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ABSTRACT 

Porphyrins play a key role in biological processes such as photosynthesis and respiration. 

Inspired by their ubiquitous presence in natural systems, scientists have investigated their 

implementation in modern technological devices. In the last century, a wide series of studies 

have demonstrated the outstanding properties of this class of hybrid metal-organic compounds. 

In 2001, Osuka and co-workers reported for the first time the synthesis of directly fused 

polymeric porphyrin systems (porphyrin tapes). These systems possess impressive 

optoelectronic properties including electronic transitions occurring in the infrared, low 

attenuation factor and two-photon absorption. However, after twenty years from the discovery 

of porphyrin tapes, only few reports have investigated their use in the production of 

optoelectronic devices. This is mainly due to their complex synthesis and poor solubility, that 

reduce the industrial appeal and hinder the formation of smooth thin films required for device 

production.  

In 2006, Gleason and co-workers reported the synthesis of conjugated polymers directly from 

the gas phase in a novel approach named oxidative chemical vapour deposition (oCVD). In 

oCVD, the delivery of the chemicals through the gas phase circumvents the problems related 

to the poor solubility of precursors and products and directly yields conjugated polymer thin 

films on a given substrate. The technique involves modest temperatures (T≈ 300-500K) 

allowing the deposition of thin films on many thermostable substrates. Prior to this work, the 

oCVD technique was limited to the polymerization of small, purely organic monomers.  

Inspired from these two ground breaking studies on porphyrin tapes and oCVD, this thesis aims 

to bridge the knowledge acquired in different scientific fields and to fill the technological gap 

required to integrate porphyrin tapes into devices. This thesis also aims to develop a deep 

understanding on the reactivity of porphyrins towards oxidative coupling in the gas phase. The 

use of metalloporphyrins as monomers in oCVD can be considered as improvement for both 

the oCVD and the porphyrin tapes synthesis fields. While the oCVD of metalloporphyrin 

would allow obtaining smooth thin films of porphyrin tapes with controlled thickness, the use 

of metal-containing monomers such as metalloporphyrins is unprecedented and would allow 

to introduce new functionalities in the films obtained by oCVD. In addition, the synthesis of 
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porphyrin thin films represents an important step towards the production of smart devices for 

catalysis, sensing and nonlinear optics.  

A custom built oCVD reactor was built to tackle the challenge of using solid and poorly volatile 

monomers in oCVD. The reactor allowed the sublimation of metalloporphyrins with free meso 

and beta positions in the presence of FeCl3 as oxidant to obtain porphyrin thin films on sensitive 

substrates. Both chemical and physical properties of the films were investigated. High 

Resolution Mass Spectrometry (HRMS), UV/Vis/NIR spectroscopy and Gel Permeation 

Chromatography (GPC), were used to characterize the chemical composition of the synthetized 

film. Two-point probe conductivity measurements, Conductive Atomic Force Microscopy (C-

AFM) and Helium Ion Microscopy (HIM) probed the film morphology, topography and 

conductive properties. Density Functional Theory (DFT) and Electron Paramagnetic 

Resonance (EPR) spectroscopy unravelled a conceivable reaction mechanisms of nickel(II) 

porphyrins during the oxidative coupling. Secondary Ion Mass Spectrometry (SIMS) of the 

films prepared using different oxidants confirmed that FeCl3 yields the best results for the 

oCVD of porphyrins.  

The effect of the size of the porphyrin substituents on the film composition and properties was 

investigated. Since no solubilizing substituents are required on the porphyrin in oCVD, simple 

small phenyl substituents can be used for the synthesis of porphyrin tapes. This aspect 

represents the most important step forward in this work towards applications, as small 

substituents improve the electric properties of the films by decreasing the hindrance between 

different polymer chains.  

Different metal cations such as FeIII, CoII, NiII, CuII, ZnII, PdII in the porphyrin core during the 

oCVD and in the film show, as in solution based studies, that the metal center influences the 

regioselectivity of the oxidative coupling steps. Thanks to cyclic voltammetry and DFT, 

information on the position and symmetry of the frontier orbitals were obtained and related to 

the regioselectivity of the reaction. Finally, the metal center appears to be crucial, since it helps 

avoiding acid-base reactions which stop the oxidative coupling and hence the polymerization.  
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ABBREVIATIONS 

 

CVD  Chemical Vapour Deposition 

PVD  Physical Vapour Deposition 

oCVD  Oxidative Chemical Vapour Deposition 

iPECVD initiated Plasma Enhanced Chemical Vapour Deposition 

HRMS  High Resolution Mass Spectrometry 

GPC  Gel Permeation Chromatography 

C-AFM Conductive Atomic Force Microscopy 

STM  Scanning Tunneling Microscopy 

HIM  Helium Ion Microscopy 

DFT  Density Functional Theory 

EPR  Electron Paramagnetic Resonance 

ESR  Electron Spin Resonance 

SIMS  Secondary Ion Mass Spectrometry 

CV   Cyclic Voltammetry 

HOMO Highest Occupied Molecular Orbital 

LUMO  Lowest Unoccupied Molecular Orbital 

SOMO  Singly Occupied Molecular Orbital 

BAHA  (4-bromophenyl) aminium hexachloroanimonate 

DDQ  2,3-dichloro-5,6-dicyano p-benzoquinone 

Sc(OTf)3 Scandium triflate 

TBPO  Di-tert-butyl-peroxide 

NIR   Near Infrared 
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ECL   Effective Conjugation Length 

FcH   Ferrocene 

CB   Conduction Band 

VB   Valence Band 

EDOT   3,4-Ethylenedioxythiphene 

PEDOT  Poly-3,4-ethylenedioxythiphene 

OLED   Organic Light Emitting Diode 

PANI   Polyaniline 

PDA   Polydopamine 

PPy   Polypyrrole 
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1 PORPHYRINS AND PORPHYRIN TAPES 

1.1 Porphyrins 

Porphyrins are organic compounds composed of four pyrrolic rings bridged by methine groups 

(Figure 1). Porphryins and porphyrin-derived compounds (chlorins, bacteriochlorins i.e.) are 

widely present in nature and play a key role in several biological processes such as cellular 

respiration and photosynthesis. This is related to the special nature of porphyrinoids conferring 

to them their interesting chemical-physical properties. On one hand, their highly conjugated 

electronic system gives high molar extinction coefficients necessary for effective light 

harvesting  photosynthesis and allows the occurrence of redox chemistry in absence of metal 

centers. On the other hand, the metal center allows the uptake and release of small molecules 

such as O2 and CO2 in haemoglobin, and can provide catalytic activity to porphyrinoids.[1–4] 

For these reasons, porphyrins attracted broad attention in the scientific community which is 

interested in their use for light harvesting[5,6], artificial photosynthesis[7], 

mimicking/understanding natural processes and development of new catalysts.[2,8–10] 

Porphyrins represent an extremely versatile molecular platform containing electronic and 

optical properties that can easily be modified and tuned.[11–13] In fact, the chemical-physical 

properties of the molecule can be modified through complexation with different metal cations 

and through introduction of organic groups on the meso and/or  position (Figure 1). [13] 

Figure 1. Schematic of the structure of a porphyrin, positions on the porphyrin and examples of substituents. 
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1.2 Gouterman four orbitals model for porphyrins 

The name porphyrin arise from the Greek word “πορφύρα” (porphyra), meaning purple, in 

reason of the intense colour characterizing this class of compounds. One of the main 

characteristics of porphyrins is their highly conjugated electronic structure leading to their 

remarkable optical properties. The colour of porphyrins relates to their UV-Vis absorption 

spectrum. Porphyrins possess very characteristic absorption spectra presenting two main 

features ascribed to − transitions. (Figure 2):   

• The B band (or Soret band) is the most intense absorption in the spectra, usually placed 

around 400 nm (ε≈ 105 M-1∙cm-1). 

• The Q bands are the less intense absorptions in the spectra, usually placed between 500 

and 800 nm (ε≈ 104 M-1∙cm-1).  

Martin Gouterman was one of the most active researchers interested in the physical nature of 

these absorptions.[14] During his pioneering studies in the early 60’s, he developed the “four 

orbital model” to explain the intensity and position of the absorption bands finding the 

relationship between the number of Q bands and the molecular symmetry.[14]   

Figure 2. UV/Vis absorption spectra of a) 5,10,15,20 tetraphenyl porphyrin (inset) and b) 5,10,15,20 

tetraphenyl porphyrinato zinc(II) (inset) in dichlorometane. The Q bands are associated to different 

vibrational states indicated as Qx,y(a,b) in the graphs. 
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According to his model, metalloporphyrins possess D4h symmetry, that can be described using 

a simplified model based on a polyene ring of 16-members possessing filled frontier orbitals. 

The molecular orbitals of the porphyrins are obtained by molecular orbital calculations. 

According to the model, the molecule possess two almost accidentally degenerate HOMOs 

with a2u and a1u symmetry respectively and two degenerate LUMOs with eg symmetry and 

different orientation in the space (egx, egy) (Figure 3).  Group theory predicts two singlet states 

belonging to Eu symmetry arising from these transitions (Figure 4). The transitions originate 

from the excitation of electrons between the HOMOs (a2u and a1u) and the LUMOs (egx and 

egy) (Figure 3 right). Based on the polyene model, Gouterman hypothesised the near 

Figure 4. Schematic of the transition from the ground state to the first and second excited states  yielding 

the Q and B bands respectively. 

Figure 3. (Left) HOMOs (b1, b2) and LUMOs (c1, c2) of the porphyrins derived from molecular orbital 

calculations. (Right) Schematic of the HOMO-LUMO transitions occurring in porphyrins and their 

respective transition polarization. 
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degeneracy of the a1u and a2u orbitals suggesting that only in case of similar energy of these 

orbitals, the visible range transitions (Q bands) would be forbidden. This hypothesis is 

confirmed in the intrinsic low absorption of the Q bands related to their forbidden transition 

nature. However, this simple representation would suggest a single Q band in the spectra of 

metalloporphyrins while figure 2b clearly shows the existence of two Q bands. The 

multiplicity of the transition in the visible range is rationalized considering accessible 

vibrational levels, yielding multiple Q bands in the UV-Vis spectra of metalloporphyrins 

(Figure 2b). This hypothesis is also confirmed in experimental data showing constant distance 

and intensity between the Q bands.[14]  

The model can also extended to porphyrins without metal center (Figure 2a inset). Porphyrins 

without metal cation in the core, are called free base porphyrins. In free base porphyrins, two 

protons facing each other on nitrogen atoms replace the metal center, (Figure 2a) lowering the 

symmetry to D2h. The nomenclature adopted for metalloporphyrins’ orbitals is no longer valid 

since it is strictly related to D4h symmetry. To generalize the model, “b1” and “b2” labels replace 

the a2u and a1u labels while “c1”, “c2” replace the egx and egy labels (Figure 3). In free base 

porphyrins, the presence of the two hydrogens in the core modifies the relative energy of the 

c1, c2 orbitals.  The new electronic structure can be better described with an 18-membered 

polyene ring model. According to the 18 membered polyene ring model, the Q band 1Eu state 

splits in two new states 1B1u and 1B2u (Figure 5). Once again, this aspect is confirmed in the free 

base porphyrin’s UV-Vis absorption spectra (Figure 2a) exhibiting four Q bands. While two 

Figure 5. Schematic representation of the transition occurring in a D2h symmetry porphyrin. The 

hydrogen atoms will remove the degeneracy between the c1 and c2 orbitals. The lower symmetry will split 

the 1Eu transition in two new transitions (1B1u and 1B2u), thus increasing the number of Q bands.  
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bands are related to transitions from the ground state to the 1B1u and 1B2u states (Figure 5), the 

other two bands arise from the accessibility of vibrational states. 

 

1.3 -extended porphyrins 

An interesting aspect of porphyrinoids is the possibility to tune their optical, electronic and 

chemical properties by introducing different substituents. Substituents can be introduced both 

at the meso and −position of the macrocycle. According to the frontier molecular orbitals and 

their model structure calculated for porphyrins (See chapter 1.2), chemical modification on 

the −positions will mainly affect the position of the a1u/b2 orbitals while modification on the 

meso position will affect the position of the a2u/b1 orbitals.[14] Through the introduction of 

conjugated substituents onto the porphyrin macrocycle, it is possible to extend the -system 

conjugation. This extension generally increases the electron density on the frontier orbitals 

rising the energy of the HOMO. The result is a reduction of the HOMO-LUMO gap 

corresponding to a redshift in the absorption bands.[15–18] Extension of the porphyrin −system 

easily yield absorption in the near infrared region.[13] This aspect is of particular interest in 

applications such as dye sensitised solar cells, and bulk heterojunction solar cells, since 

extending the absorption to the near infrared region improves the devices’ performance.[5,6] 

Extension of the −system provides further interesting properties such as low conductivity 

attenuation factors [12,19,20] and two-photon absorption[21,22]. Generally, the extension of the 

−system is achieved by fusion of aromatic rings on the porphyrin core (Figure 6a) using a 

strong oxidant or introducing conjugated bridges through cross coupling reactions on the meso 

a) 
b) 

Figure 6.Examples of −extended porphyrins. The most common methods in the extension of the −system 

consist in the fusion of aromatic rings on the molecule (a) or in the conjugation through triple bond bridge 

(b). 
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position (Figure 6b). Both these extension processes possess synthetic drawbacks such as 

multiple steps and complex synthesis.  Besides, the resulting redshift in the absorption is 

generally modest.  Literature provides numerous examples of these reactions showing 

conjugation of the porphyrin core with anthracene,[15,16] naphthalene (Figure 6a),[17,23] phenyl 

rings,[24,25] pyridine[12] and several other aromatic systems.[13]  

 

1.4 Singly linked fused porphyrins 

An alternative to the traditional methods for the -system extension, was proposed by Osuka 

and co-workers in 1997.[26] Osuka’s group achieved the extension of the porphyrin -system 

forming conjugated porphyrin polymers. This approach present several advantages:  

• one step synthesis, 

• use of a single compound to extend the −system, 

• commercially available starting materials,  

• reaction time lower than 30 minutes. 

The synthesis of singly linked porphyrins can be achieved mixing zinc porphyrins with 

available meso positions in presence of Ag+ salts. The synthesis is remarkably regiospecific 

yielding only meso-meso linked porphyrins (Figure 7).  
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Employing AgPF6 as oxidant avoids the termination of the polymerization via halogenation of 

the meso and β-positions. Consequently, the use of AgPF6  provides a route towards the 

synthesis of polymeric chains containing up to 1024 monomeric units.[27] Although simply 

synthesized with extremely high regioselectivity, linking the porphyrins only on the meso-

position mainly induces a nearly perpendicular orientation between the two porphyrinic units 

(Figure 7). In this conformation, the −systems on the two porphyrins are almost perpendicular 

hindering an optimal conjugation. This perpendicular arrangement also affects the conductive 

properties of the compounds providing to singly linked porphyrin tapes higher attenuation 

factors compared to the respective triply linked planar structures (see below).[12] Furthermore, 

the distribution of dihedral angles between the units of the singly linked porphyrins polymer 

varies with temperature. As a result, the conductivity in singly linked porphyrin polymers 

strongly depends on the temperature.[28] 

  

Figure 7. Extension of the porphyrin −system. The extension occurs through conjugation to another porphyrin 

with the formation of a meso-meso bond. 
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1.5 Doubly linked fused porphyrins 

To improve the −conjugation, a modification to the original reaction was achieved few years 

later.[29] The reaction takes advantage of the difference in reactivity of nickel(II) and 

palladium(II) porphyrins leading to the formation of meso−/−meso doubly linked porphyrins 

(Figure 8). The presence of double linkages forces the co-planarity between the units 

improving the electronic connection between the two porphyrins. Because of its flat structure, 

polymers of this class of compound were named porphyrin tapes. To synthesize doubly linked 

porphyrin tapes, AgPF6 was replaced with stronger oxidants such as (4-bromophenyl) aminium 

hexachloroantimonate (BAHA) or with a mixture of 2,3-dichloro-5,6-dicyano-p-benzoquinone 

(DDQ) and scandium triflate Sc(OTf)3. The improved conjugation affects the UV/Vis/NIR 

absorption spectra of these compounds, exhibiting a marked bathochromic effect towards the 

NIR region (Figure 9).  Every monomer unit added to the tape increases the −conjugation 

causing an additional redshift of the absorption bands. Doubly linked porphyrins are subject to 

the Effective Conjugation Length (ECL) effect. The ECL is described as the number of 

uninterrupted −bonds at which the optical absorption onset saturates in the conjugated system. 

Although the number of units that can be added to the porphyrin tape is virtually infinite, the 

ECL effect limits the maximum conjugation of the system. Osuka and co-workers estimated 

that the ECL effect for doubly linked tapes is reached around 1500 nm.[30] Cyclic voltammetry 

measurements demonstrated that increasing the number of conjugated units reduces the 

potential required for the first electron oxidation in the polymer (Figure 9).  This can be 

rationalized by the increase in the energy of the HOMO, when the porphyrin undergoes 

Figure 8. Reaction for the synthesis of doubly linked porphyrin tapes 
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−extension. This synthesis presents several drawbacks including small conversion of the 

monomers into final products and, when the tapes are composed of more than five units, 

insolubility in the case of phenyl meso-substituents.  

 

1.6 Triply linked porphyrin tapes 

The synthesis of triply linked zinc porphyrin tapes was achieved in 2001.[31] The synthesis was 

performed in two steps (Figure 10):  

• reaction of zinc(II) porphyrins with Ag+ oxidants to obtain polymeric meso− meso 

singly linked porphyrins, 

• second oxidation with DDQ and Sc(OTf)3 converting meso− meso into 

−/meso− meso−  linked porphyrins.  

The first step of the reaction consists in the formation of meso-meso singly linked porphyrin 

tapes using Ag+ salts as reported by Osuka in 1997.[26] The second oxidation step induces a 

complete co-planarization of the molecule, finally exhibiting an exceptionally high level of 

Figure 9. (Left) UV/Vis/NIR absorption spectra of doubly linked nickel porphyrin tapes. (Right) First 

oxidation potential (Vs AgClO4/Ag in CHCl3) for doubly linked nickel(II) porphyrin tapes. Number of 

porphyrins in the doubly linked tape: 2a (n=0) 2b (n=1) 2c (n=2) 2d (n=3). Republished with permission of 

Chem. Commun., From [A.Tsuda, Y. Nakamura, A.Osuka, Chem. Commun, 2003, 1096-1097]. Permission 

conveyed through Copyright Clearance Center, Inc. 

2a 

2b 

2c 

2d 
2a 

2b 

2c 

2d 
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conjugation of the −system through new bonds between the  −positions.  This increased 

conjugation strongly affects the UV-Vis-NIR absorption spectrum of the molecule. A new unit 

added to the polymeric chain shifts the absorption bands towards the NIR region. If a sufficient 

number of units is added to the polymer (around 6), the porphyrin tape exhibits absorption 

bands reaching the IR region (Figure 11).[31]  Thanks to the extension of the −system, the 

HOMO-LUMO gap is reduced, yielding absorption bands at 3500 cm-1 / 2800 nm for 

dodecamers. Cyclic voltammetry measurements of the first oxidation of the porphyrin tapes 

confirm (similarly to doubly linked tapes) that the reduction of the HOMO-LUMO gap is 

related to an increase in the energy of the HOMO orbitals (Figure 12).[32]  Other studies showed 

Figure 10. Synthesis of triply linked porphyrin tapes. The reaction evolves in two steps. Firstly, meso-meso 

connections between the units are formed  by of Ag+ salts. In a second oxidation step triply linked porphyrins 

tapes are formed adding a mixture of DDQ and Sc(OTf)3. 

Figure 11. UV/Vis/NIR absorption spectra of triply linked zinc(II) porphyrin tapes. Number of porphyrins 

in the triply linked tape (n): 3a (n=0), 3b (n=1), 3c (n=2), 3d (n=3), 3e (n=4), 3f (n=5), and 3g (n=10).  

From [A.Tsuda, A.Osuka, Science, 2001, 293, 79−82]. Reprinted with permission from AAAS. 

3a 
3b 3c3d 3e 3f

3g
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an ECL of 14 porphyrin units, corresponding to an ECL of ca. 12 nm. Triply linked porphyrin 

tapes present high nonlinear optical response[22,33] and improved electric performances 

compared to orthogonal singly linked porphyrins[12,28] Recently, it was shown that triply linked 

porphyrins exhibit an increase of the molecular conductance with length.[20] It was suggested 

that this behaviour is related to the reduction of the HOMO-LUMO gap increasing the chain 

length of the tape. This compensates the increased tunnelling distance.[19]   

1.7 UV-VIS (Band I/II/III) 

Due to the strong modification of the electronic structure of porphyrin tapes, the classic division 

of the UV/Vis spectrum of porphyrin in B and Q bands is inadequate to describe the absorption 

spectra of porphyrin tapes. For this reason it was proposed to divide the spectra of porphyrin 

tapes in three parts, namely bands I, II and III (Figure 9 and Figure 11). The band I region 

corresponds to the region between 400 and 500 nm where B bands are usually observed. This 

band usually broadens instensely when compared to the monomeric porphyrins. The band II 

region covers the range usually occupied by the Q bands. It corresponds to the region between 

500 and 600 nm for doubly linked tapes, and between 600 and 1000 nm for triply linked 

porphyrins tapes. Finally, the band III region corresponds to the region over 800 nm in doubly 

linked tapes and over 1000 nm in triply linked porphyrins.   

Figure 12. First oxidation potential for triply linked zinc porphyrin tapes. Number of porphyrins in the tape 

(n): 3a (n=0), 3b (n=1), 3c (n=2), 3d (n=3), 3e (n=4), 3f (n=5), and 3g (n=10).  From [A.Tsuda, A.Osuka, 

Science, 2001, 293, 79−82]. Reprinted with permission from AAAS. 

 

3a 

3b 

3c 
3d 

3e 
3f 
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1.8  Reaction mechanism 

The details of the reaction mechanism behind the formation of fused porphyrins are still 

debated. According to the most accredited proposed mechanism, the reaction starts when the 

porphyrin is oxidized to form a radical cation (Figure 13). The π-radical cation (electron-

deficient/electrophile) can readily react with a neutral porphyrin (electron-rich/nucleophile) 

yielding intermediate adducts. A second oxidation and the elimination of two H+  from the 

intermediate yields the products of the reaction i.e. meso-meso, -meso, or - coupled 

porphyrins (Figure 13). Lastly, further oxidation and deprotonation of the dimer yields doubly 

and triply linked porphyrins. The reaction mechanism highlights the importance of the first C-

C formation, which dictates the regioselectivity of the overall coupling reaction. Interestingly, 

the − coupling has been reported only as a side reaction during coupling of palladium(II) 

porphyrins.[34]  This is probably related to the significant electronegativity of the palladium(II) 

cation, able to partially move the electron density of the neutral porphyrin from the meso to the 

 position. 

 

1.9  Regioselectivity of the porphyrin coupling 

Doubly and triply linked porphyrins exhibit different optical and electronic properties.[30,31] As 

a result, the regioselectivity towards the formation of doubly or triply linked porphyrin tapes 

plays a key role in defining the properties of optoelectronic devices produced using porphyrin 

tapes. Osuka and Tsuda observed for the first time the high regioselectivity of zinc(II) 

porphyrins in their oxidative coupling.[31] Unlike other metallo-porphyrins, zinc(II) 5,15-di-

(aryl) porphyrins form exclusively meso-meso links in the presence of Ag+ oxidants.[26]  

Osuka also reported the high regioselectivity of nickel(II) di-phenyl porphyrins towards the 

formation of doubly linked porphyrin tapes.[29] Similarly, tri-phenyl palladium(II) porphyrins, 

and porphyrins bearing strong electron-withdrawing groups on the meso position form mainly 

doubly linked porphyrin tapes.[35] In the other cases, both doubly and triply linked porphyrins 

are usually obtained.[35–37]  

 

 



19 | P a g e  

 

It is clear that the regioselectivity between the doubly or triply  linked porphyrins  highly 

depends on the central metal ion and on the substituent pattern.[31,35–37] In almost all cases, the 

meso-position is involved in the oxidative coupling. This is attributed to the high electron 

density at the meso-position of the neutral porphyrin, which acts as nucleophile in the coupling 

reaction.[26,34,38] The significant electron density is related to the phenyl rings at the meso 

positions acting as electron donors and thereby raising the a2u orbital energy level compared to 

the a1u orbital. As described in chapter 1.2, the a2u orbital possesses significant orbital 

coefficient at the meso-positions and a node at the −positions. As a result, in porphyrins with 

a2u orbital higher than a1u, the meso-positions possess nucleophilic behaviour. Since higher 

energy a2u orbitals are typical for neutral 5,15-di-(aryl) porphyrins, regioselectivity in oxidative 

coupling reactions is associated with the electrophilic site after the formation of the radical 

cation (Figure 14):[26,34,38]  
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• Electrophilic site at the meso-position will yield triply linked porphyrins,  

• Electrophilic site at the -position will yield the doubly linked porphyrins.  

The electrophilic site of the porphyrin π-radical cation is related to the orbital hosting the 

unpaired electron. In fact, while the a2u radical cation character has node at the  positions, the 

a1u orbitals have nodes at the meso-positions (Figure 15). 

Furthermore, the oxidation of the porphyrin often induces changes to the porphyrins’ 

electron distribution and to the molecular structure. As a result, the order of the frontier orbitals 

of the porphyrin π-radical cation, can be different compared to the respective neutral porphyrin. 

Finally, molecular distortions can also cause a mixing of the porphyrins’ states inducing mixed 

(a1u/a2u) character of the radical cation orbitals.[39] 

 

 

Figure 13. Schematic of the formation of the porphyrin-porphyrin adducts and following formation of fused 

porphyrins 

Figure 14. Synthesis of triply or doubly linked fused porphyrins as a function of the electrophilic site. 
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1.10  The position of the frontier orbitals 

An elegant way to estimate the nature of the π-radical cation symmetry is to perform electron 

spin resonance (ESR) experiments on the oxidized porphyrins. The experiment provides insight 

into the symmetry of the frontier orbital (a1u vs au2) responsible for the electrophilic behaviour 

of the molecule. The ESR spectra of oxidized zinc(II) porphyrins exhibit a characteristic signal 

splitting resulting from the coupling of the unpaired electron with the four nitrogen on the 

molecule.[40] This suggests that the unpaired electron in zinc(II) 5,15-di-(aryl) porphyrins 

radical cation is placed in an a2u orbital since a1u orbital contain nodes on the four nitrogen 

atoms. On the contrary copper(II), palladium(II) and nickel(II)  5,15-di-(aryl) porphyrins have 

been attributed a1u frontier orbitals.[40]  The attribution of the nature of the frontier orbitals for 

a metalloporphyrin radical cation is often complex and highly debated in literature.[39] For 

example, Spiro and co-workers observed by resonant Raman spectroscopy that oxidized 

tetraphenyl porphyrins can undergo molecular structural distortions. This deformation, is due 

to pseudo Jahn-Teller distortions, and causes changes in the molecular symmetry allowing 

molecular states mixing. As a result of mixing, the predominant A2u state of tetraphenyl 

porphyrins mixes with the A1u state. If the porphyrin’s π-radical cation exhibits a mixed 

character, both doubly and triply linked porphyrin tapes will be formed.[41] The mix however 

Figure 15. Schematic of the porphyrin a2u and a1u frontier orbitals 
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requires both the reduction of the molecular symmetry upon oxidation, and proximity of the 

A1u and A2u states. Another method to indirectly estimate the relative position of the frontier 

orbitals is cyclic voltammetry. With the substituent pattern on the porphyrin fixed, the relative 

position of the a2u and a1u orbitals depends exclusively on the metal center. As a result of the 

node on the nitrogen for the a1u orbitals, the metal center will affect mainly the position of the 

a2u orbitals.[35]  

In the case of highly electronegative ions, such as palladium(II) (d8 configuration) the electron 

density in the a2u orbitals will be reduced resulting in a lowering of energy of these orbitals and 

thus higher oxidation potential (Figure 16).[34,42] 

The opposite occurs in zinc(II) porphyrins. Zinc (II) possess a d10 configuration involving 

completely filled d orbitals. This electronic configuration increases the electron density on the 

a2u orbitals resulting in higher energy a2u orbitals and thus a lower oxidation potential (Figure 

17).[42] 

Finally, nickel(II) 5,15 di-(phenyl) porphyrins exhibit intermediate electronegativity. This 

leads to an intermediate oxidation potential with the a1u and a2u orbitals closer in energy. 

Oxidation of the porphyrin is also suggested to cause pseudo Jahn-Teller distortions leading to 

Figure 16. Schematic of the orbitals relative energy, radical cation character and oxidation potential of the 

palladium(II) 5,15 di-(aryl) porphyrins. 

Figure 17. Schematic of the orbitals’ relative energy, radical cation character and oxidation potential of the 

zinc(II) 5,15 di- (phenyl) porphyrins. 
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saddle arrangements. This arrangement decrease the symmetry of the molecule, thus allowing 

the mixing of the A1u and A2u states (Figure 18). 

 

1.11  The oxidant for the synthesis of porphyrin tapes 

The oxidant type plays a key role in the synthesis of porphyrin tapes. There are several aspects 

to evaluate while choosing the correct oxidant. Firstly, the oxidant must be strong enough to 

reach the first oxidation of the porphyrin. This  highly dependent on the metal-center and on 

the substituent on the porphyrin.[42–45] The solvent also plays a key role since it can modify the 

oxidant strength. For example, Ag+ formal potential varies between 0.04 V in acetonitrile and 

0.65 V in dichloromethane (values vs FcH).[46] Thus, finding the appropriate 

porphyrin/solvent/oxidant combination is not trivial, since the oxidant should also be able to 

yield the desired compound in a single step. Although this is already possible for doubly linked 

porphyrin tapes[30] using a mixture of DDQ/Sc(OTf)3 (chapter 1.6), no oxidant has worked yet 

to exclusively yield triply linked porphyrin tapes in a single step.  

Another problem related to the choice of the oxidant is the presence of undesired side-reactions. 

For example, while AgBF4, AgClO4 and AgPF6 yield singly linked porphyrin arrays, AgNO2 

has been shown to cause meso-nitration of the porphyrin hindering the growth of porphyrin 

tapes.[26] Oxidants containing halogen atoms in their structure can cause halogenation of the 

Figure 18. Schematic of the orbitals’ relative energy, radical cation character and oxidation potential of 

the nickel(II) 5,15 di-phenyl porphyrins. 
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porphyrin tapes hindering the growth of long chains.[30,35] Finally, the industrial scale up of 

technologies is highly related to its final cost. Therefore, the ideal oxidant should be earth 

abundant and cheap, to lower the costs of the device production. Unfortunately, the synthesis 

proposed for triply linked porphyrin tapes requires Ag+ oxidants which are neither cheap nor 

earth abundant. 

For these reasons, several working groups have aimed to achieve one-step synthesis starting 

from cheap earth abundant oxidants limiting possible side reactions. Particularly, Zheng, Zhu 

and co-workers who  found that iron(III) salts, such as Fe(ClO4)3 and Fe(OTf)3, provide a 

straightforward synthesis of doubly and triply linked porphyrins tapes in one-step.[35] Brennan 

and co-workers discovered that also copper(II) salts in acetonitrile, such as Cu(BF4)2 and 

Cu(ClO4)2, yields similar results.[36,37] However, the proposed iron and copper oxidants never 

achieved high regioselectivity towards the synthesis of triply linked porphyrin tapes. [30,31,35–37] 

Although iron(III) and copper(II) salts are suitable for a wide range of metallo-porphyrins such 

as Cu2+,[36,37] Pd2+[35]and Ni2+[35], all the proposed syntheses exhibit the formation of a mixture 

of doubly and triply linked porphyrin tapes. It should be noted that none of the findings on the 

different oxidants report the synthesis on zinc porphyrin, which is likely related to zinc 

porphyrin’s demetalation in the presence of acids produced during the oxidative coupling. It is 

likely that silver(I) salts produce weaker acids during the oxidative coupling. The moderate 

cost and abundance of these iron and copper oxidants make them appealing alternatives to the 

Ag+/DDQ/Sc(OTf)3 oxidant mixture in case of upscaling. 

 

1.12  Solubility of porphyrins tapes 

Porphyrins are known to aggregate in solution due to strong − interactions leading to poor 

solubility. The solubility however can be tuned modifying the peripheral groups of the 

porphyrin, thus achieving even water solubility.[47,48] As a result of their relatively simple 

synthesis, the most common substituents are phenyl rings, that lead to the formation of 

tetraphenyl porphyrins. The phenyl rings are twisted around 75° with respect to the porphyrin 

macrocycle hindering the − aggregation and improving the solubility. The introduction of a 

long polar chain, such as polyethylene glycol, allows water solubility by  retaining a neutral 

porphyrin structure.[47] Solubility can also be improved introducing charged substituents, such 

as sulfonic acid groups, allowing retaining solubility even when supramolecular aggregates are 
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formed.[49] The peripheral group also affects how a porphyrin aggregates in solution and on 

substrates.[48,50]  

The solubility of porphyrins is decreased in porphyrin tapes where the highly planar structure 

induces strong aggregation causing precipitation of the molecule.[30] The solubility also hinders 

the growth of long porphyrin tapes since the precipitation stops the polymerization 

process.[30,51] To increase the solubility of the porphyrin tapes and achieve higher degrees of 

polymerization alkyl groups have been introduced in the structure such as 3,5-tert-butyl or 3,5-

dioctyloxyphenyl groups.[26,27,31] This allows synthesis of extremely long porphyrin tapes up to 

24 units and singly linked porphyrin wires with 1024 units.[27,32] The poor solubility of 

porphyrin tapes represents an obstacle towards their integration in technological devices. 

Modern devices are mainly based on thin film technology and the insolubility of porphyrin 

tapes hinders control over the production of smooth thin films from solution-based approaches. 

Furthermore, the large substituents required to achieve extended structures, limit the 

interactions between the -systems of different porphyrin chains. This affects the performance 

of optoelectronic devices where the charge carrier is required to move along the material 

between polymer chains.[5]  
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2 CVD OF CONJUGATED POLYMERS 

2.1 Polymers 

Polymers are macromolecules characterized by large molecular mass. Because of their 

structural properties and versatility, polymers are present ubiquitously in natural systems. In 

biological systems, polymers cover an impressive variety of roles such as in fundamental 

biological processes (proteins), genetic information storage (DNA) and structural function 

(lignin and collagen). However, their role is not limited to natural science.  The coexistence 

high mechanical properties and light weight allows macromolecules to cover a fundamental 

role in material science, with a market estimated in $611.9 billion in 2017.[52] 

The term “polymers” derives from two Greek words “polýs” and “meros” meaning “composed 

of multiple parts”. Indeed, similar to a chain made of multiple rings, polymers are also 

composed of multiple smaller components known as monomers. This idea of molecules made 

of smaller components, was theorized for the first time only in 1920. The German chemist 

Hermann Staudinger was awarded with the Nobel prize in 1953 for this theory.   

Polymerization reactions affects both the special distribution of the molecules and the 

chemical-physical properties. For example, while acetylene is a gas, polyacetylene is a 

transparent solid. Several factors influence the properties of polymers such as conformation, 

interactions between chains and degree of crystallinity.[53–56] Thus, having a strict control over 

the organization of a polymeric structure is crucial for the design of materials with improved 

mechanical properties. The synthesis of stereotactic polymers with outstanding mechanical 

properties possible today thanks to the discovery of the Ziegler-Natta catalysts for olefin 

polymerization.[57,58] The discovery of this catalyst is so significant that Giulio Natta and Karl 

Ziegler were awarded with the Nobel Prize in 1963 for their pioneering studies. 
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2.2 Conductive polymers 

After the Zigler and Natta invention, polymers had an increasing role everyday life. Polymers 

replaced paper in packaging, metals in structural functions, and they are widely used for their 

insulating properties. However, polymers did not cover a key role in electronics until recent 

years with the invention of flexible electronics. The foundation for the development of organic 

electronics was laid in the late ‘70s when Alan MacDiarmid, Hideki Shirakawa and Alan 

Heeger discovered the metallic behaviour of doped polyacetylene.[59] They showed the intrinsic 

conductivity of polyacetylene to increase from 10-5 •cm-1 to 103 •cm-1 when exposed to an 

oxidizing agent. This discovery earned MacDiarmid, Shirakawa and Heeger the Nobel prize 

later in years 2000. Before the discovery of metallic polymers, high conductivity was an 

exclusive prerogative of metal containing materials. Unlike metals, polymers are flexible, 

cheap and allow the introduction of other functionalities thanks to the versatility of the organic 

compounds. Organic polymers today have a key role in the development of new technological 

devices with advanced functionalities.[60–62]  A wide numbers of monomers is been employed 

for the synthesis of conjugated polymers such as polyacetylene,[63] polyaniline[64] and 

polythiophene[65] (Figure 19). The synthesis of conductive polymers containing aromatic or 

heterocyclic building blocks is usually achieved employing Lewis acid catalysts. In addition, 

electrochemical polymerization is widely used for synthesis of metallic polymers due to its 

simple applicability, low cost and the possibility to tune the counter ion in the doping process. 

Conductivity in conductive polymers is strictly related to the conjugation of double bonds, 

allowing electron flow in the material. However, the conductive properties of the pristine 

polymers are generally poor. Similar to polyacetylene, a strong increase up to a metallic 

behaviour can be achieved upon doping in all the conjugated polymers.  

 

Figure 19. Chemical structure of some of the most common conjugated polymers. 
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2.3 Conductivity in polymers 

Conductivity in polymers can be explained by considering the formation of electronic bands 

upon the mixing the molecular orbitals of the monomeric units. The band formed by the 

HOMOs will act similar to a valence band (VB) in inorganic conductors, while the band formed 

by the LUMOs behave as a conduction band (CB).  Unlike inorganic materials, the extraction 

of one electron from the VB will not lead to hole in the VB, rather to the formation of new 

levels between VB and CB (Figure 20b). These new levels arise from the distortion of the 

polymeric structure. The distortion of the ionized level causes a relaxation of the ionized state 

(stabilization of the LUMO) and a distortion of the structure in the ground state (destabilization 

of the HOMO) leading to two new levels between VB and CB (Figure 20b). The result of this 

chemical process will be a new radical cation associated to a lattice distortion called polaron. 

Further oxidation can lead to both the formation of new polarons or the extraction of the 

electron from the existing polaronic levels. The removal of the electron from the polaronic 

level will induce a new distortion of the polymeric chain and the formation of doubly charged 

species. The formation of a pair of charges associated to a strong lattice distortion is called 

bipolaron. This new distortion causes bipolaron levels get closer in energy (Figure 20c). In the 

case of high level of doping, bipolaron levels will merge forming new bands between the VB 

and the CB (Figure 21a). It has been shown that polythiophene is characterized from a small 

bandgap between VB and CB. At high level of doping, the bipolaronic bands formed will 

Figure 20. Formation of polarons and bipolarons in conductive polymers. 
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merge with the VB and with the CB causing a metallic behaviour in the polymer (Figure 

21b).[66] 

A similar model can be applied to n-doped polymers. In this case the polymer will be negatively 

charged and the electrons will fill the * orbitals of the macromolecule resulting in partially 

filled CB.[66] Generally, the doping process occurs through oxidants (p-doping) or reductants 

(n-doping). Better results are usually achieved by p-doping using oxidants such as I2, Br2 or 

AsF5.
[67,68] Examples of n-doped polymers are rare, since p-doping usually achieves better 

performance. 

  

Figure 21. a) Structure of the bipolaron in conjugated polymers. If the bipolaronic bands are close to the 

VB and CB, a new electronic structure will result in a metal like structure with a partially filled VB. 
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2.4 Vapour deposition  

Modern technology moves towards the integration of multiple functionalities in single devices. 

Smartphones are a perfect example of this principle by integrating in a single device multiple 

sensors, GPS, telecommunications and OLED screens. Consequently, the production of new 

devices requires the invention of new technologies and the miniaturization of existing 

technologies. Consequently, the market has increased the demands for organic and inorganic 

thin films with controlled thickness and functional properties. Several methods exist for the 

formation of thin films from solution such as spin coating and dip coating. However, solution 

based technologies present several drawbacks including 

 

• inhomogeneous films due to dewetting, 

• incompatibility of substrates with some solvents, 

• poor control over film thickness. 

 

Furthermore, to deposit a chemical compound it must be prepared separately and be soluble in 

the solvent used for the process. Vapour deposition techniques overcome these drawbacks. In 

vapour deposition the absence of solvent avoids dewetting effects and solvent incompatibility 

with the substrate. Furthermore, film thickness can be easily controlled. Several techniques 

have been developed in the last decades allowing simultaneous synthesis and deposition of 

organic (as poly-acrylates[69]), inorganic (as metals,[70] oxides[71] and fluorides[72]) and hybrid 

films[73] on virtually any substrate. It is possible to discriminate between Physical Vapour 

Deposition (PVD) and Chemical Vapour Deposition (CVD). In PVD no chemical reaction 

occurs during the film deposition, while CVD techniques are characterized by a chemical 

Figure 22. Schematic of the CVD process. The precursor reachs the surface where it can react, migrate, 

sublime and grow as film. 
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reaction yielding the desired compounds (Figure 22). CVD represents one of the most common 

solutions in industry for the synthesis of thin films because of its up-scalability and high control 

of the film properties. The main advantage of CVD techniques is the chemical reaction 

occurring in the gas phase, yielding the desired compounds deposited on the substrate. 

However, as a drawback this demands the volatility of the precursor.  

The most simple CVD technique is the thermal CVD where the chemical reaction is triggered 

by high substrate temperature. This approach is used in the production of oxides and fluorides 

such as TiO2
[74]

, Cu2O
[71]

 and CaF2
[72]. One drawback is the temperature required to trigger the 

chemical reaction. As a result, substrates and precursors choice is limited by the temperature. 

Thermal sensitive substrates (i.e. paper and polymers) and precursors (such as organic 

compounds) show obvious poor compatibility with thermal CVD. 

 

2.5 CVD of polymers 

In order to increase the number of usable precursors and substrates, several other CVD 

approaches have been developed in the last decades aimed at reducing the temperature involved 

in the process. The main difference between such techniques lies in the event initiating the 

chemical reaction. The most common alternatives to thermal CVD rely on plasma (plasma 

enhanced CVD[75]), light (photo-assisted CVD[76]) or chemical initiation (initiated 

CVD[77]/molecular layer deposition[78]). Although the main application of CVD is the synthesis 

of inorganic thin films, the development of these new techniques allows the production of 

organic and polymeric thin films. Lastly, several parameters such as pressure, injection system 

and chemical initiators can also be adapted to the use organic precursors.   

Organic precursors generally suffer from poor volatility demanding low pressure CVD set-up 

to obtain thin films.[78–81] In this case, the precursor is usually provided as a vapour (e.g. 3,4-

ethylenedioxythiophene (EDOT) and aniline).[79] In low pressure set-ups, the precursor can be 

introduced as a solid and sublimed towards the substrate as in the case of FeCl3 used as initiator 

for the oxidative polymerization of EDOT. One drawback of the low pressure CVD, is the 

expensive equipment required such as pumps and reactors compatible with high vacuum levels. 

An alternative to the use of low pressure set-ups, is to introduce the precursors as an aerosol, 

allowing the use of atmospheric pressure set-ups.[82]  The synthesis of polymeric layers by CVD 

still represents a challenge for modern material science. Lastly, to date oxidative CVD is the 
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only vapour deposition technique allowing the synthesis of conjugated polymers retaining 

control over the chemical reaction. 

 

2.6 The oxidative chemical vapour deposition (oCVD) 

The invention of conductive polymers revolutionized the production of electronic and 

optoelectronic devices. However, the integration of conductive polymers in devices is complex 

due to their poor solubility, representing a serious limitation to their application. Modification 

of the chemical structure of the monomer is required to achieve the solubility necessary to 

process the polymers as thin films. An example is the modification of the pending groups on 

thiophene (e.g. ethanesulfonate and butanesulfonate), allowing its water solubility in industrial 

applications.[83] However, the modification of the monomer requires a significant synthetic 

effort. A solution to the insolubility of the polymer was proposed in 2006 by Karen Gleason, 

who implemented oxidative polymerization in CVD, thus providing the first example of 

oxidative CVD (oCVD) .[84] The oCVD consists of simultaneous vaporization of an oxidant 

(e.g. FeCl3) and a suitable monomer (e.g. EDOT). The oxidant allows the oxidative coupling 

of the monomers directly yielding conjugated polymers thin films. Relying on the gas phase, 

the oCVD cuts the need of solubility of monomers and products. Furthermore, the oxidant acts 

simultaneously as coupling and doping agent, yielding doped films. As a result of condensing 

synthesis, deposition and doping in a single step, the final cost of the device production is 

reduced.  Another advantage of oCVD, is represented by the low temperature required for the 

process, allowing deposition on sensitive substrates such as textiles or polymers.[79]  However, 

to ensure the sublimation of monomer and oxidant, the process requires reduced pressure.  
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In oCVD, the substrate is usually placed on a heated stage at the top of the reactor facing 

downwards (Figure 23a). In case of liquid or high-to-moderate vapour pressure monomers, 

injection in the reaction chamber occurs from the vapour phase. The oxidant is usually solid 

(i.e. FeCl3) and, therefore, is provided using a heated crucible (Figure 23a). In case of liquid 

oxidant, the oxidant can be introduced in the chamber directly as vapour (Figure 23b).  

 

2.7 Monomers and oxidants in oCVD  

To be used in oCVD, precursors should be highly volatile to be delivered towards the substrate. 

As a result, the monomers employed in oCVD are generally small molecules with a simple 

chemical structure. This aspect clearly limits the functionality that can be provided to the thin 

film.  The first and most studied monomer in oCVD is 3,4 ethylenedioxythiophene (EDOT), 

yielding poly 3,4 ethylenedioxythiophene (PEDOT). Interest in this material is driven by its 

numerous potential applications ranging from OLED to photovoltaics. Furthermore, PEDOT 

is transparent and highly conductive. Other polymers have been synthesized by oCVD such as 

polyaniline (PANI),[64] polydopamine (PDA),[85,86] or polypyrrole (PPy)(Figure 24).[87,88] In 

addition, multiple monomers can be used simultaneously in the chamber to obtain co-

polymers.[89]  

Figure 23. Typical layouts of oCVD reactors. a) Monomer injected as vapour and oxidant sublimed in the 

chamber, b) monomer and oxidant injected as vapour in the chamber 
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Significant effort has been made also in finding more suitable oxidants for the oCVD process. 

FeCl3 is the most common oxidant in oCVD. However, at the end of the deposition traces of 

unreacted FeCl3 remain in the formed film, which require further rinsing step to be eliminated.   

The oxidant also influences the morphology and conformality of the film. For example, Br2 

was reported to yield more conformal coatings compared to FeCl3. However, its practical use 

is limited by its high toxicity and because of its corrosives nature damaging the reactors.[79] 

CuCl2 also increases the conformality of oCVD films compared to FeCl3. It also induce higher 

level of porosity due to the slower formation of gaseous by-products.[90] More recently 

VOCl3
[65]

 and SbCl5
[91] , which are liquid under standard conditions, have been used as oxidants 

in oCVD. The high volatility of liquid oxidants cuts the need for rinsing steps. Lastly, liquid 

oxidants provide an easier control over the oxidant delivery rate through the control of its 

flowrate.[64]  

Lastly, sublimation/evaporation can affect the oxidant strength. As an example, the sublimation 

of FeCl3 yields among other products the synthesis of Cl2, which is characterized from a higher 

standard  oxidation potential.[92,93]. Unfortunately, literature lacks of studies on the oxidant 

strength in the gas phase, thus hindering a more accurate selection of the oxidant in oCVD.  

Figure 24. Structure of the most common polymers synthetized by oCVD. 
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3 PVD AND CVD OF PORPHYRINS 

3.1 Sublimation of porphyrins  

Although an impressive number of publications is being released every year regarding 

porphyrinoids, only few of them are related to porphyrins in the vapour phase. This is mainly 

related to the high temperature and vacuum typically required for sublimation of the 

porphyrins, and to the simplicity of other solution-based approaches. Several techniques have 

been employed for the sublimation such as thermal evaporation,[94] pulse-injection,[95] and glow 

discharge[96]. Due to its simplicity, thermal evaporation is more often used to deposit thin and 

sub-monolayer films. However, heat can induce the oxidative degradation of the macrocycle 

through the elimination of one of the methine bridges in the porphyrin yielding linear 

oligopyrroles.[97] The high temperature required for the sublimation of porphyrins is probably 

a consequence of the strong − interactions between porphyrins in the solid state. As a result, 

reduced pressure (often ultra high vacuum) must be used to achieve the sublimation of intact 

porphyrinoids. Even at reduced pressure, the temperature required for the sublimation of 

porphyrins can be greater than 300°C.[97] Nonetheless, sublimation still represents a valuable 

method for the purification of porphyrins from the by-products of the reaction.[98]  

 

3.2 Surface assisted reactions of porphyrins 

Several groups studied the self-organization of porphyrin monolayers by Scanning Tunneling 

Microscopy (STM) through sublimation of porphyrins on metallic substrates.[99–102] These 

studies rely on the thermal stability of the porphyrin core up to 300°C. For example, Yokoyama 

and co-workers showed cyanophenyl porphyrin’s substituent sublimed on Au(111) substrates, 

are able to spontaneously form supramolecular structures on gold surface.[50] Similar studies 

showed that porphyrins and porphines sublimed on metallic substrates can form covalent bonds 

and polymers via surface assisted reactions.[103–106]  

Interestingly, Auwärter and co-workers demonstrated that porphines undergo oxidative 

coupling on Ag(111) surface upon heating at 300K.[107] The reaction yields directly fused 

porphines similar to the porphyrin tapes obtained by Osuka. On one hand, these reactions 

exhibit extreme simplicity since the only requirement is the sublimation of the porphyrin under 
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vacuum, on a heated metallic stage. On the other hand, they all rely on surface reactions 

limiting the synthesis to sub-monolayers. Furthermore, the syntheses are highly substrate 

dependent hindering the application in technological devices.  

 

3.3 CVD of porphyrins 

Literature on the synthesis of porphyrin based materials from a solution based approach is 

extremely rich with examples. Contrarily, the preparation of porphyrin based materials from 

the gas phase offers only few isolated examples. In 1999 Yoshida and co-workers performed a 

pioneering study in this field exploring the plasma polymerization of cobalt tetraphenyl 

porphyrin.[108] This study showed that highly reactive species formed in the plasma are able to 

yield polymeric structures containing porphyrins. However, due to the non-specificity of 

plasma reactions, the porphyrins macrocycle is poorly retained in the final film. Other groups 

developed different methods to synthesize porphyrin containing materials from the gas phase. 

Particularly, Tonezzer, Maggioni and co-workers showed the use glow discharge induced 

sublimation to form cobalt tetraphenyl porphyrin thin films[96] or to immobilize porphyrins in 

polyimide films through co-sublimation with polyimide precursors.[109] More recently, 

Boscher, Heinze and co-workers showed that it is possible to immobilize intact zinc(II) 

tetraphenyl porphyrins in a polydimethylsiloxane matrix through co-injection of the precursors 

in atmospheric pressure dielectric barrier discharge.  Contrarily to Yoshida’s example, these 

works do not involve any reaction of the porphyrin. Consequently, they cannot be strictly 

considered as chemical vapour depositions of porphyrins.  

The first example of a controlled chemical vapour deposition of porphyrins was published only 

in 2016. Boscher, Heinze, Gleason and co-workers showed the possibility to obtain polymeric 

porphyrin thin films by initiated Plasma Enhanced Chemical Vapour Deposition (iPECVD).[81] 

The technique relies on the radical polymerization of the porphyrin’s pyrrolic ring (Figure 25) 

and consists in delivering the sublimed porphyrin towards the substrate while tert-butyl-

peroxide (TBPO) is used as initiator cleaved by the plasma. The material exhibits outstanding 

gas-separating performances when deposited on permeable membranes. The technique yields 

extremely smooth and pinhole-free polymeric porphyrin films. It was shown that the gas-

separation properties arises from the compact arrangement of the porphyrin units in the 

polymer. In fact, the polymeric structure lead to a dense structure with small holes with a 

comparable size to the kinetic diameter of small gas molecules such as H2 and O2 or CO2.
[75] 
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The properties of this material were further improved by co-polymerization in the presence of 

divinylbenzene.[110] The study also showed that via reduced plasma power it was possible to 

improve the retention of the porphyrin macrocycle. However, the radical polymerization yields 

poly-chlorins (reduced porphyrins) instead of conjugated poly-porphyrins. As a result, the 

polymerization does not increase the conjugation of the aromatic system, hindering its use in 

optoelectronic devices.[81] 

 

  

Figure 25. Schematic of the polymerization of tetraphenyl porphyrins by iPECVD. The conjugation of the 

system is lost due to the formation of chlorins (Blue pyrrolic rings). 
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4 AIM OF THE WORK 

Since Osuka’s first publication in 2000 on porphyrin tapes, several studies have been conducted 

on this class of compounds. These studies showed intense NIR absorption, two-photon 

absorption properties and unique electrical properties including low conductance attenuation 

factors. However, the low solubility of porphyrin tapes and their complex synthesis hinder their 

integration in optoelectronic devices. In fact, the most common modern devices rely on smooth 

thin films, which cannot be obtained in the absence of acceptable solvent solubility. This PhD 

thesis aims to fill the gap between the fused porphyrin tapes and CVD of conjugated polymers, 

thus circumventing the low processability of porphyrin tapes and allowing their integration into 

optoelectronic devices. The main goal of the present work is to develop a straightforward 

synthesis and deposition of porphyrin tapes thin films directly from the gas phase. The gas 

phase approach circumvents the limitation of the poor solubility of porphyrin tapes yielding 

smooth thin films. In order to reach this goal, the oCVD ability to form conjugated C-C bonds 

was exploited. 

The PhD project was divided in 5 different key-points: 

• Firstly, the possibility to obtain porphyrin tapes by oCVD of nickel(II) 5,15 diphenyl 

porphyrin with FeCl3 was proven. A systematic study of the chemical composition, optical, 

electric and morphological properties of the obtained film was proposed aiming to provide a 

full representation of the properties of the film.  

• In a second phase, the role of the oxidant in the oCVD of porphyrins was studied. The 

replacement of FeCl3 with copper(II) salts such as CuCl2 and Cu(ClO4)2 was investigated. It 

was also shown that the conductivity of the porphyrin tapes obtained by oCVD is highly 

dependent on the oxidant’s sublimation temperature.   

• In a third phase, the reaction mechanism of the oCVD of porphyrins was investigated 

and compared to the results reported by solution based approaches to obtain porphyrin tapes. 

Several differences have been observed between the reactivity of porphyrins in oCVD and 

solution based approaches. To explain these differences, a representation of the electronic 

structure of nickel(II) 5,15 diphenyl, 5,10,15 triphenyl and 5,10,15,20 tetraphenyl porphyrins 

and of their radical cations was derived via DFT and EPR studies.  

• In a fourth phase, the possibility of obtaining porphyrin tapes with different of the meso-

substituents was investigated, and the effect of substituents on the electric properties of the thin 
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film was evaluated. Differences in the electric performances were correlated to the 

intermolecular distances thanks to DFT calculations and Gel Permeation Chromatography 

experiments. The intermolecular distances could be tuned by the size of the substituents and 

their orientation in the space, which favoured or hindered the − interactions.  

• Finally, the effect of the metal center was investigated. The porphyrins bearing iron(III), 

cobalt(II), nickel(II), copper(II), zinc(II) and palladium(II) metal cations were tested in oCVD 

and the obtained films were characterized. The effect of the metal ion on the regioselectivity 

of the reaction was investigated and related to the reaction mechanism.  
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5 RESULTS AND DISCUSSION 

The outcomes of this work have been published (or submitted for section 5,5) as scientific 

articles in peer-reviewed chemistry journals. All the articles have been published in an open 

access format. 

The article in the section 5.1, published with the title “Conductive fused porphyrin tapes on 

sensitive substrates by a chemical vapour deposition approach”, discusses the synthesis and 

deposition of nickel(II) 5,15-di-(phenyl)-porphyrin tapes by oCVD. FeCl3 was selected as the 

oxidant due to its well known use in oCVD. The deposition yields thin films with conductivities 

in the order of 10-2 S/cm and ohmic behaviour. The occurrence of oxidative polymerization 

was evidenced by high resolution mass spectrometry (HRMS). The HRMS showed the 

cyclization of the phenyl ring on the porphyrin macrocycle, which will be further described in 

the following studies. Modifying the porphyrin monomer in nickel(II) 5,15 di(3,5-tert-

butylphenyl) porphyrins improved the solubility of the polymer, allowing to confirm the 

polymerization through GPC analysis.  

The use of different oxidants and the effect of different amount of oxidant delivered to the 

substrate were investigated in an article entitled ”Conductive directly fused poly(porphyrin) 

coatings by oxidative chemical vapour deposition – from single to triple fused”(chapter 5.2). 

While FeCl3 was confirmed to be the most effective oxidant of the series, a change of the 

conductivity of the film with the amount of oxidant delivered was observed by C-AFM. This 

effect was related to the enhanced planarization of the molecule due to the increased number 

of bonds between the monomeric units.  

The reaction mechanism was investigated in the article published with the title “Reactivity of 

Nickel(II) Porphyrins in oCVD Processes—Polymerisation, Intramolecular Cyclisation and 

Chlorination”(chapter 5.3). The study highlights the importance of the SOMO in the 

regioselectivity. Furthermore, the necessity of free meso positions to allow the nucleophilic 

attack starting the oxidative coupling was confirmed. The SOMO was investigated by means 

of density functional theory and EPR spectroscopy suggesting that in nickel(II) porphyrins the 

SOMO has a mixed a1u/a2u character. 

The role of the meso-substituent on the film properties was investigated in the paper published 

with the title: “Molecular Flattening Effect to Enhance the Conductivity of Fused Porphyrin 
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Tapes Thin Films”(chapter 5.4). The study showed that increasing the size of the substituents 

(phenyl < mesityl < di-tert-butylphenyl < dodecyl-oxyphenyl) affects the − stacking, the 

intermolecular distance and, consequently, the conductivity of the films. The intramolecular 

cyclization between the phenyl ring and the porphyrin macrocycle forces the planarity of the 

molecule and improves the − stacking. This planarization reduces the intermolecular 

distance and improves the conductivity of the film with an effect that was called “molecular 

flattening effect”.  

Finally, the effect of the metal center was investigated in a manuscript submitted with the title 

“Metal Ion Effect on Regioselectivity in the Synthesis of Porphyrin Tapes in oCVD” (chapter 

5.5). The study confirmed that the metal center highly affects the regioselectivity of porphyrins 

in oxidative coupling reactions. Particularly, zinc(II) porphyrins yield only triply linked 

porphyrin tapes while palladium(II) porphyrins form doubly linked porphyrin tapes. For the 

first time cobalt, porphyrin tapes have been synthesized. The absence of a metal center allows 

acid-base reactions, which hinders the polymerization reaction.  
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5.1 Conductive Fused Porphyrin Tapes on Sensitive 

Substrates by a Chemical Vapor Deposition 

Approach 

Giuseppe Bengasi, Kamal Baba, Gilles Frache, Jessica Desport, Paul Gratia, Katja Heinze, 

and Nicolas D. Boscher 

Angew. Chem. Int. Ed. 2019, 58, 2103 –2108 

 

Directly fused metalloporphyrin tapes were 

simultaneously synthesized and deposited in a 

thin film form by scalable and substrate‐
independent chemical vapor deposition (CVD). 

Patterned and conductive (3.6×10−2 S cm−1) 

conjugated poly(porphyrin) thin films are 

formed. Mass spectrometry provides insight 

into the oxidative polymerization reaction and 

two side reactions (metalloporphyrin 

chlorination and π extension via intramolecular 

ring fusion). 

 

 

 

 

Author Contribution 

The synthesis and deposition of the porphyrin tape, UV/Vis/NIR characterization were 

performed by Giuseppe Bengasi with contribution from Kamal Baba. Giuseppe Bengasi and 

Paul Gratia performed the electrical characterization. Gilles Frache performed the mass 

spectrometry analysis. Jessica Desport performed the GPC analysis. Giuseppe Bengasi made 

the interpretation of the results with contributions of all co-authors. Giuseppe Bengasi, Nicolas 

Boscher and Katja Heinze contributed equally in writing the manuscript.  

Supporting Information 

Supporting information can be found at page 96. 

Reprinted from permission from: 

Giuseppe Bengasi, Kamal Baba, Gilles Frache, Jessica Desport, Paul Gratia, Katja Heinze, 

and Nicolas D. Boscher; Angew. Chem. Int. Ed. 2019, 58, 2103 –2108 
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5.2 Conductive Directly Fused Poly(Porphyrin) Coatings 

by Oxidative Chemical Vapour Deposition – From 

Single- to Triple- Fused 

Kamal Baba, Giuseppe Bengasi, Dana El Assad, Patrick Grysan, Esther Lentzen, Katja Heinze, 

Gilles Frache and Nicolas D. Boscher.  

 

 

Conductive fused metalloporphyrin thin films 

are simultaneously synthesised and deposited 

by using a straightforward chemical vapour 

deposition approach. The dependence of the 

fusion reaction and side mechanisms on the 

oxidant is evidenced. 

 

 

 

Authors Contributions 

Kamal Baba performed the experiments with contributions from Giuseppe Bengasi. Dana El Assad 

and Gilles Frache performed the Mass Spectrometry analyses, Patrick Grysan performed the C-

AFM measurements and Esther Lentzen performed the nano-SIMS analyses. Kamal Baba, 

Giuseppe Bengasi and Nicolas Boscher made the interpretation of the results with contributions of 

all co-authors. Nicolas Boscher and Kamal Baba finalized the manuscript with contribution from 

Giuseppe Bengasi and Katja Heinze.  

Supporting Information 

Supporting information can be found on page 110. 

Reprinted from permission from: 

Kamal Baba, Giuseppe Bengasi, Dana El Assad, Patrick Grysan, Esther Lentzen, Katja Heinze, 

Gilles Frache, and Nicolas D. Boscher, Eur. J. Org. Chem. 2019, 2368−2375. 
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5.3 Reactivity of Nickel(II) Porphyrins in oCVD 

Processes— Polymerisation, Intramolecular 

Cyclisation and Chlorination 

Giuseppe Bengasi, Kamal Baba, Oliver Back, Gilles Frache, Katja Heinze, and Nicolas D. 

Boscher 

 

 

Oxidative chemical vapour deposition of 

(5,15‐diphenylporphyrinato)nickel(II) with 

FeCl3 as the oxidant yielded a conjugated 

polymetalloporphyrin as a highly coloured thin 

film on glass and plastic substrates. The initial 

steps of the oxidative coupling were elucidated 

by means of spectroscopic, mass 

spectrometric and quantum chemical studies. 

 

 

 

Author contributions 

Giuseppe Bengasi performed the experimental section with contributions from Kamal Baba and 

Oliver Back. Giuseppe Bengasi performed the quantum chemical study. Gilles Frache performed 

the mass spectrometric analysis. Giuseppe Bengasi made the interpretation of the results with 

contributions of all co-authors. Giuseppe Bengasi, Katja Heinze and Nicolas D. Boscher 

contributed equally to write the manuscript.  

Supporting information 

Supporting information can be found at page 116. 

Reprinted from permission from: 

Giuseppe Bengasi, Kamal Baba, Oliver Back, Gilles Frache, Katja Heinze, and Nicolas D. 

Boscher; Chem. Eur. J. 2019, 25, 8313 – 8320 
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5.4 Molecular Flattening Effect to Enhance the 

Conductivity of Fused Porphyrin Tapes Thin Films 

 

Giuseppe Bengasi, Jessica S. Desport, Kamal Baba, João P. Cosas Fernandes, Olivier De 

Castro, Katja Heinze, Nicolas D. Boscher 

 

The oCVD of porphyrins allows the 

straightforward formation of porphyrin tapes 

films without solubilizing agents. This make 

possible studying the conductivity of porphyrin 

tapes films according to their substituent. We 

observed that the flattening of the meso 

substituents improves the film conductivity of 

several orders of magnitude. 

 

 

 

Authors contributions 

Giuseppe Bengasi performed the deposition experiments with contribution from Kamal Baba. 

Giuseppe Bengasi performed the DFT calculations. Jessica Desport performed GPC analysis, 

Joao Paulo Cosas Fernandes the C-AFM analysis and Olivier de Castro acquired the HIM 

images. Giuseppe Bengasi made the interpretation of the results with contributions of all co-

authors. Giuseppe Bengasi wrote the manuscript with contribution from Katja Heinze and 

Nicolas Boscher. 

Supporting Information 

Supporting information can be found at page 130. 

 

Reprinted from permission from: 

Giuseppe Bengasi, Jessica S. Desport, Kamal Baba, Joao P. Cosas Fernandes, Olivier De 

Castro, Katja Heinze and Nicolas D. Boscher, RSC Adv., 10, 7048-7057 
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5.5  Metal Ion Effect on Regioselectivity in the Synthesis 

of Porphyrin Tapes in oCVD. 

Giuseppe Bengasi, Louise Quétu, Kamal Baba, Alexander Ost, João P. Cosas Fernandes, 

Patrick Grysan, Katja Heinze, Nicolas D. Boscher. 

 

Triply-linked porphyrins films: The effect of the metal center on the oCVD of porphyrins was unclear. 

We investigate the effect of different metal cations (M=NiII, CuII, ZnII, CoII, PdII, FeIIICl, 2H). In oCVD, 

zinc(II) porphyrins are highly regioselective leading to the synthesis, deposition and doping of triply-linked 

porphyrin tapes thin films in a single step with improved electrical properties. 

 

Authors contributions 

Louise Quétu performed the deposition experiments under the supervision of Giuseppe 

Bengasi and Nicolas Boscher. Kamal Baba performed the UV/Vis/NIR analyses. Giuseppe 

Bengasi performed the cyclic voltammetry analyses. Joao P. Cosas Fernandes and Patrick 

Grysan performed the AFM measurements and Alexander Ost acquired the HIM images. 

Giuseppe Bengasi made the interpretation of the results. Giuseppe Bengasi wrote the 

manuscript with contribution from Katja Heinze and Nicolas Boscher. 

Supporting Information 

Supporting information can be found at page 179. 
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6 SUMMARY AND OUTLOOK 

In this work, the synthesis of porphyrin tapes via oxidative chemical vapour deposition 

was performed for the first time. The study focused on five aspects of the oCVD of 

porphyrins: 

• film characteristics, 

• reaction mechanisms, 

• role of the oxidant, 

• role of the metal center, 

• role of substituents. 

First, the possibility to obtain porphyrin tapes by oCVD was demonstrated. This 

technique yields homogeneous nano-confined smooth films with extremely smooth 

surfaces. The obtained films can be deposited on virtually any thermostable substrate 

such as paper and polymers and exhibit NIR absorption and conductive behaviour. 

The study also confirmed similarities between the reaction mechanisms of the oCVD 

and solution-based synthesis of porphyrin tapes. In both cases, the synthesis passes 

through the formation of a radical cation leading to nucleophilic attack of neutral 

porphyrins. However, vacuum conditions, i.e. the absence of solvents, seems to affect 

the regioselectivity of the reaction. In fact, the solvent can modify the order of the 

frontier orbitals yielding different regioselectivity. A key-role is played by the meso-

position of the porphyrins that, being the most electron-rich position of the molecule, 

starts the nucleophilic attack. Tetraphenyl-meso-substituted porphyrins do not undergo 

oxidative polymerisation in oCVD. Finally, differently from solution-based approaches, 

the synthesis of porphyrin tapes in oCVD through FeCl3 yields the cyclization of the 

phenyl ring on the porphyrin macrocycle.  

This study showed that iron (III) chloride is an efficient oxidant for the formation of 

porphyrin tapes in oCVD. However, the oxidant exhibits a low selectivity towards 

dehydrogenative coupling yielding phenyl fused porphyrin and also chlorinated by-

products. Although the cyclization can be easily avoided by means of ortho-phenyl 
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porphyrins (for instance mesityl groups), to date no solution to avoid formation of 

chlorinated products has been identified. Furthermore, increasing the amount of 

sublimed oxidant varies the unsaturation in the molecule, improving the molecular 

flattening and the electrical properties of the final film. 

The influence of the molecular flattening was further elucidated by modifying the meso-

substituent on the molecule. The presence of bulky substituents such as mesityl, di-tert-

butyl-phenyl or dodecyl-oxyphenyl groups increases the distance between porphyrin 

tape chains hindering the electron transfer and reducing the electrical performances of 

the films. Contrarily, phenyl ring substituents containing free ortho positions further 

improve the conductivity thanks to the “molecular flattening effect”, which decreases 

the intermolecular distances.  

Finally, the effect of the metal center was evaluated. For the first time the synthesis of 

cobalt porphyrin tapes was reported. Free base porphyrins do not yield porphyrin tapes 

in oCVD. This was attributed to the acid-base activity of the pyrrolic rings modifying 

the oxidation potential of the porphyrins. All the other investigated metallo porphyrins 

(M= FeIIICl, CoII, NiII, CuII, ZnII, PdII) exhibited activity in oCVD. A higher oxidation 

potential decreases the reactivity in oCVD as observed for iron(III) porphyrins. Poor 

regioselectivity was observed for cobalt(II), nickel(II), copper(II) and iron(III) 

porphyrins while palladium(II) and zinc(II) porphyrins exhibited a good selectivity 

towards the formation of doubly and triply-linked porphyrin tapes, respectively.  

This study highlights that the major advantage of the oCVD approach compared to 

solution-based synthesis is that bulky solubilizing substituents are unnecessary. As a 

result, phenyl rings can be used to achieve higher electrical performances thanks to the 

small substituents. Furthermore, the phenyl ring cyclization (occurring only in oCVD) 

seems to improve the electrical properties of the film thanks to enhanced − 

interactions. 

In conclusion, the oCVD is a suitable technique for the synthesis of porphyrin tape thin 

films on sensitive substrates. Their electrical a1nd optical properties were tested and the 

effect of the metal center and the reaction mechanism were investigated. This study 
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paves the way to the production of a new class of technological devices such as sensors, 

catalysts and NIR absorbers that are already under investigation in the hosting 

laboratory. 
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7 APPENDIX 

7.1 Supporting information: Conductive Fused Porphyrin 

Tapes on Sensitive Substrates by a Chemical Vapor 

Deposition Approach 
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7.2 Supporting information: Conductive Directly Fused 

Poly(Porphyrin) Coatings by Oxidative Chemical 

Vapour Deposition – From Single- to Triple- Fused 
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7.3 Supporting information: Reactivity of Nickel(II) 

Porphyrins in oCVD Processes— Polymerisation, 

Intramolecular Cyclisation and Chlorination 
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7.4 Supporting information: Molecular Flattening Effect to 

Enhance the Conductivity of Fused Porphyrin Tapes 

Thin Film 
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7.5 Supporting information: Metal Ion Effect on 

Regioselectivity in the Synthesis of Porphyrin Tapes 

in oCVD. 
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