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Following the light: 3D-printed COF@poly(2-hydroxyethyl methacrylate) dual emissive composite with response to polarity and acidity 
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A new imine-based covalent organic framework (COF) functionalized in its cavities with moieties of the chromophore Nile Red has been synthesized and characterized. Using mechanical (ultrasonics) and chemical (acid-self-exfoliation) methods, exfoliation of the COF powder has been explored in water and water/organic media. In the latter, the colloids obtained exhibit dual emission originated from the Nile Red units (red) and the COF framework  (green) that can be employed to prepare ratiometric sensors of polarity and acidity. Thus, taking profit of the exfoliation in situ of the material in methacrylic monomers, free-standing polymeric films that preserve the optical properties of the exfoliated COF have been prepared. Finally, 3D liquid crystal display (LCD) additive manufacturing has been employed to prepare the dual emissive composites as tailored 3D-printed objects.
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Introduction
Covalent organic frameworks (COFs) are crystalline porous organic materials known since 2005 with the publication of the prominent work by Yaghi and co-workers.1 Unlike classical organic polymers, COFs present a highly ordered structure based on the topologically directed connection of organic monomers. The dynamic nature of the covalent bonds formed during the synthesis enables self-healing and error correction of the structures and is a key factor determining the high crystallinity exhibited by these materials.2–7 The intrinsic porosity, crystallinity, and chemical stability exhibited by COFs, together with the incorporation of appropriate functional groups, make these materials very attractive in a wide range of applications, including gas storage and separation,8 renewable energy applications,9 development of lithium batteries,10 environmental remediations,11,12 catalysis,13 fluorescence and colorimetric based sensing14–17 and development of light-emitting materials.18,19


Scheme 1. Representation of the synthesis of NR0,17-COF.
Concerning fluorescence-based applications, it is important to note that, usually, imine-based COF materials present in bulk little or no fluorescence, due to the strong inter-layer π-π stacking which is responsible for an aggregation-caused quenching (ACQ) mechanism of the emission. An important strategy to reduce the π-π stacking and, consequently, to enhance the emission, consists of exfoliating the material in COF nanosheets, also named CONs.19,20 This strategy has been employed, for example, to prepare emissive imine-based COF colloids for the chemical sensing of explosives or pollutants.21,22 An important drawback of the majority of COF-based chemical sensors reported to date is that, in fact, they are used in solvent suspensions, which limits their use in day-to-day applications.14
A practical way to overcome this issue consists of immobilizing the COF particles in suitable organic matrices. This strategy has allowed the design of fluorescent films,23 active antioxidant layers for packaging,24 enhancement of fire resistance, and mechanical performance25 or CO2 capture26, among others.
Beyond the COF immobilization onto free-standing films, there is a need for improving the shaping of these polymeric composites. In this way, 3D printing (or layer-by-layer deposition) is a unique technique that has been an area of increasing interest.27 This tool is useful for fast and low-cost prototyping,28 versatile productions,29 or geometry customization.30 The key advantages of the 3D-printing technique to produce flexible, tailored, or room-temperature processable materials,31 has put it in the spotlight for applications such as robotics,27 medicine,32 microscopy28 or electronics.33 Recent advances have been made in 3D-printed materials based on COFs34–36 or nanomaterials@3D printed composites,37,38 including carbon based-materials such as graphene39 or carbon nanotubes.40 Nevertheless, COF 3D printing is limited by the solubility of the starting materials before the reaction between the monomers36 and requires an strict control of printing parameters (viscosity of the solvent and surface tension, drop diameter, number of printheads…)35 or additional post-treatments to allow reticulation processes.34,36 Moreover, as mentioned above, fluorescence of molecular and macromolecular organic materials based on π-conjugated systems can be quenched due to ACQ mechanisms.18,19 The development of CONs@3D printed composites can be envisaged as an efficient strategy to (i) overcome fluorescence quenching and (ii) provide attractive materials to transfer sensing beyond the colloid phase to shape truly pieces that could be integrated into functional devices. 
With this aim in mind, we decided to synthesize a dual emissive COF by combining a green emitting organic framework and a red fluorophore (Nile Red) covalently anchored to the COF walls (Scheme 1). Two methods have been explored for the exfoliation of COF into CONs: the ultrasonic-assisted method (UAM) and the acid self-exfoliation (ASE). The differences  in the CONs morphology and the fluorescent properties of the colloids obtained by the two exfoliation methods have been explored. The inverse emissive behaviour of the two independent fluorophores with solvent mixtures of different polarity and acidity together with the inherent insolubility of CONs have allowed us to prepare ratiometric water/organic solvent sensor films. With this purpose, we have carried out in-situ exfoliation of the COF in 2-hydroxyethylmethacrylate (HEMA)-based formulations and subsequently polymerized the resulting mixture. Finally, to demonstrate the easy processability of these composites in different formats, we optimized the liquid crystal display (LCD)-3D printing of CONs@pHEMA to prepare 1 cm3 cubes. To the best of our knowledge, incorporating CONs into 3D-printable composites by in situ exfoliation does not have any precedent and opens an interesting field to shape such pre-designable and modulable materials. 
Results and discussion
Synthesis and Characterization
The synthesis of the Alkyne0,17-COF was carried out by the Schiff base condensation reaction between 2,5-dimethoxybenzene-1,4-dicarboxaldehyde (DMTA), 2,5 bis(proparglyoxy)terephthalaldehyde (BPTA), and 1,3,5-tris(4-aminophenyl)benzene (TAPB) under solvothermal reaction conditions by following the procedure previously described by Jiang et al.41 On the other side, the synthesis of the Nile Red fluorophore (NR-N3), containing an azide group, was accomplished by following the procedure previously described by Mannini et al.42 All the characterization data were in concordance with those reported in the literature (see ESI†). Alkyne0,17-COF was post-synthetically modified with NR-N3 in quantitative yield (Scheme 1) by using the Huisgen’s 1,3-dipolar cycloaddition reaction. The modification of the network was confirmed by Fourier-transform infrared spectroscopy (FTIR) that shows the disappearance of the band corresponding to the azide moiety, while the C=O and C=N stretching bands remain at 1622 cm-1 (Fig. 1a). On the other hand, the disappearance of the signals at 80 and 73 ppm in the solid-state 13C cross-polarization magic angle spinning NMR (13C CP/MAS NMR) confirms the quantitative transformation of the alkynyl groups in the network (Fig. 1b). Furthermore, a comparison between NR0,17-COF and NR-N3 13C CP/MAS NMR spectra shows the derivatization of the Alkyne0,17-COF to afford NR0,17-COF with diagnostic signals of the nile red moiety including the  CO signal at 184 ppm and the aliphatic carbon chains at 17, 47 and 70 ppm (Fig. 1b). UV-vis difusse reflectance analysis also reveals the presence of Nile Red in NR0,17-COF, with the characteristic absorption maximum at ca. 525 nm (Fig. S1).43
Nitrogen sorption isotherms evaluated the effect of the NR pendant group on the porosity of the materials at 77 K (Fig. 1c). On the one hand, both NR0,17-COF and Alkyne0,17-COF display a type IV isotherm, typical of mesoporous materials. On the other hand, NR0,17-COF´s Brunauer-Emmet-Teller (BET) surface area, pore-volume, and pore size distribution values were reduced with respect to Alkyne0,17-COF as a consequence of the introduction of NR molecules into the COF cavities. Thus, the BET surface area was estimated to be 617 m2 g-1 for NR0,17-COF and 1873 m2 g-1 for Alkyne0,17-COF and the pore volume decreases from 0.92 to 0.612 cm3 g-1. Lastly, the pore size distribution, calculated by using the non-local density functional theory (NLDFT) method, resulted in a pore size reduction from 3.2 to 1.7 nm. All this data are in agreement with the original data reported for Alkyne0,17-COF by Jiang and co-workers.41 The thermal stability of the frameworks was determined by thermogravimetric analysis (TGA), revealing that they are stable till 400 °C as previously reported for other imine-based COFs (Fig. S2).44 
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Fig. 1 a) FTIR spectrum of NR0,17-COF (red), NR-N3 (blue), and Alkyne0,17-COF (black), the disappearance of azide signal is highlighted in red. b) 13C CP/MAS NMR spectrum of NR0,17-COF (red) and Alkyne0,17-COF (black), the disappearance of alkyne signal is highlighted in red. c) Comparative N2 (77 K) adsorption-desorption isotherms for Alkyne0,17-COF (black) and NR0,17-COF (red). Adsorption branches are represented by solid points and desorption branches by empty points. d) PXRD of NR0,17-COF (red) and Alkyne0,17-COF (black).

The crystallinity of both COFs was evaluated by powder X-ray diffraction (PXRD). The diffractograms exhibit a diffraction pattern which are similar to those previously reported,45–47 confirming that the lattice remains almost unaltered after the post-functionalization (Fig. 1d).
The DFT-based theoretical calculations reveal that both Alkyne0,17-COF41  and NR0,17-COF bulk crystals exhibit hexagonal layered structures with P-6 symmetry, with fully-relaxed lattice parameters of a = b = 37.36 and 37.32 Å, and interlayer spacings of 3.54 and 3.62 Å, respectively (Figs. S3-S4). Both optimized 3D crystal-bulk models show energetically preferential eclipsed (AA) stacking configurations, with favourable total energies 0.36 (Alkyne0,17-COF) and 0.52 (NR0,17-COF) eV lower than their AB-stacked versions. We have also computed the 3D isosurfaces associated with their valence and conduction bands. It is important to remark that the NR0,17-COF has its valence band located on the original COF network, while the conduction band is mainly located on the NR unit. This finding confirms the isolated and decoupled electronic character of the NR ligand with the rest of the NR0,17-COF structure, which a priori should permit the profiting of its well-known photoemissive properties.43


Exfoliation of the NR0,17-COF material and optical properties
NR0,17-COF presents red colour in the solid-state due to the presence of the Nile red moieties. However, the material is barely fluorescent, which is attributed to the strong π-π interactions between the COF layers that effectively quench the emission.18,19 An effective way to overcome this aggregation-caused quenching in imine-based COFs is the delamination of the bulk material to obtain emissive covalent organic nanosheets (CONs).22 Among all the exfoliation methods, we decide to compare the conventional ultrasonic-assisted method (UAM) with the recently reported acid self-exfoliation (ASE) of imine-linked COFs,48,49 which is basically based on the electrostatic repulsion between COF layers due to the protonation of the imine groups in acidic medium. In this regard, our functionalized COF combines the presence of imine groups in the core structure together with Nile Red moieties in the COF pores that also present nitrogen atoms that can be protonated (pKa > 6),50 and, therefore, are expected to facilitate the acid self-exfoliation. 
Although the first attempts of exfoliation were carried out in water (ESI for details), the low yield of exfoliation obtained in pure water as well as the poor emission of Nile Red in this solvent, prompted us to study the exfoliation of the NR0,17-COF in several organic solvent/water mixtures. Specifically, ultrasonic-assisted (UAM) and acid-assisted (ASE) delamination of NR0,17-COF was performed in three THF/water mixtures with different solvents ratios (9/1, 7/3 and 3/7, v/v). For the ASE procedure, 1 mg of NR0,17-COF was suspended in the THF/H2O mixture and acidulated with 1.1 µL of a 36 % HCl solution per mL of total mixture. The colloidal nature of the COF suspensions was corroborated by Tyndall effect upon irradiation with a laser beam (Fig. S12) and the solutions were separated from the non-exfoliated solid by centrifugation. AFM analysis revealed an average particle height of ca. 12 nm for the CONs delaminated by ASE and up to 25 nm for those delaminated by UAM (Fig. 2a and 2b, Table S1 and Fig. S13-S18 in ESI). Generally, more homogeneous and thinner particles were observed for the CONs delaminated by ASE in 3/7 and 7/3 (THF/water) mixtures in comparison with that delaminated in a 9/1 mixture, suggesting that a minimum fraction of water is essential for the protonation of Nile Red and imine moieties with the subsequent electrostatic repulsion between layers and proper exfoliation of the material. Transmission electron microscopy (TEM) analysis corroborated this observation, with more homogeneous particles observed in the CONs delaminated by ASE in 3/7 and 7/3 (THF/water) mixtures, being especially thin the CONs detected for the latter mixture of solvents (Fig. 2c and Figs. S19-S21 in ESI). Finally, PXRD stability tests with the CONs revealed that the crystallinity of the material is better preserved under the acidic treatment (Fig. S22). 
The colloidal suspensions of NR0,17-CONs in the different THF/water mixtures, exhibit the characteristic colour of Nile Red (Fig. S23). Interestingly, the colloids prepared via the ASE method, were more coloured indicating a better yield of exfoliation in comparison with the ultrasonic assisted method. The calculation of the exfoliation yields (Table S1) confirms this hypothesis as the mass loss was always greater by using the ASE method.
The UV-vis spectra of the colloid suspensions show the typical absorption of the dye with λmax in the range 540-580 nm,43,51  together with the absorption band assigned to the COF network (λmax = 390-400 nm), which is also observed in the colloidal suspensions obtained for the non-functionalized Alkyne0,17-COF. This absorption band is also very similar to that observed for the aldehyde-containing precursor DMTA (Fig. 3a and Figs. S24-S28 in ESI). Also, it is interesting to note that in the acidic colloid with the larger amount of water (70%) an additional absorption band at ca. 700 nm is also observed, which is associated to the partial protonation of Nile Red in this medium (Fig. S24).52,53 Thus, as previously stated , the protonotation of Nile Red can also assist the exfoliation of the material.  
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Fig. 2 Topographic AFM image of a drop-casted NR0,17-CONs ASE colloid (mixture THF/water, 3/7, v/v) on SiO2 (a) and its related height profile (b) along the depicted line. c) TEM micrograph of the same drop-casted colloid.
Interestingly, the NR0,17-CONs colloids obtained in THF/water mixtures, especially those obtained by the ASE method, present dual fluorescence. Thus, the colloids display two emission bands centred at 626 and 475 nm for mixtures 9/1 (THF/water). The first band corresponds to the characteristic emission of Nile Red. 43,51 The second band appears when exciting the samples at 390-400 nm, in the region where the Alkyne0,17-COF and the precursor DMTA absorb. Thus, this band is assigned to the network54 and is related with the presence of the DMTA-analogue units in the structure. DMTA is an efficient fluorophore in organic solvents and solid state and its fluorescence is attributed to the formation of hydrogen bonds that rigidify the structure.55 Thus, exfoliation of the material is able to restore this emission, mainly in acidic medium, which seems to be related with the protonation of the nitrogen atoms in the imine groups (vide infra).  It was observed that the intensity and position of both emission bands depend on the THF/water ratio. With the increase of water content, the fluorescence assigned to the COF network (Fig. 3c) shows a bathochromic-hyperchromic shift, whereas for the Nile Red emission, a bathochromic-hypochromic shift is observed.43,56,57 In other words, the intensity of the emission arising from the core COF increases when the medium is enriched in water, at the same time that the Nile Red emission decreases. The relative changes in intensity of the emission bands are visible by a naked eye, Fig. 3c (inset), by irradiation under a conventional 366 nm UV lamp, achieving near-white emissive suspensions in the 7/3 THF/H2O mixture.
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Fig. 3 a) Assignment of UV-VIS absorption bands and b) fluorescence bands in a NR0,17-CONs ASE colloid (THF/water, 9/1, v/v). c) Solvatochromism of the system in THF/water ASE colloids (the inset shows a picture of the emission of the colloids under a 366 nm UV light in different solvent mixtures: THF/water 3/7 (green), 7/3 (white) and 9/1 (red)).
In order to shed some light onto the possible origin of the emission yield arising from the COF network, we computed the photoabsorption spectra for the fully-relaxed representative molecular units of the Alkyne0.17-COF in the protonated and unprotonated forms of the N atoms at the imine groups and simulating a 7/3 (THF/H2O) solvent. The results of these calculations reveal that for the non-protonated molecular unit the higher wavelength peak appears at 319 nm, out of the visible-range, with its origin (around a 90 %) in transitions between the HOMO and the LUMO+3, both with three-fold electronic degeneracy. Nonetheless, the result for the N-protonated molecular unit exhibits a featured peak at 434 nm (from electronic transitions between the two-fold degenerated HOMO and the LUMO+2 and LUMO+3), within the visible range and to be compared with the experimental result around 400 nm for the exfoliated COF colloids (Figure S29). This emerging absorption peak within the visible range seems to have its origin in the rigidification of the bonds connecting to the -NH units arising from a reorganization of the electronic charge. This rigidification is also quite evident when one observes the planarity of the fully-relaxed molecular units, much more pronounced for the N-protonated one. This rigidification seems to be related with the restoration of the emission from the DMTA units.

Preparation of fluorescent polymer-CONs composites
The dual emission of NR0,17-CONs can be exploited to prepare ratiometric sensors.58–62 This kind of sensors are very attractive since their response is concentration-independent and therefore they can be used in complex environments. For the NR0,17-CONs to be useful as fluorescent sensors in day-to-day applications they must be processed in self-standing solid formats, which can be achieved in a convenient way by embedding the particles in a polymeric matrix. Several polymer-COF composites have been reported in the last years for a number of applications.23,63 Usually, the COF particles has been mixed or grown in pre-synthesized polymeric matrices in order to achieve the composite materials. This approach has the disadvantage that the dispersion of COF particles is conditioned by the physicochemical properties of the polymer (such as viscosity, polarity, etc) and exfoliation is more difficult to be controlled. In this work, we take profit of the exfoliation of the material in acidic medium to prepare the NR0,17-CONs in the polymer precursors in acidic conditions and carrying out the polymerization of the resulting mixture. The low viscosity and appropriate polarity of the monomers guarantee the good dispersion of the CONs in the final composite. 
The polymeric precursors used to prepare the composites were 2-hydroxyethylmethacrylate (HEMA) as the main monomer and ethylene glycol dimethacrylate (EGDMA) as the cross-linker (Fig. 4a) which gave rise to poly-HEMA (pHEMA) hydrogels.64 This type of polymeric hydrogels exhibit high permeation to water, are biocompatible and can be processed in very transparent formats which make them very suitable for the preparation of optical devices, sensors and photoactive materials.65–70
Exfoliation of NR0,17-COF was carried out in acidic conditions, by mixing 1 mg of the material with 5 g of the monomeric mixture containing 5 wt. % of cross-linker and 1 wt. % AIBN and adding 50 μL of HCl, 37% aqueous solution (1% v/w with reference to the monomers), and gently stirring the dispersion for 10 min. Immediately after the addition of the acid, the dispersion turned intensely blue due to the protonation of the Nile red moieties.52,53 The resulting blue colloid containing the exfoliated COF was separated from the non-exfoliated material by centrifugation (Experimental Section for details). The yield of exfoliation was determined to be 10 %, which gives a loading of NR0,17-CONs in the final polymer of 0.02 mg per gram. 
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Fig. 4 (a)Chemical structure of the monomer and cross-linker used to prepare polymer- NR0,17-CONs composites (NR0,17-CONs@pHEMA). (b) Normalized emission spectrum of NR0,17-CONs@pHEMA film upon excitation at 580 nm (solid line) and corresponding excitation spectrum (dashed line, λem = 620 nm). Inset: fluorescence of the film under a 366 nm UV lamp. (c) Normalized emission spectra of NR0,17-CONs@pHEMA films upon excitation at 360 nm in different solvent environments: dry (i), THF (ii), THF/water, 7/3 (iii), THF/water, 3/7 (iv) and water (v). (d) Fluorescence intensity ratio INR/ICOF as a function of the water content. The value marked with a triangle corresponds to the film non-treated with solvent. Inset: films treated with different solvent mixtures under a 366 nm UV lamp.

Under a 366 nm UV lamp, the NR0,17-CONs@HEMA colloid presented green emission observed by naked eye. This emission  can be assigned to the network (λmax = 475 nm, upon excitation at 390 nm in the spectrofluorometer, Fig. S30a). The recorded spectrum also shows some emission from the protonated Nile Red moieties (λmax = 665 nm). More intense and defined spectrum of this emission was registered upon excitation at 600 nm (Fig. S30b). The morphology of the exfoliated COF was also studied by AFM after depositing a sample of the colloid on a SiO2 substrate and washing thoroughly with EtOH to remove the monomers and initiator. The AFM images revealed fairly homogeneous particles with and average lateral size about 150-250 nm and a thickness of ca. 4-5 nm, indicating the good exfoliation of the COF material (Fig. S31).
The preparation of NR0,17-CONs@pHEMA composites as free-standing polymeric films was achieved by employing a procedure reported in literature.65–68,71 Basically, the polymerizable colloid containing AIBN as initiator was introduced in the thin space between two microscope slides separated in both extremes by two microscope coverslips, and the free-radical polymerization was carried out by introducing the samples in an oven at 80 °C for 10 minutes. Finally, the polymeric films were removed from the molds, washed with water, and left to dry in the air. The films had a light pink colour, which confirmed the deprotonation of the Nile red units and presented a thickness of ca. 120 μm (Fig. S32).
ATR-FTIR analysis revealed that NR0,17-CONs@pHEMA films present the same characteristic peaks as pHEMA blanks obtained in the same conditions due to the low loading of the CONs in the composites (Fig. S33). The more important frequencies are the O-H stretching vibration at 3385 cm-1 and the C=O ester stretching at 1716 cm-1. The C=C stretching at ca. 1635 cm-1, characteristic of the vinyl monomers, is only detected as a shoulder which is an unequivocal sign of the efficient polymerization of both samples. The polymeric films were also characterized by means of TGA and DSC thermal analysis (Fig. S34-S35). TGA and their derivatives (DTG) curves show a first mass loss up to 130 °C approximately, which is associated with the loss of water content by evaporation, as supported by the endothermic peak registered at the same temperature range by DSC. The analysis reveals a similar water content for the NR0,17-CONs@pHEMA polymeric film (3.42 wt%) and pHEMA blank (4.05 wt%). The degradation of the polymeric chains occurs in the range 200-450 °C for both polymers. Interestingly, DTG curves show that although the rate of decomposition is accelerated in the range from 200-250 °C for the NR0,17-CONs@pHEMA composite, the maximum decomposition temperature increases in comparison with the pHEMA blank from 298 to 323 °C. The thermal stability of polymers depends on several factors such as molecular weight, degree of ramification, cross-linker content, crystallinity, and presence of additives, among others.72 Increase of thermal stability in pHEMA and related methacrylic nanocomposites has been reported in literature,68,73–75 and has been attributed to several factors depending on the physicochemical properties of the nanofiller, as for example, a retardation of the heat transfer in the case of nanographene-containing composites.73,74 A similar process may be happening in the case of the NR0,17-CONs@pHEMA   composite, however, a complete understanding of the mechanism underlying the increase of thermal stability is out of the scope of the present work.
NR0,17-CONs@pHEMA films show the typical emission of the Nile Red moieties, with a fluorescence maximum at 626 nm (Fig. 4b). The excitation spectrum shows the characteristic profile of the Nile Red absorption, with a maximum located at 583 nm. Interestingly, excitation at 360 nm in the spectrofluorometer allows registering the emission of both Nile Red moieties and the COF network, which presents a broad maximum at ca. 448 nm (Fig. 4c). Changes in this dual emission as a function of polarity were studied by dipping several NR0,17-CONs@pHEMA films in different THF/water mixtures for 10 min and then recording the corresponding fluorescence spectra. The films showed a response similar to that found for free NR0,17-CONs in THF/water mixtures. Thus, the Nile Red emission was red-shifted and decreased in intensity when the water content was increased, as expected.  In the case of the emission from the COF network, a bathochromic shift was also observed with the increase of water, accompanied in this case by a rise of the intensity (Fig. 4c). As observed in Fig. 4d, the plot of the quotient between the emission intensity at the maximum wavelength for Nile Red moieties (INR) and COF framework (ICOF), in front of the water content, fits well to an exponential curve, in agreement with that reported for other ratiometric sensors of polarity.60,76,77 For comparison purposes, the value corresponding to the untreated “dry” NR0,17-CONs@pHEMA film has also been included in the graph, using for this point the water content measured by TGA analysis. Obviously, this value does not follow the same fitting curve, since in this case, the chromophores are located in a different chemical environment, surrounded basically by poly(2-hydroxyethyl methacrylate) chains. Nevertheless, the INR/ICOF value for this sample indicates that the chromophores are experiencing a more polar environment than the composite swollen with pure THF. Similar exponential trends were observed in the plots corresponding to the maximum wavelength of emission for Nile Red and COF network as a function of the water content (Fig. S36).
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Fig. 5 (a) Photography of the NR0,17-CONs@pHEMA 3D-printed cube. (b) Fluorescence spectrum on the surface of the cube (λexc = 532 nm). Inset: fluorescence of the cube under 366 nm UV lamp. 
[bookmark: _Hlk86239111]In order to demonstrate the easy processability of the NR0,17-CONs@pHEMA composites in different formats, LCD-3D printing78,79 was used to prepare NR0,17-CONs@pHEMA cubes of 1 cm (width x length x height) dimensions. The monomeric mixture and exfoliation procedure were similar to those described above for the preparation of the polymeric films, although in this case, the amount of cross-linker was increased to 10 wt. % to improve the mechanical properties of the composite and AIBN was replaced by the photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO).31,71,80 After washing thoroughly the 3D-printed cubes with water, in order the remove the acidic medium (see Experimental Section for details), the typical pink colour from the Nile Red chromophores appeared (Fig. 5a). The 3D-printed dried cubes exhibit the emission of Nile Red chromophores with a maximum at 628 nm, very similar to that found in the polymeric films (Fig. 5b). The color and emission of the cube can be reversibly modified by treating the 3D-composite with water at pH = 1, due to the protonation of the Nile Red units. Specifically, the color changes to blue in an acidic medium, whereas the emission observed under a 366 nm UV lamp is near white due to the combination of emission coming from the COF framework and remaining unprotonated Nile Red units (Fig. S37). 
Experimental
Synthesis of NR0.17-COF. Dry Alkyne0.17-COF (109 mg) and CuI (8.78 mg, 0,04mmol) were introduced in a 50 mL round bottom two-neck flask under Argon atmosphere and kept under agitation for 30 min. NR-N3 (37.78 mg, 93.6 mmol) was dissolved in dry DMF under argon atmosphere (5.2 mL) and added to the reaction vessel. Finally, 26.83 μL of Hunig's base was added via Hamilton syringe, a current of Argon was passed through the reaction vessel for 5 min, and the mixture was left under agitation 24 hours at room temperature. The precipitate was collected by filtration and washed with DMF (6 times over 36 hours), acetonitrile (6 times over 36 h), and THF (until the solvent did not show fluorescence under a conventional 366 nm UV lamp). Finally, the solid was air-dried and vacuum dried at 120 °C overnight affording a red powder of NR0.17-COF in quantitative yield (202 mg). 13C NMR (100 MHz, ss-CP/MAS) δ (ppm): 184.1, 154.5, 149.1, 140.5, 138.3, 128.6, 123.1, 117.9, 110.1, 107.8, 70.0, 56.8, 55.0, 47,3, 17.2. FTIR (ATR) (cm-1): 2926, 1592, 1504, 1464, 1410, 1290, 1211, 1144, 1042, 879, 823, 693. PXRD 2θ (°): 2.94, 4.98, 5.76, 7.56, 9.82, 25.5.
Preparation of NR0,17-CONs@pHEMA composites as free-standing films. 1 mg of NR0.17-COF was added to a solution containing 2-hydroxyethyl methacrylate (4.75 g), ethylene glycol dimethacrylate (0.25 g), and α,α,′-azoisobutyronitrile (AIBN, 50 mg). Then, 50 μL of concentrated HCl (37 wt.%) were added, and the mixture was gently stirred for 10 min. Afterward, the dispersion was transferred to 2 mL Eppendorf tubes and centrifuged at 6000 rpm for 5 min using a Mikro 200 centrifuge. The resulting supernatant NR0.17-COF colloid was separated from the non-exfoliated COF and transferred to a vial. The polymerization of the NR0.17-CONs colloid was performed following a similar procedure to that reported in literature.65–68,71 Basically, the mixture was introduced in several molds consisting of two microscope slides separated in both extremes by two microscope coverslips (Menzel-Glässer, 0.13-0.16 mm thickness) and the molds were introduced in an oven at 80 °C for 10 min. After cooling, the polymerized NR0.17-CONs@pHEMA films were removed washed with water for 20 min, and let dry in the air. Control pHEMA films without COF nanosheets were obtained using an analogous polymerization procedure.
Preparation of NR0.17-CONs@pHEMA composites as 3D printed cubes. Preparation of the NR0.17-CONs polymerizable colloid was carried out similarly as described above. Thus, NR0.17-COF (4.4 mg) was mixed with a solution containing 2-hydroxyethyl methacrylate (19.8 g), ethylene glycol dimethacrylate (2.2 g), and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 220 mg). Then, 220 μL of concentrated HCl (37 wt.%) were added, and the mixture was gently stirred for 10 min in the dark. Afterward, the dispersion was transferred to 50 mL Falcon tubes and centrifuged at 4600 rpm for 5 min in an MPW-350R centrifuge. The resulting supernatant NR0.17-CONs colloid was separated from the non-exfoliated COF and transferred to a vial. 3D printing of the colloid as cubes of 1 cm (width x length x height) was performed on an LCD printer (Elegoo Mars) using as excitation light at 405 nm from a 40W LED array to initiate the photopolymerization. The parameters settings for the printing are detailed in Table S2 (ESI). The obtained 3D models were post-cured by heating at 95 °C overnight. Then, they were washed with basic water (pH = 10) for 48 h and next with neutral water for the same time. Finally, the 3D models were let dry in air. An analogous procedure was performed to prepare control pHEMA 3D cubes in the absence of COF nanosheets.
For further experimental details, check ESI.
Conclusions
A new imine-based COF functionalized with Nile Red has been synthesized and thoroughly characterized. The material has been exfoliated using both an ultrasonic-assisted method and an acid-assisted method, being the latter more efficient regarding the amount and quality of the resulting nanosheets. The exfoliated COF exhibits dual emission in water/organic media, namely green emission coming from the COF framework and red emission from the Nile Red chromophores. Free-standing polymeric composite films have been prepared by in situ COF exfoliation in an acidic mixture of methacrylic monomers and, then, further polymerization. The dual emission observed in the pristine exfoliated COF is also retained and allows the preparation of ratiometric sensors of solvent polarity and acidity. 
Finally, taking profit from these composites' easy processability, fluorescent 3D models with tailored shapes have been prepared using 3D LCD additive manufacturing. To the best of our knowledge, this approach represents a new methodology to prepare 3D tailored composites containing COF nanosheets.
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