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a b s t r a c t 

In this study, a new cobaltous-(hexamethylenetetramine) [ meso -tetra( para -methoxyphenyl)porphyrin 

complex with the formula [Co II (TMPP)(HMTA)] ( I ) was synthesized. The molecular structure was con- 

firmed in solution by 1 H NMR spectroscopy and mass spectrometry methods, and the single crystal X-ray 

diffraction structure of ( I ) was determined at both room temperature and low temperature. This species 

was further characterized by infrared, UV-visible and fluorescence spectroscopies, magnetic susceptibility 

measurements and cyclic voltammetry. The chemical reactivity behavior was also assessed theoretically 

through Density Functional Theory (DFT) approach. Magnetic investigation indicates that the Co(II)-HMTA 

porphyrin ( I ) species at low temperature is a cobaltous low-spin (S = 1/2) species while at high temper- 

ature complex ( I ) exhibits a spin-crossover low-spin (S = 1/2) ↔ high-spin (S = 3/2). The adsorption 

kinetic of the “vat yellow 1 dye” was carried out in aqueous solution at pH = 6. The experimental results 

are better fitted using the pseudo second order model. Furthermore, complex ( I ) was tested as catalyst in 

the degradation of the vat yellow 1 dye using an aqueous H 2 O 2 solution and by photodegradation under 

solar light. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Cobaltous metalloporphyrins have been investigated since the 

ixties because of the biological importance of cobalamins which 

ave a porphyrin-like structure and were used as models for 

emoproteins and cobalamins especially the vitamin B12 [ 1 - 3 ]. 

obalt(II) metalloporphyrins with the 3d [7] electron configuration 

f the ground state, are known to be air stable and on the base of

umerous [ 4 ] EPR studies it is known that the unpaired electron 

s located in the axial d z 2 orbital ( 2 A 1 state) [ 2 , 5 ]. These cobaltous

pecies exist in the low-spin, square-planar configuration in nonco- 
∗ Corresponding author. 

E-mail address: soumaya.n@mu.edu.sa (S. Nasri). 

i

(

w

ttps://doi.org/10.1016/j.molstruc.2020.129676 

022-2860/© 2020 Elsevier B.V. All rights reserved. 
rdinating solvents [ 6 ]. These tetracoordinated species have a high 

ffinity for single nitrogenous cyclic axial ligands such as pyridine 

nd imidazole leading to pentacoordinated cobaltous derivative 

ype [Co II (Porph)(L)] (Porph = porphyrinato, L = N-donor neutral 

yclic axial ligand) and a lower affinity for binding a second ligand. 

n the literature, the major published cobaltous porphyrin com- 

lexes studies concern either tetracoordinate or pentacoodinate 

pecies [ 7-10 ]. Nevertheless, the molecular structures of few hex- 

coordinated Co(II) porphyrins are known, e.g. [Co II (TPP)(amp) 2 ] 

TPP: meso -tetraphenylporphyrinato and amp = 2-aminophenol) 

 11 ]. It is noteworthy that Co(II) porphyrins are increasingly used 

n several fields such as catalysis; e.g., the [Co II (P1)] complex 

P1 = the D 2 -symmetric chiral porphyrin 3,5-Di t Bu-ChenPhyrinas) 

hich have been reported to be effective catalysts for the stereos- 

https://doi.org/10.1016/j.molstruc.2020.129676
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129676&domain=pdf
mailto:soumaya.n@mu.edu.sa
https://doi.org/10.1016/j.molstruc.2020.129676
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Scheme 1. Structure of the vat yellow 1 dye. 
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lective cyclopropanation of alkenes with unique reactivity profiles 

 12 ]. These compounds are also used in fuel cells, [ 13 ] as build-

ng blocks, [ 14 ] as antifungal and antibacterial drugs [ 15 ] and as

iosensors [ 16,17 ]. 

Interestingly, since the late nineties porphyrins and metal- 

oporphyrins have shown a new intriguing application as cat- 

lysts for organic dyes [ 18-20 ]. The later species are om- 

ipresent in many industries like paper, food, textile, and 

eather. Organic dyes constitute therefore a large part of wa- 

er pollutants which cause severe problems for the ecosystem 

nd mankind. Note that vat yellow 1 dye, with the IUPAC 

ame benzo[h]benz[5,6]acridino[2,1,9,8-klmna]acridine-8,16-dione 

 Scheme 1 ), belongs to the anthraquinone-type compounds pre- 

enting an intense absorption band at ~425 nm. These dyes which 

re extensively used for dyeing cellulosic cottons and other fibers, 

ause environmental concerns when released in industrial wastew- 

ters due to their carcinogenic health effects [ 21 ]. This is why the

emoval of this organic species from the aqueous media is essen- 

ial. 

Several methods have been used for wastewater treatment in- 

luding adsorption, biodegradation and photodegradation [ 22-24 ]. 

otably, over the last few years, our research group has published 

everal articles concerning the use of metalloporphyrins as cata- 

ysts for the degradation of some dyes [ 25-27 ]. Herein, we describe 

he synthesis of a new cobaltous meso-(arylporphyrin namely the 

hexamethylenetetramine)[ meso -tetra( para -methoxyphenyl) por- 

hyrinato]cobalt(II) chloroform disolvate coordination compound 

ith the formula [Co II (TMPP)(HMTA)] • 2CHCl 3 ( I ) (TMPP = meso - 

etra( para -methoxyphenyl)porphyrinato and HMTA = hexam- 

thylenetetramine). The title compound was fully characterized by 

V-visible titration, 1 H NMR, IR, mass spectrometry, cyclic voltam- 

etry and magnetic susceptibility. The X-ray molecular structure 

t room temperature and at low temperature was determined. A 

FT-based reactivity study of this species is also reported. The 

econd part of this article, which is the main objective of this 

ork, concerns the use of our hexamethylenetetramine-cobaltous 

orphyrin derivative (I) as a catalyst of the degradation of the vat 

ellow 1 dye by using a hydrogen peroxide aqueous solution and 

y photodegradation under solar light. 

. Experimental section 

.1. Materials and methods 

All reagents employed were commercially available and were 

sed as received without further purification. The meso -tetra( para - 

ethoxyphenyl)porphyrin (H 2 TMPP) was synthesized and purified 

y using the Adler-Longo method [ 28 ]. The [Co II (TMPP)] start- 

ng material was synthesized according to the standard literature 

ethod [ 29 ]. All reactions and manipulations for the preparation 

f the Co(II) porphyrin derivatives were carried out under aerobic 

onditions. 
2 
UV-visible, FT-IR and NMR data: The UV-visible spectra and 

itrations were recorded with a WinASPECT PLUS (validation for 

PECORD PLUS version 4.2) scanning spectrophotometer. Fourier 

ransform IR spectra were recorded on a PerkinElmer Spectrum 

wo FT-IR spectrometer. 1 H NMR spectroscopic characterization 

ere performed with a Bruker DPX 400 spectrometer. Chemical 

hifts are reported in ppm downfield from internal tetramethylsi- 

ane (TMS). 

Fluorescence data: Emission spectra were recorded in 

ichloromethane at room temperature on a Horiba Scientic 

luoromax-4 spectrofluorometer. Samples were placed in 1 cm 

ath length quartz cuvettes. Luminescence lifetime measurements 

ere performed after irradiation at λ = 430 nm obtained by 

he second harmonic of a titanium: Sapphire laser (picosecond 

sunami laser spectra physics 3950-M1BB + 39868-03 pulse 

icker doubler) at an 800 kHz rate of repetition. For the decay ac- 

uisition, Fluotime 200 (AMS technologies) was utilized consisting 

f a GaAsmicro channel plate photomultiplier tube (Hamamatsu 

odel R3809U-50) followed by a time-correlated single photon 

ounting system from Picoquant (PicoHarp300). The ultimate time 

esolution of the system is close to 30 ps. Luminescence decays 

ere analyzed with FLUOFIT software available from Picoquant. 

mission quantum yields were determined at room temperature 

n dichloromethane solutions using the optically dilute method. 

Zn(TPP)] in air-equilibrated dichloromethane solution was used as 

uantum yield standard ( φf = 0.031) 

Electrochemistry: Cyclic voltammetry (CV) experiments were 

erformed with a CH-660B potentiostat (CH Instruments). All ana- 

ytical experiments were conducted at room temperature under an 

rgon atmosphere (argon stream) in a standard one-compartment, 

hree-electrode electrochemical cell. Tetra- n -butylammonium per- 

hlorate (TBAP) was used as the supporting electrolyte (0.2 M) in 

ichloromethane previously distilled over calcium hydride under 

rgon. An automatic Ohmic drop compensation procedure was sys- 

ematically implemented before the CV data were recorded with 

lectrolytic solutions containing the studied compounds at con- 

entrations of ca. 10 –3 M. CH Instruments vitreous carbon ( φ = 3 

m) working electrodes were polished with 1 μm diamond paste 

efore each recording. The Ag/AgNO 3 0.01 M (TBAP 0.2 M in 

H 2 Cl 2 ) redox couple was used as the ence electrode. The po- 

ential of the ferrocene/ ferrocenium redox couple was used as 

n internal reference (86 mV vs. Ag/AgNO 3 under our experimen- 

al conditions). For comparison with previously published data, 

ll potentials given in the text and in Table 7 have been con- 

erted to values relative to the saturated calomel electrode (SCE) 

y using the following relationship: E(SCE) = E(Ag/AgNO 3 ) + 

98 mV. 

Electrospray (ESI) MS: Spectra were obtained using an ama- 

on speed instrument. The sample made by a 5.10 −3 M in 

ichloromethane was diluted to a 5.10 −5 M solution in acetonitrile. 

MALDI-TOF MS: A PerSeptive Voyager DE-STR MALDI-TOF 

ass spectrometer (PerSeptive Biosystems, Framingham, MA, USA), 

quipped with a 337 nm pulsed nitrogen laser (20 Hz) and an Ac- 

iris 2 GHz digitizer board, was used for all experiments. Mass 

pectra were obtained in the positive ion mode with the follow- 

ng settings: accelerating voltage 20 kV, grid voltage 62% of ac- 

elerating voltage, extraction delay time of 100 ns. The laser in- 

ensity was set just above the ion generation threshold to obtain 

eaks with the highest possible signal-to-noise (S/N) ratio with- 

ut significant peak broadening. All data were processed using the 

ata Explorer software package (Applied Biosystems). Trans -2-[3- 

4- tert -Butylphenyl)-2-methyl-2propenylidene] malonitrile (DCTB), 

sed as the matrix for MALDI-TOF MS, was of the highest grade 

vailable and used without further purification). It was purchased 

rom Sigma Aldrich Co. The samples were made as 3.10 −3 M in 

etrahydrofuran (THF). 
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SQUID data: Temperature-dependent magnetic susceptibility 

easurements on polycrystalline samples of ( I ) were carried out 

n a Quantum Design MPMS SQUID susceptometer equipped with 

 7 T magnet and operating in the range of temperature from 1.8 

o 400 K. The compacted powdered samples were placed in a dia- 

agnetic sample holder and the measurements were realized in 

 10 0 0 Oe applied field using the extraction technique. Magneti- 

ation versus magnetic field measurements of ( I) was carried out 

t 2 K in the field range 0–5 T. The amount of material used for

he measurements was 11.05 mg for ( I) . Before analysis, the exper- 

mental susceptibility was corrected from the sample holder’s. Dia- 

agnetic corrections of the constituent atoms of ( I) was estimated 

rom Pascal constants with values -295.10 −6 -351.10 −6 cm 

3 .mol −1 

espectively. 30 

Computational details: Hirshfeld surfaces and DFT approach: 

D Hirshfeld surfaces and their associated 2D fingerprint maps 

ere drawn using the CrystalExplorer17.5 program [ 31 ] and TONTO 

ystem [ 32 , 33 ] The 3D d norm 

surfaces are mapped over a fixed

olor scale of -0.15 a.u (red) to 1.15 a.u (blue). The shape index 

nd curvedness mapping ranges are -1.0 to 1.0 Å and -4.0 to 0.4 
˚ , respectively. The Fingerprint cards were mapped by using the 

ranslated 1-3 Å, and filtering by element. 

Density functional theory (DFT) calculations were performed 

o investigate the HOMO–LUMO energy gap of ( I ) starting from 

he experimental single-crystal X-ray structure as input geometries. 

he Gaussian 09, RevD.01 software package on a personal com- 

uter 34 was used for all calculations. The molecular surfaces prop- 

rties were visualized by the GaussView 6.0 program. 35 The ge- 

metry optimization presented here was accomplished in the gas 

hase as a spin unrestricted open-shell system, using Becke’s three 

arameter hybrid exchange and the nonlocal correlation func- 

ional of Lee, Yang and Parr (UB3LYP) [ 36-38 ]. A quasi-relativistic 

tuttgart/Dresden (SDD) effective core potential was used on Co, 39 

nd 6-31G(d) was used for all other elements. Frequency calcula- 

ions on optimized geometry ensured that structures were minima 

zero imaginary frequency) on the potential energy surface. On the 

asis of this optimized molecular geometry, more accurate ener- 

ies were obtained by performing SP single-point calculations with 

 larger standard basis set 6-311 + G(d,p)/SDD. This level of theory 

as been found to be a robust choice for the study of cobalt(II) 

omplexes [ 40 , 41 ]. 

Adsorption, oxidation and photodegradation of the vat yellow 1 

ye: The experiments were carried out at room temperature us- 

ng 5 mg of H 2 TMPP and [Co II (TMPP)(HMTA)] (I) and 5 mL of an

queous solution of the vat yellow 1 dye at pH = 6. The stirring 

as kept at 200 rpm for 2 hours. The resultant mixture was fil- 

rated and then the concentration was determined by measuring 

he absorption at 422 nm. 

.2. Synthesis of [Co II (TMPP)(HMTA)] •2CHCl 3 (I) 

The [Co II (TMPP)] starting material (50 mg, 0.06 mmol) 

nd 1,3,5,7-tetraazatricyclo[3.3.1.13,7]decane known as hexam- 

thylenetetramine (HMTA) (80 mg, 0.6 mmol.) were dissolved in 

hloroform (10 mL). The obtained reaction mixture was stirred 

or 4 hours then overlayed by n-hexane. Dark purple crystals, 

uitable for X-ray diffraction, were obtained within one week 

nd the yield was about 80 %. Elemental analysis (%) calcd for 

 56 H 50 Cl 6 CoN 8 O 4 (1170.71): C, 57.45; H, 4.30; N, 9.57; found: 

, 57,87; H, 4.21; N, 9.88; UV-visible: λmax (nm, CH 2 Cl 2 , ε.10 −3 

.mmol −1 .cm 

−1 ): 426 (276), 533 (17) nm. FT-IR (solid, cm 

−1 ): 

925 [ ν(CH) porphyrin], 2953, 2835 [ ν(CH) methoxy], 10 0 0-120 0 

 ν(CO) methoxy], 994 [ δ(CCH) porphyrin], 1240 [ ν(CN) HMTA]; MS 

ALDI-TOF ( + , {(2E)-2-Methyl-3-[4-(2-methyl-2-propanyl)phenyl]- 

-propen-1-ylidene}malononitrile known as trans-2-[3-(4-tert- 

utylphenyl)-2-methyl-2-propenylidene]malononitrile matrix 
3 
DCTB), THF): m/z = 791.77 [Co II (TMPP)] + found m/z = 791.22; 

S (ESI + , CH 2 Cl 2 ): m / z = 791.77 [Co II (TMPP) + H] + found 792.30;

/z = 933.96 [Co II (TMPP)(HMTA) + H] + found 932.30 (Figure S1); 
 H NMR (400 MHz, CDCl 3 ): δ = 12.68 (s, 8 H), 9.00 (s, 8 H), 8.02

s, 8 H), 4.42 (s, 12 H), 1.58 (s, 12 H) (Figure S2). 

.3. X-ray structure determination 

A single crystal with dimensions of 0.34 mm x 0.27 mm x 0.22 

m suitable for single crystal X-ray diffraction was selected and 

ounted on a glass fiber on an D8 VENTURE Bruker AXS equipped 

ith graphite monochromated Mo K α radiation ( λ = 0.71073 Å) 

nd intensity data were collected by the narrow frame method at 

50(2) K (low temperature LT) and 295(2) K (room temperature 

T). Data were corrected for absorption effects by the Multi-Scan 

ethod [ 42 ]. The structures were solved by the direct methods us- 

ng SIR-2004 [ 43 ] and refined by full-matrix least-squares on F 2 

sing the SHELXL-2014 program [ 44 ]. The crystallographic data, 

he structural refinement details, and selected bond lengths and 

ngles for ( I ) at low-temperature and at room temperature are re- 

orted in Table 1 and Tables S1-a-b respectively. 

. Results and discussion 

.1. 1 H NMR and IR spectroscopy 

Cobalt(III) and cobalt(II) metalloporphyrins are diamagnetic and 

aramagnetic species, respectively, with 3d [6] and 3d [7] ground 

tate electronic configurations of the Co(III) and the Co(II) cations, 

espectively. Therefore, 1 H NMR is a very convenient technique 

o differentiate between diamagnetic cobaltic and paramagnetic 

obaltous coordination compounds. [ 45 ] Indeed, for cobalt(III) 

eso -phenylporphyrins, the signals of the β-pyrrolic and the 

henyl ring protons are slightly shifted compared to those of the 

orresponding free base porphyrins with a chemical shift values 

n the order of 8.6 and 9 ppm for the β-pyrrolic protons and 

etween 8.5 and 7.5 ppm for the phenyl protons ( Table 2 ). In

he case of Co(II) complexes with meso -phenylporphyrins, the β- 

yrrolic and the phenyl protons (H o,o’ , H m,m’ and H p ) peaks are 

ownfield shifted with δ values between 12 and 16.5 ppm for 

he former protons and 13 to 8.5 for the later porphyrinic pro- 

ons ( Table 2 ). It is noteworthy that for [Co II (Porph)] complexes, 

here Porph is a meso -aryporphyrin, the chemical shift ( δ) val- 

es of the porphyrin protons are quite higher than those of the 

obalt(II) pentacoordinated metalloporphyrins ( Table 2 ). The rea- 

on is not very clear, but it has been noticed by Shirazi et al. 

 6 ] that for five-coordinated Co(II) meso -porphyrin species, e.g. 

Co II (TPP)(py)], the δ values of the porphyrin’s protons are close 

o those of the diamagnetic Co(III) porphyrins and that the signals 

ecome more broad and specially the one of the β-pyrrole protons 

s very broad. For our synthetic compounds H 2 TMPP, [Co II (TMPP)] 

nd [Co II (TMPP)(HMTA)] ( I ), the chemical shift values of the β- 

yrrole and the phenyl protons are reported in Table 2 and the 

pectra are illustrated by Figures S3, S4 and S5 respectively indi- 

ating clearly that complex ( I ), in CDCl 3 solution, is a cobalt(II) 

aramagnetic metalloporphyrin. We also noticed that the chemi- 

al shift values of the OCH 3 protons at the para -phenyl positions 

f the TMPP moiety are 4.10, 5.25 and 4.42 ppm for the H 2 TMPP, 

Co II (TMPP)] and [Co II (TMPP)(HMTA)] species, respectively, which 

s in accordance with what mentioned above. 

On the other hand, the 1 H NMR spectrum of ( I ) confirms the 

oordination of the HMTA axial ligand where the twelve CH 2 pro- 

on of this ligand resonate at 1.58 ppm. These protons are upfield 

hifted compared to those of the free HMTA species ( δ = 4.55 

pm) and to those of the related magnesium [Mg II (TPBP)(HMTA) 2 ] 

TPBP = ( meso -tetrakis[4(benzoyloxy)phenyl]porphinato) zinc(II) 
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Table 1 

Crystal data and structural refinement for [Co II (TMPP)(HMTA)] 
•

2CHCl 3 ( I ). 

Low temperature structure Room temperature structure 

Formula C 56 H 50 CoN 8 O 4 C 56 H 50 CoN 8 O 4 

Crystal System monoclinic monoclinic 

Crystal P2 1 /n P2 1 /n 

a ( ̊A) 14.0955(15) 14.1478(13) 

b ( ̊A) 17.131(2) 17.1087(19) 

c ( ̊A) 22.298(3) 22.6816(25) 

β ( °) 95.159(4) 94.648(4) 

V( ̊A 3 ) 5362.4(11) 5472.0(10) 

Z 4 4 

ρcalc ./ g cm 

−3 1.450 1.421 

μ/ mm 

−1 0.674 0.661 

F(000) 2412 2412 

Crystal size (mm 

3 ) 0.34 × 0.27 × 0.22 0.34 × 0.27 × 0.22 

Crystal Color blue blue 

Crystal Shape prism prism 

T(K) 150 (2) 295 (2) 

θmin - θmax ( °) 2.144 – 25.000 2.127-24.999 

Limiting indices -16 ≤ h ≤ 16, -20 ≤ k ≤ 17, -26 ≤ l ≤ 26 -16 ≤ h ≤ 16, -20 ≤ k ≤ 18, -26 ≤ l ≤ 26 

R(int) 0.0401 0.0505 

Reflections collected/unique 30996 / 9342 35411/9455 

Observed data [ I o > 2 σ (F o ) ] 7739 6844 

Parameters/Rest 676 / 0 677 / 6 

S [Goodness of fit] 1.045 1.027 

R 1 
a , wR 2 

c [ F o > 4 σ (F o ) ] R 1 = 0.0519, wR 2 = 0.1329 R 1 = 0.0862, wR 2 = 0.2358 

wR 2 
b [all data] R 1 = 0.0649, w R 2 = 0.1426 R 1 = 0.1162, w R 2 = 0.2634 

Min./max. res. (e ̊A −3 ) 0.993 / -1.065 1.186/-0.918 

CCDC 1908123 1908124 

a R 1 = �|| F o| – | F c||/ �| F o| 
b wR 2 = { �[ w (| F o| 2 – | F c| 2 ) 2 ]/ �[ w (| F o| 2 ) 2 ]} 1/2 . 

Table 2 

Chemical shift values for selected free base meso -arylporphyrins and cobalt meso -arylporphyrin com- 

plexes from 

1 H NMR spectra recorded in CDCl 3 . 

Compound H β-pyrrolic protons H-phenyl protons H-OCH 3 
a Ref. 

Meso-porphyrins 

H 2 TPP b 8.84 8.23; 7.91; 7.67; 7.26 - 48 

H 2 TpivPP c 8.82 8.70; 7.88; 7.50 - 48 

H 2 TMPP 8.86 8.08; 7.27; 4.10 this work 

Co(III)-meso-porphyrins 

[Co III (TPP)Cl(py)] b 9.00 8.80; 7.70 - 49 

[Co III (TPP)(N 3 )(py)] b 9.22 8.38; 7.80 - 49 

[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(II)-meso-porphyrins 

[Co II (TMPP)] 15.90 13.10; 9.43 5.25 this work 

[Co II (TPP)] b 15.75 13.10; 9.80; 7.95 - 48 

[Co II (TpivPP)] c 15.30 11.50; 10.90; 7.80 - 48 

[Co II (TPP)(py)] b 12.50 8.5; 8.33; 7.82 - 6 

[Co(TPP)(HIm)] b,e 12.8 8.8; 8,40; 7.69 - 6 

[Co II (TMPP)(HMTA)] 12.68 9.00; 8.02 4.42 this work 

a : H-OCH 3 = protons of the OCH 3 group in the para -phenyl positions of the H 2 TMPP porphyrin 
b : TPP = meso -tetraphenylporphyrinato 
c : TpivPP = meso -[ α, α, α, α-tetrakis( o- pivalamidophenyl)]porphyrinato 
d : DMI = N,N’-dimethylimidazolylidene 
e : HIm = imidazole. 
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{Zn(TPP)} 2 (HMTA)] (TPP = meso -tetraphenylporphyrinato) com- 

lexes with values of 3.03 and 2.74 ppm, respectively [ 46 , 47 ]. 

The IR spectrum of [Co II (TMPP)(HMTA)] ( I ) is characteristic of a 

etalloporphyrin complex with the two typical absorption bands 

f the metallated porphyrin ν(CH) and δ(CHC) vibrations which 

ppear in the [30 0 0-2850] cm 

−1 region and at ca 10 0 0 cm 

−1 , re-

pectively. The majority of the absorption bands of the HMTA ax- 

al ligand are superposed with those of the TMPP porphyrinate 

ut the HMTA presents also a weak absorption band, attributed 

o the N-C stretching, at 847 cm 

−1 and two deformation vibration 

ands [ δ(NCN)] (with medium intensities) at 691 and 664 cm 

−1 

 46 ]. 
t

4 
.2. UV-visible titration 

As mentioned above, cobaltous metalloporphyrins can exist, 

n non-aqueous solutions, as four-coordinated complexes type 

Co II (Porph)], pentacoordinated species type [Co II (Porph)(L)] (L is 

 neutral axial ligand) and rarely as hexacoordinated derivative 

ype [Co II (Porp)(L) 2 ]. It is worth noting that the UV-visible titra- 

ions of the starting material [Co II (Porph)] with numerous N-donor 

igands such as pyridine and imidazole and their derivatives have 

een reported in the literature since the early seventies especially 

y Walker et al. [5] and Yamamoto et al. [51] . The titrations show 

hat in major cases the 1:1 Co(II) porphyrin-L (L = N-bonded neu- 

ral ligand) species are forms [Eq. (a)] rather than the 1:2 Co(II) 
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Fig. 1. Changes in the absorption spectra in the Soret band region of [Co II (TMPP)] (~10 −6 M) recorded in dichloromethane, upon addition of HMTA. Inset: the Benesi- 

Hildebrand plot at 415 nm with a 1:1 fit (0 - 80 0 0 equiv.). 
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orphyrin-2L coordination compounds [Eq. (b)]. K 1 (known also as 

 as ) and K 2 are the association constants corresponding to equilib- 

ium (a) and (b) respectively. 

(a) 

(b) 

Dolphin et al. [52] . reported that Co(II) readily forms five- 

oordinate complexes but the formation of the six-cooordinate 

ystem is disfavored due to the destabilization of the d z 2 or- 

ital. For the meso -[tetraphenylporphyrinato]cobalt(II) [Co II (TPP)] 

nd the meso -tetrakis[( p -methoxyphenyl)porphyrinato] cobalt(II) 

Co II (TMPP)], only the first association constants (K 1 ) for ligand 

inding could be determined. In the case of the later species, 

his is due to the presence of the methoxy groups in the para 

osition of the phenyls of the TMPP porphyrinate which are 

ood σ -donors leady to the increase of the electron density on 

he Co(II) metal ion. This makes it more difficult to a second 

xial ligand to be coordinated to the central metal. However, 

alues for the second axial association constants (K 2 ) are known 

or Co(II) complexes of electron deficient porphyrins such as 

,3,12,13-tetracyano-[ meso -tetraphenylporphyrinato]cobalt(II) 

Co(TPP(CN) 4 ], [53] 2,3,7,8,12,13,17,18-octafluoro-[ meso - 

etraphenylporphyrinato]cobalt(II) [Co(TPPF 8 )] and 2,3,8,12,13,17,18- 

ctafluoro-[ meso -tetrakis(pentafluorophenyl)porphyrinato]cobalt(II) 

Co II (TPFPPF 8 )] [54] . On the other hand, we reported the synthesis, 

he spectroscopic and the X-ray molecular structures of the two 

exacoordinated cobalt(II) metalloporhyrins: [Co II (TPP)(Hon) 2 ] 

Hon = 2-aminophenol) [11] and the [Co II (TpivPP)(4,4’-bpy) 2 ] 

TpivPP = α, α, α, α-(tetrakis( o -pivalamidophenyl)porphyrinato) 

48] . In fact, this later species is a polymer in solid state. This

eans that some Co(II) hexacoordinated can be formed even 

ith electron deficient porphyrintes such as TPP and TpivPP. 

nspection of Fig. 1 shows that tetracoordinated Co(II) metallo- 

orphyrins exhibit a Soret band value at ~ 412 nm and a Q band 
5 
alue at ~ 528 nm including our starting material [Co II (TMPP)]. 

 dichloromethane solution of our complex [Co II (TMPP)(HMTA)] 

I) presents a Soret and Q bands band values of 426 nm 533 

m respectively. For the related Co(II) five-coordinate species 

Co II (TMPP)(pip)] [55] and [Co II (TMPP)(py)] [5] ( Table 3 ), the 

oret band values of these two coordination compounds are not 

eported but the values of λmax of the Q bands are 532 and 535 

m, respectively, which are very close to that of complex (I). These 

esults clearly indicate that in solution, complex (I) is a penta- 

oordinated species. For haxacoordinated Co(II) meso -porphyrin 

omplexes we noticed that the spectra are redshifted compared 

o those of the pentacoordinated cobaltous metalloporphyrins 

 Table 3 ). In the case of Co(II)- meso -porphyrins with the pyridine

xial ligand, for the TPP porphyrinato, the logK as (or logK 1 ) value 

s 2.90 while for the TMPP porphyrinate (with a OMe groups 

n the para -phenyl positions), the logK as value is smaller (2.83) 

 Table 4 ). The value of logK as for the [Co II (T(o-OCH 3 )PP)(py)] com- 

lex is smaller (2.68) with the T(o-OMe)PP porphyrinato bearing 

rtho OMe groups of the phenyls [56] . For the same pyridine 

xial ligand, the [Co II (TPFPPF 8 )(py)] complex with the electron 

eficient TPFPPF 8 porphyrinate, the logK as value is quit high (5.6). 
4 From the same Table 4 we also noticed that for the same TPP 

orphyrinate, the logK as values depend on the axial ligands. Thus, 

or the [Co II (TPP)(pip)] (pip = pipyridine), [51] [Co II (TPP)(1-MeIm)] 

1-MeIm = 1-methylimidazole) [51] , [Co II (TPP)(py)] [56] and 

Co II (TPP)(4-CNpy)] complexes, [56] the logK as values are 3.51, 

.38, 2.90 and 2.76, respectively. Accordingly, if we neglect the 

olvent effect, the pip and the 1-MeIm ligands are much more 

asy to coordinate to [Co II (TPP)] than the 4-CNpy ligand. 

In order to calculate the association constant K as of complex 

I), a UV-visible titration of the [Co II (TMPP)] starting material 

as carried out in dichloromethane with concentrations of about 

0 −6 M. Upon the addition of incremental amounts of HMTA to 

Co II (MPPP)], a redshift of the Soret band is observed from 414 

o 426 nm with one distinct isosbestic point at 419 nm indi- 

ating clearly the formation of a 1:1 [Co II (TMPP)]-HMTA species 

 Fig. 1 ). For our HMTA-Co(II) complex with the electron rich TMPP 

orphyrinato, the logK as value is 4.33 (Table S2) which is quite 

igher than those of the [Co(TMPP)(pip)] [55] and [Co II (TMPP)(1- 
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Table 3 

UV-visible. data of complex ( I ) and a selection of Co(II) meso -arylporphyrin coordina- 

tion compounds. 

Complex Soret band Q bands 

Solvent Ref. λ (nm) λ (nm) 

Cobalt(II) tetracoordinated complexes type [Co II (Porph)] 

[Co II (TPP)] 412 528 CH 2 Cl 2 48 

[Co II (TpivPP)] 412 426 chlorobenzene 48 

[Co II (TMPP)] 414 429 CH 2 Cl 2 this work 

Cobalt(II) pentacoordinated complexes type [Co II (Porph)L] ±m 

[Co II (TMPP)(HMTA)] 426 533 CH 2 Cl 2 this work 

[Co II (TMPP)(pip)] - 532 CH 2 Cl 2 55 

[Co II (TMPP)(py)] - 535 toluene 5 

Cobalt(II) hexacoordinated complexes type [Co II (Porph)(L) 2 ] 

[Co II (TPP)(amp) 2 ] 434 555 CH 2 Cl 2 11 

[Co II (TpivPP)(4,4’-bpy) 2 ]n 436 545 chlorobenzene 48 

Table 4 

Association constant a values of several five-coordinated cobalt(II) metalloporphyrins. 

Complex logK as Solvent Ref. 

[Co II (TPP)(1-MeIm)] b , c 3.38 Toluene 51 

[Co II (TMPP)(1-MeIm)] c 3.26 Toluene 55 

[Co II (TpivPP)(2-MeIm)] d , c K as = 3.5 10 4 M 

−1 Benzene 56 

logK as = 4.54 

[Co II (T(o-OCH 3 )PP)(1-MeIm)] e , c 3.37 CH 2 Cl 2 5 

[Co II (TPP)(1,2-Meim)] b , f 2.91 Toluene 56 

[Co II (TPP)(py)] b 2.90 Toluene 56 

[Co II (TMPP)(py)] 2.83 Toluene 56 

[Co II (T(o-OCH 3 )PP)(py] e 2.68 CH 2 Cl 2 56 

[Co II (TPFPPF 8 )(py)] g 5.6 CH 2 Cl 2 54 

[Co II (TPP)(4-CNpy)] b , i 2.76 Toluene 51 

[Co II (TPP)(pip)] b , j 3.51 Toluene 51 

[Co II (TMPP)(pip)] j 3.44 Toluene 55 

[Co II (TMPP)(HMTA)] 4.60 (weak) CH 2 Cl 2 this work 

3.52 (strong) 

4.33 (mean) 

a : The values of logK as were taken at room temperature 
b : TPP = meso -tetraphenylporphyrinato 
c : 1-MeIm = 1-methylimidazole 
d : TpivPP = meso -( α, α, α, α-tetrakis( o- pivalamidophenyl)porphyrinato 
e : T(o-OCH 3 )PP = meso -tetrakis(p-methoxyphenyl) porphyrinato 
f : 1,2-Meim = 1,2-dimethylimisazole 
g : TPFPPF 8 = 2,3,8,12,13,17,18-octafluoro-[ meso - 

tetrakis(pentafluorophenyl)porphyrinato 
i : 4-CNpy = 4-cyanopyridine 
j : pip = piperidine. 
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Fig. 2. Emission spectra of (I) recorded at room temperature in dichloromethane 

(concentrations ~ 10 −6 M). 

v

a

l

6

eIm)] [55] related species, with logK as values of 3.44 and 3.26, 

espectively. Therefore, we can conclude that the HMTA species 

s a quite strong ligand in the non-coordinated dichloromethane 

olvent. This is confirmed by the presence in solution of the 

Co II (TPP)(HMTA) + H] + fragment in the ESI mass spectrometry 

pectrum and by 1 H NMR data. 

These results indicate that the association constant value for 

eso -arylporphyrins didn’t depend too much on the nature of 

he donor-withdrawing groups in the phenyl groups of the meso - 

rylporphyrin but depend essentially on the type of the axial lig- 

nd. This is not the case when the β-pyrrolic positions of the por- 

hyrin are occupied by strong withdrawing halogen groups which 

xhibit very important distortion of the porphyrin core of these 

etalloporphyrins leading to an important redshift of the absorp- 

ion bands [57] . 

.3. Fluorescence spectroscopy 

The fluorescence emission spectrum of our Co(II)-HTMA-TMPP 

erivative (I) recorded at room temperature in dichloromethane 

pon photoexcitation at the wavelength 430 nm exhibits two 

mission bands S 1 → S o allocated as the Q(0,0) and Q(0,1) tran- 

itions ( Fig. 2 ). The λmax values of the Q(0,0) and Q(0,1) emis- 

ion bands of (I) are 652 nm and 718 nm, respectively which are 
6 
ery close to the related Co(II) meso-arylporphyrin species such 

s [Co II (TMPP)(4-CNpy)] (4-CNpy = 4-cyanopyridine) [ 27 ]. For this 

ater species the λmax values of the Q(0,0) and Q(0,1) bands are 

52 nm and 717 nm, respectively. 
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Fig. 3. Ortep diagrams of [Co II (TMPP)(HMTA)]. Ellipsoids are contoured at the 30% 

probability for the structure at RT (a) and 50% probability of the structure at LT (b) . 
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The fluorescence quantum yields f and the lifetime of singlet 

xcited state τ f values of ( I ) and the 

[Co II (TMPP)(4-CNpy)] [ 27 ] related species are very close. Thus, 

he ( f ) and the τ f ) values are 0.028 and 1.53 nm, respec- 

ively for our Co(II)-HMTA derivative ( I ) and 0.054 and 1.97 nm 

or the related Co(II)-4-CNpy species. Notably, the fact that the 

Co II (Porph)(L)] (Porph = meso -arylporphyrin and L is a N-donor 

eutral axial ligand) complexes exhenit f and τ f values smaller 

han the corresponding free base porphyrins is related to the para- 

agnetic nature of the cobalt(II) metal center which allows inter- 

ystem crossing to the triple state and hence lowering fluorescence 

 27-58 ]. 

.3. X-ray structures of (I) 

The single crystal molecular structure of ( I ) was determined us- 

ng the same crystal at room temperature (295 K) then at low tem- 

erature (150 K) in order to check if there is any change of the 

tructure of our Co(II)-HMTA derivative from low to room temper- 

ture. The room temperature (RT) and the low-temperature (LT) 

tructures of ( I ) are practically the same. Indeed, this species crys- 

allizes in the monoclinic system ( P2 1 /n space group). The cell pa- 

ameters of ( I ) at RT and LT are very close ( Table 1 ) where the

T parameters are slightly higher (about 2%), as expected, than 

hose of the LT with a volumes values of 5472.0(10) at 295 K 

nd 5362.4(11) at 150 K. The asymmetric unit of ( I ) is made from

Co II (TMPP)(HMTA)] complex and two chloroform molecules and 

oth RT and LT structures of [Co II (TMPP)(HMTA)].2CHCl 3 ( I ) are il- 

ustrated in Fig. 3 . The Co 2 + cation is chelated by the four pyrrole

 atoms of the porphyrinate anion and additionally coordinated by 

he HMTA ligand in an apical site, completing the distorted square- 

yramidal coordination environment (Figure S6). 

It is noteworthy that hexamethylenetetramine metallopor- 

hyrins are very rare and in the Cambridge data base (CSD ver- 
7 
ion 5.40) only five X-ray molecular structures are reported; four 

ith zinc(II) and one with magnesium(II) cations ( Table 5 ). Our 

ynthetic complex ( I ) is the first example of a Co(II) metallopor- 

hyrin with the HMTA axial ligand. The Co __ N(HMTA) bond lengths 

re 2.287(2)/2.296(4) Å (RT/LT) which are normal for a cobalt(II) 

onded to an sp [3] hybridized nitrogen of a N-bonded axial ligand. 

ndeed, these values are in the [2.278 – 2.354] Å range of several 

MTA-cobalt(II) non-porphyrinic species ( Table 5 ). On the other 

and, we noticed that the Co __ N(HMTA) distance of our deriva- 

ive is: (i) quite shorter than that of the related [Co II (TPP)(pip) 2 ] 

 59 ] complex where pip is the non-aromatic piperidine ligand with 

 Co __ N(pip) distance of 2.436 Å and (ii) this values of ( I ) are,

s expected, higher than those of Co(II) metalloporphyrins with 

romatic N-bonded axial ligands such as 2,6-lutidine [ 60 ] and 1- 

ethylimidazole [ 61 ] with Co __ N(axial ligand) distance values of 

.017(2) Å and 2.157(3) Å respectively (Figure S6). 

Notably, the value of the mean equatorial distance between 

he cobalt cation and the four nitrogen atoms of the porphyrin 

ore (Co __ Np) is directly related to the ruffling deformation of the 

orphyrin macrocycle as mentioned by Iimura et al . [ 62 ]. Thus, 

he Co __ Np bond length decreases as le ruffling of the porphyrin 

ore increases, known that the ruffling distortion is indicated by 

he high values of the displacement of the meso -carbon atoms 

bove and below the porphyrin mean plane (Figure S7). In the 

ase of the two tetracoordinated cobalt(II) [Co II (TPP)] complexes 

eported in Table 5 , the Co __ Np distances are 1.923 Å for the

tructure reported by Konarev et al. [ 63 ] and 1.949 Å for the

tructure reported by Nascimento et al. [ 64 ]. These values which 

re the smallest among all cobalt(II) metalloporphyrins reported 

n Table 5 , exhibit the most ruffled porphyrin cores. For penta- 

oordinated and hexacoordinated cobalt(II) porphyrins were ob- 

erve the same trend: decreasing of the Co __ Np distance with in- 

reasing of the ruffling deformation of the porphyrin core. This 

s the case of the very ruffled structures of [Co II (TPP)(NO 2 )(lut)] 

 60 ] (lut = 3,5-lutidine) and [Co II (TCPP)(py) 2 ] (with TCPP = meso -

etrakis(4-carboxyphenyl)-porphyrinato ) [ 65 ] with a Co __ Np dis- 

ances of 1.959 and 1.961 Å respectively while for the planar or 

oderately ruffled Co(II) porphyrins such as [Co II (TPP)(1-MeIm)] 

 61 ] and [Co II (TPP)(pip) 2 ] (pip = piperidine) [ 59 ] the Co __ Np dis-

ance values are longer with values of 1.978(3) and 1.987 Å respec- 

ively. For our HMTA derivative [Co II (TMPP)(HMTA)] ( I ), the Co __ Np 

ond length values are 1.975 (4) Å (RT) and 1.982(3) (LT) where 

he RT Co __ Np distance is very close to that of the Co(II-TPP-1- 

eIm) species [ 59 ] with a Co __ Np value at RT of 1.978(3) Å [ 59 ].

oth complexes exhibiting, moderate ruffling, confirm what we just 

xplained about the relationship between the ruffling deformation 

nd the Co __ Np distance. It should also be noted that the por- 

hyrin core of our Co(II)-HMTA complex manifests also at RT and 

T a moderate saddle deformation which is due to the displace- 

ent of the pyrrole rings alternately above and below the mean 

orphyrin macrocycle so that the pyrrole nitrogen atoms are out of 

he mean plane (Figure S7) [ 66 ]. Nevertheless, it appears that the 

addle deformation did not affects the length of the Co __ Np dis- 

ance. From Fig. 4 , we first notice that the values of the displace-

ents of the porphyrin core atoms of ( I) from the mean plane of 

he 24-atom porphyrin macrocycle are slightly higher for the RT 

tructure than those of the LT structure. We also noticed that the 

o 2 + cation of ( I ) is displaced by 0.150 (1) Å (RT) and 0.141 (1) Å

rom the 24-atom porphyrin mean plane (P C ) which are very close 

o that of the [Co II (TPP)(1-MeIm)] (Co __ P C = 0.139 Å) confirming 

he high similarity between this two coordination compounds. Fur- 

hermore, the Co __ P C distances values of ( I ) is much smaller than

hose of the two reported five-coordinated zinc(II)-HMTA metallo- 

orphyrins [{Zn 

II (TPP)} 2 (HMTA)] and [Zn 

II (TPyP)(HMTA)] with val- 

es of 0.337 and 0.404 Å, respectively, known that the radii of the 

o 2 + and Zn 

2 + radius are very close (0.74 and 0.72 Å, respectively). 
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Table 5 

Selected bond lengths [ ̊A] and angles [ °] for [Co II (TMPP)(HMTA)] . 2CHCl 3 ( I ) and several hexamethylenetetramine (HMTA) 

porphyrinic and non-porphyrinic complexes. 

Complex Porphyrin a M 

__ N p 
b M 

__ X L 
c M 

__ P C 
d Ref. 

core deformation type 

HMTA-meso-porphyrin complexes 

[{Zn II (TPP)} 2 ( μ2 -HMTA)] e -Ruf, Dom 2.064 (3) 2,291 (3) 0.337 [ 48 ] 

[Zn II (T Py P)(HMTA)] f -Ruf, Dom 2.105 (4) 2.191 (3) 0.405 [ 69 ] 

[Zn II (TCPP)(HMTA) 2 ] 
g Planar 2,066 2.510 0.000 [ 67 ] 

[Zn II (THPP)(HMTA) 2 ] 
h Planar 2.060 2.520 0.000 [ 67 ] 

[Mg II (TPP)(HMTA) 2 ] 
e Planar 2.067(5) 2.473 (2) 0.005 [ 68 ] 

[Mg II (TPBP)(HMTA) 2 ] 
h , i Planar 2.074 2.439 0.000 [ 47 ] 

[Co II (TMPP)(HMTA)] ( I ) -Ruf, Sad 1.975 (4) (RT) 2.296(4) (RT) 0.150(1) (RT) this work 

1.983 (3) (LT) 2.287(2) (LT) 0.141(1) (LT) 

Co(II) meso-porphyrin complexes 

[Co II (TPP)] e ++ Ruf 1.923 - 0.050 [ 63 ] 

[Co II (TPP)] e + Ruf 1.949 - 0.009 [ 64 ] 

[Co II (TPP)(NO 2 )(lut)] -, e , j + Ruf 1.959(2) 2.017(2) (Lut) 0.044 [ 63 ] 

1.925(2) (NO 2 ) 

[Co II (TPP)(1-MeIm)] e , k -Ruf, 1.978 (3) 2.157 (3) 0.139 [ 61 ] 

[Co II (TPP)(pip) 2 ] 
e , l Planar 1.987 2.436 (2) 0.000 [ 60 ] 

[Co II (TCPP)(py) 2 ] 
g + Ruf 1.961 1.958 0.000 [ 66 ] 

HMTA -Co(II) non-porphyrinic complexes 

[Co II (OL) 2 (HMTA) 2 (H 2 O) 2 ] 
m - - 2.280 - [ 69 ] 

[Co II (NCS) 2 (MeOH) 2 (HMTA)] - - 2.278(1) [ 70 ] 

[Co II (NL) 2 (H 2 O) 2 (HMTA) 2 ] 
n - - 2.360 [ 71 ] 

[Co II (H 2 O) 2 (HMTA) 2 (NCS) 2 ] - - 2.324 - [ 72 ] 

[{Co II (H 2 O) 2 (N 3 ) 2 } 2 ( μ2 -HMTA)] n - 2.354 73 [ 73 ] 

a : See the description of different types of the porphyrin core in the text and in Scheme S6 
b : M 

__ Np = average equatorial cobalt-nitrogen pyrrole distance 
c : M 

__ X L = metal-axial ligand distance 
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 TPyP = meso -tetrakis(4-pyridyl)porphyrinato 
g : TCPP = 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato 
h : THPP = meso -tetrakis(4-hydroxyphenyl)porphyrinato 
i : TPBP = meso -{tetrakis-[4-(benzoyloxy)phenyl]porphyrinato 
j : Lut = 3,5-lutidine 
k : 1-MeIm = 1-methylimidazole 
l : pip = piperidine 
m : OL = cinnamato-O ligand 
n : NL = 5,5-diphenylhydantoinato. 

Fig. 4. Formal diagrams of the porphyrinato cores of [Co II (TMPP)(HMTA)] where the displacement of each atom from the mean plane of the 24-atom porphyrin macrocycle 

in given in units of 0.01 Å. (a): RT porphyrin core of ( I ), (b): LT porphyrin core of ( I ). 
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his indicates a better affinity of the HMTA ligand to the Co(II) 

etal ion chelated by the TMPP porphyrinato than the Zn(II) center 

on complexed by the more basic PPyP porphyrinato (TPyP = meso - 

etrakis(4-pyridyl)porphyrinato). 

For the description of the crystal packing of ( I) , we are going

o use the low-temperature structure data because they are better 

han those of the room temperature structure even though the val- 
8 
es of the intermolecular interactions for both RT and LT structures 

re very close. The intramolecular and intermolecular interactions 

or ( I ) involves [Co II (TMPP)(HMTA)] molecules and chloroform sol- 

ent molecules where the cobalt(II)-HMTA porphyrin are located 

pside down in the lattice ( Fig. 5 ). Indded, one [Co II (TMPP)(HMTA)] 

olecule is linked to the neighboring Co(II) complexes as follows: 

i) the hydrogen H36 of the C36 carbon of a phenyl ring is hydro- 
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Fig. 5. Schematic representation showing the weak C __ H 

…O, C __ H 

…N, C __ H 

…Cg and 

C __ Cl …Cg intermolecular interactions of [Co II (TMPP)(HMTA)].2CHCl 3 ( I ) where Cg is 

the centroid of a pyrrole or phenyl ring of the TMPP porphyrinate. 

g

w

g

p

r

C  

t  

v

C

o

v  

r

l  

d

o

m

p

(  

c

(

3

3

u

t

r

m

b  

a

s

o

c

t

b

o

t

s

t

(

c

(

t

Fig. 6. Hirshfeld surface mapped with d norm about a reference molecule in two dif- 

ferent perspectives of view. Labels are discussed in the text. 

Fig. 7. Shape index (a) and curvedness (b) molecular surfaces, showing the comple- 

mentary patches where π–π interactions occur. Highlighted regions are discussed 

in the text. 
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C

en bonded to the oxygen atom O4 of a nearby cobaltous-complex 

ith a C36 __ H36 …O4 distance value of 3.591(10) Å, (ii) two hydro- 

en atoms of two different phenyl rings of the same TMPP por- 

hyrinato are weakly linked each one to a centroid of a pyrrole 

ing of two adjacent Co-TMPP moieties with C33 __ H33 …Cg1 and 

4 4 __ H4 4 …Cg2 distances of 3.843(4) and 3.560(4) Å (Table S3), (iii)

he hydrogen H51A of the carbon C51 of one phenyl ring is also in-

olved in a C 

__ H 

…Cg intermolecular interaction with the centroid 

g3 of a nearby [Co II (TMPP)(HMTA)] complex (Table S3) and (iv) 

ne hydrogen of a methoxy group of one TMPP porphyrinato is in- 

olved in a C 

__ H 

…Cg interaction with the centroid Cg14 of a phenyl

ing of a nearby Co-TMPP derivative (Table S3). The HMTA axial 

igand is also implicated in the crystal packing of ( I ) where the hy-

rogen of the carbon C52 is weakly H-bonded to the oxygen O4 

f an OMe group of an adjacent TMPP-cobalt molecule. Further- 

ore, the chlorine atoms of the two chloroform solvent molecules 

lay an important role on the coherence of the crystal lattice of 

 I ). Indeed, the chlorines Cl2, Cl4 and Cl6 are linked to the phenyl

entroids Cg13 and Cg16 via C 

__ H 

…Cg intermolecular interactions 

Table S3, Fig. 5 ) where the smallest interaction distance value is 

.560(4) Å. 

.4. Hirshfeld surface analysis 

Hirshfeld surface analysis was performed in order de better 

nderstand and highlight the contribution of significant interac- 

ions between molecules that are responsible for the molecular ar- 

angement observed in the crystalline state. The Hirshfeld surfaces 

apped with d norm 

are illustrated in Fig. 6 . The red regions la- 

elled I and II in the d norm 

surface are assigned to C36 __ H36 …O4

nd C52 __ H52A 

…O4 hydrogen bonds, respectively. The intense red 

pot ( III) , involving the acceptor O2 oxygen atoms methoxy groups 

f the TMPP porphyrinato is relative to strong C55 __ H55 …O2 non 

lassical hydrogen bond. The brightest red area labelled as IV is at- 

ributed to the strongest C56 __ H56 …N8 non-conventional hydrogen 

ond between the carbon C55 of one chloroform molecule and the 

xygen O2 of a neighboring TMPP moiety. The corresponding dis- 

ance value (d H-N = 2.32 Å) is significantly shorter than the corre- 

ponding sum of vdW radii, indicating that these C 

__ H 

…N interac- 

ions play an important role in the crystal packing. The red region 

 V ) represents C 

…H interactions associated to C46–H46 •••C18 non- 

lassical hydrogen bonds. In addition, an unusual Co •••H contacts 

d H-Co = 2.73 Å) are indicated as red circles (labeled IV ) including 

he H32 hydrogen atom of the C28-C33 phenyl ring. The presence 
9 
f π-stacking interactions is confirmed by the appearance of red 

nd blue triangle pairs on the Shape-index surfaces identified as 

hite circles in Fig. 7 -a. Moreover, red concave regions indicate hy- 

rogen acceptor centers, while blue convex regions designate the H 

onor atoms (white quadrate). The relatively large green regions, 

bserved as flat patches in the curvedness mapped surfaces, in- 

icate the presence of C–H 

…Cg π interactions between molecules 

 Fig. 7 -b). The fingerprint (d i versus d e ) cards of the main inter-

olecular interactions are shown in Figure S8. Practically all in- 

eractions occur between two chemically and crystallographically 

qual molecules. Thus, most maps are quite symmetric except the 

 

…Cl/Cl …H interactions which involve the chlorine of the chloro- 

orm solvent molecules. The H 

•••H and C 

…H contacts have the 

ost important contribution to the total Hirshfeld surface with 

1.3% and 18.1%, respectively. The proportions of H 

…Cl and H 

…O 

ontacts comprise 11.3% and 8.3% of the total map, respectively. 

he pair of narrow spikes pointed on a (d e + d i ) around 1.4 Å is at-

ributed to the presence of O 

. ••H interactions. The C–Cl •••Cg ( π ) 

ontacts observed through experimental crystallographic study are 

onfirmed by the presence of Cl •••C ( π ) which comprise 3.4% of 

he total. Moreover, the crystalline structure is also maintained by 

 

…C, C 

…O and O 

…Cl contacts, even with negligible contributions. 
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Fig. 8. Temperature dependence of the effective magnetic moment ( μeff) of com- 

plex ( I ). 
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.5. Magnetic properties of complex (I) 

The temperature dependence of the effective magnetic moment 

 μeff) of complex ( I ) is depicted in Fig. 8 while Figure S9 illus-

rates the temperature dependence of χM 

T ( χM 

is magnetic sus- 

eptibility) of the same species. The μeff values are 1.72 μβ at 

.0 K and 2.28 μβ at 300 K. While the first value is appropri- 

te for a low-spin (LS) (S = 1/2) cobaltous derivative, the effec- 
cheme 2. Electrochemical reactions of [Co II (TPP)] [ 75 , 76 ]. (a): in dichloromethane and n

olvent. 

10 
ive magnetic moment value of 2.28 μβ at 300 K is quite bigger 

han that of a low-spin (S = 1/2) Co(II) species but also smaller 

han the theoretical spin-only μS value of 3.87 μβ for a high-spin 

HS) S = 3/2 cobalt(II) compound. This might result from a ther- 

al spin-crossover between the LS state, S = 1/2, (t 2g ) 
6 (e g ) [1] and

he HS state, S = 3/2, (t 2g ) 
5 (e g ) [2] . As commonly observed for SCO-

ctive cobalt(II) complexes (SCO = spin crossover), the transition 

ppears gradual and incomplete. Inspection of Figure S9 shows the 

resence of a plateau region between 2 K and 100 K, with a con- 

tant χM 

T values of ~ 0.37 emu/molOe expected for an uncou- 

led 1/2 ion, corresponding to the LS state (theoretical value 0.374 

mu/molOe) [ 74 ]. 

From 100 to 300 K, the χM 

T value slowly increases as a very 

radual and incomplete SCO towards the HS state occurs, to a value 

f 0.66 emuK/moleOe at 300 K. The field dependence of the mag- 

etization, M = f(H), at 2 K given in Figure S10 shows that our 

obaltous derivative ( I ) displays a value close to the saturation at 

 mb (0.96 μβ with g = 2). 

.6. Cyclic voltammetry 

Numerous cyclic voltammetry (CV) investigations of synthetic 

obalt(II) porphyrin coordination compounds have been reported 

n the literature especially by Kadish et al. [ 75 76 ]. In the case of

he meso -(tetraphenylporphyrinato)cobalt(II) complex [Co II (TPP)], 

 76 ] it have been reported that this species in dichloromethane and 

onchlorinated solvents (such as THF and DSMO) presents three 

ne-electron reversible oxidations ( Scheme 2 -a) where the first 

ne corresponds to the center metal Co(II)/Co(III) oxidation [Eq. 

I) ] followed by two ring oxidations (Eq. (II) and Eq. (III) respec- 
onchlorinated solvents, (b): in nonchlorinated solvents and (c): in dichloromethane 
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Fig. 9. Cyclic voltammogram of ( I) . The solvent is CH 2 Cl 2 and the concentration is 

ca. 10 –3 M in 0.2 M TBAP, 100 mV/s, vitreous carbon working electrode (Ø = 2 mm). 
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ively). The reduction of the same [Co II (TPP)] species in nonchlori- 

ated solvents ( Scheme 2 -b) [ 49 , 75 , 76 ] leads to the center metal

eduction Co(II)/Co(I) [Eq. (IV) ] followed by a second ring cen- 

ered one-electron reduction at quite negative potentials [Eq. (V) ]. 

he electrogenerated Co(I) porphyrin [Co I (TPP)] − species is mod- 

stly stable in electrochemical nonchlorinated solvent, but rapidly 

eacts with CH 2 Cl 2 solvent ( Scheme 2 -c) leading to a transient 

arbon-bonded species identified as the [Co I (TPP)(CH 2 Cl)] complex 

hich will be reduced to the [Co I (TPP)(CH 2 Cl)] − species. Reactions 

VII)’ and (VIII)’ regenerate the [Co I (TPP)] − derivative and then a 

econd irreversible ring reduction will take place [Eq. (IX)’ ]. This 

ate electrochemical reaction is only observed in dichloromethane 

 Scheme 2 -c) [ 76 ]. 

The cyclic voltammetry of our [Co II (TMPP)(HMTA)] complex, 

hown in Fig. 9 was recorded in the non-coordinating sol- 

ent dichloromethane under an argon atmosphere using tetra-n- 

utylammonium perchlorate (TBAP) as the supporting electrolyte 

0.2 M) and all potential values are given in volt versus SCE. The 

rst one-electron quasi-reversible reduction corresponds to the 

o(II)/Co(I) reduction [Eq. IV’ ], occurs at E cq = -1.30 V (where E cp 

s the cathodic pic) and the half potential value is E 1/2 = -1.09 

 [MR1,MO1] ( Fig. 9 ). As mentioned by Kadish et al . in the case

f the [Co II (TPP)], [ 75 ] the electrogenerated [Co I (TMPP)(HMTA)] −

s not stable and rapidly reacts with CH 2 Cl 2 . Consequently, reac- 

ions similar with those of equations: [Eq. (V)’ ] to [Eq. (VIII)’ ] occur 

eading most probably to the formation of the [Co I (TMPP)(CH 2 Cl)] 

nd [Co I (TMPP)(CH 2 Cl)] − intermediates and may explain the pres- 

nce of the irreversible wave with E ap = -0.30 V (where E ap is 

he anodic pic) [ 68 ]. A one electron quasi-reversible first ring re- 

uction corresponding to the ring reduction (similar to Eq. (IX)’ ) 

s also observed with E 1/2 = -1.44 V [R3,O3] . The anodic part of

he cyclic voltammogram of [Co II (TMPP)(HMTA)] ( I ) shows that we 

et first a one electron irreversible oxidation of the center metal 

Co(II)/Co(III) with E ap = 0.25 V [MO2] corresponding to Eq. (I) , 

ollowed by a first and second oxidation of the porphyrin ring 

 [O1,R1] and [O2/R2] respectively) with E 1/2 values of 0.91 and 1.21 

 respectively. These waves correspond to the Eq. (II) and Eq. ( III ). 

wo irreversible waves with E ap values of 1.51 and 1.81 V are also 

hown and could be explained by the departure of the HMTA lig- 

nd leading to a unidentified reactions. Our cobaltous tetracoordi- 

ated TMPP derivative exhibits also an irreversible oxidation wave 

O4] with E ap value of 2.03 V. which can be attributed to the oxi- 

ation of the meso -porphyrin as reported by Simonneaux et al. [ 77 ]
11 
The irreversibility of this oxidation is due to chemical reactions 

nvolving unstable electrogenerated radical leading to an unidenti- 

ed species reduced at about 0.09 V [R4] . 

As can be seen from the data of the electrochemical data re- 

orted in Table 6 , we notice that (i) the half potential values of 

he Co(II)/Co(I) metal reduction for the tetravalent [Co II (TPP)] com- 

lex and the pent-coordinated or hexa-coordinated [Co II (Porp)(L) x ] 

Porph = meso -porphyrin, L = N-donor axial ligand and x = 1 or 

] didn’t vary too much with the solvents used, (ii) the E 1/2 of 

he pentacoordinated and hexacoordinated cobaltous metallopor- 

hyrins are slightly shifted toward negative potential values com- 

ared to those of the tetracoordinated Co(II) porphyrins. On the 

ther hand, the E 1/2 values of the Co(II)/Co(III) metal oxidation are 

olvent depend and that they exhibit more negative shifted E 1/2 

alues for pentacoordinated and hexacoordinated Co(II) metallo- 

orphyris than the corresponding tetracoordinated cobaltous com- 

lexes. Concerning our Co(II)-HMTA derivative ( I ), the Co(II)/Co(I) 

 1/2 value in CH 2 Cl 2 is equal to -1.09 V which is in the range [-

.83 -1.10] V shown in several solvents for five and six-coordinated 

obaltous metalloporphyrins. The half potential Co(II)/Co(III) po- 

ential value of ( I ) which is 0.25 V, is shifted to more positive

otential values compared to that of the related pyridine species 

Co II (TPP)(py) x ] (x = 1 or 2), with E 1/2 = -0.12 V, where the data

re recorded also in dichloromethane. The question is whether this 

ifference is due to the nature of axial ligands (HMTA vs pyri- 

ine) or to the nature of the meso -porphyrin: the TPP porphyri- 

ato vs the methoxy para -substited phenylporphyrinato TMPP. As 

entioned above, the OMe groups in the para -phenyl positions 

f the TMPP porphyrinato increases the electron density of the 

o(II) center metal and therefore complex ( I ) should be normally 

asy to oxidize, which is not the case, because ( I ) presents a 

 1/2 [Co(II)/Co(III)] value of 0.25 V. Since no electrochemical data of 

 HMTA-Co(II) with any other meso -porphyrins are available to be 

sed for comparison, the presence of the HMTA ligand is fore prob- 

bly the main reason why the Co 2 + in ( I ) is relatively easy to oxi-

ize. Moreover, the fact that the larger shift to more negative po- 

ential values observed for the Co(II)/Co(III) oxidation compared to 

hose of the Co(II)/Co(I) reduction suggests that Co(III) complexes 

re stabilized to a greater degree than the cobalt(II) metallopor- 

hyrin complexes. 4 

.7. Chemical reactivity analysis 

Theoretically, the chemical reactivity of a molecule can be de- 

cribed by using frontier orbital analysis and electronic reactivity 

escriptors. Herein, the electron density distribution surfaces and 

nergies of two important molecular orbitals of the title molecule: 

he highest occupied molecular orbitals (HOMO) and the lowest 

ying unoccupied molecular orbitals (LUMO), were calculated and 

resented in Fig. 11 . The LUMO as an electron acceptor represents 

he ability to obtain an electron, HOMO represents the ability to 

onate the electron. Hence, these orbitals determine the way the 

olecule interacts with other species. Moreover, the energy gap 

etween HOMO and LUMO is a critical parameter in determining 

he electrical transport properties of molecules [ 77 ]. In addition, 

nergy gap has been used to prove the bioactivity from intermolec- 

lar charge transfer [ 78–80 ]. A molecule with a small frontier or- 

ital gap, also termed as soft molecule, is more polarizable and 

s generally associated with a high chemical reactivity and a low 

inetic stability [ 81 ]. The difference in energy between these two 

rontier orbitals can be used to predict the strength and stability 

f transition metal complexes [ 82 ]. The size of the LUMO lobe can 

elp predict where addition to π-ligands will occur. From Fig. 10 , it 

s clearly seen that the HOMO and LUMO are localized on the pyr- 

ole rings of the porphyrin parts and the N5 ligand nitrogen atom. 

he lowest unoccupied molecular orbital (LUMO) energy is 1.362 
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Table 6 

Electrochemical data a for complex (I) and a selection of cobalt(II) metalloporphyrins. 

Reductions Ref.. Oxidations 

Solvent Metal Reduction Ring Reduction Metal Oxidation Ring Oxidations 

——————- —————– ——————– ————- —————- 

Co(II)/Co(I) First red. Co(II)/Co(III) First oxid. Second oxid. 

(MR1,MO1) (R3,O3) (MO2) (O1,R1) (O2,R2) 

——————– —————— —————– ————– —————–

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

[Co II (TPP)] CH 2 Cl 2 -0.83 -1.40 ∗ 0.98 1.16 - 76 

[Co II (TPP)] CH 2 Cl 2 - - 0.75 0.91 - 4 

PrCN 

c -0.89 - 0.26 - - 4 

DMF d -0.84 - -0.03 - - 4 

[Co II (TPP)(py) x ] CH 2 Cl 2 -1.16 - -0.12 - - 76 

DMSO 

e -0.99 - -0.26 - - 4 

DMF d -0.93 - -0.20 - - 4 

[Co II (TPP)(pip) x ] DMSO 

e -0.94 - -0.35 - - 4 

[Co II (TMPP)(HMTA)] CH 2 Cl 2 -1.09 -1.44 0.25 ∗ 0.91 1.21 ∗ this work 

∗: Irreversible wave 
a The potentials are reported versus SCE 
b E 1/2 = half wave potential 
c : PrCN = Butanenitrile with the formula C 4 H 7 N 

d : DMF = N,N-Dimethylformamide with the formula C 3 H 7 NO 
e : DMSO: Dimethyl sulfoxide with the formula C 2 H 6 OS. 

Fig. 10. 3D surfaces and 2D contour maps showing the electron density distribution of HOMO and LUMO orbitals. 

e

-

b  

r

s

g

h

d

μ

η

S

ω

t

(

t

a

i

a

t

c

o

c

3

o  

H  

u

C  
V and the highest occupied molecular orbital (HOMO) energy is 

0.744 eV. Hence, computed HOMO-LUMO energy gap is found to 

e 2.106 eV ( Fig. 11 ) and it seems in good agreement with cor-

esponding experimental value 2.09 eV, obtained from UV-visible 

pectrum. On the basis of frontier orbitals energies, the different 

lobal reactivity descriptors such as chemical potential ( μ), global 

ardness ( η), and global softness ( S ) and global electrophilicity in- 

ex ( ω) are determined using Eqs. (1) - (4) as follows: 

= 

1 

2 

( E LUMO + E HOMO ) = 0 . 309 eV (1) 

= 

1 

2 

( E LUMO − E HOMO ) = 1 . 053 eV (2) 

 = 

1 

2 η
= 0 . 474 eV (3) 

 = 

μ2 

2 η
= 0 . 022 eV (4) 
12 
It is noted that for any two reactants, electrons flow from high 

o low chemical potential. The chemical hardness ( η) and softness 

S) of a molecule is a good indication of the chemical stability of 

he molecule. η is a direct measure of the electrophilic stability of 

 molecule, while S provides a measure of its electrophilic reactiv- 

ty. A molecule with a high value of ω shows great propensity for 

ttracting electrons from a generic donor molecule. Consequently, 

hese results indicate low excitation energies for many of the ex- 

ited states, low kinetic stability, and a high chemical softness for 

ur studied complex. This also reveals that (I) can behaves as semi- 

onductor material. 

.8. Adsorption kinetic 

Fig. 12 represents the adsorption capacities ( q t ) and the decol- 

rization yields ( R% ) of the vat yellow 1 dye in the presence of the

 2 TMPP free base porphyrin and complex ( I ) as a function of time

nder the following experimental conditions: room temperature, 

o = 25 mg.L −1 (of the vat dye) at pH = 6. The adsorbent capac-
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Fig. 11. HOMO–LUMO gap energy computed at UB3LYP/6-311 + G(d,p)/SDD level of 

theory. 
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ty ( q t ) is given by the relationship: q t (mg.g −1 ) = ( C o - C t ).( V/m )

here C o and C t are the dye concentration before and after the 

dsorption, respectively. V is the volume of the dye used and m is 

he mass of the adsorbent. The q t values are 3.5 and 3.1 mg.g −1 ,

espectively. By using the relationship ( A o – A t )/ A o x100 ( A o and A t 

re the absorption at t = 0 and at the t instant), the color removal

ield values of H 2 TMPP and ( I ) are 14% and 12.4%, respectively. We

oticed that the adsorbent capacity and adsorption efficiency val- 

es of the free base porphyrin are slightly higher than those of 

Co II (TMPP)(HMTA)] ( I ) which could be related to the pyrrole hy- 

rogen atoms in H 2 TMPP leading to hydrogen bond type with the 

eteroatoms of the vat yellow dye molecues [ 83 ]. 

The fitting of the kinetic data of “H 2 TMPP - vat yellow dye” and 

complex (I) - vat yellow dye” systems was made using four kinetic 

odels; namely the pseudo first order kinetic model, the pseudo 

econd order kinetic model, the intraparticle diffusion model and 

he Elovich model [ 84 ]. In Fig. 13 are depicted the experimental 

ata of the adsorption of vat yellow 1 dye on H 2 TMPP and complex

I) while the data were fitted using the four kinetic models and the 

esults are collected in Table S3. 
Fig. 12. Variation of the adsorption capacity ( q t ) (left) and the removal yield ( R%

13 
Based on the regression coefficient R 2 (Table S3), the exper- 

mental results are better fitted using the pseudo second order 

odel for both H 2 TMPP and [Co II (TMPP)(HMTA)] species with R 2 

alues of 0.99 and 0.97, respectively. The second order model equa- 

ion that we used is as follows: 

t 

q t 
= 

1 (
q e 2 ∗ k 2 

) + 

t 

q e 

here, q t and q e represent the amounts of the adsorbent adsorbed 

t time t and at equilibrium respectively, while k 2 is the rate con- 

tant for the pseudo second order model (g.mg −1 .min 

−1 ). The val- 

es of k 2 and q cal were calculated, for each one of the two por- 

hyrinic compounds, from the slope and the intersection of the 

orresponding plot, respectively. 

.9. Degradation of the vat yellow 1 dye 

The ability of the cobaltous-HMTA complex ( I ) to catalyze the 

egradation of the vat yellow dye was tested using an aqueous hy- 

rogen peroxide solution and a photodegradation process using the 

olar light. In Fig. 14 -a, are shown the curves C t /C o verses time ( C t 
nd C o are the concentration of the vat dye at the instants t and 

 = 0, respectively). The degradation yield ( R% ) is given by the re-

ation: 

 ( % ) = 

(
1 − C t 

C o 

)
. 100 . 

By mixing only the vat yellow 1 dye and our Co(II) derivative 

 I ), the R% value is 12.4%, after 120 mins of reaction. When we add

n aqueous hydrogen peroxide solution (6 mg.L −1 ) to this mixture, 

e noticed a large increase of the removal yield with a value of 

2%, after 120 mins of reaction. This result could be ascribed to the 

mportant role of H 2 O 2 which is activated by [Co II (TMPP)(HMTA)] 

 I ) complex [ 27 ]. Furthermore, when the same degradation reac- 

ion is made by using the solar light instead of the H 2 O 2 oxidant

eagent, the removal yield value is 63%, after 120 mins of reac- 

ion. Therefore, the photodegradation is considered an important 

ethod and also an environmental way to remove the vat yellow 

 dye, in presence of complex ( I ), mostly because only the solar 

ight is used. where C t and C o being the vat yellow 1 dye concen- 

ration at times t and 0; t is the time of degradation and K o is the

rst order rate constant. As shown in Fig. 14 -b, when only the vat 

ellow dye and ( I ) are used, K o value is 0.001 min 

−1 (with a cor-

elation value R 2 of 0.74) which changes to 0.013 min 

−1 ( R 2 = 

0.99) in the presence of H 2 O 2 solution and 0.008 min 

−1 

 R 2 = 0.99) in the presence of a solar light. 
 ) (right) vs. time for the vat yellow 1 dye using H 2 TMPP and complex ( I ). 
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Fig. 13. Kinetic modeling for the adsorption of the vat yellow 1 dye in the presence of H 2 TMPP and (I). (a): Pseudo first order model, (b) : Pseudo second order model, (c): 

Elovich model and (d): intra-particular diffusion model. 

Fig. 14. (a): Variation of C t /C o as a function of time. ( b): Variation of In(C t /C o ) as function of time. The lines represent the fitting data using the pseudo first order kinetic 

model. 
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.10. Comparison of our procedure with other reported methods 

The complete degradation of anthraquinone vat dyes such as 

he vat yellow 1 dye is difficult due the characteristic chemical sta- 

ility of these species. Several degradation technics of vat yellow 

yes are reported in the literature. This is the case of the biodegra- 
14 
ation [ 85 ] and the filtration [ 86 ] methods. Recently, Atta-Eyison 

 87 ] reported the heterogeneous photocatalysis decomposition of 

he vat yellow 1 dye using zinc oxide photocatalyst in aqueous so- 

ution under UV and solar irradiation. The decomposition reaches 

0% at 150 min of UV irradiation. Using our catalytic degradation 

ethod of the vat yellow 1 dye, the yield (72%) is smaller than 
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hat of the photocatalytic method used by Atta-Eyison. Neverthe- 

ess, the encouraging obtained result using our cobaltous derivative 

 I ) complex prompted us to use this compound in other methods 

f decomposition of this dye. 

. Conclusion 

The reaction of an excess of hexamethylenetetramine (HMTA) 

ith the meso -[tetra( para -methoxyphenyl)porphyrinato]cobalt(II) 

Co II (TMPP] starting material leads to the pentacoordinated 

Co II (TMPP)(HMTA)] •2CHCl 3 species ( I ) as confirmed by room tem- 

erature (RT) and low temperature (LT) X-ray molecular struc- 

ures which indicate also that there is no structural change when 

he temperature is lowered. The UV-visible titration, 1 H NMR as 

ell as the ESI and MALDI-TOF mass spectrometry show that in 

ichloromethane solvent, complex ( I ) is present as Co(II)-HMTA 

ve-coordinated metalloporphyrin. The SQUID data indicated that 

t low temperature (below 220 K) complex ( I ) is a cobalt(II) low- 

pin porphyrin complex. Above this temperature, the magnetic 

roperties show a gradual and incomplete spin crossover towards 

he high-spin state (S = 3/2). The cyclic voltammogram of ( I ), 

ecorded in dichloromethane, shows a one-electron reversible ox- 

dation wave of the E 1/2 [(Co(II)/Co(III)] half-potential value shifted 

o positive potential indicating an easy oxidation of the Co(II) for 

ur derivative. The crystal packing of ( I ) is stabilized by weak C–

 

•••O and C–H 

•••N hydrogen bonds and C 

__ H 

…Cg and C–Cl …Cg

ntermolecular interactions involving the phenyl and pyrrole ring 

entroids. Furthermore, Base on Hirshfeld topology analyses all 

ossible intermolecular interactions occurring in the crystal struc- 

ure have been quantified. Frontier molecular orbitals energies and 

lobal reactivity descriptors reveal the high chemical reactivity and 

 low kinetic stability of the title complex. The adsorption effi- 

iency of vat yellow 1 dye on H 2 TMPP and complex ( I ) revealed

hat the free base porphyrin presents higher adsorption efficiency 

han the cobaltous HMTA derivative and that the pseudo second 

rder kinetic model is the most appropriate to describe the adsorp- 

ion process. The [Co II (TMPP)(HMTA)] coordination compound was 

lso tested as catalyst for the vat yellow dye 1 degradation using 

t first a hydrogen peroxide solution and then by photodegradation 

nder solar light. Even though the first method affords a better re- 

oval yield ( R% = 72%), the photodegradation degradation way, us- 

ng the solar light, presents definitely a good removal yield of 63% 

ince this technic is less expensive and environmentally friendly. 
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