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Three-Dimensional Salphen-Based Covalent Organic Frameworks as Catalytic Antioxidants

The development of three-dimensional (3D) functionalized covalent organic frameworks (COFs) is of critical importance for expanding their potential applications. However, the introduction of functional groups in 3D COFs remains largely unexplored. Herein we report the first example of 3D Salphenbased COFs (3D-Salphen-COFs) and their metal-containing counterparts (3D-M-Salphen-COFs), the later being further used as catalytic antioxidants. These Salphen-based COFs exhibit high crystallinity and specific surface area in addition to excel

lent chemical stability. Furthermore, the Cu(II)-Salphen COF displayed high activity in the removal of superoxide radicals. This study not only presents a new pathway to construct 3D functionalized COFs, but also promotes their applications in biology and medicine.

Covalent organic frameworks (COFs), an emerging class of crystalline porous materials, are composed of pure organic skeletons connected by strong organic bonds. [1][2][3][4][5] . Since the pioneering work of Yaghi in 2005, various COFs with different backbones and functional groups have been synthesized and employed as platforms for applications such as gas adsorption and separation, [6][7][8] optoelectronics, 9,10 heterogeneous catalysis, [11][12][13] and a number of others. [14][15][16][17][18][19][20] Yet most of the reported COFs are two-dimensional (2D) frameworks with eclipsed stacking structures. 21,22 Threedimensional (3D) COFs have recently attracted much attention due to their unique porous structures and outstanding performances. [23][24][25][26][27][28] We have reported a series of 3D COFs by the meticulous design of building units, including 3D ionic COFs for selective ion exchange, 29 3D ionic liquid containing COFs with high gas separation ability, 30 3D carboxy-functionalized COFs for selective extraction of lanthanide ions, 31 and so on. [32][33][34] It must be noted, however, that 3D COFs are still limited so far, and thus the development of 3D COFs, especially 3D functionalized COFs, is important for improving their structural diversity and widening their potential applications.

Herein, we addressed the above issues by designing 3D Salphen-based COFs (3D-Salphen-COFs) and their corresponding metal-containing isostructures (3D-M-Salphen-COFs). The obtained COFs showed high crystallinity, open channels, good chemical stability, and large specific surface area. Furthermore, various metal ions (Cu(II), Mn(II) and Eu(III)) were successfully incorporated into the Salphen-based COFs, as the Cu(II)-Salphen COF exhibited the best performance in eliminating deleterious oxygen-derived free radicals. To the best of our knowledge, this study is the first case of 3D Salphen-based COFs and the application of COF materials as catalytic antioxidants. Our strategy for constructing 3D-Salphen-COFs embraces the form of both COF frameworks and Salphen units synchronously. As shown in Scheme 1a, 2-hydroxybenzaldehyde (HBA) and 4,5dichlorophenylene-1,2-diamine (DCPDA) afford the model Salphen unit, which can be further assembled into Mn(II)-Salphen unit via the complexation (see the Supporting Information, SI, Section S1). On the basis of this reaction, we synthesized a tetrahedral salicylaldehyde-based monomer, tetrakis(3-formyl-4hydroxylphenyl)methane (TFHPM). By the condensation of TFHPM and amino-based linkers, 4,5-difluorophenylene-1,2diamine (DFPDA) or DCPDA, two extended 3D Salphen-based COFs, denoted as JUC-508 and JUC-509 respectively, can be obtained (Scheme 1b). Furthermore, JUC-509 can be gathered into 3D-M-Salphen-COFs by the introduction of Mn(II), Cu(II) or Eu(III) ions, denoted as JUC-509-Y (Y = Mn, Cu or Eu, Scheme 1c). Based on this design, TFHPM can be defined as a 4connected node, and DFPDA or DCPDA can act as a 2-connected node, which results in the 3D network with the noninterpenetrated dia topology due to the steric effect of Salphen unit (Scheme 1d). 35 Typically, 3D-Salphen-COFs were synthesized by suspending TFHPM with DFPDA or DCPDA in the mixed solvent of dioxane and mesitylene in the presence of acetic acid followed by heating at 120 °C for 3 days. Complementary characterizations have been employed for detailed structural definition of new materials. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of 3D-Salphen-COFs showed flowerlike microstructure composed of prismatic several micrometers long crystals (Figures S1-S4). Peaks around 1616 cm -1 for JUC-508 and 1618 cm -1 for JUC-509 in Fourier transform infrared (FTIR) spectra indicated the formation of imine linkages, and the disappearance of peaks at 1658 cm -1 for both 3D-Salphen-COFs confirmed the complete transformation of aldehyde groups, which is similar to that from the model Salphen unit (Figures S5 andS6). The solid state 13 C cross-polarization magic-angle-spinning (CP/MAS) NMR spectra further confirmed the presence of carbon from the C=N bond at 163 ppm for JUC-508 and 161 ppm for JUC-509 (Figures S8 andS9). According to the thermogravimetric analysis (TGA), both 3D-Salphen-COFs are stable up to about 350 °C under nitrogen (Figures S10 andS11). Notably, their crystalline structures can be preserved in the aqueous solutions at pH = 1~14 (Figures S15 andS16). The crystal structures of 3D-Salphen-COFs were resolved by the powder X-ray diffraction (PXRD) measurements in conjunction with structural simulations (Figure 1). After a geometrical energy minimization by using the Materials Studio software package 36 213) and (204) Bragg peaks of space group I-42d, respectively. The refinement results matched well with the observed patterns with good agreement factors (Rωp = 6.88% and Rp = 3.59% for JUC-508; Rωp = 8.72% and Rp = 5.46% for JUC-509). We also considered the alternative structures based on the 2fold interpenetrated dia net from the same space group of I-42d for both 3D-Salen-COFs; however, their simulated patterns did not match to the experimental ones (Figures S17-20). On the basis of the above results, these Salphen COFs were proposed to have the expected architectures with non-interpenetrated dia topology, which show microporous cavities with a diameter of about 1.2 nm (Figure 2 and Figure S21). Remarkably, almost all of 3D COFs with dia topology show multifold interpenetrated structures, and thus the successful preparation of 3D-Salphen-COFs with noninterpenetrated nets will benefit the development of 3D COFs with large pores. The porosity and surface areas were measured by N 2 adsorption and desorption analysis (Figure 3). Both materials show a sharp uptake at a low pressure of P/P 0 < 0.05, which is characteristic of the microporous material. The inclination of isotherms in the 0.8-1.0 P/P 0 range and slight desorption hysteresis show the presence of textural mesopores, which is the consequence of the agglomeration of COF crystals. 34 The Brunauer-Emmett-Teller (BET) equation was applied over the 0.05 < P/P 0 < 0.30 range of the isotherms, revealing BET surface areas of 1513 m 2 g -1 for JUC-508 and 1443 m 2 g -1 for JUC-509 (Figures S25 andS26). Pore size distributions of 3D-Salphen-COFs calculated by nonlocal density functional theory (NLDFT) showed pore with sizes of 1.3 nm for JUC-508 and 1.2 nm for JUC-509, respectively (Figure 3, inset), which is in good agreement with that of the proposed model (1.2 nm).

Encouraged by their high surface area and abundant Salphen units, a series of 3D-M-Salphen-COFs were subsequently acquired by immersing JUC-509 in a methanol solution of relative metal salts, giving JUC-509-Y (Y = Mn, Cu or Eu). The metal complexation of Salphen COFs could be easily visualized by their color change (Figure S28). Meanwhile, scanning electron microscope-energy dispersive X-ray spectra (SEM-EDS) analysis exhibited the uniform distribution of metal ions in the crystals (Figure S29). The ICP analysis of the resulting M-Salphen COFs showed that most of the Salphen pockets have been occupied by the metal ions (see Section S1 in SI). FTIR spectroscopy indicated the strong interaction between Salphen-COF and metal ions based on the shift of the IR bands for the imine groups from 1618 cm -1 (JUC-509) to 1608 cm -1 (JUC-509-Cu), 1606 cm -1 (JUC-509-Mn) or 1606 cm -1 (JUC-509-Eu), which is similar with the results from the model Salphen unit to Mn(II)-Salphen unit (from 1614 cm -1 to 1603 cm -1 , Figure S7). X-ray photoelectron spectroscopy (XPS) suggested Cu and Mn were in the +2 oxidtion state and Eu was in the +3 oxidation state (Figures S30-32). In addition, the retained PXRD patterns of 3D-M-Salphen-COFs pointed out that the crystalline structure was preserved after the metal incorporation (Figure 2 and Figures S22-24). The porosities were evaluated by N 2 adsorption and desorption analysis, which showed values slightly lower than that of the pristine material (Figure S27). We further explored the application of M-Salphen COFs in the removal of superoxide radical anion (O 2

•-). It is well known that the overproduction of O 2

•-has been shown to contribute to tissue damage and injury. 37 Salens or Salphens with redox-active metal centers are considered as major catalytic antioxidants that catalyze the dismutation reaction of O 2

•-similar to superoxide dismutases (SODs). 38 However, the employments of traditional Salphens are strongly limited because of stability and recyclability issues. Herein, 3D-M-Salphen-COFs were chosen as effective oxygen radical removal agents due to their high surface areas, chemical stability and reusability.

Typically, O 2 •-was generated under sunlight in the presence of methionine and riboflavin, and further reacted with nitrotetrazolium blue chloride (NBT) to form a deep blue complex, which exhibited a characteristic absorption at about 560 nm in the UV-Vis spectroscopy. 39 As shown in Figure 4, 3D-M-Salphen-COFs had different activity in the elimination of superoxide radicals accompanied by the change of catalyst concentration. Among them, JUC-509-Eu had no obvious antioxidant activity, and JUC-509-Cu displayed the best performance (almost 100% clearance rate in only 0.875 mg/ml), which can be attributed to the high catalytic effect of Cu(II) ion. 40 Furthermore, their cyclic voltammetric (CV) measurements demonstrated that JUC-509-Cu showed the best redox process in 3D-M-Salphen-COFs (Figures S33-35). As a comparison, the metal-free pristine material, JUC-509, was tested under the same condition, and showed no evidence for the removal of O 2

•-(Figure 4d and4e), which further demonstrated the critical role of redox-active metal centers in antioxidant activity. ICP analysis of the filtrate after the reaction revealed almost no leaching of metal ions (see Section S1 in SI). PXRDs showed that the recovered solid remained crystalline and structurally intact (Figures S22-24). Most importantly, these M-Salphen COF catalysts can be readily recycled and reused at least three times without lost of activity (Figure 4f).

In conclusion, we have for the first time designed and synthesized 3D-Salphen-COFs and 3D-M-Salphen-COFs. These Salphen-based COFs showed high crystallinity, BET surface area, and chemical stability. Furthermore, the Cu(II)-Salphen COF displayed high performance in the removal of superoxide radicals and could be reused without significant activity loss. 3D Salphenbased COFs successfully prepared in this work may not only open a new pathway to create 3D functionalized COFs, but also expand the applications of COF materials in biology and medicine.
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 1 Scheme 1. Strategy for preparing 3D-Salphen-COFs a
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 1 Figure 1. PXRD patterns of JUC-508 (a) and JUC-509 (b).

Figure 2 .

 2 Figure 2. Structural representations of JUC-509 (a and b) and metal-containing JUC-509 (c and d).

  based on non-interpenetrated dia net for 3D-Salphen-COFs, the unit cell parameters were obtained (a = b = 19.153 Å, c = 41.988 Å and α = β = γ = 90° for JUC-508; a = b = 18.983 Å, c = 42.202 Å and α = β = γ = 90° for JUC-509). Furthermore, full profile pattern matching (Pawley) refinements were carried out on the experimental PXRD patterns. Peaks at 5.41, 7.19, 8.02, 10.31, 10.84 and 11.65° for JUC-508 correspond to the (101), (103), (112), (200), (202) and (211) Bragg peaks of space group I-42d (No. 122), respectively; peaks at 5.10, 7.80, 8.37, 9.31, 1021, 12.17 and 12.53° for JUC-509 correspond to the (101), (112), (004), (200), (202), (

Figure 3 .

 3 Figure 3. N 2 adsorption-desorption isotherms of JUC-508 (a) and JUC-509 (b). Inset: pore-size distribution calculated by fitting on the NLDFT model to the adsorption data.

Figure 4 .

 4 Figure 4. Adsorption spectra of JUC-509-Cu (a), JUC-509-Mn (b), JUC-509-Eu (c) and JUC-509 (d) in antioxidant secestration experiments. (e) The clearance rate based on different concentration. (f) Recyclability study of JUC-509-Cu, JUC-509-Mn, JUC-509-Eu and JUC-509.
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