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Hammett parameter in microporous solids as macroligands for heterogenized photocatalysts
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Here we present series of heterogeneous catalysts based on Metal-Organic Frameworks and Microporous Polymers used as macroligands for heterogenized organometallic complexes. We show that both homogeneous and heterogenized catalysts follow the same linear correlation between the electronic effect of the ligand, described by the Hammett parameter, and the catalytic activity. This correlation highlights the crucial impact of the local electronic environment surrounding the active catalytic center over the long-range framework structure of the porous support. The rational design of heterogenized catalysts can thus be guided by molecular chemistry rules. The conception of highly efficient heterogeneous catalyst based on porous polymer support and driven by the Hammett parameter of bipyridine-chelating macroligand is demonstrated here for the Rh-catalyzed photoreduction of carbon dioxide with turnover frequencies up to 28 h -1 , among the highest reported for heterogeneous photocatalytic formate production.

Introduction

The understanding of the mechanisms driving heterogeneously catalyzed reactions is a challenge continuously addressed. The heterogenization of well-defined catalytically active species onto a solid support is an appealing approach to get insight into catalyst behavior at the molecular level. [1][2][3] In addition to the easy separation from the products and to recyclability, [4][START_REF] Rose | Catalysis by Covalent Organic Frameworks (COFs). In Metal Organic Frameworks as Heterogeneous Catalysts[END_REF][START_REF] Conley | [END_REF][7][8] grafting active catalysts onto a surface allows isolating catalytically active centers from each other, minimizing interaction between them, preventing possible multi-metallic decomposition and thus favoring the maintenance of optimal catalytic activity. 9 To enhance the mass loading of heterogenized catalysts, meso-and microporous materials have been investigated as supports with high surfacearea-to-volume ratios. [9][10] Nonetheless, the integration of the catalytically active centers into a solid support without loss of performance compared to the homogeneous analog remains a major challenge. 4,[8][9][11][12] In this context, a molecularly defined support as macroligand, [START_REF] Pomogailo | Synthesis and Structure of Macromolecular Metal Complexes[END_REF] i.e. a larger molecule or a solid acting like the ligand in the corresponding molecular complex, can be considered as a key to bridge the gap between molecular and heterogeneous catalysis. Hybrid organic-inorganic Metal-Organic Frameworks (MOF) [START_REF] Corma | [END_REF][15][16][17][18] and purely organic porous polymers, [19][20][21][22] such as conjugated microporous polymers (CMP), [23][24][25][26] are promising candidates. In particular, porous frameworks based on the bipyridine (Bpy) motif are of a high interest as far as Bpy sites are widely used as chelating ligand for molecular catalysts. 27 Here, we show that the Hammett parameter -well established in molecular chemistry and homogeneous catalysis [28][START_REF] Exner | The Hammett Equation-the Present Position[END_REF][START_REF] Hansch | [END_REF][31] -is also an appropriate descriptor for heterogenized organometallic catalytic centers. This has been made possible thanks to the use of macroligands as solid hosts, which are Bpy-containing MOF, namely UiO-67 32 and MOF-253, 33 and CMP-related materials including four newly synthesized porous polymers. We demonstrate that this rule from molecular chemistry can be applied to the design of heterogeneous catalysts.

Results and discussion

Hammett parameter-driven design of porous hosts

In molecular chemistry, the electronic effects of the substituents are typically described using the Hammett constant (σ), which allows the direct comparison of the molecular-level influence of different functional groups on the reaction rate.

The theory shows that the substituent's electronic effects are additive and therefore give a large latitude in tunability. [START_REF] Hansch | [END_REF] Thus we synthesized a series of Cp*Rh(bpy)-containing MOF and functionalized CMP materials (Scheme 1), in order to explore a large range of Hammett constants and study the influence on the heterogeneous rhodium-based catalytic activity. 

Synthesis of new Bpy-based porous polymers

We prepared four new bipyridine-containing microporous polymers (BpyMP) based on CMP structures which were then post-synthetically modified with a rhodium complex (Scheme 2).

The two BpyMP series prepared differ in their respective connecting subunit. A phenyl ring ensures the electron conjugation in BpyMP-1 while a non-conjugating tetrakismethane is used in BpyMP-2. We synthesized the BpyMP platforms by copolymerization of polyethynyl tectons with a stoichiometric amounts of a mixture of 5,5'-dibromo-2,2'-bipyridine derivatives (25 mol-% of the stoichiometric amount) and 4,4'-diiodo-biphenyl (75 mol-%) (Scheme 2, see SI for experimental details). 36 As polyethynyl tecton, 1,3,5-triethynylbenzene has been used for the BpyMP-1 series and tetrakis(ethynyl-phenyl)methane for the BpyMP-2. Considering Bpybased monomers, 5,5'-dibromo-2,2'-bipyridine has been used for BpyMP-1 and BpyMP-2, 5,5'-dibromo-3,3-diamino-2,2'-bipyridine for BpyMP-1-NH2 and 5,5'-dibromo-3,3-dinitro-2,2'bipyridine for BpyMP-1-NO2. In contrast to known bipyridine containing CMP's, [37][38][39] the co-monomers 5,5'-dibromo-2,2'-bipyridine and 4,4'-diiodo-biphenyl have the same length to give a more regular polymer and we followed the stochiometric approach introduced recently by the Thomas group which avoids unwanted side reactions such as homocoupling and give rise to materials with higher porosity. 36 The BpyMP frameworks were obtained as yellow to dark orange powders consisting of aggregated spherical particles with diameters below 1 µm (Figure S5 & Figure S6).

The rhodium-functionalized catalysts were prepared by infiltration of the material in a methanol solution of [RhCp*Cl]NO3 for 24 h (Scheme 2, for details see SI). For BpyMP-1, various Rh loadings (ωRh), viz. between 0 and 4.0 wt% (named hereafter x%Cp*Rh @ BpyMP-1, Table S1) were prepared. For Bpy-MP-1-NH2 and BpyMP-2, samples with a Rh loading of 1.6 wt% and for BpyMP-1-NO2 with 1.0 wt% Rh were synthesized (Table S1). The Rh contents of all samples, determined by ICP-OES, are in line with the nominal content, confirming the complete incorporation of Rh into the polymer, except for the highest loading (4.0 wt% instead of 4.5 wt% nominal loading). Scheme 2. Preparation of microporous polymers as host for Cp*Rh-catalysts.

BpyMP-1, BpyMP-1-NH2 and BpyMP-1-NO2: based on 1,3,5-triethynylbenzene containing 25 mol-% of bipyridine monomers. BpyMP-2: based on tetrakis(ethynylphenyl)methane containing 25 mol-% of bipyridine monomers.

Spectroscopic characterizations

In order to reach enough sensitivity, the molecular structure of the porous polymers was investigated by Dynamic Nuclear Polarization (DNP) Surface Enhanced NMR Spectroscopy (SENS). [40][41][42] Two new signals at 94.3 ppm and 8 ppm are observed in the 1D [START_REF] Pomogailo | Synthesis and Structure of Macromolecular Metal Complexes[END_REF] C CP MAS spectra of all polymer base catalysts after rhodium addition. These signals can be assigned to quaternary carbon atoms and to methyl groups of the pentamethyl-cyclopentadienyl (Cp*) moiety of the metal complex (Figure S10, Figure S11). The 2D HETCOR spectrum shows the expected correlations for the resonances of the Cp* ligands (Figure S13). 36 In UV-Vis spectra, both the absorption maximum and the band gap are gradually shifted to lower energies with increasing the Rh content in the polymeric materials (Figure S15). The optical band gap is reduced from 2.65 eV for BpyMP-1 to 2.52 eV for 4.0%Cp*Rh @ BpyMP-1. For the BpyMP-2 based catalyst the same red shift of ~0.1 eV is observed (2.65 to 2.55 eV, 1.6 wt% Rh). The amine functionalized polymer BpyMP-1-NH2 has a smaller band gap of 2.31 eV, which is also red-shifted by ~0.17 eV to 2.14 eV after infiltration with the rhodium precursor (1.6 wt% Rh). In case of BpyMP-1-NO2 a blue shift of about 0.05 eV to 1.99 eV is observed after Cp*Rh infiltration. Such influence of the framework substitution on the optical band gap, linked to their photocatalytic activity, has also been reported for MOF materials. [43][44] In each case, the gap shifts prove the coordinative fixation of the Rh center on the polymer framework.

Porosity measurement

All BpyMP-based materials show a permanent porosity in nitrogen physisorption experiments at 77 K (Figure 1a and Figure S22). The isotherms show the characteristic swelling behavior of microporous polymers, indicated by a difference between the adsorption and desorption branches of the isotherm over the entire pressure range (hysteresis, Figure 1a). 45 Even if the quantitative analysis of isotherms for swelling materials might be questionable because the density is not corrected during the measurement (for further discussion see SI), we can show that all supports obtained are mostly microporous (Figure 1a). Upon Rh incorporation, the apparent surface area decreases from approximately 680 ± 30 m 2 /g for BpyMP-1 to nearly half the initial value for 4.0%Cp*Rh @ BpyMP-1 (280 ± 60 m 2 /g). The accessible pore volume decreases continuously with Rh content from 0.45 ± 0.04 for BpyMP-1 to 0.21 ± 0.02 cm 3 /g for 4.0%Cp*Rh @ BpyMP-1 (Table S2). The same trend is observed for BpyMP-1-NH2 and 1.6%Cp*Rh @ BpyMP-1-NH2, BpyMP-1-NO2 and 1.0%Cp*Rh @ BpyMP-1-NO2 as well as Bpy-MP-2 and 1.6%Cp*Rh @ BpyMP-2 (Figure S22). The reduced pore volumes upon metalation can suggest pore blocking by the catalyst, which may decrease the number of accessible catalytic sites (vide infra).

For a better understanding of solvent interaction processes under conditions relevant to the real catalysis situation, acetonitrile vapor isotherms were recorded at 298 K for all materials (Figure 1b, Figure S25 & Table S2).

The total volume of acetonitrile vapor adsorbed remains constant up to 1.6 wt% of rhodium, indicating that no or only negligible pore-blocking occurs. For higher loadings, the decrease in total pore volume indicates non-negligible pore blocking (vide infra). Moreover, the smaller differences between the adsorption and desorption branches of the acetonitrile physisorption isotherms with increasing Rh content can be attributed to a reduced swelling behavior, resulting in reduced flexibility and, as a consequence, lower accessibility of the network. [46][47] In the light of the work published by Cooper and coworkers on CMP materials, 24 one would expect the porous system in our BpyMP solids to be three dimensional, with estimated pore sizes for the micropores between 0.6 and 1.6 nm, independent of the functionalization of the framework and its monomers composition. We note that only rough estimations of the pore size distributions can be given, as the materials are flexible (further discussion are given in the SI). 20, 48

Catalytic activity

CO2 photoreduction

In order to assess the correlation between the catalytic activities of the MOFs and BpyMP-based materials and the Hammett parameters, we used the CO2 photoreduction as model catalytic reaction.

Formic acid and formate-amine mixtures are currently being discussed as hydrogen storage molecules for fuel cell applications as these products have a relatively high volumetric hydrogen content. They can be stored and handled easily and at the same time are catalytically decomposable at low temperatures. [49][50][51][52][53] Depending on the conditions, different value-added C1 molecules such as formic acid, methanol or methane are produced by CO2 photoreduction. [54][55][56][57] Catalytically active centers can be grafted onto the MOF linkers containing chelating groups such as catechols or bipyridines have been already reported using Mn, Ir, Re or Rh for photochemical CO2 reduction. [58][59][60][61][62][63] Turnover frequencies (TOF) of up to 16 h -1 for formate have been achieved under typical conditions, 63 e.g., triethanolamine as reductant in acetonitrile or dimethylformamide as solvent. 54 As in MOFs, the synthesis of microporous polymers allows for the incorporation of bipyridinebased organo-and photocatalysts, especially for photochemical hydrogen evolution and hydrogenation of CO2. 8,[64][65][66][67][68] Only Liang et al. have reported a porous polymer as host material for photocatalytic CO2 reduction based on (α-diimine)Re(CO)3Cl moieties into a bipyridinefunctionalized CMP-5 network. Using this catalyst they obtained a mixture of CO and H2. 38 

Activity of BpyMP and related MOF materials

Based on the reported activity of molecular and MOF-heterogenized Cp*Rh(bpy) complexes in carbon dioxide photoreduction, 59 we evaluated the catalytic performances of our four Cp*Rh@BpyMP solids and two Cp*Rh@MOF representatives.

Catalytic tests were conducted in acetonitrile-triethanolamine (ACN:TEOA, 5:1, V:V) solution containing 1 mM of Ru(bpy)3Cl2 as photosensitizer. 59 The production rate being constant for the first four hours of reaction, the TOF were determined from the formate production after four hours of reaction (Figure S35). As previously shown for Cp*Rh(bpy)@UiO-67, 59 selective reduction of CO2 to formate without any other carbon-containing byproduct is observed for all the materials.

For Rh@BpyMP-1 containing 0.7 to 1.6wt% of rhodium, the TOF increased to reach a plateau at ca. 24.5 ± 0.5 h -1 for ωRh = 1.3 to 1.6 wt% then decreased drastically for higher loadings (Figure 2, Table S3). This suggests that the accessibility of the Rh catalyst inside the pores might be reduced for high loadings due to pore blocking and reduced flexibility, as observed in N2 and acetonitrile vapor physisorption measurements. 69 The product evolution rate R, expressed in mmol(formate 57 increased linearly up to ωRh = 1.6 wt% and remained constant for higher loadings (Figure 2). The optimal loading for the BpyMP-1 network is thus around ωRh = 1.6 wt% with R = 3.7 ± 0.1 mmol•h -1 •gcat -1 and TOF = 24.2 ± 0.5 h -1 , giving a wellbalanced equilibrium among the number of active centers, the remaining porosity and thus the accessibility of the active centers and the catalytic performance.

)•h -1 •g(catalyst) -1 ,
It is worth noting that formation of formate over pristine BpyMP-1 (see Table S3, ωRh = 0 wt%, R = 0.18 ± 0.1 mmol/h/gcat) occurs and is most likely caused by the photolabilization of one bipyridine ligand in the [Ru(bpy)3]Cl2 photosensitizer, yielding a catalytically active ruthenium(II)-bis-bipyridine complex (see Table S3, 1.63 µmol of formate produced using only Ru(bpy)3Cl2 without catalyst) as shown by Lehn et al.. [70][71] This effect is however not significant compared to the twenty times higher product evolution rate obtained using 1.6%Cp*Rh @ BpyMP-1 catalyst. Similarly, the low formate production using the pristine BpyMP-material without rhodium as catalyst shows that the impact of the palladium species (~0.5 wt%, Table S1) remaining from the BpyMP synthesis is also negligible. Formate decomposition experiments using [START_REF] Pomogailo | Synthesis and Structure of Macromolecular Metal Complexes[END_REF] C-formate in argon-saturated ACN/TEOA show that in the BpyMP system no substantial formate decomposition into CO2 / HCO3 -and H2 occurs (see SI for experimental details, Figure S37 & Figure S38). The rate of formate decomposition using 4.0%Cp*Rh @ BpyMP-1 (0.20 µmol/h/gcat) is reduced by three orders of magnitude compared to the rate obtained when using rhodium-functionalized UiO-67 (0.25 mmol/h/gcat with ωRh = 7.4 wt%). 59 Compared to the rate of catalysis (up to 3.7 mmol/h/gcat), the formate decomposition has a negligible impact. Suppressing back reaction is of vital importance for the development of heterogeneous molecular catalysts. 8 The stability of the BpyMP materials was proven by IR spectroscopy and nitrogen sorption after recycle experiments and heterogeneity tests with 1.6%Cp*Rh @ BpyMP-1 (Figure S40). Over five cycles of catalysis using the same catalyst, the TOF remains constant at 23.1 ± 0.6 h -1 (Figure S39a). In addition, leaching tests were carried out by removing the catalyst, saturating the solution with CO2 and irradiating the solution for another 2 or 4 hours (Figure S39b). No change in the amount of formate being detectable, we thus excluded the leaching of active centers from the material into the solution.

The 1.6%Cp*Rh @ BpyMP-1 catalyst has also been exposed to direct sunlight and showed a TOF of 3.69 ± 0.27 h -1 using the same ACN-TEOA-Ru(bpy)3Cl2 solution (Table S3, Figure S36). It has to be noted that the sun's irradiation used here is weaker by a factor of at least 2 with respect to solar simulators, without taking into account the time-dependent change of the angle of incidence of the light on the glass reactor (see SI for detailed information).

The highest product evolution rate being achieved for BpyMP-1 with ωRh = 1.6 wt%, we investigated the catalytic potential of BpyMP-2, BpyMP-1-NH2 and BpyMP-1-NO2 platforms with this optimal Rh loading. The evaluation of the polymeric network BpyMP-2, which is based on non-conjugated tetrakis(4-ethynylphenyl)methane instead of 1,3,5-triethynylbenzene found in BpyMP-1 (Figure 3), gives identical TOF and R value with 22.5 ± 1.4 h -1 and 3.6 ± 0.2 mmol/h/gcat, respectively, for ωRh = 1.6 wt% (Figure 3). This result reveals that the overall structure of the polymer host material, e.g., the size of the conjugated π-system and pore size, has a negligible impact on the catalytic activity for optimized Rh loadings.

BpyMP-1-NO2 having nitro electron-withdrawing groups shows the lowest activity with a TOF = 2.40 ± 0.57 h -1 . BpyMP-1-NH2, with two NH2 electron-donating groups, shows the highest TOF value of 28.3 ± 1.6 h -1 (Figure 3). 59 . These data highlight the crucial impact of the local electronic environment surrounding the active catalytic center over the long-range framework structure.

The Cp*Rh@UiO-67 with an optimized molar Rh loading of 10 mol-%, corresponding to ωRh = 2.6 wt% has been prepared following our previously published procedure. 59 Using this catalyst in our present setup, an R value up to 1.8 ± 0.1 mmol/h/gcat corresponding to a TOF = 7.0 ± 0.4 h -1 was achieved (Figure 3, Table S3).

The 2.1%Cp*Rh@MOF-253 has been prepared and characterized following a procedure similar to that applied to UiO-67 (see SI for synthesis and characterizations details). Under the same conditions, this catalyst shows a TOF value of 4.01 ± 0.58 h -1 . We attribute the difference in activity between the two MOF studied by the stronger electron withdrawing effect of aluminumcarboxylate in MOF-253 compared to zirconium-carboxylate in UiO-67. We will rationalize and quantify this difference on the basis of the Hammett parameter in the next section.

Finally we ensure that the wettability of the host material does not influence the catalytic activity as far as the interaction with the acetonitrile solvent is very similar for MOF and all BpyMP materials (see the Henry constant KH in the Table S1). 72 To the best of our knowledge, we present here the highest TON (up to 113) and TOF values (up to 28 h -1 ) for CO2 reduction to formate achieved with a heterogenized catalyst within a porous polymer, through the use of 1.6%Cp*Rh @ BpyMP-1-NH2. Product evolution rates are enhanced by at least one order of magnitude with respect to comparable systems known in the literature (see Table S4 & Table S5). 57 

Quantification of the structure-activity relationship

Determination of the σ value of the supports

In purely organic microporous polymers, that are prepared by coupling terminal alkynes with aromatic halides, 24 the Hammett constant can be set to σm = 0.14 using the literature value of a phenylethynyl substituent at the meta position as found in BpyMP-1 and BpyMP-2 (Scheme 1b). [START_REF] Hansch | [END_REF] The presence of an additional amino group at the second meta position of the pyridine moiety (on C 3 and C 3' ) with a Hammett constant of -0.16 [START_REF] Exner | The Hammett Equation-the Present Position[END_REF][START_REF] Hansch | [END_REF] confers to the N atom a further increased electron density, with an averaged σm = -0.02 for BpyMP-1-NH2.

In MOF hybrid solids, the determination of the Hammett parameter is less trivial. Kitagawa and co-workers mentioned Hammett parameter when observing that the CO stretching vibration of a Ru-CO-complex grafted into UiO-67 becomes stronger than that of the molecular analog coordinated by the 2,2'-bipyridine-5,5'-dicarboxylic acid. 63 De Vos, Van Speybroeck and coworkers have reported a phenomenological correlation between the relative rate constants of Zrbased Lewis acid catalysis by isostructural UiO-66 MOF and the Hammett constant. [73][74] Since only isostructural MOFs were compared to each other, no electronic effect of the metal-oxide node was taken into account nor quantified.

Thus we determined the σm value of metal-carboxylate at the meta position of a pyridine in UiO-67 and MOF-253. We used the linear correlation between CO vibration wavenumber and corresponding Hammett constant [START_REF] Alkorta | Atropisomerism and axial chirality in heteroaromatic compounds[END_REF][START_REF] Pulukkody | [END_REF] established for molecular and BpyMP-supported Re(CO) and Ru(CO) complexes (see SI) 62,[77][78] to determine that zirconium-carboxylate in UiO-67 shows a σm = 0.48 and aluminum-carboxylate in MOF-253 a σm = 0.66 (Figures S2 andFigure S3). This large difference highlights the strong influence of the inorganic node nature on the electron density on the MOF linker.

Correlation σ vs TOF in both homogeneous and heterogeneous systems

The correlation between catalytic activity and Hammett constant has already been demonstrated for molecular homogeneous complexes 31,79 but neither for photocatalytic CO2 reduction nor for catalytic systems including both homogeneous and heterogeneous representatives.

We observed that the measured activities for the three molecular Cp*Rh catalysts 1 -3 (Scheme 3) with well established σm values follow a linear correlation between σm and log(TOF) in CO2 photoreduction Figure 4 and Table 1, entries 2, 5 and 6). The lg(TOF) values for Cp*Rh-functionalized BpyMP-1, BpyMP-1-NO2, BpyMP-2 as well as UiO-67 and MOF-253 using the σm values of the solids follow exactly the same fit (Figure 4).

According to the data obtained for Cp*Rh @ BpyMP-1-NH2, the TOF measured deviates from the linear trend (Figure 4a). In order to assess the origin of the deviation, i.e. diffusion limitation or lower intrinsic activity, we investigated the activity of amino-functionalized molecular complex 4 (Figure 4a, Inset). Under the same conditions, both Cp*Rh @ BpyMP-1-NH2 and 4

show a TOF lower than the one expected according to their calculated σm value (Table 1, entries 1 and 7). Since 4 is in homogeneous condition, such lower activities cannot be attributed to diffusion limitation. S3). These estimated σm values are both +0.14 higher than the one calculated using the contribution of amino NH2 groups (Table 1, entries 1 and 7). These corrected σm values can correspond to the contribution of carbamic acid NHCOOH groups formed in situ by the interaction of carbon dioxide with amino groups. Indeed such [NH2][CO2] interaction giving carbamate species has already been described in aniline/acetonitrile solutions and in MOF for CO2 adsorption using DFT calculations. [80][81] Our hypothesis is further supported by the observation of carbamate derivative of 3,3'-diamino-5,5'dibromo-2,2'-bipyridine (ligand of complex 4) under catalytic conditions in deuterated solution using NMR spectroscopy (see Figure S42). Methyl carbamate shows a σm = -0.02 which is +0.14 higher than the σm = -0.16 of amino groups. The presence of carbamate groups, replacing the original amino, would confer to the [BpyMP-1-NH2][CO2] adduct an averaged σm = 0.12 and to the [4][CO2] adduct a σm = -0.02 (Figure 4b, Inset). In this case, the activity measured for the two amino-functionalized catalysts are aligned with those of the other homogeneous and heterogeneous catalysts (Figure 4b). The catalytic activity of Cp*Rh @ BpyMP-1-NH2 is thus not limited by diffusion inside the porous system but by the unexpected in situ interactions with the carbon dioxide reactant leading to a change in electron density on the Rh active site.

The perfect correlation between the four homogeneous and the six heterogeneous systems studied shows that no diffusion limitation occurs in the porous materials under the investigated reaction conditions.

Correlation σ vs electron density in heterogeneous catalysts

In molecular chemistry, a low Hammett constant indicates a strong electron-donating effect of the substituent [28][START_REF] Exner | The Hammett Equation-the Present Position[END_REF][START_REF] Hansch | [END_REF][31] and higher activity is often linked to higher electron density on the active site. 31 The perfect fit of the values from heterogeneous BpyMP-1, BpyMP-1-NO2, BpyMP-1-NH2, BpyMP-2, UiO-67 and MOF-253 catalysts with values from molecular catalysts suggests that the electronic structure of these heterogenized species is the same than that of their homogeneous analogues.

In order to quantify the electronic effect of the microporous macroligand on the heterogenized active rhodium center, we performed XPS analysis on the Rh3d core level.

In the XPS spectra, the contribution is located at 309. 

Conclusion

Using carbon dioxide photoreduction as model catalytic reaction, we have shown here that the Hammett parameter is a common descriptor of the active site structure, directly linked to the catalytic activity, for both homogeneous and heterogeneous organometallic catalysts. With an optimal Rh loading of 1.6wt%, the newly-synthesized organic porous polymers BpyMP-1-NH2 shows a photocatalytic CO2-to-formate product evolution rate as high as 4.2 ± 0.1 mmol/h/gcat. The corresponding TONs (up to 113) and TOFs (up to 28 h -1 ) are the highest reported so far for heterogenized photocatalysts.

Both MOF and Microporous Polymers thus appear as very appealing platforms and their use as macroligands for the heterogenization of molecular catalysts is further reducing the gap between homogeneous and heterogeneous catalysis.

Experimental Section

Polymerization

The synthesis of BpyMP materials was done according to a modified literature procedure. 36 For a typical synthesis of BpyMP-1, 50.0 mg (0.33 mmol) 1,3,5-triethynylbenzene, 155.4 mg (0.38 mmol) 4,4'-diiodobiphenyl, 39.8 mg (0.12 mmol) 5,5'-dibromo-2,2'-bipyridine and 7.5 mg (6.4 µmol) Pd(PPh3)4 were added to a flame dried Schlenk tube inside a glove box. The Schlenk tube was sealed with a teflon septum. Outside the glove box, 6 ml of anhydrous DMF and 3 ml of anhydrous NEt3 were added and the glass vial was placed in an oil bath. The reaction mixture was heated to 100 °C for 24 h. After cooling down to room temperature, the polymer was precipitated by adding MeOH. The yellow solid was removed by centrifugation, suspended in 10 ml MeOH and removed by centrifugation after 1 h. The solid was additionally purified by soxhlet extraction using CHCl3 for 6 h and using MeOH overnight. The yellow solid was dried at 80°C under vacuum. Typical yield: 110 mg.

Functionalization of BpyMP-networks

In a glass vial, 28.0 mg (44.9 µmol, 89. For a typical infiltration, (10 mol-% Rh) 80 mg BpyMP-1 were dispersed in 3.7 ml dry MeOH, then 1.34 ml of the above-mentioned solution were added and the suspension was stirred for 24 h at room temperature. The supernatant was removed by centrifugation and the solid washed with MeOH during 2 days (exchange of MeOH every 12 h). The solid was dried under reduced pressure first at room temperature, then at 80°C.

Catalysis

For a typical catalysis, about 1 mg of the porous framework was weighed into an UV-VIS cuvette (path length: 10 mm). Then 2.2 ml of 1 mM Ru(bpy)3Cl2 in a mixture of acetonitrile and triethanolamine (5 : 1, V : V) were added and the solution was saturated with CO2 for 15 min.

The cuvette was sealed and the solution was irradiated for 4 h using a 200 W Hg(Xe) lamp (Newport Research Arc Lamp), equipped with a 420 nm UV cut-off filter and a water based IR filter unit, cut-off 950 nm, using a working distance 10 cm, and an irradiance of 1030 W/m 2 .

After 4 h the solvent was removed by centrifugation and the liquid phase was analyzed by q-1 H-NMR.

ASSOCIATED CONTENT Supporting Information. Detailed experimental procedures for syntheses and catalysis, characterization data, analytical setups, additional NMR and IR data.
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 1 Scheme 1. Library of different meta substituted 2,2'-bipyridine ligands embedded in MOF or CMP

Figure 1 .

 1 Figure 1. a) N2 physisorption isotherms measured at 77 K and b) acetonitrile vapor physisorption

Figure 2 .

 2 Figure 2. Product evolution rate R (black) and TOF (green) as a function of rhodium mass fraction

Figure 3 .

 3 Figure 3. TOF for BpyMP-1 (black), BpyMP-1-NH2 (green), BpyMP-1-NO2 (pink), BpyMP-2

Scheme 3 .

 3 Scheme 3. Cp*Rh(bipy) molecular complexes used for establishing linear correlation between

Figure 4 .

 4 Figure 4. Hammett plots of log(TOF) as a function of the Hammett constant σm of the Bpy ligand.

  3 eV (Rh III 3d5/2) in the BpyMP-1 based catalysts, at 309.3 eV in the BpyMP-2 based catalyst and at 309.1 eV in the BpyMP-1-NH2 based catalyst, respectively (Figure5a). The binding energies increase to 309.6 eV for Cp*Rh heterogenized in UiO-67 and to 309.8 eV for Cp*Rh heterogenized in MOF-253, independently of the loading and counterion (FigureS17& FigureS20). The value for BpyMP-1-NO2 cannot be accurately determined as the sample shows strong electrostatic charging during XPS investigation (see also FigureS19). The linear fit obtained for the correlation between Rh binding energy and σ parameter of the corresponding macroligand evidences the dependence of 5b, FigureS4) and proves that rules from molecular chemistry can be accurately applied to solid porous macroligands like MOF and Microporous Polymers.

Figure 5 .

 5 Figure 5. a) Rh3d XPS spectra of Cp*Rh @ BpyMP-1-NH2 (green), Cp*Rh @ BpyMP-1 (black),

  It has been demonstrated for bipyridine systems in four molecular complexes, two MOF-based and four Microporous Polymers-based catalysts. The established correlation between the catalytic activity and the Hammett parameter highlights the crucial impact of the local electronic environment surrounding the active catalytic center over the long-range framework structure. The general linear trend gives also insight into the contribution of the diffusion limitation inside the porous network of such heterogeneous catalysts or of unexpected reactivity of functional groups at the macroligand.

  7 µmol [Cp*RhCl] + ) [Cp*RhCl2]2 and 15.2 mg (89.4 µmol) AgNO3 were dispersed in a mixture of 5 ml anhydrous acetonitrile and 1 ml anhydrous MeOH and stirred for 2 h under light exclusion. The white solid was removed by centrifugation and the yellow solution was stored at 5°C.

  

Table 1 .

 1 Overview over the different ligands used, their corresponding Hammett constant (σm) and the average TOF of the optimized Cp*Rh-based catalysts.

	#	Nature of the catalyst ligand	σm	TOF / h-1
	1	Heterogeneous	BpyMP-1-NH2	-0.02	27.98 ± 1.74
	2	Homogeneous	1	0	39.96 ± 1.21
	3	Heterogeneous	BpyMP-1	0.14 23.46 ± 0.69
	4	Heterogeneous	BpyMP-2	0.14 22.49 ± 1.39
	5	Homogeneous	2	0.14 24.21 ± 1.13
	6	Homogeneous	3	0.37 11.22 ± 0.55
	7	Homogeneous	4	0.23 11.06 ± 0.47
	8	Heterogeneous	UiO-67	0.48 6.97 ± 0.41
	9	Heterogeneous	MOF-253	0.66 4.01 ± 0.58
	10 Heterogeneous	BpyMP-1-NO2	0.85 2.28 ± 0.34
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