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SYNTHESIS, AGGREGATION AND PHOTOPHYSICAL STUDIES OF A2B2 

PHTHALOCYANINES: NOVEL ARCHETYPES FOR ANTICANCER AND 

ANTIMICROBIAL PHOTODYNAMIC THERAPY 

SÍNTESIS, ESTUDIOS FOTOFÍSICOS Y DE AGREGACIÓN DE 

FTALOCIANINAS A2B2: NUEVOS ARQUETIPOS PARA TERAPIA 

FOTODINÁMICA ANTIMICROBIANA Y CONTRA EL CÁNCER 

 

Autor: Miguel Ángel Revuelta Maza 

Directores: Dra. Gema de la Torre Ponce and Prof. Tomás Torres Cebada 

 

En esta tesis doctoral se han desarrollado nuevos fotosensibilizadores para su aplicación 

en terapia fotodinámica. Este tratamiento aplica luz del espectro visible, sobre una 

molécula fotosensible capaz de activar el oxígeno molecular presente en el entorno 

celular, produciendo especies activadas citotóxicas de oxígeno, como oxígeno singlete, 

capaces de inducir muerte celular. Concretamente se han preparado fotosensibilizadores 

de segunda generación de tipo porfirinoide basados en ftalocianinas de Zn(II) 

(Zn(II)Pcs). En concreto, en este trabajo hemos elegido como objetivo la preparación de 

Zn(II)Pcs formadas por dos tipos de isoindoles con diferente sustitución, denominadas 

comúnmente como A2B2, que pueden presentar dos variantes estructurales, es decir, 

ABAB y AABB. Estas geometrías altamente orientadas, permiten combinar sustituyentes 

hidrófobos e hidrófilos para dar lugar a anfífilos con la capacidad de interaccionar con 

medios lipófilos celulares así como facilitar el transporte en medios acuosos. 

La Parte 1 de esta tesis doctoral está orientada a la preparación de Zn(II)Pcs ABAB. La 

síntesis en todos los casos está dirigida por el uso de un ftalonitrilo que presenta grupos 

voluminosos que impiden la formación de la especie AABB. Estos grupos voluminosos, 

además, poseen unidades fluoradas que dotan a la estructura final de unas características 

electrónicas peculiares. Esta particular sustitución, no solo evita fenómenos de 

agregación, unos de los principales factores limitantes del uso de macrociclos 

porfirinoides en terapia fotodinámica, sino que además potencia la capacidad de las 

ftalocianinas para producir especies reactivas de oxígeno, como oxígeno singlete. Hemos 

sido capaces de combinar este patrón de sustitución con sustituyentes hidrófilos 

formando anfífilos. La introducción de sustituyentes con cadenas de tipo polietilenglicol 

destruye eficientemente cultivos celulares in vitro de cáncer de piel y de cuello de útero, 
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y se ha demostrado cómo el patrón de sustitución ABAB es más efectivo que otros dentro 

de la misma familia (A3B y A4). Por otra parte, la incorporación de grupos funcionales 

cargados positivamente convierte estos compuestos en antimicrobianos frente S. aureus 

y E. coli. 

En la Parte 2 de esta tesis doctoral se ha trabajado con Zn(II)Pcs de tipo AABB, las cuales 

se han preparado utilizando un conector binaftol que evita la formación de especies 

ABAB. En este caso el conectol binaftol presenta quiralidad por restricción 

conformacional, lo que ha permitido obtener Zn(II)Pcs quirales que pueden ser 

estudiadas y caracterizadas por dicroísmo circular. Este tipo de compuestos pueden 

presentar cierta capacidad de auto-ensamblaje dependiendo del medio elegido, y que 

está influida por el conector quiral. De nuevo la incorporación de sustituyentes hidrófilos 

permite la formación de especies anfifílicas, de tal forma que la organización inducida en 

medio acuoso ha dado lugar a la formación de nanoestructuras de tipo micelar o 

vesicular, mientras que en medios más apolares como puede ser el interior celular, se 

encuentran molecularmente disueltas. Concretamente se han preparado derivados AABB 

funcionalizados con cargas positivas, efectivos en la inactivación de bacterias Gram 

positivas y Gram negativas. Además, también se ha decorado el conector binaltol con 

cadenas de polietilenglicol y se ha hecho un estudio en profundidad de su capacidad de 

organización en medios polares como el agua. 
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1.  Phthalocyanines 

Phthalocyanines (Pcs) are aromatic macrocyclic compounds recognized as synthetic 

porphyrin (Por) analogues,1–6 with similar structure to biologically crucial molecules such 

as chlorophyll and heme group of hemoglobin (Figure 1). The word ‘phthalocyanine’ 

comes from their origin from phthalic anhydride (phthalo) and similarity in color to dark 

blue cyanine dyes (cyanine).7 

 

Figure 1. Structures of: a) Porphyrin; b) phthalocyanine; c) chlorophyll and d) heme group of 
hemoglobin. 

1.1. History 

Pcs were discovered accidentally more than a century ago, in 1907, when A.V. Braun and 

J. Tcherniac isolated a blue compound as a byproduct of the preparation of o-

cyanobenzamide, later identified as the metal-free Pc (H2Pc).8 In 1927, the first Cu(II)Pc 

was prepared by H. de Diesbach and E. von der Weid while attempting to prepare 

phthalonitrile by heating o-dibromobenzene, cuprous cyanide and pyridine in a sealed 

tube.9 In 1928, scientists at Scottish Dyes Ltd observed a greenish compound as a 

contaminant of phthalimide prepared from molten phthalic anhydride and ammonia, in 

an enameled cast-iron crucible that was chipped, the resulting greenish impurity being 

identified as Fe(II)Pc. Some experiments for replacing iron inside the Pc cavity by other 

metals were performed and, eventually, Scottish Dye Works patented the Cu(II)Pc in 

1929.10 It was only in the thirties that Linstead and Roberson determined the crystal 

structures of some H2Pcs and MPcs, publishing the correct structure in 1934 at Imperial 

College.11–14 

1.2. Structure 

Pcs are planar heteroannulene macrocycles constituted by four isoindole units linked 

together through aza bridges at 1 and 3 positions, presenting an 18-π-electron aromatic 

internal cloud.1,2,4 The 42 π-electrons of the Pc ring are distributed over 32 carbon and 8 
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nitrogen atoms, but the electronic delocalization mainly takes place at the inner ring that 

is constituted by 16 atoms and 18 π-electrons, with the outer benzene rings maintaining 

their electronic structure.15 In Figure 2 the structures of both metal-free (H2Pcs) and 

metallophthalocyanines (MPcs) are shown. The hydrogen atoms of the central cavity can 

be replaced by more than 70 different elements.6 The internal and external positions of 

the fused benzene rings are also commonly known as α- and β-positions, respectively. 

Regarding the nomenclature, the systematic name of Pcs according to the IUPAC rules 

is tetrabenzol[b,g,l,q]-5,10,15,20-tetraazaporphyrin, where all C and N atoms of Pc are 

numbered, with the exception of C atoms that correspond to the fusion of pyrrole and 

benzene rings.16 

 

Figure 2. Structure of a) metal-free Pc with the main electron delocalization; b) MPc general 
structure (α: peripheral, β: non-peripheral and axial positions) and c) general numeration of 

MPcs. 

One of the most outstanding properties of Pcs is their high thermal and chemical stability, 

which is an important requirement for most technological applications.17 MPcs are usually 

stable at high temperatures and resist strong acids (i.e. concentrated H2SO4) or bases; 

notably, the most stable Pc derivatives are only decomposed by strong oxidizing agents, 

such as dichromate or ceric salts. Also, they show a great structural versatility that 

enables fine-tuning of the optical, electronical and aggregation properties. The functional 

groups attached to the peripheral positions of Pcs allow to modify their properties and 

have a deep impact on both electronic and chemical characteristics (e.g. solubility and 

aggregation). On the other hand, depending on the central metal incorporated in the Pc 

cavity, it is in some cases possible to further amplify the versatility of the macrocycles by 

incorporating different functional groups at axial positions of the central atom. This is the 

case for ruthenium (Ru(II)Pc), aluminium (Al(III)Pc), and silicon (Si(IV)Pc), among 

others (Figure 3). For silicon and aluminium Pcs, the axial substituents are covalently 

linked to the central atom,18,19 while for ruthenium Pcs bearing N-containing ligands the 

bond is supramolecular in nature.20 When the central metal allows the conjugation of two 

axial ligands, symmetrically and asymmetrically substituted Pcs can be obtained in a 

statistical manner. 



INTRODUCTION 

3 

 

Figure 3. Axially substituted Pcs: a) Si(IV)Pc and Al(III)Pc (where R = alkoxy, phenoxy, silyloxy); 
b) Ru(II)Pc where R= N-containing ligands or CO. 

Owing to their inherent structure and extended conjugation, Pcs exhibit a high 

aggregation tendency in solution, as a consequence of the π-π interactions between 

macrocycles and solvophobic effects, forming dimers, trimers and higher oligomers.21 

The aggregation state has a strong influence on their photochemical and photophysical 

properties,22,23 but it can be reduced or avoided by using coordinating solvents and/or by 

introducing bulky substituents at the axial and/or peripheral positions of the macrocycle. 

In addition, the rich redox chemistry of Pcs can be also tuned by introduction of different 

metal centers in the inner cavity, or peripheral, non-peripheral, and axial substituents. 

The structure of the Pc can also be modified, giving rise to several analogues (Figure 

4)24–29 via atom substitution;30 extension or reduction of the aromatic system;26,31 

variation in the number of isoindole units;28,32 and formation of covalent dimers or 

oligomers.27,33,34 All these modifications have a strong impact on the electronic features 

of the macrocycles. From all these analogues, the most relevant are the 

subphthalocyanines (SubPcs), lower Pc homologues consisting of three isoindole units 

linked through aza bridges with boron in their central cavity, which is coordinated by 

three nitrogen atoms of the macrocycle and one axial substituent.35,36 

 

Figure 4. Phthalocyanine analogues: a) Tetrabenzoporphyrin; b) 2,3-naphthalocyanine; c) 
porphyrazine; d) subphthalocyanine. 

1.3. Spectroscopic characteristics 

The heteroaromatic delocalized π-electron system of Pcs, that is 18 π-electrons over the 

inner 16 atoms of the macrocycle, defines their optical characteristics, namely, high 
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optical stability, and absorption of radiation corresponding to visible light. The electronic 

absorption spectrum of Pcs (Figure 5) presents two main regions, the Q-band and the 

Soret/B-band, both corresponding to ππ* transitions. The Q-band, centered in the 

visible region in the range between 620-720 nm, is a quite intense absorption with molar 

absorption coefficients () in the order of 105 M-1·cm-1. It derives from the transition from 

the ground state of a1g symmetry to the first excited state of eu symmetry (HOMO-LUMO 

transition). The position and shape of this band is responsible for the characteristic 

blue/green colour of these compounds. The B-band is a broad and low intense band 

around 350 nm, with typical  in the order of 104 M-1·cm-1, and it is related to ππ* 

transitions from lower-energy molecular orbitals, namely (HOMO-1)-LUMO transitions. 

 

Figure 5. UV-vis spectra of a metal free Pc (blue) and a Zn(II)Pc (red). 

The central metal, the presence of axial ligands, solvent, (non-)peripheral substitution, 

and the extension of the conjugation are the main factors that are able to change the 

shape and position of the absorption bands of Pcs, (particularly the Q-band). For 

example, while metal-free Pcs have a D2h symmetry with a Q-band split into two main 

absorptions due to their double degenerated LUMO, metallation imposes a D4h symmetry 

where the LUMO level is fully degenerated, and so MPcs show a unique Q-band in their 

absorption spectrum corresponding to a single HOMO-LUMO transition. The introduction 

of metal ions inside the Pc cavity, which reduce the electron density of the Pc, generates 

also a slight blue shift of the Q-band. In fact, the more electronegative the metal ion is, 

the more the Q-band is blue-shifted.37 Modulating the electronic properties of 

porphyrinoids constitutes a voyage from the violet to the infrared regions of the 

electromagnetic spectrum (Figure 6).38 
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Figure 6. Variation of porphyrinoids color from red to violet, depending on their electronic 
structure. 

Other photophysical properties like fluorescence, triplet excited state generation and 

phosphorescence, are also strongly influenced by the presence and nature of the central 

atom.38–40 For example, the characteristic emission of fluorescence from the singlet 

excited state S1, shows a strong dependence on the metal ion coordinated in the center 

of the macrocycle. For instance, H2Pcs generally display higher fluorescence quantum 

yields when compared with the corresponding Zn(II)Pcs, due to the heavy-metal effect 

of Zn.41 The heavy atom effect results from the enhanced spin-orbit coupling between 

the d-orbitals of the metal ion and the π-system of the macrocycle. Therefore, such MPcs 

exhibit a greater tendency to undergo intersystem crossing (ISC) from the singlet excited 

state S1 to the triplet excited state T1 as the central atom mass increases, which is 

reflected by high triplet state quantum yields.21,40,42,43 

1.4. Synthesis 

Synthesis of Pcs is traditionally based on cyclotetramerization reactions of 1,2–

dicyanobenzenes,44 but also a variety of ortho-phthalic acid derivatives (i.e. anhydrides, 

imides and amides) can be used (Scheme 1). Pc precursors can be mono, di-, tri- or 
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tetrafunctionalized, depending on the desired number of functional groups in the final 

Pc. The two most important synthetic pathways for the preparation of substituted 

phthalonitriles are the direct cyanation of ortho-dihalide benzenes catalyzed by Cu or 

Pd,45 and the phthalic acid transformation (i.e. the so-called ‘acidic’ route involving the 

acid – anhydride – imide – amide – nitrile sequence). Classically, MPcs have been 

prepared heating a mixture of the corresponding precursors together with a metal salt in 

a high boiling point solvent (1-pentanol, 2-dimethylaminoethanol (DMAE), DMF, ortho-

dichlorobenzene (o-DCB)). When phthalonitriles are used as starting materials, this 

metal-templated reaction requires also a basic catalyst that, in the presence of an alcohol 

such as DMAE or 1-pentanol, generates an alkoxide that triggers the macrocyclization. 

One of the most widely employed basic catalyst is 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU). 

 

Scheme 1. Synthesis of phthalonitrile derivatives and symmetrically substituted Pcs. 

To obtain metal free-Pcs, activated phthalonitrile derivatives such as 1,3-

diiminoisoindolines can be used as starting materials in the absence of metal salts, but 



INTRODUCTION 

7 

they can be also obtained from the reaction of phthalonitriles with lithium alkoxides, 

which yields lithium Pcs that can be converted into the corresponding free base by 

treatment with a mineral acid.46 In turn, the treatment of metal free Pcs with a metal salt 

produces the corresponding metallic Pc. More recently, various new methods to prepare 

Pcs in high yields and under rather mild conditions have been described, for instance, 

the treatment of phthalimides, phthalic anhydrides and phthalonitriles with metal salts 

and hexamethyldisilazane (HMDS) in DMF,47,48 the double addition of oximes to 

phthalonitriles,49 and microwave-assisted protocols.50 

 

Scheme 2. Proposed mechanism for the synthesis of MPcs by cyclotetramerization of 
phthalonitriles by the metal templated method. 

As mentioned above, the cyclotetramerization reactions are usually performed in high 

boiling point alcohols,51,52 which, according to the mechanism proposed by S. W. Oliver 

and T. D. Smith (Scheme 2),53 are responsible for the initiation of the reaction. In this 

way, when the reaction takes place in the presence of sodium or lithium alkoxides, the 

macrocyclization starts with the formation of 1-imido-3-alkoxyindoline corresponding salt 

(Step 1). This intermediate will attack as nucleophile to the nitrile group of a second 

phthalonitrile molecule (Step 2). The resulting dimer can either undergo self-

condensation with another dimer (Step 3a), or react with a third (Step 3b) and a fourth 

phthalonitrile molecules (Step 4) in the same way, both steps mediated by the metallic 
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cation acting as template. Another possibility consists in the metal-mediated formation 

of the Pc ring, where a transition metal cation acts as a template to which the reacting 

phthalonitriles coordinate during the macrocyclization.54 

1.5. Properties and applications 

Since their first synthesis at the beginning of the last century, Pcs are an important 

industrial commodity, blue and green dyestuff, used primarily in inks (especially ballpoint 

pens), coloring for plastics or metallic surfaces, and dyes for clothing. The unique 

properties of Pcs, such as high optical stability, semiconductivity and excellent 

photophysical properties, have widen their possible applications, and therefore, their 

commercial utility.17,55 Their chemical versatility makes this class of compounds applicable 

in different fields, ranging from nanotechnology and material science, to medicine.17,56–

58 The high extinction coefficients in the visible and near IR regions exhibited by Pcs, 

together to their n-type conductivities in the range of 10-4-10-2 Ω-1·cm-1,59 have 

encouraged their use in organic photovoltaics (OPV),56 organic solar cells,60 perovskite 

solar cells,61 dye-sensitized solar cells (DSSC),39,62,63 organic light emitting devices 

(OLEDs)64 and organic thin-film transistors (OTFTs).65 Pcs have also potential use as 

chemical sensors, taking advantage of the variations in their semiconducting properties 

produced by the interaction with different gasses (ammonia, nitrogen monoxide and 

dioxide, and carbon monoxide).66,67 They have been also employed in electrochromic 

devices,68 electro- and photocatalysis,69 and as single-molecule magnets.70 Pcs have also 

been widely studied as non-linear optical (NLO) materials by taking advantage of their 

extended two-dimensional π-electron delocalization,71 and for liquid crystal color display 

applications.72,73 

This class of molecules has attracted also great interest over the past two decades in the 

area of photodynamic therapy (PDT) due to their favorable photophysical and 

photochemical properties. In fact, this application is one of the final objectives of the 

present thesis and will be developed in further sections. Moreover, the ability of Pcs to 

produce singlet oxygen is also being used for photocatalytic degradation of pollutants74 

and catalytic oxidation in several processes.75 

1.6. Unsimetrically substituted phthalocyanines 

When using 3- or 4-substituted phthalonitriles as starting materials, the resulting 

tetrasubstituted Pcs are  obtained as mixture of four structural isomers with C4h, D2h, C2v 

and Cs symmetries (Figure 7).4 These regioisomers sometimes can be obtained separately 

employing a regioselective approach,76–78 and in some exceptional cases can be 

separated by chromatographic techniques.79,80 This situation is solved by using 3,6- or 

4,5-disubstituted phthalonitriles, which yield  only one isomer  of the corresponding 
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octasubstituted Pc. However, even when the Pc is constituted by a mixture of 

regioisomers, A4 Pcs will be mentioned in this text as ‘symmetric’ whenever the four 

isoindole units have the same substitution pattern. 

 

Figure 7. Constitutional isomers for A4 tetrasubstituted Pcs. 

Because of the numerous regioisomers that can be obtained from monosustituted 

phthalonitriles, the condensed structural formulae notation (type I, Figure 8) is most 

often too complex to be fully detailed. For this reason, the type II notation, though not 

formal, is often preferred to type I for the sake of clarity, and will be used in the thesis 

when necessary. 

 

Figure 8. Condensed and simplified structural formula used for Pcs having α- and/or β- 
monosubstitution pattern at their isoindole units.63 

From now, we will talk about unsymmetrically substituted Pcs when the isoindole units 

are differently functionalized (commonly notated as isoindoles A and B), independently 

of the presence of regioisomers. In this way, when using more than one different 
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precursor in the synthesis, the library of possible Pcs is amplified, and differently 

substituted systems are obtained in a statistical manner. The synthesis of 

unsymmetrically substituted Pcs is more difficult than the synthesis of their symmetric 

analogues from a statistical point of view. Even so, several synthetic approaches towards 

unsymmetric Pcs and their analogues have been developed.81 First of all,  the most widely 

employed strategy is the statistical condensation of two differently functionalized 

phthalonitriles, also called A and B, to produce a family of Pcs (Figure 9)82,83 that will be 

separated by column chromatography. 

 

Figure 9. Mixture of Pcs obtained via statistical cyclotetramerization of two differently 
functionalized phthalonitriles A and B. 

a) A3B Phthalocyanines 

The statistical cyclotetramerization is the most common approach to prepare A3B Pcs, 

since the reaction can be directed towards the target compound by using a relatively 

large excess of one of the precursors (from 3:1 to 9:1 relative ratios). Controlling the 

stoichiometry of the phthalonitriles leads in many cases to the nearly exclusive formation 

of both the symmetric A4 Pc from the most abundant precursor A, and the A3B derivative. 

Some factors, such as the steric effect of the substituents or the relative reactivity of the 

different phthalonitriles, can also increase the yield of the desired product and facilitate 

its isolation. On the other hand, some chemoselective techniques for the synthesis of A3B 
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Pcs have been described in the literature, but they present a great number of limitations. 

Therefore, A3B Pcs can be obtained by applying the so-called Kobayashi ring expansion 

reaction of SubPcs.84 The method involves treatment of a SubPc with a succinimide or a 

1,3-diiminoisoindoline derivative,85,86 but it is only compatible with certain functional 

groups and inefficient in terms of yield and atom economy.85,87 Another approach for the 

selective preparation of A3B Pcs is the solid-phase synthesis mainly developed by 

Leznoff,88,89 which involves the linkage of one phthalonitrile precursor to a polymeric 

support through a cleavable linker, followed by the reaction with an excess of a second 

phthalonitrile in solution.88 

Our group has strongly contributed to the synthesis of outstanding A3B Pc derivatives for 

the preparation of multicomponent systems, mainly devoted to achieve materials with 

photoinduced charge-separation abilities.2,90–92 The Zn(II)Pc coded as TT1 (see Figure 

10a) is a representative example of the A3B Pcs prepared in the group. This molecules is 

endowed with a carboxy group as reactive or anchoring functional group, and tert-butyl 

chains in the other three isoindole units that minimize the formation of molecular 

aggregates and increase the solubility in organic solvents. TT1 has been used in PDT for 

atherosclerotic plaques,93 but also linked to TiO2 for the preparation of DSSC devices.94,95 

In this context, many other Zn(II)Pcs with A3B geometry have been also successfully 

implemented in DSSCs (Figure 10b).63,96 A3B Pcs have been also linked to carbon-based 

nanomaterials such as fullerene, graphene and carbon nanotubes.90,92 In this regard, 

Figure 10c shows a recent example of an amphiphilic, water-soluble A3B Zn(II)Pc, which 

is able to exfoliate graphene in polar media.97 

 

Figure 10. Examples of A3B Zn(II)Pcs. 



INTRODUCTION 

12 

b) A2B2 Phthalocyanines 

The synthesis of A2B2 Pcs has proved more challenging that of their A3B counterparts. 

A2B2 Zn(II)Pcs present two different constitutional isomers, namely ABAB and AABB, 

which are quite difficult to separate by chromatographic techniques, although possible in 

some sporadic cases.98,99 To avoid their tedious isolation, sometimes the so-called 

directed approach is employed to selectively obtain only one of the constitutional isomers 

of the A2B2 type. 

 ABAB Phthalocyanines 

In 1978 Idelson reported a patent from Polaroid Corporation,100 in which developed a 

new methodology to synthesize ABAB porphyrazines, that can be considered as ABAB Pc 

derivatives. This process was a crossed-condensation between two different precursors 

in which six of the eight nitrogen at the inner perimeter of the Pc can only be provided 

by one of them. Specifically, they patented a reaction between an amino/imino- and a 

trihalo-pyrroline in the presence of an acid acceptor and a hydrogen donor. Lever and 

Leznoff,101 and Shirai and coworkers,102 used this reaction in an academic setting 

(Scheme 3) and applied it to the synthesis of ABAB Pcs. They performed a cross 

condensation between 1,3-diiminoisoindoline and thiophthalimide, which is unable to 

self-condense. The reaction was performed at low temperature to avoid also the self-

condensation of 1,3-diiminoisoindoline and favor the crossed-condensation between 

them, which occurs faster thanks to the marked electrophilic character of the reactive 

thiocarbonyl group. 

 

Scheme 3. Selective synthesis of ABAB Pc via cross-condensation between thiopthalimide and 
1,3-isoindolediimine. 

1,3,3-trichloroisoindolenine can perform as precursor, playing the same role than 

thiopthalimides. This reaction was discovered in 1990 by Young and Onyebuagu as a 

reductive coupling process using a base as reducing agent. The ABAB derivatives was 

obtained in very good yield, around 50%,103 (Scheme 4a) although in other examples the 

A3B product was also detected.104 Unfortunately this method shows low tolerance to 

many functional groups and the synthetic routes to prepare the precursors are 



INTRODUCTION 

13 

difficult.105,106 This is the reason why the method has only rarely been utilized in the 

literature, despite its unquestionable selectivity. Some specific examples of its application 

are: i) the work of Bretonnière and coworkers depicted in Scheme 4b;107,108 ii) the 

publication by Youngblood in 2006 that describes an ABAB Zn(II)Pc building block for the 

preparation of rodlike Pc polymers (Scheme 4c);105 and iii) the work reported by Hanack 

and coworkers, who prepared oxygen-bridged bicyclic ABAB Pcs (Scheme 4d) for their 

use in cycloaddition reactions,104 towards the preparation of ladder-type oligomers.109 

 

Scheme 4. Synthesis of ABAB Pcs from 1,3,3-trichloro-6-nitroisoindolenine and 1,3-
diiminoisoindoline. 

Particularly appealing is the possibility to create complex linear arrangements, such as 

Pc-containing polymers, thanks to the selective preparation of the D2h ABAB geometry. 

In this regard, Swager’s group prepared a highly conductive Pc-containing hybrid polymer 

that exhibited both metal-centered electroactivity as well as high conductivity (Figure 

11a).110 Yu and coworkers described the synthesis and physical study of several new 

photorefractive polymers, which are poly(phenylenevinylene)s copolymerized with a 

small amount of macrocyclic of an ABAB Zn(II)Pc (Figure 11b).111 
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Figure 11. a) Macrocycle-linked MPc polymer; b) Poly(phenylenevinylenes) copolymerized with a 
small amount of ABAB Zn(II)Pc. 

The most successful and extended methodology for ABAB Pc synthesis lies in the use of 

phthalonitriles with bulky substituents at the α-positions with equimolar amounts of other 

non-hindered phthalonitrile derivative in the presence of a transition metal salt. This 

methodology has been used to prepare ABAB Pcs (Scheme 5a) and related structural 

isomers of Pcs such as naphthalene-fused tetraazaporphyrins (Scheme 5b and c).26,112–

114 The hindered self-condensation of the bulky phthalonitrile (B) minimize the formation 

of AABB and AB3 compounds, and the impeded aggregation capabilities of the 

macrocycles facilitates the chromatographic separation. 

 

Scheme 5. Synthesis of ABAB derivatives from 3,6-substituted phthalonitriles. 
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 AABB Phthalocyanines 

The first example on the selective preparation of AABB Pcs was reported by Leznoff and 

coworkers via the so-called lithium method, which involves the use of an anionic half-Pc 

intermediate stabilized by a lithium cation. This species, usually obtained from 

phthalonitriles bearing electron-withdrawing groups, can be isolated and treated with a 

second phthalonitrile together with a transition metal salt under soft conditions to 

generate the final Pc (Scheme 6a).115 Kobayashi’s group refined this method using bulky 

3,6-diphenylphthalonitrile, which avoid the formation of the A4 Pc because it is disfavored 

by the steric hindrance between neighboring peripheral substituents. Then, reaction with 

a second dinitrile resulted in the selective synthesis of the AABB targeted compound 

(Scheme 6b).116,117 

 

Scheme 6. a) Leznoff’s selective synthesis of AABB Pcs; and b) Kobayashi’s approach. 

Kobayashi and coworkers described also the exclusive formation of a D2h symmetrical 

(AA)2 Pc by linking two phthalonitriles at their 4-position with proper rigid spacers. 

Moreover, they incorporated chirality to the system using an optically active binaphthyl-

based linker (Figure 12a).77 This strategy was reproduced by Leznoff and coworkers using 

a phthalonitrile dimer endowed with a propan-1,3-diol bridge (Figure 12b).118,119 
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Figure 12. Structures of D2h (AA)2 Pcs. 

Following the latter approach, that is the use of bisphthalonitriles linked through rigid 

spacers, a number of AABB derivatives with C2v symmetry, also called adjacent-type Pc 

derivatives, have been synthesized. For instance, Kobayashi’s group prepared a series of 

adjacent Co(II)Pc derivatives with varying number of fused benzene rings (Figure 13a).26 

They also prepared low-symmetry adjacent-type chiral MPcs endowed with branched 

alkyl chains that shows interesting self-organization properties, giving rise to liquid-

crystalline, one dimensional columnar aggregates (Figure 13b).120 

 

Figure 13. a) Adjacently substituted Co(II)Pc derivatives. b) Adjacent-type MPc having branched 
alkyl chains. 

The use of bisphthalonitriles linked by constrained binding groups such as 2,29-

dihydroxy-1,19-binaphthyl leads to optically active adjacent Pcs, thanks to the intrinsic 

atropoisomerism of the binaphtol subunit. An important feature of these bisphthalonitriles 

is that the binaphthol unit does not racemize under the harsh Pc synthesis conditions, 

because of the large steric hindrance provided by the presence of the two bulky 

dicyanophenoxy groups. In addition, since the distance between the two phenoxy groups 
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is close to the minimum to link two adjacent benzene rings in the corresponding Pc, the 

formation of oligomeric Pcs is suppressed. Those AABB Pcs have been synthesized in 

good yields in a mixed condensation with a second diminoisoindole derivative, together 

with the full-symmetric (AA)2 Pc with two binaphtol units (Scheme 7).121,122 

 

Scheme 7. Example of synthesis of AABB and (AA)2 Pcs with binaphthol linkers. 

One of the main advantages of Pcs with optically active binaphthyl units is that they can 

be spectroscopically investigated not only by absorption and emission assays, but also 

by circular dichroism (CD), and magnetic circular dichroism (MCD). The chiral 

substituents induce CD in the in-plane polarized Q- and Soret-bands of Pcs and, 

therefore, Pcs having R and S binaphthyl units show positive and negative CD, 

respectively.123 
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2. Photodynamic Therapy 

In Section 1 of this Introduction we have discussed general concepts on phthalocyanine 

chemistry. In this second section we are going to focus on one of the main applications 

mentioned: Photodynamic Therapy. 

2.1. Principles and applications 

a) General concepts 

The word “photodynamic” (in Greek, ‘photo’: light, and ‘dynamo’: power) refers to the 

energy of light as its etymology discloses. Photodynamic therapy is a promising and non-

invasive form of phototherapy, using non-toxic light-sensitive compounds, called 

photosensitizers or photosensitizing agents (PS), which when exposed selectively to 

harmless visible light, become toxic to targeted diseased cells or microorganisms. Light 

activates the PS, which can transfer its energy to surrounding oxygen, thus resulting in 

the formation of reactive cytotoxic oxygen species (ROS) as e.g. singlet oxygen (1O2) 

that ultimately lead to an effective cell ablation.124 This ROS triggers a phototoxic 

cascade, leading to cell death through apoptosis or necrosis.125,126 In the last century, 

PDT is becoming widely recognized as a valuable treatment option for localized cancers 

and other diseased tissues, since this methodology allows for the minimally invasive, 

selective and localized destruction of tumor cells with reduced side effects and toxicity.127 

PDT has the advantage of selectivity, the PS can be targeted for selective accumulation 

in the tumor tissue, and light can be delivered only to the target area, preventing the 

side effects of classic systemic therapies by reducing the damage to healthy cells.128 PDT 

includes the possibility to be combined with other therapies such as surgery and/or 

radiotherapy, and it is non-immunosuppressive.129 This therapy was the first example of 

a drug-device combination approved by Food and Drug Administration (FDA),130,131 which 

happened in 1993 for the use of PS Photofrin® in the prophylactic treatment of bladder 

cancer. After that, a large number of PS were developed and PDT was extended to other 

diseases. 

b) Applications of PDT 

Photodynamic therapy has numerous applications, which can be divided into three main 

fields: the photodynamic treatment of cancer, frequently referred as PDT, other non-

oncological diseases, and the photodynamic inactivation of microorganisms, known as 

PDI. 
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Regarding to oncology,132 it has been used in various branches, such as dermatology, 

brain malignancies, thoracic oncology, pancreatic cancer, esophageal cancer, bladder 

cancer, etc.133 On the other hand, various non-oncological pathologies that go beyond 

the cancer malignancies can be treated with PDT, for instance, age-related macular 

degeneration in ophthalmology,134 or cardiovascular diseases and atherosclerosis135. 

Photodynamic therapy has also proven ability to kill insects, parasites, and microbial cells, 

including bacteria, yeast, fungi, parasitic protozoa and viruses.136,137 It has been also 

useful in the treatment of herpes lesions, papillomatosis, wound infections, psoriasis, 

acne vulgaris, superficial fungal infections of the skin and infections by Helicobacter 

pylori.138,139 Authors in literature refer to the treatment as photodynamic inactivation 

(PDI), antimicrobial PDT (aPDT) or photodynamic antimicrobial chemotherapy (PACT). 

PDI has already proven its efficacy against both antibiotic-resistant and non-resistant 

pathogens.140 Drug treatment and PDI are compatible since both therapies work through 

entirely different mechanisms. On the other hand, one of the most successful application 

of PDI has been in dentistry,141 with two commercialized products (Periowave® and 

SaveDents®), and plays a notorious role in environmental protection in 

photodecomposition of pollutants through photocatalytic reactions.142 

2.2. Active key components in PDT 

PDT involves three main components: light of a specific wavelength, a PS and the 

presence of molecular oxygen (3O2). Only when these components are combined 

together, they become toxic to targeted cells. 

a) Light: delivery and sources 

PDT requires that sufficient light reaches the target tissue,143,144 which is directly related 

with the presence of macrobiomolecules, organized cell structures and interstitial layers 

that make biological media turbid and inhomogeneous. For this reason, it is very 

important to understand how light travels through tissues, suffering either absorption or 

scattering processes that lead to refraction and widening of the light beam, causing 

changes of directionality and loss of the fluence rate. Endogenous absorption by tissue 

components, (e.g. nucleic acids, amino acids, etc.), affords a drastic decrease of intensity 

and diffusion depth of light penetration, which reduces the penetration capacity of light 

with wavelength <550 nm (Figure 14, left). Thus, PS absorbing light of wavelength below 

700 nm are not ideal due to the presence of the endogenous light absorbers, such as 

oxyhemoglobin (HbO2), deoxyhemoglobin (Hb), bilirubin and melanin. The light depth of 

penetration doubles from 550 to 630 nm (1-3 mm), doubles again going up to 700 nm, 

and a 10% increasing is observed when moving towards 800 nm. PS should not have 

absorption maxima at wavelengths longer than 850 nm, since such absorptions generate 

triplet excited states without sufficient energy to excite molecular oxygen to produce 1O2 
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and other ROS.145 Moreover, absorption by water and hemoglobin accounts for the low 

penetration of light with wavelengths above 850 nm. These facts result in an optical 

therapeutic window for PDT in the range from 650-850 nm (Figure 14, right),146 which 

represents the range of wavelengths where light has its maximum depth of penetration 

in tissues.147 Therefore, it is of high importance the development of PS able to absorb 

light in the phototherapeutic window in order to be effective for treatment of deeper 

localized tumors.148 

 

Figure 14. (Left) Phototherapeutic window: the spectral range of visible and NIR light (650–850 
nm) characterized by a high penetration depth into human tissues.148 (Right) Hemoglobin and 

tissue water absorb light over a broad spectral regime, creating an optical window (650-900 nm), 
which represents an optimal trade-off between image resolution and tissue penetration for in 

vivo imaging and PDT.146 

The success of PDT relies as well in the light source that is applied to activate the PS. 

The increased light penetration depth at higher wavelengths is the major incentive for 

the development of new PS and light sources, however no single light source is ideal for 

all PDT applications. In general, the light source must exhibit a suitable spectral match 

that coincides with the maximum absorption of the PS, and the clinical efficacy of the 

treatment depends on total light dose, exposure time, delivery mode, and fluence rate. 

Non-laser sources include tungsten filament, xenon arc, metal halide, and fluorescent 

lamps. However, in recent times, diode lasers have been introduced as a cheap, small, 

automated and simple, new generation of light sources.149 Lasers require a shorter 

exposition time, and produce coherent light of a specific wavelength. Light-emitting 

diodes (LEDs) are another alternative, which allow a narrow wavelength range and high 

fluence rates. Both lasers and LEDs have no significant difference regarding cytotoxicity, 

showing the same efficacy.149,150 

b) Oxygen 

The human body requires and regulates a specific balance of molecular oxygen in the 

blood and tissues by using the respiratory system. Completely essential for PDT is the 
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presence of 3O2 in the near proximity of the site of action.151 The unusual ground state 

of molecular oxygen (a triplet), has an open-shell electronic configuration with two 

unpaired electrons occupying separate antibonding (π*) orbitals with parallel electronic 

spins (Figure 15). The unique configuration of molecular oxygen is responsible for a 

number of important redox and photophysical interactions. 3O2 can easily accept one 

electron at a time, as in redox reactions with other radicals or other species bearing 

unpaired electrons, such as transition metals. This one-electron reduction of oxygen 

generates superoxide radical anion (O2•-) which can undergo further successive one-

electron reductions to form other ROS.152 On the other hand, when an excited PS (also 

in its triplet state, 3PS*) collides with 3O2, a process of triplet-triplet energy transfer takes 

place, converting the molecular oxygen into the mentioned before, extremely short-lived 

and reactive 1O2.153–155 This process involves “flipping the spin” of the outermost electron 

and shifting it into the orbital containing the other electron, which in turn leaves one 

orbital entirely unoccupied (a violation of Hund’s rule) (Figure 15). 1O2 is considered the 

most reactive form of oxygen, presenting high reactivity towards organic substrates. 

 

Figure 15. Molecular orbital diagrams for ground-state molecular oxygen, singlet oxygen, and 
ROS (superoxide radical anion and peroxide ion, deprotonated form of hydrogen peroxide).152 

1O2 lifetime () strongly depends on the solvent in which it is generated.156 In organic 

solvents it is estimated to be 10-100 μs, while in water it is about 3-4 μs. This is a 

consequence of the strong O-H vibrations of water molecules, which facilitate relaxation 

and 1O2 deactivation. Under physiological conditions, the lifetime of 1O2 is only around 

100-250 ns due to the presence of reacting molecules in the cytoplasm. Consequently, 

the diffusion range of 1O2 is predicted to be around 45 nm,157 and considering that the 

diameter of human cells ranges from 10 to 100 μm, 1O2 cannot diffuse more than a single 

cell length. The short half-life of 1O2 together with its high reactivity leads to the localized 

production of ROS, resulting in an oxidative damage that is limited to the irradiated areas, 

shrinking the probability of harming healthy cells and produce side-effects. 
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c) Photosensitizer 

As a general definition, PS are compounds that are capable of absorbing light of a specific 

wavelength and transforming it into other forms of energy. In medicine, the PS is a drug, 

which when excited by light, can utilize and convert this energy to induce photochemical 

reactions and ultimately may cause lethal toxic effects in cells.158 

 Characteristics of ideal photosensitizers 

There are many natural or synthetic dyes that can play the role of a PS for PDT 

applications, and in order to develop systems with high potency and selectivity, the 

characteristics of efficient PS must first be defined and fulfil most of the following 

criteria:159 

 Chemical composition: The PS should be a single, pure, well-characterized 

substance, with a known and stable composition and good stability when stored. 

Also, it must have low manufacturing costs with short, inexpensive and high-

yield synthetic route that can be easily translated into multigram-scale reactions. 

 Toxicity: The PS should not show any intrinsic dark toxicity, not be mutagenic 

or carcinogenic, and no toxic byproducts should be generated when it is 

metabolized. 

 Selectivity: The PS should preferably accumulate in the targeted tissue over 

healthy ones. 

 Activation: The PS should exclusively be activated by light of a certain 

wavelength that provides the PS enough energy to excite 3O2. The PS must 

present absorption with high molar extinction coefficients, in the 600-800 nm 

therapeutic window. 

 Functioning: The PS should show a high triplet quantum yield (≥0.5) and triplet 

state energy higher than that of 1O2 (94 kJ·mol-1), so that energy transfer can 

occur to generate singlet oxygen. 

 Aggregation: The PS should not aggregate in the cellular media, since 

aggregation decreases triplet quantum yield, and therefore singlet oxygen 

quantum yield. 

 Imaging: The PS should ideally produce fluorescence in order to obtain in situ 

imaging of its localization. 

 ‘ADME’ properties: The PS should present optimal absorption, distribution, 

metabolism and excretion to be effectively eliminated from the body. 
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 Classification of photosensitizers 

PS can be categorized according to their chemical structure. In this way, three broad 

categories are distinguished: natural porphyrins (Por), chlorins, and synthetic dyes. The 

first category consists of Por, such as hematoporphyrin and its derivatives, while the 

second category consists of chlorophyll-like substances. The third and largest family is 

that of synthetic dyes, which can be subdivided in two main groups, namely porphyrinoid 

or non-porphyrinoid derivatives.160–162 Non-porphyrinoid PS include phenothiazines (e.g. 

methylene blue and toluidine blue), xanthenes (e.g. Rose Bengal), squarines, BODIPY 

(boron-dipyrromethane dyes), phenalenones, anthraquinones (e.g. hypericin), cyanines, 

curcuminoids, chalcogenopyrylium dyes and transition metal compounds, from which 

ruthenium(II) polypyridyl complexes are the most studied.163 The chemical structures of 

some of the most common non-porphyrinoid synthetic dyes that are used as PS are 

summarized in Figure 16. 

 

Figure 16. Chemical structures of some of the most common non-porphyrinoid synthetic dyes 
able to photogenerate 1O2. 

Porphyrinoid-based derivatives are the most used in PDT applications, because of their 

singular photochemical characteristics. The focus herein will be placed on this family, 

that historically are further classified as first, second and third generation PS.164 

First generation PS: 

Hematoporphyrin derivative (HpD), porfimer sodium (Photofrin®), and other Por made 

in the 1970s and 1980s are known as first generation PS.159,165 They were the first 

effective PS, but showed various problematic side effects such as low selectivity and 

prolonged skin photosensitization. Photofrin® is the most used PS in PDT, being a 

reliable, activatable, pain-free and non-toxic drug. However, it presents some important 

disadvantages, such as its composition by an uncertain mixture of compounds, its poor 

selectivity, the large concentrations of compound and light that are required, and the low 

absorption coefficient at its absorption maximum wavelength. 
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Figure 17. Chemical structures of first generation PS: Hematoporphyrin and Photofrin (a mixture 
of dimers and oligomers ranging from two to nine Por units connected by ether bonds). 

Second generation PS: 

Second generation PS are synthetic derivatives of the first generation, designed with the 

intention to overcome their shortcomings, absorbing at longer wavelengths and causing 

less skin photosensitization post-treatment. A large variety of PS has been developed 

over the last years, some of them being already approved for the treatment of different 

diseases.160,166–168 Figure 18 shows some examples of second generation PS.169,170 

 

Figure 18. Examples of second generation PS. 

The first one is the prodrug ALA, which is a naturally occurring amino acid that is 

enzymatically converted in the PS protoporphyrin, approved in 1999 by US FDA for non-

oncological PDT treatment of actinic keratosis.171 Synthetic porphyrins are also widely 
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used as PS in PDT since exhibit the longest wavelength absorption band around 630 nm, 

however with low absorption coefficients. Chlorins, which are Por analogues lacking a 

double bond in one of the pyrrole units and display bathochromically shifted absorptions 

with larger absorption coefficients, are also commonly used as PS. The same applies to 

bacteriochlorins, which have two pyrrole units with reduced double bonds and display 

more red-shifted and intense absorption bands. On the other hand, porphycenes are 

structural isomers of Por with strong absorptions above 600 nm and efficient production 

of 1O2. They present a great structural versatility for improving their therapeutic 

properties. And last, but not least, Pcs, the compounds of interest in this thesis, are 

another family of second generation PS, which have a higher degree of conjugation when 

compared with Por, and exhibit bathochromically shifted Q-bands, with absorption 

maxima around 670 nm. Indeed, various Pcs have already been clinically approved or 

are under clinical trials.172 

Third generation PS: 

When second generation PS are covalently conjugated to site-specific delivery agents for 

selective accumulation within the targeted tissue, they are named third generation PS. 

Also, they are called biohybrids when the nature of the delivery agent is biological (e.g. 

antibodies, peptides, protein cages, low-density lipoproteins, liposomes, nucleic acids, 

folic acid, carbohydrates, etc.),58 with specificity for antigens or receptors that are 

overexpressed or only expressed in tumor cells.173 There are also other non-biological 

delivery platforms, for instance hydrogels, micelles, nanoparticles, etc.174,175 

2.3. Molecular mechanism of action: photophysics and 
photochemistry 

From a photochemical point of view, there are two major processes occurring between 

the three main components of PDT: light absorption by the PS and energy transfer to 

oxygen. The photophysical mechanisms of these processes are usually studied through 

the Jablonski scheme (Figure 19), a general ‘map’ for the events taking place after 

electronic excitation of a molecule. Jablonski energy diagram outlines the possible 

radiative and non-radiative transitions between electronic states of the PS (Figure 19). 

Usually the molecular structure of a PS is typified by a π-conjugated system with electrons 

that are spin paired in low energy orbitals. The total spin of the PS is therefore 0, so its 

ground electronic state is commonly a singlet state (S0). Upon application of light of 

wavelength close to the PS absorption maximum and absorption of a photon by the PS, 

one electron in the highest occupied molecular orbital (HOMO) is promoted to the lowest 

unoccupied (higher energy) molecular orbital (LUMO), while maintaining its spin. This 

transition leads to the formation of a short-lived (in the range of ns) singlet excited state 
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(1PS* or S1), which can dissipate the absorbed energy and restore the PS ground state 

S0 through two main pathways: 

 Fluorescence emission: Spontaneous emission of a secondary photon upon 

transition between two electronic states with the same spin multiplicity. This 

process always occurs from the lowest vibrational level of S1.176 

 Internal-conversion (IC) by thermal decay: Within an excited state, an 

electron can decay via vibrational relaxation (VR) to the lowest vibrational level 

of that state, with dissipation of energy as heat (non-radiative transition). 

 

Figure 19. Jabłonski diagram illustrating the generation of excited states of PS, and triplet state 
photosensitized production of ROS. S indicates discrete singlet states of the PS and T indicates 
triplet states. IC and ISC denote internal conversion and intersystem crossing, respectively.148 

Alternatively, and most importantly to the PDT process, the PS can undergo a reversal 

of the spin of the excited electron, taking the molecule to its triplet excited state T1 (3PS*) 

with parallel electron spins, via a non-radiative process called intersystem crossing (ISC). 

The resulting T1 is less energetic than the singlet excited state S1, but has a much longer 

lifetime (in the μs scale), since transitions from T1 to S0 are spin-forbidden. Nevertheless, 

spin-orbit coupling (SOC) makes ISC competitive against other decay routes of the S1 

state.177 SOC is the energetic contribution arising from the interaction between the spin 

magnetic moment of the electron and the magnetic field that it feels as a result of orbiting 

around a positively charged nucleus. This interaction leads to a mixing of the singlet and 

triplet wave functions, making it possible for ISC to take place. Thus, heavy atoms should 

increase the 3PS* lifetime since SOC is a function of Z4 (where Z is the atomic number), 

also known as the heavy-atom effect.178 In this way, the rate of ISC can be increased as 

a result of enhanced SOC by the presence of heavy atoms that are incorporated into the 

chromophore (internal heavy atom effect). T1 can lose energy by phosphorescence 
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(spontaneous emission of radiation upon transition between two electronic states with 

different spin multiplicity). This occurs if after vibrational relaxation to the lowest 

vibrational level, T1 decays to S0 by changing the spin orientation of the excited electron 

(a relatively slow process), via emission of an electromagnetic quantum. Alternatively, T1 

may interact with molecules that are abundant in its immediate environment. Because of 

the selection rules that specify that triplet–triplet interactions are spin-allowed while 

triplet–singlet interactions are spin-forbidden, the T1 can react readily with surrounding 
3O2, which is one of the few molecules that are a triplet in the ground state. This 

interaction constitutes two types of photodynamic reactions, schematized in Figure 20, 

defined as Type I and Type II:179 

 Type I photoreactions: The excited PS (T1) transfers an electron to a nearby 

cellular substrate (S) (i.e. lipids, proteins, nucleic acids, etc.), sometimes in 

concert with proton donation. Therefore, such Type I photochemical pathways 

trigger radical chain reactions,180 and the direction of the electron transfer is 

controlled by the relative redox potentials of the PS and the substrate. The 

generated radicals react with 3O2, yielding several different oxygen intermediates 

collectively called ROS, such as the superoxide anion (O2
•⁻), the hydroxyl radical 

(OH•) and hydrogen peroxide (H2O2). OH• seems to be the most reactive of the 

three species formed since, as strong electrophile, is able to chemically attack 

biomolecules such as DNA, proteins and membrane lipids.181 

 Type II reactions: The PS in its 1T undergoes an electronic energy transfer 

upon collision with 3O2, resulting in the formation of cytotoxic 1O2 that provokes 

the oxidation of cellular substrates and eventually leads to cell dead.180 This type 

of photoreaction proceeds by energy (not electron) transfer mechanism, while 

oxygen is the primary acceptor. Singlet oxygen is a non-radical species of 

electrophilic nature, highly reactive towards groups with high electron densities 

such as double bonds in unsaturated lipids and steroids, sulphur atoms in amino 

acids, aromatic and heterocyclic groups in amino acids and aromatic and 

heterocyclic groups in pyrimidine and purine bases. 

Both type of mechanisms occur simultaneously and cause oxidative damage within the 

target tissues, which lead to cell death. Although the detailed mechanism of PDT and the 

concomitant processes are not yet fully understood, it is generally accepted that the 

generation of 1O2 from the Type II mechanism predominates in both PDT and PDI. For 

this reason, 1O2 quantum yield is an important parameter to take into account in the 

development of new PS. And the use of PS with increased ISC (high triplet-state quantum 

yields) is therefore of extreme importance since this allows for an efficient production of 
1O2 and other ROS. 
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Figure 20. Formation of ROS through energy- and electron-transfer reactions,152 and Type I and 
Type II photoreactions during PDT, which result in oxidative damage of biological substrates. 

2.4. Reaching the tumor cells: PS location and cell 
destruction 

a) Intracellular localization 

The intracellular localization of the PS strongly determines the cellular pathways triggered 

by the PDT treatment. Indeed, PS that are unable to be taken by cells show a very 

inefficient PDT effect. Moreover, the fact that most PS are fluorescent allows for the 

development of an assortment of optical imaging for localization and monitoring 

strategies.182 These sensitive assays quantify the amount of PS in cells, providing 

selectivity data. In this way, cellular PDT targets include lysosomes, plasma membrane, 

mitochondria, endoplasmic reticulum and the Golgi apparatus. PDT is not likely to cause 

DNA damage, mutations or carcinogenesis so there are scarce examples of PS that target 

the cell nuclei. Anionic and hydrophilic aggregated drugs are likely to enter the cell 

through pinocytosis or endocytosis, so that they are localized in lysosomes and 

endosomes. This aggregated PS state may be the explanation of the lower efficacy shown 

by lysosomal localization against systems located in other organelles. Mitochondria is 

considered the optimal target for an effective photodynamic effect. Cationic PS, even 

Formation of ROS 

Type I photoreactions Type II photoreactions

3PS* + 3O2 PS + 1O2

1O2 + S                oxidative damage

3PS* + S PS + S+_
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those still hydrophobic, localize preferentially in the mitochondria, which may be related 

with both the membrane potential and the lipid bilayer of this organelle. This preferential 

accumulation of cationic drugs is more pronounced in cancer cells than in normal 

tissues.147 

b) Mechanisms of tumor destruction 

There are three main biological mechanisms involved in the tumor shrinkage and 

disappearance after PDT treatment. These three mechanisms can influence each other, 

and their combination is required for achieving long-term tumor control. 

 Direct damage over tumor cells: The generated ROS during PDT can kill 

tumor cells directly by apoptosis and/or necrosis.128,183 Necrosis is a violent and 

quick form of degeneration characterized by the destruction of organelles and 

disruption of the plasma membrane. In contrast, apoptosis is a mechanism of 

genetically programmed death characterized by a common sequence of 

morphological and biochemical changes. 

 Vascular destruction: PDT can damage the tumor-associated 

microvasculature, leading to persistent post-PDT tumor hypoxia/anoxia and 

nutrient deficiency, to finally complete tumor disappearance.130,184 

 Immune response: Photodynamically induced changes in the cell membranes 

can trigger an immune response against tumor cells by activating multiple signal 

transduction pathways.185 

2.5. Photodynamic Inactivation of Microorganisms 

Microbial cells display a large variety of size, sub-cellular architecture, and biochemical 

composition. Nevertheless, the photosensitized processes in most microorganisms occur 

in a similar way, which allows to define specific mechanisms of microbial 

inactivation.136,137 The most frequent target of microbial cell inactivation is the 

cytoplasmic membrane, since it has several cofactors, proteins and enzymes, which can 

be inactivated by the generated ROS and 1O2. This consequently leads to a massive 

reduction of the membrane transport capacity, which results in a shortage of essential 

substrates for microorganism metabolism.186 Sometimes the PS can gradually diffuse to 

inner cellular districts, and a variety of non-membranous sites are also involved in the 

photooxidative reactions.139 Therefore, the overall process is of multi-target nature, 

making it extremely difficult for microbial cells to develop resistance to PDI, which 

represents one of the major advantages of this treatment taking into account the current 

antibiotic resistance crisis.187 In this thesis, in particular, we will focus on the deactivation 

of both Gram-positive and Gram-negative bacteria. 
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 Gram-positive bacteria: This kind of bacteria display a highly porous outer 

wall manly constituted by peptidoglycan layers, that allows the diffusion of 

macromolecules of about 60000 Da. Inactivation has been successfully 

accomplished with anionic and neutral PS.138 

 Gram-negative bacteria:188 They are characterized by an outer wall with a 

rigid structural element located outside the peptidoglycan compartment, which 

is composed by lipoproteins, lipopolysaccharides, teichoic and lipoteichoic acid. 

This surface is densely packed with negative charges and inhibits the penetration 

of macromolecules. Consequently, only relatively hydrophilic compounds with 

less than 600-700 Da are able to diffuse through the porin channels present at 

the outer wall. The presence of positive charges on the PS are required for 

effective PDI treatment. It is believed that they are able to penetrate the outer 

wall through the self-promoted uptake pathway, which consists on the 

displacement of divalent cations from their binding sites present on the cell 

surface. This mechanism can be combined with the disruption of the normal 

barrier features of the outer wall by the bulkiness and amphiphilicity of the 

polycyclic photosensitizers. Otherwise, anionic and neutral PS were ineffective in 

killing Gram-negative bacteria. 

2.6. Phthalocyanines as photosensitizers in PDT 

Pcs exhibit singular properties that have encouraged their intense study for PDT among 

the second-generation PS:148,189,190 

 The Pc Q-band absorption can be shifted into the red/NIR region of the 

electromagnetic spectrum through the extension of the π-conjugation, or by 

introducing electron-donor substituents. This intense absorption inside the range 

of the therapeutic window, in general better than for Por, increases the tissue 

penetration depth. 

 They show hardly any absorption in the range of 400–600 nm, which may 

possibly result in a lower photosensitization of skin when exposed to visible light. 

 The main feature that converts Pcs in efficient PS is their high triplet quantum 

yield (Φt) with relatively long lifetime (t), which assists in the generation of 1O2 

in high quantum yield (ΦΔ). 

 Lack of dark toxicity in most of the cases. 

 Flexibility for their structural modifications. Pcs comprising zinc (II), aluminum 

(III), silicon (IV) and ruthenium (II) as atom metal in the central cavity have 

proved to exhibit good efficiencies. These metal Pcs can befunctionalized at their 

peripheral/axial positions to obtain compounds with customized properties. 
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The main shortcomings of Pcs are two: 

 Pcs have strong tendency to aggregate, especially in aqueous media, leading to 

a decrease or total loss of their photophysical properties. ΦΔ is directly related to 

the aggregation state of the PS, being lower when the Pc is in an aggregated 

form. One of the main challenges in this research field is to synthesize Pcs with 

a low aggregation tendency. 

 Pcs are extremely hydrophobic, which decreases their solubility in polar media. 

This problem can be solved through the inclusion of hydrophilic groups, or by 

encapsulation into water-soluble nanostructures. 

A large number of Pcs has been investigated as PSs for PDT applications.167,191–193 Up to 

date, some Pc derivatives are available for clinical trials, namely, CGP55847 (non-

substituted Zn(II)Pc), Pc4 (Figure 18), Photocyanine, and Photosense®. Third-

generation PS have been developed to circumvent the deficiencies relative to all previous 

PS. In this respect, a large number of possible delivery vehicles have been tested, from 

dendrimers, micelles, liposomes, viruses and protein cages, to non-biodegradable 

systems such as magnetic nanoparticles, quantum dots, or carbon based 

nanomaterials.58 However, for the following sections we will focus on second generation 

PS and the way to achieve water solubility and non-aggregated species. 

a) Water soluble phthalocyanines 

Aqueous solubility, which also implies solubility in buffer solutions more related to 

biological media, represents a desirable but challenging property for some application of 

Pcs in PDT. Hydrophilic drugs present improved circulation in the bloodstream, a feature 

that facilitates the delivery of the dye to the target site.194 However, highly hydrophilic 

drugs are unable to cross the hydrophobic cellular membrane, resulting in poor cellular 

uptake, and have a reduced stability against proteolytic and hydrolytic degradation. 

These reasons combined make amphiphilic drugs the most promising compounds to be 

used as PS, facilitating both blood stream circulation and traversing of the cellular 

membrane. Thus, amphiphilic molecules are easily localized both at hydrophobic-

hydrophilic interfaces of the cellular membranes eventually leading to enhanced PDT 

effect. For amphiphilic compounds sometimes the addition of small amounts of polar 

organic solvents (e.g. DMSO, DMF or MeOH) will be needed to guarantee solubility in 

aqueous media. Taking advantage of the synthetic versatility of Pcs, different patterns 

of substitution have been developed to render water-soluble derivatives, making them 

more bio-compatible.3 Pcs can be classified according to the nature of the hydrophilic 

groups involved in their structure: Pcs with ionic functions (cationic, anionic and 

‘zwitterionic’),195 or with strongly hydrophilic groups, such as peptides,196 polyethylene 
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glycol (PEG)197,198 and carbohydrates.199,200 We will focus our attention only in cationic 

Pcs and those functionalized with PEG chains. 

 Cationic phthalocyanines 

Charged functions can be covalently attached to the macrocycle to render solubility in 

aqueous media. The presence of charges also prevents the aggregation of the aromatic 

rings through electrostatic repulsion forces. Cationic Pc derivatives can be obtained by 

quaternization of aliphatic or aromatic nitrogen atoms in their substituents, reaction that 

usually takes place as the last step in the synthetic route, due to the experimental 

difficulty of working with charged species. This is achieved with several reactants like 

methyl iodide, iodoalkanes of various chain lengths and dimethyl sulfate. Below, most 

common cationic functional groups employed for the design of water soluble Pcs will be 

discussed: 

 Ammonium derivatives: Trimethylammonium-functionalized Pcs can bear the 

ammonium moiety directly bounded to the Pc core,201 or by grafting 

(dimethylamino)-alkyl thiols or alcohols,202,203 either by ether or thioether 

linkages. Zn(II)Pc derivatives bearing ammonium groups were prepared by Petr 

Zimcik and coworkers and showed efficient phototoxic effect towards tumor cells, 

(Figure 21, left).204 Ammonium functions were also introduced at the axial 

positions of Si(IV)Pcs, affording an amphiphilic Pc with high in vitro 

phototoxicity.205 Our research group have reported studies with cationic Pc 

dendrimers as potential antimicrobial PS against bacteria and fungi.206 

 Pyridinium derivatives: Pyridine, due to its synthetic versatility, is a common 

substituent to prepare water soluble Pcs. This heterocycle provides a lone 

nitrogen pair not conjugated within the aromatic ring, presenting aromaticity 

even after quaternization. Commonly, the linkage of pyridines to precursor 

phthalonitriles can be achieved through a ether or thioether bond, by nucleophilic 

substitution of 4,5-dichlorophthalonitrile for disubstituted derivatives, with 

hydroxy- or mercapto- pyridines (Figure 21, right).207 Pcs substituted at the 

peripheral positions with methylpyridinium units proved to be a promising PS for 

PDI.208,209 

 Other groups: Dimethylaminopyridine,210 guanindinium,211 anilinium 

derivatives,212 imidazolium213 or morpholinium substituents214 have been also 

investigated. 
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Figure 21. Chemical structures of cationic Pcs with quaternized trimethylammonium or pyridinium 
groups. 

 PEG-based phthalocyanines 

The use of PEG chains is a popular approach to enhance the biocompatibility of otherwise 

hydrophobic drugs, either by their direct binding to individual molecular entities or by the 

incorporation of PEG moieties in nanoparticles or micelles as carriers. Besides improving 

the hydrophilicity of the drug or nanoformulation, PEG chains lead to a prolonged blood 

circulating lifetime, allows for the minimization of non-specific uptake and favors the 

enhanced permeability and retention (EPR) effect, which result in an elevated 

concentration of the drug at the tumor site.215,216 Introduction of polyether glycol chains 

at the Pc peripheral positions enhances the solubility in a variety of non-polar, aprotic 

polar, and protic polar solvents such as water. However aggregation in most solvents is 

commonly observed. Several Pcs functionalized with different PEG chains have been 

studied as PS by several groups (Figure 22).217–222 

 

Figure 22. Examples of PEG functionalized Pcs. 
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b) Porphyrinoid amphiphilic photosensitizers 

The synthesis of symmetrically substituted water soluble Pcs is well known. On the other 

hand, unsymmetrical substituted amphiphilic Pcs combining different structural motives 

over the isoindole units have attracted the attention of researchers only in the recent 

years. Molecules holding a hydrophilic and a hydrophobic part have different self-

assembly behaviors in aqueous media. The self-assembly behavior of Pc amphiphiles, 

which can be useful also for PDT applications, is widely discussed in the next section 

about supramolecular chemistry. Here, we will comment on the behavior of several 

unsymmetrically substituted amphiphilic Pcs as molecular PS. 

 A3B porphyrinoid photosensitizers 

Several examples of A3B amphiphilic Pcs and their use in PDT have been reported in last 

years. For instance, Dumoulin et al reported monoglyco-conjugated Pcs to study the 

effect of sugars as mannose and galactose in PDT against HT-29 human colon 

adenocarcinoma cells.223 There are also examples of poly(ethylene glycol) conjugated 

asymmetrical Zn(II)Pcs with amphiphilic properties (Figure 23a).197 Third generation PS 

based on A3B Pcs were prepared by the groups of Ng and van Lier (Figure 23b), who 

synthesized peptide conjugated Pc-based PS for imaging and targeting.196,224 Remarkable 

is also the work of Xue with A3B Pcs that combine both PDT and chemotherapy features 

.225 

 

Figure 23. Examples of amphiphilic A3B Zn(II)Pcs. 

 A2B2 porphyrinoid photosensitizers 

Adequately customized A2B2 (ABAB or AABB) Pcs, in particular, and porphyrinoids in 

general, may feature a well-defined amphiphilic nature that can facilitate the transport 

of the chromophore through the cell membrane. Unfortunately, in the case of ABAB Pcs, 

their difficult synthesis and isolation makes them elusive PS, and in fact, to best of our 

knowledge, there are no reports on PDT or PDI studies with this type of compounds. 

However, some porphyrinoids with ABAB-type functionalization have proved efficient PS. 

The group of Hamblin tested the PDT and PDI activity of several ABAB-functionalized 
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synthetic bacteriochlorins, holding either monoethylenglycol of alkylammonium functions 

(Figure 24a and b),226,227 and T. Maisch et al. studied also the photodynamic effects of 

novel dicationic ABAB Por derivatives.(Figure 24c).228 

 

Figure 24. Examples of ABAB porphyrinoid amphiphilic PS. (a and b) Bacteriochlorins, (c) 
porphyrin. Examples of AABB porphyrinoid amphiphilic PS. 

Regarding to AABB porphyrinoid PS, Tsubone et al. studied two asymmetric Por with 

opposite charges, the positively charged CisDiMPyP and the negatively charged TPPS2a 

in terms of photodynamic activity against HeLa cells (Figure 24d and e, respectivelt).229 

In fact, reduction product of TPPS2a, is a novel chlorin developed for clinical utilization 

developed by Kristian Berg et al.230 

Unlike ABAB systems, there are some examples of AABB Pcs studied as PS, as they can 

be prepared with directed methods that prevent the formation of the ABAB isomer. 

Vicente and coworkers studied the photophysical properties and in vitro biological 

behavior in human carcinoma HEp2 cells of an AABB trimethylaminophenoxy-substituted 

Zn(II)Pc with a biphenyl unit linker between adjacent isoindol units (Figure 25, left).231 A 

binaphthalo-Zn(II)Pcs (Figure 25, right) was prepared by the group of Nyokong that 

exhibited a relatively good conversion of energy from the triplet-excited state to singlet 

oxygen.232 
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Figure 25. Examples of amphiphilic AABB Zn(II)Pcs. 

Other adjacent Zn(II) Pcs reported by Vicente and coworkers are depicted in Figure 26. 

These compounds are cis-AABB-type Zn(II)Pcs, substituted at the α-positions of A 

isoindoles with tri(ethylene glycol) chains and either hydroxyl groups or a benzyloxy 

spacer. The latter compound was synthesized starting from the 1,2-benzyloxy-linked 

bisphthalonitrile (Figure 26, right), and it was then transformed into the free hydroxyl 

derivative (Figure 26, left). The dihydroxy Zn(II)Pc happened to be highly phototoxic to 

human carcinoma HEp2 cells, and was localized in multiple organelles, including 

mitochondria, lysosomes, Golgi apparatus and endoplasmic reticulum.233 

 

Figure 26. Structure of pegylated cis-AABB-type Zn(II)Pcs. 

Regarding sugars and amphiphilic systems, Tomé’s group reported amphiphilic Zn(II)Pc–

cyclodextrin conjugates as third generation PS for PDT against UM-UC-3 human bladder 

cancer cells,234 demonstrating how ABAB fluorinated porphyrinoids are efficient platforms 

for new therapeutic materials (Figure 27).235 
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Figure 27. Amphiphilic Zn(II)Pc–cyclodextrin conjugate for cancer PDT. 

Last, SuftalanZinc (trade name: Photocyanine, Figure 28) is an amphiphilic PS developed 

by the University of China. It is composed of a mixture of four adjacent isomers (AABB 

type) of di-(potassium sulfonate)-di-phthalimidomethyl  Zn(II)Pc, which is in clinical trials 

since 2008 with the approval of State Food and Drug Administration of China. It requires 

a very complex procedure of purification by HPLC to separate the initial opposite (ABAB) 

and adjacent (AABB) isomeric mixture.192,236 

 

Figure 28. Structure of Photocyanine. 

2.7. Aggregation vs. self-assembly: two sides of the 
same coin 

In a previous section we have evidenced that one of the characteristics for having an 

efficient PS is directly related with its aggregation features. The PS should not aggregate 

in the cellular media, since aggregation decreases triplet quantum yield, and therefore 

singlet oxygen quantum yield. But a crucial question is what ‘in the cellular media’ means. 

Traditional drugs i.e., small molecules, enter the cell predominantly via passive diffusion 

or active transport, while nanoparticles enter into cells mainly via endocytosis. 

Endocytosis, that requires the production of internal membranes from the plasma 

membrane lipid bilayer, has been deemed the major route for the transport of 

nanomaterials across the membrane. On this way, our PS can be retained in the cell 

membrane or the bacterial wall or, on the contrary, it will be distributed in the cellular 

medium until it reaches specific organelles. Under these circumstances we can 
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differentiate two different 'cellular media' where our PS must be able to function: i) the 

aqueous biological medium that constitutes the cytosol and extracellular media, and ii) 

the cell membrane and the membranes of the corresponding organelles with a lipid 

composition where hydrophobia predominates. With this situation in mind, we must 

emphasize that the PS should not aggregate on the site of action. That is, it must remain 

as monomeric species to maintain its photophysical properties in hydrophobic medium. 

On the other hand, the ability to self-assembly with a certain degree of order in aqueous 

media can represent a great advantage for transportation in a biological environment. 

We have previously shown how purely hydrophilic drugs present difficulties in 

internalizing in cells. Therefore, the best candidates to face both situations will be 

amphiphile compounds. 

An exciting approach towards the construction of nanostructures via self-organization is 

the use of π-amphiphiles, because they combine the ability of planar π-systems to self-

assemble and the versatility and the capacity to interact with both hydrophilic or 

hydrophobic environments. In the next section, we will discuss basic supramolecular 

chemistry concepts of π-conjugated systems, and their organization in water to facilitate 

the transport in aqueous medium. 
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3.  Supramolecular chemistry of π-
conjugated systems 

3.1. Principles and general aspects of supramolecular 
chemistry 

Supramolecular chemistry, originally defined by Jean-Marie Lehn as ‘chemistry beyond 

the molecule’, exploits non-covalent interactions between molecules to form ordered 

architectures.237 It is one of the most active fields in chemical research, as many 

supramolecular arrangements have been inspired by Nature or have been designed using 

a biomimetic approach.238 Hence, the self-assembly of molecules to form large clusters 

under equilibrium conditions is a phenomenon widely found in chemistry, physics, 

biology, materials, and nanoscience.239 Supramolecular chemistry is strongly related to 

self-assembly, which has been defined as ‘the autonomous organization of components 

into patterns or structures without human intervention’.240 Both molecular self-assembly 

and supramolecular chemistry are connected by the formation of non-covalent bonds 

and/or certain nano/microsized architectures.241 Supramolecular systems are formed 

through the intervention of weak intermolecular forces, including hydrogen bonds, metal-

ligand coordination, electrostatic forces, interactions involving polarizable groups and 

hydrophobic interactions. This ensures that, in solution, there is at least some reversibility 

in the formation of supramolecular adducts and the component molecules can coexist in 

free form (unbound) and as aggregates (bound). The fact that these weak intermolecular 

interactions are in reversible equilibrium ensures that the system ends up in the most 

energetically favored state. This differs from a chemical reaction implying the formation 

and/or breaking of covalent bonds, where the more readily formed product is usually 

obtained under kinetic control. While a covalent bond normally has a homolytic 

dissociation energy that ranges between 100 and 400 kJ·mol-1, non-covalent interactions 

are generally weak and vary from less than 5 kJ·mol-1 for van der Waals forces, through 

approximately 50 kJ·mol-1 for π-π interactions and hydrogen bonds, to 250 kJ·mol-1 for 

Coulomb interactions (Table 1). 

Table 1. Strength of several non-covalent forces.242 
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3.2. Supramolecular polymerization 

In an extensive review, Meijer and coworkers described the general principles of 

supramolecular polymerization,243 which are briefly overviewed in this section. 

Supramolecular polymers are presented as those based on monomeric units held 

together by high directional, reversible non-covalent and moderately strong secondary 

interactions, which result in high molecular weight arrangements under diluted 

conditions. In the same way, the self-assembly process is called ‘supramolecular 

polymerization’, and can be classified considering four different principles. First, the 

physical nature of the directing force that lies at the origin of the reversible interaction. 

Second, the type of monomers used. Third, the evolution of the Gibbs free energy of the 

polymer as a function of conversion (thermodynamic classification). And finally, the 

dimensionality of the aggregate where the addition of a second and third dimensions will 

result in additional interaction energies. The third classification scheme is based on the 

evolution of the Gibbs free energy of the supramolecular polymer as the conversion (p) 

goes from zero to full conversion (p = 1). Hence, in this classification, the main concern 

is the mechanism by which the supramolecular polymers grow from their monomeric 

components into their polymeric structure as the concentration or temperature is 

changed. The three major growth mechanisms are isodesmic, ring-chain, and 

cooperative growth (Figure 29). 

 

Figure 29. Graphical representation of the three growth mechanisms by which a monomer can 
polymerize into a supramolecular polymer: (a) isodesmic supramolecular polymerization; (b) ring-
chain mediated supramolecular polymerization; (c) cooperative supramolecular polymerization.243 
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The isodesmic mechanism is characterized by a high polydispersity, and the degree of 

polymerization strongly depends on the association constant of the linking 

supramolecular units. The ring-chain of supramolecular polymerization is determined by 

the equilibrium between linear supramolecular polymers and their cyclic counterparts. 

Finally, the cooperative mechanism is characterized by non-linear growth and is often 

nucleated. A good example of isodesmic supramolecular polymerization is constituted by 

systems with electronically coupled polymerizable functionalities, namely, π-conjugated 

molecules where the main driving force for the supramolecular polymerization are π-π 

interactions.244 The isodesmic model postulates that each addition of monomer occurs 

with the same equilibrium constant. This suggests that the strength of the π-π 

interactions should remain constant during the supramolecular polymerization. 

Aggregation behavior of π-conjugated systems will be discussed extensively in the 

following sections. 

3.3. Aggregation behavior of π-conjugated systems. 
Supramolecular assemblies 

π-Conjugated systems, for example Pcs and Pors among others, are able to interact by 

non-covalent interactions to build supramolecular architectures. Planar and highly 

conjugated aromatic molecules tend to organize through the occurrence of π–π 

supramolecular interactions, solvophobic effects, and enhanced Van der Waal’s attractive 

forces.245–247 These strong interactions grant π-conjugated systems stacking abilities,21 

forming aggregates that consist in coplanar association of rings in the form of dimers, 

trimers and higher order complexes. The aggregation state depends on the 

concentration, nature of the solvent, structure, functionalization and temperature.248,249 

For artificial dye molecules, Stenger observed more than a century ago changes of 

absorption and emission properties of dye solutions upon temperature variation, and 

attributed such changes to aggregation–disaggregation processes.250 In this way, the 

aggregation state will influence the photochemical and photophysical properties of 

stacking molecules, which are strongly dependent on the relative orientation and distance 

between them. Aggregates can be classified in two different types according to the 

excitonic coupling theory, developed by Kasha and co-workers (Figure 30),251 which 

describes the interaction of the transition dipole moments of stacking π-conjugated 

systems with respect to their geometrical arrangement: 

 H-aggregates (face to face): Two or more monomers are arranged on the 

top of each other. The stacking direction is perpendicular to the molecular plane 

and the coplanar assemblies have parallel dipolar moments aligned in 90 degrees 

one to each other. This arrangement produces a higher energy transition that 

corresponds to the hypsochromic (blue) shift observed in the absorption spectra, 
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whit respect to the Q-band of the monomer. They are not photoactive and 

characterized, with few exceptions,252 by loss of their fluorescent properties.23 H-

type aggregates are the predominant form of self-assembly for aromatic 

macrocycles.245 

 J-aggregates (edge to edge):253 Discovered in cyanine dyes by Jelley and 

Scheibe independently in the 1930s.254,255 The monomers are displaced with 

respect to each other in a direction roughly parallel to the molecular plane. 

Substitution pattern leads to a shift in the columnar aggregation direction, 

forming staircase or brick-wall aggregates. In this kind of aggregates, the parallel 

dipolar moments are shifted 54.7 degrees or less, rising a lower energy transition 

that corresponds to a bathochromic (red) shift in the absorption spectra when 

compared to the corresponding monomers. J-type aggregates are less 

common,246,256 but interestingly, they maintain the emission properties of the 

corresponding monomers that can be both fluorescent and triplet state 

photoactive.22 

The zero-order molecular exciton model predicts that coupling of the transition dipole 

moments creates two new exciton states.257 For H-aggregates the transition from the 

ground state to the higher energy exciton state is fully allowed, while the transition to 

the lower exciton state is forbidden.258 For J-aggregates the situation is the opposite. 

 

Figure 30. Typical arrangements of H- and J-aggregates (exemplified for a dimer) for a π-
conjugated molecule (monomer) and corresponding spectral shift in the absorption UV-vis 

spectra. Full arrows depict allowed (strong) transitions, and dashed arrows forbidden (or weak) 
ones. The double arrow represents the transition dipole for the monomer.238 
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A more exhaustive classification in terms of the mutual orientation of molecules can be 

done for the nanoassemblies. They can be classified as face to face (H-type aggregate), 

slipped cofacial (H-aggregate for 0 < q < 54.7 or J-aggregate for 54.7 < q < 90), pure 

head-to-tail (J-type aggregate) and randomly oriented type, see Figure 31.257 

 

Figure 31. The mutual orientation of molecules in an aggregate, the associated energy level 
diagram, and the allowed or forbidden transitions.22 

Importantly, self-aggregation interferes in excited-state processes by exciton coupling, 

excimer/exciplex formation, resonance energy transfer, and triplet-triplet annihilation.259 

For this reason, the formation of aggregates may be desirable or not depending on the 

future applications of our system. For some applications, for instance PDT,148 the 

presence of aggregates presents a problem in terms of dye efficiency and properties. 

Otherwise, stacking can allow to obtain materials with different and improved properties 

related to those exhibited by the corresponding monomers.22 Specifically, self-assembly 

can be extremely strong, producing an outstanding robustness. The driving force of 

aggregation grows with increasing size of the hydrophobic surface and results in the 

formation of exceedingly stable polymers. 

Regarding to the size and geometry of the aromatic core, a stronger π–π interaction and 

concomitantly a larger aggregation constant could be expected for larger-sized π-systems 

in the same solvent at the same temperature. Figure 32 compares the binding constants 

measured for some π-systems at room temperature. Peripheral substituents attached to 

the π-conjugated core affect considerably to the supramolecular stacking. The electron-
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withdrawing or donating nature of these groups can contribute to the electrostatic 

interaction of the molecules, and steric effects of bulky substituents can drastically 

decrease or even prevent the aggregation processes. Solvent is also crucial since solvent 

molecules compete with the solute to provide energetically favorable contact with the 

lowest overall free energy. 

 

Figure 32. A comparison of the highest values (black bar) and the range (grey shaded area) of 
some reported aggregation constants for different π-conjugated systems.260 

3.4. Chiral supramolecular architectures 

Chirality exists as a ubiquitous phenomenon in nature in a molecular level from L-amino 

acids to D-sugars. Chiral supramolecular architectures also constitute crucial elements in 

living systems, as protein folding (α-helix/β-sheet conformations) and DNA double helix 

formation, and have been long mimicked by chemists to recreate their properties in 

artificial systems. Chirality at the supramolecular scale is an important feature of 

functional materials, which highly influences their applications. Supramolecular chirality 

can be defined as the aggregation of molecular building blocks, with or without chiral 

centers, which might bring asymmetric spatial stacking that further results in the 

appearance of non-symmetry in extended scales like helical nanofibers.261 One of the 

important research topics in this field is the rational manipulation of chirality amplification 

and handedness. During the chiral self-assembly, the propagation of chiral information 

through specific interactions is generally called ‘chirality transfer’, and can be produced 

when the chiral information on a chiral center (i.e. an asymmetric carbon atom or axial 

chirality) is imposed to the whole assembly. When the self-assembly contains a 
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chromophore, the chirality can be detected by electronic circular dichroism (CD) 

spectroscopy. 

a) Electronic circular dichroism spectroscopy 

Spectroscopy provides a powerful method for detecting the chiral characteristics of 

supramolecular systems. CD spectroscopy is the differential absorption of left versus right 

circularly polarized light and represent the most widely technique used for the 

characterization of chiral chromophores. This spectroscopy was developed to study 

molecular chirality, but is also particularly useful for monitoring self-assembled systems 

for two reasons:241 

 CD signals originate from the electronic transitions of the chromophore are 

generally sensitive to the dye packing. Many mechanisms responsible for the 

appearance of CD bands occur through space, and are intrinsically sensitive to 

intermolecular interactions and external stimuli. 

 Self-assembly is usually a dynamic process, with assembly and disassembly 

occurring simultaneously, and generally takes place in the time scale of CD 

measurements. 

Regarding to CD spectra interpretation, two types of spectra are generally obtained, as 

illustrated in Figure 33. Observation of a peak or valley in the CD spectrum is referred to 

as the Cotton effect, which is deemed positive if the CD first increases as the wavelength 

decreases, and negative if the CD decreases first. When measuring the CD spectrum, the 

Cotton effect generally corresponds to the absorption maximum in the UV-vis spectrum. 

On the other hand, the sign of the CD is determined by the handedness of the 

supramolecular assembly and, if enantiomers are measured, mirror images should result. 

The exciton-type CD spectrum, shown in Figure 33 with dashed lines, is commonly 

referred to as a bisignate band.262 

 

Figure 33. A) Typical CD spectra in supramolecular systems. Adapted from reference.241 
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The CD technique is typically suitable for viewing self-assembled systems in isotropic 

solutions, and requires the appropriate selection of the solvent, concentration, and 

measurement cell.263,264 Different kinds of information can be obtained specifically when 

non-covalent chiral assemblies are characterized by means of CD spectroscopy,265,266 

including the simple detection of chiral aggregates or complexes, the thermodynamic and 

kinetic parameters such as binding and rate constants, and ultimately, the refinement of 

the most plausible structure of the supramolecular species. In this way, CD spectra may 

suggest which intermolecular forces are likely to play a role. 

b) Molecular interactions: dimers, oligomers and “infinite” assemblies 

Nina Berova’s group reported an exhaustive study about the application of CD in the 

study of supramolecular systems.238 They show how chiral supramolecular species may 

originate from an extensive variety of situations. When two or more identical 

chromophores, not conjugated to each other, are located nearby in space, they can 

interact through a direct dipolar interaction, which depends on the distance between 

them and their relative orientation. In the case of a dimer, if this couple of identical 

chromophores characterized by one electronic ππ* transition is irradiated, it gives rise 

to a delocalized excitation which results in a characteristic pair of CD bands of opposite 

sign, known as a couplet (Figure 33). The sequence of signs along the wavelength 

absorption range is diagnostic of the absolute arrangement of the electric dipole 

transition moments, thus a positive-negative couplet reveals that the moments define a 

positive exciton chirality. The sign of the exciton couplet can be directly related to the 

sense of twist between the two molecules participating in the assembly. Detailed analysis 

of the CD spectrum allows to validate geometrical models, but more quantitative 

information may be sought through full CD calculations on model structures. 

Usually, there is little difference between dimers and oligomers spectra, and it is difficult 

to discriminate between them by chiroptical spectroscopy alone. Intermolecular 

interactions can be replicated an indefinite number of times, which leads to the formation 

of large aggregates, so the number of constituent units may be considered ‘‘infinite’’. It 

is common that the individual bricks of these architectures are endowed with weaker 

intrinsic CD than the infinite entity, which signal will actually correspond to the summation 

of the one associated with its small repeating units. The infinite assemblies often provide, 

at the mesoscopic level, twisted and threaded superstructures that can be observed by 

means of electron or atomic force microscopies. In order to control the aggregation 

process, one can change the concentration, the temperature and the solvent composition 

by using mixtures of a good solvent (where the molecules are well solvated and exist as 

monomers) with a poor solvent (where the molecules aggregate). 

In the case of infinite assemblies based in conjugated monomers, both H- and J-

aggregates may manifest exciton-coupled CD spectra with a more or less strong exciton 
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couplet depending on the exact supramolecular arrangement. According to the shape of 

their components, extended π-systems can be further divided into two classes (Figure 

34): ‘Rod-like’, where the elongated chromophore has one privileged axis, and the 

transition dipoles of the most red-shifted transitions are aligned; and ‘disk-like’, as in Pors 

or Pcs. In both cases, the central core of the dyes are intrinsically achiral, therefore 

chirality must be introduced in the side groups, which are expected to provide only weak 

perturbations to the electronic transitions of the main chromophores and accordingly, 

intrinsic CD of isolated molecules is usually very weak and hardly detectable. 

 

Figure 34. Twisted H-stack of rod-like molecules (A) and the twist between two adjacent 
molecules (B). Chiral H-stacks in disk-like systems where the center of the molecules can be 
aligned (C), or with certain degree of chiral tiling (D). For disk-like molecules, at least three 

elements to define chirality are needed (E).238 

3.5. Supramolecular assemblies in aqueous media 

a) Self-assembly of π-conjugated molecules in water 

The self-assembly of large π-conjugated molecules in various solvents has been 

extensively studied and reviewed.260,267–269 However, the critical component that Nature 

uses for achieving complexity, adaptability and robustness in its systems is water,270 a 

unique medium for self-assembly,271 where virtually all biological processes take place. 

In general, synthetic supramolecular systems are classified according to their formation 

trough hydrogen bonds,272 large π-conjugated surfaces and host-guest interactions. 

Herein, only large π-conjugated surface-based systems will be discussed since this group 

includes Pcs. 

The main advantage of aqueous supramolecular arrangements is the possibility to create 

biocompatible systems. π-Conjugated molecules have some features which confer 

advantages for the rational design and functionality of supramolecular systems in 

aqueous media.273–275. Thus, self-assembly can be extremely stable, due to a combination 
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of hydrophobic and π−π interactions that provide robustness.276 In aqueous media, the 

strength of the hydrophobic effect often increases with rising the temperature, so that 

materials based on hydrophobic interactions can be extremely stable to heat. For 

instance, adding an organic co-solvent or introducing electrical charges may drastically 

weaken the hydrophobic effect, thus enabling reversible construction and destruction of 

self-assembled systems.273 On the other hand, hydrophilic interactions (interactions of 

water molecules with polar and charged groups) are of primary importance in aqueous 

supramolecular arrangements,277 since they provide solubility in water. These groups are 

strongly solvated, contributing to the steric bulkiness of the aqueous assemblies; 

however, the electrostatic repulsion between equally charged groups counterbalances 

the attractive interactions between hydrophobic moieties. Taking advantage of the 

benefits of hydrophobic interactions, together with the advantages of the hydrophilic 

groups contribution, amphiphiles with unique properties can be designed, topic that we 

will discuss in the next section. 

b) Self-assembly of amphiphilic π-conjugated molecules 

Conventionally, an amphiphile refers to a molecule that contains a hydrophilic and a 

hydrophobic part, linked by covalent bonding.278 Amphiphiles have different self-

assembly behaviors in aqueous media where the polar head group interacts with water, 

while the non-polar lipophilic region will migrate above the lipophilic components of other 

molecules. From the thermodynamic point of view, the self-association of amphiphilic 

molecules is driven by the competition between interfacial energy of the supramolecular 

system core with solvent and the conformational distortion energy of the soluble lipophilic 

groups emanating from the core. Control over the shapes gives a possibility to develop 

and manipulate the architecture of the nanostructures (Figure 35).278 The interest in 

these structures arises from their self-assembly in aqueous solution to form well-defined 

arrangements, such as micelles, vesicles, nanotubes, nanofibers, and lamellae; which 

can find applications in many fields such as nanodevices,279,280 drug delivery281 and 

template synthesis.282 Regarding biological applications, surface functional groups in 

these nanostructures enable multivalent binding with a cell surface and other biological 

targets. 
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Figure 35. Summary of the possible amphiphilic aggregate structures.278 (Adapted from the 
reference). 

Supramolecular arrangements based on π-amphiphiles are emerging as a new class of 

adaptive materials that remain the ability of π-conjugated systems to self-assemble in a 

‘‘programmed’’ fashion. In particular, their aqueous self-assembly is expected to yield a 

wide variety of supramolecular structures of unprecedented complexity through multiple 

non-covalent interactions.283 Supramolecular polymers of π-systems in water appear 

promising owing to their precise internal order, stability, optical properties, and the 

possibility to fine tuning of the structural parameters by directional molecular 

interaction.272 The literature is full of examples of complex and sophisticated self-

assemblies of π-conjugated systems in water,284 built with molecules featuring 

outstanding electronic properties such as boron-dipyrromethene (BODIPY),285 

azadipyrromethene (aza-BODIPY),286 spiropyran,287 oligo-paraphenylene,288 

hexabenzocoronene (HBC),279,289–291 perylene bisimide (PBI),292,293 and 

benzotrithiophene,294 among others. 

Remarkable are the works by Müllen and co-workers with amphiphilic coronene 

derivatives that form well-ordered columnar stacks in aqueous solution,289,290 and the 

reports by Aida and co-workers on HBC amphiphiles endowed with triethylene glycol 

chains or positively charged isothiouronium groups that can polymerize into nanotubes 

and are uniformly dispersed in water (Figure 36A).279,291 The latter authors also escribed 

an HBC molecule appended with pyridyl‐terminated triethylene glycol side chains that, in 

combination with a platinum salt, lead to the formation of graphitic nanotubes.295 Also 

remarkable are the PBI assemblies in aqueous media mostly studied by Frank Würthner’s 

group.292,293 They reported amphiphilic PBIs containing hydrophilic and hydrophobic 

imide substituents of different size and shape that are able to form a variety of 

supramolecular arrangements in water. For instance, dumbbell-shaped PBIs, as the 

shown in Figure 36B, allows the formation of rod aggregates in water with columnar 
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structures similar to those in organic solvents. On the other hand, the incorporation of 

polyglycerol dendrons to the PBI core showed to improve the water solubility and allowed 

a control of the aggregation behavior. 

 

Figure 36. A) Amphiphilic hexa-peri-hexabenzocoronene, which forms tubes that can be placed 
between two electrodes.279. B) TEM images of PBI aggregates prepared from water and 

schematic illustration for the hierarchical self-assembly. (Adapted from the references).292 

3.6. Supramolecular assemblies of porphyrinoids and 
phthalocyanine derivatives 

Nature shows us how porphyrinoid supramolecular assemblies are able to develop a 

function. Chlorophyll aggregates serve as the functional units in the light-harvesting 

apparatus of photosynthetic organisms such as purple and green bacteria, or plants.260 

X-Ray crystallographic studies revealed how chlorophyll molecules, with the assistance 

of proteins, self-assemble into cyclic dye arrays of different size in purple bacteria,296,297 

and rod-like aggregates containing hundreds of π–π-stacked chromophores in green 

bacteria.298 In these fascinating assemblies, the chromophores are organized in an 

appropriate spatial arrangement that enables efficient energy transfer between the dyes 

upon photoexcitation (Figure 37). 
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Figure 37. A) Schematic of the photosynthetic apparatus of purple non-sulfur bacteria 
highlighting the arrangement of chromophores (chlorophyll aggregates).296,299 B) Proposed 

supramolecular structure for self-aggregates of metallochlorin.298 C) Chlorosome organization in 
green bacteria.267 (Figure adapted from the references). 

a) Organization of synthetic dyes in organic solvents 

Tetrapyrrole macrocycles (i.e. Pcs, Pors) constitute probably one of the most important 

classes of synthetic chromophores. Bare porphyrinoids self-assemble as one-dimensional 

stacks by aggregation of their π-systems through π –π interactions, described as a sum 

of van der Waals interactions, electrostatic interactions, and solvophobic effect, when 

they are in solution.300 In general, dimerization constants of neutral Pors are in a range 

of 3–100 M-1 in organic solvents, while those for Pcs range from 100 to 106 M-1.245,301,302 

However, the type and the extent of aggregation can be tuned controlling the substitution 

pattern over the molecule.303 For instance, extension of the conjugation of the Zn(II)Pc 

core by attaching perylenediimide has led to strong, photoactive aggregates, as described 

by Wasielewski and coworkers. The tetra- perylenediimide-substituted Zn(II)Pc self-

assembles in solution forming stacked heptamers, as evidenced by SAXS/WAXS, and 

forms long fibrous structures in the solid state.304 On the other hand, the customized 

donor/acceptor character of the Pc cores has permitted the formation of π–π stacked 

nanoaggregates by heteroassociation between electron-rich Zn(II)Pcs and electron-

deficient Ni(II)Pcs. Donor-acceptor interactions have been shown to be the main driving 

force for the association into one-dimensional nanoaggregates through intermolecular 

interactions.305 Attachment of long alkyl chains at the periphery of the Pc macrocycle also 

contributes to the formation of self-organized systems. The formation of columnar liquid 

crystals has been deeply explored by several researchers,306,307 but alkyl chain 

substitution also contributes to the organization in solution. Especially relevant examples 

are those in which a chiral center in the alkyl chain induces a chiral supramolecular 

arrangement of the Pc molecules.120,308,309 In this regard, Nolte and coworkers were 

pioneers in reporting the formation of right-handed helical structures in solution with Pc 
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molecules functionalized with four crown ether units endowed with chiral branched 

alkoxy chains.309 

 

Figure 38. A) Helical structures in solution with Pc molecules functionalized with four crown ether 
units endowed with chiral branched alkoxy chains.309 B) Self-assembled columns of Zn(II)Pc 
tetrakis(perylenediimide).304 C) Donor-Acceptor Pc nanoaggregates and their transmission 

electron micrographs.305 (Adapted from the references). 

The formation of helical superstructures with Pcs has been receiving increasing research 

interests owing to their potential applications in catalysis, drug delivery, chemical 

sensors, and chiroptical devices of the macrocycle. For instance, our research group has 

taken benefit of the inherent chirality of C3-monosubstituted SubPc molecules to form 

non‐centrosymmetric homochiral columnar assemblies.310 These assemblies (see Figure 

39A) are formed through a cooperative supramolecular polymerization process driven by 

hydrogen‐bonding between amide groups, π–π stacking, and dipolar interactions 

between axial B-F bonds. 

By other hand, Nagao Kobayashi’s review about optically active Pcs illustrates how these 

macrocycles can incorporate chirality in different ways in their structure and extend it to 

the formation of aggregates.311 One of the most remarkable ways of introducing chirality 

is through the introduction of binaphthyl motifs as a chiral unit, a strategy that has been 

used by Kobayashi to form chiral arrangements.312,313 For instance, chiral supramolecular 

arrangements are formed when the optically active symmetric metal-free Pc with two 

binaphthyl units, shown in Figure 39B, is decorated with four octyl chains.314 Specifically 
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hollow-sphere nanostructures (H-aggregates) can be formed by employing a small 

amount of the surfactant cetyltrimethylammonium bromide (CTAB). This work, 

representing the first example of controllable organic nanostructures with a hollow 

sphere morphology fabricated from Pcs provides an effective method towards Pc hollow 

nanospheres. 

 

Figure 39. A) Homochiral supramolecular polymers of tetrahedral subphthalocyanine 
molecules.310 B) Schematic molecular structure of (AA)2-H2Pc and CTAB with (a) TEM image of 
(AA)2-H2Pc nanoparticles; TEM (b) and SEM (c) image of nanoscale hollow spheres.314 (Adapted 

from the references). 

b) Supramolecular arrangements in aqueous media 

Heme, an important molecule for life, is an amphiphilic Por possessing both hydrophilic 

and lipophilic groups at the opposite ends of the macrocycle. As the porphyrin skeleton 

is essentially hydrophobic, its transformation to an amphiphile requires introduction of 

hydrophilic head groups.315 In this respect, a lot of work has been done toward develop 

strategies for the synthesis of amphiphilic Por to form hierarchical self-assemblies, with 

control on the shapes and dimensions, into nanospheres, nanorods, films, spheric 

micelles, vesicles or macrowires,316–320 in some cases with application in photothermal or 

photodynamic therapy.321,322 

Regarding to Pc-based systems much less examples have been reported to date. Guldi’s 

group reported the supramolecular organization for an amphiphilic Pc–C60 dyad salt 

(Figure 40). This dyad is able to form, because of a combination of solvophobic and π–π 

stacking interactions, perfectly ordered 1D Pc–C60 nanotubules when dispersed in water, 

as demonstrated by transmission electron microscopy (TEM) analysis. 

A B



INTRODUCTION 

54 

 

Figure 40. Nanotubules formed in water solution deposited on a TEM grid by the nanoscale 
organization of a Pc-Fullerene amphiphillic system.323 

On the other hand, Li et al. (Figure 41) prepared self-assembled Zn(II)Pc-containing 

nanovesicles for theranostics, the Pc amphiphilic chemical structure facilitates its 

spontaneous assembly to form a uniform nanovesicle dispersion in aqueous solutions.324 

They also prepared Pc-assembled nanodots as PS for highly efficient Type I 

photoreactions in photodynamic therapy.325 Although most nanostructured PS assemblies 

are super-quenched preventing their use in PDT, their new material undergo stimuli-

responsive disassembly, which leads to partial recovery of PDT activity. 

 

Figure 41. A and B) Zn(II)Pc nanovesicles.324,325 (Adapted from the references). 
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1.  Background of our research group in 
photosensitizers for PDT 

Our research group has wide experience on the preparation and biological evaluation of 

porphyrinoid-based second and third generation PS. Some examples of Pc-based PS are 

shown below, paying special attention to the structural approaches to prevent 

aggregation and provide solubility in aqueous medium. 

Our group has worked on dendrimer-encased Zn(II)Pcs1,2 as an approach to achieve 

successful biomedical applications because the inner chromophores are partially shielded 

from media thanks to the spatial distribution of the dendrimers. This allows maintaining 

the PS photoactive, since the bulky substituents prevent the aggregation of the Zn(II)Pcs 

macrocycles. Specifically, these symmetric A4 substituted Pcs, are highly water-soluble 

compounds presenting either positive or negative charges at the end of the dendrimer 

branches (see Figure 1). In particular, cationic dendrimers were employed successfully 

as antimicrobial agents. 

 

Figure 1. Ionic terminated Zn(II)Pcs dendrimers. 

Another approach to avoid aggregation is to place metals in the central cavity that are 

able to coordinate axial ligands. For instance, the coordination of two pyridine ligands at 

the ruthenium axial positions in Ru(II)Pc compounds prevents, to a great extent, the 

aggregation often encountered for Pcs. In these compounds, the substituents that afford 

solubility, can be attached either at the Pc periphery or can be located in the axial 

substituent itself. Our group has reported A4 cationic Ru(II)Pcs with alkyl amines2 or PEG3 

Zn

NMe3
+ I -
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in the periphery, and/or with PEG or carbohydrate-based substituents at the pyridine 

axial ligand as shown in Figure 2.4 

 

Figure 2. Ru(II)Pcs with different substituion patterns. 

Similarly, the axial substituent strategy to avoid aggregation also applies to Si(IV)Pcs, 

which form covalent Si-O bonds with axial substituents. As an example, symmetrically 

substituted, octacationic Si(IV)Pc shown in Figure 3a was used for the photodynamic 

inactivation of bacteria.5 More recently (Figure 3b), amphiphilic Si(IV)Pcs in polymeric 

were incorporated into micelles in a supramolecular approach toward efficient third-

generation PS.6 

 

Figure 3. Axially di-substituted Si(IV)Pcs. 

a) b)

c)
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Zn(II)Pcs are excellent candidates for PDT and PDI applications, but as long as they  are 

not able to stablish strong axial coordination, the strategy to avoid aggregation consist 

in the incorporation of bulky substituents in the periphery to prevent π-π stacking. An 

example of a bulky Zn(II)Pc PS reported in our group is the compound coded as TT1 

(mentioned in Introduction – PDT section) with three tert-butyl substituents playing this 

role. We also reported photo-antimicrobial biohybrids based on the supramolecular 

immobilization of cationic Zn(II)Pcs onto cellulose nanocrystals.7 In this case, pyridyloxy 

peripheral substituents responsible of the cationic character of the molecule include also 

p-tert-butylphenyl groups in position 3 to hinder the aggregation of the macrocycles (see 

Figure 4). 

 

Figure 4. Zn(II)Pcs with bulky peripheral substituents. 

For this doctoral thesis we will focus our attention in Zn(II)Pcs as PS due to their high 

singlet oxygen quantum yields. However, to date there are no reports on A2B2 substituted 

Zn(II)Pcs for PDT. As we will explain in the Objectives section, we are interested in this 

type of substitution because it provides high directionality, (Figure 5) feature that is ideal 

to build amphiphiles. In the next section, previous work from our research group on ABAB 

Zn(II)Pcs for application in photoelectronics, which establishes a new successful 

methodology to prepare this kind of compounds, is summarized. 

 

Figure 5. Representation of the directionality imposed in the A2B2 substitution pattern.  
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2.  Background of our research group in 
ABAB Pcs 

Our group has been involved for many years in the synthesis of A3B Pcs targeted to the 

preparation of multicomponent materials for optoelectronic applications. However, in 

recent years, we have selected A2B2 Pcs as challenging targets towards the preparation 

of more complex Pc-based systems. In particular, we have developed some work on the 

preparation of ABAB Pcs for several purposes, but the selective synthesis of AABB Pcs 

has not been explored yet. The following lines show a summary of the most relevant 

work on ABAB Zn(II)Pcs, which constitute one of the pillars in which this doctoral thesis 

is based on. First of all, the group developed an efficient method for the synthesis of 

ABAB functionalized Pcs.8 Although the selective crossed condensation of different 

precursors, namely trichloroisoindolenine and diiminoisoindoline derivatives, has led to a 

number of ABAB Pcs, (Introduction section 1.6.), this method is only feasible when the 

trichloroisoindolenine is either functionalized with NO2 moieties or lacks any functional 

group. On the other hand, functionalization at the diiminoisoindoline precursor is usually 

devoted to impart solubility to the target compound. Although some of the reported ABAB 

Pcs exhibit crossed functionality that permits further derivatization towards more complex 

systems,9,10 the synthesis of the precursors requires elaborated procedures. Therefore, 

in our former work, we described a method to prepare ABAB Zn(II)Pcs crosswise-

functionalized with two or four iodine atoms (Scheme 1), programmed for their further 

implementation into more complex structures. Key to the selective preparation of the 

opposite ABAB isomers versus the adjacent AABB ones is the use of a bulky 3,6-(3′,5′-

bis(trifluoromethyl)-phenyl)phthalonitrile with hampered self-condensation capabilities, 

and therefore, AABB Pcs containing adjacent bis(trifluoromethyl)phenyl moieties were 

not formed during the cyclization process. Importantly, although different bulky 

phthalonitriles were tested as precursors to direct the reaction towards the formation of 

ABAB products, only 3,6-bis-(3,5-bistrifluoromethylphenyl)phthalonitrile proved to be 

effective in providing the corresponding ABAB Pcs with selectivity and in reasonable 

yields.11 

 

Scheme 1. Statistical synthesis of diiodo- or tetraiodo-ABAB Zn(II)Pcs under optimized conditions 
from bulky 3,6-(3′,5′-bis(trifluoromethyl)phenyl)phthalonitrile. 
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As mentioned above, the most relevant feature of these Pcs is the crosswise 

functionalization with iodine atoms, which can lead to unprecedented multicomponent 

systems based on ABAB Pcs through reliable cross-coupling methodologies. Therefore, 

these compounds were employed as scaffolds for building unprecedented donor–π–

acceptor chromophores,11 through the asymmetric functionalization of the two iodine 

atoms using Pd-catalyzed cross-coupling reactions with adequate electron-donor and 

electron-acceptor moieties (Figure 6). The new push–pull molecules were tested for dye-

sensitized solar cells (DSSCs). 

 

Figure 6. Donor–π–acceptor ABAB Zn(II)Pc chromophores. 

Within the same field, the next milestone with increased complexity was the preparation 

of a panchromatic, charge-stabilizing electron donor–acceptor conjugate (Figure 7) 

comprising (biphenyl)phenylamine units linked to Zn(II) porphyrin (ZnPor) that is bound 

to a ZnPc-SubPc dyad.12. The combination of the three porphyrinoids in a covalent linear 

conjugate followed a rational design towards an appropriate energy level alignment, 

which led to a cascade of energy and charge transfer processes from the electron-

donating (biphenyl)phenylamine-ZnPor system to the SubPc termini, the central Zn(II)Pc 

operating as energy/electron transfer funnel between the ZnPor and the SubPc.   

 

Figure 7. Structure of (BBPA)3–ZnPor–ZnPc–SubPc triad. 

Our ABAB-type diiodo-substituted Pc has been also used by other authors to prepare Pc- 

diketopyrrolopyrrole conjugated alternating polymers, which present promising 

applications in electronic and optoelectronic devices.13 
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Finally, the diiodo-ABAB Zn(II)Pc was also employed as precursor to assemble an 

unprecedented Fe2Pc3 metallo-organic helicate using a bidentate Pc ligand, 2-

formylpyridine and Fe(OTf)2 (Figure 8). This giant helicate has proved itself as a host for 

large redox-active guests such as fullerene and naphthalenediimide derivatives, where 

photoactivated electronic interactions between components occur in the host–guest 

complex.14 

 

Figure 8. Fe(II)2L3(OTf)4 helicate synthesis together with a side view of an energy-minimized 
structure. 

 

  

a) b) 
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3.  General Objectives 

The main goal of this doctoral thesis is the synthesis of unprecedented A2B2 

Pcs for their application as photosensitizers in photodynamic therapy. 

Specifically for Part 1, we aim to prepare different ABAB Zn(II)Pcs with a linear, face-

to-face arrangement of the functional groups anchored to the aromatic core, which can 

provide the molecule with non-aggregating features and amphiphilicity, being both 

important requirements for this application. Part 2 is devoted to the synthesis of 

amphiphilic AABB Zn(II)Pcs endowed with chiral binaphtol units, and the exploration of 

their photosensitizing abilities and supramolecular self-assembly behaviour in solution. 

3.1. Objectives – Part 1 

In Part 1, the preparation of ABAB Pcs with crosswise functionalization will be carried 

out by using a bulky phthalonitrile with appropriate functionalization in the α-positions to 

hamper its self-condensation (Scheme 2). This approach prevents the formation of the 

undesired AABB isomer, and allow us to direct the synthesis towards the formation of the 

target ABAB Pcs. Therefore, this bulky phthalonitrile will be reacted under statistical 

conditions with phthalonitriles endowed with different functionalities for specific purposes, 

as detailed below. 

 

Scheme 2. Planned synthesis of generic ABAB Zn(II)Pc from bulky phthalonitrile B. 

More in detail, the objectives of this section are defined as follows: 

Chapter 1 is devoted to determine the influence of the substitution pattern on the 

aggregation features, fluorescence quantum yields and 1O2 generation abilities of a family 

of ABAB, A3B and A4 Zn(II)Pcs, functionalized with a varying number of 

bis(trifluoromethyl)phenyl units (i.e. at the B isoindoles) and other electron-

withdrawing/electron-donating moieties (i.e. at the A isoindoles). The final goal is to find 
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out if the ABAB substitution is advantageous versus other already explored substitution 

patterns (i.e. A3B and A4) in the search of efficient photosensitizers. 

 

Figure 9. Targeted ABAB, A3B and A4 Zn(II)Pcs in Chapter 1. 

The aim of Chapter 2 is the synthesis of collinearly functionalized systems based on the 

ABAB Zn(II)Pc design. For that purpose, extra-annulated phthalimide units will be 

attached to the A isoindoles (A), bearing different substituents in the nitrogen positions 

(i.e. ethynyl, vinyl, amine and carboxylic acid) that may allow for the further construction 

of 1D multi-Pc arrays, and also permits to build third-generation PS, where the Zn(II)Pc 

can be covalently conjugated to two site-specific delivery agents. 

 

Figure 10. Structure of Zn(II)Pcs bearing different collinear functional groups for further 
functionalization. 

Chapter 3 is focused on the synthesis and evaluation as PS of a Zn(II)Pc with the ABAB 

substitution pattern developed in Chapters 1 and 2, but endowed with hydrophilic 
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triethylene glycol monomethyl ether (i.e. at the A isoindoles) to provide solubility in 

aqueous media. The aim here is to compare its ability as a real PS for PDT treatments 

with regard to those exhibited by its A3B and A4 counterpartners. For that purpose, in 

vitro biological assays in cell cultures of different human cancer cells will be performed. 

 

Figure 11. Structure of amphiphilic peglilated ABAB Zn(II)Pc for PDT studies. 

Finally, regarding to Chapter 4, we aim to prepare novel PS showing abilities towards 

the inactivation of Gram-positive and Gram-negative bacteria. To this end, the 

preparation of cationic ABAB Zn(II)Pc following different approaches will be tackled, in 

order to determine the influence of the type of positively charged groups and its 

separation from the aromatic core in the photosensitizing properties of the Zn(II)Pcs. 

 

Figure 12. Structure of aimed amphiphilic, tetracationic ABAB Zn(II)Pcs for PDI. 
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3.2. Objectives – Part 2 

In Part 2, the development of novel unprecedented amphiphiles based on adjacent AABB 

Zn(II)Pcs will be undertaken. To this end, we aim to use chiral binaphthyloxy-linked 

bisphthalonitriles (Scheme 3), which prevent the formation of the undesired ABAB 

isomer, and reduce to three the number of expected products formed during the 

condensation. These bisphthalonitriles will be cross-reacted with other phthalonitriles 

with specific functionalization, giving rise to AABB Zn(II)Pcs that can be further 

derivatized to provide them with hydrophilic properties and, therefore, develop 

structurally new PS. As this type of Pcs do no present hindered aggregation, we aim to 

exploit their self-assembly behaviour in water media, trying to control the formation of 

Zn(II)Pcs nanostructures that could present improved delivery properties through the 

bloodstream in photodynamic treatments, but remaining non-aggregated in less polar 

environments as the interior of the cell. 

 

Scheme 3. General synthetic scheme towards AABB Zn(II)Pcs from bisphthalonitriles AA. 

More in detail, the objectives of this section are defined as follows: 

In Chapter 5 we aim to explore the crossed reactivity of binaphthyloxy-linked 

bisphthalonitriles with differently substituted phthalonitriles, following simpler synthetic 

protocols than those previously reported in the literature. In such a way, we intend to 

effectively produce a battery of chiral, binaphthyl-functionalized AABB Zn(II)Pcs, 

endowed with functional groups that can be further transformed to obtain a variety of 

customized compounds, particularly amphiphilic water soluble compounds (see 

Objectives of Chapter 7). The presence of the chiral binaphthyl unit could allow us to 

explore the formation of chiral assemblies in solution.  



BACKGROUND AND OBJECTIVES 

84 

 

Scheme 4. AABB Zn(II)Pcs with reactive groups for further functionalization. 

The aim of Chapter 6 is to explore the abilities of binaphthyloxy-linked AABB Zn(II)Pcs 

as PS. For that purpose, we aim to prepare a series of cationic ABAB Zn(II)Pcs with a 

customized amphiphilic character, to explore their ability to self-assemble in water, and 

to test the efficiency of this approach in the photoinactivation of Gram-positive and Gram-

negative bacteria. 

 

Figure 13. Structure of amphiphilic, cationic AABB Zn(II)Pcs designed for the inactivation of 
bacteria 

Chapter 7 aims also to obtain AABB Zn(II)Pc amphiphiles, but following a different 

approach, that is incorporating polyethylene glycol chains directly over a Pc synthon or a 

properly functionalized phthalonitrile. Also in this case, the molecules will be programmed 

to self-assemble in aqueous media and, therefore, aggregation studies and evaluation of 

their photosensitizing abilities will be carried out. 
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Figure 14. Structure of amphiphilic peglilated AABB Zn(II)Pc. 
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Abstract: 

In-depth, systematic photophysical studies have been performed on a series of ABAB, 

A3B and A4 Zn(II)Pcs functionalized with a varying number of bis(trifluoromethyl)phenyl 

units (i.e. at the B isoindoles) and other electron-withdrawing/electron-donating moieties 

(i.e. at the A isoindoles), to determine the influence of the susbtitution pattern on the 

aggregation features, fluorescence quantum yields and singlet oxygen (1O2) generation 

abilities of these molecules. As a general trend, the larger the number of 

bis(trifluoromethyl) phenyl units (i.e. ABAB crosswise functionalized Zn(II)Pcs), the lower 

the fluorescence quantum yield and the higher the 1O2 photosensitization. On the other 

hand, the electronic character of the substituents at the A isoindoles do not seem to have 

a clear effect on the photophysical properties of these ABAB ZnPcs. Overall, 1O2 quantum 

yields determined by the direct observation of the 1O2 phosphorescence are very high, 

with values ranging from 1 to 0.74 in THF solutions. 
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1.2. Introduction and Objectives 

As showed before in the General Introduction Section, Pcs represent one of the most 

prominent families of second-generation synthetic PS,1–4 mainly due to their strong 

absorption in the phototherapeutic window and the efficient sensitization of 3O2 to form 

highly reactive 1O2. Thus, owing to their extended π-conjugation, Pcs exhibit a strong 

tendency to aggregate that drives the formation of oligomers in solution.5 The formation 

of stacked aggregates affects their photochemical and photophysical properties, and 

hence their use as PS, because aggregation-induced fast radiationless deactivation 

detracts from 1O2 generation. In aqueous media, aggregation of Pcs is facilitated by their 

inherent insolubility. In this context, hydrophilic groups can be introduced to render an 

amphiphilic character and water-solubility to the Pcs,6–8 but they do not bring about the 

elimination of the aggregation tendency of Pcs in this medium. A means to circumvent 

the aggregation derived from the π–π stacking of Pcs arises from the complexation of 

closed shell, diamagnetic metal ions such as Si(IV)6,9,10 or Ru(II),11,12 which can be axially 

functionalized with the required hydrophilic moieties. 

On the other hand, Zn(II)Pcs are very interesting PS as they present, in general, higher 

efficiencies in the generation of 1O2 than the above mentioned Ru(II)Pcs or Si(IV)Pcs.13 

However, an important shortcoming of Zn(II)Pcs is that they cannot circumvent the π–π 

stacking issues by covalent axial functionalization. In this regard, our research group has 

recently described a new strategy to prepare Zn(II)Pcs showing hindered aggregation by 

introducing two types of peripheral substituents into the Pc in a crosswise, ABAB 

architecture,14,15 (A and B coding for the two differently functionalized isoindole 

constituents). Within this architecture, π–π interactions between the Pc cores are 

prevented by endowing two facing isoindoles (B) of the Zn(II)Pc with bulky 

bis(trifluoromethyl)phenyl units, while the other two isoindoles (A) can provide the 

necessary water-solubility if they are properly functionalized with hydrophilic 

substituents. 

Before using this ABAB Zn(II)Pc skeleton to build amphiphilic, water-soluble 

chromophores with plausible application as PS, we have tackled an in-depth study to 

establish structure/activity relationships that can help us to design and prepare Zn(II)Pcs 

with maximized ϕΔ. From previous studies performed over different types of fluorinated 

Pcs,16–20 we can expect that the functionalization with bis(trifluoromethyl)phenyl units at 

the alpha position of the outer benzene rings of the Pc could produce high 1O2 generation 

efficiencies as a result of: (i) the position of the fluorinated substituents, since alpha-

substitution is usually preferable versus beta functionalization at the Zn(II)Pc;21 (ii) the 

enhanced photostability that fluorine-functionalization affords to the Zn(II)Pc,22 due to 

the electron-withdrawing character of the CF3 groups that results in energetically low-

lying highest occupied molecular orbitals (HOMOs);23 and/or the heavy atom effect that 

favors intersystem crossing and, therefore, high triplet lifetimes.16–18 
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Then, we aim here to verify the effect of the functionalization with 

bis(trifluoromethyl)phenyl units by preparing and studying the photophysical features of 

a series of Zn(II)Pcs endowed with a different number of fluorinated substituents (i.e. 

ABAB 1a–d, A3B 1a–d and A4 1a and c) (Scheme 1. 1). Moreover, to determine the 

effect that the nature of the substituents at the A isoindoles exerts on the electronic 

structure, and therefore, on the photophysical properties of the compounds, we have 

synthesized a series of Zn(II)Pcs with A units lacking any functional group (1a series), 

or endowed with either electron-withdrawing functional groups, such as extraannulated 

phthalimides (1b series) and ester moieties (1c series), or electron-donating p-

methoxyphenoxy substituents (1d series). Importantly, the functionalization 

incorporated into Zn(II)Pcs ABAB 1b–d would enable further chemical modifications to 

convert these series of compounds into real water-soluble molecules, with a balanced 

hydrophilicity/lipophilicity,17,18 for their use as PS. Therefore, this systematic study would 

allow us to establish optimal Zn(II)Pc cores for the divergent preparation of a number of 

amphiphilic PS. 

 

Scheme 1. 1. Synthesis of Zn(II)Pcs ABAB 1a–d, A3B 1a–d and A4 1a,c. 

1.3. Results and discussion 

a) Synthesis 

The synthesis of the target Zn(II)Pcs was carried out by cross-condensation between 

equimolecular amounts of bulky phthalonitrile 2 (B) and phthalonitriles 3a–d (A). In all 

the reactions, the corresponding Zn(II)Pcs ABAB 1a–d were formed, together with the 

related A3B 1a–d and A4 1a–d derivatives. As previously observed in preceding 

studies,14,15 no traces of Pcs with two adjacent B units were observed, due to the 

presence of rigid phenyl groups in the 3,6-positions of the corresponding phthalonitrile 
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that hampers its self-condensation. All ABAB and A3B derivatives were easily isolated by 

chromatographic means, in yields ranging from 2% to 9% for the ABAB series, and from 

5% to 12% for the A3B Zn(II)Pcs. In contrast, A4-type compounds could not be isolated 

in appropriate quantities and purities, mainly due to their low solubility and their manifest 

aggregation tendency, with the exception of A4 1c, which was isolated and characterized. 

For that reason, only A4 1c and the commercially available A4 1a (that is, non-

functionalized Zn(II)Pc) could be included in the photophysical study. Apart from the 

rather insoluble unsubstituted A4 1a, the rest of the synthesized Zn(II)Pcs have in 

common good solubility features. This fact, together with the high symmetry exhibited 

by all the derivatives, results in extremely well-resolved 1H and 13C NMR spectra, which 

is infrequent for Zn(II)Pcs. As an example, the 1H NMR spectra of compounds ABAB 1d 

and A3B 1a are shown in Figure 1. 1. The good resolution observed in the spectrum of 

A3B 1a points out the ability of the bis(trifluoromethyl)phenyl moieties to hamper 

aggregation in solution, even if only one isoindole is functionalized with bulky groups. 

 

Figure 1. 1. a) 1H-NMR (500 MHz, THF-d8) of ABAB 1d. b) 1H-NMR and COSY (500 MHz, THF-d8) 
of A3B 1a. 

Geometry optimization of ABAB 1a and A3B 1a structures performed with SCIGRESS 

(FJ 2.8.1 EU 3.3.1) well-illustrates how bis(trifluoromethyl)phenyl substituents hamper 

the stacking of the Zn(II)Pc macrocycles (Figure 1. 2). 
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Figure 1. 2. Geometry optimization of Zn(II)Pcs 1a with SCIGRESS (FJ 2.8.1 EU 3.3.1) MM2 
geometry optimization. 

b) Photophysical studies 

First, ground-state absorption experiments were performed for all the Zn(II)Pcs, showing 

the typical Q-band and B-band transitions.24 UV-vis absorption spectra were first recorded 

in THF, a solvent that is able to coordinate the Zn(II) metal centre, hampering the 

aggregation of Zn(II)Pcs independently of the substitution pattern. As an example to 

visualize the absorption changes along the ABAB, A3B and A4 series, the UV-vis spectra 

of all the members of the 1a family in THF are depicted in Figure 1. 3. 

ABAB 1a

A3B 1a

A4 1a
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Figure 1. 3. Concentration-dependent UV-vis experiments for Zn(II)Pcs 1a in THF (between 
1·10-6 - 9·10-6 M). 

On the other hand, when the UV-vis experiments were performed in toluene, hints of 

aggregation were observed for A3B 1c and A4 1c, with Q-bands featuring shoulders at 

longer wavelengths. Aggregation in toluene solutions of these compounds was confirmed 

in concentration-dependent studies (Figure 1. 4). Importantly, in the case of non-

functionalized Zn(II)Pc A4 1a, the solutions in both THF and toluene had to be prepared 

from a stock solution in DMSO (1% final content), which also contributed to the 

disaggregation of the Pc. 
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Figure 1. 4. Concentration-dependent UV-vis experiments for Zn(II)Pcs 1c in THF (between 
1·10-6 - 5·10-6 M). 

The ABAB and A3B derivatives show split Q-bands both in toluene and THF, accompanied 

by the typical vibrational absorptions, although splitting is much more pronounced in 

ABAB 1a, which is consistent with its D2h symmetry. Increasing the number of α-bis 

(trifluoromethyl)phenyl substituents produces a red-shift of the Q-band maximum, 

namely, from 666 nm for A4 1a to 698 nm for ABAB 1a in THF solutions (Table 1. 1). 

The other three families (1b–d), with different types of substituents in the A isoindole 

units, showed similar behaviour when the different members of each family are 

compared, with the exception of the 1c series, which show a single Q-band in THF for 

the three ABAB, A3B and A4 members. 
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Table 1. 1. Photophysical properties of Zn(II)Pcs 1a-d in THF solution. Estimated uncertainties in 
the quantum yields are ±10%. 

ZnPc log () f / nm f S / ns T / μs[a] Δ 

ABAB 1a 4.72 (348), 4.93 (662), 5.11 (698)[b] 705 0.05 1.7 0.32 1 

A3B 1a 4.85 (347), 5.17 (677), 5.22 (682)[b] 686 0.11 2.5 0.18 0.92 

A4 1a[c] 4.54 (350), 5.17 (666)[b] 669 0.17 3.4 0.28 0.79 

ABAB 1b 4.73 (349), 5.03 (676), 5.16 (712)[b] 717 0.06 2.1 0.13 0.74 

A3B 1b 4.73 (359), 5.10 (698)[b] 711 0.08 2.4 0.46 0.74 

ABAB 1c 4.90 (350), 5.50 (687)[b] 693 0.08 3.0 0.23 0.80 

A3B 1c 4.87 (348), 5.46 (684)[b] 691 0.12 3.1 0.22 0.78 

A4 1c 4.49 (350), 5.05 (682)[b] 687 0.09 3.2 0.25 0.73 

ABAB 1d 4.80 (358), 5.13 (671)[b], 5.15 (704) 711 0.06 1.8 0.27 0.86 

A3B1d 4.82 (358), 5.08 (674)[b], 5.15 (693) 695 0.09 2.1 0.17 0.84 

[a] In air-saturated solutions. [b] Q-band maximum. [c] Prepared from a stock solution of the ZnPc in DMSO (Final 

content: 1% DMSO). 

 

Table 1. 2. Photophysical properties of Zn(II)Pcs 1a-d in toluene solution. Estimated 
uncertainties in the quantum yields are ±10%. 

ZnPc log () f / nm f S / ns T / μs[a] Δ 

ABAB 1a 4.54 (350), 4.75 (664), 5.00 (705)[b] 709 0.13 1.8 0.12 0.76 

A3B 1a 4.86 (349), 5.22 (664), 5.30 (687)[b] 690 0.23 2.1 0.27 0.69 

A4 1a[c] 4.53 (340), 5.22 (669)[b] 673 0.53 2.4 0.21 0.66 

ABAB 1b 4.81 (359), 5.11 (682), 5.28 (707)[b] 711 0.24 2.3 0.22 0.65 

A3B 1b 4.71 (365), 5.29 (698)[b] 706 0.23 2.6 0.30 0.65 

ABAB 1c 4.84 (351), 5.49 (689)[b] 695 0.16 3.0 0.22 0.69 

A3B 1c aggregation 693 0.29 3.2 0.20 0.62 

A4 1c aggregation 691 0.20 3.2 0.20 0.49 

ABAB 1d 4.99 (349), 5.37 (673), 5.39 (712)[b] 716 0.11 1.7 0.30 0.62 

A3B1d 4.89 (349), 5.28 (676)[b], 5.28 (695) 699 0.20 2.0 0.20 0.57 

[a] In air-saturated solutions. [b] Q-band maximum. [c] Prepared from a stock solution of the ZnPc in DMSO (Final content: 1% 

DMSO). 

The spectra of the ABAB and A3B members of the four series of Zn(II)Pcs 1a–d are 

superimposed in Figure 1. 5. In both the ABAB and the A3B series, Zn(II)Pcs 1d with 

facing N-functionalized phthalimides display the largest red shift. 
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Figure 1. 5. UV-vis spectra for ABAB 1a-d and A3B 1a-d in THF (Q-band normalized). 

From this initial comparison, a first conclusion arises regarding the merits of these 

compounds as PS. In principle, the red-shifted absorption of ABAB Zn(II)Pcs is an 

advantage for photodynamic therapy, which, together with their wider range of 

absorption wavelengths (i.e. covering approximately 190 nm, while only 140 nm for A4 

derivatives), render ABAB compounds more outstanding than their counterparts.  

The lack of aggregation in THF and toluene solutions for most of these Zn(II)Pcs was 

proven by the absorption studies performed in a range of concentrations as in Figure 1. 

3 and Figure 1. 4. For the verification of the Lambert–Beer law, an analysis of linear 

regression between the intensity of the Q-band and the concentration of the Zn(II)Pcs 

was performed. Under the conditions of our concentration-dependent studies, only A3B 

1c and A4 1c showed aggregation evidence in toluene solutions (namely, the linear fitting 

in this solvent does not pass through the origin of coordinates, see Figure 1. 4) thus 

confirming our previous assumption. Further demonstration was achieved upon the 

addition of 1% THF over the solutions of the two compounds in toluene. The spectra 

recorded in the presence of the coordinative solvent showed relevant changes in the 

form of a single Q-band with no traces of the red–shifted shoulder (Figure 1. 6a). Also in 
1H NMR experiments, the addition of 1% THF-d6 over a toluene-d8 solution improves the 

resolution of the aromatic signals (Figure 1. 6b). The fact that A3B 1c is the only 

compound of the A3B series displaying aggregation, can be rationalized on the basis of 

the presence of ester functions, which can coordinate the Zn(II) centre of a vicinal 

Zn(II)Pc to give J-type aggregates (Figure 1. 6c).5 
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Figure 1. 6. a) Qualitative UV-Vis spectra of A3B and A4 1c in toluene at 2·10-5 M, before and 
after addition of 1% THF. Please, notice the disappearance of aggregation bands (*) and Q-

bands recovery. b) MS (MALDI) of A3B 1c with identified peaks for monomer and dimer 
modelized with SCIGRESS (FJ 2.8.1 EU 3.3.1) MM2 geometry optimization; c) 1H NMR in toluene-

d8 of A3B 1c, before and after 1% THF-d8 addition for disaggregation. 

Fluorescence experiments (Figure 1. 7a) are in line with absorption assays: a shift to 

longer wavelengths takes place when increasing the number of 

bis(trifluoromethyl)phenyl units over the Pc core. In contrast, fluorescence quantum 

yields (ϕf) increase in the opposite direction, (i.e. ϕf: A4 > A3B > ABAB derivatives) (see 

Table 1. 1, Table 1. 2 and Figure 1. 8). 

 

Figure 1. 7. a) Fluorescence spectra of Zn(II)Pcs 1a; b) 1O2 production of Zn(II)Pcs 1c against 
phenalenone (black line) and c) time resolved fluorescence for Zn(II)Pcs 1a with IRF (Instrument 
response fluorescence, LUDOX®, grey line);for ABAB (blue lines), A3B (red lines) and A4 (green 

lines) Zn(II)Pcs in THF. 
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Also, the quantification of the ϕΔ was performed for these series of compounds, by direct 

observation of the 1O2 phosphorescence at 1275 nm after excitation at 355 nm, both in 

THF and toluene solutions (see Table 1. 1, Table 1. 2 and Figure 1. 7b). Regardless of 

the solvent, the same trend was observed for the four families of compounds, namely, 

an increase of the ϕΔ takes place when adding bis(trifluoromethyl)phenyl units to the 

Zn(II)Pc core (i.e. A4- < A3B- < ABAB-derivatives) concomitantly with a ϕf decrease, as 

depicted in Figure 1. 8 for the ABAB 1a, A3B 1a and A4 1a series. Also, time resolved 

fluorescence decays pointed in the same direction, showing singlet excited-state lifetimes 

decreasing from A4 to ABAB Zn(II)Pcs. These observations support our previous 

hypothesis that pointed to the alpha-substitution with these fluorinated aromatic groups 

as the driving force that pushes up 1O2 generation abilities of Zn(II)Pcs. 

 

Figure 1. 8. Trends observed in the photophysical properties for each family of Zn(II)Pcs 1a-d. 

On the other hand, the impact of the substitution in the A isoindole on the 

photosensitization abilities of the Zn(II)Pc has been also analyzed. The first remark 

concerns the very high ϕΔ values observed in the 1a series, lacking functionalization in 

the A isoindole, especially that of ABAB 1a, which is very close to 1 in THF (Table 1. 1). 

Beyond this remarkable value, when one compares the other three substituted ABAB 

derivatives, ϕΔ values in THF are all between 0.86 and 0.74, which are still far above 

average. In THF, the ϕΔ of the ABAB series follows the trend 1a > 1d > 1c > 1b. 

However, in toluene solutions (Table 1. 2), all the ϕΔ values of the ABAB Zn(II)Pcs 

decrease in comparison with those in THF, and vary in the 1a > 1c > 1b > 1d direction, 

ranging from 0.76 for ABAB 1a to 0.62 for ABAB 1d. These results point to a minor 

impact of the substitution at the A isoindole on the photophysical properties of the 

analysed Zn(II)Pc derivatives. 

1.4. Conclusions 

The study of a number of Zn(II)Pcs with an iterating substitution pattern, that is, a 

varying number of B isoindoles containing bis(trifluoromethyl)phenyl substituents (i.e. 

ABAB, A3B and A4 1 series), and with different functionalization in the A isoindole (i.e. 

1a–d series), has allowed us to ascertain the determinant role of the bulky, fluorinated 

substituents in the photophysical properties and 1O2 generation capabilities of these 

compounds. For all the 1a–d series, the ABAB substitution provides the Zn(II)Pcs with 
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the most red-shifted absorptions and non-aggregating features that are independent of 

the solvent employed, as well as the highest 1O2 quantum yields. These are outstanding 

characteristics, not easy to gather in Zn(II)Pcs, and that are all fundamental for using 

them as PS in therapeutic applications. Remarkable data found in these studies are the 

ϕΔ close to 1 obtained for compound ABAB 1a, with no functionalization at the A 

isoindoles, which evidences the relevant function of bis(trifluoromethyl)phenyl moieties 

on the 1O2 production. On the other hand, adding substituents at the A isoindole produces 

a slightly detrimental effect on the ϕΔ, although the values are still very high, above the 

average of the figures of merit reported for Zn(II)Pc PS. We did not find a clear 

relationship between the electronic character of the substituents at the A isoindole and 

the 1O2 production, since the trends change with the solvent employed. However, ABAB 

1d is, with its ϕΔ of 0.86 in polar THF, a candidate of choice for further derivatization of 

the four phenolic positions with hydrophilic substituents in the search for efficient PS, 

considering also that ABAB 1d is the compound of the ABAB series that was isolated in 

better chemical yield. Therefore, our rational study will allow us to develop efficient ABAB 

Zn(II)Pc derivatives with balanced hydrophilicity and lipophilicity, in the search of non-

aggregated chromophores, soluble in water media and with high ϕΔ, which can find 

application in PDT. 

1.5. Experimental section 

a) Synthesis 

Chemicals were purchased from commercial suppliers and used without further 

purification unless stated otherwise. 3,3″,5,5″-tetrakis(trifluoromethyl)-[1,1′:4′,1″-

terphenyl]-2′,3′- dicarbonitrile (2),14 2-(but-2-yn-1-yl)-1,3-dioxoisoindoline-5,6- 

dicarbonitrile (3b), [detailed in Chapter 2 for the sake of consistency] dipentyl 4,5-

dicyanophthalate (3c),25 4,5-bis(4-methoxyphenoxy)phthalonitrile (3d),26 and A4 1c,27 

have been prepared according to published procedures. 13C NMR spectra for A3B-

Zn(II)Pcs are not detailed due to the great complexity and high number of overlapped 

signals. 

General procedure for the synthesis of Zn(II)Pcs 1a–d: 

2 (0.27 mmol, 150 mg), phthalonitrile 3a–d (0.27 mmol) and anhydrous Zn(AcO)2 (0.27 

mmol, 50 mg) were placed in a 5 mL high pressure resistant flask equipped with a 

magnetic stirrer, and then 2.7 mL ([2] = 0.1 M) of dry o-dichlorobenzene/DMF (dried 

over 4 Å molecular sieves) 2:1 were added. The mixture was heated to 150–160 °C 

overnight under an argon atmosphere. After cooling, the solvent was removed under 

vacuum. The mixture of products was purified by column chromatography on SiO2. 
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 Synthesis of Zn(II)Pcs 1a: 

Column chromatography on SiO2 (dioxane/heptane in gradient from 1:4 to 1:2) was 

performed. The first fraction to elute contained the desired product ABAB, followed by 

compound A3B. Non-functionalized Zn(II)Pc (A4 1a) is commercially available. 

 

ABAB 1a. The product was further purified by additional column chromatography on 

Bio-Beads using CHCl3 as the eluent. After evaporation of the solvent, a blue solid was 

obtained, which was washed with MeOH. Yield: 15.2 mg, (8%). 1H NMR (500 MHz, 

acetone-d6): δ 8.00 (br s, 4H, HAr), 8.28 (br s, 4H, HAr), 8.35 (s, 4H, HAr), 8.62 (s, 4H, 

HAr), 8.89 (s, 4H, HAr); 13C NMR (125 MHz, acetone-d6): δ 122.7 (C Ar), 123.2 (C Ar), 

125.0 (q, J = 275.5 Hz, CF3), 130.2 (C Ar), 132.0 (br s, C*CF3), 132.3 (C Ar), 132.7 (C 

Ar), 136.3 (CH Ar), 137.7 (CH Ar), 139.3 (CH Ar), 144.2 (CH Ar), 153.4 (C=N), 154.4 

(C=N); IR (ATR) ν−1 (cm−1): 1374, 1273, 1167, 1123, 896, 838; HR-MS (MALDI 

ULTRAFLEX, matrix DCTB + PPG 1000 + 2000): m/z 1424.1019 (calculated for 

C64H24F24N8Zn: 1424.1027). 

A3B 1a. The product was further purified by additional column chromatography on Bio-

Beads using THF as the eluent. After evaporation of the solvent a blue solid was obtained, 

which was washed with MeOH. Yield: 10.1 mg, (11%). 1H NMR (500 MHz, THF-d8): δ 

7.95–8.02 (m, 2H, HAr), 8.06–8.16 (m, 4H, HAr), 8.21 (s, 2H, HAr), 8.31 (d, J = 7.37 

Hz, 2H, HAr), 8.60 (s, 2H, HAr), 8.90 (s, 4H, HAr), 9.27–9.35 (m, 4H, HAr); IR (ATR) ν−1 

(cm−1): 1376, 1332, 1271, 1119, 893, 830; HR-MS (MALDI ULTRAFLEX III, matrix DCTB 

+ PPG 1000): m/z 1000.0900 (calculated for C48H20F12N8Zn: 1000.0905). 

A4 1a. Comercially available. 
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 Synthesis of Zn(II)Pcs 1b: 

Column chromatography on SiO2 (THF/heptane in gradient from 2:1 to 1:1) was 

performed. The first fraction to elute contained the desired product ABAB followed by 

compounds A3B and A4. 

 

ABAB 1b. The product was further purified by an additional column chromatography on 

Bio-Beads using CHCl3 as eluent. After evaporation of the solvent a blue solid was 

obtained, which was washed with heptane. Yield: 5.6 mg, (2%). 1H NMR (300 MHz, THF-

d8): δ 8.81 (s, 8H, Ar), 8.73 (s, 4H, Ar), 8.56 (s, 4H, Ar), 8.38 (s, 4H, Ar), 4.49 (s, 4H, 

CH2), 1.84 (s, 6H, CH3); 13C NMR (75 MHz, THF-d8): δ 3.2 (CH2), 28.2 (CH3), 74.1 (CC), 

79.2 (CC), 118.3 (C Ar), 125.0 (q, J = 270. 8 Hz, CF3), 131. (br s, C*CF3), 132.5 (C Ar), 

133.0 (C Ar), 133.0 (C Ar), 134.0 (C Ar), 136.8 (CH Ar), 138.4 (CH Ar), 142.7 (CH Ar), 

143.8 (CH Ar), 153.6 (C=N), 155.1 (C=N), 166.8 (C=O); IR(ATR) ν-1 (cm-1): 2359, 1771, 

1708, 1384, 1384, 1277, 1178, 1136; HR-MS (MALDI, matrix DCTB + PPGNa 2000): m/z 

1666.1343 [M+] (calculated: 1666.1354). 

A3B 1b. The product was further purified by additional column chromatography on Bio-

Beads using CHCl3 as the eluent. After evaporation of the solvent a blue-green solid was 

obtained, which was washed with heptane. Yield: 6.3 mg, (5%). 1H NMR (300 MHz, 

DMSO-d6): δ 1.86–2.06 (m, 9H, CH3), 4.58–4.83 (m, 6H, CH2), 8.21–8.66 (m, 6H, CHAr), 

8.79 (br s, 4H, CHAr), 8.87–9.32 (m, 4H, CHAr); IR (ATR) ν−1 (cm−1): 2914, 2845, 2301, 

1769, 1717, 1421, 1379, 1341, 1211, 1165, 1126; HR-MS (MALDI ULTRAFLEX III, matrix 

DCTB + PPGNa 1000 + PPGNa 2000): m/z 1363.1356 (calculated for C66H29F12N11O6Zn: 

1363.1397). 

A4 1b. MS (MALDI, matrix DCTB): m/z 1060.3 (calculated for C56H28N12O8Zn: 1060.1). 
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 Synthesis of Zn(II)Pcs 1c: 

Column chromatography on SiO2 (THF/heptane in gradient from 1:4 to 1:1). The first 

fraction to elute contained the desired product ABAB followed by compounds A3B and A4. 

 

ABAB 1c. The product was further purified by an additional column chromatography on 

Bio-Beads using CHCl3 as eluent. After evaporation of the solvent a blue solid was 

obtained, which was washed with MeOH. Yield: 13.5 mg, (5%). 1H NMR (500 MHz, THF-

d8): δ 8.79 (s, 8H, Ar); 8.57 (s, 4H, Ar); 8.52 (s, 4H, Ar); 8.31 (s, 4H, Ar); 4.56 (t, 8H, J 

= 6.99 Hz, CH2); 1.92-1.98 (m, 8H, CH2); 1.46-1.58 (m, 16H, CH2), 1.02 (t, 12H, J = 

7.04 Hz, CH3); 13C NMR (125 MHz, THF-d8): δ 14.4 (CH3), 23.4(CH2), 29.2(CH2), 

29.5(CH2), 66.7 (COOC*H2), 124.3 (C Ar), 125.0 (q, J = 272.7 Hz, CF3), 131.9 (br s, 

C*CF3), 132.6 (C Ar), 132.7 (C Ar),134.6 (C Ar), 136.7 (CH Ar), 138.2 (CH Ar), 140.0 (CH 

Ar), 143.9 (CH Ar), 153.5 (C=N), 154.5 (C=N), 167.9 (C=O); IR(ATR) ν-1 (cm-1): 1716, 

1380, 1277, 1217, 1176, 1134, 1092 ; HR-MS (MALDI, matrix DCTB + PPGNa 2100): m/z 

1903.3676 [M+Na]+ (calculated: 1903.3648). 

A3B 1c. The product was further purified by additional column chromatography on Bio-

Beads using CHCl3 as the eluent. After evaporation of the solvent a blue solid was 

obtained, which was washed with MeOH. Yield: 18.5 mg, (12%). 1H NMR (300 MHz, 

acetone-d6): δ 0.97–1.17 (m, 18H, CH3), 1.47–1.71 (m, 24H, CH2), 2.67–2.87 (m, 12H, 

CH2), 4.47–4.73 (m, 12H, CH2), 8.40 (s, 2H, CHAr), 8.50 (s, 2H, CHAr), 8.63 (s, 2H, 

CHAr), 8.97 (s, 4H, CHAr), 9.38 (s, 2H, CHAr), 9.49 (s, 2H, CHAr); IR (ATR) ν−1 (cm−1): 

2954, 2928, 2858, 1718, 1464, 1377, 1334, 1263, 1172, 1127, 1091; HR-MS (MALDI 

ULTRAFLEX III, matrix DCTB + PPG 1000 + 2000): m/z 1684.5043 (calculated for 

C84H80F12N8O12Zn: 1684.4990). 

A4B 1c. Previously reported and characterized.27 
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 Synthesis of Zn(II)Pcs 1d: 

Column chromatography on SiO2 (heptane/EtOAc 1:1 as the eluent) was performed. The 

first fraction to elute contained the desired product ABAB, followed by compounds A3B 

and A4. 

 

ABAB 1d. The product was further purified by additional column chromatography on 

Bio-Beads using CHCl3 as the eluent. After evaporation of the solvent a blue solid was 

obtained, which was washed with MeOH. Yield: 23 mg (9%). 1H NMR (300 MHz, DMSO-

d6): δ 3.8 (s, 12H, OMe), 7.03 (d, J = 9.10 Hz, 8H, O–Ph–O), 7.12 (d, J = 9.10 Hz, 8H, 

O–Ph–O), 7.76 (s, 4H, CHAr), 7.99 (s, 4H, CHAr), 8.25 (s, 4H, CHAr), 8.78 (s, 8H, CHAr); 
1H NMR (500 MHz, THF-d8): δ 3.8 (s, 12H, OMe), 6.96 (d, J = 9.18 Hz, 8H, O–Ph–O), 

7.05 (d, J = 9.18 Hz, 8H, O–Ph–O), 7.95 (s, 4H, CHAr), 8.06 (s, 4H, CHAr), 8.18 (s, 4H, 

CHAr), 8.72 (s, 8H, CHAr); 13C NMR (125 MHz, THF-d8): δ 55.7 (CH3), 115.5 (CHAr 

PhOMe), 115.7 (CHAr), 119.4 (CHAr PhOMe), 122.4 (C Ar), 126.8 (q, J = 273.6 Hz, CF3), 

131.9 (br s, C*CF3), 132.0 (C Ar), 132.2 (C Ar), 132.6 (C Ar), 135.6 (CH Ar), 136.2 (CH 

Ar), 137.9 (CH Ar), 144.0, 152.3, 152.9, 153.3, 154.0, 156.9 (C Ar); IR (ATR) ν−1 (cm−1): 

2925, 1502, 1410, 1376, 1276, 1198, 1177, 1133; HR-MS (MALDI ULTRAFLEX III, matrix: 

DCTB): m/z 1912.2488 (calculated for C92H48F24N8O8Zn: 1912.2498). 

A3B 1d. The product was further purified by additional column chromatography on Bio-

Beads using CHCl3 as the eluent. After evaporation of the solvent a blue solid was 

obtained, which was washed with MeOH. Yield: 9.4 mg (6%). 1H NMR (300 MHz, DMSO-

d6): δ 3.81 (s, 6H, OMe), 3.82 (s, 6H, OMe), 3.83 (s, 6H, OMe), 6.97–7.08 (m, 8H, O–

Ph–O), 7.10–7.17 (m, 8H, O–Ph–O), 7.17–7.28 (m, 8H, O–Ph–O), 7.77 (s, 2H, CHAr), 

8.00 (s, 2H, CHAr), 8.22 (s, 2H, CHAr), 8.54 (s, 2H, CHAr), 8.59 (s, 2H, CHAr), 8.78 (s, 

4H, CHAr); IR (ATR) ν−1 (cm−1): 2954, 2883, 1723, 1507, 1449, 1362, 1279, 1182, 1134, 

1034; HR-MS (MALDI ULTRAFLEX III, matrix: DCTB): m/z 1732.3115 (calculated for 

C90H56F12N8O12Zn: 1732.3112). 

A4 1d. HR-MS (MALDI ULTRAFLEX III, matrix DCTB + PEGNa 1500): m/z 1552.3741 

(calculated for C88H64N8O16Zn: 1552.3726). 



CHAPTER 1 - Boosting the 1O2 photosensitization abilities of Zn(II)Pcs through functionalization with 

bulky fluorinated substituents 
 

103 

b) Photophysical studies 

 Fluorescence spectra: 

The samples were excited at: ABAB (THF), 690 (1a), 692 (1b), 677 (1c) and 694 nm 

(1d); ABAB (toluene), 690 (1a), 687 (1b), 679 (1c) and 700 nm (1d); A3B (THF), 662 

(1a), 678 (1b), 674 (1c) and 685 nm (1d); A3B (toluene), 667 (1a), 678 (1b), 674 (1c) 

and 687 nm (1d); A4 (THF), 672 nm (1c); A4 (toluene), 677 nm (1c). 

 Fluorescence Quantum Yields: 

The samples were excited at: ABAB (THF), 638 (1a), 636 (1b), 630 (1c) and 632 nm 

(1d); ABAB (toluene), 644 (1a), 611 (1b), 632.5 (1c) and 634 nm (1d); A3B (THF), 632 

(1a), 635 (1b), 630.5 (1c) and 636 nm (1d); A3B (toluene), 636 (1a), 634.5 (1b), 627.5 

(1c) and 632 nm (1d); A4 (THF), 631.5 nm (1c); A4 (toluene), 629.5 nm (1c). 
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Abstract: 

We describe here the preparation of a series of trans-ABAB Zn(II)Pcs, which combine 

several interesting features. First, these compounds present high solubility and hindered 

aggregation, due to the functionalization of two facing isoindole constituents (B) of the 

Zn(II)Pc with bis(trifluoromethylphenyl) units. Second, the other two isoindoles (A) bear 

extra-annulated phthalimide units containing different substituents in the nitrogen 

positions, this feature results in a collinear arrangement of a variety of functional groups. 

Some of these collinearly functionalized Zn(II)Pcs are interesting building blocks for 

constructing either homo- or heteroarrays containing Zn(II)Pc units. Furthermore, the 

amphiphilic nature of some members of the series renders them interesting candidates 

for photosensitization of 1O2. Photophysical studies on a model compound of the series 

have shown that these molecules are efficient 1O2 PS in both polar and apolar media, 

with ϕΔ as high as 0.74. 

 

  

1O2
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2.2. Introduction and Objectives 

In Chapter 1 (C1) we have proved the efficiency of ABAB Zn(II)Pcs for 1O2 

photosensitization. Taking advantage of the outstanding photophysical properties of 

these family of compounds, in this second chapter we have selected compound ABAB 

1b from Chapter 1 with phthalimide-based substitution pattern in isoindol units A 

(Figure 2. 1), as a head of series to perform modifications directed to enlarge the 

versatility of the system by replacement of the 2-(but-2-yn-1-yl) substituent by other 

reactive functional groups that afford further modifications. 

 

Figure 2. 1. Structure of compound ABAB 1b–C1. 

Let’s first analyze why we have selected this compound among those available in 

Chapter 1. As mentioned in the Introduction section, the interesting features of Pcs 

have driven their use in two broad scientific areas: i) biological applications,1,2 namely, 

for therapeutic treatments as anticancer and antimicrobial agents, taking advantage of 

the ability of some Pc derivatives to sensitize 1O2 due to their long-lived triplet excited 

states; and ii) as functional materials, for instance, as catalytic systems3 or dyes for 

energy conversion schemes.4–6 For most of these applications, the formation of well-

defined nanoassemblies offers a route to improve the function of the Pc molecules. In 

this regard, the presence of certain functional groups on the periphery of the Pcs provides 

a tool for the engineering of outstanding supramolecular arrays. For instance, the 

incorporation of Pcs in 2D or 3D ensembles of different shapes and sizes relies on the 

preparation of macrocycles with highly directional binding motifs. Particularly, an angular 

orientation of the binding sites of 180° permits to create complex linear arrangements, 

such as Pc-containing polymers,7 or to use Pcs as subcomponents for the self-assembly 

of metalloorganic cavities for host-guest interactions.8 On the other hand, as we have 

explained in Chapter 1, appropriate functionalization of the Pcs with collinear 

lipophilic/hydrophilic substituents may lead to amphiphiles in water media, which can be 

envisioned as delivery systems after nanostructured self-organization for photodynamic 

and photothermal therapies.9–13 
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The first trans-ABAB Zn(II)Pc reported by our group 14 was one containing two crosswise 

isoindoles functionalized with bulky bis(trifluoromethyl)phenyl groups at the non-

peripheral positions, and two crosswise isoindoles endowed with one iodine atom 

each.14,15However, the fact that each of the iodine atoms in the starting Pc is offset with 

respect to one of the central N-N axes by a 30° angle results in the presence of two 

positional isomers (i.e syn and anti) with the same ratio that could not be separated by 

chromatographic means. In a following report, we described the preparation of a 

diamino-containing, ditopic Pc ligand able to self-assemble into supramolecular cages by 

metal-ligand coordination with iron(II) salts.8 To obtain this Pc ligand with well-defined 

coordination geometries, it was necessary to separate the corresponding isomers of a 

bis(hydroxymethylethynyl) intermediate (Figure 2. 2), which proved a complex and 

tedious procedure. 

 

Figure 2. 2. (Top) Structures of two disubstituted phthalocyanines. The N-N axis bisects two 
inner nitrogen atoms and two opposing benzo rings. The axis equally can be displayed bisecting 
the NH-NH atoms.16 (Down) Example of syn and anti ABAB Zn(II)Pcs liable to be separated by 

chromatographic means.8 

In the previous context, it is indeed challenging to achieve a truly linear arrangement of 

the functional groups at the Pc core. However, this task is not trivial because of the 

limitations imposed by the geometry of Pcs and the methodology for their synthesis. An 

approach to prepare Pc derivatives holding substituents that are collinear with the N-N 

axes of the macrocycles is to use phthalonitrile derivatives endowed with fused five 

membered rings, which give rise to extra-annulated Pc derivatives. Several examples of 

Pc derivatives endowed with one or more fused imidazole and/or thiophene units have 

been reported.17–20 A relevant work was reported by Youngblood, who prepared trans-

ABAB bis(benzimidazole)phthalocyanines holding alkyl, phenyl or ethynylphenyl moieties 
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linked to the 2- position of the benzimidazole unit, resulting in compounds with a linear 

arrangement of the substituents.16 However, N-alkylation at the imidazole ring was 

necessary, rendering a mixture of two positional isomers with different orientations of 

the N-alkyl chains. 

 

Figure 2. 3. Example of trans-ABAB Zn(II)Pc, mixture of two isomers.16 

On the other hand, extra-annulation with phthalimide units containing substituents in the 

N position has been also described as a route to obtain highly symmetrical, isomerically 

pure, D4h tetrafunctionalized Pcs.21–24 This type of phthalimide derivatives have been 

synthesized either from the tetraanhydrides of 2,3,9,10,16,17,23,24-octacarboxyPcs and 

the corresponding amines,21,23 or by cyclotetramerization of imidephthalonitriles.22 

However, to the best of our knowledge, ABAB Pcs with a collinear arrangement of N-

functionalized phthalimide outer rings have not been described yet. In this Chapter, we 

report a unique family of ABAB Zn(II)Pcs (1a–g) with a collinear arrangement of the 

binding moieties located at the N position of facing phthalimide outer rings, (Scheme 2. 

1). As explained in Chapter 1, the synthesis of of ABAB Zn(II)Pcs relies on the use of 

bulky 2,5-bis(trifluoromethyl)phenylphthalonitrile to direct the reaction towards the 

cross-condensation product. The extraannulation with the phthalimide rings has been 

attempted by the formation of a tetracarboxy-Zn(II)Pc, which could be further reacted 

with different amines to form the targeted compounds, and also by cross-condensation 

of differently functionalized imido-phthalonitriles with the bulky phthalonitrile. 

 

Scheme 2. 1. Structure of Zn(II)Pcs 1a-g synthesized in this chapter. 
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The prepared Zn(II)Pc derivatives can be considered as motifs for building either linear 

or macrocyclic assemblies of Pcs, through efficient click thiol-ene (1a), Pd-catalyzed 

Sonogashira Sonogashira coupling (1b) or alkyne-metathesis (1c) reactions. On the 

other hand, the amphiphilic nature of some members of the series (1f,g), combined with 

hindered aggregation, renders them interesting for photosensitization of 1O2.25 

Importantly, the presence of trifluoromethylphenyl units at the alfa position of the outer 

benzene rings of the Pc is expected to enhance the photostability and lipophilicity,26 and 

also the photosensitization ability, as demontrated in Chapter 1. In fact, these ABAB-

type ZnPcs have shown to be a new paradigm for PDT photosensitizers. Moreover, the 

geometry of these derivatives and the presence of amino, carboxylic acid, vinyl or ethynyl 

moieties will permit to build third-generation PS, where the Zn(II)Pc can be covalently 

conjugated to two-site specific delivery agents affording solubility in physiological media 

and selective accumulation within the targeted tissue.2 Therefore, it appears of interest 

to establish the 1O2 generation capabilities of this family of compounds. To this end, 

photophysical studies have been realized on Zn(II)Pc 1c as model compound, which have 

been already shown in Chapter 1 as compound AABB 1b-C1. 

2.3. Results and discussion 

a) Synthesis 

The preparation of Zn(II)Pcs 1a–g was undertaken by two different approaches. First, a 

most convergent route was attempted, which consisted in the preparation of 

tetracarboxy-Zn(II)Pc 2, (Scheme 2. 2), as a synthon for the preparation of the targeted 

N-functionalized phthalimide-Zn(II)Pcs. 

 

Scheme 2. 2. Synthesis of tetracarboxy-Zn(II)Pc 2. 

For the sake of obtaining a soluble precursor of 2 that could be easily purified by column 

chromatography, we performed a cross-condensation reaction between the bulky 2,5-
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bis(trifluoromethyl)phenylphthalonitrile (3) (B unit),14 and 4,5-

bis(pentyloxycarbonyl)phthalonitrile (4) (A unit)27 to obtain Zn(II)Pc 5, which could be 

hydrolyzed in a second step to the tetracarboxy-derivative 2. As previously established 

in Chapter 1, yields in the cross-condensation towards ABAB Zn(II)Pcs are maximized 

when a mixture of dry o-DCB and DMF is used as solvent, and Zn(OAc)2 as source of 

metal. Moreover, in this particular case, avoiding the use of alcoholic solvents is crucial 

to circumvent substitutions of the alkoxy moieties at the ester functions. Yet, the reaction 

yielded Zn(II)Pc 3 in only 5%, probably due to the strong tendency of phthalonitriles 

functionalized with electron-withdrawing groups to give self-condensation instead of the 

crossed condensation with the bulky phthalonitrile. In fact, A3B 5 and A4 5 Zn(II)Pcs 

(Figure 2. 4) were isolated in 9 and 10% yield, respectively. 

 

Figure 2. 4. Structures of A3B and A4 5 Zn(II)Pcs. 

The next step was to carry out the hydrolysis of the ester function. Although several 

conditions were tested, most of them failed to yield the tetracarboxy-Zn(II)Pc 2. When 

using KOH in a pentanol/THF/water mixture, only traces of 2 were obtained. These 

results compelled us to direct our synthetic efforts towards the preparation of 

appropriately functionalized phthalimide-derived phthalonitriles, for the straightforward 

cross-condensation with bulky phthalonitrile 3. 

As mentioned in the Background and Objectives Section, one of the aims of the 

work is to establish a synthetic approach that allows to prepare differently substituted 

ABAB Zn(II)Pcs, all of them with a linear arrangement of functional groups at the Pc core. 

These geometrically well-defined disposition of the functional groups can be exploited 

for the preparation of Pc assemblies, and also to impart a marked amphiphilic character 

to the Pc molecule, when it is functionalized with facing lipophilic and hydrophilic 
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substituents in the same Pc ring. To this end, different N-substituted 5,6-

dichloroisoindoline-1,3-diones (Scheme 2. 3) were envisioned, endowed either with 

reactive vinyl/acetylene moieties that can further give rise to efficient chemical 

transformations (6a–c), or with protected amino or carboxy moieties (6d,e) that can be 

deprotected (6f,g) towards the final preparation of a novel archetype of amphiphilic 

photosensitizers for PDT. 

 

Scheme 2. 3. Reagents and conditions. i) for 7a (83%) and 7b (68 %): 8a, 9a or 9b, acetic 
acid, MW, 150°C, 2 h; for 7c (70 %): 8b, 9c, N,N-diisopropylethylamine, acetonitrile, Ar, rt; for 

7d (84 %): 8a, 9d, acetic acid, 100 °C, 1.5 h; for 7e (91 %): 8a, 9e, N,N-
diisopropylethylamine, anhydrous toluene, Dean-Stark trap. ii) Pd2(dba)3, dppf, Zn powder, 

Zn(CN)2, N,N-dimethylacetamide, Ar, 120°C, 2–4 h. 

The synthesis of 5,6-dicyano-1,3-dioxoisoindoline derivatives 6a–g was accomplished by 

the initial preparation of N-substituted- 5,6-dichlorophthalimides (7a–e) followed by Pd-

catalyzed cyanation reactions. Two general methods were applied for the synthesis of 

7a–e depending on the availability of the reactants, namely, the condensation reaction 

between 5,6-dichlorophthalic anhydride (8a) and the corresponding alkylamine (9a,b,d) 

or alkylamine hydrochloride (9e), and the N-alkylation of 5,6-dichlorophthalimide (8b) 

with the bromopropargyl derivative 9c (Scheme 2. 3). The reaction of 5,6- 

dichlorophthalic anhydride and the corresponding alkylamine or alkylamine hydrochloride 

was performed either by thermal (reaction with 9d,e) or microwave (reaction with 9a,b) 

activation. All these reactions proceeded in good yields, ranging from 68 to 91%. 

However, the corresponding cyanations rendered phthalonitriles 6a–e in moderate yields 

(31–53 %), with the exception of phthalonitrile 6a that was isolated in a poor 5% yield. 

It is worth mentioning that, although we envisioned the preparation of 5,6-dicyano-1,3-

dioxoisoindoline derivatives with aromatic N-substituents, this type of precursors proved 

very unstable and could not be utilized to prepare ABAB Zn(II)Pcs. 
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Next, we undertook the synthesis of the target ABAB Zn(II)Pcs, which was carried out 

by cross condensation between equimolecular amounts of bulky phthalonitrile 3 (B) and 

5,6- dicyano-1,3-dioxoisoindoline derivatives 6a–e (A). In all the reactions, trans-ABAB 

Zn(II)Pcs were formed, together with the related A3B and A4 Zn(II)Pcs, but with no traces 

of Pcs holding two adjacent B units. Nevertheless, the target compounds were isolated 

in low yields. Additionally, the carbamate and ester functions of compounds 1d and 1e, 

respectively, were easily removed using trifluoroacetic acid, yielding the diamino (1f) and 

dicarboxylic acid (1g) amphiphilic Zn(II)Pcs in good yields (Scheme 2. 4). 

 

Scheme 2. 4. Synthesis of amphiphilic Zn(II)Pcs 1f and 1g. 

All the Zn(II)Pcs have in common good solubility features and hindered aggregation in 

solution imparted by the bis(trifluoromethyl) phenyl moieties. These facts, together with 

the high symmetry exhibited by all the derivatives, result in extremely well-resolved 1H 

and 13C NMR spectra. As an example, the 1H NMR spectra of compounds 1a-d is shown 

in Figure 2. 5. 
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Figure 2. 5. 1H NMR spectra in THF-d8 for ABAB 1a-d. 

b) Photophysical studies 

UV-vis spectra of ABAB Zn(II)Pcs 1a–g shows symmetric, split Q-bands with any 

evidence of aggregation in THF or toluene, as otherwise expected for these compounds. 

In Figure 2. 6, concentration dependent experiments are shown for compound 1c. The 

UV-vis spectra of the other compounds of the series resemble that of 1c, which is 

consistent with the nearly identical substitution at the Pc cores. 

1a

1e

1b

1c

1d
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Figure 2. 6. Concentration-dependent UV-vis experiments for Zn(II)Pc 1c in THF and toluene 
(between 1·10-6 - 8·10-6 M). 

Next, we tackled the evaluation of the ϕΔ of some representatives of the series. First, it 

is necessary to bring back that the complete photophysical characterization of compound 

1c has been previously shown in Chapter 1 (compound ABAB-1b-C1). ϕΔ was 

determined for 1c by the straightforward measurement of the 1O2 phosphorescence, 

both in THF and toluene solutions (see Chapter 1, Tables 1.1 and 1.2), giving a value 

of 0.80. We have also determined the ϕΔ in DMSO by the same method, obtaining a 

similar value (0.67), which indicates a low solvent-dependence. It is expected that, due 

to the structural similarity, the other members of the series show similar photophysical 

behaviour. To confirm this hypothesis, 1O2 generation studies have been performed on 

compounds 1c, 1d and 1e by an indirect method, that is measuring the photoinduced 

decomposition of 1,3-diphenylisobenzofuran (DPBF) in DMSO solutions, under the 

irradiation of the corresponding Zn(II)Pcs (see Figure 2. 7). Although the indirect method 

is quantitatively less accurate than the measurement of the 1O2 phosphorescence, it can 

be useful for comparative purposes. In fact, we observed that the three compounds gave 

similar ϕΔ values, which is consistent with their similar substitution nearby the Pc core, 

with only slight changes in the N-functionalization of the extra-annulated phthalimide. 
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Figure 2. 7. Time dependent photobleaching of DPBF-absorption in the presence of 1c, 1d and 
1e in DMSO, which is directly related to the photoinduced generation of 1O2 by the PS: (Inset: 

detail of DPBF absorption decrease). 

2.4. Conclusions 

In this Chapter, we describe the preparation of a series of trans-ABAB Zn(II)Pcs 1a–g 

featuring high solubility, hindered aggregation and a collinear arrangement of a variety 

of functional groups. These compounds constitute a paradigmatic type of Zn(II)Pcs that 

can be exploited for the construction of multi-Pc arrays. Importantly, this substitution 

pattern permits to obtain amphiphilic Zn(II)Pcs with inherent non-aggregating features 

that are independent of the solvent employed. This is an outstanding characteristic, not 

easy to achieve in Zn(II)Pcs, and that is fundamental for using them as PS for the 

production of 1O2 in therapeutic applications, together with their high singlet oxygen 

photosensitization capabilities. 

2.5. Experimental section 

Chemicals were purchased from commercial suppliers and used without further 

purification unless stated otherwise. 3,3’’,5,5’’-tetrakis(trifluoromethyl)-[1,1’ :4’,1’’-

terphenyl]-2’,3’-dicarbonitrile (3)14 dipentyl 4,5-dicyanophthalate (4),28 5,6-

dichloroisoindoline-1,3-dione (8b),29 4,5-dichlorophthalic anhydride (8a),28 3-(tert-
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butyl(diphenyl) silyl)prop-2-yn-1-amine (9b),30 and compound 5-ABAB (Chapter 1) 

have been prepared according to published procedures. 

 Synthesis of N-substituted 5,6-dichloroisoindoline-1,3-diones (7a-e): 

Method A: MW assisted reaction: To a microwave test tube were added 8a (300 mg, 

1.38 mmol), acetic acid (2 mL), and alkyl amine (9a or 9b) (1.52 mmol). The reaction 

was stirred in a microwave reactor, at 150C for 2 h. After that time, the crude reaction 

mixture was diluted with EtOAc (50 mL), poured carefully in aqueous solution of NaHCO3 

(sat) (50 mL) to neutralize the acetic acid. The organic phase was washed with the 

NaHCO3 (sat) (50 mL) solution, and with H2O (2x20 mL). The organic phase was 

separated and dried over MgSO4, and the solvent was removed under reduced pressure 

to give the corresponding product. Thermal reaction: 9d (369 mg, 2.30 mmol) was 

added to a solution of 8a (500 mg, 2.30 mmol) in 11 mL acetic acid. The mixture was 

stirred for 1.5 h at 100C and after being cooled to rt, it was treated with H2O (20 mL). 

The solid was filtered and washed several times with H2O (20 mL), NaHCO3 (sat) (2x20 

mL) and H2O (20 mL). 

Method B: 8b (500 mg, 2.31 mmol), N,N-diisopropylethylamine (605 μL, 3.47 mmol), 

alkyl bromide (9c) (230 μL, 2.55 mmol) and acetonitrile (5 mL) were placed in a round 

bottom flask and stirred at rt under argon atmosphere. After completion of the reaction 

(monitored by TLC), the reaction mixture was filtered, the solid was washed with H2O 

(10 mL) and dried in a vacuum oven overnight. 

Method C: Alkyl amine hydrochloride (9e) (1.38 mmol), N,N-diisopropylethylamine (503 

μL, 2.89 mmol), 8a (300 mg, 1.38 mmol), and anhydrous toluene (150 mL) were added. 

The apparatus was equipped with a Dean−Stark trap, and the mixture was refluxed 

overnight. Finally, toluene was removed under reduced pressure. 

2-Allyl-5,6-dichloroisoindoline-1,3-dione (7a): Compound 

7a was synthesized from 9a following method A (MW assisted 

reaction). No further purification was required, affording 4a as a 

white solid which was dried in a vacuum oven overnight. Yield: 294 

mg, (83%). 1H NMR (300 MHz, CDCl3): δ 7.93 (s, 2H, Ar), 5.93-5.79 (m, 1H, HC=C), 

5.30-5.18 (m, 2H, C=CH2), 4.29 (d, 2H, J = 5.78 Hz, CH2); 13C NMR (75 MHz, CDCl3): δ 

40.4 (CH2), 118.0 (CH=C*H2), 125.3 (CH Ar), 131.0 (C Ar), 131.2 (C Ar), 138.8 

(C*H=CH2), 165.7 (C=O); IR(ATR) ν-1 (cm-1): 3083 (=CH2 st), 3021 (=CH st), 1766 (C=O 

st), 1698 (C=O st), 1642 (C=C st), 1075 (C-Cl st), 927 (=CH δ oop);HR-MS (FAB, matrix 

m-NBA) m/z: 255.9928 [M+H]+ (calculated: 255.9932). 
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2-(3-(tert-Butyldiphenylsilyl)prop-2-yn-1-yl)-5,6-

dichloroisoindoline-1,3-dione (7b): Compound 7b 

was synthesized from 9b following method A (MW 

assisted reaction). The crude product was purified by 

filtration over silica gel in EtOAc:heptane (1:1), affording 

7b as a brown oil which crystalizes by standing. Yield: 

571 mg, (84%). 1H NMR (300 MHz, CDCl3): δ 7.98 (s, 2H, 

Ar), 7.81-7.71 (m, 4H, Ar), 7.44-7.31 (m, 6H, Ar), 4.62 (s, 2H, CH2), 1.05 (s, 9H, CH3); 
13C NMR (75 MHz, CDCl3): δ 18.6 (C*(CH3)3), 27.1 (C(C*H3)3), 28.8 (CH2), 102.1 (CC), 

125.8 (CH Ar), 127.9 (CH Ar), 129.7 (CH Ar), 131.3 (C Ar), 132.9 (C Ar), 135.7 (CH Ar), 

139.4 (C Ar), 165.1(C=O); IR(ATR) ν-1 (cm-1): 2184 (CC st), 1782 (C=O st), 1725 (C=O 

st), 1414 (CH3 δ as/CH2 δ), 1382 (CH3 δ sim), 1110 (C-Cl st); HR-MS (APCI+) m/z: 

492.0952 [M+H]+ (calculated: 492.0948). 

2-(But-2-yn-1-yl)-5,6-dichloroisoindoline-1,3-dione (7c): 

Compound 7c was synthesized from 9c following method B. No 

further purification was required, affording 7c as a brown solid. 

Yield: 430 mg, (70%). 1H NMR (300 MHz, CDCl3): δ 7.95 (s, 2H, 

Ar), 4.38 (q, 2H, J = 2.41 Hz, CH2), 1.77 (t, 3H, J = 2.41 Hz, CH3); 
13C-APT NMR (75 MHz, CDCl3): δ 3.6 (CH2), 28.0 (CH3), 72.2 (CC), 79.9 (CC), 125.7 

(CH Ar), 131.4 (C Ar), 139.2 (C Ar), 165.4 (C=O); IR(ATR) ν-1 (cm-1): 2295 (CC st), 

1773 (C=O st), 1725 (C=O st), 1705 (C=O st), 1418 (CH3 δ as/CH2 δ), 1380 (CH3 δ sim), 

1101 (C-Cl st);HR-MS (APCI) m/z: 267.9918 [M+H]+ (calculated: 267.9927). 

tert-Butyl-(2-(5,6-dichloro-1,3-dioxoisoindolin-2-

yl)ethyl)carbamate (7d): Compound 7d was 

synthesized from 9d following method A (thermal 

reaction). No further purification was required, affording 

7d as a white solid. Yield: 750 mg, (91%). 1H NMR (300 

MHz, CDCl3): δ 7.92 (s, 2H, Ar), 4.75 (s, 1H, NH), 3.82 (t, 

2H, J = 5.55 Hz, CH2), 3.46-3.33 (m, 2H, CH2), 1.33 (s, 9H, CH3); 13C NMR (75 MHz, 

CDCl3): δ 28.2 (C(C*H3)3), 38.7 (CH2), 39.1 (CH2), 79.4 (C*(CH3)3), 125.3 (CH Ar), 131.2 

(C Ar), 138.8 (C Ar), 156.0 (C=O), 166.4 (C=O); IR(ATR) ν-1 (cm-1): 3369 (N-H st), 1771 

(C=O st), 1703 (C=O st), 1684 (C=O st), 1521 (N-H δ), 1450 (CH3 δ as/CH2 δ), 1383 

(CH3 δ sim), 1288 (C-O st as/ N-CO-O st as), 1273 (C-O st as/ N-CO-O st as), 1250 (C-O 

st as/ N-CO-O st as), 1171 (C-Cl st); HR-MS (ESI) m/z: 381.0380 [M+Na]+ (calculated: 

381.0379). 

tert-Butyl 3-(5,6-dichloro-1,3-dioxoisoindolin-2-

yl)propanoate (7e): Compound 7e was synthesized from 

9e following method C. The crude product was purified by 

filtration over silica gel in CHCl3 and washed with heptane, 
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affording 7e as a white solid. Yield: 324 mg, (68%). 1H NMR (300 MHz, CDCl3): δ 7.93 

(s, 2H, Ar), 2.38 (t, 2H, J = 7.23 Hz, CH2), 2.38 (t, 2H, J = 7.23 Hz, CH2), 1.41 (s, 9H, 

CH3); 13C NMR (75 MHz, CDCl3): δ 28.1 (C(C*H3)3, 34.0 (CH2), 34.6 (CH2), 81.4 

(C*(CH3)3), 125.6 (CH Ar), 131.3 (C Ar), 139.1 (C Ar), 166.2 (C=O), 169.9 (C=O); 

IR(ATR) ν-1 (cm-1): 1777 (C=O st), 1710 (C=O st), 1443 (CH3 δ as/CH2 δ), 1400 (CH3 δ 

sim), 1365 (C-O st), 1322 (C-O st), 1139 (C-O st as), 1017 (C-Cl st); HR-MS (ESI) m/z: 

[M+Na]+ 366.0281 (calculated: 366.0270), [2M+Na]+ 711.0642. 

 General procedure for the synthesis of N-substituted 1,3-dioxoisoindoline-5,6-
dicarbonitriles (6a-e): 

N-Substituted 1,3-dioxoisoindoline-5,6-dicarbonitriles were prepared from N-substituted 

5,6-dichloroisoindoline-1,3-diones 6a-e via Pd-catalyzed cyanation reactions.28 All of 

them were performed in oven-dry glassware under dry argon atmosphere. Dry N,N-

dimethylacetamide was kept over 4 Å molecular sieves. 5,6-Dichloroisoindoline-1,3-dione 

6a-e (0.70 mmol), Pd2(dba)3 (27 mg, 0.03 mmol), dppf (22 mg, 0.04 mmol), Zn powder 

(9 mg, 0.14 mmol), and Zn(CN)2 (99 mg, 0.84 mmol) were placed in a dry flask flushed 

with argon. N,N-Dimethylacetamide (3.6 mL) was added via syringe. The resulting 

mixture was heated at 120C for 2-4h (monitorized by TLC), then cooled to rt, and diluted 

with EtOAc (50 mL). The resulting mixture was filtered and mixed with H2O (50 mL). The 

organic layer was separated, and the aqueous layer was extracted with EtOAc (50 mL). 

The combined organic extracts were washed with H2O (50 mL), dried over MgSO4, and 

concentrated in vacuum. 

2-Allyl-1,3-dioxoisoindoline-5,6-dicarbonitrile (6a): 

Compound 6a was synthesized from 5,6-dichloroisoindoline-1,3-

dione 7a. It was further purified by column chromatography on 

SiO2 (in gradient from EtOAc/heptane 4:1 to 1:1) affording 6a as 

a yellow solid. Yield: 8.3 mg, (5%). 1H NMR (300 MHz, CDCl3): δ 8.28 (s, 2H, Ar), 5.95-

5.78 (m, 1H, HC=C), 5.36-5.23 (m, 2H, C=CH2), 4.35 (d, 2H, J = 5.97 Hz, CH2); 13C NMR 

(75 MHz, CDCl3): δ 41.2 (CH2), 114.1 (C Ar), 119.5 (CH=C*H2), 121.4 (CN), 128.1 (CH 

Ar), 130.3 (C Ar), 135.4 (C*H=CH2), 164.3 (C=O); IR(ATR) ν-1 (cm-1): 3049 (=CH2 st), 

2238 (CN st), 1780 (C=O st), 1714 (C=O st), 1428 (CH2 δ); HR-MS (GC-EI) m/z: 

237.0535 [M+H]+ (calculated: 237.10538). 

2-(3-(tert-Butyldiphenylsilyl)prop-2-yn-1-yl)-1,3-

dioxoisoindoline-5,6-dicarbonitrile (6b): Compound 

6b was synthesized from 5,6-dichloroisoindoline-1,3-

dione 7b. It was further purified by column 

chromatography on SiO2 (EtOAc/heptane, 1:3) affording 

6b as a white-brown solid. Yield: 123 mg, (36%). 1H NMR 

(300 MHz, CDCl3): δ 8.31 (s, 2H, Ar), 7.84-7.69 (m, 4H, 
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Ar), 7.50-7.30 (m, 6H, Ar), 4.69 (s, 2H, CH2), 1.05 (s, 9H, CH3); 13C NMR (75 MHz, CDCl3): 

18.7 (C*(CH3)3), 27.1 (C(C*H3)3), 29.4 (CH2), 85.8 (CC), 100.9 (CC), 114.0 (C Ar), 

121.6 (CN), 127.9 (CH Ar), 128.4 (CH Ar), 129.9 (CH Ar), 132.6 (C Ar), 135.4 (C Ar), 

135.7 (CH Ar), 163.4 (C=O); IR(ATR) ν-1 (cm-1): 2236 (CN st), 2184 (CC st), 1791 

(C=O st), 1721 (C=O st), 1425 (CH3 δ as/CH2 δ), 1388 (CH3 δ sim); HR-MS (APCI+) m/z: 

474.1633 (calculated: 474.1632). 

2-(But-2-yn-1-yl)-1,3-dioxoisoindoline-5,6-dicarbonitrile 

(6c): Compound 6c was synthesized from 5,6-

dichloroisoindoline-1,3-dione 7c. It was further purified by column 

chromatography on SiO2 (EtOAc/heptane, 1:1) affording 6c as a 

yellow solid. Yield: 63 mg, (37%). 1H NMR (300 MHz, CDCl3): δ 

8.29 (s, 2H, Ar), 4.45 (s, 2H, CH2) 1.78 (s, 3H, CH3); 13C-APT NMR (75 MHz, CDCl3): δ 

3.6 (CH2), 28.7 (CH3), 71.4 (CC), 80.8 (CC), 114.1 (C Ar), 121.5 (CN), 128.3 (CH Ar), 

135.4 (C Ar), 163.7 (C=O); IR(ATR) ν-1 (cm-1): 2235 (CN st), 2111 (CC st), 1773 (C=O 

st), 1711 (C=O st), 1420 (CH3 δ as/CH2 δ), 1390 (CH3 δ sim); HR-MS (APCI) m/z: 

250.0601 [M+H]+ (calculated 250.0601). 

tert-Butyl (2-(5,6-dicyano-1,3-dioxoisoindolin-2-

yl)ethyl)carbamate (6d): Compound 6d was 

synthesized from 5,6-dichloroisoindoline-1,3-dione 7d. It 

was further purified by column chromatography on SiO2 

(EtOAc/heptane, 1:1) affording 6d as a white solid. Yield: 

81 mg, (34%). 1H NMR (300 MHz, CDCl3): δ 8.28 (s, 2H, 

Ar), 4.77 (s, 1H, NH), 3.88 (t, 2H, J = 5.23 Hz, CH2), 3.53-3.39 (m, 2H, CH2), 1.27 (s, 

9H, CH3); 13C NMR (75 MHz, CDCl3): δ 28.3 (C(C*H3)3), 39.0 (CH2), 39.8 (CH2), 79.9 

(C*(CH3)3), 114.2 (C Ar), 121.2 (CN), 128.0 (CH Ar), 135.6 (C Ar), 156.4 (C=O), 165.0 

(C=O); IR(ATR) ν-1 (cm-1): 3391 (N-H st), 2233 (CN st), 1777 (C=O st), 1711 (C=O st), 

1686 (C=O st), 1523 (N-H δ), 1437 (CH3 δ as/CH2 δ), 1390 (CH3 δ sim), 1249 (C-O st 

as/ N-CO-O st as), 1162 (C-O st as/ N-CO-O st as); HR-MS (ESI) m/z: [M+Na]+ 363.1056 

(calculated: 363.1063). 

tert-Butyl 3-(5,6-dicyano-1,3-dioxoisoindolin-2-

yl)propanoate (6e): Compound 6e was synthesized 

from 5,6-dichloroisoindoline-1,3-dione 7e. It was further 

purified by column chromatography on SiO2 

(EtOAc/heptane, 1:3) and wash with heptane affording 6e as a yellow solid. Yield: 121 

mg, (53%). 1H NMR (300 MHz, CDCl3): δ 8.27 (s, 2H, Ar), 4.01 (t, 2H, J = 7.04 Hz, CH2), 

2.66 (t, 2H, J = 7.04 Hz, CH2), 1.40 (s, 9H, CH3); 13C NMR (75 MHz, CDCl3): δ 28.1 

(C(C*H3)3), 33.6 (CH2), 35.1 (CH2), 81.7 (C*(CH3)3), 114.1 (C Ar), 121.4 (CN), 128.1 

(CH Ar), 135.4 (C Ar), 164.5 (C=O), 169.6 (C=O); IR(ATR) ν-1 (cm-1): 2235 (CN st), 
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1786 (C=O st), 1697 (C=O st), 1152 (C-O st), 1120 (C-O st); HR-MS (FAB, matrix m-

NBA) m/z: 326.1143 [M+H]+ (calculated: 326.1141), 651.2 [2M+H]+. 

 Synthesis of compound 2-ABAB: 

A solution of 5-ABAB (12.5 mg, 0.00664 mmol) and KOH 

(1N) in a mixture of pentanol (2 mL) and tetrahydrofurane 

(2 mL) was refluxed for 10 min. Water (2 mL) was then 

added and the reaction was refluxed for another 10 min. 

The change of color from blue to green and the loss of 

mass indicates some kind of decomposition. The mixture 

was treated with an aqueous HCl (5% w/w) to pH 2. The 

organic layer was separated and washed with water (2x10 

mL) and brine (10 mL). Finally, the volatiles were removed under reduced pressure. The 

product was treated with a cation exchange resin (Bio-Rad resin, AG® 50W-X8 and AG 

MP-50). MS (MALDI, matrix DCTB): 1600.0 [M]+ (calculated: 1600.1). The low amount 

of product prevented the complete characterization of the product. 

 General procedure for the synthesis of ABAB phthalocyanines 1a-e: 

7 (0.27 mmol, 150 mg), phthalonitrile 6a-e (0.27 mmol) and anhydrous Zn(AcO)2 (0.27 

mmol, 50 mg) were placed in a 5 mL high pressure resistant flask equipped with a 

magnetic stirrer, and then 2.7 mL ([7]=0.1 M) of dry o-diclorobenzene/DMF (dried over 

4Å molecular sieves) 2:1 was added. The mixture was heated to 150-160C overnight 

under an argon atmosphere. After cooling the solvent was removed under vacuum. 

Compound 1a-ABAB: Compound 1a-ABAB was 

synthesized from 6a. The product was purified by 

column chromatography on SiO2 (dioxane/heptane 

in gradient from 4:1 to 1:0) where the first fraction 

to elute containing the desired product 1a-ABAB, 

followed by compounds 1a-A3B, and 1a-A4. The 

product was further purified by an additional column 

chromatography on Bio-Beads using CHCl3 as 

eluent. After evaporation of the solvent a blue solid was obtained, which was washed 

with heptane. Yield: 6 mg, (3%). 1H NMR (300 MHz, THF-d8): δ 8.81 (s, 8H, Ar), 8.72 (s, 

4H, Ar), 8.55 (s, 4H, Ar), 8.37 (s, 4H, Ar), 6.18-6.02 (m, 2H, HC=C), 5.40 (d, 2H, J = 

17.12 Hz, C=CH2), 5.26 (d, 2H, J = 10.27 Hz, C=CH2), 4.50 (d, 4H, J = 5.27 Hz, CH2); 
13C NMR (75 MHz, THF-d8): 41.3 (CH2), 117.8 (C Ar), 118.2 (CH=C*H2), 125.0 (q, J= 

274.3 Hz, CF3), 132.0 (br s, C*CF3), 132.5 (C Ar), 132.9 (C Ar), 133.0 (C Ar), 133.4 

(C*H=CH2), 134.1 (C Ar), 136.8 (CH Ar), 138.4 (CH Ar), 142.7 (CH Ar), 143.8 (CH Ar), 

153.7 (C=N), 155.0 (C=N), 167.5 (C=O); IR(ATR) ν-1 (cm-1): 3085, 3044, 1768, 1700, 
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1618, 1382, 1274, 1179, 1128; HR-MS (MALDI, matrix DCTB + PPGNa 2000): First 

fraction, 1a-ABAB, m/z 1642.1380 [M+] (calculated: 1642.1354); MS (MALDI, matrix 

DCTB): Second fraction, 1a-A3B, m/z 1327.1 (calculated: 1327.1); third fraction: 1a-A4, 

m/z, 1012.2 (calculated: 1012.1); UV-vis (THF), λmax (log ε): 710 (4.90), 676 (4.79), 649 

(sh), 613 (sh), 356 (4.44) nm. 

Compound 1b-ABAB: Compound 1b-

ABAB was synthesized from 7b. The 

product was purified by column 

chromatography on SiO2 (THF/heptane 

1:1) where the first fraction to elute 

contained the desired product 1b-ABAB, 

followed by compounds 1b-A3B, and 1b-

A4. The product was further purified by an 

additional column chromatography on Bio-Beads using CHCl3 as eluent. After evaporation 

of the solvent a blue solid was obtained, which was washed with heptane. Yield: 8.6 mg, 

3%. 1H NMR (500 MHz, THF-d8): δ 1.12 (s, 18H, CH3), 4.88-4.90 (s, 4H, CH2), 7.35-7.41 

(m, 12H, Ar), 7.86-7.92 (m, 8H, Ar), 8.37 (s, 4H, Ar), 8.60 (s, 4H, Ar), 8.75 (s, 4H, Ar), 

8.81 (s, 8H, Ar); 13C NMR (125 MHz, THF-d8): 19.2 (C*(CH3)3), 27.5 (C(C*H3)3), 29.1 

(CH2), 84.0 (CC), 105.3 (CC), 118.5 (C Ar), 125.0 (q, J = 273.5 Hz, CF3), 130.4 (CH 

Ar-TBDPS), 132.0 (br s, C*CF3), 132.6 (C Ar), 132.9 (C Ar), 133.0 (C Ar), 134.0 (C Ar), 

136.6 (CH Ar-TBDPS), 136.8 (CH Ar),138.4 (CH Ar), 142.7 (CH Ar), 143.8 (CH Ar), 153.6 

(C=N), 155.1 (C=N), 166.8 (C=O); IR(ATR) ν-1 (cm-1): 2920, 2851, 2184, 1772, 1720, 

1276, 1381, 1136; HR-MS (MALDI, matrix DCTB + PPGNa 2000): First fraction, 1b-

ABAB, m/z 2114.3486 [M+] (calculated: 2114.3397), 2137.3334 [M+Na]+ (calculated: 

2137.3294); MS (MALDI, matrix DCTB + NaI): Second fraction, 1b-A3B, m/z 2058.5 

[M+Na]+ (calculated: 2058.4); MS (MALDI, matrix ditranol): Third fraction: 1b-A4, m/z, 

1960.6 (calculated: 1960.6); UV-vis (THF), λmax (log ε): 713 (3.97), 676 (3.84), 653 

(sh), 613 (sh), 357 (3.49) nm. 

Compound 1c-ABAB: See Chapter 1. 
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Compound 1d-ABAB: Compound 1d-

ABAB was synthesized from 6d. The 

product was purified by column 

chromatography on SiO2 (THF/heptane 

in gradient from 1:2 to 3:1) where the 

first fraction to elute containing the 

desired product 1d-ABAB, followed by 

compounds 1d-A3B, and 1d-A4. The 

product was further purified by an additional column chromatography on Bio-Beads using 

CHCl3 as eluent. After evaporation of the solvent a blue solid was obtained, which was 

washed with heptane. Yield: 6.3 mg, (3%). 1H NMR (300 MHz, THF-d8): δ 1.43 (s, 18H, 

CH3), 3.42-3.53 (m, 4H, CH2), 3.99 (t, 4H, J = 5.24 Hz, CH2), 6.40 (br s, 2H, NH), 8.37 

(s, 4H, Ar), 8.54 (s, 4H, Ar), 8.71 (s, 4H, Ar), 8.80 (s, 8H, Ar); 13C NMR (75 MHz, THF-

d8): 28.7 (CH3), 39.3 (CH2), 39.9 (CH2), 78.6 (C*(CH3)3), 117.9 (C Ar), 125.0 (q, J = 

277.2 Hz, CF3), 131.9 (br s, C*CF3), 132.5 (C Ar), 132.8 (C Ar), 132.9 (C Ar), 134.2 (C 

Ar), 136.8 (CH Ar), 138.3 (CH Ar), 142.6 (CH Ar), 143.9 (CH Ar), 153.8 (C=N), 155.0 

(C=O), 156.9 (C=N), 168.1 (C=O); IR(ATR) ν-1 (cm-1): 1770, 1717, 1384, 1276, 1180, 

1133; HR-MS (MALDI, matrix DCTB + PPGNa 2000): First fraction, 1d-ABAB, m/z 

1848.2635 [M+] (calculated: 1848.2621); second fraction, 1d-A3B, m/z 1636.3289 

(calculated: 1636.3296); UV-vis (THF), λmax (log ε): 709 (4.75), 676 (4.66), 648 (sh), 614 

(sh), 355 (4.29) nm. 

Compound 1f-ABAB: A mixture of 1d-

ABAB (4 mg, 0.0022 mmol) and trifluoroacetic 

acid (4 x 19 μL, every 30 minutes) in dry 

CH2Cl2 (1 mL) was stirred at rt in an argon 

atmosphere and monitored by TLC. After the 

reaction was completed the volatiles were 

removed under reduced pressure, then the 

residue was dissolved in CH2Cl2 (15 mL), 

washed with H2O (3x15 mL) and concentrated in vacuum. Yield: 3.1 mg, (87%). 1H NMR 

(300 MHz, THF-d8): δ 8.81 (s, 8H, Ar), 8.60 (s, 4H, Ar), 8.53 (s, 4H, Ar), 8.26 (s, 4H, Ar), 

4.22 (br s, 4H, CH2), 3.52 (br s, 4H, CH2); IR(ATR) ν-1 (cm-1): 3283, 1770, 1716, 1690, 

1386, 1278, 1182, 1133;HR-MS (ESI Positive TOF_MS-500-4000.m): 1649.1644 [M+H]+ 

(calculated: 1649.1650); UV-vis (THF), λmax (log ε): 709 (4.48), 676 (4.39), 649 (sh), 

614 (sh), 357 (4.09) nm. 
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Compound 1e-ABAB: Compound 1e-

ABAB was synthesized from 6e. The 

product was purified by column 

chromatography on SiO2 

(dioxane/heptane in gradient from 1:1 to 

1:0) where the first fraction to elute 

containing the desired product 1e-ABAB, 

followed by compounds 1e-A3B, and 1e-

A4. The product was further purified by an additional column chromatography on Bio-

Beads using CHCl3 as eluent. After evaporation of the solvent a blue solid was obtained, 

which was washed with heptane. Yield: 5.2 mg, (2%). 1H NMR (300 MHz, THF-d8): δ 

8.80 (s, 8H, Ar), 8.71 (s, 4H, Ar), 8.54 (s, 4H, Ar), 8.37 (s, 4H, Ar), 4.13 (t, 4H, J = 7.53 

Hz, CH2), 2.81 (t, 4H, J = 7.53 Hz, CH2), 1.50 (s, 18H, CH3); 13C NMR (75 MHz, THF-d8): 

δ 28.3 (CH3), 34.9 (CH2), 35.3 (CH2), 81.0 (C*(CH3)3), 118.2 (C Ar), 125.0 (q, J = 272.7 

Hz, CF3), 131.9 (br s, C*CF3), 132.5 (C Ar), 133.0 (C Ar), 134.1 (C Ar), 136.8 (CH Ar), 

138.4 (CH Ar), 142.6 (CH Ar), 143.8 (CH Ar), 153.7 (C=N), 155.0 (C=N), 167.7 (C=O), 

170.5 (C=O); IR(ATR) ν-1 (cm-1): 1766, 1714, 1386, 1277, 1178, 1128, 1094, 1040; HR-

MS (MALDI, matrix DCTB + PPGNa 2000): First fraction, 1e-ABAB, m/z 1818.2439 [M+] 

(calculated: 1818.2403), 1840.2975 [M+Na+]; MS (MALDI, matrix DCTB): Second 

fraction, 1e-A3B, m/z 1591.2 (calculated: 1591.3); third fraction: 1e-A4, m/z, 1364.3 

(calculated: 1364.4); UV-vis (THF), λmax (log ε): 711 (5.09), 676 (4.99), 650 (sh), 613 

(sh), 356 (4.67) nm. 

Compound 1g-ABAB: A mixture of 1e-ABAB 

(3 mg, 0.0016 mmol) and trifluoroacetic acid 

(0.14 mL) in dry CH2Cl2 (0.40 mL) was stirred 

at rt for 30 minutes in an argon atmosphere. 

The volatiles were removed under reduced 

pressure, then the residue was dissolved in 

CH2Cl2 (15 mL), washed with H2O (15 mL x3) 

and concentrated in vacuum. Yield: 2.5 mg, 

(90%). 1H NMR (300 MHz, THF-d8): δ 8.80 (s, 8H, Ar), 8.72 (s, 4H, Ar), 8.54 (s, 4H, Ar), 

8.36 (s, 4H, Ar), 4.14 (t, 4H, J = 7.45 Hz, CH2), 2.86 (t, 4H, J = 7.45 Hz, CH2); IR(ATR) 

ν-1 (cm-1): 3281 (O-H st), 2919 (O-H st), 2851 (O-H st), 1690 (C=O st); HR-MS (MALDI, 

matrix DCTB + PEGNa 1500): m/z 1706.1114 [M+] (calculated: 1706.1151), 1729.9667 

[M+Na+]; UV-vis (THF), λmax (log ε): 710 (4.23), 676 (4.14), 650 (sh), 613 (sh), 357 

(3.79) nm. 
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Abstract: 

Singlet oxygen photosensitization abilities of Zn(II) phthalocyanines have been previously 

shown to be enhanced through α-functionalization with bulky fluorinated substituents 

(i.e. bis(trifluoromethyl)phenyl units) at facing positions of ABAB Zn(II)Pcs, where A and 

B refer to differently functionalized isoindoles. In this work, we have prepared the 

Zn(II)Pc ABAB 1 endowed with hydrophilic triethylene glycol monomethyl ether (i.e. at 

the A isoindoles) to provide solubility in aqueous media, and compared its ability to 

behave as photosensitizer in photodynamic therapy with regard to those exhibited by its 

A3B and A4 counterpartners. All photophysical data, aggregation studies and preliminary 

in vitro biological assays in cell cultures of SCC-13 (squamous cell carcinoma) and HeLa 

(cervical cancer cells), have proved ABAB 1 as the best photosensitizer of the series. 
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3.2. Introduction and Objectives 

The use of polyethylene glycol (PEG) chains is a popular approach to enhance the 

biocompatibility of hydrophobic drugs in general,1 and of PDT agents in particular. Among 

other advantages, PEG chains lead to a prolonged blood-circulating lifetime, allows for 

the minimization of non-specific uptake, and favors the enhanced permeability and 

retention (EPR) effect. All that features combined can result in an elevated concentration 

of the drug at the tumor site.2 From a chemical point of view, PEG chains have proven 

to enhance the solubility in a variety of solvents, including non-polar solvents, aprotic 

polar solvents like DMSO, and protic polar solvents such as water.3,4 Several Pcs 

functionalized with PEG chains of different length as peripheral2,4–6 or axial groups7,8 have 

shown solubility in biological media, and some of them have been studied as PS for 

PDT.9,10 Herein, we report on the synthesis and characterization of a series of triethylene 

glycol (TEG)-containing Zn(II)Pcs, namely ABAB, A3B and A4 Zn(II)Pcs 1, the study of 

their 1O2 generation capabilities, and preliminary biological assays to determine their 

potential as PS for PDT. The main objective, in connection with Chapters 1 and 2, is to 

confirm whether the presence of trifluoromethylphenyl groups that enhance the 

photophysical properties of PS, maintain these benefits when testing them in vitro. 

For that purpose, we have undertaken two synthetic pathways: i) a convergent route 

that allows to obtain generic ABAB or A3B Zn(II)Pcs functionalized with free phenolic 

groups (ABAB-2 and A3B-2 Zn(II)Pcs in Scheme 3. 1), which represent synthons over 

which it is possible to add hydrophilic groups such as PEG chains; and ii) the 

straightforward preparation of ABAB-1 and A3B-1 (and also A4-1) starting from 

adequately functionalized phthalonitriles. We have performed aggregation and 

photophysical studies in solution, over this family of compounds in order to ratify our 

previous results regarding the enhanced 1O2 generation abilities of the non-aggregated 

ABAB-type Zn(II)Pc compounds with regard to A3B and A4 counterparts (see Chapter 

1).11 Going one step further, we have performed in vitro assays in order to examine the 

toxicity of ABAB-1, A3B-1 and A4-1 in different tumor cells, i.e. SCC-13 and HeLa, as 

well as their cell localization. The final goal here is to demonstrate the benefits of 

bis(trifluoromethyl)phenyl-containing Zn(II)Pcs versus other substitution patterns. 
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Scheme 3. 1. Synthesis of triethylene glycol monomethyl ether substituted ABAB-1, A3B-1 and 
A4-1 Zn(II)Pcs. i) Zn(OAc)2, o-DCB/DMF (2:1), 150 °C, 15 h; ii) TEG-Ts, K2CO3, DMF, 50°C, 

overnight; iii) Zn(OAc)2, pentanol, DBU, 150 °C, 1h. 

3.3. Results and discussion 

a) Synthesis 

For the preparation of our targeted Zn(II)Pcs, in particular ABAB-1 and A3B-1, endowed 

with both bulky groups over B isoindolic rings and hydrophilic TEG substituents over the 

A positions, we have performed cross-condensation reactions with the bulky 

phthalonitrile B, and either A-1, already containing the TEG moieties, or 4,5-bis(4-

hydroxyphenoxy)phthalonitrile A-2 (see Scheme 3. 1).12 The latter approach, yielding 

the intermediate Zn(II)Pcs ABAB-2 and A3B-2, that should be further O-alkylated, was 

tackled on the basis of previous studies, which had shown that the crossed condensation 
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between B and the protected form of A-2 is a highly efficient process (see Chapter 1).13 

Phthalonitrile A-1 was thus prepared by O-alkylation of A-212 with the tosyl derivative of 

triethylene glycol monomethyl ether (TEG-Ts)14 in 53% yield (see Scheme 3. 2). 

 

Scheme 3. 2. Synthesis of ftalonitrile A-1 from A-2. 

Then, the reaction between phthalonitriles A and B was carried out by heating at 150 °C 

an equimolar mixture of them in o-DCB/DMF and in the presence of Zn(OAc)2. For the 

selected A:B ratio, the yield in A3B Zn(II)Pcs is lower (8% for A3B-1 and 7% for A3B-

2,) than those obtained for their corresponding ABAB Zn(II)Pcs (10% for ABAB-1 and 

17%, for ABAB-2). The O-alkylation reaction of ABAB-2 and A3B-2 with TEG-Ts to 

give, respectively, ABAB-1 and A3B-1 took place in poor yields (15% and 13%, 

respectively), making this linear approach less efficient than the preparation of A-1 and 

its condensation with B. It is worth mentioning that the symmetric A4 Zn(II)Pc is not 

detected quantitatively in any reaction mixture. This symmetric octasubstituted TEG-

Zn(II)Pc A4-1 is useful to perform a full comparative study of the influence of the bulky 

fluorinated substituents and the TEG moieties on the solubility, aggregation and 1O2 

generation studies of this family of Zn(II)Pcs. In this context, this molecule was 

synthesized through a direct self-condensation of A-1 phthalonitrile, using in this case 

the classical pentanol/DBU conditions, which gave rise to A4-1 in 11% yield. 

Figure 3. 1 shows the 1H NMR spectra of ABAB-1, A3B-1 and A4-1. The signal pattern 

for each compound arises from the molecular symmetry group these compounds belong 

to, namely, D2h for ABAB-1, C2h for A3B-1 and D4h for A4-1.Thus, highly symmetrical 

A4-1 presents less signals than ABAB-1, which at the same time exhibits a simpler 

spectrum than A3B-1. The 1H NMR of ABAB-1, shows 4 singlets for the aromatic protons 

of the isoindole units and the bulky groups, two doublets for the phenoxy substituents, 

and a set of signals for the TEG chains with a chemical shift between 3.0 and 4.5 ppm. 

A3B-1 produces 6 singlets for the isoindole units and the trifluoromethylphenyl 

substituents, and a multiplet that corresponds to the presence of three types of phenoxy 

groups. Figure 3. 1 also shows structural models for the three compounds, where the 

molecular amphiphilic nature is represented in blue (hydrophilic zone) and yellow 

(hydrophobic zone). The products show good solubility in polar media, and, although 
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they are no soluble directly in water due to the strong amphiphilic character, they are 

soluble in DMSO/water or MeOH/water (1:99) mixtures. 

 

Figure 3. 1. 1H NMR spectra for ABAB-1 (in CDCl3), A3B-1 (in THF-d8) and A4-1 (in DMSO-d6). 
Geometry optimization (MM2, SCIGRESS (FJ 2.8.1 EU 3.3.1)) for each molecule is shown, with a 
representation of their molecular amphiphilic character: hydrophobic area (yellow), hydrophilic 

area (blue). 

b) Photophysical studies 

The UV-vis spectra of ABAB-1 and A3B-1, in both non-coordinating toluene and 

coordinating THF, show split  Q-bands, accompanied by the typical vibrational 

absorptions, although splitting is much more pronounced in ABAB-1, which is consistent 

with its D2h symmetry (e.g. Figure 3. 2 and Table 3. 1). Indeed, the absorption spectra 

of thesecompounds (i.e. in THF and toluene solutions) do not show any evidence of 

aggregation, as otherwise expected due to the presence of rather bulky substituents at 

the non-peripheral positions of the Pc core. Further confirmation of the lack of 

aggregation for these Zn(II)Pc results from absorption studies performed at a range of 

concentrations (between 0.5·10-6 M – 5·10-6 M in toluene) (e.g. Figure 3. 2), with an 

analysis of linear regression between the intensity of the Q-band and the concentration 

giving R2 values of 0.999. A4-1, with a regular single Q-band in its UV-vis spectrum in 
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toluene, does not show evidence of aggregation either,. Increasing the number of α-

bis(trifluoromethyl)phenyl substituents produces a red-shift of the Q-band maximum, 

namely, from 682 nm for A4-1 to 712 nm for ABAB-1 in toluene solutions (Table 3. 1). 

 

Figure 3. 2. UV-vis spectra for concentration-dependent studies of ABAB-1, A3B-1 and A4-1 in 
toluene. Linear regression between maxima intensity and concentration. 

On the other hand, fluorescence studies have been also performed in toluene and THF 

solutions of ABAB-1, A3B-1 and A4-1, which showed an increase in the Stokes shift as 

the number of bis(trifluoromethyl)phenyl units attached to the Zn(II)Pc increases. 

Fluorescence quantum yield (F), and singlet state (S) and triplet state (T) lifetimes 

(extracted from Time-Resolved Fluorescence -TRF- experiments) are also included in 

Table 3. 1. The results are consistent with those of non-aggregated Zn(II)Pcs, and show 

a modest solvent dependence. The mono-exponential fluorescence decay kinetics 

confirm that ABAB-1, A3B-1 and A4-1 are in monomeric form in THF and toluene 

solutions, and the singlet excited-state lifetimes are similar between for the two solvents.  
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The quantification of the Δ, for ABAB-1, A3B-1 and A4-1 has been performed by two 

different methods. The first one entail the measurement of the photoinduced 

decomposition of DPBF in DMSO solutions. The spectroscopic data obtained from these 

measurements are shown in Figure 3. 3. For the three compunds, the DPBF absorption 

decrease was completely linear (R2 = 0.99), while no change was observed in the 

absorption of Zn(II)Pcs during the measurement, which evidences that photobleaching 

is not taking place under the irradiation conditions. ABAB-1, A3B-1 and A4-1 showed 

Δ values of 93%, 85% and 53%, respectively. These values should be considered with 

caution since indirect methods could be subjected to different variables, but are useful 

for comparative purposes. From those results we can infer that the larger the number of 

bulky groups at α-positions, the better in the 1O2 generation efficiency, as otherwise 

expected considering previous studies detailed in Chapter 1.11 It is important to mention 

that aggregation is not considered to evaluate these results since the three compounds 

are non-aggregated in DMSO. 

 

Figure 3. 3. a-c) Absorbance decrease of DPBF over time due to 1O2 photoinduced generation by 
ABAB-1, A3B-1 and A4-1 in DMSO. d) Representation of the relative 1O2 efficiency of ABAB-1 

(93%), A3B-1 (85%) and A4-1 (52%). 

On the other hand, we have evaluated the Δ for ABAB-1, A3B-1 and A4-1 via the direct 

detection of 1O2 phosphorescence at 1275 nm exciting at 355 nm, both in toluene and 

THF solutions (Table 3. 1).This method is detailed in Chapter 1. The Δ values show the 

same trend observed in the indirect measurements, namely, a parallel increase with the 

number of bulky fluorinated substituents and, indeed, F andΔ change concomitantly in 

the opposite direction. Overall, the measured Δ values are moderately higher than those 

reported for other amphiphilic Zn(II)Pcs, which confirms that the substitution pattern of 
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this family of compounds improves the photoproperties of the dye core, rendering them 

adequate for PDT applications. 

Table 3. 1. Photophysical properties of ABAB, A3B and A4 Zn(II)Pcs 1 in toluene and THF. 

ZnPc Solvent log () f / nm f S / ns T / μs[a]
 Δ 

ABAB-1 toluene 
4.73 (328), 5.09 (674), 

5.12 (712)1 
715 0.13 1.7 0.35 0.77 

A3B-1 toluene 
4.63 (349), 4.97 (679)1, 

4.94 (697) 
702 0.17 2.1 0.47 0.71 

A4-1 toluene 4.50 (349), 5.03 (682)1 684 0.43 3.0 0.45 0.61 

ABAB-1 THF 
4.82 (349), 5.08 (671), 

5.09 (703)1 
709 0.13 1.7 0.30 0.83 

A3B-1 THF 4.71 (348), 5.03 (675)1 692 0.28 2.2 0.23 0.74 

A4-1 THF 4.61 (349), 5.12 (676)1 682 0.25 3.0 0.37 0.68 
1  absorption maxima 

c) Aggregation experiments 

Aggregation studies are fundamental for the former evaluation the potential application 

in vitro of the PS. Absorption and emission experiments were carried out over solutions 

of TEG-functionalized ABAB-1, A3B-1 and A4-1. Although they are not soluble in pure 

water, they appear to be soluble upon addition from stock DMSO solutions to Milli-Q 

water until a 99:1 DMSO/water ratio is reached, what is admissible for further in vitro 

assays. Therefore, we performed aggregation studies by registering UV-vis and 

fluorescence spectra of the three Zn(II)Pcs in different mixtures of DMSO/water, in order 

to compare the specific behavior derived from the presence of two substituted isoindole 

units with bulky groups (ABAB-1) versus one (A3B-1) or none of them (A4-1). Mixed 

solutions of DMSO/water ranging from 100:0 to 1:99 were measured, in both absorption 

(Figure 3. 4) and emission (Figure 3. 5) experiments. Importantly, initial measurements 

in pure DMSO correspond to a fully non-aggregated state for the three compounds. 

Looking at absorbance spectra we can determine that from 100% to 80% DMSO, ABAB-

1 presents an almost constant absorption for the Q-band, whereas A3B-1 shows a 

gradual decrease of its intensity and broadening, as well as a rise of a band with shorter 

wavelength, compatible with the formation of cofacial H-type aggregated species. 

Furthermore, in the case of ABAB-1, when a 70:30 DMSO/water ratio is reached, the 

spectrum shows a sudden decrease of the Q-band intensity, and the concomitant 

emergence of a shoulder at lower wavelength. Below 70% of DMSO content, we could 

observe a constant behavior for both ABAB-1 and A3B-1 compounds, indicating that a 

stable situation is reached. In the case of A4-1, a sudden decrease of the Q-band, as 

well as a broadening and rising of a band at shorter wavelength compatible with the 

formation of aggregates, are observed starting at 80:20 DMSO/water ratios. In the case 
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of emission studies, we can discern that the fluorescence of A3B-1 and A4-1 shows a 

sharp decrease in intensity when the water proportion increases, until a total cancellation 

of fluorescence at 70:30 DMSO/water ratio. On the other hand, ABAB-1 shows a similar 

behavior than that observed in the absorption spectrum, that is, is a huge decrease of 

the emission after the addition of 30% water. A magnification of this spectrum shows  

that,since this moment, a residual fluorescence signal remains with the same intensity, 

which means that an equilibriumsituation has been reached with the presence of non-

aggregated species in the medium. 

 

Figure 3. 4. UV-vis spectra of ABAB-1, A3B-1 and A4-1 in different DMSO/water ratios. 

 

Figure 3. 5. Fluorescence spectra of ABAB-1, A3B-1 and A4-1 in different DMSO/water ratios. 

d) Determination of the log Po/w 

For a preliminar evaluation of the relative lipophilicity of ABAB-1, A3B-1 and A4-1, and 

their affinity  for cell membranes, n-octanol/PBS partition coefficients were determined 
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using the shake-flask method (see Figure 3. 6), which does not require standard 

compounds and is based on the direct determination of equilibrium partition 

concentrations of a compound in a biphasic system. 

 

Figure 3. 6. UV-vis spectra of the octanol (O) and water (W) phases (three consecutive 
experiments) in n-octanol/water partition experiments with ABAB-1, A3B-1 and A4-1. 

Although the three compounds have a common structural Pc core, they exhibited 

different amphiphilic character. ABAB-1 renders a higher octanol/water partition 

coefficient than A3B-1 and A4-1, (see Figure 3. 7) thus indicating that the relative order 

of lipophilicity nature. In fact, the log PO/W values suggest that ABAB-1 and A3B-1 are 

mostly hydrophobic and have very high affinity for membranes. On the other hand, A4-

1 is more amphiphilic, and its presence in the aqueous phase is more abundant, which 

is concordant which its higher solubility in this medium. 

 

Figure 3. 7. n-octanol/water partition experiments with ABAB-1, A3B-1 and A4-1. 
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e) Biological studies 

Biological experiments with HeLa (cervical adenocarcinoma cells) and SCC-13 (skin 

squamous carcinoma cells) strains have been performed using ABAB-1, A3B-1 and A4-

1 as PS, in order to evaluate the potential of our designed PS 

 Cytotoxicity studies 

Phototoxicity of some Zn(II)Pcs has already been tested against cervical and skin 

squamous carcinoma cells in in vitro experiments. However, due to the aggregation 

problems they present, it is necessary to transport them through complex conjugates.15–

17 Herein, we have studied the activity of ABAB-1, A3B-1 and A4-1 Zn(II)Pcs as 

independent molecular entities upon red light irradiation by the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in SCC-13 and HeLa cell lines. For 

this purpose, we first evaluated the inherent toxicity of two different concentrations of 

the three Zn(II)Pcs (1·10−6 and 1·10−7 M) in cells, after 5 h of incubation in presence of 

PS in the dark. Separately, we have evaluated the possible damage caused by irradiation, 

treating the cells with the highest red light dose used in this work (9 J/cm2), in the 

absence of the PS. The results shown in Table 3. 2 indicate that neither the presence of 

the Zn(II)Pc at these concentrations, nor the administration of red light, induced 

significant cytotoxic effects in the cell lines studied, and survival rates above 95% were 

obtained. 

Table 3. 2. Toxicity effects in SCC-13 and HeLa cells induced by red light, in the absence of any 
Pcs, and by incubation with either of the Zn(II)Pcs 1 in the dark. Cell toxicity was evaluated by 

the MTT assay, 24 h after treatment. 

Compound Concentration [M] 
Surviving fraction (% ± SD)1 

SCC-13 HeLa 

No Zn(II)Pc – Control dark 101 ± 2.4 100 ± 1.1 

No Zn(II)Pc – Control light (9 J/cm2) 100 ± 1.7 99 ± 2.3 

ABAB-1 
1·10-6 98 ± 5.4 101 ± 5.5 

1·10-7 102 ± 3.1 95 ± 2.8 

A3B-1 
1·10-6 97 ± 6.3 97 ± 3.5 

1·10-7 99 ± 5.5 99 ± 3.6 

A4-1 
1·10-6 99 ± 4.5 97 ± 5.5 

1·10-7 98 ± 5.0 98 ± 2.8 

1 Data are expressed as mean values obtained from three independent experiments ± standard 

deviation (SD). 
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Then, we evaluated the photodynamic activity of ABAB-1, A3B-1 and A4-1 toward SCC-

13 and HeLa cells upon irradiation. For the photodynamic treatments, we used two 

different concentrations (i.e. 1·10-6 and 1·10-7 M) and, after 5 h of incubation, cells were 

exposed to different red light doses (3, 6 and 9 J/cm2). 

 

Figure 3. 8. (a) Phototoxicity induced by ABAB-1, A3B-1 and A4-1 in SCC-13 and HeLa cells, 
which were incubated with concentrations of 1·10-6 or 1·10-7 M for 5 h and then irradiated with 
red light at variable doses. The response was dependent on both the concentration of Pcs and 
the light dose. (b) Comparison of the photoeffect (1·10-6 M) between the three Pcs in SCC-13 

and HeLa cells with different light doses. The cell survival were evaluated by the MTT test 24 h 
after treatments. Each value corresponds to the mean obtained from three independent 

experiments ± SD. (* p < 0.05; ** p<0.01; *** p < 0.001). (c) Morphological changes observed 
in SCC-13 and HeLa cells 24 h after photodynamic treatment with the three Pcs (1·10-6 M, 5 h 

incubation followed by different red light doses). 
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In Figure 3. 8a, we could observe a concentration-dependent response for the three 

compounds, since for higher concentration (1·10-6 M) cells are more sensitive to PDT. In 

addition, a drastic decrease in cell survival was revealed upon increasing the light dose 

in both cells lines. In order to compare the relative efficiency of each member of the 

series, Figure 3. 8b shows the results for both cell lines at the higher concentration (1·10-

6 M) for the three compounds. ABAB-1 was the most efficient at low red light dose, but 

the results for ABAB-1 and A3B-1 were similar when using 6 or 9 J/cm2 irradiations. 

Notably, the measured cell survival values are actually comparable with those of 

monomeric Si(IV)Pc-PEG species reported by Uslan et al., which present IC50 values for 

HeLa cells of 0.28 μM.9 On the other hand, A4-1 was always less efficient in comparison 

with the other Zn(II)Pcs, leading to only 20% of cell death in both cell lines with the 

highest light dose (i.e. 9 J/cm2) (Figure 3. 8a). Importantly, the trend found for cell 

survival values is parallel to the relative efficiency of the three Pcs dyes as 1O2 generators 

(Table 3. 1). Cell morphology of the treated cells was also analyzed 24 h after PDT using 

phase contrast microscopy (Figure 3. 8c), revealing cytoplasmic retraction, with a 

rounded aspect similar to that of cells in apoptosis, in both cell lines treated with ABAB-

1 and A3B-1 at higher light doses.18 Interestingly, these images are well correlated with 

the results obtained from cell viability assays. 

 Localization study 

 

Figure 3. 9. Cellular localization of ABAB-1, A3B-1 and A4-1 (red) in SCC-13 and HeLa cells when 
they are observed with a fluorescence microscopy (irradiated with green light at 545 nm) and 

without other cell dye. They appear with a vesicular morphology inside cells. 

To localize the Zn(II)Pcs in the treated cells, they were irradiated with green light (545 

nm) with a BP545 filter. In Figure 3. 9 we can see that ABAB-1, A3B-1 and A4-1 are 

located inside the cells. They appear with a vesicular morphology and they are probably 
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localized in lysosomes or endosomes, which suggest that they are internalized through 

an endocytic pathway. 

Unfortunately, the fluorescence of these Zn(II)Pcs is too weak to be appreciated if 

specific probes for each organelle are used, which fluorescence mask the emission of the 

Zn(II)Pcs. For the sake of comparison, we are including in Figure 3. 10 images of 

subcellular localization of organelles for SCC-13 and HeLa cells after incubation with 

known fluorescent probes. To analyze the intracellular localization of organielles, SCC-13 

and HeLa cells were grown on coverslips and, incubated with known fluorescent probes 

for lysosomes (LysoTracker Green DND-26, Invitrogen), mitochondria (MitoTracker 

Green FM, Invitrogen), or Golgi apparatus (NBD, C6-ceramide (N-[6-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro-sphingosine, Invitrogen)) at the 

concentrations indicated by the suppliers. Then, cells were briefly washed in PBS, 

mounted on slides with a drop of PBS and immediately observed under the fluorescence 

microscope. 

 

Figure 3. 10. Subcellular localization of organelles of SCC-13 and HeLa cells after incubation with 
known fluorescent probes. Phase contrast (PhC). Green fluorescence is from Golgi apparatus 

(Golgi), mitochondrial (Mito) and lysosomes (Lyso). A blue (450–490 nm) exciting lamp was used 
for organelles probes. Scale bar 10 µm 
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3.4. Conclusions 

Three amphiphilic polyethyleneglycol-functionalized Zn(II)Pcs, namely ABAB-1, A3B-1 

and A4-1 have been synthesized in the search of new PS for PDT applications. ABAB-1, 

A3B-1 are both obtained in a crossed- condensation reaction of two differently 

substituted phthalonitriles, combining bulky fluorinated substituents in the B isoindoles, 

which have previously proved effective in suppressing aggregation and increasing the 
1O2 generation efficiency, and hydrophilic triethyleneglycol substituents in A isoindoles to 

impart water-solubility. On the other hand, A4-1 is an octa(triethyleneglycol) Pc which 

has been prepared to experimentally demonstrate that the presence of the bulky 

fluorinated substituents is fundamental to achieve good photosensitization abilities. In 

fact, photophisycal and aggregation studies have determined that ABAB-1 is the 

compound that more efficiently generates 1O2 (Δ trend is ABAB-1>A3B-1>A4-1) and 

is less prone to aggregate in water media. Finally, in vitro assays have been carried out 

in order to determine the toxicity for tumor cells for the three Zn(II)Pcs. It has been 

proved that none of these Pcs are toxic for tumor cells in darkness, but when the tissue 

is irradiated in the presence of the PS fatality turns out. Moreover, consistently with the 
1O2 generation studies, the impact is higher in the case of ABAB-1 and A3B-1, than A4-

1. These findings make Zn(II)Pcs with bulky bis(trifluoromethyl)phenyl groups, 

particularly those with an ABAB pattern candidates of choice as PS. 

3.5. Experimental section 

a) Materials and methods 

 Determination of the log Po/w 

Initially, equal volumes of n-octanol and water were mixed vigorously for 3 days at 25°C 

to promote solvent saturation in both phases. Each sample of Zn(II)Pc 1 was then added 

from stock solutions in DMSO to 2 mL of the mixture (%DMSO < 1%, [Zn(II)Pc] = 10-5 

M) and stirred for 30 min; next, they were incubated 1 h at room temperature. After 

separation, 10 μL of n-octanol phase and 10 μL of PBS phase were taken and diluted by 

DMSO to 1.01 mL. The UV–vis spectra of both phases were recorded, and the partition 

coefficient was calculated based on the absorbance values at Q-band maxima (702 nm 

for ABAB-1, 685 nm for A3B-1 and 681 nm for A4-1). The results are the average of 

three independent measurements. 

𝑙𝑜𝑔𝑃𝑂𝑊 = 𝑙𝑜𝑔 (
𝐴(𝐷𝑀𝑆𝑂)𝑂 · 𝑉𝑊
𝐴(𝐷𝑀𝑆𝑂)𝑊 · 𝑉𝑂

) 
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 Biological assays 

Cell Culture: 

HeLa (cervical adenocarcinoma cells) and SCC-13 (skin squamous carcinoma cells) cancer 

cell lines were used for cell cultures. They were grown using DMEM (Dulbecco's Modified 

Eagle's medium) culture media, supplemented with 10% Foetal Bovine Serum (FBS) and 

1% antibiotics (G penicillin, 100 U/mL, and streptomycin, 100 µg/mL), purchased from 

Fisher. They were incubated in HERACell incubator (Heraus) at 37ºC with 5% CO2 

concentration and 95% relativity humidity. 

Photodynamic treatment: 

Solutions of ABAB-1, A3B-1 and A4-1 were prepared in concentrations of 1·10-6 and 1·10-

7 M and added to cell cultures in well plates P24 with DMEM (supplemented with antibiotics 

but without FBS). The cells were incubated with each Pcs for 5 h in darkness, immediately 

were irradiated with different red light doses (3, 6 and 9 J/cm2). Light source was 

constituted by a rectangular matrix with 384 LED (light emitting diodes), (WP7143 SURC, 

Kingbright) with an emission peak of 637 nm and a bandwidth of ± 17 nm. The fluence 

rate used was 12.7 mW/cm2. After irradiation, cell culture was replaced by fresh media 

supplemented with antibiotics and FBS, and cells were incubated 24 h until their evaluation. 

Cell viability: 

Cell survival was determined after photodynamic treatment, both darkness plates and 

irradiated plates, through MTT assays. This, is a colorimetric technique based on 

mitochondrial enzymes capacity of alive cells to reduce the water-soluble compound 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan, an 

insoluble compound which has a purple colour. After 24 h of incubation, MTT was added 

to well plates in a final concentration of 100 µg/mL, for 3 h at 37 °C. Then, DMSO (Panreac) 

was added in order to solve formazan and optical density was measured in SpectraFluor 

plate reader (Tecan), with a wavelength of 542 nm. 

Optical Microscopy and statistical analysis: 

Microscopic observations were carried out using an Olympus BX61 epifluorescence 

microscope equipped with green filter (exciting filter BP510-550). Photographs were 

obtained with the digital camera Olympus CCD DP70 and processed using the Adobe 

Photoshop CS5 extended version 12.0 software (Adobe Systems Inc., San Jose, CA, USA). 

Data are expressed as the mean value of at least three experiments ± standard deviations 

(SD). The statistical significance was determined using analysis of variance (ANOVA) 

followed by Bonferroni’s test, and p < 0.05 was considered statistically significant. 
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Subcellular localization: 

In order to determine intracellular localization of Zn(II)Pcs, cells were grown in coverslips 

in P12 well plates and they were incubated with the PS in a concentration of 10-6 M for 18 

h at 37 °C. After incubation, cells were washed with PBS and were observed with 

fluorescence microscopy. 

b) Synthesis 

Compounds 3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':4',1''-terphenyl]-2',3'-dicarbonitrile 

(B)19, 4,5-bis(4-hidroxiphenoxy)phthalonitrile (A-2)12, 2-(2-(2-

methoxyethoxy)ethoxy)ethyl p-toluenesulfonate (TEG-Ts)14, have been prepared 

according to published procedures. 

4,5-bis-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

phenoxy)phthalonitrile (A-1): In a two neck round 

bottom flask, A-2 (150 mg, 0.44 mmol), and TEG-Ts (291 

mg, 0.91 mmol) were solved in dry DMF (6 mL) and heated 

to 50 °C. Then, anhydrous K2CO3 (199 mg, 1.44 mmol) was 

added in several portions. Reaction was kept at this 

temperature under argon atmosphere for three days. After cooling the reaction mixture 

was diluted with 100 mL of water and extracted with EtOAc (3x50 mL). The collected 

organic phase was washed with water (3x50 mL), brine (50 mL) and dried with MgSO4. 

The solvent was filtered and evaporated under reduced pressure. Then, product was 

purified by column chromatography on SiO2 with EtOAc as eluent, resulting in 275 mg 

(98% yield) of a brown oil. 1H NMR (300 MHz, CDCl3): δ 3.38 (s, 6H, TEG-CH3), 3.53-

3.62 (m, 4H, TEG-CH2), 3.63-3.83 (m, 12H, TEG-CH2), 3.85-3.95 (m, 4H, TEG-CH2), 4.12-

4.23 (m, 4H, TEG-CH2), 6.96-7.13 (m, 10H, CHAr). 13C NMR (75 MHz, CDCl3): δ 59.2 , 

68.2, 69.8, 70.7, 70.8, 71.0, 72.1, 109.9, 115.3, 116.5, 120.7, 121.6, 147.4, 152.6, 157.0. 

IR (ATR) ν-1 (cm-1): 2875, 2229, 1499, 1292, 1246, 1206, 1105. HR-MS (ESI+, +TOF, 

Ionizing phase: MeOH+NaI) for C34H40N2O10: m/z 659.2568 [M+Na]+, (calculated: 

659.2575). 

Zn(II)Pc ABAB-2: Phthalonitrile B (1 eq), 

phthalonitrile A-4 (1 eq) and anhydrous Zn(AcO)2 (1 

eq) were placed in a 5 mL high pressure resistant 

flask equipped with a magnetic stirrer, and then 2.7 

mL ([B]=0.1 M) of dry o-DCB/DMF 2:1 were added. 

The mixture was heated to 150-160ºC overnight 

under an argon atmosphere. After cooling the solvent 

was removed under vacuum. The product was 

purified by column chromatography on SiO2 (dioxane/heptane in gradient from 1:1 to 
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2:1) where the first fraction to elute containing the desired ABAB-ZnPc 4. The product 

was further purified by an additional column chromatography on Bio-Beads using CHCl3 

as eluent. After evaporation of the solvent, a blue solid was obtained, which were 

recrystallized from DCM/heptane. Yield: 17%. 1H-NMR (300 MHz, DMSO-d6) δ (ppm): 

6.84 (d, J = 8.72Hz, 8H, O-Ph-O); 6.98 (d, J = 8.72Hz, 8H, O-Ph-O); 7.72 (s, 4H, CHAr); 

8.03 (s, 4H, CHAr); 8.23 (s, 4H, CHAr); 8.77 (s, 8H, CHAr); 9.33 (s, 4H, OH). 13C-NMR 

(75 MHz, DMSO-d6): 116.1, 118.7, 125.2, 129.8, 130.3, 131.1, 132.1, 133.6, 134.6, 

136.0, 136.9, 142.3, 147.1, 149.7, 150.8, 152.1, 153.6; IR (ATR) ν-1 (cm-1): 3392 (O-H 

st), 2924 (ar, C-H st), 1505, 1411, 1378 (pyrrole ring), 1277 (C-O-C st as), 1196 (C-F 

st), 1181 (O-H δ ip), 1134 (C-F st); HR-MS (MALDI, matrix: DCTB) for C88H40F24N8O8Zn: 

m/z 1856.1870 (calculated: 1856.1872). 

Zn(II)Pc A3B-2: Phthalonitrile B (150 mg, 0.27 

mmol), phthalonitrile A-2 (93 mg, 0.27 mmol) and 

anhydrous Zn(AcO)2 (50 mg, 0.27 mmol) were placed 

in a 5 mL high pressure resistant flask equipped with 

a magnetic stirrer, and then 2.7 mL ([B] = 0.1 M) of 

dry o-DCB/DMF (2:1) were added. The mixture was 

heated to 150-160 °C overnight under an argon 

atmosphere. After cooling the solvent was removed 

under vacuum. The product was purified by column 

chromatography on SiO2 (dioxane/heptane in gradient from 1:1 to 2:1) where the second 

fraction to elute containing the desired product A3B-2. The product was further purified 

by an additional column chromatography on Bio-Beads using CHCl3 as eluent. After 

evaporation of the solvent blue solid was obtained, which were recrystallized from 

DCM/heptane. Yield: 16 mg (7%). 1H NMR (300 MHz, DMSO-d6): δ 6.71-7.21 (m, 24H, 

O-Ph-O), 7.76 (s, 2H, CHAr), 8.04 (s, 2H, CHAr), 8.21 (s, 2H, CHAr), 8.63 (s, 4H, CHAr), 

8.78 (s, 4H, CHAr), 9.28-9.56 (br s, 6H, OH). 13C NMR (75 MHz, THF-d8): δ 116.1, 116.4, 

116.5, 118.8, 120.1, 120.9, 121.7, 125.3, 129.4, 129.8, 130.2, 131.1, 131.7, 133.4, 

133.6, 134.4, 135.8, 142.5, 148.9, 149.0, 149.7, 150.1, 150.7, 150.8, 151.2, 151.2, 

151.3, 153.1, 153.2, 153.5, 153.6, 153.9, 154.6, 154.9. IR (ATR) ν-1 (cm-1): 3416, 2954, 

2883, 1723, 1507, 1449, 1362, 1279, 1196, 1182, 1133, 1034. MS (MALDI, matrix DCTB 

+ PEGNa 1500) for C84H44F12N8O12Zn: m/z 1648.2177 [M]+, (calculated: 1648.2173). 
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Zn(II)Pc ABAB-1: Method a: Phthalonitrile B (150 mg, 0.27 mmol), and A-1 (172 

mg, 0.27 mmol) and anhydrous Zn(AcO)2 (50 mg, 0.27 mmol) were placed in a 5 mL 

high pressure resistant flask equipped with a magnetic stirrer, and then 2.7 mL ([B] = 

0.1 M) of dry o-DCB/DMF 2:1 were added. The mixture was heated to 150-160 °C 

overnight under an argon atmosphere. After cooling the solvent was removed under 

vacuum. Then, the product was purified by column chromatography on SiO2 

(heptane/dioxane 1:1 as eluent) where the first green fraction to elute contained the 

desired product. It was further purified by an additional column chromatography on Bio-

Beads using CHCl3 as eluent. After evaporation of the solvent a blue solid was obtained, 

which was recrystallized from DCM/heptane. Yield: 33 mg (10%). Method b: ABAB-2 

(10 mg, 0.0054 mmol) and TEG-Ts (34 mg, 0.11 mmol) were solved in dry DMF (7 mL) 

and heated to 50 °C. Then, anhydrous K2CO3 was added (7 mg, 0.048 mmol) and the 

reaction was kept under this temperature and argon atmosphere overnight. The reaction 

was monitored by TLC (heptane/dioxane) and extra anhydrous K2CO3 additions could be 

needed until complete the conversion. After cooling the solvent was evaporated under 

reduced pressure. Then, the product was purified by column chromatography on SiO2 

(heptane/dioxane 1:1 as eluent). It was further purified by an additional column 

chromatography on Bio-Beads using CHCl3 as eluent. After evaporation of the solvent a 

blue solid was obtained, which was washed with heptane. Yield: 2 mg (15%). 1H NMR 

(500 MHz, CDCl3): δ 3.05 (s, 12H, TEG-CH3), 3.29 (m, 8H, TEG-CH2), 3.37 (m, 8H, TEG-

CH2), 3.43 (m, 8H, TEG-CH2), 3.54 (m, 8H, TEG-CH2), 3.60 (m, 8H, TEG-CH2), 3.89 (m, 

8H, TEG-CH2) 6.76 (d, 8H, J = 9.01 Hz, O-Ph-O), 6.98 (d, 8H, J = 9.01 Hz, O-Ph-O), 7.77 

(s, 4H, CHAr), 7.85 (s, 4H, CHAr), 7.97 (s, 4H, CHAr), 8.52 (s, 8H, CHAr). 13C NMR (125 

MHz, CDCl3): δ 58.8, 67.6, 69.7, 70.2, 70.4, 70.7, 71.8, 114.5, 115.5, 118.7, 121.5, 123.6 

(q, J = 271.6 Hz, CF3); 131.2, 131.5, 134.8, 135.3, 136.8, 142.6, 151.1, 151.9, 152.4, 

153.4, 154.6. IR (ATR) ν-1 (cm-1): 2916, 2874, 1501, 1410, 1377, 1275, 1198, 1178, 

1127, 1104, 896. HR-MS (MALDI, matrix: DCTB + PPGNa 2000) for C116H96F24N8O20Zn: 

m/z 2440.5741 [M]+, (calculated: 2440.5644). 
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Zn(II)Pc A3B-1: Method a: Phthalonitrile B (150 mg, 0.27 mmol), and A-1 (172 mg, 

0.27 mmol) and anhydrous Zn(AcO)2 (50 mg, 0.27 mmol) were placed in a 5 mL high 

pressure resistant flask equipped with a magnetic stirrer, and then 2.7 mL ([B]=0.1 M) 

of dry o-DCB/DMF 2:1 were added. The mixture was heated to 150-160 °C overnight 

under an argon atmosphere. After cooling the solvent was removed under vacuum. Then, 

the product was purified by column chromatography on SiO2 (heptane/dioxane in 

gradient) where the second green fraction to elute contained the desired product. It was 

further purified by an additional column chromatography on Bio-Beads using CHCl3 as 

eluent. After evaporation of the solvent a blue solid was obtained, which was 

recrystallized from DCM/heptane. Yield: 27 mg (8%). Method b: A3B-2 (10 mg, 0.0061 

mmol) and excess of TEG-Ts (39 mg, 0.12 mmol) were solved in dry DMF (7 mL) and 

heated to 50 °C. Then, K2CO3 (7.5 mg, 0.054 mmol) was added, and the reaction was 

kept under this temperature and argon atmosphere overnight. The reaction was 

monitored by TLC (heptane/dioxane) and extra anhydrous K2CO3 additions could be 

needed until complete the conversion. After cooling the solvent was evaporated under 

reduced pressure. Then, the product was purified by column chromatography on SiO2 

(heptane/dioxane in gradient). It was further purified by an additional column 

chromatography on Bio-Beads using CHCl3 as eluent. After evaporation of the solvent a 

blue solid was obtained, which was recrystallized from EtOAc/heptane. Yield: 2 mg 

(13%). 1H NMR (300 MHz, THF-d8): δ 3.27 (br s, 18H, TEG-CH3); 3.45 (br s, 12H, TEG-

CH2), 3.52-3.75 (m, 36H, TEG-CH2); 3.85 (br s, 12H, TEG-CH2); 4.16 (br s, 12H, TEG-

CH2); 6.93-7.18 (m, 24H, O-Ph-O); 7.98 (br s, 2H, CHAr); 8.10 (br s, 4H, CHAr); 8.74 (s, 

4H, CHAr); 8.84 (s, 2H, CHAr); 8.87 (s, 2H, CHAr). 13C NMR (75 MHz, THF-d8): δ 59.0, 

69.0, 70.8, 71.5, 71.7, 71.8, 74.6, 116.0, 116.2, 116.6, 116.8, 119.1, 119.6, 120.3, 120.4, 

122.2, 123.8, 131.7, 132.0, 132.2, 133.2, 135.6, 135.8, 135.9, 136.0, 136.1, 136.6, 

137.5, 138.3, 152.3, 153.4, 156.0, 156.5. IR (ATR) ν-1 (cm-1): 2870, 1501, 1450, 1404, 

1276, 1198, 1127, 1093, 1029, 890, 800. HR-MS (MALDI, matrix: DCTB + PPGNa 2000) 

for C126H128F12N8O30Zn: m/z 2524.7894 [M]+, (calculated: 2524.7831). 
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Zn(II)Pc A4-1: A mixture of A-1 (90 mg, 0.14 mmol) and Zn(OAc)2 (9.7 mg, 0.053 

mmol) was placed in a 5 mL high pressure resistant flask equipped with a magnetic 

stirrer, and then 1.4 mL of pentanol and 0.1 mL of DBU were added. Then mixture was 

heated to 150 °C under argon atmosphere for 1h. After cooling the solvent was removed 

under vacuum. The product was purified by column chromatography on SiO2 

(EtOAc/MeOH in gradient from 100:0 to 0:100). After evaporate the solvent under 

reduced pressure, the product was washed with DCM/heptane and a green solid was 

obtained. Yield: 9.7 mg (11%). 1H NMR (500 MHz, DMSO-d6): δ 3.22 (s, 24H, TEG-CH3); 

3.43 (t, 16H, J = 5.05 Hz, TEG-CH2); 3.54 (t,16H, J = 5.05 Hz, TEG-CH2); 3.58 (t, 16H, 

J = 4.94 Hz, TEG-CH2); 3.65 (t, 16H, J = 4.94 Hz, TEG-CH2); 3.82 (br t, 16H, TEG-CH2); 

4.14 (br t, 16H, TEG-CH2); 7.04 (d, 16H, J = 8.70 Hz, O-Ph-O); 7.31 (d, 16H, J = 8.70 

Hz, O-Ph-O); 8.40 (br s, 3H, CHAr-Pc(core)). 13C NMR (125 MHz, DMSO-d6): δ 58.0, 67.6, 

69.1, 69.6, 69.9, 70.0, 71.3, 112.3, 115.7, 119.8, 133.2, 149.8, 150.4, 154.9. IR (ATR) 

ν-1 (cm-1): 3016, 2933, 1502, 1450, 1425, 1400, 1284, 1200, 1130, 936. HR-MS (MALDI, 

matrix DCTB + PPGNa 2000 + PPGNa 2700) for C136H160N8O40Zn: m/z 2608.9966 [M]+, 

(calculated: 2609.0018). 
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Abstract: 

Herein, we report the synthesis and characterization of new amphiphilic phthalocyanines 

(Pcs), the study of their singlet oxygen generation capabilities, and biological assays to 

determine their potential as photosensitizers for photodynamic inactivation of bacteria. 

In particular, Pcs with an ABAB geometry (where A and B refer to differently substituted 

isoindole constituents) have been synthesized. These molecules are endowed with bulky 

bis(trifluoromethylphenyl) groups in two facing isoindoles, which hinder aggregation and 

favour singlet oxygen generation, and pyridinium or alkylammonium moieties in the other 

two isoindoles. In particular, two water-soluble Pc derivatives (PS-1 and PS-2) have 

proved to be efficient in the photoinactivation of S. aureus and E. coli, selected as models 

of Gram-positive and Gram-negative bacteria. 
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4.2. Introduction and Objectives 

Among the therapies based on the management of light, the photodynamic inactivation 

(PDI) of microbial cells is nowadays taking a leading position,1,2 owing to the emergence 

of microbial resistance to antibiotics.3 In this context, a large variety of cationic PS have 

been developed and successfully tested for bacterial photo-killing.4–7 The presence of 

outer positively charged terminal groups in the PS permits electrostatic interactions with 

the negatively charged membrane of bacteria, and therefore, facilitates their uptake by 

them. 

Zn(II)Pcs are very interesting PS as they present high singlet oxygen quantum yields.7–9 

To sort out their inherent insolubility in aqueous media, these chromophores can be 

endowed with hydrophilic groups;10–16 in particular, functionalization with positively 

charged moieties imparts water-solubility to the Pcs and makes them potential PS in 

PDI.17–19 However, as we have seen in previous chapters, owing to their extended π-

conjugation, Pcs exhibit a high aggregation tendency in aqueous media, forming 

oligomers in solution that can be either photoactive (i.e. J-type aggregates),20 or present 

cancelled 1O2 generation abilities.  

Herein, we apply our succesful design to prepare Zn(II)Pcs presenting water-solubility, 

hindered aggregation, and potential use as PS for PDI. The approach consists again in 

introducing two types of peripheral substituents in the Pc in a crosswise, ABAB 

architecture that has proved to produce high 21–24 Therefore, the target molecules will 

hold two facing isoindoles endowed with bulky bis(trifluoromethylphenyl) moieties that 

avoid the aggregation in solution, and other two endowed with hydrophilic cationic-

terminated substituents in the A isoindole that provide these ABAB Zn(II)Pcs with 

solubility in aqueous media. In vitro assays with two selected Zn(II)Pcs (PS-1 and PS-

2) have been performed to examine their toxicity in different strains of Gram-positive 

and Gram-negative bacteria. 

4.3. Results and discussion 

a) Synthesis 

Two different functionalization approaches have been undertaken to perform the 

preparation of amphiphilic tetracationic ABAB Zn(II)Pcs, namely the functionalization with 

either pyridines or tertiary amines, which could be quaternized in a final step (Scheme 4. 

1). The aim is to compare the effect of the nature of the positively charged groups and/or 

the bridge between the positive charge and the aromatic core on their activity as PS. The 

synthesis of phthalonitrile B was carried out following the methodology described in our 

group.21 
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Scheme 4. 1. Synthesis of pyridil or alkylamino-substituted Zn(II)Pcs and their respective 
pyridinium and ammonium salts. i) Zn(OAc)2, o-DCB/DMF (2:1), 150 ºC, overnight; ii) 4-

ethynylpyridine, PdCl2(PPh3)2, CuI, diisopropylamine, 70 °C, overnight; iii) 3-
(dimethylamino)propyl methyl carbonate, CH3CN, 180 °C, MW, 90 min; iv) MeI, DMF, 4h; v) MeI, 

EtOH, reflux, overnight; vi) Dowex® (1x8 200-400), MiliQ water, DMSO. 

The preparation of Zn(II)Pcs functionalized with pyridine units was undertaken by two 

different synthetic approaches. First, we prepared the already described Zn(II)Pc 121 and 

subjected it to a four-fold Sonogashira coupling with 4-ethynylpyridine, yielding 5. 

Although the product was isolated and fully characterized, the low yield of this reaction 

(11%), preceded by the 10% yield of the mixed cyclotetramerization between A-1 and 

B, which makes and overall yield of 1%, made us discard this route as an operative 

method to obtain pyridine functionalized PS for in vitro assays. Therefore, we prepared 

2, resulting from the straightforward cross-condensation between bulky phthalonitrile B 

and A-2, which had been previously synthesized following reported procedures.25 

(Scheme 4. 1). Although the cross-condensation yield was low (8%), 2 was easily 

purified, and the pyridyl moieties could be quaternized by reaction with MeI. In a last 

step, the molecules were exposed to Dowex® resin in order to exchange the initial 

counterions for chloride anions, rendering a compound that was partially soluble in water, 

from now coded as PS-1 for the photophysical characterization and further in vitro 

experiments. 
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Moving to the preparation of ABAB Zn(II)Pcs functionalized with alkyl ammonium 

moieties, we intended to explore the preparation of a series of compounds with different 

separation between the aromatic core and the positive charges. The first tailored ABAB 

Zn(II)Pc derivative was compound 3, in which the tertiary amines were separated from 

the Zn(II)Pc core by a (CH2)2-S- bridge. Since alkyl thioether chains can be easily 

introduced in the starting phthalonitriles by aromatic nucleophilic substitution over 4,5-

dichlorophthalonitrile,26 phthalonitrile A-3 was synthesized and reacted with 

phthalonitrile B under the typical conditions applied for the preparation of ABAB Zn(II)Pc 

derivatives. Worth mentioning, the reaction proceeded in 20% yield, proving this 

conversion as one of the most efficient cross-condensation reactions performed between 

bulky phthalonitrile B and another differently substituted phthalonitrile performed to 

date. 3 was then methylated with MeI in dry EtOH, in 36% yield. It is noteworthy that, 

after this transformation, the solubility of the resulting product changed drastically, 

becoming soluble only in polar solvents such as DMSO or DMF. In a last step, the product 

was exposed to Dowex® resin for ionic exchange, thus yielding a compound soluble in 

water. From now this product will be coded as PS-2 for the photophysical 

characterization and in vitro tests. 

Our second approach towards an alkyl-ammonium functionalized Zn(II)Pc was to 

increase the distance between the Zn(II)Pc and the positive charge by preparing 

compound 4, (Scheme 4. 1) previously decribed in Chapter 3, which was consecutively 

subjected to a four-fold O-alkylation to introduce N-dimethylamino-N-propyl residues. In 

particular, we performed the O-alkylation by heating at 180 ºC a mixture of 4 and excess 

of 3-(dimethylamino)propyl methyl carbonate27 in acetonitrile. The formation of 6 was 

efficient, namely, 11% yield starting from the mixture of A-4 and B phthalonitriles. 6 

was then subjected to a methylation reaction, and further exposed to Dowex® resin to 

exchange the initial iodides for chloride anions. Unfortunately, this compound, coded as 

PS-3 in Scheme 4. 1, proved unstable in solution, undergoing Hoffman-type eliminations 

of the alkylammonium moieties that lead to molecules with terminal double bonds in the 

peripheral alkyl chains, as detected by mass spectrometry. This chemical instability made 

us discard PS-3 for in vitro assays. Figure 4. 1 shows the 1H-NMR spectra of PS-1 and 

PS-2. In both cases, the signals are well resolved due to their non-aggregated state in 

DMSO-d6 solutions. The reduced number of signals derives from the high molecular 

symmetry these compounds possess (i.e. D2h). In the case of PS-1, the spectrum 

presents four singlets for the aromatic protons of the isoindole units and the CF3-

substituted phenyl rings, a group of signals corresponding to the ortho substituted 

pyridines (two doublets, a doublet of doublets and one singlet), and one singlet for the 

methyl groups. In the case of PS-2, the distinctive signals of this product (i.e. the two 

triplets for the methylenes) appear overlapped with the DMSO signal, but the singlet 

corresponding to the methyl groups of the tertiary amines could be clearly observed. 

Moreover, HR-MS characterization confirmed the structure of the compound. 
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Figure 4. 1. 1H-NMR in DMSO-d6 of PS-1 (up); and PS-2 (down). And structural models for PS-
1 (left) and PS-2 (right), which were realized with the SCIGRESS (FJ 2.8.1 EU 3.3.1) software, 

and a geometry optimization through MM2. Hydrophilic region are highlighted in blue (PS-1) and 
green (PS-2) with chloride counterions in red. 

b) Photophysical studies 

Table 4. 1 presents a summary of the photophysical properties of PS-1 and PS-2 in 

methanol, including molar absorption coefficients (ε), wavelength, lifetime (s) and 

quantum yield (F) of fluorescence emission, and singlet oxygen quantum yield (∆). 

The absorption spectra of PS-1 and PS-2 (see Figure 4. 2 for the UV-vis spectra in 

MeOH) show symmetric, non-split Q-bands, which is not usual for MPcs with D2h 

symmetry. The tioeher-derivatized Pc (PS-2) shows a Q-band more shifted to the red 

than the ether-derivatized one (PS-1), and with a higher absorption coefficient. Indeed, 

the absorption spectra of these compounds in MeOH do not show any evidence of 

aggregation. Absorption spectra were registered in a range of concentrations (between 

8.7 x 10-7 M and 4.1 x 10-6 M for PS-1, and 1.6 x 10-6 M and 4.9 x 10-6 M for PS-2) 

(Figure 4. 2). For the verification of the Lambert-Beer law, an analysis of linear regression 

between the intensity of the Q-band and the concentration was performed, with R2 values 

of 0.999. 

Table 4. 1. Photophysical properties of PS-1 and PS-2 in MeOH. 

Sample Solvent log ()*: max f / nm ϕf S / ns Δ 

PS-1 MeOH 4.59 (350), 5.13 (678)* 683 0.13 2.7 0.49 

PS-2 MeOH 4.74 (359), 5.20 (694)* 699 0.11 2.4 0.35 
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Figure 4. 2. UV-vis spectra of PS-1 and PS-2 in MeOH at different concentrations (between 
8.7·10-7 M and 4.1·10-6 M for PS-1 and 1.6·10-6 M and 4.9·10-6 M for PS-2); and linear 

regression between maxima intensity and concentration. 

Fluorescence studies (Table 4. 1 and Figure 4. 3) were also performed in MeOH, and are 

in line with absorption assays; the monoexponential fluorescence decay kinetics confirm 

that PS-1 and PS-2 are in monomeric form in solution. 

 

Figure 4. 3. a) Normalized fluorescence spectra of PS-1 and PS-2 in MeOH. b) and c) 
comparative fluorescence of PS-1 and PS-2 in MeOH versus Zn(II)Pc in 1-propanol as reference 

for the determination of f. 

Also, the quantification of the  was performed for these compounds, by direct 

observation of the 1O2 phosphorescence at 1275 nm after excitation at 355 nm. The 

values of Φf and S are similar for the two compounds, however PS-2 shows a lower  

than PS-1. These results point to an enhanced internal conversion in PS-2, which is 

consistent with the higher flexibility of its structure. Comparing the photophysical 

parameters of PS-1 with those of a neutral Zn(II)Pc described previously with a similar 
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functionalization (i.e. 4-methoxyphenoxy moieties)24 (Chapter 1), S of PS-1 is 50% 

longer, its Φf has almost doubled and its  has decreased by 42%, which indicate a 

decrease in the intersystem-crossing rate constant, probably due to the presence of the 

positive charges. Still, the values are adequate for phototherapeutic applications. 

Importantly, we tried to perform measurements of 1O2 generation in water, but only 

residual signals were detected, which can be rationalized by the formation of aggregates, 

which is not fully hindered for these PS in aqueous media (see below). 

c) Aggregation studies and determination of the log PO/W 

In addition to the photophysical and photochemical characterization, some aggregation 

studies are also needed to evaluate the possible application of our ABAB Zn(II)Pcs as 

potential PS. Due to the hydrophobic nature of the Pc ring, these chromophores have 

tendency to form aggregates in solution to minimize the solvation energy, particularly in 

the case of polar solvents as water. Aggregation is a complex process that depends on 

the van der Waals interaction, π–π stacking, concentration and the environment 

characteristics. Although a certain organization of the PS in vesicles or micelles can 

facilitate their transport through the blood system, it is important that once the PS are 

delivered to the target cell they stay as non-aggregated species, at least to some extent, 

leading to a more efficient 1O2 generation after light excitation. For that reason, 

aggregation studies in aqueous media are fundamental for the former evaluation of the 

potential PS. These studies are usually performed by means of UV-vis studies. As 

mentioned above, PS-2 is soluble in pure water, but not PS-1, although it happens to 

be soluble upon addition from a stock of a polar organic solvent solution, such as MeOH 

or DMSO, to water. In fact, PS-1 remained soluble until a 99:1 water/organic solvent 

ratio was reached. Therefore, we performed aggregation studies by progressively adding 

water to MeOH solutions of PS-1 and PS-2, keeping the concentration constant (Figure 

4. 4). Upon the addition of water, the two compounds showed a similar behaviour that 

is a decrease in the intensity of the Q-band and a slight red shift and broadening. While 

PS-2 proved only slightly aggregated in MeOH/water 99:1 solution, a much more 

pronounced aggregation was observed for PS-1, due to the larger hydrophobic nature 

of the pyridine rings compared to the alkyl amines of PS-2. 
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Figure 4. 4. Aggregation tendency upon increasing water percentage over PS-1 and PS-2 
solutions in MeOH at constant concentration of the PS in the range: 6-9·10-6 M. 

In order to compare the aggregation behaviour of both PS in physiologically relevant 

medium, that is phosphate buffered saline (PBS), concentration-dependent UV-vis 

studies were performed (Figure 4. 5). The solutions were prepared starting from stock 

solutions in DMSO, following the same protocol than will be further used for dosing the 

PS to bacteria. 

 

Figure 4. 5. Aggregation study in PBS (from stock solution in DMSO <2%), for PS-1 (A) 
(concentration range 3.7·10-6 to 1.8·10-5 M) and PS-2 (B) (concentration range 3.2·10-6 to 

1.6·10-5 M), and (C) Beer Lambert (1) and Lavenberg-Marquardt (2) equations for data fitting. 
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Although the recorded spectra resemble those typical of non-aggregated Pcs, the relative 

intensity of the Q-band for PS-1 (at 681 nm), and for PS-2 (at 695 nm) with respect to 

their respective shoulder at 650 nm is very different from that of molecularly dissolved 

Pcs. Moreover, while a Beer-Lambert plot is apparently linear, the slope yields values of 

log (ε / cm-1·M-1) = 4.7 for both PS, which are one order of magnitude lower than in 

methanol. Also the intercept is negative for both PS, which suggests a curve with upward-

deviation from linearity. Indeed, a much better fit can be obtained by using the monomer-

dimer equilibrium model equation,28 indicating that the dimer absorbs more than two 

monomers. Data reduction yields the absorption coefficients for the monomer and the 

dimer, and the equilibrium constant for dimerization (K) (Table 4. 2). Formation of 

aggregates is consistent with the almost complete inhibition of 1O2 production in water. 

Table 4. 2. Photophysical properties and log PO/W of PS-1 and PS-2 in PBS. 

Sample (m*)[a] / M-1·cm-1 (m*)[b] / M-1·cm-1 (d**)[b] / M-1·cm-1 K log PO/W 

PS-1 50110 24181 106290 1.1·106 2.33 

PS-2 53818 48422 107351 7.5·105 0.73 

* m: monomer; ** d: dimer; [a] Beer Lambert; [b] Lavenberg-Marquardt; 

Photodynamic efficiency depends also on lipophilicity, which has been recognized as a 

factor that can determine cellular uptake, and consequently, the phototoxicity of PS.29,30 

As mentioned in the previous Chapter, the affinity of a compound for cell membranes 

may be numerically represented by its membrane-water partition coefficient, that is, the 

membrane-water concentration ratio. As this value is usually difficult to measure, the 

PO/W is a useful quantitative parameter for evaluating the lipophilic/hydrophilic balance, 

and has been extensively utilized to predict the relative tendency of drugs to interact or 

incorporate in biological membranes.31–33 To evaluate the affinity of PS-1 and PS-2 for 

cell membranes, and the relative lipophilicity of the compounds, the n-octanol/PBS 

partition coefficient for each Pc was determined using the shake-flask method, as 

explained in Experimental section – materials and methods. 

 

Figure 4. 6. UV-vis of aliquots from n-octanol/PBS phases PS-1 and PS-2 diluted in MeOH. 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

330 430 530 630 730 830

A
b

s
o

rb
a

n
c

e
 /

 a
.u

.

Wavelength  / nm

PS-1 in MeOH

octanol

PBS

0

0.01

0.02

530 630 730

Phase:

0.0

0.2

0.4

0.6

0.8

1.0

1.2

330 430 530 630 730 830

A
b

s
o

rb
a

n
c

e
 /

 a
.u

.

Wavelength  / nm

PS-2 in MeOH

octanol

PBS

Phase:



CHAPTER 4 - Fluorine-substituted tetracationic ABAB-Pcs for efficient photodynamic inactivation of 

Gram-positive and Gram-negative bacteria 
 

162 

Although both compounds have a common structural core, they exhibited different 

amphiphilic character. PS-1 renders a higher octanol/water partition coefficient than PS-

2, (see Table 4. 2) indicating that the former has a more lipophilic nature. In fact, the Pc 

concentration reached for PS-1 in n-octanol was approximately 200 times higher than in 

PBS, while the PS-2 concentration was only 5-6 times higher in n-octanol than in PBS. 

Therefore, the log PO/W values suggest that PS-1 is mostly hydrophobic and have very 

high affinity for membranes. Nevertheless, PS-2 is more amphiphilic and its presence in 

the aqueous phase is bigger, which is concomitant which its higher solubility in this 

medium. 

d) Photodynamic inactivation studies 

The photodynamic studies were performed testing PS-1 and PS-2 in S. aureus and E. 

coli bacteria, chosen as models for Gram-positive and Gram-negative bacteria, 

respectively (Figure 4. 7). The inactivation studies present a typical light- and 

concentration-dependent profile. PS-1 and PS-2 were able to induce 99,9% (3 log 

decrease in colony-forming units, CFUs) of S. aureus inactivation at 0.1 and 0.5 M, 

respectively, using a red light fluence of 33 J·cm-2. This observation indicates that the 

Zn(II)Pcs must be in monomeric, i.e., photochemically active form, which in turn 

indicates that they are bound to the bacterial cell wall, where they de-aggregate.34 

Reducing the light fluence to 11 J·cm-2 only resulted in a cell survival increase of 1 log 

CFU. Full inactivation (7 log CFUs) could be achieved at 10 M for both PS-1 and PS-2, 

even though 4-logs can be attributed to dark cytotoxicity at such high concentration. 

Regarding E. coli, larger concentrations were required to induce a comparable cell death. 

Up to 50 M of either photosensitizer was needed to completely inactivate the bacterial 

strain, whilst 10 M and 33 J·cm-2 were enough to achieve a disinfection (99.9%) status. 

In this case, no dark toxicity could be observed even at the highest concentration, which 

likely indicates that the compounds are not taken up by the bacteria but stick to the outer 

membrane.35 This confirms that Gram-negative bacteria are harder to photo-inactivate 

by PDT than Gram-positive ones, an observation that has been thoroughly described in 

the literature.36 The reason behind this difference is found in the composition of the 

bacterial wall. Importantly, there are no dramatic differences in activity between PS-1 

and PS-2 against the microbial strains tested, indicating a minor effect of the nature of 

the cationic moieties, as observed previously by Ruiz-González and co-workers for two 

related porphycene macrocycles.37 Compared to other symmetrically-substituted cationic 

Pcs, the bulky bis(trifluoromethylphenyl) groups attached to PS-1 and PS-2 provide 

them with much stronger photo-antimicrobial activity. Indeed, related Pcs lacking these 

groups achieved only a modest 1-2 log CFUs cell death, owing to their strong 

aggregation.38,39 This issue has now been solved by constructing asymmetric compounds 

with large steric hindrance that alleviate the aggregation problems. 
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Figure 4. 7. Survival curves of S. aureus (A, C) and E. coli (B, D) with PS-1 (A, B) and PS-2 (C, 
D) after PDI treatment. Circles, triangles and squares represent 0 (dark toxicity), 11 and 33  

J·cm-2, respectively. 

4.4. Conclusions 

Two different cationic ABAB-ZnPcs (PS-1 and PS-2) have been synthesized as PS for 

PDI. The peculiar functionalization of these Pcs with facing bulky substituents that 

provide the molecules with hampered aggregation and lipophilicity, and facing hydrophilic 

pyridinum (PS-1) or alkylammonium (PS-2) moieties that impart water-solubility, makes 

these molecules suitable candidates for the inactivation of bacteria. In order to probe the 

validity of the design, photophysical evaluation of their 1O2 generation capabilities, as 

well as aggregation assays, have been carried out with PS-1 and PS-2. Non-aggregated 

MeOH solutions of both PS efficiently generate 1O2, but only residual signals were 

detected in water, which can be rationalized by a certain degree of aggregation. In fact, 

UV-vis experiments in aqueous media indicate that both PS form aggregates at some 

extent. Nevertheless, in vitro photodynamic assays carried out over E. coli and S. aureus 

show that they are photochemically active, inducing bacteria inactivation under red light 

irradiation, which in turn indicates that they are bound to the bacterial cell wall, where 

they de-aggregate. It has been proved that PS-1 and PS-2 are not toxic for bacteria in 

darkness in the selected range of concentrations, but when the colonies are irradiated a 

high fatality turns out. In this regard, there is a minor effect of the nature of the cationic 

moieties on the activity of these PS. Nevertheless, an important conclusion is that these 

cationic PS have proved much stronger activity than other related cationic Pcs as a result 

of the rational design that has rendered improved oxygen generation abilities,24 well-

balanced lipophilicity/hydrophilicity and diminished aggregation issues. 
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4.5. Experimental section 

a) Materials and methods 

 Determination of the log PO/W 

Initially, equal volumes of n-octanol and PBS (pH = 7.2–7.6 at 25 °C) were mixed 

vigorously for 3 days at 25°C to promote solvent saturation in both phases. Each sample 

(PS-1 and PS-2) was then added to 2 mL of the mixture and stirred for 30 min; next, 

they were incubated 1 h at room temperature. After separation, 100 μL of n-octanol 

phase and 100 μL of PBS phase were taken and diluted by MeOH to 1.1 mL. The UV–vis 

spectra of both phases were recorded, and the partition coefficient was calculated based 

on the absorbance values at Q-band maxima (677 nm for PS-1 and 693 nm for PS-2). 

The results are the average of three independent measurements. 

𝑙𝑜𝑔𝑃𝑂𝑊 = 𝑙𝑜𝑔 (
𝐴 𝑀𝑒𝑂𝐻 𝑂 · 𝑉𝑊

𝐴 𝑀𝑒𝑂𝐻 𝑊 · 𝑉𝑂

) 

 Microbial strains, culture conditions and photodynamic inactivation studies 

The microorganisms studied were Staphylococcus aureus (ATCC® 29213) as a Gram-

positive model and Escherichia coli (ATCC® 25922) as Gram-negative bacteria. Bacterial 

cells were grown overnight in an orbital shaker at 37 °C in tryptic soy broth (TSB) 

medium. An aliquot was then suspended in fresh TSB and set to grow in exponential 

phase at 37 °C to achieve approximately 108 colony forming units (CFU,·mL-1). They were 

later centrifuged (5000 rpm, 10 min) and re-suspended in PBS (pH = 7.4). Solutions of 

PS-1 and PS-2 in DMSO were added to the cells keeping the DMSO content below 1% in 

PBS and the cells were then incubated in the dark for 30 minutes. Two independent 

experiments were done for each photoinactivation treatment, which in turn was carried 

out in duplicate. The average and SD values were calculated. Cells were then irradiated 

from the top in 96-well plates by means of a Red 670 Device (Red Man Light, United 

Kingdom; 660 ± 10 nm; 70 mW·cm-2). The fluence of the lamp was regularly monitored 

with a power meter to ensure the light dose delivered. Controlling the cell irradiation 

without PS was also performed in order to exclude any inactivation due to light or heating 

effects, along with the evaluation of the toxicity of PS-1 and PS-2 in the dark. After 

illumination, the samples were serially diluted and streaked on agar plates and incubated 

in the dark for 18 h at 37 °C. 
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b) Synthesis 

Compounds 3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':4',1''-terphenyl]-2',3'-dicarbonitrile 

(B),21 4,5-diiodophthalonitrile (A-1),40 4,5-bis(pyridin-3-yloxy)phthalonitrile (A-2),25 4,5-

bis(4-hidroxiphenoxy)phthalonitrile (A-3),41 4,5-bis[(2-

(dimethylamino)ethyl)thio]phthalonitrile (A-4),26 ZnPc 1,21 4-ethinylpyridine,42 3-

(dimethylamino)propyl methyl carbonate (8),43 and ZnPc 4 (Chapter 3) were prepared 

according to previously reported procedures. 

ZnPc 2: Phthalonitrile B (1 eq), phthalonitrile A-2 (1 

eq) and anhydrous Zn(OAc)2 (1 eq) were placed in a 5 

mL high pressure resistant flask equipped with a 

magnetic stirrer, and then 2.7 mL ([B]=0.1 M) of dry 

o-DCB/DMF 2:1 were added. The mixture was heated 

to 150-160ºC overnight under an argon atmosphere. 

After cooling the solvent was removed under vacuum. 

The product was purified by column chromatography 

on SiO2 (heptane/EtOAc 1:3 with 1% pyridine) where the second blue-green fraction to 

elute containing the desired product 2. A second batch of the product that was strongly 

retained can be eluted from the column using THF:pyridine (7:1). After evaporation of 

the solvent a blue-green solid was obtained, which was precipitated from MeOH with 

water. Yield: 18.8 mg, (8%). 1H-NMR (300 MHz, THF-d8): δ 8.75 (s, 8H, Ar), 8.41 (dd, J 

= 11.15 Hz, J = 2.76 Hz, 8H, Ar-py), 8.23 (s, 4H, Ar), 8.10 (s, 4H, Ar), 8.03 (s, 4H, Ar), 

7.46-7.31 (m, 8H, Ar-py); 13C-NMR (125 MHz, DMSO-d6): 120.1, 123.4, 124.5, 124.7, 

130.5, 131.2, 134.8, 136.1, 139.7, 142.4, 144.1, 144.8, 147.9, 148.7, 149.8, 151.7, 

152.5, 153.7; IR(ATR) ν-1 (cm-1): 2920, 2851, 1592, 1458, 1377, 1275, 1132. HR-MS 

(MALDI, matrix DCTB + PMMANa 2100 + NaI) for C84H36F24N12O4Zn: m/z 1796.1857 [M+] 

(calculated: 1796.1885). 

PS-1: 2 (10 mg, 5.56·10-3 mmol) was placed in a 

10 mL round bottom flask equipped with a 

magnetic stirrer and 1 mL of dry DMF (dried over 

4Å molecular sieves) were added. Then, an excess 

of MeI (150 μL) was added and the mixture was 

stirred at room temperature for 4h under argon 

atmosphere. Then 10 mL of diethylether were 

added and the product was collected by filtration 

and washed several times with diethylether as a blue solid. Yield: 8.0 mg (61%). 250 mg 

of Dowex® (1x8 200-400) were suspended in 10 mL of MiliQ water, the product was 

previously dissolved in 0.2 mL of DMSO was added and stirred for 2 h. Then, the mixture 

was filtered, washed with diethylether, and evaporated under vacuum. 1H-NMR (500 

MHz, DMSO-d6): δ 9.26 (s, 4H, Ar), 9.00 (d, J1 = 6.00 Hz, 4H, Ar-py), 8.83 (s, 8H, Ar), 
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8.48 (d, J2 = 8.87 Hz, 4H, Ar-py), 8.33 (s, 4H, Ar), 8.31 (s, 4H, Ar-py), 8.24 (dd, J2 = 

8.87 Hz, J1 = 6.00 Hz, 4H, Ar-py), 7.95 (s, 4H, Ar), 4.45 (s, 12H, Me); IR (ATR) ν-1 (cm-

1): 3016, 2931, 1584, 1498, 1409, 1276, 1171, 1125. HR-MS (ESI Positive TOF_MS-100-

3500.m) for C88H48F24N12O4Zn: m/z 630.4153 [MCl]3+ (calculated: 630.4167); 963.1093 

[MCl2]2+ (calculated: 963.1098). 

ZnPc 3: Phthalonitrile B (1 eq), phthalonitrile A-3 

(1 eq) and anhydrous Zn(AcO)2 (1 eq) were placed 

in a 5 mL high pressure resistant flask equipped 

with a magnetic stirrer, and then 2.7 mL ([B]=0.1 

M) of dry o-DCB/DMF 2:1 were added. The mixture 

was heated to 150-160ºC overnight under an argon 

atmosphere. After cooling the solvent was removed 

under vacuum. The product was purified by column 

chromatography on Bio-Beads using CHCl3 as eluent. After evaporation of the solvent a 

blue solid was obtained, which was washed with heptane. Yield: 50 mg, (20%). 1H-NMR 

(300 MHz, THF-d8) δ (ppm): 2.35 (s, 24H, NMe2); 2.81 (t, J = 7.09 Hz, 8H, CH2); 3.23 

(t, J = 7.09 Hz, 8H, CH2); 8.12 (s, 4H, Ar); 8.24 (s, 4H, Ar); 8.58 (s, 4H, Ar); 8.84 (s, 8H, 

Ar). 13C-NMR (75 MHz, THF-d8): 33.4 (CH2), 45.6 (NMe2), 58.7 (CH2), 122.4, 122.8 (brs, 

C*CF3), 125.0 (q, J = 272.42 Hz, CF3), 132.1, 132.4, 132.8, 136.4, 136.9, 137.9, 142.0, 

144.3, 153.4, 154.4 (C=N). IR (ATR) ν-1 (cm-1): 2930 (ar, C-H st), 1729, 1668, 1380 

(pyrrole ring), 1279, 1179 (C-F st), 1134 (C-F st). HR-MS (MALDI, matrix: DCTB+PMMA 

2100+NaI) for C80H60F24N12S4Zn: m/z 1837.2917 [M+H]+ (calculated: 1837.2928). 

PS-2: 3 (1 eq) was placed in a 5 mL high 

pressure resistant flask equipped with a 

magnetic stirrer and 0.9 mL of dry ethanol 

(EtOH) (dried over 4Å molecular sieves) were 

added. Then, an excess of IMe (20 eq) was 

added and the mixture was refluxed overnight. 

After cooling the solvent was removed under 

vacuum. The residue was washed with CHCl3, 

heptane, diethylether and CHCl3 again, and a green solid was obtained. Yield: 13 mg 

(36%). 250 mg of Dowex® (1x8 200-400) were suspended in 10 mL of MiliQ water, the 

product was dissolved in 0.2 mL of DMSO was added and stirred for 2h. Then, the mixture 

was filtered, washed with diethylether, and evaporated under vacuum. 1H-NMR (300 

MHz, DMSO-d6) δ (ppm): 3.13 (s, 36H, NMe3); 8.22 (s, 4H, CHAr); 8.36 (s, 4H, CHAr); 

8.73 (s, 4H, CHAr); 8.89 (s, 8H, CHAr); CH2 signals are overlapped by the solvent. IR 

(ATR) ν-1 (cm-1): 2929 (ar, C-H st), 1682, 1482, 1388 (pyrrole ring), 1278, 1179 (C-F st), 

1132 (C-F st). HR-MS (ESI Positive TOF_MS-50-3000.m) for C84H72F24N12S4Zn: m/z 

474.0942 [M]4+ (calculated: 474.0943); 643.7829 [MCl]3+ (calculated: 643.7822); 

983.1589 [MCl2]2+ (calculated: 983.1580). 
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ZnPc 5: 1 (15 mg, 1 eq), 7 (6.67 eq.), 

PdCl2(PPh3)2 (0.040 eq.) and CuI (0.040 eq.), 

were dissolved in 1 mL of dry diisopropylamine 

(distilled with CaH2 and collected over 4Å 

activated molecular sieves) and stirred at 70 °C 

overnight under argon atmosphere. The mixture 

was diluted with chloroform (20 mL) and washed 

with water (3x20 mL), dried over MgSO4, filtrated 

and evaporated under vacuum. The product was purified by column in Bio-Beads using 

chloroform as eluent, and then by column chromatography on SiO2 (EtOAc/pyridine 99:1 

and then THF/pyridine) being the product the last eluted fraction. After evaporation the 

green solid was washed with heptane. Yield: 1.5 mg (11%). 1H-NMR (300 MHz, THF-d8) 

δ (ppm): 7.67 (d, J = 5.76 Hz, 8H, py), 8.34 (s, 4H, Ar), 8.45 (s, 4H, Ar), 8.63 (s, 4H, 

Ar), 8.72 (d, J = 5.76 Hz, 8H, py), 8.85 (s, 8H, Ar). 13C-NMR The low amount obtained 

due to the low yield prevented obtaining the spectrum IR (ATR) ν-1 (cm-1): 2959, 2927, 

2359, 1591, 1377, 1275, 1165, 1132. HR-MS (MALDI (ULTRAFLEX III) DCTB + PEGNa 

2000) for C92H36F24N12Zn: m/z 1828.2112 [M]+ (calculated: 1828.2089). 

ZnPc 6: 4 (15 mg, 0.008 mmol) and 8 

(15.6 mg, 0.09 mmol) were placed in a 

5 mL high pressure resistant flask 

equipped with a magnetic stirrer and 

0.85 mL of dry acetonitrile were added. 

Solution was heated for 90 minutes at 

180 ºC under MW irradiation. After 

cooling, the mixture was transferred 

into a flask and the solvent evaporated to dryness. Finally, product was poured onto 

heptane and the resulting green precipitate was filtered off and dried over vacuum. Yield: 

11 mg (62%). 1H-NMR (500 MHz, DMSO-d6) δ (ppm): 1.91 (t, J = 6.52 Hz, 8H, CH2), 

2.19 (s, 24H, CH3), 2.45 (m, 8H, CH2), 4.03 (t, J = 6.45 H, 8H, CH2), 7.02 (d, J = 8.34 

Hz, 8H, Ar), 7.06 (d, J = 8.34 Hz, 8H, Ar), 7.75 (s, 4H, Ar), 7.97 (s, 4H, Ar), 8.23 (s, 4H, 

Ar), 8.77 (s, 8H, Ar). 13C-NMR (125 MHz, DMSO-d6): 26.9, 45.1, 55.8, 66.3, 115.5, 115.7, 

116.1, 118.5, 122.4, 129.9, 130.2, 131.2, 132.1, 134.6, 136.0, 152.2. IR (ATR) ν-1 (cm-

1): 2948 (Ar, C-H st), 1711, 1593 (pyrrole ring), 1500, 1276, 1199 (C-F st), 1132 (C-F 

st). MS (MALDI, matrix: DCTB) for C108H84F24N12O8Zn: m/z [M] + [M+H]+ mixture 2196.5 

(calculated: 2196.5), 2151.4 (calculated: 2151.5) [M-(HNMe2)], 2106.3 (calculated: 

2016.4) [M-2(HNMe2)]. Due to the large number of ions in the region of the molecular 

ion it is not possible to measure the exact mass reliably by possible interference with the 

internal standard. 
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PS-3: ZnPc 6 (1 eq.) was placed in 

a 5 mL high pressure resistant flask 

equipped with a magnetic stirrer and 

0.9 mL of dry ethanol (EtOH) (dried 

over 4Å molecular sieves) were 

added. Then, an excess of MeI (20 

eq.) was added and the mixture was 

refluxed overnight. After cooling the 

solvent was removed under vacuum. The residue was washed with EtOAc and heptane 

and it was filtered off to obtain a green solid. Yield: 2 mg (19%).250 mg of Dowex® 

(1x8 200-400) were suspended in 10 mL of MiliQ water, the product was previously 

dissolved in 0.2 mL of DMSO was added and stirred for 2h. Then, the mixture was filtered, 

washed with diethylether, and evaporated under vacuum. 1H-NMR (500 MHz, DMSO-d6) 

δ (ppm): 2.25 (br s, 8H, CH2), 3.14 (s, 36H, CH3), 3.54 (m, 8H, CH2), 4.10 (br s, 8H, 

CH2), 6.85-7.17 (m, 16H, Ar), 7.76 (s, 4H, Ar), 7.98  (s, 4H, Ar), 8.24  (s, 4H, Ar), 8.77 

(s, 8H, Ar). IR (ATR) ν-1 (cm-1): 2929 (ar, C-H st), 1616 (pyrrole ring), 1501, 1277, 1196 

(C-F st), 1133 (C-F st). HR-MS (ESI Positive TOF_MS-100-3500.m) for C112H96F24N12O8Zn: 

m/z 763.8681 [MCl]3+ (calculated: 763.8685); 1163.2876 [MCl2]2+ (calculated: 

1163.2874). 

c) Photophysical studies 

 Fluorescence spectra: 

The samples were excited at: PS-1 667 nm (MeOH), and PS-2 684 nm (MeOH). 

 Fluorescence Quantum Yields: 

The samples were excited at: PS-1 651.5 nm (MeOH), and PS-2 634 nm (MeOH). 
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Abstract: 

We describe the preparation of a battery of chiral Zn(II) phthalocyanines with an AABB 

substitution pattern through cross-condensation of different chiral, binaphthyloxy-linked 

bisphthalonitriles and (non)- functionalized single phthalonitriles. All the compounds are 

endowed with reactive groups (halogen and/or ethynyl moieties) that will allow us to 

prepare customized amphiphilic phthalocyanines. Preliminary self-assembly studies in 

solution have been performed by UV−vis and circular dichroism experiments. 
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5.2. Introduction and Objectives 

Helical supramolecular architectures fabricated from optically active Pc compounds have 

attracted widespread attention in relation with their potential applications in chiral 

sensing, catalysis, and chiroptical devices.1–3 Among the different strategies to induce 

chirality in Pcs,2–6 the introduction of optically active binaphthyl conformers as 

substituents deserves special mention. Binaphthyl-containing Pcs were formerly 

described by Kobayashi and co-workers,7 who demonstrated that the optical purity of the 

binaphthyloxy-phthalonitrile precursor was preserved under the harsh conditions of the 

Pc core formation. From then on, several Pcs and related compounds endowed with 

optically pure binaphtyl cores have been prepared,8–12 some of them (i.e. symmetrically 

substituted derivatives) showing self-assembly abilities that lead to chiral supramolecular 

structures.13–16 

Within this family of compounds, particularly interesting are the low-symmetry, optically 

active ‘adjacent’ type Pcs with C2v symmetry (Figure 5.1) which can be envisioned as 

central cores for the development of amphiphilic Pcs after proper functionalization at the 

different positions of the macrocycle. This type of compounds were previously 

synthesized by mixed condensation between a (non-)functionalized phthalonitrile (B) and 

a geometrically-constrained binaphthyloxy-bridged bisphthalonitrile (AA). This approach 

substantially reduced the number of possible Pcs formed in the statistical cross-

condensation from six to three, namely AAAA, AABB and BBBB Pcs. Several groups have 

reported a number of optically active AABB Pcs and related derivatives functionalized 

with solubilizing akyl or alkoxy moieties at the B isoindoles,17–21 but there are no reports 

on the synthesis and characterization of chiral C2v-type AABB Pcs with an amphiphilic 

character imparted by the proper substitution at either the binaphthyl rings or the A 

isoindoles, or at both sites. However, non-chiral Zn(II)Pcs but with an amphiphilic 

character and C2v geometry have been described by B. Ongarora et al.22 Self-assembling 

amphiphile systems, specially π-conjugated23,24 and chromophoric25,26 building blocks, is 

an efficient route to construct a large variety of useful nanostructures.27–29 Therefore, a 

customized functionalization of optically active AABB Pcs could convert them in 

amphiphiles prone to self-assemble in a chiral fashion through an interplay of π-π 

interactions and solvent-induced effects. 

In recent years, as shown in Part 1 of this thesis (Background and Chapters 1 to 4), 

we have reported several examples of ‘oppositely’ substituted-Pcs (ABAB, D2h type),30 

that have been successfully employed either for building unprecedented donor-π-

acceptor chromophores for photovoltaic cells,31,32 or as potential PS for photodynamic 

therapy when appropriately functionalized with hydrophilic groups.33,34 Next, we are 

focusing our attention on the synthesis of binaphthyl-containing AABB Pcs (Figure 5. 1) 

as platforms for the preparation of differently functionalized C2v systems provided with 



CHAPTER 5 - Synthesis and aggregation studies of functional binaphthyl-bridged chiral phthalocyanines 
 

175 

amphiphilic character and self-assembly abilities that can give rise to outstanding chiral 

nanostructures. 

 

Figure 5. 1. Binaphthyl-containing AABB Zn(II)Pcs as platforms for the preparation of differently 
functionalized C2v systems. 

To this aim, we have explored the preparation of a battery of optically active, low 

symmetrical AABB Pcs (1-6, Scheme 5. 2, see below) from AA bisphthalonitriles (7a-d, 

Scheme 5. 1 see below) and (non-)functionalized single phthalonitriles (8a-d). The final 

goal is to prepare AABB Pcs in reasonable yields, and containing reactive groups 

(halogen, and ethynyl moieties) that can give rise to further chemical transformations 

directed towards the introduction of hydrophilic residues. On the other hand, in order to 

enhance the solubility and enlarge the hydrophobic part of the final Pc, some of the AA 

and B precursors have been decorated with alkyl chains. In such a way, the prepared Pc 

building blocks can give rise to a variety of customized compounds with amphiphilic 

features that will allow us to modulate their properties in terms of solubility, 

supramolecular organization, and plausible biological applications. 

5.3. Results and discussion 

a) Synthesis 

Key AA-bisphthalonitriles 7a-d were prepared from the chiral (R)-1,1'-bi-2-naphthol 

(BINOL), (see Scheme 5. 1). The synthesis of 7a 17,35 and 7b13,36,37 had been previously 

described. (R)-7a can be obtained via a single step high yielding reaction from 

commercially available 3-nitrophthalonitrile and (S)- or (R)-BINOL. In order to enhance 

its solubility and the hydrophobic character of the final Pc, this BINOL can be decorated 

with two alkyl chains attached to the binaphthyl linker. (R)-7b was prepared trough 

nucleophilic aromatic substitution reaction using 3-nitrophthalonitrile and (R)-2,2’-

dihydroxy-6,6’-dioctyl-1,1’-binaphthyl (12), which was obtained after a protection step, 

Grignard reaction, and deprotection of (R)-9. In the case of 7c, we have also prepared 

the (S)-enantiomer in order to check if the chirality of the binapthyl unit is preserved 
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under the conditions that we apply for the preparation of Pcs. Therefore, 7c was 

prepared through a double ipso-substitution of 3-nitrophthalonitrile with either (S)- or 

(R)-6,6’-dibromo-1,1'-bi-2-naphthol 9 (Scheme 5. 1), which were previously obtained by 

bromination of the corresponding enantiomer of BINOL.36 Finally, (R)-9 was subjected to 

Sonogashira coupling with tBuMe2Si-acetylene,38 yielding a BINOL derivative 

functionalized with protected ethynyl moieties (10) that led to the latter bisphthalonitrile 

7d (Scheme 5. 1). For the novel 7c and 7d COSY and 1H NMR spectra are respectively 

showed in Figure 5. 2 and Figure 5. 3. 

 

Scheme 5. 1. i) Synthesis of optically active (R)- or (S)- AA phthalonitriles (7 a-d). i) 3-
nitrophthalonitrile, K2CO3, DMF, r.t., 72h; ii) Br2, DCM, -78°C to r.t., 3.5h; iii) 3-nitrophthalonitrile, 

K2CO3, DMSO, r.t., 5h; iv) NaH, CH3OCH2Cl, THF, 0°C to r.t., 12h; v) (1) (dppp)NiCl2, 1-
C8H17MgBr, Et2O, r.t. to reflux, 40h, (2) HCl, CHCl3/MeOH, r.t., 10h; vi) 3-nitrophthalonitrile, 
K2CO3, DMSO, r.t., 72h; vii) tBuMe2Si-acetylene, PdCl2(PPh3)2, CuI, Et3N, 60°C, 4h; viii) 3-

nitrophthalonitrile, K2CO3, DMSO, r.t., 48h. 
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Figure 5. 2. COSY of 7c in DMSO-d6 

 

Figure 5. 3. 1H-NMR of 7d in CDCl3. 

With the bisphthalonitriles 7a-d in hand, we proceeded to carry out the mixed 

condensation with single phthalonitriles, 8a-d (Scheme 5. 2), which are either 

commercially available or prepared following reported procedures (see Experimental 

section). The cross condensation was performed by heating a 1:2 mixture of the 

corresponding AA-bisphthalonitriles and the single phthlonitriles B, respectively, in the 

presence of Zn(OAc)2 in o-DCB/DMF 2:1 at 160°C. In these conditions, the target AABB 

derivatives 1-6 were formed, together with the corresponding symmetrical (B)4 and (AA)2 
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Zn(II)Pcs. It is worth mentioning that in the previous reports on binaphthyl AABB Pcs, 

AA phthalonitriles had to be converted into their more reactive isoindoline forms, and 

then reacted with another 1,3-diiminoisoindoline derivative, followed by a metalation 

step.17,20,21 In our case, using the above mentioned conditions, we could skip the 

activation of both precursors and the subsequent metalation, and still obtaining our 

Zn(II)Pcs 1-6 in similar, or even higher yields, than those previously reported. 

 

Scheme 5. 2. Synthesis of AABB Zn(II)Pcs. (i): o-DCB:DMF, 2:1, Zn(OAc)2 150-160°C, overnight. 

From all the possible combinations of bisphthalonitriles 7a-d and phthalonitriles 8a-d, 

we selected those in which: i) halogens are installed in only one of the components, AA 

or B (i.e. Zn(II)Pcs 1 and 4), which would permit further coupling reactions with, for 

instance, hydrophilic moieties; ii) one of the components is endowed with hydrophobic 

alkyl chains and the other holds halogen atom(s), (i.e. Zn(II)Pcs 2, 3 and 5); and iii) the 

ethynyl-containing bisphthalonitrile 7d is reacted with halogen-containing phthalonitriles, 

affording the possibility of orthogonal functionalization of both components through 
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cross-coupling methodologies. First, cross condensation between non-functionalized 

bisphthalonitrile 7a and iodo-containing phthalonitriles 8a and 8b was tackled. Isolation 

of the target AABB Zn(II)Pc 1 proved difficult, but it was finally obtained in 11% yield. 

However, the condensation of 7a with 8b gave rise to mixtures from which the target 

AABB compound could not be isolated. Bisphthalonitrile 7b, functionalized with two octyl 

chains, reacted successfully with both iodo-containing phthalonitriles 8a and 8b, leading 

to Zn(II)Pcs 2 and 3 in 17% and 33% yields, respectively, which can be considered from 

moderate to good considering the statistical nature of the process. However the opposite 

approach that implies the reaction of the hydrophobic phthalonitrile 8d with the bromo-

containing bisphthalonitrile 7c led to the corresponding AABB Zn(II)Pc 5 in the lowest 

yield of the series (6%). 7c was also reacted with the non-functionalized phthalonitrile 

8c to give Zn(II)Pc 4 in 21% yield. Finally, ethynyl-containing bisphthalonitrile 7d was 

reacted with 8a and 8b, but only Zn(II)Pc 6 endowed with two iodine atoms could be 

obtained in moderate 13% yield. Attending to their interesting functionalization pattern, 

which can also lead to interesting nanostructures upon appropriate derivatization, the 

symmetrical tetrabromo- ((AA)2-c) and tetraethynyl- ((AA)2-d) Zn(II)Pcs were isolated 

from the reaction mixtures, and properly characterized (see the Experimental Section). 

1H NMR spectra of Zn(II)Pcs 1-6 were registered in coordinative solvents such as THF-

d8 or DMSO-d6 to avoid aggregation, but, in most of the cases, heating at 50ºC (in THF) 

or 90ºC (in DMSO) was also necessary to further break the aggregation that most of the 

compounds show at NMR concentrations (i.e. 10-3 M). In Figure 5. 4, the well-resolved 

spectrum of AABB Zn(II)Pc 5 is compared with those of its B4 and (AA)2 counterparts. 
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Figure 5. 4. 1H NMR of B4-d, Zn(II)Pc 5 and (AA)2-c in DMSO-d6 (*) at 90°C. For full 
assignation, see the Experimental Section. 

b) Aggregation studies 

To confirm the optical stability of the binaphthyl unit under the reaction conditions, and 

therefore, the optical purity of the final Zn(II)Pcs, we have recorded the circular dichroism 

(CD) spectra in THF of Zn(II)Pcs 4 prepared from the two different enantiomers of 7c 

(Figure 5. 5A). The presence of the optically active binaphthyl moieties induces the 

appearance of CD signals in both the Soret and Q-band regions,8 although the latter is 

much less intense than the Soret contribution. The spectra recorded with identical 

concentrations of the (R) and (S) enantiomers show transitions that are mirror images, 

thus confirming that racemization do not occur during the formation of the Pc. Figure 5. 

5B shows how CD signal is cancelled by mixing R and S enantiomers of Zn(II)Pc 4 in 

different ratios. 

* *

* *

* *

ppm
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Figure 5. 5. (A) CD of Zn(II)Pcs (S)-4 and (R)-4 (top) together with the electronic absorption 
spectrum in THF (bottom); (B) (S)-4 and (R)-4 mixed together in different ratios in THF. 

Importantly, as observed in similar, previously reported, (R)-binapthyloxy-bridged AABB 

Pcs,17 and for Zn(II)Pc 4 (Figure 5. 5), the spectra of the rest of Zn(II)Pcs 1-6 in THF 

solution, where they are molecularly dissolved, show also mainly positive CD envelopes 

corresponding to the main Soret and Q-bands. Following with the optical characterization 

of Zn(II)Pcs 1-6, we registered their absorption in different solvents. For all the 

compounds, UV-vis spectra in THF at concentration ca. 10-6 M showed a single, narrow 

Q-band typical for metallic monomeric Pcs, which is also compatible with their C2v 

symmetry (see Figure 5. 6B, blue line). Turning to toluene solutions, Zn(II)Pcs 1, 4 and 

5 do not aggregate either in this solvent, but the compounds holding alkyl chains or 

alkylsilyl-protected ethynyl moieties at the binaphthyl unit (2, 3, 6) show evidences of 

aggregation in their spectra (see Figure 5. 6B, red line), probably as a consequence of 

their most pronounced amphiphilic character imparted by the presence of hydrocarbon 

chains and the polarization of the aromatic core induced by the halogen atoms. For the 

three derivatives we recorded the absorption spectra in a more non-polar solvent, namely 

methylcyclohexane (MCH), discerning broad blue-shifted bands compatible with the 

formation of H-aggregates (see Figure 5. 6B, green line). 
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Figure 5. 6. UV-vis spectra for AABB Zn(II)Pcs 2, 3 and 6 in three solvents. 

As Zn(II)Pcs 2, 3 and 6 show more evidences of aggregation more exhaustive 

experiments were performed. CD spectra were also recorded for Zn(II)Pcs 2, 3 and 6 in 

the same three solvents as shown in Figure 5. 7. 

 

Figure 5. 7. CD spectra for AABB Zn(II)Pcs 2, 3 and 6 in three solvents. 

To check the stability of the aggregates formed in non-coordinative solvents, we heated 

the toluene and MCH solutions of Zn(II)Pc 2, 3 and 6 up to 353K (Figure 5. 8 top and 

Figure 5. 9 top). In toluene, the absorption spectrum of the monomeric species was 

recovered, but for MCH the monomer/aggregate band ratio remained similar. 

Similarly, addition of THF to the solutions of Zn(II)Pcs in toluene at room temperature 

led to the recovery of the monomeric species (with only 1% of THF), but in MCH, 

disaggregation was not achieved even at 10% of THF (Figure 5. 8 down and Figure 5. 9 

down). 
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Figure 5. 8. Temperature changes or upon THF adition to toluene solutions of Zn(II)Pcs 2, 3 and 
6 at concentration 5·10-6 and 2·10-5 M. 

 

Figure 5. 9. Temperature changes or upon THF adition to MCH solutions of Zn(II)Pcs 2, 3 and 6 
at concentration 5·10-6 and 2·10-5 M. 

In MCH 2 seems to be harder disaggregated than 3 with temperature, and harder 

disaggregated than 6 upon addition of THF. These two facts, together with the wider 

band in the UV-vis spectrum, and a more pronounced negative sign in MCH CD spectrum 
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for Zn(II)Pc 3 (Figure 5. 7), suggest that this compound forms more stable aggregates, 

which could be rationalized on the basis of: i) it largest polarization, due to the presence 

of four iodine atoms (instead of the two installed in 2 and 6); and/or ii) a better 

organization of the Pcs in the assembly, as Zn(II)Pc 3 is composed of a single 

regioisomer, while 2 and 6 are, indeed, a mixture of three positional isomers (see Figure 

5. 10). 

 

Figure 5. 10. Zn(II)Pc 3 single regioisomer, versus 2 and 6 as a mixture of three positional 
isomers. 

Turning to CD experiments for Zn(II)Pc 3, and comparing the spectra in THF with those 

in toluene and MCH (Figure 5. 7), we can observe a change in the dichroic behavior of 

the monomeric species and the aggregates. In THF, a weak Cotton effect was observed 

in the Q-band transition, with a negative and a positive sign at 696 and 627 nm, 

respectively, and a very strong positive signal at 352 nm for the B-band transition. In 

toluene, a change of sign for the CD signals in the Q-band region is observed (i.e. positive 

signal at 743 nm and negative at 637 nm), together with the raising of a new small 

positive signal at 565 nm, while the B-band region remains similar. The spectrum 

recorded in MCH exhibits similar signals than in toluene for the Q band transitions, 

whereas the intensity of the signal at 352 nm decreases. 

Temperature dependence experiments for Zn(II)Pc were reproduced at higher 

concentration (10-4 M) in order to favour the aggregates formation. Accordingly to the 

UV-vis experiments, heating the toluene solution at 353K (Figure 5. 11) leads to a 

disassembly of the aggregate (please compare the spectrum at 353K in toluene in Figure 

5. 11A and the spectrum in THF in Figure 5. 6), but in the case of MCH solutions, the CD 

signals remain similar and only an increase in intensity is observed. This behavior 

matches with that observed in the UV-vis experiments, both indicating that robust H-

aggregates of Zn(II)Pc 3 are formed in MCH. 
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Figure 5. 11. CD and absorption spectra for Zn(II)Pc 3: temperature dependence of the CD 
signals (top) and the absorption bands (bottom) in toluene (A) and MCH (B). Concentration:  

10-4 M. *: Spectra recorded after cooling down from 353K. 

Finally, we tried to complete the disaggregation completely upon addition of THF but 

even at 40 % THF signs of aggregation were observed (Figure 5. 12). 

 

Figure 5. 12. AABB Zn(II)Pc 3 disaggregation with THF in MCH. 
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5.4. Conclusions 

As a conclusion, we have improved the previously reported synthetic methodology 

towards binaphthyl-functionalized AABB Zn(II)Pcs, and  successfully prepared a battery 

of chiral derivatives endowed with halogen or ethynyl moieties that can be further 

transformed to obtain a variety of customized compounds with amphiphilic features. 

Some of the Zn(II)Pcs show aggregation behavior in nonpolar solvents and, in particular, 

Zn(II)Pc 3 with a well-defined C2v geometry, forms robust, chiral nanostructures in 

solution. This feature, together with its functionalization with both alkyl chains and iodine 

atoms, turn this derivative into a model synthon for further preparation of amphiphilic 

Zn(II)Pcs able to self-assemble in polar media. 

5.5. Experimental section 

Chemicals were purchased from commercial suppliers and used without further 

purification unless stated otherwise. Compounds 7a,17,35 7b,13,37 8a,39 8b,40 8d,41 9,36 

and 1038 have been prepared according to published procedures. 

 Synthesis of phthalonitriles: 

Synthesis of 7c: To a solution of 3-nitrophthalonitrile (0.858 g, 

4.95 mmol) and (R)- or (S)-6,6’-dibromo-BINOL 9 (1 g, 2.25 

mmol) in dry DMSO (10 mL) at room temperature, potassium 

carbonate (1.15 g, 8.33 mmol) was added in several portions. 

The mixture was stirred at room temperature under an argon 

atmosphere for 5h. The reaction mixture was poured into ice 

water (100 mL), filtered and the solid was washed with water 

(250 mL) and dried. The product was recrystallized in EtOAc, giving the product as a 

yellowish solid. Yield: 1.10 g (70%). 1H-NMR (300 MHz, DMSO-d6): δ 7.18 (d, J = 9.04 

Hz, 2H, HAr-bi), 7.30 (d, J = 8.50 Hz, 2H, HAr-ai), 7.48 (d, J = 9.04 Hz, 2H, HAr-bi), 7.62 

(m, 4H, HAr-ai), 7.67 (m, 2H, HAr-di), 8.22 (d, J = 8.90 Hz, 2H, HAr-di), 8.39 (s, 2H, HAr-

c). 13C-NMR (75 MHz, DMSO-d6): δ 104.6, 112.6, 115.3, 115.6, 119.4, 121.0, 121.6, 

121.9, 127.4, 128.2, 130.3, 130.5, 130.8, 131.5, 132.3, 135.7, 150.0, 158.8. IR(ATR) 

ν-1 (cm-1):3074, 2227 (C≡N st), 1568, 1491, 1449, 1350, 1319, 1258, 801. HR-MS for 

C36H16Br2N4O2: APCI Positive (ULTRAFLEX II), apci + fia hplc1100 t = 300.m; MeOH as 

ionizing phase; [M+H]+ 726.9975 (calculated), 726.9995 (experimental); [M+H+MeOH]+ 

is also observed. [𝛼]𝐷
20 = +71.6° (c = 0.4, CH2Cl2) for (R)-8c; and [𝛼]𝐷

20 = -78.7° (c = 

0.4, CH2Cl2) for (S)-8c. m.p. = 280-282°C. 

ai

b1
d2

c

d1

b2
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Synthesis of 7d: To a solution of 3-nitrophthalonitrile 

(154 mg, 0.888 mmol) and (R)-BINOL derivative 10 

(200 mg, 0.355 mmol) in dry DMSO (5 mL) at room 

temperature, potassium carbonate (245 mg, 1.78 

mmol) was added in several portions. The mixture was 

stirred at room temperature under an argon 

atmosphere for 48h. The reaction mixture was poured 

into ice water (100 mL), and the aqueous layer was 

extracted with ethyl acetate. After being dried with 

anhydrous MgSO4, the organic layer was evaporated, 

and the residue was purified by silica gel chromatography (heptane:EtOAc, 3:1), giving 

the product as a withe solid. Yield: 147 mg (51%). 1H-NMR (300 MHz, CDCl3): δ 0.14 

(s, 12H, Me-d), 0.94 (s, 18H, tBu-e), 7.12 (d, J = 8.75 Hz, 2H, HAr-bi), 7.19-7.28 (m, 8H, 

HAr-ai,bi,di), 7.48 (t, J = 8.32 Hz, 2H, HAr-ai), 7.91 (d, J = 9.01 Hz, 2H, HAr-di), 8.01 (s, 

2H, HAr-c). 13C-NMR (75 MHz, CDCl3): δ -4.5, 16.9, 26.3, 77.2, 105.2, 105.9, 109.1, 

112.3, 115.0, 117.1, 120.0, 121.4, 121.6, 122.6, 125.5, 127.5, 130.6, 131.1, 131.4, 

132.5, 133.0, 134.9, 150.3, 159.8. IR(ATR) ν-1 (cm-1):3073, 2951, 2928, 2855, 2232 

(C≡N st), 2150 (C≡C st), 1574, 1458, 1347, 1268, 1208, 823. HR-MS for C52H46N4O2Si2: 

FAB EI+, Matrix: m-NBA, HR FB+; [M+H]+ 815,32375 (calculated), 815.3237 

(experimental); [M+H-tBu]+ is also observed. [𝛼]𝐷
20 = +63.8° (c = 0.3, CH2Cl2) for (R)-

7d. m.p. = 278-280°C. 

 General procedure for the synthesis of Zn(II)Pcs 1-6: 

Bishthalonitrile AA 7 (1 eq.), phthalonitrile B 8 (2 eq.) and anhydrous Zn(AcO)2 (1.5-2 

eq.) were placed in a 5 mL high pressure resistant flask equipped with a magnetic stirrer, 

and then dry o-dichlorobenzene/DMF (dried over 4Å molecular sieves) 2:1 were added, 

for [AA 7]=0.05 M. The mixture was heated to 150-160°C overnight under argon 

atmosphere. After cooling, the solvent was removed under vacuum. The mixture of 

products was then purified as follows. 

Synthesis of Zn(II)Pc 1: Following the general 

procedure: 7a (63.6 mg, 0.118 mmol), 8a (60 mg, 0.236 

mmol) and Zn(OAc)2 (43.3 mg, 0.236 mmol). Solid was 

initially washed with heptane and purified by column 

chromatography on SiO2 (THF/heptane from 1:2 to 1:1). 

The first compound to elute was B4-a, unequivocally 

confirmed by MALDI-TOF mass spectrometry, sequentially 

followed by the target AABB 1 and A4-a which show similar Rf. To achieve full separation 

after common silica gel column chromatography, an additional column chromatography 

on Bio-Beads using THF as eluent was necessary. Elution sequence was monitored by 

semipreparative chiral HPLC (see Figure 5. 13). Unfortunately HPLC separation is not 

c
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good enough, preventing the semipreparative application of this technique. After 

evaporation of the solvent, a blue solid was obtained, which was washed with MeOH. 

Yield: 14.1 mg, (11%). 1H-NMR (500 MHz, DMSO-d6): δ 7.50, 7.62, 7.84, 7.94, 7.97, 

8.18, 8.28 (m, 12H, HAr-b,c); 8.35, 8.43, 8.66, 8.77, 8.91, 8.97, 8.99, 9.13, 9.29, 9.45 

(m, 12H, HAr-ai). IR(ATR) ν-1 (cm-1): 2960, 2923, 2853, 1260, 1089, 1021, 804. HR-

MS for C52H24I2N8O2Zn: MALDI (ULTRAFLEX III); DCTB + PPGNa 1000; 1109.9398 

(calculated), 1109.9385 (experimental). UV-vis (THF) log(/M-1cm-1) (): 4.8 (343 nm); 

4.5 (612 nm); 5.3 (678 nm). Fluorescence: maximum = 690 nm; excitation = 668 nm. 

 

Figure 5. 13. HPLC chromatograms of: (a) AABB 1 + A4-1a reaction mixture (continuous line) 
and reaction mixture enriched with A4-1a (dashed line); (b) pure AABB 1; and (c) pure A4-1a. 

Semipreparative chiral column chromatography for HPLC: Chiralpack IC 10mmϕ x 250mL, particle 
size 5 μm, Part No. 83335, Daicel Corporation. Conditions: flow 1mL/min, chloroform:THF (99:1), 
T=25°C, detection by UV-vis at 350 nm and 676 nm; injection volume 15 μL from a solution of 

the AABB 1 and (AA)2-a mixture 1 mg/mL. 

Synthesis of Zn(II)Pc 2: Following the 

general procedure: 7b (60 mg, 0.079 

mmol), 8a (40 mg, 0.157 mmol) and 

Zn(OAc)2 (21.6 mg, 0.1180 mmol). Solid 

was initially washed with heptane and 

purified by column chromatography on 

SiO2 (dioxane/heptane, 1:4). Symmetrical phthalocyanine (AA)2-b was eluted in the first 

fraction, followed by Zn(II)Pc 2, and finally B4-a. The fraction containing Zn(II)Pc 2 was 

further purified by an additional column chromatography on Bio-Beads using THF as 

eluent. After evaporation of the solvent, a blue solid was obtained, which was washed 

with MeOH. Yield: 35 mg, (33%). 1H-NMR (500 MHz, THF-d8, 363K): δ 0.84 (m, 6H, 

CH3-d8); 1.29 (m, 12H, CH2-d5-7); 1.40 (m, 4H, CH2-d4); 1.47 (m, 4H, CH2-d3); 1.83 (m, 

4H, CH2-d2); 2.88 (m, 4H, CH2-d1); 7.46, 7.54, 7.61, 7.71, 7.80, 7.90, 7.99, 8.01, 8.06 
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(m, 16H, HAr-ai,bi,c); 8.25, 8.39, 8.52, 8.69, 8.82, 8.91, 9.00, 9.11 (m, 6H, HAr-ai). 

IR(ATR) ν-1 (cm-1): 2961, 2922, 2853, 1259, 1088, 1017, 798. HR-MS for 

C68H56I2N8O2Zn: MALDI (ULTRAFLEX III); DCTB + PEGNa 1500; 1334.1902 (calculated), 

1334.1877 (experimental). UV-vis (THF) log(/M-1cm-1) (): 4.7 (343 nm); 4.5 (612 nm); 

5.2 (678 nm). Fluorescence: maximum = 690 nm; excitation = 668 nm. 

Synthesis of Zn(II)Pc 3: Following 

the general procedure: 7b (52 mg, 

0.068 mmol), 8b (52 mg, 0.136 mmol) 

and Zn(OAc)2 (19 mg, 0.102 mmol). 

Solid was initially washed with heptane 

and purified by column chromatography 

on SiO2 (dioxane/heptane, 1:2). (AA)2-

b was eluted in the first fraction, 

followed by Zn(II)Pc 3, and finally B4-b. The fraction containing Zn(II)Pc 3 was further 

purified by an additional column chromatography on Bio-Beads using THF as eluent. After 

evaporation of the solvent, a blue solid was obtained, which was washed with MeOH. 

Yield: 18 mg, (17%). 1H-NMR (500 MHz, THF-d8, 363K): δ 0.83 (m, 6H, CH3-d8); 1.28 

(m, 12H, CH2-d5,6,7); 1.41 (m, 4H, CH2-d4); 1.47 (m, 4H, CH2-d3); 1.82 (m, 4H, CH2-d2); 

2.87 (m, 4H, CH2-d1); 7.33, 7.50, 7.69, 7.80, 7.95, 8.15 (m, 16H, HAr-ai,bi,c); 9.14, 9.36 

(m, 4H, HAr-ai). IR(ATR) ν-1 (cm-1): 2951, 2919, 2850, 1578, 1475, 1386, 1332, 1259, 

1087, 1019, 800. HR-MS for C68H54I4N8O2Zn: MALDI (ULTRAFLEX III); DCTB + PPGNa 

1000 + PPGNa 2000; 1585.9834 (calculated), 1585.9808 (experimental). UV-vis (THF) 

log(/M-1cm-1) (): 4.8 (357 nm); 4.5 (618 nm); 5.2 (685 nm). Fluorescence: maximum 

= 694 nm; excitation = 680 nm. 

Synthesis of Zn(II)Pc 4: Following the general 

procedure: 7c (100 mg, 0.144 mmol), 8c (36.8 mg, 

0.287 mmol) and Zn(OAc)2 (39.5 mg, 0.215 mmol). Solid 

was initially washed with MeOH and filtered in a silica gel 

plug with THF. After evaporation of the solvent, the 

product was purified by column chromatography on Bio-

Beads using THF as eluent, monitored by TLC (heptane:THF, 3:1, 1% pyridine), being 

the second eluted fraction. After evaporation of the solvent, a blue solid was obtained, 

which was washed with MeOH. Yield: 30 mg, (21%). 1H-NMR (500 MHz, DMSO-d6, 

363K): δ 7.65 (d, J = 9.96 Hz, 2H, HAr-ai); 7.71 (d, J = 9.41 Hz, 2H, HAr-bi); 7.75 (d, J 

= 9.41 Hz, 2H, HAr-bi); 7.98 (d, J = 9.68 Hz, 2H, HAr-bi); 8.04 (d, J = 9.68 Hz, 2H, HAr-

bi); 8.14 (m, 4H, HAr-ai); 8.24 (m, 2H, HAr-ai); 8.25 (s, 2H, HAr-c); 9.19 (m, 2H, HAr-

ai); 9.26 (m, 4H, HAr-e). IR(ATR) ν-1 (cm-1): 2917, 2850, 1575, 1484, 1332, 1270, 1260, 

1121, 1090. HR-MS for C52H24Br2N8O2Zn: MALDI (ULTRAFLEX III); DCTB + PPGNa 1000; 

1013.9675 (calculated); 1013.9681 (experimental). UV-vis (THF) log(/M-1cm-1) (): 4.6 
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(343 nm); 4.3 (607 nm); 5.1 (673 nm). Fluorescence: maximum = 684 nm; excitation = 

663 nm. 

Synthesis of Zn(II)Pc 5: Following the 

general procedure: 7c (100 mg, 0.144 

mmol), 8d (102 mg, 0.287 mmol) and 

Zn(OAc)2 (39.5 mg, 0.215 mmol). The 

mixture was purified by column 

chromatography on SiO2 (THF/heptane 2:1) 

containing the first fraction a mixture of B4-

d and Zn(II)Pc 5, and the second fraction 

(AA)2-c. The first fraction was purified by 

column chromatography on SiO2 

(THF/heptane 1:1 with pyridine 1%) being 

the first fraction B4-d (10 mg, yield: 9%) 

and the second fraction the desired Zn(II)Pc 

5. After evaporation of the solvent, a blue solid was obtained, which was washed with 

MeOH. Yield: 12 mg, (6%). 1H-NMR (500 MHz, DMSO-d6, 363K): δ 1.09 (m, 12H, CH3-

d5); 1.60 (m, 8H, CH2-d4); 1.71 (m, 8H, CH2-d3); 2.10 (m, 8H, CH2-d2); 4.70 (m, 8H, CH2-

d1); 7.73 (m, 2H, HAr-ai); 7.84 (m, 6H, HAr-bi); 8.23 (m, 2H, HAr-ai); 8.39 (m, 2H, HAr-

bi); 8.91 (m, 4H, HAr-ai,c); 9.16 (m, 2H, HAr-ai); 9.40 (m, 2H, HAr-ai). IR(ATR) ν-1 (cm-

1): 2956, 1724, 1577, 1485, 1322, 1269, 1090. HR-MS for C76H64Br2N8O10Zn: MALDI 

(ULTRAFLEX III); DCTB + PEGNa 1500; 1470.2398 (calculated), 1470.2386 

(experimental). UV-vis (THF) log(/M-1cm-1) ():4.8 (346 nm); 4.5 (614 nm); 5.3 (681 

nm). Fluorescence: maximum = 698 nm; excitation = 670 nm. 

Synthesis of (AA)2-c: This product was 

obtained in the synthesis of Zn(II)Pc 5 as 

secondary product in the second fraction of 

the first column chromatography on silica 

gel. After evaporation of the solvent, the 

product was purified by column 

chromatography on Bio-Beads using toluene as eluent. After evaporation of the solvent, 

a blue solid was obtained, which was washed with MeOH. Yield: 14 mg, (13%). 1H-NMR 

(500 MHz, DMSO-d6, 363K): δ 7.57 (m, 4H, HAr-a); 7.68, 7.60 (m, 8H; HAr-bi); 7.98, 

8.01 (m, 8H, HAr-bi); 8.22 (m, 8H, HAr-a,c); 9.27 (m, 4H,HAr-a). IR(ATR) ν-1 (cm-1): 

1577, 1483, 1330, 1267, 1260, 1198, 1103. HR-MS for C72H32Br4N8O4Zn: MALDI 

(ULTRAFLEX III); DCTB + PPGNa 1000 + PPGNa 2000; 1451.8566 (calculated); 

1451.8511 (experimental). UV-vis (THF) log(/M-1cm-1) (): 4.5 (345 nm); 4.2 (613 nm); 

5.0 (684 nm). Fluorescence: maximum = 693 nm; excitation = 674 nm. 
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Synthesis of Zn(II)Pc 6: Following the 

general procedure: 7d (45 mg, 0.055 mmol), 

8a (28 mg, 0.110 mmol) and Zn(OAc)2 (11.1 

mg, 0.061 mmol). Solid was purified by column 

chromatography on SiO2 (THF/heptane from 

1:4 to 1:2). The first eluted fraction contains a 

mixture of (AA)2-d and Zn(II)Pc 6, followed by 

a second fraction with B4-a. First fraction was 

further purified by two additional column chromatography on Bio-Beads using THF as 

eluent. First eluted fraction contains (AA)2-d (traces), and AABB 6 is in the second 

fraction. After evaporation of the solvent, a blue solid was obtained, which was washed 

with MeOH. Yield: 10.3 mg, (13%). 1H-NMR (500 MHz, THF-d8, 323K): δ 0.22 (m, 12H, 

Me-d); 1.05 (m, 18H, tBu-e); 7.67 (m, 2H, HAr-bi); 7.77-7.85 (m, 4H, HAr-ai,bi); 7.95-

8.02 (m, 4H, HAr-bi); 8.08-8.30 (m, 6H, HAr-ai,c); 8.45-8.53 (m, 2H, HAr-ai); 8.65, 7.72, 

8.78 (m, 2H, HAr-ai); 8.95, 9.06, 9.15 (m, 2H, HAr-ai). IR(ATR) ν-1 (cm-1): 2923, 2853, 

2147, 1730, 1576, 1470, 1337, 1254, 1088, 827. HR-MS for C68H52I2N8O2Si2Zn: MALDI 

(ULTRAFLEX III); DCTB + PEGNa 1500; 1386.1127 (calculated), 1386.1101 

(experimental). UV-vis (THF) log(/M-1cm-1) (): 4.6 (350 nm); 4.4 (611 nm); 5.2 (678 

nm). Fluorescence: maximum = 688 nm; excitation = 668 nm. 

Synthesis of (AA)2-d: 

As (AA)2-d was obtained 

in the synthesis of 

Zn(II)Pc 6 with very low 

yield, it was prepared 

independently by mixing 

7d (75 mg, 0.092 mmol) 

and Zn(OAc)2 (13 mg, 0.069 mmol) in dry o-dichlorobencene:DMF (2:1), for [8d]= 0.05 

M at 160°C overnight. Solid was purified by column chromatography on SiO2 

(dioxane/heptane, 1:1). The mixture was further purified by two additional column 

chromatography on Bio-Beads using first toluene and then THF as eluents. After 

evaporation of the solvent, a blue solid was obtained, which was washed with MeOH. 

Yield: 5.2 mg, (7%). 1H-NMR (500 MHz, THF-d8, 298K): δ 0.19 (m, 24H, Me-d); 1.01 

(m, 36H, tBu-e); 8.06 (m, 8H, HAr-bi); 7.82 (m, 8H, HAr-bi); 7.92, 8.04, 8.21 (m, 4H, 

HAr-a,c); 9.36 (m, 4H, HAr-a). IR(ATR) ν-1 (cm-1): 2953, 2147, 1710, 1574, 1470, 1358, 

1250, 1219, 1087, 825. HR-MS for C104H92N8O4Si4Zn: MALDI (ULTRAFLEX III); DCTB + 

PEGNa 1500; 1692.5605 (calculated), 1692.5578 (experimental). UV-vis (THF) log(/M-

1cm-1) ():4.7 (299 nm); 4.7 (349 nm); 4.4 (614 nm); 5.2 (684 nm). Fluorescence: 

maximum = 694 nm; excitation = 680 nm. 
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Abstract: 

Herein, we report the synthesis and characterization of two new amphiphilic 

phthalocyanines (Pcs) (PS-1 and PS-2), the study of their photophysical 

properties, and biological assays to determine their antimicrobial potential. In 

particular, we describe the preparation of chiral Zn(II)Pcs with an AABB geometry 

(where A and B refer to differently substituted isoindole constituents) through 

cross-condensation of different chiral binaphthyloxy-linked bisphthalonitriles, 

which determine the drug hydrophobicity, and cationic methyl pyridinium moieties 

in the other two isoindoles to embody hydrophilicity. The main difference between 

the two PS is the presence or not, of n-octyl chains at the binaphthyl core (PS-2 

and PS-1, respectively), which determines the degree of hydrophobia but does 

not influence the photophysical properties. Both compounds have the ability to 

self-assemble into micelles in water media, and have proved efficient in the 

photoinactivation of S. aureus and E. coli, selected as models of Gram-positive and 

Gram-negative bacteria. The micelle size average and dark toxicity are determined 

by the substitution at the binaphthyl core, being the non-substituted PS-1 more 

effective in killing both types of strains. 
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6.2. Introduction and Objectives 

Amphiphilic drugs are among the most promising compounds to be used as PS for 

photodynamic therapy. This intrinsic feature facilitates both aqueous media 

circulation1 and traversing of the cellular membranes,2 since amphiphilic molecules 

are easily localized both at hydrophobic-hydrophilic interfaces.3 Regarding to 

photodynamic inactivation of bacteria as a non-antibiotic option for the treatment 

of infectious diseases, several examples of amphiphilic drugs application have been 

reported in recent years. Specifically, Gram-positive bacteria have been shown to 

be highly susceptible to PDI, however the inactivation of Gram-negative bacteria 

has been more challenging due to the impermeability properties of the outer 

membrane.4 Porphyrinoid second generation PS are among the most used within 

this area, that turned into third generation PS when their self-assembly capabilities 

in aqueous media facilitates their transport and incorporate new specific functions. 

Regarding to porphyrinoid dyes as PS, as we have explained in the Introduction-

PDT section, charged functions can be attached to the macrocycles to render 

solubility in aqueous media. Cationic dyes can be obtained by quaternization of 

aliphatic or aromatic nitrogen atoms in their substituents. For instance, pyridine-

based substituents are a common structural motif to prepare water soluble PS.5 

This heterocycle provides a lone nitrogen pair not conjugated within the aromatic 

ring, susceptible of quaternization. 

It has been shown that the molecular charge of the PS is an important factor in 

the antibacterial activity, being positively charged PS, namely cationic Pors and 

Pcs, generally more efficient than neutral or anionic dyes.6 For Pors, it is 

extensively proved that the number of charges and their distribution in the PS core 

have an important role on PDI efficiency and determine if the PS permeates 

through the membrane of the cells or not.7–13 Por with three or four positive 

charges are highly efficient against bacteria, and those bearing cationic groups in 

adjacent meso positions seem to be significantly more efficient than those with 

the cationic groups located in opposite meso positions.14 However much less effort 

has been done with Pcs in this matter, although some works have been reported. 

For instance, The linkage of pyridines has be achieved through a ether or thioether 

bond, with hydroxy- or mercapto- pyridines,15 and Pcs symmetrically substituted 

at the peripheral positions with methylpyridinium units have proved promising PS 

for PDI.16,17 Regarding to the A2B2 Pc substitution, there is one example of a 

cationic AABB Pc studied as PS. Vicente and coworkers studied the photophysical 

properties and in vitro biological behavior in human carcinoma HEp2 cells of an 

AABB trimethylaminophenoxy-substituted Zn(II)Pc with a biphenyl unit linker 

between adjacent isoindole units (see Introduction-PDT section).18 
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Herein, we report the synthesis of two new PS based on AABB Zn(II)Pcs, (see 

Scheme 6. 1) in order to study their activity against Gram-positive and Gram-

negative bacteria. These compounds are highly oriented amphiphiles that are 

expected to self-assemble in water as previous reports for A3B amphiphilic cationic 

Zn(II)Pcs.19,20 

6.3. Results and Discussion 

a) Synthesis 

Key bisphthalonitriles (R)-7a-C5 and (R)-7b-C5, previously showed in Chapter 

5, were prepared from the chiral (R)- 1,1'-bi-2-naphthol ((R)-BINOL). The 

synthesis of the target Zn(II)Pcs was carried out by cross- condensation between 

two equivalents of 5-bis(pyridin-3-yloxy)phthalonitrile (B-py),15 and one 

equivalent of the corresponding bisphthalonitriles (R)-7a-C5 or (R)-7b-C5 for 

AABB-py-1 or AABB-py-2 respectively, by heating in o-DCB/DMF (2:1) at 160°C 

overnight (Scheme 6. 1). In both reactions, the targeted AABB Zn(II)Pcs were 

formed together with the corresponding (AA)2 derivatives (Figure 6. 1), constituted 

by four isoindole units liked by two binaphthyl units, which have been already 

described in Chapter 5. On the other hand, B4 Zn(II)Pc with eight pyridyloxy units 

was not isolated in any of the reactions. Targeted compounds were easily isolated 

by chromatographic means, in 13% yield for AABB-py-1 and 10% for AABB-py-

2. 
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Scheme 6. 1. Synthesis of Zn(II)Pcs AABB-py-1 and AABB-py-2 from phthalonitriles (R)-7a-
C5, (R)-7a-C5 and B-py as starting materials. PS-1 and PS-2 full structure is detailed in 

Figure 6. 3. 

 

Figure 6. 1. Zn(II)Pcs structures of expected subproducts in the synthesis of AABB-py-1 and 2.  
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The synthesized Zn(II)Pcs have in common good solubility features in typical 

organic solvents. 1H NMR spectra of Zn(II)Pcs AABB-py-1 and AABB-py-2 were 

registered in DMSO-d6 as coordinative solvent to avoid aggregation problems. 

However, even upon heating al 363 K the compounds remain in a highly 

aggregated state in solution, which makes difficult their full characterization at this 

stage of the PS synthetic process (Figure 6. 2). For this reason, we proceeded with 

the methylation step (Scheme 6. 1) by reaction with MeI in DMF. After a counterion 

exchange (iodine was substituted by chlorine atoms), PS-1 and PS-2 were 

isolated in 45 and 58 % yield respectively. 

 

Figure 6. 2. 1H-NMR of AABB-py-1 and AABB-py-2 in DMSO-d6 at 298 K and 363 K. 
Broadening of the signals in the aromatic region (see highlighted areas) indicates aggregation 
phenomena which makes difficult the peaks assignation. Signal at 1.2 ppm for AABB-py-2 

indicate the presence of alkyl chains. *: residual solvent peaks. 

As repulsion between positive charges avoids aggregation phenomena in organic 

solvents, PS-1 and PS-2 could be easily characterized by 1H-NMR in DMSO-d6. 

The spectra for both PS at room temperature is shown in Figure 6. 3 and Figure 

6. 4. The lack of aggregation exhibited by the two PS results in extremely well-

resolved 1H-NMR spectra, which is infrequent for this type of Zn(II)Pcs. In the 

magnification of the aromatic region of the 1H-NMR spectra of PS-1 and PS-2 

shown in Figure 6. 3 and Figure 6. 4, we can distinguish two singlets for the 

pyridyloxy-substituted isoindole protons, a set of four signals for pyridyloxy 

substituents, two doublets and a triplet for the binaphthyl-functionalized 

isoindoles, and two doublets for the protons of the inner BINOL ring. Finally, the 

signals of the outer BINOL aromatic ring constitute the main difference between 

PS-1 and PS-2. The presence of alkyl chains in PS-2 simplifies the pattern to two 

298 K

363 K

*

**

*

AABB-py-1 AABB-py-2
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doublets and a singlet, instead of a set of four correlated signals (two doublets 

and two triples) for PS-1. 

 

Figure 6. 3. COSY (500 MHz, DMSO-d6) of PS-1. 

 

Figure 6. 4. COSY (500 MHz, DMSO-d6) of PS-2. 
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b) Photophysical studies 

First, UV-vis absorption spectra were recorded in N,N-dimethylacetamide (DMA), 

a solvent that is able to coordinate the Zn(II) metal center, hampering the 

aggregation of Zn(II)Pcs independently of the substitution pattern. Ground-state 

absorption experiments were performed for both PS-1 and PS-2, showing the 

typical Q-band, accompanied by vibrational absorptions, and the B-band transition. 

The lack of aggregation was proven by the absorption studies performed at a 

range of concentrations (Figure 6. 5). For the verification of the Lambert-Beer law, 

an analysis of linear regression between the intensity of the Q-band and the 

concentration of the PS was performed, showing R2 values close to 1. The presence 

of alkyl chains does not affect the molar extinction coefficient of both PS, showing 

log = 5.2. 

 

Figure 6. 5. Concentration-dependent UV-vis experiment for PS-1 in DMA (1·10-6 - 7·10-6 M) 
and normalized fluorescence in red. 

Fluorescent experiments are in line with absorption assays, with both compounds 

presenting again the same spectroscopical features. Difference between 

absorption and fluorescence maxima is very small, which minimizes Stokes shift 

(Figure 6. 5). On the other hand, fluorescence quantum yield (F) is slightly larger 

for PS-2, which is convergent with a lower triplet excited state lifetime (T). 

Quantification of the Δ was done by direct observation of the 1O2 phosphorescence 

at 1275 nm after excitation at 355 nm in DMA solutions, giving the same value for 

both PS-1 and PS-2 (Δ = 0.57). Also, time-resolved fluorescence (TRF) decays 

pointed out in the same direction, showing singlet excited-state lifetime of 2.4 ns 

for both compounds. These observations support that the substitution with alkyl 

chains have a minor impact in the photosensitization abilities of these Zn(II)Pcs. 

All these parameters are summarized in Table 6. 1. 
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Table 6. 1. Photophysical properties of PS-1 and PS-2 in N,N-dimethylacetamide (DMA) solutions. 

ZnPc log () f / nm f S / ns T / μs[a] Δ 

PS-1 4.5 (338), 5.2 (681)[b] 684 0.23 2.4 0.53 0.57 

PS-2 4.6 (343), 5.2 (681)[b] 683 0.18 2.4 0.78 0.57 

[a] In air-saturated solutions. [b] Q-band maximum. 

c) Aggregation experiments 

The large hydrophobic part in both PS-1 and PS-2 make these compounds 

insoluble in pure water. However, when injected in water from stock concentrated 

solutions in DMSO, the two PS remain dissolved. In this way, we registered the CD 

and UV-vis spectra of both PS in concentrations of 1·10-5 M. First, in DMSO (black 

lines in ¡Error! No se encuentra el origen de la referencia.) we could 

appreciate similar Soret and Q-bands to those observed in the DMA spectra. 

Second, we registered the spectra in MiliQ water solutions, after injection from a 

stock solution in DMSO and incubation overnight by standing at room temperature 

(red lines in ¡Error! No se encuentra el origen de la referencia.). In this case, 

we observed a broadening in the Q-band with a red shift, and the rising of a new 

band at 642 nm for PS-1, and at 638 nm for PS-2, which is typical of H-type 

aggregates. Decreasing of the intensity of the Q-band of the monomer is more 

notorious for PS-1 than for PS-2. We can rationalize the formation of aggregates 

in water solution by the determinant role of the solvophobic forces versus the ionic 

repulsion between pyridinium moieties. Moreover, the asymmetrical distribution of 

substituents in the Pc core permits that, even if the hydrophobic cores stack, the 

cationic pyridinium moieties can accommodate to minimize repulsion. 
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Figure 6. 6. CD of PS-1 and PS-2 in DMSO and water (1% DMSO) (top), together with the 
corresponding electronic absorption spectra (bottom). 

The presence of the chiral (R)-binaphthol unit has allowed us to study the self-

assembly behavior of these molecules in solution by CD spectroscopy. No 

significant differences are observed between both PS. In DMSO the UV-vis Soret 

and Q-bands have the correspondent signal in the CD spectrum with positive sign 

and low intensity. In aqueous solutions, we could observe a blue shift from 690 

nm to 670 nm or 640 nm for PS-1 and PS-2 respectively, related in both cases 

with the formation aggregates with a different chiral environment around the 

Zn(II)Pc core. 

Next step was to assess the effect of concentration in the formation of self-

assembled structures. Concentration dependent experiments were performed over 

PS-1 and PS-2 solutions in PBS from stock solutions in DMSO, so that % DMSO 

was <1% in a range of concentrations approximately from 0.5·10-6 M to 3.5·10-5 

M, (see Figure 6. 7 and Figure 6. 8). In both cases absorbance versus 

concentration showed linearity with R2 values close to 1, indicating that no 

variations in the aggregation state are taking place in this range of concentrations. 

Moreover, temperature dependence experiments by heating at 40 °C and 80 °C 

are shown. For both PS no significative changes are observed, which also point to 

the stability of the aggregates. Turning to fluorescence experiments performed in 

the same concentration range, although the emission is considerably quenched, a 

remanent signal was detected, that is more intense in the case of PS-1. 

 

Figure 6. 7. Concentration and temperature dependent experiments for PS-1. 
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Figure 6. 8. Concentration and temperature dependent experiments for PS-2. 

To obtain information about the morphology of the aggregates in water, the same 

MiliQ water solutions (C = 2·10-5 M, 1%DMSO) were observed by transmission 

electronic microscopy (TEM) after deposition over specific grids. Both PS-1 and 

PS-2 self-assemble into spherical vesicles. The presence of alkyl chains modulate 

the size. PS-1 forms vesicles with an average size of 20-42 nm, while PS-2 

vesicles are between 12-20 nm (see Figure 6. 9). Unfortunately, experimental 

corroboration of the nanoparticle size could not be obtained from DLS experiments 

since the sizes of the vesicles are out of the detection range of the equipment. 
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Figure 6. 9. TEM images of: A) PS-1 and B) PS-2, prepared over Formvar/Carbon 200 Mesh, 
Copper FCF200-CU grilles (1), or after glow discharge treatment (2). 

d) Determination of the log Po/w 

For a quick evaluation of the relative lipophilicity of PS-1 and PS-2, and their 

affinity for cell membranes, n-octanol/PBS partition coefficients were determined 

using the shake-flask method, (Figure 6. 10 and Materials and methods section). 
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Figure 6. 10. UV-vis of aliquots from n-octanol/PBS phases PS-1 and PS-2 diluted in DMA. 

The affinity of each compound for cell membranes is numerically represented by 

its membrane-water partition coefficient, that is, the membrane-water 

concentration ratio as the n-octanol/PBS partition coefficient (PO/W).21–23 Although 

both compounds have a common structural core, they exhibited very different 

amphiphilic character. PS-2 (log PO/W = 0.12) renders a higher octanol/PBS 

partition coefficient than PS-1 (log PO/W = -0.59) indicating that the former has a 

more lipophilic nature. The Pc ratio reached for PS-1 in n-octanol/PBS was 

approximately 20:80, while the PS-2 ratio was 57:43. At a first glance, the very 

different behavior of the two compounds is somehow surprising. Although PS-2 is 

clearly more lipophilic due to the presence of octyl chains over binapthol linkers, 

one would not expect that PS-1 showed such a large negative value of log PO/W, 

considering that the compound is not even soluble in pure water. However, this 

result can be rationalized considering the formation of vesicles after injection of 

the PS from stock solutions in DMSO, and g that PS-1 forms larger vesicles, with 

a larger cationic surface than PS-2. 
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Figure 6. 11. Structure models designed with SCIGRESS (FJ 2.8.1 EU 3.3.1) geometry 
optimization MM2 with molecular amphiphilic character representation: hydrophobic area (blue), 
hydrophilic area (green), counterions (red). And schematic representation of PS self-assembled 

micelles. 

e) Biological studies 

The photoinactivation studies were performed testing PS-1 and PS-2 in S. aureus 

and E. coli bacteria, chosen as models for Gram-positive and Gram-negative 

bacteria, respectively (Figure 6. 12). The inactivation studies present a typical 

light- and concentration-dependent profile. Light fluence to 11 J·cm-2 only resulted 

in a cell survival increase of 1 log CFU for both PS. However, PS-1 and PS-2 were 

able to induce 99,9% (3 log decrease in colony-forming units, CFUs) of S. aureus 

inactivation at 0.1 μM, increasing the red light fluence to 33 J·cm-2. This 

observation indicates that the ZnPcs must be in monomeric, i.e., photochemically 

active, form, which in turn indicates that they are bound to the bacterial cell wall, 

where they de-aggregate.24 Full inactivation (7 log CFUs) could be achieved at 2 

μM for PS-1, or 4 μM for PS-2. By other hand, full inactivation (8 log CFUs) can 

be attributed to dark cytotoxicity at high concentration (10 μM) for PS-1, while 

PS-2 seems to be slightly less toxic with 3 log decrease in colony-forming units. 

Regarding E. coli, surprisingly no larger concentrations were required to induce a 
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comparable cell death. 1 μM for PS-1, or 10 μM for PS-2, together with 33 J·cm-

2 light dose were enough to achieve a disinfection (99.9%) status. In this case, no 

dark toxicity could be observed even at the highest concentration, which likely 

indicates that the compounds are not taken up by the bacteria but stick to the 

outer membrane.25 Importantly, PS-1 seems more toxic than PS-2 against the 

microbial strains tested, indicating a clear effect of the alkyl chains presence over 

the binaphtol linker. Compared to other symmetrically-substituted cationic Pcs, the 

inherent oriented amphiphilic character of PS-1 and PS-2 provide them with much 

stronger photo-antimicrobial activity. Indeed, related Pcs lacking these groups 

achieved only a modest 1-2-log CFUs cell death, owing to their strong 

aggregation.26,27 Only sorted out for S. aureus strains by our ABAB Zn(II)Pcs 

recently reported, (Chapter 4) but now remarkably improved against E. coli. 

 

Figure 6. 12. Survival curves of S. aureus (A, C) and E. coli (B, D) with PS-1 (A, B) and PS-2 (C, 
D) after PDI treatment. Circles, triangles and squares represent 0 (dark toxicity), 11 and 33 J·cm-

2, respectively. 

6.4. Conclusions 

Both PS-1 and PS-2 were efficient in the photoinactivation of Gram-positive and 

Gram-negative bacteria. The difference in the degree of hydrophobia did not 

generate major changes in the inactivation of S aureus, showing PS-1 greater 

toxicity in darkness for high concentrations. In the case of E. coli, PS-1 was better 

than PS-2. Specifically, the presence of alkyl chains determines the type of 

aggregates in aqueous solution. It seems that a larger particle size facilitates 

interaction with the bacteria wall and produces greater toxicity upon irradiation. 

0 .0 1 0 .1 1 1 0

1 0 -9

1 0 -8

1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

0 .0 1 0 .1 1 1 0

1 0 -9

1 0 -8

1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

0 .0 1 0 .1 1 1 0

1 0 -9

1 0 -8

1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

0 .0 1 0 .1 1 1 0

1 0 -9

1 0 -8

1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

A B

C D

PS concentration / μM

S
u

rv
iv

a
l 

fr
a
c
ti

o
n

S
u

rv
iv

a
l fra

c
tio

n



CHAPTER 6 - Binaphthyl-bridged tetracationic AABB-phthalocyanines: Self-assembled amphiphiles for 

efficient antimicrobial photodynamic therapy. 
 

209 

6.5. Experimental section 

a) Materials and methods 

 Determination of the log PO/W 

Initially, equal volumes of n-octanol and PBS (pH = 7.2–7.6 at 25 °C) were mixed 

vigorously for 3 days at 25°C to promote solvent saturation in both phases. Each 

sample (PS-1 and PS-2) was then added from concentrated stock solutions (1·10-

3 M) to 2 mL of the mixture and stirred for 30 min; next, they were incubated 1 h 

at room temperature. After separation, 100 μL of n-octanol phase and 100 μL of 

PBS phase were taken and diluted by DMA to 1.1 mL with a concentration of 

approximately 1·10-5 M. The UV–vis spectra of both phases were recorded, and 

the partition coefficient was calculated based on the absorbance values at Q-band 

maxima (681 nm for both PS-1 and PS-2). The results are the average of three 

independent measurements. 

𝑙𝑜𝑔𝑃𝑂𝑊 = 𝑙𝑜𝑔 (
𝐴(𝑀𝑒𝑂𝐻)𝑂 · 𝑉𝑊
𝐴(𝑀𝑒𝑂𝐻)𝑊 · 𝑉𝑂

) 

 Microbial strains, culture conditions and photodynamic inactivation studies 

The microorganisms studied were Staphylococcus aureus (ATCC® 29213) as a 

Gram-positive model and Escherichia coli (ATCC® 25922) as Gram-negative 

bacteria. Bacterial cells were grown overnight in an orbital shaker at 37 °C in 

tryptic soy broth (TSB) medium. An aliquot was then suspended in fresh TSB and 

set to grow in exponential phase at 37 °C to achieve approximately 108 colony 

forming units (CFU,·mL-1). They were later centrifuged (5000 rpm, 10 min) and 

re-suspended in PBS (pH = 7.4). The cells were incubated with the drug, delivered 

in DMSO, in the dark for 30 minutes. Two independent experiments were done 

for each photoinactivation treatment, which in turn was carried out in duplicate. 

The average and SD values were calculated. Cells were then irradiated from the 

top in 96-well plates by means of a Red 670 Device (Red Man Light, United 

Kingdom; 660 ± 10 nm; 70 mW·cm-2). The fluence of the lamp was regularly 

monitored with a power meter to ensure the light dose delivered. Controlling 

the cell irradiation without PS was also performed in order to exclude any 

inactivation due to light or heating effects, along with the evaluation of the 

toxicity of PS-1 and PS-2 in the dark. After illumination, the samples were serially 

diluted and streaked on agar plates and incubated in the dark for 18 h at 37 °C. 
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b) Synthesis 

4,5-Bis(pyridin-3-yloxy)phthalonitrile (B-py), (R)- or (S)-2,2’-Bis(2,3-

dicyanophenyl)-1,1’-binaphthalene ((R)-7a-C5), and (R)- or (S)-2,2’-Bis(2,3-

dicyanophenyl)-6,6’-dioctyl-1,1’-binaphthalene ((R)-7b-C5), have been prepared 

according to published procedures. Given the structural complexity of PS-1 and 

PS-2 tertiary and quaternary carbons were hardly detected by 13C-NMR. However, 

primary and secondary carbons, where the structural difference between both PS 

lies, are detailed. These signals were obtained by HSQC experiments as shown in 

Figure 6. 13. 

 

Figure 6. 13. HSQC comparison for primary and secondary carbons for PS-1 and PS-2 in DMSO-
d6. 

 Synthesis of PS-1: 

Step 1 - Synthesis of AABB-py-1: B (85 mg, 0.27 

mmol), phthalonitrile AA-1 (73 mg, 0.14 mmol) and 

anhydrous Zn(AcO)2 (50 mg, 0.27 mmol) were 

placed in a 5 mL high pressure resistant flask 

equipped with a magnetic stirrer, and then 2.7 mL 

([AA-1]=0.05 M) of dry o-DCB/DMF (dried over 4Å 

molecular sieves) 2:1 were added. The mixture was 

heated to 160C overnight under argon atmosphere. 

After cooling, the solvent was removed under 

vacuum. The mixture of products was purified by column chromatography on SiO2, 

(in gradient from dioxane to dioxane/MeOH 9:1). Zn(II)Pc (AA)2-1 eluted first 

Me-py
Me-py

PS-1 PS-2

DMSO-d6
DMSO-d6

acetone
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followed by the desired product AABB-1. After evaporation of the solvent, a blue-

green solid was obtained, which was washed with heptane and MeOH. Yield: 22 

mg, (13%). HR-MS (MALDI ULTRAFLEX III, matrix DCTB + PPGNa 1000): m/z 

1230.2326 (calculated for C72H38N12O6Zn: 1230.2323). 

Step 2 – Methylation and counteranion 

exchange: AABB-py-1 (10 mg, 8.1·10-3 mmol) 

was placed in a 10 mL round bottom flask equipped 

with a magnetic stirrer and 1 mL of dry DMF (dried 

over 4Å molecular sieves) were added. Then, an 

excess of MeI (150 μL) was added and the mixture 

was stirred at 40°C for 3h under argon atmosphere. 

After evaporation of the solvent, with the necessary 

safety precautions given the toxicity of IMe, the 

product (with iodine as counterion) was washed 

several times with diethylether, and isolated as a green solid. 250 mg of Dowex® 

(1x8 200-400) were suspended in 10 mL of MiliQ water, the product was previously 

dissolved in 0.2 mL of DMSO was added and stirred for 2 h. Then, the mixture was 

filtered, washed with diethylether, and evaporated under vacuum. Yield: 5.2 mg 

(45%). 1H-NMR (500 MHz, DMSO-d6): δ 4.39 (s, 6H, Me-py), 4.42 (s, 6H, Me-py), 

7.47 (td, J = 7.48 Hz, J = 0.91 Hz, 2H, He), 7.53 (d, J = 9.21 Hz, 2H, Hd), 7.57 

(td, J = 8.10 Hz, J = 1.07 Hz, 2H, He), 7.74 (d, J = 8.40 Hz, 2H, He), 8.00 (d, J = 

8.16 Hz, 2H, He), 8.04 (d, J = 9.21 Hz, 2H, Hd), 8.07 (d, J = 7.67 Hz, 2H, Hc), 

8.21-8.30 (m, 8H, Hb/b’), 8.34 (t, J = 7.57 Hz, 2H, Hc), 8.62 (dd, J = 8.86 Hz, J = 

2.28 Hz, 4H, Hb/b’), 8.66 (dd, J = 8.84 Hz, J = 2.27 Hz, 4H, Hb/b’), 8.91 (d, J = 6.01 

Hz, 4H, Hb/b’), 8.96 (d, J = 6.02 Hz, 4H, Hb/b’), 9.28 (s, 4H, Hb/b’), 9.31 (s, 4H, Hb/b’), 

9.34 (d, J = 7.46 Hz, 2H, Hc), 9.45 (s, 2H, Ha), 9.48 (s, 2H, Ha); 13C-NMR (125 

MHz, DMSO-d6): δ 48.7 (Me-py); IR (ATR) ν-1 (cm-1): 3346, 3055, 1623, 1581, 

1503, 1085. HR-MS ((ESI Positive TOF_MS-100-3500.m, MAXIS II): Exact mass 

calculated for [C76H50ClN12O6Zn]3+: 1325.2940, m/z: 441.7648; experimental: 

441.7642. Exact mass calculated for [C76H50Cl2N12O6Zn]2+: 1360.2634, m/z: 

680.1317; experimental: 680.1317. 
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 Synthesis of PS-2: 

Step 1 - Synthesis of AABB-py-2: B (77 

mg, 0.29 mmol), phthalonitrile AA-2 (94 

mg, 0.14 mmol) and anhydrous Zn(AcO)2 

(45 mg, 0.29 mmol) were placed in a 5 mL 

high pressure resistant flask equipped with 

a magnetic stirrer, and then 2.5 mL ([AA-

2]=0.05 M) of dry o-DCB/DMF (dried over 

4Å molecular sieves) 2:1 were added. The 

mixture was heated to 160C overnight 

under argon atmosphere. After cooling, the 

solvent was removed under vacuum. The 

mixture of products was purified by column 

chromatography on SiO2, (first using 

heptane/dioxane 1:1 as eluent and then in gradient from dioxane to 

dioxane/MeOH 9:1). Zn(II)Pc (AA)2-1 with other subproducts eluted first followed 

by the desired product AABB-2. After evaporation of the solvent, a blue-green 

solid was obtained, which was washed with MeOH. Yield: 20 mg, (10%). HR-MS 

(MALDI ULTRAFLEX III, matrix DCTB + PEGNa 1500): m/z 1454.4820 (calculated 

for C88H70N12O6Zn: 1454.4827). 

Step 2 – Methylation and 

counteranion exchange: AABB-py-2 

(10 mg, 6.9·10-3 mmol) was placed in a 10 

mL round bottom flask equipped with a 

magnetic stirrer and 1 mL of dry DMF 

(dried over 4Å molecular sieves) were 

added. Then, an excess of MeI (150 μL) 

was added and the mixture was stirred at 

40°C for 4h under argon atmosphere. 

After evaporation of the solvent, with the 

necessary safety precautions given the 

toxicity of IMe, the product (with iodine as 

counterion) was washed several times 

with diethylether, and isolated as a green solid. 250 mg of Dowex® (1x8 200-400) 

were suspended in 10 mL of MiliQ water, the product was previously dissolved in 

0.2 mL of DMSO was added and stirred for 2 h. Then, the mixture was filtered, 

washed with diethylether, and evaporated under vacuum. Yield: 6.6 mg (58%). 
1H-NMR (500 MHz, DMSO-d6): δ 0.77-0.85 (m, 6H, Hj), 1.16-1.32 (m, 20H, Hi), 

1.62-1.70 (m, 4H, Hh), 2.72-2.75 (m, 4H, Hg), 4.39 (s, 6H, Me-py), 4.41 (s, 6H, 

Me-py), 7.42 (d, J = 8.87 Hz, 2H, Hf), 7.48 (d, J = 9.05 Hz, 2H, Hd), 7.64 (d, J = 
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8.87 Hz, 2H, Hf), 7.74 (s, 2H, He), 7.93 (d, J = 9.05 Hz, 2H, Hd), 8.02 (d, J = 7.32 

Hz, 2H, Hc), 8.20-8.27 (m, 4H, Hb/b’), 8.30 (t, J = 7.40 Hz, 2H, Hc), 8.62 (dd, J = 

8.98 Hz, J = 2.01 Hz, 2H, Hb/b’), 8.65 (dd, J = 9.11 Hz, J = 2.18 Hz, 2H, Hb/b’), 

8.90 (d, J = 5.92 Hz, 2H, Hb/b’), 8.94 (d, J = 6.24 Hz, 2H, Hb/b’), 9.28 (s, 2H, Hb/b’), 

9.30 (s, 2H, Hb/b’), 9.31 (d, J = 7.49 Hz, 2H, Hc), 9.43 (s, 2H, Ha), 9.47 (s, 2H, Ha); 

13C-NMR (125 MHz, DMSO-d6): δ 14.2 (CH2), 22.1 (CH2), 29.0 (CH2), 29.3 (CH2), 

31.2 (CH2), 31.8 (CH2), 48.6 (Me-py); IR (ATR) ν-1 (cm-1): 3347, 3034, 2920, 2851, 

1723, 1582, 1465, 1270, 1086. HR-MS ((ESI Positive TOF_MS-100-3500.m, MAXIS 

II): Exact mass calculated for [C92H82ClN12O6Zn]3+: 1549.5444, m/z: 516.5148; 

experimental: 516.5147. Exact mass calculated for [C92H82Cl2N12O6Zn]2+: 

1584.5138, m/z: 792.2569; experimental: 792.2573. 

c) Photophysical studies 

 Fluorescence spectra: 

The samples were excited at: PS-1 670 nm (DMA), and PS-2 671 nm (DMA). 

 Fluorescence Quantum Yields: 

The samples were excited at: PS-1 639 nm (DMA), and PS-2 632 nm (DMA). 
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Abstract: 

We describe the preparation of amphiphilic chiral, binaphthyloxy-bridged Zn(II) 

phthalocyanines with an AABB substitution pattern, containing hydrophilic tetraethylene 

glycol chains. Self-assembly studies in aqueous solution have been performed by UV-vis, 

fluorescence and circular dichroism experiments in order to elucidate the aggregation 

processes. The data collected together with images of transmission electron microscopy 

confirms the formation of aggregates with micellar typology. 
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7.2. Introduction and Objectives 

Amphiphiles self-assembly has attracted researches attention for decades due to their 

extensive applications in material science and drug delivery. This unique properties have 

been widely used to mimic biological systems, while their integrated actions allow the 

performance of highly specific cellular functions, as cellular recognition, creating an 

extensive field of study in bionanotechnology. The combination of amphiphile natural 

organization with the advanced concept of supramolecular self-assembly, leads to the 

development of more complex, hierarchical nanostructures into a wide variety of 

structures including micelles, vesicles, nanotubes, nanofibers, and lamellae.1–3 The 

control of the growth and shape of these supramolecular nanostructures in water, 

constitutes one of the main challenges within this research area,4 together with the full 

understanding of the mechanism this molecules face the process. Tradicionally, 

temperature- and concentration-dependent UV/Vis and fluorescence spectroscopic 

studies in water are conducted to explore the self-assembly process of the dyes, as well 

as circular dichroism in the case of chiral centers containing dyes.5–7 

Within the extended dye family, as natural Por derivatives possess many interesting 

functions in biological systems, self-assembly has become one of the popular methods 

to construct porphyrin/protein-mimicking materials with bioactive functions,8 and 

numerous examples of self-organized Por in water are known.9–11 However, much less 

works have been published about Pcs self-assembly in water.12–14 In Chapter 5 the 

synthesis of a new family of binaphthyl-containing AABB Pcs was intended for their use 

as platforms for the preparation of differently functionalized C2v systems, over which 

induce amphiphilic character and self-assembly abilities, that can give rise to outstanding 

chiral nanostructures. Herein, we plan to use this methodology to synthesize AABB 

Zn(II)Pc using phthalonitriles with already contain the hydrophilic substituents, or take 

advantage of Chapter 5 compounds to incorporate a new substitution pattern that turns 

them into amphiphilic molecules. Specifically, the main goal is to obtain AABB Zn(II)Pc 

amphiphiles incorporating polyethylene glycol chains programmed to self-assemble in 

aqueous media and, therefore, aggregation studies and evaluation of their 

photosensitizing abilities will be carried out. While the Zn(II)Pc hydrophobic block can be 

tailored to interact with lipophilic components of cell membranes, as well as to 

encapsulate other drugs, the hydrophilic block formed by poly(ethylene glycol) chains, 

assures the requested biocompatibility and the desired “stealth” characteristic that 

minimize unwanted interactions with cellular components.1 Thus, as we have explained 

in the PDT-Introduction Section, PEG chains lead to a prolonged blood circulating 

lifetime, allows for the minimization of non-specific uptake and favors the enhanced 

permeability and retention (EPR) effect, which result in an elevated concentration of the 

drug at the tumor site.15,16 Finally, as topology of hydrophobic moieties can affect the 

stability of self-assembled micelles,17 one of the main objectives of the current Chapter 

7 is to determine the influence of the BINOL motive in the generated nanostructures. 
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The synthesis of PEG-containing AABB Zn(II)Pcs PEG-1 and PEG-2 was accomplished 

following two different approaches, namely, the straightforward condensation of 

phthalonitrile A-1-C3 prepared in Chapter 3 (C3) with the binaphthyloxy-bridged 

bisphthalonitrile (R)-7a-C5 from Chapter 5 (C5) (Scheme 7. 1a), and the 

functionalization of the dibromo-AABB Zn(II)Pc synthon 4-C5 with the triply PEGylated 

derivative of 5-ethynylbenzene-1,2,3-triol (L-PEG) (Scheme 7. 1b). Both the convergent 

and the divergent routes could yield amphiphilic Zn(II)Pcs comprising hydrophobic 

aromatic cores and hydrophilic PEGylated substituents, either at the isoindol untis in the 

former case, or at the binaphthyloxy unit in the latter. 

 

Scheme 7. 1. Retrosynthesis scheme of AABB PEG-1 and 2. 

7.3. Results and discussion 

a) Synthesis 

The synthesis of compound AABB PEG-2 was tried via direct cross-condensation 

between the corresponding phthalonitriles A-1-C3 and (R)-7a-C5 in o-DCB:DMF (2:1) 

with Zn(OAc)2 at 160 °C overnight. Sadly, no blue products of phthalonitrile 

cyclotramerization were formed and no AABB Zn(II)Pc were detected. On the other hand, 
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the synthesis of Zn(II)Pc PEG-1 was carried out through Pd-catalized Sonogashira cross-

coupling between AABB Zn(II)Pc synthon 4-C5 with the triply PEGylated derivative of 5-

ethynylbenzene-1,2,3-triol (L-PEG), (Scheme 7. 2 and Figure 7. 1). 

 

Scheme 7. 2. Synthesis of L-PEG from comertially available L-1. 

 

Figure 7. 1. Synthesis of AABB Zn(II)Pc PEG-2. Hydrophilic region is highlighted in red, while 
hydrophobic region is highlighted in blue. And structural model (three views) realized with the 

SCIGRESS (FJ 2.8.1 EU 3.3.1) software, and a geometry optimization through MM2. 

One of the advantages of this route is that the PEG chains are attached at the Pc once 

the AABB compound is synthesized and isolated, facilitating the purification of the target 

compound, since the presence of PEG chains usually make difficult the separation by 

column chromathography. 

L-PEG was prepared trought in a four step process as depicted in Scheme 7. 2 starting 

from commercially available 1-Bromo-3,4,5-trimethoxybenzene (L-1). Ome groups were 

removed with BBr3 and bromine was substituted by TMSA via palladium catalized 

y

zy

x
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Sonogashira cross-coupling. Triple bond deprotection in basic conditions gave L-PEG in 

89% yield (46% overal yield). Reaction between (R- or S-)AABB-4-C5 and L-PEG was 

performed with Pd(PPh4)3 and CuI, by heating up to 50-60 °C in different solvent ratio. 

First, we tried in a mixture of dry THF:Et3N (3:1), however, low solubility of L-PEG in 

THF hindered the process. In a simililar way THF:Et3N (1:1) did not result in the expected 

product. Finally the reaction was tried in freeshly destiled piperidine, and by heating at 

100 °C it was completed after 3h with 58% yield. Figure 7. 2 shows AABB Zn(II)Pc PEG-

1 1H-NMR and COSY in DMSO heating at 323K to avoid aggregation and maximized 

resolution. COSY shows correlation between PEG chains but only a weak response was 

obtained for the aromatic region. 

 

Figure 7. 2. 1H-NMR and COSY for AABB Zn(II)Pc PEG-1 in DMSO at 323K. Green spot shows 
the more characteristic aromatic proton signal dor this compound. 

b) Aggregation studies 

First, ground-state absorption experiments were performed for AABB Zn(II)Pc PEG-1 in 

polar coordinating solvents, that is DMF and DMSO, showing in both solvents the typical 

Q-band and B-band transitions for non-aggregated species.18 Also, when the UV-vis 

experiments were performed in chloroform, typical features of molecularly dissolved 

species were observed. To confirm the lack of aggregation in the three solvents, 

DMSO-d6
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absorption spectra were registered in a range of concentrations (approximately between 

0.5-5.0·x 10-6) (Figure 7. 3). For the verification of the Lambert-Beer law, an analysis of 

linear regression between the intensity of the Q-band and the concentration was 

performed, with R2 values of 0.999. 

 

Figure 7. 3. UV-vis spectra of AABB PEG-1 in three different solvents. 

In spite of the large hydrophilic tail of Zn(II)Pc PEG-1, it proved insoluble in pure water. 

However, it remained soluble in this medium upon addition from stock solutions of PEG-

1 in DMSO and DMF, even at a 1:99 DMSO(DMF)/water ratio. For that reason, we studied 

the aggregation behaviour of PEG-1 in water media following the spectrocopic features 

of the compound through the addition of water over DMSO and DMF solutions. 

Importantly, through all successive additions of mili-Q water, the concentration of the 

resulting solution remained constant. 

Thus, starting from a 5·10-5 M solution of PEG-1 in DMSO, a decreasing of the Q-band 

was observed together with the rising of a new band at lower wavelength, compatible 

with the formation of H-aggregates, when going from 100% to 60% DMSO From this 

ratio onwards, the spectra did not suffer major changes, but small overall decrease in 

intensity and broadening of the absorption (see Figure 7. 4a). Similar experiments were 

recorded with a more concentrated solution, that is 1·10-4 M, with similar results (see 

Figure 7. 4b). 
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Figure 7. 4. AABB Zn(II)Pc PEG-1 absorption in DMSO:water mili-Q mixtures at a) 1·10-5 M, b) 
1·10-4 M. 

We perfomed a temperature dependent experiment with a 5·10-5 M solution of PEG-1 

at 70:30 DMSO/water ratio in order to estimate the stabily of the aggregate. First we 

heated the solution to 318 K and then it was slowly cooled to 298 K (a), heated again 

until 338 K and cooled to 298 K (b), and finally heated to 348 K and cooled to 298 K (c). 

As we can observe in Figure 7. 5, the heating cycles produced a certain degree of 

deaggregation but, after cooling down to room temperature, the aggregation status was 

recovered in all cases. 

 

Figure 7. 5. Temperature dependent UV-vis experiment over AABB Zn(II)Pc PEG-1. 
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monomer band decreases until a stable situation is reached at ca. 60% water. Similar 

results were observed starting from a more diluted DMF solution, i.e. 5·10-6 M, although 

the water ratio necessary to trigger the changes in the spectrum was slightly larger 

(Figure 7. 7, left). 

 

Figure 7. 6. AABB Zn(II)Pc PEG-1 absorption in DMF:water mili-Q mixtures. 

Temperature experiments were also performed over 5·10-6 M solutions of 1. again the 

influence of the temperature in a diluted situation where the aggregation can be, in 

principle, more easily disrupted. Spectra were registered spectra in different DMF:water 

ratios with 10% variations at 25 °C and 65 °C (Figure 7. 7). Importantly, experiments 

could not be performed at higher temperatures because precipitation of the compound 

takes place at the lower critical solution temperature (LCST) around 70 °C induced by 

the PEG chains. This commonly would produce a PEG phase separation from water, but 

the Pc core presence results in the precipitation of the system.19 The analysis of the 

spectra indicates that between 100% and 60% DMF, the influence of the temperature is 

very low. From 60% to 40%, differences can be found in the relative intensity of the 

monomeric Q-band. Eventually, from 40% to 1% DMF the aggregate seems to be stable 

regardless the temperature applied. 

 

Figure 7. 7. UV-vis changes in DMF:water for AABB Zn(II)Pc PEG-1 at 25 and 65 °C. 
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Next, we moved to CD spectroscopy as a tool to study the aggregation and its influence 

on the chirality of the nanostructures formed in solution. CD spectra in DMSO 100% and 

water (1% DMSO) of AABB Zn(II)Pc PEG-1 were first recorded for both R and S 

enantiomers at 3·10-5 M concentration. Both Q-band and B-band absorptions have their 

corresponding signal in the CD spectra, which intensity increases notably with the 

formation of the aggregate. As expected, the spectra of the enantiomers are mirror 

images. The following experiments were performed only with the R enantiomer. 

 

Figure 7. 8. CD in DMSO and water (1% DMSO) of AABB Zn(II)Pc PEG-1 for both enantiomers R 
and S. 

In Figure 7. 9a, the spectra of the monomer in DMSO and DMF and the respective 

aggregates in water/DMSO(DMF) 99:1 are superimposed. Apparently, the changes in the 

CD spectrum for the aggregate are more pronounced in DMF than in DMSO. When we 

performed temperature-dependent CD spectra over both 99% water solutions, we 

observed that, as previously inferred from absorption experiments, once the aggregate 

is formed, it does not break upon increasing the temperature (Figure 7. 9b). 

 

Figure 7. 9. a) CD of Zn(II)Pc PEG-1 in DMSO and DMF for the monomer and its aggregate in 
water (1% organic solvent). b) CD variation with temperature in water (1% DMF) at 3·10-5 M. 
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Next, in order to find out the main self-assembly pathway, we performed careful UV-vis, 

fluorescence and CD assays. We selected DMF as starting solvent since previous 

experiments seemed to indicate that the aggregation process was easier to control. 3·10-

5 M concentration was selected to observe the spectral changes upon slow addition of 

water over DMF solutions. The UV-vis titration experiments showed two isosbestic points 

at 603 and 698 nm (Figure 7. 10), which is concordant with the presence of two species 

in equilibrium (i.e. monomeric form of Zn(II)Pc PEG-1 and its corresponding aggregate). 

As in former UV-vis experiments we observed that the aggregation process was stabilized 

from ca. 50% to 1% DMF. 

 

Figure 7. 10. UV-vis changes for PEG-1 from 100% DMF to 1%DMF (in water) at 1·10-4 M. 

In CD, signals corresponding to monomeric species are observed until ca. 60% DMF, 

and, at that point changes start to be remarkable. In fluorescence, from 100% to 60% 

DMF an increase in the intensity is registered, probably due to the solvation of the PEG 

chains by water molecules, and then the quenching starts until the complete cancellation 

of the signal. For each experiment variation of the intensity of the maximum of the 

corresponding band was registered and represented versus % DMF: (A) UV-vis at 680 

nm, (B) CD at 660 nm (C) fluorescence at 704 nm. For the UV-vis experiments, an 

isodesmic profile is observed, as otherwise expected for π-π conjugated systems. In CD 

titrations the changes due to self-assembly are less notorious since the signal of the 

monomer is intense and persists. Finally, fluorescence is affected, as mentioned above 

by other factors that mask the self-assembly. Therefore, we selected the UV-vis 

experiments to fit the values to a polymerization mechanism and extract the 

thermodynamic parameters. To meet this goal, we reproduced the UV-vis study using 

different concentrations, as showed in Figure 7. 12. 
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Figure 7. 11. Spectra variation from DMF 100% (blue) to mili-Q water (1% DMF) (red), with 60% 
DMF-40%water highlighted in yelow for (A) UV-vis (B) CD and (C) fluorescence. For each 

experiment variation of the signal was registered and represented versus %DMF for a especific 
wavelength: (A) UV-vis at 680 nm, (B) CD at 660 nm (C) fluorescence at 704 nm. 
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Figure 7. 12. UV-vis variation at 680 nm versus %DMF at different concentrations. 

Transmission Electron Microscopy revealed the morphology of the aggregates. First we 

prepared 1·10-4 M solutions of Zn(II)Pc 1 in miliQ water from a stock solution in DMF. 

The copper grids were in contact with the solution and the aggregates seeded by 

dropcastting. With freshly prepared solutions a homogenous distribution of spherical 

micellar-type aggregates was observed, with an average size of 30 nm as shown in Figure 

7. 13. 

 

Figure 7. 13. TEM images of Zn(II)Pc PEG-1 from miliQ water solutions (1% DMF) at 1·10-4 M. 

When the solution was incubated overnight and seeded in the grill after 24 hours at room 

temperature we observed an uncontrolled growing of the nanoparticles with the 

corresponding increasing of the size. This process was homogeneous in some regions as 

showed in Figure 7. 14 with size distributions around 80 nm. 
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Figure 7. 14. TEM images of Zn(II)Pc PEG-1 from miliQ water solutions (1% DMF) at 1·10-4 M 
incubated 24 hours. 

However, an exhaustive analysis of the grills in this last situation revealed regions with 

inhomogeneous size distribution with a mixture of different sizes until 900 nm. 

 

Figure 7. 15. TEM images of Zn(II)Pc PEG-1 from miliQ water solutions (1% DMF) at 1·10-4 M 
incubated 24 hours that show an inhomogeneus size distriution. 

A closer look to this giant micelles shows that they are composed by the combination of 

lower size nanoparticles. 

 

Figure 7. 16. Nanoparticles composed by combined aggregates. 

1 μm 1 μm

450 nm508 nm727 nm640 nm
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These observations would be compatible with the mechanism recently proposed by 

Kenneth D. Singer et al. (see Figure 7. 17) by which afer an isodesmic formation of 

micelles, they can polymerize growing in larger nanosystems.10 

 

Figure 7. 17. Cartoon of a possible self-assembly pathway that occurs from the molecularly 
dissolved to the fully assembled state.10 

With the aim of obtaining a more controlled distribution of sizes after an overnight 

incubation, we repeated the experiments using 1·10-5 M and 1·10-6 M solutions. In the 

latter case, the images did not show any nanostructure over the grills. For 1·10-5 M 

solutions the size distribution was the same than for 1·10-4 M. The only difference was 

the population, as the number of nanoparticles was lower (Figure 7. 18). In this way we 

can propose that the concentration does not determine the final size but the nucleation 

kinetics. 

 

Figure 7. 18. TEM images of Zn(II)Pc PEG-1 from miliQ water solutions (1% DMF) at 1·10-5 M 
incubated 24 hours that show an inhomogeneus size distriution. 

Finally, DLS experiments were performed in order to confirm this size distribution in 

solution for 1·10-4 M (see Figure 7. 19) confirming the large size distribution with maxima 

at 94 nm and 660 nm. 
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Figure 7. 19. DLS of Zn(II)Pc PEG-1 in miliQ water (1% DMF). Concentration 

7.4. Conclusions 

AABB Zn(II)Pc 4-C5 is a useful synthon for the construction of an amphiphilic system 

after replacing the bromine atoms by a hydrophilic fragment (L-PEG). Zn(II)Pc PEG-1 

as a high oriented amphiphile, is able to self-assemble in water from stock solutions in 

organic solvents in supramolecular micelles. This process can be followed via UV-vis, 

fluorescence and CD spectroscopies. Self-assembled nanostructures shows a wide size 

distribution but population seems to be homogeneous for freshly prepared solutions. 

Micelles were observed by TEM microscopy. Facing the final PDT application, the 

formation of supramolecular micelles can be of interest to facilitate the transport of the 

PS in aqueous biological media in order to reach the therapeutic target. Further biological 

assays with this molecules are envisioned. 

7.5. Experimental section 

1-Bromo-3,4,5-trihydroxybenzene (L-2),20 and tetraethylene glycol p-toluenesulfonate21 

were prepared following previously reported procedures. A-1-C3, (R)-7a-C5 and 4-C5 

are described in Chapters 3 and 5. 

Synthesis of L-3: 1-Bromo-3,4,5-

trihydroxybenzene (1, 0.15 g, 0.73 mmol), 

tetraethylene glycol p-toluenesulfonate (1.22 g, 

3.50 mmol), and powder K2CO3 (0.60 g, 4.35 

mmol) were mixed together in dry DMF (8 mL). The mixture was heated at 90 °C under 

argon atmosphere for 24 hours. After cooling the mixture was poured into water and 

extracted with DCM, washed with brine and dried over anhydrous NaSO4. Solvent was 

removed under vacuum and the residue was purified by column chromatography on silica 

gel using a CHCl3:MeOH (95:5 v/v) affording L-3 (0.41 g, 0.56 mmol) as a brownish oil 
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in 76% yield. 1H-NMR (300 MHz, CDCl3): δ 6.72 (s, 2H, Ar) 4.12 (m, 6H, CH2-OAr), 3.84-

3.56 (m, 42H, ethylene glycol chains). 13C-NMR (101 MHz, CDCl3): δ 153.4, 137.9, 115.8, 

111.5, 77.2, 72.7, 72.7, 70.9, 70.8, 70.8, 70.7, 70.6, 70.6, 70.5, 70.4, 69.7, 69.2, 61.8. 

FT-IR (ATR) ν (cm-1): 3399 (O-H st), 2868, 1743, 1640, 1585, 1491, 1451, 1420, 1349, 

1240, 1095, 940, 834. HR-MS (ESI+; MeOH+NaI): m/z calculated for C30H53O15Br: 

757.2446 (100) [M+Na]+; found 757.2448 (100) [M+Na]+ , 752.2868 (17) [M+NH4]+, 

771.2107 (5) [M+K]+. 

Synthesis of L-4: Compound L-3 (0.25 

g, 0.34 mmol), Pd(PPh3)4 ( 12.0 mg, 

0.01 mmol), CuI (4.0 mg, 0.02 mmol) 

were mixed together in dry Et3N (4 mL) 

and degassed by three freeze-pump-

thaw cycles. Trimethylsilylacetylene (TMSA) (0.50 g, 5.10 mmol) was added and the 

mixture was heated at 80 °C under argon atmosphere for 16 hours. The solvent was 

removed under vacuum and the residue was purified by column chromatography on silica 

gel using a mixture of CHCl3:MeOH (90:10 v/v) yielding L-4 (0.17 g, 0.23 mmol) in 68% 

yield. 1H-NMR (300 MHz, CDCl3): δ 6.70 (s, 2H, Ar) 4.16 (m, 6H, CH2-OAr), 3.87-3.57 

(m, 42H, ethylene glycol chains) 2.20 (br, 3H, OH), 0.23 (s, 9H, TMSA) 13C-NMR (101 

MHz, CDCl3): δ 152.3, 139.4, 118.0, 105.0, 93.2 (C≡C), 77.2, 73.0, 72.7, 72.7, 72.6, 

72.6, 70.8, 70.8, 70.7, 70.7, 70.7, 70.6, 70.5, 70.4, 70.1, 69.7, 69.7, 68.9, 61.6, 0.0. FT-

IR (ATR) ν (cm-1): 3429 (O-H st), 2870, 1743, 1571, 1496, 1453, 1420, 1329, 1243, 

1104, 943, 886, 839. HR-MS (ESI+; MeOH+NaI): m/z calculated for C35H62O15Si: 

773.3720 (100) [M+Na]+; found 773.3750 [M+Na]+. 

Synthesis of L-PEG: Compound L-4 (0.17 

g, 0.23 mmol) was dissolved in MeOH (3 mL) 

and K2CO3 was added (0.09 g, 0.65 mmol). 

The mixture was stirred at room temperature 

for 3 hours and filtrated trough celite. The 

solvent was removed under vacuum and the residue was purified by column 

chromatography in silica gel using CHCl3:MeOH (90:10 v/v) as eluent yielding L-PEG 

(0.14 g, 0.21 mmol) as a brown oil in 89% yield. 1H-NMR (300 MHz, CDCl3): δ 6.66 (s, 

2H, Ar) 4.09 (m, 6H, CH2-OAr), 3.87-3.59 (m, 42H, ethylene glycol chains), 3.00 (s, 1H, 

C≡CH). 13C-NMR (101 MHz, CDCl3): δ 152.1, 138.3, 117.4, 111.0, 83.2 (C≡C), 77.2, 72.8, 

72.5, 72.4, 72.3, 70.4, 70.3, 70.2, 70.0, 70.0, 69.9, 69.9, 69.5, 69.1, 68.2, 61.3, 61.1, 

60.9. FT-IR (ATR) ν (cm-1): 3396 (O-H st), 3224 (≡C-H st) 2919, 2871, 2094 (C≡C st) 

1695, 1574, 1496, 1101, 941, 885, 838. HR-MS (ESI+; MeOH+NaI): m/z calculated for 

C35H54O15: 717.3094 (100) [M+K]+, 701.3355 (49) [M+Na]+; found 717.3100 (100) 

[M+K]+, 701.3370 (49) [M+Na]+. 
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Synthesis of AABB Zn(II)Pc PEG-1: AABB Zn(II)Pc 4-C5 

(10 mg, 0.0099 mmol), L-PEG (15 mg, 0.022 mmol), 

Pd(PPh3)4 (5% mol) and CuI (10% mol), were dissolved in dry 

piperidine (3 mL) and stirred 3 hours at 100 °C under argon 

atmosphere. The disappearance of the product was monitored 

by TLC in heptane:THF (3:4), and mono and disubstituted 

products were distinguished in CHCl3:MeOH (5:1). After 

evaporation of the solvent, the product was purified by column 

chromatography in Bio-Beads using THF as eluent, and then 

by column chromatography on Sephadex in MeOH. After 

evaporation the blue solid was washed with acetonitrile. Yield: 

13 mg (58%). 1H-NMR (500 MHz, 323 K, DMSO-d8): δ 3.37-

3.45, 3.45-3.63, 3.66-3.71, 3.73-3.79, 4.05-4.10, 4.12-4.18 

and 4.34-4.40 (m, 102H, PEG chains); 6.90 (s, 4H, HAr-L-

PEG); 6.68 (d, J = 8.90 Hz, HAr); 7.71 (d, J = 9.40 Hz, HAr); 

7.87 (d, J = 8.90 Hz, HAr); 8.00 (d, J = 7.51 Hz, HAr); 8.07-

8.16 (m, 6H, HAr); 8.19-8.24 (m, 2H, HAr); 8.25 (s, 2H, HAr); 9.06-9.15 (m, 2H, HAr); 

9.15-9.26 (m, 4H, HAr) . 13C-NMR The aggregation tendency prevented obtaining a good 

resolved spectrum IR (ATR) ν-1 (cm-1): 3359 (O-H st), 2921, 2870, 2360, 1466, 1333, 

1258, 1011. HR-MS (MALDI (ULTRAFLEX III) DCTB + PEGMeNa 2000) for 

C116H130N8NaO32Zn: m/z 2233.7975 [M+Na]+ (calculated: 2233.7975). 
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1.  Synthesis and characterization 

a) Reagents and solvents 

Chemical reagents were purchased from Merck-Sigma Aldrich, Alfa Aesar, Acros 

Organics, TCI or Fluorochem, as main commercial suppliers, and were used without 

further purification unless it is indicated. Solvents were purchased from Carlo Erba 

Reagents, and anhydrous solvents were dried with 4Å molecular sieves (Panreac). All 

reactions were performed in standard glasswares, except for the cyclotetramerization 

reactions that were carried out in high pressure sealed tubes. 

b) Chromatography 

The monitoring of the reactions has been carried out by thin layer chromatography (TLC), 

employing aluminum sheets coated with silica gel type 60 F254 (0.2 mm thick, E. Merck). 

Purification and separation of the synthesized products was performed by column 

chromatography, using silica gel (230–400 mesh, 0.040-0.063 mm, Merck). Eluents and 

relative proportions of the solvents are indicated for each particular case. Size exclusion 

(SEC) / Gel permeation chromatography (GPC), was performed using Bio-Beads S-X1 

(200–400 mesh, Bio-Rad), or using Sephadex®–G25 beads as the stationary phase. 

Eluents are indicated in the experimental sections. 

c) Microwave activated reactions 

Microwave activated reactions were performed in a Biotage Initiator+ 4.1.2 equipment, 

all reactions were performed in capped glass vials (Biotage Microwave vials 2–5 mL) 

under argon atmosphere. 

d) Infrared spectra 

Infrared (IR) spectra were recorded on an Agilent Technologies Cry 630 FTIR 

spectrophotometer, employing in all cases solid samples (diamond ATR). 

e) Mass Spectrometry 

Mass Spectrometry (MS) and High Resolution Mass Spectrometry (HRMS) spectra were 

recorded employing: Electronic Impact (EI) or Fast Atom Bombardment (FAB-MS) using 

a Waters VG-AutoSpec spectrometer; Electrospray Ionization (ESI Positive TOF_MS) 

mass spectra using an API Q-Star Pulsar i from Sciex; Matrix Assisted Laser 
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Desorption/Ionization-Time of Flight (MALDI-TOF) using a Bruker Ultraflex III TOF/TOF 

spectrometer, with a nitrogen laser operating at 337 nm, or with a NdYAG laser operating 

at 335 nm; or Atmospheric pressure chemical ionization (APCI) using a Bruker MAXIS II 

with a high resolution Q-TOF analyzer and MeOH as ionizing phase. The different 

matrixes employed are indicated for each spectrum. Mass spectrometry data are 

expressed in m/z units. All MS experiments were carried out at the Servicio 

Interdepartmental de Investigación (SIdI) of the Universidad Autónoma de Madrid. 

f) Nuclear magnetic resonance spectra 

1H NMR and 13C NMR were recorded on Bruker AC-300 (300 MHz), Bruker DPX 400 MHz, 

or Bruker XRD-500 (500 MHz) instruments. Deuterated solvents employed are indicated 

in each spectrum. 

g) Aggregation studies 

Aggregation studies were performed using aqueous miliQ-water (purified on an EMD 

Milipore Mili-Q Integral Water Purification System), phosphate-buffered saline solution 

(PBS, pH = 7.2–7.6 at 25 °C), and organic spectroscopy grade solvents. 

h) UV-vis spectroscopy 

UV-vis spectra were recorded on a JASCO-V660 UV-vis spectrophotometer using 

spectroscopic grade solvents and 10x10mm quartz cuvettes with a Jasco Peltier ETCS-

761 temperature controller incorporated. 

i) Fluorescence 

Fluorescence spectra were recorded with a JACSO FP-8600 spectrophotometer using 

spectroscopic grade solvents and quartz cuvettes (1cm) with a Jasco Peltier ETCS-761 

temperature controller incorporated. 

j) Circular Dichroism 

Circular dichroism (CD) spectra were recorded on a Jasco J-815 CD-spectrometer 

including a Jasco Peltier ETCT-762 temperature controller using spectroscopic grade 

solvents and quartz cuvettes (1cm). 

k) Dynamic Light Scattering (DLS) 

DLS measurements were performed in a Malvern Zetasizer Nanoseries Nano-ZS.  
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2. Photophysical studies 

a) UV-Vis spectroscopy 

All spectroscopic measurements were carried out in 1 cm quartz cuvettes (Hellma, 

Germany) in air-saturated solutions, at room temperature using spectroscopic grade 

solvents. Absorption spectra were recorded using a double beam UV-Vis-NIR Varian Cary 

6000i spectrophotometer (Varian, Palo Alto, CA, USA). Absorption coefficients were 

derived from the slopes of Lambert-Beer plots. 

b) Fluorescence spectra 

Emission spectra were recorded using a Spex Fluoromax-4 spectrofluorometer (Horiba 

Jobin-Yvon, Edison, NJ, USA). 

c) Fluorescence quantum yield 

Fluorescent quantum yields (F) were determined by comparing the integrated 

fluorescent intensity of optically matched solutions between studied compounds and 

Zn(II)Pc in 1-propanol (F = 0.20 ± 0.03). The original literature value for this solvent 

(F = 0.45)1 was reassessed as it resulted in the sum of fluorescence and singlet oxygen 

quantum yields exceeding 1. To this end, Zn(II)Pc in DMSO (F = 0.20)2 and Zn(II)Pc in 

toluene (F = 0.35)3 were used as references. Fluorescence intensity was corrected using 

the refractive index of the solvents used (eq. 1). 

𝛷𝐹 =
𝐴𝑟𝑒𝑎𝑆𝑎𝑚𝑝𝑙𝑒·𝑛2

𝑆𝑎𝑚𝑝𝑙𝑒

𝐴𝑟𝑒𝑎𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒·𝑛2
𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

         (1) 

d) Singlet Oxygen Quantum Yields – Direct Method 

Singlet oxygen generation was studied by time‐resolved near‐infrared phosphorescence 

by means of a customised setup.4,5 Briefly, a pulsed Nd:YAG laser (FTSS355‐Q, Crystal 

Laser, Berlin, Germany) working at 1 kHz repetition rate (for THF and toluene) or 10 kHz 

(DMSO) at 355 nm (third harmonic, 0.5 μJ per pulse) was used to excite the sample. A 

1064‐nm rugate notch filter (Edmund Optics) and an uncoated SKG‐5 filter (CVI Laser 

Corporation) were placed in the laser path to remove any residual NIR emission. The 

light emitted by the sample was filtered with a 1100‐nm long‐pass filter (Edmund Optics) 

and later by a narrow bandpass filter at 1275 nm (BK‐1270‐70‐B, bk Interferenzoptik). A 

thermoelectric‐cooled NIR-sensitive photomultiplier tube assembly (H9170‐45, 

Hamamatsu Photonics, Hamamatsu, Japan) was used as detector. Photon counting was 
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achieved with a multichannel scaler (NanoHarp 250, PicoQuant, Berlin, Germany). The 

time dependence of the 1O2 phosphorescence with the signal intensity S(t) is described 

by Equation 2, in which T and Δ are the lifetimes of the photosensitizer triplet state and 

of 1O2 respectively, and S(0) is a pre-exponential parameter proportional to  

𝑆(𝑡) =  𝑆(0) ×
𝜏∆

𝜏∆−𝜏𝑇
× (𝑒−𝑡

𝜏∆⁄ − 𝑒−𝑡
𝜏𝑇⁄ ) (2) 

Curve fitting was performed with the Graphpad Prism version 7.00 for 

Windows,(GraphPad Software, La Jolla California USA, www.graphpad.com). ΦΔ was 

determined by comparing the S(0) values of optically matched solutions of the drug and 

the reference phenalenone (PN), (in toluene and THF ΦΔ = 0.99 and 0.96 respectively),6,7 

or Zn(II)Pc, (in DMSO ΦΔ = 0.67);8 as described by Equation 3. 

𝛷𝛥,sample =  𝛷𝛥,ref ×
𝑆(0)𝑆𝑎𝑚𝑝𝑙𝑒

𝑆(0)𝑟𝑒𝑓
   (3) 

e) Singlet Oxygen Quantum Yields – Relative Method 

Δ were measured in DMSO following the well-known relative method based on the 

photoinduced decomposition of the chemical scavenger 1,3-diphenylisobenzofuran 

(DPBF) which reacts readily with 1O2 after excitation with visible light filtered below 530 

nm (hν>530).9 Non-substituted Zn(II)Pc was used as reference compound (Δ(DMSO) = 

0.67) and the procedure was as follows: 2 mL of a stock solution of DPBF (with an 

absorption of ca. 1) in DMSO was transferred into a 10x10 mm quartz optical cell and 

bubbled with 3O2 for 1 min. A concentrated stock solution of the PS in the same solvent 

was then added, in a defined amount to reach a final Q-band absorbance value of about 

0.1 a.u. The solution was stirred and irradiated for defined time intervals, using a halogen 

lamp (300 W). The duration of these intervals are tuned in each experiment, in order to 

get a decrease in DPBF absorption of about 3-4%. Incident light was filtered through a 

water filter (6 cm) and an additional filter to remove light under 530 nm (Newport filter 

FSQ-OG530). In addition, neutral density filters (FBS-ND03 and FB-ND10) were used as 

appropriate. The decrease of DPBF absorbance with irradiation time was monitored at 

414 nm and Δ was calculated through the following equation: 

𝜙∆
𝑆 = 𝜙∆

𝑅 𝑘𝑆𝐼𝑎𝑇
𝑅

𝑘𝑅𝐼𝑎𝑇
𝑆   (4) 

R, S: reference and sample respectively. k: is the slope of a plot of ln(A0/At) versus 

irradiation time t. A0, At: absorbance of scavenger at the monitoring wavelength before 

and after irradiation time t, respectively. IaT: total amount of light absorbed by the dye. 

It is calculated as the sum of intensities of the absorbed light Ia from wavelength 530 up 

to 850 nm. 
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Ia at given wavelength is calculated using Beer’s law: 

𝐼𝑎 = 𝐼0(1 − 𝑒−2.3𝐴) (5) 

I0: transmittance of the filter at a given wavelength. A: absorbance of the dye at this 

wavelength. 

All experiments were performed three times and the obtained data represent mean 

values of those three experiments. The concentration of the scavenger (DPBF) was 

monitored spectroscopically at 414 nm in function of the irradiation time of the 

photosensitizer, from which the values of Δ could be determined. Importantly, the 

decrease of the absorption of DPBF was completely linear (R2=0.99) and at the same 

time no change in the absorption of the phthalocyanines could be observed throughout 

the measurement indicating its stability. 

f) Time-resolved fluorescence (TRF) 

Time-resolved fluorescence decays were measured using a Fluotime 200 time-correlated 

fluorescence lifetime spectrophotometer (PicoQuant, Berlin, Germany), equipped with a 

red sensitive photomultiplier. Excitation was achieved by means of a 654 nm picosecond 

laser working at 10 MHz repetition rate. The counting frequency was always below 1%. 

Fluorescence lifetimes were analyzed using PicoQuant FluoFit 4.0 data analysis software. 
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Las ftalocianinas con un patrón de sustitución A2B2 han demostrado ser 

fotosensibilizadores eficientes para terapia fotodinámica. Hemos aprovechado sus 

geometrías altamente orientadas, tanto en el caso de la versión ABAB como AABB, para 

preparar fotosensibilizadores anfifílicos, los cuales pueden considerarse como nuevos 

arquetipos en ámbito de los fotosensibilizadores porfirinoides. A su vez hemos mejorado 

los protocolos sintéticos, obteniendo mejores rendimientos y con procedimientos más 

simples que los previamente reportados. 

En la Parte 1 de esta tesis doctoral: 

El estudio de varias ABAB Zn(II)Pcs con un patrón de sustitución variable, es decir, 

nodificando en número de unidades isoindol B que contienen sustituyentes 

trifluorometilfenilo (i.e. ABAB, A3B y A4), y con diferente funcionalización en la unidad 

isoindolica A, nos ha permitido elucidar el rol determinate de los sustituyentes fluorados 

voluminosos en cuanto a su influencia en las propiedades fotofísicas y la capacidad de 

generar 1O2 en este tipo de compuestos. La sustitución ABAB provoca en las Zn(II)Pcs 

propiedades de absorción particulares con bandas muy desplazadas hacia el rojo, evita 

fenómenos de agregación independientemente del tipo de disolvente empleado, y 

además da lugar a rendimientos cuánticos de producción de 1O2 muy elevados. Estas 

características, las cuales no son son fáciles de conseguir en Zn(II)Pcs, son 

fundamentales para su aplicación como PS en PDT. Por otra parte, se ha introducido una 

amplia variedad de grupos funcionales en las unidades isoindol A, lo cual sin embargo, 

parece tener un impacto muy leve en las propiedades fotofísicas de las Zn(II)Pcs 

estudiadas, que vienen determinadas por los sustituyentes fluorados. 

Además, manteniendo nuestro diseño, hemos preparado ABAB Zn(II)Pcs anfifílicas tanto 

con cadenas de polietilenglicosl como con grupo cargados positivamente, los cuales se 

han utilizado ampliamente en la literatura como sustituyentes para dotar de solubilidad 

en medio acuoso, y especificidad hacia lineas celulares cancerosas o cultivos bacterianos 

respectivamente. El principal objetivo es testear in vitro el potencial de este nuevo tipo 

de PS basados en Zn(II)Pcs. En el caso de ABAB Zn(II)Pc fincionalizadas con 

polietilenglicol han demostrado no ser tóxicas para las células en oscuridad, pero cuando 

el cultivo es irradiado en presencia del PS se produce la muerte celular. De forma 

consistente respecto a los estudios de generación de 1O2, el impacto es mayor en el cado 

de ABAB y A3B, respecto a A4. Por otra parte, dos ABAB-Zn(II)Pcs catiónicas se han 

provado en estudios de fotoinactivación in vitro sobre E. coli y S. Aureus. Los resultados 

indican que ambas son fotoquímicamente activas, induciendo la inactivación bacteriana 

tras irradiar con luz roja, siendo mínimo el efecto del tipo de sustituyente catiónico 

utilizado. Una conclusión importante es que estos PS catiónicos han demostrado una 

actividad mayor que otras Pcs catiónicas relacionadas como resultado del diseño racional 

responsable de la capacidad mejorada de fotosensibilización de oxígeno, el adecuado 

balance de lipofilia/hidrofilia y la ausencia de agregación.  
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En resumen, estos hayazgos hacen a las Zn(II)Pcs con sustituyentes voluminosos 

trifluorometilfenilo excelentes candidatos como PS para PDT, especialmente aquellos con 

patrón se sustitución ABAB. 

En la Parte 2 de esta tesis doctoral: 

En cuanto a AABB Zn(II)Pcs quirales intraconectadas por la unidad binaftol, aunque ya 

habían sido previamente descritas, hemos mejorado la metodología previamente 

publicada, reduciendo el número de etapas sintéticas y obteniendo una batería de 

compuestos con buenos rendimentos. La primera familia contiene sustituyentes de tipo 

halógeno o etininilo, los cuales pueden ser posteriormente transformados para obtener 

una variedad de compuestos customizados con propiedades anfífilas. Algunas de estas 

Zn(II)Pcs muestran propiedades de autoensamblaje en disolventes no polares, formando 

nanoestructuras robustas y quirales en disolución. Esta propiedad convierte estos 

derivados en buenos candidatos para la preparación de anfífilos que autoensamblen en 

medio acuoso. La formación de nanoestructuras puede facilitar la circulación a través del 

torrente sanguíneo, y promover la captación celular a trvés del efecto EPR. 

Con el objetivo de probar este diseño, hemos preparado dos tipos de AABB Zn(II)Pcs 

anfífilas con puente binaftilo. El primer enfoque incluye dos ABAB Pcs tetracatiónicas, 

funcionalizadas con piridinio y puentes de binaftilo no sustituidos o funcionalizados con 

cadenas de alquilo. Estos compuestos han demostrado capacidades de autoensamblaje 

en medios acuosos, formando vesículas esféricas con diferentes diámetros de media 

según el tipo de sustitución. Ambos compuestos han sido probados en ensayos 

fotodinámicos in vitro sobre E. coli y S. aureus. Hemos encontrado una relación directa 

entre el tamaño de la nanopartícula formada en medios de agua (más grande para el 

compuesto que carece de las cadenas de alquilo), la absorción de PS por las bacterias y 

la fototoxicidad, que es notablemente más alta para E. coli (Gram-negativa) normalmente 

más resistente a este tipo de tratamiento. Estos hallazgos prueban que estos compuestos 

son excelentes PS para aplicaciones PDI. 

El segundo enfoque, que es decorar el resto de binaftol con cadenas de polietilenglicol, 

produce un anfífilo altamente orientado, capaz de autoensamblarse en agua en micelas 

supramoleculares, y se ha realizado un análisis cuidadoso del proceso de polimerización 

mediante técnicas espectroscópicas. 
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