As mentioned above, mixing equimolar solutions of adenine and silver nitrate in aqueous conditions results in precipitation of a white gel, which indicates that adenine complexes with silver nitrate are poorly soluble. Therefore, it is unlikely that silver extracts adenine to the aqueous solution during the silver-induced amorphization/transformation of ZJU-48 and bio-MOF-1. Rather all adenine is expected to remain occluded in the pores during the MOF transformation. Via 1H-NMR analysis of (transformed) bio-MOF-1 samples digested with HF, as shown in Figure 2, it was confirmed that there was no significant adenine loss from the solid material during the silver-induced transformation of bio-MOF-1. The spectrum obtained after digestion of as-synthesized bio-MOF-1 (Figure 2a) shows the two doublets of 4,4’-BPDA (8.05, 7.85 ppm; 8H), while the signals of the two ring protons of adenine coincide at 8.32 ppm. As expected based on the unit cell formula of bio-MOF-1 ([Zn8(ad)4(BPDC)6O 2 Me2NH2+]), the ratio of adenine to 4,4’-BPDA is 2 to 3. After silver-induced transformation to MOF-69A (Figure 2,b) this ratio remains identical, proving that no adenine has been leached to the aqueous solution containing silver. However, the adeninate signals have shifted significantly downfield and are split (8.36 and 8.38 ppm), possibly pointing to a stable interaction of adenine with silver, even after digestion using HF.
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Figure 2: 1H-NMR spectra (aromatic region) for (a) as-synthesized bio-MOF-1 and (b) the same material after silver-induced transformation in 4-1 EtOH-H2O.
The silver-induced structural transformation of bio-MOF-1 was also performed using solvent mixtures containing different ethanol to water ratios. These solvent ratios had only a minor influence on the crystal transformation or on the crystallinity of the formed MOF-69A product, as shown in Figure S.4. Nevertheless, as will be demonstrated below, an appropriate solvent ratio is essential to generate luminescent silver clusters.
When starting from the analogous 4,4’-trans-SBDA containing material (ZJU-48), there is no crystal structure transformation, but instead a framework amorphization is observed, as shown in Figure S.2. This contrast with the case of bio-MOF-1 can be explained by the fact that in  there are no IRMOF or MOF-69 structures known in literature with the 4,4’-trans-SBDA linker, since this dicarboxylate linker has slightly different geometric characteristics compared to uniaxial linkers like 4,4’-BPDA. Hence recrystallization to a similar material of the MOF-69 series with 4,4’-trans-SBDA seems less plausible from a crystallographic point of view.
Physicochemical characterization of the silver-transformed bio-MOF-1
The metal content of the silver-transformed bio-MOF-1 materials was determined using both ICP for the bulk composition and using XPS for the surface composition for selected samples. Table 1 shows bulk (and surface) metal contents for pristine bio-MOF-1 and silver-transformed samples to MOF-69A from various EtOH-H2O ratios. Comparing the bulk metal content with the surface metal content, it is clear that silver is slightly enriched in the outer layers of the crystals. Next, the drastically lowered BET surface areas after silver-induced transformation, which are also indicated in Table 1, are likely due to filling of the pores of the newly crystallized MOF-69A with poorly soluble silver-adenine species, which strongly reduce the available pore volume.
Table 1. Metal content (bulk and surface), BET surface areas and quantum yields (QY) of bio-MOF-1 powders before and after silver-induced transformation to MOF-69A using various EtOH-H2O mixtures.
	
	Ag / Zn (ICP)
(wt% / wt%)
	Ag / Zn (XPS)
(wt% / wt%)
	BET surface area
(m²/g)
	QY (%)
λexc. 330 nm
	QY (%)
λexc. 366 nm

	bio-MOF-1
	0 / 14.8
	0 / 25.6
	815.4
	0
	8.3

	adenine
	
	
	
	0
	2.0

	4,4’-BPDA
	
	
	
	20.6
	21.4

	after Ag-induced transformation
	
	
	
	
	

	from H2O
	9.6/ 11.9
	
	37.2
	4.1
	7.2

	from 1-7 EtOH-H2O
	9.2 / 11.9
	
	98.1
	3.0
	12.3

	from 1-4 EtOH-H2O
	9.4 / 11.9
	
	87.1
	2.8
	9.2

	from 1-2 EtOH-H2O
	8.9 / 12.0
	
	88.1
	0
	10.3

	from 1-1 EtOH-H2O
	8.8 / 11.9
	
	101.6
	0
	18.8

	from 2-1 EtOH-H2O
	9.2 / 11.7
	
	62.9
	0
	17.2

	from 4-1 EtOH-H2O
	12.2 / 11.3
	
	45.7
	< 1
	15.0

	from 5-1 EtOH-H2O
	8.2 / 13.9
	19.2 / 14.5
	23.5
	2.1
	14.5

	from 7-1 EtOH-H2O
	9.9 / 11.6
	
	33.0
	4.8
	18.0

	from 9-1 EtOH-H2O
	9.9 / 14.0
	22.2 / 11.3
	124.0
	11.1
	24.7

	from EtOH
	12.4 / 11.8
	
	171.5
	20.1
	33.0



FT-IR measurements were performed to monitor the interactions between silver and adenine after the structural transformation of bio-MOF-1 to MOF-69A. The IR spectrum for bio-MOF-1 matches with the spectra in the original publication of Rosi et al.45, as shown in Figure 3, and a similar spectrum was observed for ZJU-48, shown in Figure S.5. These spectra reveal that adenine in bio-MOF-1 and ZJU-48 has a free amine function, as demonstrated by the distinct N-H stretching vibration signals (3330 and 3185 cm-1), and that the nitrogen atoms in the heterocycle are coordinated to zinc and that the imidazole ring is deprotonated, as also shown by the coordination type of adenine in Figure S.1a. These signals are also retained after the silver-induced bio-MOF-1 transformation, giving a qualitative indication that adenine is still present and is not bound to silver through its free –NH2 group (Figure 3). Moreover, an additional –O-H stretching of the hydroxyl groups on Zn2+ in the formed MOF-69A80 is visible as a sharp IR band at 3544 cm-1 (Figure 3). On the other hand, for the silver-induced amorphization of ZJU-48, the FT-IR signals are more similar to those of free adenine, independently of the used solvent rations for silver loading, as shown in Figure S.5. In contrast to the transformation of bio-MOF-1, there is no sharp –OH stretch for the silver-amorphized ZJU-48 from solvent mixtures with higher EtOH content. So presumably, the well-defined O-H stretching vibration at 3544 cm-1 in the silver-transformed bio-MOF-1 is not due to amorphous zinc hydroxide, but rather to the vibrations of the structural (Zn)-OH groups in MOF-69A.
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Figure 3: FT-IR spectra of (a) adenine, (b) bio-MOF-1 and (c) MOF-69A obtained by silver-induced transformation of bio-MOF-1. The bands at 3175 and 3325 cm-1 in (c) prove that the adeninate remains present in the transformed material; the O-H stretching vibration at 3544 cm-1 originates from the structural hydroxyl groups (Zn(O-H)) in MOF-69A.
Differential thermogravimetric analysis shown in Figure S.6 shows that the two organic linkers in the as-synthesized bio-MOF-1 degrade separately with maxima around 400°C and 500°C. In the following analysis, we only consider weight losses above 200°C, at which temperature solvent molecules like DMF and water have been removed from the structure. Based on the unit cell formula of bio-MOF-1, [Zn8(ad)4O(BPDA)6.(DMA+)2], the weight losses in TGA can be assigned to 4,4’-BPDA (400°C; 53.4 wt% in TGA) and to adenine (500°C; 17.7 wt% in TGA); the total loss of linker (71.1 wt%) corresponds well with the theoretically expected weight loss upon conversion of the desolvated MOF to ZnO (71.7 wt%). Note that in contrast to the free ligands, adenine in bio-MOF-1 degrades at a higher temperature than 4,4’-BPDA. The residue of 25.2 wt% of ZnO is in agreement with the theoretical Zn2+ content of the framework (theoretical: 24.9 wt%). After the silver-induced transformation, the weight loss of the sample is reduced to a single step, at a temperature corresponding to 4,4’-BPDA loss in the original material. It is likely that both structural 4,4’-BDPA and intraporous residual adenine are lost simultaneously in this single step. This may indicate that the adenine is less strongly incorporated in MOF-69A than in the original bio-MOF-1 framework; alternatively, the contained silver possibly acts as an oxidation catalyst for both linkers combustion during analysis. Obviously, the inorganic residue after silver-loading is increased, in line with the ICP data of Table 1. Taking into account the ZnO content of the inorganic residue for the respective samples, the organic linker contentwith respect to ZnO can again be determined after Ag-induced transformation. Analysis of the data in Figure S.6 shows that there is no perceptible loss of organic linkers caused by the exposure to silver, which confirms the 1H-NMR data of Figure 2. Remarkably, the small weight loss of exchanged DMA+, observed at 240°C in the starting bio-MOF-1, is absent in the silver-loaded materials. This shows that DMA+ can initially have been exchanged for Ag+. Also note that after the structural transition, the MOF-69A no longer possesses such cation exchange capacity.
The crystal morphology of the as-synthesized bio-MOF-1 and ZJU-48 crystals was probed with scanning electron microscopy. The shapes correspond to those published for bio-MOF-175. In the adopted synthesis conditions, bio-MOF-1 crystallizes as 20-100 µm sized tetragonal prisms capped with tetragonal pyramids on both sides. These crystals are often large single crystals, while intergrown twinning crystals also occur as shown in Figure S.7. From the above mentioned PXRD study it was already clear that bio-MOF-1 is not stable upon silver loading. SEM studies show that the morphology is largely retained, but large fractures are visible perpendicular to the long axis of the crystals which can be the result of the severe stress that arises in these crystals due to silver-induced adenine extraction from the original bio-MOF-1 framework, as shown in Figure 4. Again, the influence of the used solvent ratios was very drastic: the crystal habitus is generally best preserved in intermediate EtOH-water mixtures, as illustrated in Figure S.7, mostly in the range of 4-1 and 5-1 EtOH-H2O.
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Figure 4: SEM pictures of pristine bio-MOF-1  and silver-transformed material from 5-1 EtOH-H2O.
Optical characterization
The periodic ordering of linkers in MOFs implies the formation of energy bands rather than quantum-mechanically separated energy levels. Nevertheless a “molecular” description of MOF luminescence based on individual linker luminescence is a good starting point.42-44 For metal cations with closed shell electron configurations, like alkali(ne earth) and d0 or d10 transition metals (e.g. Zn2+ in bio-MOF-1), the ligand-centered luminescence is often hardly altered after incorporation of luminescent linkers in crystalline MOF structures.44 Since two different organic linkers are present in the structure of bio-MOF-1, they can both contribute to the absorption and emission properties. This is indeed the case: the UV-VIS absorption spectrum of the parent bio-MOF-1 contains the spectral signatures of both linkers. The DRS spectrum (Figure S.9a) is dominated by the UV absorption of adenine between 250 and 300 nm and further shows a shoulder between 300 and 330 nm from 4,4’-BPDA. Based on the spectral similarity, the emission profile of bio-MOF-1 shown in Figure S.10, can largely be attributed to the adenine luminescence. The strong 4,4’-BPDA luminescence observed in solid state (see Table 1) possibly becomes quenched when integrated into the bio-MOF-1 structure, as is known from literature.85 After the structural transformation to MOF-69A however, the main luminescence stems from 4,4-BPDA; see also discussion in SI related to Figures S.10 and S.11. It is known that the linker connectivity in metal-organic frameworks strongly influences the luminescence.85,86 Note that the high reflectance signals (Figure S.9b) in deep UV for 4,4’-BPDA is an artefact attributed to the strong luminescence at these wavelengths which is not rejected before the detector (Figure S.9a). The absorbance and luminescence of ZJU-48 (Figure S.9b,c,e) follow a similar trend as observed for bio-MOF -1; also note that the absorbance is red-shifted due to the larger conjugated system of the 4,4’-trans-SBDA linker.
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Figure 5: Spectroscopic study of bio-MOF-1 (left) and of the same material after Ag-induced transformation to MOF-69A (right): Steady-state (top) and time-resolved (bottom) luminescence characterization at λex = 375 nm show the appearance of a strong and long-lived luminescent feature upon silver loading.
After the silver-induced transformation of bio-MOF-1 to MOF-69A the optical properties change drastically. The solvent mixture used (EtOH-H2O ratio) of the silver nitrate solution plays an important role (Figure S.11). At low and high EtOH-H2O ratios only the luminescence of 4,4’-BPDA in the formed MOF-69A could be discerned, indicating the transformation of bio-MOF-1 without luminescent silver cluster formation. Only at intermediate EtOH-H2O ratios (1-1 to 4-1) a new, very strong blue-green emission emerges (λem 455-530 nm, λmax at 485 nm) when excited in the UV between 340 and 390 nm (Figure 5). This emission cannot be attributed to the original organic linkers as shown in Figure S.9,  nor from the zinc oxide nodes or nanoparticles, which usually have maximum, usually narrow emission at 530 nm  with lower QYs and lifetimes. The spectral properties, including the larger Stokes shift, show a large similarity to those observed for luminescent silver clusters stabilized by ssDNA12,15. This is why we link this novel spectroscopic signature to the formation of luminescent silver species. Clearly, these blue-green luminescent silver-cluster species during the transformation to MOF-69A can only be formed under well-defined, moderately reducing conditions. The formed silver clusters are successfully stabilized by the adenine released from the original bio-MOF-1 structure during the MOF transformation to MOF-69A. In contrast, for ssDNA-stabilized silver clusters in solution the absorption-emission spectra of these clusters10 continuously change over time non-specific formation of different emissive silver cluster87 and subsequent further gradual reduction and cluster aggregation10 because they are less stabilized. Our proposed luminescent system is much more stable over time as the silver clusters are contained in the pores of the MOF-69A framework, comparable to the silver clusters in zeolites. 18,20,21 In zeolites A and Y, the smallest reported emissive clusters, most probably Ag3+, also display the most blue-shifted emission. Based on these analogies we propose that the blue-green luminescent adenine-stabilized clusters formed in MOF-69A are no larger than four silver atoms.
Based on the excitation-emission profiles of our samples, the quantum yields were determined at two different wavelengths to discriminate between luminescence of the adenine-stabilized silver cluster species (λexc 366 nm) and of the 4,4’-BPDA linker (λexc = 330 nm), as shown in Table 1. The parent bio-MOF-1 structure has a quantum yield of 8.3% (λexc 366 nm) which is much lower than that of the emergent blue-green luminescence (λexc = 366 nm) that appears after the silver induced transformation. For the silver-cluster containing MOF-69A quantum yields of up to 18.8% were recorded for the sample obtained with 1-1 EtOH-H2O as solvent. For samples prepared in ethanol-rich conditions, this green-blue luminescent species is overpowered by the blue luminescence of the 4,4’-BPDA linker, which causes the general quantum yield to rise for both tested excitation wavelengths. This can also be seen from the excitation-emission profiles in Figure S.10. The UV-Vis absorption properties of all silver-transformed bio-MOF-1 samples are still mainly determined by the organic linkers, originally present in bio-MOF-1, Figure S.9.
The change in emission under UV illumination between the BIO-MOF samples before and after silver induced transformation is clearly visible by eye under a standard laboratory UV lamp (Figure S.12). Using wide-field and confocal fluorescence microscopy, not only the spectroscopic changes of single MOF crystals but also the structural transformation can be followed (Figure 6). 
When scanning across the entire crystal depth of pristine bio-MOF-1 crystals, the blue luminescence appears homogeneously throughout the crystals, using the 430-470 nm emission detection channel as illustrated in (Figure 6d). In contrast, for bio-MOF-1 crystals after the silver-induced transformation there appears to be an enrichment of the luminescent silver cluster species (λem. 485 nm) towards the outer rim of the crystals, but some luminescence is also clearly detected inside the crystals using a 505-540 emission detection window, as shown in Figure 6h. This observation also corroborates the differences in outer-surface and bulk silver contents shown in Table 1.
[image: ]
Figure 6: Microscopy images of bio-MOF-1: (a-b) transmission and wide-field fluorescence, (c-d) transmission and confocal fluorescence microscopy; after silver-induced transformation from 4-1 EtOH-H2O: (e-f) transmission and wide-field fluorescence, (g-h) transmission and confocal fluorescence microscopy.
Time-resolved fluorescence measurements (λex = 375) were performed on the parent bio-MOF-1 and compared to the silver-transformed bio-MOF-1 reduced in 4-1 EtOH-H2O (Figure 5). When comparing these measurements, it is clear that the fluorescence lifetimes of both materials is different. These fluorescence decay curves were fitted with a multi-exponential function; see Figure S.13 for residual signals. At λem = 415 nm both decays are very similar. When specifically looking at the emission wavelengths of the adenine-stabilized silver clusters (λem = 485 nm), a much slower fluorescence decay of about 20 ns is recorded for the MOF after transformation while for the original bio-MOF-1 the lifetime is only a few nanoseconds. This long lifetime component involves up to 97% of the emitted photons, as illustrated in figure 5. However, this 20 ns lifetime is much longer than those reported for most Ag-ssDNA materials, for which the lifetime is usually below 10 ns.15 This long lifetime is possibly caused by excited state processes that delay the fluorescence, such as ligand to metal charge transfer (LMCT) and electron recombination, as described in MOFs88 and related silver cluster materials89,90. This is however subject to further research.
Conclusions
In this work metal-organic frameworks, and specifically the adeninate framework bio-MOF-1, were investigated for their ability to stabilize luminescent silver clusters. A novel method for generating such clusters was developed by applying a well-adjusted reducing power using various EtOH-H2O ratios in the silver-containing solution. Among the large number of tested water-stable MOFs, only bio-MOF-1 appeared capable of producing new luminescent silver species. During the silver loading of bio-MOF-1, the framework reorganizes to MOF-69A and the silver ions are bound tightly to the adenine linkers from the original bio-MOF-1 framework. In this way, silver-adenine cluster species were generated in very high local concentrations in the formed MOF-69A. Adenine does not leave the system during this transformation, as corroborated by 1H-NMR, TGA and DRS. These formed silver clusters possess a peculiar blue-green luminescence (λem max 485 nm) with long lifetimes and high quantum yield compared to the parent bio-MOF-1 material and silver clusters stabilized in ssDNA or zeolites. These adenine-stabilized silver clusters are further confined in the pores of newly crystallized MOF-69A, causing their optical properties and longevity to outperform those of comparable ssDNA stabilized silver clusters. This work is the proof-of-principle that metal-organic frameworks are potential hosts, under the correct conditions, for the stabilization of luminescent silver clusters, by a confinement scaffold approach similar to that used to stabilize silver clusters in zeolites. This work adds to the rich literature on luminescent silver clusters and can give deeper insights in the photophysical processes occurring for such clusters in the large variety of researched host materials.
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455nm 0.611 (19.7%)  1.922 (80.3%) | 1.051 455nm | 0.174 (1.4%)  0.878 (9.6%)  13.835 (89.1%) | 1.079
485nm | 0202 (3.7%)  0.909 (25.7%)  2.651 (70.6%)

1.089 485nm 0.780 (2.6%)  19.392 (97.1%) | 1.211
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