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ABSTRACT 

The beauty and accuracy of light harvesting as well as the electron transfer process in 

natural photosynthesis are sources of inspiration for chemists, physicists and 

researchers of other disciplines to design artificial systems in order to convert solar 

energy into electricity or other forms of energy. More importantly, the understanding 

of the fundamentals of these processes is necessary in order to improve the design and 

the efficiency of artificial photoconversion systems, especially for photovoltaic 

applications.  Porphyrins being ubiquitous in most of the natural pigments are an 

important building block for developing artificial molecular assemblies for solar 

photoconversion. The simplest mimicking unit of the natural photosynthetic center 

could be a porphyrin-derivative where an electron donor and an electron acceptor 

moiety are covalently linked or self-assembled via weak interactions. Intrinsic light-

harvesting properties of porphyrins made them the best choice as sensitizers for 

organic photovoltaics, especially in photo-electrochemical dye-sensitized solar cells 

(DSSCs) or in hybrid solar cells. Twenty years after the discovery of DSSC by 

Grätzel, a porphyrin based sensitizer has exhibited one of the highest efficiency 

(~13%) reported so far.  

In this master research project our aim was the synthesis of novel porphyrin based 

photosensitizers for DSSC applications. The research has been divided in four 

subsections, where different types of porphyins have been prepared in order to be 

used as dyes in DSSCs. In Section A different triads have been synthesized bearing a 

central metallated porphyrin linked with (i) two free-base porphyrin molecules and 

(ii) with two boron dipyrrin (BDP) molecules. Their photophysical properties were 

studied.  In section B the synthesis and DSCC measurements of two porphyrin dyads 

are presented. The porphyrinic molecules consist of a zinc-metalated porphyrin and a 

free-base porphyrin unit covalently linked at their peripheries. Power conversion 

efficiency values were measured for these dimers in the range of 4-5%. In section C dyad 

porphyrins were synthesized using ruthenium metalated porphyrins and their DSSC 

performance was measured in the range of 1 %. Finally, in section D metallated porphyrins 

were prepapred bearing long alkyl chains and two carboxylic groups attached at the meso 

position of the porphyrin ring via triple bond. 

 

Keywords: porphyrin, sensitizer, dye, chromophore, solar cell 



xxii 

 

ΠΕΡΙΛΗΦΗ  

Η ομορφιά και θ ακρίβεια τθσ ςυλλογισ του φωτόσ, κακϊσ και θ διαδικαςία μεταφοράσ 

θλεκτρονίων κατά τθν  φωτοςφνκεςθ είναι πθγζσ ζμπνευςθσ για τουσ χθμικοφσ, φυςικοφσ 

και επιςτιμονεσ άλλων κλάδων για να ςχεδιάςουν τεχνθτά ςυςτιματα, ϊςτε να 

μετατρζπουν τθν θλιακι ενζργεια ςε θλεκτρικι ι άλλεσ μορφζσ ενζργειασ. Επιπλζον, θ 

κατανόθςθ των βαςικϊν αρχϊν αυτϊν των διαδικαςιϊν είναι αναγκαία για τθ βελτίωςθ του 

ςχεδιαςμοφ και τθσ αποτελεςματικότθτασ των τεχνθτϊν ςυςτθμάτων φωτομετατροπισ, 

ειδικά για φωτοβολταϊκζσ εφαρμογζσ. Οι πορφυρίνεσ οι οποίεσ είναι παροφςεσ ςτισ 

περιςςότερεσ από τισ φυςικζσ χρωςτικζσ ουςίεσ, αποτελοφν ςθμαντικό δομικό ςτοιχείο για 

τθν ανάπτυξθ τεχνθτϊν μοριακϊν ςυςςωματωμάτων για τθν θλιακι φωτομετατροπι. Η 

απλοφςτερθ μονάδα του φυςικοφ φωτοςυνκετικοφ κζντρου κα μποροφςε να είναι ζνα 

παράγωγο πορφυρίνθσ όπου ζνασ δότθσ θλεκτρονίων και ζνασ δζκτθσ θλεκτρονίων 

ςυνδζονται ομοιοπολικά ι αυτοςυναρμολογοφνται μζςω αςκενϊν αλλθλεπιδράςεων. Οη 

ηδηόηεηεο ησλ πνξθπξηλώλ βνεζνύλ ζην λα είλαη ε θαιύηεξε επηινγή σο 

επαηζζεηνπνηεηέο γηα ηα νξγαληθά θσηνβνιηατθά, ηδίσο γηα ηνπο θσην-

ειεθηξνρεκηθνύο θσην-επαηζζεηνπνηεκέλσλ ειηαθώλ θειηώλ  (DSSCs) ή ζε 

πβξηδηθά ειηαθά θειηά. Είθνζη ρξόληα κεηά ηελ αλαθάιπςε ησλ DSSC από ηνλ 

Grätzel, κία πνξθπξίλε σο επαηζζεηνπνηεηήο έρεη κηα από ηηο πςειόηεξεο απνδόζεηο 

(~ 13%) πνπ έρνπλ αλαθεξζεί κέρξη ηώξα.  

Σε απηή ηε κεηαπηπρηαθή εξγαζία ζηόρνο καο ήηαλ ε ζύλζεζε λέσλ πνξθπξηλώλ πνπ 

δξνπλ σο θσηνεπαηζζεηνπνηεηέο γηα εθαξκνγέο ζηα θσηνβνιηατθά θειηά. Η ζρευνα 

ζχει χωριςτεί ςε τζςςερισ υποενότθτεσ, όπου διαφορετικζσ πορφυρίνεσ ζχουν ςυντεκεί με 

ςκοπό να χρθςιμοποιθκοφν ωσ χρωςτικζσ ουςίεσ ςε φωτοβολταϊκά κελιά (DSSC). Στο μζροσ 

Α ζχουν ςυντεκεί διαφορετικζσ τριάδεσ που φζρουν μια κεντρικι μεταλλωμζνθ πορφυρίνθ 

που ςυνδζονται (i) με δφο μόρια ελεφκερθσ πορφυρίνθσ  (ii) με δυο μόρια bodipy (BDP). 

Μελετικθκαν οι φωτοφυςικζσ τουσ ιδιότθτεσ. Στο μζροσ Β παρουςιάηεται θ ςφνκεςθ και οι 

μετριςεισ θλεκτρικισ απόδοςθσ (DSCC)  δφο δυάδων πορφυρινϊν. Οι πορφυρίνεσ  

αποτελοφνται από μια μεταλλωμζνθ πορφυρίνθ με ψευδάργυρο και μια μθ μεταλλωμζνθ 

πορφυρίνθ ομοιοπολικά ςυνδεδεμζνεσ. Οι τιμζσ τθσ θλεκτρικισ τουσ απόδοςθσ που 

μετρικθκαν για αυτά τα διμερι κυμαίνονται ςτο εφροσ 4-5%.  Στο μζροσ Γ ςυντζκθκε ζνα 

δυμερζσ πορφυρινϊν χρθςιμοποιϊντασ μεταλλωμζνθ πορφυρίνθ με ρουκινιο και θ 

απόδοςι τουσ (DSSC) μετρικθκε ςτο εφροσ του 1%. Τζλοσ, ςτο μζροσ Δ ςυντζκθκαν 

μεταλλωμζνεσ πορφυρίνεσ που φζρουν μακριζσ αλυςίδεσ αλκυλίου και δφο καρβοξυλικζσ 



xxiii 

 

ομάδεσ οι οποίεσ ςυνδζονται ςτθ μεςο- κζςθ του πορφυρινικοφ δακτυλίου μζςω τριπλό 

δεςμό. 

 

 

Λέξειρ κλειδιά: ποπθςπίνη, εςαιζθηηοποιηηήρ, σπυζηική, σπυμοθόπο, 

θυηοβοληαφκέρ κςτέλερ 
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1. INTRODUCTION 

 

Efficient production of clean and sustainable energy will be the most significant 

scientific challenge in the next half-century.
1
 The demand for energy is increasing 

with growing global population, which is projecting toward 10.6 billion by 2050. In 

addition, limited resources of fossil fuels and the harmful effects of combustive 

carbon emissions compelled researchers to find carbon-free and environmentally 

friendly energy sources.
2
 Sunlight is the most abundant and one of the cleanest 

sources of energy. Therefore, the utilization of solar energy in terms of solar fuels or 

electricity has attracted much attention by the scientific community. Nature harnesses 

solar energy very efficiently via the photosynthetic process. The use and 

understanding of biological processes has been a growing area of research. By 

mimicking the light harvesting antennas of natural photosynthetic systems it is 

possible to enhance the light capture of photo-anodes in solar cells by using different 

absorbing units, which funnel the incident light to the sensitizer by energy transfer. 

Various solar cells (silicon, organic, dye-sensitized) can mimic the fundamental 

principles of the natural photosynthetic units. For example solar cells capture sun 

radiation in terms of excited state electron–hole pairs followed by charge separation, 

which is in turn converted to electrical energy. The state of the art single crystal 

silicon solar cells is the most commonly used photovoltaic technology at present 

exhibiting 25% efficiency in the laboratory and 22% efficiency on an industrial scale.
3
 

Silicon based solar cells display high efficiencies and long stabilities, but have high 

energy costs due to silicon purification and solar cells manufacture. Therefore, the 

effort of the scientific community is focused on the preparation of solar cell systems 

with low cost and high efficiencies. 

In this regard, dye-sensitized solar cells (DSSCs) became a viable and promising 

technology. This is due to the fact that they offer significant photo-conversion 

efficiency with a potentially lower cost than the classical silicon-based technology. 

The DSSC concept started in 1972 with chlorophyll-sensitized zinc oxide (ZnO) 

electrode.
4
 By using two chlorophyll systems, photons were converted into electric 

current by charge injection of excited chlorophyll molecules into ZnO electrode.  

Almost twenty years later, a major breakthrough appeared, when O’Regan and 
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Grätzel reported a DSSC with 7.1% efficiency.
5
 Since then many efforts have been 

made to improve the power conversion efficiency (PCE), using a plethora of 

chromophores. The basic structure of a DSSC comprised of an anode containing dye 

sensitizer grafted monolayer of mesoporous titanium dioxide (TiO2) nanoparticle 

(anatase) on an Indium Tin Oxide (ITO) coated glass surface and a platinum cathode, 

sandwich together with a redox electrolyte (Figure 1).  

 

Figure 1. Schematic representation of a DSSC. 

 

Solar irradiation excites the electrons of the dye from HOMO to LUMO level. Then 

the electrons from LUMO orbitals are injected into the conduction band (CB) of the 

TiO2 semiconductor and subsequently carried out to counter Pt-electrode through the 

external circuit and thus produce electricity. Dye regeneration is performed by an 

electrolyte (iodine-based or cobalt complexes, redox mediator) through a reduction–

oxidation process. Dyes with donor–acceptor (D–A) groups having their LUMO level 

above the TiO2 conduction band and their HOMO level below the redox couple of the 

electrolyte are desirable for electrochemical cycle in DSSC. Strong electronic 

coupling and physical contact is needed between the light harvesting chromophore 

and the semiconductor surface for faster excited state electron transfer than excitation 

quenching by other physicochemical processes, which reduces the efficiency of the 

cell. 

Among various components of the DSSC device, the sensitizer is one of the key 

components in achieving high efficiency and durability. Ruthenium polypyridyl 
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complexes served as a leading player in DSSC technology and showed the best 

efficiencies (up to 11%) on ruthenium based systems under standard air-mass (AM) 

1.5 illuminations.
6, 7

 However, the high cost toxicity and low stability of the 

ruthenium complexes led researchers to search for alternate chromophores such as, 

porphyrins, phthalocyanines and other organic dyes. 

Inspired by nature and due to their remarkable role in photosynthesis, porphyrins have 

been extensively designed and synthesized for DSSC applications. Porphyrins as 

photosensitizers on DSSC are particularly interesting. Owing to appropriate LUMO 

and HOMO energy levels and very strong absorption of the Soret band in the 400–450 

nm region, as well as the Q-bands in the 500–700 nm region, porphyrin derivatives 

can be suited as panchromatic photosensitizers for DSSCs and are potential 

candidates to replace ruthenium dyes. A number of reviews, articles on porphyrins, 

and their applications in photovoltaics have been reported covering most of the 

common features of the DSSC systems. In particular, reviews by Grätzel,
8
 Officer,

9
 

Hagfelt,
7
 Wamser

10
 and Diau

11
 nicely discuss all aspects of DSSC research. Apart 

from porphyrins some interesting studies containing phthalocyanines,
10

 corroles,
12, 13

 

chlorins
14-16

 and natural dyes
17

 have also been studied in this area. Unlike all the 

aforementioned dyes, porphyrins have been mostly used achieving a record efficiency 

~ 13 % in 2011 with without the need of cosensitization.
18, 19

  Moreover, the 

photophysical and electrochemical properties of the porphyrins can be tuned by 

peripheral substituents and inner metal complexations, by taking advantage of their 

multiple reactive sites, including four meso and eight -positions, 
20-26

 A drawback of 

porphyrins is the poor light-harvesting properties at wavelengths around 450 nm and 

above 600 nm. Elongation of strong electron-donating and electron-withdrawing 

groups can shift and broad the absorption of porphyrins making it possible to increase 

the light-harvesting property and the resulting DSSC efficiency.  Therefore, the DSSC 

device performance can be further improved by careful structural optimization of the 

porphyrin chromophores in order to exhibit a panchromatic feature. 

1.1 Porphyrin synthetic strategies 

Porphyrin synthetic chemistry has been developed during the last decades. The target 

was not only the synthetic approach of the natural porphyrin rings but also the 

preparation of new ones for various purposes. As an extension, dyads, triads, push-

pull porphyrins and more sophisticated structures and assemblies, as well as self-
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assembling systems have been prepared and well characterized. Among the 

aforementioned compounds the category of “push-pull” porphyrins are the ones that 

have been extensively studied and have been performed the best DSSC efficiencies. 

Therefore, it is necessary to overview their synthetic approaches and try to increase 

their low yields in order to be more competitive and applicable for future industrial 

use.  

The porphyrinic family derivatives characterized as push-pull type chromophores, 

contain one donor moiety and one acceptor in trans position on the macrocycle. 

According to this requirement, there are several combinations concerning the nature 

of the substituents on the periphery of the porphyrin ring: four, three or two different 

substituted groups and the porphyrin ring are denoted as ABCD, A2BC and A2B2 

type, respectively. Better access to macrocyclic dyes with push–pull character will 

expand the range of accessible materials and advance various applications in optics,
27-

30
 nonlinear optical (NLO) studies for applications in photonics.

31
 Tailoring the nature 

of the electron-donating and -withdrawing meso substituents is crucial for the efficient 

generation of electron transfer, which mimics natural processes and is related to solar 

energy conversion. Further progress in both research areas requires easy access to 

varied structures, which necessitates the development of appropriate synthetic 

strategies leading to unsymmetrically substituted porphyrins. 

A number of rational synthetic routes to meso-substituted porphyrins have been 

developed that rely on dipyrromethane building blocks. The routes provide access to 

ABCD-porphyrins or trans-A2B2-porphyrins (Scheme 1). 

 

Scheme 1.  Synthetic Routes to meso-Substituted Porphyrins. 
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The ABCD type (Scheme 2) (four different meso- substituents) provides versatile 

building blocks for a whole range of use as biomimetic compounds, in material 

chemistry, and for DSSC dyes. Lindsey and coworkers for the synthesis of such a type 

of ABCD- porphyrins have reported the classical. “2 + 2” method, which allows 

synthesis of large quantities (~1 g) of various substituted ABCD-porphyrins with low 

or no detectable scrambling.
32, 33

 The following criteria should be satisfied in order to 

achieve a suitable synthesis and access to new ABCD-porphyrins: (1) no scrambling 

at any stage of the synthesis, (2) limited reliance on chromatography, (3) scalable 

syntheses, (4) straightforward implementation in a reasonable period, (5) broad scope 

in terms of ABCD substituents, and (6) good yield. The procedures for forming the 

dipyrromethane and elaborating the dipyrromethane to give the dipyrromethane-1,9-

dicarbinol are reasonably well developed and meet all six objectives.
34-39

 However, 

the final porphyrin-forming step still presents a number of limitations despite 

extensive investigation.
33

 

 

Scheme 2.  Route to ABCD-Porphyrins via Bilanes. 

 

The route to ABCD-porphyrins (depicted in Scheme 2) retains the desirable features 

of the existing “2 + 2” (dipyrromethane + dipyrromethane-1,9-dicarbinol) method, 

such as absence of scrambling, yet has significant advantages. The advantages include 

the absence of acid in the porphyrin-forming step, the use of a metal template for 

cyclization, the ability to carry out the reaction at high concentration, the lack of a 

quinone oxidant, avoidance of use of dichloromethane, and the increased yield of 

macrocycle formation to give the target ABCD metalloporphyrin.
32

  

The introduction of meso substituents into porphyrins has given access to molecules 

with fine-tuned electron-donating or -withdrawing character of the incorporated 

groups. A trans porphyrin provides a linear substitution pattern that can be used for 

the construction of porphyrin-based architectures with a well-defined structure. 

Applications of trans porphyrins in model systems include charge separation devices 
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that mimic photosynthesis,
40-44

 enzyme models,
45

 materials with nonlinear optical 

properties,
46, 47

 chiral catalysts,
48

 chiral sensors,
49

 synthetic receptors for small 

molecules,
50

 optoelectronic devices,
51, 52

 potential sensitizers for photodynamic cancer 

therapy,
53

 bilayer lipid membrane spanning arrays,
54

 and liquid crystals.
55, 56

 

 

 

Figure 2. General structure of A2B2 and A2BC porphyrins. 

 

Different synthetic approaches leading to A2BC- and A2B2-type porphyrins (Figure 2) 

have been reported. The simplest way to obtain 5,15-A2B2 systems involves the acid-

catalyzed condensation of dipyrromethane with aldehyde.
57-59

 Others involve self-

condensation of dipyrromethane-1-carbinoles or the elegant 1-acyldipyrromethane 

route developed by Lindsey et al.
60-62

 In practical terms, the acid-catalyzed 

condensation of dipyrromethane with two aldehyde units or two dipyrromethane units 

with aldehyde is still the simplest way to access 5,15-A2BC compounds.
63

 

Condensation of dipyrromethane-dicarbinole with dipyrromethane has also been 

reported but turned out not to be an efficient way to access this substitution. Other 

pathways to both substitution patterns used a stepwise approach where preformed 

5,15-A2 compounds were subjected to further functionalization.
64

 The 

functionalization of A2-type porphyrins as starting materials by organolithium and 

palladium catalysed cross-coupling reactions is an efficient means to enable the 

introduction of almost any desired meso substituent.
65

 

A convenient preparation of analytically pure multigram batches of 5-substituted 

dipyrromethanes has been achieved by the acid-catalyzed condensation of an 

aldehyde with excess pyrrole in solvent-free conditions.
66

 Condensation of a 

dipyrromethane with an aldehyde in a MacDonald-type “2 + 2” condensation,
67

 has 

been used to prepare a wide range of meso-substituted trans-porphyrins.
63

 The 

product of a dipyrromethane-aldehyde condensation is frequently not just the desired 

trans-A2B2-porphyrin but also a mixture of porphyrins that can be extremely difficult 

to separate (especially the trans-A2B2 and cis-A2B2 isomers).
68

 For condensations 
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involving sterically hindered dipyrromethanes reaction conditions that cause no 

scrambling have been identified and a preparative procedure has been developed that 

gives pure trans-porphyrins in multigram batches. 

The general synthetic pathways of new push-pull porphyrinic derivatives have been 

described above and could provide new chromophores for DSSCs. However what is 

needed in this particular area of research is a systematic study, which can help to 

improve the final efficiency of the device measured in cells.  

In DSSCs the presence of an anchoring group is essential to graft the dye on a TiO2 

surface, in order to achieve fast electron injection into the TiO2 semiconductor.
69

 The 

efficiency of the electron-transfer step at the dye-semiconductor interface is highly 

dependent, among numerous other factors, on the way the chromophore is attached to 

the surface.
70-72

  Therefore, different porphyrin anchoring groups have been used and 

researchers have studied their effect on the TiO2 surface.
73-75

 

 

1.2 Carboxylic acids as anchoring groups  

Carboxylic acid present in the meso and β–positions of a porphyrin ring is an 

anchoring group that has been extensively studied. At the meso-position, two main 

classes of linking moieties have been employed most often, the classic meso-

substituted benzoic acid linking and the direct attachment of a meso-alkynylbenzoic 

acid moiety. For DSSCs employing a β–position linking group the conjugated ones 

have been mostly studied in the literature.  

Carboxylic acid groups can form ester linkages with the surface of the metal oxide to 

provide a strongly bound dye and good electronic communication between the two 

parts. However, the link can be hydrolyzed through the presence of water, an 

important factor in terms of the stability of the cell. For carboxylate groups, bidentate 

connections have been shown to be the preferred binding mode on TiO2.
76-78

 

 

1.2.1 Meso-Substituted Benzoic Acids 

The concept for the design of meso ethynyl linked porphyrins was first given by 

Anderson
79

 and Therien.
80

 Before the discovery of DSSC, the ability of porphyrin to 

sensitize TiO2 semiconductor was first demonstrated by Grätzel in 1987.
81

 However, 

Kay and Grätzel first introduced a porphyrin as a sensitizer in DSSC in 1993. A 
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substituted porphyrin with propionic acid as anchoring group achieved an overall 

efficiency of 2.6% (Jsc = 9.4 mA/cm
2
, Voc = 0.52 V).

82
  

Cherian and Wamser
83

 in 2000 reported the first meso-substituted DSSC with 3.5% 

(Jsc = 0.133 mA/cm
2
, Voc = 0.36 V, and FF = 0.62) efficiency based on a free-base 

porphyrin 1 (Figure 3). That report also analyzed the adsorption properties of 1 on 

TiO2 using XPS and resonance Raman spectroscopy to elucidate the binding 

characteristics of 1 and reported that low concentrations of dye in the adsorption 

solution (~0.1 mM) are important to avoid dye aggregation. 

 

Figure 3. Molecular structures of porphyrins 1, 2 and 3 

 

One key issue to consider in designing porphyrin dyes relates to the position of the 

anchoring group in relation to the plane of macrocycle π-system. The presence of 

carboxyl anchoring groups attached to the meso-phenyl ring of the porphyrin has little 

influence on the ground-state electronic nature of the dye, because of the orthogonal 

orientation of the meso-phenyl ring.
84-86

 However, a few studies have shown that the 

positioning of carboxyl group vary the performance of the solar cells.
74, 83, 87-89

 For 

example, Campbell et al. have reported a 5-fold increase in the short circuit 

photocurrent (Jsc) and a significantly higher open circuit photovoltage (Voc) on 

changing the position of the COOH groups from the para (in p-ZnTCPP 2) to the 

meta position (in m-ZnTCPP 3) (Figure 3).
9
 This effect was attributed to a more 

efficient electron injection from the meta porphyrin, which binds flat on the TiO2 

surface, compared to that of the para, which binds vertically (Figure 4).
9
 

 



10 

 

 

Figure 4.   Different binding modes of porphyrins 2 and 3 onto TiO2 surface.  

In 2007 Galoppini and coworkers
87

 studied tetrachelated zinc porphyrins with four 

meta-substituted linkers at four meso positions of the porphyrin to give inside on how 

the distance and attachment of the sensitizing chromophore on colloidal TiO2 and 

ZnO films influence interfacial processes and solar cell efficiencies. The meta 

substitution favored a planar binding mode to the metal oxide surfaces, as determined 

by a combination of studies that included IR, UV, and solar cell efficiencies on TiO2. 

All studies indicated that only p-ZnTCPP 2 aggregated, suggesting close packing of 

the dye molecules on the semiconductor surface. Aggregation effects were not 

observed for the meta porphyrins. The greater efficiency of the rigid planar meta-

substituted systems was explained in terms of a greater charge injection into the TiO2 

semiconductor from rings that lie flat, and closer, to the surface.In the same study it 

was observed that the main binding modes for this class of molecules are a chelating 

and/or a bidentate bridging of the carboxylate on the TiO2 surface (Figure 5).
77, 90-92

 

 

Figure 5.  Main binding modes of the carboxylate group to TiO2.  

In 2009, Imahori et al. studied a series of monocarboxyphenyl triaryl porphyrins in 

DSSCs.
93

 Zn porphyrin 4 (Figure 6) yielded the highest efficiency of 4.6% (Jsc = 9.4 

mA/cm
2
, Voc = 0.76 V, and FF = 0.64) in a standard DSSC. As a part of their study, 

they optimized the adsorption time and adsorption solvent for dye loading on TiO2 

films and determined that lower adsorption times and protic solvents (methanol) led to 

the best efficiencies. In an another publication from the same group integration of a 

 

  

 

2 3 
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push-pull structure with a trans diphenylamino substituent 5 gave a very high 

efficiency of 6.5% (Jsc = 13.1 mA/cm
2
, Voc = 0.72 V, and FF = 0.69) (Figure 6).

94
 

 

Figure 6. Molecular structures of porphyrins 4, 5 

Moreover, in order to synthesize a dye with a broad spectral coverage two porphyrin 

units can be linked at the meso position either directly
95

 or by suitable -conjugated 

linker.
96

 Furthermore, unsymmetrical porphyrin dyads can lead to enhancement of the 

solar cell efficiency.
97

 Combining the strategy of donor substation and the “built-in” 

energy gradient of the hetero-dimer taking advantage of the different energy levels of 

zinc coordinated and non-coordinated porphyrins,
97

 Segawa et al. synthesized a N-

fused carbazole zinc porphyrin-free base porphyrin triad and obtained highly efficient 

light to current conversion throughout the visible to NIR region.
98

 The same research 

group synthesized ethynyl-linked porphyrin hetero-dimers substituted by a series of 

electron donors, namely, 3,6-di-tert-butylphenyl 6, bis(4-methoxyphenyl)amino 7, bis 

(4-tert-butylphenyl)amino 8 and 3,6-di-tert-butylcarbazol-9-yl 9 (Figure 7).
58

 Despite 

the increased electron injection driving forces due to the bathochromic shift, the 

intensification of long-wavelength absorption bands and the elevated LUMO levels, 

the substitution of diphenylamino groups (7 and 8) with stronger electron-donating 

abilities gave rise to surprising mediocrity in the short-circuit photocurrent densities 

(Jsc). For that reason the overall energy conversion efficiencies followed the order 7 

(3.94%) (Jsc = 10.55 mA/cm
2
, Voc = 0.543 V, and FF = 0.69) < 6 (4.57%) (Jsc = 12.51 

mA/cm
2
, Voc = 0.541 V, FF = 0.68) < 8 (4.83%) (Jsc = 13.15 mA/cm

2
, Voc = 0.541 V, 

FF = 0.68) < 9 (5.21%) (Jsc = 14.26 mA/cm
2
, Voc = 0.547 V and FF = 0.67) (Table 1). 
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Figure 7.  Molecular structures of the dyes studied 6-9. 

 

Table1: Photovoltaic performances of DSSCs using 6-9 as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

6 541 12.5 0.68 4.6 

7 543 10.5 0.69 3.9 

8 541 13.1 0.68 4.8 

9 547 14.3 0.67 5.2 

 

1,3,5-triazine, a known mediator of intramolecular photoinduced electron transfer 

between chromophores, tethered two porphyrin units.
99

  The synthesis was performed 

by taking advantage of the stepwise and temperature-dependent reactivity of cyanuric 

chloride. The dyads were also functionalized by a terminal carboxylic acid group of a 

glycine moiety attached to the triazine group (Figure 8). The study of the 

photophysical and electronic properties of the two compounds revealed no significant 

electronic interaction in their ground states but broadened spectral absorptions and 

suitable frontier orbital energy levels for use in DSSCs. Porphyrins  10 and 11 were 

fabricated for DSSC, demonstrating efficient intramolecular electron-transfer and 

charge-separation phenomena mediated by the triazine group. The PCE values were 

of 3.61% (Jsc = 8.82 mA/cm
2
, Voc = 0.63 V, and FF = 0.65) and 4.46% (Jsc = 9.94 

mA/cm
2
, Voc = 0.66 V, and FF = 0.68), respectively. The higher PCE value of the 11-

based DSSC is attributed to its larger dye loading and higher Jsc, Voc, and FF values. 
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Figure 8. Molecular structures of porphyrins 10-12. 

 

Coutsolelos and coworkers,
99

 synthesized via stepwise amination reactions of 

cyanuric chloride a propeller shaped, triazine bridged, and unsymmetrical porphyrin 

triad 12. Photophysical and electrochemical studies of the triad revealed no significant 

electronic interactions between the porphyrin units in the triad ground state, but the 

frontier orbital energy levels are suitable for use as sensitizer in DSSCs, as they 

favour the electron injection and dye regeneration processes. These results were 

corroborated by DFT calculations which suggested that the triad 12 could also be 

described as a “push-pull” 2D-π-A system, with the A residing on the anchoring 

(carboxylic acid) group, that has the potential to promote triazine-mediated electron 

transfer and injection into the TiO2 electrode. Solar cells sensitized by triad 12 

exhibited PCE of 4.91% (Jsc = 10.9 mA/cm
2
, Voc = 0.66 V, and FF = 0.68). The PCE 

of the latter solar cell was further improved up to 5.56% (Jsc = 12.4 mA/cm
2
, Voc = 

0.64 V, and FF = 0.70) by co-sensitization by incorporation of chenodeoxychlolic acid 

(CDCA) in the dye solution (Table 2).  
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Table2: Photovoltaic performances of DSSCs using 10-12 as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

10 630 8.8 0.65 3.6 

11 660 9.9 0.68 4.5 

12 660 10.9 0.68 4.9 

12
 a
 640 12.4 0.70 5.6 

a
 co-sensitization with CDCA 

 

Moreover, Hung et al. synthesized a series of 1D--3A zinc porphyrin dyes 13-17 

with three p-carboxyphenyl anchoring groups with various substituents at the meso 

position (Figure 9).
100

 Porphyrin 15 is slightly red shifted compared to the other 

porphyrins. The Soret band of 15, 16, 17 is broadened because of the presence of an 

electron donating amino unit.  Higher than 5 % PCE has been achieved for a DSSC 

sensitized with either 15-17. The strong electron donating character, better electron 

injection, intrinsic anti-aggregation and suppressed charge recombination capacity 

contributed to the highest PCE of 6.10 % (Jsc=12.66 mA/cm
2
, Voc =0.70 V and FF = 

0.69) for the DSSC sensitized with 16 (Table 3). Moreover, it was demonstrated that 

the DSSC based on multi-anchoring unit porphyrin dye is more stable than their 

mono-anchoring analogs.  

  

Figure 9. Molecular structures of dyes 13-17. 
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Table 3: Photovoltaic performances of DSSCs using 13-17 as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

13 630 10.55 0.68 4.51 

14 590 9.36 0.69 3.80 

15 660 11.75 0.69 5.36 

16 700 12.66 0.69 6.10 

17 650 13.61 0.66 5.80 

 

Coutsolelos and coworkers designed two novel porphyrin dyads (18 and 19) 

consisting of two zinc-metallated porphyrin units, covalently linked at their 

peripheries through 1,2,3-triazole containing bridges and functionalized by a terminal 

carboxylic acid group (Figure 10).
101

 The two porphyrin dyads were synthesized 

though click reactions and possess suitable frontier orbital energy levels for use as 

sensitizers in DSSCs. Dyad 18 was synthesized using  CuSO4·5H2O, SA and a 

mixture of CHCl3–H2O. The reaction mixture was stirred at 50 °C for 72 hours 

yielding 42% of the final dimer. On the contrary for the synthesis of dyad 19, CuI, 

DIPEA and a mixture of THF–CH3CN was used. The reaction mixture was stirred at 

room temperature for 12 hours obtaining the final dyad 19 in 41% yield. Fabrication 

of the corresponding solar cells revealed that the device based on the dyad with the 

shorter triazole containing bridge (19) results in a better photovoltaic performance 

(3.82 and 5.16% for 18 and 19, respectively). As demonstrated by the J–V curves and 

the IPCE and EI spectra of the two solar cells, the higher PCE value of the latter can 

be attributed to its enhanced short circuit current (Jsc) under illumination, its longer 

electron lifetime (ηe) and more effective charge recombination resistance between the 

injected electrons and the electrolyte, as well as its higher dye loading on the TiO2 

surface. 
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Figure 10. Porphyrin sensitizers 18 and 19 for dye-sensitized solar cells. 

 

Although meso-carboxyphenyl tethered porphyrins have been widely studied in 

DSSCs, there remains a concern about the torsional angle decoupling of the phenyl 

rings from the conjugated system of the macrocycle, which potentially limits the 

electronic communication between the excited dye and the linkage to the 

semiconductor. Therefore more attention has been paid to other structural designs 

such as porphyrins with meso-alkynylbenzoic acid or β-linked conjugated tethers and 

devices using these designs have reached remarkably high efficiencies. 

1.2.2 Conjugated bridge carboxylic acids at the meso-position 

The type of linkage between the porphyrin and the binding group is very important. It 

has been shown that conjugated linkers make a significant difference in the overall 

cell performance. 

The use of meso-linked alkynylbenzoic acid tethers is a relatively new design strategy 

in porphyrin DSSC research. The first report of alkynylbenzoic acid tethered 

porphyrins was by Stromberg et al. in 2007
102

 in which the reported photocurrent of 

the device was only 0.035 mA cm
-2

. Since then two main groups of Joseph Hupp and 

Eric Diau have studied this novel tether style. The use of the meso-alkynylbenzoic 

acid tether has led to an increase in solar cell efficiency for porphyrin DSSCs.
103, 104

 In 
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a paper by Hupp and coworkers, dye 20 (Figure 11) was reported to give efficiencies 

of 2.5% (Jsc=5.9 mA/cm
2
, Voc =0.65 V and FF = 0.66) in standard TiO2 DSSC.

105
 In 

the report on 20, ZnO was also tested as a semiconductor, and it was determined that 

the more acidic dyes that tend to slightly corrode the ZnO surface showed better 

electron injection dynamics. 

 

Figure 11. Molecular structure of compound 20. 

 

To solve the problem of porphyrin aggregation, 3,5-di-tertbutylphenyl groups were 

introduced at the meso-positions of the porphyrin ring. Based on this molecular 

design, Yeh and coworkers
26

 reported meso-substituted zinc porphyrin derivatives, for 

which 21 (Figure 12) served as a reference compound. With the diarylamino group 

attached at the meso-position of the porphyrin core, 22 attained 6.0% efficiency 

(Jsc=13.60 mA/cm
2
, Voc =0.701 V and FF = 0.629). The appearance of porphyrins 

with a push–pull framework such as 22 and 23 indicated the arrival of a new period of 

DSSC.
104

 Porphyrin 23 had two long alkyl chains in order to improve the thermal and 

photochemical stability of a device with an efficiency of 6.8% (Jsc=13.68 mA/cm
2
, Voc 

=0.711 V and FF = 0.695), (Table 4). 

Figure 12. Molecular structures of dyes 21-23. 
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Table 4: Photovoltaic performances of DSSCs using 21-23 as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

21 617 5.79 0.667 2.4 

22 701 13.60 0.629 6.0 

23 711 13.68 0.695 6.8 

 

In 2010, the device performance of 23 was further improved by Grätzel and 

cνworkers,
21

 giving an efficiency of 10.9%, (Jsc=18.6 mA/cm
2
, Voc =0.77 V and FF = 

0.76) In 2011, Grätzel and collaborators reported the meso-porphyrin dye 24 

achieving a PCE of 11.9% in conjunction with the cobalt(III/II) tris(2,2-bipyridine)-

based redox electrolyte and up to 12.3% when cosensitized with another organic dye 

which, until recently, had been the record of efficiency in DSSC over the past three 

years.
106

 This record was recently broken (February 2014) with the dye 26 reported by 

Nazzeruddin and co-workers, achieving an unprecedented PCE of ~13%.
18

 Almost the 

same PCE was performed with porphyrin 25 reported by Grätzel and Yeh in 2014 

(Figure 13).
19, 106

 

 

 

Figure 13. Chemical structures of dyes 24-26. 
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Lin et al.
107

 prepared a series of new porphyrins (27-30) with near-IR light harvesting 

properties, for DSSCs, by attaching a pyrene or a 4-dimethylaminophenyl group in 

combination with anthracene to modify the porphyrin core (Figure 14). It was shown 

that the incorporation of these moieties renders feasible tuning of spectral and redox 

properties of the porphyrins. The PCE values of the dyes was in the range of 6.7 – 

9.73 % and 27 sensitized DSSC showed a maximum PCE of 9.73 % (Jsc = 17.77 

mA/cm
2
, Voc = 0.73 V and FF = 0.75), (Table 5). These high performances are due to 

the following factors (a) expansion of the porphyrin spectral range, (b) reduction of 

the dye aggregation bye suitable dye soaking processes, (c) addition of polar electron 

releasing groups. 

 

Figure 14. Molecular structures of dyes 27-30. 

 

Table 5: Photovoltaic performances
a
 of DSSCs using 27-30 as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

27 730 17.77 0.75 9.73 

28 680 14.17 0.72 6.97 

29 720 17.76 0.74 9.51 

30 680 14.20 0.69 6.70 

a
Under AM1.5 illumination (power 100 mW cm

_2
) with an active area of 0.096 cm

2
. 
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1.2.3 Conjugated bridge carboxylic acids at the β-position 

The use of conjugated β-substituted anchoring groups was first demonstrated in 2004 

by Grätzel et al. when they introduced a dye 31 with an energy conversion efficiency 

of 4.1% (Jsc = 8.86 mA/cm
2
, Voc = 0.65 V and FF = 0.71).

78
 Also, for porphyrins with 

carboxylic binding groups, the Zn containing diamagnetic metalloporphyrin 32 had 

very high incident monochromatic photon-to-current conversion efficiencies 

compared to those observed for the Cu containing paramagnetic metalloporphyrin 33 

(Figure 15, Table 6). 

 

Figure 15.  Molecular structures of porphyrins 31-33. 

 

 Table 6: Photovoltaic performances of DSSCs using 31-33 as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

31 654 8.86 0.71 4.11 

32 660 9.70 0.75 4.80 

33 490 1.35 0.69 0.45 

 

In 2007, Officer and co-workers reported a series of porphyrins 34-39 with a 

conjugated bridge to a dicarboxylic acid acceptor moiety (Figure 16).
108

 Porphyrin 35 

gave the best efficiency 7.1% and the rest of the dyes featured efficiencies over 5% 

(Table 7). 
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Figure 16.  Molecular structures of dyes 34-39. 

Table 7: Photovoltaic performances
a
 of DSSCs using zinc tetraarylporphyrin 

malonic acids as sensitizers. 

Dye Voc, mV Jsc, mA cm
-2

 FF n, % 

34 638 12.1 0.66 5.1 

35 680 14.0 0.74 7.1 

36 642 14.8 0.63 5.8 

37 701 13.4 0.68 6.4 

38 649 13.4 0.61 5.3 

39 685 13.3 0.68 6.1 

a
 Data obtained under cell illumination AM 1.5. 100mW/cm

2
.  

Since the 2007 report on β-linked porphyrins, Officer and coworkers used β-linked 

derivatives to study several aspects of solar cell design and performance. The aspects 

of design under study included the use of a post adsorbed phosphinic acid blocking 

moiety to improve efficiencies by minimizing recombination events at the electrode 

surface.
109

 They also studied the use of ionic liquid electrolytes as a replacement for 

volatile organic solvents in typical liquid electrolytes.
110

 The Officer group had also 

studied the open-circuit voltage and electron injection dynamics using β-substituted 

porphyrins and suggested that the reason for limitations to the Voc and Jsc were related 

to reduced electron lifetime and less favorable electron injection dynamics.
111, 112

  

In 2011 three porphyrins with structures based on a molecular design that relies on 

donor-π-acceptor interactions (Figure 17).
113

 At the meso position of the porphyrin 

was present a bis (4-tert-butylphenyl) amino group and at the opposite side were 2-
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propenoic or 2,4-pentadienoic acid anchoring groups at the β-pyrrolic positions. The 

efficiencies of all compounds are present in Table 8 and among the dyes prepared, the 

doubly functionalized carboxylic acid derivative 42 gave rise to the highest power 

conversion with an efficiency of 7.47%. 

Figure 17. Molecular structures of porphyrins 40-42. 

 

Table 8.  Photovoltaic performance of DSSCs using porphyrins 40-42 as 

sensitizers. 

Dye Jsc, mA cm
-2

 Voc, mV FF n, % 

40 12.1 660 0.62 4.95 

41 13.9 670 0.64 5.91 

42 18.4 710 0.57 7.47 

 

1.2.4 Cyanoacrylic Acids  

Another anchoring group that has been extensively used is the cyanoacrylic acid. In 

2005, tetraphenylporphyrin with a β-substituted cyanoacrylic acid (Figure 18), 

exhibited an efficiency of 5.2% (Jsc = 13.5 mA/cm
2
, Voc = 0.56 V).

76
 Dye 43 had a 

better efficiency compared to the carboxylic acid porphyrin 45 4.0% (Jsc = 10.9 

mA/cm
2
, Voc = 0.55 V), synthesized from the same group. 

 

Figure 18. Molecular structures of dyes 43-45. 
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In another study β-substituted zinc porphyrin analogues 43 and 44 (Figure 18) were 

synthesized, where 44 had an added methyl group at the phenyl ring attached to the 

meso-position of the porphyrin macrocycle.
114

 These results showed that the different 

solvents used in the sensitization process affected how the dyes were aggregated and 

how much of the dyes were adsorbed on the semiconductor surface. The highest 

efficiency of 4.2% ((Jsc = 13.0 mA/cm
2
, Voc = 0.48 V and FF = 0.67), 30 min soaking 

time and 4.0% (Jsc = 12.8 mA/cm
2
, Voc = 0.46 V and FF = 0.67), 1 hour soaking time 

was achieved for 43 and 44 analogues, respectively. The difference in the 

photovoltaic properties between 43 and 44 was caused by the amount of tilting of the 

molecular dye plane toward the dye surface. The 44 molecular planes were closer to 

the TiO2 surface due to the increased steric effect caused by the addition of a methyl 

group (Figure 19). This increased the surface area of the dye adsorbed in the TiO2, 

resulting a much lower dye concentration. The soaking condition and the use of co-

adsorbents giving much higher photovoltaic performances could control the amount 

of aggregation of the dye.  

 

Figure 19.  Possible adsorption configurations of (a) 43 and (b) 44. The inset shows 

the bidentate adsorption of the dye. C1–C2–O3 determines the dye molecular angle 

against the TiO2. 

In other work, three push-pull structured new porphyrin dyes with various linkers (the 

46 dye with 4-ethynylbenzene, the 47 dye with 2-ethynylthiophene, and the 48 dye 

with 5-ethynyl-2,3-dihydrothieno[3,4-b][1,4]dioxine) were synthesized in order to 

understand the influence of substitution of the p-linker with various hetero-aromatic 

groups (Figure 20) on the light-harvesting ability of the sensitizers.
115

 These push–

pull structured porphyrin sensitizers worked efficiently in DSSC devices, a detailed 

examination with impedance and transient photovoltage decay measurements revealed 
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that a fast recombination process took place at the dye-sensitizer TiO2–electrolyte 

interface due to the introduction of cyanoacrylic acid as an anchoring group. Based on 

these studies the 49 porphyrin with a rigid π-linker feature structure (5-

ethynylthiophene-2-carboxylic acid) was further designed and synthesized, which 

attained an improved PCE of 9.53% (Table 9).  

 

Figure 20. Molecular structures of compounds 46-49. 

 

Table 9.  Photovolataic performances of DSSC using 46-49. 

Dye Jsc, mA cm
-2

 Voc, V FF n% 

46 15.70 0.648 0.70 7.12 

47 15.36 0.685 0.70 7.37 

48 16.35 0.657 0.71 7.63 

49 17.65 0.75 0.72 9.53 

 

A series of push-pull structured (D--A) porphyrin dyes with an electron donating 

group attached at the meso position (50-52) were designed by Kim et al.
116

 for the use 

of sensitizers for DSSCs (Figure 21). The absorption bands of these porphyrin dyes 

were broadened and red shifted upon introduction of alkoxy chains to the electron 

donating groups at meso position opposite to the anchoring cyanoacrylic acid group. 

Among the sensitizers, the highest PCE of DSSC fabricated with 52 was 4.7 % (Jsc = 
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11.8 mA/cm
2
, Voc = 0.593 V and FF = 0.651) and further improved up to 7.6 % (Jsc= 

15.9 mA/cm
2
, Voc = 0.68 V and FF = 0.703) when 53 used as coadsorbent (Table 10).  

 

Figure 21. Molecular structure of compounds 50-52 and coadsorbant 53. 

 

Table 10.  Photovolataic performances of DSSC using 50-52. 

Dye Jsc, mA cm
-2

 Voc, V FF n% 

50 4.9 (10.9)
a
 0.546 (0.593)

 
 0.74 (0.77)

a
 2.0 (5.0)

a
 

51 9.6 (13.4)
a
 0.548 (0.632)

a
 0.69 (0.72)

a
 3.6 (6.1)

a
 

52 11.8 (15.9)
a
 0.617 (0.678)

a
 0.65 (0.70)

 
      4.7 (7.6)

a
 

a
Compound 53 was used as the co-adsorbent. 

 

Diau and Yeh
117

 synthesized p-extended porphyrin dye 54 and 55 with long alkoxyl 

chains at the ortho positions and cyanoacrylic acid as an anchoring group (Figure 22). 

The efficiencies of both compounds were quite poor 5.8% (Jsc = 11.30 mA/cm
2
, Voc = 

0.69 V and FF = 0.74) for 54 and 3.6% (Jsc = 7.17 mA/cm
2
, Voc = 0.67 V and FF = 

0.75) for 55. This was due to the floppy structural nature and limited molecular 

rigidity of the cyanoacrylic acid anchor, which might lead the porphyrins to tilt down 

the TiO2 surface for an efficient charge recombination to occur.
118, 119
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Figure 22. Molecular structure of dyes 54 and 55. 

 

1.2.5 Fused Porphyrins  

One issue with porphyrins as sensitizers in DSSCs is their limited absorptivity in the 

red and near infrared regions of the solar spectrum. With meso-tetraphenylporphyrins 

the phenyl moieties are typically considered perpendicular to the plane of the 

macrocycle and therefore are not in conjugation with the porphyrin system. One 

design strategy for increasing the light absorption of porphyrin sensitizers is to lock 

the meso-phenyl ring into the plane of the macrocycle in order to improve the 

conjugation between the porphyrin and the phenyl rings. This strategy has the added 

benefit of increasing the molecular asymmetry of the molecule. The combination of 

added conjugation and increased molecular asymmetry manifests itself as a red shift 

in the absorption spectrum of the molecule. The following examples synthesized 

towards this strategy. 

One way to improve the light harvesting property of porphyrin sensitizers is to 

introduce the unsymmetrical -elongation in the porphyrins.
94, 120-126

 Imahori and 

coworkers reported novel β-linked porphyrins 56 and 57 (Figure 23) with 

carboxyquinoxalino or dicarboxyquinoxalino moieties respectively.
122

 Compound 56 

gave a solar energy conversion efficiency of 5.2% (Jsc = 11.2 mA/cm
2
, Voc = 0.72 V 

and FF = 0.68)in a standard DSSC, while the dicarboxy derivative 57 gave 4% (Jsc = 

9.3 mA/cm
2
, Voc = 0.67 V and FF = 0.64) efficiency. The superior performance of the 

56-sensitized solar cell to the 57-sensitized one was originated from both the more 

favorable electron injection and charge collection efficiency. 
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Figure 23. Molecular structure of dyes 56 and 57. 

 

A push-pull porphyrin 58 was synthesized and studied with an electron donating 

triarylamino group at the β,β’-edge through a fused imidazole group and an electron 

withdrawing carboxyquinoxalino anchoring group at the opposite ,`-edge (Figure 

24) and employed as sensitizer for DSSC. 
127

 The 58-sensitized solar cell exhibited a 

relatively high PCE of 6.8% (Jsc = 13.9 mA/cm
2
, Voc = 0.68 V and FF = 0.71), which 

was larger than that of the 56-sensitized solar cell 6.3% (Jsc = 13.2 mA/cm
2
, Voc = 

0.71 V and FF = 0.67) with chenodeoxycholic acid as co-absorbent, to reduce 

porphyrin aggregation on TiO2. The short-circuit current and FF of the 58-sensitized 

solar cell were larger than those of the 56-sensitized solar cell, whereas the open 

circuit potential of the 58-sensitized cell was smaller than that of the 56-sensitized 

cell, leading to an overall improved cell performance of 58.  

 

Figure 24. Molecular structure of dye 58. 

 

Yeh and coworkers
117

 synthesized p-extended porphyrin dyes  59 and  60  with long 

alkoxyl chains at the ortho positions of the meso phenyls, and meta di-tert-

butylphenyl-substituted porphyrins for DSSCs; their optical, electrochemical and 

photovoltaic properties were investigated and compared with those of 61 and 62 

(Figure 25). 
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Figure 25. Molecular structure of dye 59-62. 

 

For the naphthalene-bridged porphyrins, the ortho-substituted long alkoxyl chains in 

the two meso-phenyls of 59 played a key role to prevent dye aggregation so that both 

JSC and VOC were significantly enhanced for 59 than for 61. As a result, the PCE of 59 

reached 8.04%, which was ~11% higher than that of 61 (7.23%). The devices made of 

62 were found to perform extremely poorly due to a serious problem of dye 

aggregation on the TiO2 surface that significantly reduced the efficiency of electron 

injection from the excited state of the dye molecule to the conduction band of TiO2.
103

 

However, the ortho-substituted long alkoxyl chains in 60 exhibited dramatic effects to 

decrease the degree of dye aggregation so that the IPCE values of 60 were 

significantly improved by a factor of three over those of 62. As a result, JSC of the 60 

device was improved by more than a factor of two over that of the 62 device.  

Therefore, the device performance of 60 reached efficiency of 6.03%, which was 

remarkably improved by 135% compared with that of 62 (Table 11).  

Table 11. Photocatalytic parameters under global AM 1.5 irradiation for DSSCs 

absorbed on nanocrystalline TiO2 anodes. 

Dye Jsc, mA cm
-2

 Voc, V FF n, % 

59 15.37 0.745 0.702 8.04 

60 11.59 0.720 0.723 6.03 

61 14.6 0.713 0.721 7.23 

62 5.09 0.679 0.743 2.57 
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1.3 Supramolecular Assemblies 

In nature, self-assembly through noncovalent binding motifs, such as hydrogen 

bonding, metal-ligand coordination, electrostatic, π-π, and weak van der Waals 

interactions, play a dominant role. For example, photosynthetic antenna reaction 

center pigments use such intermolecular interactions to precisely arrange the donor-

acceptor entities in a protein matrix, exhibiting a cascade of energy and electron 

transfer processes.
128

 These principles of photosynthesis
129

 have attracted significant 

scientific attention in order to prepare artificial supramolecular photosynthetic 

architectures that mimic the photoinduced energy and electron transfer processes.
130-

134
 Several examples have been reported with noncovalent methodologies and 

especially the highly versatile metal-ligand binding approach was employed for 

assembling the different entities in donor-acceptor type dyads or triads.
135-138

  

Based on this biomimetic approach, several groups have constructed supramolecular 

solar cells that could serve as an alternative to semiconductor-based ones for 

renewable energy production. The metal-ligand binding method was used for self-

assembling the different units on the electrode surface. The TiO2 surface was 

modified with axially coordinating nitrogenous (pyridine or imidazole) ligands 

bearing a carboxylic acid. The carboxyl group binds to the TiO2 leaving the 

nitrogenous entity to axially coordinate the metal center of the chromophore. In this 

way unfavorable phenomena such as molecular aggregation on the semiconductor 

surface and poor injection and recombination kinetics between the dye and the TiO2 

can be eliminated. 

As well as zinc porphyrins, ruthenium metalloporphyrins were also tested as 

chromophores in supramolecular DSSCs (Figure 26). The binding of a pyridyl ligand 

is significantly stronger in Ru-porphyrins compared to the zinc analogs. Isonicotinic 

acid was used as a linker for the attachment of the metalloporphyrins (Ru(CO)OEP 

63, Ru(CO)TPP 64 and ZnTPP 65) in the TiO2 surface.
139

  

 

Figure 26  Functionalization of TiO2 surface with Ru porphyrins through isonicotinic 

acid. Adapted from Ref. 203. 
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DSSCs were prepared in order to study the influence of the binding strength in the 

photovoltaic performance of the cells. The efficiency was highest for the ruthenium 

porphyrin DSSCs and was lowest for the zinc DSSC, verifying the relationship 

between the strength of the binding and the power conversion efficiency. However the 

DSSC with sensitization from a 1:1 solution of 63:64 gave the best overall 

performance of the porphyrin devices with an efficiency 1.8 times greater than that of 

the 65 device and 1.4 times greater than the 63 and 64 devices, which had nearly the 

same conversion efficiencies. This observation showed that a mixed assembly might 

lead to enhance photovoltaic behavior, likely due to increased light absorption. 

This research work is divided in four subsections where different porphyrin based 

molecules have been synthesized in order to be used as chromophores in dye 

sensitized solar cells (DSSC).   

Section A: Porphyrin based triads  

The first part describes the synthesis and photophysical studies of a central metallated 

porphyrin derivatized with (i) two free-base porphyrin molecules (ii) two boron 

dipyrrin (BDP) molecules forming trimeric compounds.  

 

Section Β: Porphyrin based dyads  

The second part presents the synthesis and DSSC measurements of two porphyrin 

dyads, which consist of a zinc-metalated porphyrin and a free-base porphyrin unit 

covalently linked at their peripheries.  

Section C: Metal-ligand porphyrin based dyads  

The third part presents the formation of a dyad porphyrin where a ruthenium 

porphyrin is attached to a mono-pyridine based porphyrin and its DSSC performance 

was measured.  

Section D: Porphyrin based photosensitizers with long alkyl chains 

Finally, in the fourth part of this manuscript is described the synthesis of a metallated 

porphyrin bearing long alkyl chains and two carboxylic groups attached at the meso 

position of the porphyrin ring via triple bond. 
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2. RESULTS AND DISCUSSION 

 

2.1 SECTION A: Porphyrin based triads  

2.1.1 Synthesis and studies of trimeric compounds 

The synthesis of the trimeric compounds is shown in Schemes 3 and 4. NH2TPPH2 

(68) porphyrin was synthesized in two steps followed a literature procedure 

incorporated with our own modification in a 63 % overall yield.
140

 Porphyrin PH2 

(69) was prepared in one step by acid-catalyzed condensation of dipyrromethane with 

4-carboxymethylbenzaldehyde, followed in situ oxidation with 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ). Metallation with zinc acetate obtained porphyrin 

PZn (70), bromination with two equivalents of N-Bromosuccinimide (NBS) in the 

presence of pyridine gave dibromo porphyrin Br2PZn (71) in an excellent yield.
141, 142

 

Triad porphyrins were successfully synthesized under palladium-catalyzed double 

amination conditions with coupling of Zn-meso-dibromoporphyrin Br2PZn (71) (1 

eq) and three different amines. The synthesis can be carried out under mild 

conditions, typically giving high yields. All reactions were carried out in THF at 68 

o
C under argon atmosphere with excess amine (4.8 eq), and the use of 0.1 eq of 

palladium acetate, 0.15 eq of bis(2-diphenylphosphinophenyl)ether (DPEphos) in the 

presence of 2.8 eq of cesium carbonate as a weak base. The desired products were 

separated by flash column chromatography and the excess of amines were recovered. 

Firstly, Zn-meso-dibrominated porphyrin (Br2PZn) (71) was coupled with 

NH2TPPH2 (68) in 63 % yield. The progress of the reaction was monitored by TLC 

and after 4 days porphyrin Br2PZn (71) had been consumed forming the desired 

compound (TPPH2-PZn-TPPH2) (72). In addition a trace amount of monoamination 

product was present. To the best of our knowledge this is the first time that a triad 

porphyrin has been synthesized linked with a NH group. Then BDPNH2 (73) 

(Scheme 4) was used as an amine and triad porphyrin BDP-PZn-BDP (74) was 

prepared in high yield, 93 %, the reaction was again monitored by TLC and after 20 h 

all starting material had been consumed. Compound BDPNH2 (73) was synthesized 

according to the literature.
143

 Finally, under the same conditions aniline was coupled 

with porphyrin Br2PZn (71) in order to obtain compound Ph-PZn-Ph (75) in 91 % 

yield. A trace amount of monoamination byproduct was also present after the flash 

column chromatography and was removed by washing the product with CH2Cl2, since 
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triad Ph-PZn-Ph (75) is not soluble in this solvent. Single crystals of this compound 

were obtained suitable for diffraction analysis. All new compounds were 

characterized on the basis of their 
1
H and 

13
C NMR spectra, MALDI-TOF mass 

spectra.  

As already has been mentioned all compounds were fully characterized by NMR 

experiments including 
1
H, 

13
C, COSY, HMQC and HMBC. In the 

1
H-NMR (d8-THF) 

spectra of all trimeric compounds the protons of the NH bridge are considerably 

shifted downfield at 9.04, 9.54 and 9.19 ppm, respectively compared to the free amino 

components. All synthesized products can exist in a mixture of two atropisomers (αα- 

and αβ –isomers), but in both 
1
H and 

13
C spectra only one set of resonances were 

observed indicating that there is a free rotation around the C-N bond at ambient 

temperature, as has been reported in the literature.
144, 145

 In the case of trimer TPPH2-

PZn-TPPH2 (72) we observed a split of the peak corresponding to the NH bridge 

whereas for compounds BDP-PZn-BDP (74) and Ph-PZn-Ph (75) only a singlet 

peak was present. Possibly, in the case of TPPH2-PZn-TPPH2 (72), where three 

porphyrins are linked, the rotation around the bond between the amino nitrogen atom 

and the porphyrin meso-carbon atom has a higher rotation barrier compared to the 

other two trimers. 

 

 

Scheme 3. Synthesis of trimer TPPH2-PZn-TPPH2 (72) 
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Scheme 4. Synthesis of trimers BDP-PZn-BDP (74) and Ph-BDP-Ph (75) 

 

2.1.2. Single-Crystal X-ray Diffraction Structures 

An ORTEP of Ph-PZn-Ph (75) is depicted in Figure 27. The porphyrin plane displays 

a slight ruffling from planarity (0.0336) and the distances and angles of Ph-PZn-Ph 

(75) are similar to Zn-tetraphenyl pophyrin.
146

 Due to the coordination of Zn with two 

THF molecules, Zn is in the plane of the N4
147

 contrary to four of five coordinated 

Zn-porphyrins. The average bond distance of Zn-N is 2.0645 Å. Two THF molecules 

are weakly bound axially to Zn (Zn-O distance 2.403 Å). The dihedral angle formed 

by the plane P1 (of the phenyl ring of the aniline) to the P2 (plane of the porphyrin 

ring) is 81.51
o
 (0.14) and is slightly bigger than the other phenyl ring forms (73.99

o
 

(0.12)). The torsion angle of aniline (C11-N3-Cmeso-Ca) is 88.77
o
. 

Close intermolecular packing arrangement observed, mainly the short contact of 2.239 

Å formed by the H of the secondary amine with the carbonyl group of the ester of a 

neighbouring porphyrin ring. The hydrogen of the THF(H3) forms shorts contacts 

(2.366 Å) with the β-Η9 and with aniline group [H1s with C14(2.886 Å)] (Figure 28).  
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Figure 27. ORTEP view of molecular structure Ph-PZn-Ph
.
3THF. Thermal 

ellipsoids are drawn at 50 % occupancy. Hydrogen atoms have been omitted for 

clarity except amine hydrogen (labeled H1N) and one of the THF molecules found in 

the asymmetric unit. Atoms having the same label are generated from each other by 

symmetry. 

 

Figure 28.     Packing arrangement of trimeric compound Ph-PZn-Ph (75). The 

packing was viewed along a axis. 
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2.1.3 Electrochemistry 

Cyclic voltammetry was used in order to study the electrochemical properties of the 

trimers. For trimer TPPH2-PZn-TPPH2 (72) it was not possible to obtain any 

voltammograms in either CH2Cl2, THF, or acetonitrile due to stability and/or 

solubility difficulties. Trimer BDP-PZn-BDP (74) was studied in CH2Cl2 and Ph-

PZn-Ph (75) in THF, all data reported vs the ferrocene/ferrocenium couple (Fc/Fc
+
). 

Cyclic voltammograms are shown in Figure 29. BDPNH2 (73) in CH2Cl2 showed a 

reversible oxidation at 0.76 V due to formation of the BDP cationic radical (Figure 

29c).
 51-52

 Reference triad Ph-PZn-Ph (75) in THF showed one reversible oxidation at 

-0.01 V, attributed to the oxidation of the porphyrin ring
1
 (Figure 29b). The cyclic 

voltammetry of BDP-PZn-BDP (74) shows one reversible process at 0.04 V and one 

irreversible at 0.76 V. The first one is attributed to the first porphyrin oxidation and 

the second to the oxidation of the BDP, respectively (Figure 29a).  In addition triad 

BDP-PZn-BDP (74) shows one reversible process at -1.74 V, attributed to BDP 

reduction. Porphyrin reductions in the case of BDP-PZn-BDP (74) and Ph-PZn-Ph 

(75) could not be observed. 

 

Figure 29. Cyclic voltammograms of  (a) BDP-PZn-BDP (74)  in CH2Cl2, (b) Ph-

PZn-Ph (75) in THF and (c) BDPNH2 (73) in CH2Cl2 containing 0.1M 

(TBA)PF6 as supporting electrolyte. The voltages are vs Fc/Fc
+
.  
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2.1.4 Photophysical Properties - Electronic Absorption Spectra  

The electronic absorption spectra of compounds NH2TPPH2 (68), TPPH2-PZn-

TPPH2 (72) and Ph-PZn-Ph are presented in Figure 30, and those of compounds 

BDPNH2, BDP-PZn-BDP and Ph-PZn-Ph (75) in Figure 31. All absorption spectra 

were measured in Toluene. The absorption maxima and molar absorption coefficients 

(ε) of the Soret and Q bands are listed in Table 12. Compound NH2TPPH2 (68)  

exhibits typical free-base porphyrin absorption features
148

 with an intense Soret band 

at 422 nm and moderate Q bands at 516, 552, 594 and 650 nm. Ph-PZn-Ph (75)  

shows the characteristic bands of Zn-meso-arylamino substituted porphyrins with a 

Soret at 444 nm and two Q bands at 561 and 614 nm.
145

 The spectrum of triad 

TPPH2-PZn-TPPH2 (72)  shows the characteristic absorptions of the individual 

macrocyclic components, namely strong absorptions assigned to the Zn-meso-

arylamino substituted porphyrin and the NH2TPPH2 (68) chromophores (Figure 30). 

Triad TPPH2-PZn-TPPH2 (72) displays a broad Soret band centered at ca. 420 nm 

with a shoulder on its high energy side (ca. 445 nm) attributable to the central 

porphyrin of the triad. Thus the absorption spectrum of TPPH2-PZn-TPPH2 (72) is 

largely the sum of those of its components indicating that there is little electronic 

interaction between the central and the peripheral porphyrin chromophores in the 

ground state. Similarly, the absorption spectrum of triad BDP-PZn-BDP (74)  (Figure 

31) clearly shows features attributed to both of its components namely an intense 

absorption at 503 nm due to the BDP chromophores and the characteristic porphyrin 

based peaks (Soret at 445 nm and Q bands at 561, 614 nm).
149

 Therefore, in triad 

BDP-PZn-BDP (74), as in TPPH2-PZn-TPPH2 (72), there is weak electronic 

interaction between the two side BDP molecules and the central Zn-porphyrin in the 

ground state. 
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Figure 30. UV-Vis absorption spectra of NH2TPPH2 (68), TPPH2-PZn-TPPH2 

(72) and Ph-PZn-Ph (75) in Toluene and expansion of the Q bands. 

 

 

 

 

 

Figure 31. UV-Vis absorption spectra of BDPNH2 (73), BDP-PZn-BDP (74) and 

Ph-PZn-Ph (75) in Toluene.  
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Table 12. Spectroscopic Data of trimeric compounds and TPPNH2, BDPNH2 

 Absorption Emission 

Compound ιmax/ nm (ε/ mΜ
-1

cm
-1

) ιmax/ nm Φ η/ ns 

TPPH2-PZn-TPPH2 

(72) 

420 (571.6), 445 sh (213.6) 516 

(17.2), 556 (15.0), 595 (8.7), 650 

(6.6) 

661, 719 0.12 2.9, 9.8 

BDP-PZn-BDP (74) 
445 (119.8), 503 (113.9), 561 

(11.0), 614 (8.1) 
518, 684 0.073 3.8 

Ph-PZn-Ph (75) 444 (138.9), 561 (12.5), 614 (8.5) 698 0.11 3.5 

NH2TPPH2 (68) 
422 (258.2), 516 (12.5), 552 (6.8), 

594 (3.6), 650 (2.8) 
661, 722 0.11 8.8 

BDPNH2 (73) 505 (92.1) 519 0.38
a
 3.1

a
 

 

a. Values were taken from reference.
149

 

 

2.1.5 Photophysical Properties - Emission Spectra 

Steady state and time resolved emission spectroscopy in toluene at ambient 

temperature was used in order to study all trimeric compounds. A summary of 

measured spectroscopic data is presented in Table 1. BDPNH2 (73) shows the intense 

fluorescence of a BDP dye at 502 nm in toluene. NH2TPPH2 (68) displays two 

emission bands at 661 and 722 nm. The reference porphyrin Ph-PZn-Ph (75) exhibits 

a broad fluorescence band with maximum at 698 nm and with a lifetime of τ1 = 3.5 ns. 

Triad TPPH2-PZn-TPPH2 (72) when irradiated at 517 nm, corresponding to selective 

excitation of NH2TPPH2 (68), shows emission which closely resembles that of the 

free base porphyrin chromophore at 661 and 719 nm (Figure 32a). Also, when excited 

at 467 nm corresponding mainly to the central Zn porphyrin, an almost identical 

spectrum was observed (Figure 32a). The excitation spectrum of TPPH2-PZn-TPPH2 

(72) monitoring at the emission of the free base side porphyrins at 661 nm shows 

absorption features from both chromophores constituting TPPH2-PZn-TPPH2 (72) 

(Figure 32b). In addition, time resolved emission measurements with pulsed 

excitation of mainly the peripheral porphyrins at 400 nm, show that TPPH2-PZn-

TPPH2 (72) exhibits a dual exponential decay with lifetimes of 2.9 and 9.8 ns 

respectively. By comparison with the fluorescence lifetimes of reference compound 

Ph-PZn-Ph (75) and NH2TPPH2 (68) we attribute the short lifetime of TPPH2-PZn-

TPPH2 (72) to the central Zn-porphyrin and the longer one to the peripheral freebase 
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porphyrins. Combination of the results from the excitation spectrum and the time-

resolved fluorescence measurements of TPPH2-PZn-TPPH2 (72) show that 

excitation of either of the chromophores of TPPH2-PZn-TPPH2 (72) into its first 

singlet excited state results in partial energy transfer to the first singlet excited state of 

the other chromophore. This is expected because, as shown by the emission spectra of 

TPPH2-PZn-TPPH2 (72) and Ph-PZn-Ph (75) in toluene glass at 77 K, the first 

singlet excited states of the freebase (1.88 eV) and Zn-porphyrin chromophores (1.82 

eV) of TPPH2-PZn-TPPH2 (72), are almost isoenergetic (energy deference of ca. 500 

cm
-1

). In the case of triad BDP-PZn-BDP (74), irradiation at 491 nm, corresponding 

to selective excitation of the two BDP units, results in emission from the Zn-

porphyrin chromophore at 684 nm, as well as residual fluorescence from the two BDP 

groups at 518 nm (Figure 33a). The BDP based emission in BDP-PZn-BDP (74) is 

strongly quenched when compared to the emission measured for BDPNH2 (73). 

Moreover, the excitation spectrum of BDP-PZn-BDP (74) monitoring at the 

fluorescence of the porphyrin moiety at 685 nm shows an intense BDP absorption 

feature at 499 nm (Figure 33b). This is a clear indication of BDP to porphyrin singlet 

energy transfer following excitation of the BDP unit. 

 

 

  

Figure 32.  (a) Emission spectra of TPPH2-PZn-TPPH2 (72) exciting at 517 nm 

(peripheral porphyrin) and 557 nm (central porphyrin) and (b) 

excitation spectrum of TPPH2-PZn-TPPH2 (72) monitoring at 661 nm 

at room temperature in toluene. 

 



41 

 

 

Figure 33.  (a) Emission spectrum of BDP-PZn-BDP (74) exciting at 491 nm 

(BDP chromophore) and (b) excitation spectrum of BDP-PZn-BDP 

(74) monitoring at 685 nm at room temperature in toluene. 

 

2.2 SECTION Β: Porphyrin based dyads 

 

2.2.1 Synthesis and characterization  

As shown in Scheme 5, porphyrin dyads (ZnP)-[triazine-gly]-(H2PCOOH) (82) and 

(ZnP)-[triazine-Npip]-(H2PCOOH) (83), abbreviated as P-tg-P´ and P-tNp-P´, 

respectively, consist of a meso aryl-substituted zinc-metallated porphyrin unit P 

(namely 5-(4-aminophenyl)-10,15,20-triphenylporphyrin zinc) and a free-base 

porphyrin unit P΄ (namely 5-(4-carboxyphenyl)-15-(4-aminophenyl)-10,20-bis(2,4,6-

trimethylphenyl)porphyrin) which are connected, through aryl-amino groups at their 

peripheries, by a central 1,3,5-triazine moiety. In the former, the triazine ring is 

further functionalized by a glycine group, while in the latter by an N-piperidine group. 

Both porphyrin dyads contain potential anchoring groups for attachment onto the 

TiO2 surface of DSSC electrodes: the former two carboxylic acid groups, while the 

latter one carboxylic acid and one N-substituted piperidine group. 

    

Scheme 5. Porphyrin dyads 82 and 83. 
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The syntheses of two dyads, shown in Scheme 6, was accomplished via stepwise 

amination reactions of cyanuric chloride, which is the precursor of the bridging 1,3,5-

triazine group of both dyads. The potential of cyanuric chloride to provide access to a 

variety of triazine-bridged assemblies, such as macrocycles,
150

 dendrimers,
151, 152

 and 

multiporphyrin arrays,
153-156

 has been demonstrated in the past. Furthermore, we 

recently reported symmetrical and unsymmetrical triazine-bridged porphyrin dyads 

and triads.[Error! Bookmark not defined.,Error! Bookmark not defined.] 

The initial step for the synthesis of both dyads involves the reaction of cyanuric 

chloride with H2[Porph] in the presence of the base DIPEA at 0 
o
C in THF (Scheme 

2). The reaction was monitored by TLC indicating the disappearance of the reactants 

and the formation of the mono-porphyrin-triazine adduct 77. The latter was not 

isolated but further reacted at room temperature with Zn[TPP-NH2] (78) affording the 

di-porphyrin-triazine adduct 79. The third chlorine atom of cyanuric chloride was 

substituted by a glycine-methyl ester moiety in a one-pot reaction at 65 
o
C resulting in 

the di-porphyrin-triazine-glycine methyl ester adduct 80, as confirmed by 
1
H NMR 

spectroscopy and MALDI-TOF spectrometry. In the 
1
H NMR spectrum of 80, the 

signals of the aromatic H’s ortho to the amino groups of Zn[TPP-NH2] (78), after 

attachment to the triazine ring, are downfield displaced compared to those of free 

Zn[TPP-NH2] (78). Basic hydrolysis of the methyl ester groups of 3a resulted in the 

formation of porphyrin dyad P-tg-P΄ (82), in almost quantitative yield, as indicated by 

1
H NMR spectroscopy, MALDI-TOF spectrometry, UV-vis absorption spectroscopy. 

In the 
1
H NMR spectrum of 82, with respect to that of 80, it should be noted the 

absence of the signal attributed to the methyl-ester H’s after hydrolysis reaction.  
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Scheme 6. The experimental route for the syntheses of the dyads 

 

Porphyrin dyad P-tNp-P΄ (83) was synthesized in a similar method, following the 

above mentioned sequence of reactions. Piperidine group was introduced in a 

substitution reaction of the third chlorine atom of cyanuric chloride yielding the di-

porphyrin-triazine-piperidine adduct 81. Hydrolysis reaction resulted in the formation 

of the desired porphyrin dyad 83. 
1
H and 

13
C NMR spectroscopy, MALDI-TOF 

spectrometry, UV-vis absorption spectroscopy, confirmed the identity and purity of 

the product. 

 

2.2.2 Photophysical studies  

The UV-vis absorption spectra of dyads P-tg-P´ (82) and P-tNp-P´ (83) in THF 

solutions are shown in Figure 34a and 34b, respectively (black color). The absorption 

spectra of both dyads exhibit the typical porphyrin absorption bands, with intense 

Soret band in the 400-450 nm range and four moderate bands in the 500-700 nm with 

no additional features. This indicates that in ground states of the dyads there is no 

significant electronic interaction between the two porphyrin units attached to the 

triazine ring. The absorption spectra of P-tg-P´(82) and P-tNp-P´(83) adsorbed onto 
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TiO2 film (Figure 34a and 34b, red color) shows the usual porphyrin Soret and Q 

bands. In general, when porphyrins are adsorbed onto the TiO2 surface, they form 

either H- or J-aggregates. The broader and red shifted bands of both porphyrin dyads 

may be attributed to intermolecular interactions that result in the formation of J-type 

aggregates.
157-159

 As can be seen from Figure 34b, the red shift and broadening are 

more pronounced for dyad P-tg-P´(82), suggesting a stronger electronic coupling, 

which may be due to the presence of two carboxylic acid anchoring units in its 

molecular structure.
159

 Furthermore, it is an indication of an enhanced light harvesting 

ability of P-tg-P´ (82) compared to P-tNp-P´(83).  

 

Figure 34. Normalized UV-vis absorption spectra of dyads (a) P-tg-P´ (82) and 

(b) P-tNp-P´ (83) in THF solutions (black color lines) and after adsorbed onto TiO2 

films (red color lines). 
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Table 13.  Photophysical data, and calculated optical band gaps Eg
opt

 for dyads P-tg-

P´(82) and P-tNp-P´(83). 

Compound Absorption λmax, nm 

(ε,  10
5

 Μ
1

.cm
1

) in 

solution
a
 

Absorption 

λmax, nm on 

TiO2 film 

Emission 

λmax, nm in 

solution
a
 

P-tg-P´ 

(82) 

424 (5.277), 517 

(0.141), 560 (0.195), 

601 (0.118), 647 

(0.046) 

430, 522, 

564, 604, 654 

612, 656, 

717 

P-tNp-P´ 

(83) 

424 (5.146), 515 

(0.162), 555 (0.188), 

596 (0.093), 649 

(0.038) 

430, 522, 

560, 600, 648 

608, 655, 

718 

               a
 measured in THF at 298K 

In Figure 35 the steady-state fluorescence spectra of the two dyads P-tg-P´(82) and P-

tNp-P´ (83) in THF solutions are shown. Exciting the porphyrin dyads at the Soret 

band (424 nm) results in photoluminescence with three peaks of unequal intensities: 

612, 656 and 718 nm for the former (black color line), and 608, 655 and 717 nm for 

the latter (red color line), respectively. Since both dyads contain free-base and zinc-

metallated porphyrin units, their fluorescence spectra result from the superposition of 

the fluorescence spectra of these two moieties.  

 

Figure 35. Isoabsorbing fluorescence spectra of dyads P-tg-P´(82) (black color 

line) and P-tNp-P´ (83) (red color line) in THF solutions.  
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2.2.3 Electrochemical studies  

The electrochemical behavior of P-tg-P´ (82) and P-tNp-P´ (83) porphyrin dyads was 

investigated with cyclic and square-wave voltammetry measurements.
7
 The 

corresponding cyclic and voltammogram is presented in Figure 36, while the relevant 

electrochemical data are listed in Table 14. The first oxidation for both dyads is a 

reversible process occurring at Eox
1
 = +1.07 V vs NHE, while the first reductions are 

reversible processes observed at Ered
1
 = -0.86 and Ered

1
 = -0.85 V vs NHE for P-tg-P´ 

(82) and P-tNp-P´ (83), respectively. In general, both dyads exhibit the typical 

electrochemical processes of assemblies consisted of aryl-substituted Zn-metallated 

and free-base porphyrin units. 

 

Figure 36.  Cyclic voltamograms of dyads P-tg-P´(82) and P-tNp-P´ (83) in DMSO 

vs NHE. The ferrocene/ferrocenium (Fc/Fc
+
) redox couple wave is 

observed at 0.69 V.  

Table 14.  Electrochemical data, and calculated band gaps Eg
elec

 for dyads P-tg-

P´(82) and P-tNp-P´(83).  

 

Compound E
1

ox, V E
2

ox, V E
1

red, V E
2

red, V E
3

red, V E
4

red, V 

P-tg-P´(82) 1.07 1.36 -0.86 -1.10 -1.28 -1.50 

P-tNp-P´(83) 1.07 1.32 -0.85 -1.08 -1.32 -1.49 

 

P-tNp-P’ 

P-tg-P’ 
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An efficient sensitizer should have HOMO and LUMO energy levels which are 

compatible with the redox potential of electrolyte and conduction band (CB) edge of 

TiO2, respectively, so that efficient electron injection and regeneration processes are 

enabled. For efficient electron injection from the photoexcited sensitizer into the TiO2 

CB, the LUMO energy level of the sensitizer should be higher than the TiO2 CB edge 

(-0.5 V vs NHE). In addition, for efficient electron regeneration of the sensitizer radial 

cation (after photoinduced electron injection), the HOMO energy level of the 

sensitizer should be lower than the potential of the electrolyte redox I

/I3


 couple 

(+0.4 V vs NHE). As mentioned above, the first oxidation potential for both dyads is 

+1.07 V vs NHE, while the first reduction potentials are -0.86 and -0.85 V vs NHE 

for P-tg-P´ (82) and P-tNp-P´(83), respectively, which means that there is sufficient 

driving force for efficient electron injection and dye regeneration processes for the P-

tg-P´ (82) and P-tNp-P´(83) sensitized solar cells. This is also depicted schematically 

in the energy diagram shown in Scheme 7.
160

 

 

Scheme 7. Energy diagram depicting HOMO and LUMO potentials of the dyads. 

 

2.2.4 Photovoltaic properties 

Porphyrin dyads P-tg-P´ (82) and P-tNp-P´ (83) were used as sensitizers for the 

fabrication of DSSCs. The current-voltage (J-V) characteristics under illumination 

(AM 1.5, 100 mW/cm
2
) of the two DSSCs are presented in Figure 37a while the 

corresponding photovoltaic parameters are summarized in Table 4. The device based 
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on the P-tg-P´ (82) dyad exhibits short circuit photocurrent (Jsc), open circuit voltage 

(Voc), and fill factor (FF) values of 11.44 mA/cm
2
, 0.68 V and 0.70, respectively, 

resulting in an overall PCE value of 5.44%, while the values of the corresponding 

photovoltaic parameters of the P-tNp-P΄(83) based solar cell are 9.84 mA/cm
2
, 0.62 

V, 0.68, giving a PCE value of 4.15%. 

 

Figure 37. (a) Current-voltage (J-V) characteristics, and (b) IPCE spectra of 

DSSCs based on P-tg-P´ (82) (red color lines) and P-tNp-P´ (83) (black color lines). 

 

Table 15. Photovoltaic parameters of DSSCs sensitized by dyads P-tg-P´ (82) 

and P-tNp-P´ (83).  

DSSC sensitized 

by 

Jsc
a
, mA/cm

2
 Voc

b
, V FF

c
 PCE

d
 (%)  

P-tg-P´ (82) 11.44 0.68 0.70 5.44 

P-tNp-P´ (83) 9.84 0.62 0.68 4.15 

a
 short circuit current  

b
 open circuit voltage  

c
 fill factor,  

d
 photoconversion efficiency. 
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A major reason for the higher PCE value of the P-tg-P΄ based solar cell is its enhanced 

Jsc value. This is reflected in the IPCE spectral responses of the P-tg-P´ (82) and P-

tNp-P´ (83) sensitized DSSCs, which, as shown in Figure 37b, extend up to ~ 680 nm 

for both solar cells. The P-tg-P´ (82) solar cell exhibits a stronger and more extended 

IPCE response than the latter solar cell, which accounts for its higher Jsc value.  

Furthermore, analysis of the amounts of dye adsorbed onto the TiO2 surface of the 

photoanodes of the two DSSCs by desorption method,
161

 revealed that the dye loading 

for the P-tg-P´ (82) based TiO2 photoanode is higher than that of the P-tNp-P´ (83) 

based photoanode. This might be related to the more effective binding of the former 

dyad onto the TiO2 surface, due to the presence of two carboxylic acid anchoring 

groups on its structure, compared to one carboxylic acid group and a hindered N-

piperidine binding site in the latter. Therefore, P-tg-P´ (82) is supposed to exhibit a 

lower tendency to form π-π stacked dye aggregates onto the TiO2 surface that of P-

tNp-P´(83), resulting in an increased electron injection efficiency into the TiO2 CB 

and an increased overall PCE.
162

 

The different photovoltaic performances of the P-tg-P΄ and P-tNp-P΄ based solar cells 

can be related to the fact that dyad P-tg-P´ contains two carboxylic acid anchoring 

group, while dyad P-tNp-P´ contains only one carboxylic acid anchoring group and an 

N-piperidine binding site. Considering that N-piperidine binding site is hindered and 

not as effectively binding site as carboxylic acids, the attachment of P-tg-P΄ and P-

tNp-P΄ onto the TiO2 surface can be depicted by a branched system bound through 

two carboxylic acid groups and a linear system bound through one carboxylic acid 

group, respectively (Scheme 8). In the former case, this leads to the formation of a 

more compact layer of dye adsorbed onto the TiO2 film (as evidenced by the higher 

dye loading), and results in a cooperative electron transfer to the TiO2 surface and 

more efficient electron injection (as evidenced by the longer electron lifetime and 

higher charge recombination resistance).  
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Scheme 8. Binding sites that are placed on the dyads. 

 

2.3 SECTION C: Metal-ligand porphyrin based dyads 

 

2.3.1 Synthesis of dimeric compounds 

The preparation of Ruthenium tetraphenyl porphyrin TPP 86 was achieved by 

addition of Ru3(CO)12 to TPP in refluxing decalin under nitrogen atmosphere. The 

corresponding metal complex 86 was obtained in high yields and was characterized. 

UV–Vis absorption spectra of the formed metal-complexes are of normal type for five 

and four coordinated porphyrins. 

 

 

Scheme 9. Synthesis of porphyrins 84-87. 
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Then, mono pyridyl tetraester porphyrin was obtained by reaction of methyl-4-formyl 

benzoate, pyridine-4-carbaldehyde and pyrrole (added dropwise) propionic acid at 

reflux for 2 h. The product 84 was isolated by column chromatography in 36% yield. 

Hydrolysis of the product produced porphyrin 85 in 85% yield. In the final step Ru 

TPP 86 and porphyrin 85 was left stirring at reflux under nitrogen overnight The 

product was isolated with precipitation using hexane and washing the solid with cold 

hexane and methanol until the washings were colorless, to obtain dimer 87 in 

quantitative yield (Scheme 9). The complex was characterized by 
1
H-NMR in d8-THF 

where, all the peaks corresponding to the product (87) were observed. Formation of 

the complex was indicated by the presence of two pyridine peaks that were appeared 

at 6.21 and 2.00 ppm due to the shielding of the RuTPP 86 porphyrin. Even though 

dissociation of the compound was noticed in a percentage about 70/30 (free 

porphyrins : 87).  Porphyrin dyad 87 was used as sensitizer for DSSCs. The PCE was 

measured 1.3 %. Then, porphyrin 87 was attached onto TiO2 and gave a very similar 

PCE 1.31 %. In another effort the dyad was attempted to be formed onto TiO2. 

Therefore, porphyrin 85 with three carboxylic acids as anchoring groups were 

attached onto TiO2 then RuTPP 86 was added and then excess was washed with THF. 

This system gave a lower PCE 0.76 %, that indicates possibly the dissociation of the 

chromophores (Table 16). 

 

Table 16. Photovoltaic parameters of DSSCs sensitized by dyads 85-87 

Dye Voc/mV Jsc/mAcm
-2

 FF n/% 

85 525 3.41 0.73 1.3 

87 534 3.32 0.74 1.31 

85 + 86 522 2.0 0.71 0.76 

 

3,5-Di-tert-butylbenzaldehyde was synthesized by reaction of 3,5-di-tert-butyltoluene, 

bromosuccinimide, and benzoyl peroxide in CC14 at reflux for 4 h to obtain the 

desired product in 63% yield. Then 3 equivalents of 3,5-di-tert-butylbenzaldehyde, 1 

eq of 4-formylbenzoate and 4 eq of pyrrole was refluxed in propionic acid for 1.5 h. 

After column chromatography the porphyrin 88 was obtained in 5 % yield as purple 

solid.
163

 Then the carboxylic acid 89 derivative was obtained by saponification using 
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excess of KOH in THF/MeOH mixture followed by dropwise addition of 2 N HCl 

until formation of the precipitate.
164

 Insertion of ruthenium was achieved by addition 

of Ru3(CO)12 to porphyrin 89 in refluxing decalin under N2 atmosphere. The 

corresponding metal complex 90 was obtained in high yield 95% (Scheme 10).  

 

Scheme 10. Synthesis of compounds 88-90. 

 

Tetra(3,5-di-tert-butylphenyl)-porphyrin 91 was obtained by reaction of the aldehyde 

with pyrrole in propionic acid at reflux for 2.5 h. The product obtained as purple solid 

after participation in 15% yield. Insertion of ruthenium was achieved by addition of 

Ru3(CO)12 to porphyrin 91 in refluxing decalin under N2 atmosphere. The 

corresponding metal complexe 92 was obtained in high yield (Scheme 11). UV–Vis 

absorption spectrum of the formed metal-complex is of normal type for five and four 

coordinated porphyrins. Indicative for the formation of the metal complex is the blue 

or red shift for the Soret band related to the free base. At the Ru(III) coordinated 

complex the Soret band is blue shifted related to the free base. Also the appearance of 

two Q bands for the metal porphyrin instead of four for the free base is characteristic 

for the metallation. In addition, the absence of negative chemical shift in the 
1
H NMR 

spectra due to the hydrogen of pyrrole ring was indicative for the insertion of metal. 

The carboxylic acid derivative was obtained by saponification using excess of KOH 

in THF/MeOH mixture followed by dropwise addition of 2 N HCl until formation of 

the precipitate. In the final step Ru porphyrin 92 and isonicotinic acid was left stirring 

at reflux under nitrogen overnight. The product was isolated with precipitation using 

hexane and washing the solid with cold hexane and methanol until the washings were 

colorless, to obtain dimer 93 in quantitative yield. Studies of the 
1
H-NMR spectrum 
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showed that the protons of the bound pyridine are shielded by the porphyrin ring-

current and resonate at 5.78 and 1.76 ppm.  

 

 

Scheme 11. Synthesis of compounds 91-93. 

 

2.4 SECTION D: Porphyrin based photosensitizers with long alkyl chains 

 

2.4.1 Synthesis of porphyrinic compounds 

The aim of this section was the synthesis of porphyrin molecules bearing anchoring 

groups (carboxylic acids) directly attached on the porphyrin ring. Therefore, 5,15 

diphenyl porphyrin 94 was synthesized by reacting dippyromethane with 

benzaldehyde in the presence of TFA under nitrogen at r.t. for 3 h. Then, DDQ was 

added after 1h Et3N was added and the product obtained after filtration through silica 

gel, in 27% yield. In the next step di-Br porphyrin 95 was obtained by reacting 

porphyrin 94 with NBS in the presence of pyridine in CHCl3 in 89% yield. This 

product was reacted with tris(dibenzylideneacetone)dipalladium(0), 

triphenylphosphine and 2-cyanoethylzinc bromide in dry dioxane under nitrogen. The 

di-CN porphyrin 96 was obtained as green solid after column chromatography in 94% 

yield. Attempts to hydrolyze the porphyrin in order to obtain the di acid final 

porphyrin 97 failed due to solubility problems. In order to overcome this problem we 

added long alkyl chains on the phenyl ring (Scheme 12). 
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Scheme 12. Synthesis of the cyano-phenyl porphyrin 94-97. 

 

Aldehyde 98 with long alkyl chain was synthesized by reaction of 3,4 dihydroxy 

benzaldehyde with bromododecane and K2CO3 in the DMF at reflux, overnight. The 

product was obtained in 76% yield, as white crystals after recrystalization in ethanol. 

Porphyrin 99 was synthesized by reacting dippyromethane with aldehyde 98 in the 

presence of TFA under nitrogen at r.t. for 3 h. Then, DDQ was added after 40 min 

Et3N was added and the product obtained after filtration through silica gel, in 26% 

yield. In the next step di-Br porphyrin 100 was obtained by reacting porphyrin 99 

with NBS in the presence of pyridine in CHCl3 in 85% yield. All attempts to obtain 

di-CN porphyrin 101 under standard experimental procedure failed (same as 

experimental procedure for porphyrin 96) (Scheme 13). 

 

 

Scheme 13. Synthesis of porphyrins 99-100. 
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Since the di-acid porphyrin could not be obtained we changed our synthetic plan and 

we prepared porphyrin 105, where two carboxylic acids were attached at the meso 

position of the porphyrin ring via a triple bond (Scheme X). Free base porphyrin 99 

was metallated using zinc acetate in dichloromehane stirring at rt overnight. Pure 

product 102 was obtained after column chromatography in 79% yield. Then bis 

bromination of the porphyrin gave desired product 103 in 96% yield. Sonogashira 

coupling was used in order to introduce the ethyne link between the porphyrin and the 

carboxylic acid anchoring group. Therefore, bis-brominated porphyrin, 

tetrakis(triphenylphosphine)palladium(0) Pd(PPh3)4  and copper(I) iodide were dried 

under vacuum. The system was flushed with nitrogen, then THF and dry triethylamine 

were added. The solution was degassed by three freeze-thaw cycles. Once it had 

returned to room temperature, methyl benzoate-ester was added and the mixture 

stirred at 40 
0
C for 24 h. The reaction mixture was cleaned with column 

chromatography to obtain product 104 in 81% yield. Finally, bis-carboxylic acid 

porphyrin was obtained by reaction of porphyrin and 2 N KOH, in a THF/MeOH 

mixture. The acid 105 was precipitated by the slow addition of 1 N HCl in 94% yield 

(Scheme 14). 

 

 

Scheme 14. Synthesis of di-acid porphyrin porphyrin 105. 
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Mono-brominated porphyrin was obtained by reacting free base porphyrin 99 with 1 

equivalent of N-bromosuccinimide at 0 
0
C for 1h. The reaction was monitored with 

TLC and after reaction completion all three compounds were present: starting 

material, reaction product and bis-bromo porphyrin. Mono brominated compound 106 

was separated by column chromatography in 57% yield. Then, metallated porphyrin 

was prepared by reacting 106 with zinc acetate in dichloromehane stirring at rt 

overnight. Pure product 107 obtained after column chromatography in 96% yield. In 

an effort to prepare first the zinc porphyrin and then add the bromide at the meso 

position gave a mixture of three products with very similar retention factors (Rfs) and 

it was not possible to separate them by column chromatography. In a future work 

mono brominated porphyrin will react with methyl benzoate-ester in a Sonogashira 

coupling reaction. Then, the ester group will be hydrolyzed in order to obtain mono 

carboxylic acid porphyrin. 

 

Scheme 15. Synthesis of mono-bromo- porphyrin 107. 
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3. EXPERIMENTAL PART 

 

3.1 SECTION A: Porphyrin based triads 

3.1.1 Materials 

BDPNH2 (73) and porphyrins PH2 (69), PZn (70), Br2PZn (71) were prepared 

according to the literature.
142, 143

 All dry solvents used were dried by the appropriate 

techniques.
165

  

 

3.1.2 NMR spectra 

1
H NMR spectra were recorded on Bruker AMX-500 MHz and Bruker DPX-300 

MHz spectrometers as solutions in deuterated solvents by using the solvent peak as 

the internal standard.  

 

3.1.3 Mass spectra  

High-resolution mass spectra were performed on a Bruker ultrafleXtreme MALDI-

TOF/TOF spectrometer. 

 

3.1.4 X-ray Crystallography  

Single crystals for Ph-PZn-Ph (75) were obtained by slow evaporation of a 

THF/pentane mixture (1:1 v/v). The crystals were protected with paratone-N and were 

mounted for data collection. Intensity data were collected at STOE IPDSII 

diffractometer using graphite monochromated Mo-Kα radiation (ι=0.71070 Å). The 

data were collected at 300 K using two σ scans with an increment of 1
o
, an exposure 

time of 2 min for each oscillation and distance of 100 mm. Data reduction including 

absorption correction and cell dimension post refinement were performed using X-

Area software package. The structure was solved using SIR 92
166

 program and refined 

by full matrix least squares on F
2
 values for all reflections using (SHELX-S97). All 

non hydrogen atoms were refined with anisotropic displacement parameters using 

SHELXL-97.
167

 All the hydrogen atoms were introduced at calculated positions as 

riding on bonded atoms. 
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3.1.5 Electrochemistry 

Cyclic and square wave voltammetry experiments were carried out at room 

temperature using an AutoLab PGSTAT20 potentiostat and appropriate routines 

available in the operating software (GPES version 4.9). All measurements were 

carried out in freshly distilled and deoxygenated dichloromethane and THF with a 

solute concentration of ca. 1.0 mM in the presence of tetrabutylammonium 

hexafluorophosphate (0.1 M) as supporting electrolyte. A three-electrode cell setup 

was used with a platinum working electrode, a saturated calomel (SCE) reference 

electrode, and a platinum wire as counter electrode. All potentials are reported versus 

the ferrocene/ferrocenium couple (0.44 V versus SCE under the above conditions). 

 

3.1.6 Photophysical Measurements 

UV-Vis absorption spectra were measured on a Shimadzu UV-1700 

spectrophotometer using 10 mm path-length cuvettes. The emission spectra were 

measured on a JASCO FP-6500 fluorescence spectrophotometer equipped with a red-

sensitive WRE-343 photomultiplier tube (wavelength range 200-850 nm). Quantum 

yields were determined from corrected emission spectra following the standard 

methods
168

 using meso-tetraphenylporphyrin (TPP) (Φ = 0.11 in toluene
169

) or zinc 

meso-tetraphenylporphyrin (ZnTPP) (Φ = 0.03 in toluene
169

) as standards. Emission 

lifetimes were determined by the time-correlated single-photon counting technique 

using an Edinburgh Instruments mini-tau lifetime spectrophotometer equipped with 

an EPL 405 pulsed diode laser at 406.0 nm with a pulse width of 71.52 ps and pulse 

periods of 200 ns and 100 ns and a high-speed red sensitive photomultiplier tube 

(H5773-04) as detector.  

 

3.1.7 Computational Methods 

Theoretical calculations of the trimeric compounds were performed using density 

functional theory (DFT)
170

 on GAUSSIAN 03
171

 program.  Gas phase geometry 

optimization of the compounds was carried out employing Becke three parameter 

exchange functional in conjunction with LeeYangParr correlation functional 

(B3LYP).
172, 173

  6-31G(d) basis sets was used for lighter atoms and LANL2DZ basis 

set was used for Zn atom. The geometry optimization of reference compound Ph-

PZn-Ph (75) was carried out adopting the coordinates from the X-ray structure, while 
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input structure of the TPPH2-PZn-TPPH2 (72) and BDP-PZn-BDP (74) was 

modeled on the optimized structure of the Ph-PZn-Ph (75) using ChemCraft software 

(version 1.6). The global minimum of the optimized structure was confirmed by 

observation of no negative frequencies in frequency calculation. Single point 

calculations of all the compounds were carried out employing the geometry optimized 

coordinates. TDDFT calculations were performed in THF solvent using polarizable 

continuum model (PCM) implemented on Gaussian 03.
174

 All the computed structures 

and the orbitals were visualized by ChemCraft software (version 1.6).   

 

3.1.8 Synthesis of 5-(4-Aminophenyl)-10,15,20-triphenylporphyrin (NH2TPPH2) 

(68) 

 

Tetraphenyl porphyrin (2 g, 3.25 mmol) was dissolved in dichloromethane (300 mL). 

Nitric acid 65 % (4.2 mL, 61.75 mmol) was added with a dropping funnel at 0 
o
C over 

a 2 h period. The reaction was monitored by TLC and when it was converted to the 

desired product the solution was washed 3 x 150 mL with saturated solution of 

NaHCO3 and then 3 x 150 mL with H2O and dried using sodium sulfate. The solvent 

was removed under reduced pressure and the crude product was dissolved in HCl (65 

mL), tin chloride (2 g, 10.5 mmol) was added and the solution was refluxed overnight. 

The mixture was neutralized by addition of aqueous ammonia, and washed with ethyl 

acetate (5 x 150 mL) dried and solvent was removed. The desired product 68 was 

isolated by silica column chromatography CH2Cl2 to obtain the desired product as a 

purple solid (1.3 gr, 63 %). 
1
H NMR (500 MHz, CDCl3): δ 8.96 (d, J = 4.5 Hz, 2 H), 

8.86 (s, 6 H), 8.24 (m, 6 H), 8.00 (d, J = 8.5, 2 H), 7.77 (m, 9H), 7.05 (d, J = 8.5, 2 

H), 3.99 (s, 2H), -2.71 (s, 2 H); 
13

C NMR (75 MHz, CDCl3):   146.2, 142.4, 135.8, 

134.7, 132.5,131.2, 127.8, 126.8, 121.0, 120.1, 119.9, 113.6; UV/vis (Toluene) ιmax, 

nm (ε, mM
-1

 cm
-1

) 422 (258.2), 516 (12.5), 552 (6.8), 594 (3.6), 650 (2.8); HRMS 

(MALDI-TOF) calcd for C44H32N5 [M+H]
+
 630.2658, found 630.2662. 
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3.1.9 Synthesis of trimer porphyrin TPPH2-PZn-TPPH2 (72) 

 

Zn-meso-dibromoporphyrin Br2PZn (48 mg, 0.06 mmol), palladium acetate (1.3 mg, 

0.006 mmol), bis(2-diphenylphosphinophenyl)ether (DPEphos) (4.8 mg, 0.009 mmol) 

and cesium carbonate (55 mg, 0.17 mmol) were added in a dry Schlenk tube. Then 

monoaminophenyl porphyrin (NH2TPPH2) (181 mg, 0.29 mmol) and dry THF (6 

mL) were added. The mixture was refluxed at 68 
o
C under argon for 4 days. The 

reaction was monitored by TLC. The desired compound was isolated by silica column 

chromatography THF:Hex (3/7) to obtain TPPH2-PZn-TPPH2 (72) as a purple solid 

(71 mg, 63 %). 
1
H-NMR (300 MHz, d8-THF): δ 9.77 (d, J = 4.5 Hz, 4H), 9.04 (d, 

2H), 8.89 (d, J = 4.8 Hz, 4H), 8.79 (m, 16H), 8.48 (d, J = 8.1 Hz, 4H), 8.40 (d, J = 8.1 

Hz, 4H), 8.19 (m, 12H), 7.97 (d, J = 8.4 Hz, 4H), 7.75 (m, 18H), 7.30 (d, J = 8.4 Hz, 

4H), 4.10 (s, 6H), -2.67 (s, 4H); 
13

C NMR (75 MHz, d8-THF):  167.5, 155.0, 152.6, 

150.5, 149.3, 146.5, 143.6, 143.5, 136.7, 136.4, 135.5, 133.1, 132.6, 131.8, 130.9, 

130.5, 129.6, 128.7, 127.7, 126.1, 122.5, 121.2,  120.9, 120.3, 113.6, 52.5; UV/vis 

(Toluene) ιmax, nm (ε, mM
-1

 cm
-1

) 420 (571.6), 445 sh (213.6) 516 (17.2), 556 (15.0), 

595 (8.7), 650 (6.6); HRMS (MALDI-TOF) calcd for C124H83N14O4Zn [M+H]
+
 

1895.6013, found 1895.6009.  

 

3.1.10 Synthesis of porphyrin BDP-PZn-BDP (74) 
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Zn-meso-dibromoporphyrin Br2PZn (71) (32 mg, 0.04 mmol), palladium acetate (0.9 

mg, 0.004 mmol), bis(2-diphenylphosphinophenyl)ether (DPEphos) (3.2 mg, 0.006 

mmol) and cesium carbonate (36 mg, 0.11 mmol) were added in a dry Schlenk tube. 

Then BDPNH2 (73) (65 mg, 0.19 mmol) and dry THF (5 mL) were added. The 

mixture was refluxed at 68 
o
C under argon for 20 h. The reaction was monitored by 

TLC. The desired compound was isolated by column chromatography THF:Hex (3/7) 

to obtain BDP-PZn-BDP (74) as a purple solid (49 mg, 93 %). 
1
H NMR (500 MHz, 

d8-THF):  9.54 (s, 2H), 9.40 (d, J = 4.5 Hz, 4H), 8.71 (d, J = 4.5 Hz,  4H), 8.41 (d, J 

= 8.0 Hz, 4H), 8.28 (d, J = 8.0 Hz, 4H), 7.01 (m, 8H), 6.00 (s, 4H), 4.06 (s, 6H), 2.45 

(s, 12H), 1.69 (s, 12H); 
13

C NMR (75 MHz, d8-THF):  167.4, 155.9, 155.5, 152.1, 

150.3, 148.9, 144.2, 143.6, 135.4, 133.0, 132.3, 130.5, 130.0, 129.8, 128.4, 124.7, 

121.5, 120.3, 119.7, 115.6, 52.4, 15.0, 14.6; UV/vis (Toluene) ιmax, nm (ε, mM
-1

 cm
-1

) 

445 (119.8), 503 (113.9), 561 (11.0), 614 (8.1); HRMS (MALDI-TOF) calcd for 

C74H60B2F4N10O4Zn [M]
+
 1314.4213, found 1314.4217.  

 

3.1.11 Synthesis of porphyrin Ph-PZn-Ph (75) 

 

Zn-meso-dibromoporphyrin Br2PZn (71) (32 mg, 0.04 mmol), palladium acetate (0.9 

mg, 0.004 mmol), bis(2-diphenylphosphinophenyl)ether (DPEphos) (3.2 mg, 0.006 

mmol) and cesium carbonate (36 mg, 0.11 mmol) were added in a dry Schlenk tube. 

Then aniline (18 κl, 0.19 mmol) and dry THF (5 ml) were added. The mixture was 

refluxed at 68 
o
C under argon for 15 h. The reaction was monitored by TLC. The 

desired compound was isolated by column chromatography THF:Hex (2/8) to obtain 

Ph-PZn-Ph (75) as a purple solid (30 mg, 91 %). 
1
H NMR (500 MHz, d8-THF):  

9.39 (d, J = 4.5 Hz, 4 H), 9.19 (s, 2 H), 8.67 (d, J = 4.5 Hz, 4H), 8.39 (d, J = 7.5 Hz, 

4H), 8.27 (d, J = 7.5 Hz, 4 H), 7.04 (m, 4 H), 6.84 (d, J = 7.5, 4 H), 6.65 (m, 2 H), 

4.04 (s, 6 H); 
13

C NMR (75 MHz, d8-THF):  167.5, 155.2, 152.4, 150.2, 149.3, 

135.6, 132.1, 130.5, 130.3, 129.8, 128.5, 120.5, 120.2, 118.6, 115.3, 52.5; UV/vis 
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(Toluene) ιmax, nm (ε, mM
-1

 cm
-1

) 444 (138.9), 561 (12.5), 614 (8.5); HRMS 

(MALDI-TOF) calcd for C48H34N6O4Zn [M]
+
 822.1933, found 822.1929.  

 

3.2 SECTION B: Porphyrin based dyads 

 

3.2.1 Photophysical measurements  

UV-vis absorption spectra were measured on a Shimadzu UV-1700 

spectrophotometer using 10 mm path-length cuvettes. Emission spectra were 

measured on a JASCO FP-6500 fluorescence spectrophotometer equipped with a red 

sensitive WRE-343 photomultiplier tube (wavelength range: 200-850 nm).  

3.2.2 Electrochemistry measurements  

Cyclic and square wave voltammetry experiments were carried out at room 

temperature using an AutoLab PGSTAT20 potentiostat and appropriate routines 

available in the operating software (GPES, version 4.9). Measurements were carried 

out in freshly distilled and deoxygenated THF, with scan rate 100 mV.s
-1

, with a 

solute concentration of 1.0 mM in the presence of tetrabutylammonium 

hexafluorophosphate (0.1 M) as supporting electrolyte. A three-electrode cell setup 

was used with a platinum working electrode, a saturated calomel (SCE) reference 

electrode, and a platinum wire as counter electrode. The system was calibrated by 

ferrocene. 

3.2.3 Synthesis of dyad (ZnP)-[triazine-gly]-(H2PCOOCH3) (80) 

 

 

To a THF solution (1 mL) of cyanuric chloride (0.0096 g, 0.052 mmol) and DIPEA 

(11 κL, 0.062 mmol) a THF solution (1 mL) of porphyrin H2[Porph] (0.040 g, 0.052 

mmol) was added, under Ar at 0 
o
C. The mixture was stirred at 0 

o
C for 15 min, and 

upon reaction completion (monitored by TLC), it was left to warm at room 
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temperature. Next, a THF solution (2 mL) of Zn[TPPNH2] (0.072 g, 0.104 mmol) and 

DIPEA (22 κL, 0.124 mmol) was added and the mixture was stirred at room 

temperature overnight. An excess of glycine methylester (0.065 g, 0.52 mmol) and 

DIPEA (180 κL, 1.04 mmol) were added and the mixture was stirred at 65 
o
C for 24h. 

The volatiles were removed under reduced pressure and after dilution in CH2Cl2; the 

residue was purified by column chromatography (silica gel, CH2Cl2/ethanol 5%). The 

product 80 was isolated as a purple solid. Yield: 0.052 g (61.5%). 
1
H NMR (300 

MHz, CDCl3): δ (ppm) 9.04 (s br, 2H), 8.93 (s br, 8H), 8.71 (m, 6H), 8.39 (m, 2H), 

8.30 (m, 2H), 8.19 (s br, 9H), 8.00 (d, J = 8.1 Hz, 4H), 7.93 (d, J = 7.5 Hz, 1H), 7.72 

(m, 9H), 7.52 (m, 1H), 7.20 (m, 5H), 4.08 (s, 3H), 3.75 (s, 3H), 2.58 (s, 6H), 1.78 (s, 

12H), -2.62 (s, 2H). UV-vis (CH2Cl2), ι, nm: 421, 515, 550, 591, 648. HRMS 

(MALDI-TOF): m/z calcd for C102H79N14O4Zn, 1627.5622 [M+H]
+
: found 1627.5637.  

 

3.2.4 Ester hydrolysis, synthesis of compound P-tg-P´ (82) 

 

 

To a THF solution (22 mL) of 80 (0.030 g, 0.018 mmol), 6 mL MeOH, 7.5 mL H2O 

and KOH (0.450 g, 0.008 mol) were added. After stirring the reaction mixture at room 

temperature overnight, the organic solvents were removed under reduced pressure and 

then a solution of HCl (0.5M) was added dropwise, until pH~6. The precipitate was 

filtered, washed with water, extracted with CH2Cl2 and purified by column 

chromatography (silica gel, CH2Cl2/EtOH 10%). The product P-tg-P´ (82) was 

isolated as a purple solid. Yield: 0.025 g (89%). 
1
H NMR (300 MHz, DMSO-d6): δ 

(ppm) 9.80 (s br, 2H), 8.97 (s br, 5H), 8.78 (s br, 7H), 8.65 (s br, 4H), 8.42 (s br, 4H), 

8.32 (s br, 2H), 8.22 (s br, 8H), 7.83 (s br, 7H), 7.32 (s br, 6H), 6.91 (m, 1H), 6.62 (s, 

1H), 4.00 (s, 2H), 3.40 (s, 6H), 1.25 (s, 12H), -2.68 (s, 2H); 
13

C NMR (125 MHz, 

DMSO-d6): δ (ppm) 171.8, 168.2, 165.7, 164.5, 149.7, 149.2, 145.7, 142.8, 138.4, 

137.7, 134.5, 134.2, 131.5, 130.2, 129.0, 128.7, 127.8, 127.4, 126.6, 120.2, 120.1, 
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117.7, 62.6, 52.0, 34.0, 29.2, 22.1, 21.1; UV-vis (DMSO), λ, nm (ε10
-3

, Μ
-1

.cm
-1

): 

429 (527.7), 517 (14.1), 560 (19.5), 601 (11.8), 647 (4.6). HRMS (MALDI-TOF): m/z 

calcd. for C100H75N14O4Zn: 1599.5309 [M+H]
+
, found 1599.5291.  

 

3.2.5 Synthesis of dyad (ZnP)-[triazine-Npip]-(H2PCOOH) (81)  

 

 

To a THF solution (1 mL) of cyanuric chloride (0.0096 g, 0.052 mmol) and DIPEA 

(11 κL, 0.062 mmol) a THF solution (1 mL) of porphyrin H2[Porph] (0.040 g, 0.052 

mmol) was added, under Ar at 0 
o
C. The mixture was stirred at 0 

o
C for 15 min, and 

upon reaction completion (monitored by TLC), it was left to warm at room 

temperature. Next, a THF solution (2 mL) of Zn[TPPNH2] (0.072 g, 0.104 mmol) and 

DIPEA (22 κL, 0.124 mmol) was added and the mixture was stirred at room 

temperature overnight. An excess of piperidine (78 κl, 0.52 mmol) and DIPEA (180 

κL, 1.04 mmol) were added and the mixture was stirred at 65 
o
C for 24h. The 

volatiles were removed under reduced pressure and after dilution in CH2Cl2, the 

residue was purified by column chromatography (silica gel, CH2Cl2/ethanol 2%). The 

product 81 was isolated as a purple solid. Yield: 0.055 g (65%). 
1
H NMR (300 MHz, 

CDCl3): δ (ppm) 9.11 (d, J = 4.8 Hz, 2H), 8.97 (t, J = 4.8Hz, 7H), 8.74 (m, 7H), 8.41 

(m, 3H), 8.34 (m, 3H), 8.24 (m, 9H), 8.04 (d, J = 8.1Hz, 4H), 7.76 (m, 8H), 7.30 (s, 

4H), 4.08 (s, 3H), 3.94 (s br, 5H), 2.62 (s, 6H), 1.84 (s, 12H), -2.57 (s, 2H). HRMS 

(MALDI-TOF): m/z calcd for C104H83N14O2Zn: 1623.6037 [M+H]
+
, found 1623.6055. 

UV-vis (CH2Cl2), ι, nm: 421, 515, 551, 590, 648.  
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3.2.6 Ester hydrolysis, synthesis of compound P-tNp-P´ (83)  

 

 

To a THF solution (22 mL) of 81 (0.030 g, 0.018 mmol), 6 mL MeOH, 7.5 mL H2O 

and KOH (0.450 g, 0.008 mol) were added. After stirring the reaction mixture at room 

temperature overnight, the organic solvents were removed under reduced pressure and 

then a solution of HCl (0.5M) was added dropwise, until pH~6. The precipitate was 

filtered, washed with water, extracted with CH2Cl2 and purified by column 

chromatography (silica gel, CH2Cl2/EtOH 5%). The product P-tNp-P´ (83) was 

isolated as a purple solid. Yield: 0.025 g (86%). 
1
H NMR (300 MHz, THF-d8): δ 

(ppm) 8.98 (d, J = 4.5 Hz, 2H), 8.94 (d, J = 4.2 Hz, 2H), 8.83 (s br, 6H), 8.76 (s br, 

2H), 8.66 (s br, 4H), 8.43 (d, J = 8.1 Hz, 2H), 8.29 (m, 6H), 8.16 (m, 7H), 7.72 (m, 

6H), 7.30 (m, 6H), 6.92 (s, 5H), 6.59 (s, 1H), 5.88 (s, 2H), 2.59 (s br, 10H), 2.21 (s, 

6H), 1.73 (s, 12H), -2.49 (s, 2H); 
13

C NMR (75 MHz, THF-d8): δ (ppm) 168.2, 166.4, 

151.8, 151.2, 147.7, 146.7, 144.9, 140.3, 139.8, 139.0, 138.5, 136.0, 135.7, 132.8, 

132.4, 129.2, 128.9, 128.3, 127.4, 126.2, 121.6, 119.2, 118.9, 118.8, 118.4, 31.1, 30.1, 

22.0. UV-vis (THF), λ, nm (ε10
-3

, Μ
-1

.cm
-1

): 424 (514.6), 515 (16.2), 555 (18.8), 

596 (9.3), 649 (3.8). HRMS (MALDI-TOF): m/z calcd for C103H81N14O2Zn 

1609.5880 [M+H]
+
, found 1609.5910. 

 

3.3 SECTION C: Metal-ligand porphyrin based dyads 

3.3.1 Synthesis of 5,10,15-tris(4’-carboxymethylphenyl)-20-(4’-pyridyl) 

porphyrin (84) 
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A mixture of methyl-4-formyl benzoate (13 mmol) and pyridine-4-carbaldehyde (7 

mmol) was dissolved in hot propionic acid. Pyrrole (17 mmol) was added dropwise 

and the mixture was refluxed for 2 h. Removal of the propionic acid was followed by 

repeat washing of the crude mixture with water. The solid was chromatographed on 

dry SiO2. Elution of the product 84 was achieved by a mixture of CH2Cl2/EtOH (100 : 

0.5 v/v, yield 36%). 
1
HNMR (500 MHz, CDCl3): d 9.05 (d, J = 5.7 Hz, 2H), 8.84 (m, 

8H), 8.46 (m, 6H), 8.3 (m, 6H), 8.17 (d, J = 5.7, 2H), 4.14 (s, 9H), -2.83 (s, 2H). 

UV/vis (CH2Cl2) ιmax, nm (ε, mM
-1

 cm
-1

) 421 (256.4), 517 (12.8), 551 (6.4), 595 

(3.8), 651 (2.3). HRMS (MALDI-TOF): m/z calcd for C49H35N5O6+H
+
: 790.2666 [M 

+ H]
+
. Found: 790.2672.  

 

3.3.2 Synthesis of 5,10,15-tris(4’-carboxyphenyl)-20-(4’-pyridyl) porphyrin (85) 

 

 

To a solution of methylester porphyrin 84 (0.0752 mmol) in THF/MeOH (10:6 v/v), 

aqueous 0.5 M KOH (80 mL) was added and stirred at room temperature for 24 h. 

The course of the reaction was monitored by TLC (CH2Cl2/MeOH 9:1 v/v). The 

solution was evaporated to dryness to afford the potassium salt as orange solid. The 

solid was dissolved in distilled water (100 mL), aqueous 2 N HCl was added dropwise 

until pH reached 3 and a precipitate was formed. It was filtered, washed several times 

with distilled water to afford a purple solid 85 (yield 93%). 
1
HNMR (500 MHz, 

CDCl3): d 9.08 (d, J = 5.6 Hz, 2H), 8.81 (m, 8H), 8.6 (m, 6H), 8.41 (m, 6H), 8.19 (d, 

J = 5.6, 2H), -2.81 (s, 2H). UV/vis (THF) ιmax, nm (ε, mM
-1

 cm
-1

) 420 (256.9), 516 

(12.2), 552 (6.8), 596 (3.3), 653 (2.7). HRMS (MALDI-TOF):m/z calcd for 

C46H29N5O6+H
+
:  748.2196 [M + H]

+
. Found: 748.2187.  
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3.3.3 Synthesis of Ru-TPP porphyrin (86) 

 

 

A mixture of TPP porphyrin (100 mg, 0.163 mmol), Ru3(CO)12 (150 mg, 0.235 

mmol) and decalin (50 mL) was refluxed for 2 h under nitrogen atmosphere. The 

mixture was reduced to dryness under vacuum and the crude solid was dissolved in 

CH2Cl2 (40 mL). After washing with aqueous NaCl (2x 30 mL) the organic layer was 

dried over Na2SO4, filtered and concentrated. The residue was purified by column 

chromatography on silica gel (CH2Cl2/ EtOH, 100:0.3 v/v) to obtain 86 as a dark red 

solid (115 mg, 95%).
175

  

 

3.3.4 Dimer RuTPP and 5,10,15-tris(4’-carboxyphenyl)-20-(4’-pyridyl) 

porphyrin (87) 

 

RuTPP 86 and porphyrin 85 was left stirring at reflux under nitrogen overnight The 

product was isolated with precipitation using hexane and washing the solid with cold 

hexane and methanol until the washings were colorless, to obtain dimer 87 in 

quantitative yield. When dissolved in d8-THF the complex was present in 75% yield 

and the two monomers in 25% yield.    
1
HNMR (500 MHz, d8-THF): 9.00 (brs, 0,5 

H), 8.87 (brs, 2 H), 8.71 (s, 12 H), 8.64 (s, 4 H), 8.45 (m, 3.5 H), 8.37 (m, 6 H), 8.32 

(m, 5.5 H), 8.23 (m, 9 H), 8.12 (brd, 4 H), 8.07 (brd, 1 H), 7.74 (m, 16 H), 7.38 (brs, 2 

H), 6.21 (d, 2 H), 2.08 (d, 2 H), -2.73 (s, 0.5 H), -3.18 (s, 2 H). UV/vis (THF) ιmax, 

nm (ε, mM
−1

 cm
−1

) 411, 520, 590, 645. HRMS (MALDI-TOF):m/z calcd for 

C91H58N9O7Ru+H
+
:  1491.3581 [M + H]

+
. Found: 1491.3586. 
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3.3.5  3,5-Di-tert-butylbenzaldehyde 

 

A solution of 228 g of 3,5-di-tert-butyltoluene, 300 g of bromosuccinimide, and 1 g of 

benzoyl peroxide in 600 ml of CC14, was heated at reflux for 4 hr. After filtration the 

CC14, was removed on a rotary evaporator and the residue was added to a solution of 

430 g of hexamethylenetetramine in 300 ml of water and 300 ml of ethanol. This 

solution was refluxed for 4 h, 200 ml of concentrated HC1 was added, and refluxing 

was continued for 30 min. The organic product was isolated to yield 153 g (63%). 
176 

 

3.3.6 Synthesis of 5-(4-Methoxycarbonylphenyl)-10,15,20-tris(3,5-di-tert-

butylphenyl)- porphyrin (88) 

 

Pyrrole (10.2 mL, 0.147 mol, 3.9 equiv.) was added dropwise at 130 °C to a solution 

of methyl 4-formylbenzoate (6.23 g, 0.038 mol, 1equiv.) and 3,5-di-tert-

butylbenzaldehyde (24.11 g, 0.110 mol, 3.1 equiv.) in propionic acid (640 mL). The 

reaction mixture was refluxed for 1.5 h. The propionic acid was then evaporated off 

and the resulting precipitate was purified by chromatography on silica gel 

(CH2Cl2/Hex 6:4) affording the methoxyporphyrin 88 (1.57 g, 5%) as a purple solid.  

1
H NMR (500 MHz, CDCl3): δ 8.91 (s, 6H, Hβ), 8.78 (d, J = 5Hz, 2H, Hβ), 8.43 (d, J 

= 8 Hz, 2H, Ar), 8.32 (d, J = 8 Hz, 2H, Ar), 8.09 (d, J = 2Hz, 4H, Ar), 8.08 (d, J = 2 

Hz, 2H, Ar), 7.80 (t, J = 2 Hz, 3H, Ar), 4.12 (s, 3H, -COOCH3), 1.53 (s, 54H, t-Bu), -

2.69 (s, 2H, NH). HRMS (MALDI-TOF):m/z calcd for C70H80N4O2+H
+
:  1009.6360 

[M + H]
+
. Found: 1009.6367.
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3.3.7 Synthesis of 5-(4-Carboxylphenyl)-10,15,20-tris(3,5-di-tert-butylphenyl)- 

porphyrin (89) 

 

To a solution of porphyrin 88 (0.0752 mmol) in THF/MeOH (10:6 v/v), aqueous 0.5 

M KOH (73 mL) was added and stirred at room temperature for 24 h. The course of 

the reaction was monitored by TLC (CH2Cl2/MeOH 9:1 v/v). The solution was 

evaporated to dryness to afford the potassium salt as orange solid. The solid was 

dissolved in distilled water (100 mL), aqueous 2 N HCl was added dropwise until pH 

reached 3 and a precipitate was formed. It was filtered, washed several times with 

distilled water to afford a purple solid 89 (yield 95%). HRMS (MALDI-TOF): m/z 

calcd for C69H78N4O2+H
+
:  995.6203 [M + H]

+
. Found: 995.6210.
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3.3.8 Synthesis of Ruthenium-5-(4-Carboxylphenyl)-10,15,20-tris(3,5-di-tert-

butylphenyl)- porphyrin (90) 

 

 

A mixture of porphyrin 89 (150 mg, 0.132 mmol), Ru3(CO)12 (150 mg, 0.235 mmol) 

and decalin (50 mL) was refluxed for 2 h under nitrogen atmosphere. The mixture 

was reduced to dryness under vacuum and the crude solid was dissolved in CH2Cl2 

(40 mL). After washing with aqueous NaCl (2x 30 mL) the organic layer was dried 

over Na2SO4, filtered and concentrated. The residue was purified by column 

chromatography on silica gel (CH2Cl2/ EtOH, 100:0.3 v/v) to obtain 90 as a dark red 

solid (158 mg, 95%). 
1
HNMR (500 MHz, CDCl3): 8.92 (s, 6 H), 8.81 (d, J = 4.8, 2 

H), 8.53 (brd, 2 H), 8.38 (brd, 2 H), 8.08 (m, 6 H), 7.80 (brs, 3 H), 1.53 (s, 56 H, Htert-
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butyl).UV/vis (CH2Cl2) ιmax, nm  415, 531, 565. HRMS (MALDI-TOF): m/z calcd for 

C70H77N4O3Ru+H
+
:  1124.5117 [M + H]

+
. Found: 1124.5122.       

 

3.3.9 Synthesis of 5,10,15,20-tetra(3,5-di-tert-butylphenyl)-porphyrin (91) 

 

In a two neck round-bottomed flask aldehyde and propionic acid were stirred for 10 

min. Then pyrrole was added and the mixture was refluxed at 141 
0
C for 2.5 h. Then 

the solution left come to room temperature, methanol was added and the flask was put 

in an ice-bath. Purple solid was participated and filtered. The solid was washed with 

methanol and the product 91 obtained in 15% yield (190 mg). UV/vis (CH2Cl2) ιmax, 

nm (ε, mM
-1

 cm
-1

) 421, 518, 554, 593, 648; HRMS (MALDI-TOF): m/z calcd for 

C76H94N4+H
+
:  1063.7557 [M + H]

+
. Found: 1063.7562.
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3.3.10 Synthesis of Ruthenium - 5,10,15,20-tetra(3,5-di-tert-butylphenyl)-

porphyrin (92) 

 

A mixture of porphyrin 91 (150 mg, 0.132 mmol), Ru3(CO)12 (150 mg, 0.235 mmol) 

and decalin (50 mL) was refluxed for 2 h under nitrogen atmosphere. The mixture 

was reduced to dryness under vacuum and the crude solid was dissolved in CH2Cl2 

(40 mL). After washing with aqueous NaCl (2x 30 mL) the organic layer was dried 

over Na2SO4, filtered and concentrated. The residue was purified by column 

chromatography on silica gel (CH2Cl2/ EtOH, 100:0.5 v/v) to obtain 92 as a dark red 

solid (160 mg, 95%). 
1
HNMR (500 MHz, CDCl3): 8.75 (s, 8 H, Hpyr), 8.04 (d, J = 

14.0, 8 H, Hortho), 7.75 (s, 4 H, Hpara), 1.52 (s, 72 H, Htert-butyl).    UV/vis (CH2Cl2) ιmax, 
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nm (ε, mM
−1

 cm
−1

) 415, 531, 565. HRMS (MALDI-TOF): m/z calcd for 

C77H93N4ORu+H
+
:  1192.6471 [M + H]

+
. Found: 1192.6476. 

 

3.3.11 Synthesis of dimer of isonicotinic acid and Ru - 5,10,15,20-tetra(3,5-di-tert-

butylphenyl)-porphyrin (93) 

 

Ru porphyrin 92 and isonicotinic acid was left stirring at reflux under nitrogen 

overnight The product was isolated with precipitation using hexane and washing the 

solid with cold hexane and methanol until the washings were colorless, to obtain 

dimer 93 in quantitative yield. 
1
HNMR (500 MHz, CDCl3): 8.65 (s, 8 H, Hpyr), 8.02 

(s, 4 H, Haryl), 7.88 (s, 4 H, Haryl), 7.72 (s, 4 H, Haryl), 5.78 (brs, 2 H, Hpyrid), 1.76 (brs, 

2 H, Hpyrid), 1.48 (m, 72 H, Htert-butyl).   HRMS (MALDI-TOF): m/z calcd for 

C83H98N5O3Ru+H
+
:  1315.6791 [M + H]

+
. Found: 1315.6796. ιmax, nm (ε, mM

-1
 cm

-1
) 

415 (525.0), 532 (425.2) 

 

3.4 SECTION D: Porphyrin based photosensitizers with long alkyl chains 

3.4.1 Synthesis of dippyromethane 

 

A mixture of paraformaldehyde (0.75 gr, 25 mmol) and pyrrole (175 ml, 2,5 mol) was 

degassed with a steam of nitrogen for 10 min at room temperature. The mixture was 

heated at 55 
o
C for about 10 min under nitrogen to obtain a clear solution. MgBr2 (2.3 

gr, 12.5 mmol) was then added and the misture was stirred at 55 
o
C for 2 h. The heat 

source was removed and NaOH (5 gr, 0.125 mmol) was added. The mixture was 

stirred for 1 h and then filtered. Then it was stored on the freezer overnight. The color 

of the filtrate was pale yellow. The filtrate was concentrated and the pyrrole was 

removed with distillation under vacuum at 60 
o
C. The product was purified with 

column chromatography using solvents Hex/CH2Cl2/EtOAc (7:2:1), to obtain white 

crystals (1.54 gr, 42 %).
35
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3.4.2 Synthesis of meso 5,15 di-phenyl porphyrin (94) 

 

In a two-neck round-bottomed flask dichloromethane (300 ml), benzaldehyde (0.28 

ml, 2.7 mmol) and dippyromethane (400 mg, 2.7 mmol) were bubbled with nitrogen 

for 10 min. Then trifluoroacetic acid (130 κl, 1.7 mmol) was added and left stirring 

for 3 h, after which time 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (850 mg, 3.7 

mmol) was added and left stirring 1 h. Subsequently, triethylamine (1.0 ml) was 

added and the reaction mixture was filtrated directly through silica, the solvent was 

removed under reduced pressure to obtain a purple solid 94 (340 mg, 27 %). 
1
H NMR 

and 
13

C NMR (75 MHz, CDCl3) not obtained due to solubility problems; UV/vis  

(CHCl3) ιmax, nm (ε, mM
−1

 cm
−1

) 405 (412.0), 500 (18.1), 535 (5.1), 574 (5.72), 629 

(1.4) ; HRMS M
+
 calcd for C32H22N4: 462.1844, found: 462.1847 . Anal. Calcd for 

C32H22N4: C, 83.09; H, 4.79; N, 12.11. Found: C, 82.84; H, 4.53; N, 12.02. 

 

3.4.3 Synthesis of meso 5,15 di-bromo 10,20 di-phenyl porphyrin (95) 

 

5,15 di-phenyl porphyrin 94 (100 mg, 0.22 mmol) is dissolved in chloroform (50 ml) 

and cooled to 0 
o
C. Pyridine (200 κl) as an acid scavenger and N-bromosuccionimide 

(80 mg, 0.44 mmol) were added and the reaction was followed by TLC CH2Cl2/Hex 

(1:1). After 1 h the reaction reached to completion and quenched with 4 ml acetone. 

The solvent was removed and the solid washed several times methanol, dried and a 

purple solid was obtained 95 (122 mg, 89 %), 
1
H NMR (300 MHz, CDCl3): δ 9.62 (d, 

J = 4.8 Hz, 4 H, Η7,Η8), 8.84 (d, J = 4.8 Hz, 4 H, Η7,Η8), 8.16 (dd, J1 = 7.5 Hz, J2 = 

1.5 Hz, 4 H, H1), 7.79 (m, 6 H, H2, H3);  
13

C NMR (300 MHz, CDCl3): δ 141.5, 134.6, 

http://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCAQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2F2%2C3-Dichloro-5%2C6-dicyano-1%2C4-benzoquinone&ei=azsIVL_LDJTb7AbhroCoCA&usg=AFQjCNEpsJy3ERqrUDBKY3cN8d-DFRKYTA&sig2=DlDWNx5cTMqYNeVSHmBXaA&bvm=bv.74649129,d.ZGU
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133.1, 132.4, 128.2, 126.9, 121.6, 103.9; UV/vis (CH2Cl2) ιmax, nm (ε, mM
−1

 cm
−1

) 

425 (95.1), 523 (7.2), 561 (5.6), 604 (2.7), 660 (2.8). HRMS (MALDI-TOF) calcd for 

C32H20Br2N4 [M + H]
+
 619.0133, found 619.0139. 

3.4.4 Synthesis of meso 5,15 di-cyanol 10,20 di-phenyl porphyrin (96) 

 

In an oven-dried schlenk flask meso 5,15 di-bromo 10,20 di-phenyl porphyrin 95 (31 

mg, 0.05 mmol), tris(dibenzylideneacetone)dipalladium(0) (4.6 mg, 0.005 mmol) and 

triphenylphosphine (2.6 mg, 0.01 mmol) were added. The flask was evacuated and 

flashed with nitrogen. Then dry dioxane and 2-cyanoethylzinc bromide (1 ml, 0.5 

mmol) were added. The mixture was heated at 90 
o
C for 1 h and cooled down to room 

temperature. After that time CH2Cl2 (10 ml) was added and the mixture washed two 

time with aqueous NH4Cl and two times with brine, died with sodium sulfate, filtrated 

and solvent removed. After column chromatography Hex/THF (15:1) the product 

obtained as a green solid 96 (27 mg, 94 %).
1
H NMR and 

13
C NMR (75 MHz, CDCl3) 

not obtained due to solubility problems. HRMS (MALDI-TOF) calcd for C34H18N6Zn 

[M + H]
+
 575.0963, found 575.0958. 

3.4.5 Synthesis of 3,4-bis(dodecyloxy)benzaldehyde (98) 

 

In a 100 ml two-neck round bottomed flask 3,4-dihydroxybenzaldehyde (250 mg, 1.8 

mmol) was dissolved in 2 ml DMF. Then potassium carbonate (1 gr, 7.2 mmol) was 

added flashed with nitrogen and stirred for at room temperature. After 5 min 1-

bromododecane (1 ml, 7.2 mmol) was added and the mixture left stirring overnight.  

The crude product was washed three times with NaOH (1 M) and 3 x H2O, dried over 

sodium sulfate, filtrated. Solvent was removed and a white-brown was formed that 

was recrystalized with ethanol in order to obtain a white solid 98 (650 mg, 76 %). 
1
H 
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NMR (300 MHz, CDCl3): δ 9.82 (s, 1 H, Η1,), 7.41 (m, 2 H, Η7, H3), 6.95 (d, J = 8.1 

Hz, 1 H, Η6), 4.06 (m, 4 H, H8), 1.85 (m, 4 H, H9), 1.49-1.45 (m, 36 H, H10-H18), 0.87 

(t, J1 = 6.3 Hz, J2 = 6.9 Hz, 6 H, H19); 
13

C NMR (300 MHz, CDCl3): δ 191.2, 154.8, 

149.5, 129.9, 126.8, 111.8, 110.9, 69.2, 32.1, 29.8, 29.7, 29.5, 29.2, 29.1, 26.1, 22.8, 

14.3. HRMS (MALDI-TOF) calcd for C31H54O3 [M + H]
+
 475.4151, found 475.4156. 

 

3.4.6 Synthesis of meso 5,15 di-[3,4-bis(dodecyloxy)]phenyl porphyrin (99) 

 

 

In a two-neck round-bottomed flask dichloromethane (130 ml), 3,4-

bis(dodecyloxy)benzaldehyde (525 mg, 1.1 mmol) and dippyromethane (162 mg, 1.1 

mmol) were bubbled with nitrogen for 10 min. Then trifluoroacetic acid (53 κl, 0.7 

mmol) was added and left stirring for 3 h, after which time 2,3-Dichloro-5,6-dicyano-

1,4-benzoquinone (340 mg, 1.5 mmol) was added and left stirring for  40 min. 

Subsequently, triethylamine (0.6 ml) was added and the reaction mixture was filtrated 

directly through silica, the solvent was removed under reduced pressure to obtain a 

purple solid 99 (350 mg, 26 %). 
1
H NMR (300 MHz, CDCl3): δ 10.29 (s, 2 H, Η12,), 

9.38 (d, J = 4.5, 4 H, Η10), 9.15 (d, J = 4.8 Hz, 4 H, Η9), 7.85 (s, 2 H, H1), 7.77 (d, J = 

8.1 Hz, 2 H, H5), 7.30 (d, J = 8.1, 2 H, H4), 4.33 (t, J = 6.5, 4 H, H13’), 4.18 (t, J = 6.5, 

4 H, H13), 2.06 (m, 4 H, H14’), 1.98 (m, 4 H, H14), 1.65 (m, 4 H, H15’), 1.49 (m, 4 H, 

H15), 1.32-1.27 (m, 64 H, H16&16’-H23&23’), 0.92-0.83 (m, 12 H, H24&24’), -3.07 (s, 2 H, 

NH). 
13

C NMR (300 MHz, CDCl3): δ 149.2, 147.6, 145.2, 134.1, 131.6, 131.2, 128.0, 

121.1, 119.2, 112.2, 105.3, 32.1, 32.0, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 26.4, 26.2, 

22.9, 22.8, 14.3, 14.2. UV/vis (CH2Cl2) ιmax, nm (ε, mM
−1

 cm
−1

) 412 (369.8), 505 

http://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCAQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2F2%2C3-Dichloro-5%2C6-dicyano-1%2C4-benzoquinone&ei=azsIVL_LDJTb7AbhroCoCA&usg=AFQjCNEpsJy3ERqrUDBKY3cN8d-DFRKYTA&sig2=DlDWNx5cTMqYNeVSHmBXaA&bvm=bv.74649129,d.ZGU
http://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCAQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2F2%2C3-Dichloro-5%2C6-dicyano-1%2C4-benzoquinone&ei=azsIVL_LDJTb7AbhroCoCA&usg=AFQjCNEpsJy3ERqrUDBKY3cN8d-DFRKYTA&sig2=DlDWNx5cTMqYNeVSHmBXaA&bvm=bv.74649129,d.ZGU
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(21.2), 543 (9.9), 578 (7.0), 633 (2.9). HRMS (MALDI-TOF) calcd for C80H118N4O4 

[M + H]
+
 1199.9231, found 1199.9238. 

 

 

3.4.7 Synthesis of meso 5,15 di-bromo 10,20 di-[3,4-bis(dodecyloxy)]phenyl 

porphyrin (100) 

 

Meso 5,15 di-[3,4-bis(dodecyloxy)]phenyl porphyrin 99 (120 mg, 0.1 mmol) is 

dissolved in chloroform (25 ml) and cooled to 0 
o
C. Pyridine (100 κl) as an acid 

scavenger and N-bromosuccionimide (36 mg, 0.2 mmol) were added and the reaction 

was followed by TLC CH2Cl2/Hex (1:9). After 1 h the reaction reached to completion 

and quenched with 2 ml acetone. The solvent was removed and the solid washed 

several times methanol, dried and a purple solid was obtained 100 (115 mg, 85 %). 
1
H 

NMR (300 MHz, CDCl3): δ 9.60 (d, J = 4.8, 4 H, Η10), 8.91 (d, J = 4.5, 4 H, Η9), 7.71 

(s, 2 H, H1), 7.65 (d, J = 8.1, 2 H, H5), 7.23 (s, 2 H, H4), 4.31 (t, J = 6.6, 4 H, H13’), 

4.14 (t, J = 6.6, 4 H, H13), 2.05 (m, 4 H, H14’), 1.91 (m, 4 H, H14), 1.62 (m, 4 H, H15’), 

1.49 (m, 4 H, H15), 1.31-1.25 (m, 64 H, H16&16’-H23&23’),0.93-0.82 (m, 12 H, H24&24’), -

2.72 (s, 2 H, NH). 
13

C NMR (300 MHz, CDCl3): δ 149.3, 147.3, 134.0, 132.3, 127.8, 

121.5, 120.8, 111.8, 103.7, 69.6, 32.0, 31.1, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 

26.4, 26.2, 22.9, 22.8, 14.3, 14.2. UV/vis (CH2Cl2) ιmax, nm (ε, mM
−1

 cm
−1

) 425 

(98.0), 524 (7.3), 560 (5.5), 604 (2.6), 660 (2.7). HRMS (MALDI-TOF) calcd for 

C80H116Br2N4O4 [M + H]
+
 1355.7442, found 1355.7449. 
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3.4.8 Synthesis of Zn-meso 5,15 di-[3,4-bis(dodecyloxy)]phenyl porphyrin (102) 

 

To a stirred solution of porphyrin 99 (120  mg, 0.1  mmol) in dichloromethane (35 

mL) a solution of zinc acetate dehydrate (0.13 g, 0.6 mmol) in methanol (10 mL) was 

added. The reaction was stirred for 16 h at room temperature. Evaporation of the 

solvent and flash chromatography on silica, eluting with CH2Cl2:Hex (2/8), was 

carried out to remove excess zinc salts. Evaporation of the solvent gave the zinc 

porphyrin 102 as a purple solid (100 mg, 79%). UV/vis (CH2Cl2) ιmax, nm (ε, mM
−1

 

cm
−1

) 451 (69.6), 584 (8.1), 644 (1.7). HRMS (MALDI-TOF) calcd for 

C80H116N4O4Zn [M + H]
+
 1261.8366, found 1261.8358.  
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3.4.9 Synthesis of Zn-meso 5,15 di-bromo 10,20 di-[3,4-bis(dodecyloxy)]phenyl 

porphyrin (103) 

 

To a stirred solution of porphyrin 100 (175  mg, 0.13  mmol) in dichloromethane (35 

mL) a solution of zinc acetate dehydrate (0.13 g, 0.6 mmol) in methanol (10 mL) was 

added. The reaction was stirred for 16 h at room temperature. Evaporation of the 

solvent and flash chromatography on silica, eluting with CH2Cl2/Hex (2:8), was 

carried out to remove excess zinc salts. Evaporation of the solvent gave the zinc 

porphyrin 103 as a purple solid (177 mg, 96%). 
1
H NMR (300 MHz, CDCl3): δ 9.65 

(brs, 4 H, Η10), 8.96 (brs, 4 H, H9), 7.64 (brs, 4 H, H1, H5), 7.18 (brs, 2 H, H4), 4.26 

(brs, 4 H, H13’), 4.07 (brs, 4 H, H13), 2.00 (brt, 4 H, H14’), 1.84 (brs, 4 H, H14), 1.62 

(brs, 4 H, H15’), 1.46-1.22 (m, 68 H, H15, H16&16’-H23&23’),0.91-0.82 (m, 12 H, H24&24’). 

UV/vis (CH2Cl2) ιmax, nm (ε, mM
−1

 cm
−1

) 451, 585, 644. HRMS (MALDI-TOF) 

calcd for C80H114Br2N4O4Zn [M + H]
+
 1417.6577, found 1417.6570. 
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3.4.10 Synthesis of Zn-meso 5,15 di-methyl 4-ethynylbenzoate 10,20 di-[3,4-

bis(dodecyloxy)]phenyl porphyrin (104) 

 

Porphyrin 103 (50 mg, 0.035 mmol), methyl benzoate-ester (21 mg, 0.21 mmol), 

Pd(PPh3)4 (12 mg, 0.01 mmol), CuI (2 mg, 0.01 mmol) were added in a schlenk flask. 

The flask was evacuated and flashed with nitrogen. Then dry THF (20 ml) and Et3N 

(1.5 ml) were added and the mixture was heated in 40 
0
C for 48 h. The color of the 

solution became dark green and the desired product was eluted with column 

chromatography using solvents CH2Cl2/Hex (4:6). A dark green solid 104 was 

obtained (45 mg,    81%). 
1
H NMR (300 MHz, CDCl3): δ 9.37 (brs, 4 H, Η10), 8.92 

(brs, 4 H, H9), 7.85-7.63 (m, 12 H, H1, H5, H4, HPhe_ester), 4.34 (brs, 4 H, H13’) 4.12 (m, 

4 H, H13), 3.75 (s, 6 H, HcoocH3), 2.08 (brs, 4 H, H14’), 1.89 (brs, 4 H, H14), 1.69 (brs, 4 

H, H15’), 1.47-1.18 (m, 68 H, H15, H16&16’-H23&23’), 0.92-0.78 (m, 12 H, H24&24’); 
3
C 

NMR (300 MHz, CDCl3): δ 166.6, 151.8, 150.5, 149.2, 147.2, 134.8, 132.9, 132.5, 

131.0, 130.6, 129.6, 129.1, 128.3, 127.8, 123.1, 120.9, 111.9, 100.5, 95.6, 95.5, 69.6, 

52.2, 32.1,  29.9, 29.8, 29.6, 29.5, 26.5, 26.2, 22.9, 22,8, 14.3, 14.2. UV/vis (CHCl3) 

ιmax, nm (ε, mM
−1

 cm
−1

) 451 (69.7), 584 (8.1), 644 (1.8). HRMS (MALDI-TOF) 

calcd for C100H128N4O8Zn [M + H]
+
 3154.8126, found 3154.8132. 
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3.4.11 Synthesis of Zn-meso 5,15 di-methyl 4-ethynylbenzoic acid 10,20 di-[3,4-

bis(dodecyloxy)]phenyl porphyrin (105) 

 

 

To a solution of porphyrin 104 (20 mg, 0.013 mmol) in THF (25 ml) , MeOH (5 ml), H2O 

(8 ml) KOH (0.2 gr, 3.8 mmol)) was added and stirred at room temperature for 24 h. The 

course of the reaction was monitored by TLC (CH2Cl2/MeOH 95:5 v/v). The solution was 

evaporated to dryness to afford the potassium salt as solid. The solid was dissolved in 

distilled water (100 mL), aqueous 2 N HCl was added dropwise until pH reached 3 and a 

precipitate was formed. It was filtered, washed several times with distilled water to afford 

a green solid 105 (18 mg, 94%). UV-Vis (THF): ι nm (ε: M
-1

 cm
-1

): 548 (1086), 589 

(34171), 322 (2793), 608 (7292), 660 (334730); 
1
H NMR and 

13
C NMR (75 MHz, CDCl3) 

not obtained due to solubility problems. UV/vis (THF) ιmax, nm (ε, mM
−1

 cm
−1

) 452 

(74.2), 609 (8.1), 660 (1.9). HRMS (MALDI-TOF) calcd for C98H124N4O8Zn [M + H]
+
 

1549.8789, found 1549.8778. 
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3.4.12 Synthesis of meso 5 mono-bromo 10,20 di-[3,4-bis(dodecyloxy)]phenyl 

porphyrin (106) 

 

Meso 5,15 di-[3,4-bis(dodecyloxy)]phenyl porphyrin 99 (120 mg, 0.1 mmol) is 

dissolved in chloroform (25 ml) and cooled to 0 
o
C. Pyridine (100 κl) as an acid 

scavenger and N-bromosuccionimide (36 mg, 0.2 mmol) were added and the reaction 

was followed by TLC CH2Cl2/Hex (1:9). After 1 h the reaction reached to completion 

and quenched with 2 ml acetone. The solvent was removed and the desired product 

was isolated with column chromatography solvents used petroleum ether/CH2Cl2 

(7:3). The porphyrin obtained as a purple solid 106 (52 mg, 57 %). 
1
H NMR (500 

MHz, CDCl3): δ 10.11 (s, 1 H, Η12), 9.74 (d, J = 4.5, 2 H, H26), 9.25 (d, J = 4.5, 2 H, 

H10), 9.03, (d, J = 4.5, 4 H, H9), 7.79 (d, J = 2.0, 2 H, H1), 7.69 (d, J = 8.0, 2 H, H5), 

7.24 (s, 2 H, H4), 4.31 (t, J = 6.5, 4 H, H13’), 4.16 (t, J = 6.5, 4 H, H13), 2.06 (m, 4 H, 

H14’), 1.93 (m, 4 H, H14), 1.68 (m, 4 H, H15’), 1.52 (m, 4 H, H15), 1.49-1.24 (m, 64 H, 

H16&16’-H23&23’),0.95-0.86 (m, 12 H, H24&24’), -2.95 (s, 2 H, NH).  
13

C NMR (300 

MHz, CDCl3): δ 149.3, 147.4, 134.0, 132.5, 132.2, 131.9, 131.6, 127.9, 120.9, 120.4, 

112.0, 105.6, 103.6, 32.1, 32.0, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 26.4, 26.2, 22.9, 

22.8, 14.3, 14.2. UV/vis (CH2Cl2) ιmax, nm (ε, mM
−1

 cm
−1

) 425, 524, 561, 603, 660. 

HRMS (MALDI-TOF) calcd for C80H117BrN4O4 [M + H]
+
 1277.8336, found 

1277.8331. 
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3.4.13 Synthesis of Zn-meso 5 mono-bromo 10,20 di-[3,4-bis(dodecyloxy)]phenyl 

porphyrin (107) 

 

To a stirred solution of porphyrin 106 (150 mg, 0.12 mmol) in dichloromethane (35 

mL) a solution of zinc acetate dehydrate (0.13 g, 0.6 mmol) in methanol (10 mL) was 

added. The reaction was stirred for 16 h at room temperature. Evaporation of the 

solvent and flash chromatography on silica, eluting with CH2Cl2/Hex (2:8), was 

carried out to remove excess zinc salts. Evaporation of the solvent gave the zinc 

porphyrin 107 as a purple solid (155 mg, 96%). HRMS (MALDI-TOF) calcd for 

C80H115BrN4O4Zn [M + H]
+
 1339.7471, found 1339.7479.  
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4. CONCUSIONS AND PROSPECTS 
 

In this Master thesis four types of porphyrin-based molecules are presented in order to 

be used as dyes for DSSC applications.   

 

Our strategic approach was systematic and targeted on various aspects of the 

synthesized chromophore in order to improve or understand how to improve the 

efficiency of the material formed. For this reason the synthesis of triade 

chromophpres has been performed, also dyad functionalized porphyrins are prepared 

and finally a  monomeric porphyrinic derivative with selected decoration. All 

materials were fully characterized and studied as dyes in DSSCs.  

 

The first type of sensitizers are trimeric compounds consisting of three dyes, one with 

three porphyrin molecules (a central metalated and two free base) and another with 

two Bodipy and a metalated porphyrin molecule (Scheme 15). The use of different 

chromophores increased the absorption region of the compounds making it more 

possible to increase their light-harvesting properties and their resulting DSSC 

efficiency. Moreover, these dyes are bearing two carboxylic ester groups where upon 

hydrolysis, the acids that will be formed can act as anchoring groups and therefore 

their DSSC efficiency could be measured.  

 

Scheme 15. Trimeric compounds synthesized for DSSC applications 

 

The second type of sensitizers consists of dimeric compounds (one free base and one 

metalated porphyrin) linked with a triazole ring (Scheme 16). Both porphyrin dyads 
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contain potential anchoring groups for attachment onto the TiO2 surface of DSSC 

electrodes. One has two carboxylic acid groups, while the other one carboxylic acid 

and one N-substituted piperidine group. These dyads were used as sensitizers for the 

fabrication of DSSCs. The overall energy conversion efficiencies for both compounds 

measured in the range of 4 to 5%.  

 

Scheme16. Dimeric porphyrin based dyes. 

 

The third type of compounds consists of ruthenium-pyridine linked dyad bearing 

three carboxylic acids as anchoring groups. The energy conversion efficiency was 

measured ~1 %, almost the same as the porphyrin monomer with one pyridine and 

three carboxylic acids. This indicates that the second porphyrin does not improve the 

efficiency of the dye. Also, Ru-porphyrins were prepared having anchoring groups 

either on the porphyrin ring or on a pyridine linked to metallated porphyrin (Scheme 

17). 

 

Scheme 17. Ru-pyridine linked dyads and Ru-porphyrin 

 

At the fourth part porphyrin compounds with long alkyl chains and two carboxylic 

groups linked via triple bond at the meso position of the porphyrin ring (Scheme 18). 
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These types of compounds are promising candidates for DSSC applications due to the 

decrease of aggregation of the dyes due to the presence of long alkyl chains. 

 

Scheme 18. Porphyrin chromophore with long alkyl chains 

 

In a future work the dye with one carboxylic acid can be prepared, along with a 

donor-acceptor system and their DSSC efficiencies could be measured (Scheme 19).  

 

 

Scheme 19. Future porphyrin-based sensitizers 

 

Overall, a number of novel porphyrin based chromophores have been synthesized and 

well characterized. Some of them gave very good energy conversion efficiencies and 

others have very good potentials for further development. 
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Figure S1. 
1
H-NMR spectrum in CDCl3 of compound NH2TPPH2, 68. 
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Figure S1a. Aromatic region of 
1
H-NMR spectrum in CDCl3 of compound NH2TPPH2, 68. 
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Figure S2. 
13

C-NMR spectrum in CDCl3 of compound NH2TPPH2, 68. 
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Figure S3. 
1
H-NMR spectrum in d8-THF of compound TPPH2-PZn-TPPH2, 72. 
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Figure S3a. Aromatic region of
 1

H-NMR spectrum in d8-THF of compound TPPH2-PZn-TPPH2 , 72. 

 

Figure S4. 
13

C-NMR spectrum in d8-THF of compound TPPH2-PZn-TPPH2 , 72. 
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Figure S5. 
1
H-NMR spectrum in d8-THF of compound BDP-PZn-BDP, 74. 
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Figure S5a. Aromatic region of 
 1

H-NMR spectrum in d8-THF of compound BDP-PZn-BDP, 74.. 
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Figure S6. 
13

C-NMR spectrum in d8-THF of compound BDP-PZn-BDP, 74. 
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Figure S7. 
1
H-NMR spectrum in d8-THF of compound Ph-PZn-Ph, 75. 
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Figure S7a. Aromatic region of 
1
H-NMR spectrum in d8-THF of compound Ph-PZn-Ph, 75. 
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Figure S8. 
13

C-NMR spectrum in d8-THF of compound Ph-PZn-Ph, 75. 
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Figure S9. 

1
H-NMR spectrum in CDCl3 of compound 80. 
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Figure S9a. Aromatic region of 

1
H-NMR spectrum in CDCl3 of compound 80.  
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Figure S10. 

1
H-NMR spectrum in CDCl3 of compound 81. 
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Figure S10a. Aromatic region of 

1
H-NMR spectrum in CDCl3 of compound 81. 
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Figure S11. 

1
H-NMR spectrum in d6-DMSO of compound 82. 
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Figure S12. 

13
C-NMR spectrum in d6-DMSO of compound 82. 
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Figure S13. 

1
H-NMR spectrum in CDCl3 of compound 83. 
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Figure S13a. Aromatic region 

1
H-NMR spectrum in d6-DMSO of compound 83. 
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Figure S14. 

13
C-NMR spectrum in d6-DMSO of compound 83. 
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Figure S15. 
1
H-NMR spectrum in d8-THF of compound 87. 
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Figure S15a. Aromatic region of 
1
H-NMR in d8-THF of compound 87. 
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Figure S16. 
1
H-NMR in CDCl3 of compound 90. 
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Figure S16a. Aromatic region 
1
H-NMR in CDCl3 of compound 90. 
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Figure S17. 
1
H-NMR in CDCl3 of compound 92. 
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Figure S18. 
1
H-NMR in CDCl3 of compound 93. 
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Figure  S19. 
1
H-NMR in CDCl3 of compound 95. 
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Figure S20. 
13

C-NMR in CDCl3 of compound 95. 



124 

 
Figure S21. 

1
H-NMR in CDCl3 for compound 98. 
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Figure S22. 
13

C-NMR in CDCl3 for compound 98. 
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Figure S23.
1
H-NMR in CDCl3 for compound 99. 



127 

 

Figure S23a. Aromatic region of 
1
H-NMR of compound in CDCl3 99. 
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Figure 23b. Aliphatic region of 
1
H-NMR of compound in CDCl3 99. 
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Figure S24. 
13

C-NMR in CDCl3 of compound 99. 
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Figure S25. 
1
H-NMR in CDCl3 of compound 100. 
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Figure S25a. Aromatic region 
1
H-NMR of compound 100 in CDCl3. 
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Figure S25b. Aliphatic region 
1
H-NMR of compound 100 in CDCl3. 



133 

 

Figure S26. 
13

C-NMR in CDCl3 of compound 100. 
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Figure S27. 
1
H-NMR in CDCl3 of compound 103. 
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Figure S28. 
1
H-NMR in CDCl3of compound 104. 
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Figure S29. 
13

C-NMR in CDCl3of compound 104. 
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Figure S30. 
1
H-NMR in CDCl3 of compound 106. 
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Figure S30a. Aromatic region 
1
H-NMR in CDCl3of compound 106. 
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Figure S30b. Aliphatin region  
1
H-NMR in CDCl3 of compound 106. 
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Figure S31. 
13

C-NMR in CDCl3of compound 106.
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