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Introduction

A temporary solution to deal with the mitigation of carbon dioxide (CO 2 ) levels in our atmosphere resides in the grand scale capture of CO 2 to be buried into rocks. [START_REF] Ussiri | Carbon Sequestration for Climate Change Mitigation and Adaptation[END_REF] Although several incentives on this strategy have been launched worldwide, many concerns still persist on the long run stability and cost efficiency of such programs. Such solutions are being considered primarily because of the lack of knowledge on how to massively transform CO 2 to energy-rich forms of carbon. We are currently witnessing a substantial effort from chemists to address the issue of capturing and converting CO 2 into a fuel or stitching it in a reduced form as a C1 unit in organic synthesis. [START_REF] Senftle | [END_REF][3][4][5][6][7][8] This promising research field is a priority for our society with the target to set a virtuous cycle through valorization of exhausted CO 2 . This task is not trivial as activating and adding controlled number of electrons and protons on the stubbornly stable CO 2 molecule are exceedingly challenging. 9 Because of the highly endergonic processes involved in the reduction of CO 2 , catalysts are required to accelerate these reactions. In molecular chemistry, a great effort is dedicated to design new molecular catalysts inspired by active sites of families of enzymes that have been efficiently developed by nature to achieve these chemical transformations. Many metal complexes with different sets of ligands have already shown interesting activities. [10][11][12][13][14][15] These include metal ions spanning through the first, second, and third row of the periodic table enveloped with designed nitrogenated ligand sets together with sulphur and phosphorus coordinating atoms. Among these, metalloporphyrins have captured a particular attention for the CO 2 reduction inasmuch as the hemic models have long been studied as models for the Cytochrome c Oxidase to perform the four-electron reduction of O 2 or the reductive activation of O 2 by the oxygenases family of enzymes. 12, 15-22 Savéant and coll provided a first thorough electrochemical investigation of the electrocatalytic activity of the iron complex of the parent derivative of the tetra-arylporphyrins, the iron (III) tetra-phenylporphyrin, FeTPP. 17, 23 The synthetic development of functionalized tetraarylporphyrins has led to the sophistication of these molecular catalysts to optimize the electrocatalytic reduction of CO 2 , with catalytic overpotential and turnover frequency as the main characteristics for performance.
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In effect, the porphyrin platform has been put under electronic effects with electron-withdrawing functions to lower the overpotential of the CO 2 reduction. 18, 24 However, studies along this path have shown that the beneficial lowering of the overpotential was counterbalanced by lower reaction rate constants and turnover frequencies. 25, 26 The astute move to bring proton donor functions such as phenols by the group of Robert, Costentin, and Savéant (RCS) in the second coordination sphere where catalysis was taking place has led to a gain of orders of magnitude in the catalytic rate constant. 27, 28 Such an effect was assigned to the rapid delivery of protons to the activation of CO 2 to form CO and water. The same group further introduced cationic ammonium functions on the phenyl groups on the meso positions of the porphyrins with the targeted objective to stabilize the Fe I -CO 2 ─ intermediate. 24 The benefit of the presence of these cationic functions was demonstrated by an important lowering of the overpotential together with enhanced electrocatalytic activities. A similar effect in the electrocatalytic activity was reached when imidazolium groups as ionic liquid components were hooked to the aryl groups on the periphery of the porphyrin macrocyle again pertaining the through-space electrostatic stabilizing action and promoting the reactivity of the iron porphyrin catlyst. 29 It is also to be mentioned that different hydrogen bonding donors have been added on the contour of the porphyrin to help capture CO 2 with remarkable effects on both turnover frequencies and overpotentials.
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The same chemical adjustment is also being practiced for other metal complexes showing marked improvement of electrocatalytic activities. 19, 22, 33 Turning our attention to the iron porphyrin complexes, most of these achievements have been realized with catalysts bearing second coordination sphere groups on the ortho position of the porphyrin meso aryl rings in fully substituted systems with a C 4 symmetry. The ortho position was selected to place these groups above the metallic center where interactions with a Fe I -CO 2 ─ intermediate are expected to take place. Of note, the symmetrical introduction of these groups on the four meso aryls of the porphyrin platform is mainly motivated by synthetic practicality. Using our previously reported catalyst bearing four imidazolium arms in the ortho position of the meso aryl (4-Im-Fe, Scheme 1) as a reference catalyst, 29 in this work, our first interrogation concerns the question whether the exaltation of the observed electrocatalytic properties is the collective contribution of all four groups on the porphyrin rim. To address this important question, we have designed two iron porphyrins holding two and one imidazolium motifs hereby abbreviated as 2-Im-Fe and 1-Im-Fe, respectively (Scheme 1).

To further examine whether combining effects of different chemical functions may provide new reactivity patterns, we have also been interested in this study to combine the through-structure electronic effects (that normally lead to lowering of overpotential but with a marked drop in the electrocatalytic activity) with an electrostatic one (that through-stabilization of the Fe I -CO 2 ─ intermediate boosts the electrochemical conversion of CO 2 ). As such, the monosubstituted imidazolium derivative 1-Im-Fe was compared to its analogue bearing six fluorine atoms as inductive electronwithdrawing groups (abbreviated as 1-Im-F 6 -Fe) to investigate the cumulative action of these groups. We found that the overpotential of 4-Im-Fe, 2-Im-Fe and 1-Im-Fe catalysts increases with the number of embarked imidazolium units ranging from 230 to 430 to 620 mV, respectively, compared to 680 mV for the parent tetra-phenyl iron porphyrin, FeTPP. Importantly, we evidenced a gain of six orders of magnitude for the turnover frequencies going from the tetra-to the mono-substituted catalyst. Accordingly, in line with A. Warshel's electrostatic theory in explaining the unmatched reactivity of enzymes, [34][35][36] we found that the electrocatalytic performance trend of through-space electrostatic interaction models outperforms the classical electronic effects strategy. This is further exemplified for the 1-Im-F 6 -Fe complex whose turnover frequency is three orders of magnitude higher than the FeTPPF 8 derivative at similar overpotential.

Results and discussion

Synthesis of modified iron-porphyrins holding imidazolium groups

Catalysts 2-Im-Fe, 1-Im-Fe and 1-Im-F 6 -Fe were prepared starting from three different aminophenylporphyrins having two (3) or one (7 and 7') amine functions (Scheme 2). Porphyrin 3 was obtained by the reduction of the nitro groups of synthon 2 that was prepared according to the 2+2 Lindsey condensation of benzaldehyde and the orthonitrophenyldipyrromethane, 37, 38 which in turn resulted from an acid-catalyzed condensation of pyrrole and orthonitrobenzaldehyde. To keep a similar general topology, only the  atropisomer, having two amino groups in the same side with respect to the porphyrin plane was included in this study. Starting from these different aminophenylporphyrins, we used a similar synthetic tactic that we previously reported for catalyst 4-Im-Fe. 29 In the first step, the benzylic linker is introduced in a reaction between the porphyrin's amine groups and the 3-(chloromethyl)benzoyl chloride. When the amino groups are in the ortho position of the meso aryls of the porphyrin (4, 8 and 8'), the obtained semi-rigid aryl-amide-aryl motif was shown to be optimal for positioning functional groups in pre-organized fashion close to the coordination sphere of the metal ion lying in the center of the porphyrin ring. [39][40][41][42] In the next step of this synthesis, a ferrous chloride salt was used in presence of a base to insert the iron ion in the N4 coordinating cavity of the porphyrins. The obtained iron complexes 5, 9 and 9' were then treated with stoichiometric amounts of N-methylimidazole to substitute the benzylic chlorides with methyimidazolium groups and yield the targeted catalysts 2-Im-Fe, 1-Im-Fe and 1-Im-F 6 -Fe as chloride salts. The above-mentioned porphyrin ligands were characterized by 1 H-, 13 C-NMR, UV-Vis spectroscopies, HR-ESI mass spectrometry and the metallated porphyrins were characterized by UV-Vis spectroscopy and HR-ESI mass spectrometry. Detailed synthetic procedures and characterizations are described in the ESI.

Influence of the number of methylimidazolium groups

Under argon atmosphere in presence of 0.1 M of tetra-Nbutyl-ammonium hexafluorophosphate (TBAPF 6 ) as supporting electrolyte and DMF as solvent, all the functionalized iron porphyrins in Scheme 1 as well as the parent nonfunctionalized iron tetra-phenylporphyrin (FeTPP) display three reversible waves corresponding to the formal redox couples Fe III/II , Fe II/I , and Fe I/0 couples (Figure 1 ) for catalysts 2-Im-Fe and 1-Im-Fe, respectively (Figure 1a and Table 1). This significant potential shift indicates that, similar to the throughstructure inductive effect, the through-space charge stabilization of the catalyst's anionic forms, i.e. Fe I and Fe 0 , by the imidazolium arms is also a cumulative effect. The CVs of all three catalysts in a CO 2 -saturated solution and in presence of H 2 O as proton source show an important catalytic current on the third reduction wave (Figure 1b). Gas chromatography (GC) analysis of the electrochemical reaction headspace during bulk electrolysis experiments confirmed that for all three catalysts, the observed catalytic current corresponds exclusively to the 2e ─ reduction of CO 2 to CO with a Faraday efficiency ranging from 89 to 93 % (Figure S28-31).

The catalytic waves of the three catalysts were also analyzed using the Foot-of-the-Wave (FOW) method, introduced by RCS, 24, 26, 45-47 to estimate the turnover frequency (TOF) free from secondary phenomena (substrate and co-substrate depletion, product inhibition, catalyst degradation, etc.) which would otherwise require increasing scan rates during CV measurements to reach the ideal canonical S-shaped catalytic wave. A plot of the kinetic parameter log(TOF) against the thermodynamic parameter of overpotential, |E(Fe Please do not adjust margins
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For example, the classical through-structure strategy of decreasing the overpotential by decorating the porphyrin ring with inductive electron-withdrawing fluorine groups results in linear decrease of the log(TOF) (comparison within FeTPP, FeTPP-F 8 , and FeTPP-F 20 ). 26, 29 The beneficial lowering of the overpotential because of the thermodynamic ease of reducing the iron porphyrin comes at a detrimental cost of lower catalytic rate constant. Interestingly, our findings revealed an obvious structure/reactivity trend illustrated by an increase of the TOF and the reaction overpotential with decreasing numbers of cationic methylimidazolium groups when going from 4-Im-Fe to 2-Fe-Im and to 1-Im-Fe. From these findings, a linear correlation like that observed for the through-structure inductive effect can also be drawn for the through-space electrostatic effect but the latter is characterized by significantly higher reaction rates. We previously attributed the catalytic enhancement observed with the imidazoliummodified catalyst 4-Im-Fe, in comparison with FeTPP and its fluorinated derivatives, to the additional role played by the positively charged methylimidazolium groups in stabilizing the negatively charged Fe-CO 2  catalytic intermediate by throughspace electrostatic interactions. 29 In addition to confirming this through-space effect, this study shows that the amplitude of this effect can be affected by the number of methylimidazolium groups. Importantly, a noticeable difference in the slope of the through-space and throughstructure linear correlations can be clearly observed. The correlation coefficient (inverse slope), extracted from the plot of log(TOF) vs overpotential (Figure 1c), varies from 118 mV per decade in TOF for the fluorinated derivates to 66 mV per decade in TOF for the imidazolium derivatives. Mayer and coworkers have shown, in the case of O 2 reduction by iron porphyrins, that the modification of different parameters involved in the rate-determining step such as the intrinsic catalyst parameter of E Fe(III/II) (through ligand modifications of the catalyst) or the catalytic conditions such as acid pK a and concentration can result in different values of correlation coefficients. [48][49][50] However, Costentin and Savéant reported that such correlations only exists within families of catalyst in which the through-structure electronic effects influence in a similar manner the catalyst standard potential on one hand, and the thermodynamics and kinetics of the rate-determining catalytic sequence on the other hand. 51 Remarkably, we report here for the first time that in this family of imidazoliumfunctionalized iron porphyrins, the overall driving force brought by through-space substituent effects influence also the driving force of the rate-determining sequence in CO 2 -to-CO catalytic reduction which translates in the correlation observed in the log(TOF) vs overpotential plot (Figure 1c).

To better understand the effect of the number of imidazolium arms on the overall reaction rate, we investigated on a possible change of the nature of the rate-determining step of the electrocatalytic reduction. CO 2 binding and proton transfer are in general the two main processes with a significant contribution to the rate-determining step of the reaction because electron transfer processes are considered to be fast at the potential where the electrocatalytic reaction proceeds. The CO 2 binding constant of the active form, that is, the formal Fe 0 state of the iron porphyrin derivatives, was estimated by recording the CV responses in CO 2 -saturated dry DMF and in the absence of a proton source, which prevents any catalytic activity (Figures S9-S12). As shown in Figure 2, there is no direct correlation between the CO 2 binding constant and the number of methylimidazolium groups. However, 4-Im-Fe and 2-Im-Fe have a higher CO 2 binding constant (14.29 and 18.34 M -1

, respectively) compared to 1-Im-Fe (2.08 M -1

) containing only one of the methylimidazolium group, but the latter has still a higher value compared to the non-functionalized FeTPP (0.92 M -1 ). The close values of the CO 2 binding constant between catalysts with the two and four imidazolium arms suggest that a minimum of two methylimidazolium groups are involved in 'efficient' CO 2 capture. The CO 2 binding ability of these modified iron porphyrins can be thought of as a This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins Please do not adjust margins synergistic effect between the cationic imidazolium groups stabilizing the anionic CO 2 adduct and, to lesser extent, the hydrogen-bonding aptitude of the amide groups as such functionalities have been reported to enhance CO 2 binding. The protonation steps following CO 2 binding are often reported to be the rate-limiting step in the electrocatalytic CO 2 reduction by iron porphyrins. 
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The nonconforming trend in CO 2 binding constant and KIE with respect to the number of imidazolium groups in the second coordination sphere of the iron porphyrins indicates that behind the observed remarkable correlation between the overall driving force and the catalytic rate may also lie significant changes in the rate-determining step. Initial experimental data presented here dictates that there is a switch of rate-determining step when changing from 4-Im-Fe to 2-Im-Fe and to 1-Im-Fe. However, to probe such differences in-depth quantum chemical calculations and physicomathematical analysis of the reaction steps in the catalytic cycle with relevant experimental validation through intermediate characterization are necessary, which are beyond the scope of this study.

Combining through-structure electronic effects and through-space electrostatic interactions

As discussed above, both through-structure inductive effects and through-space electrostatic interactions can be employed to adjust the redox potential of the Fe I/0 redox couple and thus shift the catalytic potential of CO 2 reduction along the established correlations. Additionally, the through-space electrostatic interactions fulfill an extra role of enhancing the reaction rate due to the through-space stabilization of the Fe-CO 2  intermediate. To investigate what catalytic modifications the association of these two different effects may lead to, we developed a new analogue catalyst 1-Im-F 6 -Fe combining six fluorine groups as through-structure electron-withdrawing groups and one imidazolium arm to induce the through-space electrostatic interactions. FOW analysis of the catalytic current observed with 1-Im-F 6 -Fe catalyst under CO 2 atmosphere confirms a dual action of the six fluorine groups and the methylimidazolium group (Figure 3). Indeed, 1-Im-F 6 -Fe displays a catalytic potential (90 mV) more positive than that of its nonfluorinated Please do not adjust margins Please do not adjust margins and thus 1-Im-F 6 -Fe operates with a catalytic potential closer to that of FeTPP-F 8 (E 0 cat (1-Im-F 6 -Fe) = -1.266 V and E 0 cat (FeTPP-F 8 ) = -1.296 V). However, thanks to the throughspace stabilization of the Fe-CO 2  intermediate by the methylimidazolium group, 1-Im-F 6 -Fe displays a much higher TOF value (Figure 3c). The 1-Im-F 6 -Fe catalytic performance falls in between the through-structure and through-space linear correlations, demonstrating that extra level of tunability of the catalytic activity of iron porphyrins can be achieved by combining through-structure inductive effects and throughspace electrostatic interactions.

We previously reported that despite the difference in their E(Fe I/0 ) values (see Table 1 ) (Figure 3d). In addition, the fluorinated-derivative 1-Im-F 6 -Fe has a higher normal primary KIE value of 2.71 compared to either 1-Im-Fe (1.02) or FeTPP-F 8 (1.27) indicating that the combination of electronwithdrawing fluorine groups and cationic methylimidazolium groups induces a more significant dependence of the overall rate of the reaction on the protonation step. The notable increase in the TOF of the 1-Im-F 6 -Fe, despite the dragging effects of fluorine groups on the reaction rate, but without reaching the newly-established through-space linear correlation with imidazolium groups points out that a different contribution to the reaction rate from the CO 2 binding and the protonation steps is at play here and not just the result of summation of each of the independent effects. This will be further probed in additional experimental and theoretical investigations currently being performed in our group.

Conclusions

The through-structure electronic effects of donor and withdrawing groups have commonly been plugged in molecular based complexes to modulate the electronic and catalytic properties of metal complexes. In the field of CO 2 reduction, the presence of electron-withdrawing groups led to a bargain between a consequent drop in the overpotential and the diminished electrocatalytic rate. With the mindset to improve the electrocatalytic properties of molecular catalysts, chemists have successfully implemented different functionalities such as hydrogen bonding groups, proton relays and electrostatic interactions in the second coordination sphere that have contributed to modulate both electrochemical parameters. As a state of the art, two iron porphyrin derivatives holding cationic tetra-methylammonium and imidazolium functions stand out in the targeted window for catalysts with low overpotential and high turnover frequencies. Such an approach was inspired from the electrostatic interactions that prevail in the functioning of enzymes. We have reported herein a series of substituted iron porphyrin systems holding different number of imidazolium Please do not adjust margins Please do not adjust margins units, the tetra-, di-and mono-substituted derivatives with the target to bring insights in the structure/reactivity pattern. We found that the drop in overpotential of these catalysts is a function of the number of embarked imidazolium units. Importantly, we evidenced a gain of six orders of magnitude for the turnover frequencies from the tetra-to the monosubstituted catalyst. Of particular interest, we observed that the trend in the electrocatalytic performance of through-space electrostatic interaction models outperforms the classic electronic effects strategy, as summarized by the catalytic Tafel plots in Figure 4. Furthermore, when both electrostatic and electronic features of one imidazolium unit and six fluorine atoms respectively are embarked in a model, here too we noticed a combined effect resulting in a three order magnitude gain in the TOF with a consequential fall in the overpotential. Further work is in progress in our labs to provide both theoretical insights and the best combination of chemical functions in the quest for cost-efficient catalytic systems for CO 2 reduction.

Scheme 1 3

 13 Scheme 1Schematic representation of modified iron-porphyrin catalysts bearing four (4-Im-Fe), two (2-Im-Fe) and one (1-Im-Fe and 1-Im-F6-Fe) imidazolium arm.

Scheme 2

 2 Scheme 2Synthesis of iron porphyrin catalysts 2-Im-Fe, 1-Im-Fe and 1-Im-F6-Fe

Figure 1

 1 Figure 1 Cyclic voltammograms of 1 mM of modified iron porphyrin complexes 4-Im-Fe (green), 2-Im-Fe (blue), and 1-Im-Fe (red) in dimethylformamide (DMF) containing 0.1 M TBAPF6 at 25 °C (a) under argon and (b) under 1 atm of CO2 with 5.5 M H2O. (c) Comparison of the turnover frequency (TOF) calculated from FOW analysis as a function of catalytic overpotentials. Catalytic performance of nonfunctionalized FeTPP (black) and fluorinated derivates FeTPP-F8 (dark gray) and FeTPP-F20 (gray) are included for comparison under the same experimental conditions in (b).

a

  Overpotential calculated as the difference between the E (Fe I/0 ) and E°(CO2/CO) = 0.74 V vs NHE. b TOFmax estimated from Foot-of-the-Wave (FOW) analysis. c Faraday efficiency measured from bulk electrolysis experiments (see SI). d CO2 binding constant estimated using CVs in dry DMF purged with CO2 measured at 1 V/s (calculations in the SI). e Kinetic Isotope Effect (KIE) calculated as average using different concentrations of H2O/D2O (1.1 M to 5.5 M).
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 2852 Kinetic isotope effect (KIE = k cat,H₂O / k cat,D₂O ) was measured for each of the imidazolium derivatives using H 2 O or D 2 O as a proton or deuterium source. Both 2-Im-Fe and 1-Im-Fe showed a normal primary KIE of 1.12 and 1.02, respectively, but interestingly, the 4-Im-Fe showed a strong inverse primary KIE of 0.43 (further evidence pointed by Figures S20-22). The latter effect possibly indicates that for the 4-Im-Fe derivative, a pre-equilibrium (initial substrate stabilization), preceding the rate-determining protonation step, has a significant contribution to the overall kinetics of the reaction. Compared to 2-Im-Fe and 1-Im-Fe derivatives, the 4-Im-Fe catalyst has a unique configuration where the four imidazolium pillars form a positively-charged channel above the metal center. This configuration can induce a H 2 O/D 2 O molecular nanoconfinement which could possibly explain the peculiar behavior of the 4-Im-Fe catalyst. Recently, such H 2 O molecular nanoconfinement are being actively investigated in various ionic liquids including those based on imidazolium groups.

Figure 2

 2 Figure 2 Comparison of the CO2 binding constant and Kinetic Isotope Effect (KIE) for the modified iron porphyrin complexes as a function of the number of imidazolium groups.

1 )

 1 ), complexes FeTPP, FeTPP-F 8 and FeTPP-F 20 display similar CO 2 binding constants (K CO₂ = 0.92 M indicating that the nucleophilic strength of Fe 0 species in these three complexes have no significant effect on CO 2 binding. As mentioned earlier, the presence of an imidazolium arm in 1-Im-Fe increases the CO 2 binding constant (K CO₂ = 2.08 M -1 ) but here too, the introduction of six fluorine atoms as electron withdrawing groups (1-Im-F 6 -Fe), although it shifts E(Fe I/0 ) anodically by 90 mV, does not affect the CO 2 binding constant (K CO₂ = 2.05 M -1

Figure 3

 3 Figure 3 Cyclic voltammograms of 1 mM of modified iron porphyrin complexes 1-Im-Fe (red), 1-Im-F6-Fe (orange), in comparison with FeTPP-F8 (dark gray) in DMF containing 0.1 M [Bu4N]PF6 at 25 °C (a) under argon and (b) under CO2 with 5.5 M H2O. (c) Comparison of the turnover frequency (TOF) calculated from FOW analysis as a function of catalytic overpotentials (E 0 CO₂/CO = -0.74 V vs NHE). Catalytic performance of nonfunctionalized FeTPP (black) and FeTPP-F8 (dark gray) are included for comparison. (d) Comparison of the CO2 binding constant and KIE between 1-Im-Fe (red), 1-Im-F6-Fe (orange).

Figure 4

 4 Figure 4 Catalytic Tafel plots of the imidazolium-decorated iron porphyrin catalysts (4-Im-Fe in green, 2-Im-Fe in blue, 1-Im-Fe in red, 1-Im-F6-Fe in orange) showing the electrocatalytic improvements (enhancement of TOF and decrease of overpotential) in comparison with the classical through-structure strategy (FeTPP in black, FeTPP-F8 in dark gray, FeTPP-F20 in gray). Condition: CO2-saturated DMF with 5.5 M H2O.

Table 1

 1 Summary of electrochemical properties of the modified iron-porphyrin catalysts.

	30,

1-Im-Fe analogue Catalysts E (Fe I/0 ) / V η a / mV TOFmax b Log TOFmax Faraday Efficiency c KCO₂ d / M -1 KIE e (kcat,H₂O / kcat,D₂O) 4-Im-Fe

  

		-0.969	229	3.10 × 10 2	2.49	91 %	14.29	0.43 (± 0.08)
	2-Im-Fe	-1.168	428	8.57 × 10 5	5.93	93 %	18.34	1.12 (± 0.13)
	1-Im-Fe	-1.357	617	2.05 × 10 8	8.31	89 %	2.08	1.02 (± 0.12)
	1-Im-F6-Fe	-1.266	526	9.80 × 10 5	5.99	92 %	2.05	2.71 (± 0.30)
	FeTPP	-1.420	680	1.07 × 10 4	4.03	94 -100% 52	0.92	1.81 (± 0.06)
	FeTPPF8	-1.296	556	1.57 × 10 2	2.20	-	0.92	1.27 (± 0.05)
	FeTPPF20	-1.106	366	1.88 × 10 1	1.27	96 % 53	0.92	1.16 (± 0.05)
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