
HAL Id: tel-01729322
https://theses.hal.science/tel-01729322

Submitted on 12 Mar 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Conception, synthèse et caractérisations de MOFs à base
de porphyrines

Brian Abeykoon

To cite this version:
Brian Abeykoon. Conception, synthèse et caractérisations de MOFs à base de porphyrines. Autre.
Université de Lyon, 2017. Français. �NNT : 2017LYSE1259�. �tel-01729322�

https://theses.hal.science/tel-01729322
https://hal.archives-ouvertes.fr


  

 
 
 
 
 
 
 
 
N°d’ordre NNT : 2017LYSE1259 
 
 
 

THESE de DOCTORAT  
DE L’UNIVERSITE DE LYON 

opérée au sein de 
l’Université Claude Bernard Lyon 1 

 
Ecole Doctorale N° 206  

Chimie de Lyon 
 

Discipline : Chimie 
 
 
 

Soutenue publiquement le 30/11/2017, par : 
Brian ABEYKOON 

 
Conception, synthèse et caractérisations de MOFs à 

base de porphyrines  
Design, synthesis and characterisation of porphyrin-based  

Metal Organic Frameworks 
 
 

Devant le jury composé de : 
 
 
 
DOLBECQ Anne  Dir. Recherche CNRS    Univ Versaille St Quentin   Rapporteure 
LEMEUNE Alla   Chargée Recherche CNRS  Univ Bourgogne   Rapporteure 
DEVIC Thomas  Chargé Recherche CNRS  Univ Nantes   Examinateur 
SOROKIN Alexander  Dir. Recherche CNRS  Univ Lyon 1   Président   
GOUTAUDIER Christelle Professeure    Univ Lyon 1   Directrice de thèse 
FATEEVA Alexandra  Maître de Conférences   Univ Lyon 1   Co-encadrante



 

 
 

 
 
 
 
 

 
 



 

 
 

UNIVERSITE CLAUDE BERNARD - LYON 1 
Président de l’Université 

Président du Conseil Académique  

Vice-président du Conseil d’Administration 

Vice-président  du Conseil Formation et Vie Universitaire  

Vice-président de la Commission Recherche 

Directrice Générale des Services 

M. le Professeur Frédéric FLEURY 

M. le Professeur Hamda BEN HADID 

M. le Professeur Didier REVEL 

M. le Professeur Philippe CHEVALIER 

M. Fabrice VALLÉE 

Mme Dominique MARCHAND  
COMPOSANTES SANTE 

Faculté de Médecine Lyon Est – Claude Bernard 

Faculté de Médecine et de Maïeutique Lyon Sud – Charles 
Mérieux 

Faculté d’Odontologie  

Institut des Sciences Pharmaceutiques et Biologiques 

Institut des Sciences et Techniques de la Réadaptation 

Département de formation et Centre de Recherche en Biologie 
Humaine 

Directeur : M. le Professeur G.RODE  

Directeur : Mme la Professeure C. 
BURILLON 

Directeur : M. le Professeur D. BOURGEOIS 

Directeur : Mme la Professeure C. 
VINCIGUERRA 

Directeur : M. X. PERROT 
Directeur : Mme la Professeure A-M. 
SCHOTT 

COMPOSANTES ET DEPARTEMENTS DE SCIENCES  

ET TECHNOLOGIES 
 
Faculté des Sciences et Technologies 
Département Biologie 
Département Chimie Biochimie 
Département GEP 
Département Informatique 
Département Mathématiques 
Département Mécanique 
Département Physique 

UFR Sciences et Techniques des Activités Physiques et Sportives 

Observatoire des Sciences de l’Univers de Lyon 

Polytech Lyon 

Ecole Supérieure de Chimie Physique Electronique 

Institut Universitaire de Technologie de Lyon 1 

Ecole Supérieure du Professorat et de l’Education 

Institut de Science Financière et d'Assurances 

 
Directeur : M. F. DE MARCHI 
Directeur : M. le Professeur F. THEVENARD  
Directeur : Mme C.  FELIX 
Directeur : M. H. HAMMOURI 
Directeur : M. le Professeur S. AKKOUCHE 
Directeur : M. le Professeur G. TOMANOV 
Directeur : M. le Professeur H. BEN HADID 
Directeur : M. le Professeur  J-C PLENET  

Directeur : M. Y.VANPOULLE   

Directeur : M. B. GUIDERDONI  

Directeur : M. le Professeur E.PERRIN 

Directeur : M. G. PIGNAULT 

Directeur : M. le Professeur C. VITON 

Directeur : M. le Professeur A. 
MOUGNIOTTE 

Directeur : M. N. LEBOISNE 



 

 
 

 

 



 

 
 

Abstract 

 Porphyrins are important macrocyclic compounds which are prevalent in nature and have 

been extensively studied by chemists in homogeneous catalysis as enzyme mimics. Incorporating 

porphyrins in metal-organic frameworks (MOFs) offer an ideal opportunity to obtain material with 

extended frameworks possessing the same properties as the homogeneous systems. Much work has 

been done on porphyrinic MOFs but their stability remains a problem and a major limitation for 

possible wide scale applications. In literature, more stable MOFs have been realised using high valent 

metal ions in the inorganic building unit (such as Fe3+, Al3+, Zr4+) and/or by using more basic 

functionalities in the organic linker. However, regarding porphyrinic MOFs, little work is reported with 

ligands based on functionalities other than carboxylic acid groups. Therefore, our work focused on 

investigating the reactivity of porphyrinic ligands carrying various functionalities with high valent 

metal ions. More precisely, we focused on the design, synthesis optimisation and characterisation of 

such materials. This included studying existing stable carboxylate porphyrinic frameworks with a goal 

of incorporating new functionalities, which led to new variations of these materials. Our work also 

demonstrated that the framework topologies observed with carboxylate based porphyrinic ligand can 

be expanded to other functionalities with the synthesis of a new tetrazolate based porphyrinic MOF. 

MOF synthesis was also investigated with phenolate functionalised ligands and resulted in the first 

gallate based porphyrinic MOF reported. The stability of this new material was assessed. This 

manuscript discusses the synthesis and the characterisation of these MOFs via a combination of 

experimental techniques (X-ray diffraction, TGA analysis, UV-vis spectroscopy, IR-spectroscopy, 

sorption studies etc.). The preliminary evaluation of the catalytic activity of some of the MOFs is also 

described.   
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Résumé 

 Les porphyrines sont des composés macrocycliques naturels étudiés de manière approfondie 

en tant que mimétiques enzymatiques ou catalyseurs d'oxydation en milieu homogène. 

L'incorporation de porphyrines dans des réseaux de polymères de coordination métal-organique 

(MOFs), qui constituent une famille de composés cristallins poreux connus pour leur diversité 

structurelle, pourrait conduire à des matériaux constitués de réseaux étendus présentant les mêmes 

propriétés que les systèmes homogènes. Toutefois de nombreux travaux ont montré que la limitation 

majeure pour des applications à grande échelle des MOFs est leur stabilité. 

 La stabilité de ces matériaux peut être accrue en employant des cations métalliques de 

valence élevée dans l'unité de construction inorganique (tels que Fe3+, Al3+, Zr4+) et / ou en modifiant 

la fonction coordinante du ligand organique. 

 Ce travail est relatif à l'étude de la réactivité de ligands porphyriniques portant diverses 

fonctions coordinantes, avec des ions métalliques de valence élevée. L’influence des paramètres de 

synthèse et la caractérisation approfondie de ces MOFs ont été réalisées par une combinaison de 

techniques expérimentales (diffraction des rayons X, analyse thermogravimétrique, spectroscopie UV-

vis, spectroscopie infrarouge, études de sorption, etc.). Dans un premier temps, l'étude s’est focalisée 

sur des MOFs porphyriniques à base de groupements carboxylates stables connus, ce qui a conduit à 

de nouvelles variantes de ces matériaux. Dans un second temps il est démontré que les topologies des 

réseaux observées sur un ligand porphyrinique à base carboxylate peuvent être étendues à d'autres 

fonctionnalités avec la synthèse d'un nouveau MOF à base de tétrazolate. L’amélioration de la stabilité 

a également été explorée avec des ligands portant des fonctions phénol qui ont abouti à l’élaboration 

de nouveaux réseaux de coordination. La synthèse et l’étude de stabilité d’un MOF porphyrinique à 

base de gallate est rapportée. L'évaluation préliminaire de l'activité catalytique de certains des MOFs 

élaborés est également décrite. 

Mots-clés : 

MOF, Porphyrine, Gallate, Tetrazolate, Stabilité dans l’eau 
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Résumé en Français 

1. Introduction 

 Les 25 dernières années ont vu l'émergence d'une nouvelle classe de solides poreux, les Metal 

Organic Frameworks (MOFs). Ce sont des matériaux hybrides contenant à la fois des parties 

organiques et inorganiques, par opposition aux zéolites qui ne contiennent que des composants 

inorganiques. En choisissant soigneusement ces constituants inorganiques et organiques, il est 

possible d’élaborer un matériau avec une porosité élevée et des propriétés dédiées. 

 L'un des plus grands avantages des MOFs est l’infinité de combinaisons possibles de métaux 

et de ligands organiques ainsi que l'accordabilité et la flexibilité que cela procure. Ainsi, en choisissant 

des ligands organiques et des nœuds métalliques appropriés, il est possible de concevoir 

rationnellement les cadres poreux et de contrôler les tailles de pores et les environnements 

chimiques.1 

 Les porphyrines sont un type de molécules organiques qui peuvent être utilisées comme 

ligands pour la synthèse de MOFs. Les molécules de porphyrine ont fait l'objet de recherches 

approfondies dans des domaines tels que la catalyse d'oxydation et les mimétiques enzymatiques 

dans des systèmes homogènes.2 Ceci est dû à la prévalence de ces molécules dans la nature. Les MOFs 

offrent une plate-forme idéale où les propriétés des porphyrines dans des systèmes homogènes 

peuvent être transférées à des systèmes hétérogènes avec des surfaces et une porosité élevée. De 

plus, l'incorporation de molécules de porphyrines dans les MOFs permet de séparer les espèces de 

métalloporphyrines réactives en empêchant leur auto-désactivation.3 

 Structurellement, les porphyrines offrent un ligand idéal pour les MOFs qui est robuste, avec 

une géométrie plane carrée rigide et des dimensions géométriques relativement grandes qui peuvent 

conduire à des solides poreux. En tant que ligand, les porphyrines offrent deux sites de liaison 

potentiels : un site de liaison métallique fonctionnelle à l'intérieur du noyau porphyrine et un site de 

liaison métallique structurelle à la périphérie avec un groupe fonctionnel de coordination. En outre, 

ce groupe de coordination peut être modifié en permettant différents environnements de 

coordination dans les briques inorganiques du MOF résultant. 

 Robson et al ont été les premiers à rapporter un polymère de coordination à base de 

porphyrine en 19914 et depuis le domaine des solides à base de porphyrines a reçu beaucoup 

d'attention.5-6 La plupart des MOFs à base de porphyrines rapportés sont basés sur le groupement de 

coordination carboxylate avec un métal divalent tels que Zn2+, Ni2+, Co2+, Cu2+.7-9 Il y a eu très peu de 
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travaux avec d'autres fonctionnalités de coordination comme par exemple les phénolates et 

tetrazolates. 

 Les limitations actuelles des MOFs à base de porphyrines  

 Le plus grand obstacle avec les MOFs en général est une faible stabilité chimique. La plupart 

des MOFs basés sur la fonctionnalité coordinante de carboxylate et les ions métalliques divalents tels 

que Zn2+, Cu2+. Ces MOFs se sont avérés avoir une stabilité chimique limitée, particulièrement en ce 

qui concerne l'exposition à l'eau.10 Ceci est dû à l'hydrolyse ou au déplacement du ligand qui se produit 

en présence d'eau.11 Comme mentionné précédemment, la plupart des MOFs à base de porphyrines 

sont construits en utilisant la fonctionnalité coordinante de carboxylate et les ions métalliques 

divalents. Ainsi, ils partagent les mêmes limitations concernant la stabilité chimique que les MOFs 

carboxylates généraux. Ceci est un problème majeur car la stabilité dans l'eau est essentielle pour 

toute utilisation à grande échelle des MOFs car la plupart des applications telles que les procédés de 

séparation ou la catalyse impliquent une exposition à l'humidité à un certain niveau.  

 L'importance de la force de liaison métal-ligand sur la stabilité hydrothermique des MOFs a 

été démontrée dans une étude menée par Low et al.11 Les auteurs ont étudié la stabilité à la vapeur 

de divers MOFs en fonction de la température et ont indiqué que des liaisons métal-ligand plus fortes 

étaient corrélées à une stabilité hydrothermique plus élevée. Une façon d'augmenter la force de la 

liaison métal-ligand est d'augmenter la charge du métal.12 L'anion carboxylate peut être considéré 

comme une base dure; ainsi, la densité de charge accrue d'ions métalliques de valence plus élevée 

peut conduire à des liaisons M-O plus fortes. L'émergence de MOFs stables à l'eau à base de 

porphyrines construits avec la fonctionnalité coordinante de carboxylate et des ions métalliques tels 

que Zr4+, Al3+ et Fe3+ a démontré cette stabilité chimique élevé.13-16 

 Une autre voie pour augmenter la force de liaison du ligand métallique dans les MOFs est 

l'utilisation des ligands avec les fonctionnalités coordinantes qui sont plus basiques. Long et al ont 

suggéré ceci avec leur travail concernant les MOFs qui contenaient des ligands à base d'azolate et la 

force de la liaison M-L, d'où la stabilité chimique corrélée avec le pKa du ligand utilisé.17 Ainsi, 

l’utilisation de fonctionnalités présentant des valeurs de pKa plus élevées que pour le groupe 

carboxylate (pKa~ 4,76) est une stratégie viable afin d’obtenir des structures stables. Les 

fonctionnalités coordinantes telles que les catécholates (pKa1 ~ 9,5, pKa2 ~ 14) et les gallates (pKa1 ~ 

9,3; pKa2 ~ 11; pKa3 ~ 14) ont également des valeurs de pKa plus élevées que les groupes carboxylates 

et peuvent conduire à des MOFs plus stables.18-19 Cependant, il n'y a eu aucun MOF à base de 

porphyrines rapporté utilisant la fonctionnalité de gallate et il existe un seul article sur un polymère 

de coordination construit à partir d'un ligand à base de porphyrine avec la fonctionnalité coordinante 
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de catécholate. Par conséquent, l'utilisation de fonctionnalités de gallate et de catécholate pour 

élaborer des MOFs avec une stabilité chimique accrue dans l'eau reste une voie peu explorée. 

Plus de 300 structures de MOFs à base de porphyrines sont mentionnées dans la base de 

données structurelle de Cambridge (estimation à partir du sous-ensemble MOF dans la base de 

données CSD). Cependant, le nombre de MOFs à base de porphyrines qui ont été rapportés comme 

étant stables dans l'eau (immergés dans l'eau pendant au moins 24 heures) est limité. Cela met en 

évidence la difficulté de stabilisation de ces matériaux. 

 Le but principal de ce travail était en conséquence de concevoir des matériaux poreux 

fonctionnels stables à base de ligands porphyriniques et d'étudier leurs applications potentielles en 

catalyse. L’utilisation de matériaux cristallins est indispensable pour mieux appréhender la relation 

structure-propriété. 

 Deux stratégies différentes ont été utilisées pour élaborer ces matériaux : 

 Étudier les plateformes stables existantes de MOFs à base de porphyrines construites avec le 

groupement carboxylate (à base de Fe3+ et Al3+) et les modifier pour leur conférer de nouvelles 

fonctionnalités ; 

 Explorer la synthèse de nouveaux MOFs en utilisant des ligands à base de porphyrine avec des 

groupements coordinants moins courants dans la littérature tels que le tétrazolate, le 

catécholate et le gallate afin d'obtenir des structures plus stables.  

 Quatre types différents de ligands porphyrines ont été employés lors dans cette thèse (Figure 

1). Le chapitre 2 discutera brièvement des propriétés des porphyrines en général et détaillera la 

synthèse et la caractérisation de ces ligands. 

 Le chapitre 3 détaille l'étude de deux systèmes de MOFs différents avec des ligands à base de 

tetra-carboxyphenyl porphyrine (TCPP) et des ions métalliques Fe3+ et Al3+. L'objectif était de modifier 

ces systèmes pour obtenir de nouveaux matériaux avec de nouvelles fonctionnalités potentielles. Le 

premier système, basé sur Fe3+, a été publié par notre laboratoire et les tentatives faites pour modifier 

le cadre de ce MOF sont présentées dans la première partie du chapitre. Suite à cela, l'étude de la 

réactivité de Fe3+ avec un ligand TCPP métallé avec le cobalt est présentée. La partie suivante du 

chapitre détaille les efforts faits pour synthétiser les nouvelles variations d'un MOF basé sur Al3+ et 

présenter les résultats préliminaires de catalyse. 

 Le chapitre 4 discute de l'article publié par notre groupe sur un nouveau MOF basé sur le 

ligand porphyrine avec un groupement de coordination tetrazole, H2TTPP, et Fe3+. Le chapitre 
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présentera brièvement les MOFs à base de tetrazolate et le potentiel d'obtention de structures 

étendues avec des propriétés de croisement de spin avec ce ligand. 

 Le chapitre 5 se concentre sur les systèmes MOFs construits avec deux ligands à base de 

porphyrine contenant des groupes des phénols, H10-PorphCat et H14-PorphGal. La première partie du 

chapitre détaille le travail effectué avec H10-PorphCat dans le cadre d'une étude à long terme avec 

l'Institut Lavoisier de Versailles (ILV). La deuxième partie discute du travail exploratoire effectué avec 

des ions métalliques à haute valence et H14-PorphGal qui a conduit à la synthèse de structures MOFs 

à haute stabilité chimique. L'article publié basé sur ce MOF stable est également fourni. 

 

Figure 1 Les ligands à base de porphyrines étudiés pour la synthèse des MOFs de ce travail. 
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2. Synthèse des ligands des porphyrines 

 La méthode Adler a été utilisé pour la synthèse des ligands porphyrines.20 Ils ont ensuite été 

isolés et caractérisés par un ensemble de techniques expérimentales (spectrométrie de masse, 

spectroscopies RMN, UV-vis et IR).  

 Les ligands de porphyrine métallée au fer, au manganèse et au cobalt avec le groupe 

fonctionnel de l’acide carboxylique (TCPP) ont été synthétisés avec succès à l’échelle du gramme (3 

étapes de synthèse, rendement total de ~ 12%) (Figure 2). 

 

Figure 2 La voie de synthèse générale suivie pour obtenir les ligands de porphyrine à base d'acide carboxylique. 

  

H10-PorphCat avec le groupe fonctionnel du catéchol a été synthétisé à l’échelle du gramme 

(2 étapes de synthèse, rendement de ~13%) (Figure 3). Le nickel a été inséré avec succès dans 

H2T(OMe)2PP protégé par un groupe méthoxy, et les groupes méthoxy ont ensuite été hydrolysés en 

utilisant du chlorure de pyridinium pour produire du Ni-H8-PorphCat avec une faible quantité de 

démétallation (3 étapes de synthèse, rendement total 9%) (Figure 3). 
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Figure 3 a) Le clivage d'éther de NiT(OMe)2PP avec du chlorure de pyridinium pour obtenir Ni-H8-PorphCat b) Deux procédures 
de synthèse / méthodes de purification différentes utilisées pour le clivage d'éther des groupes méthoxy de H2T(OMe)2PP en 
utilisant BBr3. La méthode 2 donne un mélange d'espèces protonées et non protonées. 

  

La porphyrine H14-PorphGal fonctionnalisée au gallol a été synthétisée à l'échelle du gramme 

via la porphyrine intermédiaire H2TtrimPP (Figure 4). Le clivage d'éther du H2TtrimPP en utilisant BBr3 

a donné la forme diprotonée du ligand de porphyrine, H16-PorphGal-2Br (2 étapes de synthèse, 

rendement total de ~ 14%). 
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Figure 4 La procédure de synthèse utilisée pour obtenir la 5,10,15,20-tétrakis(3,4,5-trihydroxyphényl)porphyrine (H14-
PorphGal). La méthode donne l'espèce dans la forme protonée (H16-PorphGal 2+). 

 

 H2TTPP avec le groupe fonctionnel tétrazole a été synthétisé avec succès à l’échelle du 

gramme via le produit intermédiaire, H2TCyanoP (2 étapes de synthèse, rendement ~ 5%) (Figure 5). 

 

Figure 5 La synthèse de la tétrakis-5,10,15,20(4-(2H-tétrazol-5-yl)phényl)porphyrine (H2TTPP). 

 

3. Les MOFs à base de porphyrines avec le groupement carboxylate 

 Les ligands avec la fonctionnalité coordinante carboxylate ont majoritairement étudiés avec 

des MOFs à base de porphyrines où le ligand plus courant est la tétrakis(4-carboxyphényl)porphyrine, 

principalement en raison de sa disponibilité commerciale et/ou de sa facilité de synthèse.5-6, 21 Les 

études ont montré que l'augmentation de la charge du métal conduit généralement à une 

amélioration de la stabilité hydrothermique des MOFs à base de carboxylates.12 L'anion carboxylate 

peut être considéré comme une base dure ; ainsi, la densité de charge accrue d'ions métalliques de 

valence plus élevée peut conduire à des liaisons M-O plus fortes. Par conséquent, l'utilisation d'ions 

métalliques de valence plus élevée tels que Fe3+ et Al3+ dans la brique inorganique peut conduire à des 

MOFs à base carboxylate plus stables. 
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 Les composés [FeIIpzTCPP(FeIIIOH)2] et Al-PMOF {formule chimique [H2-TCPP(AlIIIOH)2]} publiés 

par Fateeva et al sont deux MOFs carboxylates à base de porphyrine stables.15-16 Le travail présenté 

dans ce chapitre se concentre sur deux sujets principaux. L'un implique l'étude de la réactivité du Fe 

sur des ligands à base de tétrakis(4-carboxyphényl)porphyrine et l'autre implique l'exploration de la 

synthèse de matériel Al-PMOF métallé avec Mn3 + et Fe3 +. 

 Réactivité du Fe avec tétrakis(4-carboxyphényl)porphyrine à base libre 

 [FeIIpzTCPP(FeIIIOH)2] a été synthétisé via la réaction solvothermale du chlorure de fer hydraté 

et de tétrakis (4-carboxyphényl)porphyrine à base libre (H2TCPP) en présence de pyrazine.15 Lorsque 

les trois composés et le DMF ont réagi, un mélange de deux phases a été obtenu, [FeIIpzTCPP(FeIIIOH)2] 

et [FeIITCPP(FeIIpz)2] (Figure 6). Pour obtenir la phase pure du [FeIIpzTCPP(FeIIIOH)2], une procédure de 

synthèse en deux étapes a été adaptée. On fait réagir d'abord FeCl3.6H2O et H2TCPP et on isole un 

solide intermédiaire (Figure 6). Ensuite, on a laissé ce solide réagir avec la pyrazine pour obtenir la 

phase pure du [FeIIpzTCPP(FeIIIOH)2]. Dans ce travail, nous avons essayé d'étudier la nature de cette 

phase intermédiaire car elle pourrait conduire à des informations sur le mécanisme de la formation 

du MOF. De plus, la possibilité de substituer le ligand pyrazine par d'autres donneurs d'azote a 

également été étudiée (N-donneurs tels que l'imidazole). 

 

 

Figure 6 Les voies de synthèse différentes utilisées pour obtenir [FeIIpzTCPP(FeIIIOH)2].15 Les hydrogènes sont omis pour plus 
de clarté. 
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Au total, 11 réactions ont été tentées pour étudier la nature du produit intermédiaire. La formation 

d'un gel a été observée dans 6 réactions ce qui a rendu l'analyse difficile. Pour éviter la formation de 

gel à l'avenir, ce système pourrait être étudié en utilisant des solvants secs dans des conditions 

anaérobies. L’obtention de monocristaux de qualité suffisante pour les études de diffraction sur 

monocristal n’a pas été possible (mauvaise qualité cristalline et petite taille). 

 La substitution de la pyrazine par un N-donneur différent a consisté en 3 tentatives avec 

l'approche en une seule étape alors que 4 tentatives ont été faites avec l'approche en deux étapes. 

Les deux approches ont donné des solides qui étaient des polymères de coordination mais des 

monocristaux de qualité suffisante n'ont pas été obtenus. En outre, 2 tentatives ont été faites pour 

remplacer la pyrazine dans la structure en utilisant la technique d'échange de ligand assistée par 

solvant, mais n'ont pas abouti.  

 Compte tenu du fait que des structures microporeuses ont été obtenues avec le processus de 

synthèse en une étape, il était pertinent d'étudier l’influence des paramètres température et nature 

de solvant sur la cristallinité des structures obtenues. 

 Il semble que la pyrazine ait un effet dans la construction de la structure finale de 

[FeIIpzTCPP(FeIIIOH)2] à partir du produit intermédiaire. En effet, l'utilisation d'autres ligands donneurs 

d’azote n'a pas donné lieu à une structure similaire. Cela pourrait être dû à sa taille parfaite dans le 

cadre et à la capacité d'agir comme un pont entre deux centres Fe2+. Un donneur d’azote intéressant 

à étudier serait la pipérazine. Même si cette molécule n'est pas aromatique, elle pourrait 

potentiellement agir comme un ligand pontant avec ses deux atomes d’azotes. 

 Réactivité du Fe avec la tétrakis(4-carboxyphényl)porphyrine métallée au Co 

 L'activité photocatalytique et électrocatalytique des porphyrines de cobalt pour la réduction 

du CO2 a été bien étudiée.22-23 L'incorporation de telles métalloporphyrines dans des structures de 

MOFs stables peut conduire à des catalyseurs hétérogènes stables. Kornienko et al ont démontré les 

propriétés catalytiques de réduction du CO2 d'un système MOF à base d'Al-PMOF métallé au cobalt.24 

Cependant, il y a très peu de MOFs stables à base de porphyrines qui ont été basés sur des briques 

inorganiques contenant du fer.25 Des briques inorganiques à base de fer trivalent peuvent donner des 

structures stables comme indiqué dans la section précédente. En plus, la présence de fer dans le bloc 

de construction inorganique peut être éventuellement exploitée pour renforcer l'activité redox des 

MOFs.26  
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 Durant ce travail, une nouvelle phase a été obtenue à partir de la réaction entre FeCl3.6H2O 

et le ligand TCPP métallé au Co. La résolution de la structure a révélé un nouveau MOF de formule 

chimique [CoTCPP(H2O)2(FeIIIOH)2] (Figure 7). Cependant, la cristallinité de la phase était médiocre et 

les tentatives répétées pour obtenir des cristaux de meilleure qualité n'ont pas été couronnées de 

succès. 

 Deux autres produits polymères de coordination différents ont également été obtenus, l'un à 

une température isotherme de 190 °C avec du DMF comme solvant et l'autre en utilisant un mélange 

eau/DMF à 150 °C. A nouveau, l'absence de cristaux de qualité suffisante pour la diffraction des rayons 

X a entravé l'analyse structurale ultérieure. 4 réactions ont été tentées pour la synthèse de solides 

obtenus à une température de 190 °C.  L'effet du solvant et le programme de chauffage n'ont pas été 

étudiés. Ainsi, il y a de la place pour une optimisation de synthèse supplémentaire pour ce produit et 

une analyse plus poussée. 

 

 

Figure 7 La structure de [CoTCPP(H2O)2(FeIIIOH)2]. a) le long de l'axe a b) le long de l'axe b c) le long de l'axe c. Les atomes 
d'hydrogène ont été omis pour plus de clarté. 
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 Exploration de la synthèse de matériaux Al-PMOF métallés au Mn3 + et Fe3 + 

 Al-PMOF, [H2TCPP(AlIIIOH)2] est un MOF stable dans l'eau publié par Fateeva et al.16 Il a été 

synthétisé avec un noyau porphyrinique non métallé et des variations Al-PMOF métallés post-

synthétiquement avec du zinc divalent,16 cobalt,27 et cuivre28 ont été rapportées. Zn-Al-PMOF a 

montré une activité photocatalytique vis-à-vis de la production de H2, Co-Al-PMOF a montré une 

activité électrocatalytique pour la réduction du CO2 et Cu-Al-PMOF s'est avéré actif dans la 

photoréduction du CO2. Ainsi, le fait d'avoir différents métaux dans le noyau de porphyrine permet 

d'ajuster la fonctionnalité du matériau. Les métalloporphyrines les plus étudiées sont les porphyrines 

métallées avec Fe et Mn qui ont été utilisées comme modèles pour imiter le cytochrome P-450 dans 

l'oxydation catalytique de substrats organiques et comme catalyseurs pour diverses autres réactions 

d'oxydation.29-30 Cependant, les Al-PMOFs métallés avec Mn et Fe n'ont pas été rapportés auparavant.  

 Mn-Al-PMOF a été obtenu avec succès via l'optimisation de paramètres de synthèse pour la 

réaction solvothermale entre AlCl3.6H2O et MnTCPP(OH). Fe-Al-PMOF a été obtenu par optimisation 

de deux voies de synthèse différentes. La première méthode a exploré la métallation post-synthétique 

de l'Al-PMOF par le thiocyanate de fer et le Fe-Al-PMOF a été obtenu avec environ 80% d'occupation 

du Fe dans les noyaux de porphyrine. La deuxième méthode impliquait l'utilisation de FeTCPP(Cl) en 

tant que ligand de départ et le MOF était obtenu avec une occupation 100% Fe dans les noyaux de 

porphyrine mais avec une cristallinité inférieure par rapport à la première méthode (Figure 8). 

10 20 30

2 Theta (°)

Fe-Al-PMOF de la méthode 1, BET SA 988 m2g-1

Fe-Al-PMOF de la méthode 2, BET SA 1033 m2g-1 

H
2
-Al-PMOF

Mn-Al-PMOF, BET SA 1300 m2g-1 

 
Figure 8 Les données de PXRD comparant pour le Mn-Al-PMOF et les Fe-Al-PMOF préparés à partir des conditions synthétiques 
optimisées. Les surfaces BET sont indiquées. 
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 Evaluation du matériau M-AL-PMOF comme catalyseurs hétérogènes 

 Le potentiel des matériaux Al-PMOF métallés au Fe3+ et Mn3+ en tant que catalyseurs 

hétérogènes a été exploré avec différents types de réactions. Initialement, l'oxydation de l'hexane, du 

toluène et du cyclohexène ont été tentées mais des résultats plus prometteurs ont été obtenus pour 

la formation d’un produit de pyrazoline à partir de diazoacétate d'éthyle (Figure 9). 

 La formation de ce produit est unique au Fe-Al-PMOF lorsqu'il est comparé à l'état homogène 

(Figure 10). En outre, le catalyseur est recyclable jusqu'à 5 cycles. Cependant, la désactivation des sites 

catalytiques au cours des essais catalytiques successifs a été observée. 

  

 

Figure 9 La représentation schématique du mécanisme possible pour la formation des produits dimères et du 3,4,5-triéthyl-
4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (P1). P1 est formé par l'intermédiaire d'une addition 1,3-dipolaire d'EDA au 
maléate de diéthyle ou au fumarate (étape 4). 
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Figure 10 La sélectivité de la réaction du Fe-Al-PMOF avec l'EDA par rapport au système homogène avec FeTesterP(Cl).  
La réaction a été suivi par GC-MS. 

 

4. Les MOFs à base de porphyrines avec le groupement tetrazolate 

 Les tétrazoles font partie de la famille des azoles, qui sont des hétérocycles azotés 

aromatiques à cinq chaînons. Ce sont des donneurs sp2 hybrides d’azote et ont le même 

comportement de coordination que les pyridines. Même si les azoles sont généralement connus 

comme bases (l'azolium est la forme protonée), ils peuvent également être déprotonés pour donner 

l'ion azolate correspondant. 

 Il existe de nombreux exemples de polymères de coordination rapportés avec des ligands à 

base d'azole et la raison de ceci est leur potentiel dans l'application comme matériau de croisement 

de spin.31-34 Le croisement de spin est un phénomène observé avec certains composés où il subit un 

changement d'état de spin lors d'une perturbation externe. Il y a beaucoup de composés à base 

d'azolate rapportés avec ce comportement mais les composés avec des structures étendues qui 

montrent une porosité permanente sont rares.35-37 Ainsi, la motivation de ce travail était d'obtenir un 

composé à base de Fe-tétrazolate avec des porphyrines et présentant une porosité permanente. 

 Les études utilisant la synthèse hydrothermale avec FeCl3.6H2O, H2TTPP et la pyrazine dans le 

DMF ont conduit à la synthèse réussie du composé Fe(II)pzTTPP[Fe(II)1-xDMF1-xFe(III)xOHx], (x = 0,25 

pour échantillon frais). Ce MOF avait une topologie de fry où la brique inorganique est constituée 

d'une chaîne de [FeN4O] qui est similaire à ce qui a été observé avec un MOF de fer à base de 
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porphyrine carboxylate rapporté auparavant avec une chaîne inorganique [FeO4(OH)] (Figure 11). La 

chaîne inorganique contenait à la fois Fe(II) et Fe(III), ce qui a été confirmé par des mesures 

Mössbauer. Pour obtenir l’équilibre de charge, les ligands pontant OH- sont remplacés par des 

molécules de DMF neutres qui ont été confirmées par spectroscopie IR dépendant de la température. 

Cependant, la structure n'était pas stable à l'air en raison de l'oxydation du Fe(II) en Fe(III) dans la 

brique inorganique, mais le solide résultant après activation présentait une microporosité intrinsèque. 

En raison de cette instabilité à l'air, une étude plus poussée des propriétés électrochimiques telles 

qu'un comportement redox et un croisement de spin n'était pas possible. Potentiellement, des 

structures plus stables peuvent être obtenues en utilisant un ligand de porphyrine à base de 

pyrazolate à la place du ligand à base de tétrazolate.38  

 

             Figure 11 La structure de Fe(II)pzTTPP[Fe(II)1-xDMF1-xFe(III)xOHx], vue le long de l’axe c.  

 

5. Les MOFs à base de porphyrines avec les groupements phénolates 

 Ce chapitre présente le travail effectué sur l'étude de la réactivité de deux porphyrines 

fonctionnalisées au phénol : 5,10,15,20-tétrakis(3,4-dihydroxyphényl)porphyrine à base de catéchol 

(H10-PorphCat) et 5,10,15,20-tétrakis(3,4,5-trihydroxyphényl)porphyrine à base de gallol (H14-

PorphGal). L'étude concernant la porphyrine fonctionnalisée par le catéchol faisait partie d'un projet 

à long terme en collaboration avec l'Institut Lavoisier de Versailles (ILV) et portait sur l'optimisation 

de la synthèse d'une phase MOF de fer conduisant à l'obtention de monocristaux pour l'élucidation 

structurale. Ce chapitre présente également le travail exploratoire initial effectué en utilisant une 

porphyrine fonctionnalisée au gallol et divers ions métalliques trivalents. La partie de l'étude 

concernant la phase MOF obtenue avec des ions de terres rares trivalents a été publiée dans un article 

fourni dans la section 5.2.2 du chapitre 5 du manuscrit. 
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 Etude de la réactivité des ligands à base de catéchol-porphyrine avec Fe(III) pour la 

synthèse de MOFs 

La force de liaison métal-ligand est l'un des principaux facteurs permettant de déterminer la 

stabilité chimique des structures MOFs comme mentionné précédemment. Une approche pour 

augmenter cette force de liaison est d’employer des groupes coordinants plus basiques. Les 

fonctionnalités 1,2-dihydroxyphényle ou catéchol ont un pKa plus élevé (pKa1 ~ 9,5 ; pKa2 ~ 14) par 

rapport au groupe d’acide carboxylique (pKa ~ 4,8). Il y a des MOFs à base de catécholate dans la 

littérature. Nguyen et al ont rapporté une série des MOFs 3D basés sur le linker triphenylene-

2,3,6,7,10,11-hexakis (olate)(THO6-).18  Un des MOFs de cette série, Fe-CAT-5 [formule chimique Fe 

(THO)·Fe(SO4)(DMA)3, DMA = diméthylammonium], a montré une stabilité dans l'eau et une 

conductivité protonique élevée. Cependant, il n'y a qu'un exemple rapporté d'un polymère de 

coordination basé sur un ligand base à porphyrine fonctionnalisé par le catéchol. Jin et al ont rapporté 

plusieurs solides cristallins à base de H10-PorphCat avec Cu, Co et Ni divalents.39 Les structures réelles 

de ces solides n'ont pas été déterminées car les auteurs étaient intéressés par la synthèse de 

composites hybrides par thermolyse. 

Dans cette partie de la thèse, nous avons étudié la synthèse de MOFs porphyrines basée sur 

la fonctionnalité des catécholates. C'était la poursuite d'une étude des solides obtenus à l'ILV avec des 

sels métalliques trivalents et des ligands à base de H10-PorphCat. Le système avec FeCl3.6H2O, H10-

PorphCat, le pyrocatéchol et la pyrazine a été optimisé pour obtenir de meilleurs monocristaux en 

termes de taille en étudiant l'effet de différents paramètres. Les plus gros cristaux ont été obtenus à 

partir de la synthèse à 160 °C, avec un rapport réactif de 3: 1: 3: 15 pour le métal: porphyrine: pyrazine: 

pyrocatéchol et un mélange DMF/eau de 20% / 80% pour le solvant. La taille des monocristaux a été 

augmentée de 20 μm jusqu'à 140 μm (Figure 12). Ces cristaux ont été analysés par diffraction 

synchrotronique et le travail relatif à la résolution structurale est toujours en cours. 



xvi 
 

 

Figure 12 L’Image SEM des cristaux obtenus avec les conditions synthétiques optimisées. 

La caractérisation des échantillons globaux synthétisés dans les conditions optimisées a 

indiqué que ces matériaux possèdent une porosité permanente proche de celle obtenue pour une 

phase similaire à l'ILV mais la vérification de sa reproductibilité reste à effectuer. Cependant, une 

analyse précise de la pureté / composition de l'échantillon est difficile sans connaissance de la nature 

exacte de la structure. 

 Etude de la synthèse de MOFs avec des ligands à base de porphyrine contenant le 

groupement gallate 

 De manière similaire aux groupes de catéchols précédemment décrits, la fonctionnalité 1,2,3-

trihydroxyphénol (gallol) a également la capacité de produire des cadres stables en raison de sa 

basicité élevée (pKa1 ~ 9,3 ; pKa2 ~ 11 ; pKa3 ~ 14). 

 Il existe quelques MOFs construits avec la fonctionnalité gallate40-42 mais un seul a été 

rapporté basé uniquement sur cette fonctionnalité, MIL-163 [formule chimique Zr(H2-

TzGal) x(H2O)y(DMA), H6-TzGal= 5,5'-(1,2,4,5-tétrazine-3,6-diyl)bis(benzène-1,2,3-triol), DMA = 

diméthylamine].19 Ce matériau a montré une stabilité chimique remarquable même en présence 

d'espèces coordinantes compétitives, telles que les ions phosphate (solution tampon de phosphate, 

PBS). 

 Des tentatives ont été faites pour transposer la topologie du MIL-163 dans une structure en 

commençant par le ligand à base de porphyrine, 5,10,15,20-tétrakis(3,4,5-trihydroxyphényl) 

porphyrine (H14-PorphGal) et les sels de zirconium par Mouchaham et al à l'ILV. Ceci a conduit à la 

synthèse réussie du MIL-173(Zr) [formule chimique Zr2(H6-PorphGal)(DMF,H2O)n] qui est le premier 

MOF à base de porphyrine construit avec cette fonctionnalité. Dans le cadre de la thèse, il a été tenté 
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d'étendre cette structure aux métaux des terres rares. Ce travail a été effectué en utilisant les 

installations à haut débit de l’ILV. Cela a donné des composés avec une structure similaire à MIL-

173(Zr) avec La3+, Ce3+ et Y3+, MIL-173(RE) [formule chimique RE2(H8-PorphGal)(DMF, H2O)n]. En outre, 

la synthèse avec le Lanthane a donné des monocristaux qui ont été utilisés pour l'élucidation 

structurelle. Les deux structures contiennent une brique inorganique constituée des chaînes infinies 

d'octaèdres de ZrO8 où le Zr/La est relié à quatre unités de porphyrine différentes (Figure 13). A leur 

tour, les unités de porphyrine sont connectées à huit ions Zr4+/La3+ différents. L'équilibre de charge de 

MIL-173 est obtenu par la présence de protons phénoliques supplémentaires, phénomène courant 

surdimensionné pour le matériau à base de gallate.   

 

Figure 13 a) La brique inorganique et la structure de MIL-173(Zr). b) La brique inorganique et la structure de MIL-173(La). Il y 
a des protons phénoliques supplémentaires pour l'équilibre des charges indiqué en noir. 

 MIL-173(Zr) montre une stabilité exceptionnelle dans l'eau et dans les milieux PBS. 

Cependant, cette stabilité n'est pas observée pour MIL-173(RE). Cela peut être attribué à la densité 

de charge plus faible sur les ions RE3+ par rapport à l'ion Zr4+. 

En outre, MIL-173(Zr) a été métallé post-synthèse avec Co et le matériau résultant montre 

une activité catalytique hétérogène analogue à l'hème avec de l'oxygène moléculaire comme oxydant. 

Ainsi, il est possible que la structure de MIL-173(Zr) soit métallée avec différents métaux tels que le 

fer, ce qui peut conduire à une activité catalytique différente. 

L'étude d'autres métaux trivalents a conduit à la synthèse de polymères de coordination basés 

sur Al3+ et In3+. Leurs structures restent inconnues. Une seule température de réaction et le temps 

d'isotherme ont été étudiés pour la synthèse. Par conséquent, une étude plus approfondie de ces 

paramètres peut potentiellement produire des monocristaux nécessaires à la résolution de sa 

structure. Une autre phase 1D a été obtenue dans le cas de In3+ en utilisant une teneur en eau plus 

élevée dans le solvant et la structure a été élucidée par diffraction des rayons X sur monocristal. 
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1. An introduction to porphyrin based metal organic frameworks 

Porphyrinic MOFs have been extensively studied in literature but their chemical stability 

remains problematic (chapter 1). In this work we explore the possibility of obtaining more stable 

porphyrinic MOFs by using porphyrinic ligands with various functionalities which were synthesised 

and characterised (chapter 2). One of the strategies we used in order to reach our goal was to 

investigate existing stable carboxylate porphyrinic MOF platforms and attempt to modify them to 

impart new functionalities (chapter 3). The other approach employed was to explore the synthesis of 

novel MOFs by using porphyrinic ligands with functionalities which are little utilized in literature such 

as tetrazolate (chapter 4), catecholate and gallate (chapter 5).  

This chapter will briefly introduce MOFs and present methods for synthesis optimization and 

characterisation. Then MOFs based on porphyrinic ligands will be discussed followed by an exhaustive 

literature study of porphyrinic MOFs based on non-carboxylate linkers. Current limitations of 

porphyrinic MOFs are also discussed. 

1.1. Metal Organic Frameworks 

The rational synthesis of porous solids is an on-going challenge in the area of materials 

science. Porous inorganic materials such as zeolites, which are aluminosilicate minerals made from 

interlinked tetrahedra of alumina (AlO4) and silica (SiO4) have been used widely in industry as 

catalysts.1   

Last 25 years have seen the emergence of a new class of porous solids, metal-organic 

frameworks (MOFs). They are hybrid material containing both organic and inorganic moieties as 

opposed to zeolites which contain only inorganic components. By carefully choosing these inorganic 

and organic constituents, material with high porosity and desired properties can be obtained.   

The pioneering work for this class of compounds was established by Hoskins and Robson in 

1990, with their article regarding the design of 3-dimensional frameworks using octahedral and 

tetrahedral metal centres linked by “rod-like units”.2 The term metal-organic frameworks was first 

coined by Yaghi et al to describe these type of materials.3 By using 1,3,5-benzenetricarboxylate, 

pyridine and octahedral Co centres, the authors reported the successful design and synthesis of a 

layered material that could reversibly and selectively bind aromatic compounds such as benzene.3 

Since then this domain of  materials science has grown rapidly.  
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Figure 1-1 Rod and sphere representation of a MOF and its components. 

A simple rod and sphere representation can be used to illustrate the modular concept of a 

MOF. The rods represent the organic backbone of the MOF which are the ligands while the spheres 

represent the metal nodes (Figure 1-1).  

The number of possible organic molecules that can be used as ligands is vast and can have 

different functionalities for metal coordination. Some of the common coordinative functional groups 

that have been used successfully in MOF synthesis include carboxylates,4 phosphonates,5 pyridyls,6 

pyrazolates,7 and imidazolates.8 

The metal nodes represented by the spheres could be a single metal cation or a metal cluster 

such as [Zn4O(CH3CO2)6], which is found in the well-known MOF-5.9 Choice of the metal node plays a 

vital role in determining the topology of the framework as different connectivities will lead to different 

framework topologies. Majority of MOFs are based on divalent metals such as Zn2+, Cu2, Cd2+, but 

recently attention have been given to higher valence metal ions such as Fe3+, Al3+ and Zr4+ due to them 

resulting in more stable frameworks, which will be discussed later.10  

One of the biggest advantages of MOFs is the sheer number of possible combinations of 

metals and organic ligands available and the tunability and the flexibility it provides. Thus, by choosing 

suitable organic ligands and metal nodes, it is possible to rationally design the porous frameworks and 

control the pore sizes and the chemical environments.11 

1.2. Rational design of MOF 

 There has been considerable effort made to predict the accessible framework topologies, led 

by Yaghi et al12 and Férey et al.13  A popular approach for rationally designing MOF structures and 

predict the possible framework is using the concepts of secondary building units (SBU) and reticular 

synthesis.  

SBUs can be defined as basic units present when a MOF structure is deconstructed.14 They can 

be thought of being two types, inorganic which contains the metals and organic which contains the 

organic linker. These two types of SBUs join together to give the overall structure of the framework. 

The shape of the SBUs are defined by the points they connect to other SBUs (points of extension). 
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Some common inorganic SBUs found in carboxylate MOFs are shown in Figure 1-2. Certain inorganic 

SBUs such as chromium acetate cluster and the zinc acetate cluster have also been extended to other 

functionalities such as azolates (discussed further in chapter 4).15 16 

Reticular synthesis in essence is generating a desired topology from the identified compatible 

SBUs. If the reaction conditions that produce an inorganic SBU with a specific geometry in situ is 

known, in many cases, it is possible to obtain a pre-determined network with the addition of a rigid 

organic SBU.12  Wang et al provided an example of this with their porphyrinic MOFs, PCN-601 and PCN-

602 (Figure 1-12) which have the same framework topology (described in detail later). The difference 

is that the latter MOF contains a more spacious ligand which results in larger pores.  

     

      

Figure 1-2 Some common SBUs found in carboxylate MOFs. Common named used for the inorganic SBUs are given above the 
respective structures. Red dots indicate the points where the SBU are linked to another SBU (points of extension).  
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Reticular synthesis principles work well for rigid organic SBUs and have led to isoreticular 

series of MOFs with different pore sizes and functionalities such as IRMOF series9 and UiO MOF 

series.17 However, this concept has limitations and can fail when flexibility is introduced to the SBUs 

as demonstrated by Devic et al.18 Authors synthesised two frameworks with two different topologies 

by using two similar tritopic organic SBUs as shown in Figure 1-3. The rigid ligand led to a framework 

with hexagonal pores with permanent porosity, MIL-103 [La(BTB)(H2O)·2(C6H11OH), BTB= 1,3,5-

benzenetrisbenzoate] (Figure 1-3a),19  while the flexible linker led to a framework with no permanent 

porosity, MIL-112 [La(L)(H2O)2·2H2O), L= 4-[3,5-Bis-(1-carbonylmethyl-1H-[1,2,3]triazol-4-yl)-phenyl]-

[1,2,3]triazol-1-yl acetic acid] (Figure 1-3b).18 Both the frameworks had similar chain like inorganic 

SBUs, with a slight difference in the carboxylate coordination modes. In MIL-103 there were two 

chelating bridging and one bridging carboxylate groups while in MIL-112 there were two chelating 

bridging and one chelating carboxylate groups. The difference in the topology of the framework was 

due to the rigidity/flexibility of the linker used. In MIL-103 the linkers have strict C3-symmetery while 

in MIL-112 the linkers are T-shaped with different orientations due to the flexibility of the carboxylates 

around the methylene groups and the presence of the pentagonal triazole rings. 

           

Figure 1-3  Comparison of the network topologies obtained with a rigid and a flexible tritopic ligand a) MIL-103 with 19 b) MIL-
112.18 Hydrogens and solvent molecules are omitted for clarity.  
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1.3. Synthesis of MOFs 

Synthesis methods 

Traditional synthesis methods can be divided into two main categories, solvothermal and non-

solvothermal. Solvothermal synthesis has become the most commonly used method in MOF chemistry 

and was used for the work presented in this thesis. It involves reacting the starting materials at or 

above the boiling temperature of the solvent in a sealed vessel. The autogenous pressure generated 

helps to enhance the solubility of the starting material as the solvent can be heated above the boiling 

temperature and promotes the reaction.  This method requires special equipment such as autoclaves 

or sealed containers which can withstand elevated pressures and temperature controlled ovens 

allowing to set heating and cooling rates.  

Non-solvothermal syntheses require classical lab equipment and can be accomplished at room 

temperature or with conventional heating. Some well-known MOFs, such as HKUST-1,20 and ZIF-88  

have been synthesized in this fashion.   

 Non-traditional methods such as microwave, electrochemical, sonochemical and 

mechanochemical assisted synthesis  have been also reported.21  

Optimisation of MOF crystallisation process 

The formation of MOFs is influenced by many parameters. These can be compositional 

parameters, such as molar ratios of starting material, concentration of reagents, pH, solvents, and the 

presence of various additives or it can be process parameters such as reaction time and temperature. 

These different factors affect not only the topology of the MOF obtained but also the crystal size and 

phase purity. Thus, the process of optimizing a MOF synthesis often involves the systematic 

investigation of these parameters in an iterative manner.  

Common additives used in MOF synthesis are modulators which can act as monotopic linkers 

(such as benzoic acid, acetic acid). They can form dynamic bonds with the metal precursor and 

compete with the linkers for coordination sites which can help to slow down the formation of 

structural bonds.22 This can affect the crystal size, crystallinity, porosity and the phase purity of the 

MOF. Schaate et al reported the successful control of crystal size of UiO-66, which is a Zr6 cluster based 

MOF with BDC (1,4-benzene dicarboxylate) as the linker, by varying the amounts of benzoic acid used 

as a modulator.23 Increasing the benzoic acid concentration resulted in increased crystal size (Figure 

1-4). 
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Figure 1-4 Synthesis of UiO-66 using different amounts of benzoic acid leading to different crystal sizes as reported by Schaate 
et al .22 SEM images reproduced from the reference 22.  

 

High throughput synthesis methods  

 As mentioned above there are many process and compositional parameters which influence 

MOF synthesis and the systematic investigation of these parameters in a serial manner is very time 

consuming.  High throughput synthesis methods can accelerate this process and help the discovery of 

new MOFs by combining the ideas of parallelisation, miniaturization and automation of screening, 

which enables generating large amounts of data in a short time scale.24 With parallelisation, multiple 

parameters can be investigated at the same time. For example, the two parameters, solvent 

composition and reactant ratio can be looked at in parallel at the same time for the effect they have 

on the resultant product as shown in Figure 1-5. The reactions are done in a smaller scale (usually 

around 0.3-2 mL) in parallel reactors (96, 48 or 24 reactors plates are commonly used). The resultant 

products are usually analysed and screened via PXRD and optical microscopy to check single crystals 

formation. These methods require a minimum level of automation at least at the characterisation level 

to be effective in efficiently analysing the data. Fully automated systems have been reported which 

includes  reactant dispensing (for sample preparation) and purification steps.25 
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Figure 1-5 An example of a high throughput set up of a 24-reactor plate investigating 2 different reaction parameters in 
parallel.  

Pioneering work on high throughput methods regarding MOF synthesis was reported by the 

Férey and Yaghi groups.  In 2008,  Stock and Férey conducted a high throughput study of the system 

with FeCl3 and 2-amino terephthalic acid, where they looked at the influence of reaction parameters 

such as molar-ratios, pH, concentration, temperature and solvent.26 A total of 912 individual reaction 

mixtures were investigated in 38 high throughput experiments. This led to the identification of the 

synthesis conditions for three different phases: Fe-MIL-53_NH2, Fe-MIL-88B_NH2, and Fe-

MIL101_NH2. Remarkably, all the syntheses conditions were successfully upscaled. 

Yaghi et al used a high throughput system to investigate the ZIF (Zeolitic Imidazolate 

Framework) MOFs based on imidazolate ligands.27 The authors looked at various reaction parameters 

such as reactant ratio, solvent and temperature for 9 different ligands and 2 different metal ions (Co2+ 

and Zn2+). 9600 reactions with a reactant volume of 0.3 mL were performed in 100 different 

experiments which led to the identification of 16 new compounds during this 3-month long study.  

However, only the synthesis of 7 compounds could be scaled up for bulk analysis which highlights one 

of the short comings of this technique. The optimised MOF synthesis conditions at a smaller scale do 

not necessarily translate to the successful synthesis at a higher scale.   

 During this work, the initial studies regarding the synthesis of the MIL-173(RE) MOF were 

performed using high throughput methods at the Institut Lavoisier de Versailles in Paris and will be 

discussed in further detail in chapter 5.   
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1.4. Characterisation of MOFs 

 The MOF characterisation techniques used in this work are briefly described in this section.  

Single crystal X-ray diffraction 

 This method relies on the diffraction of X-rays of a fixed wavelength by the lattice of a single 

crystal with constructive interference according to the Braggs law (nλ=2d sinθ).  Braggs law defines 

the relationship between the wavelength of the electromagnetic radiation, the diffraction angle (θ) 

and the lattice spacing between two similar parallel planes of atoms(d). The observed diffraction 

pattern which provides information about the three-dimensional positioning of atoms, can be solved 

to obtain the structure of this lattice. This is the best method for unambiguous determination of a 

MOF structure. However, the biggest limiting factor with this technique is obtaining single crystals of 

sufficient quality for structural elucidation. 

Powder X-ray diffraction (PXRD) 

 PXRD relies on the same principles as the single crystal X-ray diffraction. However, single 

crystals are not required for this method and is typically performed on the homogenised powdered 

form of a sample. PXRD relies on the assumption that the powder contains randomly arranged 

crystallites with statistically significant number of each plane of the crystal structure in the proper 

orientation to diffract the incident X-rays. Different crystalline material will have a unique powder 

diffraction pattern which can act as a fingerprint.  PXRD is invaluable in MOF chemistry and is useful 

for rapid and non-destructive determination of bulk crystallinity and the phase purity of the obtained 

samples by comparing to the simulated patterns of the framework. Furthermore, high resolution PXRD 

is increasingly used for structural elucidation of MOFs which yield crystals too small for single crystal 

X-Ray diffraction studies.  

Nitrogen adsorption and desorption isotherms and BET surface area analysis  

 Nitrogen adsorption and desorption isotherms are used to determine the accessible surface 

area of MOFs. The most common method for determining the surface area is the use of the Brunauer-

Emmett-Teller (BET) equation. The method depends on the relationship between the adsorbed 

volume and pressure at constant temperature, from which the total surface area of the absorbent is 

determined.  

Infrared (IR) spectroscopy 

 IR spectroscopy relies on the interaction of infrared radiation with matter which corresponds 

to the vibrational excitation energies. This can give information about the functional groups (such as 

C=O, -OH) present in a molecule.   
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UV-vis spectroscopy 

 In UV-vis spectroscopy, the absorption of the electromagnetic radiation in the UV-vis spectral 

region by molecules as a function of the wavelength of the incident radiation is measured. The 

absorption in this region usually corresponds to electronic transitions of molecules with conjugated π 

bonds (π to π* transitions such as porphyrins) or transition metal complexes (d-d transitions). UV-vis 

spectroscopy is usually performed in the solution phase but it can also be used to study solid material. 

In solution phase the transmittance of the radiation is measured as a function of the wavelength while 

in the solid phase, diffuse (total) reflectance is measured. This method can give information about the 

concentration of chemical species (Beer-lambert law). It can also indicate the type of species present 

such as in porphyrins where the absorption maxima changes depending on the metalation of the 

porphyrin core. 

Thermogravimetric analysis (TGA) 

 In TGA, the change in mass of a sample is measured as a function of temperature which can 

give information about phase transitions, adsorption/desorption, oxidation/reduction and thermal 

decomposition of a sample. TGA is used to determine the thermal stability of MOFs and can also be 

used to calculate their relative purity.  

Mössbauer spectroscopy 

 This technique relies on the emission of gamma radiation from a heavy nucleus (such as of 
57Fe) undergoing an energy level transition and gives information about the surrounding electronic 

and magnetic environment. It is useful with regards to iron containing MOFs and helps to determine 

the oxidation and the spin state of iron in the framework.  

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

 In SEM, a focused beam of high energy electrons is used to study the surface of solid samples 

which gives information about its morphology. EDS uses the X-rays generated due to the incident 

electrons to provide information about the chemical composition of the material. SEM is useful 

studying crystal size and morphology of MOFs.  When coupled with EDS, it can also be useful to analyse 

elemental composition both quantitatively and qualitatively.  

1.5. Porphyrinic MOFs 

 Porphyrin molecules have been extensively researched in areas such as oxidation catalysis and 

enzyme mimics in homogeneous systems.28 This is due the prevalence of these molecules in nature as 

seen in heme groups in enzymes which are responsible for various biological processes (discussed in 

more detail in chapter 2). MOFs offer an ideal platform where properties of the porphyrins in 

homogeneous systems can be transferred to heterogeneous systems with high surface areas and 
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porosity. Furthermore, incorporating porphyrinic moieties in MOFs enables the reactive 

metalloporphyrin species to be kept apart preventing their self-deactivation.29  

Structurally, porphyrins offer an ideal ligand for MOFs which is robust with a rigid square 

planar geometry and relatively large geometrical dimensions that can lead to porous solids. As a 

ligand, porphyrins offer two potential binding sites. A functional metal binding site within the 

porphyrin core and a structural metal binding site at the periphery with a coordinating functional 

group (Figure 1-6). Furthermore, this coordinating group can be changed allowing different 

coordination environments in the inorganic secondary building units of the resulting MOF.  

The functional metal site can be realised either by using metalated porphyrinic ligands as 

precursors or by post-synthetic metalation of the MOF (Figure 1-6). This paves the pathway to obtain 

heterobimetallic systems where the metal in the porphyrin core can be changed to obtain varying 

functionalities (discussed in detail in chapter 3).  

 

 

Figure 1-6 a) Schematic representation of a porphyrin ligand b) Synthesis starting with a metalated porphyrin ligand which 
leads to a heterobimetallic framework. c) Post-synthetic metalation of the porphyrin cores of the framework with a functional 
metal.   
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Robson et al were the first to report a porphyrin-based coordination polymer in 1991. The 

authors reported a three-dimensional framework made from palladium-based tetra pyridyl porphyrin 

ligands interconnected to cadmium ion nodes, [Cd2(NO3)2(PdTPyP)]·hydrate (H2TPyP =5,10,15,20-

tetra(pyridin-4-yl)porphyrin).30 Since then the field of porphyrinic framework solids have received 

much attention.31-32 The main groups conducting research in this field are summarised in Table 1-1. 

Table 1-1 Main research groups which are currently conducting work on porphyrinic MOFs 

Group Speciality Published Porphyrinic MOFs 

Hupp group 

Northwestern 

University, Illinois. 

Pillared MOFs with 

permeant porosity, light 

harvesting applications 

ZnPO-MOF,33 RPM-MOFs,34 BOP-MOF,35 DA-

MOF,36 Hf-NU-1000,37  NU-902,38 NU-

1102,39 NU-110439 

Zhou group 

Texas A&M 

University, Texas 

Porous porphyrinic MOFs 

with high chemical stability 

PCN-134,40 PCN-221,41 PCN-222,42 PCN-

223,43 PCN-224,44 PCN-225,45 PCN-

228,46PCN-229,46 PCN-230,46 PCN-526, 47 

PCN-600,48 PCN-22,49, PCN-601,50 PCN-602,51 

TPMOF-7,52 SO-PCN53 

Ma group 

University of South 

Florida, Florida 

Porphyrinic MOFs for CO2 

capture 

MMPF-1,54 MMPF-2,55 MMPF-4,56 MMPF-5,56 

MMPF-6,57 MMPF-7,58 MMPF-8,58  MMPF-

9,59 MMPF-14,60 , MMPF-1861 

Zhang group 

University of 

Nebraska-Lincoln, 

Nebraska 

Photoactive porphyrinic 

MOFs 

UNLPF-2,62 UNLPF-10,63 UNLPF-11,64 UNLPF-

12,64 UNLPF-13,65 UNLPF-14,65 UNLPF-15,65 

UNLPF-16,65 

 

Most of the reported porphyrinic MOFs have been based on the carboxylate moiety with 

divalent metal ions such as Zn2+, Ni2+, Co2+, Cu2+ which is a natural extension of the fact that carboxylate 

based ligands have been the most studied in general MOF chemistry.59, 66-67 However, the use of other 

functionalities such as pyrazolate can offer frameworks with enhanced chemical stability due to their 

increased basicity (discussed further in section 1.7). The next section will present a literature study on 

porphyrinic MOFs based on non-carboxylate based functionalities which have been reported.  
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1.6. Porphyrinic MOFs based on non-carboxylate functional groups 

  This section will look at all the reported MOFs constructed with symmetrical porphyrinic 

ligands with non-carboxylate functional groups. Only two-dimensional (2D) and three-dimensional 

(3D) structures were considered. Furthermore, coordination polymers reported where the polymer is 

extended via axial coordination of metalated cores were not included.     

Pyridyl 

Pyridyl functionality is the second most studied after the carboxylate functionality with 

regards to porphyrinic MOFs with 11 different types of 2D and 3D structures reported. In fact, the first 

porphyrinic MOF reported by Robson et al was synthesized using a porphyrinic ligand with the pyridyl 

functionality ( 5,10,15,20-tetra(4-pyridyl)porphyrin, H2TPyP, Figure 1-7a).30  This section will look at 

some recent examples of porphyrinic MOFs built using this functionality.  

Table 1-2  Reported porphyrinic MOFs constructed using ligands with pyridyl functionality in literature. Only 2D and 3D MOF 
frameworks were considered. 

Ref Code Formula Net type reference 
BAKKIH  [(PbI2)(H2TPyP)]·4TCE 2D 68 
BAKNEG [(CdI2)(H2TPyP)]·4TCE 2D 68 
NUWCAK [Cu(hfacac)2](CuTPyP)·6H2O 2D 69 
COPVOU Cd(H2O)2(MnIII(H2O)2TPyP)(PW12O40)}· 10H2O 2D 70 
COPVOA Cd(H2O)2(MnIII(H2O)2TPyP)(PW12O40)} 2D 70 
COXXAP [(MnCl2)(H2TPyP)]·6TCE 2D 71 
FEWGEU [(Ag(m-C6H4NH2Cl)2)2(H2TPyP)](CH3C6H4SO3)2  2D 72 
QAJBIP [Cu4(CH3COO-)8](CuTPyP)1]·4C6H4Cl2 2D 73 
TUSGIX [Ag4(H2TPyP)3](NO3)4 2D 74 
TUSGOD [Ag2(H2TPyP)(NO3)](NO3) 2D 74 
UFOMAD [Pb(NO3)2(H2TPyP)]·C60·1.5TCE 2D 75 
UFOMIL [Pb(NO3)2(H2TPyP)]·C70·nCH2Cl2·nCH3OH 2D 75 
WUHWIG [CuI

2(phen1)2(CuTPyP)PF6] ·4C6H4Cl2 2D 76 
DIFKAF [(Cu2(CH3COO)4)2(CuTPyP) · 2CHCl3] 2D 77 
XIHZOE HgI2(H2T3-PyP) ·C60 2D 78 
YIRREY [MnIICl2(MnIIIT DP AP -Cl)(DMF)] 2D 79 
YIRRAU [Cu3(CuTDPAP)(CH3COO)5(HCOO)(CH3COOH)(H2O)3]·CH3COOH·H2O 2D 79 
YIRQUN  [Cd2(H2TDPAP)(CH3COO)4]·DMF·CH3COOH·2H2O 2D 79 
CAGKIG (CdI2)(H2TPyP) 3D 80 
CAGKIG01 (CdI2)(H2TPyP) 3D 80 
CAGKIG02 (CdI2)(H2TPyP) 3D 80 
CAZGIT (Cu2Mo3O11)(CuTPyP) 3D 81 
IZULUL [Zn2(H2O)4(SnIVTPyP)(HCOO)2]·4NO3

-·DMF·4H2O  3D 82 
PIZJEN CuI(CuIITPyP)·BF4 3D 83 
PUZCUJ [Nd(NO3)3(H2O)2](H2TPyP)·3(o-DCB) 3D 84 
PUZDAQ [Gd(NO3)3(H2O)2](H2TPyP)·3(o-DCB) 3D 84 
PUZDEU [Tb(NO3)3(H2O)2](H2TPyP)·3(o-DCB) 3D 84 
PUZFUM [Sm(NO3)3(H2O)2](H2TPyP)·3(o-DCB) 3D 84 
RAGBOR [(Cu2V2O2(O3PC6H5)4)(CuTPyP)]·2H2O 3D 85 



17 
 

RAGBUX [(V4O4(O3PC6H5)4)(NiTPyP)]·2H2O 3D 85 
SOBTUY [Cd2(NO3)2(PdTPyP)]·8.6H2O 3D 30 
AZIVA [CuCl2(CuTPyP)]·2.5TCE·7H2O 3D 86 
UPOSIC CdCl2(H2T3-PyP) 3D 87 
UPOSOI CdCl2DMF(CdT3-PyP) 3D 87 
XUGSEY Zn2(tcb)(ZnPFDpyP) 3D 33 
IBAPIM Zn2(AlTCPP-OH)(ZnPFDpyP) 3D 34 
IBAPOS Zn2(FeTCPP-Cl)(ZnPFDpyP) 3D 34 
IBAPUY Zn2(PdTCPP)(MnPFDpyP-Cl) 3D 34 
IBAQAF Zn2(ZnTCPP)(MnPFDpyP-Cl) 3D 34 
IBAQEJ Zn2(ZnTCPP)(ZnPFDpyP) 3D 34 
Not 
reported 

Zn2(tcb)(ZnDPEP) 3D 36 

TCE = Tetrachloroethane,    
(PW12O40)3- = phosphomolybdate anion   
hfacac = 1,1,1,5,5,5-hexafluoroacetylacetonate 
o-DCB=  o-dichlorobenzene 
phen1=dimesityl-(1,10)-phenanthroline  
tcb = 1,2,4,5-tetrakis(4-carboxyphenyl)benzene  
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Figure 1-7 Pyridyl based porphyrinic ligands used for the construction of 2D and 3D MOFs 

Wu et al. reported a 3D porous MOF, [Zn2(H2O)4SnIV(TPyP)(HCOO)2]·4NO3·DMF·4H2O, which 

has a structure constructed from lamellar networks of tin(IV)-TPyP porphyrin struts linking with Zn 

nodes in the ab plane (Figure 1-8).82 The lamellae are linked by formate ions through coordination 

with Sn4+ centres to extend the structure in 3D.  The MOF showed photocatalytic activity for the photo-

oxygenation of 1,5-dihydroxynaphthalene and sulfides under Xe lamp irradiation with excellent yield 

(up to 99%).  
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Figure 1-8 The structure of [Zn2(H2O)4SnIV(TPyP)(HCOO)2]·4NO3·DMF·4H2O reported by Wu et al. viewed along the c axis.82 
Hydrogens and solvent molecules are omitted for clarity. 

Pyridyl group containing porphyrin ligands have been used to construct 3D pillared MOFs 

where the N-atoms coordinate to a paddle wheel like SBU at the axial position. Hupp et al. reported a 

series of robust MOFs with the pyridyl containing ligand, (5,15-dipyridyl-10,20-

bis(pentafluorophenyl))porphyrin (H2PFDPyP) (Figure 1-9). ZnPO-MOF [Zn2(tcb)(ZnPFDpyP), 

tcb=1,2,4,5-tetrakis(4-carboxyphenyl)benzene] has Zn paddlewheel SBUs connected to 4 different tcb 

ligands making 2D layers (Figure 1-9a).33 These layers are pillared by the ZnPFDPyP at the axial 

positions of the Zn paddlewheel SBU. Authors reported a gas accessible surface area of 500 m2/g for 

the framework (calculated by applying non-local density functional theory, NLDFT, analysis). ZnPO-

MOF showed catalytic activity for the acyl-transfer reaction between N-acetylimidazole and 3-pyridyl 

carbinol which was attributed to the accessible Zn sites in the porphyrin core.  

Following the previous work, Hupp et al reported a MOF with the use of the same H2PFDPyP 

ligand along with the H2TCPP [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin] ligand instead of the 

tcb (Figure 1-9b).34 Furthermore, by using metalated varieties for the TCPP and the PFDPyP ligands, 

MOFs with different metalloporphyrins were obtained. The more spacious ligand led to a higher gas 

accessible surface area (1000 m2g-1, calculated by applying NLDFT analysis). Furthermore, one of the 

MOFs with this latter phase showed catalytic activity towards epoxidation reaction of styrene and 

hydroxylation of cyclohexane due to the accessible Mn(III) sites in the porphyrin core. 
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Figure 1-9 Ligands used to synthesise  a) ZnPO MOF 33 b) ZnZn-RPM MOF 34 [tcb= 1,2,4,5-tetrakis(4-carboxyphenyl)benzene, 
H2TCPP= 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin, H2PFDPyP= (5,15-dipyridyl-10,20-
bis(pentafluorophenyl))porphyrin]. Hydrogens and solvent molecules are omitted for clarity.  

 

Nitrile 

Table 1-3 Reported porphyrinic MOFs constructed using ligands with nitrile functionality in literature. Only 2D and 3D MOF 
frameworks were considered.  

Ref Code Formula Net type reference 
PIZJAJ CuI(CuIITCP)·BF4 3D 83 

 

Robson et al reported a three-dimensional solid with the PtS topology constructed from 

copper(II) metalated 5,10,15,20-tetrakis(4-cyanophenyl)porphyrin (CuTCP, Figure 1-10a) which acts as 

the 4-connected square planar building block and Cu(I) which acts as the tetrahedral metal centre. 

The network obtained was two-fold interpenetrated and failed to survive removal of solvent 

molecules. 83 
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Figure 1-10 Porphyrinic ligands with other functional moieties used in the synthesis of 2D and 3D MOFs. 

 

Pyridyl-N-oxide 

Table 1-4 Reported porphyrinic MOFs using ligands with pyridyl-N-oxide functionality in literature. Only 2D and 3D MOF 
frameworks were considered.  

 

A 3D distorted diamanoid framework, Hg2Br4(NiTPyNOP), was reported by Deiters et al, with 

a Ni metalated pyridyl-N-oxide functionalized porphyrin, NiTPyNOP (Figure 1-10b) and  Hg metal 

nodes. 88  

Ref Code Formula Net type reference 
NIPNIK Hg2Br4(NiTPyNOP) 3D 88 
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Imidazolate 

Table 1-5 Reported porphyrinic MOFs using ligands with imidazolate functionality in literature. Only 2D and 3D MOF 
frameworks were considered.  

Ref Code Formula Net type reference 
KASTIK [Cd2(CdTIpP)(bpdc)2]·DMA·9H2O 3D 89 

H2bpdc = biphenyl-4,4ʹ-dicarboxylic acid, DMA = N,Nʹ-dimethylacetamide 

Jiang et al reported a 3D framework, [Cd2(CdTIpP)(bpdc)2]·DMA·9H2O (H2TIpP = 5,10,15,20-

tetrakis(4-(imidazol-1-yl)phenyl)porphyrin, Figure 1-10c, H2bpdc= biphenyl-4,4ʹ-dicarboxylic acid, 

DMA = N,Nʹ-dimethylacetamide), which had a mog (moganite) topology.89 The porphyrin was 

metalated during the reaction to afford the 4-connected SBU Cd(II)TIpP. The octahedral Cd(II) ions 

acted as the 4-connected metal nodes with two different coordinated Cd(II)-TIpP units and two 

different coordinated bpdc2- anions. The authors did not report the BET surface area, but the 

framework was intact after activation at 100 °C.  The potential of this MOF as a heterogeneous catalyst 

was demonstrated for the cynanosilylation of aldehydes and ketones with various substrates under 

solvent-free conditions.  

 

Figure 1-11 a) Coordination of the  4-connected Cd(II)TIpP  unit (b) Octahedral coordination at Cd(II) centres to two different 
Cd(II)TIpP units and two different bpdc2- anions b) 3D framework of Cd2(CdTIpP)(bpdc)2]·DMA·9H2O viewed along the b axis.89  
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Pyrazolate 

Table 1-6 Reported porphyrinic MOFs using ligands with pyrazolate functionality in literature. Only 2D and 3D MOF 
frameworks were considered. 

Ref Code Formula Net type reference 
MALMAQ [Ni8(OH)4(H2O)2](NiTPzP)3 3D 50 
BALNAG [Ni8(OH)4(H2O)2](NiTPPzP)3 3D 51 

  

Wang et al reported the first pyrazolate based porphyrinic MOF, PCN-601. The MOF is 

constructed from 12-connected  [Ni8(OH)4(H2O)2(pyrazolate)12]  nodes and  4-connected 5,10,15,20-

tetra(1H-pyrazol-4-yl)porphyrin (H2TPzP, Figure 1-10d) linkers and had a ftw-a topology (Figure 

1-12).50 The structure was determined via high resolution pxrd and Rietveld refinement as single 

crystals were not obtained.  The porous framework had a BET surface area of 1309 m2 g–1 and the 

porosity was maintained after treatment with saturated NaOH solution at room temperature and at 

100 °C for 24 hours. This high stability of the framework is due to the strong coordination bonds 

between the highly basic pyrazolate group and the metal cluster.  

 

Figure 1-12  a) 12-connected  [Ni8(OH)4(H2O)2(pyrazolate)12] with Oh symmetry  b) PCN-60150  c)PCN-602 51. Solvent molecules 
and hydrogen atoms are omitted for clarity.  

 In order to increase the pore window size of PCN-601 ( 2.1 × 8.0 Å after deducting Van der 

Waals radii) the authors used an extended version of the ligand: 5,10,15,20-tetrakis(4-(1H-pyrazol-4-

yl)phenyl)porphyrin (H2TPPzP, Figure 1-10e) to obtain PCN-602 (Figure 1-12).51 The new MOF had a 

larger pore window size of 6.3 × 14.2 Å and a higher BET surface area of 2219 m2 g–1. PCN-602 

displayed stability in various solutions such as 1M KF, pH 4 HCl, pH 14 NaOH when exposed for 24 
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hours. Furthermore, the Mn metalated PCN-602 showed heterogeneous catalytic activity for the C-H 

bond halogenation of cyclohexane with high yield.   

Tetrazolate 

Table 1-7 Reported porphyrinic MOFs using ligands with tetrazolate functionality in literature. Only 2D and 3D MOF 
frameworks were considered. 

Ref 
Code 

Formula Net 
type 

reference 

DOZCEC  [Mn(II)4.5Cl(Mn(III)Cl-TTPP)2(H2O)4] ·(DEF)20·(CH3OH)18·(H2O)12 3D 90 
UQOFEN [Cd4.5Cl(CdTTPP)2] 3D 47 
DAMRER [FeIIpzTTPP(FeII

1−xDMF1−xFeIII
xOHx)] (x ≥ 0.25) 3D 91 

DEF = N,Nʹ-diethylformamide 

There are only three reported porphyrinic MOFs based on the tetrazolate functionality with 

the ligand, 5,10,15,20-tetrakis(4-(2H-tetrazol-5-yl)phenyl)porphyrin, (H2TTPP, Figure 1-10f). Two of 

the reported frameworks, UTSA-5790 and PCN-52647 had the same topology with 8-connected 

M4Cl(ttz)8 clusters as the inorganic SBU with Mn and Cd as the metals respectively (for charge balance 

there are Mn2+ and Cd2+ ions present in the respective frameworks represented by M0.5 in the 

formulae). The third one was obtained during this work; these materials will be further discussed in 

chapter 4.  

Sulfonate 

Table 1-8 Reported porphyrinic MOFs using ligands with sulfonate functionality in literature. Only 2D and 3D MOF frameworks 
were considered. 

 

Ref Code Formula Net type reference 
DIBJEF  [Eu6(μ3-OH)8(H2O)2](H2TPPS)3·2H3O+ 3D 92 
DIBJIJ  [Eu6(μ6-O)(μ3-OH)8(H2O)14](H2TPPS)2 3D 92 
PUFNUB [Sm(H2TPPS)](H3O)]·H2O 3D 93 
SUBGIH [Tb(CoTPPS)(H3O)]·2H2O 3D 94 
UQUCUG [Gd(H2TPPS)(]H3O)]·nH2O 3D 95 
WADHUH [Eu(VTPPS)H2O] 3D 96 
WADJAP [Tb(VTPPS)H2O] 3D 96 
WADJET [Dy(VTPPS)H2O] 3D 96 
XUGWAZ [Dy(H2TPPS)(H3O)]·2H2O 3D 97 
YIVWIL [Eu(ZnTPPS)H3O] 3D 98 
ABEFUL [Tb(H2TPPS)H3O] 3D 99 
RALZAH [Sm(VOTPPS) H3O] 3D 100 
RALZEL [Sm(VOTPPS) H3O]·2N2 3D 100 
HIYBEY [Tb(ZnTPPS)H3O] 3D 101 
FASGIS [Tb(H2O)3](CoTPPS)H3O] 3D 102 
FARXUU [Sm(His)(H2O)][Sm(H3O)3](H2TPPS)2]·5H2O 3D 103 
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There are three different structure types reported for porphyrinic MOFs built up with this 

functionality. Demel et al reported a europium-based MOF built with 5,10,15,20-tetrakis(4-

sulfonatophenyl) porphyrin (H2TPPS, Figure 1-10g) which underwent a structural transformation when 

dehydrated during the thermal activation process. The SBU was transformed from 6-

connected  [Eu6(μ6-O)(μ3-OH)8(H2O)14]8+  to 12-connected [Eu6(μ3-OH)8(H2O)2]10+.92 However, it was not 

reported if this change was reversible.  

 Chen et al has reported a series of lanthanide based 3D MOFs using the H2TPPS ligand with 

similar structures and a general formula of [Ln(H2TPPS)(H3O)].93-103 Frameworks with Zn, Co and V 

metalated porphyrin cores were obtained directly via a one pot synthesis by using suitable metal salts. 
96, 98, 102  The framework was made up from a chain like inorganic SBU with Ln ions linked by four 

sulfonate groups from four different porphyrin units (Figure 1-13). The porphyrin units were 

connected to four different Ln ions and stack on top of each other along the c-axis. The framework 

had well defined 1D channels running along the c-axis.  

 

Figure 1-13 Structure of [Ln(H2TPPS)(H3O)] reported by Chen et al. a) Chain like inorganic SBU in [Gd(H2TPPS)(]H3O)] viewed 
along the a-axis. b) Framework viewed along the c-axis showing 1D channels in [Gd(H2TPPS)(H3O)]. 95 Solvent molecules and 
hydrogen atoms are omitted for clarity. 
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Catecholate 

Table 1-9 Reported porphyrinic MOFs using ligands with catecholate functionality in literature. Only 2D and 3D MOF 
frameworks were considered. 

Ref Code Formula Net type reference 
N/A Not reported Not reported 104 

Jin et al reported several crystalline solids based on meso-tetrakis(3,4-

dihydroxyphenyl)porphyrin (H10-PorphCat, Figure 1-10h) and Cu, Co and Ni. The actual structures of 

these solids were not determined as the authors were interested in synthesizing hybrid composites 

via thermolysis.  The BET surface areas reported by the authors were, 354 m2g-1, 135 m2g-1, 221 m2g-1 

respectively for the Ni, Co and Cu variants before thermolysis.  

Trimethoxy 

Table 1-10 Reported porphyrinic MOFs using ligands with trimethoxy functionality in literature.  

Ref Code Formula Net type reference 
REZXAX MgTMPP·CH2Cl2 1D 105 
REZXEB ZnTMPP·CH2Cl2 1D 105 

There have been no 2D or 3D MOFs reported with trimethoxy functionalized porphyrins. 

However, Bhuyan et al reported two 1D coordination polymers, MgTMPP and ZnTMPP with a similar 

structure using the ligand 5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrin (H2TMPP, Figure 

1-10i). The two solids were synthesized by metalating the H2TMPP with Mg and Zn. The metalated 

porphyrinic units self-assembled via axial coordination of the central metal ion with two different 

methoxy group oxygens from two adjacent units resulting in the 1D coordination polymer (Figure 

1-14).  This ligand was mentioned due to its similarity with one of the ligands investigated in this work, 

5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin (H14-PorphGal), which has hydroxyl groups 

instead of the methoxy groups.  

 

Figure 1-14 1D coordination network of ZnTMPP. Hydrogen atoms are omitted for clarity. 
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1.7. Limitations of current Porphyrinic MOFs 

The poor chemical stability of carboxylate MOFs based on divalent metal ions such as Zn2+, Cu2+ 

particularly in regards to water exposure is well known. MOF-5 [Zn4O(BDC)3 BDC2−=1,4-

benzodicarboxylate] which is based on Zn2+ is known to rapidly degrade on exposure to humidity even 

at room temperature.106 Some MOFs such as HKUST-1 [Cu3(BTC)2 BTC3-=1,3,5-benzenetricarboxylate] 

show moderate steam stability107 but degrades over time in water at room temperature.108 Two 

mechanisms have been proposed for the degradation of carboxylate based MOFs with exposure to 

water due to the breaking of the M-O linkage (Figure 1-15). Ligand displacement is where a water 

molecule is inserted in to M-O bond which leads to the formation of a hydrated metal ion and a free 

ligand (Figure 1-15a) while hydrolysis involves the cleavage of the M-O bond and the dissociation of 

water into a hydroxide ion and a proton (Figure 1-15b).107 As mentioned earlier, most porphyrinic 

MOFs are built up using the carboxylate functionality and divalent metal ions. Thus, they share the 

same limitations regarding chemical stability as general carboxylate MOFs. This is a major issue as 

stability in water is essential for any wide-scale use of MOFs as most applications such as separation 

processes or catalysis will involve exposure to humidity at some level.  

 

Figure 1-15 Proposed mechanisms for the breaking of the M-O linkage in carboxylate based MOFs in the presence of water. 
a) ligand displacement b) hydrolysis 

The importance of the metal-ligand bond strength on the hydrothermal stability of MOFs was 

demonstrated in a study conducted by Low et al. The authors investigated the steam stability of 

various MOFs as a function of temperature and indicated that stronger metal-ligand bonds  correlated 

with higher hydrothermal stability.107 One way to increase the strength of the metal ligand bond is to 

increase the charge of the metal.10 In the study mentioned, for carboxylate based MOFs, the ones built 

up with higher valence metals such as Cr3+ [Cr-MIL-101, Cr3F(H2O)2O(BDC)3·nH2O, BDC2-= 

benzenedicarboxylate] and Al3+ [Al-MIL-53, Al(OH)[BDC]] showed higher hydrothermal stability than 

the MOFs with divalent Zn (MOF-5, MOF-69C) (Figure 1-16). The carboxylate anion can be considered 

as a hard base; thus, the increased charge density of higher valence metal ions can lead to stronger 

M-O bonds. The emergence of water stable carboxylate porphyrinic MOFs based on metal ions such 

as Zr4+, Al3+ and Fe3+ has further demonstrated this increased chemical stability.  
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Figure 1-16 Steam stability map proposed by Low et al in their study.107 Image reproduced from reference 107. 

Zhou et al has reported several porphyrinic MOFs based on Zr clusters that have increased 

chemical stability.42, 44-45 PCN-222 [chemical formula Zr6(μ3-OH)8(OH)8(H2TCPP)2] is one such stable 

MOF with an 8 connected Zr6(μ3-OH)8(OH)8(COO)8 cluster and a 4-connected tetra(4-carboxyl-phenyl) 

porphyrin (TCPP) linker (Figure 1-17).42 The authors reported that the framework can be obtained with 

the porphyrins in the free base form or metalated with Fe, Mn, Co, Ni, Cu and Zn by using 

metalloligands as the precursor. The 3D framework contains large hexagonal 1D open channels with 

a diameter of 3.7 nm along the c-axis. PCN-222(Fe) has a BET surface area of 2200 m2g-1 and showed 

remarkable stability in boiling water and concentrated HCl solutions for 24 hours. Authors also 

demonstrated the ability of the PCN-222(Fe) to act as an oxidation catalyst towards different 

substrates such as pyrogallol with hydrogen peroxide as the oxidant.   

Al-PMOF reported by Fateeva et al109  and [FeIIpzTCPP(FeIIIOH)2]4 MOF reported by our lab are two 

examples of water stable porphyrinic MOFs which are built up from Al3+ and Fe3+ respectively. Both 

the MOFs have a similar framework with an infinite [M(OH)O4]n chain inorganic SBU. These two MOF 

systems will be further discussed in chapter 3 of this work. Recently, a water stable MOF based on In3+ 

has also been reported which has the same inorganic SBU as the two MOFs mentioned earlier.110 
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Figure 1-17 a) The 8-connected Zr6(μ3-OH)8(OH)8(COO)8 cluster of PCN-222 b) Framework of PCN-222 viewed along the c-axis. 
Hydrogens and solvent molecules are omitted for clarity.42 

Another route to increasing the metal ligand bond strength in MOFs is the use of ligand 

functionalities which are more basic. Long et al suggested this with their work concerning MOFs which 

contained azolate based ligands where the strength of the M-L bond, hence the chemical stability 

correlated with the pKa of the ligand used.111  Thus, using functionalities with higher pKa values than 

for the carboxylate group (pKa ~4.76)112 is a viable strategy to achieve stable structures.  

Wang et al reported two porphyrinic MOFs based on the pyrazolate functionality (pKa ~14)112, 

PCN-601 and PCN-602, which displayed remarkable chemical stability in acidic and basic conditions as 

described earlier. 50  

Phenolates such as catecholates (pKa1 ~9.5; pKa2 ~14)113 and gallates (pKa1 ~9.3; pKa2 ~11; 

pKa3~14)113-114 also have pKa values higher than the carboxylate groups and can lead to more stable 

MOFs. A MOF built up using the gallate functionality and Zr4+ reported by Mouchaham et al, MIL-163 

[chemical formula Zr(H2-TzGal), H6-TzGal=5,5ʹ-(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-triol)], has 

displayed stability in boiling water and in phosphate buffer solution (pH 7.4).115 Nguyen et al reported 

a catecholate based MOF, Fe-CAT-5 [chemical formula Fe(THO)·Fe(SO4) (DMA)3 , THO6– = triphenylene-

2,3,6,7,10,11-hexakis(olate), DMA = dimethylammonium] which was stable in water.116 However, 

there have been no porphyrinic MOFs reported using the gallate functionality and there is only one 

report of a coordination polymer constructed from a catecholate porphyrinic ligand. Therefore, using 

gallate and catecholate functionalities to obtain MOFs with enhanced water and chemical stability in 

general remains a path little explored. 
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There have been over 300 porphyrinic MOF structures reported in the Cambridge structural 

database (estimated using the MOF subset in the CSD database). However, the number of porphyrinic 

MOFs which have been reported to be stable in water (immersed in water for at least 24 hours) is 

limited and are summarised in Table 1-11. This highlights the difficulty of obtaining these stable 

materials.  

Table 1-11 Porphyrinic MOFs which have been reported in literature to be stable in water (reported as stable after at least 24 
hours of exposure to water) 

MOF Formula Metals in the porphyrin 

core 

Reference 

Al-PMOF  (AlOH)2 M-TCPP H2, Co2+, Cu2+, Zn2+ 109 

 [FeIIpzTCPP(FeIIIOH)2] Fe2+ 4 

JLU-Liu7 (InOH)2(H2TCPP) H2 110 

NUPF-1 Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(ML)2 H2, Ru(CO)2+ 117 

NUPF-3 [NH2(CH3)2][In-InL·(HCOO)·(H2O)] In3+ 118 

MOF-525 Zr6O4(OH)4(M-TCPP)3 H2, Cu2+, Fe3+ 119 

MOF-545 Zr6O8(H2O)8(M-TCPP)2 H2, Cu2+, Fe3+ 119 

PCN-134  Zr6O4[OH]6[H2O]2[BTB]2[M-TCPP] H2, Ni2+ 40 

PCN-222 Zr6( 3-OH)8(OH)8(M-TCPP)2 H2, Fe3+, Mn3+, Co2+, Ni2+, 

Cu2+, Zn2+ 

42 

PCN-224 [Zr6(μ3-OH)8(OH)10]2(M-TCPP)3 H2, Fe3+, Co2+, Ni2+, 44 

PCN-225 Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(M-TCPP)2 H2, Zn2+ 45 

PCN-230 Zr6O4(OH)4(TCP-3)3 H2 46 

PCN-600 [Fe3O(OH)]2(M-TCPP)3 H2, Fe3+, Mn3+, Co2+, Ni2+ 48 

PCN-601 [Ni8(OH)4(H2O)2](NiTPzP)3 Ni2+ 50 

PCN-602 [Ni8(OH)4(H2O)2](NiTPPzP)3 Ni2+ 51 

CAU-18a  [Ce4(H2TCPP)3]·22H2O H2 120 

CAU-19-H [Ce3(M-TCPP)2(benzoate)(H2O)2 H2, Co2+, Zn2+ 120 

Ir-PMOF-1(Hf)  (Hf6(μ3-O)8(OH)2(H2O)10]2(Ir(TCPP)Cl)3 Ir3+ 121 

FJI-H6 Zr6O4(OH)4(H2TBPP)3 H2, Cu2+ 122 

FJI-H7 Hf6O4(OH)4(H2TBPP)3 H2, Cu2+ 122 

BTB= benzene tribenzoate 

Refer to Figure 1-18 for H2TCPP, H2TBPP, H2TCP-3 and HL 

Refer to Figure 1-10 for H2TPzP and H2TPPzP 
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Figure 1-18 Porphyrin ligands found in MOFs mentioned in Table 1-11  
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1.8. Objectives of this work 

The main objective of this work was to design stable functional porous materials based on 

porphyrinic ligands and study their potential applications in catalysis. The ultimate goal was to 

understand the structure-activity relationship using these crystalline materials. 

  The strategy employed to achieve these materials was two-fold, 

 Investigate existing stable carboxylate porphyrinic MOF platforms (Fe3+ and Al3+ based) and 

modify them to impart new functionalities. 

 Explore the synthesis of novel MOFs by using porphyrinic ligands with functionalities which 

are less commonly seen in literature such as tetrazolate, catecholate and gallate with an aim 

of obtaining stable frameworks.  

Therefore, four different types of porphyrin ligands were used for the work presented in this thesis 

(Figure 1-19). Chapter 2 will briefly discuss the properties of porphyrins in general and detail the 

synthesis and characterisation of these ligands.  

Chapter 3 details the investigation in to two different MOF systems with TCPP based ligands and 

Fe3+ and Al3+ metal ions. Goal was to modify these systems to obtain new material with new potential 

functionalities. First system was based on Fe3+ which was published by our lab and attempts made to 

modify the framework of this MOF is presented in the first part of the chapter. Following this, the 

study of the reactivity of Fe3+ with a cobalt metalated TCPP is presented. The next part of the chapter 

details the efforts made to synthesise new variations of an Al3+ based MOF and present the preliminary 

catalysis work performed with these materials. 

Chapter 4 discusses the article published by our group on a novel MOF based on the H2TTPP ligand 

and Fe3+. The chapter will briefly introduce tetrazolate based MOFs and the potential for obtaining 

extended frameworks with spin crossover properties with this ligand.  

Chapter 5 focusses on MOF systems based on two hydroxyphenyl containing porphyrinic ligands, 

H10-PorphCat and H14-PorphGal. The first part of the chapter will detail the work done with H10-

PorphCat as part of a long-term study with the Institut Lavoisier de Versailles. Second part will discuss 

the exploratory work done with high valent metal ions and H14-PorphGal which led to the synthesis of 

MOF frameworks with high chemical stability. The published article based on this stable MOF 

framework is also provided.  
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Figure 1-19 Porphyrinic ligands investigated for MOF synthesis in this work. 
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2. Synthesis of porphyrin ligands       

2.1. Introduction to porphyrins 

Porphyrins are biologically important naturally occurring macrocyclic compounds. They have 

a basic structure as shown in Figure 2-1a and are ubiquitously found in natural systems. One of the 

most well-known porphyrins is heme (Figure 2-1b). It plays a vital role in O2 storage and transport 

(myoglobin and haemoglobin), electron transport (cytochrome b and c) and O2 activation and 

utilization (cytochrome P450).  

 

Figure 2-1 a) The basic structure of a porphyrin b) heme group which contains a Fe(II) in the porphyrin core 

2.1.1. Roles of porphyrins in natural systems:  

Oxygen transport - Haemoglobin and myoglobin are high molecular weight protein systems 

containing iron(II) porphyrin units which are responsible for oxygen transport in animals.1 Dioxygen is 

bound to the Fe(II) in the porphyrin core  at its vacant coordination site, which is then transported to 

their destinations in the body.  

Electron transfer- The cytochromes are iron porphyrin containing electron transferring 

proteins which are found in aerobic cells and undergo reversible Fe(III)-Fe(II) redox changes during 

their catalytic cycles.1 They are part of the electron transport chain where electrons are transported 

from a donor (such as NADH in eukaryotes) to O2 at the end which is reduced to water.  

Hydrogen peroxide utilization and destruction - Catalase is a heme enzyme which catalyses 

the decomposition of hydrogen peroxide generated during various life processes to produce oxygen 

and water thus protecting the cell from oxidative damage by reactive oxygen species.2 Heme 
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peroxidases are enzymes catalysing the oxidation of a variety of organic and inorganic compounds 

using hydrogen peroxide.2 

Hydrocarbon oxidation-This process first involves the cytochrome P-450 in the ferric state 

[Fe(III)] combining with a hydrocarbon followed by a one electron reduction to form a ferrous [Fe(II)] 

P-450-substrate complex.3 This reduced form of P-450 reacts with molecular oxygen in manner where 

one of the O-atoms is reduced to water and the other is introduced into the organic substrate. 

Cytochrome P-450 works on many types of substrates such as steroids, fatty acids, certain amino acids 

etc. 

Light harvesting- Chlorophylls, which are closely related magnesium containing derivatives of 

porphyrins (chlorophylls are usually based on chlorins which are more reduced, i.e. contain more 

hydrogens, compared to porphyrins) are a class of molecules vital for photosynthesis, which allows 

plants to absorb energy from light.4 

Due to this ubiquitous nature and immense biological importance and fascinating properties 

(which will be discussed later), porphyrins and related compounds have attracted a large interest by 

scientists in the fields of chemistry, biology and medicine.5-6   

2.1.2. Synthesis of porphyrins 

The synthesis of porphyrins have been greatly developed during the past 100 years.7-9  

Porphyrins can be substituted at both the meso and the beta positions (Figure 2-1a) to obtain either 

symmetrical or asymmetrical molecules. Presently, there are many synthetic methodologies known, 

among which, the tetramerization of pyrroles.8, 10 The optimum strategy for the synthesis depends on 

the nature of the desired porphyrin; meso-substituted, beta-substituted, symmetrical or 

asymmetrical. 

This work focuses on symmetrical tetraphenyl porphyrins with the same functionalised phenyl 

group at each meso position, which can be synthesised by the acid catalysed condensation reaction of 

pyrrole with specific aldehydes, followed by oxidation of the resulting colourless porphyrinogen. 

Rothemund et al originally developed this procedure back in 1941 where a benzaldehyde and pyrrole 

in pyridine were reacted at 220 °C in a sealed glass tube under nitrogen for 48h, which resulted in the 

corresponding tetraphenyl porphyrin in 10% yield.11  Adler and Longo subsequently refined this 

procedure in 1967 to give an improved yield of around 20% (Figure 2-2a).12 In the Adler-Longo method, 

the benzaldehyde and pyrrole are refluxed in propionic acid in air where the porphyrinogen 

intermediate is oxidized by oxygen in situ to produce the porphyrin (general mechanism given on 

Figure 2-3). The product usually can be recovered via filtration. The increasing electron-withdrawing 
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nature of the p-substituted aryl aldehyde have shown to have a positive effect on the rate of the 

porphyrin formation as demonstrated by Kim et al.13 This is attributed to electron-withdrawing 

substituents making the carbonyl carbon more susceptible for the nucleophilic attack step (Figure 2-3). 

However, the final yield of the product also depends on the facility of the purification. This method is 

well suited for large scale syntheses (> 1g) despite the modest yield (around 20%) due to its relative 

simplicity.   

In the late 1980’s,  Lindsey et al  developed a one-pot two-step room temperature synthetic 

method using trifluoroacetic acid (TFA) or boron trifluoride (BF3) as the catalyst.14 This method 

involves a condensation step at room temperature where equilibrium is achieved followed by an 

oxidation step (Figure 2-2b). The Lindsey method gives a higher yield (up to 50%) and milder reaction 

conditions utilised enables the use of aldehydes which are not stable under the required conditions 

for the Adler-Longo method. However, Lindsey’s method requires the use of low reactant 

concentrations (between 0.01M-0.1M) in order to minimize side reactions that lead to the formation 

of pyrrole oligomers. This requires the removal of large amounts of solvents and makes it impractical 

for larger scale synthesis. Furthermore, the end product usually needs to be purified by column 

chromatography whereas with the Adler method the products usually can be purified via filtration and 

recrystallization. 

 

Figure 2-2 a) one step Adler-Longo synthesis b) two step Lindsey synthesis. 



50 
 

 

Figure 2-3 General mechanism for acid catalysed porphyrin synthesis. 

In this work, Adler-Longo method is used for the porphyrin synthesis as the starting aldehydes 

are stable under the reaction conditions required and the resultant porphyrins can be purified 

relatively easily by filtration followed by recrystallization.   

2.1.3. Properties of porphyrins 

Chemical properties 

The porphyrin macrocycle is an aromatic system consisting of four “pyrrole type” rings joined 

by four methine (meso) carbon bridges (Figure 2-1). A porphyrin ring has a total of 22-π electrons, but 

only 18 of them are delocalized according to the Hückel's rule of aromaticity (4n+2 where n=4).  

Various metal ions (e.g. Zn2+, Cu2+, Ni2+, Sn4+, Mn3+, Fe3+) can be inserted into the porphyrin 

cavity.5 Inversely, demetalation of metalloporphyrins can usually be achieved by the treatment with 

acids.   

Chemical and thermal stability 

The porphyrin ring shows general stability under strongly acidic and basic conditions. The two 

NH protons (pKa ~16) can be removed by strong bases forming a dianion and a dication can be formed 

with the protonation of the two free nitrogen atoms (pKa~5-6).5-6 Porphyrins also show high thermal 

stability up to around 400 °C in air.5-6, 15   
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NMR spectroscopy 

The 1H-NMR spectrum of typical free base porphyrins displays N-H protons at very high field 

(~ -3 ppm) while the pyrrolic protons show up at low field (8-10 ppm). This is due to the anisotropic 

effect arising from the aromatic ring current. N-H protons are endocyclic with respect to the aromatic 

ring current thus experience a shielding effect, while the peripheral pyrrolic protons are exocyclic 

with respect to the porphyrin ring current thus experience a deshielding environment.5, 16  

Photochemistry 

Porphyrins exhibit characteristic absorption and fluorescence properties in the visible region 

which make them useful as photosensitizers. In a typical UV-visible spectrum of a porphyrin, there are 

two different types of bands due to the delocalized highly conjugated π system. The very intense band 

around 380-430 nm region is called the Soret band or B-band (molar extinction coefficients of around 

105 M-1cm-1). The weaker bands appearing in the 500-750 nm region are called Q bands (molar 

extinction coefficients of around 104 M-1cm-1). These absorption bands can be explained using the 

Gouterman’s four orbital model based on  π to π*  transitions between the two highest occupied 

molecular orbitals (HOMO) and the two lowest unoccupied molecular orbitals (LUMO).17 The 

excitation of the porphyrin from its ground state to its second excited state gives rise to the Soret band 

while Q bands correspond to excitation from the ground state to two vibrational states of the first 

excited state.  In free base porphyrins, the two vibrational excited states are non-degenerate due to 

the x and y polarization caused by the D2h symmetry further splitting the Q band to four bands (Figure 

2-4). 17 

 The metalation of the porphyrin core leads to a change in the symmetry of the porphyrin 

from D2h to D4h (4-fold symmetry) as the two protons on the inner nitrogens are lost (Figure 2-4). Thus, 

as a result of higher symmetry the two vibrational excited states become degenerate reducing the 

number of Q bands in the UV spectra of metalloporphyrins in the visible region (Figure 2-5).17   
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Figure 2-4. a) Free base porphyrin with D2h symmetry which lacks a C4-axis due to the NH hydrogens which sit above and 
below the plane. B) Metalated porphyrin with D4h symmetry with a C4-axis. The plane perpendicular to the C4 axis is indicated 
with the X and Y arrows.  

 

 

Figure 2-5  UV–vis spectra for (a) a free-base porphyrin and (b) metalated porphyrin. 
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 Free base porphyrins are usually fluorescent in the red region (600-800 nm) of the spectrum. 

Metalated paramagnetic porphyrins usually do not show fluorescence but fluorescence from 

porphyrins metalated with closed-shell diamagnetic metals such as Mg(II) and Zn(II) has been 

observed.18  

Redox properties 

 Porphyrins and metalloporphyrins can undergo redox reactions at the metal centre and or in 

the ligand itself.19-20 Furthermore, the redox potentials can be tuned with the choice of the metals and 

the substituents on the porphyrin rings.21-23  

2.1.4. Porphyrin applications 

 One of the most studied applications of porphyrins has been as oxidation catalysts. 

Particularly, iron and manganese porphyrins have been studied extensively as enzyme mimics for 

oxidation reactions.24-27 Iron(III) porphyrins have been used as models to mimic cytochrome P-450 in 

the catalytic oxidation of organic substrates.24-27 However, in these systems the metalloporphyrins 

need to be kept apart as they can easily undergo catalytic deactivation via Iron-oxo bridge formation.28 

 Metalloporphyrins with metals such as iron and cobalt have also been demonstrated as good 

electrocatalysts for reduction of CO2 to CO29-30 and the oxygen reduction reaction.31-33  

 

2.1.5. Porphyrins as functional building blocks for MOFs 

Structurally, porphyrins offer an ideal ligand which is robust with a relatively rigid square 

planar geometry, large geometrical dimensions and a high thermal stability to form extended 

architectures. As molecules, they have interesting applications such as catalysis which can lead to 

these architectures having the same properties. As mentioned in chapter 1, MOF structures enable 

the control of porphyrin arrangement and to keep these species apart, preventing the self-

deactivation.  

In this work, four different porphyrins were synthesized as ligands/metalloligands for MOF 

synthesis (Figure 2-6). This chapter will discuss the synthetic procedures employed and the 

characterisation of these four porphyrins. 
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Figure 2-6 The four porphyrin ligands investigated within the scope of this study. 
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2.2. Synthesis of porphyrin ligands used in this work 

2.2.1. Carboxylic acid based porphyrin ligands 

Synthesis 

The general synthetic route employed to obtain the carboxylic acid based porphyrin ligands 

are shown on Figure 2-7  and has already been reported in literature.34  The first step involved the 

synthesis of the 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin (H2TEsterP), using the Adler 

method12 with a yield of 17%, in a gram scale.   

 

Figure 2-7 General synthetic route followed to obtain the carboxylic acid containing porphyrin ligands.34 

 

Metal insertion 

Metal ion insertion was carried out for the H2TEsterP with iron, manganese and cobalt 

following classical procedures.  

Iron metalation was attempted via refluxing in DMF with five-time excess of anhydrous iron(II) 

chloride under atmospheric conditions. However, this lead to the formation of iron oxide impurities 

simultaneously to the metalation. Thus, the synthesis was modified where only a 1.5 times excess 

anhydrous iron(II) chloride was used in an inert atmosphere.   
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Cobalt was inserted using a mixed solvent system (chloroform/ anhydrous ethanol) and 

cobalt(II) acetate tetra hydrate as the metal source at a lower refluxing temperature. 

The counter ion present for the Fe(III) metalated ester porphyrin was determined to be a 

chloride ion as indicated by the mass spectrometry data shown on Figure 2-8 [i.e. FeTEsterP(Cl)]. The 

counter ions for the Mn(III) and Co(III) metalated ester porphyrins are likely to be hydroxide ions or 

acetate ions which are present in the reaction mixture [MnTEsterP(X), CoTEsterP(X), X= OH-, CH3COO-

] (the synthetic details are provided in the experimental section). 

 All three metalation reactions can be performed in a gram scale and with a yield approaching 

85%. 

 

Hydrolysis of ester 

The cleavage of ester groups of the metalated TEsterP was achieved via classical base 

hydrolysis using excess KOH followed by addition of HCl. HCl addition is needed to protonate the 

carboxylate groups which render the porphyrin species soluble in basic media. The resulting metalated 

porphyrin containing the carboxylic acid groups (metalated 5,10,15,20-tetrakis(4-carboxyphenyl) 

porphyrin, MTCPP), on the other hand is insoluble in water and precipitates out of solution. The 

syntheses were performed in a gram scale and a yield of around 85% was observed for the products.   

Similar to the ester porphyrin the counter ions present for the Fe(III) metalated TCPP was 

determined to be a chloride ion as indicated by the mass spectrometry data (Figure 2-9). The counter 

ions for the Mn(III) and Co(III) metalated TCPP were not determined precisely. However, these are 

likely to be chloride or hydroxide ions which are present under synthesis conditions (X= Cl-, OH-).  

 

Characterisation  

NMR spectroscopy and Mass spectrometry 

NMR spectrum for H2TesterP is shown on appendix section A.1.1. The NMR spectra for 

paramagnetic samples were not measured.   

Mass spectrometry was a valuable technique to probe whether the complete metalation of 

all the free base porphyrins was achieved. The absence of the peak corresponding to the molecular 

ion for H2TEster at 846 m/z along with the presence of the molecular ion for the metalated complex 

confirmed complete metalation. Mass spectra for all the syntheses is shown in the appendix section 

A.1.2. 

The ester hydrolysis step was also confirmed with the use of mass spectrometry. The absence 

of the peaks corresponding to any ester protected species along with the presence of the peak 
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corresponding to the metalated TCPP confirmed the complete hydrolysis reaction of the ester groups. 

Mass spectra for the metalated TCPP are given in the appendix section A.1.2. 

The mass spectrometry data of Fe(III) metalated TEsterP and TCPP are shown in  Figure 2-8 

and Figure 2-9. The peaks at 935 m/z and 879 m/z can be assigned to the chloride containing 

complexes [FeTEsterP-Cl]+ and [FeTCPP-Cl]+ respectively which indicates the presence of the chloride 

ion for charge balance.  

 

 
Figure 2-8 Mass spectrometry data for FeTEsterP(Cl). The molecular ion [(FeTEsterP)+] peak is at 900 m/z. The peak at 935 
m/z is assigned to the complex [FeTesterP-Cl]+ which indicates the presence of a chloride counter ion.  
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Figure 2-9 Mass spectrometry data for FeTCPP(Cl). Peak corresponding to the molecular ion, (FeTCPP)+, is at 844 m/z. The 
peak at 879 m/z is assigned to the complex [FeTCPP-Cl]+ which indicates the presence of a chloride counter ion. 

 

UV-vis spectroscopy 
UV-Vis spectroscopy is a useful technique for the study of porphyrin metalation. As mentioned 

earlier (Figure 2.4 and 2.5) the metalation increases the symmetry of the free base porphyrin from D2h 

to D4h, which in turn reduces the number of bands. Furthermore, the UV spectra also depend on the 

charge and the coordination number of the central metal ion. UV spectra for the different metalated 

porphyrins are shown in Figure 2-10 (Individual UV spectra for each product is given in the appendix 

section A.1.3).   
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Figure 2-10 UV spectra of H2TCPP compared to the metalated variations. (UV spectra were measured in 0.1M NaOH aqueous 
solution). Inserts provided a zoomed in view of the Q bands. Soret band and the Q bands change as a function of the metal 
coordinated in the porphyrin core. 

Table 2-1 Soret Band and Q bands of metalated TCPP compared to H2TCPP measured in 0.1 M NaOH. 

 Soret Band (nm) Q bands (nm) 

H2TCPP 415 518, 556, 586, 642 

CoTCPP(X) 430 551, 590 

MnTCPP(X) 380,401, 464 525, 573, 611 

FeTCPP(Cl) 409 568, 609 

 

The UV-vis spectrum of MnTCPP(X) is a special case as there are three Soret bands. This can 

be attributed to the eg orbitals of manganese ion strongly perturbing the π-electron system of the 

porphyrin.35-36 
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IR-spectroscopy  
IR spectra of CoTEsterP(X), MnTEsterP(X) and FeTEsterP(Cl) compared to the free base 

porphyrin, H2TEsterP are shown on Figure 2-11 . All the porphyrins gave similar IR spectra where the 

peaks at 1714 cm-1 and 1270 cm-1can be assigned to the ester C=O and C-O stretches, while the peak 

at 1604 cm-1 can be assigned to the C=C stretch of the porphyrin ring. 
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Figure 2-11 IR spectra of metalated TEsterP compared to free base H2TesterP 

IR spectra of CoTCPP(X), MnTCPP(X) and FeTCPP(Cl) compared to the free base porphyrin, 

H2TCPP is shown on Figure 2-12. The IR spectra of FeTCPP(Cl), CoTCPP(X) are similar to that of H2TCPP 

where the peaks around 1690 cm-1 and 1390 cm-1 can be assigned to the C=O and the C-O stretches 

of the carboxylic acid group. The peak at 1604 cm-1 can be assigned to the C=C stretch of the porphyrin 

ring. The broad peak around 2950 cm-1 is attributed to the OH stretch of the carboxylic acid group. IR-

spectrum for MnTCPP(X) appeared different to the others and in addition to the above-mentioned 

peaks, there was a peak present at 1733 cm-1 whose orgin was not determined.  
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Figure 2-12 IR spectra of metalated TCPP compared to free base H2TCPP. 

 

2.2.2. Catechol based porphyrin ligands 

Synthesis 
The synthesis of dimethoxyphenyl porphyrin, 5,10,15,20-tetrakis(3,4-

dimethoxyphenyl)porphyrin [H2T(OMe)2PP] has been reported using the Lindsey method in 

literature.37 In this work it was synthesized via the Adler method  in a gram scale with a 15% yield.12 

The product obtained via filtration requires further purification via a silica gel column 

(CH2Cl2:CH3OH:Et3N,100:2:1) where triethylamine (Et3N) prevents the protonation of the porphyrin 

during the column.  

The metalation of H2T(OMe)2PP with NiCl2 was achieved by using a mixed solvent system of 

chloroform/ethanol with excess metal salt and triethylamine as a base (the reaction was followed by 

UV-vis spectroscopy, refer to the experimental section) and was performed in a gram scale with a yield 

of 80 % within 72 hours.  

To go from methoxy to hydroxy function, ether cleavage was performed by the use of BBr3 

reagent38 but led to the demetalation in the course of this reaction. Therefore, a different ether 

cleavage method was attempted for NiT(OMe)2PP which involved refluxing in excess pyridinium 

chloride at 224 °C (Figure 2-13a).39 The resultant solid was purified by first washing with water to get 
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rid of the unreacted pyridinium chloride via centrifugation. The solid was then dissolved in THF and 

filtered. Any unreacted NiT(OMe)2PP was removed by washing with chloroform to obtain the product 

in 77% yield.  This method prevents total demetalation, however, 7% of the free base porphyrin was 

present in the final product.  

The ether cleavage of the methoxy groups of H2T(OMe)2PP to yield H10-PorphCat was 

successfully achieved using BBr3 via two slightly different strategies (Figure 2-13b, see experimental 

section for details) which were adopted from a synthesis of trihydroxyphenyl containing porphyrin 

reported in literature.38 The purification methods were developed in this work. 

 The reaction was performed in a gram scale and 65% yield was obtained using method 1 

which resulted in a violet coloured solid as the final product. However, this yield was not reproducible 

as subsequent attempts gave much lower yields around 25%.  

In order to improve the yield, pure BBr3 was used in method 2. The purification step employed 

was also changed. Methanol was used to quench the reaction mixture and almost all of the solvent 

was evaporated. Afterwards, water was added which resulted in a precipitate which was filtered and 

washed with acidic water (pH ~3-4) to obtain a green coloured solid as the product in a gram scale 

with an estimated yield of around 85%. However, the exact yield of the product could not be 

determined due to the presence of a mixture of species as described below.  

NMR analysis showed that this product is a mixture of protonated and unprotonated freebase 

H10-PorphCat. The major product was the diprotonated porphyrin, H12-PorphCat2+, while the 

unprotonated H10-PorphCat was present at around 25%. Most likely, Br- or Cl- are present to account 

for the charge balance in the product (i.e. H12-PorphCat-2X, X= Br- or Cl-). The method 2 was decided 

as the preferred method going forward due to the higher amount of product obtained compared to 

method 1.  
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Figure 2-13 a) Ether cleavage of NiT(OMe)2PP with pyridinium chloride to yield Ni-H8-PorphCat b) Two different synthesis 
procedures/purification methods used for the ether cleavage of the methoxy groups of H2T(OMe)2PP using BBr3 as mentioned 
in the text. Method 2 results in a mixture of protonated and unprotonated species.  
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Characterisation 

NMR spectroscopy 
NMR spectrum for the product obtained for the metalation of H2T(OMe)2PP with Ni is given in 

Figure 2-14. One clear change that is observed in NiT(OMe)2PP compared to the free base porphyrin 

is the complete disappearance of the NH peak at around -2.9ppm. 

 

Figure 2-14 NMR spectrum of NiT(OMe)2PP in chloroform. 

 Ether cleavage of the methoxy groups of NiT(OMe)2PP was achieved via refluxing in pyridinium 

chloride. However, as shown in Figure 2-15 the total product obtained contained 7% free base 

porphyrin, H10-PorphCat. This indicates that there was a small degree of demetalation during the 

reaction.   
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Figure 2-15 NMR spectrum (DMSO) of product obtained from the ether cleavage of the methoxy groups of NiT(OMe)2PP with 
pyridinium chloride. The circled peaks represent the free base porphyrin, H10-PorphCat, which is present at 7% compared to 
Ni-H8-PorphCat. This indicates a degree of demetalation during the reaction. 

For the ether cleavage of the methoxy groups of H2T(OMe)2PP with BBr3, the two different 

methods yielded differently coloured solids (purple and green). When analysing the NMR spectra, it 

can be seen that the method 2 yields the diprotonated form, H12-PorphCat 2+, compared to the method 

1 (Figure 2-16 and Figure 2-17). The pyrrolic NH peak corresponds to four protons and is shifted 

downfield compared to the freebase form (-0.29 ppm compared to ~-3 ppm for free base porphyrins) 

which is normally observed for protonated porphyrins.40-41 The major product is the diprotonated H10-

PorphCat (H12-PorphCat 2+) while the unprotonated species is present at 25%.  
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Figure 2-16 NMR spectrum (DMSO) for the products of the purification method 1 for the ether cleavage of the methoxy groups 
of H2T(OMe)2PP.  

 

Figure 2-17 NMR spectrum (DMSO)of the product obtained from the method 2 of the BBr3 ether cleavage. The major product 
obtained is the diprotonated species of H10-PorphCat (H12-PorphCat 2+). The circled peaks represent the unprotonated H10-
PorphCat which is present at 25% compared to the major product 
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Mass spectrometry 
Mass spectrometry data for both methods used with BBr3 ether cleavage of H2T(OMe)2PP   

indicated the presence of the mono protonated molecular ion, [(H10-PorphCat)+H] + at 743 m/z and 

did not have any peaks corresponding to any methoxy containing species. Mass spectrometry data is 

given the section A.2.2 of the appendix.  

UV-Vis spectroscopy 
Figure 2-18 showed the progress of the nickel metalation of H2T(OMe)2PP followed via UV-vis 

spectroscopy. As shown, the reaction was continued until the peaks due to the protonated 

H2T(OMe)2PP were not visible upon the addition of HCl to the aliquots. Table 2-2 shows the peaks 

observed for the UV-vis spectra of the final product, NiT(OMe)2PP compared to the starting material, 

H2T(OMe)2PP. The Soret band was at 422nm and only one Q band was visible at 531 nm. 

The products from both methods of the BBr3 ether cleavage gave similar UV-vis spectra in DMF 

(Figure 2-19). This indicated that in DMF the porphyrin is in its free base form. The product of the 

NiT(OMe)2PP ether cleavage with pyridinium chloride gave a UV-vis spectrum with only one Q band 

visible as shown in Figure 2-19C.  
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Figure 2-18  Reaction progress followed via UV-Vis spectroscopy for the Ni metalation of H2T(OMe)2PP. A) Starting material, 
B) spectrum of the sample during the reaction after HCl was added to the aliquot. Shoulder peak is due to the protonated free 
base porphyrin, C) UV-vis spectrum at the end point of the reaction with the final product, NiT(OMe)2PP where there is no 
appearance of the shoulder peak at 464nm after HCl is added to the aliquot. 
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Figure 2-19 UV-vis spectra of catechol porphyrins in DMF. A) H10-PorphCat obtained from the BBr3 ether cleavage method 1 
B) H12-PorphCat-2X obtained from BBr3 ether cleavage method 2 C) Ni-H8-PorphCat obtained from the ether cleavage of 
NiT(OMe)2PP with pyridinium chloride.   

Table 2-2 The peaks observed in UV-vis spectra for the methoxy and catechol porphyrins. H2T(OMe)2PP and NiT(OMe)2PP 
were measured in chloroform while the rest where measured in DMF. 

 Soret band (nm)   Q bands (nm) 

H2T(OMe)2PP   425 518, 558, 595, 652 

NiT(OMe)2PP   422 530 

H10-PorphCat 427 520,561,596,654 

Ni-H8-PorphCat 425 531 

 

IR spectroscopy 

 IR spectra for H2T(OMe)2PP, H12-PorphCat-2X (X= Br- or Cl-) from method 2 and Ni-H8-PorphCat 

are shown on Figure 2-20. The broad peak at 3100 cm-1 in the spectra for hydroxy group containing 

porphyrins (Ni-H8-PorphCat, H12-PorphCat-2X) represents the OH stretch which is not present in the 

methoxy group containing porphyrin, H2T(OMe)2PP. The peak at around 2830 cm-1 in the H2T(OMe)2PP 

spectrum can be assigned to the CH stretch of the methoxy group. 
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Figure 2-20 IR spectra for Ni-H8-PorphCat, H12-PorphCat-2X from method 2 and H2T(OMe)2PP. 
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2.2.3. Gallol based porphyrin ligands 

Synthesis 
The synthesis of the trimethoxy protected porphyrin, 5,10,15,20-tetrakis(3,4,5-

trimethoxyphenyl) porphyrin (H2TtrimPP) has been previously reported in literature via the Lindsey 

method.38 In this work,  Adler method was used as shown in Figure 2-21 in a gram scale with a yield of 

15%. The product was purified by washing with methanol. 

 

Figure 2-21 Synthesis procedure used to obtain 5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin. 

The ether cleavage of the methoxy groups of H2TtrimPP was achieved using pure BBr3 similar 

to what has been reported before.38 However, the purification method using successive washing with 

methanol and ethyl acetate to obtain the final product was developed in this work.  Similar to what 

was seen with catechol porphyrin, the resultant product, H16-PorphGal2+, was in the diprotonated 

form. Br- ions are present as counter ions as indicated in the mass spectrometry data. The product, 

H16-PorphGal-2Br was obtained at over 95% yield.  

Characterisation 

NMR spectroscopy and Mass spectrometry 

NMR spectroscopy and mass spectrometry confirmed the successful synthesis of H2TtrimPP. 

All the spectra are given in section A.3.1 and A.3.2 of the appendix.  

The NMR spectrum after BBr3 ether cleavage indicated that the product obtained was in the 

diprotonated form, H16-PorphGal2+, as there are four pyrrolic NH protons present and the peak is 

shifted downfield compared to the free base form(-0.11 ppm compared to ~-3 ppm for free base 

porphyrins) (Figure 2-22).40-41 The mass spectrometry data confirmed that the ether cleavage of the 

methoxy groups was complete as no peaks correlating to methoxy species were present.  

Furthermore, the mass spectrometry data (Figure 2-23) indicated a peak present at 887.1 m/z which 

was assigned to a bromine ion associated with diprotonated H14-PorphGal(H16-PorphGal2+).  
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Figure 2-22 NMR spectrum in DMSO for H14-PorphGal which is present in the diprotonated form (H16-PorphGal 2+) as indicated 
by the presence of two extra porphyrin NH protons. 

 

Figure 2-23 Mass spectrometry data for H16-PorphGal-2Br in THF. The monoprotonated molecular ion (H14-PorphGal+H+)+  at 
807.2 m/z along with the absence of any methoxy species confirm the complete ether cleavage of the methoxy groups of 
H2TtrimPP. The peak at 887.1 m/z can be attributed to the (H14-PorphGal+2H++Br-)+ complex which indicate that Br- is present 
as a counter ion. 
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UV-vis spectroscopy 

 Solution phase UV-vis spectra for H16-PorphGal-2Br and H2TtrimPP in DMF are shown on 

Figure 2-24 and Table 2-3 summarises the peaks observed. In this solution phase, H16-PorphGal-2Br is 

present in the unprotonated free base form (H14-PorphGal) as it has a UV spectra of a normal free base 

porphyrin as opposed to one for a protonated porphyrin.42   

400 500 600 700 800

Wavelength (nm)

Soret band

Q bands

H16-PorphGal-2Br

H2TtrimP

 
Figure 2-24 UV spectra of H2TtrimPP and H16-PorphGal-2Br porphyrins in DMF. 

 

Table 2-3 Table showing the peaks observed with UV-vis spectrometry for H2TtrimPP and H16-PorphGal-2Br in DMF. 

 Soret band(nm) Q bands (nm) 
H2TtrimPP  423 516, 552, 592, 648 
H16-PorphGal-2Br  430 522, 560,598,655 

 

IR spectroscopy 

 The IR spectra for H16-PorphGal-2Br and H2TtrimPP are shown on Figure 2-25. The methoxy 

CH stretch of the H2TtrimPP is present at 2820 cm-1 while the OH stretch of the hydroxy groups of H16-

PorphGal-2Br is present at around 3100 cm-1.  This indicates the successful cleavage of the methoxy 

groups of H2TtrimPP to yield the hydroxyl group of H16-PorphGal-2Br. 
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Figure 2-25 IR spectra for H16-PorphGal-2Br and H2TtrimPP. 

 

2.2.4. Tetrazole based porphyrin ligands 

Synthesis 
Synthesis of 5,10,15,20-tetrakis(4-(2H-tetrazol-5-yl)phenyl)porphyrin (H2TTPP) has been 

reported before by Gauuan et al.43 In this work, the nitrile functionalised porphyrin synthesis 

(H2TCyanoP) was achieved via the Adler synthesis instead of using the Lindsey method employed by 

the authors. The 1,3-dipolar cycloaddition of sodium azide to the nitrile group to synthesize the 

tetrazole functionalised porphyrin (H2TTPP) was achieved following a reported method.43 The reaction 

was performed in a gram scale and the limiting step, yield wise was the synthesis of the cyano 

porphyrin (H2TCyanoP) (Figure 2-26). It must be noted that care must be taken when handling sodium 

azide as it can be explosive.  

The metalation of the two porphyrins were not attempted as it would likely lead to the 

formation of polymers as the nitrile group and the tetrazolate group can coordinate to metal ions.  
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Figure 2-26 Synthesis of 5,10,15,20-tetrakis(4-(2H-tetrazol-5-yl)phenyl)porphyrin (H2TTPP). 

Characterisation 

NMR and Mass spectrometry 
NMR spectroscopy and mass spectrometry confirmed the synthesis of the products and are 

shown in the appendix section A.4.1 and A.4.2). 

UV-vis spectroscopy 
The UV-vis spectra for H2TCyanoP and H2TTPP are shown on Figure 2-27 and are typical of free 

base porphyrins with a Soret band and four Q bands (Table 2-4).  
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Figure 2-27 UV spectra of H2TCyanoP and H2TTPP in DMF. 
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Table 2-4 Table showing the peaks observed with UV-vis spectrometry for H2TcyanoP and H2TTPP. 

 Soret band (nm) Q bands (nm) 

H2TCyanoP 419 513,549, 589,645 

H2TTPP 424 518, 555,595,651 

 

IR spectroscopy 
IR spectroscopy is a useful technique to follow the second step of the H2TTPP synthesis. The 

CN stretch present at 2220 cm-1 for the H2TCyanoP disappears upon the conversion of the CN group 

to the tetrazole group as shown in Figure 2-28.  

4000 3000 2000 1000

Wavenumbers (cm-1)

H
2
TTPP

H
2
TCyanoP

CN stretch
2220 cm-1

 

Figure 2-28 IR spectra of H2TayanoP (top) and H2TTPP (bottom). 
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2.2.5. Conclusions 

 Iron, manganese and cobalt metalated porphyrin ligands with the carboxylic acid functional 

group (TCPP) were successfully synthesized in a gram scale (3 synthesis steps, ~12% total yield). 

 The catechol functional group based H10-PorphCat was synthesized in a gram scale (2 synthesis 

steps, ~13% yield). Nickel was successfully inserted in to the methoxy protected H2T(OMe)2PP, and the 

methoxy groups were successfully hydrolysed using pyridinium chloride to yield Ni-H8-PorphCat with 

a small extent of demetalation (3 synthesis steps, 9% total yield). 

 Gallol functionalised H14-PorphGal porphyrin was synthesized in a gram scale via the 

intermediate porphyrin H2TtrimPP. The ether cleavage of the H2TtrimPP using BBr3 yielded the 

diprotonated form of the porphyrin ligand, H16-PorphGal-2Br (2 synthesis steps, ~14% total yield). 

 H2TTPP with the tetrazole functional group was successfully synthesized in a gram scale via 

the intermediate product, H2TCyanoP (2 synthesis steps, ~5% yield). 
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2.3. Experimental section 

General methods 

All reagents were of commercial origin and used as received from different providers as shown in the 

table below.  

Table showing the providers for different reagents used in syntheses.  

Reagent Provider 
Pyrrole ACROS organics 
methyl 4-formylbenzoate Sigma-Aldrich 
3,4-dimethoxybenzaldehyde Sigma-Aldrich 
3,4,5-trimethoxybenzaldehyde Sigma-Aldrich 
4-formylbenzonitrile TCI chemicals 
Mn(CH3COO)2·4H2O Alfa Aesar 
Co(CH3COO)2·4H2O Alfa Aesar 
Anhydrous FeCl2 ACROS organics 
Anhydrous NiCl2 Sigma-Aldrich 
BBr3 pure Sigma-Aldrich 
BBr3 1M in dichloromethane Sigma-Aldrich 
Pyridinium chloride Sigma-Aldrich 

 

1H NMR spectroscopy was performed on a AVS 300 Bruker spectrometer at the Centre Commun de 

RMN at the University of Claude Bernard Lyon 1.  

Infrared spectroscopy was performed with a Nicolet 380 FT-IR spectrometer coupled with the 

attenuated total reflectance (ATR) accessory. 

UV-vis spectroscopy was performed with a SAFAS Monaco UV-mc2 spectrophotometer. 

Mass spectrometry was performed at the Centre Commun de Spectrométrie de Mass at the University 

of Claude Bernard Lyon 1 on a MicrOTOFQ II – Bruker in electrospray ionisation mode (ESI). 
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Carboxylic acid based porphyrin ligands 

Synthesis of 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin  (H2TEsterP, C52H38N4O8) 

Methyl 4-formylbenzoate (10.0 g, 60.9 mmol) and propionic acid (70 mL) were combined in a round 

bottom flask to which pyrrole (4.2 mL, 60.5 mmol) was added (pyrrole was purified with a silica micro 

column before the usage). The mixture was refluxed for 45 minutes and left to return to room 

temperature. The mixture was then filtered and the solid obtained was washed with ~50 mL warm 

deionised water five times and with pentane three times to yield the purple product (2.16 g, 2.55 

mmol, yield 17%). NMR 1H (CDCl3, 300 MHz) δ/ppm: -2.81 (s, 2H, NH), 4.11 (s, 12H, COOCH3), 8.31 (d, 

8H, phenyl H, J = 8.2 Hz), 8.44 (d, 8H, phenyl H, J = 8.2 Hz), 8.82 (s, 8H, porphyrin H); FTIR cm-1: 1714 

(m, TCPP ester C=O stretch), 1604 (m, aromatic C=C stretch of TCPP); UV-vis (CHCl3) λmax/nm: 421 

(Soret), 517, 550, 591, 646 (Q bands).  

 

Synthesis of 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrinato-Mn(III)-X   

[MnTEsterP(X), C52H36N4O8MnX, X= OH-, CH3COO-] 

A solution of H2TEsterP (2.00 g, 2.36 mmol) and Mn(CH3COO)2·4H2O (2.93 g, 11.9 mmol) in 200 mL of 

DMF was refluxed for 12 hours. After, the mixture was left to cool down to room temperature and 

DMF was evaporated using a rotary evaporator. The obtained solid was completely dissolved in 

chloroform and washed with deionised water. The organic layer was dried over anhydrous magnesium 

sulfate and evaporated to afford dark green solid which was recrystallized with 

dichloromethane/pentane to obtain dark green product (1.52 g, 1.59 mmol, yield 70% for X=OH-). ESI-

MS (m/z): 899.4 [(MnTEsterP)+]; FTIR cm-1: 1714 (m, TCPP ester C=O stretch), 1604 (m, aromatic C=C 

stretch of TCPP); UV-vis (CHCl3) λmax/nm: 377, 400, 472 (Soret) 524, 576, 613 (Q bands). 

 

Synthesis of 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrinato-Co(III)-X 

[CoTEsterP(X), C52H36N4O8CoX, X= OH-, CH3COO-] 

A solution of H2TEsterP (1.00 g, 1.17 mmol) in chloroform and Co(CH3COO)2·4H2O (1.50 g, 6.02 mmol) 

in anhydrous ethanol (150 mL) was refluxed for 3 days. Reaction was followed via TLC and UV-vis 

spectroscopy and after each day additional 300 mg of Co(CH3COO)2·4H2O was added. Once the 

reaction was complete mixture was cooled to room temperature and the solvent was evaporated. The 

resultant solid was dissolved in dichloromethane and the solution was filtered using celite. The filtrate 

was washed with deionised water and the organic layer was extracted and dried with anhydrous 

sodium sulfate. The red product was obtained by evaporation of the solvent followed by a 

recrystallization using dichloromethane/pentane and drying at 70 °C for 12hours (0.883 g, 0.978 
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mmol, yield 82 % for X=OH-). ESI-MS (m/z):  903.4 [(CoTEsterP)+]; FTIR cm-1: 1714 (m, TCPP ester C=O 

stretch), 1604 (m, aromatic C=C stretch of TCPP); UV-vis (CHCl3) λmax/nm: 430 (Soret), 543, 588 (Q 

bands).  

 

Synthesis of 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrinato-Fe(III)-chloride 

[FeTEsterP(Cl), C52H36N4O8FeCl] 

A solution of H2TEsterP (1.50 g, 1.77 mmol) and anhydrous FeCl2 (0.290 g, 2.31 mmol) in 250 mL of 

DMF was refluxed for 12 hours under an argon atmosphere. After, the mixture was left to cool down 

to room temperature and ¾ of the DMF was evaporated using a rotary evaporator. Then 200mL of 

deionised water and 40mL of 1M HCl is added and left for 1 hour so the precipitate would form. The 

solid was filtered to obtain a brownish solid which was dissolved in THF and centrifuged to remove 

any insoluble impurities if present. The solid obtained by evaporation was recrystallized with 

dichloromethane/pentane to obtain the brownish product (1.4 g, 1.50 mmol, yield 85%). ESI-MS (m/z):  

900.4 [(FeTEsterP)+]; FTIR cm-1: 1714 (m, TCPP ester C=O stretch), 1604 (m, aromatic C=C stretch of 

TCPP); UV-vis (CHCl3) λmax/nm: λ 416 (Soret), 507, 571, 610 (Q bands).  

 

Synthesis of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato-Mn(III)-X   

[MnTCPP(X), C48H28N4O8MnX, X= Cl-, OH-] 

MnTEsterP(X) (1.46 g, 1.52 mmol) was stirred in THF (100 mL), to which a solution of KOH (1.03 g, 

18.2 mmol) in deionised water (50 mL) was introduced. This mixture was refluxed for 12 hours. After 

cooling down to room temperature, THF was evaporated. Additional deionised water was added to 

the resulting water phase and the solid was fully dissolved (60 mL), then the homogeneous solution 

was acidified with 1M HCl until no further precipitate was detected. A dark green solid was collected 

by filtration, which was added to 300mL of deionised water and left stirring overnight. The dark green 

solid was collected by filtration, washed with water and dried under vacuum to obtain the dark green 

product (1.13 g, 1.25 mmol, 82 % yield for X=OH-). ESI-MS (m/z):  843.12 [(MnTCPP)+]; FTIR cm-1: 2950 

(w broad, carboxylic acid OH stretch), 1733 (m), 1688 (m, TCPP carboxylic acid C=O), 1605 (m, aromatic 

C=C stretch of TCPP); UV-vis (0.1M NaOH) λmax/nm: 380, 401, 464 (Soret), 525, 573,611 (Q bands).  
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Synthesis of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato-Co(III)-X   

[CoTCPP(X), C48H28N4O8CoX, X= Cl-, OH-1] 

CoTEsterP(X) (1.65 g, 1.83 mmol) was stirred in THF (150 mL), to which a solution of KOH (1.23 g, 21.9 

mmol) in deionised water (75 mL) was introduced. This mixture was refluxed for 12 hours. After 

cooling down to room temperature, THF was evaporated. Additional deionised water was added to 

the resulting water phase and the solid was fully dissolved (heat if needed) (50mL), then the 

homogeneous solution was acidified by slowly adding 1M HCl until no further precipitate was 

detected. A red solid was collected by filtration, which was added to 300 mL of deionised water and 

left stirring overnight.  The solid collected by filtration and washed with deionised water and dried 

under vacuum to obtain the red product (1.47 g, 1.83 mmol, yield 86% for X=OH-). ESI-MS (m/z): 847.12 

[(CoTCPP)+]; FTIR cm-1: 2950 (w broad, carboxylic acid OH stretch), 1690 (m, TCPP C=O stretch), 1604 

(m, aromatic C=C stretch) cm-1; UV-vis (0.1M NaOH) λmax/nm:  430 (Soret), 551, 590 (Q bands).  

 

Synthesis of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato-Fe(III)-chloride  

[FeTCPP(Cl), C48H28N4O8FeCl] 

FeTEsterP(Cl) (1.40 g, 1.55 mmol) was stirred in THF (100 mL), to which a solution of KOH (1.00 g, 18.2 

mmol) in deionised water (50 mL) was introduced. This mixture was refluxed for 12 hours. After 

cooling down to room temperature, THF was evaporated. Additional deionised water was added to 

the resulting water phase and the solid was fully dissolved (heat if needed) (60 mL), then the 

homogeneous solution was acidified with 30mL of 1M HCl until no further precipitate was detected. 

A reddish violet solid was collected by filtration, which was added to 300mL of deionised water and 

left stirring overnight. The reddish violet solid was collected by filtration, washed with deionised water 

and dried under vacuum to obtain the reddish violet product (1.30 g, 1.47 mmol, 99% yield). ESI-MS 

(m/z): 844.12 [(FeTCPP)+]; FTIR cm-1: 2950 (w broad, carboxylic acid OH stretch), 1690 (m, TCPP C=O 

stretch), 1604 (m, aromatic C=C stretch); UV-vis (0.1M NaOH) λmax/nm: 409 (Soret), 568, 609 (Q bands). 

 

Catechol based porphyrin ligands 

Synthesis of 5,10,15,20-tetrakis(3,4-dimethoxyphenyl)porphyrin [H2T(OMe)2PP, C52H46N4O8] 

3,4-dimethoxybenzaldehyde (10.8 g, 65 mmol) and propionic acid (70 ml) were combined in a round 

bottom flask to which pyrrole (5 ml, 71.5 mmol) was added (pyrrole was purified with a silica micro 

column before the usage). The resultant mixture was refluxed for 45 minutes. After the reaction 

mixture had cooled down, 600 mL of deionised water was added. To the resultant brown solution, 2M 

NaOH was added until the mixture was neutralised (500 ml) which resulted in a precipitate. A brown 
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solid was obtained by filtrations followed by washing three times with deionised water and three times 

with pentane and drying overnight at 65 °C. The violet product (1.84 g, 2.15 mmol, yield 15%) was 

obtained by purification via a silica gel column (dichloromethane: triethylamine, 100:1  

dichloromethane: methanol: triethylamine, 100:1:1  dichloromethane: methanol: triethylamine, 

100:2:1) where the first two fractions were concentrated followed by recrystallization with 

dichloromethane/methanol. NMR 1H (DMSO, 300 MHz):δ -2.89 (s, 2H, NH), 3.87 (s, 12H, COCH3), 4.05 

(s, 12H, COCH3) 7.37 (d, 4H, phenyl H, J = 8.3 Hz), 7.69 (d, 4H, phenyl H, J = 7.2 Hz), 7.81 (s, 4H, aromatic) 

8.90 (s, 8H, porphyrin H);  ESI-MS (m/z): 855.5 [(H2T(OMe)2PP+H)+]; FTIR cm-1;  2830(w, methoxy CH3  

stretch), 1500(m, aromatic C=C stretch), 1435 (s, aromatic C=C stretch); UV-vis (CHCl3) λmax/nm : 425 

(Soret), 518, 558, 595, 652 (Q bands).  

 

Synthesis of 5,10,15,20-tetrakis(3,4-dimethoxyphenyl)porphyrinato-Ni(II)  

[NiT(OMe)2PP, C52H44N4O8Ni]  

Dry H2T(OMe)2PP (1.40 g, 1.63 mmol) was dissolved in 125 mL of chloroform and anhydrous NiCl2 

(0.850 g, 6.56 mmol) in 125 mL of anhydrous ethanol. The resultant solutions were combined and 

triethylamine was added to the mixture (2.28 mL, 16.4 mmol) and refluxed. The reaction was followed 

using TLC and UV-vis (when UV-vis spectra was measured, a few drops of 1M HCl was added to the 

aliquot to protonate any free base porphyrin present). Additional NiCl2(60 hrs 0.850 g, 6.56 mmol/ 66 

hrs 1.70 g, 13.1 mmol) was periodically added. Once the UV spectrum showed the disappearance of 

the shoulder peak at 460 nm (which indicates the presence of the protonated free base porphyrin) 

the reaction was stopped (72 hours). Afterwards, most of the solvent of the resultant mixture was 

evaporated and deionised water (100 mL) was added. Filtration of the resultant precipitate yields a 

reddish solid which was redissolved in chloroform and further washed with deionised water. The 

organic layer was dried with anhydrous sodium sulfate and the solvent was evaporated followed by 

drying the solid under vacuum to obtain the reddish violet product (1.18 g, 1.30 mmol, 80% yield). 

NMR 1H (CDCl3, 300 MHz) δ/ppm: 3.94 (s, 12H, OCH3), 4.13 (s, 12H, OCH3) 7.20 (d, 4H, phenyl H, J = 8.1 

Hz), 7.56 (d, 8H, phenyl H, J = 11.2 Hz), 8.81 (8H, s, porphyrin H); UV-vis (CHCl3) λmax/nm: 422 (Soret), 

530 (Q bands). 

 

Synthesis of 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin)-  Method -1  

[H10-PorphCat, C44H30N4O8] 

H2T(OMe)2PP (1.00 g, 1.16 mmol) was dissolved in anhydrous dichloromethane (100 mL) in a round 

bottom flask and an inert atmosphere was established. Then BBr3 (20.0 ml of 1M solution, 20.0 mmol) 

was added at -70 °C (acetone/water bath) and the reaction mixture was maintained at this 
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temperature for 1 hour. After, the reaction was left to cool down to room temperature and allowed 

to proceed. After 24 hours, the reaction was quenched by adding glacial water. Saturated NaHCO3 was 

added to the greenish reaction mixture followed by ethyl acetate and the organic layer was separated 

and dried with anhydrous sodium sulfate. The solid obtained from evaporating the organic layer was 

washed with dichloromethane. The violet colored product was obtained via filtration (560 mg, 0.755 

mmol, 65% yield). NMR 1H (DMSO, 300 MHz) δ/ppm: -2.91 (s, 2H, porphyrin NH), 7.18 (d, 4H, phenyl 

H, J = 7.9 Hz), 7.46 (d, 4H, phenyl H, J = 8.5 Hz), 7.59 (s, 4H, phenyl H), 8.90 (s, 8H, porphyrin H), 9.40 

(d, 8H, OH H, J = 10.4 Hz); FTIR cm-1;  3100 (broad, OH stretch), 1595 (m, aromatic C=C stretch), 1475 

(s, aromatic C=C stretch); UV-vis (DMF); λmax/nm: 427 (Soret), 520 561, 596, 654 (Q bands). 

 

Synthesis of diprotonated 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin – Method 2 –  

[H12-PorphCat-2X, C44H32N4O8X2, X= Br- or Cl-] 

Dry H2T(OMe)2PP (1.07 g, 1.25 mmol) was dissolved in anhydrous dichloromethane (120 mL) in a 

round bottom flask and an inert atmosphere was established. Then pure BBr3 (4.0 ml, 41.2 mmol) was 

carefully added in a dropwise manner at -70 °C (acetone/water bath) and the reaction mixture was 

left to return to room temperature slowly. After 24 hours, the reaction was quenched by adding cold 

methanol (90 mL) dropwise in an ice bath. Then most of the solvent was removed and deionised water 

was added (100 mL). The green precipitate was filtered and washed with acidic water (pH ~3-4) and 

dried at 100 °C overnight to yield the green product (0.920 g, ~85% yield). NMR 1H (DMSO, 300 MHz) 

δ/ppm: H12-PorphCat-2X -0.29 (s, 4H, NH), 7.51 (d, 4H, phenyl H, J= 8.1 Hz), 7.95 (d, 4H, phenyl H, J= 

7.2 Hz), 8.15 (s, 4H, phenyl H ),  8.58 (s, 8H, porphyrin H), 9.78 (s, 4H, OH H), 10.28 (s, 4H, OH H)  H10-

PorphCat present at 25% 7.20 (phenyl H) 7.63 (phenyl H), 8.87 (porphyrin H); ESI-MS (m/z): 743.5 [(H10-

PorphCat)+H] +); FTIR cm-1; 3100 (broad, OH stretch), 1596 (m, aromatic C=C stretch), 1479 (s, aromatic 

C=C stretch); UV-vis (DMF) λmax/nm: 427 (Soret), 520 561, 596, 654 (Q bands). 

 

Synthesis of 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrinato-Ni(II)  

[Ni-H8-PorphCat, C44H28N4O8Ni] 

Dry NiT(OMe)2PP (1.17 g, 1.28 mmol) and pyridinium chloride (30 g, 379 mmol) were combined in a 

100mL round bottom flask and the solids were mixed well (the pyridinium chloride should be filled up 

to about half way mark of the round bottom flask in order to facilitate the reflux). The mixture was 

refluxed for 2.5 hours using a metallic bath and left to cool down to room temperature. Afterwards 

75 mL of deionised water was added to the reddish solid and sonicated for 15 minutes. The resultant 

suspension was centrifuged and further washed with deionised water three more times. After drying, 

the reddish solid was redissolved in THF and was filtered with a fritted glass filter loaded with silica. 



83 
 

The reddish product was obtained by evaporating the filtrate and washing with chloroform (0.790 g, 

0.988 mmol, 77% yield). NMR 1H (DMSO, 300 MHz) δ/ppm; Ni-H8-PorphCat 7.10 (d, 4H, phenyl H, J = 

8.0 Hz), 7.25 (dd, 4H, phenyl H, J = 8.0, 2.1 Hz), 7.37 (d, 4H, phenyl H,  J = 2.1 Hz),  8.78 (s, 8H, porphyrin 

H), 9.33 (d, 8H, OH H, J = 5.2 Hz) H10-PorphCat present at 7%  : -2.92 (porphyrin NH), 7.17 (phenyl H), 

7.46 (phenyl H), 7.58 (phenyl H), 8.89 (porphyrin H), 9.41 (OH H); FTIR cm-1; 3100 (broad, OH stretch), 

1600 (m, aromatic C=C stretch), 1426 (s, aromatic C=C stretch); UV-vis (DMF) λmax/nm: λ 425 (Soret), 

531  (Q bands). 

 

Gallol based porphyrin ligand 

Synthesis of 5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrin  [H2TtrimPP, C56H54N4O12] 

3,4,5-trimethoxybenzaldehyde (10.1 g, 51.5 mmol) and propionic acid (100 ml) were combined in a 

round bottom flask to which pyrrole (3.6 ml, 51.9 mmol) was added (pyrrole was purified with a silica 

micro column before the usage). The resultant mixture was refluxed for 45 minutes and left to cool 

down to room temperature. Afterwards, the reaction mixture was filtered and washed with methanol. 

A violet solid was obtained by drying in the oven at 70 °C (1.92 g, 1.97 mmol, yield 15 %). NMR 1H 

(DMSO, 300 MHz) δ/ppm: -2.94 (s, 2H, NH), 3.89 (s, 24H, OCH3), 3.99 (s, 12H, OCH3) 7.51 (s, 8H, phenyl 

H), 8.94 (s, 8H, porphyrin H); ESI-MS (m/z): 975.4 [(H2TtrimPP)+H]+ ; FTIR cm-1;  2820(w, methoxy CH3 

stretch), 1575(m, aromatic C=C stretch), 1456 (s, aromatic C=C stretch); UV-vis(DMF) λmax/nm: 423 

(Soret), 516, 552, 592, 648 (Q bands) 

 

Synthesis of diprotonated 5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin   

[H16-PorphGal-2Br, C44H32N4O12Br2] 

Dry H2TtrimPP (1.38 g, 1.42 mmol) was dissolved in anhydrous dichloromethane (120 mL) in a round 

bottom flask and an inert atmosphere was established. Then pure BBr3 (7.0 mL, 72.6 mmol) was 

carefully added in a dropwise manner at -70 °C (acetone/water bath) and the reaction mixture was 

left to return to room temperature slowly. After 24 hours, the reaction was quenched by adding 

methanol (100 mL) dropwise in an ice bath and the mixture was left stirring for 15 minutes.  

Afterwards, the solvent was removed under reduced pressure. Once all the solvent was removed, the 

solid was redissolved in methanol and the methanol was evaporated again and this process was 

repeated for 4 cycles. During the 4th cycle, only ¾ of the methanol was removed. Ethyl acetate was 

added to the mixture which resulted in a green precipitate which was washed further with ethyl 

acetate and recovered by centrifugation. The green product was obtained by drying under vacuum for 

12 hours (1.386 g, 99% yield).  NMR 1H (DMSO, 300 MHz) δ/ppm: -0.11 (s, 4H, NH), 7.61 (s, 8H, phenyl 

H), 8.58 (s, 8H, porphyrin H), 9.72 (broad s, 12H, OH H); ESI-MS (m/z): 807.2 [(H14-PorphGal)+H]+ ;  FTIR 
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cm-1;  3100 (broad, OH stretch), 1604 (m, aromatic C=C stretch), 1463 (s, aromatic C=C stretch); UV-

vis(DMF) λmax/nm: 430 (Soret), 522, 560, 598, 655 (Q bands). 

 

Tetrazole based porphyrin ligand 

Synthesis of 4,4',4'',4'''-(porphyrin-5,10,15,20-tetrayl)tetrabenzonitrile [H2TCyanoP, C48H26N8] 

4-formylbenzonitrile (9.40 g, 72 mmol) and propionic acid (100 ml) were combined in a round bottom 

flask to which pyrrole (5.0 ml, 72 mmol) was added (pyrrole was purified with a silica micro column 

before the usage). The resultant mixture was refluxed for 45 minutes and left to cool down to room 

temperature. Afterwards, the mixture was filtered with deionised water. The resultant solid was 

triturated with methanol and sonicated in acetonitrile. The solid is then filtered with as little acetone 

as possible and dried at 80 °C to obtained the purple coloured product (0.650 g, 0.91 mmol, 5.1% 

yield). NMR 1H (DMSO, 300 MHz) δ/ppm: -3.00 (s, 2H, NH), 8.33 (d, 8H, phenyl H, J = 7.9 Hz), 8.42 (d, 

8H, phenyl H, J = 7.8 Hz), 8.88 (s, 8H, porphyrin H); ESI-MS (m/z):  715.5[(H2TCyanoP+H)+]; FTIR cm-1: 

2220 (m, CN stretch), 1604 (m, aromatic C=C stretch); UV-vis(DMF) λmax/nm:  419 (Soret), 513, 549, 

589, 645 (Q bands). 

 

Synthesis of 5,10,15,20-tetrakis(4-(2H-tetrazol-5-yl)phenyl)porphyrin [H2TTPP, C48H30N20] 

A solution of H2TCyanoP (0.30 g, 0.42 mmol), NaN3 (0.24 g, 3.67 mmol), NH4Cl (0.18 g, 3.37 mmol), and 

DMF (25 mL) was heated at 120 °C for 3 days. Additional NaN3 (0.17 g, 2.59 mmol) and NH4Cl (0.11 g, 

2.05 mmol) were added to push the reaction to completion. The DMF was evaporated under reduced 

pressure followed by the addition of cold deionised water (10 mL). The resulting solution was acidified 

with 6 M HCl then dichloromethane (10 mL) was added. The resulting precipitate was collected and 

dried under vacuum to provide a violet solid (0.37 g, 0.41 mmol, 99% yield). NMR 1H (DMSO, 300 MHz) 

δ/ppm: -2.89 (s, 2H, NH), 8.50 (s, 16H, phenyl H), 8.95 (s, 8H, porphyrin H); ESI-MS (m/z):  

887.2[(H2TTPP+H)+]; FTIR cm-1: 1604 (m, aromatic C=C stretch), 1564 (tetrazole ring stretch);  UV-

vis(DMF) λmax/nm:  424 (Soret), 518, 555, 595,651 (Q bands). 
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3. Carboxylate based porphyrinic MOFs 

3.1. Introduction 

 Ligands with carboxylate functionality have been the most investigated with regards to 

porphyrinic MOFs, where majority of the work has been done with the tetrakis(4-carboxyphenyl) 

porphyrin linker, mainly due to its commercial availability and/or facile synthesis.1-3 Carboxylate based 

MOFs often present limitations regarding aqueous stability as discussed in chapter 1. Studies have 

shown that increasing the charge of the metal usually leads to an enhancement of the hydrothermal 

stability of the carboxylate based MOFs.4 The carboxylate anion can be considered as a hard base; 

thus, the increased charge density of higher valence metal ions can lead to stronger M-O bonds. 

Therefore, using higher valance metal ions such as Fe3+ and Al3+ in the inorganic SBU can result in more 

stable carboxylate MOFs.  

 Fe porphyrin based MOF with a chain like inorganic SBU published by our lab, 

[FeIIpzTCPP(FeIIIOH)2], and Al-PMOF {chemical formula [H2TCPP(AlIIIOH)2]} published by Fateeva et al 

are two such stable carboxylate porphyrin MOFs.5-6 The work presented in this chapter will focus on 

two main topics. One involves the investigation of the reactivity of Fe with tetrakis(4-carboxyphenyl) 

porphyrin based ligands and the other entails the exploration of the synthesis of Mn3+ and Fe3+ 

metalated Al-PMOF material.  

 Reactivity of Fe with tetrakis(4-carboxyphenyl) porphyrin 

  [FeIIpzTCPP(FeIIIOH)2] was synthesised via the solvothermal reaction of hydrated iron chloride 

and free base tetrakis(4-carboxyphenyl) porphyrin (H2TCPP) in the presence of pyrazine as described 

in the presented article.5 When the three compounds were reacted in solvothermal conditions in DMF, 

a mixture of two phases was obtained, [FeIIpzTCPP(FeIIIOH)2] and [FeIITCPP(FeIIpz)2] (Figure 3-1). To 

obtain the phase pure [FeIIpzTCPP(FeIIIOH)2], a two-step synthetic procedure was adapted. First 

FeCl3.6H2O and H2TCPP were reacted and an intermediate solid was isolated (Figure 3-1). Then this 

solid was allowed to react with pyrazine to obtain the pure [FeIIpzTCPP(FeIIIOH)2] phase. In this work, 

we tried to investigate the nature of this intermediate phase as it could lead to information about the 

mechanism of the MOF formation. Furthermore, the possibility of replacing the pyrazine ligand with 

other N-donors was also investigated. N-donors such as imidazole are less likely to act as bridging 

ligands thus have the potential to yield an extended structure with coordinatively unsaturated Fe sites 

(Figure 3-2b), resembling Fe-heme systems.7 This work is presented in detail in section 3.3 of the 

chapter. 
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Figure 3-1 Different synthetic routes employed to obtain [FeIIpzTCPP(FeIIIOH)2].5 Hydrogens are omitted for clarity. 

 

 

Figure 3-2 a) A schematic representation of the porphyrin Fe centres in [FeIIpzTCPP(FeIIIOH)2] where Fe is coordinated to 
pyrazine bridging ligands. b) Conceptual drawing of a possible framework obtained by replacing pyrazine with imidazole 
resulting in unsaturated Fe centres.  

 The reactivity of FeCl3.6H2O and Co metalated TCPP ligand was also investigated with the goal 

of obtaining a stable Fe based porphyrinic MOF with cobalt in the porphyrin cores. Co metalated 

porphyrins have shown promising results as catalysts for CO2 reduction and being incorporated into a 
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stable Fe based framework have the potential to yield material which can be used as heterogeneous 

catalysts. This is presented in section 3.4 of the chapter.   

 Exploration of the synthesis of Mn3+ and Fe3+ metalated Al-PMOF material 

 Al-PMOF, [H2TCPP(AlIIIOH)2], is a water stable MOF published by Fateeva et al. It was 

synthesised with a non-metalated porphyrinic core and post-synthetically metalated Al-PMOF 

variations with divalent zinc,6 cobalt,8 and copper9 have been reported.  Zn-Al-PMOF has shown 

photocatalytic activity towards H2 generation, Co-Al-PMOF has shown electrocatalytic activity for CO2 

reduction and Cu-Al-PMOF was proven to be active in CO2 photoreduction. Thus, having different 

metals in the porphyrin core enables one to tune the functionality of the material.  The most studied 

metalloporphyrins are the Fe and Mn metalated porphyrins which have been used as models to mimic 

cytochrome P-450 in the catalytic oxidation of organic substrates and as catalysts for various other 

oxidation reactions.10-11  However, Mn and Fe metalated Al-PMOFs have not been reported before. 

Thus, obtaining Mn and Fe metalated Al-PMOF is investigated in section 3.5 of the chapter.  

 

Figure 3-3 Framework of Al-PMOF a) view along the b-axis showing pores of ~15 x 7 Å b) view along the c-axis. The distance 
between 2 porphyrins is ~6.58 Å.6 Hydrogens are omitted for clarity.  

 

3.2. Article 
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3.3. Investigating the reactivity of the free base tetrakis(4-carboxyphenyl) 
porphyrin with iron(III) 

3.3.1. Investigating the nature of the intermediate product in the synthesis of 

[FeIIpzTCPP(FeIIIOH)2] 

In the two-step synthesis procedure for obtaining [FeIIpzTCPP(FeIIIOH)2], a poorly crystallised 

intermediate product is resulted from the solvothermal reaction between FeCl3.6H2O and H2TCPP at 

180 °C. When this intermediate product was further reacted with pyrazine, the final framework, 

[FeIIpzTCPP(FeIIIOH)2], was obtained (Figure 3-1 Synthetic route B). The structure of this intermediate 

product remains unknown as crystals of sufficient quality were not obtained for single crystal X-ray 

diffraction studies. However, the solid appeared to be polymeric as seen by its insolubility in organic 

solvents such as DMF and presence of coordinated carboxylate groups in the IR spectrum. 

Furthermore, the product also showed intrinsic porosity indicating an open framework. It would be 

interesting to gain a better picture of this intermediate product as it would offer an insight in to what 

changes are brought about by the addition of pyrazine and how it affects the nature of the SBU and 

the overall framework. This would lead to a fundamental understanding of the formation of this MOF. 

Thus, the possibility of obtaining better quality single crystals in order to solve the structure of the 

intermediate phase was explored by varying reaction parameters as summarised in Table 3-1 (All the 

reactions attempted are given in appendix section B.1). A total of 11 reactions were attempted for this 

purpose. 

Table 3-1 Summary of synthesis parameters investigated for the reaction between H2TCPP and FeCl3.6H2O.  

Parameter  

Isotherm temperature 120-150-180 °C 

Solvent (at 180 °C) DMF, DEF  

Additives (DMF as solvent and at 180 °C) HCl (15 eq compared to H2TCPP) 

H2O (10% of total solvent) 

 

For the range considered in this study, the isotherm temperature showed no effect on the 

crystal morphology or size as similar square shaped crystals of around 100 μm were obtained for the 

synthesis at 120 °C and at 180 °C with DMF as the solvent. However, fewer crystals were present in 

the resultant mother liquor from the synthesis at 120 °C. For the syntheses at 180 °C, the additives 

and the solvent change from DMF to DEF had an effect on the crystal morphology. DMF as solvent 

resulted in square shaped crystals of around 100 μm, with or without HCl as an additive. However, 
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when H2O was added fine needle shaped crystals were obtained which were smaller than the square 

shaped crystals observed before. When DEF was used as the solvent, resultant crystals were again, 

needle shaped and were similar to those observed with H2O as an additive. However, crystals of 

sufficient quality for single crystal x-ray diffraction could not be obtained from the syntheses.  

The use of DEF as solvent and lower isotherm temperature of 120 °C resulted in amorphous 

solids as shown by the pxrd patterns (Figure 3-4a). The samples obtained from syntheses with HCl and 

H2O as additives in DMF at 180 °C were less crystalline compared to the sample from the synthesis 

without any additives (Figure 3-4a). The IR spectra of these samples show that the products obtained 

had coordinated carboxylate groups by the presence of the asymmetric and symmetric C=O stretches 

at 1596 cm-1and 1398 cm-1(Figure 3-4b).   

The formation of a gel product was observed during some of the syntheses which was a major 

obstacle in obtaining reliable data. Attempts were made to investigate this phenomenon by changing 

various reaction conditions. The synthesis temperature was lowered from 180 °C to 150 °C, the 

FeCl3.6H2O was pre-dissolved in DMF or in DEF and the oven was preheated at 180 °C before the 

introduction of the reactants, but a trend could not be established for the formation of the gel. Gel 

formation has been reported before for iron porphyrin systems where it was attributed to the 

polymerization of acetaldehyde that results from the oxidative decomposition of DEF and DMF, which 

could be the cause of this phenomenon observed in this work.12  

 
 Figure 3-4 a) Effect of changing the temperature, the solvent, and different additives on the pxrd patterns. b) IR spectra of 
the samples (1714 cm-1= uncoordinated COOH C=O stretch, 1650 cm-1 = DMF C=O stretch, 1596 cm-1and 1398 cm-1= 
asymmetric and symmetric of coordinated carboxylate C=O stretches, 1525 cm-1 = porphyrin aromatic C=C stretch.) 
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3.3.2. Investigating the possibility of replacing the pyrazine axial ligand with a different 

N-donor in [FeIIpzTCPP(FeIIIOH)2]  

The study of iron porphyrin systems which resemble heme prosthetic groups found in nature 

is of great interest as it can lead to a fundamental understanding of biological processes. The reactive 

nature of iron porphyrin complexes makes studying these systems difficult as in absence of a protein 

superstructure, they tend to undergo irreversible bimolecular condensation reactions, forming Fe-oxo 

dimers.13 Thus, much effort has been made to construct systems such as picket-fence porphyrins 

which can prevent the self-deactivation of reactive porphyrin motifs, and enable their study.14 

Recently, MOFs with Fe-porphyrin motifs, which can also prevent self-deactivation reactions have 

received attention as platforms for studying the reactivity of Fe-porphyrins.7   

Most iron porphyrin systems studied employ a N-donor axial ligand such as imidazole 

coordinated to the Fe2+ centre which aids in binding O2 to the vacant sixth coordination site. In 

[FeIIpzTCPP(FeIIIOH)2], pyrazine coordinates to two Fe2+ centres in two co-facial porphyrin cores with 

its two nitrogens acting as a bridging ligand (Figure 3-2a). If pyrazine could be replaced with a N-donor 

such as imidazole it would be possible to obtain a system with coordinatively unsaturated Fe centres 

(Figure 3-2b).  

Thus, possibility of replacing pyrazine with different N-donor ligands such as imidazole, 4-

methyl-imidazole, pyrrolidine, and pyridine (Figure 3-5b) was investigated.    

 

 
Figure 3-5 a) N-donor present in the published framework b) Different N-donors used for the exploratory syntheses. 

To introduce these heterocycles into the above-mentioned porphyrinic MOFs, both the 

synthetic routes A and B (Figure 3-1) were investigated. 

One step synthesis was attempted replacing the pyrazine with imidazole, 4-methyl imidazole 

or pyrrolidine and keeping the other synthesis parameters unchanged. Syntheses with pyrrolidine and 

imidazole resulted in solids with poor crystallinity while 4-methyl imidazole resulted in an amorphous 
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solid (Figure 3-6a). The IR spectra of the samples showed the characteristic bands which indicate the 

presence of coordinated carboxylate groups (1589 cm-1, asymmetric C=O stretch; 1400 cm-1, 

symmetric C=O stretch) (Figure 3-6b). Furthermore, N2 adsorption measurements conducted for the 

products indicated that the solids have permanent porosity with the one with pyrrolidine the most 

porous with a BET surface area of 357 m2g-1 (Figure 3-7). 

 When looking at single crystals, syntheses with imidazole and pyrrolidine both resulted in 

small square shaped crystals of around 100 μm while 4-methyl imidazole resulted in mainly irregular 

shaped grains. Thus, it seems the size of the N-donor molecules is affecting the difference in 

crystallinity and the crystal morphology as similar sized imidazole and pyrrolidine results in similar 

pxrd patterns and similar shaped crystals compared to what is observed for the relatively bigger 4-

methyl imidazole. However, crystals of sufficient quality for single x-ray diffraction could not be 

obtained thus further structural studies were not possible. 

 

 

Figure 3-6 a) PXRD data for single-step syntheses with various N-donors. b) IR spectra for products from the single-step 
syntheses with different N-donors.  
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Figure 3-7 a) N2 adsorption isotherms at 77K for the products from the single step syntheses with different N-donors b) BET 
surface areas. 

The synthesis route B was attempted with imidazole, 4-methyl imidazole, pyrrolidine addition 

in the second step of the synthesis and was compared to the use of pyrazine. Syntheses with N-donors 

other than pyrazine resulted in poorly crystalized solids with a similar PXRD pattern to each other and 

to the starting intermediate (Figure 3-8a). This possibly indicates that, these N-donors have little effect 

on the structure of the intermediate product. This could be due to the ability of pyrazine to fit between 

2 co-facial porphyrin molecules and coordinate to them, giving rise to a templating effect in 

determining the final structure of [FeIIpzTCPP(FeIIIOH)2]. The IR spectra of the products with the N-

donors from the 2-step synthesis all showed the characteristic bands of coordinated carboxylate 

groups (Figure 3-8b) suggesting that polymeric phases are formed. All the syntheses resulted in small 

square shaped single crystals similar to what was observed for the one step synthesis, but the quality 

of the crystals was not sufficient for single crystal x-ray diffraction studies. Thus, further structural 

studies were not possible.  

 
Figure 3-8 a) PXRD data for 2-step syntheses with N-donors. PXRD measurements performed with instrument 2. b) IR spectra 
for the 2-step syntheses with different N-donors. 
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 Attempts were also made to replace the pyrazine in the [FeIIpzTCPP(FeIIIOH)2] structure with 

imidazole using solvent assisted ligand exchange (SALE) methods reported by Hupp et al.15 

[FeIIpzTCPP(FeIIIOH)2] and 20 times excess imidazole were combined in DMF and heated at 100 °C for 

72 hours. The reaction solution was analysed with mass-spectrometry for the presence of pyrazine 

(Figure 3-9). No peaks corresponding to pyrazine were detected indicating that no pyrazine was 

liberated. Furthermore, there was no qualitative change in the morphology of the single crystals. The 

reaction was repeated with HCl with a pH of 0.5 as the solvent. This acidic condition digested the MOF.  

          

Figure 3-9 Mass spectrometry data for the attempted solvent assisted ligand exchange of pyrazine with imidazole in 
[FeIIpzTCPP(FeIIIOH)2], 
 

3.3.3. Conclusion and perspectives for the investigation in to the reactivity of free base 

tetrakis(4-carboxyphenyl) porphyrin with iron(III) 

 A total of 11 reactions were attempted in investigating the nature of the intermediate 

product. The formation of a gel was observed in 6 reactions which made analysis difficult. To prevent 

gel formation in the future, this system could be investigated using dry solvents under anaerobic 

conditions. The goal of obtaining single crystals of sufficient quality for single crystal diffraction studies 

was not achieved. This was possibly due to the poor quality of the crystals and their small size as they 

did not show diffraction using the laboratory diffractometer.  

 For the investigation of the possibility to replace pyrazine with a different N-donor, 3 attempts 

were made with the single step approach while 4 attempts were made with the two-step approach. 

Both approaches yielded solids which were coordination polymers but single crystals of sufficient 

quality were not obtained. Furthermore, 2 attempts were made to replace the pyrazine in the 

structure using solvent assisted ligand exchange technique, but were not successful. Additional 

analyses would have been beneficial to give insight into sample composition but were not performed 

due to time constraints and the unavailability of equipment. Mass spectrometry could have been used 

to analyse washed samples after digesting in 0.1M NaOH to assess if the desired N-donor was part of 

the polymeric structure. In addition, TGA analysis could also have given information about possible 

MOF formulae as well as details about thermal stability. Solid state UV-vis spectra of the products 
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could have provided details about the oxidation state of iron in the porphyrin cores as Fe3+ would 

show a blue shifted Soret band compared to Fe2+.16 

Considering the fact that frameworks with microporosity were obtained for the one step 

synthesis process, it is worth further investigating different temperatures and solvent systems to see 

if products with better crystallinity could be obtained.  

It appears that pyrazine has a templating effect in constructing the final framework of 

[FeIIpzTCPP(FeIIIOH)2] from the intermediate product. Indeed, the use of other N-donor ligands did not 

result in a similar framework. This could be due to its perfect fit size wise in the framework along with 

the ability to act as a bridge between two Fe2+ centres. An interesting N-donor to investigate would 

be piperazine. Even though this molecule is not aromatic, it could potentially act as a bridging ligand 

with its two N atoms. 

3.4. Investigating the reactivity of cobalt metalated tetrakis(4-carboxyphenyl) 
porphyrin with iron(III) 

The photocatalytic and electrocatalytic activity of cobalt porphyrins for CO2 reduction have 

been well studied.17-18 Incorporation of such metalloporphyrins in stable MOF structures can lead to 

stable heterogeneous catalysts. Kornienko et al demonstrated the catalytic CO2 reduction properties 

of a MOF system based on cobalt metalated Al-PMOF.19 However, very few stable porphyrinic MOFs 

have been based on iron containing inorganic SBUs.20 Inorganic SBUs based on trivalent iron can result 

in stable frameworks as shown in the previous section. Besides, the presence of iron in the inorganic 

building block can be possibly exploited to enhance the redox activity of the MOFs.21   

We therefore attempted to obtain a stable porous MOF based on CoTCPP(X) and iron. The 

summary of synthesis parameters investigated are given in Table 3-2 (details for all the attempted 

reactions are given in appendix section B.2). The synthesis details for the Co metalated TCPP 

[CoTCPP(X) X= OH- or Cl-] ligand are given in chapter 2. For calculating the ratios of reactants, the molar 

mass of CoTCPP(OH) was used. 
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Table 3-2 Different parameters investigated for studying the reactivity of Fe3+ with CoTCPP(OH). 

Parameter  

Metal precursor FeCl3.6H2O 

Solvent DMF 

Isotherm temperature 120 -150 -190 °C 

Heating program 

(heating time, isotherm, cooling time) 

12h-60h-4h, 4h-72h-4h at 150 °C 

4h-72h-4h at 190 °C 

Metal/ligand ratio 

1 at 120 °C 

0.6, 1, 1.5, 3 at 150 °C 

0.8, 1, 2 at 190 °C 

Concentration (porphyrin ligand) 
10mM, 2.5mM at 150 °C 

10mM, 17mM at 190 °C 

Additives  
HCl (3 eq compared to the porphyrin 

ligand) @ 150 °C 

 

For this system, a total of 14 different reactions were attempted. Synthesis at 120 °C produced 

a gel while syntheses at 150 °C and 190 °C resulted in solids. The most of the focus of the study was 

directed towards the syntheses at 150 °C (9 attempted syntheses) due to the promising results 

obtained initially.  

The products obtained from the syntheses at 150 °C with a heating program of 4h-72h-4h, 

DMF as the solvent, 1:1 metal to porphyrin ratio and 10 mM porphyrin concentration showed low 

crystallinity as shown by the pxrd data (Figure 3-11). However, the square shaped single crystals were 

analysed using single crystal X-ray diffraction. The structure corresponded to a 3-D polymeric phase 

with a tentatively assigned formula, [CoTCPP(H2O)2(FeIIIOH)2] (Figure 3-10).  

Structure of [CoTCPP(H2O)2(FeIII(OH)2]  

From single crystal diffraction data, the formula [CoTCPP(H2O)2(FeIIIOH)2] was tentatively 

assigned to this new phase considering the similarities to the published structure, 

[FeIIpzTCPP(FeIIIOH)2]. Figure 3-10 shows the structure of [CoTCPP(H2O)2(FeIIIOH)2] along the a, b and c 

axes, Table 3-3 gives the lattice parameters of the [CoTCPP(H2O)2(FeIII(OH)2] phase compared to that 

of [FeIIpzTCPP(FeIIIOH)2] and Table 3-4 gives bond lengths and angles of the inorganic SBU and the 

porphyrin core for the two structures.  
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In the inorganic SBU of [CoTCPP(H2O)2(FeIIIOH)2], Fe3+ is equatorially coordinated to 4 

carboxylate oxygen atoms and axially to two μ2-OH, which bridge the adjacent Fe3+ centres. This gives 

rise to an infinite [Fe(OH)O4]n chain similar to what is observed for [FeIIpzTCPP(FeIIIOH)2] structure 

(shown previously in Figure 3-1). There are two different Fe-O bond lengths for the bonds involving 

the 4 oxygen atoms belonging to acid groups. One set of Fe-O bond lengths equal to 1.9940(2) Å while 

the other is 1.9315(2). The Fe-O bond lengths involving the μ2-OH are shorter and equal to 1.8838(4) 

Å. O-Fe-O bond angles range from 88.278(16)° to 93.477(16)° (cis) and from 177.171(22)° to 

171.225(16)° (trans) indicating that the Fe3+ is in a distorted octahedral arrangement in the inorganic 

SBU.  

When looking at the porphyrin linker, the cobalt inside the porphyrin core has water 

molecules bound at the axial positions and is in an octahedral environment (Co-N bong lengths equal 

to 1.9504(2) Å and 1.9729(2) Å; Co-O bond lengths equal 2.0661(6) Å; N-Co-N and O-Co-O bond angles 

are equal to the theoretical values of 180° while N-Co-O bond angles are equal to the theoretical 

values of 90°). Both Co2+ and Co3+ have been reported with similar bond lengths in porphyrinic 

structures. When considering other MOF structures with the same Co-TCPP linker, majority have been 

reported as Co2+. Lions et al reported a Co2+ metalated Al-PMOF which had a reported average Co-N 

bond length of 1.9744(1) Å.8 Another Co(II)-TCPP linker based MOF reported by Barron et al had a Co-

N bond length of 1.9852(71) Å.22 Therefore, an oxidation state of +2 was tentatively assigned to the 

cobalt in the porphyrin.  

In this structure, each porphyrin unit is connected to 8 different Fe atoms while each Fe is 

connected to 4 different porphyrin linkers. The [Fe(OH)O4]n chains run parallel to each other and are 

interconnected by the porphyrins giving rise to channels of ~13 Å x 8.7 Å along the c-axis (Figure 3-10c). 

The porphyrins are arranged co-facially along the c-axis with a distance of 6.505(2) Å between 2 

parallel cobalt centres. The connecting porphyrins between [Fe(OH)O4]n chains do not link at the same 

level with the chains and thus are not perpendicular to the c-axis and tilt above or below the plane of 

the b-axis in an alternating fashion when viewed along the a-axis (Figure 3-10a and b).  
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Figure 3-10 Structure of [CoTCPP(H2O)2(FeIIIOH)2]. a) along the a-axis b) along the b-axis c) along the c-axis.  Hydrogen atoms 
are omitted for clarity.  
 

Table 3-3 Lattice parameters for [CoTCPP(H2O)2(FeIIIOH)2] compared to that of the published [FeIIpzTCPP(FeIIIOH)2] structure.   

Ref Crystal 
system a (Å) b (Å) c (Å) α (°) β (°) λ (°) V (Å

3
) 

[CoTCPP(H2O)2(FeIIIOH)2 oP 33.512(4) 15.7671(19) 6.505(2) 90 90 90 3437(16) 

[FeIIpzTCPP(FeIIIOH)2] oP 6.835(2) 32.355(4) 16.896(2) 90 90 90 3737(1) 

 

Table 3-4 Bond lengths and bond angles of the porphyrin core and the chain like SBU in [CoTCPP(H2O)2(FeIIIOH)2] compared 
to those of the published [FeIIpzTCPP(FeIIIOH)2]. 

 Porphyrin Core (Å) SBU (Å) O-Fe-O SBU Bond angles in SBU (°) 
[CoTCPP(H2O)2(FeIIIOH)2] Co-N(porphyrin) 

1.9504(2), 1.9729(2)     
Co-O(water) 
2.0661(6)     

Fe-O(carboxylate) 
1.9940(2), 1.9315(2)      
Fe-O (μ2-OH)              
1.8838(4) 

Cis        
88.278(16) - 93.477(16) 
Trans   
177.171(22)-171.225(16) 

[FeIIpzTCPP(FeIIIOH)2] Fe-N(porphyrin) 
1.999(2) 
Fe-N(pyrazine) 
1.978(2) 

Fe-O(carboxylate) 
2.012(1) 
Fe-O(μ2-OH)    
1.918(1) 

Cis        
88.33(7) - 91.67(7) 
Trans   
180 
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 Further attempts were made to improve the quality of the single crystals and the crystallinity. 

Keeping all other conditions unchanged, metal to ligand ratio was screened and 1:1 stoichiometry was 

found to be optimal when compared with other attempted ratios as indicated by pxrd patterns (Figure 

3-11). Lowering the concentration (2.5 mM) or adding HCl (3 equivalents compared to the porphyrin 

ligand) both had a detrimental effect on the crystallinity. Decreasing the heating rate from 0.52 °C/min 

to 0.17 °C/min and decreasing the isotherm time from 72 to 60 hours (i.e. 12h-60h-4h instead of 4h-

72h-4h for the heating program), also resulted in material with very low crystallinity. When observing 

single crystals, the syntheses at 150 °C with a heating program of 4h-72h-4h generally resulted in a 

mixture of square shape and needle shape single crystals along with irregular shaped grains. The 

synthesis with an oven program of 12h-60h-4h produced only irregular shaped grains. However, the 

quality of the single crystals obtained from these syntheses were not sufficient for single crystal X-ray 

diffraction studies.  
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Simulated from X-ray diffraction data for [CoTCPP(H2O)2(FeIIIOH)2] 

0.6:1 Fe:CoTCPP(X)

Co metalated TCPP ligand, CoTCPP(X)

1:1  Fe:CoTCPP(X), heating program 12h-60h-4h 

 
Figure 3-11 PXRD data of samples synthesised at 150 °C. All reactions were performed with a heating program of 4h-72h-4h 
unless noted otherwise.  
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Increasing the isotherm temperature to 190 °C while maintaining the heating program as 4h-

72h-4h and the reactant concentration as 10 mM (for the porphyrin ligand) led to better crystallized 

solids but with different pxrd patterns to what was observed at 150 °C (Figure 3-12a). The PXRD 

patterns of these samples do not match the calculated pattern for [CoTCPP(H2O)2(FeIIIOH)2] or the 

framework described earlier [FeIIpzTCPP(FeIIIOH)2]. Furthermore, only fine dark needle shaped crystals 

of around 50 μm were obtained at 190 °C. The metal to ligand ratios tested at these conditions, 1:1 

and 0.8:1, had no effect on the crystallinity or the crystal morphology.  

A 1.7-times higher concentration (17 mM for the porphyrin ligand) while maintaining the 

other conditions unchanged (temperature: 190 °C, heating program: 4h-72h-4h, metal to ligand ratio 

of 1:1, solvent: DMF) resulted in a slightly better crystallized sample (Figure 3-12a), but had no effect 

on the single crystal morphology. However, a metal to ligand ratio of 2:1 at this reactant concentration 

had a detrimental effect on the crystallinity (Figure 3-12a). Single crystals of sufficient quality could 

not be obtained for this phase.  

 The IR spectra of the sample synthesised at 150 °C and at 190 °C are similar (Figure 3-12b). 

Both spectra show the characteristic asymmetric and symmetric stretches at 1600 cm-1 and 1400 cm-

1 of coordinated carboxylate groups. 

 
Figure 3-12 a) PXRD data. b) IR spectra for 1) Sample prepared at 150 °C and 2) Sample prepared at 190 °C with 1:1 metal to 
ligand ratio and a heating program of 4h-72h-4h. 

Changing the solvent towards a DMF/water mixture at 150 °C resulted in the formation of a 

different crystalline phase (Figure 3-13). Seven reactions were performed with this solvent system 

where stoichiometry, temperature and solvent composition were varied with the goal to obtain a 

single crystalline sample (the reaction details are given in appendix section B.2).  
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Figure 3-13 a) PXRD data for products of syntheses with a mixed solvent system of DMF/water b) IR spectrum of sample D, 
which was used for lattice parameter determination. Sample was dried at 150 °C before the IR spectrum was measured. Peak 
assignment: 2900 cm-1 = OH stretch of uncoordinated COOH, 1710 cm-1 = CO stretch of uncoordinated COOH, 1602 cm-1 and 
1390 cm-1 = asymmetric and symmetric stretch of coordinated carboxylate groups, 1504 cm-1 = aromatic C=C stretch.  
 

For syntheses at 150 °C using 90% DMF in the solvent, the effect of the metal to ligand ratio 

was investigated. Increasing this ratio from 0.5:1 to 1:1 did not produce noticeable changes in the 

PXRD pattern while increasing it further to 2:1 had a detrimental effect on the crystallinity and resulted 

in a different PXRD pattern (Figure 3-13a-C). Using the 1:1 ratio, the DMF content was decreased from 

90 to 50% which led to better crystallinity and the lattice parameters were assigned from single crystal 

diffraction, but structural elucidation was not achieved (Figure 3-13a-D, Table 3-5). Decreasing the 

DMF content further (10%) resulted in a lower crystallinity and a mixture of phases (Figure 3-13a-E).   

 

Table 3-5 Lattice parameters obtained for the single crystal from the synthesis D (Figure 3-13a-D). 

 Crystal 
system a (Å) b (Å) c (Å) α (°) β (°) λ (°) V (Å

3
) Reflections 

Collection 
time per 
image (s) 

1 mP 17.94(7) 9.46 (3) 33.89 (12) 90.2 
(3) 

100.7 
(3) 

89.9 
(11) 

5650 
(20) 

26/36 
72% 400 

 

The effect of the temperature was then considered: increasing the temperature from 150°C 

to 180°C resulted in a lower crystallinity and in the formation of additional phases along with the phase 

observed at 150 °C using 90% and 50% DMF in the solvent (Figure 3-13a-F and G).   

The exact nature of the products obtained remains unknown due to the lack of structural data. 

However, the solids were insoluble in DMF and the IR spectra showed characteristic bands observed 

for coordinated carboxylate groups (Figure 3-13b) suggesting the formation of a polymeric compound. 

Furthermore, the presence of prominent bands at 2900 cm-1 (uncoordinated COOH OH stretch) and 

1710 cm-1 (uncoordinated COOH C=O stretch) indicate that both coordinated and uncoordinated 
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carboxylate groups are present in the product obtained at 150 °C with a DMF/water content of 

50%/50% (Figure 3-13b).    

 

3.4.1. Conclusions and perspectives   

A new phase was obtained from the reaction between FeCl3.6H2O and Co metalated TCPP 

ligand and structural resolution revealed a new MOF with the chemical formula 

[CoTCPP(H2O)2(FeIIIOH)2]. However, the bulk phase crystallinity was poor and repeated attempts made 

to improve crystallinity and to obtain better quality crystals were not successful.   

Two other different coordination polymer products were also obtained, one at an isotherm 

temperature of 190 °C with DMF as the solvent and the other by using a water/DMF solvent mixture 

at 150 °C. However, lack of single crystals of sufficient quality for X-ray diffraction hindered further 

structural analysis. Only 4 reactions were attempted for the synthesis of solids obtained at a 

temperature of 190 °C. The effect of solvent and the heating program were not investigated. Thus, 

there is room for further synthesis optimisation for this product and further analysis. 

A technique which could have provide insight in to the composition of these materials is 

energy-dispersive X-ray spectroscopy (EDX). This analysis could indicate the ratio between Co and Fe 

present in the samples which in turn could give the ratio between the ligand and the metal in the 

framework. Furthermore, UV-vis spectroscopy could have been used to probe if there is any 

demetalation of Co from the porphyrin cores. In addition, TGA analysis could also give information 

about possible MOF formulae as well as details about thermal stability and purity, particularly for the 

phase [CoTCPP(H2O)2(FeIIIOH)2].  

 

3.5. Synthesis of Fe and Mn metalated Al-PMOF  

 As stated before, Fe3+ and Mn3+ metalated porphyrins have been used as models to mimic 

cytochrome P-450 in the catalytic oxidation of organic substrates and other oxidation reactions.10-11  

Thus, obtaining stable MOFs with these units can lead to heterogeneous catalysts with properties 

similar to what has been observed with homogeneous systems. Iron and manganese porphyrin based 

MOF systems have been previously reported in literature.23 However, there have only been a few 

reports concerning water stable MOFs, among which are Zr (Figure 1-17 in chapter 1) and Fe based 

MOFs as described in chapter 1.20, 24 Al-PMOF, [H2TCPP(AlIIIOH)2], is a water stable Al3+ based MOF 

published by Fateeva et al, with an [Al(OH)O4] chain like SBU.6 The MOF is synthesised with a non-

metalated porphyrinic core (i.e. H2-Al-PMOF) and Al-PMOF variations post-synthetically metalated 

with divalent zinc,6 cobalt8 and copper9 are known. However, Mn3+ and Fe3+ metalated Al-PMOF 
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phases have not been reported. Thus, the goal was to explore the possibility to achieve these two 

materials.  

3.5.1. Synthesis of Mn3+ metalated Al-PMOF  

Synthesis optimisation 

Synthesis of the Mn3+ metalated Al-PMOF was attempted by directly reacting Mn3+ metalated 

TCPP ligand (MnTCPP(X), X= Cl- or OH-, for calculations molar mass of MnTCPP(OH) was used) with 

AlCl3.6H2O to form the corresponding framework. In total, 15 reactions were performed for the 

synthesis optimisation and the parameters screened are summarised in Table 3-6. Details of the 

attempted syntheses are given in appendix section B.4). 

The post-synthetic Mn3+ metalation of porphyrinic MOFs had not been reported before in 

literature to the best of the authors knowledge. Due to time constraints, this synthetic route was not 

explored but remains a possible method to explore in future syntheses.  

Table 3-6 Summary of parameters used for synthesis optimisation of Mn3+ metalated Al-PMOF. 

Parameter  

Ratio of M/L 2 

Solvent system (DMF, water) (%vol) (100%, 0 %), (90%,10%), (50%, 50%), (0%, 100%) 

Isotherm temperature 120 -140-150-160-180-190 °C 

Isotherm time 15h 

Heating rate 9h (0.31 °C/min), 18h (0.15 °C/h) @190 °C 

Cooling rate Over 4h 

Additives, equivalents relative to 

MnTCPP(OH) 

Benzoic acid (2 equivalents, 10 equivalents) 

Potassium hydroxide (4 equivalents) 

 

The reported synthesis for the free base Al-PMOF (H2-Al-PMOF) was performed in water, and 

the same conditions were used in an initial attempt for the synthesis of Mn metalated Al-PMOF (180 

°C for 16 hours, heating rate: 0.86 °C/min cooling rate: 1.7 °C/min, metal to ligand ratio of 2:1). 

However, this resulted in very small quantity of product, insufficient to be analysed.   

In a subsequent exploratory synthesis at a different temperature (160 °C, heating program 3h-

16h-4h) several different solvent compositions were tested. The synthesis with pure DMF resulted in 

a solid product with a higher yield. This is possibly due to the increased solubility of the Mn metalated 

TCPP in DMF relative to that in water, even at a lower temperature. However, a solvent system 
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composed of 50%/50% DMF/water resulted in the most crystalline Al-PMOF phase (Figure 3-14). A 

higher proportion of water (90% vs 50% water) resulted in obtaining a mixture of phases.  

5 10 15 20 25 30

 10% DMF/ 90% H2O

2 Theta ( )

Simulated from H2-Al-PMOF structural data

100%  DMF

 50% DMF/ 50 % H2O

 
Figure 3-14 PXRD patterns for Mn-Al-PMOF samples investigating the solvent composition. Syntheses performed at 160 °C 
with a heating program of 3h-16h-4h. 

 TGA analysis of the sample synthesised at 160 °C with a 50%/50% DMF/water composition 

showed that the experimental remaining mass % at high temperature was lower than theoretical 

remaining mass %, which can be due to possible demetalation of the Mn from the porphyrin cores 

during the synthesis. In order to investigate this, solution phase UV-vis spectroscopy on the digested 

MOF sample in 0.1M aqueous NaOH solution was used. The relative content of the Mn metalated 

TCPP and H2TCPP were determined via analysing standard curves from which the Mn occupancy was 

calculated with a rough error of around 2% (error was estimated by using samples of known 

concentrations, details of the procedure for calculating the Mn occupancy are given in appendix 

section B.4). The analysis of the UV-vis data indicated that this sample had 84% Mn occupancy. The 

demetalation of samples from other two solvent compositions was not assessed due to the poor 

crystallinity of these solids. Therefore, other parameters were investigated keeping the 50%/50% 

DMF/water composition for the solvent in order to minimize the demetalation.  
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Once the solvent composition was set to 50%/50% DMF/water, the effect of the temperature 

on the crystallinity and demetallation was investigated. The syntheses performed at 190 °C and 160 

°C resulted in products isostructural to H2-Al-PMOF, while synthesis at 120 °C produced a different 

phase (Figure 3-15a). The rate of demetalation was probed with UV-vis spectroscopy and indicated 

that the synthesis at 160 °C led to a higher Mn demetalation (84% Mn occupancy) compared to the 

synthesis at 190 °C (Mn occupancy 96%) as shown in Figure 3-15b. This is possibly due the higher 

temperature favouring the formation of the MOF product and thus the precipitation of the MOF 

crystallites. This would decrease the interaction of the Mn metalated porphyrins with the reaction 

mixture in a homogeneous state compared to the synthesis at the lower temperature. Therefore, the 

optimum temperature was set at 190 °C for this solvent system. 

 

Figure 3-15 a) PXRD data comparing samples from Mn-Al-PMOF syntheses performed at different isotherm temperatures 
with 50%/50% DMF/water as solvent. b) solution phase (0.1 NaOH) UV-vis spectra for samples synthesised at 160 °C and 190 
°C. Peak at 414 nm represents the Soret band of the free base porphyrin, H2TCPP. Mn occupancy in the porphyrin is shown in 
parenthesis. 

Benzoic acid was investigated as a modulator for the Mn-Al-PMOF synthesis at 190 °C (heating 

rate 0.31 °C/min, isotherm time 15h); modulators can coordinate to metal ions in solution and slow 

down the crystallisation process which can lead to better crystallinity. The PXRD patterns obtained for 

the products with different amounts of benzoic acid as additive were similar (Figure 3-17a), but the 

presence of benzoic acid had a positive effect on the accessible surface area as shown by the BET 

surface area calculations performed (10 equivalents 1324 m2 g-1 > 2 equivalents 1231 m2 g-1 > no added 

benzoic acid 1070 m2 g-1, equivalents are given referring to the porphyrin ligand, Figure 3-18). This 

could be due to the increasing number of defects in the framework due the presence of benzoic acid 

as observed for the UiO-66 series of MOFs.25  The morphology of the crystallites was also different for 

the solid obtained with 10 equivalents of benzoic acid compared to the other two (Figure 3-16c). 
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However, UV-vis data indicated that benzoic acid also favours the demetalation of Mn from the 

porphyrin core (Figure 3-17b).  

 

Figure 3-16 SEM images for syntheses performed at 190 °C (heating rate 0.31 °C/min, 15h isotherm) investigating the effect 
of adding benzoic acid. a) no benzoic acid b) two equivalents of benzoic acid c) ten equivalents of benzoic acid.  

 

The effect of the heating rate for a synthesis temperature of 190 ° (isotherm time: 15h) was 

also investigated (Figure 3-17a). Both heating rates resulted in material with similar crystallinity and 

porosity (BET surface area of 1300 m2 g-1 for 0.15 °C/min compared to 1231 m2 g-1 for 0.31 °C/min 

which lies within a 5% error which can be expected for BET surface area measurements, Figure 3-18). 

Furthermore, the effect of heating rate on the demetalation was negligible when comparing the 

samples synthesised with 2 equivalents of benzoic acid (0.31 °C/min: 94% Mn occupancy, 0.15 °C/min: 

95% Mn occupancy). 
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Figure 3-17 a) PXRD data for samples of Mn-Al-PMOF syntheses investigating the effect of adding benzoic acid at variable 
heating rates at 190 °C (isotherm time 15h). b) Solution phase (0.1 NaOH) UV-vis spectra of the samples. Mn occupancy in 
the porphyrin is given in parenthesis 

. 

 

Figure 3-18 a) N2 adsorption/desorption isotherms at 77K for the samples from the syntheses performed at 190 °C for 
investigating the effect of benzoic acid addition and the heating rate. b) BET surface areas calculated for the samples.   

Thermogravimetric analysis (TGA) was used to determine the relative purity of the samples. 

In most TGA curves, an excess of remaining mass was observed compared to the theoretical value for 

the [MnTCPP-OH(AlIIIOH)2] MOF formula (after the level of Mn demetalation was accounted for). The 

inorganic residue at the end of the TGA analysis was determined to be a mixture of Mn2AlO4 and Al2O3 

via PXRD analysis of the residual solid (PXRD analysis is given in appendix section B.4). The excess 

remaining mass was attributed to inorganic impurities formed during the synthesis, most likely to be 

aluminium oxide species. The weight% of the impurities was estimated using this difference between 

the experimental and the theoretical remaining mass % after the framework degradation in air. Our 

aim was to maximize the Mn occupancy in the porphyrin cores (i.e. above 90%) and minimize the 

impurity formation. Table 3-7 gives a summary of the TGA analyses of the remaining mass % of 
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samples which had more than 90% Mn occupancy as calculated from UV-vis spectroscopy. According 

to this table, the best synthesis conditions were a temperature of 190 °C with 2 equivalents benzoic 

acid and a heating rate of 0.15 °C/min (1 weight% of impurity). 

The syntheses were also performed at lower temperatures (120 °C, 140 °C, 150 °C) in attempt 

to minimize the formation of aluminium oxide impurities. Four equivalents of potassium hydroxide 

were used in order to promote deprotonation of the four carboxylic acids to help solubilise the 

porphyrin ligand in the solvent (50%/50% water/DMF) at a lower temperature. Figure 3-19 shows the 

pxrd data obtained for products at lower temperatures in basic conditions (120 °C, 140 °C and 150 °C). 

Below 140 °C only amorphous material is formed, whereas at higher temperatures, the Al-PMOF phase 

is obtained. However, porosity of the solids obtained with KOH as an additive at 140 °C and 150 °C 

(calculated BET surface areas of 1112 m2 g-1 and 1138 m2 g-1 respectively) were lower than with the 

previous method. This is possibly due to the presence of more inorganic/organic impurities in the 

samples prepared in basic conditions. The synthesis at 140 °C resulted in a sample with around 3 

weight% of inorganic impurities. The synthesis at 150 °C resulted in a sample with a lower 

experimental remaining mass % compared to the theoretical remaining mass % from the TGA data. 

This can imply that the sample had organic impurities. When looking at the IR spectra of the two 

samples, sample from the synthesis at 150 °C has a stronger peak at 1714 cm-1 which represents the 

C=O stretch of the uncoordinated carboxylic acid group which can indicate that more unreacted ligand 

is present compared to the sample synthesised at 140 °C, possibly due to insufficient washing. 

 
Figure 3-19 a) PXRD data for Mn-Al-PMOF samples synthesised at lower temperatures in basic conditions (isotherm time of 
16h). The pxrd analysis was performed with instrument 2. b) IR spectra for the samples synthesised at 140 °C and 150 °C in 
basic conditions. 
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Table 3-7 TGA analysis for the products from syntheses presenting ≥ 90% Mn occupancy. Theoretical remaining mass % is 
calculated for the MOF formula [MnTCPP-OH(AlIIIOH)2] and was attributed to metal oxides, [(2/4)Mn2AlO4 + (3/4)Al2O3]. TGA 
graphs are given in appendix section B.4). 

Sample Mn occupancy from 
UV-vis 

spectroscopy data 

Experimental 
remaining mass 

%  

Theoretical remaining 
mass % 

(for (2/4)Mn2AlO4+  
(3/4) Al2O3) 

Difference in 
experimental and 

theoretical 
 remaining mass% 

Estimated 
weight% of 
inorganic 
impurity 

140 °C, KOH 96% 19.7 17.3 2.4 3 

150 °C, KOH 94% 15.9 17.3 -1.4 - 

190 °C, No additive 96% 20.9 18.1 2.8 4 

190 °C, 2eq benzoic acid, 
0.31 °C/min heating  

94% 18.2 15.9 2.3 3 

190 °C, 2eq benzoic acid, 
0.15 °C/min heating 

95% 19.1 18.1 1.0 1 

 

 Optimum synthesis conditions  

In total, 15 different reactions were performed and the optimum conditions determined are 

as follows (all the reactions are given in the appendix section B.4): 

 Solvent: DMF/water 50%/50% mixture 

 Isotherm temperature: 190 °C 

 Heating program (heating time, isotherm time, cooling time): 18h - 15h - 4h 

 Additive: 2 equivalents of benzoic acid 

 The Mn-Al-PMOF {chemical formula [MnTCPP-OH(AlIIIOH)2]} synthesised had 95% Mn 

occupancy in the porphyrin cores in the framework and was obtained in over 90% yield (with regards 

to the porphyrin ligand). This compound is slightly less crystalline than the synthesised free base Al-

PMOF (H2-Al-PMOF) (Figure 3-20). The formation of aluminium oxide impurities was minimised to 

have only 1 weight% of impurities in the final product. The synthesis was repeated three times and 

results were reproducible for all the three batches. Thus, it can be concluded that the synthesis 

optimisation for Mn-Al-PMOF was successful.  

 Other water stable Mn porphyrin containing MOF systems such as PCN-600 have shown 

higher porosity compared to the Mn-Al-PMOF system (2200 m2g-1 compared with 1300 m2g-1 for Mn-

Al-PMOF). However, supercritical CO2 activation methods were required in the case of PCN-60020 

while Mn-Al-PMOF can be activated using traditional vacuum heating methods.  
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Figure 3-20 PXRD patterns for the Mn-Al-PMOF synthesised with optimum conditions and synthesised free base Al-PMOF. 

 

Characterisation 

IR spectroscopy 

The IR spectra obtained for the activated Mn-Al-PMOF and H2-Al-PMOF are similar and are 

shown on Figure 3-21. The peaks at 1606 cm-1 and 1440 cm-1 represent the asymmetric and symmetric 

C=O stretch of coordinated carboxylate groups while the peak at 1556 cm-1 arises from the aromatic 

C=C stretch.  The IR spectrum of the as synthesised Mn-Al-PMOF sample has peaks that can be 

assigned to DMF (C=O stretch at 1660 cm-1) and acetone (C=O stretch at 1725 cm-1, CH3 symmetric 

deformation at 1360 cm-1) which disappear upon activation under vacuum at 160 °C. 
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Figure 3-21 IR spectra for Mn-Al-PMOF and H2-Al-PMOF samples. 

 

TGA analysis 

  In the Mn-Al-PMOF sample before activation, around 5% of mass is lost between 30 °C and 

150 °C which can be attributed to the loss of adsorbed and coordinated water, DMF or acetone (Figure 

3-22) as seen with the IR spectra (Figure 3-21).  Further 5% is lost up to 240 °C which can be attributed 

to any coordinated DMF molecules. The decomposition of the MOF starts around 270 °C. With the 

activated sample, around 5% of mass is lost between 30 °C and 240 °C which can be attributed to the 

loss of water adsorbed from air. The remaining mass at 800 °C is 19.1 % (theoretical 18.1 %, difference 

1.0%). This corresponds to roughly 1 weight% of aluminium oxide impurity species in the starting Mn-

Al-PMOF material (Table 3-8). This is comparable to what is observed for the synthesised H2-Al-PMOF 

which has a difference between the theoretical and experimental remaining mass % of 0.7 and a 

corresponding aluminium oxide impurity presence of 1 weight%. 
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Figure 3-22 a) TGA data for Mn-Al-PMOF before and after activation at 160 °C under vacuum for 12 hours. The TGA data for 
as synthesised H2-Al-PMOF is also shown. 

 

Table 3-8 TGA analysis of the remaining mass % for Mn-Al-PMOF and H2-Al-PMOF. 

 Temperature 

(°C) 

Proposed formula Experimental 

remaining 

mass % 

Theoretical 

remaining 

mass % 

Difference 

between 

experimental 

and theoretical 

mass% 

Estimated 

impurity 

weight% 

Activated 

Mn-Al-PMOF 

240 

800 

MnTCPP-OH(AlIIIOH)2 

(2/4) Mn2AlO4 + (3/4) 

Al2O3 

96.2 

19.1 

- 

18.1 

- 

1.0 1 

As synthesised 

H2-Al-PMOF 

245 

800 

H2TCPP(AlIIIOH)2 

Al2O3 

76.8 

9.7 

- 

9.0 

- 

0.7 
1 
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BET measurements 

 Mn-Al-PMOF was activated at 160 °C for 12 hours under vacuum before the N2 

adsorption/desorption measurements were carried out at 77K and the isotherms obtained are shown 

on Figure 3-23a. There was no change in the pxrd pattern after activation indicating the structure 

remains intact (Figure 3-23b) upon the removal of solvent molecules such as DMF and acetone as seen 

with the IR spectra (Figure 3-21). The BET surface area calculated for the Mn-Al-PMOF was 1300 m2g-

1 which is slightly lower than what has been reported for H2- Al-PMOF (1400 m2g-1).  

 

Figure 3-23 a) N2 Adsorption/desorption isotherms at 77K for Mn-Al-PMOF. b) PXRD data for before and after activation of 
the Mn-Al-PMOF at 160 °C under vacuum for 12 hours compared to the simulated pattern of H2-Al-PMOF from structural 
data. 

 

3.5.2. Synthesis of Fe3+ metalated Al-PMOF  

Synthesis  

Method 1 

Post-synthetic metalation was explored as a strategy to obtain the Fe metalated Al-PMOF. It 

was first attempted by reacting a solution of anhydrous FeCl2 in DMF with a suspension of the H2-Al-

PMOF at 120 °C for 48 hours under anaerobic conditions. However, the metalation was not successful 

as the resultant product obtained had little or no Fe occupancy in the porphyrin cores as evidenced 

from the solution phase (0.1M NaOH) UV-vis analysis performed on the sample (Figure 3-24).  
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Figure 3-24 Solution phase (0.1m NaOH) UV-vis spectrum of the product from the attempted metalation of the H2-Al-PMOF 
with anhydrous FeCl2 in DMF compared to the spectrum of H2TCPP. 

Subsequently, another route was explored using a method adopted from literature where N-

(6-(6-(pyridin-2-ylamino)pyridin-2-yl)pyridin-2-yl)pyridin-2-amine was metalated with Fe2+.26 In this 

synthesis, a solution of Fe(SCN)2 in methanol was freshly prepared and ascorbic acid was used to 

prevent the oxidation of Fe2+. For the H2-Al-PMOF metalation, this solution was heated at 100 °C for 

48 hours and unlike the previous method, anaerobic conditions were not required.  Various ratios of 

H2-Al-PMOF to Fe(SCN)2 [H2-Al-PMOF: Fe(SCN)2 1:1.2, 1:2.0, 1:6.0] were investigated to achieve the 

maximum Fe insertion. Yield of around 65% (35 mg) was obtained starting from 50 mg of H2-Al-PMOF 

for reactions with all three ratios.  

The resultant solids all preserved crystallinity (Figure 3-25a) but the solution phase UV-vis 

spectra on digested samples showed the presence of a mixture of FeTCPP and H2TCPP indicating 

incomplete metalation (Figure 3-25b). Syntheses with 1:2 and 1:6 H2-Al-PMOF to Fe(SCN)2 ratios 

resulted in similar metalation levels while the synthesis with 1:1.2 ratio showed lower Fe occupancy.  
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Figure 3-25 a) PXRD data for the samples from H2-Al-PMOF metalation with Fe(SCN)2 b) Solution phase (0.1 M NaOH) UV-vis 
spectra for the samples from the Fe metalation of H2-Al-PMOF. The insert displays a zoom in region of the spectrum of the Q 
bands of Fe metalated TCPP at 569 nm and 610 nm. The peak at 518 nm represents one of the Q bands of H2TCPP. 

TGA analysis was used to further probe the Fe occupancy using the MOF formula [FeTCPP-

OH(AlIIIOH)2]. A Fe occupancy lower than 100% will result in an experimental remaining mass % which 

is less than the theoretical remaining mass %. This is due to the formation of less Fe2O3 in the residue 

due to the lower presence of Fe in the starting sample. Therefore, the Fe occupancy can be estimated 

from this difference. TGA analysis indicated that the synthesis with H2-Al-PMOF to Fe(SCN)2 ratio of 

1:6 resulted in around 80% Fe occupancy compared to 60% for the synthesis with 1:2 H2-Al-PMOF to 

Fe(SCN)2 ratio. UV-vis studies using standard curve analysis, could give more precise occupancy values, 

however, this was not performed in this study due to time constraints. Thus, according to the 

estimated results from the TGA analysis, using 6 equivalents of iron thiocyanate was proposed as the 

best conditions for method 1.  

The N2 adsorption/desorption studies performed on the sample prepared using 6 equivalents 

of iron thiocyanate indicated a BET surface area of 988 m2g-1 (Figure 3-35a). 

       

10 20 30

1:6 H2-Al-PMOF to Fe(SCN)2

1:2 H2-Al-PMOF to Fe(SCN)2

2 Theta (°)

H2-Al-PMOF used for metalation

1:1.2 H2-Al-PMOF to Fe(SCN)2

400 500 600 700 800

500 600

A
bs

or
ba

nc
e

Wavelength (nm)

 
 1:6 H2-Al-PMOF to Fe(SCN)2

 1:2 H2-Al-PMOF to Fe(SCN)2

 1:1.2 H2-Al-PMOF to Fe(SCN)2

Wavelength (nm)

a) b) 



131 
 

200 400 600 800
0

20

40

60

80

100

 Starting H2-Al-PMOF

 1:1.2 H2-Al-PMOF to Fe(SCN)2

 1:2 H2-Al-PMOF to Fe(SCN)2

 1:6 H2-Al-PMOF to Fe(SCN)2

M
as

s 
%

Temperature (°C)
 

Figure 3-26 a) TGA data for the Fe-Al-PMOF samples obtained for the H2-Al-PMOF metalation with Fe(SCN)2. 

 

Table 3-9 TGA analysis for the products from method 1 with the estimated Fe occupancy levels. Theoretical remaining mass 
% is calculated for the MOF formula [FeTCPP-OH(AlIIIOH)2] and was attributed to metal oxides (0.5Fe2O3 + Al2O3). 

Sample 
Experimental 

remaining mass % 

Theoretical remaining 

mass % 

(for 0.5 Fe2O3 + Al2O3) 

Difference between 

experimental and 

theoretical 

remaining mass % 

Fe occupancy 

estimated from 

the difference 

1:1.2 H2-Al-PMOF to Fe(SCN)2 ratio 13.9 18.0 -4.1 40% 

1:2 H2-Al-PMOF to Fe(SCN)2 ratio 15.3 17.5 -2.2 60% 

1:6 H2-Al-PMOF to Fe(SCN)2 ratio 16.3 17.3 -1.0 80% 

Starting H2-Al-PMOF 9.7 9.0 0.7 - 

 

 

 



132 
 

Method 2 

The synthesis of the Fe-Al-PMOF was also attempted by directly reacting Fe3+ metalated TCPP 

ligand with AlCl3.6H2O. In total 14 different reactions were performed for synthesis optimisation and 

the summary of parameters investigated are shown in Table 3-10. Details of all the attempted 

syntheses are given in appendix section B.5. 

Table 3-10 Summery of parameters used in method 2 for the synthesis optimisation of Fe metalated Al-PMOF.  

Parameter  

Solvent system (DMF, Water) (%vol) (90%, 10 %), (50%, 50%), (10%,90%) 

Metal to ligand ratio 2:1, 1.3:1 at 190 °C 

Isotherm temperature 120 -140-150-160-190 °C 

Isotherm time 16h, 24h 

Heating rate 9h (0.31 °C/min), 3h (0.92°C/h) at 190 °C 

Cooling rate Over 4h 

Additives Benzoic acid, (at 160 °C and 190 °C) 

Potassium hydroxide (at 120-140-150 °C) 

 

 The effect of the solvent content was first probed for synthesis at 190 °C using a heating 

program of 9h-24h-4h. From the conditions attempted, only 50%/50% DMF/water mixture allowed to 

obtain the desired phase with decent crystallinity (Figure 3-27). Therefore, 50%/50% DMF/water 

mixture was used for further trials.  

The heating rate (0.92°C/min versus 0.31 °C/min) and the isotherm length (16 hours versus 24 

hours), when probed at 190 °C, did not have an effect on the pxrd pattern or the yield (Figure 3-28a). 

Therefore, influence of the synthesis temperature was investigated using an isotherm time of 16 hours 

(heating program 3h-16h-4h). Increasing the temperature led to increased crystallinity (Figure 3-28b). 

Furthermore, unlike with Mn-Al-PMOF, there were no demetalation issues in the case with Fe-Al-

PMOF synthesis. Thus, the shortest program and a temperature of 190 °C was chosen for further 

studies.  
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Figure 3-27 PXRD data for the products from syntheses investigating the effect of the solvent content for obtaining Fe-Al-
PMOF at 190 °C with an isotherm time of 24h (heating program 9h-24h-4h). 

 

Figure 3-28 a) PXRD patterns for samples from syntheses performed at 190 °C with different heating rates and isotherm times 
with 50%/50% DMF/water as solvent b) PXRD patterns for products from syntheses performed at different temperatures with 
a heating program of 3h-16h-4h with the same solvent. 

These last synthetic conditions (190 °C, heating program: 3h-16h-4h) were repeated three 

times and the samples obtained indicated the presence of an impurity which was identified as 

boehmite, [AlO(OH)] via pxrd analysis (Figure 3-29). Attempts were made to dissolve the impurity 

using an acidic solution of HCl at pH 2.5.  However, as seen in the figure there was no change observed 

after the acidic treatment. Therefore, this synthesis at 190 °C did not yield reproducible results in 

terms of phase purity and other parameters were investigated further in order to improve 

reproducibility.  
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Figure 3-29 PXRD of Fe-Al-PMOF samples synthesised with the same conditions at 190 °C with a heating program of 3h-16h-
4h with no additives. One sample has a significant presence of boehmite which is indicated by the peaks at 2 theta angles of 
15 °, 28 °, 38 °, 48 ° while the other has less boehmite present. Also shown is the pxrd of the sample after leaving in pH 2.5 
HCl for 24h. There is no change in the pxrd pattern indicating the boehmite impurity is still present after acid treatment.   

Since the formation of boehmite, [AlO(OH)], as an inorganic impurity was confirmed, TGA 

analysis was used as a tool to probe the relative purity of the samples synthesised, in a similar manner 

to the process followed with the Mn-Al-PMOF synthesis optimisation. The remaining mass % was 

calculated using the [FeTCPP-OH(AlIIIOH)2] MOF formula with Fe2O3 and Al2O3 as the remaining 

inorganic residue. The weight% of these impurities was estimated using the excess remaining mass % 

of the TGA curves (summary of samples analysed is provided in Table 3-11). The goal of following work 

was to minimize this impurity formation during the synthesis.  

The use of benzoic acid as an additive was investigated at a synthesis temperature of 190 °C 

(2 equivalents relative to the porphyrin ligand, heating program 3h-16h-4h, solvent 50%/50% 

DMF/water) and did not have an effect on the crystallinity but the TGA analysis showed that more 

impurities were formed (10 weight% impurities with benzoic acid compared to 4 weight% without 

benzoic acid, Table 3-11). Therefore, benzoic acid had a detrimental effect on the sample quality. 

To minimize the formation of the aluminium oxide impurities, synthesis at lower temperatures 

(120 °C, 140 °C and 150 °C) were explored with the presence of four equivalents of potassium 

hydroxide as an additive to facilitate the solubility of the Fe3+ metalated TCPP in the solvent used 

(50%/50% DMF/water). The synthesis at 120 °C resulted in amorphous material while the reactions at 

140 °C and 150 °C resulted in the Al-PMOF phase (Figure 3-30). At 140 °C, a relatively pure product 
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was obtained according to the TGA data (1 weight% impurities). However, very little solid was 

recovered from this synthesis (~20% yield compared to 63% yield for synthesis at 190 °C with no 

additives and a heating program of 3h-16h-4h) which made it difficult to obtain the product in large 

enough quantities for further studies. The synthesis at 150 °C under basic conditions resulted in more 

impurities in the product obtained (8 weight%).  
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Figure 3-30 PXRD data for the samples synthesised at lower temperatures (120 °C, 140 °C, 150 °C) with 4 eq of KOH as an 
additive and a heating program of 3h-16h-4h for Fe-Al-PMOF synthesis optimisation. The synthesis performed at 190 °C 
without base is shown as a comparison. These pxrd patterns were measured using a different diffractometer (Instrument 2) 

 It was hypothesised that a lower presence of aluminium ions in solution might lead to the 

formation of less oxide species such as boehmite at 190 °C (heating program 3h-16h-4h, solvent 

50%/50% DMF/water). Thus, a metal to ligand ratio was lowered from 2:1 to of 1.3:1. Additionally, 

the reaction mixture was degassed with argon before heating to minimize the dissolved oxygen 

present to further impede the formation of aluminium oxide species. The synthesis resulted in a 

product with the Al-PMOF phase (Figure 3-31a). Analysis of the PXRD patterns indicated that this 

sample qualitatively contained less boehmite impurity compared to a sample synthesised with a 2:1 

metal to ligand ratio without the Ar degassing step (Figure 3-31b). This was confirmed with the TGA 

analysis (2 weight% impurities compared to 4 weight% impurities). Furthermore, the synthesis was 

reproducible and the product was obtained in 47% yield (with regards to the FeTCPP(Cl) ligand used), 

which is lower than what was observed for the synthesis with 2:1 metal to ligand ratio without the Ar 
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degassing step (63%). However, the reproducibility and the improved purity compensate for this 

decrease in yield.  

The synthesis using 2:1 metal to ligand ratio with Ar degassing at 190 °C resulted in a relatively 

impure product (11 weight% of impurities) with lower crystallinity compared to the samples obtained 

with a metal to ligand ratio of 1.3:1 (Figure 3-31a). Therefore, the lower metal to ligand ratio was 

selected as best at the conditions tested.  

 

   
Figure 3-31 a) PXRD data of the samples of the Fe-Al-PMOF syntheses where the reaction mixture was degassed with Ar 
before heating at 190° C (heating program 3h-16h-4h) b) PXRD data for the samples of the Fe-Al-PMOF syntheses where the 
reaction mixture was degassed with Ar before heating (1.3:1 Al:porphyrin ratio, 190 °C, 3h-16h-4h) and where there was no 
Ar degassing (2:1 Al:porphyrin ratio, 190° C, 3h-16h-4h). Ar degassing and using an Al:porphyrin ratio of 1.3:1 results in 
qualitatively less boehmite impurity as indicated by reduced intensity of the peaks at 2 theta angles of 15 °, 28 °, 38 °, 48 °.  
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Table 3-11 Theoretical and experimental remaining mass % for selected Fe-Al-PMOF samples from TGA analysis and the 
estimated weight% of the inorganic impurities. Theoretical remaining mass % is calculated for the MOF formula [FeTCPP-
OH(AlIIIOH)2] and attributed to 0.5Fe2O3 + Al2O3. Syntheses are performed with the oven program 3h-16h-4h. TGA graphs are 
given in appendix section B.5. 

Sample 

Experimental 

remaining 

mass % 

Theoretical 

remaining mass % 

(for 0.5Fe2O3 + 

Al2O3) 

Difference between 

theoretical and 

experimental 

remaining mass % 

Estimated weight% 

of the inorganic 

impurities 

2:1 Al:FeTCPP(Cl), 4eq 

KOH, 140 °C 
18.7 18 0.7 1 

2:1 Al:FeTCPP(Cl), 4eq 

KOH, 150 °C 
26.3 19.2 7.1 8 

2:1 Al:FeTCPP(Cl), 190 °C, 

2eq benzoic acid 
24.9 16.8 8.1 10 

2:1 Al:FeTCPP(Cl), 190 °C 20.7 18.3 2.4 4 

2:1 Al:FeTCPP(Cl), 190 °C, 

repeat of above where 

more boehmite present 

31.1 18.7 12.4 16 

2:1 Al:FeTCPP(Cl), 190 °C, 

Ar degassing 
26.4 17.8 8.6 11 

1.3:1 Al:FeTCPP(Cl), 190 

°C, Ar degassing 
19.8 18.3 1.5 2 

1.3:1 Al:FeTCPP(Cl), 190 

°C, Ar degassing, repeat 

synthesis of above 

20.3 18.6 1.7 2 

 

Optimum synthesis conditions for Fe Al-PMOF 

Fe-Al-PMOF {chemical formula [FeTCPP-OH(AlIIIOH)2]} was synthesised by using two different 

methods. For method 1, which involved post synthetic Fe metalation of H2-Al-PMOF, 6 equivalents of 

Fe(SCN)2 for every equivalent of H2-Al-PMOF results in the highest Fe occupancy in the porphyrin cores 

with around 80%. 

 For method 2, a total of 14 reactions were performed with various parameters and the 

optimum conditions determined are as follows: 

 Solvent- 50% DMF/ 50% H2O 

 Metal to ligand ratio- 1.3:1 

 Temperature/heating program-190 °C/3h-16h-4h 

 The reaction mixture is degassed with Ar prior to heating 
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 Method 2 results in a product with 100% Fe occupancy in the porphyrin cores (solution phase 

UV-vis spectrum is provided in the appendix section B.5). However, this sample is less crystalline 

compared to the sample obtained from method 1 (Figure 3-32).  Thus, the choice between the two 

methods involves a compromise in crystallinity or the Fe occupancy in the porphyrin cores. However, 

lower relative crystallinity is not necessarily disadvantageous for potential catalytic applications if 

the active sites are accessible. Thus, method 2 is better due to it resulting in a product with 100% Fe 

occupancy in the porphyrin cores which provides more catalytic centres.    

Similar to Mn-Al-PMOF, Fe-Al-PMOF can be activated via classical methods (under vacuum for 

12 hours at 160 °C) which eliminates the need for supercritical activation methods required in some 

other reported water stable porphyrinic MOFs, which display higher BET surface areas.20    

10 20 30

2 Theta (°)

Fe-Al-PMOF from method 1

Fe-Al-PMOF from method 2

H2-Al-PMOF

 
Figure 3-32 PXRD data comparing the samples prepared from the optimised synthetic conditions from method 1 and method 
2 and the synthesised free base Al-PMOF. 

 

Characterisation 

IR spectroscopy 

IR spectra of the activated Fe-Al-PMOF samples obtained from the two methods are similar 

to that of the freebase Al-PMOF (Figure 3-33). The peaks at 1606 cm-1 and 1440 cm-1 represents the 

asymmetric and symmetric C=O stretch of coordinated carboxylate groups while 1556 cm-1 represents 

the aromatic C=C stretch of the porphyrin ligand. The peak around 1714 cm-1 indicates the presence 
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of an uncoordinated COOH groups (C=O stretch). This can be from any unreacted FeTCPP(Cl) ligand 

left or any defects in structure which results in uncoordinated COOH groups. Furthermore, the IR 

spectrum of Fe-Al-PMOF obtained from method 1 does not have a strong band around 2150 cm-1 

which represents the SCN stretch indicating there is no thiocyanate coordinated to Fe porphyrin 

centres in the product.  

4000 3000 2000 1000

Fe-Al-PMOF from method 2

Wavenumbers (cm-1)

1714 cm-1

1556 cm-1

1404 cm-1

1606 cm-1

H2-Al-PMOF

Fe-Al-PMOF from method 1

 
Figure 3-33 IR spectra of the activated Fe-Al-PMOF samples prepared with the final optimised synthesis conditions and free 
base Al-PMOF.  

 

 TGA analysis 

Activated samples from both methods show a mass loss of 5% between 30 °C and 240 °C which 

can be attributed to the loss of water adsorbed from air (Figure 3-34). The decomposition of the 

samples starts around 275 °C. The remaining mass % at 800 °C for the sample from method 1 is 16.3 

% (theoretical 17.3 %). This difference between the theoretical value and the experimental value 

corresponds to around 80% Fe occupancy of porphyrin cores in the framework. The remaining mass 

% at 800 °C for the sample from method 2 is 19.8 % (theoretical 18.3 %). This extra mass % can be 

attributed to aluminium oxide species which is formed during the synthesis and represent 2 weight%. 
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Figure 3-34 TGA data for the Fe-Al-PMOF samples prepared with the two different methods compared to freebase Al-PMOF.  

Table 3-12  Analysis of experimental and theoretical mass % from the TGA data for Fe-Al-PMOF from the two methods. 

Sample 
Temperature 

(°C) 
Proposed formula 

Experimental 

remaining mass 

% 

Theoretical 

remaining 

mass % 

Difference between 

experimental and 

theoretical mass% 

 

Activated 

Fe-Al-PMOF 

Method 1 

240 

800 

FeTCPP-OH(AlIIIOH)2 

(1/2) Fe2O3 + Al2O3 

95.7 

16.3 

- 

17.3 

- 

-1.0 

80% Fe 

occupancy 

Activated 

Fe-Al-PMOF 

Method 2 

240 

800 

FeTCPP-OH(AlIIIOH)2 

(1/2) Fe2O3 + Al2O3 

95.4 

19.8 

- 

18.3 

- 

1.5 

2 weight% of 

impurity 

As synthesised 

H2-Al-PMOF 

245 

800 

H2TCPP(AlIIIOH)2 

Al2O3 

76.8 

9.7 

- 

9.0 

- 

0.7 
- 

 

BET surface area analysis 

The samples were activated at 160 °C for 12 hours under vacuum before the N2 sorption 

measurements at 77K were carried out and the isotherms observed are given in Figure 3-35a. There 

was no change in the pxrd pattern before and after activation indicating the structure remains intact 

after the procedure (Figure 3-35b).  The BET surface areas calculated for the Fe-Al-PMOF from method 

1 and method 2 were 988 m2g-1 and 1033 m2g-1 respectively. These values fall within the 5% error 

which is usually found in BET measurements thus indicate similar accessible surface areas. However, 

they are lower than what has been reported for the free base Al-PMOF (1400 m2g-1).   
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Figure 3-35 a) N2 adsorption/desorption isotherms at 77K for the Fe-Al-PMOF samples obtained with the two methods 
compared to free base Al-PMOF used for method 1. b)  PXRD data for the Fe-Al-PMOF samples obtained from the two methods 
before and after activation at 160 °C under vacuum for 12 hours. 

 

3.5.3. Conclusions and perspectives of the synthetic studies of Mn and Fe metalated 

Al-PMOF 

Mn-Al-PMOF was successfully obtained via the optimisation of synthetic parameters for the 

solvothermal reaction between AlCl3.6H2O and MnTCPP(OH). Fe-Al-PMOF was obtained via 

optimisation of two different synthetic routes. Method 1 explored the post synthetic metalation of 

H2-Al-PMOF by iron thiocyanate and Fe-Al-PMOF material was obtained with around 80% Fe 

occupancy in the porphyrin cores. Method 2 involved the use of FeTCPP(Cl) as the starting ligand and 

the MOF was obtained with 100% Fe occupancy in the porphyrin cores but with lower crystallinity 

compared to method 1.  

H2-Al-PMOF obtained starting from the free base porphyrin shows higher crystallinity 

compared to the metalated Al-PMOF obtained starting from metalloporphyrin ligands. Thus, a 

possible method to increase the crystallinity might be to attempt to obtain the Fe and Mn metalated 

material in a one-step synthesis starting with the free base TCPP ligand. The fact that the porphyrin 

cores in the H2TCPP ligand is not metalated with Al3+ during the reaction can be used as an advantage 

in a one pot synthesis to obtain differently metalated porphyrin cores. This type of porphyrinic MOF 

synthesis has already been reported by Smythe et al where porphyrin core was metalated with 

different first row transition metals while having Cd2+, which has a larger ionic radius, in the inorganic 

SBU and thus worthwhile exploring in the case with Al-PMOF.12  
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3.6. Evaluation of M-Al-PMOF material as heterogeneous catalysts 

 The potential of Fe3+ and Mn3+ metalated Al-PMOF materials as heterogeneous catalysts was 

explored with different types of reactions. Initially, the oxidation of  hexane, toluene and cyclohexene 

was attempted but more promising results were obtained in the cyclopropanation of styrene with 

ethyl diazoacetate (EDA).27 Therefore, this reaction was further investigated in more details (Figure 

3-36).   

 

Figure 3-36 Reaction of ethyl diazoacetate with styrene in the presence of the catalyst. a) The cyclopropanation products 
formed b) dimerization products formed due to the self-reaction of EDA. 

 

 The reaction was performed at 60 °C in toluene with a catalyst: styrene: EDA ratio of 

1:1000:1200 (details provided in the experimental section). Mn-Al-PMOF showed increased selectivity 

towards the cyclopropanation products compared to Fe-Al-PMOF (Figure 3-37). However, with Fe-Al-

PMOF, the reaction rate was much higher compared to the Mn-Al-PMOF. The reaction in the presence 

of Fe-Al-PMOF was completed in 2 hours, while with Mn-Al-PMOF the completion was not achieved 

even after 42 hours (EDA is still present as shown in Figure 3-37b). Therefore, the different metals in 

the porphyrin core have a different effect on the catalytic activity towards this reaction.  
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Figure 3-37. The GC-MS data obtained for the cyclopropanation of styrene with EDA using a) Fe-Al-PMOF and b) Mn-Al-PMOF. 

 

The reaction with both the catalysts led to the formation of unexpected products. The product 

obtained with Mn-Al-PMOF was not determined1 but the one obtained with Fe-Al-PMOF was 

identified as 3,4,5-triethyl-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (P1) (1H NMR provided in the 

appendix section B.6). The formation of this product can be explained by a 1,3-dipolar cycloaddition 

of EDA to diethyl maleate or fumarate (Figure 3-38 step4) as previously reported by Basato et al using 

a ruthenium catalyst with EDA. 28   

                                                           

1 In fact, this product was identified by GC-MS as pyrazoline:  
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Figure 3-38 Schematic representation of the possible mechanism for the formation of the dimer products and 3,4,5-triethyl-
4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (P1). P1 is formed via a 1,3-dipolar addition of EDA to either diethyl maleate or 
fumarate (step 4).  

 The formation of the product P1 with Fe-Al-PMOF was further investigated. The reaction was 

attempted with just EDA without styrene to favour the P1 formation. This product was obtained with 

a selectivity of 41% compared to the dimer products, ethyl fumarate and ethyl maleate (toluene, 

catalyst: EDA ratio = 1:1200, T = 60 °C) (Figure 3-39a). To compare the heterogeneous catalytic activity 

of Fe-Al-PMOF with that of a homogeneous catalyst, the iron metalated ester porphyrin [5,10,15,20-

tetrakis(4-methoxycarbonylphenyl)porphyrinato]-Fe(III) chloride, (FeTEsterP(Cl), synthesis described 

in chapter 2] was used in the same reaction conditions. Importantly, very different product 

distributions were obtained with heterogeneous and homogeneous systems. First, only traces of P1 

product were obtained with homogeneous FeTEsterP(Cl). Secondly, homogeneous FeTEsterP(Cl) was 

very selective to the formation of the cis-dimer (diethyl maleate) while Fe-Al-PMOF catalysed the 

formation of trans-dimer as the principal product (Figure 3-39). This finding indicates that the 

framework structure of the Fe-Al-PMOF plays an essential role for the formation of P1. This can be 

explained by the fact that the 1,3-dipolar cycloaddition reaction (Figure 3-38 step4) occurs in the pores 

of the MOF which renders the dimer products (diethyl maleate or fumarate) in close proximity with a 



145 
 

free EDA molecule in a confined space. In the homogeneous system, this arrangement favourable for 

the P1 formation is not achieved.  
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Figure 3-39. Selectivity of the reaction of the Fe-Al-PMOF with EDA compared to the homogeneous system with FeTesterP(Cl). 
Reaction followed using GC-MS. 

The recyclability of the Fe-Al-PMOF catalyst was then investigated. The solid was recovered 

by centrifugation and washed with toluene 5 times before each run (details in the experimental 

section). Quite unexpectedly, the selectivity of Fe-Al-PMOF to P1 formation increased in each 

successive run. Furthermore, the rate of the reaction also slowed down and the reaction time was 

increased to achieve a complete EDA conversion. In the 4th run, EDA was still left in the reaction 

mixture after 1 hour and complete consumption was achieved after 2 hours. In the 5th run, EDA was 

not completely consumed even after 3 hours. Remarkably, the selectivity to P1 progressively increased 

to reach 89 % in the 5th run (Table 3-13, Figure 3-40). The possibility of any contamination with the 

adsorbed reaction products from the previous runs was eliminated via running a blank run without 

the addition of EDA which resulted in no products. Furthermore, the structure of the Fe-Al-PMOF 

framework was intact which was evidenced by the PXRD data (Figure 3-41).   
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Table 3-13 Investigating the recyclability of the Fe-Al-PMOF. Selectivity is calculated via GC-MS analysis.  

Run Time Diethyl maleate 
(cis dimer) % 

Diethyl 
fumarate (trans 

dimer) % 

P1 % 

1 1h 18 41 41 
2 1h 12 46 42 
3 1h 11 41 48 
4 1h* 

2h 
10 
9 

28 
24 

62 
67 

5 1h* 
2h* 
3h* 

10 
8 
6 

20 
10 
5 

70 
82 
89 

* EDA is not completely consumed.  
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Figure 3-40 GC-MS data for investigating the recyclability of the catalyst. 
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Figure 3-41 PXRD patterns of Fe-Al-PMOF before and after catalysis. 

 

 The formation of P1 depends on the presence of both the dimer product and EDA. If the dimer 

product is formed very rapidly, a major proportion of EDA present will be used for the formation of 

EDA dimers, thus leading to a decrease of the available EDA amount for the formation of P1. In the 

presence of smaller number of catalytic sites, the rate of the formation of the dimers should be 

diminished and the formation of P1 might be favoured. To check this hypothesis, the reaction was 

performed using less catalyst, 10% of the previous amount (catalyst: EDA ratio = 0.1:1200). Indeed, in 

this case, the reaction selectivity to P1 was very high (96 % after 3 h) (Table 3-14), very close to 89 % 

observed in the 5th run of the recyclability study (Table 3-13 run 5). However, a smaller catalyst 

loading resulted in a slower rate of reaction. Even after 6 hours, EDA was still present in the reaction 

mixture (Figure 3-42).  Therefore, it can be concluded, that the most likely reason for the higher P1 

selectivity and for the slower reaction rate observed in the successive runs of the reaction is the 

gradual deactivation of catalytic sites. 
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Table 3-14 Investigation of the reaction with a lower amount of the catalyst. Selectivity is calculated via GC-MS analysis. 

Time Diethyl maleate  
(cis dimer) % 

Diethyl fumarate 
 (trans dimer) % 

P1 % 

1h 10 21 69 

2h 6 5 89 

3h 2 2 96 
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Figure 3-42 GC-MS data for the investigation of P1 with EDA using less Fe-Al-PMOF (catalyst: EDA = 0.1:1200). 

Importantly, even with this deactivation of the catalyst, a selectivity of close to 90% for P1 can 

be achieved for the reaction with EDA. This is higher than what was reported by Basato et al with their 

ruthenium based catalyst (maximum yield of 17% after 96 hours). Furthermore, this activity is due to 

the porous nature of the framework of Fe-Al-PMOF as a similar homogeneous system did not provide 

the P1 product. Thus, this work demonstrates very promising catalytic properties of Fe-Al-PMOF for 

the formation of P1.  
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3.7. General conclusion of chapter 3 

 In this chapter the, reactivity of Fe3+ and Al3+ with tetrakis(4-carboxyphenyl) porphyrin based 

ligands was investigated. Coordination polymer materials were obtained for the reactions between 

Fe3+ and free base tetrakis(4-carboxyphenyl) porphyrin. However, further investigations in to the exact 

nature of solids were hampered by the lack of single crystals of sufficient quality for X-ray diffraction 

studies. The reaction between Fe3+ and cobalt metalated tetrakis(4-carboxyphenyl) porphyrin ligand 

led to the identification of a new MOF phase. However, the resultant product had low crystallinity and 

attempts made at amelioration were not successful.  

 The reactivity of Al3+ with MnTCPP(OH) and FeTCPP(Cl) led to the successful syntheses of Mn 

and Fe metalated Al-PMOF material. Furthermore, Fe metalated Al-PMOF was also obtained from the 

post synthetic metalation of the free base Al-PMOF. The catalytic properties of Fe-Al-PMOF for the 

formation of a cyclic pyrazoline product from ethyl diazoacetate was also demonstrated. A more in-

depth look in to other types of reactions initially studied (such as oxidation of hexane/cyclohexane) 

remains as a potential avenue for further investigating the catalytic activity of these material.   
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3.8. Experimental section 

General methods 

All reagents were of commercial origin and used as received from different providers as shown in the 

table below.  

Table showing the providers for different reagents used in syntheses.  

Reagent Provider 
Anhydrous FeCl2 ACROS organics 
AlCl3.6H2O Fluka analytical 
FeCl3.6H2O  Sigma-Aldrich  
FeSO4·7H2O Sigma-Aldrich 
H2TCPP TCI chemicals 
Pyrazine Sigma-Aldrich 
Imidazole Fluorochem 
4-methyl-imidazole Sigma-Aldrich 
Pyrrolidine Sigma-Aldrich 
pyridine Sigma-Aldrich 
Benzoic acid Sigma-Aldrich 
KSCN Fluka analytical 

 

The cobalt, manganese and iron metalated TCPP ligands were synthesised as per chapter 2.  

Infrared spectroscopy was performed with a Nicolet 380 FT-IR spectrometer coupled with the 

attenuated total reflectance (ATR) accessory. 

UV-vis spectroscopy was performed with a SAFAS Monaco UV-mc2 spectrophotometer. 

Mass spectrometry was performed at the Centre Commun de Spectrométrie de Mass at the University 

of Claude Bernard Lyon 1 on a MicrOTOFQ II – Bruker in electrospray Ionisation mode (ESI). 

Powder X Ray diffraction was performed with two different instruments: 

1) PANanlytical XpertPro MRD diffractometer with a Cu Kα1 radiation (λ = 1.540598 Å) used 

with 40 kV and 30mA settings in /  reflection geometry. This is the default instrument used unless 

stated otherwise.  

2) Bruker D8 Advance diffractometer with Cu Kα1 radiation (λ = 1.540598 Å) used with 50 kV 

and 50 mA settings in /  reflection geometry with a variable divergence slit for axial exposure of 4mm 

of sample. The measurements were performed by Ruben Vera at the Centre for Diffractometry at Lyon 

1. 
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Scanning electron microscopy (SEM) were performed on FEI Quanta 250 FEG and Zeiss Merlin 

Compact microscopes in the microscopy centre of Lyon1 University. Samples were mounted on 

stainless pads and sputtered with 2 nm of carbon to prevent charging during observation.  

TGA measurements were performed with 2 different instruments:  

1) Mettler-Toledo TGA / DSC STARe system. Approximately 3 mg of sample was introduced 

into an alumina crucible of 70 μl and heated from 25 °C to 800 °C at a rate of 10 °C min -1 under air 

flow (20 mL.min-1 + 10 mL.min-1 balance). The analyses were performed by Oleksandra Veselska at 

Institut de Recherche sur la Catalyse et l'Environnement de Lyon (IRCELYON). 

2) Mettler-Toledo GA / DSC 2 system with a DSC rod with 6 thermocouples. Approximately 3mg 

of sample was introduced in to an alumina crucible with a volume of 150 μL and heated from 30 °C to 

1000 °C at a rate of 10 °C min -1 under air flow (50 mL.min-1). The analyses were performed by Dr. 

Rodica Chiriac and François Toche at Laboratory of Multimaterial and Interfaces (LMI) of Lyon 1.  

Surface areas were measured by N2 adsorption and desorption at 77.3 K using a BEL Japan Belsorp 

Mini apparatus volumetric adsorption analyser. The BET surface calculations were performed using 

points at the pressure range 0 <P/P0 < 0.10 

 

Investigating the reactivity of free base tetrakis(4-carboxyphenyl) porphyrin with iron(III) 

Investigating the nature of the intermediate product in the synthesis of [FeIIpzTCPP(FeIIIOH)2] 

Typical synthesis involved combining the H2TCPP ligand (3 equivalents), FeCl3.6H2O (1 equivalent) and 

the solvent in a Teflon reactor and stirring at room temperature for 10 minutes. Afterwards, the 

reaction mixture was sealed in a stainless-steel autoclave and heated at the desired temperature with 

the desired heating program. The product was recuperated via filtration followed by first washing with 

DMF until there was no color in the filtrate, and then with acetone three more times. The details of 

the exact reaction conditions investigated are given in appendix section B.1, Table B-1. 

Investigating the possibility of replacing the pyrazine axial ligand with a different N-donor in 

[FeIIpzTCPP(FeIIIOH)2] 

For the single step approach, H2TCPP (45 mg, 0.057 mmol), FeCl3.6H2O (45 mg, 0.171 mmol), N-donor 

ligand (3 equivalents compared to H2TCPP) and 5 mL of DMF were combined in a Teflon reactor and 

stirred at room temperature for 10 minutes. Afterwards, the reaction mixture was sealed in a 

stainless-steel autoclave and heated at 180 °C for 15 hours. Heating step was done at 0.65 °C/min (4 

hours) while the reaction mixture was cooled to room temperature over 4 hours. The product was 
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recuperated via filtration followed by first washing with DMF until there was no color in the filtrate 

and then washing with acetone three more times. The details of the exact reaction conditions utilised 

are given in the appendix section B.1, Table B-2. 

For the 2-step route, the intermediate product was prepared first following the reported procedure. 

H2TCPP (90 mg, 0.114 mmol), FeCl3.6H2O (90 mg, 0.333 mmol) and 10 mL DMF were combined in a 

Teflon reactor. After stirring for 10 minutes at room temperature, the reaction mixture was sealed in 

a stainless-steel autoclave and heated at 180 °C for 15 hours. Heating step was done at 0.65 °C/min 

(4 hours) while the reaction mixture was cooled to room temperature over 4 hours. The product was 

recuperated via filtration followed by first washing with DMF until there was no color in the filtrate 

and then washing with acetone three more times, which resulted in a dark crystalline solid (absolute 

yield 0.103 mg). 

Afterwards, the prepared intermediate product (30 mg, 0.038 mmol), the N-donor ligand (3 

equivalents compared to the intermediate product) and 5 mL of DMF were combined in a Teflon 

reactor and stirred at room temperature for 10 minutes. The reaction mixture was then sealed in a 

stainless-steel autoclave and was heated at 180 °C for 15 hours. Heating step was done at 0.65 °C/min 

(4 hours) while the reaction mixture was cooled to room temperature over 4 hours. The product was 

recuperated via filtration followed by washing with DMF until there was no color in the filtrate and 

then washing with acetone three more times. The details of the exact reaction conditions studied are 

given in the appendix section B.1 Table B-3. 

Investigating the reactivity of cobalt metalated tetrakis(4-carboxyphenyl) porphyrin with 

iron(III) 

Typical synthesis involved combining Co metalated TCPP ligand, FeCl3.6H2O, additives (if used) and the 

solvent in a teflon reactor and stirring at room temperature for 10 minutes. Then the reaction mixture 

was sealed in a stainless-steel autoclave and heated at the desired temperature with the desired 

heating program. The product was recuperated via filtration followed by washing with DMF until there 

was no color in the filtrate and then three more times with acetone. The details of the exact reaction 

conditions investigated are given in the appendix section B.2 Table B-4. 

Single crystals which allowed the structural elucidation via single crystal X-ray diffraction for the 

[CoTCPP(H2O)2(FeIIIOH)2] phase, were obtained as follows:  

Cobalt metalated TCPP ligand (45 mg, 0.052 mmol), FeCl3.6H2O (15 mg, 0.056 mmol) and 5 mL of DMF 

were combined in a teflon reactor and stirred for 10 minutes at room temperature. The resultant 

mixture was then sealed in a stainless-steel autoclave and heated at 150 °C for 72 hours where the 
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temperature was increased over 4 hours (0.52 °C/min) to reach the isotherm and then cooled downed 

to room temperature over 4 hours. The structural elucidation was done analysing the square shaped 

single crystals observed in the mother liquor.  

 

 Synthesis of Mn3+ metalated Al-PMOF 

Synthesis of Mn-Al-PMOF using the final optimised conditions is as follows: 

Mn3+ metalated TCPP (53 mg, 0.062 mmol) and AlCl3.6H2O (30 mg, 0.125 mmol) were combined with 

2.5 mL of DMF and 2.5 mL of deionised water in a Teflon reactor and stirred at room temperature for 

10 minutes. The resultant mixture was then sealed in a stainless-steel autoclave and heated at 190 °C 

for 15 hours where the temperature was increased over 18 hours (0.15 °C/min) to reach the isotherm 

and then cooled downed to room temperature over 4 hours. The solid was recovered by 

centrifugation, washed five times with DMF and three times with acetone. After drying in air, the MOF 

was obtained as a dark greenish solid (57 mg, 97% yield). FTIR cm-1: 1606 (s, coordinated asymmetric 

C=O stretch), 1556 (m, aromatic C=C stretch of TCPP), 1440 (s, coordinated symmetric C=O stretch); 

UV-vis (0.1M NaOH) λmax/nm: 464 [Soret MnTCPP(OH)], 415 (Soret H2TCPP) 525, 573,611 [Q bands 

MnTCPP(OH)]. 

 

Synthesis of Fe3+ metalated Al-PMOF 

Method 1 

Synthesis of H2-Al-PMOF was adopted from the literature and slightly modified where a 1.5:1 

aluminium chloride to H2TCPP ratio was used and is as follows: 

H2TCPP (65 mg, 0.082 mmol), AlCl3·6H2O (30 mg, 0.125 mmol) and deionised water (5 mL) were 

combined in a Teflon reactor and stirred for 10 minutes at room temperature.  The resultant mixture 

was then sealed in a stainless-steel autoclave and heated at 180 °C for 16 hours where the 

temperature was increased over 3 hours (0.86 °C/min) to reach the isotherm and then cooled downed 

to room temperature over 1.5 hours. The solid was recovered by centrifugation, washed three times 

with DMF and put in 25 mL DMF where it was heated for 12 hours at 80 °C. Afterwards, the solid was 

washed three more times each with DMF and acetone. After drying in air, the MOF was obtained as a 

maroonish solid in a 78% yield (56 mg).  
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Preparation of 0.1 M Fe(SCN)2 methanolic solution used for the Fe metalation of H2-Al-PMOF was 

adopted from the procedure reported in literature26 and is as follows:  

FeSO4·7H2O (277 mg, 1.00 mmol) and KSCN (194 mg, 2.00 mmol) were mixed in 10 mL of methanol 

and stirred for 30 minutes. 5 mg of ascorbic acid was added to afford a colourless suspension (ascorbic 

acid prevents the oxidation of Fe2+ to Fe3+). The resultant precipitate was separated via centrifugation 

and removed to obtain a clear, colourless solution which must be used immediately. 

Optimised synthesis for Fe-Al-PMOF by metalation of H2-Al-PMOF using Fe(SCN)2 in method 1: 

A suspension of H2-Al-PMOF (50 mg, 0.057 mmol) in 0.3 mL of methanol was prepared in a vial. To 

this, 3.4 mL of a 0.1 M methanolic solution of Fe(SCN)2 (0.34 mmol) and 5.4 mg of ascorbic acid were 

added. The vial was closed and the reddish suspension was heated at 100 °C for 48 hours. The solid 

was then recovered via centrifugation, washed three times with DMF followed by washing three more 

times with methanol. After drying in air, the MOF was obtained as a dark solid (35 mg, 65% yield). FTIR 

cm-1: 1714 (uncoordinated COOH stretch), 1606 (s, coordinated asymmetric C=O stretch), 1556 (m, 

aromatic C=C stretch of TCPP), 1440 (s, coordinated symmetric C=O stretch); UV-vis (0.1M NaOH) 

λmax/nm: 409 [Soret FeTCPP(OH)], 518 (Q band H2TCPP), 568, 609 [Q bands FeTCPP(OH)]. 

Method 2 

Synthesis of Fe metalated Al-PMOF using the final optimised conditions for method 2 is as follows: 

Fe3+ metalated TCPP (82.5 mg, 0.094 mmol) and AlCl3.6H2O (30 mg, 0.125 mmol) were combined with 

2.5 mL of DMF and 2.5 mL of deionised water in a Teflon reactor and stirred and degassed with argon 

at room temperature for 10 minutes. The resultant mixture was then sealed in a stainless-steel 

autoclave and heated at 190 °C for 16 hours where the temperature was increased over 3 hours (0.92 

°C/min) to reach the isotherm and then cooled downed to room temperature over 4 hours. The solid 

was recovered by centrifugation, washed three times with DMF and heated in 10 mL DMF at 80 °C for 

12 hours. Afterwards the solid was washed again with DMF three more times followed by washing 

with acetone for three times. After drying in air, the MOF was obtained as a dark solid (42 mg, 48 % 

yield). FTIR cm-1: 1714 (uncoordinated COOH stretch), 1606 (s, coordinated asymmetric C=O stretch), 

1556 (m, aromatic C=C stretch of TCPP), 1440 (s, coordinated symmetric C=O stretch); UV-vis (0.1M 

NaOH) λmax/nm: 409 [Soret FeTCPP(OH)], 568, 609 [Q bands FeTCPP(OH)]. 
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Catalysis studies of M-Al-PMOF 

Investigation of the cyclopropanation of styrene with EDA using the M-Al-PMOF catalysts  

For the catalysis studies, Fe-Al-PMOF obtained from method 2 was used due to the higher occupancy 

of Fe in the porphyrin cores.  

Catalyst was weighed directly in a 3mL vial (1.2 mg, 0.001 mmol for Fe-Al-PMOF) and was combined 

with styrene (0.115 mL, 1.0 mmol) and 0.735 mL of toluene. The mixture was degassed with argon for 

5 minutes and maintained in an inert atmosphere. Following, ethyl diazoacetate (0.150 mL, 1.2 mmol) 

was added to the reaction mixture with a syringe and heated at 60 °C with stirring. The reaction was 

followed via GC-MS method. At appropriate times, 10 μL of the reaction mixture was withdrawn and 

diluted with 400 μL of acetonitrile prior to GC-MS analysis.   

GC-MS analysis was performed on a Hewlett Packard GC system 6890 with a Carl Roth Roticap-5 

column coupled with a Hewlett Packard MS selective detector 5973. 

Investigation of the formation of 3,4,5-triethyl-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate from ethyl 

diazoacetate with Fe-Al-PMOF as the catalyst 

 Fe-Al-PMOF was weighed directly in a 3mL vial (1.2 mg, 0.001 mmol) and 0.850 mL of toluene 

was added. The mixture was degassed with argon for 5 minutes and maintained in an inert 

atmosphere. Following, ethyl diazoacetate (0.150 mL, 1.2 mmol) was added to the reaction mixture 

and heated at 60 °C with stirring. 

 For studying the recyclability of the MOF, the solid was recovered by centrifugation after the 

reaction and washed with toluene for 5 times. Afterwards, the toluene was removed with a pipette, 

and the recovered solid was directly used for the following run.   
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4. Tetrazolate based porphyrinic MOFs 

4.1. Azolate based ligands 

Tetrazoles are part of the azole family, which are five-membered aromatic nitrogen 

heterocycles. They are sp2 hybridized N-donors and have the same coordination behaviour as 

pyridines.  Even though azoles are generally known as bases (azolium is the protonated form) they can 

also be deprotonated to yield the corresponding azolate ion (Figure 4-1).  

The acidity and the basicity of azole/azolate rings are directly related to the number of N-

atoms in the ring due to their electron-withdrawing nature. The more N-atoms in the rings lead to a 

higher acidity (Figure 4-1). Due to this reason, tetrazole has a similar acidity to that of a carboxylic acid 

(4.90 pKa compared to 4.76 pKa for acetic acid) whereas, the other azoles are basic (pKa> 10).1  In 

addition, tetrazolates are considered to be slightly softer than carboxylates, according to the hard-soft 

acid base (HSAB) theory. 

 

Figure 4-1 Different azoles and their corresponding azolate ion, imidazole (Him), pyrazole (Hpz), 1,2,4-triazole (Htz), 1,2,3-

triazole (Hvtz), and tetrazole (Httz). pKa values are given on the bottom.1  

There are many  examples of MOF structures with azolate based ligands.2  Imidazole has been 

used to synthesise number of frameworks, aptly named as zeolitic imidazolate frameworks (ZIFs), with 

zeolite-type topologies and tetrahedral metal ions (e.g. Zn2+, Co2+). ZIFs exhibit permanent porosity 

and high thermal and chemical stability, which have made them potential candidates for applications 

such as separation and storage of gases.3 Likewise, there are reported examples for pyrazolate, 

triazolate and tetrazolate based frameworks. 2, 4  

Pyrazolates, triazolates and tetrazolates can have similar binding modes to the syn,syn-μ-

η1,η1-  bidentate bridging mode of carboxylates, which is the basis of well-known SBUs such as the 

octahedral M4O(RCOO)6 (Figure 4-2). Thus, analogues for some carboxylate SBUs have been observed 

with pyrazolates, triazolate and tetrazolates. Tonigold et al reported a pyrazolate analogue, 
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Co(II)4O(pz)6, of the well-known MOF-5 SBU, M4O(RCOO)6, with the MOF, [Co(II)4O(bdpb)3]  (H2bdpb= 

1,4-bis[(3,5-dimethyl)- pyrazol-4-yl]benzene).5  

 

 

Figure 4-2 Syn,syn-μ-η1,η1-bidentate bridging mode of carboxylates, and similar bridging modes possible for pyrazolates, 
triazolates and tetrazolates. 

Azole based isomorphous analogues for the 8-connected M4Cl(RCOO)8 cluster6 and 

M4O(RCOO)8 cluster7 seen for carboxylates have been observed for both pyrazolates8 and triazolates9 

and this trend continues with tetrazolates10  as described in the published article (Figure 4-3). The SBU 

obtained with pyrazolate ligand is isomorphous, but not isostructural to the tetrazolate and triazolate ones 

as the bridging Cl- is missing. This is due to the acetate salts being required to form the framework with the 

pyrazolate ligand as opposed to the chloride salts used in other two cases (use of acetate salts in DMF was 

necessary for the authors to promote the deprotonation of the pyrazole group due to its higher pKa).  The 

pyrazolate framework is neutral while the triazolate and the tetrazolate frameworks have an anionic 

charge which is balanced by Cu(DMF)6
2+ cations present in the pores. The chemical stability of the 

overall framework was found  to positively correlate with the pKa of the azoles, where the tetrazolate 

ligand [H3BTT = 1,3,5-tri(1H-tetrazol-5-yl)benzene]  pKa < triazolate ligand [H3BTTri = 1,3,5-tri(1H-1,2,3-

triazol-5-yl)benzene] pKa <  pyrazolate ligand [H3BTP = 1,3,5-tri(1H-pyrazol-4-yl)benzene] pKa.11 



165 
 

 

Figure 4-3  Isomorphous 8-connected M4Cl/O(L)8 SBUs reported for carboxylates and certain azolates. a) carboxylate 
(hexaethayltruxene-2,7,12-tricarboxylic acid) 7 b) pyrazolate (1,3,5-tri(1H-pyrazol-4-yl)benzene) 8  c) triazolate (1,3,5-tri(1H-
1,2,3-triazol-5-yl)benzene) 9 d) tetrazolate (1,3,5-tri(1H-tetrazol-5-yl)benzene) 10 based ligands. Hydrogens are omitted for 
clarity. 

 

4.2. MOFs with tetrazolate ligands 

Tetrazoles, which have four nitrogen atoms that can coordinate, are able to act as either a 

multidentate ligand or a bridging building block in supramolecular assemblies. They can act as 

monodentate,12 bidentate,13-14 tridentate15-16 and tetradentate17-18 ligands in up to nine different 

metal-binding modes which yield various metal clusters that could be used as SBUs (Figure 4-4a). Most 

of the metal clusters reported are based on divalent metals, their diversity leads to structures with 

diverse net topologies. Such clusters include trinuclear μ3-oxo-bridged 3-connected cluster with a 

M3O(ttz)3 unit (Figure 4-4b1),19 trinuclear 6-connected linear cluster with a M3(ttz)6 unit (Figure 

4-4b2),13-14 8-connected μ4-chloro-bridged tetranuclear cluster with a M4Cl(ttz)8 unit (Figure 4-4b3),14, 

17 and pentanuclear oxo-bridged 8-connected cluster with a M5O2(TTZ)8 unit (Figure 4-4b4).20  
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Figure 4-4 (a) Possible binding modes for the tetrazolate functional group. (b) Some reported tetrazolate based SBUs in 
literature. Hydrogens are omitted for clarity. 

Most SBUs based on the tetrazolate ligands have been metal cluster based but a few extended 

chain like SBUs have also been reported (Table 4-1). However, these chain type SBUs are not common. 

CSD database reports 1380 total hits on coordination compound structures based on tetrazolate 

ligands of which 1050 are polymeric. Of these, structures with extended chain like SBUs, where the 

tetrazolate ligand is acting as a bridging ligand between each metal ion, have only been reported 10 

times with 6 different types of SBUs. (Figure 4-5 shows the different types of chain like SBUs seen with 

the tetrazolate ligand acting as a bridging ligand). This is possibly due to the ability of tetrazolates to 

coordinate to multiple metal ions at the same time in a variety of binding modes with its 4 different N 

atoms, which can favour the formation of distinct metal clusters.  

Chain SBU type 1 (Figure 4-5a) and 2 (Figure 4-5b) both consist of metal ions that are bridged 

by three tetrazolate ligands. In type 1, only N2 and N3 atoms of the tetrazolate are involved in the 

coordination, while in type 2, N2, N3 atoms and N1, N2 atoms are both involved in coordination in an 

alternating fashion.  The other chain types involve additional species as bridging ligands (type 3 oxygen 

from DMF, type 4 F-, type 5 N3
-, type 6 Cl-). 
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Table 4-1 Reported extended frameworks in literature with chain like SBUs where tetrazole ligand is acting as a bridging 
ligand. Only 2D and 3D structures were considered.  

Ref Code Formula Net type Chain 
SBU type 

reference 

ZARTAP [Fe2(H0.67bdt)3]·4H2O 3D 1 21 
DAXJET [Fe2(H0.67bdt)3]·13H2O 3D 1 22 
XOXCAP [Co2(H0.67bdt)3] 20 H2O 3D 1 23 
REQUCN [Cu3(cttz)6(CH3CN)2(H2O)2]·2CH3CN  2D 2 24 
REQCOH [Cu3(cttz)6(H2O)3{(CH3)2CO}]·3(CH3)2CO 2D 2 24 

VEMMUW [Cu(bdt)(DMF)·0.25DMF·CH3OH] 3D 3 13 
ZUDWUS [Fe5F7(H2O)(HCOO)(amtetraz)4]·1.5(Hdma) 3D 4 25 
ZUDXAS [Fe5F8(H2O)2(amtetraz)4]·(Hdma) 3D 4 25 
TORXAB [Cu(N3)(ttz)] 3D 5 26 
VEMMIK [Mn2(bdt)Cl2(DMF)2]·1.5CH3OH·H2O 3D 6 13 

H2bdt = 5,5ʹ-(1,4-phenylene)bis(1H-tetrazole) 
Hcttz = 5-cyanotetrazole 
[Hdma]+ = dimethylammonium cation 
Hamtetraz-5 = aminotetrazole  
Httz = 1-H-tetrazole 
 
 

 

Figure 4-5 Different types of chain like SBUs reported in literature where tetrazole ligand is acting as a bridging ligand. 
Hydrogens are omitted for clarity. 



168 
 

4.3. Porphyrinic tetrazolate frameworks  

Tetrazole functionalised porphyrin, 5,10,15,20-tetrakis(4-(2H-tetrazol-5-yl)phenyl)porphyrin 

(H2TTPP) can be synthesised from a well-known [3 + 2] cycloaddition reaction starting with a nitrile-

bearing porphyrin and sodium azide (synthetic details are provided in chapter 2).27 However, MOF 

architectures using H2TTPP as a building block have only been reported twice, UTSA-57 {chemical 

formula [Mn(II)4.5Cl(Mn(III)Cl-TTPP)2(H2O)4]} by Chen et al and PCN-526 {chemical formula 

[Cd4.5Cl(CdTTPP)2]} by Zhou et al (Figure 4-6). Both MOFs had the scu framework topology where the 

inorganic building block was based on divalent ions, Cd or Mn, arranged in square planar [M4Cl]7+ 

clusters with an overall SBU of M4Cl(ttz)8(solvent) as shown in Figure 4-6, which is a commonly 

observed SBU for tetrazolate based ligands as mentioned earlier.28-29 There were Mn2+ and Cd2+ ions 

(represented by M0.5 in the formula) present in the respective frameworks to balance their ionic 

charges.  

UTSA-57, composed of Mn4Cl(ttz)8(H2O)4 moieties linked by Mn metalated TTPP as the 4-

connected organic linker, exhibited permanent porosity with a BET surface area of 206.5 m2g-1 and 

displayed moderately high performance for C2H2/CH4 separation at room temperature.28  PCN-526 is 

composed of Cd4Cl(ttz)8 inorganic blocks linked by Cd metalated TTPP ligand.29 The authors 

demonstrated that PCN-526 can undergo a crystallinity preserving reversible phase transition 

triggered by an abrupt change in temperature from 298 K to 110 K where the Cd4Cl(ttz)8 clusters 

experience a rotation. 

 
Figure 4-6  a) UTSA-57 MOF b) PCN-526 MOF (Cd located in the porphyrin core was modelled as two disordered parts by the 
authors). The corresponding M4Cl(ttz)8 SBU is shown below each framework. Hydrogens and solvent molecules are omitted 
for clarity. 
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 These examples indicate that tetrazolate porphyrinic ligands have the potential to yield 

extended MOF architectures with permanent porosity. However, it remains an area under-explored, 

especially considering that tetrazolate based compounds have been studied as potential spin 

crossover (SCO) material. MOFs are known for having extended frameworks and high porosity. If SCO 

behaviour can be incorporated in to MOFs, they can be an ideal platform for obtaining functional 

material with potential applications such as in sensors.30-31 However, in order to achieve this, ligands 

such as tetrazolates must be employed as common carboxylate ligands results in only high spin 

systems which do not show any spin crossover behaviour.  

4.4. Spin cross over material 

Spin Crossover (SCO) phenomenon is observed when some variation in external stimuli such 

as in temperature, pressure or light irradiation induces a change in the spin state of a metal complex. 

In SCO material, the metal d orbitals are not degenerate due to the crystal field generated by the 

ligands. For SCO to be possible, multiple spin states should be available to the metal ion. The ground 

spin state depends on the paring energy and the energy gap (ΔE) between the nonbonding and 

antibonding sets of d-based orbitals.  ΔE larger than the paring energy results in a low-spin (LS) state 

while the inverse results in a high-spin (HS) state (Figure 4-7). For example, in the case of iron(II) ion 

in an octahedral geometry, t2g
4eg

2 (5T2g) (S=2) and t2g
6eg

0(1A1g) (S=0) configurations correspond to the 

HS and LS states, respectively. A spin crossover can be caused by external perturbations such as 

temperature, pressure, light, or interaction with a guest molecule.32   

 

Figure 4-7 Electronic configuration for a d6 iron(II) ion, in the HS state and in the LS state in an octahedral geometry. ΔE stands 
for energy splitting in an octahedral ligand field and P for the mean spin-pairing energy. 
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For a thermally induced SCO to occur, the energy difference between the first vibrionic levels 

of the LS and HS states, must be in the order of thermal energy, kBT.33 This condition leads to a very 

narrow range possible for ΔEHS (11500-12500 cm-1 for Fe(II) systems) and ΔELS (19000-21000 cm-1 for 

Fe(II)systems) for a thermal spin transition to occur as reported by Gutlich et al.33 Thermal SCO 

behaviour has been observed almost exclusively with 3d metal ions of d4-d7 electron configurations. 

The strength of the ligand field is increased with 4d and 5d metals which results in virtually all 4d and 

5d transition metal complexes showing LS behaviour.34  

The ligand plays a critical role in SCO material as it affects the ΔE of the system. A weak field 

ligand i.e. a ligand which has a relatively smaller ΔE in the spectrochemical series renders only the high 

spin state accessible. Most SCO systems are based on Fe(II) with N-donor ligands such as azolates 

which are strong field ligands that results in a sufficiently large ΔE to render the LS state accessible. 

Oxygen containing ligands such as carboxylates are medium field ligands which generally results in HS 

complexes and spin-crossover is not observed with them. Most of the SCO studies have been 

performed on iron, where Fe(II) is in a FeN6 coordination environment.35 This is not surprising as Fe(II) 

displays the largest possible spin state change where it goes from a diamagnetic LS to a HS state with 

four unpaired electrons as shown in Figure 4-7. Fe(III) based materials have also shown SCO behaviour 

but has been less studied.36   

The change in spin state originates from a change in the number of unpaired electrons. This 

results in a change in the magnetic susceptibility which indicates the degree of magnetisation under 

an applied magnetic field. Thus, to characterise SCO compounds, usually magnetic susceptibility is 

measured as a function of temperature using a magnetometer such as a SQUID (superconducting 

quantum interference device) instrument.34 X-ray crystallography is also very useful to assess the SCO 

behaviour as the change in spin state will lead to a change in bond lengths and cell volume. For 

example, when transitioning from HS to LS the bond lengths and the cell volume decrease.  Another 

major technique used, particularly for Fe containing systems is Mössbauer spectroscopy, as Fe(II) and 

Fe(III) HS and LS spin systems will result in different values for isomer shift and the quadrupole 

splitting.34 Other techniques such as optical spectroscopy (colour change) and vibrational 

spectroscopy (change in bond strength) have also been employed in studying these systems.34 

The spin transitions can be accompanied by distinct changes in the physical properties of the 

framework such as colour. Thus, a spin crossover can transform external stimuli into information 

signals. Extended porous frameworks which can lead to guest dependant SCO behaviour are 

particularly intriguing for applications in sensor and memory devices.30-31 Hoffmann-type MOFs, 

[Fe(L)M(CN)4] MOFs (pz = pyrazine type ligand, and M = Ni2+, Pd2+, or Pt2+) are examples of porous 
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frameworks with guest dependant SCO behaviour which have shown potential as molecular sensors 

(Figure 4-8).37  In 2001, Niel et al first reported the cooperative SCO behaviour near room temperature 

for this family of MOFs38 and they have received great attention since then.39  For example, Ohba et 

al reported a porous framework, [Fe(pz)Pt(CN)4] which undergoes a colour change from  yellow to red 

upon the adsorption of CS2, which switches the system from HS to LS.31 This stabilisation of the LS 

state was observed only with CS2 as other guest molecules investigated, such as water, alcohols, 

toluene and THF, stabilised the HS state.  

 

Figure 4-8  An example of a 3D Hofmann-type Iron(II) MOFs, [Fe(pz)Ni(CN)4 (pz = pyrazine).30 Hydrogens are omitted for clarity. 

 

4.5. Azole based SCO material 

Azoles such as triazoles and tetrazoles have played a major role in the study of SCO materials. 

Fe(II) complexes with azole ligands can display a remarkable chromic effect with spin-crossover as a 

result of the change of electronic structure. Iron(II) triazole/tetrazole complexes, depending on the 

linker, can be violet in the LS state and colourless in the HS state making them potentially applicable 

in display devices.40  For example a mononuclear complex, [Fe(II)(ptz)6](BF4)2 (ptz = 1-propyltetrazole), 

was studied regarding chemical and physical influences on the SCO behaviour.41 Dinuclear complexes 

such as [Fe2(Hsaltrz)5(NCS)4]·4MeOH (Hsaltrz = N-salicylidene-4-amino-1,2,4-triazole),42 and trinuclear 

complexes such as [Fe3(npt)6(C2H5OH)4(H2O)2](ptol)6 (npt= 4-(4ʹ-nitrophenyl)-1,2,4-triazole, ptol= p-

tolylsulfonate)43 showing SCO behaviour have also been reported (Figure 4-9).  
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Figure 4-9 a) Mononuclear [Fe(II)(ptz)6](BF4)2(ptz = 1-propyltetrazole) complex 41 b) Dinuclear [Fe2(Hsaltrz)5(NCS)4]·4MeOH 
(Hsaltrz = N-salicylidene-4-amino-1,2,4-triazole) complex42 c) Trinuclear [Fe3(npt)6(C2H5OH)4(H2O)2](ptol)6] (npt= 4-(4ʹ-
nitrophenyl)-1,2,4-triazole, ptol= p-tolylsulfonate) complex.43  Hydrogens are omitted for clarity. 

The first reported examples of coordination polymers displaying SCO behaviour were 1D 

triazole based compounds  [Fe(Rtrz)2](anion)2(Rtrz = 4- substituted 1,2,4-triazole).44 Since then, a 

number of SCO coordination polymers based on triazoles,45 and tetrazoles,46 with varying 

dimensionality have been reported.  However, there have been only three reported examples of MOFs 

based on azole ligands with extended frameworks and permanent porosity which display reversible 

SCO behaviour, to the best of the authors knowledge.47-49 Salles et al reported the framework Co(BDP) 

(BDP2- = 1,4-benzene-dipyrazolate), which undergoes a HS to LS transition upon activation and a 

reversible transition to an intermediate spin state upon N2 loading (Figure 4-10a).47 Reed et al reported 

a metal–organic framework, Fe-BTTri {chemical formula Fe3[(Fe4Cl)3(BTTri)8]2·18CH3OH, H3BTTri = 

1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene)}, that displays spin state change upon CO adsorption/ 

desorption (Figure 4-10b).48 Sciortino et al reported a porous framework, [FePd(CN)4(thiome)2] 

(thiome =  4-[(E)-2-(5-methyl-2-thienyl)vinyl]-1,2,4-triazole), where the SCO behaviour can reversibly 

be turned off and on with the adsorption/desorption of water (Figure 4-10c).49 
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Figure 4-10  Reported azolate based porous extended frameworks a) Co(BDP) (BDP2-= 1,4-benzene-dipyrazolate) 47 b) Fe-BTTri 
(H3BTTri =1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene) 48 c) [FePd(CN)4(thiome)2 (Hthiome = 4-[(E)-2-(5-methyl-2-thienyl)vinyl]-
1,2,4-triazole).49  Hydrogens are omitted for clarity. 

As mentioned earlier, there are only two examples of porphyrinic tetrazolate MOFs reported 

and they offer great potential as ligands for porous functional material with SCO behaviour, if iron can 

be incorporated in to the framework. In addition, the tetrazolate functional group can potentially 

stabilize lower oxidation states of the iron due to its softer nature compared to the carboxylate 

functional group. Therefore, the goal of this work was to explore the synthesis of porous coordination 

polymers using a tetrazole functionalised porphyrin ligand. 

 

4.6. Article 
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4.7. Conclusion and perspectives  

A tetrazolate based Fe(II)/(III) mixed valent MOF was obtained with a fry topology where the  

inorganic backbone consists of a [FeN4O] chain which is similar to what has been observed with a 

carboxylate porphyrin based iron MOF reported before with a [FeO4(OH)] inorganic chain.50 The 

framework was not air stable due to the oxidation of the Fe(II) to Fe(III) in the backbone but the 

resultant solid after activation showed intrinsic microporosity. Due to this air instability, further 

investigation of electrochemical properties such as redox and spin crossover behaviour was not 

possible. 

One way to possibly improve the stability of the framework could be by using a more basic N-

donor ligand. As shown by Long et al, use of triazolates and pyrazolates can lead to frameworks with 

higher chemical stability.11 Wand et al has reported a pyrazolate porphyrin based framework with a 

ftw-a topology, [Ni8(OH)4(H2O)2](NiTPzP)3 (PCN-601) that had 12-

connected  [Ni8(OH)4(H2O)2(pyrazolate)12]  nodes  and a  4-connected Ni metalated 5,10,15,20-

tetra(1H-pyrazol-4-yl)porphyrin (NiTPzP) linker. PCN-601 showed remarkable stability in acidic and 

basic conditions.51 Thus, exploring Fe containing frameworks with pyrazolate based porphyrinic 

ligands is a possible strategy in order to obtain more stable material for investigation of their 

electrochemical and SCO properties. The pyrazolate equivalent of the [FeN4O] chain like SBU has been 

reported by Spirkl et al.52  The authors reported the MOF, [FeIII(OH)bpz], synthesised using the 4,4’-

bipyrazole linker (Figure 4-11). The structure of this MOF was stable heating up to 200 °C in air and up 

to 300 °C in nitrogen. This thermal stability in air represents a marked improvement in robustness 

compared to what was observed for the tetrazolate porphyrinic MOF. Considering the ability to obtain 

similar SBUs for pyrazolate and tetrazolate ligands, it seems plausible that an isotopic framework could 

be obtained with a pyrazolate porphyrinic ligand (Figure 4-12).   

 



182 
 

 
Figure 4-11 Synthesis of Fe-CFA-6. a) 4,4’-bipyrazole linker used for the syntheses of Fe-CFA-6.  b) [FeN4O)] chain like SBU 52 

 

 

Figure 4-12 a) The structure and the SBU of the framework obtained with the tetrazolate porphyrinic ligand discussed in the 
published article b) The speculative structure and the SBU of a framework which is possible with a pyrazolate porphyrinic 
ligand.    

 MOFs with triply bridged Fe(III)-pyrazolate chain like SBUs have also been reported which have 

shown increased thermal and chemical stability. One such MOF is Fe2(bdp)3  (bdp = 1,4-

benzenedipyrazole), reported by Herm et al (Figure 4-13).53 This MOF was synthesised under 

anaerobic and dry conditions with Fe(acetylacetonate)3 salt and  DMF as solvent. Interestingly, once 

synthesised, the MOF was very stable and showed stability in solutions of pH=2 and heating up to 280 
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°C in air. Thus, it is worthwhile to investigate the reactivity of tetrazolate and pyrazolate porphyrinic 

MOFs under anaerobic and dry conditions to see if stable frameworks could be obtained.  

 

 
Figure 4-13 a) 1,4-benzenedipyrazole ligand used in the synthesis of Fe2(bdp)3. b) Triply bridged Fe(III)-pyrazolate chain like 
SBU c) Framework viewed along the b-axis. 53 Hydrogens are omitted for clarity.  
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5. Catecholate and gallate based porphyrinic MOFs 

 This chapter will present the work done on investigating the reactivity of two different 

hydroxyphenyl functionalised porphyrins: Catechol based 5,10,15,20-tetrakis(3,4-

dihydroxyphenyl)porphyrin (H10-PorphCat) and gallol based 5,10,15,20-tetrakis(3,4,5-

trihydroxyphenyl)porphyrin (H14-PorphGal) shown in Figure 5-1. The study concerning the catechol 

functionalised porphyrin was part of a long-term project in collaboration with the Institut Lavoisier de 

Versailles (ILV) and involved the synthesis optimisation of an iron MOF phase which led to obtaining 

single crystals for structural elucidation (Section 5.1). 

 

Figure 5-1 The two hydroxyphenyl functionalised porphyrin ligands studied in this chapter. 

 In section 5.2 of the chapter, the initial exploratory work performed using a gallol 

functionalised porphyrin and various trivalent metal ions is presented. The part of the study 

concerning the MOF phase obtained with trivalent rare earth metal ions was published in an article 

provided in the section 5.2.2. 

5.1. Investigation of the reactivity of catechol porphyrin based ligands with Fe(III) for 

MOF synthesis 

Metal-ligand bond strength is one of the main factors in determining the chemical stability of 

MOF frameworks as alluded to earlier. One approach to increasing this bond strength is by using 

functional groups which are more basic. 1,2-dihydroxyphenyl or catechol functionalities have a higher 

pKa (pK a a ~9.5; pK a b  ~14, a and b notation according to Figure 5-1)1 compared to the carboxylic acid 

group (pKa ~4.8).2 There have been catecholate based MOFs reported in literature. Nguyen et al 

reported a series of 3D MOFs based on the linker triphenylene-2,3,6,7,10,11-hexakis(olate) (THO6–).3 

One of the MOFs in this series, Fe-CAT-5 [chemical formula Fe(THO)·Fe(SO4)(DMA)3, DMA= 
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dimethylammonium], showed stability in water and high proton conductivity. However, there is only 

one reported instance of a coordination polymer based on a catechol functionalised porphyrinic 

ligand. Jin et al reported several crystalline solids based on H10-PorphCat and divalent Cu, Co and Ni.4 

The actual structures of these solids were not determined as the authors were interested in 

synthesising hybrid composites via thermolysis.  

Reactivity of various trivalent metals (Fe3+, Ga3+, Al3+, In3+) with H10-PorphCat based ligands 

have been investigated at ILV. These studies were performed using the nickel(II) metalated porphyrin 

(Ni-H8-PorphCat) and have led to the identification of three different phases (Figure 5-2). Phases 1 and 

3 had given microcrystalline powder and phase 2 resulted in single crystals. Gas adsorption 

measurements performed on phase 1 and phase 2 have indicated microporosity with BET surface 

areas of 475 and 760 m2g-1 respectively (the adsorption studies for phase 3 were not completed). The 

unit cell parameters for the phases have been determined but attempts made to elucidate the 

structures have not been successful.  

 

Figure 5-2 The different phases previously identified at ILV with Ni-H8-PorphCat and various trivalent metal salts. The reaction 
conditions which have given each phase are indicated in the tables.  
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It was also demonstrated by Dr. A. Fateeva that when the nickel porphyrin is replaced by the 

free base (H10-PorphCat), the phase 1 material could be obtained with low crystallinity. However, 

when pyrazine was added to the synthesis mixture, small single crystals of a material similar to phase 

1 were obtained and the PXRD pattern evidenced a great increase of the crystallinity (Figure 5-4 a and 

b). 

  

Figure 5-3 PXRD patterns observed for phase 1 obtained with H10-PorphCat a) with and b) without pyrazine  

 

 In this section, the impact of the synthesis parameters on the crystal morphology was studied 

more in-depth with a goal of obtaining suitable single crystals for diffraction studies.  

 More precisely the parameters optimised were:  

-pyrocatechol content 

-pyrazine content 

-temperature 

-solvent composition   

10 20 30

2 Theta (°)

@ 160 °C for 48h 

3 eq FeCl3.6H2O 
60 eq pyrocatechol 
60%/40% DMF/water  

a) 3 eq pyrazine 

b) No pyrazine 

1 eq 
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5.1.1. Synthesis optimisation 

The synthetic parameters investigated are shown in Table 5-1. In total 18 reactions were 

attempted and the details are given in appendix section C.1. 

The 1,2-dihydroxyphenyl (catechol) functionalised porphyrin was synthesised in a form with 

both the unprotonated and doubly protonated free base phases as described in chapter 2. For 

simplicity, the ligand used for the syntheses will be referred to as H10-PorphCat (the molar mass of the 

pure freebase porphyrin ligand was used for calculating reactant ratios, 742.74 gmol-1) 

Table 5-1 Synthetic parameters investigated for the optimisation of the single crystals obtained.  

Parameters investigated 

Additives Pyrazine 

Ratio of metal/ligand 3, 6 

Isotherm temperature 140-150-160-180 °C 

Heating rate and cooling rate 0.38 °C/min 

Solvent mix (DMF/Water) 15%/85%, 20%/80%, 60%/40%, 80%/20% 

Concentration of the porphyrin ligand 12.5 mM, 16.5 mM 

Pyrocatechol amount 15 eq, 30 eq, 60 eq,  

 

The starting point of the study was the conditions which gave the better crystallinity as shown 

in Figure 5-3a.  The solvent composition was first investigated while keeping the other conditions the 

same (temperature 160 °C, metal: porphyrin: pyrazine: pyrocatechol = 3:1:3:60, porphyrin 

concentration = 12.5 mM). Increasing the DMF content from 60 to 80% had a detrimental effect on 

crystallinity as shown in Figure 5-4. Decreasing the DMF content to 20 % and 15% resulted in similar 

PXRD patterns.  When the morphology of these later samples was examined by SEM (Figure 5-5), the 

largest single crystals (of around 25 μm for the largest observed) were found to arise from the 

synthesis using 20%/80% DMF/water mixture. This sample also had a large size distribution for the 

crystals (~2 μm - ~25 μm). However, due to the higher upper limit observed for the crystal size with 

this solvent composition, it was selected to investigate the remaining parameters.  
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 Figure 5-4 PXRD patterns for the solids obtained from the syntheses investigating the effect of the DMF and water content 
in the solvent. PXRD patterns in a) measured with instrument 1 and the patterns in b) measured with instrument 2.  

 

        

Figure 5-5 SEM images of the products obtained for the syntheses investigating DMF to water content in the solvent. a)  
20%/80% DMF to water ratio b) 15%/85% DMF to water ratio c) 60%/40% DMF to water ratio.  

The impact of the reactants concentration was next probed. Increasing the concentration by 

1.3 times (16.5 mM vs 12.5 mM for the porphyrin ligand) had little effect on the PXRD pattern (Figure 

5-6). However, this higher concentration produced qualitatively smaller single crystals when observed 

with SEM compared to the largest crystals observed with the lower concentration (Figure 5-6). 

Therefore, a concentration of 12.5 mM was kept as optimum for the subsequent reactions.  

10 20 30

60%/40% DMF/H
2
O

2 Theta (°)

 

 

 

   

20%/80% DMF/H
2
O

80%/20% DMF/H
2
O

10 20 30

15%/85% DMF/H
2
O

20%/80% DMF/H
2
O

2 Theta (°)

 

 

 

   

a) b) 
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Figure 5-6 PXRD and SEM data comparing the effect of concentration on the samples obtained a) lower concentration (12.5 
mM for the porphyrin) b)1.3 times higher concentration (16.5 mM for the porphyrin). solvent= 20%/80% DMF/water, metal: 
ligand: pyrazine: pyrocatechol = 3:1:3:60, temperature= 160 °C.  

 

The metal to the porphyrin ligand ratio was then looked at while keeping the other reaction 

conditions unchanged (solvent 20%/80% DMF/water, porphyrin: pyrazine: pyrocatechol = 1:3:60, 

temperature= 160 °C, concentration = 12.5 mM for the porphyrin ligand). The analysis of the pxrd data 

indicated that a higher metal to ligand ratio of 6:1 leads to the formation of Fe2O3 impurities which is 

not seen with a metal to ligand ratio 3:1 (Figure 5-7). Therefore, the lower ratio was chosen as the 

metal to ligand ratio.  

10 20 30

12.5 mM porphyrin  concentration

2 Theta (°)

 

 

 

   

a) b) 

10 20 30

 16.5 mM porphyrin  concentration, 1.3x more

2 Theta (°)
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10 20 30

2 Theta (°)

3:1  Fe to porphyrin ratio

6:1  Fe to porphyrin ratio

 

Figure 5-7 PXRD patterns for samples obtained from the syntheses investigating the metal to ligand ratio effect. The peaks 
with arrows pointed at them represent the Fe2O3 impurity. 

 

The effect of temperature on the crystallinity and the crystal morphology was then 

investigated keeping the other parameters unchanged (solvent 20%/80% DMF/water, metal: 

porphyrin: pyrazine: pyrocatechol = 3:1:3:60 concentration = 12.5 mM for the porphyrin ligand).  

According to the pxrd data, the optimum synthesis temperature was assigned to be 150 and 160 °C as 

the solids obtained at 140 °C and 180 °C displayed lower crystallinity (Figure 5-8).  SEM analysis showed 

that the samples obtained at 140 °C and 180 °C also had different morphologies to that observed for 

samples synthesised at 160 °C (Figure 5-9). Samples synthesised at 150 °C and 160 °C had the same 

morphologies and similar sizes (largest around 25 μm). Therefore, 160 °C was selected as the best 

temperature.  
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10 20 30

150 °C

2 Theta (°)

140 °C

160 °C

180 °C 

 

Figure 5-8 PXRD patterns of samples obtained for syntheses at different temperatures. The samples were analyzed using pxrd 
instrument 2.  

 
Figure 5-9 SEM images of samples synthesised at different temperatures (solvent 20%/80% DMF/water, metal: porphyrin: 
pyrazine: pyrocatechol = 3:1:3:60).  
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  The amount of pyrocatechol was then investigated and was found to have a considerable 

influence on the size of the crystals. A lower pyrocatechol content increased the size of the crystals as 

shown on Figure 5-10. Thus, 15 equivalents of pyrocatechol were the optimum content tested as it 

led to the largest single crystals.   

     

Figure 5-10 SEM images of syntheses performed with different pyrocatechol amounts. Number of equivalents (eq) are with 
respect the amount of porphyrinic ligand used. The size of the biggest crystals observed is shown in parentheses. These 
syntheses were performed at 160 °C.  

In total 18, different reactions were performed for the synthesis optimisation and the size of 

the crystals were increased to 140 μm starting from under 20 μm. From all the parameters tested, the 

one which had the biggest effect on the crystal size was the amount of pyrocatechol present in the 

reaction mixture. The largest crystals were obtained from the synthesis at 160 °C, with a reactant ratio 

of 3:1:3:15 for metal: porphyrin: pyrazine: pyrocatechol and a DMF/water solvent mixture of 20%/80% 

and were analysed with synchrotron diffraction. The structural resolution is still ongoing.  
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5.1.2. Characterisation  

TGA analysis   

 Analysis of the TGA data for the sample synthesised with the optimum conditions is shown on 

Figure 5-11.. There is around 5% mass loss between 30 °C and 100 °C which can be attributed to the 

loss of water or acetone. The framework degradation for the solids starts at around 170 °C. 

0 200 400 600 800
0

20

40

60

80

100

%
 m

as
s

Temperature °C

 

Figure 5-11 TGA analysis of the sample obtained with the optimized conditions. 

 

IR spectroscopy 

 IR spectrum for the sample synthesised with the optimised conditions is shown in Figure 5-12; 

it is different to the spectrum of the starting porphyrin. The broad peak at around 3200 cm-1 

corresponding to the OH stretch in the starting ligand is not present in the activated MOF sample. This 

indicates the loss of hydrogens and the coordination to the metal. However, the information that can 

be derived from the IR spectra is limited due to the lack of other defining features.  
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Figure 5-12 IR spectra for activated sample obtained with the optimised synthesis conditions and the starting ligand.   

 

BET surface area analysis 

 The solid was activated at 120 °C under vacuum for 12 hours before the N2 

adsorption/desorption measurements. The pxrd patterns of the sample before and after the 

activation were similar with no shift in the peaks indicating that the framework does not change upon 

the activation (Figure 5-13). N2 adsorption/desorption isotherms measured at 77 K are shown in Figure 

5-14 and displayed a type 1 isotherm which indicates microporosity. The BET surface area calculated 

for the sample, 449 m2g-1, is similar to what was found out for the phase 1 synthesised at the Institut 

Lavoisier de Versailles with the Ni metalated H8-PorphCat (475 m2g-1). However, the reproducibility of 

this data was not determined as only one batch was analysed. 
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Figure 5-13 PXRD patterns for the sample before and after activation at 120 °C under vacuum for 12 hours. 

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

100

120

140

160
 Adsortption
 Desorption

V
a 

(c
m

3(
S

TP
) g

-1
)

p/p0
 

Figure 5-14 N2 adsorption/desorption isotherms at 77 K for the sample from synthesised with the optimised conditions.   
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5.1.3. Conclusions and perspectives 

This part of the study was a continuation of the investigation in to solids obtained at ILV with 

trivalent metal salts and H10-PorphCat based ligands. The system with FeCl3.6H2O, H10-PorphCat, 

pyrocatechol and pyrazine was optimised for obtaining better single crystals in terms of size via 

studying the effect of different parameters. The size of the single crystals was increased starting from 

under 20 μm up to increase to 140 μm. These crystals were analysed with synchrotron diffraction and 

the work relating to the structural resolution is still ongoing.  

The characterisation of the bulk samples synthesised with the optimised conditions indicated 

that the framework possesses permanent porosity which is similar to what was obtained for a similar 

phase at ILV but the verification of its reproducibility is yet to be conducted. However, accurate 

analysis of the purity/composition of the sample is difficult without knowledge of the exact nature of 

the framework structure.  

The effect of pyrazine as an additive on systems with other trivalent metal ions studied at ILV 

has not been determined. Therefore, investigating this remains an interesting possibility for these 

metal ions with both metalated and free base H8-PorphCat ligands.            

5.2. Investigating MOF synthesis with gallol porphyrin based ligands 

 Similar to earlier described catechol groups 1,2,3-trihydroxyphenol (gallol) functionality also 

has the potential to yield stable frameworks due to its high basicity (pKaa  ~9.3; pKab ~11 ; pKac ~14, a, 

b and c notation according to Figure 5-1).5   

There are a few 3D MOF structures based on this functionality (Table 5-2) while there are no 

2D frameworks reported to the best of the authors knowledge. All except one of these frameworks 

have been reported with gallic acid (3,4,5-trihydroxybenzoic acid) (Figure 5-15a) as the ligand with 

both gallol and carboxylate functionalities involved in metal coordination in the structure. The 

frameworks had chain like SBUs made up from MO6 octahedra where four oxygen atoms come from 

the phenol groups and two from the carboxylate function (Figure 5-15b), with triangular channels 

along the c-axis (Figure 5-15c). 
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Figure 5-15 a) Ligand used, gallic acid (3,4,5-trihydroxybenzoic acid, H4-GA) b) MO6 chain like SBU seen in Mn(H2-GA)·2H2O  
c) View of the structure along the c-axis showing triangular channels.6 Solvent molecules are omitted for clarity.  

Table 5-2 Reported MOF structures based on the gallate functional group. Only 2D and 3D structures were considered.  

Ref Code Formula Net type reference 
GELVEZ01 Mn(H2-GA)·2H2O 3D 6 
GELVID01 Ni(H2-GA)·2H2O 3D 6 
ITETEH Fe(H1-GA)·2H2O 3D 6 
N/A Mg(H2-GA)·2H2O 3D 7 
TATYOF [Ca3K2(H2O)2(GA)2]·5H2O 3D 8 
N/A [Ca2(H2O)(H2-GA)2]·2H2O 3D 8 
WUTBEU Zr(H2-TzGal) x(H2O)y(DMA) 3D 9 

H4-GA = 3,4,5-trihydroxybenzoic acid (gallic acid)   
H6-TzGal = 5,5ʹ-(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-triol) 
DMA= Dimethylamine 

 
 One single MOF based solely on the gallate functionality, MIL-163 [chemical formula Zr(H2-

TzGal) x(H2O)y(DMA), H6-TzGal =  5,5ʹ-(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-triol), DMA= 

Dimethylamine)], was reported in 2015 by the ILV.9 In MIL-163, each Zr4+ is chelated by four TzGal 

linkers giving rise to an 8-fold coordination around the metal ion. Conversely each TzGal chelates four 

Zr4+ ions. This led to a porous framework comprised of ZrO8 chains running along the c-axis (Figure 

5-16b) interconnected by the TzGal linkers with square shaped channels of 12 Å×12 Å (Figure 5-16c). 

This material has shown remarkable chemical stability even in the presence of competitive 

coordinative species, such as phosphate ions.  
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Figure 5-16 a) Ligand used, 5,5ʹ-(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-triol) (H6-TzGal), b) ZrO8 chain like SBU c) 
Structure of MIL-163 along the c-axis showing square shaped channels of 12 Å×12 Å (taking in to account van der Walls radii 
of atoms).9 Solvent molecules are omitted for clarity. 

Attempts were made to transpose MIL-163 topology into a framework starting with the 

porphyrinic ligand, 5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin (H14-PorphGal) and 

zirconium salts by Dr. Georges Mouchaham et al at the ILV. This led to the successful synthesis of the 

MIL-173(Zr) [Zr2(H6-PorphGal)(DMF,H2O)n] which is described in the article (section 5.2.2). Our 

contribution to this work involved synthesising the MIL-173-(Zr) for further analysis and carrying out 

the post-synthetic cobalt metalation. Furthermore, the reactivity of this porphyrin ligand with various 

RE metals was investigated using high throughput synthesis methods. The initial exploratory syntheses 

are described in section 5.2.1 and the characterisation of the solids obtained is discussed in the article. 

The reactivity of this porphyrin ligand (H14-PorphGal) with other trivalent metals was also 

investigated and the initial results obtained are described in section 5.2.3. 

The ligand used for the study was synthesised according to the method described in chapter 

2 and was obtained in the diprotonated form with two bromide counter ions for charge balance (H16-

PorphGal-2Br, C44H32N4O12Br2, 968.55 gmol-1) 

5.2.1. Reactivity of RE metals with H14-PorphGal 

This work was performed at the ILV using their high-throughput synthesis facilities. These 

facilities are described in detail in the experimental section. For this study, the starting conditions 

were similar to those developed by G. Mouchaham for the MIL-173(Zr) phase synthesis: Metal to 

ligand ratio =3.6:1, isotherm temperature 120 °C, heating program 2h-12h-4h, solvent= 50%/50% 

DMF/water.  
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First, Gd(NO3)3.6H2O was used as the metal source due to gadolinium occupying the middle of 

lanthanide series. The high throughput set up was used to investigate the effect of different solvent 

composition and of the hydrochloric acid addition (the details of the reactions are given in appendix 

section C.2).  The pxrd patterns of the products obtained are shown in Figure 5-17. A phase similar to 

MIL-173(Zr) was successfully obtained with Gd for all conditions except for 100% water (unknown 

phase) and with methanol (amorphous). Using pure DMF as a solvent provided lower crystallinity 

compared to the DMF/water mixtures. The effect of the addition of 2 equivalents of HCl is negligible 

in terms of the crystallinity of the product obtained. Therefore, the solvent system with 50%/50% 

DMF/water was further used without any additives.  

5 10 15 20 25 30

100% H2O

50% DMF/ 50% H2O,  2eq HCl

50% DMF/ 50% H2O

 80% DMF/ 20% H2O,  2eq HCl   

2 Theta (°)

MIL-173(Zr) Phase

 100 % DMF

 
Figure 5-17 PXRD patterns for the samples from the initial syntheses investigating the solvent system for the MOF phase with 
Gd(NO3)3.6H2O using high throughput technique. PXRD measurements performed with instrument 3.  

 

The synthesis was then reattempted in same conditions with YCl3.6H2O and LaCl3.6H2O as 

metal sources in order to obtain diamagnetic isostructural MOFs allowing solid state NMR studies 

(reaction details are given in appendix section C.2). All the syntheses resulted in a phase similar to that 

of MIL-173(Zr).  In case of the La-based compound, single crystals were obtained and successfully used 

to solve the structure with single crystal X-ray diffraction.  
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  MIL-173(Gd) phase

Simulated from MIL-173(La) structural data

 

Figure 5-18  PXRD patterns for the samples obtained with various metal salts. Peaks at 16.5°, 23.7°, 28.8° for the La phase 
represents La-formate impurity. PXRD measurements performed with instrument 3.  

 

The synthesis with La also resulted in the simultaneous formation of an impurity which was 

determined to be lanthanum formate. Thus, in order to minimize the formation of the impurity, 

syntheses were attempted using less La salt. These syntheses were carried out at Laboratoire des 

Multimatériaux et Interfaces (LMI) in a larger scale (i.e. reactant volume 2mL, reaction details are given 

in appendix section C.2). Synthesis using 1.8:1 ratio of La to porphyrin led to the phase pure material 

and was further used as stoichiometry conditions.  

 



210 
 

10 20 30 40
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Lanthanum formate

 

Figure 5-19 PXRD patterns for samples with various La/porphyrin stoichiometry used in the synthesis conditions. Peaks at 
16.5°, 28.8° and 33.4° represent the lanthanum formate impurity.  

 

The syntheses were repeated in an even larger scale (total reactant volume 4 mL) to obtain 

more material. In addition, the concentration of the reactants was doubled as it resulted in 

qualitatively bigger crystals of around 80 μm in length compared to 50 μm observed with the previous 

syntheses for the phase with lanthanum (the porphyrin concentration 20.6 mM vs 10.3 mM). 

Furthermore, the same framework was extended to Ce as well which was expected due to the similar 

chemistry of lanthanide metals (Figure 5-20). These were the final optimised conditions as described 

in the article.  
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Figure 5-20 PXRD patterns for the samples performed in the final optimised conditions. 

 

5.2.2. Article 

The article provided in this section discusses the synthesis and the characterisation of a new 

MOF using the linker 5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin, with Zr4+ and rare earth 

metals (Y3+, La3+, Ce3+). As mentioned before, the post-synthetic metalation of MIL-173(Zr) with cobalt 

and the initial synthesis optimisation with rare earth metals were our contributions to this work.  
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5.2.3. Reactivity of other trivalent metal ions and H14-PorphGal 

A similar study was undertaken in the ILV using trivalent Fe, Al and In metal sources (reaction 

details are given in the appendix section C.2). The starting point for condition screening in this case 

was similar to the starting conditions used for the exploratory synthesis with the lanthanide ions 

(metal to ligand ratio =3.6:1, isotherm temperature 120 °C, solvent= 50%/50% DMF/water, porphyrin 

concentration= 10 mM) 

The reactions with FeCl3.6H2O did not lead to any crystalline solids. Reactions with AlCl3.6H2O 

and In(NO3)3.xH2O resulted in solids displaying similar pxrd patterns. The In-based samples presented 

a slightly higher crystallinity (Figure 5-21a). When HCl was added to the reaction mixture, only 

amorphous solids were recovered. The In phase was further investigated by varying the indium source 

(conditions: 33%/67% DMF/water, 3.6:1 metal to ligand ratio, heating program 2h-48h-4h, 

temperature= 120 °C, porphyrin concentration= 10 mM) The most crystalline material was obtained 

when anhydrous indium chloride was used (Figure 5-21b).  

 

Figure 5-21 a) PXRD patterns of the crystalline samples obtained from the high throughput synthesis b) PXRD pattern for the 
samples obtained with different indium salts (33%/67% DMF/water, 3.6:1 metal to ligand ratio, heating program 2h-48h-4h). 
PXRD measurements performed with instrument 3. 

 The attempted syntheses did not yield single crystals under the conditions described above. 

Indium hydroxide was also simultaneously formed in these conditions as indicated by the PXRD 

pattern, and further washing the solid with water/DMF was not successful for the removal of the 

impurity. Thus, to promote the formation of single crystals, and also to possibly reduce the formation 

of In(OH)3, pyrocatechol was used as a modulator (pyrocatechol can potentially coordinate to In3+ ions 

in solution and lower its effective concentration in the reaction mixture). However, pyrocatechol had 

a detrimental effect on the crystallinity and did not prevent the formation of In(OH)3 (Figure 5-22). 

5 10 15 20 25 30

In(NO
3
)

3
.xH

2
O

2 Theta (°)

anhydrous InCl
3

In
2
(SO

4
)

3
.xH

2
O

In(OH)
3

5 10 15 20 25 30

  7.2:1 In:porph  50%/50% DMF-H
2
O

3.6:1 In:porph   33%/67%  DMF/H2O

 7.2:1 Al:porph   50%:50%  DMF/H2O

3.6:1 Al:porph   50%:50%  DMF/H2O

2 Theta (°)

3.6:1 In:porph   50%:50%  DMF/H2O 

a) b) 



217 
 

10 20 30

 24 eq pyrocatechol

 6 eq pyrocatechol

 12 eq pyrocatechol

2 Theta (°)

no pyrocatechol

In(OH)
3

 

Figure 5-22 PXRD data for the samples from the syntheses with pyrocatechol as an additive in an attempt to obtain single 
crystals and to prevent the formation of In(OH)3 (equivalents of pyrocatechol compared to the porphyrin ligand, 33%/67% 
DMF-water, 3.6:1 metal to ligand ratio, heating program 2h-48h-4h, temperature 120° C). PXRD measurements performed 
with instrument 3. 

As mentioned before, previous synthetic conditions attempted for the reactions with Al3+/In3+ 

did not yield single crystals. Therefore, further attempts were made to obtain single crystals for the 

reaction with In3+ by optimising the DMF to water composition while keeping the other reaction 

parameters unchanged (3.6:1 metal to ligand ratio, heating program 2h-48h-4h, temperature 120 °C, 

porphyrin concentration = 10mM). Rectangle shaped single crystals were obtained for a 5%/95% 

DMF/water composition and the structure of the phase was solved using single crystal X-ray 

diffraction.  

 This structure can be described as a 1-dimensional polymer where the indium metalated 

porphyrin is self-assembled via axial coordination with two different hydroxyl oxygens belonging two 

adjacent porphyrin units (Figure 5-23). This kind of structure has been seen for the Zn and Mg 

metalated methoxy functionalised porphyrin (5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrin) 

as described in chapter 1.10 The formula, In-H12-PorphGal -X can be tentatively assigned for this phase 

with X being a counter ion for charge balance. However, due to its one-dimensional nature, this phase 

was not further explored. In addition, this phase was different to what was observed at solvent 

conditions with lower amount of water (67% water content) as shown in Figure 5-24. Therefore, the 

structure of the material obtained at lower water compositions remains unknown.  
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Figure 5-23  1-dimensional chain like structure of the product obtained with high water content in the solvent (5%/95% DMF-
water). Hydrogens are omitted for clarity. 
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Figure 5-24 The PXRD data of the sample obtained with low water content in the solvent compared to the simulated pattern 
of the phase obtained with high water content in the solvent.  

 

5.2.4. Conclusion and perspectives 

The first porphyrinic MOF based on the gallate functionality, MIL-173(Zr), was successfully 

obtained at ILV and was demonstrated to possess enhanced chemical stability in various media. MIL-

173(Zr) was successfully metalated post synthesis with Co and the resulting framework shows heme 

like heterogeneous catalytic activity with molecular oxygen as the oxidant. Therefore, it is worthwhile 

to pursue post-synthetic metalation with other metals such as iron in order to obtain differently 

metalated stable MOFs. This would potentially allow expanding the type of reactions that can be 

catalysed by this material.  
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A similar phase to the MIL-173(Zr) was also obtained with RE metal ions, Y3+, Ce3+ and La3+ as 

mentioned in the article. These solids were less stable and partial collapse of the framework was 

observed upon solvent removal. However, a milder activation method such as supercritical CO2 

activation can be employed which could lead to the framework being intact upon solvent removal.  

The investigation into other trivalent metals led to the synthesis of coordination polymers 

based on Al3+ and In3+. Their structures remain unknown. Only one reaction temperature and isotherm 

time was investigated for the synthesis. Therefore, further investigation in to these parameters can 

potentially yield single crystals of this phase which can lead to resolving its structure. Another 1D-

phase was obtained in the case of In3+ by using a higher water content in the solvent and the structure 

was elucidated via single crystal X-ray diffraction.  

 

5.3. Chapter 5 conclusion 

 In this chapter, two different hydroxyphenyl functionalised ligands were investigated for MOF 

synthesis. The reactivity of free base 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin) (H10-

PorphCat), with hydrated FeCl3, pyrocatechol and pyrazine was investigated as part of a long-term 

study with ILV. The synthesis optimisation led to better single crystals in terms of size. The bulk sample 

obtained also showed comparable permanent porosity to what had been observed with similar solids 

at ILV. Further analysis of the composition/purity of this material was difficult without the exact 

structure and the work relating to the structural resolution is still ongoing.  

A new MOF was obtained at the ILV, MIL-173(Zr) with the ligand 5,10,15,20-tetrakis(3,4,5-

trihydroxyphenyl)porphyrin, which was the first porphyrinic MOF built up with the gallate 

functionality. This material was successfully metalated with Co. Exploratory synthesis using this ligand 

along with rare earth metal ions (Y3+. Ce3+, La3+) resulted in a series of MOFs which have an isotopic 

structure to MIL-173(Zr). The MIL-173(Zr) phase shows high chemical stability and remains a viable 

platform to obtain frameworks with differently metalated porphyrin cores with different potential 

applications as demonstrated by the heme like activity of Co-MIL-173(Zr) with molecular oxygen as 

the oxidant.    

Exploratory work performed with other trivalent metal ions with the gallol functionalised 

porphyrinic ligand led to polymeric material with Al3+ and In3+. One of the phases obtained with In3+ 

has a 1D structure as determined via single crystal X-ray diffraction. The structure of the other solids 

is unknown and remains an avenue for further investigation.  
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5.4. Experimental section 

General methods 

All reagents were of commercial origin and used as received.  

Table showing the providers for different reagents used in syntheses.  

Reagent Provider 
Pyrocatechol Sigma-Aldrich 
Anhydrous ZrCl4 Sigma-Aldrich 
LaCl3.6H2O Prolabo 
CeCl3.7H2O Sigma-Aldrich  
YCl3.6H2O YCl3.6H2O 
GaCl3.6H2O Strem 
AlCl3.6H2O YCl3.6H2O 
In(NO3)3.xH2O Sigma-Aldrich 
In2(SO4)3.xH2O Sigma-Aldrich 
anhydrous InCl3 Sigma-Aldrich 

 

The synthesis of the porphyrin ligands is described in chapter 2.  

Powder X Ray diffraction was performed with two different instruments: 

1) PANanlytical XpertPro MRD diffractometer with Cu Kα1 radiation (λ = 1.540598 Å) used with 

40 kV and 30mA settings in /  reflection geometry. This is the default instrument used unless stated 

otherwise.  

2) Bruker D8 Advance diffractometer with Cu Kα1 radiation (λ = 1.540598 Å) used with 50 kV 

and 50 mA settings in /  reflection geometry with a variable divergence slit for axial exposure of 4mm 

of sample. The measurements were performed by Ruben Vera at the Centre for Diffractometry at Lyon 

1. 

Surface areas were measured by N2 adsorption and desorption at 77.3 K using a BEL Japan Belsorp 

Mini apparatus volumetric adsorption analyser. The sample was re-activated under secondary vacuum 

at 60°C prior to sorption measurement. The BET surface calculations were performed using points at 

the pressure range 0 <P/P0 < 0.10 

Thermogravimetric analysis (TGA) was performed with a Mettler-Toledo TGA / DSC STARe system. 

Approximately 3 mg of sample was introduced into an alumina crucible of 70 μl and heated from 25 ° 

C to 800 ° C at a rate of 10 °C min -1 under air flow (20 mL.min-1 + 10 mL.min-1 balance). The analyses 

were performed by Oleksandra Veselska at Institute of Research on Catalysis and Environment in Lyon 

(IRCELYON). 
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High throughput synthesis 

High throughput studies were carried out at the Institut Lavoisier de Versailles with a setup which 

enabled synthesis, filtration and characterisation via powder X-ray diffraction for 24 reactions at a 

time. The reaction mixtures were prepared in mini-autoclaves which were then placed in a metallic 

block (Figure 5-25a). The autoclaves were then sealed and put in a temperature controlled oven and 

heated with a pre-determined heating program. Afterwards, the samples were transferred to a 

specially designed sample plate using a pipette (Figure 5-25b). Using the filtration block (Figure 5-25c), 

the samples were then washed with the solvent and left to dry.  

PXRD analyses of the samples were performed in transmission geometry using a STOE HT powder 

diffractometer equipped with a xy-stage and a linear position sensitive detector (PSD) system using 

Cu-Kα1 radiation (PXRD instrument 3). 

 

     

Figure 5-25 a) Metallic plate which can house 24 mini autoclaves. b) Filtration block c) Plate which the samples are transferred 
to for PXRD analysis. (Photo source -The Institut Lavoisier de Versailles) 

 

Synthesis optimisation for the system with hydrated FeCl3, H10-PorphCat, pyrocatechol and 

pyrazine for obtaining better single crystals  

Typical synthesis involved combining the free base meso-tetrakis(3,4-dihydroxyphenyl)porphyrin, 

FeCl3.6H2O, pyrocatechol and pyrazine with the solvent (mix of DMF-water) in a teflon lined autoclave 

for the reactions performed at 150 °C and 160 °C and in a glass vial for the syntheses performed at 

140 °C.  Then the reaction mixtures were heated at the desired temperature with the desired heating 

program. The solid was recovered by centrifugation, washed 3 times with DMF and 3 times with 

acetone and left to air-dry to obtain the solid products. The details of the exact reaction conditions 

investigated are given in the appendix section C.1. 
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The synthesis using the optimised conditions in a bigger scale is as follows:  

The free base 5,10,15,20-Tetrakis(3,4-dihydroxyphenyl)porphyrin (46 mg, 0.062 mmol) FeCl3.6H2O (46 

mg, 0.170 mmol), pyrocatechol (100 mg, 0.900 mmol) and pyrazine (15 mg, 0.180 mmol) was 

combined with 1mL of DMF and 4 mL of deionised water in a teflon lined autoclave. The reaction 

mixture was then heated at an isotherm temperature of 160 °C for 48 hours. The temperature was 

increased at a of 0.38 °C/min (over 6 hours) to reach the isotherm and then cooled to room 

temperature over 6 hours. The solid was recovered by centrifugation, washed 3 times with DMF and 

3 times with acetone and left to air-dry to obtain the dark violet solid products (53 mg)  
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6. General conclusions and perspectives 

 The work presented in this thesis involved investigating the synthesis of stable MOFs via 

exploring the reactivity of various high valent metal ions with porphyrinic ligands carrying different 

coordinating functionalities. 

 The porphyrinic ligands used for the study was synthesised in the laboratory as detailed in 

chapter 2. Four types of porphyrinic ligands were obtained in a gram scale, which contained four 

different coordinating functionalities: carboxylic acid [5,10,15,20-tetrakis(4-carboxyphenyl) 

porphyrin, H2TCPP], tetrazole [5,10,15,20-tetrakis(4-(2H-tetrazol-5-yl)phenyl)porphyrin, H2TTPP], 

catechol [5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin, H10-PorphCat] and gallol [5,10,15,20-

tetrakis(3,4,5-trihydroxyphenyl)porphyrin , H14-PorphGal].  

 We first looked at two existing stable carboxylate based porphyrinic MOFs to explore the 

possibility of imparting new functionalities to them as discussed in chapter 3. The MOF published by 

our lab, [FeIIpzTCPP(FeIIIOH)2] had shown stability in water but had saturated iron centres in the 

framework. Thus, we investigated the possibility of obtaining this framework with unsaturated metal 

centres via studying the reactivity of Fe3+ with the carboxylic acid functionalised porphyrin, H2TCPP. 

This involved studying the nature of the intermediate formed during the synthesis procedure to gain 

an understanding of the overall MOF formation. However, this was not successful due to poor 

crystallinity of the crystals obtained and the formation of a gel product. Attempts were also made to 

replace the pyrazine in the framework with a different N-donor such as imidazole. While coordination 

polymer products were obtained, some of them showing microporosity, the nature of the structure 

of these materials remain unknown. However, further investigation of the effect of parameters such 

as temperature and solvent systems remains a possibility to advance the study of the porous material 

obtained.   

 Reactivity of Co metalated TCPP with Fe3+ was also investigated. The structure of a new phase, 

[CoTCPP(H2O)2(FeIIIOH)2] was solved via single crystal X-ray diffraction. However, the crystallinity of 

the bulk phase was poor and the efforts made to improve it were not successful. Two other different 

coordination polymer products were also obtained which showed better bulk crystallinity but the lack 

of single crystals of sufficient quality for x-ray diffraction hindered further structural analysis. 

However, only a limited number of synthetic parameters were investigated due to time constraints. 

Therefore, there is room for further synthesis optimisation for these products and further analysis. 

The other reported stable carboxylate MOF we studied, Al-PMOF, had also shown stability in 

water and in acidic media. Several variations of this MOF with differently metalated porphyrin cores 
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has been reported but frameworks with Mn3+ and Fe3+ had not been successfully synthesised. Our 

efforts led to the successful synthesis of the Mn-Al-PMOF and Fe-Al-PMOF via the optimisation of 

synthetic parameters for the solvothermal reaction between Al3+ and corresponding metalated TCPP 

ligand. Fe-Al-PMOF was also obtained from the post-synthetic metalation of the free base Al-PMOF 

but with lower Fe occupancy in the porphyrin cores.  

The viability of the synthesised metalated Al-PMOF material as heterogeneous catalysts was 

investigated. Various reactions were screened and the most promising initial results were obtained 

for the formation of a cyclic pyrazoline product from ethyl diazoacetate catalysed by Fe-Al-PMOF, 

which showed good selectivity (up to 90%) and limited recyclability (up to 5 runs). Potential of these 

material to catalyse other reactions such as oxidations was not looked at in depth due to time 

constraints. Thus, the more in-depth investigation of other type of reactions for catalytic activity is a 

possibility moving forward. 

Chapter 4 presented the article published entailing work performed with the tetrazole based 

porphyrinic ligand (H2TTPP) with the initial goal of obtaining extended material with spin crossover 

properties. Here we demonstrated that the [FeN4O] chain like SBU seen with carboxylate MOFs can 

be successfully extended to the tetrazolate functionality.  The MOF, [FeIIpzTTP(FeII
1-x DMF 1−x FeIII

x OHx)] 

had a topology similar to the carboxylate based MOF investigated in chapter 2, [FeIIpzTCPP(FeIIIOH)2], 

but with both Fe2+/3+present in the inorganic backbone. This led to its air instability and the 

degradation of the MOF which prevented the study of the spin crossover behaviour.  A potential 

method to obtain a similar MOF with improved stability might be to use a pyrazole functionalised 

ligand instead. There have been pyrazolate based porphyrinic MOFs reported with exceptional 

stability. In addition, [FeN4O] chain like SBU has also been observed with non-porphyrinic pyrazolate 

frameworks.  Thus, further investigations along this path remains an intriguing possibility. 

The work performed with the two hydroxyphenyl functionalised porphyrin ligands was 

discussed in chapter 5. The investigation of the reactivity of the catechol based porphyrin (H10-

PorphCat) with Fe3+ was part of a long-term study being conducted at ILV. The work done by us led to 

obtaining single crystals for one of the phases which was analysed with synchrotron radiation and the 

structural resolution of this phase is still ongoing. Initial characterisation of the bulk material was 

performed which indicated the presence of an air stable porous framework. The next step for this 

phase apart from completing the structural resolution is the verification of the reproductivity of the 

bulk sample, which is yet to be performed.  

In chapter 5, we also presented the article published concerning the studies conducted with 

the gallol functionalised porphyrin (H14-PorphGal) which led to the synthesis of the first porphyrinic 
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MOF phase based on this functionality, MIL-173(M). This MOF can be obtained with both Zr4+ and 

trivalent rare earth metal ions Y3+, Ce3+ and La3+. The MIL-173(Zr) phase showed high chemical stability 

and was obtained with the porphyrin linkers in the free base form. Co-MIL-173(Zr) was obtained via 

post synthetic metalation and was demonstrated to possess heme like catalytic properties with 

molecular oxygen as the oxidant. The scope of the possible reactions that can be catalysed with MIL-

173(Zr) can be potentially expanded by the metalation of the porphyrin cores by different metals such 

as Fe.  

Our investigation into the reactivity of H14-PorphGal with other trivalent metals led to the 

synthesis of coordination polymers based on Al3+ and In3+. However, their structure remains unknown. 

Only a limited number of parameters were probed during the exploratory research and further 

investigation in to these parameters can potentially yield single crystals of this phase which can lead 

to resolving their structures.  
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A. Appendix Chapter 2 

A.1. Carboxylic acid based porphyrin synthesis 

A.1.1. NMR spectroscopy 

 

Figure A-1 NMR spectrum of H2TEsterP in CDCl3. 
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A.1.2. Mass spectrometry 

ESI technique used for the mass spectrometry analysis. THF was used as solvent in this section unless 

stated otherwise. 

 
Figure A-2 Mass spectrometry data for CoTEsterP(X). The molecular ion [(CoTEsterP)+] peak at 903 m/z along with the absence 
of a peak corresponding to the molecular ion for H2TEsterP at 846 m/z confirms the complete metal insertion.  

 

 
Figure A-3 Mass spectrometry data for MnTEsterP(X). The peak at 899.4 m/z corresponding to the molecular ion, 
(MnTEsterP)+, along with the absence of a peak corresponding to the molecular ion for H2TEsterP at 846 m/z confirms the 
complete metal insertion.  The peaks at 885 m/z and 871 m/z can be explained by the loss of the ester CH3 groups followed 
by the protonation of the oxygen during fragmentation. 
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Figure A-4 Mass spectrometry data for FeTEsterP(Cl). The molecular ion [(FeTEsterP)+] peak at 900 m/z along with the absence 
of a peak corresponding to the molecular ion for H2TEsterP at 846 m/z confirm the complete metal insertion. The peak at 886 
m/z can be explained by the loss of the ester CH3 group followed by the protonation of the oxygen during fragmentation. The 
peak at 935 m/z is assigned to the complex [FeTesterP-Cl]+ which indicates the presence of a chloride counter ion.  

 

 

 

Figure A-5 Mass spectrometry data for CoTCPP(X). Peak corresponding to the molecular ion, (CoTCPP)+, at 847.12 m/z and 
the absence of any peaks corresponding to the ester containing species confirm the complete hydrolysis of the ester groups.   
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Figure A-6 Mass spectrometry data for MnTCPP(X). Peak corresponding to the molecular ion, (MnTCPP)+, at 843.12 m/z and 
the absence of any peaks corresponding to the ester containing species confirm the complete hydrolysis of the ester groups. 

 

Figure A-7 Mass spectrometry data for FeTCPP(Cl). Peak corresponding to the molecular ion, (FeTCPP)+, at 844.12 m/z and 
the absence of any peaks corresponding to the ester protected species confirm the complete hydrolysis of the ester groups. 
The peak at 879 m/z is assigned to the complex [FeTCPP-Cl]+ which indicates the presence of a chloride counter ion. 
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A.1.3. UV-vis Spectroscopy 
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Figure A-8 UV-vis spectrum for H2TEsterP in chloroform. 
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Figure A-9 UV-vis spectrum for the CoTEsterP(X) in chloroform. 
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Figure A-10 UV-vis spectrum of the MnTEsterP(X) in chloroform. 
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Figure A-11 UV-vis spectrum of the FeTEsterP(Cl) in chloroform. 
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Figure A-12 UV-vis spectra of H2TEsterP compared to the metalated variations. (UV spectra were measured in chloroform). 
Soret band and the Q bands change as a function of the metal coordinated in the porphyrin core. 

Table A-1 Soret band and Q bands for the metalated TEsterP compared to the free base, H2TEsterP (solvent is chloroform). 

 Soret Band (nm) Q bands (nm) 

H2TEsterP 421 517, 550, 591, 646 

CoTEsterP(X) 430 543, 588 

MnTEsterP(X) 377,400, 472 524,576,613 

FeTesterP(Cl) 416 507, 571, 610 

 

300 400 500 600 700 800

Wavelength (nm)

Soret band

Q bands

 

Figure A-13 UV-vis spectrum of H2TCPP measured in 0.1M NaOH. 
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Figure A-14 UV-vis spectrum of CoTCPP(X) measured in 0.1M NaOH. 

300 400 500 600 700 800

Wavelength (nm)

Soret bands

Q bands

 

Figure A-15 UV-vis spectrum of MnTCPP(X) measured in 0.1M NaOH. 
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Figure A-16 UV-vis spectrum of FeTCPP(Cl) measured in 0.1M NaOH. 

 

Table A-2 Soret Band and Q bands of metalated TCPP compared to H2TCPP measured in 0.1 M NaOH. 

 Soret Band (nm) Q bands (nm) 

H2TCPP 415 518, 556, 586, 642 

CoTCPP(X) 430 551, 590 

MnTCPP(X) 380,401, 464 525, 573, 611 

FeTCPP(Cl) 409 568, 609 
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A.1.4. IR spectroscopy 

 

 

 

 

 

 

 

Figure A-17 IR spectra of metalated TEsterP compared to free base, H2TEsterP. 
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Figure A-18 IR spectra of metalated TCPP compared to free base, H2TCPP. 
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A.2. Catechol based porphyrin synthesis 

A.2.1. NMR spectroscopy 

 

   

Figure A-19 NMR spectrum of H2T(OMe)2PP in DMSO. 
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Figure A-20 NMR spectrum of NiT(OMe)2PP in chloroform. 

 

 

Figure A-21 NMR spectrum (DMSO) of product obtained from the ether cleavage of the methoxy groups of NiT(OMe)2PP with 
pyridinium chloride. The circled peaks represent the free base porphyrin, H10-PorphCat, which is present at 7% compared to 
Ni-H8-PorphCat. This indicates a degree of demetalation during the reaction. 
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Figure A-22 NMR spectrum (DMSO) for the product of the synthesis method 1 for the ether cleavage of the methoxy groups 
of H2T(OMe)2PP.  

 

Figure A-23 NMR spectrum (DMSO) of the product obtained from the method 2 of the BBr3 ether cleavage. The major product 
obtained is the diprotonated species of H10-PorphCat (H12-PorphCat 2+). The circled peaks represent the unprotonated H10-
PorphCat which is present at 25% compared to the major product 
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A.2.2. Mass spectrometry 

 ESI technique used for the mass spectrometry analysis. CH3OH was used as solvent unless stated 

otherwise. 

 

Figure A-24 Mass spectrometry data for H2T(OMe)2PP (solvent is dichloromethane). The peak for the mono protonated 
molecular ion is at 855.5 m/z. 

 

Figure A-25 Mass spectrometry data for the method 1 for the BBr3 ether cleavage of H2T(OMe)2PP. The peak at 743.4 m/z 
corresponds to the mono protonated molecular ion and the peak at 372.4 m/z corresponds to the complex (H10-PorphCat 
+2H)2+. 
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Figure A-26 Mass spectrometry data for the purification method 2 of the BBr3 ether cleavage. The peak at 743.2 m/z 
corresponds to the mono protonated molecular ion and the peak at 372.1 m/z corresponds to the complex (H10-PorphCat 
+2H)2+. 

 

A.2.3. UV-vis spectroscopy 
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Figure A-27 The UV-vis spectrum of H2T(OMe)2PP in chloroform. 
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Figure A-28 The UV-vis spectrum of NiT(OMe)2PP in chloroform. 
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Figure A-29 The UV-vis spectrum of the product from the BBr3 ether cleavage method 1, H10-PorphCat, in DMF. 
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Figure A-30 The UV-vis spectrum of the product from the BBr3 ether cleavage method 2, H12-PorphCat-2X in DMF. 
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Figure A-31 The UV-vis spectrum of Ni-H8-PorphCat in DMF. 

 

Table A-3 The peaks observed in UV-vis spectra for the methoxy and catechol porphyrins. H2T(OMe)2PP and NiT(OMe)2PP 
were measured in chloroform while the rest where measured in DMF 

 Soret Band (nm)   Q bands (nm) 

H2T(OMe)2PP 425 518, 558, 595, 652 

NiT(OMe)2PP 422 530 

H10-PorphCat 427 520,561,596,654 

Ni-H8-PorphCat 425 531 
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A.2.4. IR spectroscopy 
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Wavenumbers (cm-1)

 
Figure A-32 IR spectrum for H2T(OMe)2PP. Peaks between 1600-1400 cm-1 is assigned to the aromatic C=C stretches of the 
porphyrin ring and the phenyl groups. The peak at 2830 cm-1 is assigned to the CH stretches of the methoxy groups. 
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Figure A-33 IR spectrum for H10-PorphCat from method 1. Peaks between 1600-1400 cm-1 is assigned to the aromatic C=C 
stretches of the porphyrin ring and the phenyl groups. The broad peak around 3100 cm-1 is assigned to the OH stretches of 
the hydroxy groups. 
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Figure A-34 IR spectrum for H12-PorphCat 2+ from method 2. Peaks between 1600-1400 cm-1 is assigned to the aromatic C=C 
stretches of the porphyrin ring and the phenyl groups. The broad peak around 3100 cm-1 is assigned to the OH stretches of 
the hydroxy groups. 
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Figure A-35 IR spectrum for Ni-H8-PorphCat. Peaks between 1600-1400 cm-1 is assigned to the aromatic C=C stretches of the 
porphyrin ring and the phenyl groups. The broad peak around 3100 cm-1 is assigned to the OH stretches of the hydroxy groups. 
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A.3. Gallol based porphyrin synthesis 

A.3.1. NMR spectroscopy 

 

Figure A-36 NMR spectrum (DMSO) of H2TtrimPP. 

 

Figure A-37 NMR spectrum in DMSO for H14-PorphGal in which is present in the diprotonated form (H16-PorphGal2+) as 
indicated by the presence of two extra porphyrin NH protons. 
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A.3.2. Mass spectrometry 

ESI technique was used for the mass spectrometry analysis.  

 

Figure A-38 Mass spectrometry data for H2TtrimPP in THF. Monoprotonated molecular ion, [(H2TtrimPP)+H]+, is present at 
975.4 m/z. 

 

 

Figure A-39 Mass spectrometry data for H16-PorphGal-2Br in THF. The monoprotonated molecular ion at 807.2 m/z along 
with the absence of any methoxy species confirm the complete ether cleavage of H2TtrimPP methoxy groups. The peak at 
887.1 m/z can be attributed to the (H14-PorphGal +2H+Br)+ complex which indicate that Br- is present as a counter ion. 
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A.3.3. UV-vis spectroscopy 
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Figure A-40 UV-vis spectrum of H2TtrimPP in DMF. 
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Figure A-41 UV-vis spectrum of H16-PorphGal-2Br in DMF. 
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Table A-4 Table showing the peaks observed with UV-vis spectrometry for H2TtrimP and H16-PorphGal-2Br in DMF. 

 Soret band(nm) Q bands (nm) 

H2TtrimPP  423 516, 552, 592, 648 

H16-PorphGal-2Br  430 522, 560,598,655 

 

A.3.4. IR spectroscopy 
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Figure A-42 IR spectrum for H2TtrimPP. Peaks between 1600-1400 cm-1 is assigned to the aromatic C=C stretches of the 
porphyrin ring and the phenyl groups. The peak 2820 cm-1 is assigned to the CH stretch of the methoxy group.  

 

 



254 
 

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers cm-1
 

Figure A-43 IR spectrum for H16-PorphGal-2Br. Peaks between 1600-1400 cm-1 is assigned to the aromatic C=C stretches of 
the porphyrin ring and the phenyl groups. The broad peak around 3100 cm-1 is assigned to the OH stretches of the hydroxy 
groups. 
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A.4. Tetrazole based porphyrin synthesis 

A.4.1. NMR spectrometry 

 

 

Figure A-44 NMR spectrum of H2TCyanoP in DMSO. 

 

Figure A-45 NMR Spectrum of H2TTPP in DMSO. 
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A.4.2. Mass spectrometry 

ESI technique was used for the mass spectrometry analysis. DMF was used as solvent for the samples 

unless stated otherwise. 

 

Figure A-46 Mass spectrometry data for H2TcyanoP. Protonated molecular ion, (H2TCyanoP+H)+, present at 715.5 m/z confirm 
the expected product. 

 

Figure A-47 Mass spectrometry data for H2TTPP. Protonated molecular ion, (H2TTPP+H)+, present at 887.2 m/z confirm the 
expected product 
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A.4.3. UV-vis spectroscopy 
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Figure A-48 UV-vis spectrum of H2TCyanoP in DMF. 
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Figure A-49 UV-vis spectrum of H2TTPP in DMF. 
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Table A-5 Table showing the peaks observed with UV-vis spectrometry for H2TcyanoP and H2TTPP. 

 Soret band (nm) Q bands (nm) 

H2TCyanoP 419 513,549, 589,645 

H2TTPP 424 518, 555,595,651 

 

 

A.4.4. IR spectroscopy 
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Figure A-50 IR spectra of H2TCayanoP (top) and H2TTPP (bottom). The CN stretch disappears when the cyano group is 
converted in to the tetrazole group.  
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A.5. Solubility of the porphyrins 

All the porphyrins involved in this work are generally soluble in DMF.  

Table A-6 Solubility of the porphyrins in various solvents.  

Porphyrin DCM Toluene Ethyl acetate 
Water 
acidic 

Water 
basic 

Acetone Methanol THF 

M-TEsterP Yes Yes Yes 
No under 

pH7 
Causes 

hydrolysis 
Slightly NT Yes 

M-TCPP No No No 
No under 

pH 7 
Yes Sightly NT 

Yes but 
less 

than the  
ester 

M-
T(OMe)2PP 

Yes NT NT 
No at pH 

7 
No at pH 

7 
NT No NT 

M-H8-
PorphCat 

No NT 

Soluble in reaction 
mixture under basic 
conditions, not after 
purification/drying 

No under 
pH ~3-4 

Yes Yes Yes Yes 

H2TtrimPP NT NT NT NT NT NT No NT 
H14-

PorphGal 
No NT No 

No under 
pH ~3-4 

Yes NT Yes Yes 

H2TCyanoP NT NT NT 
No at pH 

7 
No at pH 

7 
Slightly No NT 

H2TTPP NT NT NT 
No under 

pH 7 
NT NT NT NT 

NT = Not tested  
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B. Appendix Chapter 3  

B.1. Investigating the reactivity of the tetrakis(4-carboxyphenyl) porphyrin with 

iron(III) 

Table B-1 Different syntheses attempted for investigating the nature of the intermediate product in the synthesis of 
[FeIIpzTCPP(FeIIIOH)2] as discussed in chapter 3.3.1. 

 H2TCPP 
(mg) 

H2TCPP 
(mmol) 

FeCl3.6H2O 
(mg) 

FeCl3.6H2O 
(mmol) 

Additive 
Ratio 
(Fe:P) 

Solvent 
(DMF) 
(mL) 

Temp 
(°C) 

Heating 
program 

(h) 
Type 

Amount of 
product 

(mg) 

Crystal 
shape 

1 30 0.038 30 0.114  3:1 5 120 4-30-4 solid 34 square 

2 30 0.038 30 0.114  3:1 5 150 4-15-4 gel - - 

3 90 0.114 90 0.341  3:1 10 180 4-15-4 solid 103 square 

4 90 0.114 90 0.341  3:1 10 180 4-15-4 gel - - 

5 30 0.038 30 0.114  3:1 5 180 4-15-4 gel - - 

6 45 0.057 45 0.171  3:1 
DEF 

10 
180 0-19-4 solid 45 needle 

7 30 0.038 30 0.114  3:1 
DEF 

10 
180 0-19-4 gel - - 

8 45 0.057 45 0.171  3:1 
DEF 

10 
180 0-19-4 gel -- - 

9 30 0.038 30 0.114 H2O 
(0.5 mL) 

3:1 5 180 4-15-4 solid 10 needle 

10 30 0.038 30 0.114 H2O 
(2.5 mL) 

3:1 2.5 180 4-15-4 no 
solid - - 

11 30 0.038 30 0.114 
HCl 

(0.555 
mmol) 

3:1 5 180 4-15-4 solid 8 square 

Fe:P = Ratio of FeCl3.6H2O: H2TCPP 

 Legend =  

 

 

 

 

 

 

 

 

120 °C 150 °C 180 °C 
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Table B-2 Different syntheses attempted for investigating the possibility of replacing the pyrazine axial ligand with a different 
N-donor in [FeIIpzTCPP(FeIIIOH)2] in a single step reaction as discussed in chapter 3.3.2  

 H2TCPP 
(mg) 

H2TCPP 
(mmol) 

FeCl3.6H2O 
(mg) 

FeCl3.6H2O 
(mmol) 

N-donor 
N-

donor 
(mg) 

N-donor 
(mmol) 

Ratio 
(Fe:P:N) 

DMF 
(mL) 

Amount of 
product 

(mg) 

Crystal 
shape 

1 45 0.057 45 0.171 Imidazole 11.6 0.171 3:1:3 5 52 square 

2 45 0.057 45 0.171 pyrrolidine 12.1 0.171 3:1:3 5 46 square 

3 45 0.057 45 0.171 4-methylimidazol 14.0 0.171 3:1:3 5 53 

irregular 

shaped 

grains 

The reactions were performed at 180 °C with a heating program of 4h-15h-4h 

Fe:P:N = Ratio of FeCl3.6H2O: H2TCPP:N-donor  

 

Table B-3 Different syntheses attempted investigating the possibility of replacing the pyrazine axial ligand with a different N-
donor in [FeIIpzTCPP(FeIIIOH)2] in a two-step reaction as discussed in chapter 3.3.2. Molar mass of the intermediate product 
was approximated to be 800 g mol-1.  

 Intermediate 
(mg) 

Intermediate 
(mmol) 

N-donor 
N-donor 

(mg) 
N-donor 
(mmol) 

Ratio 
(I:N) 

DMF 
(mL) 

Amount of 
product 

(mg) 

Crystal 
shape 

1 30 0.038 imidazole 7.7 0.113 1:3 5 15 square 

2 30 0.038 pyridine 8.9 0.113 1:3 5 13 square 

3 30 0.038 pyrrolidine 8.0 0.113 1:3 5 14 square 

4 30 0.038 4-methyl-imidzaole 9.2 0.113 1:3 5 15 square 

5 100 0.125 pyrazine 20 0.250 1:2 5 57 square 

The reactions were performed at 180 °C with a heating program of 4h-15h-4h 

I:N = Ratio of  Intermediate: N-donor 
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B.2. Investigating the reactivity of cobalt metalated tetrakis(4-carboxyphenyl) 

porphyrin with iron(III) 

Table B-4 Syntheses investigating the reactivity of Fe3+ with Co metalated TCPP as discussed in chapter 3.4 

For CoTCPP(X) X=OH- 
Fe:P=  Ratio of FeCl3.6H2O: CoTCPP(X) 
 

 Legend = 

 

 

 

 

 
CoTCPP(X) 

(mg) 
CoTCPP(X) 

(mmol) 
FeCl3.6H2O 

(mg) 
FeCl3.6H2O  

(mmol) 
Additive 

Ratio 
(Fe:P) 

DMF 
(mL) 

Temp 
(°C) 

Heating 
program 

(h) 

Amount of 
product 

(mg) 
Crystal shape 

1 45 0.052 15 0.056  1:1 5 120 4-72-4 27 gel 

2 45 0.052 9 0.033  0.6:1 5 150 4-72-4 14 
needles + squares 
+ irregular shaped 

grains 

3 45 0.052 15 0.056  1:1 5 150 4-72-4 27 
needles + squares 
+ irregular shaped 

grains 

4 45 0.052 15 0.056 
HCl  

(0.150 
mmol) 

1:1 5 150 4-72-4 10 
needles + squares 
+ irregular shaped 

grains 

5 45 0.052 15 0.056  1:1 20 150 4-72-4 22 
needles + squares 
+ irregular shaped 

grains 

6 38 0.044 18 0.067  1.5:1 5 150 4-72-4 19 
needles + squares 
+ irregular shaped 

grains 

7 45 0.052 30 0.111  2:1 5 150 4-72-4 23 
needles + squares 
+ irregular shaped 

grains 

8 45 0.052 45 0.170  3:1 5 150 4-72-4 29 
needles + squares 
+ irregular shaped 

grains 

9 45 0.052 45 0.170  3:1 20 150 4-72-4 16 
needles + squares 
+ irregular shaped 

grains 

10 45 0.052 15 0.056  1:1 5 150 12-60-4 45 irregular shaped 
grains 

11 45 0.052 11 0.042  0.8:1 5 190 4-72-4 7 fine needles 

12 45 0.052 15 0.056  1:1 5 190 4-72-4 13 fine needles 

13 45 0.052 15 0.056  1:1 3 190 4-72-4 12 fine needles 

14 45 0.052 30 0.111  2:1 3 190 4-72-4 19 fine needles 

120 °C 150 °C 180 °C 190 °C 
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Table B-5 Syntheses investigating the reactivity of Fe3+ and Co metalated TCPP with a mixed solvent system with water and 
DMF as discussed in chapter 3.4 

 
CoTCPP(X) 

(mg) 
CoTCPP(X) 

(mmol) 
FeCl3.6H2O 

(mg) 
FeCl3.6H2O 

(mmol) 
Ratio 
(Fe:P) 

H2O 
(mL) 

Solvent 
DMF 
(mL) 

Temp 
(°C) 

Heating 
program (h) 

Amount 
of 

product 
(mg) 

Crystal 
shape 

1 90 0.104 15 0.056 1:2 0.5 4.5 150 4-72-4 48 needles 

2 45 0.052 15 0.056 1:1 0.5 4.5 150 4-72-4 11 needles  

3 45 0.052 30 0.111 2:1 0.5 4.5 150 4-72-4 40 irregular 
grains 

4 45 0.052 15 0.056 1:1 2.5 2.5 150 4-72-4 26 needles 

5 45 0.052 15 0.056 1:1 4.5 0.5 150 4-72-4 20 needles 

6 45 0.052 15 0.056 1:1 0.5 4.5 180 4-72-4 25 needles 

7 45 0.052 15 0.056 1:1 2.5 2.5 180 4-72-4 10 needles 

For CoTCPP(X) X=OH- 
Fe:P=  Ratio of FeCl3.6H2O: CoTCPP(X) 

 

B.3. Investigating the reactivity between iron(III) and Fe3+ metalated TCPP 

 The possible synthesis of an iron metalated porphyrinic MOF with an iron based inorganic SBU 

was explored via the reactivity between Fe3+ and iron metalated TCPP [FeTCPP(Cl)]. Synthesis was 

attempted using the parameters shown on Table B-6 which resulted in a poorly crystallised solid.  The 

solid was insoluble in DMF and the IR spectrum showed characteristic peaks for coordinated 

carboxylate groups indicating that the framework consists of a coordination polymer.  

The mother liquor contained a mixture of fine needle shaped and square shaped crystals. 

However, crystals obtained were not of sufficient quality for structural determination via single crystal 

X-ray diffraction.  Thus, the nature of the structure remains unclear for the product obtained from this 

synthesis. 

Table B-6 Synthesis parameters attempted for investigating the reactivity of FeCl3.6H2O with FeTCPP(Cl) 

Parameter  
Metal source FeCl3.6H2O 

Metal to ligand ratio 2:1 
Isotherm temperature 190 °C 

Isotherm time/ Heating program 4h-72h-4h 
Solvent DMF 
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Figure B-1 a) PXRD pattern for the product from the reaction between FeCl3.6H2O and FeTCPP(Cl). b) IR spectrum of the 
product. Peak assignment: 1586 cm-1 and 1400 cm-1 = asymmetric and symmetric stretch of coordinated carboxylate groups, 
1531 cm-1 = aromatic C=C stretch. 
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B.4. Synthesis of Mn3+ metalated Al-PMOF  

Synthesis 

Table B-7 Reactions attempted for synthesis optimisation of Mn-Al-PMOF as discussed in chapter 3.5.1. 

 
MnTCPP(OH) 

(mg) 
MnTCPP(OH) 

(mmol) 
AlCl3.6H2O 

(mg) 
AlCl3.6H2O 

(mmol) 
Additive 

(mg) 
Ratio 

(Al:P:A) 
H2O 
(mL) 

DMF 
(mL) 

Temp 
(°C) 

Heating 
program 

(h) 

Amount 
of 

product 
(mg) 

Phase 

1 53 0.062 30 0.125  2:1 2.5 2.5 120 3-16-4 165 other 

2 53 0.062 30 0.125  2:1 4.5 0.5 120 3-16-4 56 other 

3 53 0.062 30 0.125 KOH 
(13.5) 2:1:4 2.5 2.5 120 3-16-4 16 amorphous 

4 53 0.062 30 0.125 KOH 
(13.5) 2:1:4 2.5 2.5 140 3-16-4 50 Al-PMOF 

5 53 0.062 30 0.125 KOH 
(13.5) 2:1:4 2.5 2.5 150 3-16-4 36 Al-PMOF 

6 53 
 0.062 30 0.125  2:1 0 5 160 3-16-4 27 Al-PMOF 

7 53 
 0.062 30 0.125  2:1 4.5 0.5 160 3-16-4 82 other 

8 53 
 0.062 30 0.125  2:1 2.5 2.5 160 3-16-4 50 Al-PMOF 

9 53 0.062 30 0.125 
Benzoic 

acid  
(75) 

2:1:10 2.5 2.5 160 3-16-4 53 Al-PMOF 

10 53 0.062 30 0.125 
Benzoic 

acid 
(15) 

2:1:2 2.5 2.5 160 15-15-4 57 Al-PMOF 

11 53 0.062 30 0.125  2:1 2.5 2.5 190 9-15-4 36 Al-PMOF 

12 53 0.062 30 0.125 
Benzoic 

acid 
 (75) 

2:1:10 2.5 2.5 190 9-15-4 56 Al-PMOF 

13 53 0.062 30 0.125 
Benzoic 

acid  
(75) 

2:1:10 0 5 190 9-15-4 102 Al-PMOF 

14 53 0.062 30 0.125 
Benzoic 

acid  
(15) 

2:1:2 2.5 2.5 190 9-15-4 54 Al-PMOF 

15 53 0.062 30 0.125 
Benzoic 

acid 
(15) 

2:1:2 2.5 2.5 190 18-15-4 57 Al-PMOF 

Al:P:A=  Ratio of AlCl3.6H2O: MnTCPP(OH): Additive 

  

Legend =   

 

 

120 °C 140° C 150 °C 160 °C 190 °C 
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Figure B-2 PXRD pattern of the end residue after the TGA analysis for a Mn-Al-PMOF sample. The residue appears to be a mix 
of Mn2AlO4   and Al2O3. 
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UV-vis spectroscopy 

Solution phase UV-vis spectroscopy was used to probe the Mn occupancy in the samples 

obtained. The measurements were carried out by first digesting the MOF (3 mg) in 0.1 NaOH (5 mL). 

The Mn occupancy was calculated using standard curves for the free base and Mn metalated TCPP. 

Determination of the Mn occupancy of the Mn-Al-PMOF samples using standard curves  

Frist step was to determine the extinction coefficients of H2TCPP and MnTCPP(OH) at their absorption 

maximums using standard curves (Figure B-3).  

 

Figure B-3 a) Standard curve for H2TCPP at 414 nm. b) Standard curve for H2TCPP at 463 nm. c) Standard curve for 
MnTCPP(OH) at 414 nm d) Standard curve for MnTCPP(OH) at 463 nm. 
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The following equations derived from the Beer-Lambert law was used to determine the concentration 

of H2TCPP and MnTCPP(OH) present in each Mn-Al-PMOF sample and the Mn occupancy. 
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Figure B-4 UV-vis spectra of the products of the Mn-Al-PMOF syntheses at 160 °C (heating program 3h-16h-4h) and 190 °C 
(heating program, 9h-15h-4h) with and without benzoic acid (BA). Solvent used is a 50%/50% mix of DMF-water. Mn 
occupancy in the porphyrin is shown in parenthesis.  
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Figure B-5 UV-vis spectra of the products of the Mn-Al-PMOF syntheses at 150 °C and 140 °C with KOH (Solvent 50%-50% 
DMF-water, heating program 3h-16h-4h). Mn occupancy in the porphyrin calculated from a standard curve is shown in 
parenthesis. 
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TGA  

TGA analysis was used as a measure to probe the relative purity of the samples as discussed in the 

main text in chapter 3.5.1.   
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Figure B-6 TGA data for Mn-Al-PMOF syntheses which resulted in products with more than 90% Mn occupancy. Metal to 
ligand ratio is 2:1 and the solvent is a 50%/50% mix of DMF-water. The measurements up to 1000 °C were performed in a 
different TGA instrument (Instrument 2) to the measurement done up to 800° C (Instrument 1). 
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Calculation method of the aluminium oxide impurities from the TGA data 

 

For simplicity, the Al2O3 was assigned to represent the aluminium oxide impurities present at the start. 

 

Example calculation for the sample prepared with 2:1 metal to ligand ratio, 2 eq of benzoic acid, 50%-

50% DMF-water at 190 °C with a heating program of 18h-15h-4h 
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N2 adsorption/desorption studies and BET surface area analysis 

The accessible surface areas of the samples were determined using N2 adsorption/desorption at 77K.  
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Figure B-7 N2 adsorption/desorption isotherms at 77 K for products from Mn-Al-PMOF syntheses at 160 °C (3h-16h-4h) and 
190 °C (9h-15h-4h) without any additives. Solvent used is a 50%/50% mix of DMF-water. 
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Figure B-8 N2 adsorption/desorption isotherms at 77 K for products from Mn-Al-PMOF syntheses using 4 eq of KOH as an 
additive at 140 °C and 150 °C with a heating program of 3h-16h-4h. Solvent used is a 50%/50% mix of DMF-water. 
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Table B-8 Summary of BET surface areas calculated for the analysed products of chosen Mn-Al-PMOF syntheses (Solvent: 
50%/50% DMF-water) 

 Mn occupancy from 

UV 

BET surface area (m2 g-1) 

140 °C, 4 eq KOH, heating program 3h-16h-4h 96% 1112 

150 °C, 4 eq KOH, heating program 3h-16h-4h 94% 1138 

160 °C, no additives, heating program 3h-16h-4h 84% 1077 

190 °C, no additive, heating program 9h-15h-4h 96% 1070 

190 °C, 10 eq benzoic acid, heating program 9h-15h-4h 75% 1324 

190 °C, 2 eq benzoic acid, heating program 9h-15h-4h 94% 1231 

190 °C, 2 eq benzoic acid, heating program 18h-15h-4h 95% 1300 
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B.5. Synthesis of Fe3+ metalated Al-PMOF  

Synthesis 

Table B-9 Reactions attempted for the synthesis optimisation of Fe-Al-PMOF as discussed in chapter 3.5.2. 

 
FeTCPP(Cl) 

(mgl) 
FeTCPP(Cl) 

(mmol) 
AlCl3.6H2O 

(mg) 
AlCl3.6H2O 

(mmol) 
Additives 

(mg) 
Ratio 

(Al:P:A) 
H2O 
(mL) 

DMF 
(mL) 

Temp 
(°C) 

Heating 
program 

(h) 

Amount 
of 

product 
(mg) 

Phase 

1 54 0.062 30 0.125  2:1 2.5 2.5 120 3-16-4 65 Al-PMOF 

2 54 0.062 30 0.125 KOH 
(13.5) 2:1:4 2.5 2.5 120 3-16-4 16 amorphous 

3 54 0.062 30 0.125 KOH 
(13.5) 2:1:4 2.5 2.5 140 3-16-4 12 Al-PMOF 

4 54 0.062 30 0.125 KOH 
(13.5) 2:1:4 2.5 2.5 150 3-16-4 16 Al-PMOF 

5 54 0.062 30 0.125  2:1 2.5 2.5 160 3-16-4 18 Al-PMOF 

6 54 0.062 30 0.125 
Benzoic 

acid 
(75) 

2:1:10 2.5 2.5 160 3-16-4 50 Al-PMOF 

7 54 0.062 30 0.125  2:1 0.5 4.5 190 9-24-4 54 Al-PMOF 

8 54 0.062 30 0.125  2:1 2.5 2.5 190 9-24-4 36 Al-PMOF 

9 54 0.062 30 0.125  2:1 4.5 0.5 190 9-24-4 16 Al-PMOF 

10 54 0.062 30 0.125  2:1 2.5 
 

2.5 
 

190 3-16-4 36 Al-PMOF 

11 54 0.062 30 0.125 
Benzoic 

acid 
(75) 

2:1:10 2.5 2.5 190 3-16-4 49 Al-PMOF 

12 54 0.062 30 0.125 
Benzoic 

acid 
(15) 

2:1:2 2.5 2.5 190 3-16-4 33 Al-PMOF 

13a 54 0.062 30 0.125  2:1 2.5 2.5 190 3-16-4 15 Al-PMOF 

14a 82.5 0.094 30 0.125  1.3:1 2.5 2.5 190 3-16-4 42 Al-PMOF 

Al:P:A=  Ratio of AlCl3.6H2O: FeTCPP(Cl): Additive 

a  The reaction mixture was degassed with Ar for 10 min before heating 

 

Legend =  

 

 

 

 

120 °C 140° C 150 °C 160 °C 190 °C 
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UV-vis spectroscopy 
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Figure B-9 Solution phase (0.1 M NaOH) UV-vis spectrum of the sample prepared with final optimised synthesis conditions for 
method 2 (synthetic conditions; Solvent 50%/50% DMF-water, 1.3:1 ratio of Al to FeTCPP(Cl), 190 °C, 3h-16h-4h, Ar degassing 
before heating). Also shown are the UV-vis spectra for FeTCPP(Cl) and H2TCPP. 
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TGA analysis 

As discussed in chapter 3.5.2, TGA analysis was used as a measure to probe the relative purity of the 

samples. 
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Figure B-10 TGA data of Fe-Al-PMOF samples synthesised at 190 °C with an Al to ligand ratio of 2:1 (Solvent: 50%/50% DMF-
water, heating program: 3h-16h-4h)). A repeat of the same synthesis conditions results in products with different purity. Also 
shown is the TGA data for the sample prepared with 2 eq of benzoic acid with the same conditions. The TGA measurement 
where the end temperature is 800 °C was performed with TGA instrument 1 while measurements up to 1000 °C is performed 
with TGA instrument 2.   
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Figure B-11 TGA data for the products of the Fe-Al-PMOF syntheses with 4 equivalents of KOH at 140 °C and 150 °C (Solvent: 
50%/50% DMF-water, heating program: 3h-16h-4h). The TGA measurement where the end temperature is 800 °C was 
performed with TGA instrument 1 while the measurement up to 1000 °C is performed with TGA instrument 2.   
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Figure B-12 TGA data for the products from the Fe-Al-PMOF syntheses with Ar degassing of the reaction mixture prior to 
heating (Solvent: 50%/50% DMF-water, heating program: 3h-16h-4h).   
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Calculation of weight% of the impurity from the TGA data 

 

For simplicity, the Al2O3 was assigned to represent all the aluminium oxide impurities present at the 

start. 

 

Example calculation for the sample synthesised with 1.33:1 Metal to ligand ratio, 3h-16h-4h heating 

program, Ar degassing. 
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N2 adsorption/desorption studies and BET surface area analysis 

The accessible surface areas of the samples were determined using N2 adsorption/desorption at 77K.  
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Figure B-13 N2 adsorption/desorption isotherms at 77K for two different Fe-Al-PMOF samples synthesised with the same 
conditions at 190 °C (2:1 Al:Porph , 3h-16h-4h, 50%/50% DMF-water).  One sample showed a large presence of the boehmite 
impurity while the other sample has less of the impurity.  
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Figure B-14 N2 adsorption/desorption isotherms at 77K for two different batches of Fe-Al-PMOF obtained from the synthesis 
performed with a 1.3:1 Al to FeTCPP(Cl) ratio and with Ar degassing (190 °C, 3h-16h-4h, solvent: 50%/50% DMF-water). 
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Table B-10 BET surface areas calculated for selected Fe-Al-PMOF samples 

 

 

 

 

 

Solvent used: 50%/50% DMF-water 

 

B.6. Catalysis work with Fe-Al-PMOF 

 

Figure B-15 1H NMR spectrum (CD2Cl2) of the reaction mixture after all the EDA has been consumed indicating the presence 
of the 3,4,5-triethyl-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (P1). 

Reported1  NMR 1H(CDCl3) /ppm: d=1.22–1.40 (3t, 9H; CH2CH3), 4.15–4.38 (3q, 6H; CH2CH3), 4.42 (d, 

1H; CH), 4.75 (d, 1H; CH), 6.77 (s, 1H: NH). 

1. Basato, M.; Tubaro, C.; Biffis, A.; Bonato, M.; Buscemi, G.; Lighezzolo, F.; Lunardi, P.; Vianini, 
C.; Benetollo, F.; Del Zotto, A., Reactions of Diazo Compounds with Alkenes Catalysed by 
[RuCl(cod)(Cp)]: Effect of the Substituents in the Formation of Cyclopropanation or Metathesis 
Products. Chemistry – A European Journal 2009, 15 (6), 1516-1526. 

 

Synthesis BET surface 

area (m2g-1) 

2:1 Al:FeTCPP(Cl), 190 °C, 3h-16h-4h, 980 

2:1 Al:FeTCPP(Cl), 190 °C, 3h-16h-4h, repeat synthesis which showed 

increased presence of boehmite 

812 

1.3:1 Al:FeTCPP(Cl), 190 °C, 3h-16h-4h, Ar degassing 1090 

1.3:1 Al:FeTCPP(Cl), 190 °C, 3h-16h-4h, Ar degassing-repeat synthesis 1033 
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C. Appendix Chapter 5  

C.1. Exploratory synthesis for optimising the single crystal size for the system with 

hydrated FeCl3, free base 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin, 

and pyrocatechol 

Synthesis optimisation 

Table C-1 Reaction conditions for the exploratory synthesis for optimising the single crystal size for the system with hydrated 
FeCl3, free base 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin, and pyrocatechol 

 L 
 (mg) 

L 
 (mmol) 

FeCl3.6H2O 
(mg) 

FeCl3.6H2O 
(mol) 

Pyrocatech
ol 

(mg)l 

Pyrocatechol 
(mmol) 

Pyrazine 
(mg) 

Ratio  
(P:Fe:PyC:A) 

DMF 
(mL) 

H2O 
(mL) 

Temp 
(°C) 

Heating 
program 

(h) 
1 18.4 0.025 18.4 0.068 160 1.5 6 1:3:60:3 0.4 1.6 140 5-48-5 
2 18.4 0.025 18.4 0.068 160 1.5 6 1:3:60:3 0.8 1.2 140 5-48-5 

3 18.4 0.025 18.4 0.068 80 0.73 6 1:3:30:3 0.4 1.6 140 5-48-5 
4 18.4 0.025 12.3 0.046 160 1.5 6 1:2:60:3 0.4 1.6 140 5-48-5 
5 18.4 0.025 18.4 0.068 160 1.5 6 1:3:60:3 0.4 1.6 150 5.5-48-5.5 
6 18.4 0.025 18.4 0.068 80 0.73 6 1:3:30:3 0.4 1.6 150 5.5-48-5.5 
7 18.4 0.025 18.4 0.068 40 0.36 6 1:3:15:3 0.4 1.6 150 5.5-48-5.5 
8 46.0 0.062 46.0 0.170 400 3.6 15 1:3:60:3 3 2 160 6-48-6 
9 46.0 0.062 46.0 0.170 400 3.6 15 1:3:60:3 1 4 160 6-48-6 

10 46.0 0.062 46.0 0.170 400 3.6 15 1:3:60:3 4 1 160 6-48-6 
11 46.0 0.062 46.0 0.170 400 3.6 15 1:3:60:3 0.75 3 160 6-48-6 
12 46.0 0.062 46.0 0.170 400 3.6 15 1:3:60:3 0.75 4.25 160 6-48-6 
13 46.0 0.062 46.0 0.170 660 6.0 15 1:3:100:3 3 2 160 6-48-6 
14 46.0 0.062 46.0 0.170 400 3.6 20 1:3:60:3 3 2 160 6-48-6 
15 46.0 0.062 92.0 0.340 400 3.6 15 1:6:60:3 1 4 160 6-48-6 
16 18.4 0.025 18.4 0.068 80 0.73 6 1:3:30:3 0.4 1.6 160 6-48-6 
17 18.4 0.025 18.4 0.068 40 0.36 6 1:3:15:3 0.4 1.6 160 6-48-6 
18 46.0 0.062 46.0 0.170 400 3.6 15 1:3:60:3 1 4 180 6-48-6 

L= H10-PorphCat (molar mass used for calculations 742.74 gmol-1) 

 Legend =  

 

 

 

 

 

 

140 °C 150 °C 160 °C 180 °C 
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C.2. Exploratory synthesis with the trihydroxy phenyl porphyrin (H14-PorphGal) 

ligand 

Reactivity of RE metals and H14-PorphGal 

Table C-2 Conditions for high throughput synthesis with Gd(NO3)3.6H2O where different solvent conditions were investigated. 
Concentration of HCl solution used was 1 mol/L. Temperature 120 °C, heating program 2h-12h-4h. M:L ratio 3.6:1. 

L 
(mg) 

L 

(mmol) 

Gd(NO3)3.6H2O 
(mg) 

Gd(NO3)3.6H2O 
(mmol) 

HCl 
(mL) 

 

DMF 
(mL) 

H2O 
(mL) 

Methanol 
(mL) 

result 

1 5.0 0.0052 8.4 0.0186 0.00 0.50 0.00 0.00 MIL-173(Zr) phase low 
crystallinity 

2 5.0 0.0052 8.4 0.0186 0.10 0.40 0.00 0.00 MIL-173(Zr) phase 
3 5.0 0.0052 8.4 0.0186 0.00 0.25 0.25 0.00 MIL-173(Zr) phase 
4 5.0 0.0052 8.4 0.0186 0.10 0.25 0.15 0.00 MIL-173(Zr) phase 
5 5.0 0.0052 8.4 0.0186 0.00 0.00 0.50 0.00 Unknown phase 
6 5.0 0.0052 8.4 0.0186 0.10 0.00 0.40 0.00 amorphous 
7 5.0 0.0052 8.4 0.0186 0.00 0.00 0.00 0.50 amorphous 
8 5.0 0.0052 8.4 0.0186 0.10 0.00 0.00 0.40 amorphous 

L= H14-PorphGal (molar mass for C44H32N4O12Br2 968.55 gmol-1 ) 

Table C-3 Syntheses with La, Y, Gd to investigate the formation of the MIL-173 phase with rare earth metals 

L 

(mg) 
L 

(mmol) 
Metal salt Metal 

salt (mg) 
Metal salt 

(mmol) M:L 
Solvent/ 

Total 
volume 

Temp 
(°) 

Heating 
program 

(h) 

5.0 0.0052 Gd(NO3)3.6H2O 8.4 0.0186 3.6:1 
DMF/H2O 

(1:1) 
0.5mL 

120 2-12-4 
 

5.0 0.0052 LaCl3.6H2O 6.6 0.0187 3.6:1 
DMF/H2O 

(1:1) 
0.5mL 

120 2-12-4 
 

5.0 0.0052 YCl3.6H2O 5.6 0.0185 3.6:1 
DMF/H2O 

(1:1) 
0.5mL 

120 2-12-4 
 

L= H14-PorphGal (molar mass for C44H32N4O12Br2 968.55 gmol-1 ) 

Table C-4 Syntheses of MIL-173(La) to prevent the formation of the La-formate impurity.  

L 

(mg) 

L 

(mmol) 
LaCl3.6H2O 

(mg) 
LaCl3.6H2O 

(mmol) 
Ratio 

(P:M:A) 
DMF 
(mL) 

H2O 
(mL) 

Temp 
(°C) 

Heating 
Program 

(h) 
20 0.021 26.3 0.074 1:3.6 1 1 120 2-12-4 
20 0.021 21.9 0.062 1:3 1 1 120 2-12-4 
20 0.021 15.3 0.043 1:2 1 1 120 2-12-4 
20 0.021 13.1 0.037 1:1.8 1 1 120 2-12-4 

L= H14-PorphGal (molar mass for C44H32N4O12Br2 968.55 gmol-1) 
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Reactivity of other trivalent metal ions and H14-PorphGal 

Table C-5 The high throughput syntheses exploring the reactivity of Fe3+, Al3+ and In 3+ with H14-PorphGal. Concentration of 
HCl solution used was 1 mol/L. Temperature 120 °C, heating program 2h-48h-4h. 

 
L 

(mg) M/L Fe 
 (mg) 

Al 
 (mg) 

In 
(mg) 

HCl  
(mL) 

DMF  
(mL) 

H2O  
(mL) Result 

1 5.0 3.6 5.0   0.000 0.250 0.250 Amorphous 
2 5.0 3.6 5.0   0.250 0.250 0.000 Amorphous 
3 5.0 3.6 5.0   0.125 0.250 0.125 Amorphous 
4 5.0 3.6 5.0   0.000 0.167 0.333 Amorphous 
5 5.0 7.2 10.1   0.000 0.250 0.250 Amorphous 
6 5.0 7.2 10.1   0.250 0.250 0.000 Amorphous 
7 5.0 7.2 10.1   0.125 0.250 0.125 Amorphous 
8 5.0 7.2 10.1   0.000 0.167 0.333 Amorphous 
9 5.0 3.6  4.5  0.000 0.250 0.250 Al/In-PorphGal phase 

10 5.0 3.6  4.5  0.250 0.250 0.000 Amorphous 
11 5.0 3.6  4.5  0.125 0.250 0.125 Amorphous 
12 5.0 3.6  4.5  0.000 0.167 0.333 Amorphous 
13 5.0 7.2  9.0  0.000 0.250 0.250 Al/In- PorphGal phase less crystalline 
14 5.0 7.2  9.0  0.250 0.250 0.000 Amorphous 
15 5.0 7.2  9.0  0.125 0.250 0.125 Amorphous 
16 5.0 7.2  9.0  0.000 0.167 0.333 Amorphous 
17 5.0 3.6   5.6 0.000 0.250 0.250 Al/In- PorphGal phase 
18 5.0 3.6   5.6 0.250 0.250 0.000 Amorphous 
19 5.0 3.6   5.6 0.125 0.250 0.125 Amorphous 
20 5.0 3.6   5.6 0.000 0.167 0.333 Al/In- PorphGal phase more crystalline 
21 5.0 7.2   11.2 0.000 0.250 0.250 Al/In- PorphGal phase very low crystallinity 
22 5.0 7.2   11.2 0.250 0.250 0.000 amorphous 
23 5.0 7.2   11.2 0.125 0.250 0.125 amorphous 
24 5.0 7.2   11.2 0.000 0.167 0.333 amorphous 

L= H14-PorphGal (molar mass for C44H32N4O12Br2 968.55 gmol-1) 
M/L= Metal / ligand ratio 
Fe source = FeCl3.6H2O 
Al source = AlCl3.6H2O 
In source = In(NO3)3.xH2O 
 

Legend = 

 

 

 

 

 

 

 

Fe Al In 
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Figure C-6 The high throughput syntheses exploring effect of different indium metal salts to the phase obtained with H14-
PorphGal. Concentration of HCl and KOH solutions used was 1 mol/L. Temperature 120 °C, heating program 2h-48h-4h. 

L (mg) M/L Anhydrous 
InCl3 

 (mg) 

Hydrated 
In2(SO4)3 

(mg) 

Hydrated 
In(NO3)3 

(mg) 

DMF 
(mL) 

H2O  
(mL) 

HCl 
(mL) 

KOH 
(mL) 

result 

1 5.0 3.6 4.1 0.167 0.333 In-PorphGal phase best 
crystallinity 

2 5.0 3.6 4.1 0.167 0.283 0.050 Very low crystallinity 

3 5.0 3.6 4.1 0.167 0.233 0.100 Very low crystallinity 

4 5.0 3.6 4.1 0.167 0.283 0.050 In-PorphGal phase 

5 5.0 3.6 9.6 0.167 0.333 Very low crystallinity 

6 5.0 3.6 9.6 0.167 0.283 0.050 Very low crystallinity 

7 5.0 3.6 9.6 0.167 0.233 0.100 amorphous 

8 5.0 3.6 9.6 0.167 0.283 0.050 amorphous 

9 5.0 3.6 5.6 0.167 0.333 In-PorphGal 

10 5.0 3.6 5.6 0.167 0.283 0.050 In-PorphGal 

11 5.0 3.6 5.6 0.167 0.233 0.100 Very low crystallinity 

12 5.0 3.6 5.6 0.167 0.283 0.050 Very low crystallinity 
L= H14-PorphGal (molar mass for C44H32N4O12Br2 968.55 gmol-1) 
M/L= Metal / ligand ratio 
 

Legend = 
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