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Preface

This book contains synthesis, characterization, and current applications of some phthalocya‐
nines. Since their initial accidental synthesis and characterization in Scotland in the late
1920s, there has been a strong research focus on the use of phthalocyanines (Pcs) as dyes and
pigments. In recent years, active research fields have included their use in electrophotogra‐
phy, photovoltaic and solar cells, molecular electronics, Langmuir-Blodgett films, photosen‐
sitizers, electrochromic display devices, gas sensors, liquid crystals, low-dimensional
conductors, and optical disks. Phthalocyanines possess interesting biological, electronic, op‐
tical, catalytic, and structural properties. The chapters in this book have been prepared by
expert scientists and presented to the public.

Assistant Professor Yusuf Yilmaz
Naci Topçuoğlu Vocational School, Gaziantep University

Turkey





Chapter 1

Free-Base and Metal Complexes of 5,10,15,20-
Tetrakis(N-Methyl Pyridinium L)Porphyrin: Catalytic
and Therapeutic Properties

Juliana Casares Araujo Chaves,
Carolina Gregorutti dos Santos,
Érica Gislaine Aparecida de Miranda,
Jeverson Teodoro Arantes Junior and
Iseli Lourenço Nantes

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68225

Abstract

Porphyrins are tetrapyrrole macrocycles that can coordinate transition metal ions such as 
iron, cobalt and magnesium and are able to perform a diversity of functions and appli-
cations. In biological systems, these molecules are associated with proteins involved 
in photosynthesis, cell respiration, cell death, antioxidant defence, among others. The 
stability and versatile applications of porphyrins inspired the synthesis of derivatives 
including 5,10,15,20-tetrakis(N-methyl pyridinium-4-yl)porphyrin (TMPyP) that is the 
object of the present chapter. In synthetic porphyrins such as TMPyP, the catalytic and 
photochemical properties can be achieved by the coordination with a diversity of cen-
tral metal ions. In photodynamic therapy (PDT), TMPyP and other porphyrins act as 
photosensitizers. The photochemical properties of TMPyP and other porphyrins are also 
useful for the fabrication of solar cells. The catalytic properties require the presence of a 
central metal. The MnTMPyP have antioxidant activity that is influenced the capacity of 
membrane binding, substituents, and meso substituents. Manipulation of the interfacial 
confinement properties is one of the newest application areas of porphyrins. The associa-
tion of porphyrins with different surfaces modulates the electronic and physicochemical 
properties of these molecules. All of these properties are the object of experimental and 
theoretical studies discussed in the present chapter.

Keywords: porphyrins, TMPyP, antioxidant activity, photodynamic therapy

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Porphyrins constitute a group of aromatic organic molecules, composed of four pyrrole rings 
linked by methene (═CH─) bridges (5, 10, 15 and 20), that are the meso-carbon atoms/posi-
tions [1]. Free base porphyrins are able to complex with metal ions such as iron, zinc, copper 
and others at themacrocycle center to form metalloporphyrins. Therefore, the properties of a 
porphyrin can be modulated by the inserting or changing the central metal and appending 
different substituents at the peripheral (β-positions (2, 3, 7, 8, 12, 13,17 and 18)) and meso posi-
tions (Figure 1). Furthermore, the activity of a metalloporphyrin frequently involves redox 
cycling of the central metal. When peripheral and meso substituents are exclusively hydro-
gen atoms, and two of the four macrocycle nitrogen atoms are protonated, this molecule is 
known as a free-base porphine. When different organic groups are appended at the peripheral 
or meso positions, these compounds are known as porphyrins [2]. The manipulation of dif-
ferent substituents and central metal provides a wide diversity of biochemical functions for 
porphyrins.

In biological systems, the porphyrins are associated with proteins involved in important 
cellular processes such as photosynthesis, molecular oxygen transport, cell respiration, cell 
death, the combat of the oxidative stress, biological synthesis, fat acid oxidation and oth-
ers [1, 3–5]. The iron protoporphyrin IX (known as heme group) is the biological metal-
loporphyrin present in almost all biological processes. Heme is the prosthetic group of 
myoglobin, hemoglobin and a diversity of enzymes such as peroxidases, cytochromes, NO• 
synthase and others. Besides iron ion, other metals are found in biological porphyrins, the 
magnesium ion in chlorophyll, and the cobalt ion in vitamin B 12 [6]. Biological and syn-
thetic porphyrins and metalloporphyrins have been extensively investigated and applied 
in medicine, chemistry, sensing and other technological devices due to their catalytic, pho-
tochemical and photophysical properties [6, 7]. In biological systems, free-base porphy-
rins are largely used as photosensitizer (PS) in photodynamic therapy (PDT) [2, 5, 8, 9]. 
Otherwise, metalloporphyrins have been used for mimicking the function of hemeproteins 
such as cytochrome P-450 in oxidative catalysis and superoxide dismutase SOD against 
oxidative stress. Porphyrins are also used as building blocks and in transport chains of 
molecular devices [4, 9–11].

Porphyrins are versatile catalytic and therapeutic agents. The properties of porphyrins can 
be modulated by changing the central metal, substituents at the peripheral and meso posi-
tions and the microenvironment. Different microenvironments respond for the diversity of 
functions of heme group in the hemeproteins: oxygen transport, electron transport, hydrox-
ylation, peroxide cleavage and others. The versatility of functions can also be achieved for 
synthetic porphyrins by manipulating their structures and microenvironments. One exam-
ple of interchangeable functions of porphyrins is the substitution of the central metal in 
TMPyP (5,10,15,20-tetrakis(N-methyl pyridinium L)porphyrin). MnTMPyP exhibits anti-
oxidant function, and it has been attributed to the superoxide dismutase (SOD)-like and 
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glutathione peroxidase (GPx)-mimetic capacities [12, 13], while FeTMPyP exhibits pro-oxi-
dant activity that responds to the toxicological effects of these compounds [14]. The pro-
oxidant activity of FeTMPyP has been attributed to the generation of free radicals due to 
the homolytic cleavage of peroxides. The introduction and modification of substituents in a 
metalloporphyrin changes the redox potential and the solubility. In this regard, TMPyP and 
TPPS4 are examples of synthetic porphyrins made water soluble by the meso substitution 
of pyridine and sulfonate groups, respectively. Depending on the meso substituent, there is 
the possibility of a refined modulation of the porphyrin activity by isomerization. Previous 
studies comparing SOD activity of ortho, meta and para isomers of MnTMPyP (Figure 2) 
showed that the former exhibits the most effective SOD-like activity due to an appropriate 
combination of redox potential and electrostatic facilitation [15–18]. Para MnTMPyP exhibits 
a lower redox potential value that disfavors SOD activity [19]. However, the association of 
para MnTMPyP to negatively charged membranes (phosphatidylcholine (PC)/phosphatidyl-
serine (PS)) modulates its redox potential toward a more efficient SOD activity [20]. Thus, 
the study of Araujo-Chaves et al. [13] is an example of the modulation of a porphyrin activ-
ity by the microenvironment. The different activities of TMPyP and other porphyrins are 
described herein.

Figure 1. Free-base porphine with peripheral and meso positions.

Free-Base and Metal Complexes of 5,10,15,20-Tetrakis(N-Methyl Pyridinium L)Porphyrin...
http://dx.doi.org/10.5772/intechopen.68225
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2. Biological applications of porphyrins

2.1. Porphyrins in photodynamic therapy (PDT)

2.1.1. A brief historical of PDT

The term PDT—photodynamic therapy—is recent. However, the heliotherapy—the therapeu-
tic exposure to sunlight—was already used more than 4000 years ago by Egyptians, Greeks, 
and Indians as a treatment for several skin disorders, like psoriasis, vitiligo, cancer and even 
psychosis [21–29]. Heliotherapy, recently known as phototherapy, employs either UV and 
visible light with/without an exogenous photosensitizer. The photosensitizer is a molecule 
which when exposed to light absorbs determined wavelength becomes electronically excited 
and starts photochemical reactions that can produce a desirable beneficial effect, as in the case 
of vitamin D synthesis or damage and death, as in the case of tumor and infections treatment 
[2, 30]. Phototherapy without an exogenous photosensitizer is used in dermatology to treat 
vitiligo, eczema, neonatal jaundice and vitamin D deficiency, and even some cancer types 
[30–33]. During 18th and 19th centuries, phototherapy without exogenous photosensitizer 
was used in France in the treatment of many diseases, including tuberculosis, rheumatism, 
edema, rickets and paralysis [28, 34]. When an exogenous photosensitizer is used in tandem 
with the sunlight, this therapy is called photochemotherapy. An example of the exogenous 
photosensitizer is the psoralen series (Figure 3). These molecules are used as active treatments 
of HIV-associated dermatoses, seborrheic dermatitis, mycosis fungoids, prurigo, palmar and 
plantar pustulosis, among other diseases [30, 35]. The use of psoralens and ultraviolet light—
UV (300–400 nm) was used by ancient Egyptians to treat vitiligo in the past and has been 
accepted for the treatment of psoriasis (PUVA) and in immunotherapy throughout the world 
[22, 27, 30, 35, 36].

Photodynamic therapy (PDT) is a non-invasive treatment method that uses light, photosen-
sitizer and molecular oxygen for the treatments of cancer, inflammation, immunological 

Figure 2. Ortho, meta and para isomers of MnTMPyP.
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diseases and bacterial infections [8, 37–41]. In ancient times, phototherapy was used based 
on the observation of positive results without a mechanistic knowledge. People using and 
advocating phototherapy did know the key role of the photosensitizer in this type of treat-
ment. In that times, the photosensitizer role was played by an endogenous biomolecule 
absorbing sunlight. The domain of the PDT mechanism initiated with the isolation of hema-
toporphyrin (Hp) (Figure 4) [28, 42]. From dried blood cells by Scherer in 1841 followed by 
the discovery of its fluorescence properties in 1871 [43]. In 1911 and 1913, the side effects of 
sun exposure after the administration of hematoporphyrin were described by Hausmann 
and Friedrich Meyer-Bertz. The latter scientist tested on himself the effect of Hp and sun and 
provided the first scientific communication of human photosensitization [44]. Besides, the 
powerful cytotoxic effect of phototherapy, another significant finding favoring the consoli-
dation of this type of treatment, was the report of Auler and Banzer showing the affinity of 
Hp for cancer cells in 1942 [45]. In the following, several other studies led to the develop-
ment of new range of porphyrinic photosensitizers [28, 43, 46–51].

2.1.2. The PDT mechanism

The Jablonski diagram [52], first proposed by Professor Alexander Jablonski in 1935, has been 
used to describe the photodynamic processes of photosensitizer molecules used in PDT. The 
PDT principles are based on the presence of an endogenous or exogenous photosensitizer in 
the target tissue that can absorb red light to be promoted to a long-lived electronic excited 
state. In the electronic excited state, the photosensitizer triggers photooxidative events directly 
or more commonly via energy transfer to molecular oxygen. The quantum yield triplet state 
generation depends on the molecular structure, and the energy transfer to molecular oxygen 
competes with other deactivating routes for the excited state [25].

According to Figure 5, Jablonski diagram shows that the ground state photosensitizer (S0) 
can absorb a photon and be converted to the short-lived excited singlet state (Sn) at different 

Figure 3. Psoralen series.

Free-Base and Metal Complexes of 5,10,15,20-Tetrakis(N-Methyl Pyridinium L)Porphyrin...
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vibrational sublevels (Sn’). The Sn state, if n > 1 can lose energy via internal conversion (IC) to 
populate the first excited single state (S1). In the first singlet excited state, the photosensitizer 
can return to the ground state via fluorescence and thermal irradiation. Also, the S1 state of the 
photosensitizer can undergo intersystem crossing by spin inversion and populate the lower-
energy first excited triplet state (T1), a long-lived state [2, 30, 37, 49]. At this point, two different 
reaction processes involving molecular oxygen can occur Type I or Type II processes. In the 
first process, Type I, the photosensitizer in a triplet excited state is reduced with organic sub-
strates by electron exchange. The reduced photosensitizer can react with molecular oxygen 
(3O2) to produce reactive oxygen species (ROS) such superoxide anion (O2

−·), hydroxyl radical 
(OH·) and hydrogen peroxide (H2O2) [30, 37, 53]. In the second process, Type II, the triplet 
excited state photosensitizer transfers energy to molecular oxygen, resulting in a long-lived 
and highly reactive species, the singlet oxygen (1O2) [37, 49, 54]. Types I and II mechanisms 
occur concomitantly. However, Type II is the dominant process during PDT [30, 37].

Figure 4. Hematoporphyrin.
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In PDT, singlet oxygen is the principal reactive species. However, as well as others ROS, 
singlet oxygen has the capacity of damage limited due to its short lifetime (~100 ns in lipid 
regions of membranes and 250 ns in the cytoplasm) [30, 49, 55], and a diffusion range of 
approximately 45 nm in the cellular medium [28, 56–58]. The PDT has amino acid residues 
in proteins, unsaturated lipids, and DNA as the targets for oxidation leading to cell damage 
[59–61].

2.1.3. Porphyrin as photosensitizers

An ideal photosensitizer needs to have the following characteristics: (1) chemical purity; 
(2) high yield of singlet oxygen production; (3) high absorption coefficient in the red 
region of the visible spectrum (680–800 nm). Wavelengths longer than 900 nm should be 
avoided due to their insufficient energy to excite a dye photosensitizer to the triplet state; 
(4) efficient accumulation in tumor tissue associated with a rapid clearance in healthy 
organs; (5) low toxicity in the dark extensive to their metabolites; and (6) small aggrega-
tion [8, 30, 49, 62–64].

Porphyrins satisfy most of the desirable properties of photosensitizers, such as high efficiency 
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spectrum and a relatively higher affinity for malignant cells. Porphyrins have 18π electrons 
on the aromatic macrocycle that responds for the “Soret” band, with a strong absorption band 
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Figure 5. Energy levels of Jablonski diagram for a typical type II photosensitizer and oxygen.
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In the early twentieth century, data of literature described experiments that demonstrated the 
potential role of Hp in the detection and treatment of cancers; however, one of the major draw-
backs was the large doses required to achieve consistent photosensitizer uptake in tumors, 
which led to inappropriate phototoxicity [45, 69–71]. In 1955, Schwartz et al. [72] demonstrated 
Hp to be impure and attributed selective fluorescence of malignant tissue after in vivo admin-
istration of Hp to a mixture of porphyrins with different properties. Subsequent studies led 
to the development of a derivative of hematoporphyrin (HpD) by the treatment of crude Hp 
with acetic and sulfuric acids, which enhanced tumor accumulation. The ability to accumulate 
selectively in neoplastic tissue using lower doses of HpD than Hp was reported by Lipson and 
coworkers [73–77]. In 1972, Diamond et al. demonstrated the destructive potential of HpD 
irradiated with white light on glioma in rats [78]. Six years later, Dougherty et al. reported 
the partial and complete response of many tumors, including malignant melanomas and 
carcinomas of the colon, breast, and prostate, treated by photodynamic therapy using HpD 
as a photosensitizer [79]. In the following, HpD compounds were purified, many of the less 
active monomers were removed, and the most efficient HpD derivatives were used to produce 
Photofrin (Figure 7).

For a complete study of different porphyrinic photosensitizers [80–109], it is recommended 
the reviews Josefsen et al. [2], Connor et al. [25], Pushpan et al. [28], and Ethirajan et al. [49]

Among a diversity of porphyrinic photosensitizers, meso-tetraphenylporphyrin (TPP) 
and TMPyP are readily synthesized and metallized, and several derivatives have 
been studied as a photosensitizer for PDT. The photochemical efficiency of anionic 
5,10,15,20-meso-tetra(4-sulfonatophenyl)porphyrin (H2TPPS4) (Figure 8A) was compared 
with meso-tetraphenyl porphyrins with a lower number of sulfonate groups [99, 100] and 

Figure 6. Porphyrin absorption spectrum. a = Soret band; b = Q band.
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with 5,10,15,20-tetrakis(4-sulfonatophenyl-21,23-dichalcogenaporphyrin [110] (Figure 8B). 
These studies showed that H2TPPS4 is less efficient in PDT than meso-tetraphenyl porphy-
rins with a lower number of sulfonate groups. Also, the replacement of nitrogen atoms 
of the macrocycle by chalcogens S and Se increased the photodynamic efficiency of the 
porphyrin in vitro and in vivo studies. Particularly in vivo, these chalcogen derivatives 
exhibited lower toxicity, morbidity and side effects post administration in animal models.

Regarding TMPyP, the focus of the present study, its efficiency as a photosensitizer is related 
to its topology. A study comparing photodamage in a mitochondrial membrane model 
modulated by the topology of TPPS4 and 5,10,15,20-tetrakis(N-methyl pyridinium L)por-
phyrin (TMPyP) [8] shows that in L-α-phosphatidylcholine/cardiolipin (PC/CL)liposomes 
(mitochondrial membrane model) both porphyrin can damage the membrane via the Type II 
mechanism. However, the injuries on the lipid membranes promoted by TMPyP were greater 
than the damages promoted by TPPS4 due to the affinity between TMPyP and this biological 

Figure 7. Photofrin.

Figure 8. TPP-based photosensitizers. (A) Tetrasulfonated meso-tetraphenyl porphyrin; (B) meso-tetrakis(4-sulfona 
tophenyl)-21,23-dichalcogenaporphyrin.
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structure [111, 112] that in turn influences the photosensitizer and the generation of long-
lived singlet oxygen. In cells, the positively charged TMPyP accumulates in the nucleus and 
mitochondria and could attack DNA, mitochondrial DNA and cardiolipin. The association 
of TMPyP with the inner mitochondrial membranes due to the affinity to cardiolipin favors 
the generation of singlet oxygen in situ with a high efficiency since its concentration is higher 
in the hydrophobic core of the lipid bilayers. Metalloporphyrins have also been studied as 
potential sensitizers for PDT. However, the results were less promising than those obtained 
with the free-base species [113, 114].

2.2. Porphyrins in chemical therapy

The synthetic analogs of porphyrins are widely used in therapy of diseases connected to 
oxidative stress processes. A quantitative structure-activity relationship (QSAR) studies 
have been performed to identify the optimal active molecule within a series of analog struc-
ture characteristics to diversify the biological action of the compound. The QSAR stud-
ies can correlate the physicochemical characteristics that affect the compound’s activity 
in biological systems. These studies assumed that the binding affinity of the compound to 
the target receptor could determinate the biological activity [115]. The biological effects of 
two meso-tetrakis porphyrins, TPPS4 (anionic) and TMPyP (cationic) demonstrated that 
the cationic porphyrin has affinity to the inner mitochondrial membrane [99]. Therefore, 
in mitochondria, Mn3+TMPyP has been used as an antioxidant against superoxide ions. 
The replacement of manganese by an iron ion in TMPyP makes this porphyrin a prooxi-
dant agent [116]. Au-porphyrins have been reported as excellent antiproliferative agents, 
showing cytotoxic effects on cancer cells. Regarding to the mimetic SOD activity of por-
phyrins, the correlation between the metal-centered reduction potential and the catalytic 
rate constant for the O2

•− dismutation was found for Fe and Mn porphyrins. The struc-
ture-activity relationships have been established over the years by the rate-limiting step 
of metal reduction of this class of compounds [117]. Modulation of SOD activity has been 
achieved by decreasing the electron density of the groups at the meso and β-pyrrile posi-
tions, thus increasing the Mn3+/Mn2+ potential and facilitating its reduction [118–120]. 
Either the mimetic SOD activity can occur when the O2·− is directed to the catalytic site by 
the metal-centered positive charges via electrostatic facilitation [118, 119]. The manganese 
(III) 5,10,15,20-tetrakis(N-ethylpyridinium-2-yl) porphyrin (Mn3+TE-2-PyP5+, E½ = +228 mV 
vs NHE, log kcat = 7.76) and manganese (III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)
porphyrin (MnTnHex-2-PyP5+, E½ = +314 mV vs NHE, log kcat = 7.48), alkylated manganese 
(III) 5,10,15,20-tetrakis(2-pyridyl)porphyrin (MnT-2-Pyp+), combined the thermodynamic 
and electrostatic optimizations and yielded compounds because they exhibit the E½ close to 
the reduction potential of the SOD enzyme and are excellent mimetics of the SOD activity 
(E½ ≅ +300 mV vs NHE, kcat ≅ 2 × 109 M−1 s−1) [19, 117–122]. Recently, it has been reported 
that the para isomer (E½ = +60 mV vs NHE) of Mn3+TMPyP is less efficient as a SOD mimic 
relative than the ortho isomer (E½ = +260 mV vs NHE) [12, 19, 123, 124].

In a cell redox balance, the association of Mn3+TMPyP to membrane lipid bilayers can be 
intrinsically related to the redox potential of the Mn2+/Mn3+ couple. In homogeneous systems, 
Batinić-Haberle et al. [19] had reported the effect of Mn3+TMPyP in a CL-containing inner 
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mitochondrial membrane under pH 11 to 7.8 conditions. The potential values of Mn2+/Mn3+ 
redox process were found to be E1/2 =94 mV for ortho Mn3+TMPyP and E1/2 = 42 and 50 mV, 
respectively, for meta and para isomers. However, in a heterogeneous system, Araujo-Chaves 
et al. [20] have reported that the para isomer has the redox potential increased by the associa-
tion with the negatively charged interface of lipid bilayers. Interestingly, the association of 
para Mn3+TMPyP to PC/PS liposomes at physiological pH exhibited a redox potential of +110 
mV vs NHE. The shift of the Mn2+/Mn3+ E1/2 value to a more positive value favors the SOD and 
peroxidase activities. Theoretical calculations corroborated with these results.

3. Technological applications

Porphyrins free base are extensively applied in solar cells and sensor due to their photo-
physical characteristics. The intense absorption bands covering a significant range of the 
visible region of the electromagnetic spectrum and due to the relatively low cost of these 
compounds as compared with inorganic semiconductors make these molecules appropriate 
for application in solar cells. These characteristics experimentally observed are consistent 
with the results obtained by density functional theory (DFT). Therefore, DFT/time-depen-
dent (TD)DFT calculation is a useful strategy for the molecular design of porphyrins with 
the more appropriate characteristics for application is dye-sensitizer solar cells (DSSCs) 
[125–129]. As an example, Santhanamoorthi et al. [129] have presented the theoretical study 
of newly designed porphyrin dyes (1−5) for DSSC applications. In this study, the authors 
calculated seven different structures of porphyrins and found the best characteristics for use 
in solar cells for two calculated molecules that were named Dyes 2 and 4. Dyes 2 and 4 pre-
sented smaller HOMO-LUMO energy gaps and absorption in Q band significantly stronger. 
Equally, DFT/TDDFT can be used for conceiving porphyrin derivatives for a diversity of 
technological applications. Theoretical calculations allow the prediction of the best charac-
teristics for porphyrins to be used in technological applications and optimize the subsequent 
efforts for the synthesis.

3.1. Porphyrins in solar cells

Solar energy is an important source of energy (~3 × 1024 J year−1) that sustains the life on the 
Earth [130–132], and it can be an alternative to using fossil fuels due to be a clean, inexhaust-
ible and sustainable source of energy [133–139]. The utilization of solar energy as solar fuel 
or electricity is fundamental for the maintenance of development and live on Earth and has 
attracted the attention of various members of the scientific community.

O’Regan and Grätzel [140] have discussed dye-sensitized solar cells (DSSC), a viable and 
promising technology which have low-cost production and high power conversion efficiency 
[141–148]. To build an efficient system of the solar cell is necessary [149–152] three compo-
nents: (1) dye (light-absorber); (2) a hole transport agent; and (3) an electron-transport agent. 
Figure 9 shows the schematic representation of components and representative operational 
principles of DSSC.
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A typical DSSC device consists of a dye-sensitizer photoanode (TiO2, anode) and a plati-
num counter electrode (Pt-coated, cathode) sandwiching an electrolyte that contains a redox 
mediator (iodine-based or cobalt complexes, redox mediator). Upon light illumination, the 
photoexcited dye in the LUMO level of sensitizer injects an electron into a conduction band 
(CB) of TiO2, and then, the resultant oxidized dye is reduced by I− species (or Co2+ complex). 
The injected electrons move through an external circuit to the platinized counter elec-
trode. Finally, the I− species (or Co2+ complex) is regenerated to produce the I3

− species 
(or Co3+ complex) at the surface of the platinized counter electrode, and the circuit is 
completed [133]. The efficiency of conversion of light to electric power (η) increases when 
a light-absorbing the dye, and therefore, the choice of a suitable dye is essential to a high 
η [127, 144, 153–156].

Despite to the intense absorption band, typical porphyrins have poor light-harvesting ability 
in the Q bands, being necessary the introduction of a push-pull structure [157–160] and the 
elongation of porphyrin π-conjugated system into meso or β-positions to improve the light-
harvesting property of porphyrins [158].

Porphyrin also can be used as a dye in thin layers on the porous TiO2 film. However, this sys-
tem results in weak absorption of irradiated light, being essential the development of a way to 
strongly absorb the light in the dye layer. Gold layer can have been used in these systems due 

Figure 9. Schematic representation of components and representative operational principles of DSSC.
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to its surface plasmon resonance (SPR) that offers an enhanced optical field with increased 
short-circuit current, which can be corroborated by theoretical calculations [161].

3.2. Porphyrins in catalysis and sensing

The application of metalloporphyrins in bioinorganic chemistry has attracted interest in cata-
lytic reactions. Synthetic metalloporphyrins are mimetic models inspired two heme proteins: 
cytochrome P450 (biosynthesis and degradation of biomolecules) and peroxidases as lignin 
peroxidases (degrades the lignin-cell wall). In 1970, Groves et al. [162] designed the first-
generation of metalloporphyrin chlorine (5,10,15,10-tetraphenyl-porphyrinato)iron(III), or 
[Fe3+TPPCl], activated by iodosylbenzene (PhIO) revealed a catalytic activity in the epoxida-
tion of alkenes and the hydroxylation of alkanes. About 30 years ago, Traylor and Tsuchyia 
[163] presented the first synthesis of porphyrins with more stability and more efficient catalytic 
activity due to the introduction of electronegativity and/or bulky auxiliaries groups such as 
halogen, nitro or sulfonate at the meso and/or β-pyrrolic positions, to obtain the second and 
third generation of porphyrin catalysts. Lately, the metal complexes like meso-tetrakis(penta 
fluorophenyl)porphyrin H2(TPFPP) represent alternative possibilities to structural modifica-
tion of porphyrins by nucleophilic substitution of its fluorine atoms [164, 165]. The second 
generation of porphyrins, especially the manganese (II) and iron(III) porphyrins is the most 
important representatives as catalysts in the epoxidation of alkenes (cyclohexane, adamantane, 
or n-hexane). In this case, during the epoxidation reactions, Mn and Fe ions can accept active 
species from different substrates and oxygen atom donors that result in metal-oxo species for-
mation. In some conditions, the catalytic efficiency of iron(III) porphyrins can be limited due 
to the presence of some by-products resulted from the epoxidation of alkenes, for example to 
the allylic oxidation reactions. In anadamant oxidation reaction, the catalytic reaction of man-
ganese porphyrins (MnPor) derived from 5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin had 
an increased product yield of 1-adamantanol than those obtained with [Fe3+TPPCl] catalyst 
[166]. The MnPors can exhibit different behaviors regarding the electron-withdrawing sub-
stituents in the macrocycle structure. Doro et al. [167] revealed that MnPors had lower catalysis 
efficient than the second generation of catalyst [Mn3+PFTDCPP]Cl due the high-valence active 
species caused by the electronegativity of the substituents (fluoro and chlorine) at the meso-aryl 
positions of the macrocycle in [Mn3+PFTDCPP]Cl. Consistently with this observation, Rayati 
et al. [168] made a comparative catalytic study of two partially brominated MnPs, namely 
[Mn3+Br4TPP]Cl and [Mn3+Br4T4(-OME)PP]Cl revealing that the electron-deficient Mnps were 
a better catalyst than electron-rich MnPs. Lately, new materials of metalloporphyrin catalysts 
supported on mesoporous silica have shown a high efficiency of stability and reaction condi-
tions. Poltowicz et al. [169] have studied the supported MnTMPyP catalysts on aluminated 
MCM-41 and SBA-15 mesoporous to investigate the oxidation of cyclooctane with molecular 
oxygen (as air) without the use of sacrificial co-reductant. Due to the existence diffusion limita-
tions within the pore inner space, the supported MnTMPyP had increased the catalysis activity 
in the SBA-15 mesoporous because it exhibits increased-size pore. The catalytic activity of por-
phyrins, including TMPyP, allows the use of these compounds in sensing. Porphyrins can form 
complexes with almost all metals, and consequently, a broad diversity of catalytic properties 
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can be achieved. The central metal in porphyrins determines the affinity for additional ligands. 
In general, the complex of Cu2+ and Ni2+ has low affinity for additional ligands. The Mg3+, Cd2+ 
and Zn2+ porphyrins form pentacoordinate complexes with square-pyramidal structure. The 
metalloporphyrins with (Fe2+, Co2+, Mn2+) in the central position produce distorted octahedral 
structure with two axial ligands. Metallo meso tetrakis porphyrins have been extensively used 
in the voltammetric determination of oxygen, NO, sugars, organohalides, DNA, alcohols, 
dopamine and others. Therefore, due to their switchable structures and a diversity of catalytic 
properties, porphyrins are widely used in analytical chemistry. A diversity of porphyrins can 
be applied biosensors and as stationary phases in HPLC.
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Abstract

In this work, thin-film deposition of FePc particles nucleated and grown in gels was car-
ried out in air by spin coating. The surface morphology and structure of these films were 
analysed by scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) 
spectroscopy. The optical parameters have been investigated using spectrophotometric 
measurements of transmittance in the wavelength range of 200–1100 nm. The absorption 
spectra recorded in the UV-Vis region for the deposited samples showed a single band, 
namely the B or Soret band in the region between 285 and 305 nm. The dependence of the 
Tauc and Cody optical gaps associated with the thickness of the film was determined and 
found to be around 4.2 eV from direct transitions and 3.8 eV from non-direct transitions. 
The films’ electric properties and their dependence in the presence of radiation of sev-
eral wavelengths were evaluated. At lower voltages, ohmic conduction is evident, while 
space-charge limited conductivity (SCLC) governed by an exponential trap distribution 
is to be found at higher voltages.

Keywords: thin films, spin coating, metallophthalocyanines, optical properties, 
electrical properties

1. Introduction

Photoconducting agents and other photoelectronic compounds embedded in polymer films 
as nanocomposite films have attracted considerable attention, as they exhibit many useful 
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optical and electrical properties. Because of their large chemical and structural stability, as 
well as their optical and electrical properties, metallic phthalocyanines (MPcs) have been 
introduced into polymeric matrices as nanoparticles. A polymeric matrix composite (PMC) is 
a compound material consisting of a polymeric primary phase, or matrix, which is embedded 
in a secondary phase based mainly on matrix-reinforcing fibres and particles. The polymeric 
matrix enhances material stability, as it limits the introduction of environmental oxygen or 
water, which could reduce the potential usefulness of the MPcs. Nanostructuring also permits 
two other goals: to achieve optical homogeneity of the polymeric composite medium and 
to take advantage of specific properties of MPcs in their crystalline form. MPcs are usually 
ordered in crystalline arrangements, as their aromatic rings stack neatly. Due to the strength 
of π bonds, MPcs can be accommodated in a large number of different structures, which 
depend on the substituents they have. The type of structure determines the physical proper-
ties of a specific MPc, as well as its applications. The main modes of MPc molecular organiza-
tion that may be observed are: (i) crystals, which can be in the alpha or beta allotropic forms 
(the beta polymorph being thermodynamically more stable). The two types are distinguished 
by the angle formed between the symmetry axis and the stacking direction. Alpha and beta 
crystals form angles of 26.5 and 45.8°, respectively. (ii) Liquid crystals, where Pcs are substi-
tuted by flexible lipophilic chains, which allow the formation by substituents of a quasi-liquid 
medium surrounding the in-plane aromatic nuclei, which overlap in columns distributed over 
two-dimensional positions with hexagonal or tetragonal symmetries. (iii) Thin films are solid 
structures whose thicknesses can be neglected for many physical purposes. In applications 
involving interaction with electromagnetic waves, thin-film thickness must be of the same 
order as the wavelength of the interacting disturbance. Thin films represent the Pcs arrange-
ment most commonly considered for electronic applications. (iv) Skewer-structured polymers 
are obtained by polymerizing MPcs through bridge ligands; due to the variety of ligands that 
may be used and their properties, the distance between molecules can be controlled rather 
well and, thanks to the rigidity of the unidirectional connection in this type of structures, very 
good electronic and optical properties can be obtained from the material.

The purpose of this work is to report the generation of MPc crystals, their dispersion into a 
polymeric matrix and the evaluation of their optical and electrical properties in thin-film form. 
In this study, a polystyrene polymeric matrix was used. The materials thus obtained were char-
acterized by different methods, including infrared (IR) and ultraviolet-visible (UV-Vis) spec-
troscopy, as well as scanning electron microscopy (SEM). First nanoparticles were synthesized 
in a molecular solution obtained from a supersaturated MPc solution. Second a solid composite 
was prepared by introducing pre-grown colloidal MPc particles into a polymeric matrix in a 
spin coating process. Spin coating leads to the production of uniform, flat, high-quality films or 
coatings. This process involves the application of a certain amount of nanoparticles suspended 
in a polymer and previously solved in an organic solvent. A small amount of the fluid is put on a 
substrate attached to a plate that is made to rotate at high speed, so that the resulting centripetal 
force spreads the suspension until the desired film thickness is achieved for the composite mate-
rial. This process has four stages: deposition, centrifugation, de-centrifugation and evaporation. 
The evaporation of the fourth stage represents the main thinning mechanism for the film. After 
the film is deposited, it is annealed for 10 min at 90°C to accelerate matrix polymerization.
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As some polymeric materials have conductivities similar to those of metals, they represent an 
important research area for the next generation of organic electronic devices. Conductivities 
in some polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT), are comparable to 
those of indium oxide or tin, while showing significant optical transmission. In this work, the 
electrical conductivity of the thin films was evaluated by means of a four-point technique. The 
films’ electric properties and their dependence in the presence of radiation of several wave-
lengths were evaluated in order to determine whether this type of PMC films may have appli-
cations in the construction of electronic and optoelectronic flexible devices, such as OLEDs, 
photovoltaic devices and visual information devices. Additionally, the optical activation ener-
gies were evaluated by the Cody and Tauc methods from the transmittance values of the films 
at different thicknesses [1, 2].

2. Research method

2.1. Crystallization process

To carry out the crystallization of MPcs embedded in a polymeric matrix, the gel crystallization 
method was used, where a very viscous medium that favours slow crystallization is used to 
mix the constituent phases, mainly by diffusion. In this method, crystal growth in the gel takes 
place by diffusion-controlled mass transport. This procedure minimizes the sedimentation and 
convection effects of traditional crystallization by evaporation methods. One must take into 
account that the crystallization mechanism consists of three steps, i.e. solution supersaturation, 
formation of crystalline nuclei and crystal growth. The gel is a means to transport molecules or 
ions (precipitant agents, shock absorbers), with no or almost no chemical reactivity to molecules 
and ions that diffuse through their three-dimensional polymeric network. Gels can be classi-
fied, according to their preparation method, as chemical or physical. Chemical gels are those 
obtained by poly-addition processes, like those achieved from neutralization of sodium metasil-
icate, or by poly-condensation processes, such as those obtained from the hydrolysis reaction of 
tetramethoxysilane. The physical gels, including agar and agarose, are defined as those where 
the gelation process is carried out by the variation of some physical parameter, like temperature.

For the current study, tetramethoxysilane gel at 10% volume, with 50% of ethanol for crystal-
lization in FePc capillary tubes, was used. Before introducing the solved gel into the capillary, 
this tube must be carefully washed with detergent, followed by double-distilled water and 
then acetone, and finally dried with warm air. The introduction of gel into the capillary is car-
ried out by the application of air pressure with a syringe, taking care to avoid the formation 
of bubbles in the gel. The gel must occupy the central 4-cm section of the capillary. After the 
dispersion has gelled (a process which takes about 4 weeks), MPc is added through the ends 
of the capillary, travelling a distance of 3 cm of length. These MPcs, previously dissolved, 
must be added in the same way as the gel, by means of air pressure with the help of a syringe, 
while taking care not to form bubbles. The capillary is then sealed at the two ends and kept at 
a constant temperature of 22°C, until the product is formed. The conformation of the system 
used for gel crystallization can be shown in Figure 1, where the diagram of the tube used 
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for the crystallization is divided into three parts, as shown in the figure: one in the middle, 
where the gel was initially placed and the two ends where the dissolved MPc was placed 
before the MPc molecules migrated to the gel zone, where they nucleated and grew. This 
gel-based technique provides continuous control over the crystal or particle growth process, 
since it becomes possible to increase the growth rate by adding a larger amount of reagents 
through the ends of the capillary. Moreover, it also reduces the risk of damage to the crystal 
or the particle that could occur because of physical instabilities in the experimental arrange-
ment, as it avoids the direct manipulation of the grown crystals.

2.2. Thin-film deposition and characterization

Most of the advanced devices manufactured today depend, at some point of their fabrication, 
on the synthesis and growth of films or thin layers. For this work, thin-film deposition of FePc 
particles nucleated and grown in gels was carried out in air by spin coating. The material was 
deposited onto a Corning 7059 glass, quartz, (100) single-crystalline silicon (c-Si) 200 Ω-cm 
wafers and ITO-coated glass slides. The quartz and Corning glass substrates were ultrasoni-
cally degreased in warm methanol and dried under a nitrogen atmosphere. The silicon sub-
strates were chemically etched with a p-etch solution and dried under a nitrogen atmosphere. 
The composition of the solution was selected to have an FePc: polystyrene ratio of 1:3 in chlo-
roform. The solution was spin coated on the substrates in a two-step process: 2500 rpm for 
30 s, followed by annealing at 393 K for 10 min. These processes, spin coating and annealing, 
were repeated to obtain a suitable thickness. The thicknesses of the films obtained in the pres-
ent study are shown in Table 1. We also report the determination of optical parameters related 
to the main transitions in the UV-Vis region, as well as the fundamental energy gap calcula-
tions for these films. Devices consisting of polystyrene matrix film were placed onto Corning 

Figure 1. Capillary system used for crystallization.
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glass substrates with a contact conductor of indium tin oxide (ITO) by spin coating. After the 
deposition, in order to diffuse MPc particles into the polystyrene matrix, the films were heat 
treated at 393 K for 10 min. The electric conductivity at 298 K of the device was evaluated with 
a four-point probe; for these measurements, the substrates were ITO-coated glasses with sil-
ver strips acting as electrodes. The strips were deposited by the painting process, the current 
due to hole-injection from positively-biased ITO was measured and the current due to hole-
injection from silver was measured by reversing the polarity of the bias voltage [3].

2.3. Instruments

For the preparation of the thin films, a Best Tools Smart Coater 200, operating at 400 W, 110 V 
and 50/60 Hz, was used. FT-IR measurements were obtained with a Nicolet iS5-FT spectropho-
tometer using KBr pellets for the powders and silicon wafers as substrates for the thin films. 
Film thickness values were determined by profilometry in a quartz substrate with a Bruker pro-
filometer, model DEKTAK XT, with STYLUS, LIS 3, 2 μm RADIUS-Type B. For SEM, a ZEISS 
EVO LS 10 scanning electron microscope was coupled to a microanalysis system and operated 
at a voltage of 20 kV and a focal distance of 25 mm, using thin films on a glass substrate. The 
size and distribution of dispersed particles were observed using a JEOL JEM2010 transmission 
electron microscope (TEM), LaB6 cathode at 200 kV, 105 μA. UV-Vis spectroscopy was carried 
out in a Unicam spectrophotometer, model UV300, with a quartz substrate. Electric character-
ization was performed with a programmable voltage source, an auto-ranging pico-ammeter 
Keithley 4200-SCS-PK1 and a sensing station with a Next Robotix lighting controller circuit.

3. Results and discussion

The capillaries with FePc at the ends and tetramethoxysilane in the centre were allowed to 
stand at 22°C for 2 weeks. Subsequently, the generated particles were extracted from the 
capillary within the gel and were observed by SEM. Figure 2a and b show, at different magni-
fications, the FePc particles embedded in tetramethoxysilane. Despite being very small, they 
showed several structures-amorphous particles, regular particles and needles. In all cases, 

Sample Film thickness 
(nm)

Direct Cody 
optical gap (eV)

Indirect Cody 
optical gap (eV)

Direct Tauc optical 
gap (eV)

Indirect Tauc 
optical gap (eV)

Thin Film 1 29 5.4 5.4 5.4 5.1

Thin Film 2 35 5.3 5.3 5.3 4.7

Thin Film 3 52 5.3 5.2 5.3 4.7

Thin Film 4 75 5.3 5.2 5.3 4.3

Thin Film 5 99 5.3 5.1 5.3 4.3

Thin Film 6 122 5.3 4.7 5.3 4.2

Thin Film 7 348 4.3 4.3 4.2 3.8

Table 1. Characteristic parameters of the FePc/polystyrene films.
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there was a heterogeneous distribution of particles inside the gel. The particles were removed 
from the tetramethoxysilane, washed and dried in a vacuum. The use of this technique dem-
onstrated its applicability to the in situ formation of nanometric-size particles inside the gel. 
A preliminary TEM study of the nanometric FePc particles was also performed. Figure 2c 
shows a high-resolution bright field image of the FePc sample, where particles ranging in 
size between 2.8 and 20 nm can be seen. The shape of the particles is irregular, although some 
quasi-spherical forms can be discerned. A heterogeneous dispersion of the nanoparticles can 
also be seen. Among the advantages of using this technique for reinforcing particles in the 
manufacture of composite materials are that a very small sample can be used and the continu-
ous manipulation of particles can be avoided; furthermore, it permits a continuous control of 
the growth process. It is difficult to determine the crystalline arrangement from TEM imaging 
in real space, so a wider characterization by IR spectroscopy was required. IR spectroscopy 
was specifically used to identify the structural nature of FePc, given that the IR spectrum 
depends on the crystal structure [4]. MPcs are known to have different polymorphs which are 
strongly identified by the IR absorption technique [4, 5]. It has been reported that the α-form 
of MPc can be characterized by a band around 720 cm−1, while the β-form can be character-
ized by a band at a greater wave number at approximately 778 cm−1 [4–7]. In Table 2, it can be 
observed that FePc particles were present in the α and β crystalline structures.

Figure 2. Gel with FePc particles (a) 1000×, (b) 7000× and (c) HRTEM micrographs.
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IR spectroscopy was also used in this study to ascertain the presence of the more representa-
tive bonds in the FePc compound and to determine whether significant chemical changes 
took place in this compound during gel nucleation and growth. Table 2 shows the charac-
teristic bands of the FePc particles deposited in the gel. The band appearing at 1605 ± 4 cm−1 
was assigned to the C═C stretching vibration for pyrrole. The peak responsible for carbon-
nitrogen stretching and bending occurs at 1332 ± 4 cm−1. The peaks located at 1164 ± 2, 1117 ± 2 
and 753 ± 2 cm−1 are due to the interaction of carbon atoms with the peripheral-ring hydrogen 
atoms [8–10]. As mentioned above, spin coating and annealing were carried out to produce 
the thin films. IR spectroscopy was performed in these films in order to verify that no chemi-
cal changes occurred in the FePc when interacting with the polymeric matrix. The results 
reported in Table 2 indicate that the MPc did not experience any chemical changes during 
the deposition; on the other hand, in the thinnest film, the crystalline phase α is not observed. 
It is worth mentioning that the signals in the MPc film show slight changes in location. This 
occurs because, in thin films deposited by any method, internal stress affects intramolecular 
angles and bonding energies. Nevertheless, no significant changes occurred in these films, so 
we may conclude that the production of thin films from the FePc-polystyrene composite by 
the spin coating and annealing method is appropriate.

The films obtained by spin-coating were analysed by SEM. Figure 3 shows the presence of 
the two phases-polymeric matrix and reinforcement. During the annealing, polymerization of 
polystyrene generated the needles shown in the images, while the FePc appears as irregular 
conglomerates. It is possible to observe that the MPc particles have been embedded in the 
matrix homogeneously, i.e. the particles are not agglomerated or separated, which in turn 
indicates that polystyrene is an appropriate matrix for this kind of films.

Optical absorption measurements are widely used to characterize the electronic properties of the 
thin films through the determination of parameters describing the electronic transitions, such as 
the band gap [11]. Additionally, the absorption spectra of different polymorphs of some Pc com-
pounds show significant differences among each other [7, 12]. MPcs have two typical absorption 
bands, namely the Q-band in the visible region and the B or Soret-band in the near-ultraviolet 

Sample ν (C─C) cm−1 ν (C═N) cm−1 ν (C─H) cm−1 α-form cm−1 β-form cm−1

FePc (particle) 1609 1336 1164, 1119, 750 724 771

Thin Film 1 1607 1331 1163, 1119, 754 - 769

Thin Film 2 1609 1336 1164, 1119, 750 724 771

Thin Film 3 1603 1330 1164, 1117, 754 720 770

Thin Film 4 1604 1330 1163, 1119, 754 720 771

Thin Film 5 1604 1331 1166, 1117, 755 721 771

Thin Film 6 1603 1331 1165, 1119, 755 719 769

Thin Film 7 1603 1331 1165, 1116, 754 719 769

Table 2. Characteristic FT-IR bands for particles and thin films (cm−1).
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region [13–17]. The Q-band absorption is responsible for the characteristically intense blue/green 
colour of the FePc and this band has been interpreted in terms of π-π* excitation between bond-
ing and antibonding molecular orbitals [7, 18]. The electronic spectrum of the FePc particles 
obtained in tetramethoxysilane (Figure 4a) shows the characteristic Q-band absorption in the 
578–750 nm region. The Soret-band of FePc arising from the deeper π levels → LUMO transitions 
is observed in the UV region at about 400–463 nm. On the other hand, the optical transmittance 
spectra of the thin-films deposited on quartz were recorded from 200 to 1100 nm and are shown 
in Figure 4b. Differences in the transmittance of the films under examination can be attributed to 
differences in thickness (see Table 1) according to Beer’s law [19]. When the thickness of the film 
increases, its transmittance diminishes. The UV-Vis spectra of FePc-polystyrene thin films exhib-
ited a characteristic B-band in the region between 285 and 305 nm. The observation of a single 
peak in the Soret band resembles that observed for CoPc, NiPc and other Pc thin films [20, 21]. 
This may imply that the splitting structure of this peak could be affected by the orbital overlap 
of the Pc ring with the central metal [21], although this effect could also be attributed to the pres-
ence of the polymeric matrix which, while protecting the FePc from oxygen and environmental 
humidity, also alters its optical properties in the visible region of the spectrum.

Considering the above results, we further apply the Cody and the Tauc models for the determina-
tion of the band gaps of the thin films [7, 22, 23]. The Cody model provides an effective option for 
the determination of the optical band of thin films in terms of its thickness. It uses the dependence 
between the photon energy (hν) and the absorption coefficient (α). The optical gap associated 
with the thin films is determined by extrapolating the linear trend observed in the spectral depen-
dence of (α/hν)n on hν. Here, n is a number characterizing the transition process, depending upon 
the nature of the electronic transitions responsible for the absorption; for direct transitions, n = ½, 
and, for indirect transitions, n = 2. The intersection with the x-axis of this linear extrapolation cor-
responds to the Cody optical gap for a given thickness of the film [22, 23]. The Cody optical gaps 
Egi and Egd for both transitions were obtained from the curves corresponding to those shown in 
Figure 5 for the film with the largest thickness (Thin Film 7), which was of 348 nm.

For this film, the optical gap value is similar for both transitions, direct and indirect (see Table 1); 
apparently, the high concentration of FePc related to the highest thickness could be the cause 
of the similar values, but this could also be related to the fact that 4.3 eV is the lower (indirect) 
gap of the films under examination and may be quantitatively close to the direct gap for that 
particular film. On the other hand, the Tauc model argues that the optical gap associated with 
the thin film is determined through an extrapolation of the linear trend observed in the spectral 

Figure 3. SEM images for spin-coated films (a) 83×, (b) 500× y (c) 1000×.
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dependence of (αhν)n over a limited range of hν [1, 2]. The Tauc optical gaps for Egi and Egd 
were obtained from the curves corresponding (see Table 1) and they are shown in Figure 6 for 
the film with the largest thickness (Thin Film 7). According to Table 1 for the thicker film the 
smaller gap is obtained. At this thickness, the concentration of FePc is sufficient to decrease 
the gap and increase the overlap between Pc molecules. As the stacking between molecules 
increases, the electron flux increases significantly with respect to films with small thickness. On 
the other hand, for each of the remaining films, the indirect transition is the predominant one, 
with significantly lower values than the direct transition; this may be expected because of the 
mainly amorphous characteristics of the films and their effect on orbital overlap, despite FePc 
showing some α or β crystalline forms. It is important to mention that the variations in optical 
gaps obtained for the different films are of low significance. This may be attributed to the similar 
morphology of these systems, which differ only in the quantity and size of the FePc particles 
and the arrangement of their molecules in the polymeric matrix. Additionally, the gap depends 
on the number of electrons of the metal in the Pc ring [7, 19], which is the same for all these films.

Figure 4. UV-Vis spectroscopy for: (a) FePc and (b) thin films.

Figure 5. Plot of (a) (α/hν)1/2 and (b) (α/hν)2 versus photon energy hν of Thin Film 7.
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Finally, in order to evaluate the electrical properties of the thin films, the four-point technique 
was employed, using the glass substrate with an ITO conducting contact. This study was 
performed on the sample labelled Thin Film 7, which was the one having the lowest optical 
gap. The film had a surface area of 2.16 cm2. Figure 7 shows the I-V characteristics of Thin 
Film 7 under different illumination types (yellow light, white, blue, orange, green, infrared, 
UV and dark [no light]). Regardless of the wavelength of the incident radiation, the thin film 
follows the same behaviour. At lower voltages (around 10 V), ohmic conduction is evident, 
while space-charge limited conductivity (SCLC) governed by an exponential trap distribu-
tion is found at higher voltages. On the other hand, the I-V characteristics display symmetric 

Figure 6. Plot of (αhν)1/2 and (αhν)2 versus photon energy hν of Thin Film 7.

Figure 7. I-V characteristics of Thin Film 7: (a) ITO is positively biased and (b) ITO is negatively biased.
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behaviour, both when (a) the current due to hole injection from positively biased ITO was 
measured and also when (b) the current due to hole injection from silver was measured by 
reversing the polarity of the bias voltage. This can be explained by a negligible energy barrier 
at the ITO/FePc-polystyrene and FePc-polystyrene/Ag interfaces leading to a SCL bulk current 
when either the ITO or silver electrode is positively biased [24–26].

4. Conclusions

Different types of particles and crystalline polymorphs of FePc can be obtained with tetrame-
thoxysilane. This blend of structures can be used to produce thin films of a polystyrene matrix in 
a FePc matrix-reinforcing base by spin coating. Upon examination of the resulting films by SEM, 
a homogeneous particle distribution is found within the polystyrene matrix. IR spectral analysis 
confirms that FePc is rich in α and β polymorphs. None of the MPc samples suffers chemical 
degradation during the thin-film deposition and annealing processes. The UV-Vis spectra of 
the particles in tetramethoxysilane show two well-defined absorption bands, namely, the Soret 
and the Q-bands. The exact position of these bands depends on their particular structure, metal 
complexation, and peripheral substituents. However, only the Soret band appears in the UV-Vis 
spectra of the thin films, which can be attributed to the presence of the polymeric matrix. The 
optical gap was calculated from the Cody and Tauc models and the information obtained from 
the absorption spectra indicates that these films absorb light on either side of the blue-green 
region. Since these FePc compounds absorb light on either side of the blue-green spectrum, they 
could be used as photosensitive materials in practical applications. The electrical conductivity of 
the films was evaluated and ohmic characteristics were found at low voltages, while an SCLC-
type behaviour can be observed at higher voltages. Bias inversion in the I-V measurements does 
not have a significant effect on the thin-film electric transport characteristics.
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Abstract

This chapter describes the electrochemistry of the porphyrins at solid‐liquid and liquid‐
liquid interfaces. The fundamental electrochemical approach toward the porphyrin mol‐
ecules in estimating their HOMO and LUMO energy levels is given. Various factors such 
as the effect of central metal ion, the periphery of the aromatic ring and axial ligands on 
the redox potentials of porphyrins have been discussed. Electrochemical sensing applica‐
tion of porphyrin molecules is described with few examples in brief. Much focus has been 
given on the electrochemistry of the self‐assembled monolayer (SAM) of thiol‐porphy‐
rins on the gold electrode. Structural characterization and charge transfer across the SAM 
using cyclic voltammetry and electrochemical impedance spectroscopy are discussed. 
Theory and methodologies developed to study photoinduced charge transfer kinetics 
of porphyrin molecules using scanning electrochemical microscope at the solid‐liquid 
and liquid‐liquid interface have been described. Use of porphyrin molecules as lumino‐
phores in electrochemiluminescence sensing applications and the mechanisms involved 
are described through representative examples.

Keywords: porphyrin, electrochemistry, interface, SECM, ECL

1. Introduction

In the natural photosynthesis process, chlorophyll converts incident light into chemical energy 
with nearly 100% quantum yield through many complex steps. This excellent phenomenon 
inspired many scientists to study porphyrin derivatives and their metallated forms exten‐
sively for many decades and continue to be so. Substantial information has been gathered on 
the synthesis, structural characterization, and dependence of their property on the structure 
and applications of porphyrins [1]. Porphyrins can be tailored by modifying the aromatic 
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



ring at the β and meso positions of the pyrrole and by metallating the tetradentate core of the 
porphyrin ring with almost all the transition metal ions. Thereby electronic properties of the 
porphyrins such as redox process, light absorption property, energy, and electron transfer 
capabilities can be amended [2]. Hence, porphyrins have witnessed their participation in the 
wide range of applications in various fields such as photovoltaics, artificial photosynthesis, 
photodynamic therapy, catalysis, and enzymatic systems.

As mentioned above, crafting the redox potentials of the porphyrins by modifying the periph‐
ery or the core of the aromatic ring remains the key strategy behind its multifunctional behav‐
ior. Most of such compounds are electroactive, exhibit multiple redox couples, and have been 
investigated for their electrochemical properties, generally, in nonaqueous solvents. Various 
factors such as a type of metal ion and its oxidation state present at the core, nature of the 
macrocyclic aromatic ring, and an axial ligand attached to the metal ion will affect the electro‐
chemistry of the molecule.

Porphyrins exhibit outstanding absorption of electromagnetic radiation in the visible region. 
Upon light illumination, electrons present in the HOMO will get excited to LUMO of the por‐
phyrin. Photoexcitation followed by various relaxation processes and charge separation is shown 
in Figure 1. Long‐lived radical ion pairs of porphyrins can be observed by stabilizing the charge 
separated states. Generally, the basic electrochemistry of the porphyrins is related to its electron 
donating or accepting behavior in the ground state. Electrochemistry of porphyrins under condi‐
tions similar to that of photovoltaic devices, artificial photosynthetic systems involves the other 
states depicted in Figure 1. In the following sections, we discuss the fundamental and applied 
electrochemistry of the porphyrins and its derivatives. Without going for the exhaustive citation 
of all the reported literature, representative examples have been chosen to support our discussion.

Figure 1. Representation of the molecular structure (a), HOMO and LUMO (b) of zinc tetraphenylporphyrin (ZnTPP) 
and the photoexcitation process followed by various relaxation events (c). Reprinted with permission from Ref. [65]. 
Copyright 2015 Elsevier Ltd.
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2. HOMO and LUMO energy levels of porphyrins

Electrochemical techniques such as cyclic voltammetry and differential pulse voltammetry are 
generally used to estimate the HOMO and LUMO energy levels of the organic compounds. 
Oxidation onset potential, that is, the energy required to take out the first electron from the 
HOMO of the molecule will give the HOMO energy level of the molecule under study in eV 
versus the reference electrode used. In a similar way, reduction onset potential, that is, the 
energy required to add the first electron to LUMO of the molecule will give information about 
the energy level of the LUMO of the molecule. Ferrocene (Fc) or other common references 
used as an internal standard to complete the calculation by using following equations. Such 
electrochemical studies generally carried out in organic solvents with a suitable electrolyte.

   E  HOMO   = −   (   E   ox      onset   +    E  1/2    of reference )      (  eV )     (1)

   E  LUMO   = −   (   E   red      onset   +  E  1/2    of reference )      (  eV )     (2)

By knowing HUMO and LUMO energy levels, one can calculate the energy gap (Eg) between 
them.

2.1. Effect of metal ion

Cheng et al. calculated the HOMO and LUMO energy levels of the tetraphenylporphyrin 
(TPP) and Cu, Zn, Ni, Pd, and Pt metallated porphyrins (MTPP) [3]. Cyclic voltammograms 
(CVs) were recorded for TPP and MTPP in acetonitrile using tetra‐n‐butylammonium hexa‐
fluorophosphate as an electrolyte. Quinoxalinoporphyrin and its zincated form were studied 
in chlorobenzene with tetrabutylammonium tetrafluoroborate as an electrolyte versus Fc/Fc+ 
by recording the CVs. Eg values calculated from the electrochemical method were compa‐
rable to those obtained from the electronic spectra [4]. In both the examples mentioned above, 
expected change in the energy levels of HOMO and LUMO of the porphyrin molecules after 
metallation was obtained in the electrochemical results. A linear relationship between the 
electronegativity of the divalent central metal ion and the first ring‐centered oxidation and 
reduction potential was observed [5].

2.2. Effect of modifying the periphery of aromatic ring

Factors such as electron donating or withdrawing nature of the substituent, where it has been 
located on the ring and its number will affect the oxidation and reduction potentials. Influence 
of π‐extension of the aromatic ring on the electrochemistry has been reported for platinum (II) 
porphyrin derivatives [6]. Dependence of the oxidation and reduction half‐wave potentials of 
the porphyrins on the planarity of the molecule has been discussed by Shelnutt et al. in their 
review with various examples [7].

2.3. Effect of axial ligand

Coordination of nitrogenous bases is generally used in the axial ligation of metalloporphyrins. 
Type of ligand participated in the axial ligation can manipulate the oxidation and reduction 
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half‐wave potentials of the metalloporphyrins. Kadish et al. have discussed this in detail with 
exemplifying a large number of ligands possessing nitrogen as a donor atom with iron and 
cobalt porphyrins [8]. Basic electrochemistry of metalloporphyrins has been discussed in detail 
with numerous examples by Kadish et al. in a series of book volumes and also in reviews [9].

3. Porphyrins at solid‐liquid interface

3.1. Sensors

Because of the multifunctional property and their interaction with the various analyte 
molecules, porphyrins deliver different signal outputs. Porphyrin molecules have been 
used for sensing applications through optical, electrochemical, different spectral modes. 
Electrochemical sensing methods developed using porphyrin molecules by our group is dis‐
cussed here briefly. Porphyrin monolayer was used to electrochemically sense the phosphate 
anion based on the hydrogen bonding interaction. Upon hydrogen bonding of PO4

2⁻ with 
⁻NH, ease of charge transfer between the redox mediator and monolayer on the electrode 
was increased. Taking the advantage of this, decrease in the charge transfer resistance, Rct 
and increase in the magnitude of the normalized current of the approach curves recorded by 
SECM were measured to sense the phosphate anion [10]. The same strategy has been used 
to quantify the porphyrin molecules in the pheophytin samples obtained from the spinach 
leaves. In this method, a gold electrode was modified with phosphate monolayer and used for 
the electrochemical sensing of porphyrin. Rct value with increased concentration of porphy‐
rin was found to be linear in the 1.0 × 10⁻7 M to 5.0 × 10⁻5 M concentration range. The detec‐
tion limit, 3.0 × 10⁻8 M was superior to that of an optical method which was parallelly done 
[11]. The electrochemical sensing of m‐dinitrobenzene (m‐DNB) was demonstrated based on 
the same concept. Hydroxyl group(s) present at the periphery of the porphyrin ring form 
hydrogen bond with the nitro group of the m‐DNB. Further, the benzene ring of the analyte 
will orient parallel to the macrocyclic π‐ring of the porphyrin to result in the charge transfer 
interactions. As expected, increase in the number of hydroxyl groups on the porphyrin ring 
lead to the improved differential pulse stripping voltammetric analytical signal [12]. Taking 
the advantage of hydrogen bonding and π‐π interaction between the analyte molecules and 
porphyrin macrocyclic ring, simultaneous determination of hydroquinone (HQ), catechol 
(CA), and resorcinol (RC) was proposed using 5,10,15,20‐tetrakis(4‐hydroxyphenyl)porphy‐
rin (THPP)‐CNT composite. HOMO and LUMO levels of the three analytes calculated from 
the density functional theory. HOMO energy level of the hydroquinone found to be highest 
and that of resorcinol is least. It is understood that higher the energy level of HOMO, it is 
easier to oxidize the molecule. The strength of the hydrogen bonding, an extent of π‐π inter‐
action between the THPP and the three analytes is different due to a difference in the charge 
distribution. Hence the affinity and oxidation potentials of the HQ, CA, and RC on the THPP‐
CNT‐modified electrode resulted in the well‐separated and sensitive peaks (Figure 2) which 
are not possible in case of bare and CNT‐modified electrode [13]. Composites of porphyrin 
with carbon substrates such as graphene and fullerene have been reported for the electro and 
photoelectrochemical sensing of hydroquinone and m‐DNB [14, 15].
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3.2. Monolayers of porphyrin derivatives

Organosulfur compounds are well studied for the formation of self‐assembled monolayers 
(SAMs) on the gold substrate. SAMs have been studied for their effect on the interfacial prop‐
erties. A molecule which involved in the formation of SAM can be divided into three parts. 
Head group of the molecule will interact with the gold substrate, a free end of the molecule can 
be considered as a tail group and the thickness and structure of the SAM will be decided by 
the spacer or linker moiety present between the head and tail. SAMs provide an ideal system 

Figure 2. Representation of the density of the electron atmosphere of the dihydroxybenzene isomers and the interaction 
between porphyrin and dihydroxybenzene isomers. Adapted from Ref. [13] with permission from The Royal Society of 
Chemistry.
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for the electrochemical study of heterogeneous charge transfer. Effect of the length of linker 
molecule on the adsorption kinetics of 5‐[p‐(mercaptoalkoxy)‐phenyl]‐10,15,20‐triphenylpor‐
phyrin molecules denoted as H2TPPO(CH2)nSH was studied by varying the n from 3 to 12 [16]. 
Cyclic voltammetry and electrochemical impedance spectroscope were used to observe the time 
dependence of the surface coverage and orientation of H2TPPO(CH2)nSH on the gold electrode. 
Adsorption rate constant was found to decrease with the increase in the length of the linker mol‐
ecule. Though the bulky porphyrin molecules are present at the terminal, adsorption steps were 
similar to that of bare alkanethiols. The monolayers formed as a result of interaction between 
thiol and gold substrate are compact. Still, there will be imperfections in the form of pinholes. 
Hence, molecules or ions will reach electrode surface through them to result in a charge trans‐
fer. Hence, it is important to have information about such imperfections. The same set of dif‐
ferent alkyl length thiol‐porphyrin molecules was used to study the surface coverage, size, and 
distribution of pinholes present in the monolayer. The size of the pinholes estimated using EIS 
was ranged between 4 and 6 µM with 40–70 µM separation between them. Randles equivalent 
circuit and pore size distribution model were used in the analysis of monolayer structure [17]. 
Electrocatalytic activity of the metalloporphyrins depends on their orientation in the film pro‐
duced on the electrode [18, 19]. Cobalt tetraphenylporphyrin (CoTPP) monolayers were pre‐
pared on the gold electrode using two different linker molecules such as a 3‐mercaptopropionic 
acid (MPA), 4‐mercaptopyridine (MPY). Free base porphyrin, tetra‐[p‐(3‐mercaptopropyloxy)‐
phenyl]‐porphyrin (TMPP) was first assembled to result in monolayer and then metallated with 
cobalt. The orientation of the porphyrins with respect to a gold electrode in all the three cases 
was different. Further, the second layer of CoTPP was prepared using imidazole as an axial 
ligand. Effect of orientation of porphyrin molecules in SAMs on the dioxygen reduction was 
studied in perchloric acid. Mono‐ and multi‐layers of CoTPP prepared using MPY exhibited the 
highest catalytic activity [20]. The cofacial arrangement of porphyrins on the electrode found to 
be more effective for oxygen reduction [21, 22]. Electron transfer across the thiol‐TPP and thiol‐
CoTPP monolayers was examined on a gold electrode in the aqueous solution. Direct electron 
transfer was blocked when the compact monolayer of the thiol‐porphyrin was present. With the 
decrease in the density of the thiol‐porphyrin in the monolayer, electron transfer was observed. 
Different potentials were applied to promote the charge transfer across the monolayer and the 
electron transfer rate constants were calculated using the cole‐cole plot [23].

Generally, porphyrin monolayer formed by assembling each porphyrin molecule on the gold 
electrode through one thio‐ or thioacetate‐group, that is, through one clip. Studies on the 
formation of SAMs using multi clips are seldom [24, 25]. Our group investigated the forma‐
tion of SAM of tetra[p‐(3‐mercaptopropyloxy)phenyl]porphyrin (PPS4) with four clips. Dense 
SAM was formed in the case of porphyrins with four clips compared to that with one clip. 
Charge transfer through the SAM by tunneling mechanism and the thickness of the films 
were taken into consideration to propose the arrangement of porphyrin molecules in the 
SAM. Considering the arrangement of porphyrins as shown in Figure 3, the thickness of the 
porphyrin film in the case of four clips should be less compared to that of one clip. Therefore 
greater tunneling current can be expected in the case of four clipped porphyrins. But the 
contradictory electrochemical results were observed, hence the arrangement of porphyrins 
with four clips was proposed as shown in Figure 3d. Gold electrode modified with the PPS4 
monolayer can behave as nanometer scaled photoswitches [26].
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A monolayer of base porphyrin 5‐[p‐(mercaptopropyloxy)‐phenyl]‐10,15,20‐triphenylpor‐
phyrin, H2MPTPP and its Co and Ni metallated forms were produced on the gold electrode to 
study their interaction with the DNA at the electrode/electrolyte interface. The magnitude of 
interaction was understood by calculating the heterogeneous rate constant values from SECM 
and EIS. Electrostatic attraction between DNA and Ni‐MPTPP found highest and it was least 
in the case of H2MPTPP [27]. Based on the strong interaction between iron porphyrin and 
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nyl]‐10,20‐diphenylporphyrin (trans‐PPS2) were used as inorganic and organic materials, 
respectively, to form hybrid multilayer film on the gold electrode. Electrochemical property 
particularly heterogeneous charge transfer constant, keff was deduced at different stages of 
multilayer formation using EIS and SECM. Irrespective of the number of layers on the gold 
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Figure 3. Representation of the possible arrangement of porphyrin molecules bearing one clip (a) and four clips (b and 
d) to form SAM on Au Surface. Skeletal structures of the porphyrin molecules (c). Adapted with permission from Ref. 
[26]. Copyright 2010 American Chemical Society.
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was seen compared to that of trans‐PPS2 confirmed the charge transfer blocking behavior of 
porphyrin layers. As a conclusion, charge transfer between the gold electrode and the AuNPs 
decrease with the increase in a number of layers of trans‐PPS2 between them [29].

3.3. SECM

So far, electrochemistry of porphyrin molecules at the solid‐liquid interface studied using 
basic techniques such as CV and EIS was discussed. Deducing charge transfer constants using 
CV is simple and straightforward. But, the factors such as resistive potential drop and double‐
layer charging current pose an ambiguity on the reliability of the results obtained. SECM mea‐
sures the steady state current using micro‐ or submicro‐size of the tip. Hence, the measured 
current will also be very small that in turn minimizes the influence of resistive potential drop 
and double‐layer charging current. Hence, SECM emerged as a versatile experimental tech‐
nique to study the adsorption kinetics of films on various substrates, charge transfer kinetics 
across the thin films [30, 31]. Very few studies have also been reported on the investigation of 
porphyrin films using SECM [32, 33]. Understanding and optimizing the long‐range charge 
transfer across the nanometer thickness films is of prime technological importance in various 
research fields. Theoretical and experimental approaches have been developed to study such 
cases using SECM [34].

SAMs of thiol‐porphyrins, H2TPPO(CH2)nSH with varied alkyl chain length were formed on 
the gold electrode to investigate the electron transfer between the electrode and the redox 
mediator, [Fe(CN)6]3‐ present in the electrolyte. Three pathways for the electron transfer were 
proposed. (I) Mediated electron transfer, in this case, product formed at the tip will be regen‐
erated by the bimolecular reaction. That is the film is also redox active. (II) Tunneling through 
the film, in this case, film is electro‐inactive. Hence, the product formed at the tip of the SECM 
is regenerated at the electrode by tunneling through the film. (III) Imperfections of the SAM 
such as pinholes and defects give a way for charge transfer. Theoretical approximations were 
deduced for all the three situations to calculate the SECM tip current. Experimental approach 
curves were recorded for the SAMs of different thickness and fitted with the theoretically sim‐
ulated curves to extract the heterogeneous charge transfer constant, keff, values for all the three 
cases. SECM investigation of the electron transfer in porphyrin systems through the bimo‐
lecular process closely resembles the charge transfer in photosystem II [35]. Highly ordered 
monolayers can be obtained by first assembling the alkanethiols on the gold electrode as a 
template then introducing the porphyrin molecules on to it. When the alkanethiols were used 
as templates, the surface coverage of the electrode and electron transfer significantly altered. 
Also, porphyrin molecules stood perpendicular to the electrode. keff value was significantly 
improved after introducing the cobalt ions into free porphyrin bases of such monolayer [36]. 
Electroactive zinc porphyrin films were produced on the transparent electrode by electropo‐
lymerization using the bipyridinium as a pendant molecule between the two molecules. The 
permeability of the film and the charge transport within the film was studied under condi‐
tions similar to photovoltaic devices. Four different organic redox mediators were used to 
record the approach curves. Lateral charge transportation between the adjacent redox active 
sites was also probed [37]. Micropatterning of transparent electrodes (substrate) was done 
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using zinc porphyrin molecular squares to produce a film composed of meso‐ and micro‐
porous material. SECM was used to study the molecular sieving and permeability of these 
films. Cavity size of the sieves was controlled by modifying the porphyrinic squares and the 
permeability was examined by using the redox mediators with smaller in size compared to 
that of the cavity. It was observed from the results that the steric property of the redox ion 
needed for charge compensation also played a significant role in deciding the permeability of 
the redox species in addition to its size. SECM tip current is observed only if the redox media‐
tors generated at tip successfully accesses the underlying substrate through the cavity of the 
film and diffuse back to the tip. Based on this substrate generation/tip collection mode of the 
SECM, imaging of the film was done to understand its sieving ability [38]. Complete removal 
of thiol‐porphyrin SAMs from the electrode is also as important as producing the perfect 
SAMS to get the clean electrode surface. It is difficult to mechanically wash off the SAMs from 
the electrode surface. But it can be done electrochemically by applying the sufficient negative 
potential to the modified electrode [39].

In all the above examples, the charge transfer across the porphyrin film/electrolyte interface 
was originated as a result of the applied potential. But, the photo‐excitation of the porphy‐
rins followed by charge transfer in the dyads and triads systems is well known and widely 
adopted for the construction of photovoltaic devices and artificial photosynthetic systems. 
Hence, a model system to study the photoelectrochemical properties of the porphyrin mol‐
ecules is of prime importance. Our group proposed a novel experimental methodology to 
study the photoinduced charge transfer kinetics of the porphyrin films using SECM [40]. 
Porphyrin coated on the transparent electrode will be excited by illuminating light from the 
bottom to result in the porphyrin cation. The reduced form of the redox mediator at the SECM 
tip will diffuse toward the film and reduce the porphyrin cation back to its original form by 
undergoing oxidation. Redox mediator oxidized at the film will travel back to the tip, thereby 
diffusion cone of redox mediator was generated between the SECM tip and porphyrin‐coated 
electrode (Figure 4). Hence, the tip current was increased as it moves close to substrate, that 
is, positive feedback. Through this bimolecular reaction, SECM tip was used to capture the 
photoinduced charge by performing the probe approach curve experiment. Such diffusion 
cone does not form when the light was not illuminated according to the above mechanism. 
Therefore, negative feedback was obtained when the probe approach curve was recorded 
(Figure 5).

Theoretical equations were proposed for tip current (IT) to fit the experimentally obtained 
approach curves to directly extract the keff values [41].

   I  T  k    =    I  S  k     (   1 −   
 I  T  ins 

 _  I  T  cond    )     +  I  T  ins   (3)

   I  S  k  =   0.78377 ______ 
L  (  1 +   1 _ ∧   )   

   +   
0.68 + 0.3315ex p    (  −  1.0672 _____ L   )   

  ________________  
1 +   (    11 _ ∧ +7.3   )    /   (  110 − 40L )   

    (4)

Where,   I  
T
  ins   and   I  

T
  cond   denote the tip current in case of insulating and conducting substrates, 

respectively. In this case, the transparent electrode is a conducting substrate, hence

   I  T  cond  = 0.68 +     0.78377 ______ L   + 0.3315   exp    (  −  1.0672 _____ L   )     (5)
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Figure 4. Cartoon represents the photoinduced excitation of porphyrin coated on the transparent electrode followed by 
the bimolecular reaction due to the presence of tip reduced species. Adapted from Ref. [40] with permission from The 
Royal Society of Chemistry.

Figure 5. Experimental probe approach curves (dotted lines) fitted with the theoretical ones (solid lines) for bare ITO 
electrode (a), ITO coated with porphyrin in the absence of light (b) and in the presence of light (c). Adapted from Ref. 
[40] with permission from The Royal Society of Chemistry.
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where  ∧  =    
d   k  

eff 
  
 _____ D   ,   k  

eff 
    is the heterogeneous charge transfer constant,  d  is the radius of the electro‐

active part of the SECM tip and  D  is the diffusion coefficient of the mediator used. One will 
arrive with the value of  ∧  after fitting experimental approach curves with theoretical ones. 
Then by substituting the value of d, D and  ∧  in the above equation   k  

eff 
   (cm s‐1) value can be 

obtained.

Above methodology was adopted to study the influence of various parameters on the PCT 
kinetics of zinc porphyrin across the solid/liquid interface using benzoquinone (BQ) as a 
redox mediator. The family of approach curves was recorded by varying the parameters such 
as wavelength, the intensity of the light source and for the different concentration of the medi‐
ator. The favorable condition for the PCT resulted in the greater keff value [42]. A simple model 
was constructed using the combination of AuNPs, porphyrin and CNT to mimic the natural 
photosynthesis system. Core‐shell structured composite of AuNP‐porphyrin was adsorbed 
on the vertically aligned CNT on the ITO electrode. The presence of AuNPs at the center of 
the vesicle structure diminishes the recombination of photogenerated charges and facilitates 
interfacial charge transfer. CNTs will successfully transfer the received electrons to ITO elec‐
trode. These effects were photoelectrochemically studied by recording the approach curves 
using benzoquinone as a redox mediator. PCT kinetics of this model was found to be depen‐
dent on the concentration of electrochemically active benzoquinone. This behavior resembles 
the role of plastoquinone in natural photosynthesis [43]. Porphyrin molecules loaded on the 
TiO2 nanowire array grown on the ITO electrode by hydrothermal method. Then, change in 
the PCT kinetics with respect to the length of nanowire array was tested using SECM. With 
the increase in the length of the nanowire, keff value also becomes greater, may be due to 
greater amount porphyrin loading [44].

4. Electrochemiluminescence (ECL) of porphyrin

Electrochemiluminescence (ECL) involves a conversion of electrical energy into radiative 
energy. Fundamental principles, various luminophore systems, applications, and recent 
advances of ECL have been discussed in detail elsewhere [45, 46]. Polypyridyl complexes are 
the excessively studied luminophores so far. Because of the rich photo and electrochemical 
properties, porphyrins have also been used as luminophores in ECL. There are two well‐
established mechanisms through which ECL can be produced. First one is the annihilation 
mechanism: In this, a potential of the electrode alternatively pulsed between the two values 
to produce the oxidized and reduced species of the luminophore. These electrogenerated spe‐
cies at the vicinity of the electrode will interact with each other to produce the excited species, 
which will return back to the ground state by emitting the radiation [47].

  TPP →  TPP   +•  +  e   −   (6)

  TPP +  e   −  →  TPP   −•   (7)

   TPP   +•  +  TPP   −•  →  TPP   *  + TPP  (8)

   TPP   *  → TPP + hυ  (9)
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Another way of generating the ECL is by coreactant mechanism: in this, coreactant species 
upon oxidation or reduction will generate an intermediate, which will further react with the 
luminophore to cause the excitation. For example, oxalate ion upon oxidation produces the 
strong reductant. Hence, it is also called as “oxidative‐reductive” coreactant [48].

   C  2    O  4        2−  −  e   −  →   [   C  2    O  4        −•  ]    →  CO  2        −•  +  CO  2    (10)

ECL luminophore present in the system also undergoes oxidation at the same potential. For 
example, tetrakis(3‐sulfonatomesityl)porphyrin (H2TSMP) [49].

   H  2   TSMP −  e   −  →  H  2    TSMP   +•   (11)

Then the reaction takes place between the oxidized porphyrin and CO2
‐• produced from the 

coreactant to result in the excited porphyrin, which will emit radiation.

   H  2    TSMP   +•−  +  CO  2        −•−  →  H  2    TSMP   *   (12)

   H  2    TSMP   *  →  H  2   TSMP + hυ  (13)

There is another category of coreactant referred to as “reductive‐oxidative,” that is, reduc‐
tion of the coreactant will produce the strong oxidant species. Peroxydisulfate (S2O8

2‐) can be 
mentioned as an example.

   S  2    O  8        2−  +  e   −  →  SO  4        −•  +  SO  4        2−   (14)

Let us consider luminophore, meso‐tetra(4‐sulfonatophenyl)porphyrin (TSPP) which is also 
undergoing reduction to produce radical anion under the same conditions [50].

  TSPP +  e   −  →  TSPP   −•   (15)

   TSPP   −•  +  SO  4        −•  → + SO  4        2−   (16)

   TSPP   *  → TSPP + hυ  (17)

Based on the above mechanisms, ECL sensors have been developed from our group to quan‐
tify pheophorbide, Cu2+, meso‐tetra(4‐carboxyphenyl) porphyrin [50–52]. ECL behavior of 
ruthenium and zinc porphyrins has been electrochemically investigated [53, 54]. Different 
porphyrin molecules have been studied in combination with clay, carbon nitride, and gra‐
phene to improve the intensity of the ECL signal and to achieve the applicability [55–57].

5. Porphyrins at liquid‐liquid interface

Investigation of the charge transfer process at the liquid‐liquid interface, that is, interface 
between the two immiscible electrolytes (ITIES) has got significance because of its mimick‐
ing nature of various fields such as phase transfer catalysis, biomembranes, and drug deliv‐
ery systems. One of the important outcomes from ITIES studies is the dependence of charge 
transfer on the driving force. Three important charge transfer processes have been studied at 
the ITIES.
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• Ion transfer

• Electron transfer across the ITIES

• Ion transfer across the ITIES facilitated by the complexing agent

More detailed information about theory, techniques used to study, and applications of ITIES 
have been discussed in detail in the review by Pekka and Hubert [58]. Generally, in ITIES sys‐
tem, one out of the two phases will be rich of redox species and can be considered metal‐like. 
The potential drop across the ITIES is referred to as the difference of the Galvani potentials 
of the organic and aqueous phases,   ∆  ω  °   ∅ . At low overpotentials, the exponential dependence 
of electron transfer (ET) rate constant on the   ∆  ω  °   ∅  can be expected (Butler‐Volmer theory). 
Whereas at very high overpotentials, the ET rate constants will level off to follow Marcus 
theory [59].

The theory has been developed to split the complex multistep ET reaction into several one‐step 
processes and the ET rate constant of each step can be calculated. Taking ZnTPP/[Fe(CN)6]4‐ 
as a model system, effect of concentration of the species in the two phases, a thickness of the 
thin layer on the multistep ET processes was studied using thin layer cyclic voltammetry 
(TLCV). Experimentally obtained results were found to be in good correlation with the theo‐
retical simulations [60]. Owing to the close resemblance of iron porphyrin with the heme, 
ET kinetics of the various substituents bearing iron porphyrin was studied by constructing 
the artificial membrane in the form of ITIES (Figure 6). Effect of substituent with different 
electron affinity on the ET kinetics was understood by recording the approach curves using 
SECM. Good agreement between the experimentally obtained rate constant values and the 
electronic structure and molecular orbital energies calculated by the density functional theory 
was observed. More the number of electron donating substituent, more easily iron porphyrin 
will tend to lose the electron(s) at the ITIES [61].

Encouraged by these results, ET kinetics of iron porphyrin substituted with a range of electron 
accepting and donating groups was investigated by choosing the benzoquinone as a redox 
mediator. Dependence of the ET kinetics at the nitrobenzene‐water ITIES of the porphyrins 
was envisaged using SECM. Both Butler‐Volmer and Marcus inverted region ET kinetics were 
observed with the increase of low and high overpotentials as driving force, respectively [62]. 
We extended our study for the complex two‐step electron transfer process, that is, zinc por‐
phyrin substituted with the electron withdrawing groups. As expected, the oxidation poten‐
tials of the zinc porphyrin were positively shifted in the voltammograms recorded by TLCV. 
But, the ET kinetic data for the three different zinc porphyrin at the ITIES were not in line 
with the theoretical approximation [63]. Consecutive ET kinetics of zinc porphyrin was inves‐
tigated by extending its π‐conjugation using phenyl, naphthyl, and pyrenyl groups. ET rate 
estimated from the TLCV experiments were found to be slow if the substituted molecule is 
small and that of larger molecules was fast [64]. From the SECM experiments, it was revealed 
that, increase in the driving force lead to the slowdown of the ET rate. This was explained by 
taking the stereostructures of the molecules into consideration. The structure of the molecule 
has a dominating effect on the ET rate over that of Galvani potential of the ITIES [65].
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6. Conclusions

Desired changes in the electronic properties of the porphyrin molecules achieved by tailor‐
ing the macrocyclic ring are investigated in detail using electrochemical techniques. Thiol‐
derivatized porphyrins are used to produce the self assembled monolayer (SAM) on the gold 
electrode to study their behavior at the solid/liquid interface. The SAMs composed of por‐
phyrin molecules have been electrochemically investigated for the arrangement of molecules 
in it, imperfections and charge transfer across it. Simple and straightforward electrochemical 
methodologies have been developed to estimate the heterogeneous charge transfer constant 
at the solid/liquid and liquid/liquid interfaces using scanning electrochemical microscope 
(SECM). Porphyrin molecules have also been used in the electrochemical and electrochemilu‐
minescence sensing applications.

Figure 6. Schematic of the bimolecular redox reaction at the ITIES between the iron porphyrin taken in the nitrobenzene 
and [Fe(CN)6]3‐ present in the aqueous phase. Reprinted from Ref. [61]. Copyright 2010 Elsevier Ltd.
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Abstract

The field of molecular spintronics has gained much attention since molecules with-
magnetic centers form natural magnetic units, which do not suffer from the size limi-
tations of conventional electronics, opening a new path towards miniaturization. To 
fabricate devices, the molecules have to be deposited on a substrate. The key ques-
tions are the interaction of the molecules with the substrate and the control of the mag-
netic properties. Considering molecule‐substrate hybrid interfaces as building blocks 
for spintronic devices, a deep understanding of the electronic structure and the cou-
pling mechanisms is central to future applications. The orientation and reconstruction 
of the substrates can strongly affect the electronic and magnetic characteristics of the 
adsorbed molecule and drastically change the properties of the free molecules. In this 
chapter, we will discuss the interaction of transition metal‐centered porphyrins and 
phthalocyanines with different types of substrates, for example, ferromagnetic transi-
tion metals or graphene sheets, in the framework of state‐of‐the‐art density functional 
theory methods plus insights gained from X‐ray absorption/X‐ray magnetic circular 
dichroism experiments. The goal is to give an insight into the relevant processes on the 
atomic scale and to present possible routes to tailor magnetic properties in molecule‐
substrate hybrid structures.

Keywords: magnetic molecule, density functional theory, graphene, XAS, XMCD, spin‐
dipole moment, spin switching
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1. Introduction

Single molecular magnets play an important role in realizing the device concepts of molec-
ular nanospintronics. In this context, spin‐valves based on molecular magnets have been 
proposed where the exchange coupling between the magnetic center in the molecule and 
the magnetic electrodes dictates the magnetoresistance [1]. Among the class of molecular 
magnets, organometallic molecules exhibit quite complex properties due to their low dimen-
sionality and inherent confinement effects combined with an interplay between crystal field, 
Coulomb interaction, spin‐orbit coupling, and orbital‐dependent hybridization with ligands. 
They exhibit enormous prospects in the context of molecular electronics/spintronics explor-
ing the subtle balance between different energy scales. Bistability, that is, realizing two dif-
ferent states in the molecule which can be accessed and manipulated with external means, 
forms the basis of device realization. In molecular magnets, the bistability can be achieved 
in terms of inherent spin state or through magnetic coupling between molecule and surface 
while adsorbed. As will be discussed in the following sections, the choice of surface plays a 
crucial role in exploring both the possibilities. The subtle balance of ligand field, Coulomb 
energy, and Hund’s exchange makes molecules with “metallic core” formed out of transi-
tion metals particularly interesting. In the molecules of our interest for this chapter, por-
phyrins and phthalocyanines, Fe, Co, and Mn as metal core respond to the spin crossover 
feasibilities. The other exotic features, for example, Kondo effect, tunable magnetic coupling, 
spin‐orbit coupling, and orbital‐dependent hybridization with ligands, also appear in this 
class of molecules. The description with local density approximation (LDA) within density 
functional theory (DFT) thus becomes inadequate and leads to a large underestimation of 
the highest occupied molecular orbital (HOMO)‐LUMO gap. The treatment of the electron 
correlation hence is essential and plays an extremely significant role in determining elec-
tronic configurations, magnetic anisotropy, etc., along with the spin state. The most popu-
lar method, DFT+U, includes electron correlation in Hartree‐Fock manner staying within 
a single particle theory where U defines the Coulomb interaction. This explicit inclusion 
certainly improves the situation of HOMO‐LUMO gap and provides a reasonable account 
for spin‐state, electronic configurations, and the bonding situations in the case of adsorption 
on different surfaces [2, 3]. The biggest advantage is to be able to simulate large systems 
and, therefore, is mostly used for the results we have presented here. But the method has 
its own limitation for finding a single Slater determinant ground state leading to the overes-
timation of correlation effect. A more sophisticated method has been recently adapted that 
includes the many‐body treatment of electron correlation. This is achieved by the so‐called 
DFT++ method, which treats an interacting Hamiltonian within Anderson’s impurity model 
on top of the DFT Hamiltonian [4].

Although similar in structure, as shown in Figure 1, porphyrins and phthalocyanines behave 
a bit differently when adsorbed on magnetic substrates, resulting in different magnetic prop-
erties. In the examples that follow, a model system for the porphyrin molecules, that is, a 
porphine, is used. The porphine, a model system for the theoretical study of single‐molecule 
magnets (SMM), maintains the same central macrocycle ring but lacks the various types of 
peripheral ligands that stabilize the porphyrins [5].

Phthalocyanines and Some Current Applications64



1. Introduction

Single molecular magnets play an important role in realizing the device concepts of molec-
ular nanospintronics. In this context, spin‐valves based on molecular magnets have been 
proposed where the exchange coupling between the magnetic center in the molecule and 
the magnetic electrodes dictates the magnetoresistance [1]. Among the class of molecular 
magnets, organometallic molecules exhibit quite complex properties due to their low dimen-
sionality and inherent confinement effects combined with an interplay between crystal field, 
Coulomb interaction, spin‐orbit coupling, and orbital‐dependent hybridization with ligands. 
They exhibit enormous prospects in the context of molecular electronics/spintronics explor-
ing the subtle balance between different energy scales. Bistability, that is, realizing two dif-
ferent states in the molecule which can be accessed and manipulated with external means, 
forms the basis of device realization. In molecular magnets, the bistability can be achieved 
in terms of inherent spin state or through magnetic coupling between molecule and surface 
while adsorbed. As will be discussed in the following sections, the choice of surface plays a 
crucial role in exploring both the possibilities. The subtle balance of ligand field, Coulomb 
energy, and Hund’s exchange makes molecules with “metallic core” formed out of transi-
tion metals particularly interesting. In the molecules of our interest for this chapter, por-
phyrins and phthalocyanines, Fe, Co, and Mn as metal core respond to the spin crossover 
feasibilities. The other exotic features, for example, Kondo effect, tunable magnetic coupling, 
spin‐orbit coupling, and orbital‐dependent hybridization with ligands, also appear in this 
class of molecules. The description with local density approximation (LDA) within density 
functional theory (DFT) thus becomes inadequate and leads to a large underestimation of 
the highest occupied molecular orbital (HOMO)‐LUMO gap. The treatment of the electron 
correlation hence is essential and plays an extremely significant role in determining elec-
tronic configurations, magnetic anisotropy, etc., along with the spin state. The most popu-
lar method, DFT+U, includes electron correlation in Hartree‐Fock manner staying within 
a single particle theory where U defines the Coulomb interaction. This explicit inclusion 
certainly improves the situation of HOMO‐LUMO gap and provides a reasonable account 
for spin‐state, electronic configurations, and the bonding situations in the case of adsorption 
on different surfaces [2, 3]. The biggest advantage is to be able to simulate large systems 
and, therefore, is mostly used for the results we have presented here. But the method has 
its own limitation for finding a single Slater determinant ground state leading to the overes-
timation of correlation effect. A more sophisticated method has been recently adapted that 
includes the many‐body treatment of electron correlation. This is achieved by the so‐called 
DFT++ method, which treats an interacting Hamiltonian within Anderson’s impurity model 
on top of the DFT Hamiltonian [4].

Although similar in structure, as shown in Figure 1, porphyrins and phthalocyanines behave 
a bit differently when adsorbed on magnetic substrates, resulting in different magnetic prop-
erties. In the examples that follow, a model system for the porphyrin molecules, that is, a 
porphine, is used. The porphine, a model system for the theoretical study of single‐molecule 
magnets (SMM), maintains the same central macrocycle ring but lacks the various types of 
peripheral ligands that stabilize the porphyrins [5].

Phthalocyanines and Some Current Applications64

In iron porphyrin (FeP), Fe2+ in the center of the molecule is subjected to a square planar crystal 
field, along with a strong hybridization predominantly between Fe‐dx

2
−y

2 and N‐px/y orbitals. 
In a strong crystal field scenario, electrons arrange themselves within the orbitals except for 
dx

2
−y

2 leading to an intermediate spin state, S = 1. However, a change in the ligand field lowers 
the cost of electron occupation in dx

2
−y

2 while simultaneously gains energy owing to Hund’s 
exchange. As a result, the molecule exhibits a high spin state, S = 2. The energy landscapes cor-
responding to these two distinct spin states are however separated by an energy barrier. The 
estimated energy barrier within LDA+U is 0.81 eV [6]. In a square planar crystal field, struc-
tural change modifying ligand field boils down to the effective change of Fe‐N bond length. 
In FeP, the Fe‐N bond length corresponding to S = 1 spin state is 2.0 Å, while it needs to be 
stretched to 2.04 Å to achieve S = 2 spin state. The strain required for spin switching is however 
dependent on the impurity atom as well as the organic ligands. However, it is not only the 
gross description of spin state which should be the focus of the study. An accurate description 
of the electronic configuration is also required that in turns dictates crucial properties, such as 
magnetic anisotropy energy or spin‐dipole moment. An explicit treatment of the electron cor-
relation within many‐body framework is adapted to describe the electronic structure of the 
molecules in addition to the DFT calculations, namely, DFT++ method. The method describes 
noninteracting part of the system within DFT, while an interacting Hamiltonian is treated 
within many‐body framework, acquiring best parts of both the methods.

2. Surface effects

The deposition of molecules on suitable surfaces is an integral part of the device realization. 
The intrinsic gas‐phase properties of molecules, however, are often diminished in that pro-
cess due to structural deformation or strong chemical bonding. The focus of the chapter is to 
explore the feasibilities of manipulation of the molecular properties, employing surface molec-
ular interactions yet retaining their key properties intact. Traditional electronic functions, such 
as memories, modulators, rectifiers, switches, transistors, and wires rely on the bistable nature 
associated with the charge/spin‐state or molecule‐surface coupling. Branching out toward 
spintronics, the intrinsic spin of molecules and/or magnetic coupling with a magnetic surface 
is exploited. In the following sections, we will explore the effects of different kinds of surfaces 
in controlling both the spin‐state of a molecule and magnetic coupling with it.

Figure 1. Porphine (left) and phthalocyanine (right) structures.
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2.1. Graphene as a reversible spin manipulator

Since the discovery in 2003, graphene has made an enormous impact on the advancement 
of “beyond silicon” electronics [7], as well as featuring exotic properties in multidisciplinary 
fields, such as gas sensing, batteries, drug delivery, understanding of high‐energy experi-
ments, and many more. We exploited its new role as an ideally ultrathin, robust 2D surface 
for the molecular adsorption of flat molecules like metal porphyrin (MP) or phthalocyanine 
(MPc) [6]. The synthesis of pristine graphene, either by exfoliation or chemical synthesis, often 
leaves several forms of defects on it which depending on its kind can change local structure 
or the whole layer structure. A “monovacancy” defect, created with a missing carbon atom, 
for example, has a local structural modification, while a “Stone‐Wales” defect, where a much 
stronger reconstruction happens forming a pentagon‐heptagon pair, leads to a strong ripple 
in the whole graphene layer. From the adsorption perspective, these distortions play crucial 
role and will be unveiled during the course of following discussions. However, with the pres-
ent‐day techniques, it is possible to create specific defects [8], which impart an access to the 
manipulation of molecular properties.

The adsorption of molecules or adatoms is enhanced in the presence of defects owing to the 
unsaturated bonds compared to that on pristine graphene with perfectly sp2‐bonded carbon 
network. We have investigated the adsorption scenario of FeP molecule on pristine and defected 
graphene. The feasibility of spin‐state manipulation can be brought in only with a specific 
defect, “divacancy”, where a pair of adjacent C atoms is missing. The binding energy of the 
FeP molecule on the “divacancy” site is 0.28 eV, which demonstrates its chemical stability. The 
molecule features almost similar structural properties as of the gas‐phase molecule. However, 
the Fe atom experiences a vertical shift of 0.05 Å compared to that in flat gas‐phase molecule. 
Along with that, the local defect structure modifies the square planar crystal field, experienced 
by the central Fe atom in the free molecule. In the electronic structure, the dπ‐degeneracy which 
is inherent to the square planar crystal field is broken in the adsorbed molecule although the 
spin state remains unchanged. The schematic representation of the Fe‐d orbital occupations is 
shown in the left part of Figure 2. The six electrons in Fe2+ ion are distributed as four and two in 
two different spin channel, resulting in an intermediate spin state (S = 1). The highest occupied 
molecular orbital (HOMO) is predominantly composed of Fe‐dz orbital, as seen in the isosur-
face plot in Figure 2 (left inset). It can also be noted that the spin degeneracy is broken for the 
C atoms around the divacancy defect, which also contributes to the HOMO.

The surface component of the composite is exerted with a tensile strain. With as much as 
1% strain, one brings sufficient change in the defect site that can affect the molecular spin 
state. The reconstruction in local defect structure is now prohibited with resulting stretching 
and unsaturated bonds, which in turn brings in sufficient mechanical strain in the molecule. 
The molecule switches to the high spin (S = 2) state. The crystal field, separating the dx

2
−y

2 
and rest of the Fe‐d orbitals, is reduced in the stretched molecule. The intra‐atomic Hund’s 
exchange overpowers the crystal filed barrier and Coulomb energy cost, and hence the spin 
crossover arises. The right part of Figure 2 shows corresponding orbital occupation in the 
high spin state of the stretched molecule. As expected, the HOMO is now predominantly 
composed of Fe‐dx

2
−y

2 and in‐plane N‐p orbitals, shown with an isosurface plot of magnetiza-
tion density in the right inset of Figure 2 [6].
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The device realization relies on the feasibility of the controlled manipulation. This is the key 
achievement in this composite system. The strain engineered spin crossover is “reversible.” 
The hysteresis effect can be brought in by applying a compressive strain (2%) to the graphene 
lattice. The intermediate spin state S = 1 is revived from the high spin state under compres-
sive strain. This allows us to envisage the composite as an ultrathin spintronic device having 
logic states assigned as “0” and “1” corresponding to S = 1 and S = 2 spin states, respectively, 
which can be influenced by external strain. The strain engineered spin crossover, however, 
is very specific to the type of the defect in the graphene lattice and the transition metal atom 
in the porphyrin molecule. With a reasonable amount of strain in pristine graphene or with 
“monovacancy,” it is not feasible to induce spin crossover in FeP.

2.2. Magnetic substrate manipulation of the spin state by chemisorption

The adsorption of iron porphyrin (FeP) on single crystal magnetic surfaces of Co and Ni shows 
a possible pathway to tune the molecular spin through deposition on a magnetic surface [2, 3]. 
The FeP molecule in the gas phase is characterized by an intermediate spin state (S = 1) [9]. 
In this spin configuration, the six 3d electrons of the Fe ion are distributed, four in the majority 
spin channel and two in the minority spin channel. A strong interaction between the molecule 
and the substrate can alter the electronic structure of the molecule and consequently can even 
affect the magnetic moment. This is even more likely to happen if the molecule adsorbs flatly, 
maximizing for all its constituent atoms the possibility of hybridization with the substrate. 
This is precisely the case of FeP on the Co and Ni substrates studied, where partially filled 3d 
shells can further favor a strong interfacial interaction.

DFT studies of the adsorption of FeP were performed on surfaces of different crystallographic 
symmetries like Ni(111) with hexagonal unit cell, Ni(110) with a rectangular unit cell, and 

Figure 2. Magnetization density isosurfaces for FeP on (left) 0% and (right) 1% strained graphene. The isosurfaces have 
been plotted for an energy window of 0.4 eV below the Fermi levels in both cases. The upper (lower) plots are for spin‐up 
(spin‐down) densities. The energy levels with the d‐orbital character of FeP are shown in the extreme left and right for 0 
and 1% strained graphene, respectively. Data from Ref. [6].
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Ni(001) and Co(001) with square unit cells [2, 3]. The optimization of the adsorption geom-
etries started from high‐symmetry positions, like the top position, where the Fe ion is located 
on top of a Co or Ni atom; the bridge position, where the Fe sits in‐between two metal atoms; 
and the hollow position where the Fe sits in‐between more than two metal atoms. Different 
orientations of the molecule with respect to the surface major axes were also tested. In all these 
cases, the geometry relaxation of the hybrid interfaces resulted in short adsorption distances 
of about 2.0 Å or less, with a robust molecule‐metal interaction indicating chemisorption. In 
all cases, a ferromagnetic coupling was observed. The relaxation of FeP on all these surfaces 
appears to be driven by the hybridization of the N atoms with the underlying Ni or Co metal 
atoms [2, 3]. In fact, in the case in which the morphology made it possible, the relaxations 
resulted in configurations where the N atoms were minimizing their distance with the Ni or 
Co atoms. Thus, N atoms are in many cases sitting on top positions or in proximity of a top 
position. To position the N atoms in this way brings about in many cases a geometrical stretch-
ing of the molecule and specifically an elongation of the intramolecular bonds between the Fe 
and the N atoms. The Fe‐N bond lengths increased from the calculated bond length of about 
1.9 Å in the gas phase [1] to values larger than 2.0 Å in the strained positions. The increase of 
the Fe‐N bond length is directly responsible for a modification in the Fe 3d ligand field.

The different symmetries of these three substrates produce slightly different molecule‐surface 
hybridization. On the squared (001) surfaces of both Ni and Co, FePc can arrange itself in such 
a way that the distances of Fe from all the four N atoms are basically the same, for example, 
if the Fe ion sits on the high‐symmetry top or hollow sites on the surface, in these cases, the 
overall symmetry of the molecule is maintained (panel A in Figure 3), but a stretching of the 
bond lengths is generally observed. On the rectangular and on the hexagonal surfaces, the 
Fe‐N bond lengths are increased asymmetrically (panels B and C in Figure 3). However, in all 
cases, a similar mechanism is observed: the elongation of the Fe‐N bond lengths in FeP above 
about 2.04 Å causes analogous alterations of the Fe 3d crystal field, bringing about a high spin 
state with S = 2 on the Fe. The Fe‐N bond length elongations reach up to the value of 2.13 Å 

Figure 3. Top view and side view of relaxed adsorption structures for (A) FeP on Co(001), top site; (B) FeP on Ni(110), 
bridge site; and (C) FeP on Ni(111), hollow site. Data from Refs. [2, 3].
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when adsorbed on the top site on Co(001), to values of 2.07–2.17 Å on the top site of Ni(110), 
to 2.04–2.15 Å on the bridge site of the Ni(111) surface. The molecular stretching corresponds 
a buckling of the top layer, as well as a contraction in the bond length of the underlying Co 
atoms in the surface layer. For example, the distance between two Co atoms beneath a FeP 
adsorbed on a top site on Co(001) is contracted from 2.50 to 2.44 Å.

To understand how the spin state is affected by the new strained structure of the molecule, it 
is necessary to look at how the electronic structure is modified by the changes in the molecu-
lar geometry. The intramolecular bonding between the N 2p levels and the Fe 3d is strictly 
coupled to the planar square ligand field generated by the Fe2+ ion, which dictates the energy 
separation between the 3d levels. A simple picture can illustrate how different spin states 
can arise in the gas phase and in the adsorbed FeP, depending on the ligand field splitting. 
In the gas‐phase geometry, with shorter Fe‐N distances, the energy splitting between the 
Fe 3d electrons and the N 2p electrons is such that the dx

2
−y

2 orbital remains unoccupied in 
both spin channels. In this case, FeP is in an intermediate spin (S = 1) configuration with four 
electrons in the majority and two in the minority spin channel. When the Fe‐N distances are 
increased, the ligand field becomes weaker, leading to a smaller energy separation of the 
3d states. In this case, electronic level occupation according to the Hund’s rule prevails, and 
five orbitals in the majority spin channel and one in the minority are occupied, giving a high 
spin configuration (S = 2).

2.3. Magnetic coupling mechanisms between molecule and substrate

The magnetic coupling of SMM with magnetic surfaces has been studied for the iron phthalo-
cyanine (FePc) [10, 11]. The FePc is a more stable molecule and can be easily purchased with 
a large variety of central atoms. Experimental studies by means of X‐ray magnetic circular 
dichroism (XMCD) performed at HZB‐BESSY II investigated the magnetic coupling between 
FePc and the Co(001) surfaces. The XMCD measurements were carried out at 32 and 300 K on 
0.8 ML of FePc deposited first on the bare Co(001) and then on the same surface covered by 
an oxygen adlayer, forming a  O  (   √ 

_
 2   × 2  √ 

_
 2   )   R45°  superstructure on top of the Co(001) surface. 

The XMCD spectra reported in Figure 4 show how the ferromagnetic (FM) coupling of the 
FePc with the Co substrate is turned into antiferromagnetic (AFM) coupling in the presence 
of the O adlayer. The adsorption of FePc on the Co(001) surface has different characteristics 
with respect to the FeP.

A DFT investigation using the PBE+U method and including van der Waals corrections 
(D2) confirmed the FM coupling of the FePc to the Co surface. Structural relaxations start-
ing from different high‐symmetry adsorption sites, and from one nonsymmetric adsorption 
site, lead in all cases to chemisorption and FM coupling of the molecule on the surface. A 
detailed analysis of the ground state configuration (Figure 4) shows that the planar structure 
of the molecule is perturbed by a buckling, where the Fe and the N atoms directly bonded 
to Fe are lifted by 0.28 and 0.35 Å with respect to the metal substrate. This indicates that the 
C atoms in the benzene rings and the outer N atoms play a larger role in the hybridization 
with the surface, since they are closer to the underlying atoms. This enlightens a different 
adsorption mechanism in comparison to the FeP described in the previous section, where the 
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 hybridization with the surface mainly involved the N atoms. Moreover, the Fe‐N bonding 
lengths are not strongly changed when the FePc are adsorbed, with calculated values of 1.97 
Å in comparison to experimental values of 1.93 Å [10]. The adsorbed FePc is in the intermedi-
ate spin state (S = 1) as in the gas phase.

An important change in the magnetic structure of the hybrid interface is obtained when the 
Co surface is decorated by a 2 × 2 O layer. The presence of the O layer reduces the interaction 
of the molecules with the substrate. In fact, the magnetic coupling between the FePc and the 
Co substrate turns into AFM, as shown by the XMCD spectra (Figure 5) and also confirmed 
from the DFT calculations.

The lowest energy adsorption configuration obtained for the bare Co(001) and for the 
Oxygen plus Co is shown in Figure 4. It has to be observed that the relaxation of the adsor-
bate system formed by the molecule plus the oxidized substrate leads to different possible 
adsorption positions having similar energies (i.e., energies differing by less than 0.7 eV), 
suggesting that the molecule could in principle occupy different adsorption sites. When 
the O adlayer is present, the center of the FePc molecule (i.e., the Fe ion) is positioned on 
top of an O atom, as had been also observed for FeP on the same substrate. In this case, 
the distance between the Fe ion and the O atom beneath amounts to 2.19 Å, suggesting the 
possible formation of a chemical. The distance between the Fe and the Co atom beneath 
the O is 3.17 Å, indicating a weaker coupling between the Fe and the Co surfaces than was 
obtained for the direct adsorption on the bare Co(001). The former configuration favors 
an AFM superexchange coupling between the Fe(II) ion in the FePc and the underlying 
Co atom via the O atom in‐between. An illustration of this comes from the magnetization 
density isosurface depicted in Figure 6 that shows how the Fe in FePc is ferromagnetically 
coupled with the Co atoms while it is antiferromagnetically coupled to the same atoms in 
the presence of the O adlayer.

2.4. FeP on graphene/Ni(111): defect controlled magnetism

A free‐standing graphene lattice with sp2‐bonded C network is spin degeneracy. The creation 
of specific kinds of defects breaks the spin degeneracy locally, but the correlation among 

Figure 4. (A) Ground state of FePc adsorbed on Co(001) (top site). (B) Ground state of FePc adsorbed on O 2 × 2/Co(001) 
(top site on O atom). The dark circles indicate the O adatoms on the Co(001) surface.
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those moments is insignificant. For the applications in the realm of molecular switch or valve, 
the role of graphene is inadequate albeit being extremely interesting in bringing in the spin 
crossover in FeP molecule. A very strong magnetic coupling and spin crossover is feasible 
with molecular adsorption on magnetic surface, as described in Section 2. Both the magnetic 
coupling and the spin state are extremely robust and are hard to manipulate. From this aspect, 
a composite surface, composed of a magnetic surface, such as Ni and Co and nonmagnetic 
“buffer” layer, fits in perfectly as it retains a magnetic coupling between the magnetic mol-
ecule and the surface but tones down the coupling strength in order to be influenced with 
external means. Graphene, in the presence of natural defects, appears to be an extremely 
potential candidate to play the crucial role of the “buffer” layer to manipulate both the spin 
states and magnetic coupling.

The hexagonal (111) facet of Ni surface provides an excellent platform for the deposition of 
the graphene layer owing to an almost perfect lattice matching. However, the unit cells of 
Ni(111) and graphene possess one and two atoms, respectively. In a pristine graphene layer, 
one of the two sub‐lattice C atoms, CA, makes direct bond with Ni atom. The bond forms out 
of a strong overlap between Ni‐dz and dispersive C‐pz orbitals. The other sub‐lattice C atom, 
CB, has much weaker overlap with Ni‐d orbitals. This asymmetric hybridization has a twofold 
effect. Firstly, the spin degeneracy is broken and finite magnetization appears in graphene 
lattice. Secondly, CA and CB are magnetized differently.

Figure 5. Fe L2,3 XMCD spectra of 0.8 ML FePc adsorbed on (a) bare Co(001) and on (b) O/Co(001). The spectra are 
measured at T = 300 (left panel) and 32 K (right panel) and at a grazing angle of 70°. Data from Ref. [10].
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In a pristine graphene layer on Ni, the CA atoms acquire magnetization of 0.018 µB, each 
aligned antiparallel with respect to the Ni moments. The other sub‐lattice atoms, CB, gain rela-
tively larger moment of 0.029 µB coupled ferromagnetically to the Ni moments. Altogether, 
the graphene layer acquires the characteristics of a ferrimagnet [12] with alternating sub‐lat-
tices having unequal opposite spin polarization, as shown in Figure 6(a).

The presence of defects in graphene results in an intricate magnetization profile. The absence 
of CA in a monovacancy defect does not change either structure or magnetization drasti-
cally compared to those of pristine layer. As shown in Figure 6(b), sub‐lattice magnetization 
remains the same except for the missing atom. The divacancy defect, however, has a larger 
impact on the local structure and hence the magnetization. A Ni atom is dragged up from the 
surface to heal divacancy making chemical bonds with unsaturated C bonds. The effect trans-
mits through the graphene lattice, and the total induced moment is reduced, although the 
sub‐lattice patterning of the magnetization remains unaltered, as presented in Figure 6(c). The 
largest deviation from pristine graphene structure and magnetization is introduced by Stone‐
Wales defects. A pronounced reconstruction at the defect center creates ripple in the graphene 
lattice, which in turn affect graphene‐Ni bonding. The corresponding magnetization profile is 
presented in Figure 6(d). As can be seen, the alternate sub‐lattice magnetization patterning at 
the defect site is destroyed, and effective total moment in the layer is also reduced.

The magnetic moments of the Ni atoms at the topmost layer also face the consequences of mod-
ified hybridization with C atoms at the defect sites. For a pristine graphene lattice deposited on 
Ni, the magnetic moments in the first Ni layer have a regular periodic pattern. The absence of C 

Figure 6. Magnetization densities in the graphene lattice on Ni(111) (a) without any defect, (b) with a monovacancy, (c) 
with a divacancy, and (d) with a SW defect. Both positive and negative densities are shown. Data from Ref. [12].
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atoms in monovacancy defects reduces the coordination of Ni atoms closest to it, resulting in a 
larger moment. The closest Ni atom in divacancy defect comes out of Ni layer with a quenched 
moment. Interestingly in Stone‐Wales defect, the surface Ni magnetization follows the ripple 
pattern. The adsorption of magnetic molecules and their properties largely depends on these 
combined effects at the pristine and defected sites [12].

The adsorption sites for the FeP molecule on the defect‐free graphene can be identified as, 
Top‐A, that is, on top of CA; Top‐B, that is, on top of CB; and Hex, that is, on top of the C hexa-
gon. The local interactions are evidently different on these three sites owing to the arrange-
ment of molecular pyrrole ring with respect to the C atoms underneath. The induced strains 
in the molecule are different on these adsorption sites, and it is on the Hex position where 
sufficient molecular stretching occurs to realize a spin crossover. On Top‐A and Top‐B, mol-
ecule retains its free molecule spin state, S = 1. The average distance between the molecule and 
graphene is calculated to be 3.1 Å, and the graphene is 2.1 Å separated from topmost layer 
of Ni surface. This makes an effective separation of 5.2 Å between Fe in FeP and Ni topmost 
layer. On the defect‐free graphene, the binding energy is highest on Hex (2.22 eV) position, 
but it is merely 2 and 17 meV away on Top‐A and Top‐B sites, respectively. The magnetic 
coupling is evidently much weaker than the chemisorption scenario. On the Hex site, the 
molecule is hardly coupled magnetically with the Ni surface. On Top‐A, the exchange cou-
pling strength is ∼1.8 meV with Fe moment aligned parallel to Ni moments but antiparal-
lel to the CA moment (−0.018 µB). The alignment is quite opposite on Top‐B site, where Fe 
moment is coupled parallel to the CB moment (0.029 µB) and they both align antiparallel to 
the Ni moment. The coupling is also significantly strong (7 meV) compared to the other two 
adsorption sites.

The adsorption scenario and magnetic states of FeP are quite diverse on defect sites, depend-
ing on the local structural modifications. On the monovacancy defect, the Fe center of 
FeP molecule resides right in‐between three CB atoms, which have local moments aligned 
parallel to the Ni surface moments. The spin state of FeP resembles that of the free molecule. 
The molecule is coupled antiferromagnetically to the Ni surface with an exchange coupling 
of 7 meV. The healing of divacancy with Ni atom makes adsorption scenario strikingly differ-
ent. The divacancy defect behaves like a magnetic surface, leading to chemisorption through 
a chemical bond formation between Fe in FeP and displaced Ni atom. The molecular pyrrole 
ring, however, experiences electrical repulsion form the graphene layer which imparts a con-
vex structure to the molecule. The displacement of the Fe atom from molecular plane results 
in the stretching of Fe‐N bond, and the molecule exhibits a high spin state (S = 2). Due to a 
strong orbital overlap, the magnetic coupling strength is rather high (22 meV) and is antifer-
romagnetic in nature. The free molecular spin state is retained on Stone‐Wales defect, despite 
having heavily rippled graphene layer. Adsorbed FeP couples antiferromagnetically to the 
Ni surface. The exchange coupling is 14.5 meV which is fairly strong among all the physisorp-
tion scenarios [12].

As discussed above, the feasibility of magnetic state manipulation on this composite surface 
is particularly dependent on the controlled creation of specific defects. It is, hence, essential 
to have a quantitative estimation of the defect formation energies (DFE). In a free‐standing 
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graphene layer, the estimated DFE for the vacancy formation is 7–8 eV, while the calculated 
values of DFE for monovacancy and divacancy on Ni(111) surface are 2.91 and 3.83 eV, respec-
tively. One can safely conclude that the creation of defects, either naturally of ion‐beam irra-
diation, should be easier in the Ni‐graphene composite surface which provides a large boost 
for the abovementioned magnetic state manipulation. Moreover, the spin state and the mag-
netic coupling are adsorption site dependent; the protection of it requires a sufficient energy 
barriers between adsorption sites. The energy barrier in moving a FeP molecule between a 
Hex site and a Top‐A site (which are energetically comparable adsorption sites) on a pristine 
graphene is calculated to be 33 meV, which translates to a temperature, higher than the room 
temperature. On the defect sites, this energy barrier is expected to be much higher, making 
the abovementioned value to be the lower limit for the diffusion barrier. One may envisage 
controlled formation of specific types of defects and achieving either parallel or antiparallel 
orientation of Fe moments relative to the moments in the Ni layers [12].

3. Nonmagnetic substrates

In the previous section, TMP or TMPc molecules deposited on magnetic substrates have 
been discussed in view of magnetic coupling and manipulating the spin state. In these 
hybrid structures, the magnetic coupling between molecules and substrate plays a dominat-
ing role. However, adsorbing molecules on nonmagnetic (NM) substrates instead allow to 
study aspects which are hidden in the presence of a magnetic coupling between molecule and 
substrates as the hybridization between molecule and substrate depending on the surface 
orientation and reconstruction. Thinking of future spintronic devices, the magnetic proper-
ties of the molecules can be tuned by ligands attached to the molecular center. Without the 
dominating magnetism of the FM substrate, only the coupling between the molecule and pos-
sible ligands exists, and this can be more easily switched by thermal treatment than the large 
coupling between FM and molecule.

3.1. Influence of the surface texture on the electronic structure

The electronic structure of molecules adsorbed on magnetic layers can strongly differ from 
the one obtained for the molecule in gas phase because of the magnetic coupling, and mol-
ecules are often chemisorbed. Here we use FeP as a model system. It corresponds to the Fe 
OEP structure but without the outer ethyl groups. Dangling bonds are saturated by hydro-
gen, see Figure 1.

On a nonmagnetic substrate, Cu(001) in our case, the molecules are less tightly bound to 
the substrate. The distance between the Fe ion of FeP and the Cu(001) substrate is about 
2.66 Å (PW91, vdW‐D2, Ueff = 3 eV) compared to 1.78 Å on Co(001), that is, the molecules are 
physisorbed [13]. The adsorption position and the relative orientation are the same as on the 
FM substrates, which means that in this system, the adsorption position is not influenced by 
the magnetism of the substrate but by geometry. Even though on Cu(001) there is no magnetic 
interaction with the molecule, the molecules hybridize with the substrate which can be seen 
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from the density of state (DOS) in Figure 7(a). The Fe 3d states having components in z‐direc-
tion (z2 and π) are broadened compared to the DOS of the free molecule. However, the interac-
tion is much weaker and does not lead to strong changes in the orbital occupation other than 
in the case of Co or Ni substrates. The Fe‐N distance is basically the same as for the molecule 
in gas phase (2 Å) which entails that the spin state is not affected if FeP is absorbed on Cu(001), 
and it remains in the S = 1 state which agrees with the experimental observation from X‐ray 
absorption spectroscopy (XAS) and X‐ray magnetic circular dichroism (XMCD) [13].

The situation changes if the Cu(001) surface is covered by 0.5 layers of oxygen. This O adlayer 
leads to a √2×√2R45° missing row reconstruction of the surface. The ground state configura-
tion changes from the hollow site (as on Cu(001)) to the missing row position with two O 
atoms next to the Fe ion. Because the O layer is basically incorporated in the surface layer of 
the Cu film, the distance between the Fe ion and the substrate increases only by 0.3 Å, and 
despite the strong surface reconstruction, the Fe‐N distance increases only to 2.03 Å, that is, 
the spin state remains S = 1 and only minor changes in the Fe 3d DOS can be observed; see 
Figure 7(b). Mostly the broadening of the peaks is reduced compared to the molecule on the 
plain Cu surface meaning that the hybridization is weaker than the Cu(001).

While the O adlayer had a huge influence on the magnetic properties when added to a fer-
romagnetic substrate, for example, for FePc on Co(001) or FeOEP on Co(001) [2, 3], here the 
spin state and the electronic structure are basically unchanged. Only the adsorption position 
is affected due to the surface reconstruction.

3.2. Influence of ligands

As discussed above, an O adlayer on nonmagnetic Cu(001) has no effect on the magnetic 
properties of the molecule, but there exist other combinations of magnetic molecules and non-
magnetic substrates where adlayers or dopants switch the spin state, for example, GaAs(001) 
and Vanadyl Pc. The molecule switches to the high spin state if the (Ga‐rich) GaAs substrate 
is doped with Si. However, thinking of spintronic devices, a reliable, controllable switching 

Figure 7. Calculated density of states of FeP/Cu(001) (a) and FeP/√2×v2R45°O/Cu(001) (b) for the ground state 
configurations with FeP on the hollow site of the Cu(001) surface with the N atoms on top of the underlying Cu atoms 
(a) and adsorbed on the missing row position of the reconstructed surface. Note only the Fe 3d states are shown here. 
Data are taken from Ref. [13].
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between two configurations, for example, low spin to high spin state, is needed. This can 
hardly be achieved if the manipulation of the spin state arises from adlayers or doping of the 
substrate layer. A more realistic way is the manipulation of the spin state by ligands since 
ligands can be thermally attached and removed. This has been demonstrated for Co tetraeth-
ylporphyrin on Ni(001) and also works for nonmagnetic substrates. This works also on non-
magnetic substrates. Fe octaethylporphyrin (OEP) can be stabilized in air by pyridine (Py) or 
Cl. Depositing the two types of Fe OEP on Cu(001), they show a completely different spectro-
scopic signature [13], as can be seen from the X‐ray absorption spectra and the X‐ray magnetic 
circular dichroism for Fe OEP‐Py and Fe OEP‐Cl on Cu(001) (Figure 8). Especially for normal 
incidence, the XMCD signal is four times larger in the case of Cl ligands, whereas for grazing 
incidence of the photon beam, no significant differences exist; see Figure 8. This indicates that 
the magnetic and electronic properties depend on the ligand. While Py dissolves during the 
deposition process, that is, pure FeP remains on the substrate, in the case of Cl, about 50% 
of the ligand remains, which leads to an increase of the magnetic signal. Theoretical calcula-
tions for FeP (porphyrin without the outer ethyl groups) with an axial Cl ligand deposited 
on Cu(001) confirm the observation. The Fe‐d level occupation has changed, the previously 
occupied dπ levels have moved above the Fermi level, and the hybridization with the substrate 
has decreased leading to sharper peaks compared to FeP/Cu(001). The reason is that the Fe ion 
also interacts strongly with the ligand.

Having seen that for a sub‐monolayer coverage of Fe OEP on Cu(001) 50% of the Cl atoms 
which remain after deposition of the surface is sufficient to cause significant changes in 
the magnetic behavior, a detailed study of possible ligands and their influence on the 
magnetic properties has been performed for free and deposited FeP molecules [14]. In gas 
phase, the influence of various combinations of porphyrin or phthalocyanine and ligands 
(axial or peripheral) has been investigated. Here we focus on the molecule ligand complex 

Figure 8. Measured Fe L2,3 edge XAS (a) and XMCD (b) for 0.4 ML Fe OEP on Cu(001). Panels (c) and (d) show the 
analogous results for Fe OEP (Cl)/Cu(001). The angle θ denotes the angle between surface normal and photon beam. 
Taken from Ref. [13].
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FeP+L deposited on Cu(001) with L = Cl, O,O2. DFT calculations (VASP, PAW, PBE, and 
vdW‐D2) show a significant dependence of the electronic and magnetic structure depend-
ing on the ligand. In all cases, the molecules have been adsorbed on the hollow site position 
(Figure 9(a)), which has been found to be the ground state for FeP/Cu(001). In agreement 
with the XAS/XMCD experiments described above, an axial Cl ligand enhances the mag-
netic moment of the FeP complex from 2 to 3 µB, whereby 2.69 µB are on the Fe ion. If the 
FeP‐Cl complex is deposited on Cu(001), the moment becomes even larger (3.71 µB), and 
the induced moment of the Cl atom decreases from 0.2 to 0.1 µB. On the contrary the Fe‐N 
distance increases from 2.05 Å for FeP/Cu(001) to 2.23 Å with Cl ligand which agrees with 
the observation of the transition from an intermediate spin state (S = 1) to the high spin state. 
The ligand has also indirect influence on the organic rings; they are driven away from the 
surface visible in a strong bending of the molecule; see Figure 8. This contrasts with FeP or 
FePc on magnetic substrates where also the organic ligands contribute to the interaction 
with the substrate.

In the case of O ligands, that is, atomic oxygen or O2, a different magnetic behavior is observed. 
The spin moment on the Fe ion is reduced, while the oxygen atoms gain a moment parallel to 
Fe such that the spin state of the whole complex is unchanged and the total moment remains 2 
µB. The theoretically determined spin moment of an atomic oxygen ligand is 0.58 µB, whereas 
for the oxygen dimer, the moment is evenly distributed on both O atoms (0.22 µB/0.21 µB). The 
latter result deviates from the gas‐phase solution where the two O atoms differ in size and 
relative orientation. In gas phase the Fe atom has a slightly enhanced moment compensated 
by the antiparallel moment of the outer oxygen ligand.

Though no magnetic coupling between surface and molecule is present in the case of 
Cu(001), a significant interaction between substrate and molecule is observed between 
Fe and Cu which condenses in the change of the electronic and magnetic structure of 
the adsorbed molecules and is connected to severe changes in the geometrical structure. 
Furthermore, a deformation or buckling of the substrate next to the molecule is observed 
which is particularly pronounced for Cl and O ligands, while with O2 as a ligand, the sur-
face is much less affected. Indicating that for the dimer the interaction with the substrate 
is weaker than in the case of atomic Cl or O even though the adsorption distance is very 
similar, 2.28 Å (2.23 Å) with O2 (O) for Cl the average distance between substrate and Fe is 
even larger (2.50 Å) [14].

Figure 9. Calculated spin density of FeP with different axial ligands, Cl (a), atomic O (b), and O2 (c), adsorbed on Cu (001). 
Both positive and negative densities are shown. Data are partially taken from Ref. [14].
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In conclusion, it has been shown that the spin moment of FeP or the iron center itself can be 
tackled by the choice of the ligand in gas phase as well as on nonmagnetic Cu(001), whereby 
the changes for deposited molecules are even more expressed.

3.3. Effective spin moment and the role of the spin dipolar term

To compare the calculated spin moments with experimentally determined values, we face a 
problem since most experimental data are obtained from XMCD measurements. From these 
kinds of experiments, only orbital and effective spin moments meff are accessible. The effec-
tive spin moment differs from actual spin moment by the spin‐dipole moment contribution, 
and depending on the symmetry, this contribution can be large [1, 10]. Comparing the XMCD 
signal of the Fe OEP L3 edge (Figure 8(c)) for different incidence angles of the photon beam, 
it turns out that the intensity strongly varies with the angle. A large signal is observed for 
grazing incidence in much larger than for normal incidence of the photon beam. This can be 
caused by a large contribution of the spin‐dipole term or be related to large magnetocrystal-
line anisotropy. Following Oguchi [16], the spin‐dipole operator T is defined by

  T =  ∑  
i
     Q   (i)   s   (i)   (1)

with Q being the quadrupole tensor:

   Q  αβ  (i)  =  δ  αβ   − 3   r ^    α  (i)    r ^    β  (i) .  (2)

Hence, the spin‐dipole moment arises from the aspherity of the spin density, that is, for transi-
tion metals where spin‐orbit coupling is weak; this is related to the crystal field. If the cubic 
symmetry is not broken, Q vanishes, but for systems with reduced symmetry as for clusters [15, 
16] or molecules adsorbed on substrates, the spin‐dipole moment plays an important role [17]. 
To compare calculated spin moments to experimentally reported effective spin moments for low 
symmetry systems, the dipolar term must be included, especially to rule out other sources for 
the discrepancy between the effective spin moment and the total spin moment, such as a large 
magnetocrystalline anisotropy or not fully saturated magnetic moments. For simplicity, we 
focus only on the z component of the spin‐dipole operator. Its expectation value <Tz> is given by 
the trace of the density matrix multiplied by Tz. the density matrix can be obtained from DFT cal-
culations. If for transition metals the spin‐orbit coupling is negligible, the size of <Tz> depends on 
the existence of a finite spin moment on the nonequivalent charge distribution on the orbitals. To 
obtain the spin‐dipole moment and the effective spin moment by van der Laan [18] provided a 
scheme how to apply the general approach to a typical XMCD experiment such as in Figure 10.

The intensity which is measured in XMCD experiments as response to the photon beam hit-
ting the surface depends on the relation between the magnetization direction M, the polariza-
tion of the incident photon beam P, and the surface normal n as depicted in Figure 10. The 
angular dependence of the dipole operator reads then

  〈7T  (n, P, M )  i   〉 =   1 __ 4   〈7  T  z   〉(cos(ϕ ) +3cos(ϕ+ 2θ ) )  (3)
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with ϕ being the angle between the magnetization M and the polarization of the beam P. 
The deviation of the magnetization direction from the surface normal n is denoted by the 
angle θ. In the present case, that is, for nonmagnetic substrates, the alignment of the magnetic 
moments of the transition metal centers of the molecules is achieved by applying an external 
magnetic field which is usually parallel aligned to the polarization of the incident photon 
beam M‖P. In this special case, Eq. (3) reduces to

  〈7T  (θ )  i   〉 =   1 __ 4   〈7  T  z   〉(3  cos   2 (ϕ ) − 1 )  (4)

and the experimentally observed effective spin moment becomes

   m  eff   =  m  s   + 〈7T  (  θ )   〉.  (5)

As can be seen from Figure 11, the effective moment strongly depends of the incidence angle 
of the photon beam. Only for measurements carried out at the magic angle (54.5°), the argu-
ment in the brackets on the right side of Eq. (4) vanishes, and it yields meff = ms.

In an ideal case, the calculated and the measured effective moment should be identical; how-
ever, comparing the calculated meff to the experimental data (triangles) in Figure 11(a), distinct 
deviations occur even for the magic angle where Tz vanishes. This is related to the fact the 
experimental sample could not be fully saturated in the magnetic field (5.9 T) [13]. For the 
oxidized surface, the density matrix is almost identical with the one for the plain Cu substrate; 
hence, also the meff and the angular dependence do not change. In this case, the theoretical and 

Figure 10. Sketch of a typical experimental XMCD setup. The polarization of the photon beam and the magnetization are 
denoted by P and M, respectively, as well as n denoting the direction of the surface normal.
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experimental data are in good agreement, because the saturation could be reached. With a 
Cl ligand attached to the FeP, the dipolar term is different due to changes in the occupation of 
the Fe 3d levels (cf. Figure 11). The meff at θ = 90° would be 4 µB instead of 3 µB as without Cl. 
Even though the sample is basically saturated, the data deviate from the theoretically predicted 
spin moments. Assuming only 50% of the Cl ligands remain at the FeP molecules after depo-
sition (dashed line in Figure 7(b)) improves the agreement between theory and experiment 
significantly. Scanning tunneling microscopy images of the Fe OEP (Cl)/Cu(001) have verified 
the assumption that between 40 and 60% of the ligands have been dissolved during deposition.

In summary, as shown for the example of FeP (OEP) on Cu(001), the dipolar term is an impor-
tant factor to interpret and understand experimental XAS and XMCD data since effects from 
non‐saturated samples as well as incomplete dissolved ligands can be detected.

4. Field‐regulated switching of magnetic coupling

In this section, we move a step ahead to devise a practical mechanism to control magnetic 
bistability with external means. The composite is specifically designed with three layers of 
CoOEP molecules deposited on graphene‐covered clean Ni(111) single crystal, as shown 
schematically in Figure 12. The focus in this composite will be on the manipulation of mag-
netic coupling leaving the spin crossover feasibility aside.

The CoOEP molecular layers are physisorbed on the graphene‐Ni composite surface, quite 
resembling the FeP adsorption, discussed above. The arrangement of the molecular layers 

Figure 11. Dipolar term and effective spin moment for FeP on Cu(001) (a). Open (filled) symbols denote the dipolar 
term (effective spin moment). The data for FeP with Cl ligand are given in (b). The lighter solid line corresponds to 
meff without Cl, and the dashed line is the average of meff with and without Cl. Deviations between the calculated and 
measured meff at small incidence angles may result from limited accuracy of the determination of the dipolar term. Data 
are partially taken from Ref. [13].
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appears in a particular fashion. The molecules in the two consecutive layers do not reside right 
on top of each other but slightly horizontally shifted. An indirect overlap between Co‐dz orbitals 
via N‐p orbitals favors this specific geometry. As discussed in the previous section, the single 
layer graphene on Ni is spin polarized with two different kinds of sub‐lattice moments. Unlike 
FeP, in CoP the S = 1/2 spin state is quite robust and solely arises from the singly occupied 
Co‐dz orbital, while other orbitals are doubly occupied giving no contribution to the molecular 
moment. However, in the presence of three layers, the net magnetization of the CoOEP mol-
ecules appears to be a sum of two contributions; the first layer couples antiferromagnetically 
with the Ni substrate, and the other two layers are magnetically decoupled but grow parallel 
magnetization with applied magnetic field. To resolve the strength of the magnetic coupling 
between the first CoOEP layer and Ni surface, we considered three adsorption sites in a defect‐
free graphene, Top‐A, Top‐B, and Hex, as described above. Unlike FeP, the Top‐A site is ener-
getically most favorable, while binding energies on Top‐B and Hex sites are 14.6 and 23.5 meV 
lower. The magnetic coupling also varies in strength on these three sites exhibiting 4.2, 9.9, and 
3.1 meV, respectively, on Top‐A, Top‐B, and Hex sites, while in all cases, molecular moments 
align antiferromagnetically with respect to Ni moments [19].

The CoP layers in a free‐standing, perfectly parallel bilayer couple antiferromagnetically to 
each other. However, in practice the extended outermost ligands in CoOEP destroy the flat 
arrangement of the layers, reducing drastically the interlayer coupling. We modeled the sce-
nario by increasing spatial separation and introducing angle between molecules, which essen-
tially results in a sharp drop in the exchange coupling strength [19].

The system is then exposed under a magnetic field (B). The magnetization of the Ni layer is 
saturated for B > 200 mT, which is inadequate to magnetize the paramagnetic layers of CoOEP 
molecule. The antiferromagnetic coupling between the first layer and Ni surface requires 
extremely strong field to switch magnetization. The effective coupling between CoOEP layers 
and Ni remains antiferromagnetic under a sufficiently low field. However, as the strength of 
the applied field is increased, at about 1 T, the paramagnetic molecular layer grows sufficient 

Figure 12. Top: schematic images of the sample 3ML CoOEP/graphene/Ni(111). The light and dark arrows indicate the 
direction of the magnetic moments of Ni and Co in a low magnetic field of 500 mT (left) and in a high magnetic field of 
5 T (right). Bottom: XMCD at the Co L2,3 edges of the CoOEP molecules in the low magnetic field (left) and in the high 
magnetic field (right). Insets show the XMCD at the L2,3 edges of the saturated Ni crystal at 500 mT and at 5 T. All spectra 
are recorded at T = 2 K and Θ = ∼70°. Data from Ref. [19].
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magnetization to revert the net orientation of the molecular magnetization parallel to the Ni 
magnetization. In Figure 12, we represent this field‐induced switching of the magnetization. 
With an applied magnetic field as low as 500 mT, the material‐specific X‐ray magnetic circular 
dichroism (XMCD) spectra for Ni and Co show opposite orientation, as can be seen in the left 
part of Figure 12. In a sufficiently strong field, the paramagnetic layers get magnetized and 
overpower the antiferromagnetic contribution from the first layer. The XMCD signals for Co 
and Ni at 5 T are presented in the bottom‐right part of Figure 12, which show this parallel 
alignment [19].

The realization of the field‐regulated switching of molecular magnets is a key advancement 
toward molecular spintronic concepts. The spin injection into the organic layers can be regu-
lated by an external magnetic field which may lead to the practical realization of a spin switch 
or spin valve in the near future.
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Abstract

Multilayer or blend heterostructures based on porphyrins and phthalocyanines were 
obtained on different substrates using VTE and MAPLE methods. Stacked structures 
based on ZnPc and C60 with NTCDA were prepared by VTE on ITO/glass, their cur‐
rent value being increased by the deposition of the materials in an inverted configu‐
ration or by using ITO/PEDOT:PSS as a substrate. Multilayer structures comprising 
ZnPc and NTCDA were fabricated by MAPLE on an AZO/glass. Treating the AZO in 
oxygen plasma, a higher current value was obtained for the deposited heterostructures. 
The oxygen plasma treatment can increase the work function of the AZO resulting in a 
decrease of the energetic barrier from AZO/organic interface and finally improving the 
charge transport. Stacked layers or blend heterostructures having ZnPc, MgPc and TPyP 
were deposited by MAPLE on ITO/PET. In the case of those containing MgPc and TPyP, 
an increase in the current value (in dark) was obtained for the blend compared to the 
stacked layer configuration. For those with ZnPc and TPyP, under illumination, a pho‐
tovoltaic effect was observed for the blend structure. All heterostructures are featured 
by a large absorption in the visible domain of the solar spectrum and suitable electrical 
properties for their use in OPV applications.

Keywords: ZnPc, TPyP, MgPc, VTE, MAPLE

1. Introduction

During the last years, the organic materials have attracted the attention of researchers because 
they can be used in different types of applications: organic photovoltaic (OPV) cells, organic‐
based light‐emitting devices (OLEDs) and organic field effect transistors (OFETs) [1–6]. 
Heliatek reports a conversion efficiency of about 13.2% for an OPV fabricated by vacuum 
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evaporation and having three absorbers [7]. OLEDs are already integrated in commercially 
available devices such as mobile phone displays, TV sets, etc.

The field of organic materials for applications in photovoltaic cells has begun in 1906 and 1913 
with the observation of the anthracene photoconductivity [8, 9]. Kearns introduced, in 1958, 
the first organic photovoltaic cell with a film based on magnesium phthalocyanine (MgPc) 
[10]. In 1986, Tang makes a step forward for the OPV, fabricating a photovoltaic cell with two 
organic layers in configuration donor/acceptor (D/A) using copper phthalocyanine (CuPc) as 
a donor and perylenediimide (PDI) as an acceptor [11]. Since then the photovoltaic effect (PV) 
was reported in different organic compounds such as porphyrins, phthalocyanines or their 
derivatives [12]. The organic materials are part from the third generation of photovoltaic, after 
those based on inorganic materials (the first and second generation).

Comparatively with the inorganic compounds, the organic materials present the following 
advantages: they can be deposited at low temperature (decreasing in this way the processions 
costs), are compatible with plastic substrates (a good premise for the flexible electronics) and 
their properties can be tuned by various processing techniques which allow their deposition 
even on a large area. In photovoltaic cells, organic compounds present absorption coefficients 
greater than 105 cm−1 allowing an increased absorption of the incident light even under 100 nm 
[13]. The light collection efficiency is dependent on the organic active layer thickness and the 
absorption properties of the used materials [14].

Porphyrins and phthalocyanines are the most used organic compounds as active layers in 
photovoltaic cells due to their several absorption maxima in the visible part of the solar 
spectrum (less than 700 nm [14, 15]). Furthermore, in the porphyrins and derivatives, the 
range of absorption spectrum in the near infrared part can be increased due to the extended 
conjugation [14].

The impact of the porphyrins and phthalocyanines on the OPV domain can be evaluated, as 
shown in Figure 1, which contains the histograms with the publications number (from ISI web 
of science) from the last 5 years (2012 to 2016) having as subject porphyrins or phthalocyanines 

Figure 1. Number of publications per year in the last five years having as topic porphyrins or phthalocyanines and solar cell.
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and solar cells. Moreover, it has to be mentioned that there is a journal entirely dedicated to 
these organic compounds.

Photovoltaic cells based on porphyrins with high performances were achieved. Thus, in 2011 
Yella et al. reported 12.3% efficiency for a structure with a zinc porphyrin (YD2‐oC8) co‐sen‐
sitised with Y123 deposited on a TiO2 [16]. Also, in 2014, a conversion efficiency of about 13% 
was obtained for a porphyrin dye, coded SM315 [17]. In 2015, a teoretical study made for a 
new porphyrin‐based molecular complex shows that an open circuit voltage of about ~1.8 V 
can be obtained using this kind of materials [18].

Additionally, the bioinspired structures of porphyrins can be attractive in different forms 
(nanoparticles, nanosheets, nanorods and nanorings, nanowires, nanotubes, aggregates) as 
summarised by Monti et al. [19] in applications as catalysts (for O2 reduction or H2O oxidation 
[20]), sensors [21], in photodynamic therapy as photosensitizers [22], for drug delivery [23] 
and for the treatment of tumours [24].

One of the most important advantages of the phthalocyanines over other organic materials is 
their increased value of the exciton diffusion length, which is usually in the range of 10 nm 
[25]. Thus, for CuPc a diffusion length of about ~68 nm was reported [26]. Increased cell per‐
formances (efficiency) were also recorded for the OPV based on phthalocyanines: 3.6% for a 
double layer cell with CuPc and C60 [27], 4.2% for a structure with 1,4,8,11,15,18,22,25‐octahex‐
ylphthalocyanine (C6PcH2) and [6,6]‐phenyl‐C61 butyric acid methyl ester (PCBM) prepared 
by spin‐coating [28], 5% for a cell also with CuPc:C60 [29] and the highest reported efficiency 
of about 5.7 % was achieved also for a structure based on CuPc and C60 [30]. And in the field 
of the perovskite cells was reported an increased efficiency (11.75%) for a structure containing 
a ZnPc thin film as a donor material [31].

Complementary, the phthalocyanines and their derivatives have wide range of applications 
such as OLEDs, gas sensors and optical communications [32]. These compounds are promising 
candidates in the non‐linear optical devices due to their large third‐order non‐linearity [32, 33]. 
They are also used in therapy of cancer, infectious or neurodegenerative diseases [34] and in the 
xerographic photoreceptors of laser printers due to the strong Q‐band absorption [35].

In this chapter, we summarised some of our results regarding the preparation and characteri‐
sation of porphyrins and metallic phthalocyanine layers for applications in OPV. These mate‐
rials were obtained as thin films (in multilayer structures or blends) on solid (glass coated 
with indium tin oxide‐ITO or aluminium‐doped zinc oxide‐AZO) or on a flexible substrate 
(polyethylene terephthalate‐PET coated with ITO).

2. Deposition techniques for single and multilayer thin films: description 
and advantages

In the applications such as OPV or OLED, the heterostructures consist in one or more 
organic thin films (active material) sandwiched between two electrodes, an anode that must 
be transparent (in order to pass the light) and the metallic cathode [13].
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The transparent electrode can be prepared by several techniques: sol‐gel, magnetron sputter‐
ing, oxygen ion beam assisted deposition, pulsed laser deposition (PLD), spray pyrolysis. The 
widely used methods are RF magnetron sputtering and PLD because films obtained by using 
these methods are characterised with adequate properties [36, 37].

In the case of the organic compounds, vacuum thermal evaporation (VTE) was one of the 
most used deposition techniques. Other methods such as spin‐coating, doctor blading or inkjet 
printing were also involved in the preparation of the organic layers [38–40].

The techniques used to prepare our organic heterostructures based on porphyrins and 
phthalocyanines are briefly described in the following section.

2.1. Transparent conductive oxide (TCO) thin films obtained by pulsed laser 
deposition (PLD)

PLD is a versatile deposition method frequently used for the preparation of the thin films 
based on TCO materials [41]. The depositions are made inside a vacuum chamber. A solid 
target comprising the raw materials is ablated under a pulsed laser beam. When the elements 
from the target reach their evaporation temperature (above a certain value of the laser inten‐
sity), they are ejected from the target and form the plasma plume and pass to the deposition 
support starting the nucleation process which leads to the formation of the thin layer [42]. In 
order to improve the properties of the layers, the deposition can be also made in inert gases 
such as nitrogen (N2) or in reactive gas such as oxygen (O2). Also, the deposition target can 
be rotated during the deposition process to avoid a local deterioration which can affect the 
uniformity of the obtained film. The deposition parameters that must be controlled are flu‐
ence of the laser beam, a number of the laser pulses, target‐substrate distance and, sometimes, 
substrate temperature [41].

High‐quality TCO materials with an increased transmittance, low electrical resistivity and a 
reduced roughness of layer surfaces are obtained by PLD [37, 43].

2.2. Organic thin films prepared by vacuum thermal evaporation (VTE)

VTE is a dry technique, frequently used for the deposition of the metallic layers, inorganic 
materials but also for the organic compounds. The method is simple and it can be applied for 
deposition on a large scale being used in the industry. Heliatek fabricated a cell made with 
three organic layers and high efficiency by VTE [7].

The solubility is another reason for choosing this deposition method which does not imply a 
solvent, if the organic materials are insoluble or poorly soluble. Thus, can be deposited suc‐
cessive organic layers, the previous deposited layer not being affected by the deposition of 
the next layer.

Using this method, materials can be evaporated which are vacuum compatible and chemi‐
cally stable up to their evaporation temperature. In the vacuum evaporation, the material of 
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interest is heated until its vapour pressure is greater than 10−2 Torr [44]. The high vacuum 
in the deposition chamber ensures a particles flow (atoms, molecules) from the evaporated 
material. The process is followed by the condensation of the formed vapours on an ade‐
quate substrate [45]. As deposition substrates can be used glass, quartz, silicon, ITO or other 
plate materials.

The evaporation and condensation of the materials are influenced by the following param‐
eters: temperature of the heater (influences the evaporation rate), evaporation rate (depends 
by the system geometry), substrate temperature (control the surface atom mobility), heater 
and substrate geometry (related to film uniformity) and substrates (as smooth and clean as 
possible) [44]. All these parameters are very important because they affect the quality of the 
obtained thin film. It is known that the thin films have the tendency to copy the form of the 
substrate used for deposition.

The organic compounds adequate to be deposited by vacuum evaporation are those from the 
small molecules class, because they do not suffer stoichiometric changes during the transfer, 
having low melting temperatures (~300°C).

A disadvantage of this method is the time necessary until it is reached the high vacuum in the 
deposition chamber. But the thin films obtained are uniform, have a good adherence and have 
the wished geometry (shadow mask being used) [46].

2.3. Organic thin films prepared by matrix‐assisted pulsed laser  
evaporation (MAPLE)

MAPLE is a laser technique that has been developed from the PLD method. It was developed 
at the end of the 1990s from the necessity to deposit soft organic thin films (unicomponent 
layers or blends) preserving the properties of the used raw materials. MAPLE is also useful 
in the deposition of the polymers when the use of VTE results in the broken of the molecular 
chains [47, 48]. It is also used for the deposition of thin films from small molecule compounds 
or oligomers [49, 50].

In order to avoid the deterioration of the organic materials during the deposition were used 
lower laser fluences (<500 mJ/cm2) compared to those used in the classical PLD [47] and tar‐
gets (frozen in liquid nitrogen) formed from a mixture between the organic material and an 
adequate solvent used as a matrix [47, 48]. The solvent is chosen in order to obtain homo‐
geneous mixture with the organic material and to be compatible with the laser wavelength. 
The solvent evaporation takes place at the absorption of the laser energy that is converted 
in thermal energy. Further, the solvent is pumped outside from the deposition chamber by 
the vacuum system [48]. The material of interest reaches the support where the nucleation 
process starts and the thin layer is formed. The concentration of the target is usually ~3%, 
depending on the material type.

Multilayer organic heterostructure can be fabricated by MAPLE, because the second depos‐
ited layer does not affect the first obtained layer [51].
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3. Organic heterostructures with single and multilayer thin films: 
influence of the deposition technique type on their structural, 
morphological and optical properties

Different organic heterostructures were obtained either by VTE or MAPLE on a solid glass 
substrate (covered with ITO or AZO) and on a flexible substrate (covered with ITO). The 
prepared layers and heterostructures were investigated by various techniques: X‐ray diffrac‐
tion (XRD), atomic force microscopy (AFM), ultraviolet–visible (UV–VIS) spectroscopy, pho‐
toluminescence spectroscopy (PL) and infrared Fourier transform spectroscopy (FTIR). The 
used organic materials were metal phthalocyanines (ZnPc or MgPc), porphyrins (15,10,15,20‐
tetra(4‐pyridyl)‐21H,23H‐porphine ‐TPyP) or other small molecule compounds (1,4,5,8‐naph‐
thalenetetracarboxylic dianhydride—NTCDA, fullerene‐C60), and their chemical structure is 
presented in Figure 2.

3.1. Heterostructures based on ZnPc and NTCDA thin films obtained by VTE and MAPLE

Phthalocyanines are materials that are often used in OPV due to their large absorption domain 
in the visible part of the spectrum. These compounds are characterised by a high chemical sta‐
bility having the property to form uniform layer on different solid substrates [52]. Thus, they 
can be easily deposited by the VTE method.

Figure 2. Chemical structure of the ZnPc, MgPc, TPyP, NTCDA and C60.
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ZnPc, C60 and NTCDA layers were deposited by the VTE technique [53] on a ITO/glass, 
poly(3,4‐ethylenedioxythiophene)‐poly(styrenesulfonate)‐PEDOT:PSS/ITO/glass, silicon and 
glass using the following experimental conditions: 8 × 10−6 mbar pressure in the chamber, at 
~218°C for ZnPc, ~255°C for C60 and ~166°C for NTCDA. A PEDOT:PSS layer (20 nm) was 
prepared by spin‐coating on ITO (15 Ω/sq) at a rotation speed of 3000 rot/min for 30 s. After 
that the obtained layers were supposed to a thermal treatment at 120°C for 5 min [53].

The following heterostructures were fabricated: 1‐[(ITO/ZnPc(50 nm)/C60(30 nm)/NTCDA(110 
nm)/Al)], 2‐[(ITO/PEDOT:PSS(20 nm)/ZnPc(50 nm)/C60(20 nm)/NTCDA(120 nm)/Al)] and 3‐
[glass/Al/NTCDA(90)/C60(20)/ZnPc(50)/ITO]. For the second type of heterostructure (starting 
from glass/Al), the ITO electrode (the last material deposited) was prepared by PLD with an 
excimer laser source (λ = 248 nm and τFWHM ~25 ns) using the following experimental conditions: 
room temperature, 5 Hz repetition rate, 30,000 number of laser pulses, in oxygen atmosphere 
at 1.5 Pa pressure [53]. The resistivity of ITO was 3.9 × 10−4 Ωcm. Aluminium was used as a top 
metallic electrode (80 nm) being also obtained by VTE at 10−4 Pa pressure in the deposition cham‐
ber. The schematic representations of the prepared organic heterostructures are given in Figure 3.

The XRD diffractograms (Figure 4) indicated that the organic films obtained by VTE are 
not completely amorphous. The ZnPc layer presents lower diffraction peaks at 6.9, 9.6 and 

Figure 3. Schematic representation of the organic heterostructures deposited by VTE: standard structure (a) and inverted 
structure (b).

Figure 4. XRD patterns of the ZnPc film (curve 1), C60 film (curve 2), NTCDA film (curve 3), standard structure (curve 
4) and inverted structure (curve 5) deposited by VTE.
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29.3° [29], attributed to the powder raw material [54]. For the C60 layer, remarked lines were 
obtained at 11.8 and 23.7° specific to the (111) and (311) diffraction plane of this material [55]. 
The XRD diagram of the NTCDA film presents three peaks, including an intense one at 11.9° 
obtained also in the diffractogram of the powder [53]. Depending on the method used for 
deposition of the organic layers, in the multilayer structures are remarked only the diffrac‐
tions lines originating from NTCDA, which are more intense when NTCDA is deposited on 
top (Figure 4, curve 4).

For the ZnPc and C60 films, the AFM images (Figure 5) show topography characteris‐
tic to these materials deposited by thermal evaporation [56, 57]. Thus, it can be observed a 
low roughness for the ZnPc film (root mean square, RMS = 5.1 nm) in comparison with C60 
(RMS = 14.7 nm) and NTCDA (RMS = 20.9 nm). The RMS higher value of the NTCDA can be 
attributed to the layer thickness, this layer being thicker than ZnPc and C60 films.

For the heterostructures containing three organic layers, a reduced roughness was obtained 
in the inverted structure (RMS = 6.8 nm) compared to the normal structure (RMS = 8.3 nm) as 
it is expected, taking into account that in standard structure the top organic layer is NTCDA 
which is characterised by the highest roughness.

The vibrational properties of the raw materials were identified in the FTIR spectra (Figure 6) 
of ZnPc and NTCDA layers deposited by VTE, indicating that no chemical decomposition 
took place during the VTE transfer. The C60 film was too thin to remark some FTIR peaks 
on it. In the ZnPc layer, the peak from 727 cm−1 is specific to C‐H out of plane deformation, 
the peaks situated at 748, 1095, 1118 and 1288 cm−1 appear due to the in‐plane C‐H bending, 
the peak at 1333 cm−1 evidenced the C‐C stretching in isoindole and the peaks from 1481 to 
1608 cm−1 are attributed to the C‐C stretching in benzene [56, 58].

Figure 5. AFM images of the ZnPc film (a), C60 film (b), NTCDA film (b), standard structure (d) and inverted structure 
(e) deposited by VTE.
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For the NTCDA layer, the peaks at 1780 cm−1 (characteristic to the dianhidrydecarbonylic 
group [59]), at 543, 753 and 882 cm−1 (specific to the C‐H out‐of‐plane bending vibrations [60, 61]),  
at 698 and 754cm−1 (attributed to C‐H bending vibration [36]), at 1044, 1120, 1161, 1234 and 
1293 cm−1 (characteristic to the stretching vibration of C‐O in the anhydride groups and the 
C‐H in‐plane bending vibration) and at 1442 and 1582 cm−1 due to the C‐C bending [61]) were 
evidenced.

The UV–VIS spectra of the VTE prepared organic thin films are given in Figure 7. For the 
ZnPc layer, a high transparency (~90% at 500 nm) was emphasised, covering a broad part of 
the VIS region and presenting the band B (so‐called Soret band) and band Q [62, 63]. Several 
absorption maxima are remarked for the C60 layer, at 340, 400 and 440 nm which are char‐
acteristic to this material prepared by the VTE technique [64, 65]. The NTCDA layer used as 
buffer in our structure reveals absorption maxima in UV (at 370 and 390 nm) attributed to 
the π‐π* transition [66]. The structure comprising all the organic layers (Figure 7, curve 4) is 
characterised by a high transmittance, showing the absorption maxima of all components.

ZnPc, C60 and NTCDA thin films deposited by the VTE method are polycrystalline and 
have morphologies specific to raw materials (ZnPc, C60 and NTCDA), being characterised 
by different roughness values (RMS ranged between 5.1 and 20.9 nm). The materials present 
adequate absorption bands in the visible region. The peaks disclosed by the FTIR spectra are 
assigned to each organic material, evidencing that no chemical decomposition appears in the 
thin‐film deposition.

Figure 6. FTIR spectra of the ZnPc (curve 1) and NTCDA (curve 2) single layers deposited by VTE.
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Along the time, ITO was the most used transparent electrode, due to its high optical transmit‐
tance and reduced electrical resistivity. Because the required indium is rare and expensive, 
many attempts were made in order to replace the ITO in various applications, including the 
OPV field.

As transparent electrode we choose a large band gap semiconductor, ZnO doped with Al 
(AZO) because it presents adequate electrical resistivity (~10−4 Ωcm), a high optical trans‐
mission in the visible‐NIR domain, and a higher chemical stability in comparison with ITO 
[67–69].

AZO (ZnO doped with 2% Al) thin films were prepared at room temperature on a glass sub‐
strate by PLD using the KrF* excimer laser in the following experimental conditions: 10 Hz 
repetition rate 5 cm, substrate‐target distance, 3 J/cm2 laser fluence, 32,000 laser pulses, in 
oxygen atmosphere at 10−2 mbar pressure [70]. Subsequently, the obtained AZO layers were 
treated in oxygen plasma at 0.6 mbar and Pmax = 130 W (for 5 and 10 min) in order to observe 
how this treatment affects the properties of the formed layers. The samples were labelled as fol‐
lows: AZO (untreated film), 5AZO (film treated for 5 min) and 10AZO (film treated for 10 min).

The MAPLE technique was used to process organic films from ZnPc and NTCDA on the 
AZO substrate. The same laser source was used to prepare thin films from a frozen target 
containing ZnPc or NTCDA and dimethyl sulphoxide (DMSO) as a solvent compatible with 
the laser wavelength. Two different laser fluences were used for the deposition of the ZnPc 
layer: 0.4 J/cm2 (1ZnPc) and 0.3 J/cm2 (2ZnPc). Organic heterostructures with two stacked 
layers were formed by the deposition of the NTCDA layer over ZnPc films. For the NTCDA, 
the deposition parameters were 0.3 J/cm2 laser fluence, 90,000 and 100,000 laser pulses 
[70]. Table 1 presents the experimental conditions for the deposition of the organic layers. 

Figure 7. Transmission spectra of the ZnPc film (curve 1), C60 film (curve 2), NTCDA film (curve 3) and standard 
structure (curve 4) deposited by VTE.
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The heterostructures (Figure 8) were carried out by the gold (Au) electrode of ~100 nm thick‐
ness deposited also by VTE.

The morphological investigations of the AZO substrates and of the ZnPc/NTCDA structures 
are represented in Figure 9. Only the AFM images collected for the structures with the ZnPc 
layer deposited at 0.4 J/cm2 laser fluence are presented, but the roughness (RMS) values both 
for structures with ZnPc deposited at 0.4 and 0.3 J/cm2 laser fluences are presented in Table 1.

Oxygen plasma treatment leads to a decrease in the RMS value of the AZO substrate, from 
9.3 nm for the untreated film to 3.3 nm for the treated film for 10 min (Table 1). A similar 
behaviour was remarked by others authors [71]. The AFM images exhibit a topography char‐
acterised by small grains for the organic layers obtained on treated substrate compared to 
that formed on the untreated substrate. The RMS value increases from the single to bilayer 
structures prepared on the untreated AZO substrate. The RMS recorded for the ZnPc layer 
shows an increase when the AZO substrate is treated (Table 1). Probably, the ZnPc deposi‐
tion is affected by the surface energy of AZO layer modified during the oxygen plasma treat‐
ment. The higher roughness of the ZnPc layer obtained on the AZO‐treated substrate leads to 
a better arrangement of the NTCDA molecules having an effect on lowering the RMS value 
recorded for the bilayer heterostructures.

From the UV–VIS spectra, a transparency between 75 and 87% in the range 400–800 nm was 
obtained for the AZO layers (Figure 10, curve 1). The thickness of the AZO films was evalu‐
ated using the formula from [72] which takes into consideration successive interference max‐
ima and minima. The obtained values (between 940 and 1310 nm) are given in Table 1.

The UV–VIS spectra of the AZO layers revealed a slight improvement in the transparency 
with the increase in duration of the applied plasma treatment (Figure 10, curves 1’ and 1’’). 
This can be attributed either to a reduction of the defects number inside the AZO layer (these 
can act as scattering centres), due to decrease in the AZO layer thickness (Table 1) or to the 
reduction in scattering at the surface in wavelength domain (>750 nm).

The thickness of the organic films was also estimated from the UV–VIS spectra, using the 
absorption coefficients at λ = 355 nm reported in the literature, αZnPc = 3.5 × 104 cm−1 [73] and 
αNTCDA = 2.1 × 105 cm−1 [74]. The thickness varied between 360 and 550 nm for the ZnPc layer 
and between 90 and 150 nm for NTCDA (Table 2).

Figure 8. Schematic representation of the organic heterostructure deposited by MAPLE on AZO substrate.
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The ZnPc layers (Figure 10, curves 2 and 3) present a structured absorption in the range of 
550–750 nm, this large absorption domain being useful in generation of the charge carriers. 
As mentioned above, the oxygen plasma treatment can modify the surface energy of the AZO 
layer, can change the way in which the organic molecules are arranged on the substrate and 
as consequence the optical properties of these organic layers. Comparison of the 1ZnPc and 
2ZnPc samples was found that for the second film the absorption is smaller. Additionally, 
the NTCDA layer does not affect the shape of the transmission spectrum (Figure 10, curve 3).

The emission properties of the samples under excitation with λexc = 335 nm were also inves‐
tigated (Figure 11). The AZO layer is characterised by an intense emission band with maxi‐
mum at ~430 nm and a shoulder at ~480 nm, linked to point defects as Zn2+ interstitial [75, 76]. 

Figure 9. AFM images of the glass/AZO substrates (a, a’ and a’’) and ZnPc/NTCDA layers deposited by MAPLE—0.4 
J/cm2 fluence for ZnPc and 0.3 J/cm2 fluence for NTCDA (b, b’ and b’’): untreated (a, b), treated in oxygen plasma for 5 
minutes (a’, b’) and treated in oxygen plasma for 10 minutes (a’’, b’’).
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The oxygen radicals from the plasma can lower the number of the Zn2+ interstitials due to the 
reduction of the defects which appear near to the film surface [77]. The thickness of the samples 
has a decisive role in the intensity of the emission. In the AZO and 5AZO thicker layers, the 

Figure 10. Transmission spectra of the organic films deposited by MAPLE on a glass/AZO substrate untreated (1–5), 
treated in oxygen plasma for 5 min (1’‐5’) and treated in oxygen plasma for 10 min (1”‐5”): glass/AZO substrate (curves 
1, 1’ and 1”), 1ZnPc film (curve 2, 2’ and 2’’), 2ZnPc film (curve 3, 3’ and 3’’), 1ZnPc/NTCDA layers (curve 4, 4’ and 4’’) 
and 2ZnPc/NTCDA layers (curve 5, 5’ and 5’’).

Sample Laser pulses Thickness (nm) RMS (nm)

ZnPc/ITO 100k 570 36

MgPc/ITO 85k 470 35

TPyP/ITO 74k 440 34

TPyP/ZnPc/ITO 30k/30k 430 25

TPyP:ZnPc/ITO 60k 380 32

TPyP/MgPc/ITO 30k/30k 530 49

MgPc:TPyP/ITO 60k 440 57

Table 2. MAPLE conditions used for the deposition of organic films and structures on ITO/PET, layer thickness and RMS 
values interpolated from AFM.
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emission band attributed to the deep level point defects (2.6 eV) is lower while in the thinner 
10AZO layer the emission increases (Figure 11, curves 1).

The emission band situated at 430 nm in the AZO spectrum can be remarked also in the 
structures prepared with ZnPc and ZnPc/NTCDA (Figure 11, curves 2 and 3). The ZnPc layer 
discloses also a peak in the range of 400–450 nm [78]. The shoulder situated at 480 nm from 
AZO became a well‐structured band in the structures containing ZnPc. No supplementary 
maxima were observed by adding NTCDA, probably because the emission bands specific to 
this material, one situated at ~430 nm and other situated in 475–575 nm range are masked by 

Figure 11. Photoluminescence spectra of the organic films deposited by MAPLE on a glass/AZO substrate untreated 
(1–3), treated in oxygen plasma for 5 min (1’‐3’) and treated in oxygen plasma for 10 min (1”‐3”): glass/AZO substrate 
(curves 1, 1’ and 1”), 1ZnPc film (curve 2, 2’ and 2’’) and 1ZnPc/NTCDA layers (curve 3, 3’ and 3’’).
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the emission of the AZO and ZnPc layers, respectively [79]. The intensity of the emission band 
with the maximum at 480 nm from the AZO substrate decreases in the structures prepared 
with one or two organic layers.

AZO layers were successfully transferred by PLD, in order to be further used to prepare 
organic heterostructure by MAPLE. The oxygen plasma treatment influences the roughness 
of the AZO layers. A decrease of the films roughness is obtained with the increase duration 
of the applied treatment. For this TCO, a high transmittance and emission with maxima at 
about 430 and 480 nm were evidenced. The organic heterostructures formed on the AZO 
substrate present also a high transmittance in the visible domain. The surface topography of 
the organic heterostructures is characterised by grains, smaller grains being remarked for the 
AZO/1ZnPc/NTCDA structure made on the treated AZO substrate.

3.2. Heterostructures based on metal phthalocyanines (ZnPc or MgPc) and TPyP thin films 
prepared by MAPLE

Another type of organic heterostructure has bulk active layer. The bulk heterojunction 
concept [80] was introduced to overpass the mismatch between the energy bands of the 
constituent organic materials used to form an organic cell with different layers. A bulk het‐
erojunction can be obtained using a wet method for the deposition of the organic materi‐
als, these being mixed in a solution with an adequate solvent from which are subsequently 
deposited films. The organic p‐n materials form an interpenetrating network. In this way, 
the interface between them is enlarged, having effect on the exciton dissociation and the 
charge transport [81].

The MAPLE method described above was used for obtaining structures with metallic phthalo‐
cyanines (ZnPc or Mg Pc) and a non‐metallic porphyrin, 5,10,15,20‐tetra(4‐pyrydil)21H,23H‐
porphyne (TPyP) as a bulk active layer or as a stacked layer, to investigate the effect of the cell 
architecture on the properties. In these structures, the phthalocyanines are the p‐type material 
and the TPyP is the n‐type material.

A flexible ITO/PET substrate (14 Ω/sq resistivity) was used as a TCO electrode. For the MAPLE 
deposition, the same above presented laser was involved, keeping the constant experimental 
conditions: 2.5% concentration of the organic material in DMSO, 300 mJ/cm2 laser fluence, 
5 Hz laser frequency and 5 cm target‐substrate distance. In order to obtain layer with appro‐
priate thickness, the number of the laser pulses was varied (Table 2). Besides ITO/PET, sub‐
strates as a glass and silicon were used. In the structures containing blends, the materials were 
used in the weight ratio of 1:1 and in those having two stacked layers: the first deposited layer 
was the metallic phthalocyanine [50]. A schematic representation of the transferred MAPLE 
layers is presented in Figure 12.

The layers prepared were analysed from structural point of view, the diffractograms of 
ZnPc, MgPc, TPyP and their structures are presented in Figure 13. The single layers and 
the heterostructure based on MgPc are amorphous. In the case of the diffractograms of het‐
erostructures based on ZnPc, some lines characteristic to this material are observed (6.8, 9.1 
and 13.8°) [54, 63], meaning that ZnPc presents some degree of crystallinity. The amorphous 
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Figure 12. Schematic representation of the organic heterostructures deposited by MAPLE with stacked films (a, b) and 
mixed layers (c, d).

Figure 13. XRD patterns of the organic layers deposited by MAPLE: single layers—ZnPc (curve 1), MgPc (curve 2), TPyP 
(curve 3), heterostructures containing stacked films—ZnPc/TPyP (curves 4), MgPc/TPyP (curve 5) and heterostructures 
with mixed layers—ZnPc:TPyP (curves 6), MgPc:TPyP (curve 7).
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behaviour of the phthalocyanines was also reported for films prepared by VTE [82]. So, this 
behaviour is independent of a deposition technique.

The AFM images (Figure 14) were recorded on thin films and on the structures. The granu‐
lar morphology showed by the deposited films was also reported in other papers, this mor‐
phology being characteristic to the MAPLE prepared films but also to the phthalocyanines 
[56, 62, 83]. Small and large grains were disclosed by the AFM images performed on mixed 
layers (ZnPc:TPyP and MgPc:TPyP). The RMS values extracted from AFM are between 25.0 and  
56.8 nm (Table 2).

A small RMS value is presented by the TPyP/ZnPc/ITO structure, meaning that in the stacked 
structure appears a better accommodation of the TPyP molecules on the rough ZnPc film 
(35.7 nm). The highest RMS value was obtained for the MgPc:TPyP/ITO structure. Probably, 
the MgPc:TPyP blend is less homogenous in DMSO, the obtained films being characterised by 
bigger grains comparable with ZnPc:TPyP blend.

The optical properties of the phthalocyanines and porphyrins films were also analysed. The 
FTIR spectra (Figure 15) were recorded in order to observe if some changes appear in the 
structure of the materials deposited by MAPLE. Thus, the FTIR spectra of the films are shown 
in comparison with those of the raw powders, the IR bands from the powders appearing also 
in the thin films, with lower intensity (due to the film thickness). In the phthalocyanines, films 

Figure 14. AFM images of the organic layers deposited by MAPLE: single layers—ZnPc (a), MgPc (b), TPyP (c), 
heterostructures containing stacked films—ZnPc/TPyP (d), MgPc/TPyP (e) and heterostructures with mixed layers—
ZnPc:TPyP (f), MgPc:TPyP (g).
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were identified the vibrations attributed to the C‐H out of plane deformation at 725 cm−1, in‐plane  
C‐H bend at 754, 1088, 1114 and 1285 cm−1, the C‐C stretching in isoindole at 1333 cm−1, the 
C‐C stretching in benzene at 1482 and 1606 cm−1, the C‐H bending in aryl at 1490 cm−1 [56, 58]. 
For the TPyP, the following vibrations were attributed: 798 cm−1 to the C‐H bond in pyrrole, 
1500 and 1590 cm−1 to the C‐C stretching in the pyridyl aromatic ring, 970and 3306 cm−1 to 
porphyrin free‐base signature [15].

Based on these results, it can be concluded that no modification appears at the MAPLE trans‐
fer of the organic materials.

The UV–VIS spectra (Figure 16) of the organic thin films deposited on flexible substrates have 
identified the absorption maxima typical to the used compounds (Figure 16). It can be evi‐
denced the presence of the B and Q bands (between 550 and 750 nm) characteristic to ZnPc 
and MgPc [62, 63]. Two submaxima are remarked in the Q band due to the π‐π* transition, this 
band being localised on the phthalocyanine ring [84, 85]. The π‐π* absorption is emphasised 

Figure 15. FTIR spectra of the ZnPc (a), MgPc (b) and TPyP (c) as powders (curves 1) and single layers deposited by 
MAPLE (curves 2).
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also in the TPyP film, being specific to the free‐base ethio‐type porphyrin, with the B (428 nm) 
and Q (with maxima at 520, 590 and 660 nm) bands [86].

Investigating the emission properties (at 435 nm excitation wavelength) of the samples based 
on phthalocyanines and porphyrins was noted that those containing ZnPc present a large 
emission band (Figure 17) with a maximum at 690 nm and those with MgPc show a broader 
band having the maximum at ~800 nm, associated with the Davidov coupling in the phthalo‐
cyanine solid films [84].

An emission band with two maxima at 660 and 713 nm was observed in the TPyP film, these 
peaks being characteristic to TPyP free base [86]. In the heterostructures prepared with 
stacked layers, the TPyP emission bands were also evidenced (Figure 17 curves 4 and 5). For 
the heterostructures made with blends, a decrease in the emission intensity attributed to TPyP 
(leading even to its quenching) was observed (Figure 17, curves 6 and 7).

Layers based on ZnPc, MgPc and TPyP were successfully transferred by MAPLE on ITO 
flexible substrates. Only the ZnPc presents a certain crystallinity degree when is deposited 
both in stacked and blend forms with TPyP, all the others organic films being amorphous. 

Figure 16. Transmission spectra of the organic layers deposited by MAPLE: single layers—ZnPc (curve 1), MgPc 
(curve 2), TPyP (curve 3), heterostructures containing stacked films—ZnPc/TPyP (curves 4), MgPc/TPyP (curve 5) and 
heterostructures with mixed layers—ZnPc:TPyP (curves 6), MgPc:TPyP (curve 7).
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The morphology with grains can be attributed also to the phthalocyanines but also to the 
MAPLE deposition method. The FTIR spectra confirm that the film deposited by MAPLE 
preserves the vibrational properties of the raw materials. The optical properties of the films 
evidenced a large absorption domain in the visible range. A quenching of the photolumines‐
cence in the bulk heterostructures was observed.

4. Organic heterostructures based on single and multilayer thin films: 
electrical properties for device applications

The I‐V characteristics (Figure 18) for the heterostructures prepared by VTE were recorded 
under dark conditions, in the range of 0V–1V. By using an additional layer of PEDOT:PSS, 
the current value in the standard structures increased from 1.6 × 10−5 A (glass/ITO/ZnPc/C60/
NTCDA/Al) at 6 × 10−4A (glass/ITO/PEDOT:PSS/ZnPc/C60/NTCDA/Al). This supplementary 
layer favours the hole injection from the ITO electrode in the first organic film [52].

Figure 17. Photoluminescence spectra of the organic layers deposited by MAPLE: single layers—ZnPc (curve 1), MgPc 
(curve 2), TPyP (curve 3), heterostructures containing stacked films—ZnPc/TPyP (curves 4), MgPc/TPyP (curve 5) and 
heterostructures with mixed layers—ZnPc:TPyP (curves 6), MgPc:TPyP (curve 7).
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By the deposition of these materials in the inversed order from Al to ITO, an improvement 
in the current value was also obtained, from 1.6 × 10−5 (glass/ITO/ZnPc/C60/NTCDA/Al) A at 
1 × 10−4 A (glass/Al/NTCDA/C60/ZnPc/ITO). Preparing the heterostructure in this way was 
avoided the interaction of the hot Al atoms with the organic layer which can determine the 
appearance of some recombination centres at the interface [87].

Thus, the high current values obtained for these heterostructures can be useful for the OPV 
applications. It was remarked that the current value can be increased either using a supple‐
mentary PEDOT:PSS layer or by preparing the heterostructure in the inverted way.

The resistivity for the AZO layers prepared by PLD was determined using a four‐point probe 
method, the values being between 2.7 × 10−4 and 3.2 × 10−4 Ω cm in the case of untreated layers and 
between 2.5 × 10−4 and 3.1 × 10−4 Ωcm in the case of the treated layers in oxygen plasma (Table 1).

For analysis of the NTCDA/ZnPc/AZO structures from electrical point of view, an injection con‐
tact behaviour was evidenced for both structures deposited on untreated AZO and treated AZO 
films (Figure 19). 5AZO and 10AZO films were characterised by a lower resistivity compared to 
that of the untreated AZO layer, and are chosen to facilitate the charge carrier injection. It was 
observed that the I‐V characteristics became asymmetric for the heterostructures prepared on 

Figure 18. Current‐voltage characteristics of the organic heterostructures deposited by VTE: ITO/ZnPc/C60/NTCDA/Al 
(a), ITO/PEDOT:PSS/ZnPc/C60/NTCDA/Al (b) and glass/Al/NTCDA/C60/ZnPc/ITO (c) structures.

Phthalocyanines and Some Current Applications106



By the deposition of these materials in the inversed order from Al to ITO, an improvement 
in the current value was also obtained, from 1.6 × 10−5 (glass/ITO/ZnPc/C60/NTCDA/Al) A at 
1 × 10−4 A (glass/Al/NTCDA/C60/ZnPc/ITO). Preparing the heterostructure in this way was 
avoided the interaction of the hot Al atoms with the organic layer which can determine the 
appearance of some recombination centres at the interface [87].

Thus, the high current values obtained for these heterostructures can be useful for the OPV 
applications. It was remarked that the current value can be increased either using a supple‐
mentary PEDOT:PSS layer or by preparing the heterostructure in the inverted way.

The resistivity for the AZO layers prepared by PLD was determined using a four‐point probe 
method, the values being between 2.7 × 10−4 and 3.2 × 10−4 Ω cm in the case of untreated layers and 
between 2.5 × 10−4 and 3.1 × 10−4 Ωcm in the case of the treated layers in oxygen plasma (Table 1).

For analysis of the NTCDA/ZnPc/AZO structures from electrical point of view, an injection con‐
tact behaviour was evidenced for both structures deposited on untreated AZO and treated AZO 
films (Figure 19). 5AZO and 10AZO films were characterised by a lower resistivity compared to 
that of the untreated AZO layer, and are chosen to facilitate the charge carrier injection. It was 
observed that the I‐V characteristics became asymmetric for the heterostructures prepared on 

Figure 18. Current‐voltage characteristics of the organic heterostructures deposited by VTE: ITO/ZnPc/C60/NTCDA/Al 
(a), ITO/PEDOT:PSS/ZnPc/C60/NTCDA/Al (b) and glass/Al/NTCDA/C60/ZnPc/ITO (c) structures.

Phthalocyanines and Some Current Applications106

treated AZO substrates. At low voltages (under 0.4 V), the characteristics are linear and at higher 
voltages the effect of the space charge limited currents (SCLC) becomes dominant. At direct 
polarisation, at 1V, the current value increases from 3 × 10−3 A in the structure with AZO at 
1.5 × 10−2 A in the structures with 5AZO and 10AZO (Figure 19 Quadrant 1). An increase in the 
work function of the AZO electrode was induced by the oxygen plasma treatment [88], having 
as effect a decrease in the energetic barrier at the AZO/organic interface which improves the 
injection of the charge carriers from AZO in the organic layer.

Taking into consideration the properties of the AZO, this TCO can be integrated in organic 
heterostructure, instead of the ITO electrode. The heterostructures prepared on AZO are char‐
acterised by current values suitable for the photovoltaic applications. Moreover, treating in 
oxygen plasma the AZO substrate can be increased the current value in the heterostructures 
based on ZnPc and NTCDA.

The electrical properties of stacked and blend layers deposited by MAPLE on flexible sub‐
strate were also investigated. Regarding the stacked structures, they were energetically 
favourable, taking into account the ionisation potential (IP) and electron affinity (EA) levels 
in ZnPc (EIP;ZnPc = 5.28 eV and EEA;ZnPc = 3.28 eV [89]), MgPc (EIP;MgPc = 5.4eV and EEA;MgPc = 3.9 eV 
[90]) and TPyP (EIP;TPyP = 6.8 eV, EEA;TPyP = 4.1 eV [86]).

The I‐V characteristics recorded under dark and under illumination conditions, in 0V–1V domain, 
are near linear (Figure 20). In the dark, the higher value of the current (~10−6 A) was obtained for 
the Al/MgPc:TPyP/ITO structure, with ~ 3 orders of magnitude higher than the value presented by 
the Al/MgPc/TPyP/ITO structure. As was remarked in the AFM images (Figure 10 g), MgPc:TPyP 
layer seems to be characterised by a larger roughness which can lead to the formations of some 
dipoles which reduce the energetic barrier at interfaces favouring the charge transport [83].

An increase in the current value and a photovoltaic effect was also evidenced in the Al/
ZnPc:TPyP/ITO structure after exposure to light (Figure 21). The solar cell parameters are: 

Figure 19. Current‐voltage characteristics of the organic heterostructures deposited by MAPLE: AZO/ZnPc/NTCDA/Au 
structure on substrates untreated (curve 1), treated in oxygen plasma for 5 min (curve 2) and treated in oxygen plasma 
for 10 min (curve 3).
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Figure 20. Current‐voltage characteristics (in dark conditions—curves 1 and under illumination—curves 2) of the 
organic heterostructures deposited by MAPLE: PET/ITO/ZnPc/TPyP/Al (a), PET/ITO/MgPc/TPyP/Al (b), PET/ITO/
ZnPc:TPyP/Al (c) and PET/ITO/MgPc:TPyP/Al (d) structures.

Figure 21. Current‐voltage characteristic (under light, −1 V–1 V domain) of the PET/ITO/ZnPc:TPyP/Al heterostructure 
deposited by MAPLE.
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Figure 20. Current‐voltage characteristics (in dark conditions—curves 1 and under illumination—curves 2) of the 
organic heterostructures deposited by MAPLE: PET/ITO/ZnPc/TPyP/Al (a), PET/ITO/MgPc/TPyP/Al (b), PET/ITO/
ZnPc:TPyP/Al (c) and PET/ITO/MgPc:TPyP/Al (d) structures.

Figure 21. Current‐voltage characteristic (under light, −1 V–1 V domain) of the PET/ITO/ZnPc:TPyP/Al heterostructure 
deposited by MAPLE.
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ISC = 3.4 × 10−9 A; UOC = 0.77 V and FF = 0.28. Even if in the PL spectra of the MgPc:TPyP struc‐
ture (Figure 17) was remarked a quenching of the photoluminescence, in the I‐V characteristic 
recorded under illumination between −1 and 1V, the photovoltaic effect was not evidenced. This 
means that for this case the collection of the charge carrier at the electrodes has not occurred.

In analysis of the structures prepared with stacked layer, an increased current value was 
obtained in Al/TPyP/ZnPc/ITO structure comparing to that based on MgPc. This can be 
explained, considering the position of the HOMO and LUMO levels in these materials, a bet‐
ter hole injection from the ITO electrode in the ZnPc layer being ensured by the lower barrier 
at the ITO/ZnPc interface (WFITO = 4.6 eV [91] and ∆EZnPc‐ITO = 0.68 eV).

Organic heterostructures based on ZnPc, MgPc and TPyP are suitable to be used in OPV due 
their electrical properties, especially in bulk forms instead of stacked layers.

5. Conclusions

Heterostructures based on ZnPc were prepared using two different deposition techniques. 
In a first step, ZnPc was deposited into a multilayer structure in combination with C60 and 
NTCDA by VTE, the most accessed method for the deposition of organic materials.

The heterostructure were fabricated starting from glass/ITO or glass/ITO covered by a thin 
film of PEDOT:PSS on which were deposited ZnPc, C60, NTCDA and Al electrode or starting 
from glass/Al, followed by the deposition of NTCDA, C60, ZnPc and ITO electrode. The struc‐
tures present the absorption maxima characteristic to the used materials. It was evidenced 
that the way in which the layers are deposited influenced the properties. I‐V characteristics 
revealed that the value of the current is increased in normal configuration glass/ITO/ZnPc/
C60/NTCDA/Al when an additional PEDOT:PSS layer is used. An increase in the current value 
was also achieved depositing the layers in inverted order (glass/Al/NTCDA/C60/ZnPc/ITO).

A p‐n heterostructure based on ZnPc and NTCDA layers was also fabricated by a laser 
technique. Moreover, the structures are obtained on the AZO substrate, and a TCO used to 
replace the ITO, the material most used as a transparent conductor electrode. AZO layers 
with adequate optical and electrical properties were prepared by PLD. The influence of an 
oxygen plasma treatment of AZO on the properties of the organic structures deposited on this 
TCO was analysed. The UV–VIS spectra show features typical to the used materials, cover‐
ing a large region of the visible domain. The PL emission bands attributed to the ZnPc and 
NTCDA were overlapped by the emission bands showed by the AZO substrate. AFM images 
evidenced a decrease in the size of the grains of the organic heterostructures with the increase 
in duration of the applied plasma treatment of the AZO substrate. The I‐V characteristics of 
the heterostructures revealed an injector contact behaviour and the appearance of the space 
charge limited currents (characteristic in organic materials) at voltages higher than 0.4V. AZO 
substrates treated in oxygen plasma (for 5 and 10 min) can favour the injection of the charge 
carrier in the organic layer, probably as a result of the increasing of AZO work function (lead‐
ing to a decrease in the energetic barrier at the interface), and determining a current higher 
with 1 order of magnitude in the heterostructures prepared on the treated substrate.
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Organic heterostructures based on metal phthalocyanines and a porphyrin (ZnPc orMgPc 
and TPyP) were deposited by MAPLE on flexible substrate PET/ITO (in stacked or mixed 
form). The films preserve their IR absorption properties indicating that no decomposition 
appears at the laser transfer. The I‐V characteristics of the heterostructures measured in dark 
conditions show an increased current value with 3 orders of magnitude higher for the struc‐
ture with MgPc:TPyP compared to the structure formed with stacked films based on the same 
compounds. The appearance of the photovoltaic effect was remarked in the heterostructures 
with ZnPc:TPyP when the structure was exposed to the light.

In conclusion, thin films based on porphyrins and/or phthalocyanines can be deposited in 
multilayers or blend configurations on various substrates (ITO/glass, AZO/glass, Al/glass or 
ITO/PET) by different deposition techniques, including laser techniques. The obtained results 
are promising and very useful for further applications in the photovoltaic field.

Acknowledgements

The work has been funded by the Romanian National Authority for Scientific Research, 
CNCS‐UEFISCDI, projects TE 188/2014, PN‐II‐RU‐TE‐2014‐4‐1590 and the National Authority 
for Research and Innovation in the frame of Core Program ‐ contract 4N/2016 and contract 
PN16‐480102. 

Author details

Marcela Socol1*, Nicoleta Preda1, Anca Stanculescu1, Florin Stanculescu2 and Gabriel Socol3

*Address all correspondence to: marcela.socol@infim.ro

1 National Institute of Material Physics, Bucharest‐Magurele, Romania

2 Faculty of Physics, University of Bucharest, Bucharest‐Magurele, Romania

3 National Institute for Lasers, Plasma and Radiation Physics, Bucharest‐Magurele, Romania

References

[1] Yu J.S., Yin X.X., Xu Z.S., Deng P., Han Y.B., Zhou B.J., Tang W.H. Bisalkylthio side chain 
manipulation on two‐dimensional benzo[1,2‐b:4,5‐b’]dithiophene copolymers with deep 
HOMO levels for efficient organic photovoltaics. Dyes and Pigments. 2017;136:312–320. 
DOI: 10.1016/j.dyepig.2016.08.057

[2] Park Y., Berger J., Tang Z., Muller‐Meskamp, L., Lasagni A. F., Vandewal K., Leo K. 
Flexible, light trapping substrates for organic photovoltaics. Applied Physics Letters. 
2016;109(9): Article Number: 093301. DOI: 10.1063/1.4962206

Phthalocyanines and Some Current Applications110



Organic heterostructures based on metal phthalocyanines and a porphyrin (ZnPc orMgPc 
and TPyP) were deposited by MAPLE on flexible substrate PET/ITO (in stacked or mixed 
form). The films preserve their IR absorption properties indicating that no decomposition 
appears at the laser transfer. The I‐V characteristics of the heterostructures measured in dark 
conditions show an increased current value with 3 orders of magnitude higher for the struc‐
ture with MgPc:TPyP compared to the structure formed with stacked films based on the same 
compounds. The appearance of the photovoltaic effect was remarked in the heterostructures 
with ZnPc:TPyP when the structure was exposed to the light.

In conclusion, thin films based on porphyrins and/or phthalocyanines can be deposited in 
multilayers or blend configurations on various substrates (ITO/glass, AZO/glass, Al/glass or 
ITO/PET) by different deposition techniques, including laser techniques. The obtained results 
are promising and very useful for further applications in the photovoltaic field.

Acknowledgements

The work has been funded by the Romanian National Authority for Scientific Research, 
CNCS‐UEFISCDI, projects TE 188/2014, PN‐II‐RU‐TE‐2014‐4‐1590 and the National Authority 
for Research and Innovation in the frame of Core Program ‐ contract 4N/2016 and contract 
PN16‐480102. 

Author details

Marcela Socol1*, Nicoleta Preda1, Anca Stanculescu1, Florin Stanculescu2 and Gabriel Socol3

*Address all correspondence to: marcela.socol@infim.ro

1 National Institute of Material Physics, Bucharest‐Magurele, Romania

2 Faculty of Physics, University of Bucharest, Bucharest‐Magurele, Romania

3 National Institute for Lasers, Plasma and Radiation Physics, Bucharest‐Magurele, Romania

References

[1] Yu J.S., Yin X.X., Xu Z.S., Deng P., Han Y.B., Zhou B.J., Tang W.H. Bisalkylthio side chain 
manipulation on two‐dimensional benzo[1,2‐b:4,5‐b’]dithiophene copolymers with deep 
HOMO levels for efficient organic photovoltaics. Dyes and Pigments. 2017;136:312–320. 
DOI: 10.1016/j.dyepig.2016.08.057

[2] Park Y., Berger J., Tang Z., Muller‐Meskamp, L., Lasagni A. F., Vandewal K., Leo K. 
Flexible, light trapping substrates for organic photovoltaics. Applied Physics Letters. 
2016;109(9): Article Number: 093301. DOI: 10.1063/1.4962206

Phthalocyanines and Some Current Applications110

[3] Lee S., Kim B., Jung H., Shin H., Lee H., Lee J., Park J. Synthesis and electroluminescence 
properties of new blue dual‐core OLED emitters using bulky side chromophores. Dyes 
and Pigments. 2017;136:255–261. DOI: 10.1016/j.dyepig.2016.08.010

[4] Zhou H., Cheong H. G., Park J. W. Charge carrier transport through the interface between 
hybrid electrodes and organic materials in flexible organic light emitting diodes. Journal 
of Nanoscience and Nanotechnology. 2016;16(5):5179–5185. DOI: 10.1166/jnn.2016.12265

[5] Xiang L. Y., Ying J., Wang W., Xie W. F. High mobility n‐channel organic field‐effect tran‐
sistor based a tetratetracontane interfacial layer on gate dielectrics. IEEE Electron Device 
Letters. 2016;37(12):1632–1635. DOI: 10.1109/LED.2016.2616517

[6] Kheradmand‐Boroujeni B., Schmidt G.C., Hoft D., Haase K., Bellmann M., Ishida K., 
Shabanpour R., Meister T., Carta C., Hubler A. C., Ellinger F. Small‐signal characteris‐
tics of fully‐printed high‐current flexible all‐polymer three‐layer‐dielectric transistors. 
Organic Electronics. 2016;34: 275–283. DOI: 10.1016/j.orgel.2016.04.037

[7] Heliatek. Heliatek sets new organic photovoltaic world record efficiency of 13.2% 
[Internet]. 2016. Available from: http://www.heliatek.com/en/press/press‐releases/
details/heliatek‐sets‐new‐organic‐photovoltaic‐world‐record‐efficiency‐of‐13‐2

[8] Pochettino A. The development of organic conductors, including semiconductors, met‐
als and superconductors cont. Academy Lincei Rendus. 1906;15:355.

[9] Volmer M. Different Photoelectric Phenomena in Anthracene, their Relation to one 
another, to Fluorescence and to the Formation of Dianthracene. Annalen der Physik. 
1913;345(4):775–796. DOI:10.1002/andp.19133450411

[10] Kearns D., Calvin M. Photovoltaic effect and photoconductivity in laminated organic sys‐
tems. The Journal of Chemical Physics. 1958;29(4):950–951. dx.doi.org/10.1063/1.1744619

[11] Tang C. W. Two‐layer organic photovoltaic cell. Applied Physics Letters. 1986;48:183–
185. DOI: http://dx.doi.org/10.1063/1.96937

[12] Spanggaard H., Krebs F. C. A brief history of the development of organic and polymeric 
photovoltaics. Solar Energy Materials & Solar Cells. 2004;83:125–146. DOI:10.1016/j.
solmat.2004.02.021

[13] Hoppe H., Sariciftci N. S. Organic solar cells: An overview. Journal of Material Research. 
2004;19(7):1924–1945. DOI: 10.1557/JMR.2004.0252

[14] Walter M. G., Rudine A. B., Wamser C. C. Porphyrins and phthalocyanines in solar 
photovoltaic cells. Journal of Porphyrins and Phthalocyanines, 2010;14:759–792. DOI: 
10.1142/S1088424610002689

[15] Fagadar‐Cosma E., Enache C., Armeanu I., Fagadar‐Cosma G. Comparative inves‐
tigations of the absorption and fluorescence spectra of tetrapyridylporphyrine and 
Zn(ii) tetrapyridylporphyrine. Digest Journal of Nanomaterials and Biostructures. 
2007;2(1):175–183

Heterostructures Based on Porphyrin/Phthalocyanine Thin Films for Organic Device Applications
http://dx.doi.org/10.5772/67702

111



[16] Yella A., Lee H. W., Tsao H. N., Yi C., Chandiran A. K., Nazeeruddin M. K., Diau E. W., 
Yeh C. Y., Zakeeruddin S. M., Gra¨tzel M. Porphyrin‐sensitized solar cells with cobalt 
(II/III)‐based redox electrolyte exceed 12 percent efficiency. Science. 2011;334:629–634. 
http://dx.doi.org/10.1126/science.1209688

[17] Mathew S., Yella A., Gao P., Humphry‐Baker R., Curchod B. F. E., Ashari‐Astani N., 
Tavernelli I., Rothlisberger U., Nazeeruddin Md. K., Grätzel M. Dye‐sensitized solar cells 
with 13% efficiency achieved through the molecular engineering of porphyrin sensitiz‐
ers. Nature Chemistry. 2014;6:242–247.doi:10.1038/nchem

[18] Orns O K. B., Garcia‐Lastra J. M., De La Torre G., Himpsel F. J., Rubio d A., Thygesen 
K. S. Design of two‐photon molecular tandem architectures for solar cells by ab initio 
theory. Chemical Science. 2015;6:3018–302. DOI: 10.1039/c4sc03835e

[19] Monti D., Nardis S., Stefanelli M., Paolesse R., Di Natale C., D’Amico A. Porphyrin‐
based nanostructures for sensing applications. Journal of Sensors. 2009;2009: 1‐10. http://
dx.doi.org/10.1155/2009/856053

[20] Baran J. D., Grönbeck H., Hellman A. Analysis of porphyrines as catalysts for electro‐
chemical reduction of O2 and oxidation of H2O. Journal of American Chemical Society. 
2014;136(4):1320–1326.DOI: 10.1021/ja4060299

[21] Ishihara S., LabutaJ., Van Rossom W., Ishikawa D., Minami K., Hill J. P., Ariga K. 
Porphyrin‐based sensor nanoarchitectonics in diverse physical detection modes. Physical 
Chemistry Chemical Physics. 2014;16(21):9713–9746. DOI: 10.1039/C3CP55431G

[22] Dougherty T. J., Gomer C. J., Henderson B. W., Jori G., Kessel D., Korbelik M., Moan J., 
Peng Q. Photodynamic therapy. Journal of the National Cancer Institute. 1998;90:889–
905. PMC4592754

[23] Huynh E., Leung B. Y. C., Helfield B. L., Shakiba M., Gandier J., Jin C. S., Master E.R., 
Wilson B. C., Goertz D. E., Zheng G. In situ conversion of porphyrin microbubbles to 
nanoparticles for multimodality imaging. Nature Nanotechnology. 2015;10:325–332. 
DOI:10.1038/nnano.2015.25

[24] Aviezer D., Cotton S., David M., Segev A., Khaselev N., Galili N., Gross Z., Yayon 
A. Porphyrin analogues as novel antagonists of fibroblast growth factor and vascu‐
lar endothelial growth factor receptor binding that inhibit endothelial cell prolifera‐
tion, tumor progression, and metastasis.Cancer Research.2000;60:2973–2980. PubMed 
ID:10850445

[25] Stanculescu A., Socol G., Vacareanu L., Socol M., Rasoga O., Breazu C., Girtan M., 
Stanculescu F. MAPLE preparation and characterization of mixed arylenevinylene 
based oligomers: C60 layers. Applied Surface Science. 2016;374:278–289. http://dx.doi.
org/10.1016/j.apsusc.2015.11.250

[26] Stubinger T., Brutting W. Exciton diffusion and optical interference in organic donor‐
acceptor photovoltaic cells. Journal of Applied Physics. 2001;90:3632–3641.

Phthalocyanines and Some Current Applications112



[16] Yella A., Lee H. W., Tsao H. N., Yi C., Chandiran A. K., Nazeeruddin M. K., Diau E. W., 
Yeh C. Y., Zakeeruddin S. M., Gra¨tzel M. Porphyrin‐sensitized solar cells with cobalt 
(II/III)‐based redox electrolyte exceed 12 percent efficiency. Science. 2011;334:629–634. 
http://dx.doi.org/10.1126/science.1209688

[17] Mathew S., Yella A., Gao P., Humphry‐Baker R., Curchod B. F. E., Ashari‐Astani N., 
Tavernelli I., Rothlisberger U., Nazeeruddin Md. K., Grätzel M. Dye‐sensitized solar cells 
with 13% efficiency achieved through the molecular engineering of porphyrin sensitiz‐
ers. Nature Chemistry. 2014;6:242–247.doi:10.1038/nchem

[18] Orns O K. B., Garcia‐Lastra J. M., De La Torre G., Himpsel F. J., Rubio d A., Thygesen 
K. S. Design of two‐photon molecular tandem architectures for solar cells by ab initio 
theory. Chemical Science. 2015;6:3018–302. DOI: 10.1039/c4sc03835e

[19] Monti D., Nardis S., Stefanelli M., Paolesse R., Di Natale C., D’Amico A. Porphyrin‐
based nanostructures for sensing applications. Journal of Sensors. 2009;2009: 1‐10. http://
dx.doi.org/10.1155/2009/856053

[20] Baran J. D., Grönbeck H., Hellman A. Analysis of porphyrines as catalysts for electro‐
chemical reduction of O2 and oxidation of H2O. Journal of American Chemical Society. 
2014;136(4):1320–1326.DOI: 10.1021/ja4060299

[21] Ishihara S., LabutaJ., Van Rossom W., Ishikawa D., Minami K., Hill J. P., Ariga K. 
Porphyrin‐based sensor nanoarchitectonics in diverse physical detection modes. Physical 
Chemistry Chemical Physics. 2014;16(21):9713–9746. DOI: 10.1039/C3CP55431G

[22] Dougherty T. J., Gomer C. J., Henderson B. W., Jori G., Kessel D., Korbelik M., Moan J., 
Peng Q. Photodynamic therapy. Journal of the National Cancer Institute. 1998;90:889–
905. PMC4592754

[23] Huynh E., Leung B. Y. C., Helfield B. L., Shakiba M., Gandier J., Jin C. S., Master E.R., 
Wilson B. C., Goertz D. E., Zheng G. In situ conversion of porphyrin microbubbles to 
nanoparticles for multimodality imaging. Nature Nanotechnology. 2015;10:325–332. 
DOI:10.1038/nnano.2015.25

[24] Aviezer D., Cotton S., David M., Segev A., Khaselev N., Galili N., Gross Z., Yayon 
A. Porphyrin analogues as novel antagonists of fibroblast growth factor and vascu‐
lar endothelial growth factor receptor binding that inhibit endothelial cell prolifera‐
tion, tumor progression, and metastasis.Cancer Research.2000;60:2973–2980. PubMed 
ID:10850445

[25] Stanculescu A., Socol G., Vacareanu L., Socol M., Rasoga O., Breazu C., Girtan M., 
Stanculescu F. MAPLE preparation and characterization of mixed arylenevinylene 
based oligomers: C60 layers. Applied Surface Science. 2016;374:278–289. http://dx.doi.
org/10.1016/j.apsusc.2015.11.250

[26] Stubinger T., Brutting W. Exciton diffusion and optical interference in organic donor‐
acceptor photovoltaic cells. Journal of Applied Physics. 2001;90:3632–3641.

Phthalocyanines and Some Current Applications112

[27] Peumans P., Forrest S.R. Very‐high‐efficiency double‐heterostructure copper phthalocya‐
nine/C‐60 photovoltaic cells. Applied Physics Letters. 2001;79:126–128. DOI: http://
dx.doi.org/10.1063/1.1384001

[28] Dao Q.D., Hori T., Fukumura K., Masuda T., Kamikado T., Fujii A., et al. Effects of 
processing additives on nanoscale phase separation, crystallization and photovoltaic 
performance of solar cells based on mesogenic phthalocyanine. Organic Electronics. 
2016;14:2628–2634. http://dx.doi.org/10.1016/j.orgel.2013.05.041

[29] Xue J., Rand B.P., Uchida S., Forrest S.R. A hybrid planar‐mixed molecular heterojunc‐
tion photovoltaic cell. Advanced Materials. 2005;17:66–71. DOI: 10.1002/adma.200400617

[30] Xue J., Uchida S., Rand B.P., Forrest S.R. Asymmetric tandem organic photovoltaic 
cells with hybrid planar‐mixed molecular heterojunctions. Applied Physics Letters. 
2004;85:5757–5759. DOI: http://dx.doi.org/10.1063/1.1829776

[31] Cho K. T., Rakstys K., Cavazzini M., Orlandi S., Pozzi G., Nazeeruddi M. K. Perovskite 
solar cells employing molecularly engineered Zn(II) phthalocyanines as hole‐
transporting materials. Nano Energy. 2016;30:853–857. http://dx.doi.org/10.1016/j.
nanoen.2016.09.008.

[32] Leznoff C. C., Lever A. B. P. (eds.). Phthalocyanines: Properties and Applications : 
Volume 2, New York: VCH Publishers, 1993, 355p.

[33] Rao S. V., Rao D. N. Excited state dynamics in phthalocyanines studied using degenerate 
four wave mixing with incoherent light. Journal of Porphyrins Phthalocyanines. 2002;6 
233–237. DOI: http://dx.doi.org/10.1142/S1088424602000270

[34] Mali S. S., Dalavi D. S., Bhosale P. N., Betty C. A., Chauhancand A. K., Patil P. S. Electro‐
optical properties of copper phthalocyanines (CuPc) vacuum deposited thin films. RSC 
Advances. 2012;2:2100–2104.DOI: 10.1039/C2RA00670G

[35] Law K. Y. Organic photoconductive materials: recent trends and developments. 
Chemical Reviews. 1993;93(1): 449–486. DOI: 10.1021/cr00017a020

[36] Ghorannevis Z., Akbarnejad E., Elahi A. Salar, Ghoranneviss M. Application of RF mag‐
netron sputtering for growth of AZO on glass substrate. Journal of Crystal Growth. 
2016;447:62–66. http://dx.doi.org/10.1016/j.jcrysgro.2016.04.062

[37] Socol G., Socol M., Stefan N., Axente E., Popescu‐Pelin G., Craciun D., et al. Pulsed laser 
deposition of transparent conductive oxide thin films on flexible substrate. Applied 
Surface Science. 2012;260:42–46. DOI:10.1016/j.apsusc.2012.02.14

[38] Kymakis E., Stylianakis M. M., Spyropoulos G. D., Stratakis E., Koudoumas E., Fotakis 
C. Spin coated carbon nanotubes as the hole transport layer in organic photovoltaics. 
Solar Energy Materials and Solar Cells. 2012;96:298–301: http://dx.doi.org/10.1016/j.
solmat.2011.09.046

[39] Xiong K., HouL., Wu M., Huo Y., Mo W., Yuan Y., Sun S.,Xu W., Wang E. From spin coat‐
ing to doctor blading: A systematic study on the photovoltaic performance of an isoin‐

Heterostructures Based on Porphyrin/Phthalocyanine Thin Films for Organic Device Applications
http://dx.doi.org/10.5772/67702

113



digo‐based polymer. Solar Energy Materials and Solar Cells. 2015;132:252–259. http://
dx.doi.org/10.1016/j.solmat.2014.08.039

[40] Haldar A., Liao K.‐S., Curran S. A. Fabrication of inkjet printed organic photovol‐
taics on flexible Ag electrode with additives. Solar Energy Materials and Solar Cells. 
2014;125:283–290. http://dx.doi.org/10.1016/j.solmat.2014.03.013

[41] Kim H. Transparent Conducting Oxide Films. In: Easton R., editor. Pulsed Laser 
Deposition of Thin Films: Applications‐Led Growth of Functional Materials. 1st 
ed. New York, United States: John Wiley & Sons Inc.; 2006, pp. 240–255. DOI: 
10.1002/9780470052129.ch11

[42] Norton D. P. Pulsed laser deposition of complex materials: progress toward applica‐
tions. In: Eason R., editor. Pulsed Laser Deposition of Thin Films: Applications‐Led 
Growth of Functional Materials. 1st ed. New York, United States: Wiley & Sons; 2006, 
pp. 3–32. DOI: 10.1002/9780470052129.ch1

[43] Socol G., Craciun D., Mihailescu I.N., Stefan N., Besleaga C., Ion L., et al. High quality 
amorphous indium zinc oxide thin films synthesized by pulsed laser deposition. Thin 
Solid Films. 2011;520:1274–1277. DOI:10.1016/j.tsf.2011.04.196

[44] Thomas M. T. Vacuum deposition techniques. In: G.L. Weissler and Carlson R.W., edi‐
tors. Methods in Experimental Physics. Volume 14, Vacuum Physics and Technology. 
New York, Elsevier. 1980, pp.521–575.http://dx.doi.org/10.1016/S0076‐695X(08)60385‐3

[45] Graper E. B. Resistance evaporation. In: Glocker D. A., Shah S. I., editors. Handbook of 
Thin Film Process Technology (Inst. Phys. Publ., Bristol 1995) A 1.1: pp.A1.1:1–A1.1:7.

[46] Stanculescu A., Stanculescu F., Tugulea L., Socol M. Optical properties of 3,4,9,10‐per‐
ylenetetracarboxylic dianhydride and 8‐hydroxyquinoline aluminium salt films pre‐
pared by vacuum deposition. Material Science Forum. 2006;514–516:956–960

[47] Luches A., Caricato A. P. Fundamentals and applications of MAPLE. In: Miotello A., 
Ossi P. M., editors. Laser‐Surface Interactions for New Materials Production. 1st ed. 
Berlin: Springer Berlin Heidelberg; 2010, pp. 203–233. DOI 10.1007/978‐3‐642‐03307‐0_9

[48] Caricato A. P. Lasers in materials science. MAPLE and MALDI: theory and experi‐
ments. In: M. Castillejo, M. O., Paolo,L. Zhigilei, editors. Lasers in Materials Science. 
1st ed. Switzerland: Springer International Publishing; 2014, pp. 295–323. DOI: 
10.1007/978‐3‐319‐02898‐9_12

[49] Socol M., Preda N., Vacareanu L., Grigoras M., Socol G., Mihailescu I.N., et al. Organic 
heterostructures based on arylenevinylene oligomers deposited by MAPLE. Applied 
Surface Science. 2014;302:216–222. DOI: 10.1016/j.apsusc.2013.12.091

[50] Socol M., Preda N., Rasoga O., Breazu C., Stavarache I., Stanculescu F., et al. Flexible het‐
erostructures based on metal phthalocyanines thin films obtained by MAPLE. Applied 
Surface Science.2016;374:403–410. DOI 10.1016/j.apsusc.2015.10.166

Phthalocyanines and Some Current Applications114



digo‐based polymer. Solar Energy Materials and Solar Cells. 2015;132:252–259. http://
dx.doi.org/10.1016/j.solmat.2014.08.039

[40] Haldar A., Liao K.‐S., Curran S. A. Fabrication of inkjet printed organic photovol‐
taics on flexible Ag electrode with additives. Solar Energy Materials and Solar Cells. 
2014;125:283–290. http://dx.doi.org/10.1016/j.solmat.2014.03.013

[41] Kim H. Transparent Conducting Oxide Films. In: Easton R., editor. Pulsed Laser 
Deposition of Thin Films: Applications‐Led Growth of Functional Materials. 1st 
ed. New York, United States: John Wiley & Sons Inc.; 2006, pp. 240–255. DOI: 
10.1002/9780470052129.ch11

[42] Norton D. P. Pulsed laser deposition of complex materials: progress toward applica‐
tions. In: Eason R., editor. Pulsed Laser Deposition of Thin Films: Applications‐Led 
Growth of Functional Materials. 1st ed. New York, United States: Wiley & Sons; 2006, 
pp. 3–32. DOI: 10.1002/9780470052129.ch1

[43] Socol G., Craciun D., Mihailescu I.N., Stefan N., Besleaga C., Ion L., et al. High quality 
amorphous indium zinc oxide thin films synthesized by pulsed laser deposition. Thin 
Solid Films. 2011;520:1274–1277. DOI:10.1016/j.tsf.2011.04.196

[44] Thomas M. T. Vacuum deposition techniques. In: G.L. Weissler and Carlson R.W., edi‐
tors. Methods in Experimental Physics. Volume 14, Vacuum Physics and Technology. 
New York, Elsevier. 1980, pp.521–575.http://dx.doi.org/10.1016/S0076‐695X(08)60385‐3

[45] Graper E. B. Resistance evaporation. In: Glocker D. A., Shah S. I., editors. Handbook of 
Thin Film Process Technology (Inst. Phys. Publ., Bristol 1995) A 1.1: pp.A1.1:1–A1.1:7.

[46] Stanculescu A., Stanculescu F., Tugulea L., Socol M. Optical properties of 3,4,9,10‐per‐
ylenetetracarboxylic dianhydride and 8‐hydroxyquinoline aluminium salt films pre‐
pared by vacuum deposition. Material Science Forum. 2006;514–516:956–960

[47] Luches A., Caricato A. P. Fundamentals and applications of MAPLE. In: Miotello A., 
Ossi P. M., editors. Laser‐Surface Interactions for New Materials Production. 1st ed. 
Berlin: Springer Berlin Heidelberg; 2010, pp. 203–233. DOI 10.1007/978‐3‐642‐03307‐0_9

[48] Caricato A. P. Lasers in materials science. MAPLE and MALDI: theory and experi‐
ments. In: M. Castillejo, M. O., Paolo,L. Zhigilei, editors. Lasers in Materials Science. 
1st ed. Switzerland: Springer International Publishing; 2014, pp. 295–323. DOI: 
10.1007/978‐3‐319‐02898‐9_12

[49] Socol M., Preda N., Vacareanu L., Grigoras M., Socol G., Mihailescu I.N., et al. Organic 
heterostructures based on arylenevinylene oligomers deposited by MAPLE. Applied 
Surface Science. 2014;302:216–222. DOI: 10.1016/j.apsusc.2013.12.091

[50] Socol M., Preda N., Rasoga O., Breazu C., Stavarache I., Stanculescu F., et al. Flexible het‐
erostructures based on metal phthalocyanines thin films obtained by MAPLE. Applied 
Surface Science.2016;374:403–410. DOI 10.1016/j.apsusc.2015.10.166

Phthalocyanines and Some Current Applications114

[51] Caricato A. P., Cesaria M., Gigli G., Loiudice A., Luches A., Martino M., et al. Poly‐
(3‐hexylthiophene)/6,6 ‐phenyl‐C‐61‐butyric‐acid‐methyl‐ester bilayer deposition by 
matrix‐assisted pulsed laser evaporation for organic photovoltaic applications. Applied 
Physics Letters. 2012;100:073306. DOI:10.1063/1.3685702

[52] Lin C.‐F., Zhang M., Liu S.‐W., ChiuT.‐L., Lee J.‐H. High photoelectric conversion 
efficiency of metal phthalocyanine/fullerene heterojunction photovoltaic device. 
International Journal of Molecular Sciences. 2011;12: 476–505.doi:10.3390/ijms12010476

[53] Socol M., Rasoga O., Breazu C., Socol G., Preda N., Pasuk I., et al. Heterostructures 
based on small molecules organic compounds. Digest Journal of Nanomaterials and 
Biostructures. 2015;10(4):1383–1392

[54] Senthilarasu S., Velumani S., Sathyamoorthy R., Subbarayan A., Ascencio J.A., Canizal 
G., et al. Characterization of zinc phthalocyanine (ZnPc) for photovoltaic applications. 
Applied Physics A‐Materials Science & Proces. 2003;77(3–4):383–389. DOI: 10.1007/
s00339‐003‐2184‐7

[55] Ginzburg B. M., Tulchiev Sh., Tabarov S. K., Shepelevski A. A., Shibaev L. A. X‐ray dif‐
fraction analysis of C[sub 60] fullerene powder and fullerene soot. Technical Physics. 
2005;50(11):1458. DOI 10.1134/1.2131953

[56] Gaffo L., Cordeiro M.R., Freitas A.R., Moreira W.C., Girotto E. M., Zucolotto V. The 
effects of temperature on the molecular orientation of zinc phthalocyanine films. Journal 
of Material Science. 2010;45:1366–1370. DOI:10.1007/s10853‐009‐4094‐3

[57] Zhang H., Wu C., Liang L., Chen Y., He Y., Zhu Y., et al. Structural, morphological and 
optical properties of C60 cluster thin films produced by thermal evaporation under argon 
gas. Journal of Physics: Condensed Matter. 2001;13(13):2883–2889

[58] Seoudi R., El‐Bahy G.S., El Sayed Z.A. FTIR, TGA and DC electrical conductivity studies 
of phthalocyanine and its complexes. Journal of Molecular Structure. 2005;753(1):119–
126. http://dx.doi.org/10.1016/j.molstruc.2005.06.003

[59] Triboni E. R., da Silva M. F. P., Finco A. T., Rodrigues M. A., Demets G. J.‐F., Dyszy F. H., 
et al. Synthesis and properties of new paramagnetic hybrid bayerite from Al(0)/naphtha‐
lene dianhydride reaction. Materials Research. 2010;13(4):505–511.

[60] Braatz C. R., Ohl G., Jakob P. Vibrational properties of the compressed and the relaxed 
1,4,5,8‐naphthalene‐tetracarboxylic dianhydride monolayer on Ag(111). The Journal of 
Chemical Physics. 2012;136(13):134706. DOI: http://dx.doi.org/10.1063/1.3699030.

[61] Torsi L., Dodabalapur A., Cioffi N., Sabbatini L., Zambonin P.G. NTCDA organic thin‐
film‐transistor as humidity sensor: weaknesses and strengths. Sensors and Actuators B. 
2001;77(1–2):7–11. http://dx.doi.org/10.1016/S0925‐4005(01)00664‐5

[62] Sathyamoorthy R., Senthilarasu S. Influence of RMS strain on optical band gap of 
Zinc Phthalocyanine (ZnPc) thin films. Solar Energy. 2006;80:201–208. http://dx.doi.
org/10.1016/j.solener.2005.06.005

Heterostructures Based on Porphyrin/Phthalocyanine Thin Films for Organic Device Applications
http://dx.doi.org/10.5772/67702

115



[63] Senthilarasu S., Hahn Y.B., Lee S.H. Structural analysis of zinc phthalocyanine (ZnPc) 
thin films: X‐ray diffraction study. Journal of Applied Physics. 2007;102(4):043512. DOI: 
http://dx.doi.org/10.1063/1.2771046

[64] Jayatissa A. H., Nadarajah A., Dutta A.K. Investigation of C60 films for surface finishing 
applications. Proceeding SPIE. 2005;6002:60021A‐1. doi:10.1117/12.631051

[65] Chu C.‐W., Shao Y., Shrotriya V., Yang Y. Efficient photovoltaic energy conversion in 
tetracene‐C60 based heterojunctions. Applied Physics Letters. 2005;86,243506. DOI: 
10.1063/1.1946184

[66] Tachikawa H., Kawabata H., Miyamoto R., Nakayama K., Yokoyama M. Experimental 
and theoretical studies on the organic–inorganic hybrid compound: aluminum‐NTCDA 
co‐deposited film. The Journal of Physical Chemistry B. 2005;109(8):3139–3145. DOI: 
10.1021/jp046168e

[67] Dong B.‐Z., Fang G.‐J., Wang J.‐F., Guan W.‐J., Zhao X.‐Z. Effect of thickness on structural, 
electrical, and optical properties of ZnO: Al films deposited by pulsed laser deposition. 
Journal of Applied Physics. 2007;101(3):033713. DOI: http://dx.doi.org/10.1063/1.2437572

[68] Kim H., Gilmore C. M., Horwitz J. S., Piqué A., Murata H., Kushto G. P., et al. Transparent 
conducting aluminum‐doped zinc oxide thin films for organic light‐emitting devices. 
Applied Physics Letters. 2000;76(3):259. DOI: http://dx.doi.org/10.1063/1.125740

[69] Wu H.‐W., Yang R.‐Y., Hsiung C.‐M., Chu C.‐M. Characterization of aluminum‐doped 
zinc oxide thin films by RF magnetron sputtering at different substrate temperature and 
sputtering power. Journal of Materials Science: Materials in Electronics. 2013;24(1):166–
171. DOI: 10.1007/s10854‐012‐0769‐7

[70] Stanculescu A., Socol M., Rasoga O., Mihailescu I. N., Socol G., Preda N., et al. Laser 
prepared organic hetrostructures on glass/AZO substrates. Applied Surface Science. 
2014;302:169–176. http://dx.doi.org/10.1016/j.apsusc.2014.01.181

[71] Martins R., Fortunato E., Nunes P., Ferreira I., Marques A., Bender M. Zinc oxide as 
an ozone sensor. Journal of Applied Physics. 2004;96: 1398–1408. DOI: http://dx.doi.
org/10.1063/1.1765864

[72] Chou Y.‐H., Yan J.‐T., Lee H.‐Y., Lee C.‐T. AZO films with Al nano‐particles to improve 
the light extraction efficiency of GaN‐based light‐emitting diodes Proceeding SPIE. 
2008;6894:68941C.1–68941C.6. DOI: 10.1117/12.765633

[73] Wojdyla M., Derkowska B., Lukasiak Z., W. Bala. Absorption and photoreflectance spec‐
troscopy of zinc phthalocyanine (ZnPc) thin films grown by thermal evaporation. Materials 
Letters. 2006;60(29–30):3441–3446. http://dx.doi.org/10.1016/j.matlet.2006.03.029

[74] Forrest S.R., Holmes R. Organic Polariton Laser Patents. US 20050195874 A1. http://
www.google.de/patents/US20050195874.

[75] Ding J., Chen H., Zhao X., Ma S. Effect of substrate and annealing on the structural 
and optical properties of ZnO: Al films. Journal of Physics and Chemistry of Solids. 
2010;71(3):346–350. DOI: 10.1016/j.jpcs.2009.12.088

Phthalocyanines and Some Current Applications116



[63] Senthilarasu S., Hahn Y.B., Lee S.H. Structural analysis of zinc phthalocyanine (ZnPc) 
thin films: X‐ray diffraction study. Journal of Applied Physics. 2007;102(4):043512. DOI: 
http://dx.doi.org/10.1063/1.2771046

[64] Jayatissa A. H., Nadarajah A., Dutta A.K. Investigation of C60 films for surface finishing 
applications. Proceeding SPIE. 2005;6002:60021A‐1. doi:10.1117/12.631051

[65] Chu C.‐W., Shao Y., Shrotriya V., Yang Y. Efficient photovoltaic energy conversion in 
tetracene‐C60 based heterojunctions. Applied Physics Letters. 2005;86,243506. DOI: 
10.1063/1.1946184

[66] Tachikawa H., Kawabata H., Miyamoto R., Nakayama K., Yokoyama M. Experimental 
and theoretical studies on the organic–inorganic hybrid compound: aluminum‐NTCDA 
co‐deposited film. The Journal of Physical Chemistry B. 2005;109(8):3139–3145. DOI: 
10.1021/jp046168e

[67] Dong B.‐Z., Fang G.‐J., Wang J.‐F., Guan W.‐J., Zhao X.‐Z. Effect of thickness on structural, 
electrical, and optical properties of ZnO: Al films deposited by pulsed laser deposition. 
Journal of Applied Physics. 2007;101(3):033713. DOI: http://dx.doi.org/10.1063/1.2437572

[68] Kim H., Gilmore C. M., Horwitz J. S., Piqué A., Murata H., Kushto G. P., et al. Transparent 
conducting aluminum‐doped zinc oxide thin films for organic light‐emitting devices. 
Applied Physics Letters. 2000;76(3):259. DOI: http://dx.doi.org/10.1063/1.125740

[69] Wu H.‐W., Yang R.‐Y., Hsiung C.‐M., Chu C.‐M. Characterization of aluminum‐doped 
zinc oxide thin films by RF magnetron sputtering at different substrate temperature and 
sputtering power. Journal of Materials Science: Materials in Electronics. 2013;24(1):166–
171. DOI: 10.1007/s10854‐012‐0769‐7

[70] Stanculescu A., Socol M., Rasoga O., Mihailescu I. N., Socol G., Preda N., et al. Laser 
prepared organic hetrostructures on glass/AZO substrates. Applied Surface Science. 
2014;302:169–176. http://dx.doi.org/10.1016/j.apsusc.2014.01.181

[71] Martins R., Fortunato E., Nunes P., Ferreira I., Marques A., Bender M. Zinc oxide as 
an ozone sensor. Journal of Applied Physics. 2004;96: 1398–1408. DOI: http://dx.doi.
org/10.1063/1.1765864

[72] Chou Y.‐H., Yan J.‐T., Lee H.‐Y., Lee C.‐T. AZO films with Al nano‐particles to improve 
the light extraction efficiency of GaN‐based light‐emitting diodes Proceeding SPIE. 
2008;6894:68941C.1–68941C.6. DOI: 10.1117/12.765633

[73] Wojdyla M., Derkowska B., Lukasiak Z., W. Bala. Absorption and photoreflectance spec‐
troscopy of zinc phthalocyanine (ZnPc) thin films grown by thermal evaporation. Materials 
Letters. 2006;60(29–30):3441–3446. http://dx.doi.org/10.1016/j.matlet.2006.03.029

[74] Forrest S.R., Holmes R. Organic Polariton Laser Patents. US 20050195874 A1. http://
www.google.de/patents/US20050195874.

[75] Ding J., Chen H., Zhao X., Ma S. Effect of substrate and annealing on the structural 
and optical properties of ZnO: Al films. Journal of Physics and Chemistry of Solids. 
2010;71(3):346–350. DOI: 10.1016/j.jpcs.2009.12.088

Phthalocyanines and Some Current Applications116

[76] Ding J.J., Ma S.Y., Chen H.X., Shi X.F., Zhou T.T., Mao L.M. Influence of Al‐doping 
on the structure and optical properties of ZnO films. Physica B: Condensed Matter. 
2009;404(16): 2439–2443. DOI: 10.1016/j.physb.2009.05.006

[77] Ahn K., Jeong Y.S., Lee H.U., Jeong S.Y., Ahn H.S., Kim H.S., et al. Physical properties of 
hydrogenated Al‐doped ZnO thin layer treated by atmospheric plasma with oxygen gas. 
Thin Solid Films. 2010;518(14):4066–4070. DOI: 10.1016/j.tsf.2010.02.028

[78] Wojdyla M., Bala W., Derkowska B., Lukasiak Z., Czaplicki R., Sofiani Z., et al. 
Photoluminescence and third harmonic generation in ZnPc thin films. Nonlinear Optics 
Quantum Optics. 2006;35:103–119.

[79] Ng A.M.C., Djurisic A.B., Chan W.K. Organic luminescent nanowires: fabrication and 
characterization. Proceeding SPIE. 2007;6828:682807.1–682807.10. DOI:10.1117/12.760844

[80] Shoheen S. E., Brabec C. J., Sariciftci N. S., Padinger F., Fromherz J., Hummelen J. C. 
2.5% efficient organic plastic solar cells. Applied Physics Letters. 2001;78(6):841–843. 
DOI: http://dx.doi.org/10.1063/1.1345834

[81] Zhang C., Hu Y., Tang A., Deng Z., Teng F. Investigating the reduction in the absorp‐
tion intensity of P3HTin polymer/fullerene “bilayers” coated using orthogonal solvents. 
Journal of Applied Polymer Science. 2015;132(14):41757.DOI: 10.1002/app.41757

[82] El‐Nahass M. M., Atta A. A., El‐Sayed H. E. A., El‐Zaidia E. F. M. Structural and optical 
properties of thermal evaporated magnesium phthalocyanine (MgPc) thin films. Applied 
Surface Science. 2008;254(8):2458–2465. http://dx.doi.org/10.1016/j.apsusc.2007.09.064

[83] Stanculescu A., Socol M., Socol G., Mihailescu I. N., Girtan M., Stanculescu F. Maple 
prepared organic heterostructures for photovoltaic application. Applied Physics A: 
Materials Science & Processing. 2011;104 (3):921–928. DOI: 10.1007/s00339‐011‐6440‐y

[84] Bala W., Wojdyla M., Rebarz M., Szybowic M., Drozdowski M., Grodzicki A., et al. 
Influence of central metal atom in MPc (M = Cu, Zn, Mg, Co) on Raman, FT‐IR, absor‐
bance, reflectance, and photoluminescence spectra. Journal of Optoelectronic and 
Advanced Materials. 2009;11(3):264–269.

[85] Gu D., Chen Q., Shu J., Tang X., Gan F., Shen S., et al. Optical recording performance 
of thin films of phthalocyanine compounds. Thin Solid Films. 1995;257(1):88–93. http://
dx.doi.org/10.1016/0040‐6090(94)06327‐3

[86] Socol M., Rasoga O., Stanculescu F., Girtan M., Stanculescu A. Effect of the morphology 
on the optical and electrical properties of TPyP thin films deposited by vacuum evapora‐
tion. Optoelectronic Advanced Materials. 2010;4(12):2032–2038.

[87] Vogel M., Doka S., Breyer Ch., Lux‐Steiner M. Ch., Fostiropoulos K. On the function 
of a bath ocuproine buffer layer in organic photovoltaic cells. Applied Physics Letters. 
2006;89:163501–3. DOI: 10.1063/1.2362624

[88] Park Y.S., Seo M., Yi J., Lim D., Lee J. Characteristics of aluminum‐doped zinc oxide films 
with oxygen plasma treatment for solar cell applications. Thin Solid Films. 2013;547:47–
51. http://dx.doi.org/10.1016/j.tsf.2013.05.065

Heterostructures Based on Porphyrin/Phthalocyanine Thin Films for Organic Device Applications
http://dx.doi.org/10.5772/67702

117



[89] Stanculescu A., Stanculescu F., Socol M., Grigorescu O. Electrical transport in crystalline 
perylene derivatives films for electronic devices. Solid State Sciences. 2008;10(12):1762–
1767. http://dx.doi.org/10.1016/j.solidstatesciences.2008.03.023

[90] Breeze A. J., Salomon A., Ginley D. S., Gregg B. A., Tillmann H., Hörhold H.‐H. Polymer‐
perylenediimide heterojunction solar cells. Applied Physics Letters. 2002;81(16):3085–
3087. DOI: http://dx.doi.org/10.1063/1.1515362

[91] Cui J., Wang A., Edleman N.L., Ni J., Lee P., Armstrong N.R., et al. Indium tin oxide 
alternatives‐high work function transparent conducting oxides as anodes for organic 
light‐emitting diodes. Advanced Materials. 2001;13(19):1476–1480. DOI: 10.1002/1521‐40
95(200110)13:19<1476::AID‐ADMA1476>3.0.CO;2‐Y

Phthalocyanines and Some Current Applications118



[89] Stanculescu A., Stanculescu F., Socol M., Grigorescu O. Electrical transport in crystalline 
perylene derivatives films for electronic devices. Solid State Sciences. 2008;10(12):1762–
1767. http://dx.doi.org/10.1016/j.solidstatesciences.2008.03.023

[90] Breeze A. J., Salomon A., Ginley D. S., Gregg B. A., Tillmann H., Hörhold H.‐H. Polymer‐
perylenediimide heterojunction solar cells. Applied Physics Letters. 2002;81(16):3085–
3087. DOI: http://dx.doi.org/10.1063/1.1515362

[91] Cui J., Wang A., Edleman N.L., Ni J., Lee P., Armstrong N.R., et al. Indium tin oxide 
alternatives‐high work function transparent conducting oxides as anodes for organic 
light‐emitting diodes. Advanced Materials. 2001;13(19):1476–1480. DOI: 10.1002/1521‐40
95(200110)13:19<1476::AID‐ADMA1476>3.0.CO;2‐Y

Phthalocyanines and Some Current Applications118

Chapter 6

Porphyrin‐Based Organophotocatalysts

Yingzhi Chen, Zheng‐Hong Huang and

Lu‐Ning Wang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68223

Abstract

The planar geometric structure and the rich absorption feature endow porphyrins with 
interesting optoelectronic properties and also make it promising building blocks for 
supramolecular assembly. Recent advances in the photocatalytic applications of porphy‐
rins, including homogeneous, heterogeneous photocatalysis, and photoelectrochemical 
solar cells are highlighted. Porphyrin photocatalysts are involved in the form of mol‐
ecules, supported molecules, nanostructures, and thin film. Related rational design strat‐
egies are provided for each form with an aim to enhance the light conversion efficiency. 
Finally, the ongoing directions and challenges for the future development of porphyrin 
semiconductors in high‐quality optoelectronic devices are also proposed.

Keywords: porphyrin, homogeneous photocatalysis, heterogeneous photocatalysis, 
nanostructure, photoelectrochemical solar cell

1. Introduction

Environment and energy issues have been presented as the biggest challenges facing human‐
ity nowadays. Among the various solutions, photocatalysis is a promising approach both for 
photochemical energy conversion and for photochemical decontamination, hence to fulfill 
the sustainable energy supply and environment remediation by use of the abundant, natural 
sunlight [1–5]. To achieve efficient solar energy conversion, the photocatalysts are required 
to possess excellent light‐harvesting capability, charge transfer efficiency (factors including 
exciton lifetime, mobility, etc.), as well as surface activity (specific surface area, ionic adsorp‐
tion, etc.) [6–8]. Most research studies in photocatalysis have been concentrated on the use of 
inorganic semiconductors, such as TiO2 [9–11], Fe2O3 [12–14], ZnO [15–17], and Cu2O [17–19] 
which mostly suffer from inefficient light absorption and hardness. Strategies to enhance the 
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efficiency of these catalysts correlating with band engineering [20, 21], texture modification 
[16, 22], or configuration organization [23, 24] always involve complicated fabrication pro‐
cesses. All these limit their practical affordable applications. Still, much effort is needed to find 
other photoactive materials as alternatives for facile preparation and economical applications.

During the last decades, increasing attention has been paid to the field of semiconducting 
organic materials for optoelectronic applications [25–27]. One of the most important advan‐
tages concerning these organic materials is that their molecular structure and functions can 
be easily modulated via molecular design and tailoring. Additionally, integration of them 
into lightweight, large‐area devices can be simply realized through solution processing at 
low cost. In addition, organic semiconductors, also referred to as π‐conjugated molecules, are 
characterized by a delocalized π‐electron system that makes them ideal building blocks for 
the fabrication of advanced functional nanomaterials and nanodevices [28–30]. As a typical 
representative of π‐conjugated molecules, porphyrins are of particular interest due to some 
key aspects, such as their excellent light‐harvesting property, p‐type semiconducting behav‐
ior, ease of chemical modification, good supramolecular assembly, and film‐forming features 
by means of either solution‐based or thermal‐based techniques [31–33]. Coupled with their 
chemical stability and flexibility, the use of porphyrin in optoelectronics has become a fast‐
growing research focus, and great development has been made in the field of organic solar 
cells (OSCs) [34, 35], organic field‐effect transistors (OFETs) [36, 37], organic light‐emitting 
diodes (OLEDs) [38, 39], even in flexible organic semiconductor devices.

As a photocatalyst, porphyrins were first used in homogenous photocatalysis [40]. The prob‐
lem with it is the limited stability of porphyrin molecules and the recovery of them for suc‐
cessive use. Fortunately, this could be circumvented by mobilizing porphyrin molecules on 
solid supports or assembling them into robust nanostructures [41, 42]. Recently, more efforts 
have been made on the development of a semiconductor‐based photoelectrochemical (PEC) 
water splitting device [43, 44], and thus organic photoelectrodes have aroused special atten‐
tion. Relating progresses are dealt with in detail in separate sections. Before that we have a 
brief introduction of the relation between porphyrin molecular structure and optoelectronic 
properties. The use of molecular porphyrin as modification of inorganic semiconductors to 
achieve absorption of visible light is not covered in this chapter.

2. Porphyrins: structures and optoelectronic properties

In nature, porphyrin‐related molecules are important photosynthetic pigments that per‐
form the light‐harvesting and charge/energy transfer functions in biological photosynthesis 
[45–48]. The role of porphyrins in photocatalysis is mainly related to their optical feature. 
As shown from the basic porphyrin ring (Figure 1), porphyrins are tetrapyrrole derivatives 
which are composed of four pyrrole subunits interconnected via ─CH═ bridges. The inner 
16‐membered ring with 18 π electrons constitutes its electronic “heart,” which is responsible 
for the optical spectra. Many authors have investigated its optoelectronic properties because 
of simplicity. Again, molecular engineering is easily attainable by various chemical modifica‐
tions to this basic ring, leading to proper tuning of the optoelectronic properties [49–51].
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First, central substituent of porphyrin ring has a major effect on the optical spectra. Depending 
on the atom or group that occupies the center, porphyrins can be basically divided into free‐
base type (two hydrogens in the center) and metal‐type [52, 53], or the so‐called metallopor‐
phyrin that is formed by exchange of the two protons in freebase porphyrin by a metal ion. 
Considerable varieties in the optoelectronic properties just arise from such center difference. 
Particularly, freebase porphyrin has a four‐banded visible spectrum notably different from 
the two‐banded spectrum exhibited by metal complex [54]. This spectral difference is attrib‐
uted to the fact that the two freebase hydrogens in the center greatly reduce the symmetry 
from square to rectangular. In the case of metalloporphyrin [55], the change of metal in some 
cases can strongly influence absorption spectra. It is now known that the central metal per‐
turbs the absorption spectra mainly through the interaction of the metal electrons with those 
of the ring, and sometimes the coordination type can also affect the spectra.

In addition to central substituents, peripheral substituents at various locations around the 
ring, including four meso and eight β‐positions, can also impart different properties to a 
greater or lesser extent to the molecule [56–58]. Xie et al. have introduced various numbers 
of triphenylamine and trimethoxyphenyl groups to the meso‐positions as electron donors, in 
an attempt to systematically tune the highest occupied molecular orbital‐lowest unoccupied 
molecular orbital (HOMO‐LUMO) energy levels [59]. As a photocatalyst, HOMO‐LUMO 
bandgap determines the absorption wavelength for light‐harvesting efficiency, and the suit‐
able HOMO and LUMO levels ensure an efficient electron injection and dye regeneration 
process. With regard to porphyrins, the modulation of the HOMO‐LUMO levels, along with 
the corresponding optoelectronic properties, can be simply realized through proper choice 
of an anchoring group to the ring. In another work, Sharma and coworkers reviewed the 
importance of various anchoring groups linked to either meso or β‐positions in improving the 
light collection efficiency of dye‐sensitized solar cells (DSSCs) [58]. As the most widely used 

Figure 1. An illustration of a representative tetraarylporphyrin.
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anchoring group, the position of carboxylic acid (COOH) was found to vary the performance 
of solar cells. Increased photocurrent was generated when the position of COOH changed 
from the para position to the meta position. Also in some cases, porphyrin is functionalized 
with donor and acceptor moieties. Upon photoexcitation, the generated exciton diffuses to 
the donor‐acceptor interface, affording enhanced charge transfer character. Meanwhile, the 
enlarged electron conjugation leads to a narrowing of the optical bandgap, giving rise to 
broad light‐absorbing dye.

3. Porphyrin‐based homogeneous photocatalysts

Increasing emphasis has been placed on photocatalysts as an environmentally friendly pro‐
cess to decompose organic pollutants in contaminated water and air. It is well documented 
that porphyrins and metalloporphyrins have contributed a lot to photooxidation catalysis in 
homogeneous media.

3.1. Reaction mechanisms

As for highly effective triplet‐state porphyrins, two possible mechanistic pathways are 
involved in a photocatalytic process: energy transfer and electron transfer from the triplet 
excited state [60, 61]. Singlet oxygen species (1O2) is commonly involved during the energy 
transfer process, whereas other active oxygen species such as a superoxide radical anion (O2

•−) 
or hydroxyl radical (•OH) are essentially involved in the case of the electron transfer process. 
Time‐resolved spectroscopic methods thus provide a powerful tool to detect the transient 
species derived from the photocatalyst for the study of fast reaction kinetics.

Homogeneous porphyrins are well known to generate 1O2 [40, 62–64]. For example, the 
 triplet quantum yield of meso‐tetra (2,6‐dichloro‐phenyl) porphyrin (TDCPP) was reported to 
be 0.995, with its corresponding singlet oxygen quantum yield around 0.98 [65]. As highly 
recognized, the photochemically generated singlet oxygen acts as a primary oxidant in 
 photodegrading organic pollutants and viruses in natural water. In the case of meso‐tetra(2,6‐
dichloro‐3‐sulfophenyl) porphyrin (TDCPPS) [66] or its iron complex (FeTDCPPS) [67] when 
oxidizing phenols, the main photodegradation pathway involved reaction with singlet oxy‐
gen, as suggested by the following observations: the triplet state of the porphyrins was effi‐
ciently quenched by molecular oxygen; singlet oxygen phosphorescence was detected by 
time‐resolved measurements.

3.2. Homogeneous photocatalysis

As the catalyst is dissolved, it is easy to get access to all active sites, resulting in high catalytic 
activities. For instance, water‐soluble TDCPPS and its metal complexes were  successfully 
used in the photodegradation of 4‐chlorophenol, giving rise to the main photoproducts 
such as p‐benzoquinone, whereas 2,6‐dimethylphenol was transformed into 2,6‐dimeth‐
ylbenzoquinone [60]. The same product was obtained when 4‐chlorophenol was treated 
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with water‐soluble FeTDCPPS [68] and sodium meso‐tetra (4‐sulphonatophenyl)porphyrin 
(NaTPPS). Photodegradation of atrazine and ametryn by meso‐tetra(4‐sulphonatophenyl)
porphyrin (TPPS) or TDCPPS resulted in a mixture of photoproducts [69]. Further exam‐
ples are the photooxidation of 2,4,6‐trinitrotoluene (TNT) with TPPS and its iron complex 
(FeTPPS) to give trinitrobenzoic acid and trinitrobenzene [70]. In most cases given above, 
water‐soluble porphyrin derivatives are adopted, which are more suitable for practical 
wastewater treatment.

As another case, hydrogen production is a typical photocatalytic reaction that occurs under 
light irradiation. Photoinduced hydrogen production from water is regarded as an efficient 
and cost‐effective method for the conversion and storage of solar energy. This process is usu‐
ally accomplished by a system containing a photosensitizer, electron carrier, electron donor, 
and a catalyst. Chlorophyll and ferredoxin are the natural photosensitizer and electron carrier, 
while porphyrins often act as an artificial photosensitizer [71]. An example of water‐soluble 
zinc meso‐tetra(1‐methylpyridinium‐4‐yl)porphyrin chloride [ZnTMPyP4+]Cl4 as a photosen‐
sitizer, viologens as an electron carrier, ethylenediaminetetraacetic acid (EDTA) as an electron 
donor, and hydrogenase (H2ase) as a catalyst was provided by Qian et al. Lazarides et al. 
reported the use of the same [ZnTMPyP4+]Cl4 as a photosensitizer, but with cobaloxime com‐
plex as a catalyst [72]. Using this system, the photocatalytic activity maintained for 20 h pro‐
ducing in total about 280 TON of hydrogen. In some other studies, Co, Fe, and Rh porphyrins 
were shown to be active as the hydrogen evolution catalysts via photoinitiation using other 
sensitizers [73]. Scandola and coworkers reported the efficient photochemical hydrogen evo‐
lution from 1 M pH 7 phosphate buffer by using water‐soluble cationic cobalt (II) porphyrin 
as the catalyst, ascorbic acid as the electron donor, and [Ru(bpy)3]2+ (bpy = 2,2′‐bipyridine) as 
the photosensitizer, in achievement of TON up to 725 [74]. Kinetic studies revealed a rapid 
electron transfer process from [Ru(bpy)3]2+ to cobalt (II) porphyrin with a calculated rate con‐
stant of 2.3 × 109 M−1 s−1.

4. Porphyrin‐based heterogeneous photocatalysts

Despite the feasibility, the homogeneous porphyrin cannot be commercialized. It has a ten‐
dency toward deactivation due to photobleaching or solvolysis by the solvent, and recovery 
of it from the reaction media usually constitutes another difficulty. In this case, heterogeniza‐
tion of porphyrins seems necessary. One possible solution is to immobilize them on organic 
or inorganic solid support for improved stability and easy recovery. On the other hand, 
nanoassembly provides another way to stabilize porphyrin molecules. The two aspects are 
addressed in the following sections.

4.1. Supported porphyrin photocatalysts

Grafting of porphyrin molecules onto a solid matrix is a useful and practical approach to 
carry out the reaction, since solid photocatalysts can be easily separated from the reaction 
medium and reused.
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4.1.1. Inorganic support

Easily available silica has been extensively employed as a host for porphyrins [66]. Immobilized 
porphyrins have been obtained by covalent link to aminoalkylated silica particles for elimina‐
tion of model pollutants. Through a modified Stöber technique and thiolene polymerization, 
porphyrin functionalized silica microspheres have been constructed and repeatedly used for 
the photooxidation of 1,5‐dihydroxynaphthalene (DHN) [75]. Likewise, sulfonated porphyrin 
has been attached to silica to photooxidize 1,5‐dihydroxynaphthalene (DHN) in water [67]. 
Results show that this solid photocatalyst is stable and can be recycled five times without 
significant loss of activity. Other supports such as clay, zeolites, or layered materials are also 
involved to host porphyrins [76, 77]. Due to immobilization, the stability of the catalysts is 
thereby enhanced and the efficiency loss is reduced.

4.1.2. Organic polymers as supports

To obtain a high retention, porphyrins have been included inside solid polymer backbones, 
which are found to impart interesting modifications on their photochemical properties [61]. 
For instance, anionic TPPS and its metal complex have been covalently anchored onto cat‐
ionic polystyrene [78]. The resulting polymer‐porphyrin system with rich ionic sites showed 
high activity in photokilling Escherichiacoli cells. In another work, porphyrin‐polythiophene 
complex has been synthesized via electrostatic interactions, leading to a high‐energy transfer 
process [79]. Thus, singlet oxygen could be effectively generated to kill the bacteria under 
white light. Biodegradable chitosan can also serve as a scaffold, as in the case of chitosan‐sup‐
ported metallotetraphenylporphyrin complexes [80]. Porphyrin that was covalently attached 
to nylon fabric was also found to be very effective against Staphylococcus aureus [81].

Resins are alternative supports for porphyrins due to the ease of preparation. NaTPPS has 
been ionically bounded at polymeric ion‐exchange resin (Amberlite) toward oxidizing phe‐
nols [82]. Diffuse reflectance spectra revealed that the grafted porphyrin had an absorption 
feature close to the homogeneous one. Different resins such as Amberlite or 16–50 mesh have 
been employed to support a series of porphyrins to evaluate their activity and stability with 
phenols as model pollutants [83]. In all cases, the preparation is simply carried out by stirring 
the mixture of ion exchangers and the catalysts in an appropriate medium.

4.1.3. Carbon materials as supports

Compared to energy transfer, photoinduced electron transfer (PET) by transformation of exci‐
tation energy into chemical potentials in the form of long‐lived carriers is at the heart of pho‐
toenergy conversion. On a molecular level, a large number of porphyrin‐based dyads or triads 
(porphyrin‐fullerene, porphyrin‐quinone) have been intentionally designed to initiate the PET 
process [84, 85]. For heterogenization, more consideration has been given to choice of π‐conju‐
gated carbon materials such as carbon nanotubes (CNTs), graphene, or C3N4 as scaffolds. Their 
electron‐accepting nature thus offers an opportunity to facilitate electron transfer and enhance 
the photoconversion efficiency [86–88]. An additional advantage is their ability to form flexible 
macroscopic scaffolds through different techniques such as filtration or layer‐by‐layer assembly.
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Much efforts have been made to organize porphyrins on the semiconducting CNTs because 
of their unique optoelectronic properties, stability, and high surface area. Steady‐state flu‐
orescence (FL) reveals that covalently connected porphyrins function as energy‐harvesting 
and electron‐transferring antennae, while the CNTs function as electron acceptors [86, 89]. FL 
quenching is commonly referred to as a useful fingerprint to probe the PET process. As in the 
case of single‐wall carbon tube‐zinc porphyrin (SWCNT‐ZnP) hybrids (Figure 2A), steady‐
state and time‐resolved FL studies (Figure 2B) revealed efficient FL quenching of the singlet‐
excited state of zinc porphyrin with the rate constants of charge separation in the range of 
(3–6) × 109 s−1 [90]. In addition, because of increased PET, a uniform film made of CNTs‐por‐
phyrin conjugates by simple filtration displayed high light‐activated antimicrobial activity 
toward S. aureus with easy recovery [91].

Graphene is known to provide high‐quality two‐dimensional (2D) support to increase the 
loading content of the photocatalysts. Regarding its large surface area, special surface activi‐
ties, and layered structure, much efforts have been devoted for the preparation of nano‐
structured graphenes, in the form of sheets, films, or quantum dots (QDs), to promote the 
separation and transfer of photoinduced charge carriers [92–94]. So far, a series of papers 
have appeared dealing with covalent and noncovalent attachment of porphyrin to graphene. 
Noncovalent methods include electrostatic interactions, π‐π interactions, and axial coordina‐
tion. For instance, graphene/zinc tetraphenylporphyrin (GR/ZnTPP) composite was facilely 
prepared via noncovalent interaction [95]. Note that 71% FL quenching seen with ZnTPP 
in the GR/ZnTPP composite clearly implied a PET process from ZnTPP to GR. With the aid 
of GR, improved photocurrent response was found in the GR/ZnTPP composite. Likewise, 
multiple‐bilayered graphene oxide (GO)‐porphyrin film was prepared by taking advantage of 
the π‐π and electrostatic interactions between GO sheets and porphyrin molecules, and then 
underwent subsequent vapor reduction to give a reduced graphene oxide (rGO)‐porphyrin 
film [96]. The as‐obtained film also showed enhanced photocurrent generation following the 

Figure 2. (A) Supramolecular structure of SWCNT‐ZnP; (B) FL spectral changes in the visible region of ZnP during the 
titration of increasing addition of SWCNT, excitation wavelength λex = 550 nm. Adapted from Ref. [89].
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PET. Graphene quantum dots (GQDs), have also been used to bind to zinc porphyrin by 
π‐π stacking, to give excellent photocatalytic performance toward degrading methylene blue 
(MB) under visible light irradiation [97].

Covalent attachment of porphyrin to graphene usually refers to the formation of covalent 
bonds between the different functional groups (COOH, NH2, etc.) in the periphery of the 
porphyrin ring and the oxygen groups of GO. By comparison with noncovalent methods, 
the covalent bond is stable and well defined, and moreover, the number or type of func‐
tional groups can be controlled by fine‐tuning the functionalization. It is also widely accepted 
that the covalent band can form channels to prompt the PET between porphyrin and gra‐
phene. For instance, amine‐functionalized prophyrin (TPP‐NH2) and GO bound together via 
an amide bond (TPP‐NHCO‐Gr) [98]. In a different report (Figure 3), azide‐terminated zinc 

Figure 3. Schematic representation of the covalently linked ZnP‐GS. Adapted from Ref. [99].
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porphyrin (ZnP) and 4‐(trimethylsilyl)ethynylaniline modified graphene sheets (GSs) were 
covalently linked to give ZnP‐GS with the formation of the triazole bond [99]. Occurrence 
of PET was indicated in this covalently linked ZnP‐GS composite based on its higher pho‐
tocurrent response. Further examples are the use of different metal ions (such as K+, Ca2+, 
Zn2+, Cu2+, and Co2+) as interfacial linkers to construct a series of composites between GO and 
5,15‐diphenyl‐10,20‐di(4‐pyridyl)porphyrin (DPyP) [100]. The resulting strong interaction 
between metal ions and DPyP/GO thus facilitates the spatial separation of photogenerated 
charges, thereby leading to higher photocatalytic activity for hydrogen production.

Graphitic‐like C3N4 (g‐C3N4), as another 2D framework, is highly identified as a visible light‐
active polymeric semiconductor with a bandgap of ~2.7 eV and appropriate energy levels 
that can extract hydrogen from water [101–104]. It is expected that g‐C3N4 can bind to por‐
phyrin through π‐π stacking, electrostatic interaction, or covalent bonding, which resem‐
bles graphene. An extra merit lies in the well‐matched band structures between porphyrin 
and C3N4 that allow a good combination of them for increased PET. For instance, Cu (II) 
meso‐tetra(4‐carboxyphenyl)porphyrin (CuTCPP) was easily assembled on g‐C3N4 to form 
CuTCPP/g‐C3N4 composites through π‐π stacking interaction [88]. Given that the LUMO 
band of CuTCPP lies below that of g‐C3N4, the photoinduced electrons from excited CuTCPP 
can be directly transferred to g‐C3N4. This thereby reduced the probability of charge recom‐
bination, resulting in higher photocatalytic activity for phenol degradation than individual 
component. Natural metalloporphyrin, hemin, has been coupled with imidazole‐functional‐
ized g‐C3N4 through an axial coordination. The strong coordinate bond endowed the g‐C3N4‐
hemin catalyst with enhanced stability. The obtained g‐C3N4‐hemin thus displayed higher 
and sustained photocatalytic oxidation activity for the degradation of 4‐chlorophenol over 
a wide pH range [105]. In a different report, Co (II) porphyrin has been covalently linked to 
g‐C3N4 for photocatalytic reduction of CO2 [106]. The as‐obtained hybrid possessed thirteen‐
fold higher photocatalytic activity (17 μmol g−1 h−1) than pure g‐C3N4 (1.4 μmol g−1 h−1). Such 
enhancement was attributed to the increased charge separation and prolonged lifetime of the 
excited state due to the electron trap by Co (II) sites.

4.2. Nanostructured porphyrin photocatalysts

Nanostructured porphyrins are expected to have chemical activities and stability quite dif‐
ferent from those free or supported porphyrins [107, 108]. Particularly, the synthetic versatil‐
ity enables the controllable organization of porphyrins into well‐defined nanostructures via 
rational assembly [109–111]. For the past decade, reports began to appear on the synthesis 
of porphyrin nanomaterials or nanocomposites for enhanced photocatalytic performance 
[112–114].

4.2.1. Supramolecular assembly

Supramolecular assembly is defined as large aggregation of molecules held together by non‐
covalent bonds, such as hydrogen bonds, metal coordination, van der Waals, and π‐π inter‐
action. By carefully adjusting these intermolecular interactions, aggregates with  diversity 
and complexity can be formed [115]. For instance, π‐π interaction is thought to drive the 
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 formation of nanorods of 5,15‐bis(3,5‐di‐tert‐butylphenyl)porphyrin (H2DBuPP) [113]. The 
much broader absorption in the visible and near infrared regions suggested the strong supra‐
molecular π‐π interaction. As a consequence, the organized rod‐crystals exhibited a broad 
photoresponse in the visible region (an incident photon to current conversion efficiency 
(IPCE): ∼5.5% at 460 nm), which paralleled their corresponding absorption features. As is also 
shown, change of the substituents at meso‐positions to control the intermolecular interaction 
finally led to some difference in the length of the rod crystals.

In a different report, highly crystalline rectangular nanotubes of meso‐tetra(4‐pyridyl)porphy‐
rin (H2TPyP) were synthesized [111]. The key driving forces included: hydrogen‐bonding 
interactions along the c‐axis, hydrogen‐bonding and π‐π interactions along the a‐axis, and 
hydrogen‐bonding and hydrogen‐π intermolecular interactions along the b‐axis, respectively. 
In addition, metal coordination interactions are always involved in the design of well‐defined 
porous metal‐organic frameworks (MOFs). An example is the mediation of Zn2+ in the assem‐
bly of meso‐tetra(4‐carboxyphenyl)porphyrin (TCPP) in Figure 4 [116]. The X‐ray diffraction 
(XRD) patterns of Zn2+‐meditated TCPP nanocubes, nanorods, and microrods are totally dif‐
ferent from TCPP starting materials, which means that coordination bonds play a significant 
role in the structural change of TCPP. In another study, the involvement of Cu2+ has led to the 
assembly TCPP into 2D crystalline nanofilms [117].

All suggest that we are able to manipulate the intermolecular interactions by properly mod‐
ifying the peripheral position or ring cavity of the porphyrins, thereby allowing fine‐tun‐
ing of the molecular packing mode. Such a strategy enables us to construct a rich variety of 
nanostructures with different sizes and shapes. To date, comprehensive studies have been 

Figure 4. A schematic illustration of the proposed structures of TCPP architectures via paddle‐wheel complexes in this 
study. Adapted from Ref. [116].
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 conducted on the preparation of porphyrin nanostructures by different synthetic methods, 
with morphologies varying from nanoparticles to nanowires, nanofibers, nanobelts, nano‐
tubes, nanowheels, or films.

4.2.2. Preparation and applicability

Reprecipitation is the most widely used method for supramolecular assembly. It is performed 
by injection of a small amount of concentrated solution of porphyrin in good solvent into a pool 
of poor solvent. Sometimes, addition of surfactants affords a better control of the assembly pro‐
cess. The aforementioned H2DBuPP nanorods were prepared by mixing of the toluene solution 
of H2DBuPP with nine times volume of acetonitrile [113]. The same procedure was followed 
to synthesize zinc meso‐tetra(4‐pyridyl)porphyrin (ZnTPyP) nanostructures [118], with the 
assistance of cetyltrimethylammonium bromide (CTAB) as a surfactant to control the growth. 
Morphologies varied from nanoparticles to nanofibers by adjusting the concentration of the 
surfactant or the aging time. Compared to ZnTPyP nanoparticles, the fiber‐crystals demon‐
strated a higher photocatalytic activity toward degrading rhodamine B (RhB) pollutants. More 
importantly, ZnTPyP nanofibers retained the photocatalytic efficiency after eight repeated runs 
because of the geometric constraint. By changing the poor/good solvents, ZnTPyP hexagonal 
nanocylinders are obtained [119]. The internal cavity thus enabled the encapsulation of Pt‐col‐
loids‐deposited TiO2 nanoparticles (Pt/TiO2) to produce the final Pt/TiO2‐ZnTPyP nanorods. 
The as‐obtained nanorods showed the photocatalytic hydrogen evolution efficiency of 2 orders 
magnitude greater than the simple mixture of Pt/TiO2 + ZnTPyP/Pt.

Different morphologies of ZnTPyP can also be synthesized through acid‐base neutralization. 
In one study, the acidified ZnTPyP (ZnTPyP‐H4

4+) aqueous solution was mixed with the basic 
surfactant solution under vigorous stirring [120]. By increasing the surfactant concentration, 
a series of morphologies from amorphous nanoparticles to crystalline nanodisks, tetragonal 
nanorods, and hexagonal nanorods were synthesized with controlled size and dimension 
(Figure 5A–H). The largest pore surface area of about 457 m2 g−1 made porous nanodisks the 
most efficient catalyst in photodegrading methyl orange (MO) (Figure 5I and J). Moreover, 
the efficiency loss was greatly reduced during the repeated use due to the crystalline nature of 
nanodisks (Figure 5K). In a different report, ZnTPyP nanooctahedra were synthesized by met‐
allization of H2TPyP [121]. In detail, Zn2+ was first mixed into H2TPyP acidic aqueous solution, 
and the mixture was then injected into the basic solution with CTAB. Metalation of H2TPyP 
to ZnTPyP just took place during the acid‐base neutralization, and it was observed that the 
morphology of ZnTPyP transformed from nanooctahedra to nanowires with increasing the 
pH value of the basic solution. ZnTPyP nanowires were found to have the best catalytic activ‐
ity in photodegradation of MO and showed no sign of corrosion in the structure after 15 
cycles. Acid‐base neutralization was also used to synthesize various isolated TCPP aggregated 
structures, including spheres, rods, flakes, and flowers for photodegradation of RhB [122]. 
Graphene‐supported TCPP nanorods have been synthesized to eliminate RhB by adding the 
basic suspension of TCPP‐adsorbed graphene into acid aqueous solution of CTAB [123].

Ionic self‐assembly is an attractive synthetic method that is managed by electrostatic interac‐
tions of two oppositely charged building blocks. The cooperative interactions between the 
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functional subunits may afford new interesting collective properties. For instance, four‐leaf 
clover‐like morphologies have been constructed by ionic self‐assembly of Zn(II) meso‐tetra(4‐
sulfonatophenyl)porphyrin (ZnTPPS) and Sn (IV) meso‐tetra(N‐2‐hydroxyethyl‐4‐ pyridinium)

Figure 5. (A–H) Representative SEM images (first column), TEM images (second column) of ZnTPyP nanostructures 
with different morphologies: nanoparticles (A and B), tetragonal nanorods (C and D), hexagonal porous nanodisks 
(E and F), and hexagonal nanorods (G and H). (I) Nitrogen sorption isotherms obtained at 77 K for different ZnTPyP 
nanocrystals. (J) Photocatalytic activities of ZnTPyP nanocrystals. Tetragonal nanorods with 200 nm length (c), same 
concentration ZnTPyP in DMF (d), same concentration ZnTPyP in 0.01 M HCl (e), nanoparticles with 80 nm diameter 
(f), hexagonal nanowires with 2 μm length (g), hexagonal rods with 400 nm length (h), and hexagonal porous nanodisks 
(i) for photo degradation of MO molecules under visible light irradiation. The results from blank experiments, where no 
ZnTPyP nanocrystals were used (a) an commercial P25 (b) was used are also presented for comparison. (K) Cycling tests 
of photocatalytic activity of ZnTPyP nanodisks under visible light irradiation. Adapted from Ref. [120].
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porphyrin (SnT(N‐EtOH‐4‐Py)P) [124]. With Pt as the cocatalyst for hydrogen evolution, the 
clovers demonstrated a photoactivity far better than the sum of their individual effects. In 
another study, ionic assembly between tin (IV) porphyrin cation and phosphomolybdate 
anion led to the formation of new porphyrin‐polyoxometalate hybrid nanoparticles [125]. 
Due to the broadened absorption and efficient electron transfer, the formed hybrid exhibited 
a strikingly high activity in photocatalytic hydrogen production.

Besides all that vaporization‐condensation‐recrystallization (VCR) organization is a com‐
monly used way to synthesized single crystals, as in the case of H2TPyP rectangular nano‐
tubes [111] and the tetraphenylporphyrin (H2TPP) nanoplates [126].

4.2.3. Photocatalytic efficiency

A photocatalysis event usually follows three steps: exciton formation by light absorption, 
charge separation, and carrier conduction. Achievement of high photoenergy conversion 
just relies on improving the efficiency of each step. First, aggregate formation has a strong 
effect on the light‐harvesting efficiency. As mentioned above, the aggregation of porphyrins 
often arises from a long‐range noncovalent interaction, while the molecular arrangement 
into J‐aggregation (relative to H‐aggregation) is crucial to the light‐harvesting efficiency [127]. 
J‐aggregates are formed with a large number of molecular building blocks arranged in one 
dimension. The strong intermolecular π electronic coupling within the long axes results in 
a coherent excitation at red‐shifted wavelengths of increasing sharpness (higher absorption 
coefficient). For instance, the time‐dependent UV‐vis spectra in monitoring the growth of one‐
dimensional (1D) ZnTPyP hollow hexagonal nanoprisms showed that the high‐energy Soret 
band at 424 nm, associated with monomeric ZnTPyP, gradually decreased, with an increas‐
ing high‐energy The Soret band at 460 nm is associated with J‐aggregated ZnTPyP [108]. The 
same spectral change was seen with ZnTPyP nanofibers, making the 1D nanofibers more 
efficient light‐harvesting antenna than zero‐dimensional (0D) nanoparticles [118]. On the 
other hand, J‐aggregates are promising building blocks to direct electron transport, thereby 
to retard the charge recombination by stabilizing the electron transfer products. Insight into 
dynamics and mobility of excitons has been obtained from J‐aggregates of perylene bisimides 
(PBIs) by transient absorption spectra [128]. The findings indicated that exciton mobility in 
the J‐aggregates of PBIs was restricted to one dimension and exciton diffusion length was 
about 10 times larger than in disordered polymers. The 1D mobility thus allows for electron 
migration along a preferential direction without trapping effects. As proved in the case of 
TCPP series, J‐aggregated rods exhibited more photocatalytic efficiency than the flakes and 
flowers [122]. As a step forward, it is proposed that alignment of the 1D nanostructures into 
highly ordered arrays may produce collective behavior to achieve high performance.

It is highly acknowledged that organic materials suffer from notoriously low charge carrier 
mobility, and photoexcited charge carriers may easily recombine before being exploited. To 
address it, single‐crystalline organic nanostructures have been sought because the low‐defect 
structure can largely impede the recombination of the excitons and accelerate effective charge 
transport. Previous reports have studied the effect of impurities on the mobility of organic 
pentacene, and concluded that a mobility of μ = 35 cm2 V−1 s−1 at room temperature was 
increased to μ = 58 cm2 V−1 s−1 at 225 K for pentacene single crystals [129]. Moreover, purified 
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rubrene single crystals have showed a maximum transistor mobility of μ = 18 cm2 V−1 s−1 [130]. 
Motivated by these, growing emphasis has been placed on the synthesis of photocatalytic 
crystals. For instance, hierarchical structured nanocrystals of Sn (IV) meso‐tetraphenylporphy‐
rin dichloride (SnTPPCl) were synthesized and displayed high photocatalytic activities in the 
reduction of platinum nanoparticles and in photodegradation of MO [131]. The XRD patterns 
of SnTPPCl octahedra were indexed as a tetragonal space group, while the photocatalytic 
ZnTPyP rectangular nanorods were indexed as a monoclinic space group [120]. In view of 
the perfect molecular alignment, the photocatalytic crystals are more efficient and stable com‐
pared to the amorphous nanostructures.

Interfacial heterostructuring is another strategy to effectively reduce the recombination of 
photoexcited electron‐hole pairs. The built‐in energy level offset within the heterojunction 
can drive the exciton to dissociate for ready charge transfer. We have succeeded in the fab‐
rication of 1D organic single‐crystal p/n nanoheterojunctions made of p‐type H2TPP and n‐
type N,N‐(dicyclohexyl) perylene‐3,4,9,10‐tetracarboxylic diimide (CH‐PTCDI), as shown in 
Figure 6A and B [126]. The large donor‐acceptor interface provides a strong driving force to 
separate the spatial charges, and meanwhile the 1D structure facilitates the directed charge 
transport along the long‐range axes, thereby leading to enhanced charge separation effi‐
ciency. An efficient PET process was evidenced by the significant FL quench of CH‐PTCDI 
when coupled with H2TPP (Figure 6C). As a consequence, the H2TPP/CH‐PTCDI junc‐
tion showed a remarkably high photoactivity in photodegrading MB (Figure 6D). It is also 
known that porphyrin nanostructures are able to photocatalytically reduce metal ions, which 
encourages the preparation of serial porphyrin/metal nanohybrids. In particular, when pho‐
tocatalytic hydrogen evolution is discussed, self‐platinized porphyrins are preferred, with 
Pt nanoparticles as cocatalysts to converted water into hydrogen gas. Examples are the self‐
platinized porphyrin nanotubes, nanosheets, nanofibers, and clovers that have been succes‐
sively synthesized for efficient hydrogen production [124, 132]. Additionally, a few reports 
have presented the combination of porphyrins with inorganic semiconductors as an exciting 
alternative. Such heterojunctions can take advantage of the two different material classes by 
allowing for a good combination of the wide absorption spectrum of porphyrins and the high 
mobility of the inorganic semiconductors. In one work, porphyrin‐TiO2 core‐shell nanopar‐
ticles have been prepared and exhibit better MB photodegradation than molecular porphyrin 
sensitized TiO2 [133]. We also brought together the two materials to give a new configura‐
tion of TiO2 nanotube/H2TPP nanoparticle hybrids for PEC water splitting [134]. The result‐
ing hybrid displayed an intensive and broad absorption spectrum across 350–660 nm. Upon 
photoexcitation of H2TPP, ultrafast charge injection from the excited H2TPP into TiO2 took 
place, and the transferred electrons were then transported away via the unidirectional elec‐
tron channels of TiO2 nanotube arrays. The increased charge separation was well proved 
by the largely reduced photocharge transfer resistance. Further example was provided by 
the aforementioned three‐component Pt/TiO2‐ZnTPyP nanorods [119]. The formed electron 
transfer cascade from excited ZnTPyP to the conduction band of TiO2, then to the surface 
of Pt nanoparticles, resulted in an enhanced hydrogen evolution efficiency. As mentioned 
above, the π‐conjugated carbon materials have been established as an ideal scaffold to anchor 
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molecular porphyrins for stability and recyclability. Inclusion of porphyrin nanostructures 
into these scaffolds may seem as a logic step forward by further increasing the loading con‐
tent and stability. Certainly, such combination benefits much from the increased lifetime of 
the charge carriers since these π‐conjugated carbon nanostructures can serve as an excellent 
electron acceptor and an electron transporter as well. We have integrated H2TPP nanopar‐
ticles into graphene for the formation of free‐standing H2TPP/rGO nanohybrid film, as shown 
in Figure 7A [135]. By coupling, the average lifetime of H2TPP emission was lengthened from 
ca. 362 to 473 ps (Figure 7B), while the photocharge transfer was reduced from 176.2 to 46.7 
Ω (Figure 7C). The increased electron transfer thus accounted for the improved photocata‐
lytic performance (Figure 7D). For the same purpose, well‐dispersed TCPP nanorods [123] 
or ZnTPyP nanoassemblies have been successfully fabricated on the surface of graphene 
nanoplates [136]. The same role was also addressed in g‐C3N4. In this respect, a combination 
of g‐C3N4 and m‐oxo dimeric iron (III) porphyrin ((FeTPP)2O) was sketched to form g‐C3N4/
(FeTPP)2O nanocomposites, which showed dramatically improved photocatalytic hydrogen 
production [137].

Figure 6. (A and B) SEM and TEM images of H2TPP/CH‐PTCDI nanoheterojunctions; (C) FL spectra of H2TPP (P), CH‐
PTCDI (N), and H2TPP/CH‐PTCDI (p/n) nanostructures; (D) photocatalytic degradation of MB with different samples 
under visible light irradiation (λ > 400 nm). Adapted from Ref. [125].
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5. Porphyrin‐based PEC water splitting devices

PEC water splitting is attractive because of its ease with which an electric field can be cre‐
ated at the semiconductor/liquid junction to manipulate the charge transfer reaction. In 
water splitting, oxidation of water into O2 occurs at the photoanode, and H+ is reduced to 
H2 at the photocathode. Ideally, a single semiconductor must absorb light with photon ener‐
gies larger than 1.23 eV, and have a conduction band energy (Ecb) and valence band energy 
(Evb) that straddle the electrochemical potentials E° (H+/H2) and E°(O2/H2O), so as to drive 
water splitting under illumination. Porphyrins with a band energy gap of 1.5–3.1 eV and the 
matched HOMO and LUMO positions are in principle able to perform this PEC reaction. As 
p‐type semiconductors, porphyrins are usually coupled with n‐type conductors to effectively 
 motivate the water‐splitting reaction. This part focuses on thin‐film photoelectrodes based on 
porphyrin‐containing systems for PEC applications.

Figure 7. (A) TEM image of H2TPP/rGO nanohybrids; (B) the FL decay profiles of H2TPP and H2TPP/rGO nanohybrids 
in H2O (λex = 405 nm); (C) Nyquist plots collected by electrical impedance spectroscopy (EIS) of free‐standing rGO and 
H2TPP/rGO films; (D) photocatalytic degradation of MB with different samples under visible light irradiation (λirradiation 
> 400 nm). Adapted from Ref. [135].
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5.1. Film deposition

Currently, the search of cheap and fast processing of large‐area photoelectrodes is of intense 
research. In view of the low melting point, solubility, and flexibility, organic materials have the 
advantages of low‐cost fabrication, and making flexible and lightweight devices. Generally, 
thin‐film organic devices are fabricated either by vapor deposition or solution processing.

5.1.1. Solution‐processed deposition

The solubility of organic semiconductors is a desirable characteristic in making low‐cost elec‐
tronic devices. As one of them, porphyrins are or can be derivatized to soluble. Therefore, 
thin‐film porphyrins can be fabricated by solution processing near room temperature, mainly 
including dip coating, spin coating, or printing techniques [138, 139]. Printing methods, such 
as screen printing and ink jet printing, also enable fabrication and patterning of the active 
materials in a single step, and now the most use of them is made in fabricating organic field‐
effect transistors (OFETs), and organic light‐emitting diodes (OLEDs) [138, 139].

Dip coating and spin coating are the most widely used methods when it comes to small‐scale 
processing, because it is easy to handle and fairly cheap to acquire the film. In a dip‐coating 
process, a substrate is immersed into the solution of the active materials and then exposed 
until dried. For instance, multilayered rGO‐porphyrin films have been fabricated by alter‐
nately dipping the substrate into a GO suspension and porphyrin solutions, followed by expo‐
sure to a hydrazine vapor [96]. The resulting film showed promising applications in PEC cells.

Spin coating is often used to deposit uniform thin films to a flat substrate, simply by spread‐
ing the solution of the active material over the substrate at a high rotating speed, but this 
process is not quite applicable to large area, and too much material is wasted. In an example, 
a mixture of zinc meso‐tetra(4‐carboxyphenyl)porphyrin (ZnTCPP) and fullerene (C60) was 
spin‐coated onto the working electrodes, and exhibited efficient photocurrent generation 
(IPCE value up to 47 ± 5%) [140].

5.1.2. Thermal vapor deposition

Vapor deposition generally includes vacuum thermal evaporation and organic vapor phase 
deposition (OVPD). For organic molecules that have a poor solubility, vacuum thermal 
evaporation is an ideal deposition method and is more suitable for multilayered fabrication 
or cofabrication. In a number of examples, vacuum deposition is involved to manufacture 
organic materials. Typically, source materials are heated under a vacuum environment, and 
the deposited film is usually in high uniformity. For instance, organic bilayers made of p‐type 
porphyrin analogies (phthalocyanine) and n‐type C60 or PBIs have been extensively deposited 
by this method for PEC water splitting [141, 142]. Estimation of the film thickness and the 
refractive index is often conducted by ellipsometry.

An alternative to vacuum deposition is organic vapor phase deposition (OVPD). It is char‐
acterized by a process in which heating of the source materials under a stream of hot inert 
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gas. Then the sublimated molecules are transported to a low‐temperature zone by gas flow, 
where molecules condensed into nanocrystals. The OVPD method offers good control over 
deposition efficiency and film morphology by adjusting the amount of the source materials, 
gas flow rate, or the collecting substrate. In our work, photocatalytic H2TPP/CH‐PTCDI junc‐
tions were codeposited via the OVPD method [126]. The two source materials were located 
into the upstream area with certain spacing distance because of their different sublimation 
temperature, and silicon wafers were put at the downstream cooled zone to collect samples 
with nitrogen as the carrier gas.

5.2. Hard porphyrin photoanodes

Appropriate choice of deposition methods makes it possible to assemble molecular, nano‐
structured, or thin‐film porphyrins onto different electrodes. Metal substrates, such as Au, Al, 
or Pt, have always been involved to assemble the monolayer of porphyrin‐based molecules 
by dip coating [143–145]. These monolayers ranged from single porphyrins to porphyrin‐
C60 dyads, or ferrocene‐porphyrin‐C60 triads, with an aim to increase intermolecular electron 
transfer. Furthermore, well‐organized molecular assemblies can be achieved by covalent 
attachment of functional molecules to the chemically modified metals, as in the case of por‐
phyrin alkane‐thiolate with short alkanethiols on the gold nanoclusters [146], which resulted 
in an increased photocurrent density.

Due to the band match, other hard substrates such as ITO or FTO glasses, nanostructured 
TiO2, SnO2, or ZnO have been employed to couple with porphyrin nanoassemblies. Of them, 
ITO glass is the mostly used semiconducting substrate, and a number of photoactive organic 
materials have been deposited on it either by spin coating or vapor deposition. As described 
above, different combinations of organic bilayers made of porphyrin analogies and n‐type 
semiconductors have been fabricated on ITO by vapor deposition. For instance, organic p/n 
bilayer of C60 and 29H, 31H‐phthalocyanine (H2Pc) was prepared by vapor deposition, and 
ITO glass was used as the collecting electrode [142]. As shown in Figure 8A, the photoanode 
comprised H2Pc layer coated on ITO, and C60 coated on top of the H2Pc layer (denoted as 
ITO/H2Pc/C60). PEC splitting of water into H2 was confirmed across the entire visible light 
energy region (λ < 750 nm) in Figure 8B, with the faradaic efficiency for the H2 evolution 
around 90%. In another work, whiskered PBIs/H2Pc bilayer was fabricated on ITO as photo‐
anodes (ITO/PBIs/H2PC) [147]. Formation of the whiskered H2Pc by proper thermal control 
resulted in an enhancement of the p/n interface. Therefore, the magnitude of the oxidation 
kinetics at the whiskered H2Pc/water interface was demonstrated to be 2.5 times higher than 
the flat interface. We have adopted the dip‐coating method to coat H2TPP nanoparticles onto 
TiO2 nanotube arrays as photoanodes, leading to enhanced photocurrent generation [134]. In 
another study, C60‐ZnTPyP nanorods have been deposited onto nanostructured SnO2 films, 
and exhibited a power conversion efficiency of 0.63% and an IPCE of 35% [148].

5.3. Flexible porphyrin photoanodes

The low‐temperature processing and low cost make organic devices one of the most impor‐
tant semiconductor devices for flexible optoelectronic device applications. Therefore, growing 
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development has been made on flexible organic devices, including organic solar cells, OLEDs, 
OFETs, sensors, and memories. As in one case of pentacene‐based OFETs, 125‐μm‐thick poly‐
ethylene naphthalate (PEN) film was used as a flexible substrate and 30‐nm‐thick pentacene 
was thermally deposited to create the organic active layer [149]. One early study was deal‐
ing with fully flexible OLEDs [150]. The device was built on a poly(ethylene terephthalate) 
substrate, with soluble polyaniline as the hole‐injecting electrode, substituted poly(1,4‐phen‐
ylene‐vinylene) as the electroluminescent layer. Moreover, a first example of all‐organic flex‐
ible photoanodes was presented to remove a gaseous pollutant (trimethylamine, TMA) [141]. 
Instead of ITO, H2Pc (50 nm)/PBIs (50 nm) bilayer was coated on a self‐standing fluorocarbon 
polymer (Nafion 112) to act as a photoanode. This all‐organic catalyst is responsive to full‐
spectrum visible light (<780 nm), which holds promise in future use inside buildings when 
only interior light is present.

6. Conclusion and perspective

To sum up, this chapter presents the recent advances on the porphyrin‐based organophoto‐
catalysts. Porphyrins possess many light conversion functionalities such as light harvesting 
and energy/electron transfer, and are thus acknowledged to be a promising tool in homo‐
geneous, heterogeneous photocatalysis, or even PEC solar cells. Molecular porphyrins have 
easy access to other reactive species and thus render a high photocatalytic efficiency, but their 
limitations arise from the stability and reuse. Inclusion of porphyrin molecules onto solid 
supports provides a robust material that can be easily recovered for successive use. In the 
series of solid supports, the electron‐accepting and electron‐conducting carbon materials are 
preferred in initiating an increased PET mechanism. Their large surface area also allows for 
high‐loading content. Nanoassembly makes heterogenization of porphyrins a further step 
forward, opening a way to control the light conversion functionality in the aggregated state. 
Ordered molecular alignment is attainable by proper control over the supramolecular assem‐
bly, thus resulting in enhanced light‐harvesting and charge‐transfer efficiencies. Promoted 

Figure 8. (A) An illustration of the ITO/H2Pc/C60 photoanode; (B) action spectra of the photocurrent generated at ITO/
H2Pc/C60‐Pt (irradiation direction: ITO side (●) and Pt‐coated C60 side (ο)) and absorption spectrum of employed bilayer 
(−). Adapted from Ref. [142].
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charge transfer can also be fulfilled by a combination of nanostructured porphyrins with 
other acceptor materials, such as metals, inorganic semiconductors, and organic electron 
acceptors. Moreover, porphyrins can be fabricated onto hard or flexible/stretchable electrodes 
by low‐temperature solution processing or vapor deposition, which finds wide applications 
in PEC solar cells.

Despite the current knowledge of the organic/inorganic hybrid, an in‐depth insight into the 
interface geometry is essential in determining and understanding the properties and func‐
tions of the two different material classes. Supplementary information can be provided by 
rational calculation and simulation, especially in light of the electronic properties, excitation 
dynamics, and charge transport of the hybrid materials. Further efforts are required to align 
these molecular assemblies onto any desired substrate at the macroscopic level. The resulting 
collective effect will finally lead to remarkable improvement on light conversion efficiency for 
practical applications in optoelectronic devices.
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Abstract

The chapter describes the opportunities of extracting porphyrins by polar solvents (ace-
tone, N,N-dimethylformamide (DMF), isopropanol, and acetonitrile) and sulfuric acid 
from various highly molecular petroleum fractions and residues. It has been found that 
the predissolution of petroleum objects such as asphaltenes and resins in aromatic sol-
vents allows improving the extraction of porphyrins by means of reducing their associa-
tion with polycondensed heteroatomic structures. Based on the absorption spectra and 
mass spectra, primary types of porphyrins in obtained extracts were revealed. The dis-
tinctions between porphyrin extractions in resins and asphaltenes were revealed. Sulfuric 
acid extraction allows producing highly concentrated primary extracts of demetallated 
porphyrins. The share of porphyrin fractions in obtained extractions was 13.0–24.2 wt%, 
which depends on the concentration of metal porphyrins in initial asphaltenes and resins.

Keywords: vanadyl porphyrins, asphaltenes, resins, extraction, heavy petroleum 
residues, vanadium

1. Introduction

Metal porphyrins in oils are primarily represented by vanadyl and nickel porphyrins [1]. The 
remaining metal-containing compounds of vanadium and nickel are present in the form of che-
lates with pseudo-porphyrin structures or with porphyrins having atypical substitutes [2]. Due 
to low concentration of porphyrins having atypical structure, efficient separation and mass-
spectrometry with ultrahigh definition are required to determine their structure [3], and the 
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structure of pseudo-porphyrin complexes is still not defined. The paper also reports of oil being 
present in insignificant amounts in iron and copper porphyrins [4].

The analysis of oil porphyrins in oils and their components by various instrumental methods 
is impossible due to their low concentration, so usually, fractions enriched with metal por-
phyrins are used for analysis. All concentration methods for oil porphyrins can be condition-
ally divided into three groups:

• Complex formation, chemical adsorption, and ion-exchanging chromatography when suffi-
ciently labile chemical bonding is formed between various compounds and oil porphyrins.

• Chemical interaction between various compounds and oil components accompanied by 
new chemically stable compounds being formed.

• Extraction, separation, and sedimentation by solvents based on various solvability of indi-
vidual compounds in various solvents.

For light oils having a relatively low concentration of asphaltene-resin substances, the first 
group of methods is mostly suitable for extraction of oil porphyrins: complex formation with 
Lewis acids usually represented by waterless metal halides [1]. This method consists in the 
formation of molecular complexes of metal porphyrins with titanium and iron halides that 
are insoluble in hydrocarbon systems, with further extraction of these complexes, destruc-
tion, and regeneration of metal porphyrins. This method is advantageous because of complete 
extraction of metal porphyrins when they are contained in trace concentrations.

The second group of methods currently used to extract porphyrins from oil is based on treat-
ing oils and oil components with strong acids. When using acids in order to extract oil por-
phyrins, metal porphyrins are demetaled and transformed into acid phase.

As demetaling agents, acids are used, such as sulfuric [5] and sulfonic acids [6]. A disadvan-
tage of extracting oil porphyrins by using acids is partial destruction of porphyrins (40–80%) 
and inability to separately measure the concentration and study metal porphyrin complexes 
of vanadyl and nickel. Acid extraction is also inefficient for oils having low concentration of 
porphyrins. The advantages of porphyrin extraction with acids include low labor input and 
an opportunity to directly produce relatively clean concentrates of porphyrin compounds.

The third group includes extraction methods by using solvents that cannot be mixed with oil, 
with further extract treatment. Extraction methods employing selective solvents are advanta-
geous for soft process conditions, which completely present any chemical transformations. 
Methanol [7] and N,N-dimethylformamide (DMF) [8] are used as solvents for extraction of 
metal porphyrins.

The concentration of porphyrins in extracts obtained by any of the above methods allows 
using them for further analysis, but in some cases, additional treatment of concentrates is 
needed by means of column chromatography. To identify and measure the concentrations 
of oil porphyrins, visible and UV-band spectroscopy is used due to three characteristics of 
absorption bands [9]. The most intensive absorption band also referred to as the Soret band 
is located at the boundary between the visible and the UV area at 400 nm. Other two bands 
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ing oils and oil components with strong acids. When using acids in order to extract oil por-
phyrins, metal porphyrins are demetaled and transformed into acid phase.

As demetaling agents, acids are used, such as sulfuric [5] and sulfonic acids [6]. A disadvan-
tage of extracting oil porphyrins by using acids is partial destruction of porphyrins (40–80%) 
and inability to separately measure the concentration and study metal porphyrin complexes 
of vanadyl and nickel. Acid extraction is also inefficient for oils having low concentration of 
porphyrins. The advantages of porphyrin extraction with acids include low labor input and 
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geous for soft process conditions, which completely present any chemical transformations. 
Methanol [7] and N,N-dimethylformamide (DMF) [8] are used as solvents for extraction of 
metal porphyrins.

The concentration of porphyrins in extracts obtained by any of the above methods allows 
using them for further analysis, but in some cases, additional treatment of concentrates is 
needed by means of column chromatography. To identify and measure the concentrations 
of oil porphyrins, visible and UV-band spectroscopy is used due to three characteristics of 
absorption bands [9]. The most intensive absorption band also referred to as the Soret band 
is located at the boundary between the visible and the UV area at 400 nm. Other two bands 
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referred to as α and β bands are located in the area of 570 and 535 nm for vanadyl porphyrins 
and 575 and 540 nm for nickel porphyrins.

As compared with metal porphyrins, electronic absorption spectra of metal-free porphyrin carry 
much information on the structure. There are four main spectral types of oil porphyrins differing 
in the absorption peak intensity at 500, 535, 565, and 620 nm (bands IV, III, II, and I, respectively) 
[10]. This property is associated with the effects of substitutes at the porphyrin ring periphery. 
Each of the types is represented with a mixture of various porphyrins differing in the nature and 
position of substitution (Figure 1).

Another informative method to determine the structure of metal porphyrins is mass-spec-
trometry [11]. Metal porphyrins are present in oil in the form of a continuous series. Most 
common of them are porphyrins with alkyl substitutes called etioporphyrins (ETIO) with the 
molecular weight of 375 + 12n (M), and metal porphyrins containing an isocyclic ring, also 
called deoxophylloerythroetio porphyrins (DPEP) with the molecular weight of 373 + 12n 
(M-2) [12]. Their ratio in oil is the most important geochemical parameter showing the matu-
rity of oil [13]. Other series (M-2, M-4 …) are present in oil in significantly lower concentra-
tions and are called minor.

To study the concentrates of oil metal porphyrins other methods can be used, such as EPR spec-
troscopy [14, 15], LDI mass-spectrometry [16], Fourier transform ion cyclotron resonance mass 
spectrometry [17], and high definition inductively coupled plasma mass spectrometry [18].

Metal porphyrins in oils have a negative effect on catalysts of oil refining processes [19, 20], 
so currently, oil demetallization methods are used and developed [21–23]. Effective devel-
opment of methods to remove vanadium and nickel from oil is impossible without hav-
ing information on the structure and properties of metal porphyrins. Since the complete 
extraction of oil metal porphyrins from oil objects is complicated due to strong associations 
with asphaltene molecules, this may cause insufficiently full study of metal porphyrins. This 
chapter gives a new approach to the extraction of metal porphyrins from asphaltenes and 
heavy petroleum residues (HPR), which allows increasing the degree of extraction, and it 
also presents the results obtained in determining the composition and properties of concen-
trates obtained.

Figure 1. Spectral types of porphyrins.

Isolation of Porphyrins from Heavy Oil Objects
http://dx.doi.org/10.5772/intechopen.68436

155



2. Materials and methods

The study objects were the oil and natural bitumens of various-age deposits of Tatarstan fields 
and heavy residues of oil refining: vacuum residue (VR) from TAIF-NK OJSC oil refinery; 
asphalt (A-1) after tar propane deasphalting at the ANK Bashneft OJSC refinery; asphalt (A-2) 
after tar propane deasphalting at the NK Rosneft refinery; atmospheric residues of heavy oils 
from the Ashalchinskoe (AR-1) and Zyuzeyevskoe (AR-2) fields.

All oils and natural bitumens were separated from emulsion water and mechanical impurities 
by centrifugal process. Organic solvents of hch and chda classes were additionally treated and 
desiccated by employing widely known methods.

Asphaltenes were extracted by using a common methodology by means of diluting with 
40× hexane excess with further flushing to remove sedimented resins and oils in a Soxhlet 
apparatus. Oils and resins were separated by means of column chromatography, using 
an activated granulated large-pore silica gel as an immobile phase, with the grain size of 
0.2–0.5 mm, as well as the hexane/benzene mixture at 85:15 as an eluent.

Vanadium and nickel concentrations in oils and asphaltenes were measured by means of direct 
flame atomic absorption spectrometry using AAS-1N spectrophotometer, with approved 
standard samples of metal concentration in oil products used as blank solutions.

To extract asphaltenes by a boiling solvent, a 1 g sample of asphaltenes was placed into a round-
bottom flask with back flow condenser, 200 mL of extractant was added, and the mixture was 
boiled for 1 h. After cool-down, the mixture was filtered. The resulted extract was dried in 
vacuum. To extract asphaltenes by sedimentation extraction, a 1 g sample of asphaltenes was 
diluted in 10 mL of benzene. A total volume of 100 mL of extractant was added to the result-
ing solution, which was then boiled with a back flow condenser for 10 min. After the solution 
cooldown, asphaltenes were filtered. The resulting extract was dried in vacuum.

The concentration of vanadyl porphyrins in extracts from asphaltenes was calculated for the 
absorption band of 575 nm according to the following formula:

 Cvp = 0.187h·V/m·l (1)

where 0.187 is the conversion factor describing the medium absorption; h is the height of 
absorption α-band maximum for 575 ± 5 nm; m is the extract sample, g; V is the porphyrin 
extract volume to be reached, mL; l is the flask thickness, cm.

Matrix-assisted laser desorption/ionization (MALDI) mass spectra of extracts from asphaltenes 
were obtained by UltraFlex III TOF/TOF mass-spectrometer in linear mode. The data were 
processed by using FlexAnalysis 3.0 software. The sample was ionized by nitrogen laser radia-
tion (wave length of 337 nm) with the energy of 19 eV. Positively charged ions were recorded. 
A metallic target was used. Sinapinic acid was used as a matrix. Molecular ions of VPs of vari-
ous homotypes are presented as peaks with the weight of 373 + 14n amu and 375 + 14n amu 
(where n is the number of methylene groups in pendent groups). The share of each homotype 
was calculated by means of internal normalization by using the peak intensity of molecular ions.
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Primary porphyrinic extracts were obtained from heavy petroleum residues solutions in ben-
zene with the concentration of 10 wt% by treating with 10× excess of concentrated sulfuric 
acid. The extract was separated by filtering in a Shott funnel and after being neutralized with 
sodium hydrate water solution, it was retreated with three portions of tetrachloromethane. 
The lower layer was separated and dried above anhydrous sodium sulfate. After dried solu-
tion filtering and solvent stripping, the primary porphyrinic extract was obtained.

Adsorption-chromatographic separation of primary porphyrinic extracts was carried out in a 
glass column 1:100 cm by using an activated granulated large-port silica gel as an immobile 
phase and the 0.5% isopropil alcohol solution in benzene as an eluent. The volume of the eluent 
sampled was 10 mL. The obtained fractions were combined according to eluent colors. Fraction 
spectra were obtained in Specord UV-VIS spectrophotometer with the range from 400 to 650 nm.

3. Results and discussion

3.1. Vanadyl porphyrin extraction with polar solvents

The schemes applied to extract metal porphyrin complexes from oil objects have some disad-
vantages that do not allow using them on a large scale. When using liquid extraction, multiple 
extraction is needed to achieve high degree of extraction. If asphaltenes are used as extraction 
objects, the number of extraction steps is multiply increased, therefore, frequently the process 
is performed in Soxhlet apparatuses. Such extraction conditions are explained by the fact that 
in oil systems, asphaltenes are associated with oils and resins due to multiple intermolecu-
lar interactions, such as electrostatic, dipole, and dispersive ones. The molecular weight of 
resulted aggregates can be 10,000 amu and more. Metal porphyrins tend to establish strong 
associations with aggregates of such weight. Metal porphyrins can also be captured into the 
grid of asphaltenes by the type of molecular sieves. In this connection, it becomes difficult to 
extract metal porphyrin complexes. It is only possible to obtain concentrates enriched with 
these compounds. Previously, asphaltene extraction by various solvents was used to obtain 
metal porphyrin concentrates [24]. It occurred that no more than 60% of the total amount of 
vanadyl porphyrins is extracted during asphaltene extraction. The extraction process takes 
place at the solvent boiling temperature in order to increase the extractant solvability. This 
allows increasing the extraction degree of metal porphyrins, but it also contaminates the 
extract with highly molecular heteroatomic components.

To increase the extraction degree of metal porphyrins, we proposed using sedimentation 
extraction. Unlike the direct extraction from asphaltene, this approach suggests preliminary 
dissolution of asphaltene in a small amount of good solvent. Asphaltene dissolution allows 
the partial destroying of the intermolecular links inside aggregates that results in some metal 
porphyrins being liberated. This is followed by metal porphyrin extraction by the solvent 
excess having low solvability toward asphaltenes, but good solvability toward metal porphy-
rins. As a result, asphaltenes are sedimented, and metal porphyrins remain in the solution. 
Polar nonaromatic solvents have low solvability toward asphaltene-tarry components of oil 
and high solvability metal porphyrins.
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To assess the efficiency of metal porphyrin extraction from an asphaltene solution by using 
sedimentation extraction, the obtained results were compared with the results of standard 
extraction of metal porphyrins from dry asphaltenes. Benzene was used as an asphaltene 
solvent; four solvents belonging to different classes of organic compounds were used as polar 
solvents: acetone, DMF, isopropanol, and acetonitrile.

As an extraction object, asphaltenes of the Ashalchnskoe field oil were used. The extracts 
obtained in the form of toluene solutions were spectrophotometered within the range of 
400–630 nm. Absorption spectra show clear absorption bands at 530 (α-band) and 575 nm 
(β-band) typical of vanadyl porphyrins (Figure 2). A 550 nm band belonging to nickel por-
phyrins is not recorded in spectra.

When asphaltenes are treated with a boiling solvent, the maximum extract yield is obtained 
when using isopropanol (Figure 3). When using acetone and DMF, extract yields are lower, 
and in case of acetonitrile, no extract is formed. When using sedimentary extraction from 
asphaltene solutions, the maximum extract yield occurs with DMF. The sedimentary extrac-
tion used for all solvents under study allows reaching higher extract yields and concentra-
tions of vanadyl porphyrins in them as compared to boiling solvent extraction (Figure 4).

The most common types of metal porphyrins in oil are etio- and desoxophylloerytroetiopor-
phyrins (DPEP). To assess their ratio in the DMF extract from oil asphaltenes, matrix-assisted 
laser desorption/ionization (MALDI) is used. (Etio-type porphyrins have the molecular 
weight of 375 + 14n, and DPEP-type porphyrins – 375 + 14n.) Based on the intensity of peaks, 
the ratio of Σetio/ΣDPEP equaled 0.73.

MALDI can be used to assess the substitution nature in the porphyrinic ring (Figure 5). 
In both series of porphyrins, alkyl substitutes on the ring periphery contain 6–19 atoms of 
carbon. Porphyrins of etio-series contain C26–C39 homotypes with the maximum concentra-
tion at m/z = 529, which corresponds to C31 homotype that contains alkyl substitutes with 

Figure 2. Visible absorption spectrum of asphaltene extract.
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Figure 3. Yield of vanadyl porphyrin extracts from asphaltenes.

Figure 4. Concentration of vanadyl porphyrin in asphaltenes extracts.

Figure 5. MALDI mass spectrum of vanadyl porphyrin extract from asphaltenes.
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high number of carbon 11 atoms. Porphyrins of DPEP-series contain C28–C41 homotypes 
with the maximum concentration at m/z = 529, which corresponds to C31 homotype that 
contains alkyl substitutes with high number of carbon 9 atoms.

3.2. Porphyrin extraction with sulfuric acids from asphaltenes and resins

Another methodological approach to the extraction of porphyrin complexes from oils and 
their components is acid extraction. Extraction methods described in the literature are adapt-
able and cannot be used for large-scale extraction. The extraction process also takes much 
time. Furthermore, all the above methodologies were developed for light oils with a low con-
centration of asphaltene-tarry substances. Meal porphyrin acid extraction from asphaltene-
tarry substances is almost not described.

At the first stage, it seems necessary to reveal the most efficient acid extractant with the 
maximum yield of porphyrin extract. Extraction conditions may have a heavy effect on the 
results; first of all, this refers to temperature and duration. For a preliminary assessment of 
acid extraction capabilities, heavy oil asphaltenes from the Zyuzeyevskoe field were used. 
Concentrated hydrochloric, phosphorous, and sulfuric acids were used as extractants. As in 
case of polar solvent extraction, a 10% solution in benzene was used to reduce the associa-
tion of metal porphyrins with asphaltenes, and the process itself was maintained at the room 
temperature. For phosphorous and hydrochloric acids, asphaltenes do not develop into the 
acid phase. When treating asphaltene solutions with sulfuric acids, an extractant and a ben-
zene-insoluble residue is formed. A difference from the method currently applied to produce 
metal-free porphyrin from asphaltenes consists in the fact that demetaling of metal porphy-
rins occurs simultaneously with their extraction from asphaltenes. The need for preliminary 
extraction of metal porphyrins is avoided. Due to slurry formation, a centrifugal process and 
further filtering in a Schott’s funnel were used to segregate the extract and the residue. The 
obtained extract was neutralized with a 20% cooled-down solution of sodium hydrate until 
reaching a neutral reaction. Tetrachloromethane was extracted from the resulting water solu-
tion. The yield of the primary extract after solvent stripping was 9%.

There are no metal porphyrin bands of 530 and 575 nm in the absorption spectrum in the visi-
ble area for the primary extract, and there are bands typical of free porphyrin bases (Figure 6). 
This testifies that when sulfuric acid acts on metal porphyrins, they are demetaled and metal-
free porphyrins are formed. In this manner, concentrated sulfuric acid is the most optimal 
extractant to extract and demetaleted porphyrin from oil asphaltenes and resins.

To define the composition of porphyrin extracts in case of sulfuric acid extraction, asphaltenes 
and resins of heavy oils from Ashalchinskoe (TN-1 asphaltenes and resins) and Zyuzeyevskoe 
fields (TN-2 asphaltenes and resins) were used. Extraction was carried out according to the 
scheme described above. In case of sulfuric acid extraction, as for asphaltene extraction, an 
extract of porphyrins and an insoluble residue are formed. The results obtained for the yield 
of extracts are summarized in Table 1.

The amount of porphyrin extracted from resins or asphaltenes of heavy oils with increased 
vanadium concentration varies within 7.9–13.0 wt%. If oils are compared individually, the 
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porphyrin extract yield from resins as compared to that from asphaltenes is 3–4 wt% higher 
in both cases. When the vanadium concentration both in resins and asphaltenes increases, the 
yield of extracts is also increased. If the vanadium concentration in asphaltenes differs by two 
times, the relative extract yield increase will be about 14% just as in resins where the vana-
dium concentration difference is even higher (3.33 times), and the extract yield is increased 
by relative 15% only. In this manner, for asphaltenes and resins where the vanadium concen-
tration will exceed the values as compared to the objects under study, it is unlikely that the 
porphyrin extract yield will be significantly increased.

To obtain data for the composition and types of porphyrins in extracts, silica gel adsorption 
chromatographic separation was used. A mixture of 0.5% isopropyl alcohol and 99.5% of 

Figure 6. Visible absorption spectrum of sulfuric acid extract of asphaltenes from Zyuzeyevskoe oil field.

Yield of extract, % V content in object of extraction, %

Asphaltenes TN-1 7.9 0.186

Asphaltenes TN-2 9.0 0.384

Resins TN-1 11.3 0.042

Resins TN-2 13.0 0.140

Table 1. Yield of sulfuric acid extracts.
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benzene was applied as eluent [25]. A total volume of 10 mL of liquid was sampled dur-
ing elution. To decrease the number of fractions analyzed against the absorption spectra 
in the visible band, the obtained solutions were combined visually according to the color 
change (Table 2). A further study of absorption spectra in the visible band confirmed that this 
approach can be applied, since the differences in spectra allow identifying the types of por-
phyrins. To all colored fractions, except for the first and the last one, there are four absorption 
bands registered, having various intensity at 620, 565, 535, and 500 nm (bands I–IV), accord-
ing to which a specific spectral type can be assigned to porphyrins.

The first (oil-like) and the last (resin-like) colored fractions obtained after separation of 
asphaltene extracts do not show absorption bands of metal-free porphyrin. In resin extract 
separation, the resin-like fraction is the first to eluted, followed by the oil-like fraction. These 
fractions being present in the sulfuric acid extracts are related to occluded oils and resins in 
asphaltenes.

The data for the yield of fractions after chromatographic separation of the sulfuric acid extract 
of asphaltenes are given in Table 3. The total concentration of oil-like and resin-like fractions 
in the extract reaches 53.2 wt%. Some part of the extract is not eluted and remains on the silica 
gel. The concentration of porphyrin fractions in extracts of resins is higher than in those from 
asphaltenes.

Phyllo-type porphyrins are predominant in asphaltene extracts. Apart from etio- and phyllo-
porphyrins, there are also rhodo- and DPEP found in asphaltene extracts. Reduced concentra-
tion of DPEP in asphaltene extracts as compared to solvent extraction allows suggesting the 
isocyclic ring destruction in the porphyrins of this type during acid extraction.

Unlike asphaltenes, the porphyrins of resin extracts contain only these etio- and phyllo-
types, which is the primary difference in the composition of porphyrin extracts of resins 
and asphaltenes. Etio-type of porphyrins is predominant in resin extracts. No rhodo-type 
porphyrins contained in resins is probably related to co-sedimentation of porphyrins 
with asphaltenes during their extraction due to polar groups presented in them and, con-
sequently, lower solubility in hexane. As for asphaltenes, the most probable reason for 
no DPEP in extracts from resins can be the isocyclic ring destruction during sulfuric acid 
extraction.

Fraction number Solution color The order of decreasing 
intensity of the absorption 
bands

Spectral type of porphyrins

1 Cherry III→IV→II→I Rhodo

2 Dark orange IV→I→II→III DPEP

3 Dark red IV→II→II→I ETIO

4 Red IV→II→III→I Phyllo

Table 2. Spectral types of petroleum demetalleted porphyrins.
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separation, the resin-like fraction is the first to eluted, followed by the oil-like fraction. These 
fractions being present in the sulfuric acid extracts are related to occluded oils and resins in 
asphaltenes.

The data for the yield of fractions after chromatographic separation of the sulfuric acid extract 
of asphaltenes are given in Table 3. The total concentration of oil-like and resin-like fractions 
in the extract reaches 53.2 wt%. Some part of the extract is not eluted and remains on the silica 
gel. The concentration of porphyrin fractions in extracts of resins is higher than in those from 
asphaltenes.

Phyllo-type porphyrins are predominant in asphaltene extracts. Apart from etio- and phyllo-
porphyrins, there are also rhodo- and DPEP found in asphaltene extracts. Reduced concentra-
tion of DPEP in asphaltene extracts as compared to solvent extraction allows suggesting the 
isocyclic ring destruction in the porphyrins of this type during acid extraction.

Unlike asphaltenes, the porphyrins of resin extracts contain only these etio- and phyllo-
types, which is the primary difference in the composition of porphyrin extracts of resins 
and asphaltenes. Etio-type of porphyrins is predominant in resin extracts. No rhodo-type 
porphyrins contained in resins is probably related to co-sedimentation of porphyrins 
with asphaltenes during their extraction due to polar groups presented in them and, con-
sequently, lower solubility in hexane. As for asphaltenes, the most probable reason for 
no DPEP in extracts from resins can be the isocyclic ring destruction during sulfuric acid 
extraction.

Fraction number Solution color The order of decreasing 
intensity of the absorption 
bands

Spectral type of porphyrins

1 Cherry III→IV→II→I Rhodo

2 Dark orange IV→I→II→III DPEP

3 Dark red IV→II→II→I ETIO

4 Red IV→II→III→I Phyllo

Table 2. Spectral types of petroleum demetalleted porphyrins.
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3.3. Porphyrin extraction with sulfuric acids from the solution of heavy petroleum 
residues

Since the extraction of individual resins and asphaltenes is a hard task, their industrial con-
centrates are used for porphyrin extraction—residual products of oil refining. First of all, 
these are the vacuum residue (tar) and asphalts from tar deasphaltizing with the total concen-
tration of asphaltenes and resins being 50–70 wt% depending on the initial oil composition. 
For the vanadium concentration of 200–500 ppm in some heavy oils of Tatarstan, Samara, and 
Ulyanovsk region fields, the total concentration of vanadium and nickel in residual products 
of oil refining will be 1000 ppm and more.

As the objects of study, heavy petroleum residues of existing productions and atmospheric 
residues obtained in laboratory conditions (>350°C) from heavy oils with increased vanadium 
concentration were used. Density, component composition, and vanadium and nickel concen-
tration were measured for all heavy petroleum residues (HPR) (Table 4).

Determining the concentration of these metals allows the preliminary assessing of the con-
centration of metal porphyrins in initial objects. The vanadium concentration in A1 and 
AR-2 is 9.2–9.3 times higher than that of nickel. V/Ni is also 9.8 times higher for A-2, but for 

Yield of fraction, %

Asphaltenes TN-1 Asphaltenes TN-2 Resins TN-1 Resins TN-2

Rhodo + DPEP 2.3 4.2 0 0

ETIO 2.7 7.1 6.8 11

ETIO + Phyllo 1.9 2.9 5.7 7.2

Phyllo 6.1 10.0 3.5 4.4

Oil-like 41.0 46.4 57.5 54.0

Resin-like 12.2 7.0 17.9 15.5

Residue on a column 33.8 22.4 8.6 7.9

Table 3. Yield of fractions after column chromatography of asphaltenes and resins porphyrinic extracts.

HPR ρ, g/cm3 Content, % Metals, ppm

Hydrocarbones Resins Asphaltenes V Ni

VR 1.0035 41.7 46.8 11.5 280 58

A-1 1.0762 45.6 40.7 13.7 310 63

A-2 1.1113 24.9 49.1 26.0 470 48

AR-1 1.0075 44.4 47.0 8.4 330 36

AR-2 1.0085 40.3 48.2 11.5 970 104

Table 4. Density and composition of HPR.
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Yield, %

VR A-1 A-2 AR-1 AR-2

Primary extract 7.6 6.8 8.5 11.7 13.1

Rhodo + DPEP 3.7 2.7 3.1 2.3 4.2

ETIO 5.9 6.9 5.6 2.7 7.1

ETIO + Phyllo 3.2 7.1 6.5 1.9 2.9

Phyllo 2.3 2.1 1.7 6.1 10.0

Oil-like 50.0 43.6 54.1 49.0 46.4

Resin-like 25.2 27.3 19.3 27.2 18.0

Residue on a 
column

9.7 10.3 11.2 11.8 11.4

Table 5. Yield of fractions after column chromatography of primary porphyrinic extracts.

VR and A-1, the vanadium concentration is about five times higher than the nickel concen-
tration. In this way, a potential share of nickel porphyrins for the selected HPRs can be about 
10–20% of the vanadium porphyrin concentration.

During extraction, the most part of HPRs is transformed into an insoluble finely divided black 
product. As a result of sulfuric acid exposure, the composition is greatly altered primarily 
because of newly formed sulfonic and sulfoxide groups, which is represented by the absorption 
growth in the area of 1030 cm−1 and 1200–1400 cm−1 in IR bands as compared to initial objects.

The yield of primary porphyrin extracts for the selected HPRs varies within 6.9–12.9% equiva-
lent to the weight of the initial oil stock (Table 5). The maximum extract yield is found for 
AR-2 where the vanadium and nickel concentration are also maximal. For AR-1, rather high 
yield of the primary extract is also found; however, the vanadium and nickel concentrations 
are relatively low. Thus, the total concentration of vanadium and nickel in HPRs is no deter-
minant for forecasting the yield of porphyrin extracts in case of sulfuric acid extraction.

Based on absorption spectra analysis in the visible band, there are metal-free porphyrins 
found in all obtained extracts with simultaneous dissipation of characteristic absorption 
bands of vanadyl and nickel porphyrins, which testify demetallization of metal porphyrins 
during extraction. To characterize porphyrins in obtained extracts, adsorption chromato-
graphic separation was used with further analysis of electronic spectra.

The results of adsorption chromatographic separation of primary porphyrin extracts (Table 5) 
show that about 70–75% include various oil-like and resin-like fractions containing no por-
phyrins, with some part of them not eluted by the recommended solvent mixture and remain-
ing adsorbed on the silica gel.

A comparative analysis of IR spectra allowed identifying that oil-like and resin-like fractions 
have the same structural and group composition as resins and oils obtained when analyzing 
the composition of initial HPRs. The results of chromatographic separation of primary extracts 
show that the share of porphyrin fractions is 13.0–24.2%. The absorption spectrum analysis 
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in the visible band for all porphyrin fraction shows that there are all four types of porphyrins 
(Figure 3). Phyllo- and etio-porphyrins are predominant. In AR-1 and AR-2 extracts, the share 
of phyllo-porphyrins is significantly higher. One of the reasons for reduced concentration of 
DPEP in sulfuric acid extracts can be the isocyclic ring destruction when exposed to sulfuric 
acid. The total yield of porphyrin fractions for both the primary extract composition and in-
equivalent to the initial HPRs prove no unambiguous correlation with the total vanadium and 
nickel concentration in the initial feed.

Metal-free porphyrins have four absorption bands in electronic spectra whose intensity depends 
on the type of porphyrins, so it is complicated to precisely measure the concentration of metal-
free porphyrin in the obtained fractions. As an indirect method to assess the concentration of 
porphyrins in the extract, a comparative analysis of vanadium and nickel concentration reduc-
tion in HPRs can be used by analyzing the vanadium and nickel concentration in the extract by 
means of atomic absorption spectroscopy. As a result, it has been found that the sulfuric acid 
extract composition is extracted from 62.4 to 81.1% of vanadium contained in initial HPRs, with 
full extraction of nickel. Probably, the vanadium extraction from asphaltenes is incomplete, since 
the share of vanadium in the extract is inversely proportional to the concentration of asphaltenes 
in HPRs. Correspondingly, some vanadyl porphyrins remain in the insoluble residue. Since the 
molecular weight of vanadyl and nickel porphyrins is 10 times higher as compared to the atomic 
mass of vanadium and nickel, the potential concentration of metal porphyrins in HRP can be 
assessed, which is approximately evaluated as the total concentration increased by ten times.

A similar level of porphyrin concentration in concentrates cannot be achieved when extracted 
by such polar solvents as DMF or acetone with further single chromatography. It is especially 
important that the maximum concentration of porphyrins in obtained concentrates is reached 
when using heavy petroleum atmospheric residue (AR-2) as a feed, with increased vana-
dium and nickel concentration and simultaneously minimal ratio of asphaltenes and resins. 
In perspective, it is possible that such oils can be regarded as a stock to produce cheap natural 
porphyrins for using primarily as dyes and catalysts.

4. Conclusion

It has been found that extraction of metal porphyrins by polar solvents from a solution of 
asphaltenes or heavy oil residues in aromatic solvents allows increasing the level of extraction 
of metal porphyrins into the extract due to the destruction of aggregates of metal porphyrins 
and asphaltenes as compared to the direct extraction of asphaltenes or residues. In asphal-
tene extraction by polar solvents, the DMF appeared to be the best extractant. In the DMF 
extract from asphaltenes of heavy petroleum with increased vanadium concentration, vana-
dyl asphaltenes of etio- and DPEP-types were primarily found. The maximum distribution of 
the molecular weight for both types is found in vanadyl porphyrin homotype C31 containing 
nine carbon atoms in alkyl substitutes.

Using sulfuric acid for porphyrin extraction allows producing highly concentrated extracts 
of demetalated porphyrins without the need for preliminary concentration. The analysis 
of porphyrin fractions obtained after chromatographic separation of the primary extract of 
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asphaltenes shows predominantly etio- and phyllo-types of porphyrins and smaller concen-
trations of rhodo- and DPEP-types. Only etio- and phyllo-types of porphyrins were found 
in resin extracts. In asphaltene extraction, it was found that less than 75% of vanadium is 
extracted to the extract. In this way, some part of vanadyl porphyrins rigidly bound by a 
σ-linkage with polycondensed structures of asphaltenes is not extracted by using extraction 
methods which may be a restriction for petroleum demetallization processes. The concen-
tration of porphyrins when switching from clean asphaltenes and resins to heavy residues 
is almost indiscernible, which allows proving the selectivity of the sulfuric acid extraction 
method. This is why the sedimentary extraction method can be used in analyzing oil objects 
in order to obtain additional information for the composition of metal porphyrins.
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Chapter 8

Control of Fluorescence and Photosensitized Singlet
Oxygen-Generating Activities of Porphyrins by DNA:
Fundamentals for “Theranostics”

Kazutaka Hirakawa

Additional information is available at the end of the chapter
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Abstract

The purpose of this chapter is the brief review of the fundamental study of porphyrin 
“theranostics” by DNA. Porphyrins have been studied as photosensitizer for photody‐
namic cancer therapy. The activity control of fluorescence emission and photosensitized 
singlet oxygen generation by porphyrins using the interaction with DNA is the initial 
step in achieving theranostics. To control these photochemical activities, several types of 
electron donor‒connecting porphyrins were designed and synthesized. The theoretical 
calculations speculated that the photoexcited state of these porphyrins can be deactivated 
via intramolecular electron transfer, forming a charge‒transfer state. The electrostatic 
interaction between the cationic porphyrin and DNA predicts a rise in the energy of the 
charge‒transfer state, leading to the inhibition of electron transfer quenching. Pyrene‒ 
and anthracene‒connecting porphyrins showed almost no fluorescence in an aqueous 
solution. Furthermore, these porphyrins could not photosensitize singlet oxygen gen‐
eration. These porphyrins bind to a DNA groove through an electrostatic interaction, 
resulting in the increase of fluorescence intensity. The photosensitized singlet oxygen‒
generation activity of DNA‒binding porphyrins could also be confirmed. On the other 
hand, several other porphyrins could not demonstrate the activity control properties. To 
realize effective activity control, a driving force of more than 0.3 eV is required for the 
porphyrins.

Keywords: cationic porphyrin, DNA, singlet oxygen, electron transfer, fluorescence
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1. Introduction

“Theranostics” [1–3] is a relatively new technical term that includes the meanings of ther‐
apeutics and diagnostics [4–9]. The purpose of this review is an introduction of examples 
of theranostics using porphyrins. Porphyrins can emit relatively strong fluorescence in the 
wavelength range of visible light and generate singlet oxygen (1O2), an important reactive 
oxygen species [10]. Singlet oxygen is generated through energy transfer from the triplet 
excited (T1) state of the photosensitizer to the ground state of oxygen molecules (3O2) [11–13]. 
Fluorescence imaging is the fundamental mechanism of photodynamic diagnosis (PDD) [14], 
and 1O2 is the important reactive species for photodynamic therapy (PDT) [15]. PDT is a less‐
invasive and promising treatment for cancer and other nonmalignant conditions [4–9, 15]. 
In general, a mechanism of PDT is the oxidation of biomacromolecules, including DNA and 
proteins, by 1O2, which is generated through energy transfer from the excited photosensitizer 
to oxygen molecules. Porphyrins have been extensively studied as photosensitizers of PDT. 
Porfimer sodium [16] and talaporfin sodium [17] are especially important clinical drugs used 
in PDT (Figure 1). The control of the photoexcited state of porphyrins by targeting molecules 
or surrounding environments is the fundamental mechanism of theranostics. In this chapter, 
the fundamental studies about DNA‐targeting porphyrin theranostics are introduced. DNA 
is a potentially important target molecule of PDT. Indeed, many DNA‐targeting drugs have 
been studied and reported [18–20].

Figure 1. Structures of examples of PDT photosensitizers, porfimer sodium and talaporfin sodium.
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1.1. Photodynamic therapy

Photodynamic therapy is a promising and less‐invasive treatment for cancer [4‐9, 15]. Por‐
phyrins are used as photosensitizers of PDT (Figure 2). The abovementioned porphyrins, 
porfimer sodium [16] and talaporfin sodium [17], are especially important photosensitizers. 
Under visible light irradiation, especially long wavelength visible light (wavelength > 650 nm), 
an administered porphyrin photosensitizer generates 1O2 through energy transfer to an oxy‐
gen molecule (the type II mechanism) [21]. Since human tissue has a relatively high transpar‐
ency for visible light, especially red light, visible light rarely demonstrates side effects. Critical 
targets of 1O2 include mitochondria and enzyme proteins; DNA is also an important target for 
PDT [22–26]. In general, the 1∑g

+ state of 1O2 (1O2(1∑g
+)) is mainly formed through the energy 

transfer from the T1 state of photosensitizers. This state of 1O2 has relatively high energy, about 
1.6 eV, corresponding to the ground state; however, the lifetime is very short (several picosec‐
onds). The 1O2(1∑g

+) is rapidly converted to the 1Δg state (1O2(1Δg)), which has a relatively long 
lifetime (several microseconds). Therefore, 1O2(1Δg) is a more important reactive oxygen spe‐
cies of PDT. In this chapter, 1O2 indicates 1O2(1Δg) without explanation. This biomacromolecule 
damage induces apoptosis and/or necrosis. Apoptosis, a programed death of cancer cells, is 
considered the main mechanism of PDT [15, 27]. Necrosis also contributes to the mechanism 
of cell death in the case of severe damage of biomacromolecules by a high dose of photosen‐
sitizers and intense photoirradiation [15]. In the case of DNA‐targeting PDT, 1O2 selectively 
oxidizes guanines. The main oxidized product of guanine is 8‐oxo‐7,8‐dihydrodeoxyguanine 
[28–30].

1.2. Aminolevulinic acid

One of the most important practical applications of theranostics is the method using the 
administration of 5‐aminolevulinic acid (5‐ALA, see Figure 3) [31–33]. Although the strategy 
of 5‐ALA theranostics is different from the activity control of the photosensitizer by target 
molecules mentioned in this chapter, this method is important for cancer theranostics. 5‐
ALA is the source of protoporphyin IX (PPIX) in human cells. In the normal cell, PPIX is 
converted into iron porphyrin, which cannot emit fluorescence. However, in cancer cells, 

Figure 2. A general procedure of PDT.
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PPIX is selectively concentrated. Several mechanisms for this cancer‐selective concentration 
of PPIX have been speculated [34, 35]. Because PPIX demonstrates relatively strong red fluo‐
rescence around 650 nm and under blue light irradiation around 450 nm, this phenomenon 
can be applied to cancer diagnosis. Indeed, the diagnosis of 5‐ALA is clinically applied to 
the treatment of cancer, for example, malignant brain tumors [36, 37] and bladder cancer 
[38]. Furthermore, PPIX can photosensitize 1O2 generation. Although the efficiency of 1O2 
generation by free PPIX is relatively low, the 1O2‐generating activity of PPIX can be increased 
depending on the environment [39]. These properties of 5‐ALA and PPIX can be used in 
cancer theranostics.

1.3. Strategy of porphyrin theranostics with target biomolecules

Figure 4 shows the energy diagram of the relaxation process of photoexcited porphyrins 
and theranostics. The singlet excited (S1) state of the photosensitizer (Sens*(S1)) is formed by 
photoirradiation. In the OFF state, without the target biomacromolecules, the S1 state is rap‐
idly quenched, and the excitation energy is dispersed as heat. For example, intramolecular 

Figure 3. PPIX formation from 5‐ALA.

Figure 4. An energy diagram of the relaxation process of photoexcited porphyrin.
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electron transfer is a convenient pathway for the quenching to control photochemical  activity. 
In the presence of target molecules, the interaction between the photosensitizer (Sens) and 
the target molecule inhibits the intramolecular electron transfer. The S1 state with target mol‐
ecules can emit fluorescence (ON state). In the case of porphyrin, the quantum yield of fluo‐
rescence (Φf) is almost 10% for a relatively intense case. In addition, the intersystem crossing 
proceeds with a relatively large quantum yield (ΦT); more than 50% is a sufficient value for 
the ΦT. These processes are expressed by the following equations:

  Sens + hν  → Sens*  (   S  1   )     (1)

  Sens*  (   S  1   )     → Sens + heat   (  Activity: OFF )     (2)

  Sens*  (   S  1   )    → Sens + hν   (  Activity: ON )     (3)

  Sens*  (   S  1   )    → Sens*  (   T  1   )      (  Activity: ON )     (4)

  Sens*  (   T  1   )     +    3   O  2    →    1   O  2     (  Activity: ON )     (5)

where Sens*(T1) is the T1 state of the photosensitizer. Figure 5 shows the scheme of the activity 
control of photosensitizer by DNA. In the case of DNA, several forms of the binding interac‐
tion can be speculated [40–43]. For example, an electrostatic interaction can switch the activity 
of photosensitizers.

2. Control of fluorescence and 1O2‐generating activity of alkaloids by DNA

Photosensitized DNA damage is an important process in medical applications of photochemi‐
cal reactions [44, 45]. In this section, the activity control of naturally occurring  photosensitizers 

Figure 5. Scheme of the binding interaction between photosensitizers and DNA and the activity switching of 
photosensitizers through the interaction with DNA.
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is introduced. Berberine and palmatine are alkaloids (Figure 6). These molecules barely emit 
fluorescence. The S1 state of these alkaloids deactivates within 40~50 ps through intramolecu‐
lar electron transfer in aqueous solution [46–48]. Since these alkaloids are cationic compounds, 
in the presence of DNA, an anionic polymer, berberine and palmatine spontaneously bind to 
the DNA strand through electrostatic interaction. Indeed, it was reported that berberine pref‐
erentially binds to adenine‐thymine–rich minor grooves [49]. The minor groove bindings of 
berberine and palmatine could be speculated from molecular mechanics calculation [48]. The 
interaction between these alkaloids and DNA was investigated using oligonucleotides of the 
adenine‐thymine sequence (AATT: d(AAAATTTTAAAATTTT)2) and the guanine‐containing 
sequence (AGTC: d(AAGCTTTGCAAAGCTT)2) [48]. The apparent binding constant can be 
easily estimated from the absorption spectral change of these alkaloids, and the reported val‐
ues are relatively high [48]. The fluorescence intensity of berberine and palmatine was mark‐
edly increased in the presence of DNA. The Фf and the fluorescence lifetimes (τf) of berberine 
and palmatine were markedly increased through interaction with DNA (Table 1).

Furthermore, the 1O2‐generation activity of berberine and palmatine was markedly enhanced 
by DNA. In aqueous solution, berberine and palmatine hardly photosensitize 1O2 generation. 

Figure 6. Structures of berberine (left) and palmatine (right).

Alkaloid DNA Фf τf/ns (ratio) ФΔ

Berberine Without <0.001 0.05 nd

AATT 0.093 0.30 (0.30) 3.7 (0.42) 11.9 (0.28) 0.066

AGTC 0.043 0.12 (0.60) 1.6 (0.32) 8.0 (0.08) 0.036

Palmatine Without <0.001 0.04 nd

AATT 0.054 0.16 (0.39) 2.3 (0.45) 6.9 (0.16) 0.044

AGTC 0.031 0.14 (0.54) 1.4 (0.37) 5.9 (0.09) 0.030

The fluorescence properties were examined in a 10‐mM sodium phosphate buffer (pH = 7.6). The ФΔ values were 
determined in deuterium oxide. These values were reported in the literature [48].

Table 1. Fluorescence and photosensitized 1O2‐generating activities of berberine and palmatine in the absence or 
presence of DNA.

Phthalocyanines and Some Current Applications174



is introduced. Berberine and palmatine are alkaloids (Figure 6). These molecules barely emit 
fluorescence. The S1 state of these alkaloids deactivates within 40~50 ps through intramolecu‐
lar electron transfer in aqueous solution [46–48]. Since these alkaloids are cationic compounds, 
in the presence of DNA, an anionic polymer, berberine and palmatine spontaneously bind to 
the DNA strand through electrostatic interaction. Indeed, it was reported that berberine pref‐
erentially binds to adenine‐thymine–rich minor grooves [49]. The minor groove bindings of 
berberine and palmatine could be speculated from molecular mechanics calculation [48]. The 
interaction between these alkaloids and DNA was investigated using oligonucleotides of the 
adenine‐thymine sequence (AATT: d(AAAATTTTAAAATTTT)2) and the guanine‐containing 
sequence (AGTC: d(AAGCTTTGCAAAGCTT)2) [48]. The apparent binding constant can be 
easily estimated from the absorption spectral change of these alkaloids, and the reported val‐
ues are relatively high [48]. The fluorescence intensity of berberine and palmatine was mark‐
edly increased in the presence of DNA. The Фf and the fluorescence lifetimes (τf) of berberine 
and palmatine were markedly increased through interaction with DNA (Table 1).

Furthermore, the 1O2‐generation activity of berberine and palmatine was markedly enhanced 
by DNA. In aqueous solution, berberine and palmatine hardly photosensitize 1O2 generation. 

Figure 6. Structures of berberine (left) and palmatine (right).

Alkaloid DNA Фf τf/ns (ratio) ФΔ

Berberine Without <0.001 0.05 nd

AATT 0.093 0.30 (0.30) 3.7 (0.42) 11.9 (0.28) 0.066

AGTC 0.043 0.12 (0.60) 1.6 (0.32) 8.0 (0.08) 0.036

Palmatine Without <0.001 0.04 nd

AATT 0.054 0.16 (0.39) 2.3 (0.45) 6.9 (0.16) 0.044

AGTC 0.031 0.14 (0.54) 1.4 (0.37) 5.9 (0.09) 0.030

The fluorescence properties were examined in a 10‐mM sodium phosphate buffer (pH = 7.6). The ФΔ values were 
determined in deuterium oxide. These values were reported in the literature [48].

Table 1. Fluorescence and photosensitized 1O2‐generating activities of berberine and palmatine in the absence or 
presence of DNA.

Phthalocyanines and Some Current Applications174

However, in the presence of DNA, the near‐infrared emission at around 1270 nm, assigned 
to the radiative deactivation of 1O2 into its ground state, was clearly observed under pho‐
toirradiation of these alkaloids. The estimated quantum yield of 1O2 generation (ФΔ) using 
the reference compound, methylene blue (ФΔ = 0.52) [50], depended on the sequence and 
decreased for the guanine‐containing sequence (Table 1). These characteristics are the funda‐
mental mechanisms of theranostics. The theranostics mechanism of berberine and palmatine 
can be explained as follows:

1. The photoexcited states of these compounds are rapidly quenched through intramolecular 
electron transfer. These alkaloids consist of the iso‐quinoline moiety and dialkoxybenzene 
moiety (Figure 7). The iso‐quinoline moiety can fluoresce and photosensitize 1O2 genera‐
tion, and the dialkoxybenzene moiety can act as an electron‐donating site.

2. The electrostatic interaction with DNA increases the Gibbs free energy (ΔG) of the intra‐
molecular electron transfer. In addition, the hydrophobic environment of the DNA strand 
[51, 52] is unfavorable for the intramolecular electron transfer. Consequently, the lifetime 
of the S1 state becomes markedly long compared with that without DNA.

3. Fluorescence intensity and the intersystem crossing yield are increased, resulting in the 
enhancement of energy transfer to the oxygen molecule to generate 1O2.

Figure 7. Intramolecular electron transfer in the S1 state of berberine and palmatine and the activity switching by DNA.
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3. DNA‐targeting porphyrin theranostics

The abovementioned mechanisms of berberine and palmatine can be applied to porphyrin 
theranostics. For this purpose, cationic porphyrins are useful because they can be incorpo‐
rated into the cell nucleus and can photosensitize cellular DNA damage [53]. Furthermore, 
cationic porphyrins can bind to a DNA strand through electrostatic interaction, similar to ber‐
berine and palmatine. For example, anionic water‐soluble porphyrin PPIX hardly induces cel‐
lular and isolated DNA damage, whereas tetrakis(N‐methyl‐4‐pyridinio) porphyrin (TMPyP, 
see Figure 8) effectively photosensitizes the guanine‐specific oxidation of cellular and isolated 
DNA through 1O2 generation. Thus, electron donor‐connecting cationic porphyrins were 
designed and synthesized to realize porphyrin theranostics.

3.1. Binding interaction with DNA and cellular and isolated DNA‐damaging activity of 
water‐soluble porphyrins

The effect of a DNA microenvironment on the photosensitized reaction of water‐soluble por‐
phyrin derivatives, TMPyP and its zinc complex (ZnTMPyP, see Figure 8), was reported [42]. 
The main driving force of DNA binding is electrostatic interaction. The binding form between 
these porphyrins and DNA depends on the concentration ratio of porphyrins and DNA bases. 
In the presence of a sufficient concentration of DNA, TMPyP mainly intercalates to the DNA 
strand, whereas ZnTMPyP binds to the DNA groove. An electrostatic interaction with DNA 
raises the redox potential of the binding porphyrins, resulting in suppression of the photoin‐
duced electron transfer from an electron donor to the DNA‐binding porphyrins, whereas the 
electron transfer from the porphyrins to the electron acceptor was enhanced.

Cellular DNA damage by photoirradiated water‐soluble porphyrins, TMPyP and PPIX 
was examined [53]. TMPyP and PPIX induced apoptosis in the human leukemia HL‐60 cell 

Figure 8. Structures of TMPyP (left) and ZnTMPyP (right).
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under photoirradiation [53]. TMPyP is incorporated in the cell nucleus and photosensi‐
tizes cellular DNA oxidation, whereas PPIX hardly demonstrates cellular DNA‐damaging 
ability. In the case of an isolated DNA fragment, photoexcited TMPyP effectively oxidized 
most guanine residues, whereas little or no DNA damage was observed in the PPIX case 
[53]. Consequently, a TMPyP cationic porphyrin should be useful as a DNA‐targeting 
photosensitizer.

3.2. Design and synthesis of electron donor‐connecting porphyrin

Molecular orbital (MO) calculation suggests that pyrene‐connecting TMPyP (PyTPP, 
see Figure 9) can be used for porphyrin theranostics in a DNA microenvironment [54]. 
Figure 9 shows the optimized structures of PyTPP and AnTPP and their highest‐occu‐
pied MOs (HOMO). The binding action of PyTPP into the DNA major groove was sug‐
gested, and the apparent association constants, estimated from the relationship between 
the absorbance change and the DNA concentration, are relatively large (1.0 × 106 M−1 and 
8.3 × 105 M−1 for AATT and AGTC, respectively). The fluorescence spectrum and its life‐
time measurements showed that this porphyrin demonstrates almost no fluorescence in 

Figure 9. Structures of PyTPP (left) and AnTPP (right). The side‐view structures and the HOMO of these porphyrins 
were obtained by the MO calculation at the Hartree‐Fock 6‐31G* level.
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aqueous solution (Фf < 0.001, see Table 2) because of the rapid intramolecular electron 
transfer. The electron‐accepting ability of the porphyrin moiety is decreased by the elec‐
trostatic interaction with DNA. In the presence of DNA, the fluorescence intensity was 
markedly increased (Фf is 0.12 and 0.10 in the presence of 50‐μM base pairs AATT and 
AGTC, respectively). In addition, the typical near‐infrared emission spectrum of 1O2 was 
clearly observed during the photoexcitation of PyTPP with DNA, whereas the emission 
was not observed without DNA. The estimated ФΔ by PyTPP‐DNA was 0.051 and 0.038 in 
the presence of 50‐μM base pairs AATT and AGTC, respectively. In conclusion, the S1 state 
of PyTPP is effectively quenched by the pyrenyl moiety. The interaction with DNA sup‐
presses this electron transfer, leading to the enhancement of fluorescence emission. The 
intersystem crossing is also enhanced and makes 1O2 generation possible.

3.3. Improvement of the activity control using anthracene

In the abovementioned case of PyTPP, Фf can be recovered to a value comparable to that 
of TMPyP. However, ФΔ is significantly smaller than that of TMPyP. A relatively small ФΔ 
value might be due to the self‐oxidation of PyTPP through the photosensitized 1O2 genera‐
tion. Since an electron donor is easily oxidized by 1O2, the connection of the electron donor 
tends to decrease the apparent yield of 1O2 generation. 1O2 may oxidize the pyrene moiety 
through the Diels‐Alder reaction. To avoid this self‐oxidation, anthracene‐connecting TMPyP 
(AnTPP, see Figure 9) was designed and synthesized [55]. The optimized structure of AnTPP 
according to MO calculation suggested that oxidation of the anthracene moiety directly con‐
necting at the mesoposition of the porphyrin is difficult because of steric hindrance, resulting 
in recovery of the 1O2 yield. In addition, the MO calculation indicated the steric rotational 
hindrance of the anthracene moiety around the mesoposition of the porphyrin, which keeps 
the two π‐electronic systems nearly orthogonal to each other. This calculation also showed 
that the activity control of fluorescence and 1O2 generation of this porphyrin through an inter‐
action with DNA is possible.

Porphyrin DNA Фf τf/ns (ratio) ФΔ

PyTPP [54] Without <0.001 0.04 nd

AATT 0.12 12.0 0.051

AGTC 0.10 10.6 (0.62) 2.8 (0.38) 0.038

AnTPP [55] Without <0.001 0.04 nd

AATT 0.098 10.4 (0.88) 3.6 (0.12) 0.22

AGTC 0.077 10.6 (0.79) 2.8 (0.21) 0.17

The fluorescence properties and the ФΔ values were examined in a 10‐mM sodium phosphate buffer (pH = 7.6). These 
values were reported in the literature [54, 55].

Table 2. Fluorescence and photosensitized 1O2‐generating activities of PyTPP and AnTPP in the absence or presence 
of DNA.
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In aqueous solution, AnTPP barely demonstrates fluorescence emission (Фf < 0.001) and 
1O2 generation (Table 2). The observed fluorescence lifetime (<40 ps) indicates the rapid 
intramolecular electron transfer in the S1 state of the porphyrin moiety of AnTPP. AnTPP 
also binds to the DNA strand, mainly the minor groove, and the reported association con‐
stant is relatively large (~106 M−1). DNA‐binding AnTPP demonstrates a relatively strong 
fluorescence and long fluorescence lifetime comparable to those of the reference porphyrin 
without an electron donor. Furthermore, the 1O2‐generating activity of AnTPP is recovered 
by DNA. The estimated values of ФΔ relative to that of methylene blue are 0.22 and 0.17 
for the AATT‐ and AGTC‐binding forms of AnTPP, respectively (Table 2). The observed 
values of ФΔ are significantly larger than those of PyTPP. These results suggest that the 
1O2‐generating activity of AnTPP has improved due to the inhibition of self‐oxidation by 
the generated 1O2.

3.4. Phenanthrene‐connecting cationic porphyrin

Phenanthrene was also used as the electron donor of the cationic porphyrin [56]. However, 
the activity control of the phenanthrene‐connecting porphyrin (PhenTPP, see Figure 10) was 
not successful. The MO calculation showed the HOMO location on the phenanthryl moiety 
of PhenTPP and predicted the similarity of this porphyrin property to the abovementioned 
PyTPP and AnTPP. However, the observed values of Φf and τf without DNA are 0.028 and 
5.8 ns (89%) and 2.7 ns (11%), respectively, indicating insufficient quenching of the S1 state 
by phenanthrene. Furthermore, the estimated value of ФΔ by PhenTPP without DNA is large 
(0.38). Consequently, the activity control of this type of porphyrin by phenanthrene is not 
appropriate. This result can be explained by the relatively small driving force of the intra‐
molecular electron transfer (−ΔG = 0.18 eV). The driving force dependence of this electron 
transfer is discussed in the next section in detail.

Figure 10. A structure of PhenTPP. The side‐view structure and the HOMO of PhenTPP (right) were obtained by the MO 
calculation at the Hartree‐Fock 6‐31G* level.

Fundamentals of Porphyrin Theranostics
http://dx.doi.org/10.5772/67882

179



4. Factors governing the activity control of the photochemical property of 
the electron donor‐connecting porphyrin

As mentioned above, the controls of fluorescence intensity and 1O2‐generating activities of 
the cationic porphyrin connecting to the pyrenyl and anthryl groups by DNA could be suc‐
cessfully established. On the other hand, in the case of phenanthrylporphyrin, the S1 state of 
this porphyrin could not be deactivated through intramolecular electron transfer because the 
electron‐donating property of the phenanthryl moiety was insufficient [56]. To investigate the 
factors governing the activity control of the electron donor‐connecting porphyrins, two types 
of electron donor‐connecting porphyrins, meso‐(1‐naphthyl)‐tris(N‐methyl‐p‐pyridinio)por‐
phyrin (1‐NapTPP) and meso‐(2‐naphthyl)‐tris(N‐methyl‐p‐pyridinio)porphyrin (2‐NapTPP) 
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a stable complex with the DNA strand. The estimated binding constants were relatively large 
(more than 106 M−1). The binding constants for those of the adenine‐thymine sequence only 
were larger than those of the guanine‐cytosine‐containing sequences.

Similar to the other electron donor‐connecting cationic porphyrin cases, the calculations by 
the density functional treatment (DFT) demonstrated that the photoexcited states of these 
naphthylporphyrins are deactivated through intramolecular electron transfer from their 
naphthalene moieties to the S1 states of the porphyrin moieties [57]. However, the S1 state 
of these porphyrins was hardly quenched by their naphthalene moieties. The ΦΔ values of 
these naphthylporphyrins are also relatively large without DNA (Table 3). The orthogonal 
position of these naphthalene moieties and the porphyrin rings and the relatively small val‐
ues of −ΔG of the intramolecular electron transfer (0.11 and 0.07 eV for 1‐ and 2‐NapTPP, 
respectively) are not appropriate for electron‐transfer quenching. The relationship between 
the estimated intramolecular electron transfer rate constants (kET), which are reported in the 
literature [57], and the driving force (−ΔG values) is plotted using the reported values and 
shown in Figure 12. The plots were analyzed by Marcus theory [58, 59] using the following 
equation:

   k  ET   =  √ 
______

   4  π   3  ______  h   2  λ  K  B   T      V   2  exp   
−  (Δ  G   *  + λ )   2 

 ________ 4λ  K  B   T    (6)

where h is Planck’s constant, λ is the reorganization energy, KB is the Boltzmann constant, V is 
the electronic coupling matrix element, and T is the absolute temperature. Observed several 
components of the τf for 1‐ and 2‐NapTPP suggest the different conformations. Therefore, the 
different V values were considered to explain slow electron transfer and relatively fast elec‐
tron transfer. The analyzed values of V were significantly smaller than those of other directly 
connecting electron donor‐acceptor molecular systems [60–62], suggesting that the interaction 
between the electron donor and the porphyrin ring is small, possibly due to the orthogonal 
structure. This plot suggests that a −ΔG of more than 0.3 eV is required for effective quenching 
through electron transfer in these types of porphyrin systems.

Porphyrin DNA Фf τf/ns (ratio) ФΔ

1‐NapTPP Without 0.030 6.1 (0.76) 3.7 (0.22) 0.2 (0.02) 0.26

AATT 0.062 12.3 (0.95) 2.2 (0.03) 0.1 (0.02) 0.20

AGTC 0.048 11.3 (0.89) 4.1 (0.09) 0.1 (0.02) 0.19

2‐NapTPP Without 0.030 3.5 (0.94) 1.3 (0.06) 0.43

AATT 0.092 11.7 (0.89) 5.8 (0.10) 0.9 (0.01) 0.46

AGTC 0.072 10.5 (0.76) 4.9 (0.23) 0.8 (0.01) 0.37

The fluorescence properties and the ФΔ values were examined in a 10‐mM sodium phosphate buffer (pH 7.6). These 
values were reported in the literature [57].

Table 3. Fluorescence and photosensitized 1O2‐generating activities of 1‐NapTPP and 2‐NapTPP in the absence or 
presence of DNA.
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5. Conclusions

Naturally occurring photosensitizers, berberine and palmatine, demonstrate important pho‐
tochemical properties. In aqueous solution, the S1 state of these compounds was rapidly 
quenched through an intramolecular electron transfer. These compounds bind to a DNA 
strand through electrostatic interaction, resulting in inhibition of electron transfer‐mediated 
quenching. This interaction makes the fluorescence emission and 1O2 generation by these 
compounds possible. A similar mechanism can be applied to the cationic porphyrin. TMPyP 
cationic porphyrins can be incorporated into the cell nucleus and can photosensitize guanine‐
specific oxidation by 1O2 generation, leading to apoptosis. Therefore, the electron donor‐con‐
necting TMPyP porphyrins can be considered as model photosensitizers for theranostics. For 
example, PyTPP and AnTPP were designed and synthesized. The activity control of fluo‐
rescence and 1O2 generation by these cationic porphyrins could be successfully established. 
However, the activity control of phenanthrene‐ and naphthalene‐connecting porphyrins is 
insufficient because of their slow intramolecular electron transfer rate. These results suggest 
that a driving force of more than 0.3 eV is required for sufficiently fast electron transfer in 
similar porphyrin types. These studies demonstrate the possibility of porphyrin theranostics 
through control of the S1 state of the porphyrin ring by the electron‐donating moiety and inter‐
action with DNA, one of the most important target biomacromolecules for cancer therapy.

Figure 12. Relationship between the electron transfer rate and the driving force. The plots of 1‐NapTPP (slow) 
and 2‐NapTPP (slow) were calculated by using the components of their long fluorescence lifetime. These curves 
were calculated by the Marcus equation using two appropriate values of V. This relationship is reported in the 
literature [57].
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Abstract

The porphyrins and phthalocyanines are among the most representative macrocycles in
synthetic chemistry, characterized by specific molecular structures, responsible and associ-
ated with their particular properties. They have high versatility and an adequate variability
introduced either by macrocycle metallation or by different substituents at its periphery
called meso-substituents. The porphyrins could find, together with the synthetic phthalo-
cyanines, various scientific and technological applications in chemical and photochemical
areas. They can serve as catalysts and photocatalysts in different reactions, or as photosen-
sitizers in photodynamic therapy of cancer, due to their high efficiency to generate free
radicals and excited state species. The aim of this chapter is to achieve a better understand-
ing of the complex and various properties of the porphyrins and phthalocyanines in differ-
ent solvents or in heterogeneous media, trying to draw the relationships between these
topics with their possible applications in catalytic, photocatalytic area (photodegradation of
Kraft-lignin, photooxidation of different unsaturated hydrocarbons, photodegradation of
different organic aquatic pollutants, oxirans polymerization) and some preliminary results
about the heterogeneous porphyrin sensitizers in the photodynamic therapy area. Their
photobleaching mechanisms in different conditions are also discussed.

Keywords: porphyrins, phthalocyanines, catalysis, photocatalysis, photosensitization,
photodynamic therapy

1. Introduction

Porphyrins and phthalocyanines are synthetic dyes characterized by the specific molecular struc-
ture which is associated with their particular spectral and photoelectric properties. They can serve
as photosensitizers in photodynamic therapy of cancer, as catalysts and photocatalysts in differ-
ent reactions, as good systems to generate free radical and excited state species [1]. Porphyrins (P)
constitute a class of the molecules which contain four pyrrole rings linked by the methane carbon

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



bridges, whereas the phthalocyanine molecules (Pc) are composed of four indole units—pyrrole
rings linked by nitrogen atoms conjugated with benzene rings [2], (Figures 1a and b).

A large group of porphyrins could exist as free bases and metallo complexes, which can be
obtained by introducing somemetals in the center of the pyrrole rings. Different structures could
be obtained by attaching the peripheral groups to the outer rings of the methane bridges or
isoindol units, respectively. With a more symmetrical structure than the free bases, the metallo-
porphyrins present a reduced structure bands in the absorption spectra, called beta and alpha, the
first being at longer wavelengths than the last one. Their ratio is known as a stability indicator.
When β ≈ α, themetal forms a stable square-planar complexwith porphyrin (Ni, Pd); when α ≈ β,
the generated complexes show a strong instability. For the porphyrins containing diamagnetic
metals, the triplet lifetimes are high (Mg, Cd, Zn), while those porphyrins with paramagnetic
metals (Cu, Ni), will have short triplet lifetimes [3]. By comparison with porphyrins, the the
phthalocyanines are more stable and their lifetimes during different reactions are longer [4].

The phthalocyanines (Pcs) hold a special position due to their interesting electronic and phys-
icochemical characteristics, and could be organize into different condensed systems [5–7]. Pcs
are planar aromatic macrocycles constituted by four isoindole units linked together through
nitrogen atoms. The internal and external positions of the fused benzene ring are also com-
monly known as α- and β-positions, respectively. Their 42 π-electrons are distributed over 32
carbon and 8 nitrogen atoms, but the electronic delocalization mainly takes place on the inner
ring, which is constituted by 16 atoms and 18 π-electrons, the outer benzene rings maintaining
their electronic structure [8].

2. Porphyrins and phthalocyanines in catalytic processes

A series of metallo-porphyrins and metallo-phthalocyanines shows an increased catalytic
activity in different chemical/photochemical processes:

• Photodegradation of Kraft-lignin [9, 10];

• Photooxidation of different unsaturated hydrocarbons [11];

• Photodegradation of different organic aquatic pollutants [12].

Figure 1. The general chemical structure of the (a) porphyrins and (b) phthalocyanines.
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In all these processes, the porphyrins are used either in organic solutions or supported on
different inorganic supports in order to increase the catalytic activity and their stability
(photostability) (due to their strong interaction between the support and the complex) [13, 14].

The necessary conditions for their catalytic capacity are as follows: (i) the metallic ion from the
macrocycle has to be redox active, i.e., two or higher oxidation states [15]; (ii) free coordination
positions could be available to coordinate different molecules to the metallic ion [16]; (iii) the
coordination sphere of the metallic ion must be labile and must have sufficiently high
exchange rates for the catalyst. Many authors found that the organic radical (the substituents)
and the π character, especially the dative π effect of coordination, play an important role in the
catalytic activity of such compounds [17].

2.1. Degradation of Kraft-lignin

Lignins and lignosulfonates are formed as by-products in pulping processes [18], but they
have not found wide-scale industrial applications. One reason could be the price and techno-
logical scheme, which are pretty complex, and the necessary catalysts for such processes are
not very stable and with a modest turnover number. Under such circumstances, the efforts to
find new and efficient catalysts are increasing. The photochemical degradation of lignin can be
achieved in solution with porphyrins supported on metallic oxides (Al2O3, SiO2, Ti02, ZnO,
and WO3) as photocatalysts, leading to some useful products, like vanillin, syringyl, and
cinnamyl derivatives [9, 19]. An example is cobalt-5,10,15,20-p-tetraphenylporphyrin (Co(II)
TPP) supported on the above-mentioned metallic oxides. Co(II)TPP supported on TiO2 was the
best photocatalyst used for the photodecomposition of Kraft-lignin. The metallic oxides
suspended in aqueous solutions are recognized as the most widely used photocatalysts for
many interesting reactions, since the photoinduced hole and electron pairs formed on the
surface of the semiconductor particle can act as oxidizing and reducing agents, respec-
tively [20]. Also, they could improve the stability and catalytic activity as metallo-porphyrins
and metallo-phthalocyanines. The active species participating at such photocatalytic process
are mentioned in Table 1.

In all these cases, by adsorption, Co(II)TPP suffers a strong interaction between metallic oxide
and the porphyrin ring, like an isoenergetic electron transfer from porphyrin to the metallic
oxide conduction band. By supporting on these metallic oxides, the new oxidized forms of Co-
TPP could appear [21]. Vanillin formation from Kraft-lignin is a favorable reaction, because
vanillin and its derivatives are widely used in perfumery and in pharmaceutical applications
and also because Kraft-lignin is a by-product in the industrial preparation of pulp and paper.

Metallic oxide Oxidized forms of Co(II)TPP

SiO2 (Co(III)TPP)+

TiO2 (CO(III)TPP+, (Co(II)TPP)

ZnO (CO(III)TPP+, (Co(II)TPP)

WO3 (Co(III)TPP)++

Table 1. The oxidized forms of Co(II)TPP.
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The photocatalytic degradation of lignin has been investigated by using TiO2, known as one of the
best photocatalysts, generating good concentrations of vanillin (Figure 2). These photocatalysts
are acting either by energy transfer or by initial radical abstraction, after a reaction mechanism
shown below, adapted after [22].

Co� TPP=TiO2 ! Co� TPP=TiO2ðiÞ þ 1=2 O2 ð1Þ
Co� TPP=TiO2ðiÞ ! Co� TPP=TiO2

þðiÞ þ e� þOH• ð2Þ

Co� TPP=TiO2
þðiÞ þ hν ! 1Co� TPP� þ Ti2þ ð3Þ

Ti2þ þ nOH• ! TiðOHÞ2ðn�2Þ� ð4Þ
1Co� TPP�!3Co� TPP� ð5Þ

1Co� TPP�þ3O2 ! Co� TPPþ1O2 ð6Þ
1O2 þ RH ! ROOH ð7Þ

TiðOHÞðn�2Þ
2 þ Co� TPP ! Co� TPP� þ nOH•þ Ti2þ ð8Þ

Co� TPP=TiO2 þ hν ! e� þ Co� TPP� þ Tiþ ð9Þ

O2ðadsÞ þ e� ! O�•
2 ðadsÞ ð10Þ

O�•
2 þ RH ! RCO•þHO� ð11Þ

2RCO•þHO� ! RCHOþO2 ð12Þ

2.2. Catalytic/photocatalytic oxidation

The iron porphyrins (Figure 3) are efficient catalysts both in epoxidations and in hydroxyl-
ations reactions, by using either of some oxygen donors or molecular oxygen in the presence of
one reductant agent.

Figure 2. The kinetic diagram for vanillin generation during the photocatalytic degradation of Kraft-lignin with Co(II)
TPP supported on metallic oxides as catalysts.
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R�HþO2 þ 2e� þ 2Hþ! R�OHþH2O ð13Þ

The cycloalkanes are oxidated by molecular oxygen under normal conditions with good yields,
without some reductant agents and by using iron(III) meso-tetra (2,6-dichloro-phenyl)-porphyrin
(Cl2Fe(III)TPP), with light irradiation λ = 350–450 nm, leading to cyclooctenes, by the reaction
mechanism shown in Figure 4. The axial ligand of the central metal could be OH or different
halogen ions.

Fe(III)(TSPP) supported on TiO2 is a new catalyst which, if suspended in a hydrocarbon and
irradiated with λ = 365 nm, yielded selective oxidation products (for example, the cyclohexan
and cyclohexene oxidation) (Table 2).

Cyclohexane oxidation with TiO2 leads in principle to cyclohexene and CO2. When TiO2 is
complexed with silan, a pronounced decreasing of catalytic activity occurs. In the presence of
the system TiO2-Sil-Fe(III)(TSPP), the cyclohexanol amount significantly increases. Iron cation
could easily coordinate in the reduced form, forming an oxygen molecule and a superoxide
complex [23], which is the essential form in the hydrocarbon monoooxigenations (Figure 5).

The final oxidation products appear only due to the final decomposition of the complex hydro-
carbon radical—peroxide [24, 25].

2.3. Catalytic/photocatalytic epoxidation

The porphyrin μ-oxo-dimers are recognized as the best catalysts in the olefins chemical epoxida-
tion reactions; however, there are reported some results for few unsaturated organic substrates
(styrene and dodecene) which could support both chemical and photochemical mechanism.

Figure 3. The structure of iron-5,10,15,20-tetra-phenyl-porphyrin (Fe(III)TPP).

Figure 4. The oxidation cycloalkane oxidation mechanism with (OH Fe(III)P).
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The responsible mechanisms involve the metal inside of the macrocycle and oxygen bond
between the two porphyrin macrocycles. (Figure 6). Styrene supports an epoxidation reaction
with higher yield than dodecene due to its own aromatic structure. For dodecene, the epoxide
content of 3–8% has been obtained for Mn compounds, higher than 1.5–6.5% obtained with Fe
compounds (better catalytic efficiency by the photochemical pathway than by the chemical
one) [26]. The reaction mechanism is shown in Figures 7 and 8.

The high efficacy of Mn-μ-oxo-dimers could be explained by means of the high valence state of
Mn (IV), which could contribute to the electron transfer and to different oxidation states of this

Catalyst Substrate Products Φox

TiO2 Cyclohexane -one 0.09

-ol �
CO2 0.024

Cyclohexene -one 0.57

-ol 0.01

-Oxide 0.01

CO2 0.004

TiO2-sil-Fe(III)(TSPP) Cyclohexane -one 0.03

-ol 0.01

CO2 �
Cyclohexene -one 0.79

-ol 0.48

-oxide 0.01

CO2 0.0027

Table 2. The catalytic photooxidation of cyclohexane and cyclohexene on modified TiO2.

Figure 5. The scheme of the catalytic hydroxylation.
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Figure 7. The general reaction mechanism of olefins photo-epoxidation.

Figure 6. The structure of the porphyrinic μ-oxo-dimer.

Figure 8. The catalytic mechanism of the epoxidation reaction.
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metal coordinated to porphyrins (Table 3). The dissociation rate of the μ-oxo-bridge is bigger
for 5,10,15,20-p-tetra-naphthyl-porphyrin (TNP) derivatives than for TPP derivatives, this fact
contributing to a higher concentration of active species [27].

At the dodecene epoxidation, a higher catalytic efficiency of manganese oxo-dimers could be
evidenced. From all the unsaturated hydrocarbons, the most efficient epoxidated is styrene
compound, due to the π-π strong interactions between the phenyl ring of styrene and the large
macrocycle of porphyrins [28]. The epoxide content is higher for TNP derivatives than to TPP
derivatives. The greater dissociation rate of oxo-bridge is caused by some internal tensions inside
of the macrocycle responsible for the subsequent catalytic activity. In photochemical epoxidations,
a higher photocatalytic activity for Mn complexes could be observed due to the Mn(IV) state [29].

2.4. Photooxidation reaction with porphyrins as sensitizers

The photooxidation reactions (“ene” reaction) are characteristic reactions of singlet oxygen with
different substrates (alchenes, dienes, aromatic compounds, and heterocycles) [30]. The genera-
tion of 1O2 molecules occurs through the following mechanism:

ð14Þ
ISC

P(So) + hν -------> P(S1) ------->  P(T1)

ð15ÞP(T1) + 3O2 ------> P(So)  + 1O2

Compounds with a triplet state energy lower than the excitation energy for 1Δg O2 (7900 cm
�1) are

generally unable to transfer their excitation energy (the excitation energy is necessary to be

Catalyst/hydrocarbon Epoxide concentration (%)

Dodecene

(TPP-Fe)2O 43.1

(TNP-Fe)2O 3.27

(TPP-Mn)2O 15.46

(TNP-Mn)2O 17.45

Styrene

(TPP-Fe)2O 27.34

(TNP-Fe)2O 35.56

(TPP-Mn)2O 25.45

(TNP-Mn)2O 21.17

Dodecene (irradiated)

(TPP-Fe)2O 82.03

(TNP-Fe)2O 62.02

(TPP-Mn)2O 55.74

(TNP-Mn)2O 11.43

Table 3. The concentrations of epoxide obtained by chemical and photochemical conditions in the presence of different
porphyrinic μ-oxo-dimeric catalysts.
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a higher photocatalytic activity for Mn complexes could be observed due to the Mn(IV) state [29].

2.4. Photooxidation reaction with porphyrins as sensitizers

The photooxidation reactions (“ene” reaction) are characteristic reactions of singlet oxygen with
different substrates (alchenes, dienes, aromatic compounds, and heterocycles) [30]. The genera-
tion of 1O2 molecules occurs through the following mechanism:

ð14Þ
ISC

P(So) + hν -------> P(S1) ------->  P(T1)

ð15ÞP(T1) + 3O2 ------> P(So)  + 1O2

Compounds with a triplet state energy lower than the excitation energy for 1Δg O2 (7900 cm
�1) are

generally unable to transfer their excitation energy (the excitation energy is necessary to be

Catalyst/hydrocarbon Epoxide concentration (%)

Dodecene

(TPP-Fe)2O 43.1

(TNP-Fe)2O 3.27

(TPP-Mn)2O 15.46

(TNP-Mn)2O 17.45

Styrene

(TPP-Fe)2O 27.34

(TNP-Fe)2O 35.56

(TPP-Mn)2O 25.45

(TNP-Mn)2O 21.17

Dodecene (irradiated)

(TPP-Fe)2O 82.03

(TNP-Fe)2O 62.02

(TPP-Mn)2O 55.74

(TNP-Mn)2O 11.43

Table 3. The concentrations of epoxide obtained by chemical and photochemical conditions in the presence of different
porphyrinic μ-oxo-dimeric catalysts.
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approximately 13,200 cm�1) to the ground state of molecular oxygen (3Σg
+ O2) and to generate 1Δg

O2. The energy of the sensitizer S1 state (with a lifetime higher than 500 ns) could be transferred to
the molecular oxygen, which in fact is a triplet state, but only if the energy gap S1 ➔ T1 is higher
than 7900 cm�1. When this energy gap is lower than 7900 cm�1, the compound could be a valuable
candidate for type I sensitizers, but only if the singlet and/or triplet states is higher than 500 ns,
necessary for electron transfer reactions. By means of this reaction, some new hydroperoxides or
peroxides could be obtained, the most efficient sensitizers being porphyrins in homogeneous or
heterogeneous solutions. The porphyrins could be used as sensitizers, but only those with the
triplet lifetimes >10�6 s can generate singlet oxygen. If a mixture of iso-amilenes (85% 2-methyl-2-
butene and 15% 2-methyl-1-butenă) (Figure 9 and Table 4) is irradiated with a mercury lamp or
with sunlight, an alcoholic mixture as a precursor for isoprene is obtained [31]. The yields for such
photooxidation reaction under different conditions are shown in Tables 5 and 6.

The same plant and processing scheme has been used for isoamilene dimers, with the follow-
ing compositions: 23%, 3,4,5,5-tetramethyl-2-hexene; 6%, 2,3,4,4-tetramethyl-1-hexene; 15%,
3,5,5-trimethyl-2-heptene; 37%, 3,4,4,5-tetramethyl-2-hexene; 17%, unidentified). Their struc-
tures are shown in Figure 10.

By using some metallo-porphyrins supported on different metallic oxides, at different solar irradi-
ances, it has been obtained at not very high HP concentrations, the best being observed for divalent
metallo-porphyrins, but with the disadvantages of their price and limited stability (Table 7).

Figure 9. The scheme of isoamylene photooxidation to isoprene via hydroperoxides.

Component Concentration (%)

Acetone 0.08

2-Methyl-2,3-epoxybutan 2.37

t-Amylic alcohol 5.57

sec-Amylenic alcohol 5.68

2-Methyl-1-buten-3-ona 3.80

2-Methyl-2-buten-1-al 1.28

HP t-amylenic 41.47

HP-s-amylenic 29.68

HP unidentified 5.93

Unidentified products 4.14

Table 4. Isoamylene HP composition.
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The photosensitizing efficiency order for the tested metallo-porphyrins is

Ni ¼ Cu < Pb < Zn < Cd < Mg ¼ Pd ð16Þ
Certainly, the strong difference between the activity of homogeneous sensitizer and that belong-
ing to a heterogeneous one [32–34] should be mentioned (Figure 11). Similarly, the sensitizing
activity obtained with a lamp irradiation and sunlight should be pointed out (Figure 12).

Molecular weight Compound Composition (%)

70 2-Methyl-1-butene 15.76

70 2-Methyl-2-butene 83.30

58 Acetone 0.01

86 2-Methyl-2,3-epoxybutan 0.04

88 t-Amylic alcohol 0.01

86 t-Amylenic alcohol 0.06

86 sec-Amylenic alcohol 0.01

Table 5. Isoamylene composition.

Photosensitizer Lamp 125 W Sun

HP/hour

TPP 0.9 4.5

TNP 1.007 5.5

Al2O3 0.46 2.5

SiO2 0.2 1.2

TPP/SiO2 1.18 6

TPP/Al2O3 1.21 6

Table 6. The concentration variation of isoamylenes hydroperoxides (HP) in the presence of different sensitizers.

Figure 10. The structure of isoamylene components.
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2.5. Photocatalytic oxidation of o-nitro-phenol on heterogeneous organic semiconductors

The most common pollutants include a wide range of aliphatic and aromatic halogenated com-
pounds, different types of herbicides, mercaptans, and other groups unaccountable industrial
organic compounds. Sulfur-basedcompounds suchasmercaptans, alkaline sulphides, sulphites,
and alkaline thyosulphates constitute byproducts in industrial processes, such as reform
Processing, petroleumprocessing, etc. [35].

The photochemical processes for destroying aquatic pollutants have been used in the last
decade as a viable alternative for wastewater purification. Organic pollutants’direct photolysis
is induced by light irradiation with λ = 290–400 nm. New technologies such as enhanced
oxidation processes (EOP) or advanced oxidation processes (AOP) were able to convert pollut-
ants into useful chemicals. They are described as oxidative processes with full oxidation

Sensitizer Irradiation time (h)/irradiance (W/cm2)

0/860 0.5/860 1/880 2/880 4/790 6.5/750

NiTPP/SiO2 0.06 0.275 0.5005 0.3905 0.5 0.72

SnTPP/SiO2 0.83 0.94 0.5 0.72 0.83 1.05

PbTPP/SiO2 0.17 0.61 0.72 0.83 0.94 1.16

MgTPP/SiO2 0.39 0.72 0.72 1.04 1.27 1.49

ZnTPP/SiO2 0.17 0.39 0.39 0.39 0.83 1.16

CuTPP/SiO2 0.275 0.39 0.5 0.5 0.83 1.05

PdTPP/SiO2 0.1705 0.39 0.94 0.83 1.27 1.27

Table 7. Concentration variation of C10 HP.

Figure 11. The kinetic for C10 fractions oxidation (lamp irradiation).
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reactions (mineralization) of pollutants, to give CO2 and a small amount of HCl, H2SO4, and
HNO3. EOP technologies are based on the generation of highly reactive free radicals, such as
hydroxyl (OH), which act as initiators [36].

Although the quantum yields of photocatalytic reactions are small, the organic pollutants
could be destroyed by heterogeneous photocatalysis by a pseudo zero order.

It is necessary to differentiate between the terminologies:

• Photocatalytic reaction: when the catalyst is photochemically generated, and the reactant
is transformed via the thermal conversion to the final product.

• Photoassisted reaction: when the catalyst is also formed via the photochemical conversion
and the reactant is interacting by thermal mechanism with the catalyst.

• Catalyzed photoreactions involving a catalytic effect, which is different from that of the
photocatalytic reactions, in the sense that the catalyst is not generated via the photochem-
ical reaction, but the active species in the presence of a catalyst lead to the product.

• Photosensitized reactions: when the system is not isolated, φ <1, the energy must enter
each cycle and is transferred to the substrate.

The metal complexes of phthalocyanines are known to play important biological roles as
electron mediators for different catalytic processes [37]. Heterogeneous photocatalysis with
organic semiconductors is a fast-growing field of applied research, especially for the case of the
oxidation processes of organic pollutants [11]. The main advantage is the complete destruction
of pollutants to harmless compounds, e.g., carbon dioxide and inorganic acids.

The oxidative photochemical reaction (via hydroxyl radicals, generated through heterogeneous
photocatalysts) is one of the most appropriate reaction types for the photochemical degradation

Figure 12. The kinetic for C10 fractions oxidation (sun light irradiation).
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process of many aquatic refractory pollutants; even some of them (e.g., nitro-phenols) may
degrade very slowly. Some photocatalysts such as zinc (II) 2,9,16,23-tetrasulphophthalocyanine
(ZnTSPc) supported on SiO2 and zinc (II) 2,9,16,23-tetracarboxyphthalocyanine (ZnTCPc)
supported on hydrotalcite (HT) have been used for ONP photodegradation. Reactions are 4–10
times faster than those obtained using the same photocatalysts but in water solution (Figure 13).

It is well known that upon irradiation with visible light, the non-metallic phthalocyanine
complexes and those containing metal ions with filled electron shells (Mg and Zn) or with
empty d orbitals (Al) show long lifetimes of the first excited triplet state [2, 38, 39]. All these
compounds are good sensitizers for electron or energy transfer reactions [40–43]. Oxygen in
its ground triplet state interacts with the excited triplet electronic state of the complexes
yielding to singlet oxygen [44–46].

Nitrophenols have been recognized as priority pollutants. The allowed concentrations from 1 to
20 ppb [47] in lakes and fresh water reservoirs justify the search for new purification methods
having low cost and practical value.

Figure 13. The changing of the ONP durıng the photodegradation reaction.
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The direct photodegradation of nitrophenols has not been found to be an effective method for
destroying them using UV light in a homogeneous solution (Figure 14) [48].

Many efforts have been done in the area of porphyrins and phthalocyanines supporting them
on different substrates (metallic oxides and cellulose) knowing that longer photochemical
stability is essentially important for their longer activity as luminescent materials [49].

Microcrystalline cellulose (MC) can form hydrogen bonds, both within its own structure and
with other molecules that may remain attached to the polymer chains by localized interactions
(Figure 15).

In order to obtain more stable and more efficient photocatalysts for o-nitrophenol degradation,
some porphyrins, such as zinc-5,10,15,20-sulphonato-phenyl-porphyrin (ZnTSPP) and zinc-
4,8,18,22-tetra-sulphonato-phthalocyanine (ZnTSPc) (Figures 16 and 17), could be entrapped
into the polymer chains of some cellulose derivatives, such as microcrystalline cellulose, their
adsorption efficacy being evaluated by the state diffuse reflectance technique (GSDR).

The anionic porphyrins and phthalocyanines are rather closely packed in the submicroscopical
pores of MC. It has been shown that cellulose is composed of amorphous and crystalline

Figure 14. The reaction mechanism of ONP degradation.

Figure 15. The microcrystalline cellulose structure.
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domains. When MC is added to the solution, cellulose-to-cellulose hydrogen bonds are
replaced by cellulose-to-solvent bonds due to the strong interactions with glycosidic chain
segments, thus providing the swelling of the polymer. Tetrasulfonated porphyrin or phthalo-
cyanine complexes could be adsorbed into microcrystalline cellulose by entrapping between
the glycoside chains in the crystalline area of MC for low concentrations of complexes or by
entrapping in amorphous domains for high concentrations of these complexes.

Figure 16. The structure of ZnTSPc.

Figure 17. The structure of ZnTSPP.
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Due to the diffusion of the pollutant and O2 toward the ZnTSPc molecules entrapped in the
modified MC, due to an increase in the aggregation degree of the complexes on the solid
support. The specific structure of MC prevents a larger degree of aggregation of ZnTSPP and
ZnTSPc molecules because of their location in the intracrystalline voids and galleries of the
supports. Also, MC being a strongly hydrophylic support coadsorbs water. This effect improves
the diffusion of reactants and products. Another possible reason for this behavior is that the
residual positive charge in MC interacts with the oppositely charged voluminous organic ions.

Negatively charged porphyrins and phthalocyanine complexes could form molecular associates
as dimers and oligomers even in diluted solutions [50]. The well-defined structures of MC
prevent the aggregation of the phthalocyanine molecules because of their location in the
intracrystalline voids and galleries of the supports. Also, MC being strongly hydrophilic sup-
ports the coadsorption of water in the galleries and cavities, which improves the diffusion of
reactants and products. This is the major reason for the lower catalytic activity of the phthalocy-
anine supported on MC. Another reason for this is residual positive charge of MC, which is able
to interact with the oppositely charged voluminous organic ions [51]. The concentration-time
profile for the degradation of ONP using a series of four catalysts is shown in Figures 18 and 19.

Figure 18. The kinetic graphical representation of ONP photocatalytic degradation.

Figure 19. Graphical determination of apparent rate constant for ONP photocatalytical degradation.
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It was possible to conclude that the efficacy of the studied MPc complexes as photocatalysts
toward the degradation of ONP is in the order CuNiPc/MC > CoPc/MC > CuPc/MC > NiPc/MC.

The influence of hydrogen peroxide and light on the kinetic and reaction mechanism of ONP
photodegradation was investigated. Reactions are 4–10 times faster in the presence of hydrogen
peroxide when compared to those obtained using the same photocatalysts but in water solution
(in the absence of hydrogen peroxide). The activity of heterogeneous catalysts depends on the
nature of the supports and decrease from Co to the complex CuNi (Table 8).

The combined effect of light, H2O2, and photocatalysts is higher than the summed individual
effects, due to the higher capacity of the UV/H2O2 system for OH radical generation.

3. Porphyrins in polymerization processes

3.1. Living polymerization of oxirans

Living polymerization is important for obtaining polymers with uniform molecular weight.
Aluminum porphyrins are excellent initiators for ring-opening polymerization of acrylic
monomers, lactones, cyclic carbonates, and conjugated vinylic monomers, such as methacrylic
esters, and have the advantage of uniform molecular weight and a thin molecular weight
distribution [52]. For example, diethyl aluminum chloride (Et2AlCl) induces the epoxides
polymerization, and the α,β,γ,δ-tetraphenylporphyrin (TPP)H2 and Et2AlCl could be consid-
ered a catalytic and very strong system, generating aluminum tetraphenylporphyrin (TPP)
AlCl, with a structure or plan of a square pyramid (Figure 20).

By the coordination of one monomer molecule, aluminum becomes hexacoordinated, and the
final system becomes a square bipyramide (Figure 21).

Many other catalysts for the epoxidation reaction could be used in the oxiran epoxidation, for
example, aluminum tetra-carboxyphenyl porphyrin (TPP)AlO2CR, aluminum alcoxyde-
tetraphenyl porphyrin, (TPP)AlOR, or the corresponding phenoxide, (TPP)AlOPh, all of them
being prepared by the reaction between (TPP)AlEt and a protic compound [53].

Photocatalyst kapp � 103 (min�1) kapp � 103 (s�1)

CoPc/MC/H2O2 40 0.666

CoPc/MC 25 0.416

CuPc/MC/H2O2 18.33 0.305

CuPc/MC 13 0.216

NiPc/MC/H2O2 11 0.205

NiPc/MC 9 0.189

CuNiPC/MC/H2O2 7 0.165

CuNiPc/MC 5 0.123

Table 8. The rate constants for ONP photocatalytic degradation.
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Figure 20. The structure of aluminum 5,10,15,20-tetraphenyl porphyrin.

Figure 21. The spatial structure of an aluminum porphyrin.

Monomer [M]/[Cat]0 Time (h) Conversion (%)

Ethylene oxide 200 6 100

Propenoxide 200 6 100

1,2-Butenoxide 200 6 100

Epichlorohydrine 400 3 80

Cyclohexenoxide 200 6 85

Cyclopentoxide 200 6 70

Styreneoxide 200 8 13

Izo-butenoxide 200 8 15

Table 9. The epoxides polymerization with (TPP)AlCl [54].
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ðTPPÞAl� EtþHX ! ðTPPÞAl� Xþ EtH, where X ¼ OR, OPh, O2CR, etc: ð17Þ

(TPP)AlCl immediately reacts with the epoxide in order to initiate the polymerization.

ðTPPÞAlClþ ðTPPÞAl–O–C–C–Cl ! ðTPPÞAl–O–C–C–Clþ ðTPPÞAl–ðO–C–CÞn–Cl ð18Þ

The results obtained from alkylene oxide with the catalytic system (TPP) AlCl are shown in
Table 9.

4. Applications of porphyrins in photodynamic therapy of cancer

Photodynamic therapy (PDT) consists of three essential components: photosensitizer (PS),
light and oxygen, is an interesting concept that destroys diseased tissue via light-driven
reaction. After administration of a photosensitizer, which is selectively retained by tumor cells,
the subsequent irradiation with visible light in the presence of oxygen specifically inactivates
neoplastic cells. Antitumor effects of PDT derive from three mechanisms: direct cytotoxic
effects on tumor cells, damage to the tumor vasculature, and induction of a robust inflamma-
tory reaction that can lead to development of systemic immunity [55, 56].

For a good correlation between preclinical phase and the possible outcomes from clinical trials,
some 3D systems have been created, which have been tested during the preparation of a
liposomal suspension of different drugs: folinic acid, oxaliplatin, and 5-fluorouracil loaded
with meso-tetra (4-sulphonato phenyl) porphyrin [57].

Cancer treatment is one of the most important topics that are associated with photocatalysis [58].
In PDT, the porphyrins are recognized as ideal sensitizers, because these have good absorption in
the NIR region, low toxicity, are better incorporated into different cells, show selective solubility
and, in monomeric forms, have good penetration rate through cell membranes [58]. To be
efficient, a photosensitizer should be selectively incorporated into a tissue. Following the
Jablonski diagram, the first primary photochemical process is represented by the sensitizer
excitation from the ground state to the first excited state in a very short time (10�15 s), in which
the spins of the excited and unexcited electrons are still paired. The excited electron can lose its
energy by falling back down to the electronic ground state, giving up most of the energy it has
absorbed in a burst of fluorescence. This is a highly probable process, so that the lifetime of the
singlet excited state is usually not more than a few nanoseconds (~10�9 s). However, it is possible
for either one of the electrons to undergo the forbidden process of flipping their spins so that
both electrons have parallel spins, giving a triplet excited state of the sensitizer, 3S*.

The generated singlet oxygen and free radicals are very reactive species and can damage
proteins, lipids, nucleic acids, and other cellular targets, as important membrane components,
responsible for cell damage and death [59, 60].

Three consecutive processes occur during the PDT treatment: initial consumption of oxygen
through the photodynamic process, pathophysiologic alterations in regional blood supply
(hypoxia), and total vascular occlusion (ischemia).
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The following could be used as laser sources: He-Ne laser (λ = 6328 Å, power 180 J/cm2), Ar ion
laser (λ = 514.5 nm and fluence rate less 100 J/cm2), Ar ion laser (λ = 488 nm, 100 J/cm2).

Some porphyrins were studied, and 5,10,15,20-tetra-phenyl-p-sulfonato-porphyrin (TSPP) has
been filed in concentration of 10�4 M on nanostructured compounds: covalently bound to
titanium oxide—TSPP-Sil-TiO2. As an alternative to homogeneous solutions, using a suspen-
sion of TiO2 nanopowder may create premises; this compound is used in studies of cell
functionality. The effect of a new drug such as TSPP-Sil-TiO2 was also studied (Figure 22). By
coupling with TiO2, TSPP is losing the proper absorption bands, due to the chemical bonds
SO2-NH, present in the new synthesized system. The particle size and the morphology of
TSPP-Sil-TiO2 nanoparticles in acrylate matrix visible in AFM showed sizes around 30–50
nm. The images of TSPP-Sil-TiO2 nanoparticles in polymer matrix have been compared with
TiO2 nanoparticles alone. Injected into a mouse tumor (about 0.5 cm), after 2 or 3 days, a
further marked antineoplastic effect was obtained [61, 62].

5. Photodegradation reactions of porphyrins

Porphyrins and metallo-porphyrins, due to their electronic spectra in the visible region, and
their excited states with relatively long life, are considered to be good photosensitizer agents
almost ideal, generating singlet oxygen in the presence of light radiation and atmospheric
molecular oxygen [63, 64]. However, as singlet oxygen generator, porphyrins and their com-
plexes metal can be oxidative degraded, generating the tetrapyrrole linear (phlorine) species
with distorted photophysical and photochemical properties [65].

Structure and product names for photolysis of porphyrins differ from one porphyrin to
another: from biliverdin, the bilivioline, or benzoilbilitriene (Figure 23).

Figure 22. TSPP-sil-TiO2 structure.

Figure 23. Structure of photolysis products of porphyrins.
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almost ideal, generating singlet oxygen in the presence of light radiation and atmospheric
molecular oxygen [63, 64]. However, as singlet oxygen generator, porphyrins and their com-
plexes metal can be oxidative degraded, generating the tetrapyrrole linear (phlorine) species
with distorted photophysical and photochemical properties [65].

Structure and product names for photolysis of porphyrins differ from one porphyrin to
another: from biliverdin, the bilivioline, or benzoilbilitriene (Figure 23).

Figure 22. TSPP-sil-TiO2 structure.

Figure 23. Structure of photolysis products of porphyrins.
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The mechanisms underlying the photolysis products could be:

• mononuclear, where photodegradation products were obtained via singlet oxygen atom
which is attached;

• bimolecular, where the product of photodegradation is attached to two oxygen atoms;

• mechanism called hydrolytical, where the product of photodegradation is attached to the
oxygen atom derived from molecular oxygen and the other coming from a water mole-
cule [66] (see Figure 24).

The photodegradation reaction mechanism can be:

• mechanism type I (or mechanism singlet), in which the reactive singlet oxygen species is
formed by energy transfer processes:

P ���!hν 1P� ���!ISC 3P� ð19Þ

3P�þ3O2 �����! 1Poþ1O2 ð20Þ

1O2 þ P ���! Pþ: ð21Þ

Pþ Pþ: �! Pþ: þ P0�!photodegradation products ð22Þ

• mechanism type II (or free radical mechanism) in which the species are the reactive
superoxide anion formed by electron transfer processes:

P���!hν 1P������!3P� ð23Þ

3P�þ1P�-------AH�! P�: þ Pþ: ð24Þ

P�: þ 3O2 ! Po þO�:
2 ð25Þ

Pþ 3P� ! 3P� þ P ! photodegradation products ð26Þ

The main factors influencing the photolysis reaction of porphyrins are meso-substituent, cen-
tral metal, axial ligand, solvent, and binary mixture of solvents, and so on.

Among the complex range of disruptive factors, the meso-substituents attached to the porphy-
rin ring produce one of the weakest effects on photophysical and photochemical properties of
porphyrins (Table 10). Meso-substituents are generally of aromatic character and inductive
load and have an effect on electron system π porphyrin macrocycle. At the same time, a
phenomenon of mixing the meso-substituents of the porphyrin macrocycle with the meso-
carbon (hereinafter referred to as phenomenon hyperconjugation) leads to reducing the
electron-electron repulsion configuration and interaction between them. In order to evaluate
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the effect of meso-substituent on the spectral properties of porphyrins is important the assess-
ment of donor/acceptor of the substituents (assessed by constant values Hammett (constant
substitute) which is a measure of the ability of donor/acceptor substitutes) [67].

For the meso-substituted porphyrins, a rigorous correlation between the Hammett substituent
constant and the rate of photodegradation has been noted (Figure 25).

For a photostable meso-substituted porphyrin is needed a meso-substituent with small capac-
ity of electron acceptor (σ < 0), which involves:

• inductive load small effect (from meso-substituent on the porphyrin macrocycle);

• conjugation effect of meso-substituent macrocycle to be large;

• a small hyperconjugation macrocycle-meso-carbon.

Figure 24. Photodegradation mechanism of porphyrins.

No R Porphyrin name Abbreviation

1. C6H5-H 5,10,15,20-Tetra(p-sulfonato)phenyl porphyrin TPP

2. C6H5-NH2 5,10,15,20-Tetra(4-amino-phenyl)porphyrin TAPP

3. C6H5-NO2 5,10,15,20-Tetra(4-nitro-phenyl)porphyrin TNPP

4. C6H5-SO3H 5,10,15,20-Tetra(4-sulfonato-phenyl)porphyrin TSPP

5. C6H5-OH 5,10,15,20-Tetra(4-hydroxy-phenyl)porphyrin THPP

6. C6H5-CH3 5,10,15,20-Tetra(4-methyl-phenyl)porphyrin TMPP

7. C6H5-OCH3 5,10,15,20-Tetra(4-methoxy-phenyl)porphyrin TMOPP

8. C10H7-H 5,10,15,20-Tetra(1-naphthyl)porphyrin TNP

9. C10H7-SO3H 5,10,15,20-Tetra(4-sulfonato-naphthyl)porphyrin TSNP

10. C10H7-OH 5,10,15,20-Tetra(4-hydroxy-naphthyl)porphyrin THNP

Table 10. The structure of the meso-substituents and the name of the porphyrins.
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• the photodegradation reaction mechanism of meso-substituted porphyrins involving active
oxygen species (singlet oxygen, superoxide anion species dioxetane via hydroperoxide).

TPP!1TPP� ð27Þ
1TPP � � � ISC!3TPP� ð28Þ

3TPP � þ3O2!1O2 þ TPP ð29Þ
3TPP � þ3O2! ðTPPþ:…:O�:

2 Þ!TPPþ: þO�:
2 ð30Þ

TPPþ: þO�:
2 !ðTPPO2Þ dioxetan ð31Þ

TPPþ: þO2!ðTPP�O2Þþ: ð32Þ

TPPþ ðTPP�O2Þþ:!TPPO2 þ TPPþ: ð33Þ

TPPþ: þO�:
2 !ðTPP…:1O2Þ!TPPO2 ð34Þ

TPPþ: þ TPPþ:!TPPþ TPPþ: ð35Þ

TPPþ: þO�:
2 ! ðTPP�O2Þþ:!ðTPPO2Þ ð36Þ

ðTPPO2Þ!photodegradation products ð37Þ

They have been identified by UV-vis (Figure 26), IR (Figure 27), and mass spectrometry
(Figure 28).

The optimal parameters that must be taken into account in the photolysis reaction of metallo-
porphyrins are a high electronegativity of the central metal, a high oxidation potential, the

Figure 25. Correlation between the photodegradation rate and Hammett constant.
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occupancy of d orbitals low, β and α band intensities ratio to be as low as possible (assuming
that a smaller energy band β) [67, 68].

In the context of finding parameters that reflect the order of photodegradation rate variation,
the following are taken into consideration: the lifetime of the first excited singlet states, lower
metallo-porphyrins that easily photodegraded the metallo-complexes exhibiting strong fluo-
rescence, and the photodegradation mechanism that could involve the dioxetane species that
decomposition leads to ketones and peroxides (Figure 29).

In the case of metallo-porphyrins with trivalent metal and axial ligand Cl, regardless of the
meso-substituent attached to the macrocycle, the photodegradation mechanism involves the
following:

Figure 26. UV-vis spectra of TPP (___) and its photodegradation product (….).

Figure 27. IR spectra of TPP (1) and its photodegradation product (2).
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A homolytic break of the Cl-metal bond followed by irreversible degradation of the porphyrin
macrocycle [69]. If instead of the axial Cl ligand, there are different other ligands (methyl,
ethyl, octyl, and dodecyl), the trivalent metal ion is transformed from pentacoordinated into
tetracoordinated by forming μ-oxo-dimers (identified by 27Al-NMR spectrometry) (Figure 30)
and by formation of peroxides and ketones, as shown in the following diagram:

TPP AlX! X•þ AlðIIIÞTPP ð38Þ

X•þ X•!X�OOH! X� C ¼ O ð39Þ

AlTPP•þ3O2!O½ðTPPÞAl�2þ1O2 ð40Þ

O� ½AlTPP�2 ⇔ 1½AlðTPPÞ2O�� ð41Þ
1½AlðTPPÞ2O�!AlOTPPþAlTPP ð42Þ

AlTPPþAlOTPP!ðAlTPPÞ2O ð43Þ

AlTPP•!1AlTPP� ð44Þ
1AlTPP � þ3O2!ðAlTPP…: O�•

2 Þ ð45Þ

AlTPPþ3O2!O�•
2 þAlTPP ð46Þ

X•þ3O2!X�OOH ð47Þ

Figure 28. Mass fragments of TNP and its photodegradation product.
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X•þ solvent!XH ð48Þ

HXþO�•
2 !XOO•þ H� ð49Þ

XOO•þ XH!XOOXþH� ð50Þ

The photostability of aluminum porphyrins increases up to axial ligands with eight carbon
atoms and declines thereafter [70]. Obviously, one of the most difficulties in using porphyrins
is the solvent used for solubilizing them, through its physical and chemical characteristics [71].
To have an optimal photostability, the solvents used to dissolve the porphyrins should fulfill
the following criteria: a high polarity (solvents with nitrogen), an aromatic character, and an
alcoholic structure by forming hydrogen bonds between the alcoholic OH group and the N
(NH) group from the porphyrin (Figure 30) [72].

Figure 29. The scheme of the photodegradation process.
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The use of chlorinated solvents, which causes the formation of free-base porphyrin in diacid
form and metallo-porphyrins, causes demetalation generated by the action of HCl. The
demetalation constant varies with increasing their ability to be more easily photodegradable.
The photodegradation rate is higher for the metallo-porphyrins with the d orbitals being full or
completely free. The use of binary mixtures of solvents (e.g., DMSO:water (0.05%:99.95%)) is
essential for the porphyrins solubilization and application (Table 11).

In conclusion, for a more stable porphyrin, the necessary criteria are porphyrins with meso-
substituent having positive Hammett constant, metallo-porphyrins d0 or d10, regardless of the
valence central, most unstable being the porphyrin with Mg, Zn, Cd, Pb, Al, aromatic solvents,
and with OH groups or NO2 [73, 74].

6. Conclusions

Porphyrins and metallo-porphyrins are very versatile and efficient sensitizers and chemo-
responsive materials, with a very extensive list of applications. The structures, chemical char-
acteristics, optical properties, and photo-physical/photochemical properties have been detailed

Figure 30. The photodegradation rate variation of porphyrins in various solvents: 1, benzene; 2, nitromethane; 3, piperidine;
4, pyridine; 5, nitrobenzene; 6, pentanol; 7, hexanol; 8, dodecanol.

DMSO:water (%) Non-sulfonated porphyrins Sulfonated porphyrins

100:0–80:20 Neutral forms Neutral + anions

80:20–50:50 Dimers Dimers

50:50–25:75 Cations + aggregates Neutral

50:50–37:73 – Monocations

25:75–0.5:99.5 Aggregates (J) + monomers Dications + aggregates

Table 11. Porphyrin forms in DMSO:water mixture.
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in this chapter. Specific applications of porphyrins and phthalocyanine, either as free base or
metallic complexes, are exemplified.
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Abstract

Currently, titanium dioxide is a most researched semiconductor in photocatalysis field;
however, practical applications of TiO2 are limited due to high band gap (3.2 eV). In last
decades, researchers implemented several strategies to improve photoactivity of TiO2 in
visible electromagnetic spectrum. Titanium dioxide (TiO2) sensitization for absorption
of naturals and/or synthetics organic dyes is an important research subject in the field,
and it is an efficient method to develop practical application in waste treatment. In this
chapter, we review main theoretical aspects of sensitization process of TiO2 by phthalo-
cyanines and its effect in photocatalytic properties. In the last section, we review reports
of photocatalytic systems.

Keywords: phthalocyanines, sensitization, TiO2, photocatalysis, reactive oxygen species.

1. Introduction

Photocatalytic process has received great attention as it is one of the most promising technol-
ogies within renewable energy technology projects [1]. Treatment of recalcitrant compound
and solar recovery of polluted water is an intensive field of research around world laborato-
ries. Currently, titanium dioxide (TiO2) is one of the most important photocatalytic materials
for environmental purification; this material is inexpensive, it is available in abundance on
earth surface, it is environmental safe, its energy band limits are identical to redox level of
water. However, despite so many features, TiO2 has drawbacks such as fast recombination rate
of photogenerated electron-hole pair, low quantum yield in the photocatalytic reactions in

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



aqueous solutions, and it has a high band gap value (3.2 eV, only photocatalytic active under
UV irradiation), these drawbacks limit its practical applications [2, 3]. Different methodologies
improve TiO2 properties in visible range of electromagnetic spectrum: (a) metal and non-metal
doping [4, 5], (b) ion implantation [6], (c) composites with others semiconductors (e.g., CdS,
ZnO ZrO2, V2O5, and WO3) [7–10], quantum dots sensitization [11], and (d) TiO2 sensitization
by physical and/or chemical adsorption of synthetics and/or naturals organic dyes, this strat-
egy improves the TiO2 photophysical properties in the visible range of the electromagnetic
spectrum, and it is considered to be one of the most efficient methods to develop practical
applications [12–14].

Through this chapter, we review theoretical aspects of photocatalytic process, information
about TiO2, sensitization process, physical and chemical properties of phthalocyanines, and
last section presents reports of phthalocyanines as sensitizers in photocatalytic systems.

2. Photocatalytic process

Since pioneer work of Fujishima on photochemical water splitting [15], several fields on renew-
ables energy application have been greatly developed and photocatalysis has emerged as one
of the most promising approach for the sustainable organic pollutants decomposition in both
water and air [16]. The basic photocatalytic principle relies on five steps: (a) reactants diffusion
to the surface of semiconductor, (b) adsorption of reactants on semiconductor surface, (c)
reaction on the surface of semiconductor (electromagnetic radiation absorption with electrical
excitation, charge transfers of photogenerated charge carriers and both direct electronic trans-
fer to pollutant, and reactive oxygen species), (d) desorption of products from semiconductor
surface, and (e) diffusion of products from the surface of the semiconductor [17]. Figure 1
shows general photocatalytic process, the schematic reactions are as follows:

TiO2 þ hνðE > EgÞ ! TiO2ðhvbþ=ecb–Þ ð1Þ

TiO2ðhvbþ=ecb�Þ ! TiO2 þHeat; bulk or surface recombination ð2Þ

TiO2ðhvbþ=ecb�Þ ! TiO2 þ hν; bulk or surface recombination ð3Þ

where (vb) and (cb) are valence and conduction bands of semiconductor, respectively, and P is
the pollutant. Under correct electromagnetic irradiation (.), semiconductor absorbs this radia-
tion and one electron can be excited from (vb) to (cb), in this stage one electron-hole pair
(charge carriers) is generated (Eq. (1)), after that, charge carriers may recombine through both
bulk and surface recombination. In the absence of electric field, recombination process is very
fast (nanoseconds) and the extra energy is released as phonon (heat) or some times photons are
emitted (Eqs. (2) and (3)). Furthermore, after the charge transfer, inverse process charge
transfer from the adsorbed species on TiO2 surface can occur.

ðecb–Þ þO2ðadÞ ! O2
•–ðadÞ ð4Þ

O2
•–ðadÞ þH2O ! OH•

ðadÞ þOH–
ðadÞ þO2ðadÞ ð5Þ

Phthalocyanines and Some Current Applications224



aqueous solutions, and it has a high band gap value (3.2 eV, only photocatalytic active under
UV irradiation), these drawbacks limit its practical applications [2, 3]. Different methodologies
improve TiO2 properties in visible range of electromagnetic spectrum: (a) metal and non-metal
doping [4, 5], (b) ion implantation [6], (c) composites with others semiconductors (e.g., CdS,
ZnO ZrO2, V2O5, and WO3) [7–10], quantum dots sensitization [11], and (d) TiO2 sensitization
by physical and/or chemical adsorption of synthetics and/or naturals organic dyes, this strat-
egy improves the TiO2 photophysical properties in the visible range of the electromagnetic
spectrum, and it is considered to be one of the most efficient methods to develop practical
applications [12–14].

Through this chapter, we review theoretical aspects of photocatalytic process, information
about TiO2, sensitization process, physical and chemical properties of phthalocyanines, and
last section presents reports of phthalocyanines as sensitizers in photocatalytic systems.

2. Photocatalytic process

Since pioneer work of Fujishima on photochemical water splitting [15], several fields on renew-
ables energy application have been greatly developed and photocatalysis has emerged as one
of the most promising approach for the sustainable organic pollutants decomposition in both
water and air [16]. The basic photocatalytic principle relies on five steps: (a) reactants diffusion
to the surface of semiconductor, (b) adsorption of reactants on semiconductor surface, (c)
reaction on the surface of semiconductor (electromagnetic radiation absorption with electrical
excitation, charge transfers of photogenerated charge carriers and both direct electronic trans-
fer to pollutant, and reactive oxygen species), (d) desorption of products from semiconductor
surface, and (e) diffusion of products from the surface of the semiconductor [17]. Figure 1
shows general photocatalytic process, the schematic reactions are as follows:

TiO2 þ hνðE > EgÞ ! TiO2ðhvbþ=ecb–Þ ð1Þ

TiO2ðhvbþ=ecb�Þ ! TiO2 þHeat; bulk or surface recombination ð2Þ

TiO2ðhvbþ=ecb�Þ ! TiO2 þ hν; bulk or surface recombination ð3Þ

where (vb) and (cb) are valence and conduction bands of semiconductor, respectively, and P is
the pollutant. Under correct electromagnetic irradiation (.), semiconductor absorbs this radia-
tion and one electron can be excited from (vb) to (cb), in this stage one electron-hole pair
(charge carriers) is generated (Eq. (1)), after that, charge carriers may recombine through both
bulk and surface recombination. In the absence of electric field, recombination process is very
fast (nanoseconds) and the extra energy is released as phonon (heat) or some times photons are
emitted (Eqs. (2) and (3)). Furthermore, after the charge transfer, inverse process charge
transfer from the adsorbed species on TiO2 surface can occur.

ðecb–Þ þO2ðadÞ ! O2
•–ðadÞ ð4Þ

O2
•–ðadÞ þH2O ! OH•

ðadÞ þOH–
ðadÞ þO2ðadÞ ð5Þ

Phthalocyanines and Some Current Applications224

Electron-hole pair separation follows different ways, oxygen prevents recombination by trapping
electrons, and it generates superoxide radical anions, after that hydroxyl radicals are produced
according to Eqs. (4) and (5). If the oxygen molecules are previously adsorbed on TiO2 surface, it
supports the electron transfer process.

ðhvbþÞ þH2Oad ! OH•
ðadÞ þHþ ð6Þ

ðhþÞ þOH–
ðadÞ ! OH•

ðadÞ ð7Þ

Furthermore, oxidation by holes yields more hydroxyl radicals molecules (Eqs. (6) and (7)).
Hydroxyl radicals are powerful oxidizing species, they are considered as important species in
the photocatalytic processes.

ðhþÞ þ PðadÞ ! P•þðadÞ ð8Þ

OH•
ðadÞ þ PðadÞ ! ðP�OH•ÞðadÞ ⇋P•þðadÞ þOH–

ðadÞ ð9Þ

The photodecomposition of pollutant proceeds through both parallel and consecutive reac-
tions. Hydroxyl radicals can react directly with all organic pollutant (Eq. (9)). Some authors

Figure 1. General photocatalityc process: absorption of electromagnetic radiation, charge pair genetarion, bulk and
surface recombination, ROS generation.
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reported that photogenerated holes play a major role in TiO2 photocatalysis. The redox poten-
tial of holes is thermodynamically suitable to oxidize almost any organic molecule [18]. Charge
carrier trapping would suppress recombination and increase the lifetime of the separated
electron and hole, other factors like e.g., surface area, crystallinity, trap density, etc. can affect
photocatalytic performance of semiconductor [19].

Figure 2. TiO2 potential energy and ROS reaction generation to normal hydrogen electrode at pH = 7.0 (NHE) [20–22].
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Driving force of the photocatalytic process is the energy difference between position of band
edges for the conduction/valence bands and the redox potential levels of solution. It deter-
mines the probability of the charge transfer processes. Figure 2 shows band edge positions of
TiO2 and redox potential of different reactions of ROS generation. Furthermore, this figure
shows TiO2 potential energy related with normal hydrogen electrode at pH = 7.0 (NHE), in this
scale, band gap of anatase-TiO2 (3.2 eV) is located in a range �0.5 to 2.7 eV. Within this range,
we can assign reactions (Eqs. (1)–(8)) in terms of energetic levels (redox potentials). Energy
valence band of semiconductor must be lower than oxidant species (donor) and energy con-
duction band of semiconductor must be higher than reductant species (acceptor) [20–22].

Band bending in semiconductor occurs near to the junction due to the difference between
potential redox of electrolyte and Fermi level (chemical potential) of semiconductor, Figure 3
shows semiconductor/electrolyte junction. Helmholtz layer (Armstrong thickness) is generated
on the semiconductor surface, this layer is generated by ions and/or molecules adsorbed on
semiconductor surface, inside semiconductor as such as heterojuntion in solar cells, depletion
zone is generated. Equilibrium between semiconductor surface and electrolyte is reached
through flow of charge from one phase to another, and a band bending is formed within the
semiconductor side; differences between Fermi levels of semiconductor and redox potential
electrolyte determine band-bending in semiconductor. Space charge layer (SCL) is the region
where bending band occurs and is characterized by the accumulation of charge at the surface.
The extension of the SCL depends on the dielectric constant of the material and the concentra-
tion of donor impurities [23].

3. Titanium dioxide

Advantages of TiO2 (e.g., it is a photocatalytic activity under UV irradiation, resistant to
photocorrosion, innocuous to the nature, and inexpensive) have permitted to implement

Figure 3. Energy band diagram for an n-type semiconductor before (a) and after (b) the equilibration of Fermi levels at
the interface of semiconductor/electrolyte (inside, SCL: spatial charge region, HL: Helmholtz layer, GC: Gouy Chapman
space). Adapted from Ref. [23].
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photocatalytic applications. Nowadays, TiO2 is the most investigated material as a photocatalyst
and a better understanding and improvement of catalytic reactions are main driving forces for
surface investigations on TiO2. Figure 4 shows a comparison between TiO2 and some
photocatalysts with respect to NHE. Several semiconductors have reported photocatalytic activ-
ity or water splitting (e.g., Fe2O3 [24], CdS [25], Cu2O [26], WO3 [27], SnO2 [28], ZnO [29]).
Currently, more than 190 semiconductors have been assayed as suitable photocatalysts [30].

Titanium dioxide (TiO2) has three polymorphs: (a) anatase, (b) rutile, and (c) brookite struc-
tures. In Table 1, some physical and chemical properties for these three polymorphs are

Figure 4. Band gap of some photocatalysts compared to the redox potential of different chemical species measured at
1 M, pH 7. Adapted from Ref. [22].

Crystal structure System Space group Lattice constant (nm)

A b c c/a

Rutile Tetragonal D14
4h � P42=mnm 0.4584 – 0.2953 0.644

Anatase Tetragonal D19
4h � I41=amd 0.3733 – 0.937 2.51

Brookite Rhombohedral D15
2h � Pbca 0.5436 0.9166 0.5135 0.944

Density (kg/m3) Band gap energy (eV) Standard heat capacity (J/mol �C)

Rutile 4240 3.0 indirect 55.06

Anatase 3830 3.2 indirect 55.52

Brookite 4170 – 298.15

Adapted from Ref. [31].

Table 1. TiO2 bulk properties.
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summarized. The thermodynamic most stable structure is brookite, while anatase is a meta-
stable phase, it becomes rutile at high temperatures. All three polymorphs have octahedral
structures that are differ in distortion of octahedron. In both anatase and brookite structures,
octahedron is more distorted as oxygen atoms are very close. In rutile, the unit cell contains
two TiO2 units and the Ti and O coordination numbers are six and three, respectively. Figure 5
shows the unit cells anatase and rutile [31, 32].

Titanium dioxide (TiO2) is an n-type semiconductor, oxygen vacancies and Ti interstitials have
been studied in rutile and anatase polymorphs, rutile-TiO2 has an indirect band gap at 3.0 eV
and anatase-TiO2 has an indirect band gap at 3.2 eV [31]. The optical properties of TiO2 can be
determined by diffuse reflectance measurements that can be analyzed by Kubelka-Munk
remission function [33]:

FðRαÞ ¼ ð1� RαÞ2
2Rα

ð10Þ

where Rα is the reflectance; F(Rα) is an indicative of the absorbance of the sample at particular
wavelength value, it is proportional to the absorption constant of the material. The optical band
gap by extrapolating the linear portion of the (F(Rα)hv)

2 versus hv plot on the x-axis according to:

ðFðRαÞhvÞ2 ¼ Aðhv� EgÞ ð11Þ

where Eg is the band gap energy and A is a constant depending on the transition probability.
Anatase polymorph has high photocatalytic activity; however due to high band gap value,
TiO2 is photoactive under UV irradiation. Currently, several strategies are used to improve
the photoactivity of TiO2 in the visible electromagnetic spectrum: metal doping, non-metal

Figure 5. Crystal structures of TiO2 polymorphs: (a) anatase and (b) rutile.
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doping, composites with semiconductors having lower band gap energy, quantum dots, dye
sensitization. In the next section, we shall delve into sensitization method [34].

4. Sensitization process

Currently, one of the main topic research on photocatalytic technologies is directed to use visible
region of electromagnetic spectrum as source radiation its implementation allows to clean and
cheap photochemical technologies are employed inwastewater treatment [35]. Titaniumdioxide is
photocatalytic active under UV radiation and sensitization improves the TiO2 photoactivity in
visible range of electromagnetic spectrum. In sensitization process, a molecular entity (sensitizer)
alters other molecule (semiconductor) by energy transfer or electronic transfer from sensitizer to
semiconductor after radiation absorption [36]. In this process, phthalocyanine absorbs the visible
light, after that, it is excited to a state of greater energy leaving an electron in the lowest energy
unoccupied molecular orbital (LUMO) orbital. This electron can be transferred to the conduction
band of TiO2, from where it is transferred to an oxygen molecule to produce superoxide anion
(Eq. (4)). It begins degradation processes of contaminants such as dyes or even treatments of
bacteria in water samples. Figure 6 shows TiO2 photosensitization for phthalocyanine through an
ester bond. Several experimental works have confirmed that these phthalocyanines can be adhered
on the TiO2 surface if they are substituted by groups such as –COOHor –SO3which are capable of
forming strong bonds on the surface of the semiconductor [37–39].

Aphotosensitizer (FS) is amolecule (e.g., organic or inorganic dyes),which inducesphotochemical
and photophysical reactions after its excitation under electromagnetic radiation. Some require-
ments for FS are as follows [40–43]:

Figure 6. General scheme of TiO2 photosensitization for phthalocyanines: metallic tetra carboxy phthalocyanines bonds to
TiO2 throughcarboxylategroup (―CO2–). Sensitizationmechanism: (1) sensitizer excitation, (2) decay tobasal state, (3) electron
transfer, (4) recombination, (5) ROS generation, and (6) sensitizer is regenerated by electron donors (e.g., pollutant) [38].
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• Intense visible light (400–750 nm) absorption, molar absorption coefficients greater than
104 M–1 cm–1.

• High efficiency intersystem crossing singlet excited state (S1) to the triplet excited state
(T1) and energy T1 > 95 kJ mol–1 (energy singlet oxygen).

• Long life of excited states.

• High quantum yield of singlet oxygen production.

• High photostability.

Different organic dyes have been less investigated for sensitization of wide TiO2 such as
porphyrins, several transition-metal complexes and organic dyes (e.g., porphyrins and phtha-
locyanines) have been successfully employed as sensitizers in photocatalysis. After irradiation,
photo-sensitizer in its basal state (0FS) absorbs a photon of visible light (1015 s�1), immediately it
excites to singlet state (1FS *) and returns to ground state by emitting fluorescence (106–109 s�1) or
phosphorescence (10–2–104 s�1). However, it could decay through intersystem crossing triplet
state (3FS*) that can react with a fundamental oxygen molecule through two types of reactions
that lead to the generation of reactive oxygen species (ROS) that are highly cytotoxic for bacteria,
fungi, organic pollutants, etc., such as (a) reaction type I yields superoxide and hydroxyl radical
and (b) reaction type II yields singlet oxygen [44–46]. Figure 7 shows general scheme of excita-
tion and decay to sensitizer after irradiation absorption.

Phenalenone, bengal rose, methylene blue, ruthenium complexes, porphyrin derivatives, and
phthalocyanines are themost usedorganic dyes as FS.Table 2 shows the quantumyields to singlet
oxygen production. Furthermore, Figure 8 shows the typical structures of these sensitizers.

Reactive oxygen species (ROS) is the term applied to molecules more reactive than molecular O2,
oxygen disruption and excitation or/and sequential reduction of oxygen can generate these

Figure 7. General scheme of excitation and decay of sensitizer after irradiation absorption. Adapted from Ref. [45].
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species. Figure 9 shows the sequence of reaction to ROS generation such as (a) O2 can transforms
into singlet oxygen (1O2) after electromagnetic radiation, (b) O2 also can produce superoxide
anion electron transfer and (c) in presence of ion hydronium anion, superoxide generates

Chemical compound Quantum yield 1O2 (ɸΔ)

Phenalenone 1.0

Bengal rose. 0.75

Methylene blue 0.50

Ruthenium complexes* 0.20–1.00

Phthalocyanines 0.60

Porphyrins 0.70

* For 2,20-bipyridine chelating polyaceticheterocyclic ligands or 1,10-phenanthroline and their derivatives.

Table 2. List of several organic compounds and oxygen singlet quantum yield each one [42].

Figure 8. Chemical structures of typical sensitizers: (a) porphyrin, (b) phenalenone, (c) ruthenium complex, (d) methylene
blue, (e) bengal rose, and (f) phthalocyanines [40].
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peroxide hydrogen which produces hydroxyl radical and the hydroxyl ion, the latter can be
protonated to form water [46, 47]. Reactive oxygen species (ROS) are highly reactive and they
react to recalcitrant organic compounds and even bacteria [48].

5. Phthalocyanines: physical and chemical properties

Braun and Tcherniak synthesized phthalocyanines in 1907 (dark and insoluble solid known as
acid phthalocyanines). Figure 8 shows typical structure of phthalocyanines. Phthalocyanines
are macrocycles composed by four isoindole groups; benzene and a pyrrole each form an
isoindole group. The isoindole groups are linked together by four nitrogen atoms, thus phtha-
locyanines have eight nitrogen atoms and eight alternating carbon atoms with conjugated
double bonds. Furthermore, four nitrogen atoms can act as ligands and coordinate an atom of
some element (e.g., Zn, Cu, Ni, Fe, Co, etc.) to obtain metal complex phthalocyanines. Also, the
benzene rings located at the periphery of the structure can be substituted with several func-
tional groups to obtain several substituted phthalocyanines [49–55].

Metal phthalocyanines with carboxylic substituents (calledmetal tetra carboxy phthalocyanines),
which are attractive for the sensitization process, exhibit high absorption coefficients in the
visible region of the electromagnetic spectrum, high photo-stability to minimize photo-bleaching
effects, and bound to TiO2 surface through the carboxylate groups [56, 57]. Synthesis of metal
phthalocyanines is usually carried out by transmetalation of acid phthalocyanines for using
quinoline and 1-chloronaphthalene. Furthermore, Achar method is used in the synthesis of
metal tetra carboxy phthalocyanines; it uses urea, anhydride trimethyl ether, and ammonium

Figure 9. Scheme of cycle of main ROS generation. Adapted from Ref. [45].
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tetrathiomolybdate as catalyst. Figure 10 shows Achar synthesis to Zn and Cu tetra carboxy
phthalocyanines (TcPcZn and TcPcCu) [58].

Phthalocyanines properties have been extensively explored in several research fields, due to their
18 aromatic π electrons macrocycle phthalocyanines, similar to natural prophyrin, have high
thermal and chemical stability and prominent electronic properties, and poor solubility in alco-
hols, ketones or ethers. Suitable solvents are those having high boiling points such as quinoline,
trichlorobenzene, and some strong acids, however, their solubility is limited to a maximum
amount 1 mg L–1 of solvent. Furthermore, for the metal-phthalocyanines, the solubility varies
depending on the central atom; the TcPcCu and TcPcZn presented appreciable solubility in
concentrated sulfuric acid and dimethylsulfoxide (DMSO) [59, 60]. Several phthalocyanines and
their derivatives produce large quantities of singlet oxygen (1O2) and other reactive oxygen
species (ROS) in the presence of light and molecular oxygen [57, 58]. They have been used to
implement TFA and potential applications in photocatalysis in conjunction with TiO2.

Optical properties are one of the most important physical chemistry characterizations of tetra
carboxy phthalocyanines (TcPc). Typical UV-Vis absorption spectrum of TcPc in solution shows
two bands: (a) Q bands located at near IR (600–800 nm), free-metal phthalocyanines shows four
Q bands, and (b) soret band located at near UV (300–400 nm), both Q and soret bands corre-
spond to π ! π*. Phthalocyanines can be derived form dimmers even in dilute solutions, the
self-associations are detected by the appearance of new absorption bands at higher energies.
Figure 11 shows absorption of UV-Vis spectrum of zn-tetra carboxy phthalocyanine dissolved in
concentrated H2SO4. The Q-band of M-PCs has bathochromic effects through an extension of the

Figure 10. Synthesis of Zn and Cu tetra carboxy phthalocyanines (Method of Achar) [58].
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π conjugation system. Furthermore, shift of absorption maxima depends on change in electron
distribution in the phthalocyanine macrocycle by the substituents [61, 62].

IR-spectra of tetracarboxyl phthalocyanines shows typical signals associated to ―OH, ―CH2,
C―O, and beside specific signals located near 1650 cm–1 (CdN) and 3023 cm–1 (N―H),
furthermore symmetric and asymmetric stretching furthermore signals associates to (―CO2�)
are reported to tetracarboxyl phthalocyanines [63]. The tetracarboxyl phthalocyanines can
interact on TiO2 surface by two ways, first through a very strong physical adsorption and
second through chemical adsorption of reaction of carboxylic acids with group Ti―OH on
TiO2 surface; phthalocyanines could be absorbed as carboxylates on the semiconductor surface
(Figure 11, shows carboxylates IR-signals) [64, 65].

6. Photocatalytic efficiency and perspectives

In typical photocatalytic test, visible and/or UV lamps are used as radiation source, catalyst is
used in suspension and/or thin film form, temperature and pH maintain constant values.
Sometimes O2 is bubbling into solution and some authors incorporate ultrasonic bath. Prior
to irradiation, the suspension is magnetically stirred in the dark to reach dye adsorption–
desorption equilibrium on TiO2 surface, photodegradation progress is followed by spectro-
photometric methodology.

First-order decay in kinetic describes profile of photocatalytic degradation and others dyes
[66]. Previous studies have showed that photocatalytic degradation rate of textile dyes in

Figure 11. Absorption UV-Vis spectrum of zn-tetra carboxy phthalocyanine dissolved in concentrated H2SO4, (inside:
shows carboxylates IR-signals to sensitization on TiO2 thin films).
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heterogeneous photocatalytic oxidation systems under UV-light illumination followed the
Langmuir-Hinshelwood (L-H) kinetics model [67–69]:

v ¼ �d½C�=dt ¼ kK½C�
1þ K½C� ð12Þ

where v is the rate of dye mineralization, k is the rate constant, C is the pollutant concentration,
and K is the adsorption coefficient. Eq. (12) can be solved explicitly for t by using discrete
changes in pollutant from the initial concentration to a zero reference point. However, appar-
ent first-order model is used when the concentration of substrate is in the scale of millimoles
1 ≫ K [C]:

v� d½C�=dt ¼ kapp½C� ð13Þ

½C�t ¼ ½Co�ekappt ð14Þ

where time (t) at minutes and kapp is the apparent reaction rate constant (kapp =k*K; min–1); the
assumption of a pseudo first-order model was used in several studies to characterize the effect
of different experimental conditions on the degradation rate [70–72]. Table 3 lists kapp values to
several photocatalytic studies. Langmuir-Hinshelwood kinetics permits to compare different
photocatalytic yield, and it is a reference methodology to analyze several conditions of
photocatalytic tests to develop pilot and industrial applications.

Basic applications in photocatalysis comprise: (a) hydrogen production, (b) cleaning (e.g., filter
to gas phase), (c) water waste treatment, (d) self-cleaning systems, and (e) emerging applica-
tion (e.g., medical, mechanical, self-cooling, and others). Reports indicate that more than 1000
companies are interested in photocatalytic applications. Nowadays, the global market for
photocatalyst material and products reach nearly to $1.5 billion in 2014 and forecast to reach
nearly $2.9 billion in 2020. Figure 12 shows photocatalytic products and their distribution in
market. Main application includes exterior building materials, since 1990s several industries
have installed photocatalytic filters with UV lamps inside air purifiers; applications in deodor-
ization are implemented in hospitals and officers. Last year, both exterior and road materials
have been increased [76–81].

Photocatalyst Pollutant kapp (min–1) · 10�3 Efficiency (%)

Degussa P-25-TiO2 [72] Styrene 44.5 95

PEG-2000 TiO2 [73] Rhodamine 0.93 –

Nanotubes arrays-TiO2 /Ag nanoparticles [74] Ethylene 0.32 –

Natural rubber-TiO2 [75] Methylene Blue 38.3 90

Iron (III) Tetracarboxyphthalocyanine-TiO2 [58] Methylene blue 27.9 30

Table 3. Langmuir-Hinshelwood (L-H) kinetics model to photocatalytic treatments.
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Photocatalytic applications report suitable photodegradation efficiency in several systems (e.g.,
TiO2, sol-gel, thin films, TiO2/active carbon, TiO2/sensitizer and others), intense research around
world impulse this growing and currently several application in both industrial and pilot-scale
have been developed to treatment different pollutants (e.g., hard metals, herbicides, dyes, drugs
and others); several reports indicate photocatalytic system continue to grow as part of environ-
mental technology developments based on renewable energies.

7. Conclusions

Titanium dioxide (TiO2) is most used semiconductor for wastewater treatment and several
strategies (e.g., quantum dots, noble metal deposition, coupled semiconductor, ion modifica-
tion, doping sensitization, etc.) and allows improving photocatalytic activity in a visible range.
In this chapter, we review some physical and chemical properties of phthalocyanines as
sensitizers in photocatalytic systems. We present different aspects of basic principle and devel-
opment of these systems. Sensitization is an economic and technological option to improve
photo-activity of TiO2 in visible range of electromagnetic spectrum. Photocatalytic technology
has several advantages over its homologues in wastewater treatment, and nowadays, high
efficiency of different systems has been developed in both laboratory and pilot-scale. Further-
more, industrial applications can be address to develop photocatalytic system treats several
pollutants (two or more pollutants simultaneously). Finally, photocatalytic applications are a
real option in the field of renewable energy technologies, and today, these are one of the most
important environmental technologies around the world.

Figure 12. Photocatalytic products and their distribution in market [80].
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Since their initial accidental synthesis and characterization in Scotland in the late 
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electrophotography, photovoltaic and solar cells, molecular electronics, Langmuir-
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