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Abstract: The present work describes the preparation and characterization of a new cobalt(IIl) por-
phyrin coordination compound named (chlorido)(nicotinoylchloride)[meso-tetra(para-chloro-
phenyl)porphyrinato]cobalt(Ill) ~ dichloromethane = monosolvate =~ with ~ the  formula
[Co™(TCIPP)CI(NTC)]-CH2Cl2 (4). The single-crystal X-ray molecular structure of 4 shows very im-
portant ruffling and waving distortions of the porphyrin macrocycle. The Soret and Q absorption
bands of 4 are very red-shifted as a consequence of the very distorted porphyrin core. This coordi-
nation compound was also studied by fluorescence and cyclic voltammetry. The efficiency of our
four porphyrinic compounds—the H2TCIPP (1) free-base porphyrin, the [Co(TCIPP)] (2) and
[Co"™(TCIPP)CI] (3) starting materials, and the new Co(Il) metalloporphyrin
[Co™(TCIPP)CI(NTC)]-CH2Cl2 (4)—as catalysts in the photochemical degradation was tested on
malachite green (MG) dye. The current voltage of complexes 3 and 4 was also studied. Electrical
parameters, including the saturation current density (Js) and barrier height (¢v), were measured.

Keywords: cobalt porphyrin; synthesis; photophysical properties; X-ray molecular structure; de
degradation; electrical parameters

1. Introduction

Cobalt metalloporphyrin complexes have been extensively investigated since the
early sixties, firstly as biomimetic models of hemoproteins, especially of vitamin B1 [1-3].
These coordination compounds are indeed explored in many domains, such as catalysts
[4], gas detection [5], biological activities, antifungal and antibacterial [6,7], building
blocks [8,9], photovoltaic cells [10-12], and sensors [13,14]. Organic dyes are used in many
industrial applications: paper, cosmetics, but especially in the food, textile, pharmaceuti-
cal, and medical diagnostic industries [15,16]. Their disposal is one of the main problems
in liquid waste treatment.

The majority of organic dyes are toxic causing serious environmental and human
health problems because of their mutagenic [17], teratogenic [18] and carcinogenic prop-
erties [19]. Among methods used for the decolorization of dyes, heterogeneous photoca-
talysis is one of the most used [20-24].

This method is based on the irradiation of a catalyst, usually a semiconductor, which
can be photoexcited to create electron-donating or -accepting sites and thus cause redox
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reactions. If the absorbed photons have an energy greater than the energy difference be-
tween the valence and the conduction bands, electron—hole pairs are formed in the semi-
conductor (holes in the BV band and electrons in the BC band). Notably, porphyrin com-
plexes have been successfully tested as catalysts in the chemical and heterogeneous pho-
tocatalysis degradation of organic dyes [25-27].

In continuation of our general investigation concerning synthesis, the spectroscopic,
electrochemical, and structural characterization of new porphyrin coordination com-
pounds, we recently published several papers concerning zinc(Il), magnesium(II) and co-
balt(II) metalloporphyrins, which were tested as catalysts in the decomposition of several
organic dyes [28-30].

To get new insights into the para-chloro-substituted meso-tetraphenylporphyrin
(H2TCIPP) and the sterically hindered nicotinoyl chloride ligand on the electronic and
structural properties of a cobalt coordination compound, the reaction of an excess of nic-
otinoyl chloride with the (chloride)[meso-tetra(para-chlorophenyl)porphyrinato]cobalt(III)
complex ([Co™(TCIPP)Cl]) was carried out in dichloromethane under air. The resulting
(chlorido)(nicotinoyl chloride)[meso-tetra(para-chlorophenyl)porphyrinato]cobalt(IIl) di-
chloromethane monosolvate with the formula [Co™(TCIPP)CI(NTC)]-CH2Cl: (4) was char-
acterized by UV-vis, IR, 'TH NMR and fluorescence spectroscopy. Cyclic voltammetry data
as well as the X-ray molecular structure and the Hirshfeld surfaces analysis of 4 were in-
vestigated. A photodegradation investigation on malachite green (MG) dye using the free-
base H2TCIPP (1), the [Co'(TCIPP)] (2) and [Co™(TPP)CI] (3) starting materials and com-
plex 4 is reported.

2. Experimental
2.1. Cyclic Voltammetry Experiments

These experiments were measured using a CH-660B potentiostat. All analyses were
done under an argon atmosphere at room temperature in a standard three-electrode elec-
trochemical cell. Tetrabutyl ammonium hexafluorophosphate (TBAPFs) was used as the
supporting electrolyte (0.1 M) in dichloromethane. The Ag/AgNOs (TBAPFs 0.2 m in
CH:2Cl2) redox couple was used as the reference electrode. All potentials quoted in the text
were transformed into values for the saturated calomel electrode (SCE) by applying the
following equation: E(SCE) = E(Ag/AgNOs) + 298 mV.

2.2. The Catalytic Degradation

The photocatalytic degradation of the malachite green (MG) dye in the presence of
compounds 1-4 was realized in air. A 5 mg quantity of H2TCIPP (1) or [Co!'(TCIPP)] (2) or
[Co™(TCIPP)CI] (3) or [Co™(TCIPP)CI(NTC)]-CH2Cl2 (4) (0.0066, 0.0061, 0.0046 and 0.0046
mmol, respectively) was added to 50 mL of an aqueous solution of MG (20 mg.L, 0.055
mmol). The pH of the solution was 7. The mixture was first stirred in the darkness for 30
min of illumination to assure that the adsorption—-desorption equilibrium was formed. A
300 W Xe lamp was used as the light source with an optical filter (A > 400 nm) held at
about 5 cm from the liquid surface for 30 min. At selected time intervals, an adequate
quantity of suspension was centrifuged and filtered using a membrane filter to eliminate
solid particles and recover the filtrate for further processing. The degradation efficiency

C"_Ct) x 100, where C: and Co are

Co

the concentrations at time t and starting concentration, respectively.

(R%) was measured according to the relation R(%) = (

2.3. Synthetic Procedures

All reagents and solvents were obtained commercially and used without further pu-
rifications.
In Scheme 1 are illustrated the structures of our four porphyrinic compounds 1-4:
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Scheme 1. Schematic representations of the structures of compounds 1-4.

2.3.1. Synthesis of H2TCIPP (1)

One gram of 4-chlorobenzaldheyde (0.007 mol) was dissolved using a magnetic stir-
rer in 100 mL of propionic acid and heated to 120 °C while maintaining stirring. Pyrrole
(0.5 mL, 0.007 mol) was then added dropwise to the yellowish solution and the mixture
was kept at 120 °C for an additional hour. The resulting solution was cooled, and the tar
mixture was filtered to obtain a blue-black precipitate that was decanted with water (5 x
50 mL) and n-hexane (5 x 50 mL) and finally dried under vacuum. The crude solid was
dissolved in 50 mL of chloroform and purified by silica gel column chromatography using
the chloroform as eluent to afford the meso-tetra(para-chlorophenyl)porphyrin (H.TCIPP)
(1) with a yield of 21%.

Anal (%) caled for CuH26N4Cls (750.09): C, 70.46; H, 3.49; N, 7.47; found: C, 70.23; H,
3.65; N, 7.62; UV-vis [CH2Cl2]: Amax (£.10° M.cm™): 421(335), 522(85), 557(56), 599(29),
651(36); '"H NMR (400 MHz, CDCls) 8(ppm), 8.89 (s, 8 H B-pyrrole), 8.08 (s, 8H ArH)
7.74(s,8H, ArH), -2.75 (NH); FTIR (solid, v, cm™); 3314 v[(NH) porphyrin], 2928 v[(CH)
porphyrin], 1470 v[(C=N),(C=C) porphyrin], 963 [6(CCH) porphyrin].

2.3.2. Synthesis of [Co'(TCIPP)] (2)

A 200 mL two-necked flask was charged with 120 mL of dimethylformamide (DMF)
and the solvent was degassed with argon for 10 min.H2TCIPP porphyrin (1) (200 mg, 1.0
eq) was added to the main reaction vessel and the mixture was heated to 160 °C under
magnetic stirring. CoCl2.6H20 (69 mg, 2 eq) was added to the mixture under argon and
the mixture was left at 160 °C and magnetic stirring for a further 2 h until the TLC analysis
(5i02, CHCl: eluent) revealed no trace of the free-base porphyrin. The resulting mixture
was cooled to 0 °C. The red-orange color precipitate was collected by filtration, washed
with water then with n-hexane and air-dried. The obtained pure [Co"(TCIPP)] complex
(2) was obtained with a 91% yield (195 mg).
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Anal (%) calcd for CasH24N4ClsCo (809.45): C, 65.29; H, 2.99; N, 6.92; found: C, 65.17;
H, 2.79; N, 7.10;UV-vis [CH2ClL2]: Amax (€.103 M-1.cm™) 414(340), 532(56); 'H NMR (400
MHz, CDCls) §(ppm), 15.75 (s, 8 H B-pyrrole), 12.93 (s, 8H ArH), 9.9 (s,8H, ArH); FTIR
(solid, v, cm™); 2966 v[(CH) porphyrin], 1484 v[(C=N), (C=C) porphyrin],1007 [6(CCH)
porphyrin].

2.3.3. Synthesis of [Co!'(TCIPP)CI] (3)

[Co'(TCIPP)] (2) (100 mg, 0.12 mmol) was dissolved in 10 mL of dichloromethane
and 2 mL of HCI (27%) was added and the color changed from red orange to dark green.
The mixture was stirred at 60 °C for 3 h. Then, the obtained precipitate was collected by
filtration, washed with 25 mL of cold methanol, and dried under vacuum. The resulting
cobalt(III) [Co™(TCIPP)Cl] complex (3) was obtained with a yield of 78%.

Anal (%) calcd for CasH24N4ClsCo (844.90): C, 62.55; H, 2.86; N, 6.63; found: C, 62.72;
H, 2.98; N, 6.79; UV-vis [CH2Cl2]: Amax (£.10 M-L.em™) Amax: 442(296), 557(50), 596(36); 'H
NMR (400 MHz, CDCls): 6 =8.95 (s, 8 H B-pyrrole); 7.95(s, 8H ArH); 7.78(s, 8H ArH); FTIR
(solid, v, cm™): 2900 v[(CH) porphyrin], 1504 v[(C=N), (C=C) porphyrin],1060 [6(CCH)
porphyrin].

2.3.4. Synthesis of [Co"(TCIPP)CI(NTC)]-CH2CI2 (4)

The coordination compound 3 (20 mg, 0.02 (mmol) was mixed with nicotinoyl chlo-
ride hydrochloride C6H4CINO-HCI (80 mg, 0.76 mmol) in 50 mL of dichloromethane at
room temperature for 2 h. Blue-green crystals of [Co™(TCIPP)CI(NTC)]-CH2Clz (4) (NTC
= nicotinoyl chloride) were obtained by slow diffusion of n-hexane into the dichloro-
methane solution (Yield ~85%).

Anal (%) calcd for Cs1H30NsClsOCo (1071.39): C, 57.17; H, 2.82; N, 6.54; found: C,
57.51; H, 2.69; N, 6.71; UV-vis [CH2Cl2]: Amax (e.10-3 M-1.cm™): 455(335), 560(45), 696(59); 'H
NMR (400 MHz, CDCls): 6 =9.08 (s, 8 H B-pyrrole), 8.09 (s, 8H ArH), 7.75 (s, 8H ArH),7.28
(s, 3H ArH-ligand), 6.65 (s, ArH-ligand); FTIR (solid, v, cm™), 2950 v[(CH) porphyrin],
1708 v[(C=0) Ligand] 1496 v[(C=N), (C=C) porphyrin],1006 [6(CCH) porphyrin].

3. Results and Discussion
3.1. IR and Proton NMR Spectroscopic Data

The IR spectra of the H.-TCIPP (1) free-base porphyrin and the [Co™(TCIPP)] (2) and
[Co(TCIPP)CI] (3) starting materials are depicted in Figures S1, S6 and S7, respectively.

Complex 4 exhibits an IR spectrum characteristic of a meso-arylporphyrin coordina-
tion compound and confirms the presence of the nicotinoyl chloride (NTC) axial ligand
(Figure S8). Indeed, the v(CH) stretching frequency values of the TCIPP porphyrinate and
the NTC axial ligand of 4 are in the 3050-2854 cm™ range while the v(C=C) and v(C=N)
stretching frequency values are 1496 cm'. The §(CCH) bending frequency value of 4 is
shown at 1007 cm™. The coordination of the NTC to the cobalt is confirmed by the absorp-
tion bands at 1708 cm™ corresponding to the v(C=0) stretching frequency. This value in-
dicates that this axial ligand is coordinated to the central Co(III) metal through the pyridyl
group and not the carbonyl group of the chloride acid.

"H NMR spectroscopy is a successful method to check whether a cobalt metallopor-
phyrin is a paramagnetic cobalt(Il) complex or a diamagnetic cobalt(IIl) coordination com-
plex with 3d” and 3d¢ fundamental state electronic configurations of the Co(II) and Co(III)
cations, respectively. Cobalt(I) meso-arylporphyrin derivatives exhibit downfield-shifted
"H NMR spectra with B-pyrrole proton chemical shift values ~16 ppm and phenyl proton
values in the range 13-9.8 ppm. On the other hand, for cobalt(Ill) meso-arylporphyrin com-
plexes the B-pyrrole protons and of the phenyl ring are slightly downfield-shifted with
respect to those of the related free-base porphyrins, with chemical shift values ~8.9 ppm
and in the range 7.65-8.80 ppm, respectively. The NMR spectrum of complex 4 is depicted
in Figure S9 while the chemical shift values of the phenyl and the protons -pyrrole of 1-
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4 and several related cobalt(Il) and cobalt(Ill) metalloporphyrins are listed in Table 1. The
B-pyrrole protons of 4 resonate at 9.08 ppm while the chemical shift values of the aryl
protons of this complex are in the range 8.09-7.75 ppm, which confirms that our Co-
TCIPP-NTC derivative is a paramagnetic cobalt(IIl) metalloporphyrin. The protons of the
NTC axial ligand resonate between 7.5 and 6.5 ppm.

Table 1. Chemical shift values from '"H NMR spectra of 1-4 and several other porphyrins com-
pounds.

Compound Hp-Pyrrolic Protons (ppm) H-Phenyl Protons (ppm) Ref.
Meso-arylporphyrins

H-TPP 2 8.84 8.23,7.91;7.67;,7.26 [31]
HTMPP » 8.86 8.08; 7.27 [32]
H:CITPP (1) 8.89 8.18;7.74 tw.
[Co(TPP)] = 15.75 13.10; 9.80; 7.95 [31]
[Co(TMPP)] ® 15.90 13.10; 9.43 [33]
[Co(TCIPP)] (2) 15.75 12.93;9.9 tw.
[Co(TPP)(Cl)(py)] 9.00 8.80;7.70 [34]
[Co™(TPP)(DMI)]* =< 8.95 7.86;7.71 [35]
[Co™(TPP)CI(DMI)] a< 8.83 7.87;7.65 [35]
[Co™(TCIPP)(CI)] (3) 8.95 7.95;7.78 tw.
[Co(TCIPP)(CI)(NTC)] (4) 9.08 8.09; 7.75 tw.

a: TPP = meso-tetraphenylporphyrinate, >: TMPP = meso-tetra(para-methoxyphenyl)porphyrinate, <
DMI = N,N’-dimethylimidazolylidene.

3.2. Photophysical Properties

The UV-vis spectra of our four synthetic porphyrinic species (1-4) are depicted in
Figure 1 while in Table 2 is reported the UV-vis data of these compounds and several
similar porphyrin species.

Soret band
1.04
ﬂ —3
0.8+ —3
c —q
=
= 06
-
[=]
[14]
=]
< 04

Q bands

400 500 400 700 800
Wavelength (nm)

Figure 1. UV-vis spectra of 1-4 recorderd in dichloromethane with concentrations ~10¢ M.

The Amax value of the Soret band of the free-base porphyrin H2TCIPP is 421 nm while
those of the Q bands are 522, 557, 599 and 651 nm which are characteristic for free-base
meso-arylporphyrins. The insertion of cobalt leads to a reduction in the number bands Q
from four to two and to a shift of the Soret band towards the blue at 414 nm. The
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absorption spectrum of [Co(TCIPP)CI] (3) shows a red-shift Soret band at 442 nm, which
is an indication of the oxidation of cobalt(II) to cobalt(Ill) (Table 2). In addition, the coor-
dination of the nicotinoyl chloride (NTC) to the Co(III) center metal of (3) leads to an im-
portant red shift of the Soret band (455 nm) and the Q bands (560 and 696 nm). For this
Co(IlI) pentacoordinated metalloporphyrin (4), the significant redshift of the Soret and Q
bands explain the green color of this Co(IlI) metalloporphyrin, which is due to the im-
portant deformations of the porphyrin core (see the crystallographic section) reported by
Weiss et al. [36].

The values of the optical gap (Eg) of 1-4 were calculated by applying the Tauc rela-
tionship (ahv)? = A[hv— E,], where A is a constant parameter depending on the transi-
tion probability, i vis the incident photon energy and « is the optical absorption coefficient
extracted from absorbance data [35]. The intercept from the solid lines and the x-axis al-
lows the determination of E; values (Figure S10) of 1-4 which are 1.88, 2.01, 1.96 and 1.73
eV, respectively (Figure S10, Table 2). The free-base porphyrin HTCIPP (1) exhibits a Eg
value which is lower than those of [Co"(Telp)] (2) and [Co™(TCIPP)Cl] (3) which could be
justify by the fact that the non-metalated porphyrin presents a higher flexibility of the
porphyrin core leading to the destabilization of the HOMO-LUMO orbitals and therefore
lowering the energy of the HOMO-LUMO orbitals. In the case of
[Co(TCIPP)CI(NTC)]-CH2Cl2 (4), the Eg energy (1.73 eV) is lower than that of the H2TCIPP
free-base porphyrin (1.88 eV), which is related to the very important distortion of the por-
phyrin macrocycle of this complex (see crystallographic section).

Table 2. UV-vis data of 1-4 and a selection of porphyrin species.

Compound Amax (nm) (e x 10-* M-L.cm™) Eg (eV) Ref.
Soret Band Q Bands
Free-base meso-arylporphyrins
522(85) 557(56)
H2TCIPP (1) 421(335) 599(29) 651(36) 1.88 tw.
. 521(24) 558(20)
H.TMPP 423(344) 597(16) 650(15) 1.76 [21]
Cobalt meso-arylporphyrins
[Co(TCIPP)] (2) 414 (340) 532(56) 2.01 tw.
[Co(TPP)] ® 412 528 [21]
111,
E;O (TCIPPYCD] 442(296) 557(50) 596(36)  1.96 tw.
[Co™(TCIPP)CI(N
455(335 560 (sh) 696(59) 1.73 tw.

2: H:-TMP = meso-tetratolylporphyrin, b: TPP = meso-tetraphenylporphyrinate.

Porphyrins compounds usually present two emission transition types: (i) the S1 — So
transition from the S: first excited state to the So ground state corresponding to the Q bands
[O(0,0 and Q(0,1)] and (ii) the S2—>So transition from the second excited state S2 to the
ground state So corresponding to the Soret band. Given that the S>— So emission transition
is very weak compared to the S1—5o transition for porphyrin species, the former fluores-
cence is usually not considered for porphyrins and metalloporphyrins.

The fluorescence spectra of our four porphyrinic species (1-4) are presented in Figure
2 and the fluorescence parameters of these compounds and some free-base meso-arylpor-
phyrins and Co(II) and Co(IIl) related metalloporphyrins are reported in Table 3.

As shown in Figure 2, the H.-TCIPP porphyrin (1) presents Q(0,0) and Q(0,1) emission
band values at 650 and 714 nm, respectively. For the cobaltous [Co"(TCIPP)] (2) complex,
the O(0,0) and Q(0,1) bands are blue-shifted with Amax values of 641 and 709 nm, respec-
tively. Our two cobalt(Ill) complexes (3—4) show blue-shifted Q(0,0) and Q(0,1) bands at
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637 and 699 nm, respectively. Generally, the fluorescence quantum yields (¢r) of free-base
porphyrins are greater than those of the corresponding metalated, which is explained by
the electron transfer from the donor part of the metalloporphyrin to its acceptor part. The
donor part of a porphyrin complex is the porphyrin core, and the acceptor part is the cen-
tral metal. Indeed, the ¢r value of 1, which is 0.089, is higher than that of 2 with a value of
0.035. The fluorescence lifetime (tr) values have usually the same trend than the fluores-
cence quantum yields. Thus, the tr of 1-2 are 7.40 and 6.40 ns, respectively. For the two
Co(II) complexes [Co(TCIPP)CI] (3) and [Co™(TCIPP)CI(NTC)]-CH2Cl2 (4), we noticed:
(i) compounds 3—4 present very close fluorescence lifetime values (~2.40 ns), (ii) for 3, the
¢r value is as expected smaller than that of the H.TCIPP with a value of 0.051 and (iii)
compound 4 exhibits high ¢ value (0.065). An explanation of this behavior could be the
very important deformation of the porphyrin core, which has an important effect on the
acceptor—donor characteristics of the [Co'(TCIPP)CI(NTC)] molecule.

Q(0,0)

4x105.

RS

Arbitrary units

550 600 650 700 750 800
Wavelength (nm)

Figure 2. The emission spectra of 1-4. The spectra have been registered in CH2Cl> with a
concentration ~10-% M and the Amax of the excitation radiation is 430 nm.

Table 3. Emission spectra data, quantum yields (¢r) and lifetime (tr) of complexes 1-4 and a selection
of related porphyrin compounds.

Compound Amax (nm) 2 1¢? (in ns) Solvent Ref.
000 Q©O1)
Free-base meso-arylporphyrins

H.TPP ¢ 653 722 0.120 9.60 DMF [37]

HTMPP ¢ 656 719 0.080 7.16 CHClL [32]

H-TCIPP (1) 650 714 0.089 7.40 CH:Cl2 this work
Cobalt(11) meso-arylporphyrins

[Co(TMPP)] 4 655 719 0.035 6.02 CH2ClL [32]

[Co(TCIPP)] (2) 641 709 0.04 6.10 CH2ClL this work

[Co'(TCIPP)(4-CNpy)] 653 714 0.06 2.00 CH:Cl> [32]

[Co'(TPBP)(4,4-bipy)2] ¢ 652 718 0.036 CHaCl [38]
Cobalt(111) meso-arylporphyrins

[Co'(TCIPP)CI] (3) 641 705 0.051 2.30 CH:Cl> this work

[Co"™(TCIPP)CI(NTC)] (4) 637 699 0.065 2.50 CH2ClL this work

2 ¢f = fluorescence quantum yield, ®: fluorescence lifetime, <: TPP = meso-tetraphenylporphyrin, 4:
TMPP = meso-tetra(para-methoxyphenyl)porphyrinate, ¢: meso-tetrakis-[4-(benzoyloxy)phenyl]por-
phyrinate.
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3.3. X-ray Molecular Structure of Complex 4

The molecular structure of our Co(III)-TCIPP-CI-NTC derivative (4) was determined
by X-ray diffraction. Single crystals were obtained by slow diffusion of n-hexane through
a dichloromethane solution containing complex 4. The crystallographic data and the re-
finement of the structure of this species are presented in Table S1 while a selection of dis-
tances and angles of the same species are given in Table S2. Complex 4 crystallizes in the
monoclinic crystal system with P2i/c space group. One [Co(TMPP)CI(NTC)] molecule
and one disordered dichloromethane solvent molecules are the only constituents of the
asymmetric unit of 4. The ORTEP drawing of this Co(III) metalloporphyrin is illustrated
in Figure 3. For this Co(IlI)-NTC porphyrin derivative, the cobalt(IlI) central ion is coor-
dinated by the four pyrrole N atoms of the porphyrin. The chloride and the nicotinoyl
chloride (NTC) axial ligands occupy the two apical sites of the distorted square-bipyram-
idal coordination polyhedra.

i

Figure 3. ORTEP drawing of [Co™(TCIPP)CI(NTC)] with thermal ellipsoids drawn at 40% probabil-
ity. The hydrogen atoms are omitted for clarity and only the major position of the disordered nico-
tinoyl chloride (NTC) axial ligand is shown.

Senge et al. [39] reported that the macrocycle of the porphyrin presents four ideal
deformations: (i) the doming deformation (dom) due to the displacement of the metal atom
out of the 24-atom mean plane of the porphyrin core and the displacement of the nitrogen
atoms to the axial ligand, (ii) the ruffling distortion (ruff) is characterized by the high val-
ues of the displacement of the meso-carbon atoms over and below the porphyrin mean
plane (Figure 4a,b), (iii) the saddle deformation (sad) originates from the displacement of
the pyrrole rings alternatively above and below the mean porphyrin core so that the pyr-
role nitrogen atoms are out of the mean plane, and (iv) the waving distortions (wav), for
which the four fragments “B-carbon-o-carbon-meso-carbon-a-carbon-p-carbon” are alter-
natively below and above the mean plane of the porphyrin macrocycle.

The most structural important feature of our new cobalt(III) chloride-nicotinoyl chlo-
ride derivative (4) is the very important ruffling and waving deformations of the porphy-
rin core (Figure 4c). Thus, as shown in Figure 5, the displacements of the meso-carbons
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from the mean plane of the 24-atom porphyrin core are —67, 63, 63 and 64.102 A, indicat-
ing a very important ruffling deformation. The four fragments “B-carbon-o-carbon-meso-
carbon-a-carbon-B-carbon” also present very high displacements vis-a-vis the mean plane
of the 24-atom porphyrin core with values “-26 —-35 —67 -39 -30”, “+22 +37 +63 +36 +27”,
“-23 -35 —63 36 -32” and “+16 +36 +64 +42 +27” 102 A, which confirms the significant
waving deformation of the porphyrin core. It is noteworthy that the deformation of the
porphyrin core and especially the ruffling distortion and the variation in the equatorial
mean distance between the center metal and the nitrogen atoms of the porphyrin core
(M—Np, M = center ion) are related. Thus, the greater the ruffling deformation is, the
smaller the Co—-Np distance is and vice versa [39].

Inspection of Table 4 shows that (i) cobalt(Ill) metalloporphyrins with significant ruf-
fling and waving deformations present very short Co-Np distances, while those with
small deformations of the porphyrin core show longer Co-Np distance values as just in-
dicated above, and (ii) our Co(III)-CI-NTC derivative (4) presents a very short Co-Np
bond distance of 1.947(3) A, which is in accordance with the fact that this species exhibits
very important ruffling and waving deformations. Consequently, the Soret and Q bands
of the spectrum of 4 and the Q bands of the fluorescence spectrum are very red-shifted.

@ \/ ®) \_k
/;\ N //v\\

« ligand binding pocket »

Figure 4. Representation of the porphyrin core-Co(III)-CI-NTC” moieties showing the important
ruffling (a) and waving (b) deformations of the porphyrin core of [Co™(TCIPP)CI(NTC)]. (c): Draw-
ing of the [Co™(TCIPPCI(NTC)] complex showing the location of the nicotinoyl chloride axial ligand
in the “ligand binding pocket” to minimize the interaction between the nicotinoyl chloride ligand
and the phenyl groups of the TCIPP porphyrinate.
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/ﬁ-pyrrole carbon

27 26 a-pyrrole carbon

meso-Carbon

meso-Carbon

Figure 5. Formal diagram of the porphyrin macrocycle of [Co™(TCIPPCI(NTC)]. The displacement
of each atom from the mean plane of the 24-atom porphyrin macrocycle in given in units of 0.01 A.

Table 4. Selection bond lengths (A) and angles (°) for [Co™(TCIPP)CI(NTC)]-CH2CH: (4) and a se-
lection of related porphyrin compounds.

Compound Porphyrin Core Deformation type2 Cp-Np?  Co—Xt¢ Ref.
[Co(TPP)(ONCsHiNMez)2] ¢« Ruf ~+Wav = 1.957(1)  1.94(2)/1.98(2) [40]
E;OHI(TP“’PP)(Z'Melm)(z'MeHIm)]Ruf  Wav 1938(3)  1.972(4)/1.9533)  [41]
[Co(TPP)Cl(py)] ¢ Ruf + Wav * 1.938(3) 2.234(1) 1/1.999(2) 2 [42]
[Coll(TPP)(NO2)(2,5-Lut)] &k Ruf *Wav * 1.953 1.948 3/2.037 4 [43]
[Com(TPP)(NO2)(Clpy)] 1 Ruf * Wav 1.955(3)  1.912(3)%/2.044(3)* [44]
[Co"(TPP)(DMIC)(MeOH)|BFsm  Ruf **,Wav ** 1.927(3)  2.059(2)5/1.929(3) 6 [40]
[Co"(TPP)(SPhFa)2] dn Planar 1.978 2.347 [45]
[Col(TPP)CI] 4 Planar 1.984 2.150 [46]
[Co"(TCIPP)CI(NTC)]-CH:CL: (4) Ruf **,Wav ** 1.939(4)  2.230(1)1/1.991(4)7 this work

a: See the description of various forms of the porphyrin core deformation in the text; planar refers a
planar porphyrin core. +: moderate, ++, important and +++: very important, »: Co-Np =the mean
equatorial distance between the center metal and the nitrogen atoms of the pyrroles, < M—Xv = dis-
tance between the center metal and the coordinated atoms of the axial ligands, 9: TPP = meso-tetra-
phenylporphyrin, ©: ONCsHsNMe:2 = N,N-dimethy-1-4-nitrosoaniline, ©: TpivPP = o,a,0,a-tetrakis(o-
pivalamidophenyl)porphinate, 8: 2-Melm = 2-methylimidazolate, @ 2-MeHIm) = 2-me-
thylimiodazole, i: py = pyridine, *: 2,5-Lut = 2,5 lutidine, ': Clpy = 3,5-dichloropyridine, ™: DMIC =
N,N-dimethylimidazolium-2-carboxylate, ": SPhFs = 2,3,5,6-Tetrafluorobenzenethiolato ': chloride
ligand, % pyridine ligand, 3: nitrito-N ligand, 43,5-dichloropyridine ligand, 5: N,N-dimethylimidaz-
olium-2-carboxylate ligand, : MeOH ligand, ”: NTC ligand.

The important ruffling and waving deformations of the porphyrin core of 4 are most
probably due to coordination of the sterically hindered nicotinoyl chloride axial ligand to
the Co(IIl) center ion. Thus, in order to minimize the interaction of this ligand with the
phenyls or the TCIPP porphyrinate, the porphyrin core is twisted severally so that the
hydrogen atoms of the pyridyl group of the nicotinoyl chloride axial are as far as possible
from the hydrogens of the phenyl closest to the porphyrin, leading to the formation of a
“ligand binding pocket” in which the nicotinoyl chloride axial is located (Figure 4c).
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There are obviously no classical hydrogen bonds in the structure of 4 for which the
crystal stability is described as follows (Figures S1-54): (i) the chlorine Clz in para position
of a phenyl group of one [Co(TCIPP)CI(NTC)] molecule and the C8 atom of one pyrrole
ring of a neighboring TCIPP porphyrinate of a [Co™(TCIPP)CI(NTC)] complex are hydro-
gen bonded with a C8—H8--Cl> distance of 3.398 (4) A, (ii) the carbon atoms C31 and C32
of one phenyl ring of one [Co(TCIPP)CI(NTC)] complex are H bonded to the centroid
Cg4 of the N4/C16-C19 pyrrole ring and the Cl5 chloride axial ligand of the same
[Co(TCIPP)CI(NTC)] closest neighbor, respectively (Table S3). The C31-H31--Cg4 and
C32-H32--Cl5 distance values are 3.503(3) and 3.374 (3) A, respectively, (iii) the carbon
C47 of the phenyl ring of the nicotinoyl chloride (NTC) axial ligand is weakly linked to
the centroid Cg3 of the N3/C11-C14 of a nearby [Co(TCIPP)CI(NTC)] molecule with a
C47-H47--Cg3 distance of 3.458(5) A and (iv) the centroid Cgl1 of the N1/C2-C4 of the later
molecule is weakly H bonded to the carbons C51A and C51B of the disordered dichloro-
methane solvent molecule with a C50A-H51B--Cgl and C50B—-H51C--Cg1 distance values
of 3.675(6) and 3.61(5) A.

We noticed the presence of small voids 1.2 A and a grid of 0.7 A perpendicular to the
[010] direction (Figure S4). These voids correspond to 2% of the cell volume with a total
volume of 95.12 A3 per cell.

3.4. Hirshfeld Surface Analysis

In order to further understand the intermolecular interactions in the crystal of com-
pound 4, Hirshfeld surface (HS) analysis was carried out by using Crystal Explorer 17.5
[47].

The white surfaces in the HS plotted over dnorm, indicates contacts with distances
equal to the sum of van der Waals radii while the red and blue colors indicate distances
shorter or longer than the van der Waals radii, respectively [48]. As shown in Figure 6a,
the red spots in the Hirshfeld surface presented by the dnorm surface correspond to the
C8-H8-Cl2, C32-H32-Cl5, C31-H31-Cg4, C47-H47--Cg3, C51A-H51B-Cgl and
C51B-H51CCgl. As already indicated by the PLATON calculations [49], the most abun-
dant contributor of the total Hirshfeld surface around complex 4 is the H...Cl/Cl...H inter-
action which contributed by 33.2%. The other noticeable contributors are: H...H (29.7%),
C...Cl/Cl...C (7.4%), CI-C1 (5.1%) H...O/O...H (3.6%) (Figure 7).

Both the curvature and the shape indices can also be utilized to make identifications
of typical stacking modes and the manners in which closely spaced molecules engage with
each other. The shape index for 4 shows a red concave area on the surface around the
acceptor atom and a blue area around the donor H-atom (Figure 6b) [50,51]. The curved-
ness is a function of the root mean square curvature of the surface and the maps of curv-
edness on the HS for complex 4 indicate no plain surface patches, indicating that there is
no stacking interaction between the molecules (Figure 6c).

Figure 6. (a): Hirshfeld surfaces mapped with dnorm ranging from —0.2017 to 2.1242 A, (b): the shape
index and (c): the curvedness.
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Figure 7. 2D Fingerprint plots highlighting the percentage contribution of each type of intermolec-
ular interaction in total interactions of 4.

3.5. Cyclic Voltammetry Investigation on [Co(TCIPP)CI(NTC)]-CH:Cl: (4)

The electrochemical properties of 4 were assessed by cyclic voltammetry with tetra-
n-butylammonium hexafluorophosphate (TBAPFs) used as supporting electrolyte (0.1 M)
in dichloromethane under an argon atmosphere. The voltammogram of this cobalt(III)
metalloporphyrin is illustrated by Figure 8.

The reduction in [Co™(TCIPP)CI(NTC)]-CH:Cl2 (4) has uncoupled cathodic and an-
odic peaks that are tagged 1a (reduction) and 1b (oxidation) (Scheme 2) and were spectro-
electrochemically analyzed by Kadish et al. [52] for the [Co™(TPP)Cl] (TPP = meso-tetra-
phenylporphyrinate) coordination compound as inlaying a Co(III)/Co(II) reduction. In the
case of [Co"(TPP)Cl], the reduction (1a) occurs at Ecp = -0.20 V (Eep = cathodic potential)
and the reoxidation of the generated Co(lI) complex (peak 1b) occurs at Eap =0.57 V (Eap =
anodic potential) (Figure 8, Table 5). For complex 4, the Ecp (reduction 1a) and Eap (oxida-
tion 1b) values are —0.37 V and -0.75 V, respectively (Figure 9 Table 5). The large difference
in the Ecp and Eap for the Co(III)-CIl-TPP and the Co(III)-CI-NTC-TCIPP could be caused
by the important deformation of the porphyrin core in the case of complex 4 leading to
the narrowing the energy levels of the HOMO and LUMO orbitals of this species. The
uncoupled Co(III)/Co(II) reactions of cobalt(Ill) porphyrin complexes were explained [52]
by the “box mechanism” shown in Scheme 2. In this mechanism, the reduction and reox-
idation of the [Co™(TPP)CI] occur via two distinct reversible electron-transfer steps, each
a chemical reaction:
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[CoM(TPP)C]] ———  [CO"(TPP)CI]
(1a)
cl cr
[CO(TPP)]* = = > [Co'(TPP]]
(1b)

Scheme 2. Oxidations and reductions involving the cobalt and the porphyrin core.

(3) (1b)

10 pA

L] L] L] L]

1.5 -10 -0.5 —0.0 0.5 1.0 1.5
Potential (V vs SCE)

Figure 8. Cyclic voltammograms of 4. The concentration is ca. 10 M in 0.1 M TBAPFs, 100 mV/s,

vitreous carbon working electrode (& =2 mm).

As reported by Kadish et al. [52], the second reduction of [Col(TPP)Cl] occurs at Ecp
=-0.90 V [process (3) in Figure 8] involving Co(Il)/Co(I) reduction and indicates the char-
acteristics of a couple of chemical reactions (Scheme 2). For our Co(IlI)-CI-NTC-TCIPP
derivative, the Ecp value for the second reduction occurs at —1.29 V, which is shifted toward
the negative potential, due probably to the significant deformation of porphyrin core of 4.
The third reduction of [Co"(TPPCI] reported by Kadish et al. involves the ring reduction
of the electrogenerated [Co'(TPP)(CH2Cl] with Ecp value of —1.42 V. For complex 4, a sim-
ilar third reduction occurs at Ecp =-1.65 V. Based on the scheme proposed by Kadish et al.
for the second reduction of [Co"(TPP)Cl] (Scheme 3), is proposed to describe the second

reduction of our Co(Ill) porphyrinic complex 4:

[Co"(TPP)] [Co'(TPP)] (3)

[CO'(TPP)] ™+ CH,Cl, ———> [CO'(TPP)(CH,CI)] + CI™

- H,Cl

[Co'(TPP)(CH,CI)] _c—> [Co"(TPP)]

[Co'(TPP)(CH,CI)]

[Co'(TPP)]

(4)

Scheme 3. Cobalt porphyrin species involved in the reductions in dichloromethane solvent.
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The anodic part of the cyclic voltammogram of 4 contains two reversible one-electron
oxidations assigned to the oxidation of the porphyrin ring where the Ei2 values are 1.06
and 1.43 V, respectively. These values are shifted to more positive potential than those of
[Co™(TPP)CI] (0.90 and 1.15 V, respectively) which also could be attributed to the signifi-
cant deformation of the porphyrin macrocycle of 4.

Table 5. Potentials (in V vs SCE) of investigated [Co™(TCIPP)CI(NTC)]-CH:Cl2 (4) and [Co™(TPP)CI]
[52]. The voltammograms are recorded at room temperature in dichloromethane.

Oxidation Reduction Ref.
1st Metal Oxd 2nd Metal Oxd 1st Metal Red 2nd Metal Red  1st Metal Red
Complex (02, R2) (1a) (1b) (3) (4)(R4, O4)
Eip2 Eap® B¢ Eapb Ecpe  Eapb Egpc  Eap? Ecpe
[Co™(TPP)Cl]d 1.15 - 0.10 - 057 - —0.90 - —1.42 [53]
[COHISTC (le;]P)Cl( 1.43 - 0.37 - _2'7 - -1.29 - —1.65 this work

a: E12= half-wave potential, b: Eap= anodic potential, <: Ecp = cathodic potential, 4: TPP = meso-tetraphenylporphyrinate

The photodegradation reactions of the malachite green (MG) dye using 1-4 as cata-
lysts were monitored by UV spectroscopy. The Amax of the absorption band of the MG at
618 nm was utilized to make an approximate assessment of the decolorization rate of the
organic dye. The variation of Amaxof the absorption of MG dye upon radiation time, using
1-4 is reported in Figure S11. As shown in this figure, the degradation of MG dye did not
occur without adding compounds 1-4.

The effective degradation of MG dye (Ct/Co versus time curve) using 1-4 as photo-
catalysts indicates that [Co™(TCIPP)CI(NTC)]-CH2Cl2 (4) shows the higher degradation
efficiency after 60 min of irradiation with a yield value of 95% (Figure 9). For compounds
1-3, the degradation yields are 90%, 80% and 84%, respectively.

1.0

0.8 4

0.6 -

ct/ cn

0.4 4

0.2 4 B,

——
-
-

0.0 +

T T T T

0 10 20 30 40 50 60
Time {min)

Figure 9. The change in the C¢/Co of the MG dye with time in the photocatalyst degradation using
1-4.

The photocatalytic discoloration of a dye is believed to take place according to the
following mechanism. When a catalyst is exposed to UV radiation, electrons are promoted
from the valence band to the conduction band. As a result, an electron-hole pair is pro-
duced [53], and ey, and h}, are the electrons in the conduction band and the electron
vacancy (holes) in the valence band, respectively. Both these entities can migrate to the
catalyst surface, where they can enter a redox reaction with other species present on the

surface. In most cases, hj;, can react easily with surface bound H20 to produce *OH rad-
icals, whereas e, can react with O2 to produce superoxide radical anions of oxygen [54]
(Scheme 4). This reaction prevents the combination of the electron and the hole that are
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produced in the first step. The *OH and O:* produced in the above manner can then react
with the dye to form other species and is thus responsible for the discoloration of the dye.

Catalyst + hv—> ez, +hyy

H,0 +h}, - OH + H'

0; +eg -0,

H,0, — 2 OH

"OH +dye —» dye,, (k=10°-10""M"15")

dye +e., = dyeq4

Scheme 4. Proposed Photocatalytic degradation of the dye involving Oz and water.

The reusability of the photocatalysts was considered. Thus, our four porphyrinic de-
rivatives (1-4) used as catalysts were separated by filtration, washed with distilled water
after each run, then dried and further subjected to subsequent runs under the same con-
ditions. Figure 512 indicates that the regeneration process could be repeated for 4 cycles,
without appreciable activity loss. The regenerated catalysts were also characterized by
FTIR analyses after each cycle and no change was observed.

The excellent photocatalytic degradation yields, and the cyclic stable performance
testified that 1-4 could be candidates for other photocatalysis reactions.

4. Photovoltaic Performance of DSSCs

In the present work, the devices consisted of the porphyrin complexes 3 and 4 located
between two electrodes, the “ITO-coated glass” and aluminum. The current vs voltage
plots of the ITO/Pm/Al systems (Pm = [Co"(TCIPP)CI] or [Co™(TCIPP)CI(NTC)]-CH2Cl2])
is depicted in Figure 10. The displayed AFM image clearly reveals the formation of a ho-
mogeneous film with a great layer structure (1.89 nm).

This investigation makes it possible to determine the transport properties in the or-
ganic materials. Current-voltage plots (J-V) of compounds 3 and 4 were recorded in the
dark and at room temperature.

As shown by Figure 10, the (J-V) plots are nonlinear, while the ITO/Pm/Al devices
exhibit a clear moderate rectifying performance due to the injection of ITO charges for
complexes 3 and 4, leading to an organic device that may be a photovoltaic device [55,56].
The threshold voltages of complexes 3 and 4 are 0.592 and 0.652 V, respectively.

2.4x107* z.4x10* I
« co"(TcIPP)CI —=—Co"(TCIPP)CI(NTC)]"CH CI, j
1.6 x107%] 1.6 x 1074 /
- 3 /
< = /
L -5 s /
c 8.0x1075] . Y gox1075] /
o = /
= 3 g
= Q
(9]
0.0 +———— — 0.0
“80x10°5] .o -8.0%107% -
lT(] T T T T T T T
=1 -0.5 Voltage (V) o5 1.0 ~1.0 -0.5  Voltage (V) 0.5 1.0

Figure 10. (J-V) characteristics of the studied DSSCs.
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By studying the current-voltage (J-V) curves, we can observe the existence of two
different regimes, which depend on the applied voltage.

At low voltages, the first regime presents a symmetry characteristic explained by the
localized state with defects causing localized gap states. The second regime exhibits an
asymmetric characteristic. This is related to the injection process of the electron and hole
barriers due to the difference in the work functions of the two electrodes.

Better analysis of (J-V) characteristics based on semi-logarithmic representation is
presented in Figure 11. Two regions have been noticed on these curves, the first region is
linear; the current being limited by the resistance via the shunt resistance R« [57-59]. In
the second region, the current starts to saturate due to the series resistance Rs.

*  Co'(TCIPP)CI

® Co (TCIPP)CI(NTC)CH,CI,
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S 3
= 3 *
5 ] “.0
O 1x1077] “m..“ *®
3 ’m.‘ .’.”
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1x1078 |y
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Figure 11. Logarithmic scale of compounds 3 and 4.

The Js values of the developed devices were obtained from the experimental (J-V)
data, and ®,, was calculated following the following equation (Equation (1)):

aPp
KT ) M

where S is the constant area and S* is the Richardson constant, k the Boltzmann constant
(1.38 x 102] K1), T the temperature and q the electronic charge.

Comparing the parameters of the two complexes, we concluded that complex 3 has
a minimum barrier height value compared to complex 4 (Table 6). This can be explained
by the presence of the ligand, which affects the charge transport mechanism.

Js = SS* exp(

Table 6. Electrical parameters compounds 3 and 4.

Complex Js(A) @o,(V)
(3) 6.03107° 0.52
@) 5.42107° 0.48

Following the insertion of the carrier charges, their transport across the active surface
to the opposite electrodes is defined by the conduction characteristics. The J-V character-
istics in log-log plot of the compounds 3 and 4 in dark conditions are shown in Figure 12.
The investigation of these plots suggests that the dependency of the current on the applied
voltage seems to follow the power law: ] = Vm. The current density is defined by the space
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charge of the carriers injected by the electrodes. By observing the plot, we have noticed
the existence of two regimes. These regimes depend on the value of the slope m.

£ . ) »— [Co"(TCIPP)CI(NTC)]CH,CI r
1x1074 »—[Co"(TCIPP)CI] | 1x1071] 2l acitalll g o it
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Figure 12. Log-log plots of -V curve for the ITO/Pm/Al system.

For the first phase, the current depends on the voltage (m = 1), which defines an
ohmic region, due to the presence of a quantity of interface barrier preventing charge in-
jection.

The current density is calculated by the following equation (Equation (2)):

= v )
Jao = dpou d

where i is the charge carrier mobility, q is the electron charge and d is the film thickness.

In the second phase, the voltage increases, and the current depends on the voltage
(m = 2), corresponding to the space charge limited conduction (SCLC) mode [60-63]. In
this phase, the current density is given by the following formula (Equation (3)):

9 V2
Jscre = g Eeff 33 €

where g is the effective carrier mobility and € is the permittivity of the material.

5. Conclusions

In summary, the synthesis and spectroscopic characterization of the free-base por-
phyrin H:TCIPP (1), the [Co'(TCIPP)] (2)the [Co™(TCIPP)CI] (3) starting materials and the
[ComM(TCIPP)CI(NTC)]-CH2Cl2 (4) complex (NTC = nicotinyl chloride) were performed.
The most important feature of the X-ray molecular structure of 4 is the very important
ruffling and waving deformations of the porphyrin core. The Hirshfeld surfaces analysis
on this later cobalt(Ill) metalloporphyrin shows that the crystal lattice is principally sup-
ported by C-H-Cl and C-H-Cg (Cg is the centroid of a pyrrole ring) involving both
[Co(TCIPP)CI(NTC)]and the dichloroethane solvent molecules. The UV-vis and fluores-
cence spectra of 4 are red-shifted due to the significant deformation of the porphyrin mac-
rocycle. The electrochemical property of 4 was investigated using cyclic voltammetry,
showing that the reduction potentials are shifted to negative values while the oxidation
potentials are shifted to positive values compared to [Co(TPP)CI]. This feature is most
probably due to the significant deformation of the porphyrin ring of 4. Furthermore, the
photodegradation of the malachite green dye, using 1-4 as catalysts, gives good yields
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between 80% for 2 and 95% for compound 4. The photovoltaic characteristics of DSSCs
based on complex 3 and 4 were measured.

In summary, we successfully prepared a new hexacoordinated cobalt(IIl) meso-ar-
ylporphyrin complex with the chlorido and the nicotinoylchloride axial ligands with the
formula [Co™(TCIPP)CI(NTC)]-CH2Cl> (TCIPP = the meso-tetra(para-chlorophenyl)por-
phyrinate and NTC is the nicotinoylchloride axial ligand) (4). This Co* metalloporphyrin
(4) and the H.TCPP (1), [Co(TCIPP)] (2) and [Co™(TCIPP)Cl] (3) materials were charac-
terized by UV-vis, IR, '"H NMR, fluorescence, mass spectrometry. Complex 4 was also
characterized by single-crystal X-ray molecular structure and cyclic voltammetry. The
most important feather of 4 is the very important deformation of its porphyrin core. This
has consequences on several proprieties of complex 4: (i) a very red shift of the UV-vis
spectrum, (ii) a high ¢¢ value (0.065) where the very important deformation of the porphy-
rin core effects the acceptor—donor characteristics of this Co(IIl) complex, and (iii) the Ei2
values of the two reversible oxidation waves of the porphyrin ring are shifted to the pos-
itive potentials. All four porphyrinic compounds (1-4) were tested as catalysts in the pho-
tochemical degradation of malachite green (MG) dye, where complex 4 gave the best deg-
radation yield (95%). Furthermore, the electrical properties of complexes 3—4 obtained
based on their current voltage curves show that the nature of the axial ligand affects the
performance of the cells including these two cobalt(III) metalloporphyrins.

Supplementary Materials: The following supporting information can be downloaded at:
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