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Introduction

Pollution is one of the biggest problems that threatens life on earth, as it continues to grow and gets worse over time. Water pollution is considered the most important among the other types of pollution, given the very serious consequences of water pollution on fauna and flora and to humans [1,2]. The chemical industries, producing pesticides and herbicides, release a number of nitrophenolic products into wastewater, including 4-nitrophenol (4-NP), also called p-nitrophenol or 4-hydroxynitrobenzene [3,4]. It is very toxic to human health where it can damage, for example, the nervous system and kidneys [5,6]. It is for these reasons that the US Environmental Protection Agency placed 4-NP on the list of the most dangerous and polluting chemicals [7-9]. Among the many methods used to remove 4-NP from wastewater are adsorption [10], electrochemistry [11,12] and homogeneous and heterogeneous catalytic hydrogenation transfer [13,14]. It is noteworthy that many investigations concerning the degradation of 4-NP by cobalt species are reported in the literature [15][16][17]. These are concerned with the "cobalt ferrite core and graphitic shell (CoFe 2 O 4 /MGNC)" system using stoichiometric amounts of hydrogen peroxide for the degradation of an aqueous solution of 4-NP [15]. A water soluble cobalt phthalocyanine was also used for the degradation of 4-NP [17]. On the other hand, a number of papers have been published concerning the use of compounds involving cobalt as a catalyst in the reduction of 4-nitrophenol to 4aminophenol [18,19].

In addition to the methods mentioned above, a number of investigations concerning the treatment of wastewater containing hazardous organic products use porphyrin compounds as catalysts. These tetrapyrrole compounds are used alone but often they are combined with other species, such as metal salts, TiO 2 , reducing agents such as NaBH 4 and oxidants such as H 2 O 2 . The use of these porphyrinic compounds lies in the fact that these species are very stable [20][21][22][23]. Indeed, porphyrins and metalloporphyrins are multifunctional -electron conjugated macrocycles presenting optical and physical chemical properties that have exhibited great potential applications in catalysis The first part of our work reported in this article concerns the synthesis of two piperazine cobalt(II) complexes with the meso-tetra(para-methoxyphenyl)porphyrin (H 2 TMPP) and the meso-tetra(parachlorophenyl)porphyrin (H 2 TClPP). The formulas of these coordination compounds, as determined by single crystal X-ray molecular structures, are [{Co II (TMPP)} 2 ( 2 -pipz)]  2CH 2 Cl 2 (pipz = piperazine) (1) and [Co II (TClPP)(pipz)]  2CH 2 Cl 2 (2). These two cobaltous species were characterized by IR, UV-visible, fluorescence, 1 H NMR, EPR spectroscopy, ESI-mass spectrometry and cyclic voltammetry. In the second part of the present paper, we report the catalytic degradation of 4-nitrophenol (4-NP) using our two synthetic complexes.

Results and discussion

2-1. Synthesis of 1 and 2

The overall synthetic route for the preparation of meso-tetra(para-methoxyphenyl)porphyrin (H 2 TMPP), meso-tetra(para-chlorophenyl)porphyrin (H 2 TClPP), [Co II (TMPP)] and [Co II (TClPP)] starting material complexes, as well as the new cobaltous-pyrazine coordination compounds [{Co II (TMPP)} 2 ( 2pipz)]  2CH 2 Cl 2 (pipz = piperazine) (1) and [Co II (TClPP)(pipz)]  2CH 2 Cl 2 (2), is depicted in Scheme 1 (see synthetic procedures in the supplementary information). These two formulas are attributed according to the X-ray molecular structures of these two species, but in organic solvents these two cobaltous 

X-ray molecular structures of 1 and 2

Complexes 1 and 2 crystallize in the monoclinic and triclinic unit cells. The asymmetric unit of 1 contains a half [{Co II (TMPP)} 2 ( 2-pipz)] dimer and one dichloromethane solvent molecule. For complex 2, the asymmetric unit is made by a full [Co II (TClPP)(pipz)] molecule and two disordered dichloromethane molecules, which were omitted by the SQUEEZE procedure [34]. In Tables S1 andS2 the structural refinement details and selected bond lengths and angles for complexes 1 and 2 are reported, respectively. The ORTEP diagrams of our two Co(II)-pipz coordination compounds are illustrated in Figures 1 and2. We notice that the cobalt(II)-pipz non-porphyrinic complexes present Co __ N(pipz) bond lengths in the range 2.196-2.2461( 6) Å (Table 1), which are comparable with those of our Co(II)-pipz It has been reported [36] that the mean equatorial distance between the cobalt ion and the four nitrogen atoms of the porphyrin core (Co __ Np distance) is related to the ruffling distortion of the porphyrin core (Figure 9) where the Co __ Np distance increases as the ruffling decreases. This type of deformation is described by high displacement values of the meso-carbons alternatively above and below the 24-atom mean plane of the porphyrin macrocycle. As shown in Table 1, the [Co(TPP)] [37] (TPP = mesotetraphenylporphyrinato) complex exhibits the shortest Co __ Np distance (1.923 Å), corresponding to the most important ruffling deformation of cobaltous meso-arylmetalloporphyrins. The displacements of each atom from the C 20 N 4 mean plane (P C ) are shown in Figure 3. The Co __ Np distance of complex 1 is 1.976(3) Å, which is higher than that of complex 2 with a value of 1.980(2) Å. This is in accordance with the fact that the dimer species (1) exhibits higher ruffling than the monomer Co(II)-pipz derivative (2).

Furthermore, the Co __ Np values of 1 and 2 are close to those of related cobaltous pentacoordinated complexes of the type [Co II (Porph)(L)] (Porph = meso-arylporphyrin, L = N-donor neutral ligand). 

_______________________________________________________________________________________________________ a : See the description of the different types of the porphyrin core deformation in the text, Planar designates a planar porphyrin core. "+": moderate, "++": important, "+++": very important and "-": weak deformation. b : M __ N p = average equatorial distance between the center metal and the nitrogen atoms of the pyrroles, c : M __ X L = Distance between the metal atom and the coordinated atoms of the axial ligands, d : M __ P C = Distance between the metal atom and the mean plane made by the 24-atom core of the porphyrin (P C ). e : TPP = meso-tetraphenylporphyrinato, f : pip = piperidine, g : TCPP = meso-tetra(4-carboxyphenyl)porphyrinato, i : pipz-S= piperazin-1-yl)sulfonyl)naphthalen-1amine, j : TPBP = meso-[tetrakis- [4-(benzoyloxy)phenyl]porphyrinate, j : H 2 bpdc = 2,20-bipyridine-6,6'-dicarboxylic acid. As indicated in Figure 4, complex 1 presents a long Co⋯Co distance with a value of 8.867 Å.

However, this is not the case for complex 2 for which the Co⋯Co value is very short (5.225 Å) and the value of the distance between two adjacent average planar porphyrin (P C ) rings of the 24 atoms 

Hirshfeld surface analysis

In order to get a better insight into the intermolecular interactions of 1 and 2, Hirshfeld surfaces [44] incorporating two-dimensional (2D) fingerprint plots [45] were determined using the CrystalExplorer 

2-4. IR and 1 H NMR spectroscopy

The IR data of 1 and 2 are characteristic of meso-arylporphyrin coordination compounds, with absorption bands attributed to the (CCH) and (CHC) vibrations in the range 2960-2840 cm -1 and at ~ 1000 cm -1 , respectively. Organic compounds containing an N-H group, such as piperazine (pipz), present N-H stretching absorption bands in the 3500-3200 cm -1 region [48]. The wavenumber value of the absorption band corresponding to (NH) for the non-coordinated pipz molecule is 3250 cm -1 and this is shifted to 3368 and 3279 cm -1 when coordinated to the cobalt ion in complexes 1 and 2 respectively.

1 H NMR is an important spectroscopic method to differentiate between a diamagnetic cobalt(III) mesoarylporphyrin complex with the 3d 6 ground state electronic configuration and a paramagnetic cobaltous meso-arylporphyrin species with the 3d 7 ground state electronic configuration [49].

Mansour et al., [49] reported that cobalt(III) meso-aryporphyrin derivatives exhibit -pyrrolic and phenyl ring protons (H o,o' , H m,m' and H p ) slightly shifted compared to those of the corresponding free base porphyrins, with chemical shift values of about δ 8.5 and 9 ppm for the -pyrrolic protons and between δ 8.5 and 7.5 ppm for the phenyl protons (Table 2). The -pyrrolic (H) and the phenyl proton peaks for Co(II) meso-arylmetalloporphyrins are downfield shifted with chemical shift values between δ 12 and 16.5 ppm for the H protons and between δ 14 and 8 ppm for the H-phenyl protons ( 

Photophysical properties of 1 and 2

The tetracoordinated cobaltous metalloporphyrins of the type [Co II present Soret bands at 438 and 336 nm, respectively and Q bands at 556; 597 and 553; 592 nm, respectively (Figure 7, Table 3). These values are very close to those of related pentacoordinated and hexacoordinated cobalt(II) meso-aryporphyrin metalloporphyrins (Table 3). This confirms the [Co II (TClPP)(pipz)] formula of complex 2 in the solid state, as determined by its X-ray molecular structure. For complex 1, which is a dimer in the solid state with the formula [{Co II (TMPP)} 2 ( 2 -pipz)],

the UV-visible spectroscopy shows that in solution, this species can be either a monomeric or dimeric pentacoordinated cobalt(II) complex. This result is confirmed by a mass spectrometry study. On the other hand, our cobaltous [Co II (TMPP)] and [Co II (TClPP)] complexes and complexes 1 and 2 present optical gap values (Eg-opt) of ~ 2.00 eV, determined using the Tauc plot method (Figure 8). ----------------------------------------- max (nm) ( x 10 -3 ) __________________________________________________________________________________________ -----------------------Q The  max values of the Q(0,0) and Q(0,1) emission bands of 1 and 2 (in dichloromethane at 298 K and in ethanol at 77 K) are 653 / 648 and 719 / 710, and 651 / 640 and 717 / 711 nm, respectively. These values are very close to those of other related cobaltous pentacoordinated porphyrins (Table 4). The fluorescence quantum yields ( f ) values of 1 and 2 dichloromethane at 298 K are 0.026 and 0.042, respectively. These later two values are close to those of the related Co(II) porphyrins given in Table 4.

Cobaltous meso-arylporphyrin complexes

(0,0) Q(0,1) _____________________________________________________________________________________ [{Co II (TMPP)} 2 ( 2 -pipz)](
The single photon counting technique was used to measure the lifetime of singlet excited state (τ f ), while 

Cyclic voltammetry investigation

The cyclic voltammograms (CV) of complexes 1 and 2 recorded in dichloromethane are depicted in An inspection of Table 5 shows that (i) except the case of the [Co II (TMPP)(4,4'-bipy)] complex [33] where the E 1/2 value of the first ring oxidation wave (O1,R1) is smaller than that of the starting material In conclusion, the CV study shows that the donor or acceptor nature of the phenyl para groups of TMPP and TClPP porphyrinato ligands and the nature of the axial N-donor ligand do not have much effect on the electrochemical properties of complexes 1 and 2. ----------------------------------------------------------------------------------------------------------------------------------E 

1/2 b E 1/2 E 1/2 E 1/2 E 1/2 E 1/2 E 1

Electron Paramagnetic Resonance (EPR) investigation of complexes 1 and 2

The first EPR published investigations on cobalt(II) porphyrin complexes date back to the sixties and early seventies, especially that by Assour et al., in 1965 [62], Walker et al., in 1970 [63] and Wayland et al., in 1974 [64]. All these early investigations show that cobaltous metalloporphyrins present a single unpaired electron in the orbital. In fact, these heme-like cobaltous derivatives are low-spin 𝑑 𝑧 2 (S = 1/2) where the ground state of the electronic configuration of the Co(II) ion is [62]. It has been reported that pentacoordinated cobaltous porphyrins of

[(𝑑 𝑥𝑦 ) 2 (𝑑 𝑦𝑧 ) 2 (𝑑 𝑦𝑧 ) 2 (𝑑 𝑧 2) 1 ]
the type [Co II (Porph)(L)] (Porph = meso-arylporphyrin and L = amine-type axial ligand) exhibit axial symmetric EPR spectra with g// (g parallel) and g  (g perpendicular) values of 2.03 and 2.32 respectively [65]. For these species, the in-plane Co(II) hyperfine tensor (A  ) cannot be resolved, whereas typically A // = 8 mT and each of the eight nuclear sublevels (cobalt nucleus I = 7/2) carries a discernible super hyperfine coupling due to the N-donor axial ligand (e.g. 14 

N).

The solid X-band EPR spectra of 1 and 2 recorded at 7 K are depicted in Figure 11. The EPR parameters of these species, along with several other related cobaltous metalloporphyrins, are given in Table 6. A close investigation of Table 6 indicates that the pentacoordinate [Co II (Porph)(L)] complexes present g  and g // values of ~3.30 and ~2.02, respectively which are quite a bit higher than those of the [Co II (Porph)] starting materials, tetracoordinated derivatives with g  and g // values of ~2.25 and ~1.78, respectively. The EPR spectrum of our Co(II)-TMPP-pipz derivative (1) is of the axial type with a g  (g x = g y = g  ) value of 2.301 and a g // (g z ) value of 1.995 at 7 K. At 100 K, the g  and g// values of 1 are practically the same as those at 7 K. The Co(II)-TClPP-pipz species (2) presents a rhombic type X-band solid EPR spectrum with g x , g y and g z values at 7 K of 2.350, 2.301 and 1.996, respectively. The rhombic character of the EPR spectrum of 2 is confirmed by the Q-band EPR spectrum (Figure 12) of this coordination compound, which clearly shows the three well separated bands corresponding to g x , g y and g z . The g values of 1 are very close to those of complex 2 at 100 K. We noticed that the g  value of 1 is close to the g x and g y values of 2 and g// of 1 is also very close to g z of complex 2. These values, which are similar to those of the reported pentacoordinate low-spin cobaltous porphyrins with an N-donor neutral axial ligand, such as pyridine and imidazole (Table 6), indicate that complexes 1 and 2 are also low-spin (S = 1/2). Furthermore, the X-band EPR spectra of 1 and 2 at 7 K were successfully fitted with S = 1/2 (Figures S10 andS11). The most important results of this EPR investigation are: (i) both complexes 1 and 2 are cobaltous low-spin (S = 1/2) metalloporphyrin species, (ii) the nature of the meso-arylporphyrin and the Ndonor axial (such as py, Him, pipz) of the cobaltous pentacoordinated porphyrin complex have little effect on the EPR parameters of these species and (iii) for these Co(II) low-spin porphyrin coordination compounds, there is no clear relationship between the EPR parameters (e.g., g values and spectrum shape, for example) and the molecular structures of these complexes (monomer or dimer, space group type, etc.).

Kinetic adsorption of the 4-NP compound using complexes 1 and 2

Adsorption can be defined as the interaction between a chemical species (adsorbate) from a gas, liquid or solid to a surface (adsorbent). The adsorption process is due to weak physicochemical forces, such as The decrease of the -* electron transition band at 400 nm of 4-NP as a function of time in the presence of 1 and 2 indicates a concentration decrease of this species, consistent with the adsorption of 4-NP on complexes 1 and 2.The adsorbent capacity (q t ) and the decolorization yields (R%) are given by the following relationships, Eq. 1 and Eq. 2, respectively: q t (mg.g -1 ) = (C o -C t ).(V/m) Eq. 1

where C o and C t are the dye concentration at the instant t = 0 and t. V represents the volume of 4-NP used and m is the mass of the adsorbent.

R% = (A o -A t )/A o .100

Eq. 2

where A o and A t are the absorption at t = 0 and at the t instant.

The decolorization yields (R%) and the adsorption capacities (q t ) of the 4-NP compound in the presence of complexes 1 and 2 as a function of time are represented in Figure 13. The R% values for the complexes 1 and 2 are 25.9, and 30.8 %, respectively. We used four theoretical kinetic approaches to understand the adsorption process between the 4-NP organic species and our two cobaltous derivatives 1 and 2, which are: the pseudo first order, the pseudo second order, the Elovich and the intra-particular Diffusion models [68]. The plots corresponding to these four kinetic models are illustrated in Figure S13. The regression coefficient R 2 values were used to evaluate the kinetic results obtained using these four models and the results are given in Table 7. Thus, the pseudo second order model gives the better fit for both complexes 1 and 2. This result is consolidated by the fact that the experimental q t value is very close to the theoretical q t value obtained using the pseudo second order model (Table 7). 0.85 0.82 _______________________________________________________________________________________ k 1 = the pseudo first order rate constant (min -1 ), k 2 = the pseudo second order rate constant (g mg -1 min -1 ), α (mg g -1 min -1 ) = the initial adsorption rate, β (g mg -1 ): the desorption constant related to the extent of surface coverage and activation energy for chemisorption, k d = the intra-particle diffusion rate constant (g mg -1 min - 1/2 ), C (mg g -1 ) = the thickness of the limited diffusion layer.

Degradation of the 4-NP compound using complexes 1 and 2

The ability of complexes 1 and 2 to catalyze the degradation of 4-NP was tested using an aqueous H 2 O 2 solution at room temperature. The optimal condition for this degradation was found to be as follows: mass of 1 and 2 is m = 5 mg (0.0025 and 0.0055 mmol, respectively), the hydrogen peroxide aqueous solution is Co = 10 mg L -1 and pH = 8. Figure 14 Table 8 summarizes the degradation yield and the reaction time of several methods used in the degradation of 4-NP.

Table 8. Selection of several methods used for 4-NP degradation with the optimal reaction conditions and yields. The chemical degradation using our cobaltous complexes 1 and 2 in hydrogen peroxide solution leads to an acceptable yield of 93% comparable to that using a system made by a PVA/AgNPs nanocomposite film as a catalyst [71]. We noticed that the photocatalytic degradation using TiO 2 systems presents high 4-NP yield degradation yields (Table 8). Notably, tetracoordinated metalloporphyrins of the type 

Method of degradation

Conclusion

We have prepared two piperazine cobaltous coordination compounds with the meso-tetra(paramethoxyphenyl)porphyrin (H 2 TMPP) and the meso-tetra(para-chlorophenyl)porphyrin (H 2 TClPP). The single crystal X-ray molecular structures of these two complexes show that the first species is a dimer with the formula [{Co II (TMPP)} 2 ( 2 -pipz)]  2CH 2 Cl 2 (1) and the second derivative is pentacoordinated with the formula [Co II (TClPP)(pipz)] (2). Complexes 1 and 2 were characterized by UV-visible, fluorescence, IR, 1 H NMR, mass spectrometry and cyclic voltammetry and an EPR investigation indicated that both 1 and 2 are low-spin (S = 1/2) cobalt(II) porphyrin complexes. A degradation study of 4nitropyridine (4-NP) dye using our two Co(II)-Porph-pipz derivatives (1 and 2) was carried out an aqueous hydrogen peroxide solution. which showed that the degradation yields are 97 and 95% for 1 and 2, respectively after 60 min of reaction. Furthermore, the reduction efficiency values of 4-NP using complexes 1 and 2 are quite high, with values of ~94% for both species. Notably, complexes 1 and 2 have very similar spectral and electrochemical properties, which is also the case for the degradation of 4-NP where these compounds were used as catalysts and behaved in a very similar way.

  [24,25], electrochemical sensors [26], antimicrobial materials [27], photodynamic and photothermal therapy [28,29], cell imaging [30] and several other applications. It should be noted that during the last few years, our research group has published a number of articles concerning the use of several porphyrin complexes in the catalytic degradation of some organic dyes [31-33].

  Scheme 1. Synthesis of the H 2 TMPP and H 2 TClPP free base porphyrins, the starting materials [Co II (TMPP)] and [Co II (TClPP)] and complexes 1 and 2.

For 1 and 2 ,

 2 Figure S1. The Co __ N(pipz) bond lengths of 1 and 2 are close, with values of 2.247(3) and 2.225(5) Å, respectively which are also close to that of the related species [Co II (TPP)(pipz-S)] (pipz-S = piperazin-1-yl)sulfonyl)naphthalen-1-amine) with a Co __ N(pipz) distance value of 2.241(5) Å [35].

derivatives 1 and 2 .

 2 As shown by Figure S1, the piperazine axial ligand in both complexes 1 and 2 adopts the chair configuration, where the pipz molecule is nearly parallel to the porphyrin macrocycle for the dimer (1), while for the monomer species (2), the axial ligand molecule is nearly perpendicular to the porphyrin core. The C __ C and C __ N bond lengths of the pipz ligand for 1 and 2 are very close, while the C-C-C and C-N-C angles are smaller for the dimer complex 1, which is most probably due to the constraint applied by the two [Co(TMPP)] moieties on the pipz ligand.

Figure 1 .

 1 Figure 1. ORTEP diagram of [{Co II (TMPP)}  (  pipz)] (1). Ellipsoids are contoured at the 30% probability level and hydrogen atoms are omitted for clarity.

Figure 2 .

 2 Figure 2. ORTEP diagram of [Co II (TClPP)(pipz)] (2). Ellipsoids are contoured at the 30% probability level and hydrogen atoms are omitted for clarity.

Figure 3 .

 3 Figure 3. Formal diagrams of the porphyrinato cores of 1 (left) and 2 (right).

is 4 .

 4 264 Å, We can explain the formation of " dimers" between the [Co II (TClPP)(pipz)] molecules in the case of the crystal lattice of the TClPP porphyrinate and not in the case of the TMPP moiety by the bulky disordered OMe group in the para position of the phenyls of the meso-arylporphyrin compared to the chlorine atoms placed at the same para-phenyl position of the TClPP derivative, which are less sterically hindering groups.

Figure 4 .

 4 Figure 4. Drawing showing the Co⋯Co interaction for complexes 1 and 2.

[ 46 ]

 46 program. Hirshfeld surfaces are used(1) to visualize the intermolecular interactions using colors,(2) to represent short and long contacts and (3) to indicate the relative strength of interactions.The "d norm " function, given by the equation below, represents the ratio involving the distances from all surface points to the nearest internal "d i " and external "d e " atoms and the van der Waals radii: e » is the distance from the point to the nearest nucleus external to the surface, «d i » is the distance to the nearest nucleus internal to the surface and « vdW » is the van der Waals radii of the atom[START_REF] Turner | CrystalExplorer17[END_REF]. The d norm surface is mapped on the Hirshfeld surface with red, white and blue colors.The d norm value is zero (white color) when the intermolecular contacts are equal to the van der Waals radii, the d norm value is negative (red) when the intermolecular contacts are shorter than the van der Waals radii and positive (blue) when they are longer. Furthermore, a red concave area of the Hirshfeld surface is shown around an acceptor atom and a blue concave region is located around a donor atom. The 2D fingerprint plots (d i versus d e ) present contacts between two atom interactions and indicate the percentage of contributions from different interaction types [47]. Surface plots for d norm (Figures 5-a and S2) are generated using a high standard surface resolution over a color scale of -0.19 to 1.6 Å for complex 1 and -0.14 to 3.4 Å for complex 2. The distribution of fingerprint patterns on the Hirshfeld surfaces for structures 1 and 2 are illustrated in Figure 5-d. For

  FigureS3). In Figure 11 the relative percentage contributions of the other intermolecular contacts that contribute to the Hirshfeld surfaces in 1 and 2 are represented. The curvedness and shape index are also used to indicate the packing modes and how neighboring molecules are linked together. The shape index for 1 and 2 exhibits a red concave region on the surface near the acceptor atom and a blue region around the donor atom (Figure 5-b). The curvedness is defined as a function of the root mean square curvature of the surface. The curvedness maps for 1 and 2 present no flat surface patches, indicating the absence of stacking. Schematic illustrations of the decomposed fingerprint plots into the different contacts within complexes 1 and 2 are shown in Figure 6.

Figure 5 .

 5 Figure 5. (a): Hirshfeld surfaces mapped with d norm ranging from -0.19 (red) to 1.6 Å (blue) for complex 1 and -0.14 (red) to 3.4 Å (blue) for complex 2, (b): the shape index, (c): the curvedness and (d): 2D fingerprint plots with d i and ranging from 0.6 to 2.8 Å for 1 and 2.

Figure 6 .

 6 Figure 6. Schematic illustration of the decomposed fingerprint plots into the different contacts within complexes 1 and 2.

  a : H-OCH 3 = protons of the OCH 3 group in the para-phenyl positions of the H 2 TMPP porphyrin, b : TPP = mesotetraphenylporphyrinato, c : TpivPP = meso-[,,,-tetrakis(o-pivalamidophenyl)]porphyrinato, d : DMI = N,N'dimethylimidazolylidene, e : HIm = imidazole.

  (Porph)] (Porph = meso-arylporphyrin) exhibit  max Soret band values at ~410 nm in organic solvents. The addition of N-donor aromatic neutral ligands to these porphyrinic Co(II) derivatives leads to a redshift of the Soret and Q(0,0) bands with  max values at ~435 and ~555 nm, respectively. The corresponding species are in the majority of cases pentacoordinated Co(II) complexes of the type [Co II (Porph)(L)] (L = N-donor neutral ligand) or hexacoordinated coordination compounds of the type [Co II (Porph)(L) 2 ]. In our case, complexes 1 and 2

Figure 7 .

 7 Figure 7. Electronic absorption spectra of 1 and 2 at ca.10 -6 M in dichloromethane. The inset shows an enlarged view.

  __________________________________________________________________________________________________ a : TPP = meso-tetraphenylporphyrinato, b : TpivPP = ,,,tetrakis(o-pivalamidophenyl)porphyrinato, c : TPBP = meso-[tetrakis-[4-(benzoyloxy)phenyl]porphyrinato, d : 4,4'-bpy = 4,4'-bipyridine, g : Hon = 2-aminophenol.The emission spectra of porphyrins and metalloporphyrins exhibit two transition types. The first, which is the strongest, is the S 1  S 0 transition, concerning the Q bands, and it is between the first excited singlet state S 1 to the ground state S 0 . The second emission transition type is the S 2  S 0 transition; the Soret band is from the second excited singlet state S 2 to the ground state S 0 . This second transition is so weak that it is usually neglected compared to the S 1  S o transition. The emission spectra of complexes 1 and 2 in dichloromethane and ethanol (concentrations ~ 10 -6 M) are depicted in Figure8and the  max value of the emission Q bands, the fluorescent lifetime (τ f ) values and the fluorescence quantum yield ( f ) values are given in Table4, as well as the corresponding data for several related cobaltous porphyrin species.

Figure S9 illustrates the fluorescence decays for 1

 1 Figure S9 illustrates the fluorescence decays for 1 and 2.

  the fluorescence decays were fitted to single exponentials. Complexes 1 and 2 exhibit lifetime values (τ f) ) of ~6.0 ns in ethanol solution at 77 K, while in dichloromethane solution and at room temperature, the τ f values of 1 and 2 are ~1.5. The  f and τ f values shown by cobaltous metalloporphyrins could be explained by the paramagnetic nature of the cobalt(II) metal anion which allows inter system crossing to the triple state and therefore lowering the fluorescence [55].

Figure 8 .

 8 Figure 8. Emission spectra of 1 and 2. (a): Spectra recorded at room temperature in dichloromethane, (b): spectra recorded at 77 K in ethanol (concentrations ~ 10 -6 M).

Figures 9 and 10 1 and 2 ,

 1012 Figures 9 and 10 and the electrochemical data of these two Co(II) piperazine complexes are given in Table 5, along with those of several reported porphyrin derivatives. We recently reported a detailed description of the CV investigations on cobaltous metalloporphyrins in non-chlorinated solvents, such as THF and DMSO, and in dichloromethane solvent [33]. The CV data of our Co(II)-pipz derivatives are similar to those of the tetracoordinated [Co II (Porph)] (Porph = TMPP or TClPP) starting materials and the

Figure 9 .

 9 Figure 9. Cyclic voltammogram of 1. The solvent is dichloromethane, and the concentration is ca. 10 -3 M in 0.2 MTBAP, 100 mV s -1 , vitreous carbon working electrode (Ø = 2 mm). The inset shows the enlarged view.

Figure 10 .

 10 Figure 10. Cyclic voltammogram of 2. The solvent is dichloromethane, and the concentration is ca. 10 -3 M in 0.2 MTBAP, 100 mV s -1 , vitreous carbon working electrode (Ø = 2 mm).

[

  Co II (TMPP)], the other pentacoordinated cobaltous complexes exhibit potential values (E 1/2 and E ap ) shifted to more positive values than those of the [Co II (Porph)] corresponding species, (ii) it seems that the oxidation potentials are independent of the nature of the meso-arylporphyrin and also of the nature of the axial ligand and (iii) the E 1/2 values of the Co(II)/Co(I) reduction and especially the values of E 1/2 of the central Co(II)/Co(III) ion of the cobaltous metalloporphyrins, including 1 and 2, are shifted to more negative values with respect to the [Co II (Porph)] starting materials. It should be noted that the large shift towards negative potentials of the Co(II)/Co(III) oxidation waves compared to the shift in Co(II)/Co(I) reduction is an indication that the Co(III) porphyrin complexes are much more stable than those of the cobaltous metalloporphrins [56].

Figure 11 .

 11 Figure 11. The X-band EPR spectra for 1 and 2 (powder) at 7 K (perpendicular polarization). EPR conditions: microwave frequencies of 9.6418 and 9.6417 GHz for 1 and 2 respectively, microwave power of 6.5 mW

hydrogen bonds [ 66 ]

 66 and van der Waals forces [67]. Figure S12 shows the absorbance of 4-NP in aqueous solution in the presence of complexes 1 and 2 with different adsorption times. In our case, the adsorption of the 4-NP molecule on the cobaltous [Co II (Porph)(pipz)] complexes 1 and 2 is probably due to - stacking between the TMPP and TClPP porphyrin macrocycles and the phenyl ring of the 4-NP adsorbate rather than coordination of the dye molecule with the central metal Co(II) ion which is already coordinated to a pipz molecule, given that cobaltous metalloporphyrins are usually pentacoordinate.

Figure 13 .

 13 Figure 13. (a):Adsorption capacity (q t ) and (b): Adsorption efficiency (R%) curves of 4-NP as a function of time with the porphyrin compounds 1 and 2. C 0 = 20 mg/l, m = 5 mg, pH =8.

  represents the absorption of 4-NP in the absence of H 2 O 2 (reference = blank experiment)and in the presence of a 20 mg L -1 (0.72 mmol) of an aqueous solution of 4-NP for several degradation times.

Figure 14 . 3 𝑑𝐶Figure 15 -. Eq. 5 𝑅

 143155 Figure 14. Variation of the  max values of the absorption bands of 4-NP in an aqueous hydrogen peroxide solution (10 mg L -1 ) in the presence of complex 1 (left) and 2 (right).

Figure 15 .

 15 Figure 15. (a): Variation of C t /C o as a function of time. (b): Fitting data of the first-order pseudo kinetic curves for the « (4-NP)-(H 2 O 2 )-(complex 1 or 2) » systems. Reaction conditions: [4-NP] o = 20 mg L -1 , [H 2 O 2 ] o = 10 mg L -1 , pH = 8.

1

 1 Photodegradation in the presence of H 2 O 2

[

  M(Porph)] (M = central metal and Porph = meso-arylporphyrin) are usually used in a photodegradation of the 4-NP species where the metal cations are usually Cu(II), Zn(II), Pd(II), Fe(II) and Sn(IV) [21,22,77]. The only known example of a cobaltous metalloporphyrin in a 4-NP-TiO 2 photodegradation system is the [Co II (CPp)] complex where CPp is the meso-di[4-(carboethoxymethyleneoxy)phenyl]-10,20-di(4butylphenyl)porphyrinate [23].

  

Table 1

 1 

	. Selected bond lengths [Å] and angles [°] for [{Co II (TMPP)} 2 ( 2 -pipz)].2CH 2 Cl 2 (1) and [Co II (TClPP)(pipz)]
	(2),					
	_____________________________________________________________________________________
	Complex	Porphyrin core a M __ N p b	M __ X L c	M __ P C d	Ref.
		deformation type				
	_______________________________________________________________________________________________________
	Piperazine cobalt(II) porphyrin complexes		
	[Co II (TPP)] e	Ruf (+++)	1.923	-	0.050	[37]
	[Co II (TPP)(pip) 2 ] e,f	Planar	1.987	2.436 (2)	0.000	[38]
	[Co II (TCPP)(py) 2 ] g	Ruf(++)	1.961	1.958	0.000	[39]
	[Co II (TPP)(pipz-S)] i	Sad(+), Ruf(+) 1.989 (5)	2.241 (5)	0.134	[35]
	[{Co II (TMPP)} 2 ( 2 -pipz)] (1)	Ruf(+),sad (+++) 1.976 (3)	2.247 (3)	0.1298 (9)	this work
	[Co II (TClPP)(pipz)] (2)	Ruf (-),sad (++) 1.980 (2)	2.225 (2)	0.0885 (5)	this work
	[Co II (TMPP)(4-CNpy)]	Ruf(+),sad (+) 1.984 (3)	2.210 (3)	0.1404 (8)	[33]
	[Co II (TClPP)(4-CNpy)]	Ruf (+++),sad(+) 1.977 (2)	2.196 (3)	0.1440 (7)	[33]
	Piperazine zinc(II) porphyrin complexes		
	[Zn II (TPBP)(pipz)] j	M-Sad, m-Dom 2.079 (2)	2.127 (2)	0.4365 (4)	[58]
	Piperazine-Co(II) non-porphyrinic complexes		
	[Co II (NCS) 2 (MeOH) 2 (pipz) 2 ]	-	-	2.196	-	[40]
	[Co II Cl 2 (pipz) 2 ]	-	-	2.2461 (6)	-	[41]
				2.2453 (6)		
	{[{Co II Cl 2 }( 2 -(pipz)]} n	-	-	2.070 (2)	-	[42]
				2.051 (2)		
	[Co 2 (bpdc) 2 -( 2 -prz)(H 2 O) 2 ] j	-	-	2.135(2)	-	

Table 2

 2 indicate clearly that these derivatives in CDCl 3 solution are paramagnetic cobaltous porphyrinic complexes. The coordination of the piperazine ligand to the central metal for complexes 1 and 2 is confirmed by the signals of the -CH 2 -and the NH protons of the pipz ligand at δ

	4.15 / 1.65 and 3.78 / 1.35 ppm, respectively.

). The 1 H NMR spectra of our Co(II)-pipz porphyrin species (1 and 2) are illustrated in Figures

S4 and S5

, while the NMR data are reported in Table

2

for these species, the free bases porphyrins H 2 TMPP, H 2 TClPP, the [Co II (TMPP)] and [Co II (TClPP)] starting materials and a selection of related porphyrinic compounds. The NMR results of 1 and 2

Table 2 .

 2 1 H NMR data for our porphyrinc species and for the selected free base meso-arylporphyrins and cobalt meso-arylporphyrin complexes (spectra recorded in CDCl 3 ).

	___________________________________________________________________________________________
	Compound	H-pyrrolic protons	H-phenyl protons	H-OCH 3 a	Ref.
	__________________________________________________________________________________________
	Meso-arylporphyrins			
	H 2 TPP b		8.84	8.23; 7.91; 7.67; 7.26 -	[49]
	H 2 TpivPP c		8.82	8.70; 7.88; 7.50		-	[49]
	H 2 TMPP		8.86	8.08; 7.27;		4.10 this work
	H 2 TClPP		8.89	8.18; 7.74	-	-	this work
	Co(III)-meso-arylporphyrins			
	[Co III (TPP)Cl(DMI)] b,d		8.83	7.87; 7.65		-	[50]
	[Co III (TPP)(DMI)] +b,d		8.95	7.86; 7,71		-	[50]
	[Co III (TPP)Cl(py)] b		9.00	8.80; 7.70		-	[50]
	[Co III (TPP)(N 3 )(py)] b		9.22	8.38; 7.80		-	[51]
	Co(II)-meso-arylporphyrins			
	[Co II (TMPP)]		15.90	13.10; 9.43		5.25 this work
	[Co II (TClPP)]		15.75	12.93; 9.9	-	-	this work
	[Co II (TPP)] b		15.75	13.10; 9.80; 7.95	-	[49]
	[Co II (TpivPP)] c		15.30	11.50; 10.90; 7.80	-	[49]
	[Co II (TPP)(HIm)] b,e		12.8	8.8; 8,40; 7.69		-	[52]
	[Co II (TPP)(py)] b		12.50	8.5; 8.33; 7.82		-	[52]
	[{Co II (TMPP)} 2 ( 2 -pipz)] (1) 15.89	13.15;9.51		5.42 this work
	[Co II (TClPP)(pipz)] (2)		13.39	9.89; 8.85		-	this work
	[Co II (TMPP)(4-CNpy)].	14.64	11.42: 8.87; 9.01	5.01 [33]
	[Co II (TClPP)(4-CNpy)]		14.61	11.53; 9.01; 9.42	-	[33]
	___________________________________________________________________________________________

Table 4 .

 4 Emission data for complexes 1 and 2 and some related cobaltous metalloporphyrins.

	_____________________________________________________________________________________
	Complex	Temp. (K)	Solvent	 max (nm)	Φ f	τ

f (ns) Ref.

Table 5 .

 5 Electrochemical data a for H 2 TMPP, H 2 TClPP, complexes 1 and 2 and a selection of meso-porphyrins and Co(II) meso-metalloporphyrins. All the data are obtained from voltammograms recorded in dichloromethane.

	_____________________________________________________________________________________________________________________________________________________
			Oxidations		Reductions	Ref.
	1 st Porph Oxid 2 nd Porph Oxid 3 rd Porph Oxid Oxid. Co(II)/Co(III)	1 st Porph Red	2 nd Porph Red Red Co(II)/Co(I)
	(O1,R1)	(O2,R2)	(O3,R3)	(MO2)	(R4,O4)	(R3,O3)	(MR1,MO1)

Table 6 .

 6 

	Tetracoordinated Co(II) porphyrin complexes	
	[Co II (TMPP)]		powder	77	3.285	1.790 [63]
	[Co II (TPP)]		powder	77	3.222	1.798 [62]
	Pentacoordinated Co(II) porphyrin complexes	
	[Co II (TMPP)(py)]		in toluene	77	2.327	2.025 [64]
	[Co II (TPP)(py)]		in toluene	77	2.320	2.028 [65]
	[Co II (TMPP)(pip)]		in toluene	77	2.318	2.026 [63]
	[Co II (TPP)(HIm)]		in toluene	77	2.318	2.030 [65]
			powder	100	2.337	1.994 this work
				7	2.301	1.995
	[Co II (TClPP)(pipz)]	(2)	powder	100	2.350; 2.305 1.990 this work
				7	2.350; 2.301 1.996
	________________________________________________________________________________________

EPR data for complexes 1 and 2 and a selection of low-spin cobalt(II) metalloporphyrins. ______________________________________________________________________________________ Complex T (K) g  (g x , g y ) g // (g z ) Ref. _______________________________________________________________________________________ [{Co II (TMPP)} 2 ( 2 -pipz)] (1)

Table 7 .

 7 Kinetic data for the adsorption of 4-NP on complexes 1 and 2.

	_______________________________________________________________________________________________
	Calculated parameters	1	2
	_______________________________________________________________________________________
	q exp (mg g -1 )	5.25	6.35
	_______________________________________________________________________________________
	Pseudo first Order		
	k 1 (min -1 )	0.05	0.04
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