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Abstract 

In this work, we describe a novel cadmium(II) complex based on the insertion of the Cd(II) 

metal ion into the meso-tetrakis(4-tert-butylphenyl)porphyrin (TBPP) ring, followed by the 

coordination of the 2-methylimidazole (2-MeHIm) N-donor axial ligand. Single crystal X-ray 

diffraction of [Cd(TBPP)(2-MeHIm)] (I) revealed that the Cd(II) metal ion induces a 

significantly distorted five-coordinate square pyramidal geometry of the metalloporphyrin 

(MP). This particular geometry provides a high displacement of the Cd(II) metal atom out of 

the porphyrinato mean plane by 0.860 Å, which is slightly higher than in related 

[Cd(II)(porphyrin)(ligand)] complexes. This high value induces a significant porphyrinato 

core doming and a moderate ruffling. An UV-visible spectroscopy study highlighted the red-

shift effect of the absorption bands after the insertion of the Cd(II) metal ion into the TBPP 

ring and this effect is greater after coordination of the 2-MeHIm axial ligand. The calculated 

Gap energy Eg from the UV-visible spectra indicate interesting organic semiconducting 

properties. A fluorescence emission spectroscopy study showed a remarkable blue-shift effect 

in the Q bands accompanied by a decrease of the fluorescence emission, quantum yield (ɸf) 

and lifetime (τf) after the insertion of Cd(II) metal ion into TBPP, while the coordination of 2-

MeHIm axial ligand had a minor effect. 
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Abbreviations: ATR for attenuated total reflectance; Cg for centroid; Cim for imidazole 

carbon atom; Ct for projection of the Cd(II metal ion in the porphyrinato mean plane; DMF 

for dimethylformamide; DMSO for dimethylsulfoxide; Eg for Gap energy; FTIR for Fourier 

transform infrared; Lax for axial ligand; 2-MeHIm for 2-methylimidazole; MP for 

metalloporphyrin; Nim for imidazole nitrogen atom linked to the Cd(II) metal ion; NMR for 

nuclear magnetic resonance; Np pyrrole nitrogen atom; TBPP (or H2TBPP) for meso-

tetrakis(4-tert-butylphenyl)porphyrin; TPP (or H2TPP) for tetraphenylporphyrin; UV-Vis for 

ultraviolet-visible; ϕ for dihedral angle; ϕf for fluorescence quantum yield; τf for fluorescence 

lifetime. 

1. Introduction 

Porphyrins are a class of conjugated tetrapyrrole macrocycles consisting of four pyrrole units 

linked by four methine groups. The two pyrrole protons of the porphyrin free base can be 

easily removed and the resulting dianion species can complex a large variety of metal ions to 

form natural or synthetic metalloporphyrins (MPs). Among the various natural MPs and 

derivatives, some of them play a vital role in biological processes, such as oxygen transport 

(heme b), oxygen activation (cytochrome P450), photosynthesis (chlorophyll a), 

methanogenesis catalyst in methanogenic archaea (cofactor F430) or nervous system function 

(vitamin B12). Beyond their presence in nature, many synthetic MPs are chemically produced 

and used for catalytic oxidation reactions [1], biological applications [2] and material/device 

applications [3-8]. It is noteworthy that the spectroscopic, electrochemical, structural and 

photophysical properties of MPs are strongly dependent on the nature of the central metal ion 

and the axial coordination process can also deeply affect these properties [9]. Many of the 

group elements in the periodic table are able to form MPs and several among them are 

capable of coordinating to additional axial ligands. Among them, group 12 or II B (Zn, Cd, 

and Hg metals) occupies a special place because of the fact that it is the only group whose 

atoms or cations have a complete d sub-shell. Hg(II) and Cd(II) MPs are less studied due to 

their low stability compared to Zn(II) MPs. Despite the fact that Cd(II) is toxic metal ion, it 

has received much attention from researchers for over half a century because the Cd(II) metal 

ion is too large to fit into the central hole of porphyrins, thereby forming Cd(II) MPs with an 

out-of-plane metal coordination. This out-of-plane geometry greatly diminishes the stability 

of the Cd(II) porphyrin derivatives, making them good transmetallation precursors for metal-

exchange reactions [10], and also is of particular interest for some biological applications [11-
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13]. As the Cd(II) metal has just one oxidation state of +2, only one axial ligand can be 

coordinated to the Cd(II) metal ion to provide five-coordinate MPs (square pyramidal 

geometry) [14]. This geometry makes Cd(II)-porphyrins easy systems to study the influence 

of the nature of the axial ligand on the spectroscopic, electrochemical, structural and 

photophysical properties of MPs. 

Imidazole and its derivatives are present in various biological compounds. For example, 2-

methylimidazole (2-MeHIm) can be used to simulate the heme-coordinated histidine residue 

in biological hemoproteins [15] and is a precursor of several antibiotics of the nitroimidazole 

class to treat parasitic infections and anaerobic bacterial infections [16]. In the literature, we 

found several studies describing MPs (M = Fe(III), Fe(IV), Mn(II), Co(II), Co(III), Zn(II), 

Zr(IV) and Cr(III)) with one or two imidazole moieties as axial ligands [15-17]; to date no 

research has yet been carried out on the effect of an imidazole axial ligand upon the structural, 

spectroscopic and photophysical properties of Cd(II)-porphyrins. 

In this work, we report the synthesis of a novel Cd(II)-porphyrin complex with one imidazole 

axial ligand, i.e. (2-methylimidazole)(meso-tetrakis(4-tert-

butylphenyl)porphyrinato)cadmium(II), abbreviated as [Cd(TBPP)(2-MeHIm)]  (I) (Scheme 

1), with the aim to evaluate the influence of the N-donor axial ligand and out-of-plane 

geometry (square pyramidal) on the structural, spectroscopic and photophysical properties of 

the Cd(II)-porphyrin complex. 

 

Scheme 1. Chemical structures of H2TBPP, [Cd(TBPP)] and [Cd(TBPP)(2-MeHIm)]. 
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2. Materials and methods 

2.1. Chemicals  

Unless otherwise stated, all chemicals were purchased as the highest purity commercially 

available and were used without further purification. Dry CH2Cl2 was obtained by distillation 

over P2O5 under an argon atmosphere and other reagent-grade solvents were used as received. 

The free base porphyrin H2TBPP was purchased from the PorphyChem Company and 

Cd(OAc)2 from Sigma-Aldrich.  

2.2. Characterization 

Infrared spectra were recorded with an attenuated total reflectance Fourier transform infrared 

(FTIR) Nexus (Nicolet) spectrophotometer with the wavenumber range 500-4000 cm-1. 1H 

NMR spectra were recorded on a Brucker Advance 300 spectrophotometer. The spectra were 

recorded in DMSO-d6 at room temperature (T = 298 K) using DMSO residual peaks (δ = 2.50 

ppm) as an internal reference. Chemical shifts (δ) are reported in parts per million (ppm). 

Coupling constants (J) are given in hertz (Hz) and the multiplicity is defined as s for singlet, d 

for doublet, m for multiplet, br for broad, m-Ph and o-Ph for meta and ortho protons of the 

phenyl rings, β-pyr for β protons on the pyrrole rings or combinations thereof. Element 

analyses were obtained with a Carlo Erba model 1106 microanalyzer (INEOS RAS). 

2.3. UV-visible and fluorescence experiments 

Ultraviolet-visible (UV-vis) absorption spectra were measured on a Shimadzu UV-3600 

double-beam UV-visible spectrophotometer at a concentration of 10-5 M in CH2Cl2. 

Fluorescence spectra were recorded on a Fluorolog-3 spectrofluorometer FL3-222 at a 

concentration of 10-6 M in CH2Cl2. The fluorescence quantum yield (ϕf) was determined using 

a tetraphenyl porphyrin (TPP) solution in toluene as a fluorescence standard (ϕf = 0.11) [18].  

2.4. X-ray crystallography experiment 

Single crystals of the Cd(II)-porphyrin complex (I) were grown at room temperature from a 

CHCl3-hexane mixture, carefully selected under a microscope and mounted on a Mitegen 

micromesh with the help of a trace of mineral oil. The X-ray diffraction experiment was 
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conducted using a Rigaku Oxford Diffraction Supernova diffractometer equipped with an 

Atlas CCD detector using MoKα radiation (λ = 0.7107 Å). Single crystals were cooled at 110 

K by a low temperature nitrogen blower and diffraction frames were processed with the 

CrysAlisPRO program [19]. The first structure model solution was found with the SHELXS 

program [20] and model refinement was done with SHELXL2014/7 [21]. The CIF file was 

completed with Olex2 [22]. [Cd(TBPP)(2-MeHIm)] (I) was found to contain some disorders: 

(i) the 2-MeHIm axial ligand is disordered over two positions (N5-C61-C62-N6-C63-C64 and 

N5A-C61A-C3B1-N6A-C63A-C1AA) with occupancies values of 80 and 20%, respectively, 

(ii) four carbon atoms of one phenyl ring of the TBPP porhyrinate are disordered in two 

positions (C32-C33/C33A-C34A and C35-C36/C36A-C36A) with the same occupancy of 

50/50%, (iii) the t-Bu group linked to this disordered phenyl ring, presents also two major 

positions (C37-C40 and C37A-C40A) with occupancy factor values of 0.65 and 0.35 

respectively and (iv) a second t-Bu group of another phenyl group is equally disordered in two 

positions (50/50%). 

The bond lengths and angles of the disordered fragments were restrained to ensure proper 

geometry using the DFIX and DANG instructions of SHELXL2014. The anisotropic 

displacement ellipsoids of some atoms of the porphyrin and the 2-methyimidazol axial ligand 

were very elongated, which indicates static disorder. For fragments involving these atoms 

DELU/SIMU and SIMU/ISOR restraints and the EADP constraint commands in SHELXL-

2014 were used. At the final stages of the refinements of complex (I), we noticed the presence 

of two solvent voids in the cell of 446 Å3 and 47 electrons for each one. Therefore, 

corrections for diffuse effects owing to the inclusion of two disordered hexane molecules in 

the crystal lattice of our TBPP-cadmium(II) porphyrin derivative (I) was made using the 

SQUEEZE subroutine in PLATON [23]. The given chemical formula of (I) and other crystal 

data of this complex do not take into account the two removed solvent molecules. 

The crystallographic data, structural refinement details and selected bond lengths and angles 

for (I) are reported in Table SI-1 (see Supporting Information). Crystal data and experimental 

parameters used for the intensity data collection are available free of charge from the 

Cambridge Crystallographic Data Centre with CCDC number 1924229. 

2.5. Synthesis of the Cd(II)-porphyrin complex (I) 

[Cd(TBPP)] complex. The [Cd(TBPP)] complex was prepared by the insertion of the Cd(II) 

metal ion into the TBPP ring according to the protocol previously described in the literature 
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[24]. Briefly, to a solution of free porphyrin H2TBPP (100 mg, 0.12 mmol) in DMF (15 mL) 

was added Cd(OAc)2 (37 mg, 0.48 mmol). The reaction mixture was held at refluxing 

temperature (153 °C) with stirring for 15 min under a dry nitrogen atmosphere. The reaction 

mixture was reduced to dryness in vacuo and the residue was dissolved in benzene (10 mL); 

then n-hexane (100 mL) was added and the mixture was placed in a fridge (4 °C) overnight. 

[Cd(TBPP)] was isolated as a blue-black solid by filtration and vacuum-dried. Yield 108 mg 

(96%). Anal. Calcd for C60H60CdN4 (%): C, 75.89; H, 6.37; N, 5.90. Found (%): C, 75.82; H, 

6.24; N, 6.12. 1H NMR (300 MHz, DMSO-d6) δ, ppm: 1.61 (s, 36H, 4 t-Bu), 7.89 (d, 8H, m-

Ph, J = 8.1 Hz), 8.05 (d, 8H, o-Ph, J = 8.1 Hz), 8.65 (s, 8H, β-pyr.). UV-vis (CH2Cl2) λ/nm (ε 

x 10-3, mol-1 L cm-1) : 433 (105), 569 (4), 613 (6). FTIR-ATR (CH2Cl2) wavenumber/cm-1: 

1038 (δC-H, porphyrin), 2922 (νC-H, porphyrin). 

[Cd(TBPP)(2-MeHIm)] complex (I). The [Cd(TBPP)] complex (22 mg, 0.023 mmol) and 2-

methylimidazole (47 mg, 0.57 mmol) were dissolved in CHCl3 (8 mL) and the dark green 

reaction mixture was stirred overnight at room temperature. X-ray quality blue-purple crystals 

were obtained by liquid diffusion in a glass tube using hexane as the non-solvent. Yield 19 mg 

(80%). Anal. Calcd for C69H73CdN6 (%): C, 75.42; H, 6.70; N, 7.64, Found (%): C, 75.48; H, 

7.40; N, 7.81 1H NMR (300 MHz, DMSO-d6) δ, ppm: 1.58 (s, 36H, 4 t-Bu), 2.41 (s, 3H, CH3 

imidazole),  6.86 (br s, 1H, H imidazole), 7.09 (br s, 1H, H imidazole), 7.83 (d, 8H, m-Ph, J = 

8.1 Hz), 8.12 (d, 8H, o-Ph, J = 8.1 Hz), 8.72 (s, 8H, β-pyr.), 10.16 (br s, 1H, NH imidazole). 

UV-vis (CH2Cl2) λ/nm (ε x 10-3, mol-1 L cm-1): 438 (110), 579 (4), 621 (4). FTIR-ATR: 

wavenumber/cm-1: 997 (δC-H, porphyrin), 1456 (νC-N, imidazole), 2854-2956 (νC-H, porphyrin), 

3433 (νN-H, imidazole). 

3. Results and discussion 

3.1. Synthesis 

The free base porphyrin H2TBPP was metallated according to the literature procedure [24]. 

This metallation was carried out with an excess of Cd(OAc)2 (4 equivalents) in DMF to afford 

the [Cd(TBPP)] complex in 96% yield (Scheme 2). The 14 nm red shift of the Soret band and 

the alteration in the number and position of Q bands in the UV-visible spectrum of 

[Cd(TBPP)], compared with that of H2TBPP, confirmed that the metallation process occurred 

(see the section "UV-visible and fluorescence spectroscopies"). Further confirmation of the 



7 
 

metallation is given by the 1H NMR spectral comparison of H2TBPP and [Cd(TBPP)] in 

DMSO-d6, showing the disappearance of the signal for the NH pyrrole protons at δ -2.74 ppm 

after metallation. 

 

Scheme 2. Synthesis of the [Cd(TBPP)] and [Cd(TBPP)(2-MeHIm)] complexes. 

The axial ligation of 2-methylimidazole (2-MeHIm) to the [Cd(TBPP)] complex was 

performed in CHCl3, leading to the formation of [Cd(TBPP)(2-MeHIm)] complex (I) in 80% 

yield after recrystallization (Scheme 2). As axial ligation proceeded, a small red-shift of 

around 7-10 nm was observed for the Q bands of the [Cd(TBPP)(2-MeHIm)] complex 

compared with that of [Cd(TBPP)] (see the section "UV-visible and fluorescence 

spectroscopies"). Further confirmation of the 2-MeHIm N-donor axial ligand coordination is 

given by the 1H NMR (DMSO-d6) and IR absorption (CH2Cl2) spectra of complex (I). The 1H 

NMR spectrum exhibits two sets of signals relating to the porphyrin moiety (δ = 1.58, 7.83, 

8.12 and 8.72 ppm) and to the axial ligand (δ = 2.41, 6.86 and 7.09 ppm) (see Supporting 

Information, Figure SI-1a). In a similar way, the IR absorption spectrum simultaneously 

shows characteristic bands of the porphyrinato core (i.e., C-H stretching bands at 2956-2854 

cm-1 and C-H vibrational band at 997 cm-1) and the axial ligand (i.e., N-H and C-N stretching 

bands at 3433 and 1456 cm-1, respectively) (see Supporting Information, Figure SI-1b). 

3.2. X-ray crystal structure description 

The title [Cd(TBPP)(2-MeHIm)] complex (I) crystallizes in the monoclinic system, space 

group P21/c, with lattice parameters a = 13.5105(5) Å,  b = 41.2583(8) Å, c = 11.2226(4)Å, α 
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= γ = 90 °, β = 108.410(4)°, V = 5935.5(4) Å3, Mr = 1031.62, (C65H66CdN6), Z = 4. The 

single-crystal X-ray molecular structure of I is shown in Figure 1 and the main geometrical 

parameters are listed in Table 1.  

 

Figure 1. ORTEP view of the [Cd(TBPP)(2-MeHIm)] complex (I) showing the atom labelling, with 
40% probability displacement ellipsoids. All H atoms are omitted for clarity and only the major 
positions of the disordered groups of I are shown.  

Table 1. Selected bond lengths (Å) and dihedral angles (deg) of the [Cd(TBPP)(2-MeHIm)] complex 
(I). 

Cadmium coordination polyhedron 

Bond lengths (Å) Dihedral angles (deg) 

Cd-N1: 2.223(4) 

Cd-N2: 2.214(4) 

Cd-N3: 2.203(4) 

Cd-N4: 2.215(4) 

Cd-N5: 2.262(6) 

Cd-N5A: 2.36(3) 

N1-Cd-N2: 83.7(2) 

N1-Cd-N3:141.9(2) 

N1-Cd-N4: 83.9(2) 

N1-Cd-N5: 94.3(2) 

N2-Cd-N3: 84.9(2) 

N5A-Cd-N1: 104.4(9) 

N5A-Cd-N2: 118(1) 

N2-Cd-N4:143.2(2) 

N2-Cd-N5: 111.8(2) 

N3-Cd-N4: 83.8(2) 

N3-Cd-N5: 123.6(2) 

N4-Cd-N5: 103.6(2) 

N5A-Cd-N3: 112.9(8) 

N5A-Cd-N4: 98(1) 

2-Methylimidazole (axial ligand) 

Bond lengths (Å) Dihedral angles (deg) 

N5-C61: 1.37(1) 

N5-C63: 1.379(5) 

N5A-C61A: 1.378(5) 

N5A-C63A: 1.380(5) 

Cd-N5-C61: 124.3(5) 

Cd-N5A-C63A: 116(2) 

 

Cd-N5-C63: 131(2) 

Cd-N5A-C61A: 123(2) 
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The asymmetric unit is made up of one isolated [Cd(TBPP)(2-MeHIm)] complex (I). The 

Cd(II) cation is chelated by the four pyrrole N atoms of the porphyrinate anion and 

additionally coordinated by the 2-MeHIm ligand in an apical site, completing the distorted 

square pyramidal coordination environment (Figure 2). The stereochemical parameters for I 

and other related five-coordinate Cd(II) porphyrin complexes are summarized in Table 2. For 

complex I, the displacement of the Cd(II) metal atom out of the porphyrinato mean plane 

(Cd•••Ct distance) is 0.860 Å and this value is slightly higher than in related five-coordinate 

Cd(II) porphyrin complexes reported in Table 2. 

The value of the average equatorial distance between the cadmium cation and the four 

nitrogen atoms of the pyrrole rings (Cd__Np) is 2.214(4) Å, which is identical to that found in 

the [Cd(TPP)(N3)]- ion complex, but slightly higher than the other related cadmium MPs 

(Table 2). In addition, the Cd-axial ligand distances (Cd-Lax) are 2.36(3)/2.262(6) Å (for the 

two positions of the 2- MeHIm axial ligand), which are similar than those of the related five-

coordinate Cd(II) porphyrin complexes (Table 2). The bond lengths and angles in the phenyl, 

pyrrole and imidazole rings are all in the normal range. 

Table 2. Stereochemical parameters (Å)a of [Cd(TBPP)(2-MeHIm)] (I) and related five-coordinate 
cadmium porphyrin complexes. 

 
Complex Cd-Np 

b Cd•••Ct 
c  Cd-Lax d Ref. 

[Cd(TBPP)(2-MeHIm)] 2.214(4) 0.860 2.36(3)/2.262(6) this work 

[Cd(TClPP)(py)] 2.203(4) 0.729 2.316(4) [25] 

[Cd(TClPP)(DMF)] 2.197 0.824 2.280 [25] 

[Cd(TPP)(pip)] 2.204 0.751 2.323 [24] 

[Cd(TPP)(4-picoline)] 2.195 0.744 2.298 [26] 

[Cd(TPP)(2-NH2-py)] 2.204(3) 0.739 2.316(3) [27] 

[Cd(TPP)(N3)]- 2.215(1) 0.796 2.238(2) [28] 

a: Estimated standard deviations are given in parentheses b: Cd-Np is the average equatorial Cd-pyrrole nitrogen 
bond length, c:: Cd•••Ct is the displacement of the Cd metal atom out of the porphyrinato mean plane, d: Cd-Lax is 
the Cd-axial ligand bond length. 
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Figure 2. Distorted square pyramidal coordination geometry for complex I, showing the atom 
labelling. H atoms and meso groups are omitted for clarity and only the major position of the 2-
MeHIm axial ligand is shown. 

The values of the dihedral angles (ϕ) between the disordered 2-MeHIm planes, i.e. “N5-C63-

N6-C62-C61” and “N5A-C63A-N6A-C62A-C61A”, and the plane of the closest Np-Cd-Nim 

plane, i.e. “N1-Cd-N5” and “N1-Cd-N5A” are 35.80/27.28°. These values are within the 

range of ϕ values observed for the related five-coordinate 2-MeHIm–MPs type 

[MII(porphyrin)(2-MeHIm)] (M = Zn2+, Fe2+, Co2+ and Mn2+) complexes (0° ≤ ϕ ≤ 44.5°, 

Table 3). We also noticed that the dihedral angles between Cd, Nim and the two imidazole 

carbon atoms (Cim atoms) linked to the Nim atoms are different. A larger dihedral angle of 

131.38(6)/125.49(3) ° is found with the methyl group “C63”/ “C63A” carbon atom of the 

imidazole ligand (“Cd-N5-C63”/”Cd-N5A-C63A” dihedral angle, Table 3) compared with the 

values of 118.83°(7)/122.89.0°(4)  for the “C61”/“C61A” carbon atom of the imidazole ligand 

(“Cd-N5-C61”/“Cd-N5A-C61A” dihedral angle, Table 3). This feature is also observed in the 

related five-coordinate [MII(porphyrin)(2-MeHIm)] complexes and can be explained as being 

the result of the 2-MeHIm ring rotation which is needed to minimize the steric effect between 

this axial ligand and the porphyrinato core. 
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Table 3. Stereochemical parametersa of [Cd(TBPP)(2-MeHIm)] (I) and related five-coordinate 
[MII(porphyrin)(2-MeHIm)] complexes ( M = metal). 
 
Complex M-Np

b,c M•••Ct
b,d M-Nim

b,e M-Nim-Cf,g M-Nim-Cf,h ϕ f,i Ref. 

Cd(II) metal ion 

[Cd(TBPP)(2-MeHIm)] 2.214(4) 0.860 
2.36(3) 

2.262(6) 

131.38(6) 

125.49(3) 

118.83(7) 

122.89(4) 

35.80 

27.28 

this 

work 

Zn(II) metal ion 

[Zn(Oetnp)(2-MeHIm)]   2.098(4) 0.46 2.106(4) 132.7(3) 120.4(3) 15.6 [29] 

[Zn(Oetnp)(1-MeHIm)]  2.102(4) 0.46 2.122(4) 130.4(3) 122.7(3) 9.4 [29] 

Fe(II) metal ion 

[Fe(TPP)(2-MeHIm)]  2.076(3) 0.39 2.144(1) 132.8(1) 121.4(1) 35.8 [30] 

[Fe(TPP)(2-MeHIm)]   2.080(8) 0.41 2.120(2) 131.6(1) 122.4(1) 16.0 [30] 

[Fe(TPP)(2-MeHIm)]  2.099(7) 0.55 2.099(2) 129.0(1) 125.7(1) 22.9 [31] 

[Fe(TFPPBr8)(2-MeHIm)] 2.077(3) 0.43 2.105(6) 130.5 123.8 0 [32] 

[Fe(TMP)(2-MeHIm)]   2.07(1) 0.44 2.123(4) 127.1(4) 126.4(4) 19.3 [32] 

[Fe(TMP)(2-MeHIm)]  2.08(2) 0.44 2.163(3) 132.1(3) 120.3(3) 9.6 [33] 

[Fe(TTP)(2-MeHIm)]  2.076(3) 0.39 2.144(1) 132.8(1) 121.4(1) 35.8 [30] 

[Fe(Tp-OCH3PP)(2-

MeHIm)]  

2.087(7) 0.51 2.155(2) 130.4(2) 123.4(2) 44.5 [30] 

[Fe(OEP)(2-MeHIm)]  2.077(7) 0.46 2.135(3) 131.3(3) 122.4(3) 19.5 [32] 

[Fe(TpivPP)(2-MeHIm)]  2.070(6) 0.38 2.113(3) 128.5(2) 125.7(3) 23.3 [17j] 

Mn(II) metal ion 

[Mn(TpivPP)(2-MeHIm)] 2.129(3) 0.60 2.177(9) 126.4(7) 128.1(9) 28.1 [34] 

Co(II) metal ion 

[Co(TpivPP)(2-MeHIm)] 1.979(3) 0.15 2.145(3) 132.0(3) 123.1(3) 21.6 [35] 

a: Estimated standard deviations are given in parentheses. b: Value in angstroms. c: M-Np is the average 

equatorial metal-pyrrole nitrogen bond length. d: M•••Ct is the displacement of the metal atom out of the 

porphyrinato mean plane. e: M-NIm is metal-nitrogen axial ligand bond length. f: Value in degrees. g: Dihedral 

angle between the metal, the nitrogen atom of the axial ligand 2-MeHIm and the methyl substituted 

“C63”/“C63A” carbon atom of 2-MeHIm. h: Dihedral angle between the metal, the nitrogen atom of the axial 

ligand 2-MeHIm and the “C61”/“C61A” carbon atom of 2-MeHIm. i: Dihedral angle between the plane defined 

by the closest Np-M-Nim and the imidazole plane. 

As shown also in Table 3, the average equatorial metal-pyrrole nitrogen bond length (M-

Np), the metal-nitrogen axial ligand bond length (M-NIm) and the displacement of the metal 

atom out of the porphyrinato mean plane (M•••Ct distance) in the related five-coordinate 

[MII(porphyrin)(2-MeHIm)] complexes are consistent with the metal atomic radii. In fact, 

compared to other M metal ions  (M = Fe2+, Co2+ and Mn2+), the Cd(II) cation has the largest 

atomic radius which implies that the Cd(II) metal ion is too large to fit into the central hole of 
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the porphyrin, thereby forming MP complexes with the largest out-of-plane displacements 

(M-Np, M-NIm and  M•••Ct distances) based on the 24-atom mean plane. As a result, it can be 

seen that complex I exhibits higher values than the other related five-coordinate 

[MII(porphyrin)(2-MeHIm)] complexes (M-Np = 2.215(7) Å, M-NIm =2.31(4)/2.278(6) Å and 

M•••Ct = 0.860 Å). These high values induce a significant porphyrinato core doming and a 

moderate ruffling indicated by the displacement of the meso-carbon atoms above and below 

the porphyrinato mean plane (see Supporting Information Figures SI-2 and SI-3) [30]. In 

accordance with the porphyrinato core doming for complex I, the displacement of 0.709 Å 

between the Cd(II) metal and the four pyrrole nitrogen atoms mean plane (i.e. N1-N2-N3-N4) 

is lower than that of the M•••Ct distance (0.860 Å). 

The unit cell of the [Cd(TBPP)(2-MeHIm)] complex, shown in Figure 3, displays voids in the 

structure along the b and the c axes with an approximate volume of 781.15 Ȧ3 (∼ 13.2% of the 

unit cell volume). On the other hand, the crystal lattice of [Cd(TBPP)(2-MeHIm)] exhibits 

intermolecular C-H···π interactions that stabilize the crystal packing via weak contacts 

involving the carbon atoms of the t-Bu group of the TBPP porphyrinato ligands and the 

centroids Cg2, Cg3 and Cg4 of the pyrrole rings and the imidazole centroid (Cg5) (Table 4, 

see Supporting Information Figure SI-4) of two adjacent [Cd(TBPP)(2-MeHIm)] molecules. 

 

Figure 3. Packing diagram of the [Cd(TBPP)(2-MeHIm)] complex (I) showing voids in the b and c 
axes (in orange). The voids were calculated for a ball radius of 1.2 Ȧ and a grid of 0.7 Ȧ. 
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Table 4. Selected intermolecular C-H· · ·π interactions for the [Cd(TBPP)(2-MeHIm)] complex (I). 

D-H···A a Symmetry of A D-H···A (Å) D-H···A (deg) 

C30-H30B···Cg3b -1+x,y,z 3.455(2) 116 

C52-H52·· ·Cg4c x,3/2-y,1/2+z 3.395(7) 137 

C18-H18·· ·Cg5d x,3/2-y,-1/2+z 3.714(7) 133 

C38-H38·· ·Cg5e 1-x,1-y,-1-z 3.58(1) 157 
a: D is the donor atom and A is the acceptor atom, b: Cg3 is a pyrrole centroid (i.e. C11-C12-C13-C14-N3), c: 
Cg4 is a pyrrole centroid (i.e. C16-C17-C18-C19-N4) and e: Cg5 is the imidazole centroid (i.e. N5A-C61A-
C62A-N6A-C63A). 

 3.3. UV-visible and fluorescence spectroscopies 

The UV-visible spectra of MPs exhibit two types of absorption bands: one strong band, 

known as the Soret band (or B band) at around 400 nm, and two weak Q bands (Q(1,0) and 

Q(0,0)) located between 500 and 700 nm. The UV-visible absorption spectra in CH2Cl2 (c = 

10-5 M) of the free base porphyrin (H2TBPP), the starting material ([Cd(TBPP)]) and the 

cadmium MP complex I  ([Cd(TBPP)(2-MeHIm)]) are illustrated in Figure 4a. The λmax 

values of the Soret and Q bands for [Cd(TBPP)] (433, 569 and 613 nm) and the [Cd(TBPP)(2-

MeHIm)] complex (I) (438, 579 and 621 nm) indicate a red-shift of these bands compared to 

the free base H2TBPP (Figure 4a and Table 5). As shown in Table 5, the insertion of the 

Cd(II) metal ion into the TBPP ring induces an higher red-shift of the absorption bands 

compared to other metal(II) ions (M = Zn, Cu, Ni, Co) and this red-shift phenomenon 

increases with the complexation of the 2-MeHIm axial ligand. The red-shift displacement of 

the spectrum for our Cd(II) complex I is also higher than that found in related five-coordinate 

Cd(II) porphyrin complexes (Table 5). The higher red-shift of the absorption bands in I can be 

explained by the significant doming distortion of the TBPP macrocycle [36]. The higher 

atomic radius of the Cd(II) metal ion compared to the other metals (M = Zn, Cu, Ni, Co) 

(Table 5) implies that the Cd(II) ion is too large to fit into the central hole of the TBPP, which 

generates significant deformation of the TBPP porphyrin core and the complexation of the 2-

MeHIm N-donor axial ligand tends to increase the doming distortion by pulling the Cd(II) 

metal ion out of the porphyrinato plane. 

The optical band gap energy (Eg) refers to the energy difference between HOMO and LUMO 

levels. The Eg value is an important measurement in semiconductor and nanomaterial 

industries and can be estimated from an UV-visible spectrum. The Eg values for H2TBPP, 
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[Cd(TBPP)] and [Cd(TBPP)(2-MeHIm)] (I) were calculated using Tauc plots [37] and 

following the equation based on the Plank’s quantum theory: 

E� �eV� =  
h ×  c

λ��

 =  
1240

λ��

 

where h is Plank’s constant, c is the velocity of light and λgap (in nm) is the wavelength value 

of the tangent to the Q(0,0) absorption band. 

The Eg values in CH2Cl2 solution are estimated to be around 1.95 and 1.92 eV for the 

complexes [Cd(TBPP)] and I, respectively, which are higher than that of the H2TBPP free 

base (1.85 eV) suggesting that the materials display interesting organic semiconducting 

properties [38]. 

 

Figure 4. (a): UV-visible absorption spectra in CH2Cl2 (c = 10-5 M) and (b): fluorescence emission 
spectra in CH2Cl2 (c = 10-6 M) of H2TBPP, [Cd(TBPP)] and [Cd(TBPP)(2-MeHIm)] (I) (λexc = 433 
nm). 

Table 5. UV-visible data of H2TBPP, [Cd(TBPP)], [Cd(TBPP)(2-MeHIm)] (I) and related 
metalloporphyrins. 

Compound Soret Band  

(nm, logε) 

Q bands  

(nm, logε) 

Ref. 

H2TBPP and related [MII(TBPP)] complexes 

H2TBPPa 419 (4.6) 519 (5.60), 557 (3.04), 589 (2.9), 650 (2.6) this work 

[Cd(TBPP)]a 433 (4.02) 569 (2.8), 613 (2.6) this work 

[Zn(TBPP)]a 420 550, 570 [39] 

[Cu(TBPP)]b 419 543, 609 [40] 

[Mg(TBPP)]b 431 565, 610 [40] 

[Ni(TBPP)]b 418 531, 619 [41] 
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[Co(TBPP)]b 412 529, - [42] 

Five-coordinate [CdII(porphyrin)(ligand)] complexes 

[Cd(TBPP)(2-MeHIm)]b 438 (4.04) 579 (2.65), 621 (2.60) this work 

[Cd(TPP)(2-NH2-py)]d 429 (3.01) ― [27] 

[Cd(TClPP)(py)]b 433 (4.49) 567 (3.20), 609 (3.14)  [25] 

[Cd(TClPP)(DMF)]b 433 (4.49) 567 (3.20), 609 (3.14)  [25] 

a: in CH2Cl2. b: in N-méthyl-2-pyrrolidone. c: in acetone. 

The fluorescence emission spectra of the free base porphyrin (H2TBPP), [Cd(TBPP)] and 

[Cd(TBPP)(2-MeHIm)] (I) at room temperature were recorded in CH2Cl2 (c = 10-6 M) under 

an excitation wavelength of 433 nm (Figure 4b). Table 6 summarizes the maxima of the 

fluorescence of the Q(0,0) and Q(0,1) bands, the fluorescence quantum yields (ϕf) and the 

fluorescence lifetimes (τf) of our derivative and other related free base porphyrins, MPs and 

five-coordinate MP complexes. The emission spectrum of the free base porphyrin (H2TBPP) 

in CH2Cl2 displays two emission Q bands at 650 and 717 nm (Q(0,0) and Q(0,1), 

respectively), similar to those obtained for meso-tetrakis(phenyl)porphyrin (H2TPP) and 

meso-tetrakis(4-tolyl))porphyrin (H2TTP) in CH2Cl2 (Table 6). Compared to the free base 

porphyrin H2TBPP, the emission spectrum of [Cd(TBPP)] shows a 36 nm (from 650 to 614 

nm) and a 67 nm (from 717 to 650 nm) blue-shift for the Q(0,0) and Q(0,1) bands, 

respectively, followed by a decrease of the fluorescence emission, ɸf  and τf (Figure 4b). 

Thus, metallation of H2TBPP results in a remarkable hypsochromic effect in the fluorescence 

spectrum (Table 6), indicating that the structure of the originally planar porphyrin (free base 

porphyrin H2TBPP) is out-of-plane distorted in [Cd(TBPP)] and the decrease of the ɸf value is 

the consequence of the distortion, which promotes other non-radiative energy dissipation 

processes than light emission. Other out-of-plane tetracoordinated MPs, like [Cd(TPP)], 

[Zn(TPP)], [Zn(TTP)] and [Mg(TPP)], have shown similar emission tendencies of the band-

shift and quantum yield (Table 6). The fluorescence emission spectrum of [Cd(TBPP)(2-

MeHIm)] (I) is quite similar to that of [Cd(TBPP)] and shows that the coordination of the 2-

MeHIm N-donor axial ligand to the Cd(II) metal ion has a minor effect on the photophysical 

properties. This result suggests that the out-of-plane distortions of the porphyrin rings in the 

[Cd(TBPP)] and [Cd(TBPP)(2-MeHIm)] (I) complexes are relatively similar and consistent 

with the literature data, which state that the coordination of an axial ligand to a MP does not 

affect the fluorescence emission spectra (e.g. comparison between [Zn(TPP)] and 

[Zn(TPP)(Ligand)] complexes and between [Mg(TPP)] and [Mg(TPP)(2-N3)-] complexes) 

(Table 6).  In addition, we noted that the ɸf values of the [Cd(TBPP)] and [Cd(TBPP)(2-
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MeHIm)] complexes are also lower than those of the Zn(II) and especially Mg(II) complexes. 

This is also explained by the high molar mass of the Cd(II) ion, which leads to a quenching 

effect, resulting in the very low ɸf values [43]. 

Table 6. Fluorescence emission data of H2TBPP, [Cd(TBPP)], [Cd(TBPP)(2-MeHIm)] (I), 
[MII(porphyrin)] and [MII(porphyrin)(ligand)] complexes (M = Cd, Zn and Mg). 

Compound Q(0,0) 

(nm) 

Q(0,1) 

(nm) 

ϕf τf  

(ns) 

Solvent 

(concentration) 

λexc 

(nm) 

Ref. 

Free base porphyrins 

H2TPP 656 717 0.09 ― CH2Cl2 (2.10-5 M) ― [44] 

H2TTP 655 717 0.09 8.6 CH2Cl2 (2.10-5 M) ― [44] 

H2TBPP 650 717 0.08 8.9 CH2Cl2 (10-6 M) 433 this work 

[CdII(porphyrin)] and [CdII(porphyrin)(ligand] complexes 

[Cd(TPP)] ― ― 0.0004 0.065 methylcyclohexan

e (―) 

― [45] 

[Cd(TBPP)] 614 650 0.01 1.6 CH2Cl2 (10-6 M) 433 this work 

[Cd(TBPP)(2-MeHIm)] 612 657 0.02 1.7 CH2Cl2 (10-6 M) 433 this work 

[ZnII(porphyrin)] and [ZnII(porphyrin)(ligand] complexes 

[Zn(TPP)] 597 647 0.037 1.9 a CH2Cl2 (2.10-5 M) 600 [44,46] 

[Zn(TTP)] 600 648 0.031 1.6 CH2Cl2 (2.10-5 M) 590 [44] 

[Zn(TPP)(N3)]- 594 643 0.036 1.7 CH2Cl2 (10-6 M) 560 [47] 

[Zn(TPP)(NCO)]- 594 642 0.047 1.7 CH2Cl2 (10-6 M) 560 [47] 

[Zn(TPP)(NCS)]- 593 643 0.028 1.7 CH2Cl2 (10-6 M) 560 [47] 

[Zn(TPP)(CN)]- 594 643 0.055 1.7 CH2Cl2 (10-6 M) 560 [47] 

[MgII(porphyrin)] and [MgII(porphyrin)(ligand] complexes 

[Mg(TPP)] 608 665 0.15 b 9.2 b CH2Cl2 (―) 550 [45,48] 

[Mg(TPP)(N3)]- 609 663 0.10 3.7 CH2Cl2 (10-6 M) 560 [49] 

[Mg(TPP)(NCO)]- 609 664 0.18 3.8 CH2Cl2 (10-6 M) 560 [49] 

[Mg(TPP)(NCS)]- 608 662 0.19 6.1 CH2Cl2 (10-6 M) 560 [49] 

a: In MeTHF solvent. b: In methylcyclohexane solvent. 

4. Conclusion 

In this work, we described the Cd(II) metallation of the meso-tetrakis(4-tert-

butylphenyl)porphyrinato (TBPP), followed by the 2-MeHIm N-donor axial ligand 

coordination. The structure of the [Cd(TBPP)(2-MeHIm)] complex (I) was determined by a 

single-crystal X-ray diffraction experiment, which revealed that Cd(II) metal ion induces a 

significantly distorted five-coordinate square pyramidal geometry. The displacement of the 
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Cd(II) metal atom out of the porphyrinato mean plane is 0.860 Å and this value is slightly 

higher than in related [Cd(II)(porphyrin)(ligand)] complexes. This high value induces a 

significant porphyrinato core doming and a moderate ruffling. H2TBPP, [Cd(TBPP)] and 

[Cd(TBPP)(2-MeHIm)] (I) were characterized by 1H NMR, FTIR, UV-visible and 

fluorescence spectroscopies. The UV-visible spectra showed that the insertion of the Cd(II) 

metal ion into the TBPP ring induces a red-shift of the absorption bands and this phenomenon 

is greater when the 2-MeHIm axial ligand is coordinated. The calculation of the gap energy 

(Eg) suggested that the [Cd(TBPP)] and [Cd(TBPP)(2-MeHIm)] (I) complexes display 

interesting organic semiconducting properties. The fluorescence emission spectra showed a 

remarkable blue-shift effect in the Q bands, accompanied by a decrease of fluorescence 

emission, quantum yield (ϕf) and lifetime (τf) after the insertion of the Cd(II) metal ion into 

the TBPP ring and the coordination of the 2-MeHIm axial ligand has a minor effect. These 

results indicate that the structure of the originally planar porphyrin (free base porphyrin 

H2TBPP) is distorted in the out-of-plane MP ([CdII(TBPP)]) and the decrease in ɸf is the 

consequence of mainly the high quenching effect of the heavy cadmium metal and also the 

distortion of the porphyrin core, which promotes the loss of the “motion energy” by other 

non-radiative energy dissipation processes than light emission. 
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