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Photophysical and photochemical studies on 5,10,15,20-tetrakis(2,6-difluoro-5-N-methylsulfamylophenyl)porphyrin 

(F2PMet) and its cobalt(III) and zinc(II) complexes, including spectroscopic characteristics, photostability and photocatalytic 

activity, were carried out. The hybrid materials resulted from adsorption of these tetrapyrroles at the surface of titanium 

dioxide were prepared and examined in terms of their morphological, optical and functional properties applying 

absorption spectroscopy, scanning electron microscopy (SEM), photoelectrochemistry and photocatalytic tests. Our 

studies revealed that MF2PMet@TiO2 photocatalysts can be considered as the hybrid organic/inorganic photoactive 

materials enabling photodegradation of synthetic opioid such as tramadol hydrochloride (TRML) and a model pollutant, 4-

chlorophenol, in aqueous solution under visible light irradiation (λ > 400nm). To elucidate mechanisms of photochemical 

processes, the photocatalytic activity of investigated metalloporphyrins was compared in homo- and heterogeneous 

systems. The results indicate that impregnation of TiO2 (P25) with functionalized porphyrins can improve its photoactivity. 

ZnF2PMet@TiO2 exhibited a superior photocatalytic performance towards TRML degradation. The role of singlet oxygen 

and hydroxyl radical in photodegradation processes has been elucidated both for MF2PMet and MF2PMet@TiO2 systems. 

1. Introduction 

The importance of reactive oxygen species (ROS) production in 

biological and environmental processes is very well 

established. Among ROS, singlet oxygen
1 

(
1
O2) is a particularly 

interesting photogenerated oxidant since it plays a key role in 

several processes, such as photodynamic therapy of cancer,
2-5

 

inactivation of microorganisms,
6
 oxidative stress

7
 and 

photodegradation of dyes, polymers or other organic 

compounds.
8-9 

Nowadays the development of novel 

photomaterials for an efficient generation of singlet oxygen is 

of great interest. Porphyrins have been recently shown to be 

effective generators of ROS.
10-12

 The permanent popularity of 

these tetrapyrrolic compounds is determined by their efficient 

absorption of visible light, high quantum yield of triplet state 

formation and consequently long triplet state lifetimes.
13-14

 

Moreover, they play critical roles in many biological processes. 

The studies on their photophysical properties have been 

extended to important and hot topics, such as dye-sensitized 

solar cells,
15

 optoelectronics,
16

 photomedicine
17-18 

and 

photocatalysis.
19

 In the case of porphyrins and other 

tetrapyrrolic photosensitizers, coordination of a metal ion 

seems to be an obvious way to change the properties of both 

the ground and excited states.
20 

Metalation not only 

modulates spectroscopic and photophysical properties of 

these photosensitizers, but also modifies their hydrophobicity, 

stability, degree of aggregation and, consequently, the efficacy 

in photooxidation processes.
21 

There are serious 

environmental concerns on the levels of organic dyes in waste 

and groundwater. Among several methods,
 
photooxidation is 

probably the most promising and low-cost methodology to 

achieve the degradation of these pollutants in environment 

employing solar light, oxygen and a photocatalyst 

(sensitizer).
22-24

 Although a significant progress has been 

achieved in the field of photocatalysis, the development of 

novel efficient photocatalysts and investigation of various 

approaches to improve the performance of semiconductor-

based photocatalytic redox processes remain very active 

research fields.
25-27

 

For tests of photocatalytic degradation of pollutants several 

model pollutants can be applied. In this paper we describe the 

photoactivity of sensitizers in the oxidation of 4-chlorophenol 

(4-CP) and tramadol hydrochloride (TRML). 4-CP is a model 

molecule for the oxidization by hydroxyl radicals. TRML is a 

synthetic opioid aminocyclohexanol type drug that can pollute 

water, and very little is known about its elimination and 

photodegradation in environment.
28 

It was recently shown 

that tramadol is very poorly degraded, both biologically and 

photochemically, in aqueous environments. For instance, a 

decrease by only 25% of TRML initial concentration (c0=10 

mg∙L
-1

) was observed after 128 min of irradiation with the Xe 

lamp.
29 

UV-induced HO
∙
 appears to play a significant role in 

this degradation process. However, other ROS such as singlet 
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oxygen, superoxide ion and hydrogen peroxide, are also 

suggested as potential oxidants.
30 

Recently, we have shown that 5,10,15,20-tetrakis(2,6-dichloro-

3-sulfophenyl)porphyrin and some of its metal complexes are 

efficient sensitizers for the degradation of phenols, 

chlorophenols and atrazines in water.
31

 Moreover, we have 

demonstrated that sulfonated and sulfonamide dihydro-
 
and 

tetrahydroporphyrins
 

with halogen atoms in the ortho 

positions of the phenyl rings have shown very high 

phototoxicities towards various cancer cells in vitro
3, 32

 and 

tumors in vivo,
33

 and that their efficacy is much higher than 

that of the other sensitizers.
13 

Some of the photophysical 

properties of F2PMet and ZnF2PMet have been previously 

studied. The singlet oxygen quantum yield (Φ∆) and in vitro 

activity against human lung adenocarcinoma cell line (A549) 

were evaluated and shown that that the efficacy of 

photodynamic therapy strongly depends on the nature of ROS 

generated during irradiation.
34

 The coordination of porphyrins 

with metal ions (e.g. Zn
2+

) has been frequently used to stabilize 

the porphyrin ring, while maintaining most of the 

photophysical properties necessary for PDT and also for 

photocatalysis.
35-36

 By studying the photophysical properties 

relevant to photocatalysis within a series of materials we 

expect to show how modification of macrocycle via metal 

insertion and functionalization of TiO2 surface with various 

metal complexes of halogenated porphyrin can affect ROS 

generation and photocatalytic activities in both homogeneous 

and heterogeneous systems.
 

In this paper we describe the spectroscopic and photochemical 

properties of meso-tetrakis(2,6-difluoro-5-N-

methylsulfamylophenyl)porphyrin and the corresponding, 

cobalt(III) and zinc(II) complexes, presented in Chart 1. 

Additionally, we prepared TiO2-based materials impregnated 

with selected (metallo)porphyrins and extended these studies 

to the photodegradation of organic model pollutants (TRML, 4-

CP) using the new compounds and visible light. We also 

performed photoelectrochemical measurements, adsorption 

isotherms to elucidate details of mechanisms of the 

photophysical and photochemical processes and detection of 

ROS. 

 

Chart 1 Chemical structure of meso-tetraphenylporphyrin (TPP)  
and metal (M) complexes of meso-tetrakis(2,6-difluoro-5-N-
methylsulfamylophenyl)porphyrin (F2PMet). 

 

2.Experimental Methods 

2.1. Chemicals  

All chemicals were of a reagent grade and used as received. 

Solvents used in the synthesis of the photosensitizers were 

purified and dried using standard methods. The chloroform 

used in the preparative thin layer chromatography was 

neutralized with neutral active alumina. Solutions were 

prepared with doubly distilled water, either equilibrated with 

air or bubbled with argon at room temperature. Reactions 

were carried out under a nitrogen atmosphere and were 

monitored by TLC (0.20 mm analytical silica plates). 

2.2. UV/VIS absorption spectra and photodegradation 

experiments 

UV/VIS absorption spectra were recorded in quartz cuvettes 

with Shimadzu 2100 or Hewlett Packard HP8453 

spectrophotometers. In order to check photostability of the 

sensitizer, irradiation of the solution was carried out using the 

xenon lamp (XBO-150) through the 10 cm water filter and 320 

nm or 420 nm cut-off filters delivering ca. 75 mW cm
-2

, as 

measured at the surface of the cuvette. Solutions containing 

samples of photosensitizers were dissolved in ethanol or water 

and irradiated in quartz cuvettes. The absorption spectra were 

recorded before and immediately after irradiation within 5 and 

60 minutes. 

2.3. Photocatalytic activity of halogenated metalloporphyrins  in 

homogeneous systems 

Photocatalytic activity was tested by monitoring the progress  

of tramadol hydrochloride and 4-chlorophenol (both 

purchased from Sigma Aldrich) photodegradation in 

ethanol/water solutions (1:99 v/v). Continuous irradiation of 

an aerated solution of sensitizers and model pollutants  

(ca. 5∙10
–5

 M) were carried out using the xenon lamp  

(XBO-150) through the 10 cm water filter and bandpass filter 

transmitting within 330-500 nm range, delivering 75 mW∙cm
–2

. 

Application of this filter enabled excitation of 

metalloporphyrins within their Soret band with excitation of 

neither 4-CP nor TRML. The reaction progress was monitored 

by UV/VIS spectroscopy using a Hewlett Packard HP8453 

spectrophotometer.  

2.4. Porphyrins@TiO2 materials preparation  

Photocatalysts were prepared by suspending the ca. 0.1 g 

Degussa P25 TiO2 powder (composed of anatase 70% and 

rutile 30%) with ethanol/water (1:99 v/v) solution of selected 

(metallo)porphyrins (5 ml, 5∙10
-5

 M). The mixtures were 

stirred, and samples were filtered and washed several times 

with water in order to remove the unadsorbed porphyrin.  TiO2 

impregnated with MF2PMet (abbreviated as MF2PMet@TiO2, 

M = Zn(II), Co(III)) was obtained after centrifugation and dried 

in oven (at ca. 60
o
C) overnight. 

2.5. Diffuse reflectance measurements 

Diffuse reflectance spectra were recorded with a Shimadzu 

3600 UV-Vis-NIR spectrometer equipped with a 6 cm dia. 

integrating sphere. Prior to the measurements the samples 
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were ground in the agate mortar with barium sulfate (ca. 1:50 

wt. ratio) and placed in round holder to form a pellet 

(diameter ca. 2 cm). The reflectance of prepared materials  

was recorded using BaSO4 as a reference.  

2.6. Adsorption isotherm measurements 

To test the surface coverage, 0.1 g TiO2 (P25) was suspended in 

5 ml of ethanol:water solution (1:99) of each porphyrin (5-500 

μM). A second set of solutions with the same concentrations 

of porphyrin, but without TiO2, were also prepared. The 

suspensions with TiO2 were mixed and stored in the dark 

overnight at RT. After centrifugation the concentration of 

porphyrin in supernatant solution was determined 

spectroscopically by measuring the absorbance at Soret band.  

Moreover, for prepared and dried (60 
o
C, 12 h) materials 

diffuse reflectance spectra were measured. The difference in 

absorbance between the solutions with and without porphyrin  

and the changes in diffuse reflectance spectra were used to 

determine the equilibrium concentration of the solution and 

the amount of porphyrin adsorbed at TiO2. 

2.7. Characterization of MF2PMet@TiO2 materials using scanning 

electron microscopy (SEM) 

The morphologies of unmodified TiO2 and modified TiO2-based 

materials: F2PMet@TiO2, CoF2PMet@TiO2 and ZnF2PMet@TiO2 

were examined by scanning electron microscope (Vega 3 LM, 

Tescan, equipped with the LaB6 cathode, operated  

at a voltage of 30 kV).  

2.8. Photolectrochemical measurements 

A three-electrode set-up was used for electrochemical 

measurements. The electrolyte (0.1 M tetrabutylammonium 

perchlorate, TBAP, in ethanol) solution was air-equilibrated. 

Platinum and Ag/AgCl were used as counter and reference 

electrodes, respectively. The electrochemical measurements 

(CV, photocurrent action spectra) were controlled with a BAS 

50 W (Bioanalytical Systems) electrochemical analyzer. Cyclic 

voltammograms were recorded at a scan rate of 10 mV∙s
−1

. 

Photocurrent action spectra were recorded under 

potentiostatic conditions at 700 mV vs. Ag/AgCl, and were not 

corrected for changes in light intensity. 

2.9. Photocatalytic activity of TiO2-based hybrid materials 

functionalized with halogenated metalloporphyrins  

The photocatalytic activity of modified-TiO2 materials was 

estimated by measuring the decomposition rate of 4-CP and 

TRML in an aqueous solution. The samples (10 mg, 20 mL) of 

TiO2 impregnated with metalloporphyrins in solution of model 

pollutants (2.5∙10
-4

 M) were stirred and irradiated in a 

cylindrical quartz cuvette using the xenon lamp (XBO-150) 

through the water filter and the 400 nm cut-off filter. Before 

the analysis samples were collected and filtered through the 

Millipore membrane filter. The absorption spectra during 

experiments were recorded after irradiation times between  

10 and 60 minutes and the degradation of 4-CP and TRML was 

monitored at 280 nm and 271 nm, respectively. Absorption 

spectra were collected at Hewlett Packard HP8453 

spectrophotometer. To test the role of various reactive oxygen 

species (hydroxyl radicals or singlet oxygen) a solution of 

photocatalysts and TRML was irradiated in the presence of 

selected ROS scavengers: sodium azide (NaN3) and sodium 

ascorbate (Asc) at 1∙10
-2 

M concentration. In addition, the 

oxidation of terephthalic acid (TA) was carried out according to 

the following procedure: photocatalyst - ZnF2PMet@TiO2 was 

added to TA aqueous solution (6∙10
-3

 M TA, 0.02 M NaOH) and 

the suspension was irradiated for 60 min. Sample aliquots 

were collected during reaction, which were then filtered and 

quantified by measuring the formation of the 

hydroxyterephthalic acid (TAOH) by fluorescence spectroscopy 

at λexc = 312 nm, λem = 350-500 nm (λmax = 425 nm) using LS 

Fluorescence Spectrophotometer (Perkin Elmer). Moreover, 

photocatalytic efficacy of ZnF2PMet@TiO2 was compared to 

that of unmodified TiO2 (P25) in an analogous experiment. 

3. Results and discussion 

3.1. Photosensitizers 

Meso-tetrakis(2,6-difluoro-5-N-

methylsulfamylophenyl)porphyrin (F2PMet) was synthesized 

according to a previously described method.
37-38

 Its chemical 

structure together with the structure of tetraphenyloporphyrin 

(TPP) are presented in Chart 1. In brief, the halogenated 

tetraphenylporphyrin was prepared by condensation of 

pyrrole with 2,6-difluorobenzaldehyde using acetic 

acid/nitrobenzene as a solvent.
12

 Chlorosulfonation reaction of 

the halogenated tetraphenylporphyrin, followed by a 

nucleophilic substitution with amines, gave the amphiphilic 

sulfonamide halogenated porphyrin. Metalation of this 

porphyrin was achieved by refluxing it with the appropriate 

metal sulphate in N,N-dimethylformamide. The reaction was 

monitored by UV/VIS absorption spectroscopy and was 

stopped when the characteristic four Q bands of free 

porphyrin disappeared and the spectrum of metalloporphyrin 

evolved. The final step consisted of the hydrolysis of the 

chlorosulfonated metalloporphyrin (80 mg, 120 mL of water) 

for 20 hours to give the corresponding sulfonamide 

metalloporphyrin. 

 

3.2. Spectroscopic characterization of photosensitizers 

The ground state absorption spectra of F2PMet and its Zn(II) 

and Co(III) complexes recorded at room temperature in 

ethanol are presented in Fig. 1. The spectrum of F2PMet shows 

the characteristic bands originated from free base porphyrins 

with the D2h symmetry, described by a four orbitals model. The 

intense Soret band is observed at 410 nm, Qx, Qy and two 

additional bands are observed at 505, 537, 582 and 639 nm. 

These extra bands are due to vibrational coupling effects and 

originate from HOMO (b1u orbital) to the first vibrationally 

excited state of LUMO (b2g orbital) or to LUMO+1 (b3g orbital) 

transitions.
13

 The insertion of Zn
2+

 to the free base porphyrin 

leads to a significant red shift of the Soret band (410 → 420 

nm) and the replacement of four Q bands into two bands at 

549 and 588 nm. 
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Fig. 1 Electronic absorption spectra of F2PMet, ZnF2PMet and CoF2PMet 
measured in ethanol at room temperature.

  

In addition, a slight hipsochromic shift of the Soret band is 

observed for CoF2PMet (410 → 408 nm). The number of Q 

bands always decreases upon the coordination of the metal 

ions to free base porphyrins because of the change of 

symmetry, from D2h to D4h. According to Gouterman’s four-

orbitals model, formation of metalloporphyrins enforces the 

degeneracy of the two molecular orbitals: LUMO and LUMO−1 

and the absorption spectra show only two Q bands. The 

fourfold rotational symmetry of ZnF2PMet is also reflected in 

the coincidence of the x− and y−components of the Q bands 

(Qxy) and may result in enhancement of the molar absorption 

coefficient values, while the lower symmetry of the free base 

porphyrin is indicated by the splitting of the Q bands into Qx 

and Qy. Because of the interaction between the central zinc ion 

and the π-conjugate system, the Q bands of the zinc porphyrin 

are characterized by higher values of molar absorption 

coefficients than the metal-free and cobalt(III) complexes. The 

electronic absorption and fluorescence spectra of the 

representative metalloporphyrin (ZnF2PMet) are shown in Fig. 

2. The fluorescence quantum yield determined for F2PMet is 

reduced by a factor of two. This is consistent with the internal 

heavy atom effect, discussed below. A further decrease of ΦF 

is observed for ZnF2PMet (ΦF = 0.001). Metalloporphyrins with 

closed metal shells are less fluorescent than the corresponding 

free bases. Moreover, they have higher efficiencies of 

intersystem crossing to the triplet state promoted by the spin-

orbit coupling mechanism. Paramagnetic complexes, such as 

CoF2PMet, have one odd electron that can couple to the spin 

of the porphyrin triplet yielding “tripdoublet” and 

“tripquartet” states. Similarly, that odd electron can couple its 

spin with that of the porphyrin first excited singlet state, 

leading to singmultiplet states. The singmultiplet states couple 

efficiently with the tripmultiplet states resulting in a rapid 

intersystem crossing from the excited singlet state to the 

triplet state.
13

 This coupling mechanism deactivates the singlet 

states rapidly and quenches almost completely the 

fluorescence of paramagnetic complexes of porphyrins (ΦF ≤ 

7∙10
-5

). The fluorescence excitation spectra of all fluorescent 

compounds correspond well with their absorption spectra and 

confirm the purity and non-aggregation of the samples. 

 
Fig. 2 Electronic absorption and fluorescence spectra of ZnF2PMet measured in 
ethanol at room temperature.

 
 

Earlier studies with other halogenated porphyrins revealed 

that the presence of chloro- groups in ortho positions reduced 

the tendency of porphyrins to aggregate.
12

 The fluorescence 

quantum yields of these porphyrins were also determined 

according to the published procedures
4
 using TPP as a 

reference (ΦF = 0.11). All determined spectral parameters are 

given in Table 1. In our previous work the quantum yield of 

singlet oxygen formation was also evaluated and reached 0.71 

for F2PMet and 0.99 for ZnF2PMet, indicating that these 

porphyrins in solution are efficient singlet oxygen generators.
34

 

These data also suggests that the increase in ΦΔ is related to 

an increase of the triplet state quantum yield. The internal 

heavy atom effect assists halogenated porphyrins to generate 

triplet states with quantum yields approaching a unity. The 

introduction of Zn
2+

 into tetraphenylporphyrin derivatives 

improves photochemical properties influencing photodynamic 

and photocatalytic activity. 

Table 1 Spectroscopic properties of fluorinated porphyrin (F2PMet), its metal 
complexes and the reference (TPP) determined in ethanol. 

 
Absorption 

 (nm), (M
–1

 cm
–1

)x10
3

 

Fluorescence 

 (nm)          F 

 B 
Qy 

(0-1) 
Qy 

(0-0) 
Qx 

(0-1) 
Qx 

(0-0) 
(0-0) 
(1-0) 

 

TPP 
417 
16.0 

549 
7.00 

513 
1.20 

590 
2.50 

649 
0.50 

650; 
711 

0.09 
 

F2PMet 
410 
379 

537 
- 

505 
25 

582 
7.7 

639 
0.7 

650; 
731 

0.05 

 B 
Qxy 

(0-1) 
Qxy 

(1-0) 
    

ZnF2PMet 
420 
496 

588 
16.8 

549 
14.8 

  
599; 
651 

0.001 

CoF2PMet 
408 
367 

569 
3.1 

530 
18 

  
599; 
651 

5∙10–5 

        

        

3.3. Photodegradation in homogenous system 

In the presence of visible light and oxygen porphyrins in 

aqueous solutions undergo a decomposition reaction. Thus, 

the stability of metal complexes with halogenated sulfonamide 

porphyrin has to be estimated under experimental conditions. 

Photobleaching experiments revealed a good stability of 

metalloporphyrins under xenon lamp irradiation (Fig. 3a and 

3b).  
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Fig. 3 Photostability of sulfonamide halogenated porphyrin and its metal 
complexes in ethanol (a) and water (b) solutions. Irradiation of the solutions was 
carried out using 75 W xenon lamp through water filter and 320 or 420 nm cut-
off filters.   

The improved stability compared to TPPS results from the 

introduction of electron-withdrawing fluorine atoms in the 

ortho positions of the phenyl rings. The studied compounds 

have also sulfonamide substituents in the meta positions of 

the phenyl rings which additionally stabilize the porphyrin 

structure. The fastest photobleaching of CoF2PMet in water 

can be attributed to the photo-Fenton-like reactions leading to 

the generation of hydroxyl radicals.
39,40

 In addition to the 

generation of ROS by Co(II), it has been shown that the 

Fenton-like reaction mixture containing even small amount of 

cobalt(II) had strong pro-oxidative effects.
41

 This hypothesis is 

further supported by an improved stability of the complex in 

ethanol (compared to an aqueous solution), which efficiently 

scavenges HO
∙
, but increases lifetime of 

1
O2. 

3.4. Photocatalytic degradation of 4-chlorophenol and tramadol 

hydrochloride in homogeneous system 

Photodegradation tests of model pollutants were performed 

to assess the influence of central metal ion in the 

photocatalytic efficiency in homogeneous system. 4-

Chlorophenol and tramadol hydrochloride (Chart 2) were 

selected for these photocatalytic studies.  

 
Chart 2 Chemical structure of tramadol hydrochloride (a) and 4-
chlorophenol (b). 
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Fig. 4 Photodegradation of 4-CP (a) and TRML (b) in the presence of various 
photocatalysts (F2PMet, ZnF2PMet CoF2PMet) in homogeneous system upon 
irradiation with 75 W xenon lamp through the 400 nm cut-off filter. 

Photodegradation of these model compounds in the presence 

of different metalloporphyrins is presented in Fig. 4. Under 

tested conditions neither 4-CP nor TRML underwent 

appreciable photodegradation in the absence of any 

metalloporphyrins. The lowest photocatalytic activity was 

observed in the case of F2PMet, both in the experiment with 4-

CP and TRML. The other two metalloporphyrins showed a 

comparable photoactivity in the tests of 4-CP degradation. To 

the best of our knowledge, no studies have been published on 

the efficacy of metalloporphyrins towards tramadol 

photodegradation. As seen in Fig. 4b degradation of TRML 

differentiates the photocatalysts under tested conditions, with 

their photoactivity following the order: F2PMet < CoF2PMet < 

ZnF2PMet. The differences in degradation paths of 4-CP and 

TRML lead to some conclusions on ROS photodegradation by 

the metalloporphyrins investigated in this work. ZnF2PMet 

produces the highest amounts of singlet oxygen and is the 

most photostable of the homogeneous systems studied in this 

work. Hence, its photocatalytic activity is expected to be the 

highest of this family of photosensitizsers. On the other hand, 

the lower stability of CoF2PMet compared to other porphyrins, 

and assigned to the generation of hydroxyl radicals under 

tested conditions, impairs its photocatalytic activity at longer 

irradiation times, especially in water. Therefore for long-term 

irradiations ZnF2PMet appears to be the most promising 

photocatalyst. The competiveness of CoF2PMet towards 4-CP 

photodegradation suggests that the limitations of this 

photocatalyst are somewhat compensated by its ability to 

participate in photo-Fenton-like reactions. 
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Fig. 5. Diffuse reflectance spectra of the surface modified TiO2 (P25) materials. 

3.5. Adsorption of (metallo)porphyrins on TiO2 and their 

spectroscopic characteristics  

Diffuse reflectance spectra of unmodified TiO2 (P25) and 

surface-modified (metallo)porphyrin materials converted to 

the Kubelka-Munk function are presented in Figure 5. The 

adsorption of the (metallo)porphyrins at the surface of TiO2 

leads to a significant red shift of the absorption bands (ca. 8 

nm). In the control experiment in which diffuse reflectance 

spectra of porphyrins in the presence of BaSO4 were recorded, 

such changes were not observed. 

The RT adsorption isotherms for F2PMet, ZnF2PMet and 

CoF2PMet are shown in Fig. 6. Above 250 μM the isotherms 

tend to curve upwards, indicating a multilayer adsorption 

(data not shown). The data from 0 to 250 μM were fitted to a 

Langmuir isotherm. The maximal coverage obtained for 

ZnF2PMet was 7.9 μmol per gram of TiO2 (P25), while for 

F2PMet and CoF2PMet the coverage reached 6.7 and 3.8 μmol 

g
–1

, respectively. Adsorption parameters of all studied 

materials are listed in Table 2. The highest equilibrium 

constant for ZnF2PMet adsorption indicates that the porphyrin 

is strongly chemisorbed, as expected. 

 
Fig. 6 Adsorption isotherm for F2PMet, ZnF2PMet and CoF2PMet on TiO2 (P25) at 
RT. The line shows the fit to the Langmuir model. 

Table 2 Adsorption parameters of the hybrid materials. 

Material Qsat Kad 

F2PMet@TiO2 6.7 0.43 
ZnF2PMet@TiO2 7.9 0.70 
CoF2PMet@TiO2 3.8 0.20 

 

3.6. Morphological properties of TiO2-based photocatalysts 

The SEM images of unmodified TiO2 (P25) and porphyrin@TiO2 

materials are shown in Fig. 7. It can be observed that the 

modified materials possess a similar morphology as bare TiO2. 

However, after porphyrin impregnation, TiO2 displays the color 

of the porphyrin and the surface of TiO2 contains aggregates 

and becomes rougher. Accordingly, this observation may 

indicate that the aggregation takes place during the titanium 

dioxide impregnation with porphyrins. In all the cases, it is 

possible that the porphyrin particles have been anchored to 

the surface of TiO2. 

3.7. Photoelectrochemical properties of TiO2-based photocatalysts 

Measurements of photocurrent generated by 

metalloporphyrins adsorbed at TiO2 surface can be used to 

study the process of electron transfer from the excited 

sensitizer. TiO2 itself gives a clear signal (electron transfer to 

ITO) at the excitation range of 320-370 nm (Fig. 8a). Among 

the studied compounds photocurrents above 400 nm appear 

for ZnF2PMet (Fig. 8b), which are assigned to electron transfer 

from the excited state of porphyrin to TiO2. ZnF2PMet is 

characterized by the highest quantum yield of the triplet state 

formation and the longest triplet state lifetime, therefore the 

triplet state is very likely involved in the photoinduced electron 

injection from the excited state of the complex to the 

conduction band of TiO2. This identifies a highly stable 

photocatalytic material, ZnF2PMet@TiO2, which can promote 

the visible-light sensitized (λ > 400 nm) decomposition of 

several representative organic pollutants. 

 

Fig. 7 SEM images of unmodified TiO2 (a), F2PMet@TiO2 (b),  
CoF2PMet@TiO2 (c), ZnF2PMet@TiO2 (d). 
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Fig. 8. Photocurrents generated at electrodes covered with TiO2 (a) and TiO2 with 
adsorbed (metallo)porphyrins (b) as a function of the wavelength of incident 
light (constant potentials, ca. 670 mV vs. Ag/AgCl). 

3.8. Photodegradation in heterogeneous systems 

In order to check the photostability of the hybrid materials, 

their irradiation was carried out using the xenon lamp (XBO-

150). The 10 cm water filter and 400 nm cut-off filter 

delivering ca. 75 mW cm
-2

 were employed similarly to the 

experiments in homogeneous systems. Diffuse reflectance 

spectra were recorded with Shimadzu 3600 

spectrophotometer using BaSO4 as a reference. The spectra 

were recorded before and immediately after irradiation within 

10-120 minutes and data were converted using Kubelka-Munk 

function. 

 

 

Fig. 9 Photostability of the studied materials (F2PMet@TiO2, ZnF2PMet@TiO2, 

CoF2PMet@TiO2) and reference material: catechol@TiO2. 

For the comparison purposes, a previously studied material, 

catechol@TiO2
42-44  

was also tested. As can be seen in Fig. 9 all 

newly designed materials are significantly more stable than 

catechol adsorbed at TiO2. Among all photocatalysts presented 

in this work, ZnF2Pmet@TiO2 proved to be the most 

photostable one. 

3.9. Photocatalytic degradation of 4-chlorophenol and tramadol 

hydrochloride in heterogeneous system 

Recently, the photocatalytic activity of hybrid 

metalloporphyrin-TiO2 materials and their versatile 

photocatalytic capabilities in electron transfer reaction or 

energy transfer under visible light irradiation have been 

examined on model pollutant molecules (e.g. methyl orange,
45

 

4-nitrophenol
46

) and pharmaceuticals.
47

 The photoactivity of 

selected synthetized metalloporphyrins adsorbed at titanium 

dioxide has been tested. Again, both in the case of 4-CP and 

TRML degradation tests the material with ZnF2PMet showed 

the highest activity upon visible light irradiation (Fig. 10a, 10b). 

This result is consistent with the measurements of 

photocurrents, proving an efficient photosensitization of TiO2 

by ZnF2PMet. Under visible light irradiation ZnF2PMet@TiO2 

shows a high photocatalytic activity. After 1 h of irradiation it 

degrades 35% of 4-CP and 55% of TRML, whereas under the 

same conditions photodegradation of these pollutants 

mediated by bare TiO2 is negligible. Visible light excites the 

photosensitizer and promotes the electron transfer from the 

macrocycle to the conduction band of TiO2. The pollutant acts 

as an electron donor to regenerate the surface bound 

sensitizer, eliminating the need for any additional sacrificial 

electron donors.
48

 The reaction of 4-CP and TRML 

decomposition involves oxidation with reactive oxygen 

species, in particular with hydroxyl radicals generated in 

consecutive reduction of oxygen to superoxide, hydrogen 

peroxide and finally to OH
–
 and HO

•
 by electrons from the 

conduction band. Taking into account the uncommon stability 

of the ZnF2PMet@TiO2 system, the material may appear a 

useful photocatalyst operating upon visible light irradiation. In 

addition, a solution of the photocatalyst and TRML was 

irradiated in the presence of selected reactive oxygen species 

scavengers: sodium azide (NaN3) and sodium ascorbate (Asc). 

Their effect on the photodegradation of TRML was presented 

in Fig. 11. It can be observed, that when NaN3 (a scavenger of 
1
O2) was added, an initial acceleration followed by an 

inhibition of degradation. The initially beneficial role of azide 

can be attributed to an enhanced generation of hydroxyl 

radicals stimulated by the presence of azide. Such effect was 

previously described by Hamblin et al.
49

 The photocatalytic 

reaction is also affected by oxygen-centered radicals scavenger 

such as sodium ascorbate (Asc). A strong inhibition of the 

process by Asc and azide provides a convincing evidence for 

the participation of both of the reactive oxygen species: 

hydroxyl radicals and singlet oxygen. Their generation 

influences the photodegradation of the model organic 

pollutant (4-CP) and pharmaceutical (TRML). 
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Fig. 10 Photodegradation of 4-CP (a) and TRML (b) in the presence of various 
TiO2-modified materials (F2PMet@TiO2, ZnF2PMet@TiO2 and CoF2PMet@TiO2) 
upon irradiation through the 400 nm cut-off filter. 

Modest differences in the level of inhibition between the 

hydroxyl radical scavengers may be related to adsorption 

properties or slight differences in the experimental conditions. 

When singlet oxygen plays a significant role in the degradation 

processes the inhibition by azide is stronger than that 

observed for Asc, which inhibits the free radicals-mediated 

processes.  

 

Fig. 11 Photodegradation of TRML in the presence of ZnF2PMet@TiO2  
and ROS scavengers: sodium azide (NaN3) and sodium ascorbate (Asc).

 
 

In the presence of Asc the relative reduction of oxygen 

consumption by azide is much smaller what also suggests that 

part of the oxygen is transformed into oxygen-centered 

radicals and the overall production is higher under 

heterogeneous than homogeneous conditions (photoreactions 

mediated by singlet oxygen).
35

   

At both neat and modified TiO2 generation of hydroxyl radicals 

takes place, as proven by electron paramagnetic resonance 

(EPR) measurements.
25-26

 We have also published extensive 

ESR data that clarify the nature of the ROS produced by 

halogenated sulfonamide porphyrin and porphyrin 

derivatives.
4,37

 However, in order to monitor hydroxyl radical 

generation in heterogeneous systems, we opted for the 

evaluation of the formation of hydroxyterephthalic acid 

(TAOH) in the reaction of terephthalic acid (TA) oxidation with 

hydroxyl radicals (Fig. 12). Terephthalic acid reacts rapidly with 

HO
•
 to produce hydroxyterephthalic acid, which is a highly 

fluorescent compound. The fluorescence intensity of TAOH is 

proportional to the amount of generated HO
•
 radicals.

50
 Fig. 12 

shows that the modification with ZnF2PMet accelerates the 

TiO2 photoactivity irradiated with visible light. ZnF2PMet@TiO2 

is characterized by a higher efficacy of hydroxyl radical 

formation during visible light irradiation than bare, unmodified 

TiO2 (P25). Hydroxyl radicals do not play a significant role in 

photodegradation of ZnF2PMet in solution under our 

experimental conditions. However, photochemical tests with 

TA provide an evidence that hydroxyl radicals play an 

important role in ZnF2PMet@TiO2 photocatalytic degradation 

of TRML. Both mechanisms, electron transfer process (I type) 

and energy transfer with singlet oxygen generation (II type) are 

involved in the photodegradation of TRML with 

ZnF2PMet@TiO2 as a photocatalys, but the main pathway of 

TRML photodegradation in this heterogeneous system seems 

to be a Type I photoprocess. On the other hand, the major ROS 

generated in homogeneous system with ZnF2PMet as a 

photosensitizer is singlet oxygen. This conclusion is confirmed 

by experiments with the singlet oxygen scavengers. 

 

Fig. 12 Hydroxyl radicals generation in heterogeneous system: TAOH formation 
during irradiation of TiO2 (P25) and ZnF2PMet@TiO2 suspended in TA solution (λ 
> 400 nm). 
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Conclusions 

The metal complexes of 5,10,15,20-tetrakis(2,6-difluoro-5-N-

methylsulfamylophenyl)porphyrin were prepared and 

characterized. The results of these studies show that some of 

these metal complexes can be considered as efficient 

photosensitizers for singlet oxygen generation and as 

photocatalysts for degradation of organic pollutants, both in 

solution and as a part of heterogeneous photocatalysts. 

The zinc porphyrin derivative, ZnF2PMet, is characterized by a 

high yield of singlet oxygen formation in solution ( = 0.99), 

and in this system the most reasonable mechanism of 

phototacalytic activation involves the energy transfer from the 

excited state of the photosensitizer (triplet state) to oxygen 

molecule. The significant photocurrent generation and the 

high photogeneration of hydroxyterephthalic acid from 

terephthalic acid in the illumination of ZnF2PMet@TiO2 with 

visible light, point at an additional role played by hydroxyl 

radicals in photocatalytic activity of ZnF2PMet@TiO2. The 

process of sensitization in hybrid materials may additionally 

involve the electron transfer from the dye to the conduction 

band of titanium dioxide.  Examination of the photocatalytic 

activity of the composite materials on the pharmaceutical 

tramadol hydrochloride and a model organic pollutant (4-CP) 

with visible light showed a superior performance of 

ZnF2PMet@TiO2 over the standard TiO2 (P25). The relatively 

good photostability and photoactivity of ZnF2PMet@TiO2 

material may enable its practical applications, including not 

only photochemistry and photocatalysis but also 

photomedicine e.g. photodynamic therapy (PDT) or 

photoinactivation of microorganisms and bacterial cells. 
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