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Introduction

The covalent organic frameworks (COF) prepared by covalent bonding is a rapidly developing field in porous materials [1][2][3] . These materials possess high porosity and designable functionality with potential application in gas storage, separation of gases, organic electronics and catalysis [4][5][6][7] . Conventional COF materials are prepared by condensation of molecules containing several aldehyde groups with molecules containing several amine groups to two-dimensional (2D) polyimine layers stacked together [8][9][10] .

In comparison with other microporous materials like MOFs and zeolites, COFs do not possess inorganic functional groups, which limits their application in chemistry.

The development of organic-inorganic composite materials based on COF would be highly desirable.

Keggin-type heteropolyacids (HPAs) comprise a central heteroanions (XO 4 , X=P 5+ , As 5+ , Si 4+ , Ge 4+ or B 3+ ) surrounded by transition metal oxides ({MO x } n , M=Mo, W or V, x=4-7, n=2-8) [11] . Due to their diverse molecular structures, strong Brønsted acidity, reversible multi-stage redox activity and high stability, HPAs were widely used as catalysts into acid-and redox-catalyzed reactions [11][12][13][14] , however, due to the high solubility can be used mainly as a homogeneous catalyst.

The methods of heterogenization of HPAs are based on the partial exchange of the protons with large cations (Ag + , Cs + …) with the generation of insoluble salts [15,16] ,

bonding of HPA to the supports [17][18][19][20] and encapsulation of large anions in the porous supports (MOF, C…) [11,[21][22][23] . However, most of these methods are accompanied by a decrease in acidity and low accessibility of heteropolyacid anions [11,24,25] .

CIN-1 is imine-based COF, which can be prepared via Schiff-base condensation reaction between melamine and 1,4-piperazinedicarboxyaldehyde (Figure 1) [8,26] .

They have a two-dimensional hierarchical architecture, which is ascribed to the π-π stacking between the COF layers [8,26] . In this work, we propose an encapsulation of Keggin-type tungstophosphoric acid (H 3 PW 12 O 40 , HPW) between the layers of CIN-1 by the addition of heteropolyacid during the process of CIN-1 synthesis. This composite material demonstrates high crystallinity, stability toward leaching and high catalytic activity due to single anion dispersion in COF structure. 

Result and discussion

Characterization

The HPW-COF composite materials containing 4, 17.9 and 49 wt. % according to XRF analysis have been prepared by addition of HPW during crystallization of CIN-1

(Table 1). The lower content of HPW in the composite in comparison with the Textural properties of HPW@CIN-1 materials were estimated by N 2 adsorption/desorption isotherms (Figure 2). The CIN-1 material exhibits a type I N 2 adsorption isotherm with sharp uptake below 0.05 P/P o (Figure 2b) indicating the presence of micropores. Besides, a second uptake at higher relative pressure is originating from the textural mesopores generated by the small COF nanocrystals.

The Brunauer-Emmett-Teller (BET) surface area for CIN-1 was 490.7 m 2 g -1 , which matches well the literature (Table 1) [27] . The samples containing 4 and 17.9 wt.% of HPW demonstrate similar microporosity with a decrease of the second N 2 uptake, which could be explained by suppression of generation of intergrown COF crystals with mesopores in the presence of HPW. The highest amount of HPW (49 wt.%) leads already to a significant decrease of the microporous volume most probably due to suppression of COF crystallization in the presence of high content of acid. XRD was used to characterize the prepared COFs (Figure 3). The pure CIN-1

shows a broad diffraction peak at 2=15-27 due to the amorphous microporous structure of imine network [27] , which is often observed for COF. A small amount of HPW (4 wt.%) in CIN-1 does not change significantly XRD patterns. An increase of the loading to 17.9 wt.% leads to the appearance of narrow peaks at 7.17, 8.39, 11.42 and 21.69 o , which can be assigned to the (110), (200), (210) and (001) reflections of eclipsed stacking model [8] . It suggests that the framework possesses a high degree of ordering in comparison with HPW free CIN-1 synthesis. The presence of (001) reflection is ascribed to the presence of π-π stacking between the layers of COF [8] .

Together TEM image of pure CIN-1 shows that it has a uniform granular morphology with a diameter of about 20 nm partially agglomerated (Figure 4), which corresponds to low temperature N 2 adsorption and XRD results. A similar size of CIN-1 particles has been observed earlier [8] . The 18-HPW@CIN-1 material has a different morphology caused by the interaction of HPW with CIN-1. TEM image of this material (Figure 4, Figure S1, SI) shows a layered-sheet arrangement of large imine network layers with the sizes 0.4-1.5 µm. The interlayer H-bonding (C-H•••N) between the adjacent layers of piperazine rings prevents the interlayer slip [8] . HRTEM image of this material (Figure 4) confirms the increased crystallinity of the CIN-1 in agreement with XRD data. EDS mapping image of the 18-HPW@CIN-1 clearly shows the high dispersion of P and W elements, confirming the uniform distribution of HPW in CIN-1 (Figure 5).

Figure 5. EDS elemental maps of W and P over 18-HPW@CIN-1 (a-c).

The FTIR spectra of obtained pure CIN-1, 4 and 18-HPW@CIN-1 materials (Figure 6a) show distinct peaks of triazine ring vibrations at 1538, 1469 and 1344 cm -1 [28] . It should be noted that there is no visible C=N stretching vibration, which could be explained by strong H-bonding in the materials (C-H•••N) with the significant broadening of the peak [29] . The sample with the highest content of HPW (49-HPW@CIN-1) does not show the presence of peaks of triazine rings due to the protonation of C=N group by heteropolyacid (Figure S2, SI). For HPW@CIN-1 materials, distinct peaks of

(P-O) (1073 cm 1 ), (W=O) (969 cm 1 ), (W-O-W)
(924 cm 1 ) and (W-O a -W) (778 cm 1 ) can be observed, confirming that HPW was successfully introduced in CIN-1 [30] . It is interesting to note that the bands corresponding to triazine and heteropolyacid vibrations of 18-HPW@CIN-1 are shifted to higher wavenumbers compared to pure CIN-1 and HPW, which could be explained by the strong interaction heteropolyacid and imine group in this material. In the sample containing 4 wt. % of HPW, the bands of heteropolyacid are almost not visible due to significant broadening of the infrared bands at low content of heteropolyacid as has been observed earlier in the literature [31] .

Raman spectra of pure CIN-1 and all HPW@CIN-1 materials (Figure 6b) show peaks of in-plane deformation vibration (674 cm 1 ) and a ring breathing vibration (978 cm 1 ) of triazine ring, in-phase CH 2 twisting (1360 cm 1 ) and out-of-phase CH 2 scissoring (1430 cm 1 ) of piperazine ring and imine (C=N) stretching vibration (1550 cm 1 ) [32][33][34] . No peaks of HPW can be observed in HPW@CIN-1 materials, which could be explained by the high dispersion of HPW in CIN-1. [35][36][37] . CIN-1 shows the presence of a small amount of Lewis acid sites, which could be attributed to Py adsorption over electrophilic imine groups. 4-HPW@CIN-1 material demonstrates a similar spectrum, however, 18-HPW@CIN-1 shows a significant increase in the content of Brønsted and Lewis acid sites due to the uniform distribution of HPW between the layers. It is interesting to note that the sample containing the highest content of heteropolyacid 49-HPW@CIN-1 almost does not show the presence of pyridinium ion, which could be explained by the strong interaction of HPW with melamine suppressing crystallization of CIN-1 and absence of Brønsted acid sites for interaction with Py. 

Mechanism of COF crystallization in the presence of HPW

The role of heteropolyacid in the crystallization of COF has been further studied using in-situ FTIR spectroscopy. 1410 and 1310 cm -1 belong to DMSO as an organic solvent. The new peak at 1670 cm -1 appears immediately after mixing melamine and 1,4-diformylpiperazine and can be assigned to the generation of imine bond by condensation reaction [8] . The peak disappears in the dry material due to the possible hindering of C=N bond vibration from hydrogen bonding in the presence of a solvent (Figure 6). The bands related to triazine ring vibrations at 1630, 1540 and 1334 cm -1 appear during the crystallization process and indicate the generation of COF from formed imine precursors. The synthesis of CIN-1 in the presence of heteropolyacid is accompanied by the generation of broad intensive peaks at 3440, 3285 and 1670 cm -1 , which could be explained by the existence of an interlayer H-bonding [8] , protonation of amine (-NH 2 + )

and imine groups (-+ CH-NH-) by heteropolyacid [38] . At the same time, the FTIR spectra demonstrate the appearance of intensive triazine ring vibrations of COF at 1538 and 1475 cm -1 already at the beginning of the reaction. It could indicate the role of heteropolyacid as a catalyst for condensation of melamine and 1,4diformylpiperazine to the CIN-1 sheets. The protonation of imine bonds in the CIN-1 structure should generate different resonant canonical structures with amine nitrogen attached to the triazine ring [39] . It should result in several effects leading to the highly ordered stabilization of the planar structure of the material. Additionally, the presence of heteropolyacid could provide hydrolysis of imine bonds with the reversible character of the synthesis of CIN-1 material improving the crystallinity of the material.

A solid NMR study has been used to further confirm the interaction between HPW and imine-based COFs in 18-HPW@CIN-1 material. 13 C CP/MAS NMR spectra of the pure CIN-1 (Figure S4, SI) show the peaks of CH 2 aliphatic carbons of the piparazine ring (53.7 ppm) and imine groups (165.6 ppm) [27] . The same signals have been observed in 18-HPW@CIN-1 with an additional intensive peak at 87.8

ppm. This peak could be assigned to the presence of additional groups formed during the protonation of COF (Figure 8c 

Catalytic reaction

Catalytic properties of HPW@CIN-1 materials were evaluated in the liquidphase model reaction of esterification of ethanol with acetic acid. The amount of the materials used for each test contained 0.01 g of pure HPW to evaluate the intrinsic activity of heteropolyacid in the reaction. As shown in Figure 9, pure CIN-1 has almost no activity for this reaction similar to the blank test. Homogeneous HPW demonstrates a linear increase of activity reaching ethanol conversion of 14 % after 3 h of the test. The activity of composite materials HPW@CIN-1 is affected by HPW content in the catalyst. The highest activity among COF samples is observed over 18-HPW@CIN-1 reaching ethanol conversion of about 10 %, which decreases to 7 % for 4-HPW@CIN-1 and 49-HPW@CIN. The low activity of 4-HPW@CIN-1 could be assigned to the low accessibility of HPW between COF layers. Although HPW interacts by hydrogen bonding with C=N groups between CIN-1 layers, the acid sites still should be available for the catalytic reactions. At the same time, the sample with high content of HPW has no COF structure and acid sites are neutralized by amino groups of melamine.

The recycling tests have been carried out to identify the stability of the materials toward the leaching of HPW. The materials were filtered from the reaction mixture, washed with ethanol/water and used for the next run. As shown in Figure 9, the catalyst prepared by impregnation of 19 wt.% of HPW over CIN-1 shows a decrease of the conversion of ethanol from 9 to 2 % due to intensive leaching of HPW during the reaction. 18-HPW@CIN-1 shows only a slight decrease of the catalytic activity after 4 cycles in comparison with significant deactivation of the catalyst containing high and low content of HPW. These results correlate with chemical analysis of Ru after reaction (Table 1) indicating significant leaching of HPW for high (from 49 to 40.8 wt.%) and low loading (from 4 to 1.5 wt.%) samples. At the same time, there is no leaching for the sample containing 18 wt. % of HPW.

To further confirm the heterogeneity of 18-HPW@CIN-1 material, the hot filtration test has been conducted (Figure S8, SI). The conversion of ethanol almost did not change with time after the removal of the catalyst from the solvent confirming the heterogeneous nature of the catalyst.

The recycled 18-HPW@CIN-1 has been characterized by FTIR, XRD, TG (Figure S9-S11, SI). The results confirmed that the structure of HPW@CIN-1 composite did not change after the reaction indicating the key role of high crystallinity of composite material with encapsulation of HPW between the layersheets in stable catalytic performance. 

Conclusion

In this paper, we demonstrate the successful preparation of composite of heteropolyacid with COF. Tungstophosphoric acid can be considered as a structuredirecting agent during synthesis of CIN-1 type of COF at the content of acid 18 wt.%.

The composite material possesses a highly crystalline multilayer sheet structure with a dimension of up to 1.5 µm and heteropolyacid anions encapsulated between the COF layers in comparison with pure amorphized COF nanoparticles about 20 nm.

The composite material provides the catalytic activity in esterification reaction similar to those over homogeneous catalyst due to uniform distribution of single heteropolyacid anions in the material. The material provides high stability at no leaching of acid during the reaction. The synthesis of COF in the presence of heteropolyacid as a structure-directing agent provides a powerful way to design a high crystalline composite material for application in catalysis, membranes etc.

Experimental section

Materials and reagents

Phosphotungstic acid, melamine, 1,4-dioxane and acetic acid were purchased from Sigma-Aldrich. Piparazinedicarbaldehyde, N,N-dimethylformamide, dichloromethane and tetrahydrofuran (THF) were purchased from Alfa Aesar.

Dimethyl sulfoxide was purchased from Acros Organics.

Syntheses of materials

Phosphotungstic acid (HPW, 0.05, 0.25 or 0.45 g), piparazinedicarbaldehyde (0.169 g), melamine (0.1 g) and dimethyl sulfoxide (12 mL) were added into a roundbottom flask fitted with a condenser and a magnetic bar (one-pot method). The flask was degassed by dry N 2 and refluxed at 180 C for 72 h under N 2 atmosphere. After cooling to room temperature, the product was isolated by filtration and washed with dry ethanol and acetone, THF and dichloromethane sequentially. Finally, the product HPW@CIN-1 was dried at 100 C for 24 h under static air.

As shown in Table 1, a series of HPW@CIN-1 composite materials have been synthesized with different theoretical HPW loadings (15, 48 and 62 wt.%) providing HPW loading measured by XRF 4 wt.% (4-HPW@CIN-1), 17.9 wt.% (18-HPW@CIN-1) and 49 wt.% (49-HPW@CIN-1), respectively.

Pure CIN-1 was prepared by the same method without HPW addition. For comparison with the encapsulated materials, HPW supported on CIN-1 (noted as HPW/CIN-1) was prepared by incipient wetness impregnation of pure CIN-1 with an aqueous solution of HPW to provide 19 wt.% loadings followed by drying at 100 C for 24 h under static air.

The reference sample HPW-CIN-1 has been prepared by a two-step procedure involving synthesis of CIN-1 with subsequent treatment of CIN-1 by HPW. The obtained CIN-1 and HPW in the amount corresponding to 18 wt.% of CIN-1 were added into a round-bottom flask using dimethyl sulfoxide as solvent. The flask was degassed by dry N 2 and refluxed at 180 C for 72 h under N 2 atmosphere. After cooling to room temperature, the product was isolated by filtration and washed with dry ethanol and acetone, THF and dichloromethane sequentially. Finally, the product HPW-CIN-1 was dried at 100 C for 24 h under static air.

Characterization methods

The elemental analysis was performed by XRF using an energy dispersive micro-XRay Fluorescence spectrometer M4 TORNADO (Bruker).

Raman scattering spectra analyses were recorded on a Dilor XY 800 instrument equipped with ionized krypton laser.

The X-ray diffraction patterns (XRD) were recorded on a PANalytical Empyrean X-ray diffractometer in Bragg-Brentano configuration with the 0.02 step size and 1 s step time. The Cu Ka radiation (40 kV and 30 mA) was used as the X-ray source. 

Table of Contents

We demonstrate the efficient way for the synthesis of crystalline composite based on phosphotungstic acid encapsulated between the layer of 2D imine CIN-1 type of COF.

Heteropolyacid behaves as a structure-directing agent and it is stabilized between the layers of COF. The material shows high activity and stability with no leaching during acid-catalyzed esterification reaction.

Figure 1 .

 1 Figure 1. Scheme of the synthesis of HPW@CIN-1 composite material.

  theoretical amount indicates the partial encapsulation of HPW during COF crystallization. TGA demonstrates for CIN-1 smooth decrease of the weight due to desorption of solvent at 200 o C and intensive decomposition and oxidation starting from 350 o C till full disappearance at 600 o C (Figure 2). The HPW@CIN-1 composite materials demonstrate similar behavior with a final weight corresponding to the content of HPW determined by XRF analysis.

Figure 2 .

 2 Figure 2. TGA (a) and low temperature nitrogen adsorption isotherms (b) of pure CIN-1, pure HPW and HPW@CIN-1 with different HPW loadings.

Figure 3 .

 3 Figure 3. XRD analysis of pure CIN-1, pure HPW and HPW@CIN-1 with different HPW loadings (a) and eclipsed model of CIN-1 (b).

  with the (200) crystal plane diffraction peak, it indicates the high crystallinity and long-range ordering structure. The simulation of the COF structure using eclipsed structure providing their unit cell parameters: P6/m, a = b = 22.56 Å, c = 4.28 Å and α = β = 90°, γ = 120°. The distance between adjacent layers (4.28 Å) is larger in comparison with what was observed for pure CIN-1 (3.81 Å) and could be assigned to the localization of HPW anions between the layers. Further increase of the loading of HPW to 49 wt.% results in the disappearance of all diffraction peaks indicating the low crystallinity of the sample. It has to be noted that spectra of HPW@CIN-1 do not show the presence of XRD patterns of HPW even at the highest loading, which could be explained by the high dispersion of HPW in the framework of COF.

Figure 4 .

 4 Figure 4. TEM images of pure CIN-1 and 18-HPW@CIN-1.

Figure 6 .Figure 7 ,

 67 Figure 6. FTIR (a) and Raman (b) analysis of pure CIN-1, pure HPW and HPW@CIN-1 with different HPW loadings.The acidity of the materials has been studied by Py adsorption. As shown in Figure7, HPW shows a chemically adsorbed pyridine revealed by the band at 1530 cm -1 assigned to pyridinium ion (PyrH + ), two bands at 1435 and 1590 cm -1 related to coordinatively adsorbed pyridine and the superposition of signals of the species adsorbed on Lewis and Brønsted sites at 1480 cm -1[35][36][37] . CIN-1 shows the presence of

Figure 7 .

 7 Figure 7. FTIR Py adsorption over pure CIN-1, pure HPW and HPW@CIN-1 with different HPW loadings The incorporation of HPW in HPW@CIN-1 material could be explained by the secondary migration of heteropolyacid between the layers of crystallized CIN-1. The reference catalyst HPW-CIN-1 has been prepared to verify the possible incorporation of HPW by pretreatment of CIN-1 by HPW at the same conditions. The prepared material contains only 3.5 wt.% of HPW. XRD patterns of HPW-CIN-1 (Figure S3, SI) show a low crystallinity similar to CIN-1. It indicates that HPW cannot be incorporated and affect the crystallinity of already obtained CIN-1. Thus, the presence of HPW between the layers of CIN-1 could be explained by partial protonation of melamine, which during condensation with aldehyde incorporates it inside of the COF structure. At the same time, excessive protonation suppresses the condensation of CIN-1 material.

Figure 8

 8 demonstrates the analysis of the liquid phase during crystallization of CIN-1 in time. The main peaks at 2995, 2913, 1439,

  ). It is confirmed by different states of protons (FigureS5, SI) in 1 H NMR in composite HPW@COF material in comparison with pure COF. The presence of similar13 C peaks in the liquid NMR by addition of HPW to the mixture of melamine and aldehyde in DMSO confirms strong interaction of HPW with condensation products (FigureS6, SI). The 31 P NMR spectrum of the HPW@COF material reveals the presence of one signal at -16.1 ppm due to the phosphorus atoms in the HPW (FigureS7, SI).

Figure 8 .

 8 Figure 8. In-situ FTIR spectroscopy during synthesis of CIN-1 (a), 18-HPW@CIN-1 (b) with the mechanism of the interaction of H 3 PW 12 O 40 with COF (c).

Figure 9 .

 9 Figure 9. Catalytic activity of HPW@CIN-1 (a) and recycling test of HPW@CIN-1 and HPW/CIN-1 (b) in esterification of ethanol with acetic acid. Reaction conditions: ethanol, 1 g; acetic acid, 1 g; the amount of catalyst corresponds to 0.01 g of HPW; temperature, 60 C; time 1 to 3 h (recycling test done after 3h of reaction).

The 13 C

 13 BET surface area, pore volume, pore diameter and N 2 sorption-desorption isotherms were measured on a Micromeritics Tristar Model 3020 Surface Area and Porosimetry analyzer. The samples (100 mg) were degassed under vacuum at 250 C for 2 h before N 2 physisorption. ATR-FTIR spectroscopy (iS50 FT-IR) has been used for the analysis of the COF structure after crystallization. Pyridine (Py) adsorption has been performed by ATR-FTIR analysis of the sample after treatment in Py vapor using parent COF sample as background. Thermogravimetric analysis (TGA) measurements were performed using a SDT 2960 analyzer from TA instrument under air flow (50 mL min 1 ) with a ramping rate of the temperature of 10 °C min 1 . MAS NMR spectra were obtained on 400 MHz Bruker AVANCE III (MAS Ro=12.5 kHz). Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) and EDS elemental mapping were performed on a JEOL-2011F instrument having an acceleration voltage of 200 kV.Catalytic reaction1 g ethanol, 1 g acetic acid and the required amount of catalyst were loaded in a three-neck flask equipped with a reflux condenser and a magnetic stirrer. The amount of catalyst corresponded to 0.01 g of pure HPW. The mixture was heated under stirring at 60 °C for 1 h, 2 h or 3 h. The products were analyzed by GC.

Table 1 .

 1 Physical characteristics of HPW@CIN-1 materials.

	Materials	Theoretical HPW loading(g)	HPW loading (wt%) TGA XRF	S BET (m 2 g 1 )	Pore volume (cm 3 g 1 )
	HPW				4.7	0.013
	CIN-1 4-HPW@CIN-1	 15	 3.6	 4.0/1.5 a	490.7 466.0	0.97 0.7
	18-HPW@CIN-1	48	19.0	17.9/17.3 a	454.8	0.2
	49-HPW@CIN-1	62	45.0	49.0/40.8 a	83.3	0.1

a The HPW content after reaction
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