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Abstract 

The idea of this work is to utilise natural and synthetic porphyrins as photoredox 

catalysts in visible light 3D printing. 

Chapter 1 provides a background of the use of light in organic synthesis, 

polymerisation and 3D printing. 

Chapter 2 assessed the ability of both zinc tetraphenylporphyrin and 

tetraphenylporphyrin to photo catalyse the polymerisation of methyl acrylate in blue 

and red light, as well as the 3D print of a TEGDMA / UDMA solution in blue light.  

Chapter 3 studied the effect of functionalising tetraphenylporphyrin with electron 

and donating groups and assessing the effect on photocatalytic ability in visible light 

3D printing. 

Chapter 4 looked at increasing the conjugation of the porphyrin core by utilising the 

heck reaction and studying the effect on absorption properties and photocatalyctivity 

for the polymerisation of methyl acrylate. 

Chapter 5 analyses the use of chlorophyll a and pheophytin a from spinach and 

chlorella sources as a photocatalyst in the polymerisation of MA and 3D printing of a 

TEGDMA / UDMA solution. Also, the photocatalytic ability of crude extracts of 

chlorella and spinach was studied for the same purpose. 

Chapter 6 is a summary of the work completed in this thesis. 

Chapter 7 is the experimental procedures undertaken for this thesis. 

Chapter 8 is a list of references used. 
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1.1 Brief background of photochemistry 

The history of photochemistry is a long one.1 It is arguable that the first recorded effect 

of photochemistry is the light induced fading of paint recorded by Vitruvius in 50 BC.1 

The first modern commercial processes utilising photochemistry are probably based 

around photography (from 1838).  In 1872 Baumann reported the photopolymerisation 

of vinyl chloride to give PVC.2  The realization that light is an abundant and renewable 

energy source for organic synthesis was first realized by Ciamician in 1912.3 The idea 

behind photochemistry is that a ground state molecule absorbs a photon of energy, 

which excites an electron  from the HOMO to a higher orbital. This molecule is then 

in an excited state, after which it can participate in further chemical processes.4  

Both visible and non-visible light sources can be utilised for this purpose, as long as 

the energy from the light is high enough to promote the electron from the HOMO to a 

higher lying orbital. The two main light sources used for photochemistry are UV light 

and lower energy visible light. Due to UV light being of a higher energy, these were 

the first photochemical reactions developed.4 However, the interest in using visible 

light in chemistry has increased in the past 20 years.5–8 This is due to visible light 

being cheaper, more accessible, and less hazardous than using UV light.  

1.2 Photocatalyst mechanism 

Photocatalysts are molecules which can be excited by UV or visible light and mediate 

the reaction of further chemical entities.  Photocatalysts can initiate transformations 

either via electron transfer (SET, photoredox catalysis) or via energy transfer (EnT) 

(Scheme 1.1).   

 

Scheme 1.1 – Mechanisms of photocatalysis 

In the former, the excited photocatalyst P* (normally a metal complex or an organic 

dye) can either donate an electron to another molecule A to give a radical anion A·⁻ 
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(oxidative quenching) or gain an electron from molecule A giving a radical cation A.⁺ 

(reductive quenching).5,9  Alternatively, the excited photocatalyst P* can act as a 

sensitizer and transmit energy to a suitable donor molecule D via energy transfer to 

give an excited D*.10  Photocatalysts can often mediate reactions via both photoredox 

(SET) and energy transfer (EnT) mechanisms simultaneously.  In recent years, a move 

away from UV mediated photocatalysis to visible light mediated approaches has been 

explored, with several reviews covering both electron transfer and energy transfer 

processes in organic transformations.4,5,9–14  

1.3 Use of photoredox catalysts in organic synthesis 

The most well established photoredox catalysts that use visible light are based around 

metal complexes (most commonly bipyridyl complexes of ruthenium and iridium). 

These complexes are excellent SET oxidants and reductants in the excited state and 

can be used to mediate redox neutral reactions where both oxidation and reduction are 

required within the same processes. This behaviour is observed because on irradiation 

loss of the excited electron from the * orbital is facilitated but also a relatively low 

lying t2g orbital can accept an electron readily. The general mechanism by which 

Ru(bpy)3Cl2 can photocatalyse a reaction is shown in scheme 1.2.  

 

 

Scheme 1.2 - General reaction mechanism for photocatalysis by a ruthenium complex 

As early as 1981 Ru complexes were used as photocatalysts for organic synthesis 

reactions.15–17 The Ru catalyst employed was normally Ru(bpy)3Cl2, which is now one 

of the most widely used photocatalysts today.  
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Scheme 1.3 - Early example of visible light photocatalysis - Reduction of alkenes using Ru(bpy)3Cl2 

as a photocatlayst17 

An early example of photocatalysis in organic synthesis was using Ru(bpy)3Cl2 to 

reduce electron poor alkenes to alkanes (Scheme 1.3).17 The mechanism of this 

reaction involves exciting Ru(bpy)3
2+

 to the Ru(bpy)3
2+* complex, which then interacts 

with 1-benzyl-1,4-dihydronicotinamide  (BNAH) 1.2, forming BNAH+., which is then 

deprotonated with a base forming the BNA. radical (scheme 1.4). Two BNA radicals 

then combine to form 1.3. The new Ru(bpy)3
+ species that was formed by the 

interaction with BNAH is converted back into the ground state by the reaction with an 

alkene.  

 

Scheme 1.4 - Reaction scheme of reduction of alkenes using Ru(bpy)3Cl2 as a photocatalyst17 

Another early use of Ru(bpy)3Cl2 in organic synthesis was in 1984 by Cano-Yelo and 

Deronzier18 who were able to utilise Ru(bpy)3Cl2 as a photocatalyst in the Pschorr 

reaction (Scheme 1.5). It was shown that visible light irradiation of the 
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stillbenediazonium ion 1.4 without a photocatalyst resulted in the formation of the 

phenanthrene product 1.5 in low yields (10-20%) and produced the acetamide 1.6 as 

the major product due to an interaction with acetonitrile followed by hydrolysis. 

 

Scheme 1.5 - Photocatalytic Pschorr reaction 

This result was not found when utilising Ru(bpy)3Cl2, producing 1.5 as the only 

product. The mechanism for this reaction involved the excitation of Ru(bpy)3Cl2 to 

form Ru(bpy)3Cl2
2+ *, which transferred an electron to 1.4 to produce a radical. This 

radical undergoes intramolecular radical arylation, which produces a species which is 

oxidised by the newly formed Ru(bpy)3Cl2
3+, which is then deprotonated forming 1.5. 

Due to the success of this reaction, Cano-Yelo and Deronzier were able to use 

Ru(bpy)3Cl2 to oxidize benzylic alcohols to their respective aldehydes (Scheme 1.6).16 

It was found that the yield of this reaction decreased as the oxidation potential of the 

alcohol increased and the addition of excess collidine as a base increased the yield.   
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Scheme 1.6 - Oxidation of benzylic alcohol 1.7 to respective aldehyde 1.8 16 

The first step in the reaction mechanism of this reaction is the excitation of RuL3
2+ to 

RuL3
2+*

 by irradiation with visible light (Scheme 1.7). This species is quenched by the 

diazonium salt 1.9, resulting in the formation of RuL3
3+. The aryl radical 1.10 gives 

benzophenone 1.11 and fluorenone 1.12 in a 3:1 ratio, with 1.12 forming in a Pschorr 

reaction. The RuL3
3+ species can then oxidize the carbinol to produce an aldehyde, 

with this oxidation improved by the addition of collidine as a base. 

 

Scheme 1.7 - Mechanism of the oxidation to aldehydes 16 

Then in 2003, Zen and co-workers utilised [NPycx-Ru(bpy)] (a nafion membrane 

doped with a lead ruthenate pyrochlore (Pyc) catalyst and Ru(bpy)3
2+) for the 
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oxidation of sulfides to sulfoxides.19 The reaction mixture was irradiated with visible 

light and continuously purged with O2 to afford sulfoxide in 97% yield.  

 

Scheme 1.8 – Oxidation of sulfide to sulfoxides utilising [NPycx-Ru(bpy)] as a photocatalyst 

The proposed reaction mechanism utilises Pyc as a dual catalyst, acting as a reducing 

agent to produce H2O2 from O2, while also accepting an electron from Ru(bpy)3
2+* to 

form Ru(bpy)3
3+ (Scheme 1.8). The H2O2 produced is then able to oxidize the sulfide 

to a sulfoxide, while also regenerating the original ruthenium complex. This reaction 

was important as when this reaction is usually performed, the sulfoxide produced is 

oxidized further to produce a sulfone, however this did not occur in this reaction.  

In 2008  three important papers on photoredox catalysis in organic synthesis were 

published.20–22 The first paper combined the emerging areas of Ru photoredox 

catalysis with organocatalysis for the direct asymmetric alkylation of aldehydes 

(Scheme 1.9).22 This required two separate catalysts, Ru(bpy)3Cl2 as the photocatalyst 

and an imidazolidinone as the organocatalyst.  

 

Scheme 1.9 - Reaction scheme of the direct asymmetric alkylation of aldehydes22 
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Enamine formation followed by chiral auxiliary control of the approach of the electron 

deficient radical addition (generated from the photoredox catalyst) provides the α-

alkylated product 1.16 in good yield and enantiomeric excess (Scheme 1.10). 

 

Scheme 1.10 - Photocatalytic and organocatalytic catalysis proposed mechanism 

In the same year, Yoon et al. reported the photoredox-mediated [2+2] cycloaddition 

of dienones 1.17 (Scheme 1.11).21 Irradiation of dienone 1.17 with visible light, with 

Ru(bpy)3, 
iPrNEt and LiBF4 in acetonitrile resulted in a [2+2] cycloaddition, forming 

1.18, with a > 10 : 1 diastereomeric ratio.  

 

Scheme 1.11 - Reaction scheme of [2+2] dienone cycloaddition 
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In this case, the photoexcited Ru(bpy)3
2+* undergoes reductive quenching by i-

Pr2NEt to furnish the iPr2NEt radical cation and Ru(bpy)3
3+ which acts as a strong 

reducing agent, and transfers an electron to the lithium activated enone, initiating the 

[2+2] cycloaddition (Scheme 1.12). 

 

Scheme 1.12 - Reaction mechanism of [2+2] dienone cycloadditions 

In 2009 Stephenson et al. (Scheme 1.13) was able to further develop photoredox-

mediated reductive dehalogenation.20 This paper once more utilised the Ru(bpy)3Cl2 

as a photoredox catalyst in both a reductive and oxidative manifold. The reaction 

proceeded with photoexcited Ru(bpy)3
2+*

 reductively quenched by iPr2NEt.HCO2H to 

form Ru(bpy)3
+

, which initiated an electron transfer to cleave the C-X bond α- to the 

electron withdrawing group via the corresponding radical anion to generate an alkyl 

radical. This alkyl radical is then reduced to form the final dehalogenated product 

1.20.20 
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Scheme 1.13 - Reaction scheme for photoredox-mediated reductive dehalogenation reaction 

Due to the similar properties of iridium and ruthenium poly-pyridyl complexes, there 

are a range of reactions that utilize iridium complexes in the same way as ruthenium 

complexes, sometimes resulting in improved catalytic activity, e.g., the reduction of 

alkyl, aryl, and alkenyl iodides by Stephenson et. al.23 The general approach involves 

irradiation of Ir(ppy)3 by visible light, which generates an excited iridium species 

which donates an electron to the carbon-iodide bond (Scheme 1.14). The radical anion 

formed cleaves to produce iodide (I-) and the desired carbon radical (R·). The resulting 

Ir(ppy)3
+ species is then reduced to its ground state by an electron donor (tributylamine 

or Hantzsch ester). The carbon radical produced undergoes hydrogen atom abstraction 

to give the desired reduced product. Ir(ppy)3 was used in a similar method by Lee and 

Kim in the transformation of other organohalides.24 
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Scheme 1.14 - Proposed mechanism for radical reductive cleavage of alkyl, alkenyl and aryl iodides 

Stephenson and co reported the use of both [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 and 

[Ru(bpy)3]Cl2 for the atom transfer radical addition (ATRA) of haloalkanes onto 

alkenes and alkynes using a redox process (Scheme 1.15). 25  

 

Scheme 1.15 - Mechanism for atom transfer radical addition (ATRA) of haloalkanes25 

While many reactions have been reported to be catalysed by ruthenium and iridium 

complexes, their high cost and toxicity has inspired alternatives using lower costing 
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metal derivatives or non-metal compounds to be developed. One example of this is the 

use of Cu(dap)2Cl to catalyse ATRA reactions in visible light (530 nm) or sunlight, in 

much the same way as the Ir and Ru complexes described earlier (Scheme 1.16).26 A 

light source with a wavelength of 530 nm was chosen as Cu(dap)2Cl absorbs light 

strongly between 400-600 nm. 

 

Scheme 1.16 – Reaction scheme of copper catalysed ATRA 

Alternatives to the ruthenium mediated thiol-ene coupling of alkenes with thiols 

reported by Yoon27 and Stephenson28 have been developed by  by Robinson et al, who 

were able to use a bismuth oxide based photocatalyst for the initiation of radical thiol-

ene reaction (Scheme 1.17).29 Unfortunately, catalyst loadings were higher and other 

additives (e.g. BrCCl3) were required.  
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Scheme 1.17 - Mechanism of thiol-ene coupling of alkenes and thiols 

The ability to use metal-free complexes as photocatalysts have two major benefits over 

metal complexes, reducing cost and the need to remove potentially toxic metals. A 

class of metal-free compounds of great historical and contemporary interest are 

organic dyes, as many absorb light across the visible spectrum, as well as being non-

toxic. One of the most studied metal-free photocatalysts is Eosin Y, due to it being 

cheap, non-toxic, and having a relatively simple structure (Figure 1.1).  

 

Figure 1.1 - Structure of organic compounds investigated as photoredox catalysts in organic synthesis 

Eosin Y absorbs green light, with a characteristic peak in the UV-vis spectrum at 539 

nm.30 In the same way as the Ru and Ir catalysts described earlier, Eosin Y was used 

in a variety of organic synthesis reactions, some examples including bromination30, 

desulfurization31 and arylation.32,33 
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Scheme 1.18 - Aerobic desulfurization of thioamides into amides 

The desulfurization of thioamides using Eosin Y is shown in Scheme 1.18 and shows 

photoexcited Eosin Y undergoing a single electron transfer with the thioamide species 

1.21, and the ground state reformed after quenching with oxygen. This is just one 

example of a move towards greener chemistry, using sustainable materials and less 

toxic photocatalysts.  

1.4 Evolution of photopolymerisation 

Photopolymerisation has been of great interest due to its cost effectiveness and lower 

environmental impact when compared to thermally initiated polymerisations. A photo 

excited species is able start a polymerisation via two main mechanisms. The first 

mechanism (type a) is an intramolecular homolytic bond cleavage. This results in the 

formation of two radicals, which can initiate a polymerisation. The second mechanism 

(type b) is a photoredox process, in which there is a single electron transfer between 

the photoexcited photoinitiator and a suitable donor or acceptor, resulting in the 

polymerisation of the newly formed radical species.  

In 1981, Otsu et al polymerised methyl methacrylate (MMA) using S-benzyl-N,N-

diethyldithiocarbamate 1.23 as a photoinferter in an intramolecular process (type a). 

S-benzy N,N-diethyldithiocarbamate 1.23 was irradiated with UV light, which caused 

photodissociation of the C-S bond (Scheme 1.19), which resulted in the formation of 

radicals (1.24 and 1.25).34 This reaction was one of many using thiocarbonylthio 

compounds as photoinferters.  
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Scheme 1.19 - Formation of radicals from irradiating S-benzyl-N,N-diethyldithiocarbamate 1.23 with 

UV light to form radicals 1.24 and 1.25  

It was found that the benzyl radical (R·) was more reactive towards the monomer 

MMA (M) than the thiyl radical (R1S·), therefore would primarily participate in the 

initiation of the polymerisation, while the thiyl radical would primarily perform the 

termination. Degenerative chain transfer to 1.23 was observed as expected (Scheme 

1.20). 

 

Scheme 1.20 – General mechanism for photopolymerization using inferters35 

In 2010, Matyjaszewski et al introduced further control in this type of polymerisation 

by combining the inferter polymerisation with ATRP, by introducing copper 

complexes (Scheme 1.21).36 Much like the Otsu procedure, the dithiocarbamate (R-

DC) is irradiated with UV light to produce two radicals (R· and DC·). The inefficient 

chain transfer reactions that occurred from the thiyl radical (DC·) were prevented due 

to the thiyl radical being deactivated by the copper (I) complex.  

 

Scheme 1.21 – General mechanism for copper mediated dithiocarbamate polymerisation under UV 

light 
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This resulted in the more well-defined polymers and better control over the 

polymerisation.   

Then in 2011, Tasdelen et al directly activated the CuI complex itself with UV light.37 

The polymerisation was initiated by in situ photochemical generation of a CuI complex 

from a CuII species, resulting in a reaction with the alkyl halide (Pn-X). This forms the 

radical Pn
., which can propagate by the addition of monomers, can terminate, and be 

deactivated by a reaction with CuIIX2/L (Scheme 1.22). 

 

 

(a) Generation and regeneration of activators and (b) the acceleration of 

polymerisation 

 
Scheme 1.22 – General mechanism of copper complex mediated polymerisation in UV light 

A drawback of the method presented by Taselden is that equimolar amounts of copper 

catalyst and initiator is required. To combat this, a method for the photo catalysed 

ATRP of MMA was discovered, which involved using ppm amounts of CuBr2 using 

UV light.38  Matyjaszewski was able to expand the photochemically induced ATRP to 

use visible light, with CuIIBr2/L (L = tris(2-pyridylmethyl) amine, or N,N,N′,N″,N″-

pentamethyldiethylenetriamine, or tris((4-methoxy-3,5-dimethylpyridin-2-

yl)methyl)amine)  being the photocatalyst.39 It was found the CuII complex could be 

reduced by visible light, with the reduction occurring due to ligand to metal charge 

transfer. This yielded a CuI
 complex and a bromine radical that initiated 

polymerisation. Polymerisation occurred when the reaction was irradiated with light 

sources of 392 and 450 nm, however no polymerisation occurred at 631 nm. It was 

shown that sunlight was also a viable light source of the polymerisation. The study of 

copper complexes was furthered by Haddleton et al, who used tris[2-(dimethylamino)-

ethyl]amine (Me6-TREN) as a ligand for photocatalysed ATRP.39 
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Scheme 1.23 - Proposed mechanism for outer sphere electron transfer (OSET)-living radical 

polymerisation40 

The mechanism for this reaction is shown in scheme 1.23. The growing radical chain 

R-P· can be capped by halogen atom transfer from the Cu(II)(Me6-TREN)X2 to 

provide the corresponding Cu(I)(Me6-TREN)X complex which upon reaction with the 

oxidised  (Me6-TREN)·⁺ radical cation regenerates the (Me6-TREN) initiator. 

 Copper complexes are not the only metal complexes studied for photo-controlled 

living type polymerisations. Due to the wide range of organic synthesis reactions using 

iridium and ruthenium complexes as photocatalysts, Hawker et al investigated how 

the Ir(ppy)3 photoredox system can be utilized in order to polymerize methacrylate 

monomers (Scheme 1.24).41  

Fac-[Ir(ppy)3] 1.27 was the catalyst studied and once irradiated with visible light 

formed the excited species Fac-[Ir(ppy)3]
*. Electron transfer to the alkyl halide 

generates a radical (Pn·) and a IrIV(ppy)3Br species 1.28.  The growing polymer chain 

(Pn·) can undergo halogen atom transfer to regenerate the ground state Ir(ppy)3 1.27. 

The benefit of this reforming of the ground state is that the living ATRP process is 

photochemically controlled. This process was successful for methacrylate and acrylate 

monomers. 
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Scheme 1.24 - Mechanism for Ir(ppy)3 mediated visible light-controlled polymerisation 

Yang and co-workers further widened the scope of this approach by studying how 

different solvents effected polymerisation using Ir(ppy)3 1.27, investigating anisole, 

DMF and acetonitrile.42 The polymerisation of MMA using ethyl α-bromisobutyrate 

(Ebib) as an initiator in anisole provided the best control over molecular weights. 

Ru(bpy)3Cl2 has also been used as a photoredox catalyst in visible light 

polymerisations in a similar approach.43,44  

Another metal that has been studied as a photoredox catalyst in polymerisations is 

iron.45 Iron bromide complexes had been used previously in thermal 

polymerisations,34 however due to the increased interest in using light as an initiator 

in polymer chemistry, Matyjaszewski et. al developed a method that used UV light to 

initiate an ATRP polymerisation (Scheme 1.25).  

 

Scheme 1.25 - Fe-based ATRP reaction 

The method presented by Matyjaszewski is notable in that it did not utilise additional 

ligands, reducing agents or radical initiators.47 The proposed mechanism involved the 

photoreduction of Fe (III) to Fe (II) using the monomer, resulting in the alkyl halide 

initiator formed in situ, as well as direct photoactivation of the Fe(II) species. Other 

metal complexes that have been utilised as photocatalysts for light controlled 

polymerisation include niobium48 and zinc based metal organic frameworks.49 
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Most of the methods described so far have used alkyl halide to generate radicals to 

initiate polymerisations (normally via radical anions), however another large class of 

compounds used in photoredox polymerisations are thiocarbonylthio compounds such 

as CPADB, (Figure 1.2), or trithiocarbonate compounds such as BSTP and BTPA, 

(Figure 1.2). 

 

Figure 1.2 - Examples of RAFT agents and monomers used by Boyer et al in polymerisations using 

fac-[Ir(ppy)3] 1.27 50. 

One of the first catalysts used for these polymerisations was fac-[Ir(ppy)3] 1.27. In 

2014, Boyer et al managed to use fac-[Ir(ppy)3] 1.27 to photocatalyse a wide range of 

monomers using visible light and thiocarbonylthio compounds.50 The mechanism 

employed was similar to that used by Hawker, who instead of using thiocarbonylthio 

compounds used alkyl halides.41 They were able to control molecular weights of the 

polymers, producing polymers with narrow molecular weight distributions. One of the 

key attributes of this polymerisation was the ability to polymerise monomer in the 

presence of oxygen, as the iridium photocatalyst has the ability to act as an oxygen 

scavenger. Boyer et al further expanded their work by utlilising Ru(bpy)3Cl2 in the 



20 

 

same reaction, with them being able to polymerise methyl acrylates, methacrylate’s 

and acrylamides.51 

1.5 Metal-free photocatalysis 

Just as in organic synthesis the current trend is to identify and apply metal free organic 

photoredox catalysts in order to reduce the expense, toxicity and unsustainable nature 

of the metal-based materials.  

The first report of a metal free ATRP polymerisation was by Theriot and Miyake 

(Scheme 1.26),52 who used perylene 1.31 and alkyl bromides 1.30 to polymerise 

acrylates 1.29 and styrene. Once perylene is exposed to UV light it becomes a strong 

reductant, transferring an electron to the alkyl bromide.  

 

Scheme 1.26 - The use of perylene 1.31 as an organic photocatalyst for the polymerization of methyl 

methacrylate (MMA) 1.29 with alkyl bromide 1.30 initiator.52 

This work was further improved by using a class of photocatalysts with 5,10-diphenyl-

5,10-dihydrophenazine at its core.53 These catalysts were then modified with various 

substituents, including electron-donating, electron-withdrawing and neutral groups 

(Figure 1.3). 

 

Figure 1.3 - Structures of modified 5,10-diphenyl-5,10-dihyrdophenazine 
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Photocatalysts were designed that were able to provide good control over 

polymerisations (Mw/Mn = 1.10 – 1.15). Hawker and co-workers were then able to 

progress these studies by helping develop a metal-free ATRP system using 10-

phenylphenothiazine 1.32 as a catalyst, using a similar reaction mechanism as the 

photopolymerisation using fac-Ir(ppy)3 (Scheme 1.27).54  

 

Scheme 1.27 - Reaction mechanism of the polymerisation of various monomers using 10-

phenylphenothiazine as a photocatalyst.54 

Another metal free compound that was able to be utilised in visible light photoredox 

polymerisation was Eosin Y.55 Boyer et al studied a wide range of photocatalysts to 

perform a visible light mediated radical polymerisation of methacrylates and found 

eosin Y to be the most effective.  

It has been found that the photoexcited version of Eosin Y 1.33 undergoes intersystem 

crossing from a singlet excited state to a triplet excited state. The triplet excited state 

has strong oxidizing and reduction potential, making it suitable for photoredox 

polymerisation. Eosin Y was able to perform visible light mediated polymerisatio 

utilising a photoinduced transfer-reversible addition-fragmentation mechanism, 

displaying good control over molecular weight and polydispersities.  
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Scheme 1.28 - PET-RAFT polymerisation mechanism mediated by Eosin Y (EY) in the presence of 

triethylamine and oxygen. 

It was also found that the addition of a tertiary amine allowed the polymerisations to 

proceed in oxygen, participating in a reductive quenching cycle (Scheme 1.28). 

1.6 Porphyrins 

Porphyrins are heterocyclic molecules, that are composed of four pyrrole units 

connected by methine bridges (Figure 1.4). Porphyrins are aromatic due to 18 π-

electrons forming a planar cycle.  

 

Figure 1.4 - Structure of most basic porphyrin structure (theoretical) 

Due to the aromaticity of the porphyrin ring, porphyrins absorb light strongly across 

the electromagnetic spectrum.56 The four nitrogen’s at the centre of the porphyrin ring 

allows for metal complexes to be formed. When no metal is present at the centre of 

the porphyrin, they are called free base porphyrins. Porphyrins are widely found 

throughout nature, with the most noticeable example of this being part of the structure 

of heme, which is a precursor to haemoglobin. Porphyrin is a coordination complex in 

heme, with an iron atom coordinating to the porphyrin ring. Also, porphyrins play an 

important role in photosynthesis of plants, with the structure of chlorophyll a 

containing a porphyrin. 
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The characteristics of the absorption spectrum of metal-free porphyrins consist of two 

distinct regions: near the UV region and in the visible region.56 The electron absorption 

near the UV region is called the Soret band, and usually absorbs light between 380-

500 nm. This absorption is caused by the transition of the ground state to the second 

excited state. The wavelength range of the absorption depends on structural 

modifications to the porphyrin. The second region usually contains four bands (Q 

bands) with lower absorption and is called the Q region. This is due to the weak 

transition from the ground state to the first excited state, with the absorption range of 

500-750 nm. The relative intensity of the Q region bands depends on the substituents 

on the porphyrin macrocycle. 

When a metal is inserted into the centre of the porphyrin core, the absorption properties 

are affected. Due to the increased symmetry of the molecule, the Q region is simplified 

to only contain 2 Q bands (α and β). The intensities of these bands depend on the 

stability of the metal complex formed.  

Due to these absorption characteristics, porphyrins have been the subject of great 

interest. They have been used in organic reactions57–59, photovoltaic chemistry60–62, 

and medicine (photodynamic therapy)63–65.  

1.7 Porphyrins used as photocatalysts  

A useful property of photoexcited porphyrins is that they exhibit an affinity for both 

oxidation and reduction, however most of the research undertaken when studying 

porphyrins as photocatalysts in organic synthesis study the oxidation of compounds 

by the photoexcited porphyrin.  

1.7.1 Organic synthesis 

It has been shown that halogenated iron porphyrins are able to form radicals when 

photoexcited.66 The radicals are formed by ligand-to-metal charge transfer (LMCT), 

and the resulting halide radical is able interact with other organic compounds (cumene, 

ethylbenzene, toluene, and cyclohexane) (Scheme 1.29).  
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Scheme 1.29 – Formation of radicals using halogenated iron Fe(TPP)Cl66 

Other metal TPP complexes have been used to oxidise organic molecules. A variety 

of cyclic hydrocarbons were oxidized using either MnIII(TPP) perchlorates and 

periodates (Scheme 1.30).67 The ClO4 or IO4 act as oxygen sources by binding to the 

MnIII(TPP). These complexes were irradiated with light, resulting in the formation of 

O=Mn(TPP)+ 1.34, which can participate in oxidation of hydrocarbons. 

 

Scheme 1.30 - Example of O=MnTPP+ 1.34 oxidising a hydrocarbon to form an alcohol 

Inoue et al have utilised a large range of metallic porphyrins in organic synthesis often 

in conjunction with other organic redox active molecules such as viologens .68–74 One 

particular example used SbV(TPP) 1.35 for the photochemical oxygenation of 

cyclohexene  to give cyclohexanone in water (Scheme 1.31).70 

 

Scheme 1.31 - Mechanism of oxidation of cyclohexene using SbV(TPP) 1.35, PPh3 1.36 and methyl 

viologen  

The reaction mechanism of this oxidation involves the photoexcited SbV(TPP)* 

species being reductively quenched by PPh3 1.36 to give the PPh3 radical cation and 
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the Sb(TPP) radical anion respectively (SbIV). The reduced porphyrin then transfers 

an electron to methyl viologen (MV), reforming the ground state (SbV) and generating 

the MV+, (noting transfer of an electron from PPh3 radical cation to MV2+ can also 

occur.) The PPh3 cation that was formed binds to cyclohexene forming a C-P bond 

which upon hydrolysis forms cyclohexanone 1.37 (i.e. a C=O has been formed in the 

transformation).  

More recently, porphyrins have been used in photoredox mechanisms for the 

formation of C-C bonds.  In 2016, Gryko et al showed that photoexcited porphyrins 

can participate in energy and electron transfer simultaneously.75 The porphyrins used 

were tetraphenylporphyrin (H2TPP) and zinc tetraphenylporphyrin (ZnTPP), and they 

were able to use them for the photoredox α-alkylation of aldehydes with diazo 

compounds (Scheme 1.32).  

 

Scheme 1.32 – α-Alkylation of aldehydes using porphyrins as photocatalysts 

The proposed mechanism of α-functionalisation is illustrated in scheme 1.33 and 

shows the essential interaction between the photoexcited porphyrin and ethyl 

diazoacetate, forming a carbene in the triplet state. Simultaneously, an aldehyde reacts 

with a secondary amine, producing an intermediary enamine. A photoexcited H2TPP 

1.38 then oxidized the enamine to form a H2TPP radical anion and an iminium cation 

radical 1.39. This iminium cation radical interacts with the carbene species, forming a 

new radical species, after which an electron is transferred from H2TPP radical anion 

(regenerating H2TPP) and protonation of the resulting enolate forms the final product 

1.40.  
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Scheme 1.33 - Mechanism for light induced functionalization of aldehydes with EDA in the presence 

of tetraphenylporphyrin75 

Following this study, Gryko et al showed that porphyrins are suitable photoredox 

catalyst for the direct C-H arylation of heteroarenes with diazonium salts, although in 

this case the excited H2TPP forms a radical cation (Scheme 1.34).76 

 

Scheme 1.34 – Reaction scheme of C-H arylation of heteroarenes with diazonium salts 

The mechanism proposed is shown in scheme 1.35 and involves the photoexcited 

H2TPP* species reducing the diazonium salt, giving an aryl radical and the H2TPP 

radical cation. The aryl radical adds to the furan to form the allylic radical 1.41, which 

is upon oxidation by the H2TPP radical cation, followed by proton elimination, 

furnishes the arylated furan product and regenerates the ground state catalyst. The 

reaction scope was widened by using diazonium salts with different functional groups, 

as well as arylating thiophene and coumarin. 
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Scheme 1.35 - Mechanism for arylation of heterocycles with diazonium salts using H2TPP 

Other metals porphyrin complexes that have been used in organic synthesis include 

rhodium77,78, cobalt67, and nickel79.  

1.7.2 Porphyrins as photocatalysts in polymerisation 

In the 1990s porphyrins were utilized as photocatalysts in polymerisations,80–82 in this 

instance aluminium porphyrins were used in ionic polymerisations.83 More recently, 

Matyjaszewski et al used naturally occurring hemin and synthetic derivatives to 

perform ATRP.84  

It has been reported that metalloporphyrin’s can be used as photoredox catalysts to 

catalyse free-radical polymerizations, but very little work has involved metal free 

porphyrins or natural porphyrins (e.g. chlorophyll). 85–88 Most catalysts are initiated 

by UV light with few reports initiated by lower energy visible light, one exception is 

an organocobalt porphyrin reported by Yaguang Zhao et al (Scheme 1.36).  

 

Scheme 1.36- Reaction scheme of visible light polymerisation, catalysed by cobalt porphyrins89 



28 

 

In this process, the visible light energy initiates a homolytic cleavage of the relatively 

weak CoIII-R bond, which generates a CoII species and a carbon radical (R•).  which 

in turn initiates a polymerisation. The growing polymer chain can be capped by the 

CoII species allowing formation of block copolymers. 86 Most metalloporphyrins use 

high energy UV light to initiate polymerisation. Visible light being less energy 

intensive is an attractive alternative for industrial applications (such as 3D printing) 

and significant work has focused on visible light polymerizations. 11,90,91  

In 2015, Boyer et al used Zn(TPP) as a photocatalyst for a PET-RAFT polymerisation 

in visible light (Scheme 1.37). 

 

Scheme 1.37 - Mechanism of PET-RAFT polymerisation87 

To perform the PET-RAFT polymerisation ZnTPP is excited by visible light, 

producing an excited species ZnTPP*. This excited species performs an electron 

transfer to a RAFT agent, which then leads to the formation of a radical and a living 

polymerisation. The properties of ZnTPP are such that it can maintain its excited state 

for a relatively long period of time, increasing the chance of this electron transfer 

taking place. A range of different porphyrins were tested as photocatalysts for the 

polymerisation of MA, including metal free H2TPP, as well as different metalated 

complexes. 



29 

 

This work was furthered by synthesising a novel porphyrin compound that attached 

the initiating trithiocarbonylthio species directly to porphyrin (TPP-BSTP, Figure 

1.5).92 The proposed mechanism would involve the porphyrin absorbing the visible 

light, and upon being photoexcited donate an electron to the thiocarbonylthio group 

attached to it. It was found that the donation of this electron in an intramolecular 

fashion was much more efficient than when the thiocarbonylthio species was not 

connected to the porphyrin. The efficiency of the polymerisation was increased greatly 

(after 6 h, 3% conversion vs 56% conversion) under identical conditions.   

 

Figure 1.5 - Structure of TPP-BSTP (TPP (tetraphenylporphyrin) and BTSP (3- 

benzylsulfanyl thiocarbonylthiosulfanyl propionic acid) 

More recently, metalated porphyrins were used in polymerisation using near infra-red 

light (NIR).93 The structures of the porphyrin  used is shown in Figure 1.6. It was 

shown that while the molar extinction coefficients were low at 785 nm (NIR), they 

still proved to be suitable photocatalysts for polymerisation of methacrylates, giving 

conversions of between 40 and 55%.  

 

Figure 1.6 - Structure of porphyrins used in near infra-red (NIR) polymerisation93 

1.8 Chlorophyll a   

Chlorophyll a absorbs light across the visible spectrum, mainly reflecting green light, 

giving it a green colour (Figure 1.7). Plants contain both chlorophyll a and b, which 

absorb light at slightly different wavelengths. This maximises the range at which the 
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plant can absorb light, allowing for a larger range of wavelengths to be used for 

photosynthesis.  The structure, nomenclature, and photochemical behaviour of 

chlorophyll a will be expanded in chapter 5. 

 

Figure 1.7 - Structure of chlorophyll a and chlorophyll b 

1.9 Chlorophyll as a photoredox catalyst 

It is beyond the scope of this introduction to focus on how chlorophyll mediates 

photosynthesis in plants.  The reader is directed to a number of reviews in this area.94–

96 It is known that during photosynthesis, chlorophyll absorbs a photon from sunlight, 

resulting in the excitation of chlorophyll from its ground state to an excited state.97 

This initiates a complicated electron transfer cascade where excited chlorophyll 

transfers an electron to an electron acceptor (in photosynthesis this a molecule of 

chlorophyll that does not contain the magnesium atom called pheophytin).  Further 

electron transfer between a range of molecules finally leads to reduction of NADP to 

NADPH.  The initial electron transfer process results in a positive charge forming on 

chlorophyll (radical cation) and a negative charge on the acceptor (radical anion) via 

photoinduced charge separation.  

It was theorized by Boyer et al that electron transfer from excited chlorophyll could 

be used to reduce a RAFT agent, resulting in the formation of a propagating radical 

and polymerisation after fragmentation of the initial radical anion, Scheme 1.38.97  
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Scheme 1.38 - Mechanism for PET-RAFT polymerisation using chlorophyll a as a photocatalyst 

The mechanism postulated was very similar to the mechanism of the PET-RAFT 

polymerisation using porphyrins as the photocatalyst. Chlorophyll a is excited by 

visible light, and then reduces the RAFT agent by photo electron transfer. The reduced 

RAFT agent generates a radical which initiates the reaction as well as acting as a chain 

transfer agent, resulting in polymerisation. The polymerisation is deactivated by the 

addition of the propagating radical to the π-cation radical chlorophyll-RAFT complex. 

This one electron reduction from chlorophyll a to form a -radical cation has been 

shown previously to occur in other systems.98 The electron from the excited 

chlorophyll a is shown to not come from the magnesium atom but from the -system 

of the porphyrin.  

Boyer et al showed that chlorophyll a could act as a photoredox catalyst in the PET-

RAFT polymerisation of a variety of monomers using a variety of RAFT agents 

(Figure 1.8).97 Polymerisations were repeated in darkness, and in the absence of 

chlorophyll a, both resulting in no polymerisation, showing that chlorophyll a was 

essential for polymerisation. 
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Figure 1.8 - Structures of RAFT agents used in PET-RAFT polymerisation using chlorophyll a as a 

photoredox catalyst 

It was also reported that the crude acetone extract from spinach leaves can be used in 

the same way as pure chlorophyll a, in a PET-RAFT polymerisation.99 The benefits of 

using the crude spinach extract were that less reagents and purification steps are 

required than needed to isolate purified chlorophyll a, saving on cost and time.  

Conversion was around 80% for both pure and crude chlorophyll a, however a one-

hour inhibition period was observed when using the crude extract that was not present 

when using purified chlorophyll a. This was found to be due to the presence of β-

carotene and other carotenoids in the crude spinach extract which act as radical 

quenchers. Polymerisation in air with the spinach extract was slower, but there was 

good oxygen tolerance (presumably due to the presence of carotenoids). In air the 

same conversion was achieved with just one extra hour. This was down to the fast 

production of singlet oxygen, which was then deactivated in the presence of DMSO, 

which yielded dimethyl sulfone. Also, when left under the light source, the chlorophyll 

a degraded from a green colour to brown, eventually becoming clear. This indicated 

that there might be no need to remove the photocatalyst from the final polymer 

products as it would not affect the colour of the polymer. 

1.10 Background of 3D printing  

The term 3D printing (also known as additive manufacturing) is the process by which 

a wide range of structures can be fabricated from three-dimensional model data. The 

process usually consists of printing (for example, polymerisation of monomers) of 

multiple layers on top of each other building up the desired object. The major benefit 

of this process is the reduction of waste, the ability to make complicated structures and 

the fast production of prototypes.100,101 
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1.11 Visible light 3D printing methods 

There are three main techniques used for 3D printing via photopolymerisation. The 

first of these is stereolithography (SLA). The first example of this was in 1986.102 The 

way this polymerisation works is by filling a transparent vat with resin. This vat sits 

directly on a movable photon source, which selectively illuminates specific areas of 

the resin. This results in the desired polymer layer forming. The solidified polymer is 

then lifted by a platform, while the photon source continues to build the object by 

successively printing layers.  The first resin mixture used in this process contained 

urethane dimethacrylate (UDMA), acrylic acid, benzophenone as a photoinitiator and 

methyl ethyl hydroquinone to act as a inhibitor for premature polymerisation.102 A 

major advantage of this technique is the layers can be as thin as 10 µM, resulting in 

very fine resolution.  

The next technique to be developed was digital light processing, which instead of 

using a movable light source, uses a light source that illuminates the entire layer at 

once. A resin vat will sit directly on the light source, and this will illuminate the resin 

with the shape of the first layer of the print. This results in the hardening of the entire 

first layer. A platform is placed into the vat, onto which the first layer is attached. The 

platform is then raised by a height of one layer, then the next layer is illuminated onto 

the resin, and this process is repeated until the final product if formed.103–105 Due to 

this, an advantage of this technique is that a small amount of resin is required to print 

objects. Also, due to the platform always being one layer thickness above the bottom 

of the vat, there is minimal contact of resin with air, resulting in more favourable 

polymerisation conditions.  

The final technique is continuous liquid interface production and was introduced in 

2015. The vat used for this technique has an oxygen-permeable window, which creates 

an oxygen containing layer that inhibits polymerisation. This results in a layer of 

uncured resin forming between the platform and the window of the vat. This allows 

for continuous printing and does not print the object layer by layer, leading to a much 

faster printing time, as the object is continuously raised out of the resin by the 

platform.106,107 

The sponsor of this project (Photocentric Ltd) uses a 3D printing process with a liquid 

precision printer and the digital light processing technique.  
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1.12 Development of light mediated 3D printing 

One of the commonest processes for initiating polymerisation in 3D printing 

applications using light is a radical system. Radical systems involve initiation, 

propagation, and termination steps, with the initiation step occurring from light 

irradiation in photo 3D printing. Radical photoinitiators can be generally separated 

into two systems: type I or type II.108 Type I initiators are cleaved by light to form 

radicals, which then initiate the polymerisation. An example of the photocleavage 

mechanism of 2-hydroxy-2-methyl-1-phenyl-propan-1-one is given in scheme 1.37.108 

These photoinitiators usually require low energy UV light, and therefore have low 

energy n → π* transitions, Scheme 1.39, Figure 1.9.  

 

Scheme 1.39 - Type 1 photocleavage of 2-hydroxy-2-methyl-1-phenyl-propan-1-one108 

These photoinitiators usually require low energy UV light, and therefore have low 

energy n → π* transitions.  Some common photoinitiators are shown in Figure 1.9.  

 

Figure 1.9 - Examples of typical UV light photoinitiators in 3D printing 

Type II photoinitiation systems usually involve two species, containing a molecule 

that absorbs light (sensitizer), and a co-initiator that interacts with the light absorbing 

molecule. Once the sensitizer is excited, an electron is transferred to the co-initiator 

and produces a radical species. This radical then initiates the polymerisation.109,110   

 



35 

 

 

Scheme 1.40 – Radical generation from type II photoinitiators111 

One of the first photoinitiators used in UV light 3D printing was benzophenone, which 

can be initiated by a 350 W mercury short arc lamp in stereolithography, with 

benzophenone absorbing light at 253 nm. This utilized a type II photoinitiation, with 

the mechanism of radical generation shown in scheme 1.40.111  

Due to the recent advancements in photoredox chemistry, there have been some 3D 

printing examples using photoredox catalysts in visible light. In 2017, Lalevee et al 

used copper complexes with pyridine-pyrazole ligands as photoredox catalysts in 

visible light (405 nm) 3D printing.112 The other compounds involved in the 

polymerisation was iodonium salts and a novel additive CARET (Figure 1.10), that 

improved the performance of the photocatalyst. Mechanistically, irradiation of the 

Cu(I) complex followed by PET to the iodonium salt furnished a Cu(II) complex and 

a phenyl radical (after homolytic cleavage of the C-I bond).  Generated phenyl radical 

could then be used to initiate a polymerisation. 

 

Figure 1.10 - Structures of components of copper catalysed visible light 3D printing 

Due to the success of this study, Lalevee et al attempted to use a carbazole scaffold 

based photoinitiator for both free radical polymerisation of methacrylates and cationic 
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polymerisation of epoxides (scheme 1.41).113 It was also shown that the cationic 

polymerisation was able to be used  for LED projector 3D printing using a 405 nm 

projector. The Ar radical species that is produced initiates the radical polymerisation, 

whereas the carbazole radical cation initiates the cationic polymerisation. Also, the 

EDB radical that is formed can initiate the free radical polymerisation.  

 

Scheme 1.41 - Mechanism of carbazole as a photoredox catalyst113 

Figure 1.11 shows some other examples of reported metal-free visible light 

photocatalysts in 3D printing.114–117 The wavelength at which many photocatalysts 

absorb light is <550 nm. It is desirable to design systems that absorb light at higher 

wavelengths not only because of the lower energy requirements, making the system 

cheaper and safer, but also increasing the penetration depth of the light. This will lead 

to faster polymerisation, making the 3D print more efficient. So, although there are 

photocatalyst that absorb light towards the red end of the spectrum, there is still room 

for more photocatalysts to be employed at a higher wavelength.  
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Figure 1.11 - Examples of visible light photoinitiators in 3D printing118 
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1.13 Aims of this work 

The main aim of this thesis is to explore the development of cheaper, less toxic and 

more environmentally friendly photocatalysts in 3D printing. More specifically we 

will initially study both zinc coordinated and metal-free porphyrins as photocatalysts 

in visible light 3D printing. A range of derivatives will be prepared, and structure 

activity relationships will be determined.  While most printing involves UV or blue 

light, we will also explore using the less energetic red region of the spectrum.  Finally, 

we will explore whether renewable porphyrin based photocatalysts like chlorophyll or 

non-metalated chlorophyll (pheophytin) can be used as photocatalysts in commercial 

3D printing systems.  

 

The printing system that will be used is known as daylight polymer printing, developed 

by Photocentric. This 3D printing process uses an LCD screen as the light source. A 

vat of resin is placed directly onto the LCD screen, with a metal platform positioned 

one layer above the bottom of the vat. The LCD screen then irradiates the resin with 

the shape of the first layer of the 3D print, which forms the solid first layer on the 

platform. The platform is then raised by a thickness of one layer, and the process is 

repeated until the print is complete.  
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To meet the aims of this thesis, the following research outcomes will be described: 

• In chapter 2, the ability of ZnTPP to polymerise methyl acrylate using 

a range of co-initiators will be assessed, determining which is most effective 

in both blue and red light. The results from this study will be used to determine 

the optimal ratio of reactants for 3D printing. Once 3D printing experimental 

conditions have been optimised, the study will be repeated for the metal free 

porphyrin TPP and the 3D prints assessed and compared.  It has been 

previously shown that TPP was not able to mediate a PET-RAFT 

polymerisation and consequently the ability to use it in an air mediated 3D 

print would be significant97 Primarily this study will determine if metalated or 

non-metalated porphyrins are candidates on which to build potential 

photocatalysts for Photocentric systems. 

• In chapter 3, the effect of functionalising the phenyl groups present on 

TPP with electron and withdrawing groups on the photocatalytic ability of MA 

polymerisation and in 3D printing will be reported. Both metalated and non-

metalated derivatives will be prepared and compared.  It has been shown that 

changing the peripheral aryl substituents of porphyrins influences the 

absorption and electronic properties. These properties will be crucial for 

tailoring reactivity and red shifting reagents to be more efficient in 3D printing 

under red light.  

• In chapter 4, the increasing the conjugation of the porphyrin core in 

order to red shift the photocatalysts further than described in chapter 3will be 

reported. Conjugation of the porphyrin core has been previously reported to 

not only lead to the red shifting of absorption properties but also broadening 

of the absorption bands. 

• In chapter 5, the aim was to utilise chlorophyll a as a renewable 

photocatalyst in the polymerisation of both MA and in 3D printing in the same 

way as the synthetic porphyrins in the previous chapters. A range of sources 

of chlorophyll will be studied.  In addition, the ability of using a crude 

chlorophyll extract verses a more purified chlorophyll product will be assessed 

to determine if lower levels of purification and isolation (and hence lower cost) 

is possible. 
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2 Zinc tetraphenylporphyrin and metal free 

tetraphenylporphyrin as photoredox catalysts in 3D 

printing 
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2.1 Introduction 

Metalloporphyrins can be used as photoredox catalysts to catalyse free-radical 

polymerisations. Most reported porphyrin catalysts are activated by UV light, although  

organocobalt porphyrins are able to mediate polymerisation using lower energy visible 

light, (Scheme 2.1).86 In this process, the visible light energy initiates a homolytic 

cleavage of the CoIII-R bond, which generates a CoII species and a carbon radical (R•).  

which in turn initiates a polymerisation. The growing polymer chain can be capped by 

the CoII species allowing formation of block copolymers. 

 

Scheme 2.1- Visible light polymerisation, catalysed by cobalt porphyrins 

In 2014 Boyer et al. - used zinc tetraphenylporphyrin (ZnTPP) 2.1 to polymerise a 

range of acrylates via a photoinduced electron transfer-reversible addition-

fragmentation chain transfer (PET-RAFT) mechanism (Scheme 2.2), using visible 

light.87 This polymerisation differs from the organocobalt porphyrin 2.1 mediated 

process, with the visible light exciting an electron from the -system of the porphyrin, 

the excited state transfers an electron to a xanthate to give a radical anion, which then 

fragments to create a radical, as opposed to direct  homolytic bond cleavage. The fact 

that the electron comes from the -system will theoretically allow us to alter the 

structure of the porphyrin, and hence its electronics, with the aim of optimising the 

formation of the radical and efficiency of the process.  
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Scheme 2.2 - Mechanism of PET-RAFT polymerisation87 

ZnTPP 2.1 absorbs light over a wide range of wavelengths, most strongly in the blue 

light region (420 – 480 nm), with weaker absorption towards the red end of the 

spectrum (580 – 640 nm). Due to this absorption, ZnTPP 2.1 was able to polymerise 

methyl acrylate (MA) in blue, green, yellow, orange, and red light with a conversion 

>70% (Table 2.1).87 

Light source Wavelength (nm) Conversion (%)1,2 

Blue 435-480 70 

Green 480-560 80 

Yellow 560-590 82 

Orange 590-610 84 

Red 610-655 75 

 

 

1 Ratio of concentration of reagents methyl acrylate: 2-(n-Butyltrithiocarbonate)-propionic acid: ZnTPP. [MA]: 

[BPTA]: [ZnTPP]1 -200:1:1x10-3. 2Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4.0 

ppm and 5.8-6.5 ppm. 

 

Table 2.1 – Polymerisation of methyl acrylate under different wavelengths using ZnTPP 2.1 as a 

photoredox catalyst. 
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As stated previously, many 3D printing applications use UV light to mediate the 

printing. The ability to initiate a radical polymerisation using visible light in home 3D 

printing applications could be invaluable due to lower costs, higher safety, and higher 

accessibility. 

2.2 Aims and objectives 

Boyer et al were able to polymerise a wide range of acrylates using ZnTPP 2.1 as a 

photocatalyst, using different wavelengths of light to initiate the reaction via a PET-

RAFT mechanism.87 The ultimate aim of my work was to use the photocatalytic 

behaviour of porphyrins to 3D print multi-functional monomers using visible light, 

specifically blue and red light. Both light sources were of interest to Photocentric Ltd., 

as they had been used in their commercial 3D printers. In Boyer’s work, the RAFT 

agent used was BTPA 2.2, which is synthesised using small chain thiols, making them 

too expensive and consequently undesirable as an initiator for industrial 3D printing 

applications by the sponsor. Consequently, the initial aims were to first determine the 

scope and limitations of ZnTPP 2.1 and the cheaper metal free version TPP 2.3 as 

catalysts in visible light 3D printing, (Figure 2.1). The specific work packages 

consisted of: 

• Repeating Boyer’s work to confirm photocatalytic activity of ZnTPP 2.1. 

• Determining if the metal free porphyrin TPP 2.3 could be used to polymerise 

acrylates. 

• Screening a range of potential initiators in the polymerisation of MA 2.4, using 

both metal free TPP 2.3 and ZnTPP 2.1 as photocatalysts by determining 

percentage conversion and molecular weight conversion with time. 

• Using the optimum MA 2.4 polymerisation data in solution as a guide, 

attempting to 3D print a commercial TEGDMA 2.5 / UDMA 2.6 solution, 

using both TPP 2.3 and ZnTPP 2.1. 
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Figure 2.1 – Reactants used in this study. 

2.3  Results and discussion 

2.3.1 PET-RAFT polymerisation of methyl acrylate using ZnTPP 2.1 as 

a photocatalyst 

Boyer polymerised a wide range of acrylates with a variety of RAFT initiators, while 

using different porphyrins as photocatalysts for these polymerisations.87 One result 

from this study found that ZnTPP 2.1 was the most effective photoinitiator, with BTPA 

2.2 being the co-initiator. However, this combination was unique as it was 

hypothesised that there was a specific interaction between ZnTPP 2.1 and BTPA 2.2, 

allowing for controlled polymerisation of acrylates, even though the reduction 

potential of ZnTPP 2.1 and BTPA 2.2 suggested that other co-initiators would be more 

suited to this application.  

The first reaction undertaken was therefore a repeat of the polymerisation done in 

Boyer’s paper,87 where ZnTPP 2.1 was used in the PET-RAFT polymerisation using 

BPTA 2.2 as a RAFT agent. The RAFT agent 2.2 was prepared in 84% yield from 

toxic CS2, butane thiol and 2-bromopropionic acid (Scheme 2.3).119 
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Scheme 2.3 - Synthesis route of BPTA 2.2119 

 The polymerisation was carried out using methyl acrylate (MA) 2.4 (0.38 mL), 

ZnTPP 2.1 (0.14 mL of a (1.475mM solution in DMSO)), BPTA 2.2 (5 mg) and 

DMSO (0.28 mL). This mixture was degassed and irradiated with blue light (5W LED) 

for 2 hours, with a distance of 4 cm between the light and the reaction mixture. The 

conversion  was 76% (significantly lower than 92% previously reported) and was 

determined by 1H 400 MHz NMR.  

The discrepancy in these conversions is likely due to the distance between the light 

source and the reaction mixture. Boyer used a distance of 2 cm; however, the distance 

chosen was 4 cm, as this is the distance of the light in the Photocentric commercial 3D 

printer platform. This would explain the slightly lower conversion as light intensity 

would lessen with a greater distance between light source and reaction mixture for the 

same 5W powered light (intensity is proportional to 1/[distance]2).  

2.3.2 UV-Visible spectrum of ZnTPP 2.1 

Porphyrin structure can be probed using UV-Visible (UV-Vis) spectroscopy.  For 

metal free porphyrins there are two distinct regions of absorption. The Soret (or B 

Band) is the major absorption (between 380-500 nm) and is dependent upon 

substitution at the pyrrole and meso position, while up to 4 weaker Q band absorptions 

between 500-700 nm are also observed.56  Complexation with metals normally 

changes the Q band region to give two absorptions, known as - and - bands.  If the 

higher energy -band (with absorptions normally around 500-600 nm) has the higher 

intensity the metalloporphyrin forms a relatively stable square-planar complex, 

although Zn porphyrins can also form pentacoordinated complexes of square-

pyramidal shape with additional monodentate ligands.56  The UV-Vis spectrum of 

ZnTPP 2.1 in the solvent used in the polymerisations, DMSO (0.1475mM 

concentration 0.1 mg / 1 mL), is shown in Figure 2.2 with the higher intensity Soret 

absorption peak at 427 nm ( = 13700 M-1cm-1), and lower intensity peaks at 560 nm 

(-band,  = 820 M-1cm-1) and 599 nm (-band,  = 340 M-1cm-1). Considering both 
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the UV-Vis spectrum and the previous polymerisation results under various light 

sources when using BPTA 2.2 as a co-catalyst, the photocatalytic behaviour of ZnTPP 

2.1 was chosen to be studied in both blue (435-480 nm) and red (610-655 nm) light as 

a baseline for comparison. Both commercial blue and red LED initiated 

polymerisations are of interest to Photocentric, with the current visible light 3D 

printers using the higher energy blue light only. One of the longer-term goals of 

Photocentric was to develop and introduce red LED 3D printers into the home and 

commercial markets. While the higher energy range of the wavelengths of the 

commercial blue LED light used would fall within the lower energy of the Soret Band 

absorption of ZnTPP 2.1, the lower energy commercial red LED would only fall within 

-band absorption.  While the absorption regions were not perfectly matched to those 

of ZnTPP 2.1 they would serve as a baseline for determining the efficiency of this 

photocatalyst in polymerisation, 3D printing and a comparison to other porphyrins in 

due course. 
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Figure 2.2 - UV-Vis spectrum of ZnTPP 2.1 in DMSO (0.1 mg / 1 mL) 

2.3.3 Alternatives to BTPA/RAFT: Study of ATRP initiators 

The RAFT process previously employed was assessed as too expensive for 

commercial use and there were additional concerns around the use of toxic reagents to 

prepare the initiator BTPA 2.3.  
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When deciding whether the chemicals used are too expensive, it is important to 

analyse this using cost-benefit analysis. It is necessary to take into context not only 

how much the chemical costs, but also how much is required, and the time it takes to 

make the chemical. These factors then need to be compared to the benefits of using 

the specific chemical, and it is can then be decided whether the chemical is too 

expensive or not. 

Alkyl bromides are widely used as initiators for polymerisations in ATRP 120–124 (and 

as one of the starting materials in RAFT agent synthesis) and have been used in light 

controlled ATRP photoredox catalysis.35 A range of commercial alkyl and aryl 

bromides were screened as potential initiators for a ZnTPP 2.1 mediated photoredox 

initiated polymerisation. The three alkyl halide initiators chosen to test were benzyl 

bromide 2.7, ethyl 2-bromopropionate 2.8 and ethyl α-bromoisobutyrate 2.9 (with 

ethyl α-bromoisobutyrate 2.9 being widely used in a variety of polymerisations) , 

(Figure 2.3).125–129 

 

Figure 2.3 – Structures of different alkyl halide initiators studied 

In order to compare to previous results MA 2.4 was used as the monomer in the 

polymerisation reactions.13–18 The polymerisation was repeated, with BPTA 2.2 being 

replaced by each alkyl halide 2.7-2.9 as co-initiators with the ratio of MA: 2.7-2.9: 

ZnTPP 2.1 being 200: 1: 1x10-5, with reaction time of 2 h and a solvent of DMSO 

(Table 2.2). 
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From these experiments it was clear that all 3 alkyl halide initiators would not be 

suitable for further study, as conversion in both blue and red light was negligible, with 

no polymer being found via GPC analysis.  

2.3.4 Polymerisation of MA 2.4 using ZnTPP 2.1 and 1-dodecanethiol 

Due to the disappointing results using the bromo initiators (2.7, 2.8 and 2.9) attention 

was turned to thiol initiators, such as 1-dodecanethiol 2.10, used by the industrial 

sponsors in their current UV mediated 3D printing formulations (Figure 2.4). 1-

Dodecanethiol 2.10 is an attractive initiator as it is cheap, as well as relatively 

nontoxic. Thiol mediated radical polymerisation of acrylates can be initiated (a) 

thermally, (b) with a photo-mediated radical initiator, or (c) with UV light (the S-H 

bond strength for 1-dodecanethiol = 88.7 kcal mol-1).134  The generated thiyl radicals 

can add to the acrylates and the new carbon radical generated can either add to another 

monomer (propagation) or abstract a hydrogen atom from another thiol group (chain 

transfer step) terminating the polymerisation and regenerating another thiyl radical.  If 

the rate of polymerisation (propagation, kp) occurs more rapidly than the chain transfer 

step (kCT) then polymers will be produced.  For acrylates the molecular weight will be 

determined by the thiol concentration.  Thiol initiated radical polymerisations are not 

retarded by oxygen (as any peroxy radicals formed can abstract a hydrogen atom from 

the thiol and continue propagation), making this an attractive protocol for 3D printing 

in air. 

Co-

initiator 

Light 

source1 

Conversion 

(%)2 

2.6 Blue 10 

2.6 Red 5 

2.7 Blue 4 

2.7 Red 4 

2.8 Blue 9 

2.8 Red 10 
1 Blue light (420-460 nm) and red light (580-640 nm) at 4 cm. 2 Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm.  
 

Table 2.2 – Polymerisation of MA using alkyl halide co-initiators, ratio of MA 2.4: co-

initiator: ZnTPP 2.1 was 200: 1: 1x10-5, reaction time 2h. 
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Figure 2.4 - Structure of 1-dodecanethiol 2.10 

Initially, the concentration of 2.10 used was the same as the concentration of BPTA 

2.2 used in Boyer’s studies,87  (MA 2.4: 2.1: 2.10 ratio = 200: 1: 1x10-2 under both 

blue and red light) and 1-dodecaethiol 2.10 as a co-initiator over two hours (blue light, 

420-460 nm = 90% conversion, red light 580-640 nm = 80% conversion).  Both 

processes were able to polymerise MA 2.4 with conversions greater than the control 

reaction (75% conversion). As expected, conversion was higher using blue light 

because ZnTPP 2.1 absorbs much stronger in the blue region of the spectrum, so it 

will undergo photoexcitation more efficiently producing radical species for initiation 

of polymerisation. 

2.3.5 Optimisation of 1-dodecanethiol 2.10 mediated polymerisation 

During the 3D printing process, the rate of polymerisation is essential to produce the 

desired print. If the polymerisation rate is too slow, little polymer is formed in each 

layer. However, if the polymerisation rate is too fast, an overcured print is produced. 

In addition, 3D printing at ambient temperature is a necessity for environmentally 

friendly low energy commercial applications, and attention turned to finding the 

optimum concentrations of thiol 2.10 and photocatalyst 2.1 with respect to conversion 

while keeping the reaction at room temperature. 

Run 2.4: 2.10: 2.11 
Conversion 

(%)2 
Mn3 Mw3 Ð3 

1 200: 0: 1x10-2 5 16k 21k 1.35 

2 200: 1: 1x10-2 90 53k 96k 1.79 

3 200: 2: 1x10-2 91 43k 61k 1.43 

4 200: 5: 1x10-2 90 6.3k 13k 1.95 

5 200: 10: 1x10-2 94 2.6k 3.8k 1.44 
1 Experimental procedure:  Run 3 – 0.38 mL MA 2.4, 0.28 mL DMSO, 0.14 mL ZnTPP 2.1 (1.475mM in 

DMSO), 5µL 1-dodecanethiol 2.10 degassed in vial for 10 minutes. Irradiated with blue light for 2h at rt. 2 

Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm. 3 Molecular 

weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly 

(methyl methacrylate). 

Table 2.3- The effect of changing thiol 2.10 concentration on the polymerisation of MA 2.4 

using ZnTPP 2.1 as a photocatalyst                                                                             
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The previously described process (run 3) was utilised as a benchmark value (Table 

2.3). The first polymerisation that was attempted (run 1) was without any thiol present, 

which gave very low conversion (<5%). This is an important observation as it shows 

the necessity of the thiol 2.10 initiator. The low conversion suggests that either the 

photoexcited porphyrin can interact directly with MA 2.4 to initiate polymerisation, 

(albeit a very inefficient process) or this conversion represented a background self-

polymerisation process at this wavelength, (as the inhibitor was removed from MA 

2.4). There is some evidence that MA 2.4 can undergo a radical induced 

homopolymerisation in the presence of oxygen in DMSO at 450 nm.135 These 

reactions were degassed, therefore this is unlikely to occur, however this may become 

relevant during 3D printing which is performed in air. Increasing the concentration of 

thiol (runs 3-5) from that utilised in the control (run 3) did not increase the conversion 

significantly after 120 mins but did increase the rate of conversion of MA 2.4 to 

polymer as expected (Graph 2.1).  
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Graph 2.1 – Conversion of monomer vs time for MA 2.4 using ZnTPP 2.1 as a photocatalyst in blue 

light, altering the concentration of 1-dodecanethiol 2.10 
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Increasing the concentration of 1-dodecanethiol 2.10 speeds up the polymerisation 

significantly, with the conversion after 30 minutes increasing from 30% to 88% (run 

1 vs run 2). As expected, the increase in thiol 2.10 concentration results in a 

significantly lower molecular weight of the polymer produced, Mn (run 1 vs run = 

235k to 5.9k) and Mw (run 1 vs run 2 = 60k to 11k) (Table 2.4). The increase in rate is 

due to the higher concentration of initiator thiol radicals leading to more active chain 

ends, but the higher concentrations of chain transfer agent 2.10 leads to lower average 

molecular weights of the polymers. While an increase in thiol concentration leads to a 

decrease in molecular weight, when applied to 3D printing applications with 

multifunctional monomers the degree of polymerisation is still likely to be acceptable. 

As expected, increasing the concentration of the ZnTPP 2.1 also led to higher 

conversion of MA 2.4 under blue light (Table 2.5).  The amount of ZnTPP 2.1 used in 

any 3D printing must be kept as low as possible to minimise cost and any colour 

imparted by the porphyrin catalyst in the product, and consequently a ratio of MA 2.4: 

thiol 2.10: ZnTPP 2.1 of 200: 1: 5 x 10-2 was chosen as a compromise value (Graph 

2.2). Increasing the amount of porphyrin had less effect on molecular weight (Table 

2.6). 

Run 
Time 

(mins) 

2.4: 2.10: 2.1 Conversion 

(%)1 
Mn2 Mw Ð 

1 30 200: 5: 1x10-2 88 5.9k 11k 1.95 

2 30 200: 1: 1x10-2 49 35k 60k 1.70 

3 60 200: 5: 1x10-2 94 6.3k 12k 2.12 

4 60 200: 1: 1x10-2 77 35k 59k 1.64 

5 90 200: 5: 1x10-2 95 6.7k 13k 2.08 

6 90 200: 1: 1x10-2 87 35k 61k 1.70 

7 120 200: 5: 1x10-2 97 6.3k 13k 1.95 

8 120 200: 1: 1x10-2 96 36k 60k 1.67 

1 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm.2 Molecular weight 

and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly (methyl 

methacrylate) 

Table 2.4 – GPC analysis of the kinetics of the polymerisation of MA 2.4 using ZnTPP 2.1 as a 

photocatalyst in blue light, altering the concentration of 1-dodecanethiol 2.10  
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Graph 2.2 - Shows the effect of changing ZnTPP 2.1 concentration on the polymerisation of MA 2.4 

 

 

 

Run 2.4: 2.10: 2.11 Conversion (%)2 

1 200: 1: 0 0 

2 200: 1: 1x10-4 25 

3 200: 1: 1x10-3 37 

4 200: 1: 1x10-2 90 

5 200: 1: 2x10-2 95 

6 200: 1: 5x10-2 96 

7 200: 1: 0.1 95 
1Irradiated with blue light for 2 hours. 2 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 

3.6-4.0 ppm and 5.8-6.5 ppm 

Table 2.5- Effect of changing concentration of ZnTPP 2.1 on the polymerisation of MA 2.4 

using blue light.                                                                                    
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Increasing both ZnTPP 2.1 and 1-dodecanethiol 2.10 concentrations leads to faster 

polymerisation as expected, with a fivefold increase in 1-dodecanethiol 2.10 having a 

greater effect than a fivefold increase in ZnTPP 2.1 (Graph 2.3).    

Run 
Time 

(mins) 

MA 2.4: thiol 2.10: 

ZnTPP 2.1 

Conversion 

(%)1 

Mn2 Mw Ð 

1 30 200:1:5x10-2 65 33k 48k 1.65 

2 30 200:1:1x10-2 49 35k 60k 1.70 

3 60 200:1:5x10-2 86 33k 48k 1.62 

4 60 200:1:1x10-2 77 35k 59k 1.64 

5 90 200:1:5x10-2 93 34k 48k 1.67 

6 90 200:1:1x10-2 87 35k 61k 1.70 

7 120 200:1:5x10-2 98 34k 49k 1.67 

8 120 200:1:1x10-2 90 36k 60k 1.67 

1 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm.2 molecular 

weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly (methyl 

methacrylate) 

Table 2.6 - The effect of changing concentration of ZnTPP 2.1 on polymerisation of MA 2.4 in blue 

light 



54 

 

0 20 40 60 80 100 120

0

20

40

60

80

100

C
o
n
v
e
rs

io
n
 (

%
)

Time (min)

 200: 1: 1x10-2

 200: 1: 5 x 10-2

 200: 5: 1 x 10-2

 200: 5: 5 x 10-2

 

Graph 2.3 - Comparison of kinetics of the polymerisation of MA 2.4 in blue light, changing ratio of 

MA 2.4: 1-dodecanethiol 1.10: ZnTPP 2.1 

2.3.6 Polymerisations using multi-functional thiols 

Typical monomers used in 3D printing protocols on the Photocentric platform are 

difunctional methacrylate’s TEGDMA 2.5 and UDMA 2.6. These are cured 

commercially under blue light irradiation with tri and tetra-functionalised thiols as 

further crosslinking agents and initiators. Before attempting to 3D print with ZnTPP 

2.1 in visible light, it would be beneficial to study the typical multifunctional thiol 

initiators used compared to 1-dodecanethiol 2.10. The two thiols studied were of 

trimethylolpropane tris(3-mercaptopropionate) 2.11 and pentaerythritol tetrakis(3-

mercaptopropionate) 2.12 (Figure 2.5).  

These thiols were used as co-initiators in the polymerisation of MA 2.4, using the 

polymerisation conditions determined in section 2.3.5, under both red and blue light. 
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Figure 2.5 – Structures of 1-dodecanethiol 2.10, trimethylolpropane tris(3-mercaptopropionate) 2.11 

and pentaerythritol tetrakis(3-mercaptopropionate) 2.12 

Conversion was similar for all thiols under blue light with conversion above 90% 

(Table 2.7) after 2 h.  In red light, conversion is lower as expected, but increasing the 

number of functional groups on the thiol has little effect on conversion after 2 h. The 

effect on molecular weight is more pronounced, with a direct correlation between the 

number of thiol functional groups (relative concentration of chain transfer agent) and 

molecular weight of the polymer produced as expected (runs 3→ run 5→ run 7: Mn = 

33k→ 24k→11k).  

Run Light 

source1 

Thiol Time 

(h) 

Conversion 

(%)2 

Mn3 Mw3 Ð3 

1 Blue - 16 0 - - - 

2 Red - 16 0 - - - 

3 Blue 2.10 2 94 33k 45k 1.36 

4 Red 2.10 2 80 33k 47k 1.41 

5 Blue 2.11 2 96 24k 37k 1.52 

6 Red 2.11 2 74 20k 33k 1.63 

7 Blue 2.12 2 90 11k 17k 1.46 

8 Red 2.12 2 86 12k 17k 1.46 

Reaction conditions – MA 2.4: thiol: ZnTPP 2.1 200: 1: 1x10-2, irradiated with light for 2 hours in DMSO 1 Blue 

light (420-460 nm) and red light (580-640 nm) at 4 cm. 2 Determined by 400 MHz 1H NMR by integrating ratio 

of peaks at 3.6-4 ppm and 5.8-6.5 ppm.3 Molecular weight and polydispersity index were determined by GPC 

analysis (CHCl3 as eluent) calibrated to poly (methyl methacrylate) 

Table 2.7 - Polymerisation of MA 2.4 with multifunctional thiols (2.11 and 2.12) vs 1-dodecanethiol 

2.10 in blue and red light                               
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2.3.7 3D printing using ZnTPP 2.1 as a photocatalyst 

In the previous sections it has been shown that ZnTPP 2.1 is able to be an effective 

photoinitiator for the visible light polymerisation of methyl acrylate, using a variety 

of thiols as co-initiators. However. it was not clear how useful this procedure would 

be for 3D printing at ambient temperature in air using the less reactive methacrylate’s 

2.5 and 2.6.  

   

 

Figure 2.6 - Structures of triethylene glycol dimethacrylate (TEGDMA) 2.5 and urethane 

dimethacrylate (UDMA) 2.6 

Consequently, a blue light photocentric liquid crystal precision printer was used for 

the 3D prints. The light exposure time per layer was 300,000ms, with a distance from 

the light of 4 cm and the printing was carried out at room temperature. The monomers 

used for the 3D print were a 50/50 ratio of TEGDMA 2.5 / UDMA 2.6 (Figure 2.6), 

which were provided by Photocentric. Both monomers are multifunctional, which 

allows for cross-linking. Crosslinking is further enhanced using multifunctional thiols, 

which also create multiple chain ends.136   

All three thiols (2.10, 2.11 and 2.12) were tested. The optimised conditions for the 3D 

print used the ratios of monomer: thiol: porphyrin (200: 5: 5x10-2). A mixture of 15g 

of the 50:50 w: w UDMA 2.5/ TEGDMA 2.6 mixture was used, with all three thiols 

tested for a 3D print, with an exposure per layer of 300,000 ms. The image printed 

was a standard Photocentric test print that allows for easy comparison between prints, 

and the control print (Print A) used a commercial resin provided by Photocentric. Print 

A was produced using blue light, with the exposure per layer being 50 ms.  

As expected, there was no solid image produced when thiol 2.10 was used indicating 

that the multifunctional nature of the thiol initiators (2.11 and 2.12) was necessary for 
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an appropriate suitable cross-linked material to be produced under the reaction 

conditions. 

       

Print A                                              Print B                                               Print C 

Figure 2.7 - 3D prints of 50:50 w: w TEGDMA 2.5 / UDMA 2.6 utilising thiols 2.11 and 2.12 as co-

initiators in blue light, with an exposure time of 300,000 ms. Print B – using thiol 2.11, Print C – 

using thiol 2.12. (Print A – Photocentric standard)  

Assessing the quality of a print is subjective but involves assessing the resolution of 

the wording of the different font sizes (top left of the print), determining the clarity of 

definition of the edging and depth of the circular depression and raised circular 

patterns on the right as well as the other shapes. In addition to the subjective 

assessment and in order to provide a degree of quantification between results the 

thermal properties of the crosslinked polymers were compared. 

When using thiols 2.11 (Print B) and 2.12 (Print C), a very rigid, purple, partly 

translucent material was formed, however while there was some resolution in some of 

the print, the image was very under cured (Figure 2.7). When using thiol 2.11, the text 

is not at all visible, as well as the cylinders at the top right of the image being barely 

visible. However, the image is better using the 4-arm thiol 2.12 as the text is starting 

to be visible, as well as the cylinders starting to form. 

The thermal stability of both Prints B and C were measured using Thermal 

Gravimetric Analysis (TGA).  Hence, Print B and Print C were heated at 10 °C per 

minute over the temperature range 0-600 °C in air, using a Mettler-Toledo TGA 

instrument (Figure 2.8). The thermal stabilities were similar (Print B: T5% = 322°C, 

T50% = 395 °C, high temperature residue at 600 °C = 0.72%; Print C: T5% = 308 °C, 

T50% = 387 °C, high temperature residue at 600 °C = -0.33%) indicating the extra 

thiol functional group has a small lowering effect on the thermal stability properties 

of the print.  
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Figure 2.8 - TGA of 3D Print B (using thiol 2.11) and Print C (using thiol 2.12).  

The thermal characteristics of the two homopolymers PUDMA and PTEGDMA prepared by 

photoinitiated radical reactions are known and show two degradation steps due to 

inhomogeneity in their network structures with low residual char <2% at 600 °C.137 

Inhomogeneities arise for two reasons, firstly under photochemical reaction multiple 

initiation sights can lead to microgel regions which are more crosslinked than 

elsewhere leading to pooling of unreacted monomer, and secondly during the 

polymerisation a competing cyclization step can lead to localised lower crosslinking 

density (Scheme 2.4).138 

PUDMA has a greater thermal stability T50% = 409 °C than PTEGDMA T50% = 320 °C due 

to additional hydrogen bonding which leads to a greater energy requirement to break 

the network bonds as well as less competing cyclization reactions due to more flexible 

monomer size (molecular mass of UDMA 2.6 = 470, TEGDMA 2.5 = 286). 

Interestingly the degradation rate maxima for PTEGDMA (first degradation 277-320 °C, 

second degradation 371-416 °C) and PUDMA (first degradation 321-372 °C, second 

degradation 417-454 °C) are almost perfectly complementary and it comes as no 

surprise that the thermal characteristics of the 3D prints in both Prints B and C utilising 

a 50:50 mix of UDMA 2.6 / TEGDMA 2.5 show an apparent single decomposition 

step.   
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Scheme 2.4 - Primary cyclisation mechanism of TEGDMA during polymerisation138 

On close examination (Figure 2.8) there may be a slight step indicative of a second 

decomposition pathway around 40-60% mass loss for both 3D prints and this is in line 

with the homopolymers (PUDMA the second decomposition occurs around 40—50% 

mass loss compared to 60-70% mass loss in PTEGDMA).  The slightly lower thermal 

stability for Print C (using the tetra functionalised thiol 2.12) is likely a consequence 

of the greater number of photochemical initiation sights rather than any increased 

crosslinking. 

As highlighted above, utilising thiol 2.12 gave the more defined 3D print image, Print 

C, consequently, it was decided to repeat the printing with 5x the concentration of 

ZnTPP 2.1 and 2 x the concentration of 2.12 in the reaction mixture (monomer: thiol: 
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ZnTPP 2.1 = 200: 10: 0.25) to give print D.  Increasing both the amount of thiol 2.12 

and ZnTPP 2.1 gave a much clearer image, Print D, that looked very similar, and in 

places superior to the standard Photocentric test print A, albeit in a translucent purple 

colour, (Figure 2.9). There was acceptable resolution of the text and the horizontal 

bars on the right of the print as well as the depressed and raised circles. The 

disdavantage of the procedure was the long reaction times per layer and so the print 

was repeated with the exposure time per layer decreased to 200,000 ms to give Print 

E), however the image produced while better than the initial Prints B and C, was 

signficantly degraded compared to Print D.  The optimised procedure utilised 2.2 mg/g 

ZnTPP 2.1 and 68.0 mg/g thiol 2.12 in the monomer mixture using blue light (420-

460 nm) for 300,000ms per layer curing time. 

            

                                                       D                                                                      E 

Figure 2.9 - 3D prints of 50:50 w: w TEGDMA 2.5 / UDMA 2.6 utilising thiol 2.12 in blue light, 

exposure time 300,000ms per layer (Print D) and 200,000ms per layer (Print E). (Monomer: thiol: 

ZnTPP = 200: 10: 0.25) 

Due to the high cost of the photoinitiator 2.1, using a smaller concentration of ZnTPP 

2.1 would be favourable, so an attempt was made to increase the concentration of thiol 

2.12 further (in order to subsequently be able to lower the amount of ZnTPP 2.1).  The 

final print was tested with 10x the concentration of thiol 2.12 (monomer: thiol: ZnTPP 

2.1 = 200: 50: 2.5x10-1), however this led to an overcuring of the monomer and 

premature gelling of the monomer mixture during storage in the monomer reservoir 

vat, meaning it was not suitable for 3D printing. 

2.3.8 Utilising TPP 2.3 as a photocatalyst 

While it was pleasing that it was possible to 3D print to an acceptable standard with 

ZnTPP 2.1 and thiol 2.12, the large quantities of both compounds and the long reaction 

times were unpractical for a commercial application. 
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The ability to determine whether it was possible to mediate the process using a metal 

free porphyrin was advantageous for several reasons. Firstly, it would allow a simpler 

synthesis (lowering the cost) but concentrating on an all organic mediated photoredox 

catalyst (without a metal) would allow for analogues to be prepared and tested more 

rapidly and simply.    

   

 

Scheme 2.5 - Reaction scheme of TPP 2.3 synthesis and metalation to ZnTPP 2.1139 

The porphyrin TPP 2.3 was synthesised by refluxing pyrrole 2.13 and benzaldehyde 

2.14 in propionic acid for 45 minutes at 150 °C, a method developed by Adler (Scheme 

2.5).139 The reaction was then filtered and the solid washed with cold methanol and 

hot water. This gave TPP 2.3 with a low 6% yield after purification. While ZnTPP 2.1 

is commercially available (and the commercial material was used in the previous 

study) it would also be useful to add a metal (e.g., Zn) to any novel porphyrins 

prepared in the future. Addition of Zn was accomplished by dissolving TPP 2.3 in 

CHCl3 and adding Zn(OAc)2 in MeOH.140 This was stirred for 1 h and washed with 

water and brine. This gave ZnTPP 2.1 with a 90% yield. 

Comparing the UV-Vis spectra of ZnTPP 2.1 with TPP 2.3 shows the addition of the 

metal atom shifts the spectrum more towards the red end of the spectrum. In metal free 

porphyrins there are normally five absorbances (Figure 2.10, Table 2.9).56  The Soret 

peak (normally between 380-500 nm) and 4 Q bands (due to the first excited state S0 

→ S1) in the range 500-750 nm.  They are numbered from the red end of the spectrum 

as I, II, III, and IV, Q bands respectively.  Porphyrin TPP 2.3 is an etioporphyrin and 

in this class the intensity of the Q bands is defined as being IV > III > II > I. If the 

meso positions of a porphyrin (phyllo porphyrins) are substituted, then the intensity 

order shifts and the II band becomes more intense than the III band (this leads to an 

increased intensity in the red end of the spectrum).   Substitution of a vinyl group or a 
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carbonyl group at the -positions (as in chlorophyll) normally leads to the III band 

being the most intense.  Due to the wavelengths of the blue light (420 – 480 nm) and 

the red light LEDs (580 – 640 nm) used in this study it was expected that TPP 2.3 

itself would be a poorer photoredox catalyst compared to ZnTPP 2.1 due to a worse 

matching of the Soret band with the LED wavelength (blue light) and a significantly 

lower intensity of absorbance for the Q III band ( = 200 M-1cm-1) and  Q II band ( = 

140 M-1cm-1) in TPP 2.3 vs the -band ( = 13700 M-1cm-1) in ZnTPP 2.1.  
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Figure 2.10 - UV-Vis spectrum of TPP 2.3 vs ZnTPP 2.1 in DMSO 

Porphyrin Soret 

peak (nm) 

 (M-1cm-1) Other notable 

peaks (nm) 

 (M-1cm-1) 

TPP 2.3 419 15300 515, 551, 589 610, 200, 140 

ZnTPP 2.1 427 13700 560, 599 820, 340 

Table 2.8 - Comparison of UV-Vis spectrum's of ZnTPP 2.3 and TPP 2.1 in DMSO (0.1475mM) 

 In the Boyer et al paper, it was shown that ZnTPP 2.1 was a an effective photoinitiator 

due to its specific interaction with BPTA 2.2 in the PET-RAFT polymerisation.87 This 

could be due to a possible co-ordination of the carboxylic acid group in BPTA 2.2 as 

a fifth ligand to the zinc atom. A similar interaction between the zinc atom and the 

sulfur atom of 1-dodecanethiol 2.10 is theoretically possible and if an important 

interaction would also suggest that the metal free TPP 2.3 would be unlikely to be as 
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an efficient photoinitiator.  On the other hand, if this interaction is not important it 

could indicate that TPP 2.3 may also be successful in initiating the polymerisation of 

MA 2.4.  As in the previous section the thiol used was 1-dodecanethiol 2.10 which 

acted as both an initiator and a chain transfer agent.  Reaction of TPP 2.3 with MA 2.4 

in DMSO at room temperature for 120 minutes produced polymers with conversions 

of monomer of 56% (Run 1) and 43% (Run 3) for blue and red light respectively 

(Tavke 2.10). Conversion was higher using blue light (Run 1 vs Run 3), due to the 

greater absorption at the shorter wavelengths. 

 

 

 

 

Conversion was poorer compared to ZnTPP 2.1 in both blue (Run 2 vs Run 1) and red 

light for ZnTPP 2.1 (Run 4 vs Run 3), which again is explained by the slight shift to 

more suitable matched wavelengths of absorption for ZnTPP 2.1 when compared to 

TPP 2.3. The ability to tailor the porphyrin ligand so that its UV-Vis absorption 

characteristics are best matched to either blue LED light at (420-460 nm) and red 

LED light (580-640 nm) will be explored further in the next chapter, where the parent 

porphyrin TPP 2.3 structure is modified, with the aim of affecting the absorption 

properties of the porphyrin. 

2.3.9 3D printing using TPP 2.3 as a photocatalyst 

Althought conversion was found to be lower with TPP 2.3 as a photocatalyst in the 

polymerisation of MA 2.4, it was possible to use it to mediate 3D printing using the 

Photocentric liquid crystal precision printer. Using the optimised conditions reported 

in section 2.3.7 (monomer 50:50 w:w 2.5:2.6: TPP 2.3: thiol 2.12 = 200: 10: 0.25, 

30000 ms, rt), an attempt was made to print the test image. The image printed 

relatively successfully, Print F,  (albeit showing some poor resolution of the text in the 

top left) and was of a similar quality to the print using ZnTPP 2.1, showing that both 

Run Photocatalyst Light source1 Conversion (%)1 

1 TPP 2.3 Blue 56 

2 ZnTPP 2.1 Blue 96 

3 TPP 2.3 Red 43 

4 ZnTPP 2.1 Red 81 

Reaction conditions – MA 2.5: thiol 2.10: ZnTPP 2.1 or TPP 2.3 = 200: 1: 5x10-2, irradiated with light for 2 

hours in DMSO at 4 cm. 1 1 Blue light (420-460 nm) and red light (580-640 nm) 2Determined by 400 MHz 1H 

NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm. 

Table 2.9 - Comparing photocatalytic ability of ZnTPP 2.1 and TPP 2.3                                                                 
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TPP 2.3 and ZnTPP 2.1 are photocatalysts for visible light 3D printing and indicating 

that the parent porphyrin structure 2.3 could act as a scaffold in which to design, 

synthesise and assess any structure activity relationships of novel photocatalysts in 

the 3D printing arena (Figure 2.11). 

                                                                                  

A                                         F                                            D 

Figure 2.11 - 3D prints – Photocentric standard (A). Using TPP 2.3 (F) and using ZnTPP 2.1 (D) 

used as a photocatalyst – Monomer: thiol 2.12: ZnTPP 2.1 or TPP 2.3 200: 10: 0.25. 

The thermal properties were similar for both Print F and Print D (Figure 2.12, Print F: 

T5% = 403 °C, T50% = 461 °C, high temperature residue at 500 °C = 2.92%; Print D: 

T5% = 397 °C, T50% = 452 °C, high temperature residue at 600 °C = -1.02%).  
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Figure 2.12 - TGA of 3D prints, comparing ZnTPP 2.1 and TPP 2.3 as photocatalyst 
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2.3.10  Potential mechanisms for polymerisation process 

There are a range of potential initiation mechanisms for the generation of radicals 

using ZnTPP 2.1 or TPP 2.3 and a thiol (such as 2.10) to prepare polymers.  It is 

assumed that the generation of a thiyl radical is important in initiating the 

polymerisations, although polar base catalysed Michael thiol-ene processes can also 

theoretically take place and may be important in the reaction with multivalent thiol 

2.12 and TEGDMA 2.5 and UDMA 2.6.  Thiols can form charge transfer complexes 

between themselves and alkenes which can generate radicals.  This process could 

increase in rate under photocatalysis initiating polymerisation.141  Thiol mediated 3D 

printing takes place in air and traces or peroxides can also generate thiyl radicals which 

can initiate chains. 

It is known that blue light irradiation of MA 2.4 in DMSO in air can initiate a 

polymerisation with a RAFT agent without the need for a photocatalyst in blue light.142  

Although no polymerisation was observed in blue light when thiol and photocatalyst 

were absent, a low conversion (10%) of MA 2.4 was observed in blue light with 

ZnTPP 2.1 only (no thiol). This indicates there is an interaction between the excited 

ZnTPP* 2.1 species and MA 2.4 which can initiate the polymerisation, presumably 

via a SET to give a monomer radical anion. However, conversion increases to 90% 

when 1-dodecanethiol 2.10 is introduced. This could be due to a range of potential 

reasons.  One being that because while the interaction between MA 2.4 and the excited 

ZnTPP* 2.1 species is inefficient, the competing reaction (chain transfer) between 1-

dodecanethiol 2.10 and the propagating radical species is more favourable which 

increases the rate on initiation of polymerisation via chain transfer. This results in 1-

dodecaenthiol 2.10 controlling both the rate of polymerisation and the molecular 

weight by behaving as a chain transfer agent and propagating the polymerisation. 

Another potential method for generating initiating thiyl radicals from the thiol additive 

may be via the homolysis of the S-H bond mediated by electron transfer or by the 

cleavage of a pentacoordinated thiol ZnTPP complex.  Boyer et. al. hypothesises an 

interaction between the zinc atom of ZnTPP 2.1 and the carboxylic acid of BTPA 2.2 

in the RAFT mediated polymerisation of MA 2.4.  To determine if an interaction 

occurs between thiol 2.10 and ZnTPP 2.1, a UV-vis spectrum of ZnTPP 2.1 with 1-

dodecanethiol 2.10 was recorded and compared to the visible spectrum of ZnTPP 2.1 

(Figure 2.13). The resulting spectrum did not show any major difference, suggesting 
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this interaction did not take place and the large -band confirming the square planar 

geometry.  
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Figure 2.13 – Comparison of the Q region of the UV-vis spectrum of ZnTPP 2.1 without thiol (top) 

and with 1-dodecanethiol (bottom) 

The final process that is possible, is that the excited ZnTPP 2.1 or TPP 2.3 species 

can act as an oxidizing agent, interacting with 1-dodecanethiol and producing a 

radical cation which fragments to give the thiyl radical and H+. The thiyl radical is 

then able to initiate the polymerisation. Ruthenium based transition metal catalysts 

have been shown to act as oxidative photocatalysts of thiol addition to alkenes in air 

under blue light LED irradiation with oxygen being transformed into peroxide 

radical in situ.27  Similarly, a range of metal TPP and metal free porphyrin 

derivatives have been shown to generate radical cations from O, S and N containing 

compounds in a range of simple organic transformations.143  In air excited TPP* 2.3 
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is able to generate triplet oxygen which can initiate sulfur oxidation and generate 

peroxides which can in turn generate thiyl radicals.144 

In all of these potential mechanisms, it is important to note that it is the thiol that 

controls the molecular weight of the polymerisation and not the photocatalyst ZnTPP 

2.1 or TPP 2.3. Therefore, any changes to the photocatalyst should not result in a 

large change in molecular weight of the polymer produced, however any change in 

thiol concentration will control molecular weight.  

While thiols can mediate the polymerisation of acrylates via a radical pathway, 

multifunctional thiols have also been used to produce cross-linked materials via 

thiol-Michael addition polymerisation of acrylates and methacrylates.145  This 

mechanistic process is normally mediated by base (e.g amine) or nucleophile (e.g. 

phosphine) catalysis.  More recently, photoiniated Michael processes have been 

developed using UV and blue light and wavelength-selective switching between a 

thiol-Michael reaction (400-500 nm) and a radical mediated process (365 nm) has 

been reported.135  Although the exact mechanism of the thiol / ZnTPP 2.1 process 

described above is unclear it may be possible that both a radical and Michael process 

is occuring simultaneously in air. 

2.3.11 Summary 

In this chapter it has been shown that ZnTPP 2.1 and metal free TPP 2.3 are effective 

photocatalysts for the polymerisation of MA 2.4, using a range of thiols 2.10 – 2.12 as 

co-initiators.  This was possible in both blue and red LED light, with polymerisations 

in blue light being more effective due to a better matched absorption profile of catalyst 

and light. ZnTPP 2.1 can also be used as a photocatalyst in visible light 3D printing of 

a commercial TEGDMA 2.5 / UDMA 2.6 mix on the Photocentric liquid crystal 

precision printer using blue light, producing a print of a similar standard to the 

commercial 3D print using multifunctional thiols. However, the levels of thiol 2.12 

and photocatalyst 2.1 necessary was too high to be commercially attractive and the 

speed of the 3D print is significantly slower to that desired (300,000 ms vs 50 ms per 

layer).  A 600-fold increase in rate with a 5-fold drop in catalyst and thiol loading 

would be required to make the process commercially attractive.  

In addition, TPP 2.3 was also shown to be able to polymerise MA 2.4, albeit not as 

efficiently as ZnTPP 2.1 due to the UV-Vis absorption properties being blue shifted 
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away from the ideal range and with lower extinction coefficients in the Q band range. 

However, TPP 2.3 is still able to be used in 3D printing as a photocatalyst when using 

blue light and the ability to readily functionalise this porphyrin structure to improve 

solubility and absorption ranges maybe an advantage in future research. 
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3 Assessment of tetraphenylporphyrin derivatives 

in 3D printing 
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3.1 Introduction 

The synthesis of tetraphenylporphyrins was well established by Adler et al.139 The 

method involved refluxing pyrrole with benzaldehyde, with the functional groups 

present on the benzaldehyde giving the desired tetraphenylporphyrin (Scheme 3.1).  

 

Scheme 3.1 – Synthetic route of TPP 2.3 139 

Consequently, the procedure of functionalising TPP 2.3 at the meso position is 

relatively simple by replacing benzaldehyde for functionalised aromatic aldehyde 

variants. It is known that visible light polymerisation is initiated by electron transfer 

from the π-system of the porphyrin,87 so adding electron withdrawing and electron 

donating functional groups should change the rate at which this happens, which may 

lead to improved photocatalytic ability.  Also, functionalising the peripheral 

substituents of porphyrins has been shown to affect the absorption properties of the 

porphyrin.146 This gives the ability to fine tune the wavelengths at which the 

porphyrins can absorb light to more desirable wavelengths (blue light 420-460 nm and 

red light 580-640 nm). 

3.2 Aims and objectives 

The aim of this chapter is to functionalise the peripheral phenyl rings of 

tetraphenylporphyrin in a variety of ways to tune the absorption properties and 

reactivity of the photocatalyst. To do this, the following objectives were set: 

• Synthesise para substituted variants of both metalated and metal-free 

porphyrins containing electron donating and withdrawing groups 

• Study the spectroscopic properties and photocatalytic ability of para 

substituted porphyrins in the polymerisation of MA 2.4 and 3D printing.  

• Synthesise ortho and meta variants of porphyrins and study the effect on 

photocatalytic ability. 
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• Synthesise multifunctional porphyrin variants and study the effect on 

photocatalytic ability 

• Synthesise a protonated porphyrin variant and study the effect on 

photocatalytic ability 

3.3 Results and discussion 

3.3.1 Synthesis of tetraphenylporphyrin derivatives 3.1 – 3.4 

The first modification made to the porphyrins was to add electron donating (Me, OMe) 

and withdrawing substituents (F, Cl) to the para position of the phenyl ring. It was 

expected that the addition of electron donating groups would increase the electron 

density of the aromatic system of the porphyrin, leading to increased resonance effects 

which would shift the visible absorption towards a higher wavelength (more 

favourable for 3D printing). 

 

Scheme 3.2- Synthesis of para modified porphyrins 3.1 – 3.4 139 

The synthesis of these porphyrins involved using a modified Adler method(Scheme 

3.2)139, refluxing pyrrole with the appropriate benzaldehyde in propionic acid for 45 

minutes (Scheme 3.2). The reaction mixture was then filtered, and the filtrate washed 

with hot water and cold methanol. This produced the desired functionalised porphyrins 

3.1 – 3.4 in low yields (4-20 %). At this point there was no focus on optimising the 

synthesis to improve yields as it was unclear at this stage whether the new catalysts 

would be better than the control 2.3. 
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The absorption data for these porphyrins was obtained in DMSO (the solvent for the 

control polymerisations) and compared to TPP 2.3. The fluoro substituted porphyrin 

3.1 did not dissolve in DMSO or chloroform, which meant that recording a 

comparative UV-Vis spectrum was not possible, therefore it was not studied any 

further. 

The 3-dimensional structure of TPP 2.3 is such that the meso-phenyl groups at the β-

position on the porphyrin are almost perpendicular to the plane of the porphyrin.146 

This would suggest any resonance effect between the porphyrin core and the aryl 

group would be minimal. However, despite the noncoplanar configuration of the 

phenyl and porphyrin planes, it has been shown that the resonance-type effects from 

the substituents at the β-position of the porphyrin are significant enough to influence 

the electronics of the porphyrin.146 An analysis of the UV-Vis spectrum allowed us to 

observe this influence (Figure 3.1).  
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Figure 3.1 - UV-Vis of metal free porphyrins 2.3 and 3.2 – 3.4 in DMSO (0.1475 mM) 
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Run Functional group Soret band (nm) Ɛ (M-1cm-1)1 

1 4-Cl 3.2 418 15700 

2 H 2.3 419 15300 

3 4-Me 3.3 420 9500 

4 4-OMe 3.4 423 16700 

1 Molar extinction coefficient of soret band 

Table 3.1 – Soret bands of para modified porphyrins 2.3 and 3.2 – 3.4 in DMSO (0.1475 mM) 

Firstly, the increase in the electron donating power of the para substituents (Cl < H < 

Me < OMe) led to a small red shift in the absorption of the porphyrins for all bands 

(Table 3.1, run 1→4). With a 5 nm shift in the soret band from the Cl porphyrin 3.2 

(run 1) to the methoxy porphyrin 4-MeO-TPP 3.4 (run 4). This small shift may allow 

for the methoxy porphyrin 4-MeO-TPP 3.4 to be a more effective photocatalyst as its 

absorption range is more in the desirable range. The molar extinction coefficients Ɛ of 

the 4-MeO-TPP 3.4 and 4-Cl-TPP 3.2 variants were like the unmodified TPP 2.3 at 

the soret band, with values between 15000-17000 M-1cm-1, although the methoxy 

derivative 3.4 was the highest. The 4-Me-TPP 3.3 was found to have a weaker Ɛ, 

suggesting it could be a less effective photocatalyst. 

Run Functional 

group 

Q bands 

(nm) 

Ɛ (M-1cm-1)1 Ratio of Ɛ2 

1 4-Cl 3.2 590, 549, 514 610, 200, 140 1: 0.33: 0.23 

2 H 2.3 591, 551,515 610, 200, 140 1: 0.33: 0.23 

3 4-Me 3.3 591,551, 515 270, 140, 70 1: 0.52: 0.26 

4 4-OMe 3.4 595, 556, 519 820, 610, 270 1: 0.74: 0.32 

1 Q region bands – IV, III, II  2Ratio of Q region bands IV: III: II 

Table 3.2 – Q region bands of para modified porphyrins 3.2 – 3.4 compared to TPP 2.3 

 There is also an effect on the 2nd important region of the visible spectrum, the Q region 

(Table 3.2). Porphyrins can be grouped depending on the relative intensities of the Q 

bands, with porphyrins 3.2 – 3.4 being part of the etioporphyrin group.56 This is due 

to the relative intensities of the Q bands following the pattern – IV > III > II > I. But 

by comparing the ratio of intensities of these bands, it can be seen that there has been 



74 

 

a reddening effect towards a rhodo-type porphyrin (III > IV > II > I), with the intensity 

of band III increasing with the electro donating ability of the substituents (runs 1→4). 

To determine the effect of changing the functional groups on the photocatalytic ability 

of each porphyrin, each porphyrin was used as a photocatalyst for the polymerisation 

of MA 2.4 (Table 3.3). 1-Dodecanethiol 2.10 was chosen as the co-initiator, and the 

ratio of reactants MA 2.4: 1-dodecanethiol 2.10: porphyrin was 200:1:1x10-2. The 

reaction mixtures were degassed and irradiated with light for 2 h from 4 cm away. 

Conversion was determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-

4.0 ppm and 5.8-6.5 ppm. 

Due to the red shifting of the methoxy porphyrin 3.4 absorption, it was expected that 

conversion would be greatest when utilising it as a photocatalyst, and this was the case 

in both blue and red light (approximately a 15% increase in conversion in blue light 

TPP 2.3 → 4-MeO-TPP 3.4 = 56 → 71% and a 17% increase in conversion in red light 

TPP 2.3 → 4-MeO-TPP 3.4 = 43 → 60%). The chloro modified porphyrin 4-Cl-TPP 

3.2 gave the lowest conversion (with no conversion in red light), suggesting that 

addition of electron withdrawing substituents has a significant negative effect on 

photocatalytic reactivity. The measured conversion using the methyl substituted 

porphyrin 4-Me-TPP 3.4 was similar to that of TPP 2.3, this is likely due to their 

similar absorption and electronic profiles.  

 

 

 

 

 

 

 

Run Porphyrin Light source1 Conversion (%)2 

1 4-Cl 3.2 Blue 5 

2 4-Cl 3.2 Red 0 

3 H 2.3 Blue 56 

4 H 2.3 Red 43 

5 4-Me 3.3 Blue 59 

6 4-Me 3.3 Red 45 

7 4-OMe 3.4 Blue 71 

8 4-OMe 3.4 Red 60 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away. 1 Blue light (420-460 nm) and red light (580-640 nm) 2Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm  

Table 3.3 -Polymerisation of MA 2.4 using para modified porphyrin variants 3.1 – 3.4                                                
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To further study the effect of adding a methoxy functional group to the para position 

of the phenyl ring, a conversion study was undertaken (Table 3.4). The reaction 

conditions were MA 2.4: thiol 2.10: porphyrin 3.4 – 200: 1: 1x10-2, with aliquots taken 

at 30-minute intervals, and conversion determined using 400 MHz 1H NMR. From the 

polymerisation results, it can be seen that the change in photocatalyst has little effect 

on the molecular weight of the polymer produced. This is to be expected, as discussed 

in section 2.3.10, it is the thiol that controls molecular weight, not the photoinitiator. 

These results further support this hypothesis, as a change in photoinitiator has little to 

no effect on molecular weight, as the change in photocatalyst will make the generation 

of initial radicals more efficient. The results show that the reaction rate is faster when 

using the methoxy porphyrin (run 1→run 2), showing that the para substituted 

methoxy porphyrin has improved photocatalytic ability. 

 

3.3.2 3D prints with functionalised metal free porphyrins 3.1 -3.4 

In section 3.3.1 it was shown that that the methoxy modified porphyrin 4-MeO-TPP 

3.4 gave the highest conversion in the polymerisation of MA 2.4, so the next step was 

to see if this translated to improved 3D printing. The hypothesis is that 4-MeO-TPP 

3.4 would give the most defined image, as it was the most effective photocatalyst in 

Run Porphyrin1 Time 

(min) 

Conversion 

(%)2 

Mn3 Mw3 Ð3 

1 2.3 30 25 32k 44k 1.60 

2 3.4 30 40 34k 46k 1.70 

3 2.3 60 30 33k 45k 1.61 

4 3.4 60 53 34k 47k 1.71 

5 2.3 90 42 34k 45k 1.58 

6 3.4 90 60 35k 47k 1.63 

7 2.3 120 50 34k 45k 1.60 

8 3.4 120 71 36k 48k 1.58 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away.  1Polymerisation in blue light (420-460 nm) 2Determined by 400 MHz 1H NMR by integrating 

ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm.3 molecular weight and polydispersity index were determined by 

GPC analysis (CHCl3 as eluent) calibrated to poly (methyl methacrylate) 

Table 3.4 - Conversion study of polymerisation of MA 2.4 using TPP 2.3 and 4-MeO-TPP 3.4 
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the polymerisations studied. And the greater reactivity may allow for a lower 

irradiation time between layers. 

The 3D print was performed using a 50:50 w: w mixture of TEGDMA 2.5 / UDMA 

2.6, with the exposure per layer being 300,000 ms. The ratio of reactants of monomer: 

thiol 2.12: porphyrin was chosen as 200: 25: 0.25, using pentaerythritol thiol 2.12 as 

the co-initiator and 15g of monomer mixture for each run. All three photocatalysts 

produced 3D prints, although there was a clear difference in the quality of the prints 

produced (Figure 3.2). Print G (using the chloro modified porphyrin 4-Cl-TPP 3.2), 

was very under cured, with much of the image not printed / resolved. The print showed 

a significant inhomogeneity of colour and exhibited a green tinge possible due to 

cleavage of the C-Cl bond generating traces of chlorine. This suggests that the 

polymerisation rate was too slow and / or the catalyst was unstable, such that the chloro 

photocatalyst 3.2 was not suitable for further study. Both the 4-Me-TPP 3.3 and 4-

OMe-TPP 3.4 catalysts produced better images (prints H and I respectively) than the 

control 2.3 TPP (print F), with all aspects of the test print visible. It is interesting to 

note that all the prints (prints F –I) are of a different colour. While each catalyst 

exhibits a slightly different UV / visible spectrum the differences are small, and this 

was not expected to affect the final colour of the print. Print I generated from 4-OMe-

TPP 3.4 looked a better standard of print, due to the text being more visible, as well 

as more protruding cylinders being visible. 

It is interesting to compare print I with the original Photocentric test print A. It appears 

there is more definition around the ridges (circled areas A and B, row 2) and there also 

appears to be better resolution of the hollow circles (circled C, row 2). The resolution 

is also enhanced in the text between the letters in the two prints (Print I vs Print A, 

row 3). While Print I was prepared using a 300,000ms curing time per layer and Print 

A utilised a lower 50ms value and so a direct comparison is not possible, although the 

resolution of the test Print A is deemed acceptable by the industrial partner. 

Interestingly, Print I shows a slanting of the text in the top right corner and other loss 

of resolution caused by ‘movement’ of the print at the edges.  This is almost certainly 

due to insufficient curing at the edges and due to lower viscosity movement at the 

edges.   
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                                Print A                                                                         Print G 

               

        Print F                                                 Print H                                                   Print I 

 

 

Print I                                 Photocentric test Print A                                    

 

Print I                Print A 

Figure 3.2 – Row one: Photocentric test print A and 3D print using modified porphyrin. Print G = 4-

Cl-TPP. Row two: 3D print using modified porphyrins: Print F = TPP 2.3, Print H = 4-Me-TPP 3.3, 

Print I = 4-OMe-TPP 3.4. Row three: Comparison of key areas in Print I = 4-OMe-TPP 3.4 and 

photocentric test print A. Row four: Resolution of the text in Print I and Print A 
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The thermal stability of the prints was measured using TGA, with the prints heated at 

10 °C per minute over the temperature range 0-600 °C in air, using a Mettler-Toledo 

TGA instrument (Table 3.5). The overall TGA results suggest that the changing of the 

photocatalyst only has a minor effect on the thermal properties of the prints (Figure 

3.3). This is interesting, as print G is undercured yet has very similar thermal 

properties to the more complete prints. These results show that para functionalisation 

of the porphyrin has little effect on the thermal properties of the resulting print. 
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Figure 3.3 - TGA data of 3D prints using modified metal-free porphyrins 3.1 – 3.4 as photocatalysts 

 

 

 

 

 

Run Porphyrin T50% (°C) T5%(°C) 

1 3.2 461 404 

2 2.3 463 403 

3 3.3 460 403 

4 3.4 462 403 

Table 3.5 - T50% and T5% for TGA data of metal-free porphyrins 3.1 – 3.4 (Figure 3.3)  
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3.3.3 Incorporation of zinc into porphyrins 3.1 – 3.4 

Incorporation of zinc into the porphyrin is likely to increase efficiency of the catalyst, 

as the photocatalytic ability of ZnTPP 2.1 was shown to be more effective than that of 

TPP 2.3 in chapter 2, and it is a simple process to metalate the metal-free porphyrins 

(Scheme 3.3).140 

 

Scheme 3.3 – Synthetic route of zinc porphyrins 3.1 and 3.5 – 3.7 140 

To synthesise the zinc porphyrins 3.5 – 3.7, the corresponding metal-free porphyrin 

was dissolved in chloroform, then Zn(OAc)2 in MeOH is added and stirred for 1 h at 

room temperature (Scheme 3.3). The reaction mixture was washed with water and 

brine, the organic layer was dried, and the solvent removed. This gave 3.5 – 3.7 as 

purple solids with 85-91 % yield. 

The UV-Vis of each metalated porphyrin was measured in DMSO (Figure 3.4 and 

Table 3.6). As seen in chapter 2, the absorption for all metalated porphyrins was 

shifted towards a higher wavelength, with the Soret bands shifted between 8-11 nm 

and the Q region no longer containing four bands, but just the two α and β bands 

indicating successful complexation of the metal. As previously for the non-metalated 

derivatives the 4-MeO-ZnTPP 3.7 exhibited the most red shifted Soret and Q region 

(although the differences were negligible). Interestingly, the addition of the chloro 

group 4-Cl-ZnTPP 3.5 also led to an increase in the wavelength. 



80 

 

350 400 450 500 550 600 650

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 4-Cl ZnTPP 3.5

 ZnTPP 2.1

 4-Me ZnTPP 3.6

 4-OMe ZnTPP 3.7

Soret

 

 

Figure 3.4- UV-Vis of zinc para substituted porphyrins 2.1 and 3.5 – 3.7 in DMSO (0.1475 mM) 

However, when looking at the relative intensities of the α and β bands, they increase 

in the order from 3.5 > 2.1 > 3.6 > 3.7 as the electron donating ability increases (run 

1→4). This suggests that even with the addition of the zinc metal centre, the addition 

of a more electron donating functional groups leads to a reddening effect on the 

absorption properties. 

Run Functional 

group 

Soret 

band 

(nm) 

Ɛ 

 (M-1cm-1) 

Q region 

bands1 (nm) 

Ɛ2 

 (M-1cm-1) 

Ratio 

of Ɛ3 

 

1 Cl 3.5 429 19200 560,600 1800, 480 1:0.27 

2 H 2.1 427 13700 560, 599 820, 340 1:0.41 

3 Me 3.6 429 19000 560, 600 1200, 680 1:0.56 

4 OMe 3.7 431 17000 563, 605 540, 410 1:0.76 

1 Q region bands –α. β 2 Molar extinction coefficient of Q region bands. 3Ratio of molecular 

extinction coefficient of Q bands – α: β 

Table 3.6 - UV-vis data of zinc para substituted porphyrins 2.1 and 3.5 – 3.7 in DMSO (0.1475 mM) 

The photocatalytic ability of the zinc modified porphyrins were then tested by 

repeating the polymerisation of MA 2.4, under the same reaction conditions as the 
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non-metal variants (MA 2.4: thiol 2.10: porphyrin 3.5 – 3.7 is 200: 1: 1x10-2) in order 

for a comparison to be made. 

 

 

 

 

 

 

 

 

 

 

 

As expected from results in the previous chapter conversion is much greater when 

using the metalated porphyrins in both blue (420 – 460 nm) and red (580 – 640 nm) 

light (Table 3.7). The conversions are consistently lower in red light (580 – 640 nm), 

due to the absorption profiles of the porphyrins being favourable towards blue light 

(420-460 nm). Unlike the result using 4-Cl-TPP 3.2 (5% conversion in blue light) there 

was significant conversion for the metalated derivative 4-Cl-ZnTPP 3.5 (75%), 

suggestive that relative solubility of the catalyst in the reaction medium may be key in 

explaining the difference here. While conversions were significantly improved in all 

cases by metalation (18-70% increase) the methoxy derivative 4-OMe-ZnTPP 3.7 still 

provided the highest conversion over 2 hours. 

To confirm this improved photocatalytic ability, the conversion over time of the 4-

OMe-ZnTPP 3.7 mediated reaction was compared to ZnTPP 2.1 (Table 3.8, Graph 

3.1). The reaction conditions for the kinetic studies were the same as for the previous 

polymerisations (MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2), with aliquots taken 

at 30-minute intervals, and conversion determined using 400 MHz 1H NMR.  

Run Porphyrin Light source1 Conversion (%)2 

1 4-Cl 3.5 Blue 75 (5) 

2 4-Cl 3.5 Red 68 (0) 

3 H 2.1 Blue 90 (56) 

4 H 2.1 Red 74 (43) 

5 4-Me 3.6 Blue 71 (59) 

6 4-Me 3.6 Red 42 (45) 

7 4-OMe 3.7 Blue 92 (71) 

8 4-OMe 3.7 Red 85 (66) 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light 

for 2 h from 4 cm away. 1Blue light (420-460 nm) and red light (580-620 nm) 2Determined by 400 MHz 
1H NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm. The numbers in parentheses are 

the conversions when using the non-metalated analogues 3.2 – 3.4 and 2.3 

Table 3.7 – Polymerisations of MA 2.4 using modified zinc porphyrins 2.1 and 3.5 – 3.7 as 

photocatalysts 
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Graph 3.1 - Conversion vs time comparison of polymerisation of MA using TPP 2.3, 4-OMe-TPP 3.4, 

ZnTPP 2.1 and 4-OMe-TPP 3.7 as photocatalysts 

Run 
Time 

(mins) 

Porphyrin Conversion 

(%)1 
Mn2 Mw Ð 

1 30 3.7 63 37k 62k 1.71 

2 30 2.1 49 35k 60k 1.70 

3 60 3.7 85 37k 61k 1.68 

4 60 2.1 77 35k 59k 1.64 

5 90 3.7 89 38k 62k 1.68 

6 90 2.1 87 35k 61k 1.70 

7 120 3.7 94 38k 62k 1.65 

8 120 2.1 90 36k 60k 1.67 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with blue light for 2 

h from 4 cm away. 1Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 

ppm. 2 molecular weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated 

to poly (methyl methacrylate) 

Table 3.8 – Conversion study of the polymerisation of MA 2.4 using ZnTPP 2.1 and 4-OMe-ZnTPP 

3.7 as photocatalysts 
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Conversion is significantly enhanced suggesting that the 4-OMe-ZnTPP 3.7 is a more 

effective photocatalyst and should be more suitable for 3D printing as the 

polymerisation rate is faster. 

3.3.4 3D prints with zinc functionalised porphyrins 3.5 – 3.7 

All three modified porphyrins 3.5 – 3.7 were tested as photocatalysts in 3D printing, 

with the methoxy porphyrin expected to produce the clearest image. The 3D print was 

performed using a 50:50 w: w mixture of TEGDMA 2.5/ UDMA 2.6, with the 

exposure per layer being 300,000 ms. The ratio of reactants monomer: thiol 2.12: 

porphyrin 3.5 – 3.7 was 200: 25: 0.25, using pentaerythritol thiol 2.12 as the co-

initiator and 15g of monomer mixture for each run (Figure 3.5).  

 

      

Print J                                Print D                                     Print K                                      Print L 

 

Figure 3.5 - 3D print using modified zinc porphyrin 3.1 and 3.5 – 3.7. Row one: Print J = 4-Cl-ZnTPP 

3.5, print D = ZnTPP 2.1, print K = 4-Me-ZnTPP 3.6, print L = 4-OMe-ZnTPP 3.7. Row two (left): 

Resolution of cylinders and holes in prints D and L. Row two (right): Resolution of text in Print D and 

print L. 

All three modified porphyrins produced an image, however using the 4-Cl-ZnTPP 

3.5 produced a print with a range of internal fault (lines highlighted by the circle). 

There is not too much difference overall between print D (ZnTPP 2.1) and print L 
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(4-MeO-ZnTPP 3.7), with the test producing better resolved circles (right) and 

shapes (bottom left) for print L. 

The thermal stability of the prints was measured using TGA, with the prints heated at 

10 °C per minute over the temperature range 0-500 °C in air, using a Mettler-Toledo 

TGA instrument. 

The TGA data shows that the point of degradation is similar when using all four 

porphyrins (Figure 3.6, Table 3.9). When looking at the TGA data for the 3D prints, 

the T5% and T50% is greater for all modified porphyrins, however this difference can be 

attributed to the error of the TGA machine, with the general trend of the TGA results 

being very similar. As explained in the chapter 2, due to the overlapping thermal 

characteristics of UDMA 2.6 and TEGDMA 2.5, there is one major decomposition 

step for all four 3D prints. This data suggests that the changing of photocatalyst has 

little effect on the thermal properties of the 3D print. 
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Figure 3.6 - TGA data of ZnTPP 2.1 and para modified zinc porphyrins 3.5-3.7 3D prints 
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3.3.5 Position of the methoxy substituent on the aromatic ring: 

Preparing 2-MeO, 3-MeO derivatives of TPP 2.3 

After looking at the effect of functionalising the porphyrins with electron donating and 

withdrawing groups, another avenue to explore is the position of the functional groups 

on the benzene ring of the porphyrins. In the previous section, it was shown that the 

addition of the methoxy group at the para position on the benzene ring of 

tetraphenylporphyrin increased photocatalytic ability. To study the effect of changing 

the position of functionalisation, 3 methoxy variants were synthesised.   

The synthesis of para methoxy porphyrins involved refluxing 4-

methoxybenzaldehyde with pyrrole to give the resulting modified porphyrin. This is 

one of the two widely established methods of synthesising symmetrical modified 

porphyrins. The other method was developed by Lindsey et al, which involved 

condensation of aromatic aldehydes with pyrrole under mixed-acid catalysis.147 To 

synthesise the ortho and meta variants of methoxy porphyrin, the Lindsey method was 

used (Scheme 3.4). 

To synthesise the ortho and meta variants of 5,10,15,20-(4-methoxy) 

tetraphenylporphyrin 3.4, the appropriate benzaldehyde (0.6 mL) and pyrrole (0.35 

mL) were dissolved in DCM (500 mL). Boron trifluoride diethyl etherate (6 µL) and 

trifluoroacetic acid (0.35 mL) were added and the mixture stirred at rt for 2 h. Chloranil 

(1.01g) was then added and the reaction mixtures were heated at reflux for 4 h (Scheme 

3.4). The solvent was removed, and the mixtures purified via column chromatography 

(CH2Cl2), yielding purple solids 3.8 (28%) and 3.9 (24%). 

 

Run Porphyrin T50% (°C) T5%(°C) 

1 3.5 461 404 

2 2.1 452 396 

3 3.6 460 403 

4 3.7 462 403 

Table 3.9 - T50% and T5% for TGA data for 3D prints using para modified zinc porphyrins 2.1 and 3.5 

– 3.7. 



86 

 

 

Scheme 3.4 – Synthetic route of ortho and meta methoxy modified porphyrins 3.8 and 3.9 

 

350 400 450 500 550 600 650

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
b
s
o
rb

a
n
c
e

Wavelength (nm)

 4-OMeTPP 3.4 

 2-OMeTPP 3.8

 3-OMeTPP 3.9 

soret

IV
III II I

 

Figure 3.7- UV-Vis spectrum of methoxy substituted porphyrins 3.4, 3.8 and 3.9 in DMSO (0.1475mM) 
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The UV-Vis of the 4-OMe-TPP 3.5, 2-OMeTPP 3.8 and 3-OMeTPP 3.9 porphyrins 

were measured in DMSO (Figure 3.7, Table 3.10). In general, it has been found that 

substitution at the ortho position of TPP 2.3 derivatives has less of an effect on the 

absorption properties when compared to substitution at the meta and para positions.148 

When looking at the absorption of 2-OMe-TPP 3.8, the wavelength is blue shifted 

when compared to 4-OMe-TPP 3.4. This is due to the direct steric interaction between 

the porphyrin ring and the methoxy group as opposed to the resonance effects that 

occur when substituted at the para position. However, there is a similar effect with 3-

OMe-TPP 3.9, which may also be due to this interaction, although this would be 

expected to be weaker.  

The polymerisation of MA 2.4 was undertaken, with the ratio of reactants being MA 

2.4: thiol 2.10: porphyrin = 200: 1: 1x10-2, with a reaction time of 2 h at rt (Table 

3.11). Conversion is lower after 2h when using both 2-OMe-ZnTPP 3.8 and 3-OMe-

TPP 3.9 variants in both blue and red light when compared to using 4-OMe-ZnTPP. 

This is expected as the absorption properties of both porphyrins are further away from 

the optimal range of the LED light emission than when compared to 4-OMe-TPP 3.4.  

 

Run Porphyrin 

Soret 

band 

(nm) 

Ɛ1  

(M-1cm-1) 

Q region 

bands (nm) 

Ɛ2 

 (M-1cm-1) 

Ratio of Ɛ3 

 

1 3.4  424 16700 519, 556, 595 800, 610, 270 1:0.74: 0.33 

2 3.8 419 22700 514, 548, 590 200, 410, 340 1:0.21:0.17 

3 3.9  418 15200 514, 545, 591 750. 270, 200 1:0.36: 0.26 

1 Molar extinction coefficient of soret band 2 Molar extinction coefficient of Q region bands 3Ratio of molar 

extinction coefficients in the Q region, comparing band IV to bands III:II 

Table 3.10 – UV-Vis spectrum data of methoxy modified porphyrins 3.4, 3.8, and 3.9 in DMSO (0.1475 

mM) 
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3.3.6 3D prints derived from 2-, 3- and 4-MeO-TPP derivatives 

All three methoxy modified porphyrins were tested as photocatalysts in 3D printing, 

with the 4-OMe-TPP expected to produce the clearest image. The 3D print was 

performed using a 50:50 w: w mixture of TEGDMA 2.5/ UDMA 2.6, with the 

exposure per layer being 300,000 ms in blue light. The ratio of monomer: thiol 2.12: 

porphyrin was 200: 25: 0.25, using pentaerythritol tetrakis (3-mercaptopropionate) 

2.12 as the co-initiator and 15g of monomer mixture (Figure 3.8).  

               

Print M                                                  Print N                                                      Print L 

Figure 3.8 - 3D prints using methoxy substituted porphyrins 2.1, 3.7 and 3.8 as photocatalysts. 2-

OMe-TPP 3.8 (M), 3-OMeTPP 3.9 (N) and 4-OMeTPP (L) 

There was a clear effect on photocatalytic ability when looking at the 3D prints using 

the modified porphyrins (Figure 3.8). Both the 2-OMe-TPP 3.8 and the 3-OMe-TPP 

3.9 produced inferior prints (prints M and N) when compared to 4-OMe-TPP (print 

L). Print M (2-OMe-TPP) was very under cured, suggesting the polymerisation rate 

was too slow. This was likely due to the steric interactions from the ortho substituted 

methoxy group blue shifting the absorption properties of the porphyrin. Print N (3-

OMe-TPP) is also under cured, with less of the cylinders being printed, as well as the 

Run Porphyrin Light source1 Conversion (%)2 

1 4-OMe 3.4  Blue 71 

2 4-OMe 3.4 Red 60 

3 2-OMe 3.8  Blue 40 

4 2-OMe 3.8  Red 32 

5 3-OMe 3.9  Blue 51 

6 3-OMe 3.9  Red 42 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away. 1Blue light (420-460 nm) and red light (580-640 nm) 2Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm 

Table 3.11 - Polymerisation data using methoxy modified porphyrins 3.4 and 3.8 – 3.9 as 

photocatalysts in the polymerisation of MA 2.4 
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text being less clear and the shapes at the bottom right of the print being smaller and 

less defined when compared to the print L (4-OMe-TPP). These results show that 

substitution at the para position of the phenyl ring has the most positive effect on 

photocatalytic ability due to a mixture of resonance and steric effects. 

 

The thermal stability of prints L, M and N was measured using TGA, with the prints 

heated at 10 °C per minute over the temperature range 0-500 °C in air, using a Mettler-

Toledo TGA instrument (Figure 3.9, Table 3.12). 

The initial degradation point of prints L (4-OMe-TPP) and N (3-OMe-TPP) was ~ 300 

°C, however for print M (2-OMe-TPP) this degradation point was ~ 250 °C. The print 

was very undercured, which may mean that the degree of crosslinking is smaller, 

which may explain why degradation starts at a lower temperature. Another difference 

in the TGA data is that there is a noticeable shoulder on the trace of print M (2-OMe-

TPP), which suggests increased inhomogeneity in the structure of the polymer, which 

results in weak links in the polymer network. 
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Figure 3.9 - TGA of 3D prints photocatalyzed by methoxy modified porphyrin 3.4, 3.8, 3.9 (Figure 

3.8) 
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3.3.7 Studying the effect of increasing the amount of methoxy 

functional groups on photocatalytic ability  

It has been shown that the addition of a methoxy group at the para position of the 

phenyl ring leads to a red shift in the absorption spectrum due to resonance effects. 

This addition of the methoxy group at the para position has led to the improved 

photocatalytic ability, however the addition at ortho and meta positions has not had a 

similar effect mainly due to steric interactions. In order to probe this in more detail, a 

number of di- and tri-substituted methoxy derivatives 3.10-3.12 were synthesised. 

The synthesis of the multi-substituted porphyrins 3.10-3.12 was attempted via the 

same route as for the preparation of 3.8 and 3.9, using the method developed by 

Lindsey et al, however reaction conditions varied slightly (Scheme 3.5).147 For all 

variants, the appropriate benzaldehyde (5 mmol) was dissolved with pyrrole (0.35 mL) 

in DCM and degassed, then stirred with boron trifluoride dietherate and trifluoracetic 

acid for 2h. This produced the corresponding porphyrinogen macrocycle, which were 

then oxidized by the addition of either DDQ (3.11) or chloranil (3.10 and 3.12) (weak 

oxidizing agents) and heated at reflux for 4 hours, followed by purification by column 

chromatography to give 3.10 (31%), 3.11 (32%) and 3.12 (24%) as purple solids. 

Run Porphyrin T50% (°C) 

1 3.4 403 

2 3.8 396 

3 3.9 396 

Table 3.12 - TGA data of 3D prints photocatalyzed by methoxy modified porphyrin 3.4, 3.8, 3.9 

(Figure 3.9) 



91 

 

 

Scheme 3.5 – Synthetic route of di- and tri-substituted methoxy porphyrins 3.10-3.12 

The UV-Vis spectra of these porphyrins were recorded in DMSO (Table 3.13). 

As expected, the results indicate that adding additional functional methoxy groups 

does not red shift the absorption properties of the porphyrin compared to 4-OMe-TPP 

3.5. In fact, there is a small blue shift, presumably caused by the steric interactions 

highlighted in the previous section. A comparison of both 3,5-OMe-TPP 3.10 and 

3,4,5-OMe-TPP 3.11 soret bands highlights the red shifting nature of the 4-methoxy 

substituent. When looking at the Q region, all three porphyrins are still part of the 

Run Porphyrin 
Soret band 

(nm) 

Ɛ 

(M-1cm-1) 

Q region 

bands (nm) 
Ɛ (M-1cm-1)1 

1 3.10 421 3200 515, 547, 589 140, 70, 70 

2 3.11  421 2500 514, 546, 590, 140, 70, 70 

3 3.12 423 9400 516, 551, 591 610, 220, 200 

4 3.5 424 16700 519, 556, 595 820, 610, 270 

1 Molar extinction coefficient of Q region bands IV, III, II 

Table 3.13 - UV-Vis data of di-substituted 3.10 and tri-substituted porphyrins 3.11-3.12 compared 

to 4-OMe-TPP 3.5 in DMSO (0.1475 mM) 
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etioporphyrin group, further showing that there has been no reddening effect with the 

addition of the functional groups. 

The photocatalytic ability of porphyrins 3.10-3.12 were tested by repeating the 

polymerisation of MA 2.4, under the same reaction conditions as used previously in 

the chapter (MA 2.4: thiol 2.10: porphyrin 3.10-3.12 is 200: 1: 1x10-2) in order for a 

comparison to be made. The reaction mixture was irradiated with blue and red light 

for 2 h, with the light source 4 cm away (Table 3.14). 

 

 

 

 

 

 

 

The polymerisation results are in line with what was expected when considering the 

absorption properties of the multi substituted porphyrins. Conversion is lower when 

using all three photocatalysts, with the additional methoxy groups not improving the 

photocatalytic ability. This is likely due to the absorption properties being slightly blue 

shifted, resulting in a less favourable match of absorption of the porphyrin and 

wavelength of the light. These results suggest that the addition of additional functional 

groups to the 2- and 3-positions of the phenyl ring does not improve 

photocatalyctivity. 

3.4 Summary 

In this chapter it has been shown that the addition of electron withdrawing and 

donating groups at the para position of the phenyl groups of tetraphenylporphyrin 

Run Porphyrin Light source1 Conversion (%)2 

1 3.4 Blue 71 

2 3.4 Red 60 

3 3.11 Blue 40 

4 3.11 Red 29 

5 3.12 Blue 42 

6 3.12 Red 33 

7 3.13 Blue  51 

8 3.13 Red 32 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away. 1Blue light (420-460 nm) and red light (580-640 nm). 2Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm 

Table 3.14 – Polymerisation of MA 2.4 using -di and tri-substituted porphyrins 3.11-3.13 as 

photocatalysts, compared to TPP 2.3. 
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effects the absorption properties of the porphyrin by resonance effects. The more 

electron donating the substituent, the redder shifted the absorption. The compound 4-

OMe-TPP 3.4 performed the best as a photocatalyst for the polymerisation of MA 2.4, 

suggesting that shifting absorption towards a higher wavelength improves 

photocatalytic activity. This was also true when using 4-OMe-TPP 3.4 as a 

photocatalyst in the 3D printing of TEGDMA 2.5/UDMA 2.6 in blue light. A similar 

observation was found on the corresponding metalated variants of the porphyrin 3.5–

3.7. The polymerisation of MA using 4-OMe-TPP 3.4 as a photocatalyst showed an 

increase in polymerisation rate, however the molecular weight of the polymer formed 

was comparable to when TPP 2.3 was used as a photocatalyst. This supports the theory 

that the molecular weight of the polymerisation is controlled by the thiol as opposed 

to the photocatalyst.  

The effect of changing the position of the functionalisation was also studied, with 

ortho 3.10 and meta 3.11 and di- and tr-substituted variants 3.11-3.13 of the methoxy 

porphyrin synthesised. However, it was shown that substitution at either the ortho or 

meta positions (irrespective of the substitution elsewhere) led to a minimal effect on 

the absorption properties of the porphyrin and did not improve photocatalytic ability 

due to a mixture of both steric and resonance effects.  
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4 The absorption properties and photocatalytic 

activity of alkenyl-substituted porphyrins 
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4.1 Introduction 

In chapter 3, the absorption properties of TPP 2.3 was red shifted by 4 nm when a 

methoxy group is substituted at the para position of the phenyl ring 3.4. This 

modification resulted in an increase in photocatalytic activity, however the wavelength 

at which 5,10,15,20-tetrakis(4-methoxyphenyl) porphyrin 3.4 most strongly absorbed 

light was at 424 nm. The blue light in the 3D printer has a wavelength of 420-460 nm, 

therefore it would be favourable to further red shift the absorption properties of the 

porphyrin. 

It has been shown that an extension in conjugation of the porphyrin macrocycle has 

two major effects on the properties of porphyrins: broadening of the absorption bands 

and a red shift of the absorption profile.149 The broadening of the absorption bands 

will increase the range in which the porphyrin absorbs light, making it more likely to 

absorb light in the desired wavelength range (420-460 nm), with the red shifting of the 

absorption properties also helping to achieve this.  

4.2 Aims and objectives  

The aim of this chapter is to modify the structure of TPP 2.3 by increasing the 

conjugation of the porphyrin macrocycle to tune the absorption properties and 

reactivity of the photocatalyst. To do this, the following objectives were set: 

• Synthesise 5,15-diphenyl-10,20-dibromoporphyrin 4.3.  

• Synthesise 5,15-diphenyl-10,20-distyrylporphyrin 4.7 and other conjugated 

derivatives utilising the Heck coupling reaction with 4.3. 

• Study the absorption properties and photocatalytic activity of 5,15-diphenyl-

10,20-distyrylporphyrin 4.7 and its derivatives. 
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4.3 Results and discussion 

4.3.1 Synthesis of 5,15-diphenyl-10,20-distyrylporphyrin 4.7 

To introduce further conjugation in the macrocycle of the porphyrin ring, a styrene 

was chosen to be introduced at the meso positions of diphenylporphyrin 4.2. While the 

mono-stryrl derivative 5,10,15-triphenyl-20-styrylporphyrin 4.6 is known (Soret band 

max = 427 nm),150 in order to increase conjugation further, 5,15-diphenyl-10.20-

distyrylporphyrin 4.7 was prepared by slightly modifying the synthetic approach.  In 

addition, the replacement of a phenyl substituent directly appended to the porphyrin 

(which is twisted lessening resonance effects due to steric hindrance) with a styryl 

group (where the alkene is directly attached) should provide for better overlap of 

conjugating orbitals.  

To synthesise 5,15-diphenyl-10,20-distyrylporphyrin 4.7, 5,15-diphenyl-10,20-

dibromoporphyrin 4.3 was prepared (Scheme 4.1), which was coupled to styrene via 

the Heck reaction.  

 

Scheme 4.1 – Synthetic route of 5,15-dibromo-10,20-dihenylporphyrin 4.3 

The first step of in the synthesis of 5,15-dibromo-10,20-diphenyl porphyrin 4.3 was 

to synthesise dipyrromethane 4.1 from paraformaldehyde, pyrrole and InCl3 at 55 °C 
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for 3h.151 This mixture was left to cool to rt, and then NaOH was added and stirred 

overnight. The solvent was removed, and the reaction mixture purified via column 

chromatography to give 4.1 in 63% yield. Then 5,15-diphenylporphyrin 4.2 was 

prepared by dissolving dipyrromethane 4.1 and benzaldehyde in DCM.152 A large 

amount of solvent was required due to the poor solubility of dipyrromethene 4.1, and 

in fact porphyrin derivatives are notoriously insoluble in a range of organic solvents 

often making their handling and purification difficult. The solution was degassed, 

trifluoroacetic acid (TFA) was added and the mixture stirred at rt for 4h. This produced 

the reduced variant of diphenylporphyrin, which was oxidised in situ by the addition 

of 2,3-dichloro-5,5-dicyano-1,4-benzoquinone (DDQ). After neutralisation by the 

addition of triethylamine and purification by column chromatography the compound 

5,15-diphenylporphyrin 4.2 was isolated in 44% yield. To synthesise 5,15-dibromo-

10,20-diphenylporphyrin 4.3, 5,15-diphenylporphyrin 4.2 was dissolved in CHCl3 and 

pyridine and N-bromosuccinimide were added and stirred for 30 minutes.153 After 

work-up a mixture of mono- 4.4 and the desired di-substituted 4.3 variants were 

isolated (Figure 4.1). These were separated by column chromatography (DCM: 

petroleum ether – 1:1) to give 4.3 in 90% yield. 

 

Figure 4.1 - Structures of 5,15-dibromo-10,20-diphenylporphyrin (4.3) and 5-bromo-10,20-

diphenylporphyrin (4.4) porphyrin 

The 400 MHz 1H NMR in CDCl3 showed the characteristic doublet resonances for the 

-pyrrole porphyrin protons at 9.63 (J = 4.5 Hz) and 8.84 ppm (J = 4.5 Hz) 

respectively.  The 2-substituted phenyl proton signals were identified at 8.16 ppm (d, 

J = 7.1 Hz) and the remaining aromatic signals were between 7.82 – 7.75 ppm. Note 
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that the resonances for the NH protons are found at -2.73 ppm due to the aromatic ring 

current, (Figure 4.2).  

 

 

Figure 4.2 - 400 MHz 1H NMR in CDCl3 of dibromo porphyrin 4.3 

To synthesise 5,15-diphenyl-10,20-distyrylporphyrin 4.7, the Heck coupling reaction 

was chosen. It has been previously shown that it is possible to couple styrene with the 

related 5-bromo-10,15,20-triphenylporphyrin 4.5,150 however coupling styrene with 

5,15-dibromo-10,20-distyrylporphyrin 4.3 had not been previously reported, (Scheme 

4.2). 

 

Scheme 4.2 - Synthesis route of 5,10,15-triphenylporphyrin-20-styrylporphyrin (4.6) 150 

Utilising a similar procedure to that previously reported, styrene was added to 5,15-

dibromo-10,20-diphenylporphyrin 4.3, Pd(OAc)2, di-tert-butylbiphenylphosphine 

(Johnphos) and K2CO3 in a mixture of dry DMF and dry toluene. This solution was 

degassed via the freeze-thaw technique and heated overnight at 105°C.  The mixture 

was then cooled to rt and washed with water. Purification by column chromatography 

was difficult and the major spot isolated gave the desired product 4.7 in addition to a 
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minor impurity as an inseparable mixture (Figure 4.3). The major peak in the ESI mass 

spectrum at 667.3, confirmed the presence of 5,15-diphenyl-10,20-distyrylporphyrin 

4.7 and aromatic region of the 1H NMR spectrum also confirmed the incorporation of 

the styryl groups (with the (E)-geometry being the major isomer, Ha = 9.62 ppm, J = 

15.9 Hz, Scheme 4.3). Although the desired compound 4.7 was not isolated 

completely pure it was decided to further study this material in photo polymerisation 

reactions. 

 

Figure 4.3 - Structure of distyryl porphyrin 4.7 

The mechanism for this reaction proceeds via organopalladium intermediates. 

Pd(II)(OAc)2, is first reduced by di-tert-butylbiphenylphosphine (Johnphos) to 

produce a Pd(0) complex, (Scheme 4.4).  
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Scheme 4.3 - Reaction mechanism of the Heck reaction of 4.3 to 4.7. 

This allows for the oxidative addition in which the reduced palladium compound 

inserts itself into the C-Br bond of 5,15-dibromo-10,20-diphenylporphyrin 4.3. This 

produces an intermediate which can interact with the alkene functional group on 

styrene, which inserts onto the palladium.  This compound then undergoes a β-hydride 

elimination, which forms an alkene-palladium complex and ultimately 4.7. The 

palladium complex is regenerated by potassium carbonate via reductive elimination 

and the catalytic cycle continues. 
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Figure 4.4 - UV-Vis spectrum of 5,15-distyryl-10,20-diphenylporphyrin 4.7 in DMSO (0.1475 mM) 

To determine the effect that the extended conjugation of the porphyrin core has on 

absorption properties, the UV-Vis spectra was measured in DMSO (0.1475mM), 

(Figure 4.4, Table 4.1). There was a red shift of the absorption properties of the UV-

Vis spectrum, with a significant broadening of the Soret band due to the extended 

conjugation of the porphyrin core through the styryl groups and a significantly 

increased extinction coefficient. The Q bands are less resolved than in the other 

porphyrins studied.  Due to the presence of trace aromatic impurities, it is unwise to 

make any firm conclusions around absorbance characteristics and extinction 

coefficients. 

 

Run Porphyrin Soret 

bands (nm) 

Ɛ 

 (M-1cm-1) 

Q region 

bands (nm)1 

Ɛ 

 (M-1cm-1)2 

1 4.7 407-442 27500 523, 577, 660 4000, 3000, 1200 

2 2.3 419 15300 515, 551, 589 610, 200, 140 

1 Molar extinction coefficient of soret band 2 Absorption of bands IV, (III, II), I. 3 Molar extinction 

coefficients of Q region bands 
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Table 4.1 - UV-Vis bands of 5,15-distyryl-10,20-diphenylporphyrin 4.7 compared to TPP 2.3 in 

DMSO (0.1475mM) 

However, on balance it was expected that photocatalytic activity should increase 

relative to TPP 2.3 itself as the absorption characteristics of the sample better matched 

the wavelength of the light used for the polymerisation (420 – 460 nm).  

4.3.2 Polymerisation of MA using 5,15-distyryl-10,20-diphenyl-

porphyrin 4.7 

To determine the effect that the addition of two styryl functional groups had on the 

photocatalytic activity of the porphyrin, the functionalised porphyrins were used to 

polymerise MA 2.4 in blue (420-460 nm) and red light (580 – 640), (Table 4.2). The 

ratio of MA 2.4: 1-dodecanethiol 2.10: 5,15-distyryl-10,20-diphenylporphyrin 4.7 was 

200: 1: 1x10-2 and the mixture was irradiated with light for 2 h from 4 cm away as in 

all previous comparative experiments.  

 

 

 

 

 

 

When using 5,15-distyryl-10,20-diphenylporphyrin 4.7 as a photocatalyst for the 

polymerisation of MA, the conversion is slightly higher in both blue and red light 

when compared to TPP 2.3. However, the reaction was not as efficient as the 4-

methoxy derivative 4-OMe-TPP 3.4 despite the apparent more beneficial absorption 

characteristics. As highlighted earlier part of the measured absorption may be due to 

trace impurities which may not act (or hinder) the photocatalytic behaviour expected. 

Run Porphyrin1 Light2 Conversion (%)3 

1 2.3 Red 43 

2 3.4 Red 60 

3 4.7 Red 50 

4 2.3 Blue 56 

5 3.4 Blue 70 

6 4.7 Blue 60 

1 Experimental conditions: Reaction mixture degassed in DMSO and irradiated with light for 2 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200: 1: 1x10-2 2 Blue light (420-460 nm) and red light (580- 

640 nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm 

Table 4.2 - Polymerisation of MA using TPP 2.3, 5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin 3.4 

and 5,15-distyryl-10,20-diphenylporphyrin 4.7 as photocatalysts 
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To study the conversion of the polymerisation, aliquots of the reaction mixture were 

taken every 30 minutes and using 1H NMR to determine conversion at each stage 

(Graph 4.1). As expected, the rate of the polymerisation was faster when 5,15-distyryl-

10,20-diphenylporphyrin 4.7 was used as a photocatalyst compared to 2.3. However, 

reaction rate was only marginally faster, therefore it would be worthwhile to attempt 

to synthesise further alkenyl-substituted porphyrins (with increased purity) to try and 

probe any effects. 
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Graph 4.1 – Conversion studies of the polymerisation of MA 2.4 using TPP 2.3 and 5,15-distyryl-

10,20-diphenylporphyrin 4.7 in blue light 

4.3.3 Extending the conjugation in alkenyl-substituted porphyrins 

The extended conjugation of the porphyrin core 4.7 compared to TPP 2.3 has resulted 

in a red shift of the absorption properties. A range of other increasingly conjugated 

derivatives 4.8-4.10 were identified as candidates to study where styrene was 

substituted for 1-phenyl-1,3-butadiene, 1-vinyl naphthalene and 9-vinyl anthracene 

respectively (Figure 4.5).   

The first derivative that was attempted to be synthesised was 5,15-diphenyl-10,20-

bis(4-phenylbuta-1,3-dien-1-yl)porphyrin 4.8. As before Heck reaction with 
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Pd(OAc)2, di-tert-butylbiphenylphosphine (Johnphos) and K2CO3 in a mixture of dry 

DMF and dry toluene at 105°C was attempted.   

 

Figure 4.5 – Structure of alkenyl substituted porphyrins 4.8 – 4.10 with extended conjugation of the 

porphyrin core 

After purification by column chromatography, compound 4.8 (C52H38N4) was isolated 

as the major component (MH+ = 719.90) along with the mono functionalised porphyrin 

4.11 (C42H30N4) (MH+ = 591.50) as an 5:1 inseparable mixture (Scheme 4.5). 

 

Scheme 4.4 – Synthesis route of 5,15-diphenyl-10,20-bis(4-phenylbuta-1,3-dien-1-yl)porphyrin 4.8 

It is known that protolytic cleavage of the C-Br bond is often a competing reaction to 

the desired C/C coupling Heck process under palladium catalysis.150 The results 

suggest that the rate of Heck coupling of 4.3 was slower than the protolytic cleavage 

of bromine leading to significant mono-functionalisation.  It proved impossible to 
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separate 4.8 and 4.11 via column chromatography, therefore the mixture of both was 

used for further study, Scheme 4.6.  

 

Scheme 4.5 - Synthetic route of 5,15-bis(2-(naphthalen-1-yl)vinyl)-10,20-diphenylporphyrin 4.9 

A similar inseparable mixture was obtained when attempting to prepare 5,15-bis(2-

(naphthalen-1-yl)vinyl)-10,20-diphenylporphyrin 4.9,  with the mono-substituted 4.12 

also prduced. Attempts to prepare 5,15-bis(2-(anthracen-9-yl)vinyl)-10,20-

diphenylporphyrin 4.10 using the Heck protocol failed and a similar outcome was 

reported for the related reaction with 5-bromo-10,15,20-triphenylporphyrin.150  

The UV visible spectra of the porphyrin mixtures (4.8 / 4.11 and 4.9 / 4.12) were 

measured in DMSO (0.1475mM) (Graph 4.2, Table 4.3). 
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Graph 4.2 - UV-Vis of porphyrin mixture 4.8 / 4.11 and 4.9 / 4.12 compared to 4.7 

Runs Porphyrin Soret band (nm) Q region bands1 (nm) 

1 4.7 407-442 523, 577, 660 

2 4.8 / 4.11 430-446 528, 589, 678 

3 4.9 / 4.12 419-442 526, 583, 670 

1 Absorption of bands IV, III, II 

Table 4.3- UV-Vis bands of porphyrin mixtures 4.8 / 4.11 and 4.9 / 4.12 compared to 4.7 

The major difference in the UV-Vis spectrums of 4.8 / 4.11 and 4.9 / 4.12 compared 

to 4.7 is the lower intensity of the Soret and Q absorption bands, suggesting that light 

will be absorbed less strongly, which would be expected to lower the rate of 

propagation during photocatalysis. Offsetting this is the red shift of the Soret bands 

further into the desired blue LED wavelength region. Interestingly, the solubility of 

the porphyrins 4.6-4.10 were relatively poor compared to those reported in chapter 2 

and 3. 

4.3.4 Polymerisation of MA using mixtures 4.8/ 4.11 and 4.9/ 4.12 

The polymerisation of MA 2.4 was attempted in blue (420-460 nm) and red light (580 

– 640), using porphyrin mixtures 4.8 / 4.11 and 4.9 / 4.12 as photocatalysts (Table 
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4.4). The ratio of MA 2.4: 1-dodecanethiol 2.10: porphyrin was 200: 1: 1x10-2, and 

the mixture was irradiated with light for 2 h from 4 cm away as previously.  

 

 

 

 

 

 

It can be seen from the polymerisation data that conversion when using 4.8 / 4.11 and 

4.9 / 4.12 as a photocatalysts, conversion is significantly lower in red light. This is 

consistent with the lower absorption of the Q bands, resulting in the propagation 

constant being lower. A similar observation was found for polymerisation in blue light, 

indicating that although the absorption properties of 4.8 / 4.11 and 4.9 / 4.12 are more 

red shifted than 4.7, the effect of the lower intensity of absorption has had a negative 

effect on photo catalytic activity.  

4.3.5 Study of methoxy variants of alkenyl-substituted porphyrins 

The extension of the conjugation found in porphyrin core has resulted in the red shift 

of absorption properties as expected, however lower intensity absorptions for some 

catalysts in the region of interest has resulted in the photocatalytic activity being lower. 

Interestingly the styryl derivative 4.7 exhibited significantly higher extinction 

coefficients in the Soret and Q regions compared to the other catalysts described.  In 

Chapter 3 it was discussed how adding a para substituted electron donating methoxy 

substituent to the meso aryl functionality of TPP 2.3 also increased the rate of 

polymerisation, primarily due to red shifting the absorbance characteristics of the 

porphyrin. Therefore, the next approach was to combine both approaches around the 

styryl derivative 4.7 as a template. There are two different para positions available for 

functionalisation, the phenyl ring directly connected at the meso position (Figure 4.3 

- A), and that on the phenyl group on styrene functionality (Figure 4.3 – B).  

Run Porphyrin1 Light2 Conversion (%)3 

1 4.8 / 4.11 Red 25 

2 4.9 / 4.12 Red 8 

3 4.7 Red 50 

4 4.8 / 4.11 Blue 50 

5 4.9 / 4.12 Blue 20 

6 4.7 Blue 60 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 2 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 640 

nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 

Table 4.4 - Polymerisation of MA 2.4 using porphyrin mixtures 4.8 / 4.11 and 4.9 / 4.12 
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Figure 4.6 - Positions of possible functionalisation on 5,15-diphenyl-10,20-distyrylporphyrin 4.7 

To functionalise position A (Figure 4.6), the first compound that needed to be 

synthesised was 5,15-dibromo-10,20-bis(4-methoxyphenyl)porphyrin 4.13. To do this 

the synthesis of diphenylporphyrin 4.2 was modified, substituting benzaldehyde for 

anisaldehyde to produce 5,15-bis(4-methoxyphenyl)porphyrin 4.13 in 58% yield. This 

was then treated with NBS and pyridine to yield 5,15-dibromo-10,20-bis(4-

methoxyphenyl)porphyrin 4.14 in 87% yield (Scheme 4.7) 

 

Scheme 4.6 – Synthesic route of 5,15-dibromo-10,20-bis(4-methoxyphenyl)porphyrin 4.14 
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Three further derivatives 4.15-4.17 were then prepared by reacting either 5,15-

dibromo-10,20-bis(4-methoxyphenyl)porphyrin 4.14 or 5,15-dibromo-10,20-

bis(phenyl)porphyrin 4.3  with styrene or 4-methoxy styrene using the existing Heck 

protocol previously described, (Scheme 4.8).  

 

Scheme 4.7 – Synthetic route of methoxy modified alkenyl-substituted porphyrins 4.15 – 4.17 

Reaction of 4.14 with styrene gave the porphyrin 4.15 in 26% yield after purification.  

Unlike the related molecule 4.7 it was possible to isolate this molecule pure as one 

isomer.  The 1H 400 MHz of 4.15  in CDCl3 is shown in Figure 4.7. The (E)-geometry 

of the styryl group was confirmed (Ha 9.61 ppm, d, J = 15.9 Hz, Hb 7.38 ppm, d, J = 

15.9 Hz) and the relatively high chemical shift of Ha is due to porphyrin ring current. 

 

 

Figure 4.7 - 1H 400 MHz NMR in CDCl3 of 4.16 
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The two chemical environments of -pyrrole protons are identified at 9.43 ppm and 

8.85 ppm respectively with the characteristic coupling constant of 4.5 Hz, which is 

characteristic of the porphyrin ring.  The protons Hf at 8.12 ppm are also relatively 

downfield to where they would normally be expected due to ring current.  As 

highlighted earlier before the NH protons are significantly up field (-2.22 ppm) as they 

sit within the aromatic porphyrin ring  

The absorption properties of porphyrins 4.15 – 4.17 were measured in DMSO 

(0.1475mM) (Figure 4.8) and compared to 5,15-distyryl-10,20-diphenylporphyrin 4.7 

(Figure 4.4, Table 4.5). 
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Figure 4.8 - UV-Vis spectra of methoxy modified alkenyl-substituted porphyrins (4.15 – 4.17) in 

DMSO (0.1475mM) compared to of 5,15-distyryl-10,20-diphenylporphyrin 4.7 

Runs Porphyrin Soret band 

(nm) 

Ɛ  

(M-1cm-1) 

Q region 

bands1 (nm) 

Ɛ  

(M-1cm-1) 

1 4.7 407-442 27500 523, 577, 660 4000, 3000, 1200 

2 4.15 432-453 24500 527, 596, 684 1300, 3700, 1800 

3 4.16 423-448 25300 535, 589, 680 2600, 4700, 2300 

4 4.17  427-462 26000 608, 696 7200, 3500 

1 Wavelength of Q region bands IV, III, II. Bands III and II for porphyrin 4.15 

Table 4.5 - UV-Vis bands of methoxy modified alkenyl-substituted porphyrins 4.15-4.17 compared to 

5,15-distyryl-10,20-diphenylporphyrin 4.7 
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The absorption of all three porphyrins (4.15 – 4.17) were red shifted compared to 4.7. 

The largest shift in absorption was observed for 5,15-bis(4-methoxyphenyl)-10,20-

bis(4-methoxystyryl)porphyrin 4.17, resulting in a shift of 18 nm from 5,15-diphenyl-

10,20-distyrylporphyrin 4.7 for the Soret band (run 1→ run 4). This is likely due to a 

mixture of factors, with the increased resonance due to the electron donating nature of 

the methoxy substituents and the extended conjugation of the porphyrin core from the 

two alkene groups contributing to the red shifting. It is interesting to note that methoxy 

substitution at the para position of the phenyl group of TPP 2.3 resulted in 4 nm red 

shift in the absorption properties, whereas the same substitution to 5,15-diphenyl-

10,20-distyrylporphyrin 4.7 led to a 9 nm shift. The greatest shifts of the Soret band 

occur for 4-methoxystyryl analogues 4.15 and 4.17 indicating substitution at the styryl 

groups was more important in red shifting this peak than substitution at the meso 

phenyl substituent.  More importantly for 4.17 the Q bands are significantly more 

intense in the red LED region of the spectrum (580-640 nm) indicating that this 

catalyst should perform better in red light polymerisation than the others.  

4.3.6 Polymerisation of MA 2.4 using methoxy modified alkenyl-

substituted porphyrins 

To determine the effect of modifying the alkenyl-substituted porphyrins on the 

photocatalytic ability of each porphyrin, each porphyrin was used as a photocatalyst 

for the polymerisation of MA 2.4 (Graph 4.3). 1-Dodecanethiol 2.10 was chosen as 

the co-initiator, and the ratio of reactants MA 2.4: 1-dodecanethiol 2.10: porphyrin 

was 200: 1: 1x10-2. The reaction mixtures were degassed and irradiated with blue and 

red light for 2 h from 4 cm away. Conversion was determined by 400 MHz 1H NMR 

by integrating ratio of bands at 3.6-4.0 ppm and 5.8-6.5 ppm. 

The results of the polymerisation of MA 2.4 (Table 4.6) when utilising porphyrins 

4.15 – 4.17 showed that conversion was greatest after two hours when using 5,15-

bis(4-methoxyphenyl)-10,20-bis(4-methoxystyryl)porphyrin 4.17 as a photocatalyst 

in both blue and red light. The conversion difference between reactions in red light 

verses blue light for each catalyst is much lower for this class of four catalysts 

compared to those discussed in previous chapters. Conversion increased as expected 

as the absorption properties of the porphyrin became more red shifted (4.17 > 4.15 > 

4.16 > 4.7), with the rate of the polymerisation also increasing (Graph 4.3). The 
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significant red shifting and higher extinction coefficients of the Q band in 4.17 

explains the relatively high conversion under red light illumination.  
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Graph 4.3 - Conversion studies of polymerisation of MA 2.4 using methoxy-modified alkenyl-

substituted porphyrin 4.15-4.17 compared to 5,15-distyryl-10,20-diphenylporphyrin 4.7 

Run Porphyrin1 Light2 Conversion (%)3 

1 4.4 Red 50 

2 4.15 Red 57 

3 4.16 Red 55 

4 4.17 Red 60 

5 4.4 Blue  60 

6 4.15 Blue 68 

7 4.16 Blue 65 

8 4.17 Blue 76 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 2 hours from 4cm away. 

MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 640 nm) 3 

Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 

Table 4.6 - Polymerisation of MA using porphyrins 4.7 and 4.15 – 4.17 as photocatalysts in 

blue and red light 
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4.4 Summary 

5,15-Diphenyl-10,20-distyrylporphyrin 4.7 was synthesised, which resulted in red 

shifting of the absorption properties and broadening of the absorption bands due to 

increased resonance within the porphyrin ring. 5,15-Diphenyl-10,20-

distyrylporphyrin 4.7 was then used as a photocatalyst in the polymerisation of MA 

and was shown to be more effective than TPP 2.3.  

The next modification that was attempted was to increase conjugation in the porphyrin 

structure further by increasing the alkene chain length by synthesising 5,15-diphenyl-

10,20-bis(4-phenylbuta-1,3-dien-1-yl)porphyrin 4.9, and increasing the amount of 

phenyl groups connected to the alkenyl group by synthesising 5,15-bis(2-(naphthalen-

1-yl)vinyl)-10,20-diphenylporphyrin 4.10. However, when attempting to synthesise 

these variants, an inseparable mixture of the mono- and disubstituted derivatives were 

formed. Despite this, the absorption properties were further red shifted when 

compared to 5,15-diphenyl-10,20-distyrylporphyrin 4.7, showing further conjugation 

has a tangible effect on absorption properties. The absorptions for these porphyrins 

were much less intense than 5,15-diphenyl-10,20-distyrylporphyrin 4.7, resulting in 

lower photocatalytic activity in the polymerisation of MA 2.4. 

Combining the extension of the conjugation of the porphyrin ring at the meso positions 

and further functionalising the aromatic groups with electron donating 4-methoxy 

substituent has a larger effect on the absorption properties. It broadens the absorption 

bands, increases the extinction coefficients of absorbance and red shifts the absorption 

properties. When using the porphyrins (4.15 – 4.17) as photocatalysts in the 

polymerisation of MA, there was a correlation between higher photocatalytic activity 

and these properties. 

Unfortunately, it was not possible to further test these catalysts in 3D printing 

applications, as in late 2020 the 3D platform malfunctioned.  It was not possible to 

have this repaired or parts replaced due to supply chain issues and changes within the 

sponsoring company.  Purchasing a new machine would also have made it difficult to 

compare prints with those previously described in this thesis. 
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5 Chlorophyll as a photocatalyst in visible light 3D 

printing 
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5.1 Introduction 

Chlorophyll is a green photosynthetic pigment found in plants, algae, and 

cyanobacteria. It absorbs light strongly in the blue region and to a lesser extent in the 

red region of the electromagnetic spectrum. The structure of chlorophyll a 5.1a (Figure 

5.1) contains a porphyrin-like heterocycle called a chlorin ring, similar to tetraphenyl 

porphyrin TPP 2.3. Boyer et al managed to perform a PET-RAFT polymerisation of 

MA 2.4 with both chlorophyll a 5.1a and ZnTPP 2.3 using similar reaction 

conditions.97 Chlorophyll a 5.1a was extracted from spinach with acetone (crude 

extract), followed by column chromatography. 

 

Figure 5.1- Structure of chlorophyll a 5.1a (left) and tetraphenylporphyrin 2.3 (right) 

Run Photocatalyst N2 Time (min) Conversion (%) 

1 Chlorophyll a 5.1a YES 120 83 

2 Crude extract YES 180 82 

3 Chlorophyll a 5.1a NO 120 80 

4 Crude extract NO 240 76 

Table 5.1 – PET-RAFT polymerisation of MA 2.4 using chlorophyll a 5.1a and crude spinach 

extracts a photocatalyst 97 

Polymerisation of a range of acrylate and methacrylate monomers with a variety of 

xanthate initiators via PET-RAFT was possible. While polymerisation of MA 2.4 with 

pure chlorophyll a 5.1a was more efficient that the crude extract, Table 5.1, both 

procedures were successful in the presence of oxygen.  Mechanistically, the process 
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was reported to be similar to that for other PET-RAFT process with porphyrins (see 

Chapter 1, section 1.9), notably electron transfer from the excited state of chlorophyll 

a* 5.1a* to the RAFT agent initially produced a radical anion which fragmented 

generating an initiating radical and a xanthate anion.  Lower conversions occurred 

using the crude extract and a 1-hour incubation period was found when compared to 

the pure extract due to the presence of β-carotene and other carotenoids that would 

otherwise be removed during purification. This led to the assumption that scale up of 

the reaction was not suitable due to presence of these carotenoids, however this was 

not investigated further.  

5.2 Aims and objectives 

The work of Boyer showed that chlorophyll a 5.1a extracted from spinach could be a 

suitable photocatalyst for visible light polymerisation in PET-RAFT, in both pure and 

crude forms and that polymerisation in the presence of oxygen was possible. While 

the isolation of pure chlorophyll a 5.1a would likely be too expensive for an industrial 

process the use of crude extracts (many of which are commercially available as health 

supplements) would be attractive for renewable 3D printing applications. We chose to 

study whether purified chlorophyll a 5.1a (as well as crude extracts) could be used in 

3D printing in air using thiol initiators instead of RAFT initiators. Initial aims 

included: 

• Isolation of purified chlorophyll a 5.1a from spinach and application in 

polymerisation of MA 2.4 using decanethiol with both blue and red light.  

• Application of purified chlorophyll a 5.1a as a photocatalyst in 3D printing in 

air. 

• Determination of the ability of crude chlorophyll mixtures (including 

carotenes) as photocatalysts for the polymerisation of MA 2.4 and 3D 

printing. 

• Determination of the ability of chlorella extract (a health supplement) and 

purified chlorella extract as an alternative source of chlorophyll a 5.1a for the 

polymerisation of MA 2.4 and in 3D printing. 
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5.3 Results and discussion 

5.3.1 Isolation of chlorophyll a 5.1a from spinach 

Chlorophyll a 5.1a consists of a porphyrin ring (rings I, II, III and IV, Figure 5.2) 

where a further ring (ring V) is attached to the meso -position and C-6.  The 

chlorophyll Fischer nomenclature numbers the meso positions , , , and  with the 

carbons of the vinyl group at C-2 being labelled C-2a and C-2b respectively. There 

are two ester groups, a methyl ester at C-10 and a phytyl ester on the chain attached to 

C-7.  Numbering of the phytyl chain uses the P-suffix initiated from the ester. 

 

Figure 5.2 - Structures and nomenclature of Chlorophyll a and b 5.1a/b other components in spinach 

To first study the photocatalytic activity of chlorophyll a 5.1a, it first needed to be 

isolated from a suitable source. Isolation of chlorophyll a 5.1a, has been shown to be 

most efficient from spinach, which is a cheap source of chlorophyll with a very high 

chlorophyll a 5.1a content.154 Isolating chlorophyll a 5.1a is a two-step process.155  The 

most common approach involves extracting the plant pigments from the ground leaves 

using magnesium sulphate, sand, and acetone, followed by chromatography to isolate 

the chlorophyll a 5.1a from the other components such as β-carotene 5.2a, xanthophyll 

5.2b, chlorophyll b 5.1b and lipids, (tri-, di- and monoglycerides and fatty acids), 

Figure 5.2. 
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However, chlorophyll a 5.1a is very susceptible to degradation.  Consequently, some 

alternative procedures which use freezing or drying techniques to extract the 

chlorophyll a 5.1a can also be used, although in some cases the magnesium ion is lost 

in these processes. 156–160 The method most suited to was involved blending the 

spinach leaves with magnesium sulphate and sand. 161 This removes water and 

minimizes the chance of magnesium loss. Due to spinach being a renewable and 

affordable source of chlorophyll, a combination of approaches was chosen. Spinach 

(25 g) was blended with magnesium sulphate (50 g) and sand (50 g) to form a light 

green powder. This powder was submerged in acetone (~ 200 mL), left to stand for 10 

minutes, then the acetone decanted. This was repeated three times, and the extracts 

combined, and the solvent removed to produce a green solid (crude extract). 

Chlorophyll a 5.1a was then isolated via column chromatography. The solvent system 

used for the column chromatography involved using petroleum ether to initially 

remove the carotenoids and triglycerides, then using petroleum ether 95%/ ethyl 

acetate 5% to remove chlorophyll b 5.1b, then finally changing the solvent to 

petroleum ether 90% / ethyl acetate 10% to elute chlorophyll a 5.1a.  The purification 

process was not efficient and large volumes of solvents were required giving 

chlorophyll a 5.1a (3 mg). 

It has been reported that the magnesium atom at the centre of chlorophyll a 5.1a can 

be displaced during the process of isolation to produce pheophytin a 5.3a. To 

determine if pheophytin a 5.3a was present in the purified extract both mass 

spectroscopy and 1H NMR were used. Mass spectrometry revealed that both 

chlorophyll a 5.1a (m/z – 893.5) and pheophytin a 5.3a (m/z – 871.6) were present, 

while 1H 400 MHz NMR confirmed their presence in a ratio of 1.33 : 1 respectively  

(Figure 5.3).162  No chlorophyll b 5.1b was detected (there was no characteristic proton 

signal for the meso a position at 9.87 ppm or aldehyde peak at 10.92 ppm).163 The 

characteristics signals of the meso positions were easily differentiated by comparison 

to published data, mindful of the fact that the exact positions are concentration 

dependent (due to potential −stacking of the porphyrins in the solvent, CDCl3), 

Figure 5.3.164  



119 

 

 

Figure 5.3 – 1H NMR spectrum of chlorophyll a 5.1a and pheophytin a 5.2a mixture. 

Further analysis of the 1H NMR confirmed the presence of the main two compounds 

5.1a and 5.3a, with a minor impurity detected at 5.40 ppm superimposed upon the 

signals for the P-2 alkene proton, between 4.50 − 4.10 superimposed on the signals for 

P-1, C-8 and C-7 protons, and signals at 2.80, 2.35 and 2.10 ppm superimposed upon 

signals for C-7a and C-7b, Figure 5.4.   The impurity is mostly likely a tri-, di- or 

monoglyceride with high linolenic acid content (the linolenic chain 5.4 is highlighted 

below with the parts of the molecule identified in the 1H NMR spectrum are shown).  

 

Figure 5.4 - 1H NMR spectrum of chlorophyll a 5.1a and pheophytin a 5.2a mixture. 
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Analysis of the fatty acids and triglyceride composition found in spinach shows that 

between 18−30% of the dry wait in chloroplasts are lipids including tri-, di- and mono 

glycerides with the main component (68%) being C-18 linolenic acid  (18:3) 5.4 

derived.165  The 1H NMR of the crude spinach extract clearly confirms the presence of 

these linolenic derived lipids, although there will likely be minor contributions from 

lipids containing other polyunsaturated fatty acids (16%) as well as galactosyl and 

digalactosyl diglycerides in this mixture, Figure 5.5.166  Consequently, purification has 

not managed to remove all traces of these lipids.   

 

Figure 5.5 - 1H NMR spectrum of crude spinach extract showing linolenate derived lipids.  

For chlorophyll a 5.1a the signals for the terminal protons on the vinyl group (C-2b) 

and the enolizable proton at C-10 can be resolved between 6.14−6.32 ppm, while the 

CH2 (P-1) in the phytyl chain and the protons attached to ring IV (C-8, C-7) resonate 

between 4.00−4.55 ppm, Figure 5.4.  The methyl groups, C-10b, C-5a, C-1a and C-3a 

respectively (Fischer numbering) can also be easily resolved. There was no evidence 

of any carotenoids,167 those being removed in the final purification step. 

Due to the similarity of the structures of compounds 5.1a and 5.3a, it is difficult to 

separate these compounds further, and to do so would be very expensive. In addition, 

while it would theoretically be possible to add the Mg atom back into the non-metalled 

compound the added expense of further chemical steps was discounted, and further 

study of the mixture as a photocatalyst was undertaken. 
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5.3.2 Absorption properties of chlorophyll a 5.1a 

It is known that chlorophyll a 5.1a absorbs light in the visible spectrum for 

photosynthesis, the absorption properties of the 5.1a/5.3a mixture obtained in the 

procedure described above were recorded in DMSO (0.1475mM) (Figure 5.6, Table 

5.2).  The significantly increased absorption of the Q I band 667 nm compared to TPP 

2.4 and its derivatives is notable. 
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Figure 5.6 – UV-Vis spectra of the 5.1a/5.3a mixture in DMSO (0.1475mM) 

Run Band UV-Vis bands (nm) Ɛ (M-1cm-1) 

1 Soret 410  13700 

2 IV 505 830 

3 III 537 510 

4 II 610 270 

5 I 667 3900 

Table 5.2 – Data from the UV-Vis spectra of the 5.1a/5.3a in DMSO (0.1475mM) 

5.3.3 Polymerisation with chlorophyll a 5.1a from spinach 

While chlorophyll a 5.1a has been shown to mediate PET-RAFT polymerisation97 the 

initiation of a radical polymerisation using thiols such as 1-dodecanethiol 2.10 has not 

been explored, although it has been used in air with fluorescent light to prepare 
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disufides via PET.168 Thiols have been reported to add to the C-2 vinyl group  of 

chlorophyll a 5.1a to give chlorophyll d 5.1d under radical conditions, Figure 5.7.169  

 

Figure 5.7 – Structures of chlorophyll d 5.1d and modified derivatives via thiol additions170 

The anti-Markovnikov addition of thiols to pheophytin a 5.3a has also been reported 

(Figure 5.7).  Michael addition of a thiyl radical to the vinyl group of 5.3a followed 

by trapping of the resulting radical by either a H-abstraction or by oxygen led to 5.4 − 

5.6 respectively. In both reactions the UV /Vis spectrum is not appreciably altered 

during the process.170  Consequently, if 1-dodecanethiol 2.10 does undergo reaction at 

the C-2 vinyl group it should not alter the ability of any modified chlorophylls 

produced to absorb light in the blue and red region of the spectrum. Most recently, 

chlorophyll a 5.1a has been shown to catalyse the generation of radicals from thiols in 

the presence of oxygen via a PET mechanism in DMSO.168  The process occurs via 

generation of a thiyl radical cation which fragments to generate a thiol radical and a 
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proton.  In order to determine how effective a chlorophyll a 5.1a would be in the 

generation of thiyl radicals and the consequent radical polymerisation of MA 2.4, the 

optimised conditions for the polymerisation of MA 2.4 from chapter 2 (MA: thiol 2.10: 

photocatalyst– 200: 5: 5x10-2) was used as a comparison (Table 5.3).  

After 4 h, polymer conversion was 35% in red light and 42% in blue light. As with the 

synthetic porphyrins in the previous three chapters, conversion is greater in blue light. 

This is due to the greater absorption intensity in the blue region of the visible spectrum 

Soret band; however, conversion is lower when compared to ZnTPP 2.1 (96% in blue 

light and 81% in red light).  

The polymerisation conditions were repeated in darkness, which resulted in no 

conversion, showing that light was essential for both polymerisations and that 5.1a 

must be acting as a photocatalyst. Repeating the reaction without added thiol 2.10, 

resulted in negligible conversion (<1%), showing that the interaction between 

photoexcited chlorophyll a 5.1a and MA 2.4 is minimal, but as highlighted in chapter 

2 this minor background process maybe important in providing an alternative pathway 

in the initiation of the reaction without thiols.  

Run Light1 Time Conversion (%)2 Mn3 Mw3 Ð3 

1 - 24h 0 - - - 

2 Red 1h 11 32k 50k 1.48 

3 Blue 1h 21 37k 58k 1.56 

4 Red 2h 20 33k 49k 1.51 

5 Blue 2h 28 37k 58k 1.55 

6 Red 3h 27 33k 49k 1.43 

7 Blue 3h 33 36k 59k 1.55 

8 Red 4h 35 33k 50k 1.41 

9 Blue 4h 42 38k 60k 1.58 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: photocatalyst - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 

640 nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm. 1 

Molecular weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to 

poly (methyl methacrylate) 

Table 5.3- Polymerisation of MA 2.4 using chlorophyll a 5.1a as a photocatalyst in both blue and red 

light 
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Although conversion was lower than with ZnTPP 2.1, the chlorophyll a / pheophytin 

a mixture is still able to act as a photocatalyst for the polymerisation of MA 2.4 in both 

blue and red light, albeit at a much slower rate. The PDI’s of the polymers are 

suggestive of a radical process and the lower molecular weights and PDI’s for 

reactions with red light are presumably due to lower conversions. Having shown that 

the mixture was able to polymerise MA 2.4, the next step was to attempt a 3D print 

using the TEGDMA 2.5/ UDMA 2.6 solution using chlorophyll a 5.1a as the 

photocatalyst (monomer: thiol 2.10: chlorophyll a 5.1a – 200: 25: 0.25), in blue light 

(Figure 5.8). 

 

Figure 5.8 - 3D print using chlorophyll a as a photocatalyst. Exposure per layer: 300,000 ms (Print 

O) and 400,000 ms (Print P). Monomer: thiol: catalyst 200: 25: 0.25. Compared to print C (Exposure 

time 300,000ms, photocatalyst – ZnTPP 2.1) 

Unlike the process mediated by ZnTPP 2.1 the prints produced (print O and P) were 

dark green in colour due to the high concentration of chlorophyll a 5.1a captured in 

the matrix. The initial light exposure time per layer was 300,000 ms, as this was what 

was used in previous prints. However, it was clear that the print produced (Print O) 

was under cured, the circles on the image highlighting the sections in which it was 

most clear. Therefore, the 3D print was repeated with the exposure time increased to 

400,000 ms (Print P). This produced a clearer image, with the areas highlighted 

showing better resolution when compared to print O. However, when compared to 

print C, the text at the bottom right of the print was not clear, as well as some of the 

cylinders at the top right of the print not printing. Consequently, it is possible to 3D 

print using chlorophyll a 5.1a as a catalyst in visible light, albeit with a long exposure 

time which is industrially unpractical.  The longer exposure time was necessary due 

to the reduced reactivity of chlorophyll a 5.1a compared to ZnTPP 2.1.    



125 

 

5.3.4 Polymerisation using crude spinach extract 

The process of extracting and purifying chlorophyll a 5.1a from spinach is resource 

and time intensive, making it difficult to repeat on a larger scale and only generating 

low yields (0.02%) of the desired catalyst at any one time. Therefore, it would be 

favourable economically if it was possible to use the initial crude extract of spinach 

(still containing -carotenes and other natural products) as the photocatalyst instead. 

While the other components of the crude extracts are likely to contain antioxidants 

(e.g. -carotenes) which would inhibit any radical polymerisation, and although the 

concentration of chlorophyll a 5.1a will be lower in the crude spinach extract, Boyer 

et al showed that it was possible to mediate PET-RAFT polymerisation of MA 2.4 

with  an inhibition/incubation period of 1 hour using the crude spinach extract as a 

photocatalyst.99 It was found this initial inhibition was due to the carotenoids in the 

crude extract acting as radical inhibitors. In Figure 5.5, it is shown that the crude 

spinach extract contained linolenate derived lipids.  Spinach leaves are known to 

contains high levels of mono- and digalactosyl digylcerides (containing linolenate 

chains) which degrade over three days of storage at room temperature to liberate di- 

and mono-glycerides.  These glycerides can undergo oxidation in vivo via 

lipoxygenase to give hydroperoxides which themselves can interact with chlorophyll.  

It is possible that these hydroperoxides may also act as initiators in radical 

polymerisation under visible light.  
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Figure 5.9 - UV-Vis of chlorophyll a 5.1a vs crude spinach extract in DMSO (0.1475mM) 

The UV-Vis spectrum of the crude spinach extract showed that light was absorbed at 

the same wavelengths as chlorophyll a 5.1a, however absorption is much weaker, 

which is expected due to the concentration of chlorophyll a 5.1a being lower. The 

concentration of chlorophyll a 5.1a in the crude spinach extract was calculated by 

comparing the absorbance of the Soret peaks of pure chlorophyll a 5.1a and the crude 

extract of spinach, Figure 5.9. This showed that the concentration of chlorophyll a 5.1a 

in the crude extract was 6 times lower than that in the pure sample (1.47 x 10-4 mM vs 

2.38 x 10-5 mM). Therefore the expected polymerisation rate would be 6 times slower 

when using the crude spinach extract as a photocatalyst in the polymerisation of MA 

2.4. 

Despite the lower levels of chlorophyll a 5.1a in the crude extract the polymerisation 

of MA 2.4 was repeated using the same ratios of ‘catalyst’ (MA 2.4: thiol 2.12: 

photocatalyst– 200: 5: 5x10-2), substituting the crude spinach extract for chlorophyll a 

5.1a (Table 5.4, 5.5).  
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The first experiment was performed in darkness, to make sure that the other 

components of the crude extract did not result in other polymerisation processes, and 

after 24h, no conversion occurred.  As expected, in both blue and red light, conversion 

was lower when using the crude spinach extract, which can be explained by the lower 

concentration of the active component chlorophyll a 5.1a in the crude extract. 

Conversion was also higher in blue light, which was consistent with the 

polymerisation of MA 2.4 using chlorophyll a 5.1a as a photocatalyst. This result has 

shown that the crude spinach extract is able to polymerise MA 2.4 without further 

purification, albeit less efficiently than pure chlorophyll a 5.1a.  However, the 

conversion was not 6 times lower than expected due to the relative concentration ratios 

of 5.1a and the presence of the linolenate glycerides and their potential hydroperoxides 

are likely to also influence the polymerisation. There may well be other minor 

components within the crude extract which are also helping catalyse the process. 

 

 

 

 

 

 

Run Photocatalyst1 Light2 Conversion (%)3 

1 Crude spinach - 0 

2 Chlorophyll a 5.1a Red 35 

3 Crude spinach Red 26 

4 Chlorophyll a 5.1a Blue 42 

5 Crude spinach Blue 31 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: photocatalyst- 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 

640 nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 

Table 5.4 - Polymerisation of MA 2.4 using chlorophyll a 5.1a and crude spinach as photocatalysts 

in blue and red light  
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5.3.5 3D printing using crude spinach extract 

Although the conversion of MA 2.4 was lower when using the crude spinach extract 

as a photocatalyst, it was still worthwhile to see if it was possible to photocatalyse a 

3D print of TEGDMA 2.5/ UDMA 2.6. The generation of linolenate derived 

hydroperoxides in situ may also be accelerated via irradiation in air. The same reaction 

conditions as previously established were used (monomer: thiol: photocatalyst - 200: 

25: 0.25), with an exposure per layer of 400,000 ms in blue light, Figure 5.10. 

            

     P                                                                                  Q 

Figure 5.10 – 3D prints using crude spinach extract as a photocatalyst, exposure per layer 400,000 

ms. Print P (chlorophyll a) and print R (crude spinach extract). 

It is clear to see that the 3D print produced (print Q), when using crude spinach as a 

photocatalyst, is very undercured when compared to print P, with none of the text 

being printed and the edges of the print not being cured at all. This suggests that 

Run Light1 Time Conversion (%)2 

1 Chlorophyll a 5.1a 1h 21 

2 Crude spinach 1h 10 

3 Chlorophyll a 5.1a 2h 28 

4 Crude spinach 2h 17 

5 Chlorophyll a 5.1a 3h 33 

6 Crude spinach 3h 25 

7 Chlorophyll a 5.1a 4h 42 

8 Crude spinach 4h 31 

 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: photocatalyst - 200:1:1x10-2 1 Blue light (420-460 nm) 2 Determined by 400 

MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 

Table 5.5 – Conversion study of the polymerisation of MA 2.4 using chlorophyll a 5.1a and crude 

spinach extract as photocatalysts in blue light 
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polymerisation rate is too low, and the crude spinach extract is not a suitable candidate 

to be used in visible light 3D printing. This is likely due to the lower concentration of 

chlorophyll a 5.1a in the crude extract, as well as any inhibition period caused by the 

presence of carotenoids which would slow the polymerisation rate. 

5.3.6 Alternate chlorophyll sources to spinach, Chlorella pyrenoidosa. 

Spinach as a crop has a short shelf life and needs to be stored under refrigeration.  It 

also requires a large amount of space to store, and 5000 g of spinach are required to 

produce 1 g of catalyst.  In addition, the extraction process was expensive and non-

sustainable A range of alternative sources of chlorophyll a 5.1a were identified. A 

potential alternative to use was chlorella extract, a commercial product which contains 

a single-celled green algae (chlorella pyrenoidosa). Commercially, it is marketed as a 

nutrition or medicinal supplement and when dried contains protein (45%), lipids 

(20%), carbohydrates (20%) and other trace vitamins as well as chlorophyll. It has 

been proposed as a sustainable food source as it produces more protein per area than 

any other plant source.171 While commercial extracts contain vitamins B and C (and 

other antioxidants) they have a greater shelf life than spinach and do not need to be 

stored under refrigeration.  

As chlorella is produced commercially in two solid forms, it was decided that both the 

(a) powdered (Mysuperfoods organic chlorella powder) and (b) tablet forms 

(Mysuperfoods organic chlorella tablets) would be studied. To extract crude 

chlorophyll a 5.1a the chlorella powder (10 g) was submerged in acetone (100 mL) 

and left to stand for 10 minutes. The acetone was decanted, and this process repeated 

twice. The extracts were combined, and the solvent removed under vacuum to produce 

the crude extract. The same approach was used extract from the chlorella tablets; 

however, the tablet was first crushed into a powder in a pestle and mortar. Purified 

chlorophyll a 5.1a was then isolated from the crude extract via column 

chromatography, using the solvent system as for the chlorophyll a 5.1a extraction from 

the crude spinach extract.  As for spinach a mixture of chlorophyll a 5.1a and 

pheophytin a 5.3a was isolated. Significantly more 5.1a was present in the mixture 

and there was minimal residual lipid (compare to red boxes), providing purer material, 

Figure 5.11.  The cleaner material allowed for easier assignment of the 1H NMR 

spectrum. 
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Figure 5.11 - 1H NMR spectrum of purified chlorella powder (black) and purified spinach (red).  

When attempting to isolate chlorophyll a 5.1a from powdered chlorella, 1 mg of 

chlorophyll a 5.1a was extracted for 1 g of chlorella powder, whereas 0.8 mg of 

chlorophyll a 5.1a was extracted from the tablet. This is 4-5 times more efficient 

respectively than the 0.2 mg of chlorophyll a 5.1a extracted from 1 g of spinach. In 

addition, the purity of the chlorophyll was significantly improved. This is important 

because the most resource intensive aspect of the isolation of chlorophyll comes from 

column chromatography, so the more efficient the isolation, the less resources are 

required for extraction.  

The polymerisation of MA 2.4 was repeated using the chlorophyll extracted from 

chlorella (MA 2.4: thiol 2.10: photocatalyst– 200: 5: 5x10-2), in both blue and red light. 

Conversion was 33% in red light (spinach chlorophyll a 5.1a -35%) and 44% in blue 

light (spinach chlorophyll a 5.1a – 42%). This showed that the chlorophyll a 5.1a 

extracted from chlorella was of a similar reactivity as a photocatalyst to that extracted 

from spinach.  

As with spinach, the use of purified chlorella extracts required the expense of 

chromatography with significant amounts of solvents. As before with spinach the 

reactivity of crude chlorella extract was investigated to determine if purification via 

chromatography was necessary. Analysis of the crude initial extract of chlorella (either 

with the powder or the tablets) indicated most of the extract was made up of lipids 

(mainly of linoleic, linolenic acid and palmitic acid chains) similar to that of spinach, 

Figure 5.12.  The main difference, however, was that the lipids were triglyceride in 
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origin as determined by the characteristic splitting of the diastereotopic protons in the 

CH2 groups ( chains) of the glycerol esters, Figure 5.12.  The extract from the 

chlorella powder did also contain a further unidentified minor component. 

 

Figure 5.12 - 1H NMR spectrum of crude extracted chlorella tablet showing triglycerides. 

The concentration of the active chlorophyll a 5.1a in the crude extracts was similar to 

that determined for spinach, Figure 5.13.  The lower concentration in the crude extract 

from the chlorella tablet should manifest in lower conversions when these extracts are 

tested in polymerisation reactions. 
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Figure 5.13 - UV Vis of crude chlorella and spinach extracts in DMSO (0.1 mg/mL) 
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5.3.7 Polymerisation of MA 2.4 using crude chlorella extracts 

To determine how effective the crude chlorella extracts are as photocatalysts, they 

were tested in the polymerisation of MA 2.4 (MA 2.4: thiol 2.10: photocatalyst– 200: 

1: 1x10-2) in both blue and red light, using the crude chlorella extract photocatalysts. 

The solution was degassed and irradiated with light for 4 h from 4 cm away (Table 

5.6). 

The initial polymerisations were performed in darkness to confirm that it was the light 

initiating the reaction, and no polymerisation occurred after 24 h. 

 

 

 

 

 

 

 

The initial results of the polymerisation show that conversion when using the crude 

extract from the chlorella tablet is similar to that of crude spinach (runs 3→4 and 6→7) 

in both blue and red light. This was expected due to the similar absorption spectra of 

both extracts showing that concentration of chlorophyll a 5.1a is similar. When the 

crude chlorella, extracted from the powdered version, was used as a photocatalyst, it 

was interesting to see that conversion was greater in both blue and red light (runs 5 

and 8), given the absorption spectrum was similar to that of the crude spinach and 

crude chlorella tablet extracts (Table 5.7, Graph 5.1). One reason for this may be the 

presence of the further unidentified compound in the crude powder extract 

(Mysuperfoods organic chlorella powder) that was not present in the crude tablet form 

(Mysuperfoods organic chlorella tablets), which increases the speed of 

polymerisation. However due to the large mixture of minor components in the extracts, 

Run Photocatalyst1 Light2 Conversion (%)3 

1 Crude chlorella (tablet) - 0 

2 Crude chlorella (powder) - 0 

3 Crude spinach Red 26 

4 Crude chlorella (tablet) Red 20 

5 Crude chlorella (powder) Red 48 

6 Crude spinach Blue 31 

7 Crude chlorella (tablet) Blue 27 

8 Crude chlorella (powder) Blue 60 

    Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4:1-dodecanethiol 2.10: photocatalyst - 200:1:1x10-2 1 Blue light (420-460 nm) and red light (580 - 

640 nm) 2 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 

Table 5.6 - Polymerisation of MA 2.4 using crude spinach and chlorella extracts as photocatalysts 
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it would be challenging to determine which specific compound is affecting 

polymerisation.  
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Graph 5.1 - Conversion study of polymerisation of MA 2.4 comparing chlorophyll a 5.1a and crude 

chlorella powder in blue light 

Run Photocatalyst1 Time Conversion 

(%)2 

Mn3 Mw3 Ð3 

1 Chlorophyll a 5.1a 1h 21 37k 58 1.56 

2 Crude chlorella (powder) 1h 29 32k 56k 1.54 

3 Chlorophyll a 5.1a 2h 28 37k 58 1.55 

4 Crude chlorella (powder) 2h 37 33k 55k 1.54 

5 Chlorophyll a 5.1a 3h 33 36k 59 1.55 

6 Crude chlorella (powder) 3h 45 33k 55k 1.58 

7 Chlorophyll a 5.1a 4h 42 38k 60 1.58 

8 Crude chlorella (powder) 4h 60 33k 55k 1.55 

Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: pentaerythritol tetrakis (3-mercaptopropionate) 2.12: porphyrin - 200:1:1x10-2 1 Blue light (420-

460 nm) 2 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm. 3 

Molecular weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to 

poly (methyl methacrylate) 

Table 5.7 – Conversion study of polymerisation of MA 2.4 comparing chlorophyll a 5.1a and crude 

chlorella powder in blue light 
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5.3.8 3D printing using crude chlorella as a photocatalyst 

Crude chlorella extracts are able to polymerise MA 2.4 in both blue and red light, with 

the crude chlorella powder showing higher photocatalytic activity. To determine the 

ability to of the crude extracts to photocatalyse a 3D print, the crude extracts were used 

to polymerise TEGDMA / UDMA (monomer: thiol: photocatalyst - 200: 25: 0.25) 

with an exposure time of 400,000 ms in blue light. 

 

Figure 5.14 - 3D prints using crude chlorella (R - powder and S - tablet) as photocatalyst compared to 

print P (using chlorophyll a 5.1a as a photocatalyst) 

The attempt to 3D print using the crude chlorella extracts did result in a print being 

produced (Prints R and S), however there was a noticeable difference in the resolution 

(Figure 5.14). The right-hand side of print S was under cured, with the cylinders 

partially printed and none of the text printed. This suggests that the polymerisation 

rate was too slow, which was expected after the poor conversion of the polymerisation 

of MA 2.4. The print produced when using the crude chlorella powder extract was of 

a better quality, with all of the shapes and text in the top left of the print being printed. 

This shows that the crude chlorella powder extract is more suitable as a photocatalyst 

for 3D printing due to the better print quality. When comparing print R to print P, the 

first thing to notice is the difference in colour. Print P is a much darker green, which 

is likely due to the higher concentration of chlorophyll a 5.1a. The quality of both 

prints is comparable, with the cylindrical shapes and the text being present on both 

prints in similar resolution.  

5.4 Summary 

We have managed to show that it is possible to polymerise MA 2.4 using chlorophyll 

a 5.1a (extracted from spinach), as a photocatalyst in both blue and red light. 

Furthermore, chlorophyll a 5.1a can be utilised as a photocatalyst for 3D printing in 
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blue light, however with a longer exposure time (400,000 ms vs 300,000 ms) 

compared with synthetic porphyrins. The crude spinach extract was also used to 

polymerise MA in blue and red light, however, was found to be less effective than 

chlorophyll a 5.1a, which resulted in the 3D print attempted using the crude spinach 

to be undercured.  

The results have shown that is possible to extract chlorophyll a 5.1a with better 

efficiency than from chlorella sources, making them a more viable alternative as a 

source of chlorophyll a 5.1a. Also, the use of the crude extract from chlorella is able 

to be utilised as a photocatalyst in 3D printing, producing somewhat better results.  

The higher conversions are likely due to other impurities within the commercial 

chlorella extracts.  Further work could entail analysing in more detail the components 

of the commercial chlorella extracts to determine if they are contributing to the 

catalysis and analysing other commercial sources of chlorophyll from the health 

industry to improve any applications.  

Mechanistically, the chlorophyll mediated polymerisation during 3D printing utilising 

thiols in air is likely to proceed via a radical cation intermediate (Scheme 5.1). 

 

Scheme 5.1 - Potential mechanism of action for polymerisation using chlorophyll a 5.1a as a 

photocatalyst. 
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Hence, excited chlorophyll can generate a thiol radical cation (either directly) or via 

formation of singlet oxygen.  Loss of a proton from the thiol radical cation would 

generate the corresponding thiol radical which would initiate the polymerisation.  The 

excess protons could either be quenched by an advantageous basic entities within the 

crude extracts or via the superoxide radical anion.168 
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6 Concluding remarks 
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6.1 Conclusion 

This thesis has explored the use of both natural and synthetic porphyrin as 

photocatalysts in visible light polymerisation, further extending to use in visible light 

3D printing. In chapter 2, ZnTPP 2.1 was utilised as a photocatalyst for the 

polymerisation of MA 2.4 in both blue and red light, using a variety of thiols as 

photocatalysts. It was then shown that ZnTPP 2.1 was able to photocatalyse a 3D print 

of TEGDMA 2.5 / UDMA 2.6 in blue light, showing it is an effective photocatalyst to 

be used in 3D printing. The use of the metal-free porphyrin TPP 2.3 as a photocatalyst 

was also explored. It had been previously shown that TPP 2.3 was unable to used as a 

photocatalyst due to the lack of central metal ion.87 However TPP 2.3 was used to 

catalyse the polymerisation of MA 2.4 in both blue and red light, albeit with less 

efficiency that ZnTPP 2.1. It was also shown to be a suitable photocatalyst for 3D 

printing, with resolution of prints similar to that of ZnTPP 2.1. 

In chapter 3, the effect to modifying TPP 2.3 with electron withdrawing and donating 

substituents was explored. It was expected that the addition of electron donating 

groups would increase the electron density of the aromatic system of the porphyrin, 

leading to increased resonance effects which would shift the visible absorption 

towards a higher wavelength (more favourable for 3D printing). Porphyrins were 

functionalised with chloro, methyl and methoxy groups. It was found that 5,10, 15, 

20-tetrakis(4-methoxyphenyl) porphyrin 3.4 shifted absorption properties by 4 nm 

towards the red end of the spectrum. Although only a small shift in absorption 

properties, 3.4 was shown to have improved photocatalytic ability, increasing the 

polymerisation rate, and producing high quality 3D prints. The position of 

functionalisation was also studied, with ortho 3.10 and meta 3.11 methoxy-substituted 

variants being studied. However, there was little effect on absorption properties and 

photocatalyctivity. The effect of functionalising the phenyl groups at the meso 

positions of TPP 2.3 with additional methoxy groups was also studied, however it was 

shown that this did not improve photocatalytic ability due to a mixture of both steric 

and resonance effects. 

The introduction of electron-donating and withdrawing groups to the porphyrin system 

only shifted the absorption properties to a small degree (4 nm), therefore another 

avenue of polymer functionalisation was explored. It is known that extending the 
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conjugation of the porphyrin core results in broadening of the absorption bands of 

porphyrins, as well as shifting them towards the red end of the spectrum.  Therefore 

5,15-diphenyl-10,20-distyrylporphyrin 4.7 was synthesised by utilising the heck 

reaction, resulting in red shifting of the absorption properties. The effect of this was 

an increase in photocatalyctivity for the polymerisation of MA 2.4 in both blue and 

red light. Attempts were made to synthesise derivatives with extended conjugation, 

however a mixture of mono- and di- substituted variants were synthesised. Despite 

this, absorption properties were shifted favourably, but low absorption of these species 

meant that photocatalyctivity was not improved. Finally, using the results from chapter 

2, methoxy groups were introduced to the alkenyl-substituted porphyrins at the styryl 

and phenyl positions 4.15-4.17. This resulted in the largest shift in absorption 

properties, due to a mixture of extended porphyrin core conjugation, as well as 

increased electron density from the electron donating methoxy groups. There was a 

direct correlation between absorption properties of porphyrins 4.15 – 4.17 and 

photocatalytic ability to polymerise MA in blue and red light. The more the absorption 

properties were shifted towards the red end of the spectrum, the higher the 

photocatalytic ability. 

Finally, the ability of chlorophyll a 5.1a to catalyse a visible light 3D print was studied. 

Chlorophyll a 5.1a was isolated from spinach and was isolated as an inseparable 

mixture with pheophytin a 5.3a. Despite this, the mixture was able to photo catalyse 

the polymerisation of MA 2.4 in both blue and red light. However, conversion was 

lower than when using synthetic porphyrins in both blue and red light. Furthermore, 

the mixture of 5.1a / 5.3a was able to be used as a photocatalyst in the 3D printing of 

TEGDMA 2.5 / UDMA 2.6 in blue light, however exposure time had to be increased 

to 400,000 ms per layer to print an image of acceptable resolution (300,000 ms for 

synthetic porphyrins). The crude extract from spinach was also used as a photocatalyst 

for 3D printing, however, was found to be unsuitable for 3D printing as the print 

produced was of much lower quality. This was likely due to the low concentration of 

chlorophyll a 5.1a. Due to the short shelf life of spinach and the requirement to store 

under refrigeration, alternative sources of chlorophyll were studied. Chlorella was 

chosen due to its long shelf life and high concentration of chlorophyll a 5.1a. It was 

found that 5x the amount of chlorophyll a 5.1a could be extracted from chlorella 

powder when compared to spinach, making chlorella a viable source of chlorophyll a 
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5.1a. The crude extract of chlorella was also used as a photocatalyst in 3D printing, 

and it was found that the photocatalytic ability was much greater than crude spinach 

extract, likely due to other compounds in the raw extract effecting polymerisation as 

chlorophyll concentration was similar. Crude chlorella was also shown to be an 

effective photocatalyst for 3D printing in blue light and produced a similar quality of 

print when compared to using pure chlorophyll a 5.1a as a photocatalyst.  
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7 Experimental 
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7.1 General information 

Chemicals: The inhibitor was removed from methyl acrylate (MA 2.4) by percolating 

over a basic alumina column. All other solvents and starting materials were used as 

received without purification. Column chromatography was performed using Aldrich 

chemistry® silica gel, technical grade, pore size 60 Å, 40 – 63 µM.  

Analysis: 1H NMR and 13C NMR were measured on Bruker Avance 300, 400 and 600 

MHz spectrometers. Chemical shifts are given in parts per million (ppm) relative to 

CHCl3 - δ: 7.26. Coupling constants are expressed in Hertz (Hz). 

ES-MS was achieved using an Agilent 6310B single Quad.  UV-Vis measurements 

were recorded using a Agilent Cary 60 UV-Vis Spectrometer, using a quartz cuvette 

with a path length of 1 cm. Wavelengths are given in nm, with molar extinction 

coefficients given in M-1 cm-1. 

GPC analysis of compounds with CHCl3 as eluent were obtained using an Agilent 

Infinity II MDS instrument equipped with differential refractive index (DRI), 

viscometry (VS), dual angle light scatter (LS) and multiple wavelength UV detectors. 

The system was equipped with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a 

PLgel 5 µm guard column. The eluent was CHCl3 with 2 % TEA (triethylamine) 

additive. Samples were run at 1mL/min at 30°C. Poly(methyl methacrylate) standard 

(Agilent EasyVials) were used for calibration. Ethanol was added as a flow rate 

marker. Analyte samples were filtered through a GVHP membrane with 0.22 μm pore 

size before injection. 

TGA was obtained using a Mettler-Toledo TGA with autosampler. TGA samples, in 

air, were heated from 25 °C to 600 °C at 10 ºC / min in 40 μl aluminium pans. 

Photo polymerisations were carried out in a glass vial fitted with a rubber septum and 

irradiated by RS PRO ES/E27 LED Cluster Lamp (5 W). The distance between the 

sample and the light source was 4 cm. The two colours of light studied were blue (λmax 

= 420 – 460 nm) and red (λmax = 580 – 640 nm). 

The 3D printer used for all 3D prints was the photocentric liquid crystal precision 

printer. All 3D prints were performed using blue light in atmospheric conditions, with 

an exposure time of 300,000 ms unless stated otherwise. TEGDMA and UDMA was 

provided by Photocentric for 3D prints.  
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7.2 Chapter 2 

7.2.1 Synthesis of tetraphenylporphyrin 2.3.139 

A solution of pyrrole (1.0 mL, 14 mmol) and benzaldehyde (1.4 mL, 14 mmol, 1 

equivalent) was added to propanoic acid (50 mL). This solution was heated at reflux 

for 45 minutes at 150 °C, then cooled to room temperature. The solid formed was 

filtered, then washed with cold methanol (20 mL). The solid was washed with hot 

water (20 mL) and dried, yielding purple crystals of tetraphenylporphyrin 2.3 (0.19 g, 

9% yield).  Spectroscopic data matched that reported.172  

1H NMR (CDCl3, 400MHz): δ 8.84 (s, 8H, H4), 

8.20 (d, J = 9.0 Hz, 8H, H1), 7.77 (m, 16H, H2,3), 

-2.77 (s, 2H, H5); 13C NMR (CDCl3, 125MHz): δ 

142.2, 134.6, 132.6, 130.5, 127.7, 126.9, 120.1; 

MS (ESI): m/z (C44H30N4) found: 615.4 (MH+). 

UV-Vis (DMSO): 419 (15300), 515 (610), 551 (200), 

589 (0.14). Melting point: > 300 °C 

 

 

7.2.2 Synthesis of ZnTPP 2.1140 

Tetraphenylporphyrin 2.3 (0.10g, 0.16 mmol) was dissolved in chloroform (20 mL). 

A saturated solution of Zn(OAc)2 (0.05 g, 0.23 mmol, 1.4 equivalent) in MeOH (5 mL) 

was added. The solution was stirred for 1 h after which the reaction mixture was 

washed with water (2 x 20 mL) and brine (2 x 20 mL). The organic layer was then 

dried with MgSO4, the mixture was filtered, and solvent removed in vacuo, yielding a 

purple solid (0.11 g, 90%). Spectroscopic data matched that reported173 
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1H NMR (CDCl3, 400MHz): δ 8.95 (s, 8H, H4), 

8.23 (m, 8H, H1), 7.76 (m, 12H, H2,3). 13C NMR 

(CDCl3, 125MHz): δ 150.2, 142.8, 134.4, 131.9, 

127.5, 126.6, 121.1 MS (ESI): m/z 

(C44H28N4Zn64) found: 677.5 (MH+). UV-

Vis(DMSO): 427 (13700), 560 (820), 599 (340). 

Melting point: > 300 °C. 

 

 

7.2.3 RAFT polymerisation of MA 2.4 using BPTA 2.287 

To a glass vial was added MA 2.4 (0.38 mL, 4.2 mmol) DMSO (277 µL), BPTA (5 

mg, 20.97 µmol) and ZnTPP 2.1 (142 µL of 1.475 mM solution in DMSO, 0.21 µmol). 

The vial was wrapped in aluminium foil and degassed with N2 for 10 minutes. This 

mixture was then irradiated in red light (5W, LED, 580-640 nm) or blue light (5W, 

LED, 420-460 nm) from 4 cm away at rt for 2 h. Conversion was determined by 1H 

400 MHz NMR by comparing the integration of the resonances of the alkene protons 

on the monomer (5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 

ppm). In the example below, the conversion is 25%. 
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7.2.4 General procedure for polymerisation of MA 2.4 using ATRP 

initiators  

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), alkyl halide initiator (20.97 

µmol) and ZnTPP 2.1 (142 µL of 1.475 mM solution in DMSO, 0.21 µmol) was added, 

and the mixture was degassed with N2 for 10 minutes. The reaction mixture was 

irradiated in red light (5W, LED, 580-640 nm) or blue light (5W, LED, 420-460 nm) 

from 4 cm away at rt for 2 h. Conversion was determined by 1H 400 MHz NMR by 

comparing the integration of the resonances of the alkene protons on the monomer 

(5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 ppm). 

Polymerisation of MA using alkyl halide co-initiators, ratio of MA 2.4: co-

initiator: ZnTPP 2.1 was 200: 1: 1x10-5, reaction time 2h 

General procedure for polymerisation of MA 2.4 using ATRP initiators. Alkyl halide 

initiators used were benzyl bromide (2 µL, 20.97 µmol), ethyl 2-bromopropionate (3 

µL, 20.97 µmol) and ethyl α-bromoisobutyrate (3 µL, 20.97 µmol). 

 

 

 

 

 

 

7.2.5 General procedure for the polymerisation of MA 2.4, changing the 

concentration of thiol 2.10 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), 1-dodecanethiol and ZnTPP 

2.1 (142 µL of 1.475 mM solution in DMSO, 0.21 µmol) was added, and the mixture 

was degassed with N2 for 10 minutes. The reaction mixture was irradiated in blue light 

(5W, LED, 420-460 nm) from 4 cm away at rt for 2 h. Conversion was determined by 

1H 400 MHz NMR by comparing the integration of the resonances of the alkene 

Co-

initiator 

Light 

source1 

Conversion 

(%)2 

2.6 Blue 10 

2.6 Red 5 

2.7 Blue 4 

2.7 Red 4 

2.8 Blue 9 

2.8 Red 10 
1 Blue light (420-460 nm) and red light (580-640 nm) at 4 cm. 2 Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm.  
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protons on the monomer (5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer 

(3.5-4.0 ppm). 

The effect of changing thiol 2.10 concentration on the polymerisation of MA 2.4   

General procedure for the polymerisation of MA 2.4, changing the concentration of 

thiol 2.10. The amount of thiol used for the polymerisations was (5 µL, 0.02 mmol), 

(10 µL, 0.04 mmol), (25 µL, 0.1 mmol) and (50 µL, 0.2 mmol). Reaction mixture was 

irradiated with blue light (420-460 nm).                                                

Conversion study on the effect of changing the concentration of thiol 2.10 on the 

polymerisation of MA 2.4 using ZnTPP 2.1 as a photocatalyst 

General procedure for the polymerisation of MA 2.4 changing the concentration of 

thiol 2.10. The amount of 1-dodecanethiol used was (5 µL, 20.97 µmol) and (25 µL, 

104.9 µmol). The reaction mixture was irradiated with blue light (420 – 460 nm). The 

conversion of the polymerisation was determined every 30 minutes, with aliquots 

taken from the reaction and conversion was determined by 1H 400 MHz NMR. 

 

 

 

 

Run 2.4: 2.10: 2.11 
Conversion 

(%)2 
Mn3 Mw3 Ð3 

1 200: 0: 1x10-2 5 16k 21k 1.35 

2 200: 1: 1x10-2 90 53k 96k 1.79 

3 200: 2: 1x10-2 91 43k 61k 1.43 

4 200: 5: 1x10-2 90 6.3k 13k 1.95 

5 200: 10: 1x10-2 94 2.6k 3.8k 1.44 
1 Experimental procedure:  Run 3 – 0.38 mL MA 2.4, 0.28 mL DMSO, 0.14 mL ZnTPP 2.1 (1.475mM in 

DMSO), 5µL 1-dodecanethiol 2.10 degassed in vial for 10 minutes. Irradiated with blue light for 2h at rt. 2 

Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm. 3 Molecular 

weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly 

(methyl methacrylate). 
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7.2.6 General procedure for the polymerisation of MA 2.4, changing the 

concentration of ZnTPP 2.1 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), 1-dodecanethiol (5 µL, 0.02 

mmol) and ZnTPP 2.1 was added, and the mixture was degassed with N2 for 10 

minutes. The reaction mixture was irradiated in blue light (5W, LED, 420-460 nm) 

from 4 cm away at rt for 2 h. Conversion was determined by 1H 400 MHz NMR by 

comparing the integration of the resonances of the alkene protons on the monomer 

(5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 ppm). 

The effect of changing ZnTPP 2.1 concentration on the polymerisation of MA 2.4. 

General procedure for the polymerisation of MA 2.4, changing the concentration of 

ZnTPP 2.1. 0.14 mL ZnTPP solutions were studied (0.015 mM solution in DMSO, 

0.0021 µmol), (0.148 mM solution in DMSO, 0.021 µmol), (1.475 mM solution in 

DMSO, 0.21 µmol), (2.950 mM solution in DMSO, 0.42 µmol), (7.375 mM solution 

in DMSO, 1.05 µmol), (14.75 mM, 2.10 µmol). 

 

 

Run 
Time 

(mins) 

2.4: 2.10: 2.1 Conversion 

(%)1 
Mn2 Mw Ð 

1 30 200: 5: 1x10-2 88 5.9k 11k 1.95 

2 30 200: 1: 1x10-2 49 35k 60k 1.70 

3 60 200: 5: 1x10-2 94 6.3k 12k 2.12 

4 60 200: 1: 1x10-2 77 35k 59k 1.64 

5 90 200: 5: 1x10-2 95 6.7k 13k 2.08 

6 90 200: 1: 1x10-2 87 35k 61k 1.70 

7 120 200: 5: 1x10-2 97 6.3k 13k 1.95 

8 120 200: 1: 1x10-2 96 36k 60k 1.67 

1 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm.2 

Molecular weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) 

calibrated to poly (methyl methacrylate) 
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Conversion study on the effect of changing the concentration of ZnTPP 2.1 on 

the polymerisation of MA 2.4  

General procedure for the polymerisation of MA 2.4, changing the concentration of 

ZnTPP 2.1. 0.14 mL ZnTPP solutions were studied (1.475 mM solution in DMSO, 

0.21 µmol and 7.375 mM solution in DMSO, 1.05 µmol). The conversion of the 

polymerisation was determined every 30 minutes, with aliquots taken from the 

reaction and conversion was determined by 1H 400 MHz NMR. 

 

Run 24: 2.10: 2.11 Conversion (%)2 

1 200: 1: 0 0 

2 200: 1: 1x10-4 25 

3 200: 1: 1x10-3 37 

4 200: 1: 1x10-2 90 

5 200: 1: 2x10-2 95 

6 200: 1: 5x10-2 96 

7 200: 1: 0.1 95 

1Irradiated with blue light for 2 hours. 2 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 

3.6-4.0 ppm and 5.8-6.5 ppm 

Run 
Time 

(mins) 

MA 2.4: thiol 2.10: 

ZnTPP 2.1 

Conversion 

(%)1 

Mn2 Mw Ð 

1 30 200:1:5x10-2 65 33k 48k 1.65 

2 30 200:1:1x10-2 49 35k 60k 1.70 

3 60 200:1:5x10-2 86 33k 48k 1.62 

4 60 200:1:1x10-2 77 35k 59k 1.64 

5 90 200:1:5x10-2 93 34k 48k 1.67 

6 90 200:1:1x10-2 87 35k 61k 1.70 

7 120 200:1:5x10-2 98 34k 49k 1.67 

8 120 200:1:1x10-2 90 36k 60k 1.67 

1 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm.2 molecular 

weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly (methyl 

methacrylate) 
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7.2.7 General procedure for the polymerisation of MA 2.4, studying the 

effect of changing the thiol 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), thiol (20.97 µmol) and 

ZnTPP 2.1 (142 µL of 7.375 mM solution in DMSO, 1.05 µmol) was added, and the 

mixture was degassed with N2 for 10 minutes. The reaction mixture was irradiated in 

red (5W, LED, 540-680 nm) or blue light (5W, LED, 420-460 nm) from 4 cm away at 

rt for 2 h. Conversion was determined by 1H 400 MHz NMR by comparing the 

integration of the resonances of the alkene protons on the monomer (5.5-6.5 ppm) and 

the repeating O-CH3 peak of the polymer (3.5-4.0 ppm). 

Polymerisation of MA 2.4 with multifunctional thiols (2.11 and 2.12) vs 1-

dodecanethiol 2.10 in blue and red light                               

General procedure for the polymerisation of MA 2.4, studying the effect of changing 

the thiol. The thiols that were studied were 1-dodecaenthiol (5 µL, 20.97 µmol), 

trimethylolpropane tris(3-mercaptopropionate) (8 µL, 20.97 µmol) and pentaerythritol 

tetrakis(3-mercaptopropionate) (10 µL, 20.97 µmol). 

 

Run Light 

source1 

Thiol Time 

(h) 

Conversion 

(%)2 

Mn3 Mw3 Ð3 

1 Blue - 16 0 - - - 

2 Red - 16 0 - - - 

3 Blue 2.10 2 94 33k 45k 1.36 

4 Red 2.10 2 80 33k 47k 1.41 

5 Blue 2.11 2 96 24k 37k 1.52 

6 Red 2.11 2 74 20k 33k 1.63 

7 Blue 2.12 2 90 11k 17k 1.46 

8 Red 2.12 2 86 12k 17k 1.46 

Reaction conditions – MA 2.4: thiol: ZnTPP 2.1 200: 1: 5x10-2, irradiated with light for 2 hours in DMSO 1 Blue 

light (420-460 nm) and red light (580-640 nm) 2 Determined by 400 MHz 1H NMR by integrating ratio of peaks 

at 3.6-4 ppm and 5.8-6.5 ppm.3 Molecular weight and polydispersity index were determined by GPC analysis 

(CHCl3 as eluent) calibrated to poly (methyl methacrylate) 
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7.2.8 Polymerisation of MA 2.4, using TPP 2.3 as a photocatalyst 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), 1-dodecanethiol (5µL, 20.97 

µmol) and TPP 2.3 (142 µL of 1.475 mM solution in DMSO, 0.21 µmol) was added, 

and the mixture was degassed with N2 for 10 minutes. The reaction mixture was 

irradiated in red (5W, LED, 540-680 nm) or blue light (5W, LED, 420-460 nm) from 

4 cm away at rt for 2 h. Conversion was determined by 1H 400 MHz NMR by 

comparing the integration of the resonances of the alkene protons on the monomer 

(5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 ppm). 

 

 

 

7.2.9  General procedure for 3D printing 

A mixture of 15g of a 50:50 w: w UDMA 2.5/ TEGDMA 2.6 mixture was used for 3D 

printing. To this solution, thiol and porphyrin was added, and the solution stirred in 

darkness for 10 minutes. The 3D prints were performed at room temperature using the 

photocentric liquid crystal precision printer. The light exposure time per layer was 

300,000 ms. 

Print B – General procedure for 3D printing, using trimethylolpropane tris(3-

mercaptopropionate) (0.42 g, 1.1 mmol) and ZnTPP 2.1 (7 mg, 0.01 mmol). 

Print C - General procedure for 3D printing, using pentaerythritol tetrakis(3-

mercaptopropionate) (0.51 g, 1.1 mmol) and ZnTPP 2.1 (7 mg, 0.01 mmol). 

Print D - General procedure for 3D printing, using pentaerythritol tetrakis(3-

mercaptopropionate) (1.02 g, 2.2 mmol) and ZnTPP 2.1 (35 mg, 0.05 mmol). 

Print E - General procedure for 3D printing, using pentaerythritol tetrakis(3-

mercaptopropionate) (1.02 g, 2.2 mmol) and ZnTPP 2.1 (35 mg, 0.05 mmol), 200,000 

ms exposure time per layer. 

Run Photocatalyst Light source1 Conversion (%)1 

1 TPP 2.3 Blue 56 

2 TPP 2.3 Red 43 

Reaction conditions – MA 2.5: thiol 2.10: ZnTPP 2.1 or TPP 2.3 = 200: 1: 1x10-2, irradiated with light for 2 

hours in DMSO at 4 cm. 1 Blue light (420-460 nm) and red light (580-640 nm)  2Determined by 400 MHz 1H 

NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm. 
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Print F - General procedure for 3D printing, using pentaerythritol tetrakis(3-

mercaptopropionate) (1.02 g, 2.2 mmol) and TPP 2.3 (31 mg, 0.05 mmol). 

7.3 Chapter 3 

7.3.1 Synthesis of 5,10,15,20-(4-methoxy)tetraphenylporphyrin 3.4139 

A solution of pyrrole (1.0 mL, 14 

mmol) and p-anisaldehyde (2.02 

mL, 14 mmol, 1 equivalent) was 

added to propanoic acid (50 mL). 

This solution was heated at reflux for 

45 minutes at 150 °C, then cooled to 

room temperature. The solid formed 

was filtered, then washed with cold 

methanol (20 mL). The solid was 

washed with hot water (20 mL) and 

dried, yielding purple crystals of 

5,10,15,20-(4-methoxy)tetraphenylporphyrin 3.4 (0.16 g, 6.4%). Spectroscopic data 

matched that reported174; 1H NMR (CDCl3, 400MHz) δ: 8.86 (s, 8H, H4), 8.13 (d, 

J=8.0Hz, 8H, H3), 7.28 (m, 8H, H2), 4.10 (s, 12H, H1), -2.75 (s, 2H, H5); 13C NMR 

(CDCl3, 125 MHz) δ: 159.3, 136.6, 134.6, 131.2, 119.7, 112.2, 55.5; MS (ESI): m/z 

(C48H38N4O4) found: 735.8 (MH+). UV-Vis(DMSO): 423 (16600), 595 (820), 556 (610), 

519 (270).  

7.3.2 5,10,15,20-(4-Methyl)tetraphenylporphyrin 3.3139 

A solution of pyrrole (1.0 mL, 14 mmol) and p-tolualdehyde (1.73 mL, 14 mmol, 1 

equivalent) was added to propanoic acid (50 mL). This solution was heated at reflux 

for 45 minutes at 150 °C, then cooled to room temperature. The solid formed was 

filtered, then washed with cold methanol (20 mL). The solid was washed with hot 

water (20 mL) and dried, yielding purple crystals of 5,10,15,20-(4-
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methyl)tetraphenylporphyrin 3.3  (0.55 g, 

23%). Spectroscopic data matched that 

reported175; 1H NMR (CDCl3, 400MHz): δ 

8.85 (s, 8H, H4), 8.09 (d, J = 7.5Hz, 8H, H3), 

7.55 (d, J = 7.5Hz, 8H, H2), 2.65 (s, 12H, 

H1), -2.77 (s, 2H, H5); 13C NMR (CDCl3, 

125MHz): δ 139.5, 137.4, 134.7, 131.4, 

127.5, 120.2, 21.7; MS (ESI): m/z( 

C48H38N4) found: 671.5 (MH+). UV-

Vis(DMSO): 420 (9500), 591 (270), 551 (140), 

515 (70). 

7.3.3 5,10,15,20-(4-Chloro)tetraphenylporphyrin 3.2139 

A solution of pyrrole (1.0 mL, 14 mmol) 

and p-chlorobenzaldehyde (2.02 mL, 14 

mmol, 1 equivalent) was added to 

propanoic acid (50 mL). This solution 

was heated at reflux for 45 minutes at 150 

°C, then cooled to room temperature. The 

solid formed was filtered, then washed 

with cold methanol (20 mL). The solid 

was washed with hot water (20 mL) and 

dried, yielding purple crystals of 

5,10,15,20-(4-chloro)tetraphenylporphyrin 3.2 (0.11 g, 4%). Spectroscopic data 

matched that reported176; 1H NMR (CDCl3, 400MHz): δ 8.84 (s, 8H, H3), 8.13 (d, J = 

7.5Hz, 8H, H2), 7.75 (d, J = 8.0 Hz, 8H, H1), -2.86 (s, 2H, H4); 13C NMR (CDCl3, 

125MHz): δ 140.3, 135.5, 134.4, 131.5, 127.0, 119.1; MS (ESI): m/z (C44H26Cl4N4) 

found: 753.6 (MH+). UV-Vis(DMSO): 418 (15700), 590 (610), 549 (200), 514 (140). 

7.3.4 General procedure for metalation of porphyrins with zinc173 

Porphyrin (0.16 mmol) was dissolved in chloroform (20 mL). A saturated solution of 

Zn(OAc)2 (0.05 g, 0.23 mmol, 1.4 equivalent) in MeOH (5 mL) was added. The 

solution was stirred for 1 h after which the reaction mixture was washed with water (2 

x 20 mL) and brine (2 x 20 mL). The organic layer was then dried with MgSO4, the 
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mixture was filtered, and solvent removed in vacuo, yielding a purple solid (0.11 g, 

90%).173 

7.3.5 5,10,15,20-(4-Methoxy) zinc tetraphenylporphyrin 3.7 

General procedure for the metalation of 

porphyrins with zinc, using 3.4 (0.10g, 

0.16mmol) yielding a purple solid (0.13 

g, 85%). Spectroscopic data matched that 

reported177; 1H NMR (CDCl3, 400MHz) 

δ 8.97 (s, 8H, H4), 8.13 (d, J = 8.5 Hz, 

8H, H3), 7.29 (d, J = 8.5 Hz, 8H, H2), 

4.11 (s, 12H, H1); 13C NMR (CDCl3, 

125MHz): δ 153.7, 136.8, 134.1, 131.2, 

119.7, 113.1, 56.3 MS (ESI): m/z 

(C48H36N4O4Zn64) found: 797.5 (MH+). 

UV-Vis(DMSO): 431 (17000), 563 (540), 605 (410). 

 

7.3.6 5,10,15,20-(4-Methyl) zinc tetraphenylporphyrin 3.6 

 General procedure for the metalation of 

porphyrins with zinc, using 3.3 (0.10g, 

0.16mmol) yielding a purple solid (0.12 g, 

90%). Spectroscopic data matched that 

reported177; 1H NMR (CDCl3, 400MHz) δ 

8.96 (s, 8H, H4), 8.11 (d, J = 8.0 Hz, 8H, H3), 

7.56 (d, J = 8.0 Hz, 8H, H2), 2.71 (s, 12H, 

H1); 13C NMR (CDCl3, 125MHz): δ 139.9, 

137.8, 134.3, 131.1, 126.7, 120.8, 22.4 

(ESI): m/z (C48H36N4Zn64) found: 733.4 

(MH+). UV-Vis(DMSO): 429 (19000), 560 (1200), 600 (680). 
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7.3.7 5,10,15,20-(4-Chloro) zinc tetraphenylporphyrin 3.5 

General procedure for the metalation of 

porphyrins with zinc, using 3.2 (0.10g, 

0.16mmol) yielding a purple solid (0.12 

g, 91%). Spectroscopic data matched that 

reported178; 1H NMR (CDCl3, 400MHz) 

δ 8.95 (s, 8H, H3), 8.14 (d, J = 8.0Hz, 8H, 

H2), 7.74 (d, J = 8.0Hz, 8H), H1; 13C 

NMR (CDCl3, 125MHz): δ 141.3, 136.3, 

133.6, 132.2, 126.3, 118.3 (ESI): m/z 

(C44H24Cl4N4Zn64) 813.4 (MH+). UV-

Vis(DMSO): 429 (19200), 560 (1770), 600 (480).  

 

7.3.8 Synthesis of 5,10,15,20-tetrakis(3-methoxyphenyl)porphyrin 

3.9179 

Pyrrole (0.35 mL, 0.34 g, 5.0 mmol) and 3-

methoxy benzaldehyde (0.61 mL, 5.0 mmol, 1 

equivalent) were dissolved in DCM (500 mL). 

Boron trifluoride diethyl etherate (6 µL, 0.05 

mmol) and trifluoroacetic acid (0.35 mL, 4.6 

mmol) were added to the mixture and stirred at rt 

for 2h. Chloranil (1.01 g, 41, mmol) was added 

to the reaction mixture and heated at reflux for 4 

h. The solvent was removed in vacuo, and the 

mixture purified via column chromatography (CH2Cl2), yielding a purple solid (24%, 

0.22 g). Spectroscopic data matched that reported179; 1H NMR (CDCl3, 400MHz) δ 

8.91(s, 8H, H5), 7.85 – 7.35 (m, 16H, H2.3.4,7), 4.01 (s, 12H, H1), -2.77 (s, 2H, H6). 13C 

NMR (CDCl3, 125 MHz) δ: 158.3, 135.5, 131.1, 129.6, 129.1, 121.7, 116.7, 111.5, 

53.9. MS (ESI): m/z (C48H38N4O4) found: 797 (MH+). UV-Vis(DMSO): 418 (15100), 

514 (750), 545 (270), 591 (200). 
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7.3.9 Synthesis of 5,10,15,20-tetrakis(2-methoxyphenyl)porphyrin 

3.8180 

Pyrrole (0.35 mL, 0.34 g, 5.0 mmol) and 2-methoxy 

benzaldehyde (0.61 mL, 5.0 mmol, 1 equivalent) 

were dissolved in DCM (500 mL). Boron trifluoride 

diethyl etherate (6 µL, 0.05 mmol) and 

trifluoroacetic acid (0.35 mL, 4.6 mmol) were 

added to the mixture and stirred at rt for 2h. 

Chloranil (1.01 g, 4.1 mmol) was added to the 

reaction mixture and heated at reflux for 4 h. The 

solvent was removed in vacuo, and the mixture purified via column chromatography 

(CH2Cl2), yielding a purple solid (28%, 0.26 g). Spectroscopic data matched that 

reported180; 1HNMR (400MHz, CDCl3) δ:8.74 (s, 8H, H6), 7.73—7.78 (m, 8H, 

H2.3.4,5), 7.32—7.36 (m, 8H, H2,3,4,5), 3.55—3.61 (m, 12H, H1), -2.61 (s, 2H, H7). 13C 

NMR (CDCl3, 125 MHz) δ: 159.7, 135.9, 131.5, 130.3, 129.6, 119.8, 115.5, 110.9, 

55.7 MS (ESI): m/z (C48H38N4O4) found: 797 (MH+). UV-Vis(DMSO): 419 (22700), 514 

(1900), 548 (4100), 590 (340). 

7.3.10  Synthesis of 5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrin 

3.10181 

Pyrrole (0.35 mL, 0.34 g, 5.0 mmol) and 3,5 

dimethoxy benzaldehyde (0.82 g, 5.0 mmol, 1 

equivalent) in DCM (500 mL) and degassed, 

then stirred with boron trifluoride dietherate (6 

µL, 0.05 mmol) and trifluoracetic acid (0.35 mL, 

4.6 mmol) for 2h. Then chloranil (1.01 g, 4.1 

mmol) was added and heated at reflux for 4 

hours, which is purified by column 

chromatography to afford purple crystals (0.33 g, 

31%). Spectroscopic data matched that reported181; 1H NMR (CDCl3, 400 MHz):  

8.93 (s, 8H, H4), 7.40 (s, 8H, H3), 6.90 (s, 4H, H2), 3.96 (s, 24H, H1), -2.83 (s, 2H, H5). 

13C NMR (CDCl3, 125 MHz):  159.2, 144.3, 119.8, 130.1, 114.1, 55.9. MS (ESI): 
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m/z (C52H46N4O8) found: [MH+] 855. UV-Vis(DMSO): 421 (3200), 515 (140), 547 (70), 

589 (70).  

 

7.3.11 Synthesis of 5,10,15,20-tetrakis(2,4,6-trimethoxyphenyl) 

porphyrin 3.11182 

Pyrrole (0.35 mL, 0.34 g, 5.0 mmol) and 

2,4,6 dimethoxy benzaldehyde (0.96 g, 

5.0 mmol, 1 equivalent) in DCM (500 

mL) and degassed, then stirred with 

boron trifluoride dietherate (6 µL, 0.05 

mmol) and trifluoracetic acid (0.35 mL, 

4.6 mmol) for 2h. Then DDQ (0.93 g, 4.1 

mmol) was added and heated at reflux for 

4 hours, which is purified by column 

chromatography to afford purple crystals 

(0.39 g, 32%). Spectroscopic data 

matched that reported182; 1HNMR (400MHz, CDCl3): δ 8.72 (s, 8H, H4), 6.56 (s, 8H, 

H2), 4.12 (s, 12H, H1), 3.47 (s, 24H, H3), -2.50 (s, 2H, H5). MS (ESI): m/z 

(C56H54N4O12) found: 976 (MH+). UV-Vis(DMSO): 421 (2450), 514 (140), 546 (70), 590 

(70). 
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7.3.12  Synthesis of 5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl) 

porphyrin 3.12183 

Pyrrole (0.35 mL, 0.34 g, 5.0 mmol) and 

3,4,5 dimethoxy benzaldehyde (0.96 g, 5.0 

mmol, 1 equivalent) in DCM (500 mL) 

and degassed, then stirred with boron 

trifluoride dietherate (6 µL, 0.05 mmol) 

and trifluoracetic acid (0.35 mL, 4.6 

mmol) for 2h. Then chloranil (1.01 g, 4.1 

mmol) was added and heated at reflux for 

4 hours, which is purified by column 

chromatography to afford purple crystals 

(0.29 g, 24%). Spectroscopic data matched 

that reported183; 1H NMR (CDCl3, 400 MHz): δ 8.95 (s, 8H, H4), 7.47 (s, 8H, H3), 4.18 

(s, 12H, H1), 3.98 (s, 24H, H2), -2.75 (s, 2H, H5). 1H NMR 13C NMR (125 MHz, 

CDCl3): δ =151.5, 138.0, 137.6, 120.1, 112.7, 61.5, 56.6. MS (ESI): m/z 

(C56H54N4O12) found: 974 (M - H+). UV-Vis(DMSO): 423 (9400), 516 (610), 551 (220), 

591 (200) 

7.3.13  General procedure for polymerisation of MA 2.4 using modified 

porphyrin variants 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), 1-dodecaenthiol (5µL, 0.02 

mmol) and porphyrin (142 µL of 1.475 mM solution in DMSO, 2.0 x 10-4 mol) was 

added to a vial, and the mixture was degassed with N2 for 10 minutes. The reaction 

mixture was irradiated in red light (5W, LED, 580-640 nm) or blue light (5W, LED, 

420-460 nm) from 4 cm away at rt for 2 h. Conversion was determined by 1H 400 

MHz NMR by comparing the integration of the resonances of the alkene protons on 

the monomer (5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 

ppm). 

Polymerisation of MA 2.4 using para modified porphyrin variants 3.2 – 3.4  

General procedure for polymerisation of MA 2.4 using modified porphyrin variants, 

using porphyrins 3.2, 3.3 and 3.4. 
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Conversion study of polymerisation of MA 2.4 using TPP 2.3 and 4-MeO-TPP 

3.4 

General procedure for polymerisation of MA 2.4 using modified porphyrin variants. 

Polymerisations were performed in blue light (420 – 460 nm) and aliquots were taken 

from the reaction vessel every 30 minutes and conversion was determined by 1H 400 

MHz NMR. 

 

Run Porphyrin Light source1 Conversion (%)2 

1 4-Cl 3.2 Blue 5 

2 4-Cl 3.2 Red 0 

3 H 2.3 Blue 56 

4 H 2.3 Red 43 

5 4-Me 3.3 Blue 59 

6 4-Me 3.3 Red 45 

7 4-OMe 3.4 Blue 71 

8 4-OMe 3.4 Red 60 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away. 1 Blue light (420-460 nm) and red light (580-640 nm) 2Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm                   

Run Porphyrin1 Time 

(min) 

Conversion 

(%)2 

Mn3 Mw3 Ð3 

1 2.3 30 25 32k 44k 1.60 

2 3.4 30 40 34k 46k 1.70 

3 2.3 60 30 33k 45k 1.61 

4 3.4 60 53 34k 47k 1.71 

5 2.3 90 42 34k 45k 1.58 

6 3.4 90 60 35k 47k 1.63 

7 2.3 120 50 34k 45k 1.60 

8 3.4 120 71 36k 48k 1.58 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away.  1Polymerisation in blue light (420-460 nm) 2Determined by 400 MHz 1H NMR by integrating 

ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm.3 molecular weight and polydispersity index were determined by 

GPC analysis (CHCl3 as eluent) calibrated to poly (methyl methacrylate) 
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Polymerisations of MA 2.4 using modified zinc porphyrins 2.1 and 3.5 – 3.7 as 

photocatalysts 

General procedure for polymerisation of MA 2.4 using modified porphyrin variants, 

using porphyrins 3.5, 3.6 and 3.7. 

 

 

 

 

 

 

 

Conversion study of the polymerisation of MA 2.4 using ZnTPP 2.1 and 4-OMe-

ZnTPP 3.7 as photocatalysts. 

General procedure for polymerisation of MA 2.4 using modified porphyrin variants. 

Polymerisations were performed in blue light (420 – 460 nm) using porphyrins 2.1 

and 3.7, and aliquots were taken from the reaction vessel every 30 minutes and 

conversion was determined by 1H 400 MHz NMR,  

 

 

 

 

 

 

Run Porphyrin Light source1 Conversion (%)2 

1 4-Cl 3.5 Blue 75 (5) 

2 4-Cl 3.5 Red 68 (0) 

3 H 2.1 Blue 90 (56) 

4 H 2.1 Red 74 (43) 

5 4-Me 3.6 Blue 71 (59) 

6 4-Me 3.6 Red 42 (45) 

7 4-OMe 3.7 Blue 92 (71) 

8 4-OMe 3.7 Red 85 (66) 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light 

for 2 h from 4 cm away. 1Blue light (420-460 nm) and red light (580-620 nm) 2Determined by 400 MHz 
1H NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm. The numbers in parentheses are 

the conversions when using the non-metalated analogues 3.2 – 3.4 and 2.3 
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Polymerisation data using methoxy modified porphyrins 3.4 and 3.8 – 3.9 as 

photocatalysts in the polymerisation of MA 2.4. 

General procedure for polymerisation of MA 2.4 using modified porphyrin variants, 

using porphyrin 3.4, 3.8 and 3.9. 

 

 

 

 

 

 

 

 

 

Run 
Time 

(mins) 

Porphyrin Conversion 

(%)1 
Mn2 Mw Ð 

1 30 3.7 63 37k 62k 1.71 

2 30 2.1 49 35k 60k 1.70 

3 60 3.7 85 37k 61k 1.68 

4 60 2.1 77 35k 59k 1.64 

5 90 3.7 89 38k 62k 1.68 

6 90 2.1 87 35k 61k 1.70 

7 120 3.7 94 38k 62k 1.65 

8 120 2.1 90 36k 60k 1.67 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with blue light for 2 

h from 4 cm away. 1Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 

ppm. 2 molecular weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated 

to poly (methyl methacrylate) 

Run Porphyrin Light source1 Conversion (%)2 

1 4-OMe 3.4  Blue 71 

2 4-OMe 3.4 Red 60 

3 2-OMe 3.8  Blue 40 

4 2-OMe 3.8  Red 32 

5 3-OMe 3.9  Blue 51 

6 3-OMe 3.9  Red 42 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away. 1Blue light (420-460 nm) and red light (580-640 nm) 2Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm 
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Polymerisation of MA 2.4 using -di and tri-substituted porphyrins 3.11-3.13 as 

photocatalysts, compared to TPP 2.3. 

General procedure for polymerisation of MA 2.4 using modified porphyrin variants. 

 

 

 

 

 

7.3.14  General procedure for 3D printing in chapter 3  

A mixture of 15g of a 50:50 w: w UDMA 2.5/ TEGDMA 2.6 mixture was used for 3D 

printing. To this solution, pentaerythritol tetrakis(3-mercaptopropionate) 2.12 (1.02 g, 

2.2 mmol) and porphyrin (0.05 mmol) was added, and the solution stirred in darkness 

for 10 minutes. The 3D prints were performed at room temperature using the 

photocentric liquid crystal precision printer. The light exposure time per layer was 

300,000 ms. 

Print G – General procedure for 3D printing in chapter, using 4-Cl-TPP 3.2 (38 mg, 

0.05 mmol), 

Print H - General procedure for 3D printing in chapter, using 4-Me-TPP 3.3 (34 mg, 

0.05 mmol), 

Print I - General procedure for 3D printing in chapter, using 4-OMe-TPP 3.4 (37 

mg, 0.05 mmol), 

Print J - General procedure for 3D printing in chapter, using 4-Cl-ZnTPP 3.5 (41 

mg, 0.05 mmol), 

Print K – General procedure for 3D printing in chapter, using 4-Me-ZnTPP (37 mg, 

0.05 mmol), 

Run Porphyrin Light source1 Conversion (%)2 

1 3.4 Blue 71 

2 3.4 Red 60 

3 3.11 Blue 40 

4 3.11 Red 29 

5 3.12 Blue 42 

6 3.12 Red 33 

7 3.13 Blue  51 

8 3.13 Red 32 

Reaction conditions: MA 2.4: thiol 2.10: porphyrin – 200: 1: 1x10-2, degassed and irradiated with light for 2 h 

from 4 cm away. 1Blue light (420-460 nm) and red light (580-640 nm). 2Determined by 400 MHz 1H NMR by 

integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm 
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Print L - General procedure for 3D printing in chapter, using 4-OMe-ZnTPP (40 

mg, 0.05 mmol), 

Print M - General procedure for 3D printing in chapter, using 2-OMe-TPP 3.8 (37 

mg, 0.05 mmol), 

Print N - General procedure for 3D printing in chapter, using 3-OMe-TPP 3.9 (37 

mg, 0.05 mmol). 
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7.4 Chapter 4 

Data for alkenyl substituted porphyrins: 

 



164 

 

Porphyrin 
UV-Vis  

(DMSO) 
Yield MS (ESI) 

 

425 (27500), 

523 (4000), 

577 (3000), 

660 (1220) 

8 mg, 

33% 

m/z 

(C48H34N4) 

found: 667.3 

(M + H+) 

 

439 (13700), 

528 (1100), 

589 (1300), 

678 (610) 

6 mg, 

24% 

m/z 

(C52H38N4) 

found: 719.3 

(M + H+), 

591.3 

 

431 (590), 

526 (100), 

583 (100), 

670 (90) 

9 mg, 

35% 

m/z 

 (C56H38N4) 

found: 767.5  

(M + H+), 615.3 
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443 (23900), 

527 (3800), 

596 (1800), 

684 (1300) 

7 mg, 

26% 

m/z 

(C50H38N4O2) 

found: 727.3 

 (M – H+) 

 

435 (25000), 

535 (2500), 

589 (4800), 

680 (2400) 

 

9 mg, 

33% 

m/z 

(C50H38N4O2) 

found: 727.3 

 (M – H+) 

 

444 (26000), 

608 (7300), 

696 (3400) 

6 mg, 

22% 

m/z 

(C52H42N4O4) 

found: 787.5 (M 

– H+). 
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7.4.1 Synthesis of dipyrromethane 4.1184 

Paraformaldehyde (1 g, 30 mmol) was dissolved in pyrrole (48g, 

0.72 mol). This solution was degassed for 10 minutes, after which 

InCl3 (0.72 g, 3.3 mmol) was added, and the reaction was stirred 

at 55 °C for 3h. This mixture was left to cool to rt, and then NaOH (1.3g, 33mmol) 

was added and stirred overnight. The solvent was removed, and the reaction mixture 

purified via column chromatography (petroleum ether/ethyl acetate, 9:1). A colourless 

solid was produced (1.70 g, 70%). Spectroscopic data matched that reported184; 1H 

NMR (CDCl3, 400 MHz): δ 7.90 (s, 2H, H1), 6.69 (td, J = 2.9, 1.6 Hz, 2H, H2), 6.16 

(q, J = 2.9 Hz, 2H, H3), 6.06-6.00 (m, 2H, H4), 4.00 (s, 2H, H5). 13C NMR (125 MHz, 

CDCl3): δ = 129.2, 117.5, 108.4, 106.6, 26.4. MS (ESI): m/z (C9H10N2) found: 147.2 

(MH+), 

 

7.4.2 Synthesis of 5,15-diphenylporphyrin 4.2185 

Dipyrromethane 4.1 (392 mg, 2.70 mmol) and benzaldehyde 

(0.28mL, 0.29 g, 2.7 mmol, 1 equivalent) were dissolved in DCM 

(500 mL). The solution was degassed, trifluoroacetic acid (TFA) 

(0.12 mL, 1.6 mmol) was added and stirred at rt for 4h. 2,3-

dichloro-5,5-dicyano-1,4-benzoquinone (DDQ) (0.74 g, 3.2 

mmol) was added at rt and stirred for 1h. Triethylamine (4 mL, 

28.7 mmol) was added, solvent removed and purified by column 

chromatography (DCM) to give 5,15-diphenylporphyrin 4.2 as a 

white solid (0.62 g, 74%). Spectroscopic data matched that 

reported185;  1H NMR (CDCl3, 400 MHz): δ 10.32 (s, 2H, H6), 9.40 (d, J = 4.5 Hz, 4H, 

H4), 9.10 (d, J = 4.5 Hz, 4H, H5), 8.33 – 8.26 (m, 4H, H3), 7.85-7.80 (m, 6H, H1,2), -

3.10 (s, 2H, H6). 13C NMR (125 MHz, CDCl3): δ 147.3, 145.4, 141.5, 135.0, 131.8, 

131.2, 127.9, 127.1, 119.3, 105.4. MS (ESI): m/z (C32H22N4) found: 463.3 (MH+), 
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7.4.3 5,15-Dibromo-10,20-diphenylporphyrin 4.3186 

5,15-diphenylporphyrin 4.2 (80 mg, 0.17 mmol) was 

dissolved in 50 mL CHCl3. To this solution, pyridine (0.5 

mL, 6.2 mmol) and N-bromosuccinimide (NBS) (77 mg, 

0.43 mmol) were added and stirred for 30 minutes. Acetone 

(5 mL) was added to quench the reaction and the solvent 

removed. Mixture separated by column chromatography 

(DCM/petroleum ether, 1:1) to give purple solid (0.11 g, 

91%). Spectroscopic data matched that reported26; 1H NMR 

(400 MHz, CDCl3): 9.63 (d, J = 4.3 Hz, 4H, H4), 8.84 (d, J 

= 4.3 Hz, 4H, H5), 8.17-8.15 (m, 4H, H3), 7.82 – 7.75 (m, 6H, H1,2), -2.73 (s, 2H, H6). 

13C NMR (125 MHz, CDCl3): δ 141.4, 134.5, 129.5, 128.1, 127.9, 126.8, 110.0. MS 

(ESI): m/z (C32H20Br2
79N4) found: 619 (MH+), 

7.4.4 General procedure for synthesis of alkenyl-substituted porphyrins 

Dibromoporphyrin 4.3 (24 mg, 36 µmol), Pd(OAc)2 (3 mg, 0.01 mmol), JohnPhos 

(8.6 mg, 0.03 mmol) and K2CO3 (13 mg, 0.09 mmol) were dried under vacuum in a 

Schlenk tube. Then dry DMF (5 mL), dry toluene (10 mL) and vinyl reagent (2.4 

mmol) were added. This solution was degassed via freeze-thaw and heated overnight 

at 105°C.  The mixture was then cooled to rt and washed with water. The reaction 

mixture was dried with MgSO4, filtered, the solvent removed and purified via column 

chromatography. 

 

7.4.5 5,15-Diphenyl-10,20-di((E)-styryl)porphyrin 4.7 

General procedure for synthesis of 

alkenyl-substituted porphyrins, using 

styrene (0.28 mL, 2.4 mmol) and 

purified via column chromatography 

(DCM/petroleum ether, 8:2) 

producing a purple solid (8 mg, 33%).  

1H NMR (CDCl3, 400 MHz): δ 9.54 

(d, J = 15.9 Hz, 2H, H6), 9.28 (d, J = 

4.8 Hz, 4H, H4,5), 8.76 (d, J = 4.8 Hz, 
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4H, H4,5), 8.13 (m, 4H, H3), 7.87 (d, J = 7.3 Hz, 4H, H8), 7.70 (m, 6H, H1,2), 7.50-

7.20 (m, 7H, H7,9,10). MS (ESI): m/z (C48H34N4) found: 667.3 (MH+). UV-Vis(DMSO): 

425 (27500), 523 (4000), 577 (3000), 660 (1220). 

 

7.4.6 5,15-Diphenyl-10,20-bis((1E,3E)-4-phenylbuta-1,3-dien-1-

yl)porphyrin 4.8 and 5,15-Diphenyl-10-((1E,3E)-4-phenylbuta-1,3-

dien-1-yl)porphyrin 4.11 

General procedure for synthesis of alkenyl-

substituted porphyrins, using 1-phenyl-1,3-

butadiene (0.42 mL, 2.4 mmol) and purified 

via column chromatography 

(DCM/petroleum ether, 1:1) producing 

purple crystals (6 mg, 24%) as a 5:1 

inseparable mixture of 4.8 and 4.11. 

Discernible data for 4.8: 1H NMR (CDCl3, 

400 MHz): δ 9.39 (d, J = 4.8 Hz, 4H, H), 

9.16 (d, J = 15.9 Hz, 2H, H), 8.80 (d, J = 4.8 

Hz, 4H, H), 8.20 (d, J = 7.0 Hz, 4H, H8), 

7.87 (d, J = 7.3 Hz, 4H, H8), 7.85-7.75 (m, 

6H, H9.10), 7.65-7.52 (m, 6H, H5,2), 7.45-7.21 (m, 8H, H6,7,3), 6.96 (d, J = 15.9 Hz, 2H, 

H), -2.04 (brs, 2H, H11).  Discernible data for 4.11: 1H NMR (CDCl3, 400 MHz): δ 

9.52 (d, J = 4.8 Hz, 2H, H), 9.26 (d, J = 4.8 Hz, 2H, H), 9.16 (d, J = 15.9 Hz, 1H, 

H), 8.95 (d, J = 4.8 Hz, 2H, H), 8.93 (d, J = 4.8 Hz, 2H, H), 8.24 (d, J = 7.0 Hz, 4H, 

H8), 7.85-7.75 (m, 6H, H9.10), 7.65-7.52 (m, 3H, H5,2), 7.45-7.21 (m, 4H, H6,7,3), 6.98 

(m, 1H, H), -2.73 (brs, 2H, H11). Data for the mixture of 4.8 and 4.11 MS (ESI): m/z 

4.8 (C52H38N4) found: 719.90 (MH+), MS (ESI): m/z 4.11 (C42H30N4) found: 591.40 

(MH+). UV-Vis(DMSO): 439 (13700), 528 (1100), 589 (1300), 678 (610). 
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7.4.7 5,15-Bis(4-methoxyphenyl)porphyrin 4.13174 

Dipyrromethane 4.1 (392 mg, 2.70µ mmol) and 4-

methoxybenzaldehyde (0.35 mL, 2.7 mmol, 1 equivalent) were 

dissolved in DCM (500 mL). The solution was degassed, TFA 

(0.12 mL, 1.6 mmol) was added and stirred at rt for 4h. DDQ 

(0.74 g, 3.2 mmol) was at rt and stirred for 1h. Triethylamine (4 

mL, 28.7 mmol) was added, solvent removed and purified by 

column chromatography (DCM) to give 5,15-bis(4-

methoxyphenyl)porphyrin 4.2 as a white solid (410 mg, 58%). 

Spectroscopic data matched that reported174; 1H NMR (CDCl3, 

400MHz): δ 10.30 (s, 2H, H6), 9.40 (d, J = 4.9 Hz, 4H, H4,5), 

9.11 (d, J = 4.9 Hz, 4H, H4,5), 8.19 (d, J = 8.2 Hz, 4H, H2,3) 7.35 

(d, J = 8.2 Hz, 4H, H2,3), 4.10 (s, 6H, H1), -3.07 (s, 2H, H7) MS (ESI): m/z 

(C34H26N4O2) found: 523.80 (MH+). 

7.4.8 5,15-Dibromo-10,20-bis(4-methoxyphenyl)porphyrin 4.14187 

5,15-Bis(4-methoxyphenyl)porphyrin 4.2 (80 mg, 0.17 

mmol) was dissolved in 50 mL CHCl3. To this solution, 

pyridine (0.5 mL) and N-Bromosuccinimide (NBS) (77 

mg) were added and stirred for 30 minutes. Acetone (5 mL) 

was added to quench the reaction and the solvent removed. 

Purified by column chromatography (DCM:petroleum 

ether, 1:1) (100 mg, 87%) 1H NMR (CDCl3, 400MHz): 

9.61 (d, J = 4.8 Hz, 4H, H4,5), 8.81 (d, J = 4.8 Hz, 4H, H4,5), 

(d, J = 8.1 Hz, 4H, H2,3), 7.31 (d, J =, 8.1 Hz, 4H, H2,3), 

4.12 (s, 6H, H1), -2.71 (s, 2H, H6). MS (ESI): m/z 

(C34H24Br2
79N4O2) found: 679.4 (MH+). 

 

7.4.9 5,15-Bis((E)-4-methoxystyryl)-10,20-diphenylporphyrin 4.15 

General procedure for synthesis of alkenyl-substituted porphyrins, using 4-

methoxystyrene (0.35 mL, 2.4 mmol), purified by column chromatography (DCM / 
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petroleum ether, 8:2) producing 

purple solid (7 mg, 26%). 1H 

NMR (CDCl3, 400 MHz): δ 

9.62 (d, J = 15.9 Hz, 2H, H5), 

9.43 (d, J = 4.8 Hz, 4H, H6,7), 

8.86 (d, J = 4.8 Hz, 4H, H6,7), 

8.12 (d, J = 8.1 Hz, 4H, H3), 

7.94 (d, J = 7.3 Hz, 4H, H8), 

7.58 (t, J = 7.3 Hz, 4H, H9), 7.48 

(t, J = 7.3 Hz, 2H, H10), 7.38 (d, J = 15.9 Hz, 2H, H4), 7.31 (d, J = 8.1 Hz, 4H, H2), 

3.95 (s, 6H, H1), -2.18 (brs, 2H, H11). MS (ESI): m/z (C50H38N4O2) found: 727.3 

(MH+). UV-Vis(DMSO): 443 (23900), 527 (3800), 596 (1800), 684 (1300).  

 

7.4.10 Synthesis of 5,15-bis(4-methoxyphenyl)-10,20-distyryl)porphyrin 

4.16 

5,15-Dibromo-10,20-bis(4-methoxyphenyl)porphyrin 4.14 (26 mg, 36 µmol), 

Pd(OAc)2 (3 mg, 10 µmol), JohnPhos (8.6 mg, 29 µmol) and K2CO3 (13 mg, 94 µmol) 

were dried under vacuum in a Schlenk tube. Then dry DMF (5 mL), dry toluene (10 

mL) and styrene (0.28 mL, 2.4 mmol) 

were added. This solution was 

degassed via freeze-thaw and heated 

overnight at 105°C.  The mixture was 

then cooled to rt and washed with 

water. The reaction mixture was dried 

with MgSO4, filtered, the solvent 

removed and purified via column 

chromatography (DCM) giving a 

purple solid (9 mg, 33%).  1H NMR 

(CDCl3, 400 MHz): δ 9.48 (d, J = 15.9 

Hz, 2H, H5), 9.43 (d, J = 4.8 Hz, 4H, H6,7), 8.80 (d, J = 4.8 Hz, 4H, H6,7), 8.21 (d, J = 

7.3 Hz, 4H, H3), 7.88 (d, J = 8.1 Hz, 4H, H8), 7.82 – 7.75 (m, 12H, H2,3), 7.31 (d, J = 

15.9 Hz, 2H, H4), 7.10 (d, J = 8.1 Hz, 4H, H9), 4.10 (s, 6H, H10), -2.25 (brs, 2H, H11). 
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MS (ESI): m/z (C50H38N4O2) found: 727.3 (MH+). UV-Vis(DMSO): 435 (25000), 535 

(2500), 589 (4800), 680 (2400). 

7.4.11 5,15-bis(4-methoxyphenyl)-10,20-bis((E)-4-

methoxystyryl)porphyrin 4.17  

5,15-Dibromo-10,20-

bis(4methoxyphenyl)porphyrin 

4.14 (26 mg, 36 µmol), 

Pd(OAc)2 (3 mg, 10 µmol), 

JohnPhos (8.6 mg, 29 µmol) and 

K2CO3 (13 mg, 94 µmol) were 

dried under vacuum in a Schlenk 

tube. Then dry DMF (5 mL), dry 

toluene (10 mL) and 4-

methoxystyrene (0.35 mL, 2.4 

mmol) were added. This solution was degassed via freeze-thaw and heated overnight 

at 105°C.  The mixture was then cooled to rt and washed with water. The reaction 

mixture was dried with MgSO4, filtered, the solvent removed and purified via column 

chromatography (DCM / petroleum ether - 8:2) giving a purple solid (6 mg, 22%).  

MS (ESI): m/z (C52H44N4O2) found: 787.5 (MH+). UV-Vis(DMSO): 444 (26000), 608 

(7300), 696 (3400). 

7.4.12  General procedure for the polymerisation of MA 2.4 using 

alkenyl substituted porphyrins 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 µL), 1-dodecaenthiol (5µL, 20.97 

µmol) and porphyrin (142 µL of 1.475 mM solution in DMSO, 0.21 µmol) was added, 

and the mixture was degassed with N2 for 10 minutes. The reaction mixture was 

irradiated in red light (5W, LED, 580-640 nm) or blue light (5W, LED, 420-460 nm) 

from 4 cm away at rt for 2 h. Conversion was determined by 1H 400 MHz NMR by 

comparing the integration of the resonances of the alkene protons on the monomer 

(5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 ppm). 
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Polymerisation of MA 2.4 using TPP 2.3, 5,10,15,20-tetrakis(4-

methoxyphenyl)porphyrin 3.4 and 5,15-distyryl-10,20-diphenylporphyrin 4.7 as 

photocatalysts 

General procedure for the polymerisation of MA 2.4 using alkenyl substituted 

porphyrins, using porphyrin, using porphyrin 2.3, 3.4 and 4.7. 

 

 

 

 

 

 

Polymerisation of MA 2.4 using porphyrin mixtures 4.8 / 4.11 and 4.9 / 4.12 

General procedure for the polymerisation of MA 2.4 using alkenyl substituted 

porphyrins, using porphyrin mixtures 4.8 / 4.11 and 4.9 / 4.12.  

 

 

 

 

 

 

Polymerisation of MA using porphyrins 4.7 and 4.15 – 4.17 as photocatalysts in 

blue and red light 

General procedure for the polymerisation of MA 2.4 using alkenyl substituted 

porphyrins, using porphyrins 4.15, 4.16 and 4.17.  

Run Porphyrin1 Light2 Conversion (%)3 

1 2.3 Red 43 

2 3.4 Red 60 

3 4.7 Red 50 

4 2.3 Blue 56 

5 3.4 Blue 70 

6 4.7 Blue 60 
1 Experimental conditions: Reaction mixture degassed in DMSO and irradiated with light for 2 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200: 1: 1x10-2 2 Blue light (420-460 nm) and red light (580- 640 

nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4.0 ppm and 5.8-6.5 ppm 

Run Porphyrin1 Light2 Conversion (%)3 

1 4.8 / 4.11 Red 25 

2 4.9 / 4.12 Red 8 

3 4.7 Red 50 

4 4.8 / 4.11 Blue 50 

5 4.9 / 4.12 Blue 20 

6 4.7 Blue 60 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 2 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 640 

nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 
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Conversion studies of polymerisation of MA 2.4 using methoxy-modified alkenyl-

substituted porphyrin 4.15-4.17 compared to 5,15-distyryl-10,20-

diphenylporphyrin 4.7 

General procedure for the polymerisation of MA 2.4 using alkenyl substituted 

porphyrins, using porphyrins 4.7, 4.15, 4.16 and 4.17. Polymerisations were 

performed in blue light (420 – 460 nm) and aliquots were taken from the reaction 

vessel every 30 minutes and conversion was determined by 1H 400 MHz NMR 
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Run Porphyrin1 Light2 Conversion (%)3 

1 4.4 Red 50 

2 4.15 Red 57 

3 4.16 Red 55 

4 4.17 Red 60 

5 4.4 Blue  60 

6 4.15 Blue 68 

7 4.16 Blue 65 

8 4.17 Blue 76 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 2 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 640 

nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 
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7.5 Chapter 5 

7.5.1 Procedure to produce crude spinach extract 

Spinach (25 g) was added to sand (50 g) and magnesium sulphate (50 g). This mixture 

was blended to give a light green powder. The powder was then submerged in acetone 

(200 mL) for 10 minutes, after which the acetone was decanted. This was repeated 

three times, and the extracts were then combined, and the solvent was removed to give 

a green solid consisting of a mixture of chlorophyl, carotenoids but mainly tri-, di- and 

monoglycerides of polyunsaturated fatty acids (mainly linolenic acid). 

1H NMR 400 MHz spectrum of crude spinach extract: 

 

7.5.2 Extraction of chlorophyll a from spinach157 

Chlorophyll a 5.1a was then isolated from the crude extract via column 

chromatography. The solvent system used for the column chromatography involved 

initially using petroleum ether to remove carotenes, then using petroleum ether 95% / 

ethyl acetate 5% to remove xanthophyll, then finally changing the solvent to petroleum 

ether 90% / ethyl acetate 10% to elute chlorophyll a 5.1a. This produced a green solid 

which contained chlorophyll a 5.1a and pheophytin a 5.3a and traces amounts of 

lipids. 
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Discernible data for chlorophyll a 5.1a: 1H NMR (CDCl3, 400MHz): δ 9.53 (s, 1H, H-

), 9.40 (s, 1H, H-), 8.55 (s, 1H, H-), 8.05-7.95 (m, 1H, H2a), 6.32-6.28 (m, 1H, 

H2b), 6.20-6.18 (m, 1H, H2c), 6.14 (s, 1H, H10), 5.13  (m, 1H, HP2), 4.50-4.40 (m, 1H, 

H8), 4.26-4.08 (m, 3H, HP1, H7), 3.88 (s, 3H, H10b), 3.69 (s, 3H, H5a), 3.41 (s, 3H, H1a), 

3.25 (s, 3H, H3a), 2.53-2.08 (m, 4H, H7a, H7b), 1.83 (m, 2H, HP4), 1.80 (d, J = 8.0 Hz, 

3H, H8a), 1.71 (t, J = 7.0 Hz, H4b), 1.70-1.40 (m, 25H, HP5, HP6, HP7, HP7a,HP8, HP9, 

HP10, HP11, HP12, HP13, HP14, HP15 HP8), 0.90-0.75 (m, 9H, HP11a, HP15a, HP16). MS (ESI): 

m/z (C55H72MgN4O5) found: 893.5 (MH+).  

Discernible data for pheophytin a 5.3a: 1H NMR (CDCl3, 400MHz): δ 9.50 (s, 1H, H-

), 9.36 (s, 1H, H-), 8.49 (s, 1H, H-), 8.05-7.95 (m, 1H, H2a), 6.32-6.28 (m, 1H, 

H2b), 6.20 (s, 1H, H10), 6.20-6.18 (m, 1H, H2c), 5.36  (m, 1H, HP2), 4.50-4.40 (m, 3H, 

HP1, H8), 4.26-4.08 (m, 1H, H7), 3.81 (s, 3H, H10b), 3.66 (s, 3H, H5a), 3.39 (s, 3H, 

H1a), 3.24 (s, 3H, H3a), 2.63-2.19 (m, 4H, H7a, H7b), 1.90 (m, 2H, HP4), 1.80 (d, J = 8.0 

Hz, 3H, H8a), 1.71 (t, J = 7.0 Hz, H4b), 1.70-1.40 (m, 25H, HP5, HP6, HP7, HP7a,HP8, HP9, 

HP10, HP11, HP12, HP13, HP14, HP15 HP8), 0.90-0.75 (m, 9H, HP11a, HP15a, HP16). MS (ESI): 

m/z (C55H74N4O5) found: 871.6 (M H+).  

UV-Vis(DMSO): 410 (13700), 505 (830), 537 (510), 610 (270), 667 (3900). 
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7.5.3 Procedure to extract crude chlorella extract from chlorella powder 

Chlorella powder (5 g) was added to acetone (50 mL) and stirred for 10 minutes. The 

acetone was then decanted. This was repeated twice, and the extracts were combined, 

and the solvent removed under vacuum to give the crude chlorella extract as a green 

solid. 

1H NMR (CDCl3, 400 MHz) spectrum of crude chlorella powder extract mainly shows 

tri-, di- and monoglycerides of polyunsaturated fatty acids:  

 

 

7.5.4 Procedure to extract crude chlorella extract from chlorella tablet 

Chlorella tablet (5 g) was crushed into a powder, was added to acetone (50 mL) and 

stirred for 10 minutes. The acetone was then decanted. This was repeated twice, and 

the extracts were combined, and the solvent removed under vacuum to give the crude 

chlorella extract as a green solid. 

1H NMR (CDCl3, 400 MHz) spectrum of crude chlorella tablet extract mainly shows 

tri-, di- and monoglycerides of polyunsaturated fatty acids, however unlike the crude 

extracts from spinach and the powder there is significantly more triglycerides present:  
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7.5.5 Procedure for extracting chlorophyll a 5.1a from chlorella powder 

Chlorophyll a 5.1a was then isolated via column chromatography. The solvent system 

used for the column chromatography involved using petroleum ether to remove 

carotenes, then using petroleum ether 95% / ethyl acetate 5% to remove xanthophyll, 

then finally changing the solvent to petroleum ether 90% / ethyl acetate 10% to elute 

chlorophyll a 5.1a. This produced a green solid made up of chlorophyll a 5.1a and 

pheophytin 5.3a.  This was purer than the extracts isolated from spinach.  1H NMR 

(CDCl3, 400 MHz) spectrum of chlorophyll a 5.1a isolated from crude chlorella 

powder: 
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Note the petroleum ether layer consisted mainly of triglycerides 

 

7.5.6 General procedure for the polymerisation of MA 2.4 using spinach 

and chlorella extracts as photocatalysts 

To a vial, MA 2.4 (0.38 mL, 4.2 mmol), DMSO (277 mL), 1-dodecaenthiol (5µL, 

20.97 µmol) and photocatalyst (142 µL of 7.375 mM solution in DMSO, 1.05 µmol) 

was added, and the mixture was degassed with N2 for 10 minutes. The reaction mixture 

was irradiated in red light (5W, LED, 580-640 nm) or blue light (5W, LED, 420-460 

nm) from 4 cm away at rt for 2 h. Conversion was determined by 1H 400 MHz NMR 

by comparing the integration of the resonances of the alkene protons on the monomer 

(5.5-6.5 ppm) and the repeating O-CH3 peak of the polymer (3.5-4.0 ppm). 

Polymerisation of MA 2.4 using chlorophyll a 5.1a as a photocatalyst in both blue 

and red light 

General procedure for the polymerisation of MA 2.4 using spinach and chlorella 

extracts as photocatalysts, using chlorophyll a 5.1a isolated from spinach. Aliquots 

were taken from the reaction vessel every hour and conversion was determined by 1H 

400 MHz NMR. 
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Polymerisation of MA 2.4 using chlorophyll a 5.1a and crude spinach as 

photocatalysts in blue and red light 

General procedure for the polymerisation of MA 2.4 using spinach and chlorella 

extracts as photocatalysts, using chlorophyll a 5.1a and crude spinach extract as 

photocatalysts.  

 

 

 

 

 

 

 

 

Run Light1 Time Conversion (%)2 Mn3 Mw3 Ð3 

1 - 24h 0 - - - 

2 Red 1h 11 32k 50k 1.48 

3 Blue 1h 21 37k 58k 1.56 

4 Red 2h 20 33k 49k 1.51 

5 Blue 2h 28 37k 58k 1.55 

6 Red 3h 27 33k 49k 1.43 

7 Blue 3h 33 36k 59k 1.55 

8 Red 4h 35 33k 50k 1.41 

9 Blue 4h 42 38k 60k 1.58 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: porphyrin - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 640 

nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm. 1 Molecular 

weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly (methyl 

methacrylate) 

Run Photocatalyst1 Light2 Conversion (%)3 

1 Crude spinach - 0 

2 Chlorophyll a 5.1a Red 35 

3 Crude spinach Red 26 

4 Chlorophyll a 5.1a Blue 42 

5 Crude spinach Blue 31 

1 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: photocatalyst - 200:1:1x10-2 2 Blue light (420-460 nm) and red light (580- 

640 nm) 3 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 
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Conversion study of the polymerisation of MA 2.4 using chlorophyll a 5.1a and 

crude spinach extract as photocatalysts in blue light 

General procedure for the polymerisation of MA 2.4 using spinach and chlorella 

extracts as photocatalysts, using chlorophyll a 5.1a and crude spinach as 

photocatalysts. Polymerisations were irradiated with blue light (420 – 460 nm) and 

aliquots were taken from the reaction vessel every hour and conversion was 

determined by 1H 400 MHz NMR. 

 

 

 

 

 

 

 

Polymerisation of MA 2.4 using crude spinach and chlorella extracts as 

photocatalysts 

General procedure for the polymerisation of MA 2.4 using spinach and chlorella 

extracts as photocatalysts, using crude chlorella powder, crude chlorella tablet and 

crude spinach extract as photocatalysts. 

 

 

 

 

 

Run Light1 Time Conversion (%)2 

1 Chlorophyll a 5.1a 1h 21 

2 Crude spinach 1h 10 

3 Chlorophyll a 5.1a 2h 28 

4 Crude spinach 2h 17 

5 Chlorophyll a 5.1a 3h 33 

6 Crude spinach 3h 25 

7 Chlorophyll a 5.1a 4h 42 

8 Crude spinach 4h 31 

 Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm 

away. MA 2.4: 1-dodecanethiol 2.10: photocatalyst - 200:1:1x10-2 1 Blue light (420-460 nm) 2 Determined by 

400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 
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Conversion study of polymerisation of MA 2.4 comparing chlorophyll a 5.1a and 

crude chlorella powder in blue light 

General procedure for the polymerisation of MA 2.4 using spinach and chlorella 

extracts as photocatalysts, using chlorophyll a 5.1a and crude chlorella (powder) as 

photocatalysts. Polymerisations were irradiated with blue light (420 – 460 nm) and 

aliquots were taken from the reaction vessel every hour and conversion was 

determined by 1H 400 MHz NMR. 

Run Photocatalyst1 Light2 Conversion (%)3 

1 Crude chlorella (tablet) - 0 

2 Crude chlorella (powder) - 0 

3 Crude spinach Red 26 

4 Crude chlorella (tablet) Red 20 

5 Crude chlorella (powder) Red 48 

6 Crude spinach Blue 31 

7 Crude chlorella (tablet) Blue 27 

8 Crude chlorella (powder) Blue 60 

    Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm away. 

MA 2.4:1-dodecanethiol 2.10: photocatalyst - 200:1:1x10-2 1 Blue light (420-460 nm) and red light (580 - 640 nm) 
2 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm 

Run Photocatalyst1 Time Conversion 

(%)2 

Mn3 Mw3 Ð3 

1 Chlorophyll a 5.1a 1h 21 37k 58 1.56 

2 Crude chlorella (powder) 1h 29 32k 56k 1.54 

3 Chlorophyll a 5.1a 2h 28 37k 58 1.55 

4 Crude chlorella (powder) 2h 37 33k 55k 1.54 

5 Chlorophyll a 5.1a 3h 33 36k 59 1.55 

6 Crude chlorella (powder) 3h 45 33k 55k 1.58 

7 Chlorophyll a 5.1a 4h 42 38k 60 1.58 

8 Crude chlorella (powder) 4h 60 33k 55k 1.55 

Experimental condition: Reaction mixture degassed in DMSO and irradiated with light for 4 hours from 4cm away. 

MA 2.4: pentaerythritol tetrakis (3-mercaptopropionate) 2.12: photocatalyst - 200:1:1x10-2 1 Blue light (420-460 

nm) 2 Determined by 400 MHz 1H NMR by integrating ratio of peaks at 3.6-4 ppm and 5.8-6.5 ppm. 3 Molecular 

weight and polydispersity index were determined by GPC analysis (CHCl3 as eluent) calibrated to poly (methyl 

methacrylate) 
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7.5.7 General procedure for 3D printing   

A mixture of 15g of a 50:50 w: w UDMA 2.5/ TEGDMA 2.6 mixture was used for 3D 

printing. To this solution, pentaerythritol tetrakis(3-mercaptopropionate) 2.12 (1.02 g, 

2.2 mmol) and photocatalyst (0.05 mmol) was added, and the solution stirred in 

darkness for 10 minutes. The 3D prints were performed at room temperature using the 

photocentric liquid crystal precision printer.  

Print O - General procedure for 3D printing, using chlorophyll a 5.1a (45 mg, 0.05 

mmol), exposure time per layer 300,000 ms. 

Print P - General procedure for 3D printing, using chlorophyll a 5.1a (45 mg, 0.05 

mmol), exposure time per layer 400,000 ms. 

Print Q - General procedure for 3D printing, using crude spinach extract (45 mg, 0.05 

mmol), exposure time per layer 400,000 ms. 

Print R - General procedure for 3D printing, using crude chlorella powder extract (45 

mg, 0.05 mmol), exposure time per layer 400,000 ms. 

Print S - General procedure for 3D printing, using crude chlorella tablet extract (45 

mg, 0.05 mmol), exposure time per layer 400,000 ms. 
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