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Let us try to teach generosity and altruism, because we are born selfish. Let us understand what our 

own selfish genes are up to, because we may then at least have the chance to upset their designs, 

something that no other species has ever aspired to do. 

The Selfish Gene – Richard Dawkins, 1976 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Acknowledgments 

I can not start without giving my warmest thanks to all the fantastic people I had the opportunity to work with 

and that made possible this dissertation. I would like to thank the entire PPM group of the Molecular Sciences 

and Nano Systems department of Ca’ Foscari starting with my supervisor Prof. Crestini Claudia: her personal 

and technical support always guided me along the thesis project and her confidence in my potentialities spurred 

me on in the most difficult times. I cannot forget to thank also the two fantastic PhD students Gagliardi Valeria 

and Massari Daniele, with a special mention to Valeria whose help has been really important for me in the first 

time-consuming stages of the procedure. I want to express my gratitude also to the technical support and the 

effort spent by the two assistant professors of the group, Prof. Gigli and Prof. Sgarzi.  

Obviously, I cannot forget to thank also all the people of INTK group of the Academy of Fine Arts of Vienna 

starting with my supervisor Dr. Cappa Federica. It has been a real pleasure for me to work under her 

supervision: her availability during and after my internship and her comprehension of the problems really had 

an important role in the success of the project. How can I even imagine forgetting to mention the people that 

made my life easier and funny in a new working environment: the PhD students Rabbachin Laura, Tichy 

Johannes and Derksen Katharina and Dr. Pagnin Laura. Their emotional support has been more than 

fundamental sometimes and their attitude inspiring.  

Clearly, the overall atmosphere of both the PPM group in Venice and the INTK group in Vienna and the 

personal support I received from all the people I have been in contact to, have been fundamental.  

I would like also to thank Prof. Pignitter Marc, from the department of Physiological Chemistry of the University 

of Wien, for the more than fundamental possibility he gave me to use the EPR spectrometer of the Wien 

University, and the practical (and crucial) support in the use of it. I want to express my gratitude also to Prof. 

Zoleo Alfonso, from the department of Chemical Sciences of the University of Padua, for the practical 

suggestions in the use of the EPR spectrometer, and the qualitative interpretation of the EPR data. The effort 

spent by Prof. Zoleo has been more than important and his availability and patience during the explanations a 

real salvation.  

I want to dedicate a special thanks to one professor which has been an important figure along all my academic 

carrier, Prof. Benedetti Alvise. His confidence in my potentialities and his precious suggestions have been a 

guide in the construction of my personal career project and his interest in the personal and professional 

development of students inspired me. 

A final mention, which I am afraid it is quite necessary, to all those people that I have always had by my side, 

because they were always there, the ones who left, exactly because they left, and the ones who arrived, because 

I have been always waiting for them.  

 

 

 

 

 

 

 

 



iv 

 

Table of contents 

 

 Table of abbreviations……………………………………………………………….Pag. vi 

I. Introduction and state of the art …………………………………………………Pag.1-19 

1) Iron-gall inks preparation and description of the “ingredients” ………………..Pag. 1-11 

1.1) Oak galls extracts: composition and variability 

1.1.1) Tannins: a brief overview  

1.1.2) Elements of variability 

1.1.3) Study of polyphenols: an overview of the possible 

analytical approaches 

1.1.3.1) NMR techniques in the in the characterization of 

vegetal biomolecules 

1.1.3.2) Mass spectrometry in the study of polyphenols and 

other secondary metabolites 

1.2) Iron(II) salt as inorganic component of the iron-gall inks 

1.3) Binder and additives in iron-gall inks 

 

2) The chemistry of iron-polyphenolic complexes: an overview …………………Pag.11-18 

2.1) Formation mechanism 

2.2) Structure 

2.3) Characterization of iron-polyphenolic complexes in Iron-gall inks 

2.4) Degradation patterns 

2.5) New fields of application 

 

Box 1: Iron complexes chemistry – A brief description ………………………………Pag. 19 

 

II. Aim of the thesis and definition of the methodological approach ……………Pag.20-26 

1) Aim of the thesis ………………………………………………………………….Pag.20 

 

2) Definition of the methodological approach……………………………………Pag.20-26 

2.1) Preparation and characterization of oak galls extracts 

2.2) Preparation of iron-polyphenolic complexes 

2.3) Characterization of iron-polyphenolic complexes 

       2.3.1) Electron Paramagnetic Resonance (EPR): an innovative  

analytical tool in the IGI characterization 

 

    Box 2: Practical description of Fe3+ spin states system ……………………………….Pag.26 

 

III. Results and discussion ……………………………………………………………Pag.27-53 

1) Oak galls extracts characterization …………………………………………….Pag.27-38 

1.1) 31P NMR results 

1.2) HSQC results 

1.3) Merging the data: the composition of oak galls aqueous 

extracts 

2) Iron-polyphenolic extracts: preparation and characterization ………………….Pag.38-53 

2.1) The relation between the iron complexes colour and their 

preparation pH conditions 



v 

 

2.1.1) The relation between the iron complexes colour and their 

preparation pH conditions 

2.1.2) The relation between the Oxidation rough yields and 

complexes preparation pH conditions 

2.2) CW-EPR results 

  2.2.1) Iron-gallic coordination compounds 

  2.2.2) Iron-ellagic acid coordination compounds 

  2.2.3) Iron-polyphenolic complexes from oak galls aqueous 

extracts 

  2.2.4) General considerations about CW-EPR characterization 

results 

2.3) Raman analyses on iron-polyphenolic complexes: an auxiliary    

technique 

 

IV. Experimental section ……………………………………………………………Pag. 54-63 

1) Preparation of galls aqueous extracts 

2) Characterization of oak galls extracts via NMR techniques 

3) Preparation of iron-polyphenolic complexes  

3.1) Iron complexes with simple polyphenolic ligands: gallic acid and ellagic 

acid 

3.2) Iron complexes with oak galls aqueous extracts 

4) Iron-polyphenolic complexes characterization 

4.1) Raman spectroscopy as simple auxiliary technique 

4.2) Characterization of iron-polyphenolic complexes via CW-EPR 

5) Data elaboration 

6) Important general observations and comments about the experimental protocols 

 

V. Conclusions ……………………………………………………………………..Pag. 64-67 

1) New evidences emerged from the current thesis project………………………………Pag. 64-65 

1.1)  Elucidation of oak galls composition  

1.2)  New insight upon iron-polyphenolic complexes in IGI 

2) Methodological approach potentialities ………………………………………………Pag. 65-66 

3) Future perspectives …………………………………………………………………...Pag. 66-67 

 

VI. References ………………………………………………………………………Pag. 68-77 

 

VII. Appendix A ……………………………………………………………………..Pag. 78-82 

 

VIII. Appendix B ……………………………………………………………………..Pag. 83-86 

 

IX. Appendix C ……………………………………………………………………..Pag. 87-88 

 

 

 

 

 



vi 

 

Table of abbreviations 

AG Arabic gum ROS(s) Reactive oxygen specie(s) 

CT Condensed tannins RT Room temperature 

CW Continuous wave TA Tannic acid 

DAD Diode array detection TMDP 2-chloro-tetramethyl-dioxaphospholane 

DMF dimethylformamide TOF Time of flight 

DMSO-d6 Deuterated dimethyl sulfoxide ZFS Zero Field Splitting 

EA Ellagic acid   

EI Electronic impact ionization   

ENDOR Electron Nuclear Double 

Resonance 

  

EPR Electron Paramagnetic Resonance   

ESEEM Electron Spin Echo Envelope 

Modulation 

  

ESI Electron spray ionization   

ESR Electron Spin Resonance   

ET Ellagitannins   

Ex(n) Aqueous gall extract (number)   

FT Fourier-transform   

GA Gallic acid   

GC Gas chromatography   

GT Gallotannins   

HMBC Heteronuclear Multiple-Bond 

Connectivity 

  

HOMO Highest occupied molecular orbital   

HPLC High performance liquid 

chromatography 

  

HR High resolution   

HS High spin   

HSQC Heteronuclear Single-Quantum 

Coherence 

  

HT Hydrolysable tannins   

IGI Iron-gall ink(s)   

InS Intermediate spin    

IR Infrared    

IS Internal standard   

LS Low spin   

LUMO Lowest unoccupied molecular 

orbital 

  

MALDI Matrix assisted laser desorption 

ionization  

  

MPN Metal polyphenols networks   

MS Mass spectrometry    

NMR Nuclear Magnetic Resonance   

PC Procyanidins   

PD Prodelphins   

PGG Pentagalloyl glucose   

Q Quadrupole    

ROry Reaction and oxidation rough 

yield  

  

 



1 

 

Introduction and state of the art 

Manuscripts are documents of extreme historical, cultural and artistic value. According to the modern 

legislations and the current views, cultural and historical heritage includes also the archivistic heritage,1 which 

is generally composed of a massive number of hand-written documents. Behind each manuscript there is an 

intricate socio-cultural environment, as well as a precise technological development in the use and the 

transformation of natural materials. The scientific study of manuscripts and their constituents is therefore 

important from both a conservative point of view, as well as to better understand the technological 

improvements or modifications in the paper, parchment, pigments, dyes and ink productions. 

Ancient manuscripts actually constitute a wide set of artifacts produced through a huge variety of materials 

and techniques: this term therefore includes objects extremely different one another ranging from Egyptian 

papyrus to medieval illuminated parchment and in fact also according to European and global regulations and 

guidelines there is not a clear definition for “manuscript”. It is important therefore to specify from the 

beginning that this thesis project is focused on the scientific study of a specific class of materials, inks, used 

in the production of a restricted class of manuscripts, typically the medieval and post-medieval ones.  

Iron-gall inks (IGI) have been widely used for different centuries in almost every geographical area: there are 

several evidences of usage of this type of inks related to the antiquity, especially in the Middle-East,2,3 but their 

success in Europe and in the Western Countries is generally more associated to the XII-XIX centuries.4 

Consequently, it is not difficult to conceive the huge variety of historical recipes for the preparation of these 

inks.4,5  

 

1) Iron-gall inks preparation and description of the “ingredients”  

Despite of this variability, in all the historical recipes at least three main components are mentioned: an extract 

rich in polyphenols, and in particular in hydrolysable tannins, an iron salt and an organic binder. In general, 

galls or other tannins sources were treated to obtain an aqueous extract rich in polyphenolic compounds.5 The 

iron(II) salt was then added to the extract in order to obtain the insoluble iron-polyphenol complexes 

responsible for the dark bluish colour. An organic binder was therefore necessary to keep the insoluble 

complexes dispersed in the aqueous system. Finally, additives could be used to modulate the final properties 

of the ink such as colour and viscosity (Fig.1). 

In the following paragraph a brief description of the starting materials used for the preparation of IGI is 

proposed.   

 

1.1) Oak galls extracts: composition and variability 

In historical recipes, polyphenols-rich extracts represent the major element of variability. Not only the 

vegetal matrices used for the extraction, but also the extraction methods display significant geographical 

variability. The most commonly used vegetal matrices in historical recipes are oak galls.4,6 Galls, more 

properly called cecids, represent the biochemical response of the plant to the attack of a parasite. They 

can be found on the leaves, on the branches or on the trunk of trees; their shape and size vary according 

to the type of parasite that induced their formation (bacteria, fungi, insects, mites or other plant 

Galls 
Extraction 

solvent 

Polyphenolic 

extract 
Green vitriol Arabic gum 

Additives 

Iron-gall Ink 

Fig. 1 Schematic representation of the most common procedure for IGI preparation 
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organisms).6  It has been also observed that galls-formers, especially in the case of arthropods, can control 

the levels of nutrients like sugars, amino acids, and secondary compounds like polyphenols,7,8 which 

actually vary during the ripening of the galls, as demonstrated in different studies.7,9 Aleppo gallnuts, the 

most mentioned in historical recipes,4,5 are for instance produced mainly by Quercus Infectoria as a 

response to the attack of Cynipis hymenopters, and they are entirely beneficial to the parasite itself as they 

provide nourishment, shelter, and protect the cynipids larvae from fungal pathogens, hyper-parasites, leaf 

herbivores and some pathogenic factors.10   

Other important types of galls used are the Morea gall, the Smyrna gall, Mar-mora, gall and Istrian gall, 

and other good quality galls available in France, Hungary, Italy, Senegal and Barbary. Chinese and 

Japanese galls are also mentioned in some recipes.6 Other sources of tannins reported in historical recipes 

are: Pistacia Terebintus galls (Middle-Eastern Mediterranean area), bark or other parts rich in tannins of 

spruce, more properly known as Picea Abies, (European and Asian mountain regions), mulberry juice 

(Syrian area) and, probably as additive source of tannins, pomegranate peels (Mediterranean 

region).2,5,11,12  

Generally, the tannin-rich matrices used to be crushed and macerated in an aqueous solution for a variable 

time in order to extract the polyphenolic compounds.2,5,12 When pure water was used, the extraction 

generally involved a first step in which the matrix was macerated (with a variable water volume to galls’ 

weight) at room temperature. In some cases, the system was exposed to sunlight.  The second step 

involved heating of the extracting mixture for a given time or up to the significant reduction of the extract 

volume. The extracting mixtures used were not limited to water. White wine and vinegar were also used, 

while in most recent recipes, dated back to the end of the XIX century, ethanol is mentioned too.2,5,12–15 

In any case, these extracts are characterized by a high content in polyphenols and in particular in tannins. 

The next paraph will briefly illustrate the most important characteristics of this class of organic substances 

as to better understand the nature of IGI.  

 

1.1.1) Tannins: a brief overview  

Tannins constitute an abundant class of polyphenols available in almost every plant, characterised by  

molecular weight comprised between 500 and 30000 Da and an highly hydroxylated structure.16–18 Being 

secondary metabolites, as many other polyphenolic species, they have a protective role for  plants against 

reactive oxygen and nitrogen species, UV light, plant pathogens, parasites, and predators.16,17,19  Tannins 

are well known for both their beneficial effects on human heath (such as anti-inflammatory, antibacterial 

and anticancer properties17,19–21) and for their interactions with bio-macromolecules. This  strong 

interaction, and in particular the one between tannins and collagen, has been, for instance, fundamental 

in leather tanning.22,23 According to the most recent classifications, tannins can be divided at least in four 

main categories: condensed tannins (CT), hydrolysable tannins (HT), complex tannins and 

phlorotannins.16,18,19 Gallotannins (GT), important sub-group of HT,  are known to be abundant in oak 

gallnuts24,25 while ellagitannins (ET),  another sub-category of HT, and in particular punicalagin,16,26 are 

quite concentrated in pomegranate peel, an additive mentioned in several ancient IGI preparation recipes.5 

This additive, as well as other elements of ancient historical recipes such as white wine,5,27–29 may be seen 

as a source of a small amount of condensed and complex tannins. 

In order to better appreciate the structural variability of the possible polyphenols actually involved in the 

IGI formation, in the following paragraphs a brief description of the different classes of tannins is 

reported. 

 

1.1.1.1) Hydrolisable tannins  
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In general terms, HT can be considered as gallic acid (GA) oligomers or polymers in which GA (or its 

derivatives) units or are esterified around a polyol core, generally a carbohydrate such as D-glucose. 

All these polyphenolic compounds are bio-synthetized in plants via the shikimic acid pathway, which 

is synthetically described below and schematised in Fig.2. Shikimic acid is actually the precursor of 

different simple phenols such as hydroxycinnamic acids  such as caffeic, ferulic and p-cumaric acids17 

which can be then converted to p-coumaryl, coniferyl and sinapyl alcohols, the monomers driving to 

the formation of lignin.30  

In this bio-synthetic route, β-glucogallin is the first important intermediate and it works as galloyl-

group donor. However, the key metabolite in the biosynthesis of most of the HT is the β-1,2,3,4,6-

pentagalloylglucose (PGG).19,31,32 The metabolism of this precursor, results into the two groups of  HT: 

gallotannins (GT) and ellagitannins (ET).  

On one hand, GT, such as tannic acid (TA) and its derivatives, are formed from addition of galloyl 

moieties on PGG free hydroxyl groups (both in meta and/or para position) through depside 

bonds.17,18,31 ET, on the other hand, are formed properly via enzyme-mediated oxidative couplings of 

the galloyl groups of PGG.19,31,33 ET constitute actually a relevant group of HT including more than 

500 different compounds.31 One of the reason of such variability is that hexahydroxydiphenyl, the first 

oxidative coupling product,  and dehydro digalloyl groups, can undergo subsequent oxidative 

couplings reactions, both C-C and C-O, and/or aromatic ring oxidations resulting in a series of various 

structures.31,32,34–37 A complete description of the HT possible structures is outside the aim of this 

thesis, moreover it is important to remark that other elements, such as their stereochemistry31 and the 

different polyols cores,18 should be considered to better understand the variability of this class of 

compounds. 

Fig. 2 Synthetic scheme of HT biosynthesis in the shikimate route. 
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1.1.1.2) Condensed tannins  

This class of tannins, also known as proanthocynidins, is mostly composed of flavonoid oligomers or 

polymers which are generally abundant in the bark of trees.16,38 They are formed by sequential 

condensation or coupling of flavan-3-ol units which can occur between the C4 of the first unit with the 

C8 or C6 of the second unit (B-type proanthocynidins). In some cases an additional ether bond between 

the C2 and the C7 is observed (A-type proanthocynidins).16–18,39,40 The biosynthesis of flavan-3-ol units 

can be considered as an alternative to shikimate bio-synthetic route; in fact, malonyl-CoA units and p-

cumaric acid, an hydroxycinnamic acid synthetized from shikimic acid (as reported in Fig. 2), undergo 

a series of enzymatically-mediated condensations resulting in the formation of naringenin, a flavanone 

which is one of the key intermediates in this biosynthetic route.40,41 B-type CT represents an abundant 

class of molecules which can be classified according to the hydroxylation pattern of the chain-extender 

units.  Procyanidins, prodelphins, prorobinetidins, profisetidins are the most common B-type CT 

classes (Fig. 3), while propelargonidins, proteracacinidins, promelacacinidins, procassinidins and 

probutinidins are less common sub-groups.16,40,42 The stereochemistry of the C3 hydroxy group as well 

as the regiochemistry of polymerization, are additional variability elements of these compounds. 

Finally, certain positions of proanthocyanidins may sometimes be esterified with gallic acid or, 

exceptionally, with sugars (glucosides).16,42 

1.1.1.3) Complex tannins and phlorotannins 

Complex tannins embrace the structural and chemical features associated with both HT and CT 

groups.18,31 They are probably synthetised via the interaction of the anomeric transient carbocation of 

an open-chair HT(such as vescalagin) with the electron rich A-ring of a flavan-3-ol unit (Fig. 4a).31,43 

Since the first demonstration of their natural occurrence, a considerable number of these secondary 

Fig. 3 Main elements of variability in proanthocyanidins group. Just the main subgroups and elements 
of variability are displayed. 
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metabolites have been identified43 in different natural sources containing both high amount of HT and 

CT.34  

Phlorotannins instead are often omitted in the literature related to tannins since they can be isolated 

just from marine brown algae.16 Phlorotannins are oligomeric or polymeric phloroglucinol derivatives 

in which phloroglucinol units are connected by biphenyl bonds (fucols), diaryl-ether bonds 

(phlorethols, hydroxyphlorethols, fuhalols) or both (fucophlorethols) (Fig. 4b).16,21 

 

1.1.2) Elements of variability 

Gall extracts can be considered as a complicated mixture of polyphenolic substances. High performance 

liquid chromatography (HPLC) analyses performed on gall extracts, have revealed a relatively high 

concentration of phenolic acids such as gallic acid, ellagic acid, different isomers of dihydroxybenzoic, 

vanillic, caffeic, syringic, ferulic and chlorogenic acids.10,44 The range of possible phenolic compounds 

present in gall extracts is however much more extended including also tropolone-containing molecules 

such as purpurogallin and flavonoids such as catechin.10,45 Interestingly, recent studies performed on 

commercial gallnut extracts seem to suggest an higher content of GT and dimers and trimers of gallic acid 

while no significative amount of flavonoid has been detected (Fig. 5).24 

The most important factors affecting the overall composition of gall extracts are:  

a) Vegetal matrices (tannin source) nature and provenance  

As previously mentioned, original recipes involved different tannin sources. The structural differences 

in polyphenols deriving from various sources, result in different binding capabilities and stabilities of 

iron-polyphenolic complexes. This element is important with respect to the conservation of IGI-

containing manuscripts. In fact, it has been noticed a different efficacy in the iron-removal phytate 

treatments on inks prepared using different tannin sources (this differences it is enhanced after artificial 

a) b) 

Fig. 4 a) Structure of one flavanol-ellagitannin (Complex tannin); b) Structure of phloroglucinol 
and of one phlorotannin 

Fig. 5 Some of the other polyphenolic compounds present in gall extracts 
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aging).11 Moreover, there is evidence that also the geographical provenance of the gallnuts can be 

associated with slight structural differences of the contained tannins. In particular, the role of these 

differences in terms of esterification degree and stereochemistry can be interesting for both a 

diagnostic and an archaeometric point of view. Analyses performed on galls from different provenance 

contain different amount of GT46 and, more recently, 31P NMR analyses of Chinese and Turkish oak 

galls, have revealed structural differences on the extracted tannic acid.24,47 

b) Extraction methods  

The methods used to obtain the tannins extract for the IGI preparation were extremely variable, as 

mentioned in the first paragraph. In fact, as reported by Teixeira et al., even if the same type of tannin 

source is used, extracts prepared using different extraction methods exhibit different ratios of 

hydrolysis products of the initial tannins.28 Not only the solvent used, but also the time of maceration, 

the temperature, the type of galls processing and the ratio between the solvent and the tannin source, 

turn out to be relevant parameters affecting the nature of the polyphenols contained in the extract.29 

Regarding this aspect it is important to underline that, often, gallnut polyphenolic content analyses 

results are referred to extracts obtained with alcoholic solution, acetone10 and other modern extraction 

techniques which are significantly different from the traditional extraction methodologies employed 

for the preparation of gall inks. Ultrasonic bath, ultrasonic probe assisted extraction,48 microwave 

assisted extraction and supercritical carbon dioxide polyphenolic extraction20 are for instance 

important procedures used nowadays in the polyphenolic extraction and isolation at the industrial 

level.49 Gallnuts extracts obtained under this condition could display important differences in respect 

to the ones obtained with simple aqueous based methods traditionally used for IGI preparations.  

 

1.1.3) Study of polyphenols: an overview of the possible analytical approaches 

Nowadays, a huge variety of analytical methods for the identification and quantification of polyphenols 

in complex systems such as the vegetal matrices are available (schematically reported in Fig.6).50–52 In the 

evaluation of the best analytical procedure for the characterization of natural organic substances however, 

many aspects should be taken into account: sample pre-treatments, running-time of the analysis, costs and 

required equipment are just some of the practical elements that should be balanced to the more technical 

ones such as sensitivity, accuracy, structural information content etc.53 Chromatographic techniques for 

instance has become a dominating analytical tool for the polyphenolic separation, identification and 

quantification, especially in the agri-food industry.50,52 Nevertheless, often in these methods sample, time- 

and chemicals-consuming pre-treatments (such as pre-concentration and purification in HPLC and 

derivatization in GC) are required.50–52 Innovative analytical tools such as the use of bio-sensors or 

supercritical fluid chromatography (SFC), despite their interesting potentialities, are nowadays used just 

for specific applications and their diffusion is quite limited.51  

Moreover, it should be remarked that the prepared aqueous extracts are containing a wide range of natural 

organic substances and therefore their characterization is a challenging task that should be properly 

addressed possibly using a multi-analytical approach.  
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Fig. 6 Schematic summary of the most relevant analytical techniques for the polyphenols analyses and characterization. 50–52 

NMR and MS are the most used analytical tools, among the ones reported in the scheme in Fig.6, in all 

those studies in which structural detailed information needs to be obtained and for this reason a brief 

overview of their use in this field is presented in the following brief paragraphs.  

1.1.3.1) NMR techniques in the in the characterization of vegetal biomolecules 

NMR is based on the evidence that the magnetic dipoles associated with nuclear spins, in presence of 

an external strong magnetic field (B), tend to be oriented either in the direction of the field or opposed 

to it, thus creating multiple energy states. These states are discrete and associated with the nuclear 

spin, I. When I≠0 (as for 13C, 1H, 15N, 31P etc) the nucleus is “spin active” and 2I+1 energy states are 

present, each of them having an energy E described by the equation reported below (eq.1): 

(1) E = −ℏγBmI → Δ𝐸 = −ℏγB = ℎ𝜈𝑅  

where ħ is the compact form 
h

2π
 and therefore a constant, γ is the gyromagnetic ratio and it is constant 

for a given nucleus, and mI is the spin quantum number characterizing the orientation of the magnetic 

moment in the magnetic field and it varies from I to -I in integral steps.  

This very simple quantum mechanical concept, properly elaborated and studied, constitute the basis of 

the well-known NMR techniques in one dimension, two above all, the popular 1H NMR and 13C NMR. 

In the early 1970s the introduction of two-dimensional NMR (2D-NMR) gave to the scientists another 

important tool to determining more precisely the structure of complex molecules. A detailed 

explanation of 2D-NMR principles is outside the scope of this chapter. However, these techniques can 

be seen qualitatively as an array of 1D-NMR resulting from a series of frequency pulses which enable 
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to highlight the NMR cross-peaks that link two resonance signals. 2D-NMR techniques themselves 

constitute a huge set. Some of them, the so-called “inverse NMR techniques”, are particularly 

interesting for the study of complex biomolecules. A considerable enhancement of sensitivity is 

obtainable when nuclei with a low magnetogyric ratio like 13C are detected through their effects on the 

more sensitive nuclei, like 1H. Protons not coupled to the 13C nuclei are suppressed so that only protons 

directly bonded to the 13C nuclei produce cross-peaks in the 2D spectrum. The most important 

techniques which imply this method of acquisition are the Heteronuclear Multiple-Quantum 

Coherence (HMQC), Heteronuclear Single-Quantum Coherence (HSQC) and Heteronuclear Multiple-

Bond Connectivity (HMBC). Both HMQC and HSQC are based on the correlation between coupled 

heteronuclear spins (1H-X) across a single bond. However, HSQC gives a better resolution in the 

indirect dimension (13C and 15N) as compared to HMQC due to the transfer of magnetization from the 

proton to the second nucleus via an Insensitive Nuclei Enhanced by Polarization Transfer (INEPT). 

Moreover, HSQC signals are singlets, while the HMQC spectra usually give multiplets due to 

homonuclear (1H–1H) couplings. For these reasons, HSQC is preferred in the case of large 

biomolecules, due to the possibility of resolving crowded spectra.  

Without going into details, HSQC is a 2D heteronuclear chemical shift correlation map between 

directly bonded (J-coupled) 1H and X-heteronuclei (such as13C and 15N)A resulting from a pulse 

sequence consisting of four independent blocks of pulses. Due to a large number of pulses, the precise 

technical settings of HSQC experiments (the so-called “programs” or “methods”) requires special care 

and should be performed by a specialized operator.    

 

NMR, therefore, is an extremely versatile analytical tool in which data-acquisition modes or/and 

instrumental parameters can be manipulated or modified to meet the needs of different analytic projects 

and to extend applications in specific fields.53 Numerous NMR methods have been developed for the 

study of botanical biomolecules both improving the acquisition methodologies enabling to obtain more 

readable and easy-to-interpret data, and/or implementing new technologies to overcome practical 

constraints such as the extraction process of the analytes from the matrices.53,54  

The use of 2D-NMR techniques, and in particular [13C-1H]-HSQC methods, turned out to be a powerful 

analytical tool in the characterization of tannins and complex polyphenolic substances such as 

lignin.24,38,42,55,56 In the study of condensed tannins for instance, conventional 1D 1H and 13C NMR do 

not allow a proper detailed assignment and quantification of individual signals due to broad and often 

unresolved signals, long acquisition times, and low signal-to-noise ratios. HSQC techniques instead, 

combining the sensitivity of 1H NMR with the higher resolution of 13C NMR, are in principle the best 

qualitative methods to reveal the resonance frequencies of the different proanthocyanidin units and the 

interunit bonding patterns.42 Whitin a multi-analytical approach, HSQC presents clear advantages in 

the characterization of polyphenolic compounds, but still detailed qualitative and especially 

quantitative information regarding the phenolic groups structures are difficult to get.57  

The detailed analyses of hydroxyl groups, and in particular phenolic ones, can be obtained with 1D 31P 

NMR of phosphitylated polyphenols.24,35,36,42 Since its introduction in the early 90s, phosphitylation 

followed by 31P NMR spectroscopy analysis turned out to be a promising technique for the analysis of 

hydroxyl groups in different kinds of materials and lots of research efforts have used or adopted the 

proposed technique for the analysis of lignins and other biomass-related products. The initial protocols 

have been optimized and systematized through time as to improve the resolution and the quality of the 

spectra as well as to solve other practical issues related to the samples typologies.47,57 A typical 31P 

NMR experiment involves the phosphitylation of hydroxyl groups in the substrate using an appropriate 

phosphorous-containing reagent, 2-chloro-4,4,5,5-tetramethyl-1,3-2-dioxaphospholane (TMDP), 

 
A The resulting cross-peaks are also defined J-couplings signals. For this reason, in the following chapter they will be 

defined also as JC-H signals. 



9 

 

followed by quantitative NMR spectroscopy and finally data processing which eventually can involve 

the calculation of the amounts of different hydroxyl groups.47,57 The phosphorus-containing reagent in 

fact is able to react with free hydroxyl groups and the so 31P labelled hydroxyl functionalities (aliphatic, 

phenolic, and carboxylic) can be readily detected and quantified with 31P NMR experiment. The 

scheme in Fig.7 synthetically reports the passages of the 31P NMR analytical protocol for hydroxyl 

groups analysis with an epigallocatechin gallate example. 

 

Both HSQC and 31P NMR present some practical limitations. In both cases the samples should be 

properly solubilized in suitable solvents such as pyridine, pyridine/deuterated chloroform mixtures or 

deuterated dimethyl-sulfoxide and in the case of 31P NMR the expensive TMDP reagent is required. 

Moreover, being NMR technique, appropriate NMR instrument are necessary.  

 

1.1.3.2) Mass spectrometry in the study of polyphenols and other secondary metabolites 

MS is currently one of the most versatile and sensitive instrumental methods applied to structural 

characterization of plant metabolite mixtures.58–61 In particular, versatility of mass spectrometric 

methods  is based on the possibility of application of different physical phenomena for ionization of 

analysed molecules, generation of their fragments and separation of the created ions. In this regard, 

the application of various mass spectrometric techniques, including different systems of ionization, 

analysis of both positive and negative ions of analytes, fragmentation of the protonated/deprotonated 

molecules and in some cases addition of metal ions to the studied compounds before ionization and 

fragmentation, may improve structural characterization of natural products.60,61 Resolution of the 

applied mass spectrometers plays an important role in structural studies of mixtures of the target 

compounds isolated from biological materials. For this reason, several high resolution mass 

spectrometry (HRMS) approaches have been developed and successfully implemented in natural 

product researches for the identification, quantification and structural elucidation of a broad variety of 

metabolites with diverse physicochemical properties (e.g polarity, volatility, thermolability, molecular 

weight).58–61  

Data processing 

Qualitative information Quantitative information

31P NMR analysis 

31P NMR method for phospytilated samples

Sample preparation

sample 
dissolution in 

proper solvents

internal standard 
addition

phosphorous 
reagent addition

Sample pre-treatments

Extraction/isolation effective dring

Fig. 7 Synthetic scheme of the protocol for hydroxyl groups analysis via 31P NMR.  
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I) Ionization methods 

Electrospray (ESI) or heated electrospray (HESI) ionization sources are the most popular and 

widespread used interfaces in HRMS instruments. ESI-based ambient ionization techniques are 

intended for the analysis of both small molecules and macromolecules exhibiting moderate polarity, 

whereas ambient ionization sources based on atmospheric pressure chemical ionization (APCI) are 

mainly used for the analysis of less polar and small molecules. These methods have been successfully 

used for the detection of a broad variety of secondary metabolites in plant natural products, including 

phenolics, flavonoids, terpenoids, alkaloids, coumarin, and saponins.60,61 Alternatively, electronic 

impact (EI) ionization has historically been the standard ionization interface in MS instruments 

hyphenated to GC. Due to the highly reproducible mass fragmentation obtained by EI, the 

hyphenation GC-EI-HRMS represents a powerful tool and the first choice for identification and 

structure elucidation of unknown volatile and semi-volatile organic compounds.60 Matrix-assisted 

laser desorption/ionization (MALDI) is a soft ionization technique based on desorption phenomena 

used in the analysis of high molecular weight compound and/or high polymerization degree, such as 

proteins, polysaccharides and other biopolymers including tannins. Together with direct analysis in 

real time (DART), it is mainly reported for stand-alone HRMS configurations.60 Potentialities of 

MALDI-MS systems have been emerged in several studies regarding hydrolysable and condensed 

tannins structural elucidation56,62–65 and it has also the great advantage of being a fast analytical 

method which requires few pre-treatment steps.56 Without going into details, MALDI is based on 

three basic steps: 1) the incorporation and isolation of analytes in a matrix, 2) the excitation of the 

matrix with a suitable laser producing the plume by physics desorption/ablation, and 3) the ionization 

of the analytes by ion-molecules reactions.60 

II) Mass detection systems 

Time of flight (TOF) spectrometers are probably the mass analysers most extensively reported in 

literature for the analysis of plant natural products.60 Moreover, often in this field of application 

tandem mass spectrometers (MS-MS) are used, especially for untargeted analysis of complex plant 

extracts, due to their capability of providing accurate mass data, and structural information from ions 

fragmentation. In this regards, hybrid tandem mass analysers such as quadrupole-TOF (Q-TOF) are 

the most mentioned in literature and they often are successfully used in the (U)HPLC-ESI-Q-TOF 

configuration,59–61 even if triple quadrupole systems (QqQ) have been proved to be efficient systems 

as well.59 Other common methods for studying the fragmentation are the ones based on the collision 

induced dissociation (CID) and higher-energy collision dissociation (HCD) ion trap (IT) systems 

followed by the proper mass analysis such as TOF or FT-MS systems such as Orbitrap.B 

 

1.2) Iron(II) salt as inorganic component of the iron-gall inks 

The addition of an iron(II) salt to polyphenolic-rich extracts allows the formation of the complexes 

responsible for the dark colour of IGI. In most of the historical recipes, “green vitriol”, or simply “vitriol”, 

have been used to refer to iron(II) sulphate heptahydrate (FeSO4·7H2O). Actually, other sulphates such as 

copper and zinc sulphate used to be referred as vitriols.2,5,12 Additionally to the green vitriol commonly 

used at the time,  “copper green”, copper(II) hydroxycarbonate (Cu2(OH)2CO3) could be also added. 

Consequently, the presence of other cations, especially copper(II), can be detected in IGI.4,11 

Another factor to bear in mind is represented by the wight ratio of vitriol and galls. In particular, an 

extremely variable range, from a slight excess of galls weight to a huge excess of iron salt one, is reported 

in historical recipes.2,5,67 

 
B Orbitrap and linear trap (LT) Orbitrap are recent mass spectrometers (introduction in 2005) characterized by increased 

acquisition speed, higher resolving power, mass accuracy, and sensitivity. For the curiosity of the reader, an overview of 

the principles of these mass analysers and their potentialities can be found in the accurate description of Zubarev and 

Makarov, 2013.66   
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1.3) Binder and additives in iron-gall inks 

Other additional constituents of IGI are binders and additives. The most commonly used binders in the 

ink preparation were chosen not to be affected by a relevant volume reduction after the drying process 

(commonly known as light binders). In IGI historical recipes, Arabic gum (AG) is the most commonly 

mentioned binder.2,4,5 From a chemical point of view, AG is a vegetal polysaccharidic extract, rich in 

galactose, arabinose, rhamnose, containing also glucuronic acid. The amount of AG is extremely variable 

in historical recipes with respect to the amount of galls and iron salts. Interestingly, it has been observed 

that Arabic gum is able to reduce the pH dropping and to increase the stability of the ink with time.68 The 

binders used for the production of inks vary according to the availability of materials in the geographical 

area and the final desired characteristics for the ink. It is therefore not surprising that the use of other 

vegetable gums, such as tragacanth and mastic gum (or mastic), or other substances such as animal jellies, 

animal glues, egg white, mucilage and in some cases even honey is documented too.2 Additionally, the 

amount of AG used was extremely variable with respect to the iron sulphate and gall one.67  

Additives were used to modulate the final properties of the ink. For instance, dyes and pigments were 

used in small quantities in some cases to modulate the colour or, even in relevant quantities, defining the 

final inks as "composite inks".4 In some archivistic studies on Spanish recipes, hematite67 and indigo5 

resulted as commonly used pigments. The addition of carbon black, gold scraps,2 lapis lazuli, Prussian 

blue15 or other colorants is well documented too. Urine, potassium nitrate (saltpetre), alum (in particular 

rock alum) and other organic and inorganic materials were frequently added because of their etchant 

properties.5,11,23 Other additives were added also to modulate the viscosity of the ink. The most common 

ones were sugar and honey.2,12 However in one article published in Harper's Bazar at the end of the 

Nineteenth century, a recipe elaborated by some chemists mentions the use of glycerine as a secondary 

binder, and phenol or chopped cloves as anti-fermentative.14  

 

2) The chemistry of iron-polyphenolic complexes: an overview 

 

2.1) Formation mechanism 

The formation of iron-gall complexes is generally described as a two-step mechanism:3 

a) HT and their hydrolysis products initially bind the Fe2+ mainly via catechol and galloyl groups 

instantaneously forming the dark soluble complexes. The formation of the Fe(II)-polyphenolic 

complexes is generally faster than the free Fe(II) cations autoxidation and therefore the polyphenols 

typically bind preferentially these cations instead of Fe (III) ones.69 Due to its octahedral geometry, 

Fe2+ can coordinate up to three catechol or galloyl groups.70,71 With this respect, it is important to 

underline that this step is strongly pH-dependent; in fact,  the variation of the pH of an aqueous 

solution of a polyphenolic ligands results in the modification of its coordination sites depending on 

its hydrolysis degree,72–77 determining the actual stoichiometry of the final complex (Fig.8).25,70,75,77–

80  

Fig. 8 General trend for iron to ligand stoichiometry in iron-catecholate complexes. Figure adapted 
from Kim et al., 2021. NB: the complexes displayed in figure are Fe(III) based. However, there are 
no significative reasons to hypothesize a different binding mechanism. 
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Various studies on gallates and catecholates70,78,79 have highlighted that when the pH of a ligand 

solution is below 4, resulting in a structure fully protonated (GAH4),72,73,81 the  stoichiometry of 

complexes is 1 : 1 ( iron to ligand). Differently, when GA is partially deprotonated, in a pH range 

between 4.5 and 6.5, the formed complexes are characterised by 1:2 and 1:3 iron to GA 

stoichiometries. However, it has also been demonstrated that in the pH range between 3.5 and 5.5 

GA-iron complexes are still characterized by a 1:1 stoichiometry with the most reactive protonation 

form being GAH2.78 Lastly, under alkaline conditions, when GA is predominantly deprotonated 

(HGA3- and GA4-), it tends to form 1:3 iron to ligand complexes.70 These different iron to gallic acid 

ratios result in different hues of the final complexes, ranging from blue-green (1:1) to purple (1:2) 

and dark red-brownish colours (1:3).70,82,83C It is remarkable that the complexation itself drives to the 

ligand deprotonation. The mentioned studies are generally conduced in buffer solutions, which are 

quite far from the medieval ink preparation conditions. For this reason a strong acidic pH and 

consequently 1:1 iron to polyphenolic ligands ratio is generally expected.5,78,84,85 

It is relevant to underline that the mentioned studies are referred to simple systems in which model 

polyphenolic compounds are used. It will be therefore important to investigate the pH dependence in 

the iron-polyphenols complexes formation also in the case of more complicated polyphenolic 

structures eventually present in gall extracts such as PGG, TA and condensed or complex tannins. For 

instance, it has been demonstrated that epicatechin-gallate and epigallocatechin, in strong acidic 

environment (pH range 1-3) are capable to form 2:1 iron to polyphenols complexes with Fe(III) due 

to their multiple binding sites (Fig.9).80,86  

Moreover, the most commonly studied iron-polyphenolic complexes in literature are the Fe(III)-

catechol ones, and only very few studies are focused on the chemistry upon the Fe(II)-galloyl 

complexes formation.78,87 More specifically, the role of the carboxylic acid of gallic acid in the 

complex formation should be better defined. In fact, the proposed complexation mechanism just rarely 

 
C Concerning the actual expected iron-polyphenolic stoichiometries according to preparation pH conditions, the available 

literature is often not coherent since different results can be obtained with different methodologic approaches. It would 

be extremely useful therefore to dedicate an effort to critically revise all the available literature, and eventually perform 

other (systematic) experimental studies to define more properly (once and forever), at least for simple model compounds, 

the iron to ligand trends, possibly considering both Fe2+ and Fe3+ ions.  

Fig. 9 Binding sites involved in Al(III) and Fe(III) complexes formation of some 
polyphenolic compounds. p-CA=para-coumaric acid, CA=caffeic acid, FA=feroulic 
acid, HCCA=coumarin-3-carboxylic acid, Que=quercitin, Lut=luteolin. Figure adapted 
from Malacaria et al., 2016 
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involves the carboxylic group, which instead seems to cooperate in the formation of the final 

structures which will be further discussed below.80,88–91  

 

b) Due to its weak acidic character, Fe2+ does not form as 

stable complexes with deprotonated polyphenols as 

Fe3+does. This difference can be related to the different 

acidic Lewis character of Fe3+. For instance, the pKs for 

iron(II)-(mono)catecholate is about 7.95, while the one 

for iron(III)-(mono)catecholate it is about 20.00D.70,87,92 

Therefore, as polyphenolic ligands strongly stabilize Fe3+ over Fe2+, Fe2+ in polyphenolic complexes 

is rapidly oxidized by atmospheric O2 to give dark-bluish insoluble Fe3+-polyphenolic complexes. 

This process is commonly referred as autooxidation (Fig.10). Typically, Fe2+ oxidation occurs quite 

slowly under normal conditions, but because of the coordination of polyphenol ligands to Fe2+, the 

iron reduction potential is lowered, resulting in the enhancement of the autooxidation rate.69,70,87 Some 

interesting relations between the polyphenols structure and the autoxidation rate of the complex have 

been observed. Polyphenolic acids in fact promote an higher rate of autoxidation of the complexes if 

compared to their corresponding esters or phenols without carboxylic group.93 Unambiguously, it has 

been observed that the oxidation of Fe(II) ions was indeed facilitated by phenolic acids bearing 

catechol group than their counterpart with galloyl moiety.87,93 The complexes autoxidation kinetics 

have been studied from different prospective resulting the proposal of different kinetics equations.68,87  

 

2.2) Structure  

A critical aspect of the studies focused on the complexes formation mechanism and structures, lies in the 

fact that they have been conducted just on gallic acid instead of considering also tannins. Furthermore, 

the gallate iron(III) complexes were often synthetized with methods far different from those used in the 

preparation of IGI. With respect to iron(III)-gallate complexes, in 1990s Wunderlich demonstrated that a 

dark insoluble polymer together with some dark polymeric crystals can be obtained  from the reaction of 

FeCl3 with gallic acid using a silica gel method at room temperature. The stoichiometry proposed for these 

complexes was Fe(C7O5H3)∙2H2O. Since the Wunderlich synthesis implies the direct use of an Fe3+ 

precursor, the results obtained have not been widely accepted in the cultural heritage science field.89 In 

2006 Cheetham and Feller have been able to synthetize bluish-black rod-shaped crystals of iron(III) 

gallate from FeCl2∙4H2O, gallic acid monohydrate and NaOH using an hydrothermal method.89–91 The 

results of diffractometric analyses of some selected single crystals  confirmed the Wunderlich structural 

model: crystalline structures consisting of hexagonal arrays of slightly twisting chains of MO6 octahedra, 

connected by the organic groups forming a scaffold (Fig.11).90,91  More recently, Ponce et al. 

demonstrated that the main colouring agent in IGI is indeed an amorphous form of the Wunderlich 

complexE.89  

 
D Also in this case, the available data in literature are dispersed and often incoherent due to the different methodologies 

used for the calculations of such instability constants (or formation constants). For the aim of this thesis however, it is 

enough to observe that all the methods agree on the fact that the binding is favoured for Fe(II) cations but the stability of 

the resulting complexes is much lower in respect to the ones of Fe(III).      
E In this case the synthesis has been carried out starting from FeSO4∙7H2O and gallic acid monohydrate using different 

molar ratios. 

Fig. 10 Autooxidation process in a Fe(II)-GA complex 
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It is important to highlight that, according to this structural model, the carboxyl group participates in the 

formation of iron-gallate complexes. This elucidation re-opens the debate upon the formation mechanism, 

which has been described considering just the catechol/galloyl coordination site and further studies are 

necessary to better understand the role of carboxylic acid groups in the coordination of iron cations.   

In this thesis the structure of iron-polyphenolic complexes will be discussed and therefore, for the help of 

the reader, some basic concepts related to the iron-complexes structures and their direct implications are 

reported in the Box 1 “Iron complexes chemistry - A brief description” at the end of this chapter.  

 

2.3) Characterization of iron-polyphenolic complexes in Iron-gall inks 

It is important here to stress an aspect which will be then fundamental in the definition of the 

methodological approach: the difference between the identification and the characterization of IGI.  

The identification of IGI on historical manuscript is an important task of conservation scientists and it 

mainly involves those analytical techniques capable of clearly identify IGI on different support with a 

minimum invasiveness.94–97 On the other side, the characterization of IGI is aimed to access specific 

aspects of these materials such as their precise chemical structure,28,89,98,99 the most common degradative 

patterns,84,100–102 their response to conservation treatments,11,85 etc. Obviously, to pursuit different goals, 

different analytical tools have been used (schematically reported in Fig.12)F.103  

 

 
F Please note that a complete description of the analytical techniques used in the study of IGI is outside the aim of the 

current thesis. For a general overview of the most used analytical tools used in this field, with a suitable bibliography, see 

the references Goltz et al., 2012 and Corregidor et al., 2019. 

a) b) 

Fig. 11 9 a) Section of the structure of Ni(II) gallate dihydrate in a plane containing the c axis. 
Chains of NiO6 octahedra are connected by roughly planar gallate groups. The structures of the 
other gallates (such as the Fe(III) ones) are analogous. B) View down the c axis of the gallate 
structure. Unbound water molecules occupy trigonal channels between chains of MO6 octahedra. 
Figure adapted from Feller, R. K. et al., 2006. 
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Regarding the IGI characterization, most of the studies take advantage of multi-analytical approaches 

mainly based on molecular spectroscopic techniques such as Raman and FT-IR.5,89,95,97,104 

Raman spectroscopy, in particular, is one the most used non-invasive method to identify the presence of 

IGI. The characteristic peaks of iron-polyphenolic complexes are generally quite visible and easily 

detectable in different supports.  

However, in the usage of this technique in a characterization study, the Raman intrinsic limitations should 

be considered. The most important aspects in this respect are listed below:  

- Raman spectroscopy as surface technique 

If this fact could be an advantage in the identification part, this is not the case for characterization 

studies. The results obtained with surface techniques can in fact be affected by many external 

factors such as morphology of the surface, optical properties of the bulk material (refraction and 

reflection phenomena), humidity, heterogeneity of the sample surface, consistency of the sample 

(powder, compact solid, liquid drop etc) and many others uncontrolled variables. For this reason, 

to have meaningful and statistically relevant results (in characterization studies), a massive amount 

of spectra are required. 

- Level of information details 

Being a vibrational molecular technique, Raman spectroscopy can give information about the 

presence/absence of specific functional groups of interest. With a proper and meticulous study and 

using suitable references, Raman can give very useful information but the level of structural details 

cannot compete with the ones provided by mass spectrometry or NMR techniques. For instance, it 

would be quite hard to distinguish (with an acceptable level of certainty) GA and one of its 

Fig. 12 Schematic summary of the most used analytical tools for the identification and the characterization of IGI. 
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oligomers (and even more for a mixture of GA oligomers) just using Raman spectroscopy. To 

improve the potentialities of Raman from this point of view, it is not unusual to read about models 

based on ratios between peaks intensities and/or signal position shifts. These models have generally 

a quite limited applicability (local validity in statistical terms), especially considering the aspects 

mentioned in the previous point and the possible presence of other interfering substances. When a 

secondary and more reliable technique (such as MS) cannot be used to validate the model, it would 

be too speculative to completely rely on these kinds of models.  

- Fluorescence 

Unfortunately this is an important limitation of Raman in the study of many organic materials, 

especially in the case of electron rich compounds as in this case. Fluorescence is a phenomenon 

related to the non-radiative emission of part of the absorbed radiation (the so-called inter-system 

crossing) which can interfere with the Stokes Raman signals105.  

The final effect of this phenomenon is the non-quantitative emission of the radiation, causing the 

worsening of the baseline and a lowered sensitivity. This effect is encountered very often in organic 

materials but, in most of the cases, for identification of IGI does not constitute a real problem since 

the main peaks related to iron-polyphenolic complexes are generally quite visible. Concerning the 

characterization studies instead, in which a higher level of spectral details is needed, fluorescence 

constitute an important technical issueG. Setting aside the automatic fluorescence attenuation 

systems of some Raman software (which in any case could provide misleading results), the baseline 

correction needed in the case of strong fluorescence is often performed manually. This post-

processing operation is obviously very useful to obtain nice and readable spectra, but on the other 

side it is a quite risky manipulation: it is often biased by the expectation of the scientist performing 

the data treatment. The position and, most importantly, the intensities and relative intensities of the 

peaks can dramatically change, the profile of the peaks can change as to provide misleading 

information (such as noise signals becoming a proper peak) etc.  

 

2.4) Degradation patterns 

Degradation IGI can be considered as the counterpart 

of chemical modifications of the different substances 

present in such systems. For instance,  it has been 

observed that the Fe3+ resulting from the polyphenolic 

complexes autoxidation can be then reduced into 

Fe2+.70,87,92 This process involves the oxidation of the 

polyphenolic species into semiquinones which can be further oxidised to quinones (Fig.13).69,70,87,108 

Additionally, it  has been also observed that the formation of quinones is favoured by low molar ratio 

[polyphenols]/[Fe3+].93 However, no Fe2+ accumulation due to this process has been noticed in the studied 

systems since its successive re-oxidation is promoted by iron-polyphenolic interactions.87,93 

 

 
G There are some attempts to overcome the fluorescence issue in organic electron rich molecules. In the field of IGI study, 

the most promising methodologies are the ones that take advantage from the localized surface plasmon resonance effect 

induced by noble metal colloids (Surface Enhanced Raman Scattering, SERS) or noble metal coated tips (Tip Enhanced 

Raman Scattering, TERS). For the curiosity of the reader see the interesting peer-reviewed papers Wei, 2015; Espina, 

2022 and Kurouski, 2014.105–107  

Fig. 13 Reduction of Fe(III) with formation of quinones via 
radicalic mechanism 
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Nevertheless, the most well-known and mentioned degradative 

processes in manuscripts are related to hydrolysis reactions 

promoted by the ink acidity and the oxidative Fenton-type 

reactions which can cause severe damages to the ink support, 

which for medieval manuscripts are mainly cellulosic (paper) or 

proteinaceous (parchment)(Fig.14).109,110 In fact, Fe2+ or Cu+ 

cations, together with other transition metal species eventually 

present on the support, can undergo a series of redox and Fenton-

type reactions catalysing the formation of reacting oxygen species 

(ROSs) such as the hydroxyl radical.70,111 Some of the main 

radicals formed during these processes are listed below: 

(1) Fe2+ + O2 → Fe3+ + H2O2 

(2) Fe2+ + H2O2 → Fe3+ + HO• + HO –  

(3) Fe3+ + H2O2 → Fe2+ + HOO• + H+   

(4) Fe2+ + O2 → Fe3+ + O2
•-  

(5) Fe2+ + H2O2 → Fe(H2O2)2+ → FeIVO2
2+ + H2O → Fe2+ + 2HO• 

The so formed radicals rapidly react with the organic compounds present in the ink and/or in the support. 

The main steps of ROSs mediated oxidations are summarized in the following reactions.101,109 

Both oxygen and hydroxyl radicals can interact with trisubstituted carbon atoms resulting in hydrogen 

extraction and the formation of a tertiary radical species. This radical is quite stable and can interact with 

additional molecular oxygen driving to the formation of peroxyl radicals. These radicals, finally, can 

generate additional radicals or undergo oxidation reactions forming carboxyl and carbonyl groups 

depending on the nature of carbon substituents.  

It is also interesting to underline that several studies have demonstrated the possibility to observe 

autocatalytic oxidation processes via Fenton reactions in presence of quinones and semi-quinones, which 

are organic species that might be present in the system as 

previously reported (Fig.15).112,113 The ROSs formed in this type of 

reactions may oxidise in different ways the ink support. Cellulose 

oxidation for example can lead to two groups of effects: simple 

modification of the glucopyranose units with the formation of 

aldehyde, carboxyl, and keto groups (eventually associated with 

ring openings) and oxidative cleavage of the β-glycosidic bonds 

resulting in the breakdown of polysaccharide chains109. Parchment 

oxidation, instead, primarily involves modifications of the side 

chains of amino acids resulting in an alteration in the charge 

balance of the collagen tertiary structure.84,110,114 It should be 

underlined that oxidative processes and hydrolytic ones generally 

act synergistically and the study of the exact mechanisms of 

degradation is therefore quite complicated.  

 

Fig. 15 Role of quinones in autocatalytic 
Fenton-like reactions. HQ=hydroquinone 
(1,4-dihydroxybenzene), BQ=quinones, 
SQ=semiquinones, DHCD=dihydroxy 
cyclohexadienyl (cation and radical). Figure 
adapted from Chen et al., 1997.  

Fig. 14 Degradation in a paper manuscript 
due to iron-gall inks induced reactions. 
Adapted from Gimat A. et al, 2016 
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2.5) Modern fields of application  

Formation of iron-polyphenolic complexes does not require particular experimental conditions or 

expensive equipment and their biologically tuneable physicochemical properties provide a platform for 

the engineering and assembly of advanced materials for potential use in a wide range of applications.115,116 

The so-called metal polyphenols networks (MPN) can be successfully used for the fabrication of nano-

films, nano-capsules (or nano-shells) and nano-coatings having a great affinity with a large range of 

substrates ranging from inorganic materials to cell membranes.83,108,115,117–119 For this reason, MPN-based 

molecular and bio engineering methods have started to be effectively used in a wide range of fields of 

applications ranging from the renewable energy technologies108 to bio-imaging.115 More in general, it has 

been also observed that catechol−Fe3+ complexes possess unique combination of mechanical features 

including high mechanical stability, fast reformation kinetics, and environmental sensitive mechanics. 

These properties can be exploited for the creation of  innovative hybrid materials with high strength such 

as adhesive hydrogels.77,120,121 Moreover, recent studies are focusing in the sorbent properties of iron-

tannate microstructures in the field of water depuration technologies.122 Lastly, strategies based on metal-

catechol interactions, turned out to be interesting in the field of chemical modification of iron oxides 

surfaces (in particular iron oxides nano and micro particles)H.123–125 In the following scheme (Fig. 16) 

some of the modern applications of this chemistry are reported.   

 

Closing this introductive chapter, the main elements regarding the chemistry of IGI has been described, 

in particular focusing on the main aspects of IGI occurring iron-polyphenolic complexes. In the wide 

scientific literature on this field however there are still several gaps. The current thesis project therefore 

is exactly integrated in this optic of filling these knowledge gaps, as will be discussed in the next chapter.  

 

 

 

 

 

 

 

 
H In these studies, several compounds bearing catechol groups have been involved, such as dopamine, trihydroxy 

benzaldehyde and hydro cinnamic acids. However, there are no reasons to doubt that the same results can be obtained 

with natural polyphenols from vegetal sources. 
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Fig. 16 Some of the modern applications of iron-catechol coordination chemistry. 
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Box 1 

Iron complexes chemistry – A brief description 

Iron(II) and Iron(III)-polyphenolic complexes formation in aqueous 

systems can be defined more properly as substitution reaction in 

octahedral coordination compounds, since iron (at RT) tends to form 

octahedral aquo-complexes. These reactions generally proceeds so fast 

that it is almost impossible to study their precise mechanism, but in 

general they follow a dissociative pathway: the formation of the final 

complex is preceded by an intermediate complex 

having a lower coordination number and largely 

dissociated leaving groups (Fig.a). 

 

 

 

 

 

Coordination compounds structures and physicochemical properties can be described with different 

approaches. One of the still most used approach to discuss the properties of coordination compounds is the 

Crystal field theory, to which reference will be made later in the thesis. Without going into details, the main 

idea is that the degeneracy of the 5d orbitals of iron cations can be lost in coordination compounds (as to 

say when charges are introduced in specific locations around the 5d orbitals). The result of this phenomenon 

is therefore the formation of an energy gap called crystal field splitting (generally reported as Δ) between 

the lower and the higher energy d orbitals. An emblematic case is the octahedral field experienced by iron 

cations in presence of 6 point-charges introduced 

symmetrically along the x, y and z axes, each equidistant 

from the central ion at the vertices of an octahedral array. 

The loss of d orbital degeneracy results in their splitting 

in the lower energy diagonal set of orbitals (also defined 

as t2g) and the higher energy axial set (also defined 

eg)(Fig.b). The precise description of this outcome would 

require an important physical and mathematical 

explanation which is outside the aim of this thesis. 

Anyway, this model can be used to explain also other coordination environments geometries (Fig.c) and 

these aspects will be referred to later on in the current thesis.  

There are other theoretical approaches to study the structure and the properties of iron complexes but the 

Crystal field theory is the one which will be mostly referred to in the next chapters of this thesis.  
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Aim of the Thesis and definition of the methodological approach 

 

1) Aim of the thesis 

Starting from the state of the art upon IGI, the current thesis project is aimed at deepening the knowledge about 

this type of inks focusing on two of the most unexplored aspects in this field of study. The first part of the 

thesis project has been focused on the characterization of polyphenols-rich extracts, a crucial aspect for the 

study of IGI. The second part of the study, instead, was aimed at properly characterize iron-polyphenolic 

complexes. The novelty elements of this thesis project lie in the methodological approach implemented, 

including the use of analytical techniques not commonly used in the field of scientific studies on cultural 

heritage materials. The transversal goal of the current thesis is therefore to probe the potentialities of the 

innovative multi-analytical approach used and to highlight the critical aspects to optimize in future studies. 

2) Definition of the methodological approach 

In the following paragraphs the definition of the general methodological approach will be illustrated and 

discussed as to justify the choice of the operative workflow which can be summarized as follows(Fig.17):  

(1) Preparation of freeze-dried aqueous extracts starting from 5 different galls samples: one sample of 

Aleppo oak galls and 4 samples of Italian oak galls.  

(2) Characterization of the extracts via 31P NMR and HSQC 

(3) Preparation and isolation of iron-polyphenolic complexes using both simple polyphenols as model 

compounds and the freeze-dried galls extracts prepared in the step 1.  

(4) Characterization of the iron-polyphenolic complexes prepared in step 3 via CW-EPR and Raman 

spectroscopy as auxiliary technique. In the case of CW-EPR both the solid and the supernatants 

(referred in the following chapters also as liquid) resulting from the isolation procedure have been 

analysed while the Raman characterization involved just the solid samples.  

 All the technical aspects and the accurate description of the protocols for the preparation of the samples and 

the analyses are instead reported in the experimental section. The results reported in the following chapter are 

just referred to the characterization of the extracts and of the iron-complexes (actually few observations related 

to the preparation of the complexes are reported too).  

 

Simple polyphenols 

used as “model 

compounds” 

Preparation of oak 

galls freeze-dried 

aqueous extracts 

(1) 

Characterization via 31P 

NMR and HSQC 
(2) 

“Characterization” via 

Raman spectroscopy 

Preparation of iron-

polyphenolic complexes  
(3) 

Characterization via CW-EPR 

(4) 

Fig. 17 Schematic representation of the thesis project workflow 
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2.1) Preparation and characterization of oak galls extracts 

As previously mentioned in the introduction chapter, the oak galls extract composition represents one of 

the main elements of variability in the IGI preparation. In order to access this variability, the first step of 

the methodology has been the preparation of oak galls extracts. Considering what has been discussed in 

the introduction about the nature of this type of extracts, the accurate reproduction of gall extracts 

according to historical IGI recipes would have introduced in the study numerous variables (related to the 

presence of substances such as wine, vinegar, additives etc) whose role in the final extract composition 

necessitate an appropriate and time-consuming study.  

The first step of the methodological approach therefore has been the preparation of gall extracts with a 

more systematic and simplified approach having as main variable to be evaluated just the typology of 

galls. In this study five different oak gallnuts samples have been considered: Aleppo oak galls and four 

typologies of Italian oak gallnuts with a slightly different provenience. Starting from oak galls therefore, 

oak galls aqueous extracts have been prepared in laboratory using a systematic procedure (properly 

described in the “Experimental section” chapter) and then freeze-dried.  The in-depth characterization of 

the so-prepared gall extracts necessitated the use of suitable techniques for the accurate identification and 

quantification of polyphenolic species present. Considering the aspects reported in the Introduction chapter 

related to the characterization of plant extracts, and taking into account also a series of technical 

constraints, it has been decided to characterize the prepared freeze-dried extracts via 31P NMR and HSQC. 

2.2) Preparation of iron-polyphenolic complexes 

In order to access detailed information about the structure and eventually the degradation patterns of iron-

polyphenolic complexes in IGI, the first step to consider is the preparation of suitable mock-ups samples. 

As illustrated in the first chapter of the thesis, the historical recipes for IGI preparation involve the use of 

binder(s) and additives (see paragraph 1.3 in the “Introduction” chapter). However, in order to achieve 

the aim of the current project, a simplification and systematization of the preparation procedures is not 

only suggested but necessary to have a proper control of almost all the variables involved in the formation 

of the iron-polyphenolic coordination compounds. For this reason, in this stage of the study, neither the 

use of binders nor the one of additives has been involved.  

Moreover, it has been decided to operate in two directions: on one side iron-polyphenolic complexes have 

been prepared using simple polyphenols, and in particular GA and EA, and the other side iron complexes 

have been synthesized using as source of organic ligands two of the freeze-dried oak galls extracts 

previously prepared.   

All the technical details regarding the practical aspects of the preparation and isolation of the complexes 

are properly addressed in the “Experimental section” chapter but some very important and key aspects 

have to be introduced here.   

As briefly introduced and discussed in the previous chapter, the first step of the formation of iron-

polyphenolic complexes is strongly pH-dependent (see paragraph 2.1 in the “Introduction chapter”). This 

aspect is enough to state that an accurate study of iron-polyphenolic complexes must involve the pH 

control conditions in the complex formation step. In other terms, the pH conditions control in this stage 

is not optional but formally required. This aspect has been fundamental in the definition of the 

methodological approach and surprisingly it also represents a novelty in the study of iron-polyphenolic 

complexes in IGI.  

It is true that polyphenolic substances, and in particular polyphenolic acids such as GA and EA, are 

characterized by pH values in between strongly and mildly acidic126,127 and that the final pH of IGI is 

typically strongly acidic.5 However, considering the whole variety of historical recipes for IGI preparation 

several elements affecting the pH in this iron complexes formation step emerge including:  
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a. Composition of the extracts (including all the substances coming from the natural matrices and the 

ones introduced with the extraction solvents, especially in the case of vinegar and wine);  

b. Concentration of the acidic species in the extracts, or in other terms, ratios galls: extraction solvent 

used for the extract preparation; 

c. Typology and concentration of pH-affecting additives and binders (see paragraph 1.3 in the 

“Introduction chapter”). 

Considering these aspects, it has been decided to prepared iron complexes not only in a single pH 

condition, but to evaluate the effect of pH in the formation and, more properly, in the final structure, of 

iron-polyphenolic complexes, working with three controlled pH-conditions. These have been selected 

starting from considerations regarding the binding capabilities of different protonation states of the ligands 

involved in the formation of iron-polyphenolic complexes in IGI, and in particular GA and EA (see 

paragraph 2.1 in the “Introduction” chapter). Therefore, iron complexes prepared using both simple 

polyphenols and oak galls extracts have been prepared in three pH-controlled conditions (as to say in 

aqueous buffers): pH 4, as to have completely protonated ligands, pH 6, to have mainly partially 

deprotonated ligands, and pH 12, to have mainly strongly and completely deprotonated ligands. 

Unfortunately, due to low solubility in aqueous media of EA, it has not been possible to prepare Fe-EA 

complexes in controlled pH gradient. In this case it has been decided to prepare complexes starting from 

EA methanol solution and EA water/methanol (1:1) fine dispersion as to check the occurrence of 

important differences in the complex’s structuresI.  

All the iron-polyphenolic complexes have been then isolated. The isolation procedure has been optimized 

in this study since no information about oxidation times and separation procedures are available in 

scientific literature. The isolation procedure involved the use of centrifugation cycles which enabled to 

obtain solid precipitates, that then have been properly dried in mild conditions, that will be simply referred 

to as “solids” in the following chapters, and supernatant fine dispersions, for brevity defined “liquids” in 

the presentation and discussion of the resultsJ.  

2.3) Characterization of iron-polyphenolic complexes 

Regarding the characterization of the prepared iron-polyphenolic systems, an innovative analytical 

approach has been used which involves the use of electron paramagnetic resonance spectroscopy (EPR), 

and Raman spectroscopy, which has been used just as an auxiliary technique. A quick monitoring of the 

prepared complexes with Raman spectroscopy can in fact reveal easily anomalies due to technical issues 

in the preparation and/or isolation of the complexes and can also provide a general overview of the systems 

such as unusual rough ratios between signals intensities. However, it is the implementation of EPR in this 

field of study which actually constitutes the novelty element of this second part of the investigation.  

EPR is a spectroscopic technique still not completely valorised and explored in many fields of applications, 

including the Conservation Science one. Being a spectroscopic technique not so popular in common 

analytical laboratories, the following paragraph will give to the reader a brief (and absolutely not 

exhaustive) overview of the basic principles of this technique.  

 

2.3.1) Electron Paramagnetic Resonance (EPR): an innovative analytical tool in the IGI 

characterization 

Electron spin resonance (ESR), also called EPR, is a spectroscopic technique confined to the study of 

species having one or more unpaired electrons. Among the large number of these paramagnetic systems, 

 
I  All the technical aspects regarding the preparation of iron-polyphenolic complexes, including the proper definition of 

“pseudo-stoichiometric regimes” are properly addressed in the “Experimental section” chapter.  
J All the technical aspects regarding the isolation of iron-polyphenolic complexes are properly addressed in the 

“Experimental section” chapter.  
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the most important ones are free radicals, transition metal ions, ions and molecules having odd number of 

electrons.  

Similarly to NMR, EPR is based on the energy separation of the electron spin states induced by an external 

magnetic field, B0, in the so-called Zeeman Effect. Without going into details, it useful to remind that 

electrons are characterized by an orbital magnetic momentum, related to the electron intrinsic angular 

momentum due to its motion around the nucleus, and a spin magnetic momentum, derived by the spinning 

of the electron around its own axis. The predominant contribution to the total magnetic moment, μ, is 

indeed the spin angular magnetic moment, Ms, which always has discrete values and that can be also 

defined starting from the spin direction vector ms (eq.2-3):  

(2)  𝑀𝑠�̂� = (√𝑠(𝑠 + 1)ℏ) cos 𝜃  = 𝑚𝑠ℏ  

(3) {
𝑀𝑠�̂� = (√𝑠(𝑠 + 1)ℏ) cos 𝜃

𝜇 = −𝑔𝜇𝐵𝑀𝑠

𝜇𝑍 = 𝜇 cos 𝜃

→ −𝒈𝝁𝑩𝑴𝒔  

   

Where “s” is the spin quantum number, “ħ” is the compact form of the Plank constant divided by two pi, 

“g” is a dimensionless factor called Landé factor, which for a single electron is 2.0023, and “μB” is the 

basic unit of magnetic moment of the electron, known as 

Bohr magneton (which is equivalent to eħ/2m where m is 

the mass of the electron. 

When an electron is placed in a magnetic field B0, this 

interacts with the electron magnetic moment creating an 

energy gap related exactly to the discrete values of Ms. An 

external radiation with a proper frequency could promote 

the transition between the two spin statesK (the selection 

rules for the allowed EPR transitions is Δms=±1)(eq. 4, 

Fig.18).  

(4) {

𝐸 = −𝜇𝐵
𝜇 = −𝑔𝜇𝐵𝑀𝑠

∆𝐸 = 𝐸𝜇′ − 𝐸𝜇′′

→ ∆𝐸 = 𝑔𝜇𝐵𝐵 → {
∆𝐸 = 𝑔𝜇𝐵𝐵
∆𝐸 = ℎ𝜈𝑅

→ 𝜈𝑅 =
𝑔𝜇𝐵𝐵

ℎ
→ 𝑔 =

𝜈𝑅(𝐺𝐻𝑧)

𝐵(𝑚𝑇)
∗ 71.448  

Where μ’ and μ’’ are referred to different magnetic moment values due to Ms and νR is the resonance 

frequency. Please note the linear relation between the resonance frequency and the applied magnetic field. 

In the current thesis project, it has been used an instrument operating with a value of B of 34GHz: this 

result in tuning microwave frequencies of isolated electrons (g≈2) in the range of 9.5/9.75 MHz.  

Systems operating in these conditions are said to work in the X-Band. EPR instrumentation operating with 

higher magnetic fields (and therefore higher frequencies) are available and commonly used in ESR. During 

the discussion of the results for instance there will mention the necessity to conduct further study in the 

Q-Band: this corresponds to work at B values of around 130MHz and higher tuning frequencies.  

 
K  Sometimes, in analogy to NMR, they are referred to as α-spin state, the one with a higher energy, and β-spin state, the 

one with a lower energy.   

Fig. 18 Transition between two spin states of a free 
electron (single ESR peak detection). 
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For technical reasons, the signal detection in most of ESR techniques follows a different route from the 

conventional spectroscopic techniques. After a first step of tuning, the sample placed in a cavity (suitably 

constructed to have an optimal impedance) experiences a constant microwave frequency while the 

magnetic field strength is modulated (varied) sinusoidally with a certain frequency called “modulation 

frequency”. If there is an EPR signal, the field modulation quickly sweeps through part of the signal and 

the microwaves reflected from the cavityL are amplitude modulated at the same frequency. This process 

is commonly referred to as “phase sensitive detection” and it normally results, as it would be notice in the 

presentation of the results, in signals with a typical derivative shape (Fig.19).  

ESR spectroscopy can be practically actuated both in Continuous Wave (CW) and pulsed modes: in the 

first case microwaves at low power are continuously sent to the sample while in the latter the sample are 

exposed to a series of short and intense microwave pulses. Then, a series of technical variants has been 

introduced to better explore different kind of samples and spin-state systems, including the well-known 

techniques Electron Nuclear Double Resonance (ENDOR) and Electron Spin Echo Envelope Modulation 

(ESEEM).129  

The potentialities of EPR techniques are numerous and the fields of application range from technological 

materials study and development to biochemistry and medicine. In the following scheme, some of the most 

important applications are reported (Fig. 20).128,130,131 Due to the versatility of EPR in fact, it is possible 

not only to study different systems obtaining valuable information about structure, typology and 

abundance of paramagnetic centres, but it is also possible to take advantage of techniques such as ENDOR, 

ESEEM and spin labels methods, to have precious information of their chemical microenvironment.128  

 

 
L The cavity in which the sample is placed is “critically coupled” with a microwave guide. When an absorption of energy 

from the sample occurs the standing wave frequency inside the cavity is not coupled anymore with the waveguide and a 

reflection occur. The readers can find further and more detailed information in Lund et al., 2011128 and in the common 

EPR instrument manuals.  

Fig. 19 Phase sensitive acquisition method of ESR signals 
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In the case of paramagnetic transition metal in solid complexes, like the ones involved in the current thesis 

project, ESR can be useful to elucidate the coordination environment and in particular the coordination 

site symmetries within the complexes. Basically, when a transition metal with an odd number of electrons 

is placed in a crystal field,  the spin levels may be split even in the absence of a magnetic field: this 

phenomenon is called “zero field splitting” (ZFS) or “fine structure”. For species with an odd number of 

unpaired electrons, therefore the spin degeneracy of every level remains doubly degenerate. This is known 

as Kramer’s degeneracy. When the metal instead posses an even number of unpaired electron, the 

degeneracy can be totally quenched by the crystal field. For an explicative example of this phenomenon, 

please see the box “Practical description of Fe3+ spin states system” reported at the end of this chapter.  

The very last point to mention in the description of the Landè factor g is not necessarily isotropic and 

needs to be treated as a tensor gM. The anisotropy of g is a source of important information to define the 

coordination site geometries of the paramagnetic centres.   

The ESR methodology used in the current thesis project has been a CW-EPR in X-band. In particular, the 

study has involved two blocks of measurements: a first block in which an overall monitoring of the iron 

complexes has been performed at RT and at 100K, and a second block in which instead selected iron 

complexes have been investigated more in depth with temperature gradient and time monitoring 

 
M A complete description of EPR spectroscopy and in particular of the g factor would require a quantum mechanical 

approach. For the aim of the current thesis project however it is sufficient to bear in mind that the electron spin 

Hamiltonian which can better fit the properties of unpaired electrons in such systems (solid samples containing 

paramagnetic centres) must consider g as anisotropic and therefore as a tensor described by a 3x3 matrix. For the curiosity 

of the reader, valid books for all the theoretical part of ESR,  including the quantum-mechanic picture, are J.W.Orton, 

1968 and the famous Abragaam and Bleaney, 1970.132,133 

Fig. 20 Some of the most important information that can be obtained using EPR and some of the possible fields of 
application of the mentioned above in the text.  
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experiments. The selection of the samples used in the second block of measurements has been carried out 

starting from a first general interpretation of the results obtained in the first block.  

 

Box 2 

Practical description of Fe3+ spin states system 

Electronic configuration of Fe3+ is 4s2 3d5 and the allocation of the 5 

electrons in the d-orbitals depends on the strength of the crystal field it 

experiences. For high crystal fields the final electronic configuration is 

t2g
5 eg

0 or in other terms 3𝑑𝑥𝑦 
2 3𝑑𝑥𝑧

2  3𝑑𝑦𝑧
1  3𝑑𝑧2

0  3𝑑𝑥2𝑦2
0  resulting in the so-

called low-spin state (LS) S=1•1/2=1/2. In low crystal filed the electronic 

configuration is the opposite: t2g
3 eg

2 (3𝑑𝑥𝑦 
𝟏 3𝑑𝑥𝑧

𝟏  3𝑑𝑦𝑧
𝟏  3𝑑𝑧2

𝟏  3𝑑𝑥2𝑦2
𝟏 ) 

resulting in the high-spin state (HS) S=5•1/2=5/2.  

Considering the orbitals in t2g and eg as no longer as degenerate, as occur 

in distorted coordination sites, another electronic state, called 

intermediate-spin state (InS), is allowed: 3𝑑𝑥𝑦 
2 3𝑑𝑥𝑧

𝟏  3𝑑𝑦𝑧
𝟏  3𝑑𝑧2

𝟏  3𝑑𝑥2𝑦2
0  

and the final S=3•1/2=3/2 (Fig.a). In the case of iron complexes the 

general electronic system results in a null orbital angular momentum (L=0). In terms of Ms, setting aside the 

spin-orbit coupling interaction which for the iron-group should be cosider a first order perturbation, this 

situation simply results in Ms=±1/2 for LS, Ms=±3/2 for InS and Ms=±5/2 for HS. In presence of ZFS 

interactions these three states are no-longer degenerate even in absence of the exteral field B resulting in 3 

Kramer’s pair. Without going through the quatum-mechanics description, it can be state that the Zeeman 

effect “acts” on systems in which the 5d orbitals have already lost their degeneracy: for transition metals the 

spin systems, and the resulting EPR spectrum, are always strongly dependent on their electronic 

configuarations and in particular on the crystal field splitting magnitude.  

Concluding, in ESR mainly two situations for Fe3+ can be observed: 

1) Low ZFS  or “high symmetrical systems” does not allow the formation of Kramer’s pair (spherical 

crystal field – see Box1, Iron complexes chemistry – A brief description). The five degenerate d-

orbitals are splitted via Zeeman effect and this result in the  EPR line at g≈2.  

2) High ZFS, indirectly related to high crystal field and therefore strong 

coordination interactions, allows the formation of 3 well separated 

Kramer’s pairs (Fig.b). What happen is that transitions in lowest and 

highest-energy Kramer’s pairs are strongly anisotropic and 

consequently their signals can be hardly visible.  

The consequence of this phenomenon is that the transitions in the 

central Kramer’s pair (Ms=±3/2) is the only isotropic one and can be 

visible at g values which depend on the distortion of the coordination 

site. This distortion magnitude is generally measured through the E/D 

ratio, also called “rombicity parameter”. The extreme limit of this 

effect is when E/D is amost 0.33 resulting in a g value of about 4.3 

(Fig.c).  

 

 

 

 

 

a

) 
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) 
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Results and discussions 

 

1) Oak galls extracts preparation and characterization  

As illustrated in the previous chapter, the first step of the methodological approach has been the preparation 

of gall extracts with a more systematic and simplified approach in respect to those actually mentioned in IGI 

preparation recipes, having as main variable to be evaluated just the typology of galls. The extraction procedure 

selected involved a simple solid-liquid extraction at room temperature (RT) using Milli-Q water as extraction 

solvent. The ratio between vegetal matrices and solvent has been set at 35mL of Milli-Q per gram of crushed 

galls. At the end of the extraction period, for each sample, the insoluble part has been separated from the clear 

extract solution via filtration and centrifugation. Finally, they have been freeze-dried as to obtain powders 

suitable for the characterization stepN. In the following table (Tab.1) the extended names and the abbreviations 

for the mentioned samples are reported.  

Tab. 1 Extended names and abbreviations of oak galls extracts samples used in the following chapters of the 

thesis.  

Sample number Extended name Freeze-dried extract 

sample abbreviation 

1 
Aleppo oak galls, Turkey (distributed by 

Kramer Pigmente) 
Ex1 

2 
Oak galls manually collected in 

Zavattarello (PV), Italy 
Ex2 

3 
Oak galls manually collected in Menconico 

(PV), Italy 
Ex3 

4 
Oak galls manually collected in Ticino 

Valley Natural Park (NO), Italy 

Ex4 

5 Ex5 

 

1.1) 31P NMR results 

The characterization via 31P NMR turned out to be more than important for the identification and the 

quantification of the different polyphenolic classes present in the gallnuts aqueous extracts. In Fig. 21 the 

spectrum related to the Extract 1 (Aleppo gallnuts extract) is reported.  

 
N The precise description of the oak galls samples and the aqueous extracts preparation steps is properly addressed in the 

“Experimental section” chapter. 
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As can be seen from the spectrum reported, hydroxyl groups can be divided (according to the chemical 

shifts of related labelling phosphorus) in at least three major regions: the aliphatic OH region (~149.0-

145.25ppm), the phenolic OH region (~144.0-137.0ppm) and the carboxylic OH region (135.5-

134.0ppm).24,35,36,47,56,57 These regions can be then further subdivided in smaller regions according to 

previous studies on model compounds.35,36,38 In this case the aliphatic OH region for instance include a 

spectral area in which the signals related to hydroxyl groups of carbohydrates usually can be found 

(~149.0-146.0ppm) and in another area, which in this case is poorly populated, related to aliphatic OH of 

proanthocyanidins and their derivates (145.25-146.0ppm).36 The second major group of OH signals, the 

one of phenolic OH, can be subdivided according to the substitution of the hydroxyl groups: in this 

specific case at least two clear sub-regions can be identified: the one related to ortho-substituted phenolic 

OH (~140.6-137.6ppm) and the one of ortho-disubstituted (~142.5-141.1ppm). Based on the comparison 

with literature spectra, other and more detailed assignments can be proposed. The region of ortho-

disubstituted OH can be for instance further divided in at least two region: the peaks with a higher 

chemical shifts, such as the peaks in the spectral range 142.2-141.8ppm, can be attributed to ortho-

disubstituted OH in gallate units positioned more internally in HT structures, while those that can be found 

at slight lower chemical shift can be instead attributed to more terminal units.36 The assignments of some 

peaks turned out to be not that simple: the peaks in the spectral range 140.5-139.5ppm for instance, 

according to scientific literature36,57 they can be still attributed to ortho-substituted phenolic OH but their 

precise assignment is not perfectly clear. Another critical point is concerning the peaks in the lower limit 

of the aliphatic OH region: according to literature the peaks in the range 146.0-145.5ppm, as previously 

mentioned, should be attributed to those aliphatic OH in proanthocyanidins and condensed tannins. In this 

case however it is also possible to merge these peaks with those related to carbohydrates.  

Carboxylic OH 

(acids) 

Phenolic OH 

o-substituted 

phenolic OH  

catechol  

o-disubstituted 

phenolic OH  Terminal 

gallate 

Internal 

gallate 

External OH 

in galloyl 

units 

Aliphatic OH 

Carbohydrates   

Condensed 

tannins C-ring  

IS 

Fig. 21 31P NMR spectra of Extract 1 after phosphitylation with Cl-TDMP. The position of the main peaks is reported in the 
upper part of the spectrum while in the bottom part the results of the integrations are reported below the green horizontal 
lines. IS= internal standard main peak.  
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In order to have a clearer picture of the real content of Ex1, the quantitative results should be consideredO. 

The following table (Tab.2) reports the results of the integration of the peaks and the final results in terms 

of concentration of specific OH classes. 

Tab. 2 Quantitative results of 31P NMR analysis of Ex1. O-substituted/disubstituted standing for ortho-

substituted/disubstituted. 

 
Aliphatic OH Phenolic OH 

Carboxylic 

OH 

 Carbohydrates 

(149-146ppm) 

C-ring in 

Proanthocyanidins 

(146-14.5ppm) 

Total 

o-substituted 

(140.6-

137.6ppm) 

o-disubstituted 

(142.5-141.1ppm) 
Total  

Area* 5.27 0.27 5.54 22.41 11.67 34.08 0.85 

mmol/g 1.57 0.08 1.65 6.66 3.47 10.13 0.25 

   *Area calculated by MestreNova software 

What can be observed is that the majority of hydroxyl 

groups are indeed related to phenolic OH. Their total 

concentration is about 10.13mmol/g which is not so far 

from the results obtained by Melone F. et al. in a 

previous work related to 31P NMR quantification of OH 

groups in samples of TA extracted from different 

sources (Fig. 22).35 Considering the results mentioned 

in that study and comparing them to the ones reported 

in Tab.3 a similar ratio between o-substituted and o-

disubstituted phenolic OH can be noticed with a slight 

higher ratio ortho-disubstituted/ortho-substituted 

phenolic OH in the samples analysed in the mentioned 

study (0.52 in the case of Ex1 while 0.59 in the Turkish 

galls TA) suggesting an average slightly lower dimension of the HT present in the analysed Ex1P. 

However, considering the different nature of the samples (in the case of the mentioned study the authors 

used commercial tannins while this study is focused on aqueous galls extracts), the obtained results can 

be defined as quite in accordance with the presence of an important amount of TA, which is an extremely 

important evidence for the aim of this study and will be further discussed in the following sections.  

Another element which could be tremendously important is the presence of a small amount of 

proanthocyanidins. When present, their concentration should be in the order of a tenth of millimole per 

gram of sample: in this case just the signals related to the aliphatic OH are visible while the possible 

presence of signals related to the phenolic OH of the A and B ring of these polyphenolic species are not 

clearly visible or distinguishable from the other signals. It would be useful therefore to implement further 

analyses to elucidate the structure of these proanthocyanindins.  

Obviously, the presence of un-esterified small polyphenolic units such as GA and EA cannot be excluded. 

The important evidence that however suggest a minor quantity of hydrolysed (un-esterified) polyphenols 

is the low concentration of carboxylic acid OH: in GA for instance the concentration of carboxylic 

hydroxyl groups should be not so different from the one of ortho-disubstituted phenolic OH. This is not 

the case in the spectrum acquired for Ex1 in which the intensity of ortho-disubstituted phenolic OH (in 

terms of area), just considering the peaks with a chemical shift close to the one of GA,36 is about 3.5 times 

the one of carboxylic OH. Finally, another important evidence suggesting the predominance of proper HT 

 
O The procedure for the quantification of hydroxyl group is properly described in the “Experimental section” chapter.  
P An higher orto-disubstituted/orto-substituted phenolic OH ratio in fact suggest lower concentration of ortho-substituted 

phenolic OH, the ones more generally prone to the formation of depside bonds due to steric constraints.  

Fig. 22 31P NMR spectrum of TA from Turkish gallnuts 
reported in the mentioned study of Melone F. et al. 
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is the presence of the intense peak related to catechol groups: this can be related to simple polyphenols 

carrying catechol moieties or, more probably, the presence of esterified units. If so, the depside bond 

should be more frequent in the ortho-substituted phenolic OH leaving free catechol moieties in the internal 

gallate units. To understand more clearly the ratios of all these considerations, a final scheme with some 

structures of TA and HT is reported in Fig.23. 

The most interesting results however emerged from the 31P NMR characterization of the Italian gallnuts 

extracts (Ex2-Ex5). In Fig.24 the spectrum related to the sample Ex2 is reported. As can be clearly noticed, 

the overall appearance of the spectrum is quite different from the previous one. Qualitatively, the major 

differences between the spectrum of Ex1 and the one of Ex2 are focused on the region of phenolic OH: 

the area of o-disubstituted OH in this case should be considered a bit wider due to the presence of weak 

signals in the spectral range 142.5-141.9ppm. According to literature data,36,42 these signals can be 

attributed to o-disubstituted OH in B rings of proanthocyanidins (highlighted in the spectrum with a 

yellow arrow). Actually, in some studies42 this region is extended in its upper limit until about 143.5ppmQ. 

In any case, the signals related to hydroxyl groups in B rings of proanthocyadins can be found in the 

whole spectral region 142.5-138.0ppm,35,36,47 but just the ones shielded at higher chemical shifts can be 

associated to these molecules while, as mentioned before, in the rest of the region, signals related to 

numerous other compounds can be present. 

 
Q In some cases the spectral range38,57 143.5-142.5ppm is attributed to syringil units in lignin while in some other cases,42,47 

as mentioned in the text, the peaks present in this spectral range are still attributed to B-ring of proanthocyanidins carrying 

galloyl moieties (gallo/epi-gallocatechin). 

Fig. 23 Example of two TA structure. In the structure A all the depside bonds are on o-substituted phenolic OH while 
in the structure B are all on o-disubstituted ones. The table reported below is roughly representing how the relative 
ratios between the specific phenolic OH change accordingly to the structure.  

= ortho-(mono)substituted phenolic OH 

= ortho-disubstituted phenolic OH 

A 

B 

 

  
A B 

orto-(mono)sub cat. 5 0 

non-cat 10 20 

tot 15 20 

orto-disub internal 5 0 

external 5 5 

tot 10 5 

orto-disub/orto-sub 

ratio 
 0.66 0.25 

depside bond on 

ortho-substituted OH 

 

depside bond on ortho-

disubstituted OH 

 

Catechol 

Internal gallate 

unit Terminal gallate 

unit 



31 

 

Another important element is the presence 

of some signals, still quite weak, in the 

region 138.0-137.0ppm (highlighted with a 

yellow arrow in the spectrum). These peaks 

can be instead attributed to ortho-

unsubstituted phenolic OH like the ones 

generally present in the ring A of 

proanthocyanidins.  

These features are more visible in the 31P 

NMR spectra acquired on Ex4 and Ex5, as 

can be seen from the enlargement of the 

polyphenolic OH region of the spectrum 

acquired on Ex4 reported in Fig.25 (all the 

complete 31P NMR spectra of the Extracts 

3 to 5 are reported in Appendix A in Fig. 1 

to 3).  

The interpretation of the 31P NMR of Italian 

oak galls extracts however, is in general 

more complicated than the previous case. It is interesting for instance to notice that, considering the ortho-

(mono)substituted phenolic OH, there is always an absolute predominance of signals attributable to 

catechol moieties. This aspect would be quite regular in case of high concentration of proanthocyanidins 

carrying a catecholate group in the B ring (profisetidins and procynidins)36,42. However, if this was the 

case, the signals related to the A ring should be significantly more intense. Another aspect to underline 

instead regards the ortho-disubstituted phenolic OH: the signals generally attributed to more external 

gallate units (around 141.4-141.2ppm) are significantly less intense in respect to all the other signals 

related to more internal ortho-disubstituted phenolic OH.  

Fig. 24 31P NMR spectra of Extract 2 after phosphitylation with Cl-TDMP.  
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Fig. 25 Enlargement of the phenolic OH region of the 31P NMR spectrum 
of Extract 4 after phosphitylation with Cl-TDMP 
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All these elements seem to suggest an overall situation which is more complicated than just a mixture of 

simple HT (such as GT) and CT. The presence of other polyphenolic species related to the bio-synthesis 

of tannins such as (hydro)cinnamic acids cannot be excluded as well as the one of more complicated 

tannin structures such as the ones of complex tannins and ET.  

Based on the spectral range for the specific hydroxyl group mentioned above, it has been possible to have 

a semi-quantitative overview of the OH content in the Italian gallnuts extracts, here reported synthetically 

in Tab. 4 and the plots in Fig. 26 (for the complete results of the quantitative analyses see Tab. 1-4 in 

Appendix A).  

  

Tab. 3 Summary of the quantitative results of the 31P NMR analyses of the Italian gallnuts extracts (Ex2-Ex4). 

 Ex2 Ex3 Ex4 Ex5 

 Concentration (mmol/g) 

Aliphatic OH 

Carbohydrates 

(149.5-146ppm) 
0.38 0.16 0.59 0.86 

C-ring proanthocyanidins 

(145.25-146ppm) 
0.08 0.03 0.10 0.14 

Phenolic OH 

ortho-

disubstituted  

Syringil like moieties   

(143.5-142.5ppm) 
/ / 0.33 0.43 

B-ring proanthocyanidins 

(142.5-141.9ppm) 
0.09 0.05 0.09 0.17 

Gallate units 

(142.0-141.1ppm) 
0.19 0.11 0.34 0.56 

ortho-

substituted 
(140.6-137.6ppm) 0.45 0.18 0.65 1.15 

Total phenolic  

(143.5-137.6ppm) 
1.05 0.45 1.67 2.56 

Carboxylic 

OH 

Carboxylic acids 

(136.0-133.0ppm) 
0.23 0.08 0.20 0.27 

 

The plots reported in Fig. 27 clearly highlights the fact that, considering that, normalizing the amount of 

hydroxyl groups in each category by the total hydroxyl content (sum of all the groups), a clear difference 

can be noticed between the Italian gallnuts extracts and the Aleppo one. Please note that, in absolute 

terms, the content of aliphatic OH in Ex1 is higher than the one in Ex2-5 and its carboxylic OH content 

is in accordance with the ones in Ex2-5 (about 0.25mmol/g). The observed difference is in fact induced 

Fig. 26 Quantitative results of 31P NMR characterization graphical description a) Plot of the Aliphatic, total phenolic and 
carboxylic hydroxyl groups content in all the analysed extracts. b) Plot the normalized (by the sum), aliphatic, total phenolic 
and carboxylic OH group concentrations in all the analysed extracts. 

a) b) 
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by the much higher amount of phenolic OHR. The differences among the group of Italian galls extracts 

can be highlighted instead considering the sub-classes of polyphenolic OH moieties: the subregion which 

is more relevant in this sense, is the one related to ortho-disubstituted (Fig. 27). As expected, the 

composition of Ex4 and Ex5 are more similar one another, while Ex2 and Ex3 seem to have a slightly 

lower content of total ortho-disubstituted phenolic OH in which the contribution of the peaks in the area 

related to B ring of proanthocyanidins is not negligible.  

 

Considering the content of proanthocyandins, it is interesting to notice that the concentration of aliphatic 

OH related to C-ring and the one of ortho-disubstituted phenolic OH related to B-ring seems to be coherent 

with the presence of a small amount of gallo/epigallocatechins, where the ratio between these 

concentrations should be theoretically around 1. One of the most problematic aspects is the fact that no 

clear and intense peaks which could be related to the A-ring ortho-unsubstituted hydroxyl groupsS.  

It should be remarked that the results of the quantitative 31P NMR characterization are strongly dependent 

on the overall quality of the spectra and also on the possibility to clearly define the integration areas 

boundaries. This task is quite problematic in those spectra characterized by a noisy background such as 

in the case of Ex2-Ex5.    

1.2) HSQC results  

The characterization via HSQC enabled to obtain useful qualitative detailed information about the extracts 

composition.  In Fig.28 the HSQC spectrum related to Ex1 (together with the assignments of the main 

cross-peaks) is reported. Cross-peaks have been assigned starting from scientific literature and reference 

spectra.38,42,56,134,135  

 
R This difference is totally in accordance with the differences in terms of extraction yields observed during the preparation 

of the extracts and mentioned in the “Experimental section” chapter.  
S For epigallo/gallocatechin for instance a ratio of about 2:1:1 for A-ring to B-ring to C-ring would be expected. For the 

curiosity of the reader, see reference 31P NMR spectra of proanthocyanidins and condensed tannins in the published works 

of Crestini et al. 2016, Melone et. al 2013 and Meng et al. 2019. 

Fig. 27 Plot of the  a) non-normalized and b)normalized (by the sum) content of each sub-class of phenolic 
OH in the Italian galls extracts. 

a) b) 
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The spectrum reported is not dissimilar from the ones reported in literature related to commercial tannic 

acids.24,56 In the region typically related to aliphatic JC-H couplings, the signals of carbohydrates have been 

split in the 13C coordinate as to define a sub-region related to esterified sugars24,56,134, and another one 

related to free sugars.134 The density of signals in the latter case does not allow a proper detailed 

assignments of all them in this sub-region. However, their intensity suggests a non-negligible 

concentration of free-sugars in the extract. In the same region however, signals of aliphatic JC-H related to 

the C-ring of proanthocyanidins seem to be present too. The presence of a small amount of 

Fig. 28 HSQC spectrum of Ex1. Assignments mainly based on Zhen et al. 2021. EA= ellagic acid; P=proanthocyanidins, 
PD=prodelphins 
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proanthocyanidins in the extract is confirmed by the C2’H2’ and C6’H6’ cross-peaks related to the B-ring 

(in particular of prodelphins – PD) and the C6H6 and C8H8 signals related to the A-ring, in the aromatic 

region.32,42,56 Weak signals related to C4H4 coupling in isolated proanthocyanidins (monomeric) seem to 

exclude the presence of high molecular weight CT.   

Considering more closely the aromatic region of the spectrum, a first point to observe is the presence of 

all the signals related to C2H2 and C6H6 couplings in both internal and terminal gallate units of GT,24,38,56 

coherently with the previous hypothesis of an important amount of TA. Another important element to 

underline is the presence of a series of JC-H coupling signals attributable to C5H5 and C5’H5’ of EA and 

their biosynthetic precursors such as flavogallonic acid and hellinoyl group.56 This evidence is particularly 

interesting considering that these types of tannins bear an important amount of catechol groups and very 

few pyrogallol moieties, providing therefore a new interpretation of the relatively high proportion of 

catechol groups in the ortho-(mono)substituted phenolic OH observed with 31P NMR analysis.  

It should be remarked that for some of the assignments proposed, especially the last ones regarding the 

ET characteristic moieties, further analyses should be implemented to prove their actual structure and 

possibly their concentration. In evaluating and interpreting the results in fact, it should always be 

considered the complexity of natural substances. The initial sources used for the preparation of the extracts 

were not commercial and purified tannins. For this reason, small quantities of substances related to the 

bio-synthesis of tannins, such as (hydro)cinnamic acids, cannot be excluded by default.136   

The quite important difference in composition between Ex1 and the other extracts already emerged from 

the 31P NMR characterization, turned out to be evident also via HSQC. Regarding the Italian galls extracts, 

several similarities among their spectra have been observed. In Fig. 29 the HSQC spectrum acquired on 

Ex4 is reported together with the assignments of the main signals as visual guide in the following 

discussion.32,42,56,135 

As can be clearly noticed, more signals related to proanthocyanidins have been observed in respect to the 

previous case, even if those referred to the aliphatic JC-H couplings in procyanidins (PC) and PD C-rings, 

could be overlap with esterified and unesterified sugars signals. Regarding the structures of the 

proanthocyandins present in Ex2-Ex5, both PC (bearing a catechol group in B-ring) and PD (bearing 

Fig. 29 HSQC spectrum of Ex4. Assignments of the main signals based on Zhen et al. 2021.   
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instead a pyrogallol group in B-ring) seem to be present. What is interesting to notice is that in all the 

spectra no evident signals related to C4-C8 bonds have been observed, suggesting also in this case low 

molecular weight and isolated proanthocyanidins. On the other hand, the C6H6 and C8H8 signals of 

phloroglucinol and/or resorcinol (A-ring) are not intense as expected (especially in comparison with the 

signals related to B and C rings)T.  

 

It can be hypothesised therefore the presence of complex tannins, such as 

Acutissimin A (Fig. 30), in which the C8 of the proanthocyanidins is 

engaged in the bonding with the sugar core of the tannin while C4 remains 

un-bonded. It is difficult to prove the occurrence of this kind of tannins 

without a preliminary separation: signals related to hexahydroxy diphenyl, 

or similar moieties, characteristics of this sort of complex tannins, can be 

found in the same spectral region of PD B-ring signals or C2H2 and C6H6 

signals of gallates. About this last point, it should be underlined that the 

signals of gallates units in HT are difficult to distinguish from the ones of 

isolated gallic acid or the gallate units in structures such as 

(epi)(gallo)catechingallate (D-ring).42,56 Their occurrence in the extracts in 

fact seems to be confirmed by the signals related to C2H2 (C-ring, 

aliphatic region). Regarding gallate units, very weak signals attributable 

to internal gallate units of HT (in the spectral range δ1~7.15-7.40ppm and 

δ2~113.6-116.0) have been observed, suggesting the predominance of low molecular weight HT or even 

isolated gallic acid. 

 

Regarding the structure of B-rings 

therefore, as already mentioned, the 

occurrence of both cross-peaks related to 

catechol (more intense and always visible) 

and pyrogallol moieties (less intense but 

still visible in all the spectra) suggest the co-

presence of PC and PD. In the spectra 

acquired on Ex4 and Ex5 it can be noticed 

the presence of a signal which is in 

intermediate position between the C2’H2’, 

C6’H6’ of PD and C2H2, C6H6 of gallate 

units (Fig. 31). The precise attribution of 

this signal has not been possible just starting 

with the available reference data, but it could 

be related to pyrogallol units in slightly 

different molecules. 

The most critical aspect in the reconstruction of the most probable structures of proanthocyanidins in 

these extracts is the nature of the A-ring: in the discussion regarding the 31P NMR results turned out that 

just few and low intense signals related to ortho-unsubstituted phenolic OH (characteristics of both 

phloroglucinol and resorcinol moieties of A-rings) can be observed. With HSQC it has been possible to 

see the presence of few and low-intensity signals related to phloroglucinol moietiesU. The final picture is 

 
T No signals related to the other main type of A-ring structure, resorcinol, have been observed. It should be remarked 

that signals intensities are both related to their abundance in the extracts as well as to the specific relaxation times.  
U Please note that the low intensity of the signals related to A-ring in 31P NMR spectra suggest the presence of resorcinol 

moieties while the HSQC results are more in accordance with the presence of pholoroglucinol groups.   

Fig. 30 Model structure of a 
complex tannin containing a 
procyanidin unit.  

Fig. 31 Enlargement of the aromatic region of the HSQC spectrum 
acquired on Ex5. 
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even more complicate considering that no signals related to C4H4 for C4 engaged in C4-C8 have been 

observed suggesting the presence of isolated proanthocyanidins or complex tannins. In the first case an 

higher intensity of the C6H6 and C8H8 signals in HSQC and of ortho-unsubstituted phenolic OH in 31P 

NMR would be expected. On the other hand, the hypothesis of the presence of complex tannins fits quite 

hardly with the so low intensity of signals related to the A-ring observed in the 31P NMR analyses of all 

the Italian galls extracts. However but it could work considering the predominant catechol signals in the 

ortho-(mono)substituted phenolic OH region of 31P NMR spectra and the other HSQC signals. About this 

last point, in the spectral area δ1~7.40-7.70ppm and δ2~109.5-111.0 in fact signals attributable to C2H2, 

C6H6, C2’H2’ and C6’H6’ in coupled gallic acid units, such as di- or tri-gallic acid, are visibleV. It should 

be remarked that this spectral area partially overlap with the ones in which signals related to C5H5 and 

C5’H5’ of ellagic acid could be found. In any case, it can be said that the presence of signals in this range 

of chemical shifts can be related to the presence of ET or their precursors bearing characteristic moieties 

derived from different types of oxidative couplings of gallic acid units (see the paragraph 1.1.1 in the 

Introduction chapter).137,138   

As previously mentioned, the complexity of the starting natural sources composition  does not allow to 

exclude the presence of compounds related to the bio-synthesis of tannins, but also the presence of small 

amounts of lignin and other polyphenolic substances.55,136,139,140 This complexity is reflected also in the 

signals in the aliphatic region of the spectra, which in some cases are difficult to precisely interpret. Please 

note for instance the signals highlighted in the spectral range δ1~3.00-3.10ppm and δ2~43.5-48.20ppm in 

the spectrum reported in Fig.31. According to some literature references, these cross-peaks could be 

associated with C3H3 occurring in flavonoids such as naringenin,141 or more in general with C in α in 

respect to a carbonyl group.  

1.3) Merging the data: the composition of oak galls aqueous extracts 

The data resulting from both the 31P NMR and HSQC analyses of galls aqueous extracts provided a clearer 

general picture of their chemical composition. In accordance with the preliminary observations coming 

from the preparation procedure, properly reported in the “Experimental section” chapter, an important 

difference between Ex1 and the Italian galls extracts (Ex2-5) emerged.  

Regarding the composition of Ex1, all the data suggest the presence of an important amount of TA and 

similar GT, un-esterified sugars, and a small amount of proanthocyanidins. The HSQC characterization 

enabled to define the proanthocyanidins in the extract mainly as isolated PD. According to the quantitative 
31P NMR results the concentration of these compounds in the extract should not exceed one tenth of 

millimoles per gram of freeze-dried extract. The HSQC results highlighted also the presence of a small 

amount of ellagic acid or more in general products of oxidative couplings of gallic acid units related to 

ellagitannins.  

The composition of Ex2-5 appears instead much more complicated to reconstruct. All the data are in 

accordance with a non-negligible amount of proanthocyanidins, in this case both PC and PD, un-esterified 

sugars and low-molecular weight GT or even isolated gallic acid units, this last option supported by the 

slightly higher proportion of carboxylic hydroxyl group emerging from the quantitative 31P NMR results. 

Moreover, both HSQC and 31P NMR seem to be in accordance with the presence of ET. A clear picture 

of the proanthocyaninds and ET structures is however difficult to provide due to uncertainties in the 

HSQC signals assignments.  

Once again it must be underlined that the sample analysed are not commercial products, and therefore 

purified, tannins. It is crucial to take into consideration that the composition of natural substances involves 

 
V For these small polyphenolic compounds, no reference HSQC data are present in scientific literature. These (maybe 

speculative) considerations have been therefore proposed starting from simulated spectra.  
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also the presence of other polyphenolic and non-polyphenolic substances such as precursor of tannins, 

lignin/lignin fractions, flavonoids, fatty acids and ceres (vegetal waxes in general), must not be excluded.  

 

2) Iron-polyphenolic complexes: preparation and characterization 

 

3.1) Preliminary observations in the preparation step 

As illustrated in the “Aim of the thesis and definition of the methodological approach” chapter, the 

preparation of iron-polyphenolic complexes involved the synthesis in pH-controlled regimes of iron 

complexes of simple polyphenols, in particular GA and EA, used as “model compounds” and the 

preparation of iron complexes using the oak galls aqueous extracts, in particular Ex1 and Ex4, as source 

of polyphenols. Just in the case of iron-gallic acid (Fe-GA) and iron-ellagic acid (Fe-EA) coordination 

compounds, starting from literature data, it has been possible to proceed in a “pseudo-stoichiometric” 

regime as to better characterize the resulting complexes. For iron-polyphenolic complexes prepared 

starting from oak galls extracts (Fe-Ex) this can obviously not be achieved and therefore an iron-excess 

condition should be assumed. Due to technical constraints but also to increase the number of complexes 

to obtain a clearer picture of the pH role in the final structure of the complexes, Fe-GA complexes at 

intermediate pH conditions have been prepared. As already mentioned, the preparation and isolation of 

these complexes required a proper optimization since no literature information is available regarding these 

practical aspectsW. For this reason, it is appropriate to report some of the most notable aspects concerning 

these steps.  

 

2.1.1) The relation between the iron complexes colour and their preparation pH conditions 

In accordance with the literature data used for the construction of the protocols, it has been observed 

a clear relation between the pH conditions at which the complexes have been prepared and their colour. 

Even if these differences in colour are visible also in the Fe-polyphenolic complexes precipitates, due 

to the dark colours of these precipitates, they appear more evident in the complexes remained in 

solution, especially in diluted systems, as can be seen in Fig.32. Even if for the complexes prepared 

using as source of polyphenols the oak aqueous extracts at pH 4 and pH 6 the differences in colours 

appear less evident (also due to the initial colour of the extracts), all the complexes prepared in strong 

acidic pH conditions (pH ≤ 4) turned out to be dark bluish, the ones prepared in slight acidic pH 

conditions (pH 6) purple, while the ones prepared at strong alkaline pH (pH 12)  dark reddish. 

The rough visual observation of their colours can itself provide initial evidence upon the structural 

differences induced by the pH conditions.  

 
W The protocols used for the preparation and isolation of the iron-polyphenolic complexes are properly described and 

discussed in the “Experimental section” chapter.  

Fig. 32 Diluted iron-polyphenolic complexes-containing solutions. a) Fe-GA b) Fe-Extract 

pH 4   pH 6   pH 12  pH 4   pH 6   pH 12  pH 4   pH 6   pH 12  

Ex1   Ex4   
b)  a)  
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The differences in the complexes colours results from the contribution of two structural aspects: a 

significant difference in the overall HOMO-LUMO gap (of the complexes and not of the single 

ligands) and the well-known phenomena of internal electron transitions occurring within the complex. 

For instance, in general it can be said that, for each ligand set, the higher the energy gap induced by 

the ligands field (or in other terms the higher the energy separation of d orbitals due to crystal field 

effect) the higher will be the energy required for the d-d electronic transitions. Qualitatively (and 

roughly), the higher the energy required for the electronic transition and the lower the absorbed 

radiation wavelength and consequently the higher the transmitted one. This very rough assumption fits 

quite well with the hypothesis of a higher binding capability of deprotonated polyphenols resulting in 

higher energy separations between eg and t2g d orbitals. However, considering the nature of the electron 

rich organic ligands involved (presence of ligands’ π, π* and n orbitals), metal-to-ligand and ligand-

to-metal electrons and charge transfer phenomena cannot be excluded. A detailed theoretical 

explanation is however outside the aim of the current thesis project and a proper study of the electronic 

transitions in iron-polyphenolic complexes would require a proper and detailed study.  

 

2.1.2) The relation between the Oxidation rough yields and complexes preparation pH conditions 

As will be properly described in the “Experimental section” chapter, the Fe(III)-polyphenolic solid 

precipitates isolated via centrifugation and drying, have been weighted and their mass has been used 

to calculate a rough but practical yield defined as “Reaction and Oxidation rough yield” (ROry)X. A 

separate set of Fe-GA complexes prepared in pseudo-stoichiometric regime and isolated in the most 

accurate way as possible, has confirmed the general trend of ROry across all the complexes prepared 

(Tab.4, Fig.33).  

Tab. 4 Preparation details of Fe-GA complexes in pH-controlled regime and ROry values 

 

 

 

 

 

 

 

 

 

 
X All the practical aspects about the definition of ROry are referred to the “Experimental section” chapter, paragraph.  

Pseudo stoichiometric Fe-GA pH 4 pH 6 pH 12 

GA 

(Sigma 

Aldrich™) 

Mass (mg) 53.30 53.53 58.43 

Pure (mmol) 0.342 0.308 0.337 

FeSO4•7H2O 

350g/L 
Volume (μL) 174.4 63.0 57.4 

Fe-GA solid 

precipitate 

Iron to ligand 

ratio* 
1:1 1:2.5 1:3 

Expected 

mass (mg) 
77.19 59.04 62.51 

Obtained 

mass (mg) 
72.24 45.18 14.27 

ROry (% 

mg/mg) 
93.6 76.5 22.8 
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As can be appreciated from the plot in Fig.33, ROry values decrease with the increasing of the 

preparation pH conditions. Considering the fact that ROry can be used as an indicator of the oxidation 

rate more than a proper reaction yield valueY, as expected their value turned out to be higher for 

complexes prepared in strong acidic conditions, and therefore having a 1:1 iron to ligand stoichiometric 

ratio, and significantly lower for those prepared in strong alkaline pH conditions, having a 1:3 iron to 

ligand ratio. In other words, being the oxidation the kinetically limiting stage of the insoluble Fe(III)-

polyphenolic complexes formationZ, ROry can be used to confirm the fact that the oxidation rate is 

depending on the structure of the Fe(II) complex itself. In accordance with literature data,70,87,142 the 

oxidation rate is lower when Fe(II) is strongly coordinated by two or three ligands while is significantly 

higher when it is coordinated by a single ligand. In fact, it has been possible to observe that precipitation 

in the pH 6 and pH 12 supernatant solutions was continuing to take place after the separation from the 

precipitated at the fifth dayAA. These elements, together with the evident colour differences mentioned 

in the previous paragraph, are therefore interesting indicators of the structural differences induced by 

the preparation pH conditions.  

 

3.2) CW-EPR results 

2.2.1) Iron-gallic acid coordination compounds 

Regarding the Fe-GA complexes, as properly described in the “Aim of the thesis and definition 

of the methodological approach” and “Experimental section” chapters, the EPR study started with 

a general monitoring of the prepared complexes both at RT and 100K. In Fig. 34 the spectra 

acquired at RT on the solid Fe-GA complexes prepared both in pseudo-stoichiometric and iron 

excess conditions are reported 

 
Y It is important to bear in mind that the formation of Fe(III)-polyphenolic complexes follows a double step mechanism 

(see paragraph 2.1 in the “Introduction” chapter) and therefore it is quite difficult to define a global yield for the whole 

mechanism. 
Z Being in a octahedral coordination geometry (d6 preferred geometry), the formation of the Fe(II)-polyphenolic complex 

due to substitution of the aqueous ligand is a very fast reaction and its kinetic is therefore difficult to study.87  
AA The separation after the fifth day from the preparation of the complex has been arbitrary set. All the details of the 

isolation procedure, including this aspect, are properly described in the “Experimental session” chapter.  

Fig. 33 ROry values trend according to the preparation pH-conditions 
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As can be easily observed, a clear relation between the pH and the geometries of the coordination sites 

is evident. In all these spectra at least two signals are present. The symmetrical gaussian signal at g≈2 

(around 3500G) is commonly referred to the HS Fe3+ in an octahedral or pseudo-octahedral site 

(“spherical”/quasi-symmetrical coordination environment)143–145 and it is therefore associated with 

weak coordination with the ligands (it can be referred to perfect octahedral sites just in the case of 

isolated and narrow signals – Fig.35a). The intensity of this signal (highlighted with a yellow arrow), 

is decreasing with the increasing of the pH conditions of the complexes preparation as to confirm the 

higher coordination strength of Fe-GA complexes prepared in alkaline conditions (proposed 

stoichiometry Fe(GAH3-)3).  As can be observed, there are some differences in the exact position (g-

shifts) and amplitude (line width) of the g≈2 signal. The small shifts of this signal are related to 

variation in the ZFS parameters and could be properly interpreted just using appropriate simulation 

tools enable to reconstruct the most precise spin Hamiltonian of these systems. The variation in the 

line width instead describes the different “heterogeneity degree” of the pseudo-spherical coordination 

sites. In other terms, in the same area of g≈2, weak Fe(III) coordinations produce a broad resonance 

peak, while octahedral and pseudo-octahedral coordination geometries (independently from their 

strength) produce a more defined and sharp signal.   

Concerning both g-shifts and linewidth no clear trends with the pH have been observed. Note that the 

g≈2 signals in the Fe-GA EPR spectra at pH 6 (both pseudo-stoichiometric and excess iron complexes) 

do not appear to be perfectly symmetrical (dotted grey arrow). This feature indicates the possible 

presence of iron oxide signals around 2000-2500G which disturb the readability of the signal. 

The second main signal is the generally narrow peak at g≈4.3 (around 1500G, highlighted with a green 

arrow). This signal is instead associated with InS Fe3+ in rhombic coordination sites, or, more in 

general, distorted octahedral sites,143–145 and related to the an E/D ratio close to 0.3 for the MS=|3/2> 

Kramer’s pair (Fig. 35c)BB.143,146 In this case the observed relation is the opposite of the previous one: 

the intensity of the signal is increasing with the increasing of the complexes preparation pH due to a 

 
BB See the Box “Practical description of Fe3+ spin states system” in the “Aim of the thesis and definition of the 

methodological approach” chapter. 

Fig. 34  EPR spectra of Fe-GA solid complexes in pseudo-stoichiometric and Fe-excess conditions. 

g≈6 

g≈4.3 

g≈2 
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higher coordination which results in distorted sites. However, in the Fe-GA prepared at pH 6, the g≈4.3 

signal is present together with a still quite intense one at g≈2, and a small shoulder at g≈6 is noticed 

too. Interestingly, this combination of signals is generally observed in tetrahedral coordination sites, 

which are typically observed in iron-containing glasses or in frozen solutions (Fig. 35b).145,147,148 

Further and more detailed studies are required to understand the reason of this unusual coordination 

site geometry of Fe(III).   

In general, considering these two signals therefore, for higher complexes preparation pH conditions, 

higher intensities of g≈4.3 and lower intensities of g≈2 are observed. As will be briefly mentioned in 

the “Experimental section” chapter (paragraph 4.1), due to practical issues during the stabilization of 

the alkaline conditions, complexes at intermediate pH conditions have been prepared. Despite the lack 

of control of the pseudo-stoichiometry (which in any case should be considered in iron excess 

conditions), EPR spectra have been acquired on these complexes (see Fig.1 Appendix B). As expected, 

these spectra suggest that the excess of iron is in pseudo-octahedral coordination environment. In 

Fig. 35 a) Octahedral coordination site of iron in Fe-GA complex (1:1 iron to ligand ratio) and in hydrated condition 
(hexa-aquo complex). b) Tetrahedral coordination site of Fe-GA complex (1:2 iron to ligand ratio). c)Rhombic 
distortion in Fe-GA complex. Proposal model for a 1:3 iron to ligand Fe-GA complex. In the reported models it has 
been assumed that just the catechol groups are involved in the formation of the complex. d) Octahedral 
coordination site with internal axial symmetry in Fe-GA complex (1:2 iron to ligand ratio). Please note that all the 
proposed models are just a visual guide for the discussion but are far from the reality. In the case of Fe-GA solid 
particles/crystals, the contribution of the carboxyl group in the formation of the final 3D structure cannot be 
neglected.  

Rhombic distortion 

Fe O C 
H 

Octahedral internal axial symmetry 

a) 

c) 

b) 

d) 
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future studies it would be interesting to study quantitatively the pseudo-octahedral to rhombic signals 

ratio as to determine after a suitable calibration the exact excess of iron for instance.143,147,148   

In addition to these signals, just in the Fe-GA solid complex prepared at pH 12 an additional signal at 

g≈6(around 750-1000G, highlighted with a blue arrow), which could be referred to internal symmetries 

of  octahedral coordination sites (Fig. 35d), can be observed.146 At first sight, these types of internal 

symmetries are more expected to be found in Fe-GA complexes having a 1:2 iron to ligand ratio. 

However, it is important to remind that other factors which have not been considered in this study, 

could contribute to this type of situation: the role of carboxylic acid groups, the possible presence of 

dimers or oligomers of GA formed at alkaline pH and/or other modifications of the ligands structure 

and, most importantly, the final 3D internal structure of the Fe-GA particles. For these reasons, further 

and more detailed study are necessary to elucidate the nature of the observed axial internal symmetry 

in iron octahedral coordination sites.   

Concerning the liquid samples analysed (supernatants resulting from the complexes isolation 

methodology), the first element to underline is that the signals observed are all referred to fine solid 

particle (probably in the order of hundreds of nanometres) containing HS and InS  Fe(III)CC(Fig.36).  

The extremely interesting fact emerged from the results of these samples is that the Fe(III) coordination 

environment is mainly tetrahedral independently from the pH conditions of the complexes preparation. 

This unusual situation seem to suggest that the formation of the larger Fe-GA solid particles involves 

an intermediate step in which the growing particles (difficult to separate and therefore still present in 

the supernatants) are characterized by Fe(III) in tetrahedral coordination sites. However, it is important 

to underline that the exact explanation of this evidence requires other and more detailed studies.   

One of the most evident features of the spectra reported in Fig.36 is the presence of a clear sextet 

centred at g≈2 with a separation of the peaks of about 90G (highlighted with a purple arrow) which is 

related to Mn(II) hyperfine splitting of the Ms=|1/2> interacting with the nuclear spin of the manganese 

nucleous.143 Manganese turned out to be present in traces in the iron(II) sulphate used for the 

preparation of the complexes (see Fig.2 Appendix B) and its presence has been easily revealed with 

 
CC Due to intrinsic constrains of CW-EPR, it is not possible to observe Fe(II) species, which generally are diamagnetic,  

and Fe(III) at the molecular level due to fast relaxation times.  

g≈2 

Fig. 36 EPR spectra of Fe-GA complexes in the liquid samples both in pseudo-stoichiometric and Fe-excess conditions.  
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EPR. What is interesting to notice is that the presence of Mn(II), which appears weakly coordinated 

with the ligands (the six peaks are quite sharp and well defined in all the spectra), has not been revealed 

in the solid Fe-GA samples. This fact suggests the presence of an initial step during the formation of 

the final iron-gallic complexes, in which Mn(II) is able to enter in the growing particles substituting 

iron in the complexes formation.  

Also in this case is evident the presence of different signals (dotted grey arrows) referred to iron oxides 

(FeIII
xOy) particlesDD. An important aspect to highlight in this sense is that, due to the super-

paramagnetic behaviour of micro and nanoparticles of iron oxides, their corresponding resonance 

signals can be found at different fields.149,150  

As will be further discussed, the position of these signals is strongly temperature and size dependent. 

The iron oxides signals having a broad shape and situated at high fields are commonly referred to iron 

oxides “bulk” (indicating an order of magnitude of hundreds of micrometres).  Finally, also in this case 

the spectra acquired on the Fe-GA complexes at intermediate pH and in iron excess conditions confirm 

the fact that the excess of iron is mainly in octahedral coordination sites.  

The EPR spectra acquired on both solid and liquid Fe-GA samples at 100K are reported in Fig.37.  

Comparing the spectra of Fe-GA solid samples acquired at RT and 100K (shown in Fig. 37a), it is 

interesting to notice that the Fe(III) signal at g≈2 is strongly reduced due to the frozen solvent effect 

which force the system to acquire a more distorted coordination geometry. For the same signal, coupled 

with the reduction of the intensity, an increasing of the line width has been noticed as expected. The 

line width of this signal is in fact strongly dependent on the temperature. Since g≈2 signal is related to 

 
DD Please notice that the formation of iron-oxides particles is favoured at alkaline pH conditions and therefore the 

contribution of these species should be particularly taken into account in the interpretation of EPR spectra of iron 

complexes prepared in alkaline conditions.  

Fig. 37 EPR spectra acquired at RT and 100K on pseudo-stoichiometric a) solid Fe-GA samples b) liquid Fe-GA samples 

a) b) 
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the weak Fe(III) spherical coordinations, decreasing the 

temperature is possible to record an higher heterogeneity 

in this type of coordination sites, which is resulting in a 

wider linewidth. In solid Fe-GA samples prepared in iron-

excess conditions, in which, as mentioned before, the 

excess of iron is mainly in octahedral coordination sites 

and the signal at g≈2 is therefore predominant, this 

phenomenon is even more evident. In Fig. 38 the 

temperature gradient experiment results referred to one of 

the Fe-GA solid complexes prepared in iron-excess 

conditions clearly demonstrates this behaviour: this 

phenomenon of line width opening has been used in the 

second block of measurements (see “Experimental 

section” chapter) in this case to check the symmetry of the 

signal in order to see if other contributions in the g≈2 area 

were presentEE.  

Concerning the spectra reported in Fig.37a, there is another 

interesting element to discuss. Regarding the comparison 

between the spectra acquired at RT and 100K on the Fe-

GA complexes prepared at pH 12, it is evident that the 

signal initially attributed to the axial distorted coordination site of Fe(III) at g≈6 underwent an 

important shift. This displacement has been properly addressed in the second block of measurements 

with a temperature gradient experiment, 

here reported in Fig. 39. A part from the 

already mentioned effect of the g≈2 line 

width increasing, what emerged is that the 

signal around g≈6 is actually composed of 

two contribution: one related to an axial 

internal symmetry in the octahedral 

coordination sites of Fe(III) complexes 

(red arrow) which remain fixed (but more 

shifted at g≈9) independently from the 

temperature, and the one related to FeIII
xOy 

that on the contrary is shifted at lower 

fields decreasing the temperature. The 

temperature influence in the FeIII
xOy 

resonance signal positions is therefore 

proved to be useful in those situations in 

which the possible presence of iron-oxides 

particles can disturb the readability of the spectra.  

Regarding instead the comparison between the spectra of Fe-GA liquid samples acquired at RT and 

100K (proposed in Fig. 37b) no dramatic changes are observed. The main differences are in the 

intensities of the signals related to Mn(II) which are strongly reduced. This reduction is due to the fact 

that at lower temperatures manganese is more strongly coordinated with the ligands: each line is 

 
EE Regarding the temperature effect on the signal at g≈2 in Fe-GA complexes prepared in iron-excess conditions at 

different pH see also Fig. 3 Appendix B. 

Fig. 39 EPR spectra of the temperature gradient 
experiment on the Fe-GA complex prepared with 
the intermediate pH 10.3 in iron-excess condition. 

Fig. 38 EPR spectra of the temperature gradient experiment on the 
Fe-GA complex prepared at pH 12 in pseudo-stoichiometric condition. 
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therefore further split by the zero-field interaction which affects the six hyperfine signals causing the 

apparent increasing of the line width and the consequent reduction of the signal.143  

Concluding the section related to the Fe-GA complexes characterization, it is important to mention the 

results of the time monitoring experiment performed on the Fe-GA complex prepared at pH6 in 

pseudo-stoichiometric conditions. The experiment highlighted that the same type of coordination sites 

of Fe(III) are observed in time and the major changes in the spectra are due to differences in the iron-

oxides contribution (see Fig. 4 Appendix B).  

The following table (Tab. 5) summarize the results of the CW-EPR characterization of Fe-GA 

complexes mentioned above.  

Tab. 5 Summary of the most notable results regarding CW-EPR characterization of Fe-GA complexes 

  pH 4 pH 6 pH 12 

Solid 
RT 

Predominantly 

pseudo-octahedral 

coordination sites 

Tetrahedral coordination 

site (contribution of pseudo-

octahedral and rhombic can 

not be excluded) 

Predominantly tetrahedral and 

rhombic coordination with 

internal axial symmetries 

Low T Predominantly tetrahedral coordination site 

Solid particles in 

the supernatants 

RT 
Predominantly tetrahedral coordination site 

Low T 

 

2.2.2) Ellagic acid coordination compounds 

As described in the “Aim of the thesis and definition of the methodological approach” and 

“Experimental section” chapters, for the preliminary testing of Fe-EA complexes, the various pH 

conditions applied for the other complexes were not considered. It is nevertheless, important to take 

into account that the pH of this compound is known to be acidic (pKa from 5.42 to 12.4)126. The main 

goal of this part of the study was therefore to notice eventual differences between Fe-EA complexes 

prepared starting from EA MeOH solution and EA dispersed in MeOH/H2O (1:1).  

As can be seen from the spectra reported in Fig. 40, no dramatic differences between the coordination 

site geometries of paramagnetic centres in Fe-EA complexes prepared in the two different conditions 

can be observed. This evidence seems to suggest a similar structure between the complexes formed in 

MeOH and the ones formed in MeOH/H2O dispersion and therefore still adsorbed on insoluble EA 

particles.  

All the features present in the reported spectra have been already described and discussed in the 

previous paragraph and therefore they will not be discussed again. Also regarding the differences in 

between the spectra acquired at RT and the ones at 100K, the typical trends discussed for Fe-GA are 

observed for Fe-EA complexes too.  As can be noticed from the spectra in Fig. 40 also in this case 

bulk FeIII
xOy signals are visible.   

What is interesting to notice instead is that, even if in the utilised condition for the Fe-EA preparation 

the complete protonation of EA can be assumedFF, the coordination environment of the HS (and InS) 

Fe(III) seems to be in all the cases tetrahedral as suggested from the signals at g≈2, g≈4.3 and g≈6 

(Fig. 41). Another interesting element to notice is that the typical Mn(II) signals are in this case 

 
FF Please note that, since pH can be defined just in aqueous solutions, it is not possible to clearly define a pH value of the 

methanol and methanol/water ellagic acid solutions and dispersions.  
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observed also in the EPR spectra acquired on the solid Fe-EA complexes (highlighted with purple 

arrows in Fig.40).  

Both these evidences support the fact that the final structures of Fe-EA complexes are different from 

those of Fe-GA complexes and seem to suggest that these structure are more prone to include Mn(II)GG. 

Also in this case however, further and more detailed studies are necessary to elucidate the actual 

structure of these complexes. 

2.2.3) Iron-polyphenolic complexes from oak galls aqueous extracts 

The preparation and the characterization steps for iron-polyphenolic complexes using as source of 

polyphenols the oak galls aqueous extracts (only Italian and Aleppo oak galls extracts have been used) 

followed basically the same procedure used for Fe-GA complexes, with the only difference that in this 

case all the complexes have been prepared with large iron excess.  

The CW-EPR study of these complexes as usual started with a monitoring stage with spectra 

acquisitions at RT and 100K both of the solids and the supernatants. In Fig. 41 the spectra acquired on 

the solid samples are presented.  

The first aspect to bear in mind in the examination of these spectra is that the situation represented is 

given by the sum of different complexes present in the sample and therefore just general comparisons 

and observations can be proposed. Starting with the spectra acquired at RT for instance, the 

comparison between Fe-Ex1 (meaning the complexes present in the sample obtained using the Extract 

1) and Fe-Ex2 (meaning the complexes present in the sample obtained using the Extract 2) highlights 

some interesting aspects. The complexes prepared at pH 4 and pH 6 for instance are characterised by 

strong signals at g≈2 and g≈4.3 with a weak shoulder at g≈6, suggesting in both cases a predominant 

tetrahedral structures of iron coordination sites. Just in the case of Fe-Ex1 prepared at pH4 it can be 

hypothesized the presence of proper pseudo-octahedral coordination sites due to the stronger intensity 

of the g≈2 signal. The narrowing line width of this signal in the Fe-Ex1 complex seems to suggest an 

higher coordination strength (and therefore less heterogeneity) and also the effective g for the g≈2 

signal is slightly different from Fe-Ex4. However, in this sense it is also important to bear in mind that 

these complexes have been prepared in strong iron excess conditions and therefore the unknown iron 

excess (whose amount can be different due to different polyphenolic composition of the extracts) can 

affect differently the g≈2 signal. What can be noticed in any case is that the increasing of the g≈2 line 

width due to temperature effect is not so dramatic (see also temperature gradient experiment result in 

Fig. 5 Appendix B) suggesting a good coordination strength between the ligands and the Fe(III) 

centres.  

 

 

 
GG As mentioned in the previous paragraph, Mn(II) can be considered an impurity introduced with the iron(II) salt.  

Fig. 40 Fe-EA models for 1:1 and 1:2 iron to ligand ratios with tetrahedral coordination site. Also in this case, it must be 
underlined that these models are just a visual guide for the discussion and they are far from the real structures of the 
complexes. 
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Apparently the most important differences can be noticed in the Fe-Ex complexes prepared in alkaline 

conditions. Unfortunately, however, the spectra acquired at RT on both Fe-Ex1 and Fe-Ex4 are 

dramatically disturbed by the presence of FeIII
xOy related signals.  

Regarding the spectra related to Fe-Ex4 it can be observed from the spectrum at RT a strong signal 

related to Fe(III) in pseudo-octahedral coordination sites and a quite weak signal related instead to 

distorted/rhombic coordination geometries of the paramagnetic centres. Moreover, the separation of 

the iron oxides contribution form the g≈6 signal induced by lower T, seems to highlight the presence 

of axial internal symmetry in the octahedral coordination sites due to the emerged g≈9 signal (see also 

temperature gradient experiment result for this sample in Fig.6 Appendix B).  

The situation in the case of Fe-Ex1 appears slightly more complicated. The iron-oxide signal in the 

Fe-Ex1 spectrum acquired at RT completely dominates upon the other signals keeping from properly 

see the intensity and the position of the signals at g≈2 and g≈4.3. The spectrum acquired at 100K 

enables to recognize the g≈4.3 signal but the signal at g≈2 and the intensities of these signals are still 

not recognizable. In this case the use of experiments in higher fields (Q-Band EPR) would be necessary 

to eliminate the  FeIII
xOy interferences.  

The EPR spectra acquired on the supernatants (Fig. 41, see also Fig.7 Appendix B) are not dissimilar 

from the ones related to Fe-GA complexes described above. The predominant geometry of the Fe(III) 

coordination sites in all the Fe-Ex samples is the tetrahedral even if contribution from rhombic 

coordinations cannot be excluded. The presence of Mn(II) hyperfine splitting lines have been 

observed: from clear sextet with narrow peaks when the affinity with the ligands is not so strong (Fe-

Ex at RT prepared at pH4) to unclear low signals when the affinity is higher (Fe-Ex at 100K prepared 

at pH12). Also in these spectra, signals related to bulk FeIII
xOy are present. The spectra shown in Fig.42 

seem also to suggest an higher affinity of Mn(II) in the complex prepared with the Ex1 in respect that 

the one related to Ex4, as to say that Fe(III) can be more easily substituted by Mn(II) in the complexes 

Fig. 41 EPR spectra of  the solid iron-polyphenolic complexes of Ex1 and Ex4 acquired at a) RT b)100K. For clarity in 
these and in  all the following spectra related to Fe-Ex complexes, spectra represented with  red lines  indicate 
complexes of Ex1 while blue lines are used for iron complexes of Ex4. 

 

a) b) 

g≈9 

g≈6 



49 

 

Fe-Ex1. Due to the poor statistic however, this is a highly speculative consideration and further study 

should prove these points.  

2.2.4) General considerations about CW-EPR characterization results 

At the end of the discussion of CW-EPR results, some elements should be remarked.  

- pH dependency on Fe(III) coordination sites  

A relation between the pH conditions of iron-polyphenolic complexes preparation and the geometry 

of the iron coordination site observed in the isolated solid complexes, especially in the case of 

Fe/GA coordination compounds.   

Slight shifts in the g values of the main signals turned out to be related to the pH conditions of the 

complexes preparation too, as well as to the nature of the ligands (especially for Fe-Ex). 

- Solid vs Liquid samples 

In all the studied liquid samples, the coordination environment of iron seems to predominantly 

tetrahedral (glassy phase) independently from the pH conditions of the complexes preparation.  

Mn(II) signals, deriving from manganese impurities in the iron sulphate salt, have been observed 

mainly in the liquid samples, a part from the Fe-EA complexes.  

- No signals related to radicals have been observed 

This last point is extremely important for future studies since it suggests that stable organic radicals 

(expected in this type of molecules rich in aromatic groups) are formed during the aging processes 

and are not immediately present within the ink. Moreover no signals of FeIV have been observed as 

well suggesting that Fenton type reaction did not occurred in the working conditions.  

- Model compounds vs Extracts iron polyphenolic complexes 

This is probably one of the most important result emerging from the EPR investigation. Iron-

polyphenolic complexes prepared starting from GA, displayed different coordination site 

geometries of HS and InS Fe(III) according to the pH conditions (Tab. 5) while for complexes 

Fig. 42 EPR spectra of the supernatant Fe-Ex 
complexes acquired at RT. The bottom panel is 
referred to complexes prepared at pH4, the middle 
one at pH6 and the upper one at pH12. 



50 

 

prepared starting from oak galls extracts, this turned out to be not the case. For Fe-Ex in fact the 

coordination sites structures are predominantly the tetrahedral ones with a contribution of distorted 

octahedral sites with an internal axial geometry in the case of the complexes prepared at strong 

alkaline pH conditions.  

It should be remarked that the proposed interpretation of the results of the CW-EPR investigation is 

so far, solemnly qualitative.  Further and more detailed calculations and simulations are necessary for 

the clarification of data and give answers to open questions merged during these preliminary studies. 

All of the additional investigation will be planned in/for future projects. The comparison between 

different EPR spectra has been carried out in a qualitative way too: the use of internal standards could 

be therefore useful in future studies to have a fixed reference in the EPR interpretationsHH. As 

mentioned during the description of the results, the presence of the iron-oxides particles signals can 

really hide or disturb the proper iron-complexes signals. For this reason, further studies should be 

carried out considering the possibility to explore Q-Band and W-Band frequencies, in which these 

signals can be really separated from the ones of major interest.  

3.3) Raman analyses results  

This part of the study involved the acquisition of a series of Raman spectra in order to probe the real 

potentialities of Raman spectroscopy in the characterization of iron-polyphenolic complexes. As properly 

illustrated in the “Experimental section” chapter, the spectra have been acquired just on solid samples.  

In Fig. 43 the spectra acquired on Fe-GA complexes prepared both in pseudo-stoichiometric and iron-

excess conditions are reportedII. The assignments of the main peaks is reported in Tab.6.5,89,151–154 

 
HH The use of an internal standard for the analysis of solid samples in capillaries is not easy to implement. Practical 

constrains should always be considered during the evaluations of possible improvements of the procedure.  
II The reported spectra have undergone a mild manipulation including manual correction of the baseline, smoothing and 

normalization.  
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Tab. 6 Main IGI related peaks assignment table (literature data). The peaks reported in bold are the ones generally 

considered characteristic of IGI and used for their identification on real manuscripts.  

Peak position 

(cm-1) 

Assignment  Reference 

~1560-80 νasCOO- coordinated or νC=C quadrant stretching  5,89 

1470-1480 νC=C of aromatic rings, βCH or νC=C of aromatic rings 

and βOH  

106,151 

1430-1450 νsCOO- coordinated or βC-OH and βCH or νC=C of 

aromatic rings and βOH 

5,89,106,151 

1350-1315 (doublet) νC=C aromatic rings, νCO or  

νCO(carboxylic), νsCOO- or ν(C-OH), βCH or βCH, 

βOH and νC=C aromatic ring 

5,89,106,151,152 

1230-1245 νC=C of aromatic rings, νCO ester, βCH 151,152 

1270-1280 β(oop)C=O 107 

1090-1120 νCO alcohols or β(oop)CO alchols 151,152 

  ν= stretching (asymmetrical and symmetrical), β= bending (β(oop)=bending out of plane) 

Fig. 43 Raman spectra of solid Fe-GA complexes prepared in a) pseudo-stoichiometric conditions b) iron-excess conditions. c) 
comparison between spectra acquired on Fe-GA pH 12 and Fe-GA pH 6 prepared in pseudo-stoichiometric conditions (PS) and 
iron excess (Fe.exc). The peaks highlighted in red in the panel a, are those considered characteristics in IGI identification.  

a) 

b) c) 
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It is quite evident from the spectra reported in Fig.43 that there are some differences among the spectra 

acquired on complexes prepared at different pH but with the same iron to ligand condition (iron-excess 

and pseudo-stoichiometric, Fig 43a-b) but also important differences can be noticed between those 

acquired on complexes prepared at the same pH but with different iron to ligand conditions (Fig. 43c). 

The comparison proposed in Fig. 43c is quite interesting in this sense: Raman spectra acquired on Fe-GA 

complexes prepared in iron-excess conditions seem to have a better resolution and in general a higher 

quality. The reason of this fact is however not well understood and therefore further discussions about the 

pH-related trend of the main peaks are barely speculative. Bearing in mind the considerations mentioned 

in the “Aim of the thesis and definition of the methodological approach” chapter about Raman intrinsic 

constrains in fact, it is evident that these differences could be associated to many different factors such as 

the difference in the scattering properties of the bulk material, different residual humidity, homogenization 

of the powders etc. The only thing that could be said is that, in any case, the main differences in terms of 

relative intensities of the peaks can be observed in the spectral range 1700-1410cm-1 and in particular the 

peak whose relative intensity varies the most is the 

one around 1470-1480cm-1 which is considered one 

of the characteristic peaks of IGI and is commonly 

associated with aromatic C=C stretching. However, 

in order to obtain meaningful (and statistically 

relevant) results about the variables influencing the 

intensity and the profile of the peaks in this spectral 

range, a massive amount of spectra are needed and 

a proper experimental design which takes into 

account all the possible variable should be 

constructed.  

The spectra acquired on Fe-EA complexes are not 

dissimilar from the ones already discussed, having 

all the main peaks already described in Tab.6 for 

Fe-GA complexes (Fig. 44). In this case however, 

the influence of external variables in the overall 

spectra quality, already underlined for Fe-GA, 

appears even more dramatic: small changes in the 

laser power have influenced significantly the 

overall quality of the spectra (see Fig. 1 Appendix 

C)JJ. The variation between the spectra acquired on 

different areas of the powder sample and the ones related to different laser powers again mostly influence 

the spectral range 1700-1410cm-1. These elements do not allow any further discussions about Fe-EA 

complexes themselves and eventual comparisons with the Fe-GA complexes to determine differences and 

similarities.  

Also regarding the Raman spectra acquired on the iron complexes prepared using the oak galls extracts, 

the main signals related to iron-polyphenolic complexes have been observed and no important differences 

have been highlighted (Fig. 45). As can be noticed from the spectra reported in Fig. 45, and as expected, 

these spectra appear noisier even after an important post-manipulation (manual baseline correction and 

smoothing). Also in the case of Fe-Ex the intrinsic Raman constraints in the in-depth characterization of 

these complexes already mentioned before, are evident and do not allow further relevant considerations 

(see also Fig.2 Appendix C). 

 
JJ This issue cannot be solved just using a fixed laser power for all the samples: the heterogeneity of the samples imposes 

to change the laser power for every sample in order to optimize the signal. 

Fig. 44 Raman spectra of Fe-EA complexes prepared using EA 
methanol solution (MeOH) and EA fine dispersion in 
methanol/water mixture (MeOH/H2O). 
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In all the Raman spectra here reported, other peaks have been observed. The most frequently observed 

are the ones in the spectral range 500-600cm-1, generally observed in IGI spectra and sometimes attributed 

to out of plane vibrations of C-O bonds,107 but still not properly identified (circled with dotted lines in the 

reported spectra). The signals around 2330cm-1 are difficult to interpret: their S/N ratio is in most of the 

cases borderline and it can be a classical example of an post-elaboration artifact. Checking the raw data 

(see Fig. 3 Appendix C) what can be said is that for some spectra (for example the ones related to Fe-GA 

complexes) those peaks can be defined as proper Raman signals but in some other spectra, such as for Fe-

Ex complexes spectra, this is no longer the case. In any case these signals can be considered not important 

for the aim of the current investigation.  

In all the reported spectra, the spectral region of major interest (1750-1000cm-1) is actually crowded by a 

series of secondary signals difficult to interpret, even consulting the literature data. Moreover, please 

notice that the common assignments available in the scientific literature are not always in accordance: this 

makes the interpretation of the spectra and the extraction of structural information even more difficult. 

To conclude this brief paragraph related to Raman spectroscopy results, the scheme in Fig. 46 summarizes 

the limitations and the prospective of Raman in the characterization of IGI emerged in this study.  

 

 

 

 

 

 

 

 

 

 

Fig. 45 Raman Spectra acquired on solid Fe-Ex complexes prepared started from a) Ex1 (Aleppo gallnuts extract) and b) Ex4 
(Italian gallnut extract). 

a) b) 

Fig. 46 Schematic summary of the advantages and disadvantages in the Raman 
characterization of IGI 

Quick control of the sample "quality". 

Easy identification of the main IGI 

related peaks. 

Strong spectra manipulations are required 

(operator biased). 

Massive number of spectra in a detailed 

experimental design for proper evaluation 

of the peaks evolutions and trends to 

overcome intrinsic Raman limitations. 

Systematic procedure for semi-quantitative 

comparisons difficult to implement. 

Difficulties in the assignments of the peaks 

due to incoherent literature. 

PROS 

CONS 
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Experimental section 

 

1) Preparation of galls aqueous extracts 

As previously mentioned in the chapter dedicated to the general description of the methodological approach, 

the procedure for the aqueous extracts preparation has been based on an historical IGI recipe, denominated as 

Montpellier.5,28 The original recipe, contained in the manuscript H490 of the Medical Faculty of Montpellier12, 

can be considered as one of the most classic recipe for medieval IGI preparationKK. The polyphenols-rich 

extracts used to be resulting from the maceration of crushed gallnuts in water (about 35mL of water for each 

gram of crushed galls) at RT for three days. After the maceration period the system used to be boiled up to 

reduction of the total volume to 1/4 and finally it was filtrated. However, considering the aim of the current 

study, it has been necessary to simplify and systematise the extraction procedure.  

Polyphenols-rich aqueous extracts have been prepared starting from five different typologies of oak galls 

kindly provided by Dr. Cappa. In order to optimize the extraction, for each gall sample an initial grinding 

processing has been operated roughly crushing the galls and then using a proper grinder machine. Just for the 

gall sample 1 (Aleppo oak galls) a ball-milling powdering step has been attempted. The loss of mass in each 

step has been recorded in order to optimize this preliminary step. Considering the material loss and the time 

constrains, the ball-milling powdering step has been considered not necessary and therefore it has not been 

performed for the samples 2 to 5.  A brief description of the galls samples and the data related to the mass loss 

during the grinding process is reported in Tab.7.    

 

Tab. 7 Galls samples synthetic description and loss of material during the grinding process. The initial mass value is refered to the 

one measured after the rough crushing operation. 

 Galls description  

Sample Provenance Botanical specie Initial mass (g) Mass after 

grinding (g) 

Material loss (%) 

1 

Aleppo, Turkey 

(distributed by Kramer 

Pigmente) 

Quercus Infectoria 17.23 
15.09 

14.39* 

12.42 

16.48* 

2 Zavattarello (PV), Italy Quercus Robus 17.33 14.95 13.73 

3 Menconico (PV), Italy Quercus Robus 16.70 14.94 10.54 

4 Ticino Valley Natural 

Park (NO), Italy 

Quercus Robus 21.70 18.55 14.52 

5 Quercus Robus 13.56 11.34 16.37 

 * mass measured after the ball-milling powdering step 

Milli-Q water has been added to around half of the grinded galls in the ratio 35mL for each gram of sample 

(the rest of the grinded sample has been stored as stock material). The so-prepared systems have been kept 

under moderate stirring at room temperature for three days. The best methodology for the separation of the 

insoluble part, necessary at the end of the extraction, after some tests turned out to be a preliminary gross 

Buckner filtration (white band filter paper) followed by a centrifugation cycle of 10mins at 9’000rpm. For 

sample number 1, due to the smaller dimension of the insoluble particles due to the ball-milling powdering 

step, two centrifugation cycles have been performed. The volumes of the resulting clear solutions have been 

significantly reduced with a rotavapor cycle and the extraction solvent has been finally completely removed 

through freeze-drying. The complete removal of water from the systems is a necessary step for the following 

 
KK Original recipe: “Para tinta. R. 1 libra de azeche et 1 libra et mediam gallarum et 1 libra gumi. Frange gallas et pone 

ad remoliendum in tres quartilos aque per 3 dies. Post coque et minuatur quasi 3 partes aque et si feruens cola eam. Ea 

sic colata micte intus 1 uncia gumi et uolue usque liqueffiat totum gumi. Postea in dicta aqua frigida micte 1 uncia 

predictam azeche et volve et sit sic per vnam diem. Post cola et micte in ampolla et caetera.” 
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extracts characterization via NMR techniques. In Fig. 47, a scheme for the extraction preparation is reported 

while in the following table (Tab.8) the data referred to the extraction procedure are summarized.  

2)  

          Tab. 8 Preparation of the oak galls water extracts 

Sample Mass of the 

extraction matrix  (g) 

Milli-Q water 

(mL) 

Freeze-dried extract 

mass (g) 

Extraction 

yield (%)* 

1 7.19 252 5.2336 72.7 

2 7.50 263 1.5745 20.9 

3 7.46 261 0.9540 12.7 

4 8.69 304 1.7575 20.3 

5 5.62 197 1.0268 18.3 

 * yield calculated considering just three significant figures of the freeze-dried extract mass  
 

2) Characterization of oak galls extracts via NMR techniques 

As illustrated in the previous chapters, two NMR techniques have been used for the characterization of the 

gallnuts extracts: HSQC and 31PNMR.  

Concerning the characterization via HSQC, a small amount of the freeze-dried extracts (about 80-100mg) has 

been dissolved in 600μL of deuterated dimethyl sulfoxide (DMSO-d6) in small vials. To facilitate the complete 

dissolution, magnetic stirring was used. Once completely dissolved, the solutions have been placed in NMR 

tubes and analysed with a suitable method.  

Samples pre-treatment of the for the 31P NMR analyses instead, includes different steps.  

Following the protocols optimized for the lignin study47,57, a little amount of the freeze-dried extracts (about 

30mg) has been placed in small vials and 100μL of the internal standard (cholesterol and chromium acetyl 

acetonateLL in pyridine and deuterated chloroform 1.6:1) have been then added. A pyridine/deuterated 

chloroform 1.6 : 1 mixture, acting as proper solvent, has been added to the vials. Magnetic stirring was used 

also in this case to facilitate the complete sample dissolution. Once obtained homogeneous solutions, 50 to 

150μL of the phosphorous reagent (2-chloro-4,4,5,5-tetramethyl-1,3-2-dioxaphospholane – TMDP) have been 

added according to the expected concentration of hydroxylated species in the sample. The addition of 3 drops 

of dimethylformamide (DMF) turned out to be necessary to completely dissolve and homogenize the 

samplesMM. The so-prepared solutions have been then placed in NMR tubes and analysed with a suitable 

method.  

All the data regarding the sample pre-treatment are summarized in Tab.9.  

 
LL Chromium (III) acetylacetonate is usually introduced into the solvent system as a relaxation agent to shorten the spin-

lattice relaxation time of the phosphorus nuclei. 
MM The addition of DMF to facilitate the solubilization is in accordance with the protocols used as reference.47,57 

Grinding 

Extraction 

Buckner Filtration 

Centrifugation 
Rotavapor cycle 

Freeze-drying  

Final Extract  
Oak galls 

sample  

Fig. 47 Oak galls water extract preparation procedure 
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Tab. 9 Sample pre-treatment for NMR analyses. IS mass is always refered to 100μL of solution. 

 HSQC analyses 31PNMR analyses 

Sample Sample mass 

(mg) 

DMSO(μL) Sample 

mass (mg) 

IS mass (mg) Pyridine/chloroform 

(μL) 

TMDP 

(μL) 

1 105.6 500 35.1 127.7 750 50 

2 83.1 500 29.9 125.8 750 100 

3 90.5 500 28.5 123.6 750 100 

4 90.2 500 31.7 127.5 500 100 

5 43.3# 500 31.5 127.4 500 150 

         # The smaller amount of sample in this case is due to difficulties in the freeze-drying of the extract.  

Both HSQC and 31P NMR analyses have been performed using a Bruker Magnet System spectrometer  

Ascend™ 400. The instrumental parameters used for the NMR experiments are listed in the table below (Tab. 

10).  

Tab. 10 Instrumental parameter for the 31P NMR and HSQC experiments  

Instrumental parameter 31P NMR HSQC 

Size of field 25860 2048 

Spectral width (f1) 
99.7776ppm  

200ppm 

Spectral width (f2) 9.9967ppm 

Number of scans 128 32 

Pulse 8μs 10 μs 

Transmitter frequency offset 140.000ppm 5.000ppm 

Frequency offset of 2nd nucleus 4.000ppm 100.000ppm 

 

3) Preparation of iron-polyphenolic complexes  

The preparation and the isolation of iron-polyphenolic complexes in pH-controlled conditions has required a 

special effort due to the very poor scientific literature about these protocols. The optimization of the procedure 

therefore turned out to be a time-consuming but fundamental step for the successive iron-polyphenolic 

complexes characterization 

 

3.1) Iron complexes with simple polyphenolic ligands: gallic acid and ellagic acid 

The preparation and isolation of iron complexes with simple polyphenolic ligands has been the first step 

addressed. The selected compounds used as ligands have been Gallic Acid(97.5-102.5% pure) and Ellagic 

acid (>95% pure), both purchased by Sigma Aldrich®. As previously mentioned, the formation of Fe(II)-

polyphenols coordination compounds is a strongly pH-dependent process (see paragraph 2.1 in the 

“Introduction” chapter). In both cases therefore, preliminary bibliographic research upon the 

protonation/deprotonation states was necessary to establish the pH conditions at which the ligands are 

completely protonated, partially deprotonated and almost completely deprotonated.73,74,79,126,127  

Comparing and critically reviewing the available data upon the topicNN, three pH conditions have been 

withheld suitable for the current study: pH 4 for the complete protonation states, pH6 for the partial 

protonation states and pH 12 for the strong deprotonation states of both EA and GA (Fig. 48). According 

to scientific literature, different iron to ligand ratios of the complexes prepared at these three pH conditions 

are expected. 70,78 These data have been used as starting point for the construction of the preparation 

procedure of the complexes in pH-controlled conditions. In particular, for the successive calculations it 

has been assumed that the 1:1 iron to ligand ratio is the predominant stoichiometry at pH 4, while 1:2.5 is 

 
NN The available data upon protonation equilibria of organic compounds are strongly dependent to the analytical 

methodology used for the determination of the molar ratio of the different species in solution. The results can be therefore 

significantly divergent, and some evaluations and assumptions should be done.  
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the iron to ligand ratio at pH 6 (virtual value used to take 

in consideration both the 1:2 and 1:3 stoichiometric 

ratios) and 1:3 the one at pH 12.  

For the preparation of the Fe-GA complexes at pH 4 and 

pH 6, an exact amount of GA has been initially dissolved 

in 10mL of CH3COOH/CH3COONa buffers prepared 

using concentrated acetic acid (96%, purchased by 

Sigma-Aldrich®) and sodium hydroxide pearls (>97%, 

purchased by Merk KGaA®). The complete dissolution 

of GA required the use of a quick sonication bath (about 

5-10mins). The final pH of the GA solutions has been 

checked using short pH range litmus paper (pH colour-

fixed indicator strips – Macherey-Nagel™). The 

preparation of Fe-GA complexes at pH 12 instead, 

required a special effort and a slightly different 

procedure due to the strong acidic pH of GA solution. 

An exact amount of GA has been directly dissolved in 

10mL of NaOH 1MOO. In this case the final pH has been 

checked with a proper pH-meter (Horiba LAQUAtwin) 

due to the un-readability of litmus papers caused by the 

darker colour of the resulting GA solutions. The pH has 

been adjusted until pH 12 with little additions of solid 

NaOH. 

However, due to the poor solubility of ellagic acid (0.82mg/mL), it has not been possible to prepare Fe-

EA complexes in pH-controlled conditions. For this reason, Fe-EA complexes have been prepared starting 

from EA methanol solutions (Methanol pure for analysis, purchased by Merk KGaA®) and EA fine 

dispersions in 1:1 MeOH/H2O solutions (a sonication bath of about 10mins has been performed in both 

cases, in order to check if significant structural changes in the complexes can be noticed and therefore to 

probe the possibility to simply work with EA MeOH/H2O dispersions in future studies.  

Starting from the hypothesized iron to ligand ratio, a freshly prepared 350g/L FeSO4•7H2O solution 

(Fe(II)-sulphate, purchased by Kremer Pigmente®, 85% pure,) has been added to the organic ligands 

solutions and dispersions using P100 and P1000 micropipettes (PipetmanNeo® - Gilson®) . To better 

interpret the data resulting from the successive EPR characterization, the Fe(II) solution was added as to 

obtain “pseudo stoichiometric” complexesPP.  Moreover, as mentioned previously, the role of the Fe 

excess in the successive EPR characterization has been addressed preparing complexes at pH 6 both in 

“pseudo stoichiometric” and in “iron excess” conditions (around twice the stoichiometric requested 

quantity). 

The addition of the Fe(II) solution immediately results in the formation of the dark iron complexes. Since 

no significant literature about the iron-polyphenolic complexes isolation is present, it has been established, 

 
OO The choice of the use of NaOH 1M solution was dictated by several technical difficulties in the preparation of a suitable 

buffer and in any case followed a series of tests including the pH adjustment with concentrated and diluted ammonia, 

diluted NaOH etc. Due to these difficulties, during the preparation procedure optimization, complexes at intermediate 

alkaline pH have been prepared (pH 7.5 and pH 10.3).  
PP A precise Fe(II) stoichiometric addition is difficult to calculate considering the assumptions already mentioned about 

the iron to ligand ratios. The term “pseudo-stoichiometric” should be therefore interpret as “as close as possible to the 

theoretical stoichiometric ratio”.  

Fig. 48 Molar fractions of different gallic (top) and ellagic 
(bottom) acid ionisation recently calculated with a 
spectrophotometric approach by Hostnik et al. 
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after a series of trials, but still arbitrary, an oxidizing and thickening period of 5 days. During this period, 

the closed 15mL Falcon tubes in which the complexes have been prepared have been stored in a dark 

place. After five days the solid Fe(III)-polyphenolic complexes have been separated from the solution by 

centrifugation. At least 3 centrifugation-washing cycles turned out to be necessary (centrifugation: 

14’500rpm, 15mins). This step of the isolation procedure turned out to be the most critical one: due to the 

small dimensions of the insoluble Fe(III)-polyphenolic complexes, high G values in the centrifugation are 

required. Generally, these conditions can be achieved with centrifuges working with low volumes. 

Therefore, it has been necessary to split the fine dispersion volume into multiple and suitable 

centrifugation tubes. This operation has inevitably affected the apparent reaction yieldQQ. 

 

The supernatants resulting from this process have been collected and stored in clean Falcon tubes in a 

dark environment, while the solid part instead has been dried in oven (24h, 50°C, 10% ventilation) and 

then weighted. This weight can be used to calculate “Reaction and Oxidation rough yields” (ROry) as:  
𝐹𝑒(𝐼𝐼𝐼)−𝑝𝑜𝑙𝑦𝑝ℎ 𝑜𝑏.  𝑚𝑎𝑠𝑠 

𝐹𝑒(𝐼𝐼𝐼)−𝑝𝑜𝑙𝑦𝑝ℎ 𝑒𝑥𝑝.  𝑚𝑎𝑠𝑠
∗ 100 ; where the numerator is the obtained mass of the iron-complex and the 

denominator is the expected mass calculated starting from the pseudo-stoichiometric assumptions and the 

added reagents quantities.  

Being the thickening and oxidation time set arbitrary, this value, which is obviously related to the proper 

reaction yield, is depending also on the oxidation rate. Considering the technical constraints related to the 

centrifugation process mentioned above, the reason of the use of the “rough” adjective appears more 

evident. In any case ROry is an important practical indication useful also for future studies.  

In the following tables (Tab.11-12) the data referred to the preparation of the complexes are reported.  

Tab. 11 Fe-GA preparation description. The calculations have been made as to obtain a final product 

of about 200mg. The reaction yield has been calculated for a second trail (as mentioned in the 

Results and Discussion chapter). 

Pseudo stoichiometric Fe-GA 
pH 4 

H4GA-Fe 

pH 6 

(H3GA-)2.5-Fe 

pH 12 

(HGA3-)3-Fe 

GA 

(Sigma Aldrich™) 

Mass (mg) 151.11 177.71 187.26 

Pure (mmol) 0.870 1.024 1.079 

FeSO4•7H2O 

350g/L  
Volume (mL) 0.38 0.18 0.16 

Fe excess Fe-GA / 
pH 6 

(H3GA-)2.5-Fe 
/ 

GA 

(Sigma Aldrich®) 

Mass (mg) / 163.30 / 

Pure (mmol) / 0.941 / 

FeSO4•7H2O 

350g/L  

Volume (mL) / 1 / 

Pure (mmol) / 1.958 / 

Excess*(%mmol) / 108* / 

* The iron excess has been calculated based on the stoichiometric assumptions explained above. Therefore, this 

value should be interpreted just as “around twice the theoretical stoichiometric quantity”.  

 

 
QQ Considering these practical constraints, it is now more evident the reason why it was not possible to work with EA 

water solutions.  
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Tab. 12 Fe-EA preparation description. The calculations have been made considering the 1:1 iron to 

ligand ratio as the predominant one in this case. 

Pseudo stoichiometric Fe-EA 
MeOH 

H4EA-Fe 

MeOH/H2O (1:1) 

H4EA-Fe 

EA 

(Sigma Aldrich®)? 

Mass (mg) 19.83 18.18 

Pure (mmol) 0.0630 0.0578 

FeSO4•7H2O 

350g/L 
Volume (μL) 32.2 29.6 

Fe(III)-EA complex 
Mass (mg) 4.91 / 

ROry(% mg/mg) 21.8% / 

* The ROry for the MeOH/H2O has not been reported due to the fact that is dramatically influenced by the weight 

of the insoluble unreacted EA. 

3.2) Iron complexes with oak galls aqueous extracts 

The optimized preparation and isolation procedure described above has been applied also for the 

preparation of iron complexes using some of the oak galls extracts. For this preliminary study, two of the 

prepared freeze-dried extracts have been selected which, accordingly to the characterization techniques 

performed, turned out to be significantly different: Extract 1 and Extract 4. 

An exact amount of the freeze-dried extracts has been dissolved in 10mL of buffer or strongly alkaline 

solutions as described for the preparation of Fe-GA complexes. However, even using the same 

assumptions in terms of relation between complexes stoichiometry and pH, in this case it has not been 

possible to prepare “pseudo stoichiometric” complexes due to the complexity of the extracts. To avoid 

any Fe(II) deficiency and ligand excess, the addition of Fe(II) has been calculated considering the weight 

of freeze-dried extract as pure GA and doubling the resulting Fe(II) “pseudo-stoichiometric” millimoles 

value. Due to the fact that these complexes are characterized by a strong initial iron excess, in this case it 

has not been possible to extrapolate ROry values.  

In the following table (Tab. 13), the data related to the preparation of Fe-Extracts complexes are reported. 

Tab. 13 Preparation procedure for Fe-Extract complexes  

 pH 4 pH 6 pH 12 

Ex 1 

Extract 1 

(Aleppo oak galls) 

Mass (mg) 105.2 98.43 99.83 

GA mmol 0.618 0.579 0.587 

FeSO4•7H2O 

350g/L 
Volume (μL) 800 300 254 

Fe-Extract 1 complex Mass (mg) 110.66 172.69* 10.04* 

Ex 4 

Extract 4 

(Ticino Park oak galls) 

Mass (mg) 79.87 78.54 72.99 

GA mmol 0.469 0.462 0.429 

FeSO4•7H2O 

350g/L 
Volume(μL) 608 240 186 

Fe-Extract 4 complex  Mass (mg) 88.58 169.57* 24.71 

   * These values are strongly influenced by the humidity content and by the isolation process.  
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To conclude the complexes preparation description, in Fig.49 a scheme of the preparation and isolation 

procedure for Fe-Extracts complexes is reported.   

 

 

 

 

 

 

 

 

 

 

 

4) Iron-polyphenolic complexes characterization Preparation of iron-polyphenolic complexes  

4.1) Raman spectroscopy as simple auxiliary technique 

As previously mentioned, Raman spectroscopy has been used as auxiliary technique in the 

characterization of the complexes. Raman spectra have been acquired on the dried solid samples using a 

ProRaman-L-Dual-G analyzer of Enwave Optronics® which is a fully integrated and portable Raman 

spectrometer. For the current study it has been used a 785nm laser (maximum laser power of   about 

350mW, with a narrow linewidth of 2.0cm-1) with variable laser powers ranging from 2 to 3mW. The 

Raman spectrometer is equipped with an integrated microscope operating with a 50x long working 

distance objective lens connected with a 1.3 Megapixel camera with in-line LED illumination. The 

number of scans, the laser power and the pulse time have been varied as to optimize the signal quality.  

Three to six spectra have been acquired for each solid sample. In the following scheme (Fig. 50) a 

summary of the measurements performed is reported. 

 

Fig. 50 Summary of the Raman spectra acquired. PS=pseudo stoichiometric preparation, Fe-exc= iron excess 

preparation. Some of the extra sample mentioned in the paragraph 4.1 note D have been analysed too(Fe-

GA complexes at pH 7.5 and 10.3). 

Oak galls 

extract  

Buffer 

solutions 

Sonication 

bath 

FeSO4•7H2O 

Fe-Extract 

complexes 

centrifugation 

Drying  
Insoluble solid 

part  

supernatants  

Fig. 49 General scheme for the Fe-Extracts complexes preparation and isolation 
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4.2) Characterization of iron-polyphenolic complexes via CW-EPR 

The CW-EPR characterization of the complexes represents the core of the second part of the 

experimental part of this study. The study has involved two main blocks of measurements. In the first 

block both the dried solid samples and the supernatants resulting from the centrifugation (called just 

“liquid” for brevity) have been analysed at RT and at 100K in order to have a first monitoring and a 

general overview. A first rough interpretation of the spectra resulting from this first block of 

measurements, has enabled the selection of a small set of samples upon which a second block of 

measurements have been performed. This second block of measurements involved the acquisition of 

spectra at 140, 160 and 180K as to create a temperature gradient. Just one liquid sample, and in particular 

the liquid sample Fe-GA prepared in pseudo-stoichiometric conditions at pH 6, instead has been selected 

to perform a time monitoring: the spectra have been acquired after 2, 8, and 10 days both on the same 

capillary and on new capillaries prepared using the same original liquid sample. In Fig. 51 a summary 

of the measurements performed is schematically reported.  

 

Both for liquid and solid samples did not undergo any pre-treatment. Concerning the solid samples, a 

minim amount of the powdery dried complex (in the order of few milligrams) have been placed in small 

capillaries (1.15±0.5mm diameter micro haematocrit tubes by BRAND™) properly sealed with 

Critoseal©. The exact amount of sample to be analysed has been varied as accordingly to the quality of 

Fig. 51 Summary of the EPR measurements performed. PS=pseudo stoichiometric preparation, Fe-exc= 
iron excess preparation. In the second block of measurements some of the extra sample mentioned in 
the paragraph 4.1 note D have been analysed (Fe-GA complexes at pH 7.5 and 10.3) 
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the resulting EPR spectrum. The capillaries have 

then been placed into clean the NMR quartz tubes 

(generally used also in EPR) to be analysed. The 

use of capillaries has been implied also for the 

analysis of the liquid samples (Fig. 52).  

 

All the spectra have been acquired with the Elexsys 

E 500 instrument by Bruker™. The instrument is 

designed for measurements in the X-band 

(frequency of the radiation of 9.75GHz). The 

sample is placed in a microwave cavity attached to a waveguide that has been eventually connected to a 

N2 tank equipped with a thermocouple to acquire the EPR spectra at low temperature (second block of 

measurement). The instrumental parameters adjustment for the tuning is automatically performed by the 

instrument. According to the quality of the resulting spectra, the number of scans and the acquisition time 

have been varied (respectively between 5 and 10scans and 60-120s) while the attenuation has been set at 

10dB for all the acquisitionsRR.  

 

5) Data elaboration 

The data resulting from the NMR analyses have been treated and elaborated using the MestReNova© software. 

Pre-treatments operations performed on the spectra included: automatic baseline and phase correction, 

reference position adjustment, apodization (Exponential mode) and in some cases also denoising and/or 

smoothing. Concerning the quantitative 31P NMR procedure, the final results presented have been extrapolated 

starting from the values of the areas in the selected regions of the spectra, directly calculated with the 

MestReNova© software, and comparing them with the area of the internal standard peak, whose concentration 

in the sample is known.  

All the other data instead have been instead treated and elaborated using Origin2021©. Pre-treatments 

operations performed on Raman spectra included: manual base-line correction, soft smoothing and 

normalization. EPR spectra did not undergone any treatments except from intensities normalization.  

6) Practical constraints and criticism in the operative workflow 

In order to better evaluate the results proposed in the previous chapter, it is important to bear in mind that, 

being a preliminary study and considering time and technical constraints, the methodological approach 

implemented in the current thesis project presents several criticism that should be improved in future studies.  

Some of the most critical aspects are listed below:  

▪ Lack of suitable statistics 

Unfortunately, due to time constraints, it has not been possible to work as to obtain statistically robust results 

in all the characterization analyses involved in the study. This would have required the acquisition and the 

processing of a huge amount of data. A suitable experimental design model could help in reducing 

significantly the number of analyses to perform, but also the generation of this type of models can result in a 

time-consuming operation.  

The lack of a suitable statistics legitimates doubts related to the reproducibility and repeatability of the results 

obtained. In future studies this aspect should be more properly and carefully addressed.  

▪ Practical difficulties in the isolation of iron-polyphenolic complexes 

As previously mentioned, the isolation of the solid Fe(III)-polyphenolic complexes turned out to be the most 

challenging practical aspect of the second part of the study. The isolation methodology still presents some 

 
RR These instrumental parameters have been set starting from previous studies performed by Dr. Cappa F.  

Fig. 52 Capillaries of Extract 1 and Extract 4 complexes 
prepared for the CW-EPR measurements. 
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criticisms. Concerning the centrifugation-washing cycles, the differences in the ROry resulted in significantly 

different washing volumes needed and consequently the final volume splitting required for the centrifugation. 

This part should be addressed in future studies more meticulously evaluating the impact of these operation 

on the global characterization process.  

Due to time constraints the drying process has not been carried out using the classical oven-and- weighing 

cycles until constant weight. This is another element strongly affecting the ROry and should be more properly 

addressed in future studies.  

▪ Stability of the formed iron-polyphenolic complexes 

The stability of the solid complexes against possible pH changes during the drying process should be better 

addressed in future studies and eventually a milder drying process should be considered. The stability in time 

of the liquid complexes should be better addressed as well, also in this case considering the impact on the 

final characterization process. 
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Conclusion 

Considering the results of the two sections of the experimental procedure involved in this thesis project, it is 

now necessary to underline some important aspects which seem to emerge merging all the data.  

1) New evidences emerged from the current thesis project 

1.1) Elucidation of oak galls composition  

The current thesis project has demonstrated, using a different and innovative approach, that the general 

chemical composition of oak galls extracts is significantly different from the one reported in most of the 

main recent papers about IGI chemistry elucidation. Consequentially the studies conducted using GA as 

reference polyphenolic compound for iron complexes preparation should be revisited and rediscussed. 

  

In particular, the characterization of galls extracts via HSQC and 31P NMR, first of all suggested an 

important qualitative difference in the composition of the extract prepared starting form Aleppo oak galls 

and the other extracts prepared using Italian oak galls. Aleppo gallnuts aqueous extract seems to be very 

rich in HT, as expected, but with an important amount of TA. This last aspect is particularly important to 

underline considering that most of the studies about IGI are performed considering just GA and low 

molecular weight GT as main components of the extracts.5,28,89 Recent studies about IGI for instance 

suggest the predominance of tannins such as tetra- and penta- galloyl glucose.28 The difference in between 

the results obtained in these studies and the ones proposed here, can be related to two types of reasoning. 

The first hypothesis could be that, for some reason, not easy to define due to the large amount of un-

controlled variables involved, the tannins present in the extracts analysed in those studies undergone an 

important hydrolysis. This option is hard to believe since generally this type of GT experiences a very 

mild hydrolysis in neutral and acidic environments, however, it cannot be excluded that the evidence the 

authors support is derived from a temperature-driven hydrolysis or thermal degradation. However, it is 

much more probable that the reason why no tannic acid has been revealed is simply because it could not 

be detected with the analytical techniques the authors decided to use (for instance ESI-MS).28 In the results 

illustrated in the previous chapter, the occurrence of internal and terminal gallate units is evident in both 
31P NMR and HSQC but, in any case is strongly suggested in future studies to use a further techniques to 

confirm this evidence. The most suitable analytical method to do so would be MALDI-TOF and 

eventually also a chromatographic technique. In any case, it would be important to use an analytical 

technique which is actually able to detect large molecules without fragmenting them (very soft ionization 

techniques in the case of mass spectrometry).  The characterization of the Italian oak galls samples instead 

seems to suggest an important presence of a small amount of proanthocyanidins and a not well-defined 

content of ET. It has not been possible just using NMR techniques to quantify their content and to 

elucidate their structure.  

1.2) New insight upon iron-polyphenolic complexes in IGI 

The characterization of EPR highlighted then at least two important aspects. First of all, no stable organic 

radicals have been detected, which in other terms means that the formation of radicals due to reduction of 

Fe3+ and the formation of ROSs species is not immediate.  However the main and unexpected results in 

this investigation is that complexes in IGI seem to have a different structure from the one proposed by 

Ponce et al.89 or Feller-Cheetham90 exactly due to the fact that polyphenols present in gallnuts extracts 

commonly used for IGI preparation are not so rich in free gallic acid bearing free carboxylic group able 

to cooperate in the formation of the solid structures proposed in those studies. In fact apart from the 

excess of iron, which is in an octahedral coordination site geometry as expected, complexes resulting 

from interaction between GT and iron seem to be in a tetrahedral coordination site geometry.  
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In particular, it has been demonstrated that in Fe-GA complexes, not only colour can change accordingly 

with the pH conditions used in their preparation, but also the coordination sites geometry which is clearly 

predominantly octahedral in the case of the complexes prepared in strong acidic pH, mainly tetrahedral 

in slightly acidic and alkaline pH where, in this latter case, also distorted octahedral sites with an internal 

axial symmetry is observed too. But the very important point is that these differences have not been 

observed for complexes prepared starting with oak galls extracts, in which iron seems to exhibit a 

tetrahedral coordination site independently from the pH conditions in which the complexes have been 

prepared. So, this point is interesting because should be merged with what previously said about the 

composition of oak galls extracts, meaning the predominance of medium-to-high molecular weight 

tannins with very few free carboxylic groups.  

 

It is important to underline that, even if the methodological procedure presented some criticism, this innovative 

approach enabled to obtain new evidences regarding the IGI chemistry which have never clearly highlighted 

and stated before (Fig. 53).  

2) Methodological approach potentialities 

What about the methodological approach itself? Being a preliminary study, the current project was focused on 

probing the potentialities of the approach more than having the best possible results. Nevertheless, this thesis 

project demonstrates that a more accurate approach, in which a stricter control of the variables involved in the 

processes studied, can actually brough to the light new evidences which can be important for future studies 

regarding IGI. The in-depth characterization of oak gallnuts extracts has been fundamental in this project. In 

many parts of the thesis, including the very previous paragraph, the suggestion of coupling these methods with 

a mass spectrometry technique is reported. However, it has been also reported that the choice of the ionization 

method should be done very accurately, preferring those soft methods which enable to detect also high 

molecular weight ions, as MALDI-TOF (see paragraph 1.1.3 in the introduction chapter). What can be said 

instead about the second part of the study, the one focused on the preparation and characterization of iron-

polyphenolic complexes? In the previous chapter several aspects have been already mentioned, especially 

regarding the preparation of complexes, and therefore will not be reported here again. Considering more in 

general the approach used, EPR turned out to be an interesting and innovative investigation tool not only to 

identify the presence of organic radicals but also to have more detailed information about the structure of the 

Previous knowledge 

Extracts 

Mainly composed of simple 

polyphenolic compounds (and in 

particular GA) and low 

molecular weight GT 

 

Extracts 

Composed of an important 

amount of high molecular 

weight GT (such as TA) with 

traces of proanthocyandins, and 

ET 

Iron-polyphenolic complexes 

Both catechol/pyrogallol and 

carboxylic group cooperate in 

the formation of the complexes. 

Octahedral geometry of the 

coordination sites (MO6)  

Iron-polyphenolic complexes 

Mainly catechol groups are 

involved in the formation of the 

complexes.  Predominantly 

tetrahedral geometry of the 

coordination sites  

31 P NMR and 

HSQC 

CW-EPR 

Raman and  

Mossbauer 

considering  

Fe-GA 

HPLC-ESI-MS 

and HPLC-ESI-

DAD 

New evidences 

Fig. 53 Summary of the most important results emerged from the current thesis project on the IGI chemistry. 
The box “previous knowledge” is mainly referred to three of the most recent and mentioned study upon IGI 

chemistry: Ponce et al. 2016, Diaz et al. 2018 and Teixeira et al. 2021.   
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iron complexes. What can be done in future studies to improve this part of the procedure, is to use EPR not 

only qualitatively but also (semi)quantitatively, using suitable standards, as, for instance, to determine the 

ratios between octahedral and tetrahedral or octahedral and distorted coordination sites geometries. Moreover, 

the use of proper simulation programs and computational methods (for instance the popular DFT-based ones) 

can be useful to extract even more information, especially if an ageing of the sample would be involved in 

such studies. Experiments performed using other EPR methods such as impulse methods and higher 

frequencies (for instance ENDOR, Q-band or multi-frequency settings) should be included too as to better 

study the spin state systems in the iron-polyphenolic complexes and to avoid iron oxides particles interferences.  

The use of Raman spectroscopy, as mentioned in the “Results and discussion” chapter, turned out to be a valid 

tool just as “control technique” to detect quickly problems in the preparation of the samples (presence of un-

desired substances, degradation of the complexes etc). Scientists interested in continuing study these types of 

inks should evaluate then if it would be appropriate to spend some effort in try to correlate data from EPR (or 

other analytical techniques able to provide detailed structural information) with the ones of Raman 

spectroscopy. This would require for sure a massive amount of spectra to acquire and the construction of a 

suitable model (statistically robust). Eventually the use of Raman-derived spectroscopic techniques, generally 

based on the formation of localized plasmons of resonances, such as Tip Enhanced Raman scattering, can be 

considered in such evaluations.107  

To conclude, the following scheme briefly summarize the improvements of the methodological approach 

suggested above (Fig. 54).  

 

3) Future perspectives 

Regarding the oak galls extracts in-depth characterization, there are at least two groups of elements, that 

are in somehow related one another, which should push scientists involved in this field to going further. 

The first is related to the in depth understanding of degradation mechanisms related to IGI, especially those 

involving the formation of organic radicals within the ink itself. In other words, it would be important to 

see how the oxidative stress experienced by manuscripts along decades or centuries resulted in different 

degradation patterns according to tannins with different molecular weights (and therefore capabilities in 

stabilize organic radicals). The second group of reasons regards instead the resulting iron-polyphenolic 

complexes. If tannic acid and other GT are predominant in oak galls extracts and very few carboxylic groups 

are available to cooperate in the formation of the complexes, how do these complexes are structured though? 

Are the internal gallates bearing free catechol groups capable of interact with iron or are they excluded 

from the formation of coordinative bonding due to steric constraints? Is the 3D structure of the final solid 

Fig. 54 Methodological approach suggestions for improvements (green boxes). 

 

Simple polyphenols used 

as “model compounds” 

Preparation of oak galls 

freeze-dried aqueous 

extracts 

Characterization via 31P NMR 

and HSQC 

Characterization via suitable 

MS method (MALDI-TOF) 

Preparation of iron-polyphenolic 

complexes  

Qualitatively eventually 

with simulations 

Quantitatively  

Characterization via 

CW-EPR 

Characterization via 

Raman spectroscopy 



67 

 

particles still similar to the ones proposed in the famous studies mentioned in the first chapter89–91 or the 

hypothetical models should be revisited completely? How much the final properties (in terms of photo-

stability, electrochemical potential properties etc) of iron complexes of tannic acid and other high molecular 

weight tannins diverge from those observed and studied for iron-gallic acid coordination compounds? 

The presence of both proanthocyadinins and ET in Italian oak galls then, opens a series of new questions 

about iron-polyphenolic complexes in IGI. Are the final properties of iron complexes resulting from the 

interaction of iron with this type of polyphenols still similar to those studied for iron-gallic acid and iron-

gallotannins complexes? And if not, in which extent they diverge? Are the capabilities in stabilize organic 

radicals of ET and proanthocyadinis similar to those of GT. Is it possible to see significant differences in 

degradation patterns of inks containing also these polyphenols to those mainly containing GT? If yes, do 

they undergo a faster degradation or a slower one? And also, about the iron-polyphenolic complexes, in 

case of this type of ligands how exactly are they structured? How the 3D structure in solid particles is 

formed? The reader might not have missed that, since these polyphenols have not been here quantified the 

first point to reply to these questions is their precise quantification, as to reformulate the questions 

considering their actual content in the oak galls extract. For instance, is indeed the content of 

proanthocyanidins and ellagitannins enough to eventually induce significant differences in degradation 

patterns of inks?  

Concerning instead the structural elucidation of iron-polyphenolic complexes in IGI, it is evident the reason 

why the coordination site geometry of iron in complexes with tannins (and not simple low molecular weight 

polyphenols) is not so sensitive to pH: the carboxylic groups are mainly engaged in depside bonds and 

therefore not available while presumably the acidic constants of phenolic hydroxyl groups are more 

dispersed, which make the construction of molar fraction curves of protonation states of GT difficult to 

construct. This evidence obviously should encourages all the experts in this field to continue study the 

actual structure of complexes in IGI. For instance, which are the most frequently occurring structures of 

iron-polyphenolic complexes in IGI? Is their stability in terms of formation/instability constants similar to 

those of iron-gallic acid complexes?  

Lastly, preparation of oak-galls extracts starting with different vegetal matrices weight to water volume 

ratios, different extract solvents (wine, vinegar etc), considering the presence of additives or other vegetal 

matrices could be important trials to understand the actual variability of polyphenolic substances present in 

these kinds of extracts (and therefore the variability of iron-polyphenolic complexes), while a proper and 

detailed study, performed also but not only with EPR and in any case involving a proper controlled 

accelerated ageing step, could give more detailed information the stability and the degradation patterns of 

this series of iron complexes.   

 

Concluding, this thesis project has been important both to obtain new evidences and information about the 

structure of iron-polyphenolic complexes in IGI as well as to define an innovative methodological approach, 

to be improved in further studies, for their in-depth characterization. Considering this thesis project as a 

preliminary study, it can be stated that the results obtained are satisfactory enough to encourage scientists 

involved in this field to going further in the study of this attractive and fascinating field of study.    
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Appendix A 

Oak galls extract characterization results 

Fig.1 31P NMR spectrum of Ex3  

 

Fig. 2 31P NMR spectrum of Ex4 

 

 

 



79 

 

Fig. 3 31P NMR spectrum of Ex5 

 

Tab.1 Quantitative 31P NMR results of Ex2 

 Area 

MestreNova 

Concentration 

(mmol/g) 

Aliphatic OH 

Carbohydrates 

(149.5-146ppm) 
1.10 0.38 

C-ring proanthocyanidins 

(145.25-146ppm) 
0.22 0.08 

Total aliphatic  

(149.5-145.15ppm) 
1.32 0.45 

Phenolic OH 

ortho-

disubstituted  

Syringil like moieties   

(143.5-142.5ppm) 
/ / 

B-ring 

proanthocyanidins 

(142.5-141.9ppm) 

0.25 0.09 

Gallate units 

(142.0-141.1ppm) 
0.55 0.19 

ortho-

substituted 
(140.6-137.6ppm) 1.31 0.45 

Total phenolic  

(143.5-137.6ppm) 
3.05 1.05 

Carboxylic 

OH 

Carboxylic acids 

(136.0-133.0ppm) 
0.68 0.23 

 

Tab.2 Quantitative 31P NMR results of Ex3 

 
Area 

MestreNova 

Concentration 

(mmol/g) 

Aliphatic OH 

Carbohydrates 

(149.5-146ppm) 
0.46 0.16 

C-ring proanthocyanidins 

(145.25-146ppm) 
0.09 0.03 

Total aliphatic  

(149.5-145.15ppm) 
0.55 0.19 

Phenolic OH 
ortho-

disubstituted  

Syringil like moieties   

(143.5-142.5ppm) 
/ / 

B-ring 

proanthocyanidins 

(142.5-141.9ppm) 

0.15 0.05 
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Gallate units 

(142.0-141.1ppm) 
0.30 0.11 

ortho-

substituted 
(140.6-137.6ppm) 0.51 0.18 

Total phenolic  

(143.5-137.6ppm) 
1.28 0.45 

Carboxylic 

OH 

Carboxylic acids 

(136.0-133.0ppm) 
0.68 0.08 

 

Tab.3 Quantitative 31P NMR results of Ex4 

 
Area 

MestreNova 

Concentration 

(mmol/g) 

Aliphatic OH 

Carbohydrates 

(149.5-146ppm) 
1.78 0.59 

C-ring proanthocyanidins 

(145.25-146ppm) 
0.29 0.10 

Total aliphatic  

(149.5-145.15ppm) 
2.07 0.68 

Phenolic OH 

ortho-

disubstituted  

Syringil like moieties   

(143.5-142.5ppm) 
1.01 0.33 

B-ring 

proanthocyanidins 

(142.5-141.9ppm) 

0.27 0.09 

Gallate units 

(142.0-141.1ppm) 
1.03 0.34 

ortho-

substituted 
(140.6-137.6ppm) 1.99 0.65 

Total phenolic  

(143.5-137.6ppm) 
5.08 1.67 

Carboxylic 

OH 

Carboxylic acids 

(136.0-133.0ppm) 
0.60 0.20 

 

Tab.4 Quantitative 31P NMR results of Ex5 

 Area 

MestreNova 

Concentration 

(mmol/g) 

Aliphatic OH 

Carbohydrates 

(149.5-146ppm) 
2.59 0.86 

C-ring proanthocyanidins 

(145.25-146ppm) 
0.42 0.14 

Total aliphatic  

(149.5-145.15ppm) 
3.01 0.99 

Phenolic OH 

ortho-

disubstituted  

Syringil like moieties   

(143.5-142.5ppm) 
1.31 0.43 

B-ring 

proanthocyanidins 

(142.5-141.9ppm) 

0.51 0.17 

Gallate units 

(142.0-141.1ppm) 
1.68 0.56 

ortho-

substituted 
(140.6-137.6ppm) 3.47 1.15 

Total phenolic  

(143.5-137.6ppm) 
7.74 2.56 

Carboxylic 

OH 

Carboxylic acids 

(136.0-133.0ppm) 
0.83 0.27 
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Fig. 4 HSQC spectrum of Ex2 

 

Fig. 5 HSQC spectrum of Ex3 
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Fig. 6 HSQC spectrum of Ex5 
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Appendix B 

CW-EPR Characterization results 

Fig. 1  EPR spectra of solid Fe-GA complexes prepared at intermediate pH in iron excess conditions 

acquired at RT 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 EPR spectrum of FeSO4•7H2O used for the complexes preparation (acquired in solid phase at 

RT) 

 

 

g≈4.3 

g≈2 

g≈6 
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Fig. 3 Comparison between EPR spectra of solid Fe-GA complexes prepared at intermediate pH in 

iron excess conditions acquired at RT and 100K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Time-monitoring experiment on the Fe-GA complexes in the supernatant (liquid) prepared at 

pH 6 in pseudo-stoichiometric conditions. a) time monitoring on freshly separated supernatant b) time 

monitoring on the same of capillaries of “a” at different times.  

   

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
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Fig. 5 Temperature gradient experiment on the solid Fe-Ex1 sample prepared at pH 4   

 

Fig. 6 Temperature gradient experiment on the solid Fe-Ex4 sample prepared at pH 12   
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Fig. 7 EPR spectra of liquid Fe-Ex samples acquired both at RT and 100K 
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Appendix C 

Raman analyses results 

Fig. 1 Raman spectra of iron complexes prepared in a) MeOH EA solution and b) MeOH/H2O 

(1:1) EA fine dispersion, acquired with different instrumental parameters (two slightly 

different laser powers for “a” and different accumulations series for “b”). 

 

 

 

 

 

a) 

b) 
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Fig.2 Raw Raman spectra of Fe-Ex4 complexes acquired with similar instrumental 

parameters.  

Fig. 3 Raw Raman spectra of a) Fe-GA pseudo stoichiometric complexes and b) Fe-Ex4 

complexes acquired with slightly different instrumental parameters. 

 

 

 

 

 

 

 

 

Bad S/N ratio 

Un-optimal 

baseline 

Low resolution of 

the IGI 

characteristic peaks 

Visible but 

very weak  

Not clearly 

visible  

a)  

Not clearly 

visible  

b)  


